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Abstract

The main aim of this project was to research, develop and test an induction motor
drive not requiring a speed encoder, but which could be considered commercially
viable by motor drives manufacturers, and which should aim to meet the follow

requirements:

e Dynamic torque performance and steady state speed-holding accuracy to be
comparable with encodered vector controlled drives

¢ Extensive and highly accurate knowledge of electrical and mechanical
parameters of the motor and load not to be required

¢ Extensive commissioning from an expert engineer not to be necessary

e Algorithm not to rely on excessive computational capability being available

The drive was to operate, in a stable manner, over speed and load ranges at least
comparable with commercially available sensorless induction motor drives. The
above requirements were set such that the developed sensorless technique may be
considered for synchronised multi-motor process applications, where the advantages

of a sensorless system could be exploited for hazardous, damp and hot conditions.

The" solution developed consists of a leading model-based sensorless method
augmented with a speed estimator that tracks harmonics, seen in the stator terminal
quantities, due to rotor slotting. The model-based scheme facilitates field-orientated
control for dynamic performance. The slot harmonic speed estimator tunes the model
for speed accuracy. Slot harmonics are identified using a recursive signal processing
method termed the Recursive Maximum Likelihood — Adaptive Tracking Filter. This
work is the first example of the method being developed into a practical sensorless
drive system and the complete speed identifier is described, including set-up, pre-
filtering and the minimal parameter considerations. Being recursive the method is
computationally efficient, yet has accuracy comparable with that of FFT identifiers

used in other work.

The developed sensorless strategy was implemented practically on two motor drive

systems. The performance of the scheme is shown to give encoder like speed holding



Abstract

accuracy and field-orientated dynamic performance. The two drives were also
configured and tested as a speed synchronised pair, using applicable multi-motor
control techniques, themselves compared and contrasted. The sensorless performance
is demonstrated, alongside an encodered version acting as a benchmark, and the
performance of the two schemes is shown to be highly comparable. The author has
found no other example of sensorless techniques considered for use in multi-motor
applications. The use of such a technique brings established advantages associated
with encoder removal and allows multi-axis electronic synchronisation to be

considered for parts of a process where an encoder may not be appropriate.
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CHAPTER 1 Introduction

1.1 Introduction

The control of electrical machines forms a fundamental part of industrial manufacture
and process control in most developed countries. Applications range from simple
fixed speed drives for pumps, fans, conveyors, etc, through to more advanced motion
control problems associated with robotics, machine tools and complex manufacturing
processes. Power requirements range from Watts (disk drives) through to Megawatts
(steel plants, traction) and it is estimated that 70% of all the electricity utilised in the
EU and Japan involves electric motor drives of some form [1]. Indeed, over the last
few years, a renewed interest in clean energy sources and associated technology, such
as the electric car, has led to an upsurge in interest in electric motor control and in
improving motor drive efficiency [2, 3]. Although many types of electric motor are
available, ranging from the traditional brushed DC machine through to more recent
developments in permanent magnet and reluctance motors, the induction motor still

remains the most popular choice for many industrial applications.

The induction motor was developed in the late 1800s, principally by Nikola Tesla [4].
Operating from an alternating current (AC) electrical source, power is transferred
from the stator to the rotor through electromagnetic induction, rather like the action of
a transformer, and this alleviates the need for any sliding contacts to the moving
component of the machine. In contrast, the direct current (DC) motor requires sliding
brushes to facilitate an electrical connection directly to the rotating armature. The
advantages of the induction motor are related to this lack of sliding contacts, and
include lower manufacturing and maintenance costs, increased robustness and power
for a given volume, and elimination of any sparking hazard associated with the
sliding brushes. These considerations have long established the induction motor as
the most suitable choice for fixed speed operation in industrial processes and the
development of distribution systems as we know them has been tailored to their
requirements [4]. An estimated 22 million three-phase induction motors in the UK

are thought to utilise around 43% of the generated electricity [5].
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In applications where variable speed and/or high dynamic performance are required
the DC motor has traditionally been the machine of choice. Although the DC
machine has a more complex construction, and hence is at a disadvantage compared
to the induction motor in many respects (as previously described), the control
requirement for its high performance operation is straightforward. Hence the power
processing electronics required for its high performance/variable speed operation are

simple and thus both inexpensive and reliable.

There are two main types of power converter used to provide DC motor control.
Voltage must be controllable to perform current control, thus DC-DC converters
(choppers) can be used. This type of converter controls the average voltage applied
to the motor from a fixed DC supply, through high frequency modulation of power
electronic switches. Alternatively, and more often used at higher power levels, a
controlled rectifier can be used to provide a controllable DC voltage. The different
configurations offer various advantages/disadvantages and topologies can be arranged
to provide various speed (forward/reverse) and torque (motoring/regenerating)
control modes. DC converters are very well described by Mohan, Undeland and

Robbins [6].

Variable speed operation using the induction motor is now more readily achieved
since the advent of the power electronic inverter, although this is somewhat more
complex a power converter than the DC converters. The variable speed is achieved
by control of the stator voltage and excitation frequency using a Volt/Hertz (V/F)
control scheme. In the scheme the ratio of output voltage/frequency is held constant
in an attempt to maintain a constant flux in the machine. Both V/F control and the
operation of the power electronic inverter are also well covered in textbooks [6-8].
The dynamic performance of V/F control is poor however, because the validity of the
voltage/frequency relationship only holds in the steady state. More recently high
performance operation was proposed, for the induction motor and other AC
machines, through the application of vector control. The pioneering work in this area
was carried out in Germany in the late sixties/early seventies [9, 10]. The power
converter requirement is similar here to that used in the V/F scheme, but additional

sensors, as well as increased control computational capability, are required.

Power and control processing technologies (power semiconductors and

microprocessors) are continuously advancing. Improving manufacturing processes
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and increased product demand results in the relative cheapness of these products.
Vector controlled high performance AC motor drives are now a realistic financial
proposition in industrial applications. The advantages gained by the cheaper
manufacturing costs, increased robustness and lesser maintenance requirements of the

induction motor outweigh the increased costs associated with the power converter

technology.

1.2 Vector Control

In the separately excited ideal DC machine, flux and torque can be regulated
independently. Flux is regulated by controlling the current flowing in the field
winding I, whilst torque is controlled by regulating the current flowing in the
armature winding I,. The current control is achieved through independent control of
Vrand V,. Figure 1.1 shows the schematic circuit diagram of the separately excited

DC motor and the independence of the field and armature circuits is evident.

™
o

Figure 1.1. Schematic circuit diagram of the separately excited DC machine

Things are not so simple in an induction motor, but vector control is the method by
which the torque and flux related quantities are decoupled for independent control.
Application of this method allows high dynamic performance to be obtained,
comparable to that of the DC machine. The direct control of torque is no longer
affected by the slow magnetic time constant of the machine, as would be the case

under V/F control for example, where flux and torque control will be coupled.

The construction of the simple squirrel cage induction motor incorporates no direct

connection to the rotor and hence the current flowing in the rotor bars, that will be
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related to torque, cannot be directly regulated or measured (this being unlike the
armature current in the ideal DC machine). Control of the induction motor must be
achieved through regulation of stator quantities. Torque and flux must both be

regulated by control of the 3-phase stator currents, which form a balanced set.

The three measured instantaneous stator currents can be transformed to a single
current vector, with an associated amplitude and phase, referenced to a fixed position
[11]. It is now reasonable to assume that part of this current vector is responsible for
flux production and part solely for producing torque. Vector control is the means by
which these components are decoupled and controlled. It must be appreciated that
vector control is by no means as simple as DC motor control, because it both deals
with rotating (AC) quantities and must determine robust reference information for
decoupling. In effect the removal of rotating terminal quantities and the decoupling

of flux and torque components in a DC machine is inherent in its construction.

The most straightforward implementation for decoupled vector control is termed rotor
flux orientation. If the rotor flux vector, which rotates in the same co-ordinate system
as the transformed current, can be determined (directly or indirectly) and the
transformed current is split into components that are aligned to and orthogonal to this
rotor flux vector, it is found that the aligned component is responsible for flux
production and the orthogonal component is responsible for torque production. In
essence, if reference is correctly made with the rotor flux vector, the transformed
current components (Iq is the aligned flux related component, I; is the orthogonal
torque related component) are controlled as DC values, analogous to I; and I, in the

DC machine.

A mathematical analysis for vector control is presented in chapter 2. Vector control
is also often termed flux (or field) oriented control. The principles of electrical motor

control are most excellently and thoroughly covered in the work of Leonhard [12].

1.3 Sensorless Vector Control

Having established that decoupled control of flux and torque can be achieved with
knowledge of the rotating rotor flux vector, it is necessary to obtain a
measure/estimate of this quantity. Early implementations were based on direct
measurement through the use of hall probes (or search coils) mounted in the motor air

gap [9, 13]). The solution of direct measurement is considered somewhat impractical
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however, because the fitting of the measurement devices obviously negates many of

the practical and cost associated advantages related to induction motor use.

In practice the simplest means of establishing vector control is termed Indirect Rotor
Flux Orientation (IRFO). This method takes advantage of the following electrical
equations (equation 1.1 and equation 1.2) to force orientation. Equation 1.1 is in its
simplest form, ignoring transient field effects, and equation 1.3 is included to show
how electrical and mechanical frequencies (in this example speeds) are related by the

motor pole pair number.

ety =
Mslip(elec) = T,
(1.1
We(elec) = Wr(elec) + Wslip(elec)
(1.2)
r(mech) = Mr (elec)
p
(1.3)

Here o, is the excitation (stator applied) frequency, o; is the speed, wg;p, is the slip
frequency (and is imposed), I4 is the aligned axis current component, I, is the
orthogonal axis current component, T; is the rotor time constant (a motor electrical
model parameter defined in the following chapter) and p is the number of motor pole
pairs. Essentially the voltage amplitude and phase, applied to the induction motor by
the power electronic inverter, are controlled to maintain suitable Iy and I, currents for
flux and torque control and the w. frequency for orientation. Hence the control
satisfies the induction motor dynamic equations, from which it is derived, and unlike
V/F control is valid under transient conditions. This is made clear in the analysis

presented in chapter 2.

The important aspect to note, from the above equations, is that knowledge of speed is
required for this (IRFO) implementation. High performance induction motor drives
are thus mainly associated with the requirement for a high precision optical shaft-
mounted speed encoder. An implementation incorporating such measurement of

speed is thus termed encodered (or sensored) control.
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The addition of a speed encoder is considered a disadvantage in terms of robustness,
practicality and cost, and especially if this is simply only to facilitate decoupled
flux/torque control. Again the fitting of such a device certainly negates the
advantages associated with the use of an induction motor and the cost, for lower
power drives, can form a large proportion of the overall expenditure. The desired
elimination of such a transducer has resulted in the development of so called
sensorless techniques. Thus, for the purposes of this work, sensorless control is

defined as that control not requiring a transducer directly measuring speed or

position.

Whilst the high performance control of induction machines, through the
implementation of encodered IRFO vector control, is an established technique, the
manner by which sensorless control is achieved varies widely through many different
methods. A thorough review of this area is therefore presented in the following

background chapter.

As a more general overview, sensorless techniques obtain both speed and flux
information, for vector control, from measured electrical terminal quantities. Many
techniques, and certainly those that have mainly impacted into commercial products,
rely on knowledge of the machine electrical parameters. Speed and flux information
is obtained through application of the induction motor dynamic equations and this is
again considered further in chapter 2. The problem with this type of method is that
performance is dependent upon the accurate knowledge of motor electrical
parameters. Even if the parameters are determined accurately at start-up, resistance
parameters will vary greatly with operating condition (temperature) and inductance
parameters will also be subject to variation (with flux). In these schemes, under
conditions where parameters are subject to inaccuracy/drift, both speed and torque
performance will be compromised. Whilst tuning schemes have been proposed,
based on electrical characteristic measurement (see next chapter), to correct
individual model parameters, parameter interdependency ensures that high accuracy

speed and/or torque regulation cannot be guaranteed.

More recently techniques have been introduced that exploit mechanical/electrical
saliencies in the machine to extract flux and/or speed/position information. A more
detailed account can again be found in chapter 2. Very often these techniques use
specially modified machines and/or signal injection techniques. Such techniques

have yet to significantly impact in industry, because a great deal of engineering is
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required to make them wholly viable. Use of signal injection methods, for example,
may increase drive torque ripple, power losses, acoustic noise, etc and may only be
appropriate over a small speed range, in the low speed region. These techniques have
been demonstrated to offer excellent performance however, as speed and flux

information can be obtained, the accuracy of which is independent of operating

condition.

Previous work, based on saliency in the induction machine rotor, due to necessary
rotor slotting, has provided a speed estimate that does not require the use of signal
injection. Slotting harmonics in terminal quantities are related to the applied stator
frequency and the number of rotor slots per pole pair and thus can provide a speed
estimate that does not vary with electrical parameters. Speed signals have been
extracted using analogue techniques, but with performance compromised by analogue
circuit tolerances and drift, and using digital methods, such as the FFT, but these have
high computational requirements and have thus not had commercial impact. More
recently recursive techniques have been proposed and tested, but have yet to be
developed into a sensorless system. The work presented here exploits and extends

these methods and, as such, a thorough background and review is presented in chapter

5.

1.4 Speed Critical Applications

Encodered induction motor drives have now impacted into the range of applications
previously considered the domain of DC drives. Sensorless induction motor drives
however, have not replaced encodered systems in particular application areas. One
such significant area is based around those applications that rely on highly accurate

speed holding capability.

In an IRFO encodered drive, referring back to equation 1.1 and 1.2, the criteria for
field orientation depends on knowledge of motor speed and the machine rotor time
constant T,. Inaccurate knowledge of T, and/or an associated variation with operating
condition will therefore affect the decoupled (dynamic) performance of the drive.
However, the measurement of speed driving the speed control loop ensures that the
speed holding capability of the drive is not compromised. Of course this assumes that
the drive is operating within its rated conditions and that orientation (decoupling)
inaccuracy does not cause substantial instability. Unlike model-based sensorless

techniques, where performance with parameter inaccuracy/variation will affect speed
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holding, a drive based on this method will be suitable for speed critical processes and

this would include multi-motor speed synchronised applications.

1.4.1 Multi-motor applications

Many mechanisms, in manufacturing processes for example, require that multiple
axes be controlled relative to each other. These processes would include the
manufacture or handling of sheet material. Co-ordinated control is generally
achieved by connection of the various elements, through mechanical linkages and

gearing, to a common source of mechanical power.

More recently mechanisms have been produced where constituent components are
driven independently. Here the synchronisation is achieved electronically and control
is often designed to emulate mechanically coupled performance. The advantages
associated with electronically coupled control certainly includes an increase in
flexibility: gearing ratios can be adjusted in software and machinery can be quickly
set-up to vary product specification with a minimum of downtime, or even on-line.
The reduction in mechanical component count may also serve to reduce the size of
the overall system and increases the robustness and reliability, whilst reducing

maintenance requirements.

Use of encodered induction motor drives in multi-axis machinery provides the
advantages associated with the use of an induction machine, over the use of DC
machines, as previously described. The use of sensorless techniques would hence
bring further advantages in terms of practicality and cost, given that their range of .
applicability were extended, to include the capability of accurate speed holding.
Indeed, in applications such as paper production, where parts of a process may be
subject to damp/wet conditions, and steel manufacture, where extremes of
temperature may be encountered, it may not be possible to use an encoder. In rolling
road applications a shaft-mounted encoder may be difficult to fit. These are certainly
applications where electronic multi-motor control can be applied. This area is more

fully considered in chapter 6.

1.5 Project Motivation, Aims and Objectives

The overall aim of this project is as follows:
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To develop and demonstrate a fully sensorless induction motor drive that has
sufficient speed holding capability to make it suitable for industrial processes where

multi-motor control is required.

Primarily the work of this project concentrates on the engineering of a sensorless
drive that will display encoder like speed holding accuracy in the steady state.
Secondly the validity of the engineered sensorless algorithm is tested for its use in
multi-motor applications. By applying the algorithm to a second motor drive, the
speed holding sensorless algorithm is tested on an alternative system and the two

sensorless drives are combined, to form a dual-axis speed synchronised arrangement.

This project is supported by FKI Industrial Drives and the general push from industry
is such that sensorless methods are developed using standard power electronics and
do not rely on non-standard or modified machines. It would also be preferred that
methods do not rely on signal injection, which may increase power losses and
acoustic noise. Nor should a method require such high a processing requirement that
it would be considered impractical or uneconomical. The developed system should
also operate over the majority of the rated speed and load range, having an operating
region and performance at least comparable with existing model-based sensorless
solutions. Ideally the developed scheme will have minimal set-up requirements, not

requiring extensive knowledge of machine and plant characteristics.

This work introduces a sensorless algorithm developed for speed holding accuracy, in
the form of a new hybrid system, with the above criteria in mind. A parameter
dependent model-based vector control algorithm (for decoupled dynamic
performance) is combined with a motor speed estimator that exploits natural motor
saliency (for speed accuracy). The accurate speed estimate is used for tuning of the
motor model and is extracted using recursive signal processing techniques, from the
spectral information seen naturally in terminal quantities due to rotor slotting. Unlike
previous works, the speed estimator, because of the recursive nature of the technique,
has a sufficiently low computational overhead so as to have commercial validity.
This is the first time the slot harmonic identifying method has been developed into a
fully functional sensorless practical system, a full technique suitably described and
full testing performed. The solution is tested on two developed test rigs and
compared to encodered vector schemes run on the same. The rigs both use standard

commercial power electronic inverters and standard unmodified induction machines.
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The developed tuning mechanism is intended to account for error and variation in

motor model parameters, such that speed-holding accuracy is not compromised.

The engineered sensorless solution is tested for use in multi-motor speed
synchronised applications. As previously established, this is an area that would
typically require the use of an encodered solution. Various multi-motor algorithms
are tested for use with the sensorless implementation described. Results obtained are
compared and contrasted with those obtained from a fully sensored solution. It is the
intention of this project that fully practical solutions are obtained and this work is

therefore highly biased towards experimental results.

1.6 Thesis Organisation

As previously alluded to, chapter 2 takes a more in-depth look at the background to
the project than has been provided in this introduction, with a detailed literature
review. The principles and necessary theory for vector control are presented. As
well as IRFO control, other appropriate methods will be discussed. The chapter then
looks at the operation of the power electronic inverter and particularly at how the AC
output produced, whilst of variable voltage and phase, is non-ideal. This is of
concern and will be picked up again when the model-based sensorless method and the
rotor slotting speed estimator are practically considered in subsequent chapters.
Finally chapter 2 goes on to review the area of sensorless induction motor control in
some depth, considering the merits of particular algorithms and techniques. The
review forms the basis on which a suitable model-based method is chosen for

implementation and this is discussed and more fully presented in chapter 4.

As it was the intention that this project should have a heavy practical bias and
commercial validity, both the development of the sensorless algorithm and the multi-
motor testing have been performed on a practical dual motor drive system. The
system was developed as part of the project and consists of a Digital Signal
Processing (DSP) platform housed in a host PC. The DSP is interfaced, through data
measurement and acquisition, control and digital input-output circuitry, to
commercial power electronic inverters and 4kW induction motors. The DSP is used
for real-time control, with the PC performing overall high-level command control and
drive data capture functions. The induction motors are each connected to DC
machines that act as load. As is appropriate for a practical/experimental thesis, the

system is documented and described in chapter 3.

10
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In chapter 4 the model-based sensorless algorithm forming the foundation of the
sensorless strategy is fully considered and described. The reasons for its selection are
discussed, based on the sensorless review of chapter 2 and other testing work. The
chapter introduces tests that demonstrate the performance of the sensorless drive.
Results are obtained for both encodered and sensorless schemes running the
prescribed tests and the two compared. The chapter continues by considering the
implications and effects of parameter detuning in the sensorless scheme, showing that
the most significant speed accuracy deterioration is related to a detuning of the rotor

time constant T..

Chapter 5 discusses the production and tracking of rotor slot harmonics. Spectral
estimation techniques previously presented to obtain speed estimation from slot
harmonic effects are reviewed, as well as previous examples where the estimate is
used to tune T, These examples are however, based mainly on highly
computationally intensive algorithms. The chapter goes on to present the technique
used in this instance: a recursive digital filtering technique called the Recursive
Maximum Likelihood — Adaptive Tracking Filter (RML-ATF). Using this method, a
high bandwidth, highly accurate speed estimate is obtained. The estimate, through its
comparison with the sensorless model-based speed measure, is used to drive a tuning
mechanism for T,. The tuning scheme is presented and discussed. Finally, results are
presented that demonstrate the performance of the practical sensorless tuning drive,
with a particular view to demonstrating its speed holding performance in the steady
state. The engineered solution is shown to display encoder like speed holding
accuracy. It is believed that this is the first time the algorithm has been presented in a
PhD thesis relating to its use as a speed estimator in motor drives, and the first time it

has been demonstrated in/developed into a fully sensorless system.

In chapter 6, speed synchronisation of multiple machines is considered. The
advantages associated with replacing a mechanically coupled multi-axis system
(partly or completely), with individually driven axes that are speed synchronised
electronically, are considered. Applications where this would be/is applicable are
given and these include printing, sheet material production, etc. The algorithms
presented that enable such synchronisation are described and firstly results are
presented that demonstrate the encodered practical system running these schemes for
dual drive synchronisation. The chapter then presents results obtained, under similar

test conditions, with the developed sensorless tuning drives running the speed-

11
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synchronised control. In the conclusion of the chapter the results obtained in the
encodered and the sensorless modes are compared, with the sensorless scheme being
considered to have fulfilled its desired design criteria: to provide encoder like speed
holding accuracy, and hence synchronisation, in the steady state. The validity of
using the sensorless speed estimate to provide some degree of positional error
correction (that incurred during transient conditions) is also tested. The relative
merits of the various synchronisation schemes are discussed. The author has been

unable to find any other work specific to the use of sensorless motor drives in this

application area.

Conclusions are drawn together in chapter 7 and ideas for further work are presented.
Particularly this chapter reviews the demonstrated performance of the work. It
discusses the possibility of commercial implementation of the RML-ATF algorithm
to tune sensorless schemes, integration of the method with signal injection methods
for improved low speed performance, improving the scheme through appropriate

motor choice and application of sensorless techniques to further application areas.

1.7 Project Outcomes

With particular regard to emphasising the novel areas of this work, the outcomes of

the project are:

e A viable sensorless drive algorithm has been practically engineered, as an

extension to model-based methods, for accurate encoder-like speed holding

o The RML-ATF frequency identifier has now been developed into a

complete speed identifier, with new pre-filtering methods applied

o New inputs have been tested that improve the speed identifier

performance, using measured current and reference voltage

o The algorithm is developed into a true sensorless system, tuning a
model-based method, and encoder-like speed accuracy practically

demonstrated

o The validity of the algorithm has been demonstrated, by its
application to a second induction motor drive system with minimal

modification

12
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¢ The slot harmonic based speed measurement has been considered for direct

feedback and a simple scheme, based around V/F control, demonstrated

e A review of multi-motor synchronisation schemes has been undertaken, with

the practical performance of each scheme demonstrated

e Electronic bi-axial speed synchronisation in the sensorless mode has been
considered. Synchronised operation of the engineered sensorless tuning drive

has been shown practically to be highly comparable to an encodered version.

e The developed bi-axial sensorless scheme has shown the ability to
compensate somewhat for relative position error accumulated during fast load

transient conditions

e Areas for further work, in order to allow sensorless techniques to further

| impact into non-standard sensorless application areas, have been highlighted

Interest in the sensorless tuning scheme is being shown by two UK drives companies.

The work has resulted in five conference papers [14-18), and these are included as

Appendix A.

13



CHAPTER 2 Background

2.1 Introduction

Chapter 1 introduced the concept of vector control. The concept relies on the
decoupling of flux and torque producing components of measured induction motor
stator current. Decoupling enables control to be established for high dynamic
performance capability. The following section develops the theory behind the method

that achieves decoupled control, termed vector control or flux (field) orientation.

The per-phase electrical equivalent circuit of the induction motor is firstly considered,
in section 2.2. The resistance and inductance parameters contained in the circuit are
defined for use in the analysis of the motor dynamic equations. Rotating reference
frames are also discussed, as the equations must be defined in a rotating frame, such
that flux and torque currents can be controlled as DC values. The section goes on to
present the dynamic equation derivations for rotor and stator flux orientation. The
various methods of achieving orientation are considered, as is the operation of the

induction motor in field weakening.

Having established that controlling the instantaneous stator current of the induction
motor can facilitate vector control, it is necessary to understand how this can be
achieved in practice. Here use is generally made of the Voltage Source Inverter (VSI)
type power converter. The VSI provides a magnitude and phase controllable 3-phase
voltage output, applied to the induction motor stator terminals. The vector scheme
current controllers drive the voltage vector demanded from the VSI. The topology for
this type of converter is presented and discussed in section 2.3. The section goes on to
present and analyse the way in which the VSI is controlled using Pulse Width
Modulation (PWM) techniques. The PWM method used in this work is termed Space
Vector Modulation (SVM). The theory of SVM is presented and the associated
discussion centres on the non-ideal nature of the voltage waveforms produced by any
PWM method. Also considered is the necessity for inverter switch deadtime as this

contributes to the non-ideal nature of the VSI output.
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Section 2.4 outlines the motivational criteria for achieving vector control without the
use of a shaft-mounted speed encoder. It goes on to provide the background of
sensorless vector control and presents an overview of the leading methods that achieve
this, based on the machine dynamic equations considered in section 2.2. These
methods are facilitated through measurement of stator terminal quantities and are

termed ‘model-based’ techniques.

In the conclusion of this chapter the motivational criteria for this work will be
reinforced and it is hoped that sufficient theory will have been imparted to allow full

understanding of the remaining work.

2.2 Vector Control

Vector control of the induction motor is achieved through control of flux and torque
related components of the stator currents. In order to achieve this the full dynamic

model of the induction motor must be considered.

2.2.1 The Per-Phase Induction Motor Equivalent Circuit

~N

Y
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Figure 2.1 The induction motor per-phase equivalent circuit (squirrel-cage rotor)

The per-phase equivalent circuit of the squirrel cage induction motor is shown in
figure 2.1. The circuit is similar to the equivalent circuit for a transformer and the
analysis is not far removed. In the case of the induction motor however, the
rotor/secondary circuit frequency (w;p) is dissimilar from that at the stator/primary
(®.) and this is due to the rotation of the rotor. Note also that the resistance shown on
the secondary side is that of the rotor circuit (R,) only. With the transformer there
would be secondary and load resistances. The load resistance is absent here because

the squirrel cage configuration of the rotor is effectively a short-circuited secondary.
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Various circuit voltages are labelled, although, as with other circuit quantities, it is

only the motor terminal voltage (v;) that is directly obtainable.

Analysis of the circuit allows for simplification. The ideal transformer can be removed
if the rotor side parameters are referred to the stator side. The simplified circuit will
include a speed related voltage source. If the motor is operating in the steady state the
circuit can be simplified further by removal of this additional voltage source. The
value of rotor resistance must then be modified to R,/s, where s is motor slip [s = (o~
o)/w.]. The simple steady state circuit is used to determine the electrical circuit
parameters shown in the figure, using no-load and locked rotor tests [19]. These tests
are the equivalent to the open and short circuit tests used to characterise a transformer

[19].

Derivation and simplification of the equivalent circuit is well described in [12]. The
equivalent circuit is directly related to the dynamic equation analysis that will be
presented in the following sections. Here the circuit is presented only in its general

form to enable the definition of the parameters used in such analysis

The equivalent circuit is utilised in Appendix B to calculate motor parameters for one

of the induction motors used in this work.

2.2.2 Parameter Definition

Referring back to the equivalent circuit (figure 2.1), the motor electrical parameters are

defined as
Rs, R - Stator and Rotor Resistances (2)
Is,Im - Stator and Rotor Leakage Inductances (H)
M - Stator-Rotor Mutual Inductance (H)
Li=L+M - Stator Self Inductance (H)
L=l+M - Rotor Self Inductance (H)
= %—?4—2 - Leakage Coefficient
T = % - Rotor Time Constant (s)

(2.1)
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2.2.3 Reference Frames and Transforms

Figure 2.2. Stator, rotor and synchronous reference frames

Figure 2.2 shows the reference frames used to develop the vector control theory/
dynamic equation analysis. The 2-axis stator frame is fixed (as is the physical stator)
and the 3-phase terminal quantities (voltage and current) can be expressed as
individual vectors rotating in this frame, by applying the Clark transform [11]. The a-
axis of the 2-axis stator frame is aligned with the a-phase of the 3-phase system. The

3-phase to 2-phase current and voltage transforms are shown in the equations below.

ia

(55w e -

1l
lc
2.2)
Vab
(VQJ=_2_ 3/2 0 -43/2 .
w) 320 0 32 o0 )
2.3)

The measured variables (i, ip, ic, Vab, Vic, Vea) are 3-phase line quantities. For delta
connected loads, as used in this work, line voltages and phase voltages are the same.
Line to phase current scaling is incorporated in equation 2.2. Both sets of equations

account for a 3/2 scaling factor introduced by the af transformation and appropriate
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RMS scaling is applied. Therefore the dq quantities represent the machine currents as

RMS values, providing a direct relation to machine ratings.

It is a necessity to measure and transform the current for use in the fast current control
loops of any vector control scheme. The voltages are not always measured: reference

values could be used, as long as any low-voltage non-linear relationship between

Veference ANA Vneasured 1S calibrated.

Again referring to figure 2.2, the 2-axis rotor frame rotates with the rotor at rotor speed
(o;). This frame is used to define the rotor dynamic equation prior to us introducing
the synchronous frame. Use of this frame allows the rotation of the rotor to be

neglected in the analysis, apart from where stator quantities are used.

The synchronous frame is the frame that will enable us to demonstrate the principles of
vector control. The synchronous frame rotates at the stator excitation frequency (®.),
as do the various flux vectors. The induction motor dynamic equations will be
transformed to this frame and current quantities controlling flux and torque appear as

DC values (in this frame) in the steady state.

Transformation from the fixed stator frame to any rotating frame makes use of the
rotating vector angle within the fixed frame, through application of the Park transform
[11]. The equations shown below, as an example, are for transformation of af

currents to the synchronous dq frame.
ia) [ cosBe sinbe)(ia
Iq -sinBe cos6. )\ ip

Prior to the analysis of the induction motor dynamic equations, frequency and phase

(2.4)

relationships are defined below.

do
®e = dte - Synchronous (Excitation) Frequency (rad/s)
do- .
or = —d—t- - Rotor (Electrical Speed) Frequency (rad/s)
Wslip = We — W - Slip Frequency (rad/s)

(2.5)
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As outlined in chapter 1, electrical and mechanical frequencies are simply related by
the motor pole pair number (p), as shown in equation 2.6. The relationships outlined
in the set of equations 2.5 hold if referring to only electrical or only mechanical

frequencies. Primarily we are concerned with electrical quantities.

Mx(elec)
P

Mx(mech) =

(2.6)

It is also appropriate to define the subscript terminology, used here to represent

reference frames, and this is given below, with flux as an example variable.

As - Stator Flux in Synchronous Frame (Wb)
A - Rotor Flux in Synchronous Frame (Wb)
Ass - Stator Flux in Stator Frame (Wb)
Arr - Rotor Flux in Rotor Frame (Wb)

2.2.4 Induction Motor Dynamic Equations

The induction motor equivalent circuit can now be used to develop the induction motor

dynamic equations using the concept of reference and rotating frames.

The stator dynamic equation for the induction motor in the stator reference frame [12]

: d iss d (i e’*)

_\E—RJL.E'FL:?t—‘f-M———dt—
2.7)

The rotor dynamic equation in the rotor reference frame [12]
V=0
N N -j6G
=Rrirr+er!£+Md(l's£e )

(2.8)

The electromagnetic torque (T.) can be defined, and is that produced by the induction
motor to provide a total force: the mechanical load torque plus windage, friction, etc

associated with the motor itself. As torque is essentially a mechanical quantity, it must
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be related to electrical quantities using an expression involving the motor pole pair

number. Hence the induction motor equation for electromagnetic torque [12]

Te=3 P Im(.‘_‘ﬁ &*)
=3 p M Im(is (ix €’*)*)
.9)

If the stator, rotor and torque equations are transformed to the synchronously rotating

frame, using an ¢7% phase relation, equations 2.5 to 2.7 become

dis dir
s=Rsls + Ls(—+ jaris) + M (—+ r
vs = Rsls (dt J @els) (dt J weir)
(2.10)
dir . X dis . :
O0=R-ir+ L( dt— +_]a)flipl_r)+M(‘—"1‘t——+_]a)shpl_s)
. (2.11)
Te=3pMIm(ii-*)
(2.12)

2.2.5 Flux Orientation

Rotor Flux Orientation

The general synchronous frame equations shown in 2.10 to 2.12 are modified to
include only those quantities of interest. In the case of rotor flux orientation, this is the

measurable stator current vector and the rotor flux vector.

The following relationship is used to substitute for i, in equations 2.10 to 2.12 [12]

A=Leir+Mis
(2.13)

Using the definition of the leakage coefficient (o), equations 2.10 to 2.12 become

n=Ri+o L+ oo L+ M WM
- dr L. dt L-—

(2.14)
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0=—M R,i_s+&&+d—é+jwsup&
, . dt
2.15)
Te=3pL£Im(§&*)
(2.16)

It is equations 2.15 and 2.16 that provide the important information for rotor flux
oriented vector control. The equations are expressed in real and imaginary

components below.

O=""A1Rrisd + '&ﬂl‘d + &—akh‘pﬂrq
r r dt
2.17)
0=—M'Rrisq+£r‘2«rq + dM +(0slip/1rd
r r de
@.18)
T.= 3p i/[ (l.sqﬂld —isd/L'q)
(2.19)

The synchronous frame is aligned with the rotor flux vector and hence the q
components of rotor flux in the above equations are eliminated. Using the previous
definition of the rotor time constant (T,), and rearranging each equation in turn, the

fundamental rotor flux orientation equations are formed.

g—j’—d + 'l Amd = M Isd
dt T p

(2.20)

Wslip = isq

r Ard
@2.21)
M .

Te= 3 14 E Isq Ard

(2.22)

Equation 2.20 shows that the i,y component can be used to directly regulate flux.
Below base speed, after initial fluxing at start-up, the rotor flux is held constant with a

constant ‘magnetising’ value of iys. In other words we can ignore the derivative term
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in the equation within this speed range. Above base speed the region of field

weakening is entered and the full equation must be considered.

From equation 2.22 and again appreciating that flux is held constant within the rated
speed range, it is clear that the induction motor torque can be directly regulated by i,.
Equations 2.20 and 2.22 together show the flux and torque decoupling effect when
orientation is made with the rotor flux vector. The operation of the induction motor

can be likened to that of the separately excited DC machine using this scheme.

Equation 2.21 can be exploited to achieve the orientation with rotor flux that is
required for the above analysis to hold. Using equation 2.21 in this way is termed

Indirect Rotor Flux Orientation (IRFO), but firstly Direct Rotor Flux Orientation
(DRFO) is considered.

Direct rotor flux orientation (DRFO)

Direct methods of achieving rotor flux orientation rely on either direct measurement or
estimation of the rotor flux vector [9, 13]. Direct measurement techniques are
considered somewhat impractical, outside of a research environment or specialised
application, requiring hall probes or search coils to be fitted in the machine air gap.
The fitting of such transducers has associated cost and reliability issues that are
typically avoided. Also, such a configuration may actually measure air-gap flux, with

parameter knowledge (dependency) required to estimate the rotor flux vector.

Methods of estimating the rotor flux include signal injection techniques, with
subsequent tracking of magnetic saturation affects. Such methods are reviewed in
[20], and discussed further in section 2.4. Other methods further exploit dynamic
equation analysis (model-based) [21-23]. Both method types rely on measurement of
electrical terminal quantities and/or knowledge of electrical/mechanical parameters.
Speed sensorless techniques are often extensions of these algorithms and therefore
more depth is given to the review and analysis of such methods in section 2.4. In the
model-based methods, if speed is not simultaneously estimated with rotor flux (speed
being measured), many of these algorithms can be used to account for parameter
inaccuracy and variation in the estimate of rotor flux [23]. Again this is considered

further in section 2.4.

22



CHAPTER 2 Background

Indirect Rotor Flux Orientation (IRFO)

Indirect rotor flux orientation is a common and robust means of establishing vector
control, given that an accurate instantaneous measurement of speed is available. Most
often this is from a shaft mounted optical encoder. The method exploits equation 2.21,
presented previously, to force an orientated condition. The IRFO vector control
method is now a feature of many electrical drive products available. Sensorless

techniques that obtain only a measure of speed will often use the same technique to

force orientation.

Equation 2.21 gives an expression for the motor slip frequency that applies only if
orientated with rotor flux. In the IRFO method, this value of slip is imposed on the
motor. Given that the motor speed is known, through measurement, an excitation
frequency can be imposed on the machine, where this is the addition of the motor

speed and imposed slip frequencies.

As the rotor flux vector rotates at the excitation frequency, this vector can be
established (arbitrarily at start up), about which measured values of current can be
transformed for use in d and q current control loops. Voltage references from the
current controllers are transformed, using the same vector, back to 3-phase commands

for control of the power converter (see section 2.3).

Below base speed, where the flux magnitude is held at the constant rated value,
equation 2.21 is dependent only on the rotor time constant (T,). This reliance on a
single motor parameter is the reason for the robustness of this technique. Other vector
control methods rely on the knowledge of more motor parameters. Tuning techniques

for T, in an encodered drive are detailed in various examples [23-25].

Stator Flux Orientation

Field orientated control taking alignment with the various flux vectors (rotor, stator
and air-gap) is considered in [26]. For the purposes of this work it is also useful to

consider stator flux orientation,

Following a similar method as before, taking equations 2.10 and 2.11 and expressing
in terms of stator current and stator flux, the equations for stator flux orientation are

obtained.
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Using the following relationship to modify equations 2.10 and 2.11 [12]

é = Ls l_.\' + M _l_r_
(2.23)
The induction motor dynamic equations become
d s
Vs=Rs£§+“;+jaké
- dt
(2.24)
dis
0=‘Lsi_s—Tr0'Ls L—jTrO'Lsa)slipi_s‘*'é'*'Trdé+jTra)slipl.t
dt dt -
(2.25)

Again the above equations, 2.24 and 2.25, are expressed in their d and q components.
Here alignment is made with stator flux and therefore the q-axis component of this

quantity is eliminated.

d A
Vsd = Rs bsa + !
dt
(2.26)
Vsg = Rs isq + We Asd
(2.27)
d is
0=~Lsiss—Tro Ls Led +Tr0'Ls(0slipisq+ Asa + Tr d Ao
dt dt
(2.28)
. d isq .
==Lsisq—=Tro Ls p —T: 0 Ls awwsipp isa + Tr(t)slip/lsd
t
(2.29)
Rearranging equation 2.28 gives an expression for stator flux
d As . s
Asa + Tr-—i =Lsisa+Tro Ls d —Tro Lsaxipisg
dt dt
(2.30)

This equation alone shows that orientation with the stator flux vector does not allow a
similar decoupling of flux and torque as that of rotor flux orientation. It is clear that

the stator flux is dependent upon both d and q axis currents, as will be the torque. It is
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possible to derive a decoupling term using equations 2.28 and 2.29 [27, 28], but this is

sensitive to errors in the stator leakage inductance term (oL;) [28].

Direct Stator Flux Orientation (DSFO)

The apparent advantage of stator flux orientation is that the flux vector is simply

measured/estimated, as shown in equation 2.31 below, obtained from the stator voltage

equations above.

_Ai = J‘(&“Rsl_:)dt
2.31)

This is not quite as practical as it may seem. The required direct integration will be
very sensitive to any DC offsets that will be present in a measured quantities system.
For this reason the integral function is often replaced with a filter function (such as
band-pass) [28]. Combined with the reliance of this equation on the stator resistance
(R;), a parameter that will vary significantly with operating condition, use of the high-
pass/band-pass filter degrades the performance of such a scheme at low speed. As
speed increases, so will the stator voltage and any resistance error will lessen in
significance. Equation 2.31 can be likened to the back emf equation of the DC

machine.

The main advantage of this scheme is that flux regulation/orientation can be obtained
without a measure of speed. Operation in the region of field weakening is more
appropriate using this scheme and this is considered further shortly. Ultimate
decoupling of torque and flux will still be dependent on several motor parameters

however, where they are used in the compensation terms [27, 28).

Indirect Stator Flux Orientation (ISFO)

ISFO holds no significant advantages over any of the previously considered orientation
methods [28], as the stator flux is simply measured for DSFO and IRFO requires only

knowledge of the rotor time constant (T;).
Other Orientation Schemes

The induction motor dynamic equations can be analysed through alignment with the
air-gap flux vector, but this is similar to stator flux orientation, in that flux and torque

are not fully decoupled. It is considered to offer no particular practical advantage over
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either of the previously considered methods and is not considered further. As

previously mentioned, the various types of flux orientation are further considered in

[26], as well as [28].

Other methods of controlling induction motor flux and torque include Direct Self
Control (DSC) [29], Direct Torque Control (DTC) [30], and Direct Flux Control
(DFC) {31]. These methods compare demanded flux/torque to values estimated from
measured terminal quantities using motor primary variables (so still parameter
dependent). The error is used to directly optimise the inverter switching pattern,
without the use of current controllers. Very fast torque response is hence facilitated, as
there are no current control dynamics. These techniques were originally developed for
high power applications, such as traction, where low switching frequencies were used
for high power devices. They can also effectively utilise variable switching frequency,

which is not appropriate for this project.

In this work the concern is primarily with the outer (speed control) loop, engineering a
drive with true sensorless speed holding accuracy, rather than with the inner
orientation/torque control loop. This work therefore restricts itself to the more

standard field orientation methods (vector control).

2.2.6 Field Weakening Operation

As with the DC machine, it is possible to operate the induction motor above base speed
using field weakening [7]. The field weakening region is entered into when the
maximum voltage output of the power converter feeding the motor is reached. The
region of operation below base speed is termed the constant torque region, where the
power converter will provide whatever voltage necessary to fully flux the machine and
provide up to the rated current (rated torque). Operation above base speed is in the
constant power region. Operation in this region is still to the limit of rated voltage and
rated current, but rated current does not correspond to rated torque, because the motor
is operating with reduced flux (the majority of the voltage limit is overcoming the

motor back emf).

Unfortunately induction motor operation in field weakening is not as straightforward
as that of the separately excited DC machine. It is found that motor inductance
parameters will vary with flux [32], due to magnetic effects such as saturation, and

these variations must be known. It is also shown that the effects are particularly
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significant in closed-slot machines [27]. It is possible that auto-commissioning tests

may go some way to predicting these effects however [33].

The operation of an IRFO scheme in field weakening depends on the full evaluation of
the equations presented previously (equations 2.20 to 2.22). Orientation can now not
be forced with only knowledge of T, (and T, will vary with flux anyway) and thus the
performance of an IRFO scheme is compromised in field weakening. The flux can be
estimated for DRFO in an open loop fashion with an equation similar to that for DSFO
(equation 2.31), but the equation will contain and be highly sensitive to inductance
parameters [27]. The DSFO scheme is perhaps the most appropriate for induction
motor operation in field weakening. The flux is estimated with only sensitivity to R;,
which will have little significance at high speed. Although decoupling compensation

will be sensitive to inductance parameters, this has been shown to be applicable only in

the transient state [27].

2.2.7 Field Orientated Control Block Diagram
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Figure 2.3. Direct field orientated control block diagram.

The control block diagram for direct field orientated control is shown in figure 2.3.
Flux estimation is obtained from a model-based observer using measured currents and
voltages. Currents must be measured for vector control, but voltages are often
obtained from reference values. The vector control block will include d and q axis

current controllers, decoupling if a DSFO scheme is used, and field weakening control.
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The vector control block is expanded in figure 2.4 for a DRFO implementation,
without decoupling compensation terms, showing d and q current controllers driven by
flux current and torque current errors. The figure simply shows current PI controllers,
with the I, command coming from the speed controller torque command, suitably
modified by the torque constant scaling. I, is set at a constant magnetising value

within the base speed region and hence no field controller is shown.

T, . Ve

— kr [RQ— Pl | —

— Pl b—»

Figure 2.4. Structure of the vector control block for DRFO

2.3 Variable Voltage Variable Frequency Supplies

As has been shown in all the above theory, vector control relies on tight control of
current with respect to an appropriate flux vector. In order to achieve this, current
controllers must drive the reference demand for a quantity that can affect changes in

current and this is the applied stator voltage vector.

Considering the applied stator voltage as an instantaneously controllable vector puts
considerable pressure on power supply requirements. For vector control operation the
induction motor must be supplied from a variable magnitude, variable phase (and
therefore frequency) supply. The instantaneous control requirement limited the scope
of vector control for some time and is why induction motors were limited to fixed

frequency application in the past.

Prior to the advent of power electronics and the development of variable voltage
variable frequency converters, variable speed operation of AC machines was limited
by practicality and cost considerations. Although speed variation can be achieved,
with pole changing schemes and wound rotor machines [7], these are neither high
bandwidth nor wholly practical options in many circumstances; they certainly can’t be

compared with the separately excited DC machine. Nowadays voltage source inverters
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(VSI) allow power-processing capability that can be used to directly feed induction

motors.

The coupling of power converter and machine is termed a motor drive. The current
direction of research in this area includes direct AC to AC conversion, using the matrix

converter concept and the combination of power converter and motor into an

integrated drive product [34, 35].

This project uses standard VSI technology, in the form of 2 modified commercial
products (see next chapter) and the remainder of this section is devoted to describing

the operation of this technology.

2.3.1 The Voltage Source Inverter (VSI)

It is not the purpose of this work to rigorously analyse the operation of VSIs, but their
operation must be understood in order to practically implement a vector drive and their
limitations, primarily the non-ideal nature of the AC voltage produced, must be

appreciated and understood for later in this work.

Figure 2.5 shows the common configuration for a variable-voltage variable-frequency
inverter. A 3-phase 50Hz mains supply is rectified at the input to create an
approximately 600V DC link, with suitable energy storage and smoothing. The

magnitude and phase of output voltage is controlled via the modulation of 6 power

electronic switches.

3-Phase
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(50Hz)

>
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Figure 2.5. Schematic diagram of the voltage source inverter

The configuration shown is that utilised by both systems in this work. The power

electronic switches in both inverters are Insulated Gate Bipolar Transistors (IGBTs).
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Other converters may make use alternative devices (MOSFETs in a lower power
application for example). Other configurations include single-phase inputs for low
power level drives and active front ends (6 controlled power electronic switches at the

input) to handle regenerative loads.

In order to cope with braking and short periods of regeneration, the systems used in
this work include dynamic braking. The brake consists of a suitably sized resistor, in
series with a power electronic switch (another IGBT), both connected across the
inverter DC link. Regenerative energy is dissipated in the resistance with the switch
acting as a chopper; turning on when the DC link voltage rises above a predetermined
operating point. The control of the brake circuit is part of the manufacturers hardware
control. Without any form of regenerative power handling, the capacitors would be

asked to dissipate energy and this would not be appropriate, creating over-voltage

conditions.

2.3.2 Pulse Width Modulation (PWM)

L1171
LJ

L
[

Figure 2.6. Example PWM waveform and fundamental component

Pulse Width Modulation (PWM) techniques are used to produce a voltage output from
the inverter. Referring back to figure 2.5, and considering the 3 pairs of switches
connected across the DC link at the output, it should be appreciated that these 3 pairs
are complementary: for each pair, one transistor will be on, whilst the other is off.
Each pair of switches is modulated to produce an appropriate AC voltage waveform at
the output (switch midpoint), with respect to the DC link capacitor midpoint. The
voltage waveforms produced will certainly not be sinusoidal, they will be squarewave
in nature, but will have strong fundamental components at the desired frequency. Due
to the highly inductive nature of the motor, the current waveform will be near
sinusoidal, as will be the fluxes created in the machine. Figure 2.6 shows the principle
of PWM, displaying the switching waveform (blue) and its associated fundamental

component (red).
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In order to produce the desired voltage output it is necessary to calculate and control
the switching instants of each pair of switches and one of the simpler techniques used
for this is termed asymmetric regular sampling. Here the switching control, operating
at a fixed interrupt frequency of 2 x the desired switching frequency, compares the
desired output fundamental waveforms (sinusoidal) with a switching frequency
triangular waveform. If the intersections of the two waveforms can be calculated, with
respect to the interrupt point, switching times are calculated and are timed on
appropriate PWM circuitry, updated at the beginning of each interrupt cycle. The
circuitry feeds the gate drives of the power electronic switches. The instantaneous 3-
phase references must be calculated from the overall rotating voltage vector and this

ensures that a tightly coupled 3-phase set is produced, as necessary to drive a balanced

3-phase load.

8

8

Carrier and 3-Phase Reference
Waveforms (% DC-Link)
o

0.0 0.5 1.0
Fundamental Cycles

Figure 2.7. Asymmetric regular sampling PWM timing

The principle of asymmetric regular sampling is shown in figure 2.7. Note that for
simplicity this figure shows steady state 3-phase voltages as an example. The
triangular carrier waveform shown is at a rather low frequency, compared with the
reference waveforms, and this is for illustrative clarity. In practice the carrier
waveform frequency (the switching frequency) will be many times larger than the
maximum inverter output frequency. The ratio of these 2 frequencies will determine

output voltage quality, but also switching losses. Quality considerations are discussed

further in section 2.3.3.
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Advantage is gained by considering the desired voltage output as a vector, as it is
considered in the vector control theory, and use of a scheme termed Space Vector
Modulation (SVM) to calculate switching times directly [36]. SVM better utilises the
voltage capacity of the inverter and is the technique used in this work (as well as being

the method of choice in many commercial systems).

Remembering that there are 3 pairs of switches, it is clear that there are therefore 2°

possible switching states, these are shown in the logic expression below (equation

2.32).

sw(k)=al;¢_:+ab2+;b;+;z-bc+;bc+a3c+abc+abc
(2.32)

These states can be shown on a vector diagram, as can be seen in figure 2.8. Position 1
corresponds to switch a on only, position 2 switches a and b on, position 3 switch b on
only, etc (as defined in the above logic expression). If all upper switches are either on
or off (remembering that the lower switches are complementary), this corresponds to a

zero voltage vector: there is no potential difference between any of the three phases.

/
y Sector 6
/

5 Sector 5 6

Figure 2.8. Space vector sector diagram
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The desired overall voltage vector v is constructed by spending an appropriate fraction
of time at each adjacent state, depending on which sector the desired vector is in, over
an interrupt period, along with time at the zero states. As an example, the vector v,
shown in figure 2.8 (in sector 1) would be created by dividing the interrupt time
between switch states 1, 2, 7 and 8. The ratio of time spent in state 1 compared with
state 2 determines the resultant vector phase within the sector. The ratio of time spent
in states 1 and 2 compared with that spent in 7 and 8 will determine the vector

magnitude.

A modulation index is defined as the ratio of desired line voltage to DC link voltage,
as shown in equation 2.33, where V'j, is the maximum value (or magnitude) of the
desired line voltage and Vpc is the DC-link voltage. The DC link voltage may be

assumed, or may be measured (it will normally be measured for dynamic braking).

V’HI(
Ve

m

(2.33)

Three timing values (t;, t; and to) are calculated as follows, where t; is the switching

sample time

tr=mtssin(60° —0)

(2.34)
t2=mtssin0
(2.35)
to=ts—h—1I2
(2.36)
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Figure 2.9. Space vector timing example
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Time spent in states 7 and 8 will both be %2 t; and the results from the above timing
calculations are combined to produce the appropriate switching waveforms, as shown
in figure 2.9. For the example vector shown in figure 2.8, time spent in state 1 is t, +t,
+ Yito, time in state 2 is t; + Yty. The figure shows the timings over 2 interrupt periods.
Similarly to asymmetric natural sampling, the switching frequency is half that of the
interrupt frequency and the drive signals toggle between positive and negative

switching edges every other interrupt period.

Timings are calculated in the same way for a vector in each sector. The PWM logic
code must decide which sector the desired vector is in and then pass the timing data, as
combinations of t;, t; and % t,, to the correct switches according to the sector. This is

shown in table 2.1.

Sector ta tb tc
1 tl +t2 + 't0 t2 + 1At0 ¥at0
2 t2 + '4t0 tl +2 + %t0 Yat0
3 at0 tl +1t2 + %4t0 t2 + 1t0
4 Y4t0 t2 + %t0 tl +1t2 + %4t0
) t2 + 'At0 Yat0 tl +t2 + Y4t0
6 tl +12 + %At0 ¥at0 t2 + 1At0

Table 2.1. Space vector timing distributions according to sector

The advantage of this scheme is in its utilisation of the available voltage capacity of
the inverter. It can be shown that the scheme is similar to asymmetric regular
sampling, described previously, but with a triplen harmonic waveform added to the
sinusoid references [36]. The harmonic addition allows a maximum output voltage
approaching the value of the DC link voltage (unlike the 0.866 limit associated with
standard regular sampling) [36). The extra triplen harmonic addition can be shown to
cancel between phases in a balanced A-connected 3-phase system [36]. Figure 2.10
shows phase voltages generated within the DC link limits and the full 600V line
voltages that are produced. The figure is for operation with a full modulation index

value at 50Hz output frequency.
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Space Vector Phase Voltages

. — e

Figure 2.10. Space vector phase and line voltages with triplen harmonics evident on phase voltages

2.3.3 The Non-Ideal Nature of PWM Voltage Construction

The switching or squarewave nature of the voltage output of a VSI, generated by the
PWM method, is certainly not ideal considering that the desired waveform is
sinusoidal.  Whilst some form of smoothing would be appropriate in many
applications, in this instance, where the magnitude and phase of the output voltage

vector must be instantaneously variable, this would introduce inappropriate delays.

The output voltage will in practice include the higher order harmonics associated with
a squarewave, but without the triplen harmonics that naturally cancel in a balanced 3-
phase system: leaving 1%, 5" 7" 11" 13" 17" etc. The magnitude of these
harmonics will depend on the PWM technique used and the switching frequency [6].
PWM techniques that minimise selected components can be used, but this will be at

the expense of an increase in others [6].

In practice the choice of switching frequency will be determined by a number of
considerations. Many of the techniques used to minimise harmonics will make use of
variable switching (as DSC, DTC, etc) and this may not be suitable for control
purposes. If control and PWM generation are carried out using the same control
processor, sufficient interrupt time must be allowed for both aspects. This
consideration may limit the maximum switching frequency, yet the control scheme

would benefit from high switching frequencies that provide superior quality output
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waveforms. Other considerations include acoustic noise, switching losses (which will
be higher at higher frequencies) and torque ripple that low order harmonics may inflict
on a motor drive. This topic will be addressed further in chapter 5 where machine

rotor slot harmonics are considered.
2.3.4 The Requirement for Deadtime Protection

Again referring back to the schematic of a 3-phase inverter presented in figure 2.5,
consider 1 pair of the complementary power switches at the output. In practice the 2
switches are not perfectly complementary. The conducting switch must be turned off
slightly before switching its complementary partner on. Doing this avoids the situation
of shoot-through: this is the case where an effective short circuit is placed across the
DC link. If the conducting devices survive switching for any time without the

incorporation of deadtime, the lifetime of the devices will drastically be reduced.

on off
a master drive F b
I —_—
a ! on a off
a off | a : on
> e _>I i+
5uS 5uS

Figure 2.11. Division of PWM signal into 2 channels to include deadtime protection delay

Figure 2.11 shows how the master drive signal for phase-a is divided into 2 channels,
one control signal for each switch, to include deadtime. Hence the 3-phase control
signals arriving at the power converter, from the PWM circuitry, are divided into 6
channels for inclusion of the delay. In this work this is achieved on an inverter
interface board using Schmitt triggers and RC timing circuits. The experimental
system is more fully described in the next chapter. Like the squarewave nature of the

PWM voltage representation, deadtime effects contribute to the non-ideal nature of the

produced voltage [37].

Other important effects that contribute to distortion when operating at low voltage (low
speed), which will be highly non-linear, include switching imbalance. This may be
introduced by differences in deadtime circuit delays, gate drive circuit delays, power

device turn-on/turn-off characteristics, etc. The effects will be influenced by current
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direction and compounded by the resolution in PWM generation circuits. As shown in
figure 2.12, the motor applied voltages are not directly determined by individual phase
timings. V, in the illustrated example is dependent on the timing of the a-channel and
b-channel signal edges relative to each other. In truth, it is dependent not on the timing
edges, but rather the switching edges of the power devices. All of the above
mentioned effects are at their most significant at low voltage outputs. Remember that
for a zero voltage PWM output, all of the gate drive signals are the same, at 50% duty

cycle (or the time passed to each gate drive is equal to half the sample time).

a

b !

Vab I—
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Figure 2.12. Problems with PWM resolution at low voltages

2.4 Sensorless Control

Fitting an optical encoder to the shaft of any rotating machine in order to obtain an
instantaneous and accurate measure of speed has several drawbacks. These are with

regard to cost, reliability and practicality and are outlined below.

Cost Issues:
o The encoder cost may be a large percentage of the overall drive price

« The encoder will require fitting and incur additional cabling costs

Reliability Issues:
« The encoder will be considerably more fragile than any other drive part

« The encoder must be robustly fitted to the machine

« Additional cabling will be susceptible to damage and electrical noise

Practicality Issues:
« Not all applications will allow fitting of an encoder

o Generally a motor shaft end must be made available
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+ An encoder will increase the volume of the overall drive product

Reliability issues will of course also appear as practicality and cost considerations,
perhaps resulting in increased process ‘down time’. The performance of an unreliable
encodered solution, with a poorly fitted/slipping encoder for example, would not be

tolerated in any application and may have damaging consequences.

For all the above reasons the requirement for an accurate measurement of speed in
order to obtain high dynamic performance from an induction motor drive (IRFO) is
considered undesirable. Sensorless control is now, and has been for some time, a
major research area that aims to overcome this problem. The earliest reference the

author has found pertaining to induction motor speed control without a shaft encoder is

from 1975 [38].
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Figure 2.13. Structure of the V/F control scheme

A block diagram of the simple (low performance) open loop Volt/Hertz (V/F) control
method is shown in figure 2.13. The stator excitation frequency is adjusted such that it
is equal to the desired speed. The voltage applied is proportional to the frequency,
with a d-axis voltage boost to account for the stator resistance drop. The scheme is
based on the induction motor steady state equations, such that variations in speed must
be rate limited, because flux is not controlled. Where dq terminology is used this

cannot assume orientation with a particular flux vector and the torque regulation at low

speed is poor.

Sensorless algorithms obtain information required for improved torque and/or speed
control through measurement of motor terminal quantities and knowledge of electrical

and/or mechanical characteristics. The many techniques presented range from simple
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extensions to the V/F method, for improved speed holding performance [38, 39],

through to sophisticated signal injection methods that facilitate low/zero speed position

control (see section 2.4.2).

The algorithms thus vary in their requirements for

computational power, electrical sensing/measurement hardware and the knowledge of

machine parameters/characteristics. Some of the methods rely on specific/modified

machines such that particular machine characteristics are promoted (section 2.4.2).

In the work of Campbell [40], the requirements of a range of applications are

considered. The demands of the application, with regard to the sensorless performance

requirement (sensorless classification), are defined. With his kind permission, the

table is repeated here as table 2.2

Application Torque/Speed Control Requirements Sensorless
Classification
Fans Torque - no closed loop control required Low
Speed — no closed loop control required
Pumps, compressors | Torque - reasonably accurate torque control, Medium
particularly in starting
Speed - no closed loop control required
Conveyors Torque and speed control required, accuracy not Medium
always essential
Winches, hoists Torque and speed control essential and demanding - | High
e.g. full control of torque at zero speed
General traction - Good torque response required Medium/High
trains, trams Speed measurement to detect slippage, but not usually
for feedback
Electric Automobiles | God torque response required Medium/High
Speed measurement used for visual feedback and
maybe for synchronised drive (e.g. a differential axis)
Dynamometers, Good torque and speed control essential over the full | High
rolling roads operating range
Strip rollers (steel, Demanding torque and speed control required over Medium/High
paper mills) significant parts of the operating region
Machine tools Torque and specd contro! essential and demanding — | High

e.g. full controlled torque at zero speed

Table 2.2. Sensorless drive applications and required performance
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For low performance applications V/F control may be appropriate. Sensorless
strategies implemented in commercial products tend to sit, in terms of sophistication
and performance, somewhere between V/F control and the leading algorithms based on
the machine dynamic equations (model-based). For example, knowledge of motor
parameters may be used to facilitate improved speed holding under load, through an
estimation of slip/speed [38, 39]). These implementations can generally be regarded as

low/medium performance.
2.4.1 Model-Based Sensorless Control

The majority of algorithms presented to establish sensorless vector control rely on the
induction motor model and measurement of motor terminal quantities to provide flux
and speed estimates. The flux estimate facilitates decoupled flux and torque control
and many of the techniques, on which speed sensorless methods are based, make use
of or exploit redundancy in flux observer methods [21-23]. These methods produce
flux estimates for use in encodered drives or applications requiring only torque control.
Such work is not the prime focus of this project, but typified in various examples [21-
23). As alluded to in section 2.2, and more fully examined when Model Reference
Adaptive System (MRAS) techniques are considered shortly, flux estimates can be
obtained by directly solving the presented dynamic motor equations. If more than one
independent estimate for flux, or indeed another quantity, can be obtained, seemingly
unobservable motor parameters can be determined. Observer techniques are used to

alleviate the dependency of IRFO drives on the rotor time constant for example [23,

25].

Methods that obtain speed and flux estimates (or simply speed for IRFO), are again
utilising the dynamic induction motor model. Given that the model parameters are
known, and terminal quantities measured with sufficient accuracy, the performance of
the leading schemes can be compared with encodered IRFO over the majority of the
speed and load range. The leading schemes are presented, reviewed and tested in [39,
41-44] and can be regarded as offering medium/high performance. These schemes are
somewhat more computationally intensive than simple extensions to the V/F scheme,
but, with increased processing power becoming ever more affordable, they are now

commercially viable.

There are two particularly significant considerations with regards to the practicality of

sensorless implementations based on motor parameters and these are model parameter
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determination and model parameter variation. The variability of drive performance
due to parameter inaccuracy, particularly speed accuracy, is what currently stops
sensorless drives impacting into particular sectors. Inaccuracy in the rotor time
constant (T,) will affect the performance of the encodered IRFO scheme [24, 25], but

the measured speed will ensure the speed accuracy is not compromised.

Good motor characterisation can be obtained from no load and locked rotor tests [19],
for a given motor under a particular set of operating conditions, should this be
practicable when (or prior to) a motor drive is installed. In many cases this will not be
desirable and parameter auto-commissioning tests have been developed that estimate
some of the induction motor parameters [45-47]. Combined with motor nameplate
data, this allows a reasonable set-up to be obtained prior to running a sensorless
algorithm. Controller self-tuning schemes have also been proposed [45-47), as speed
and current controller design specifications also rely on drive parameters. It should be
noted that where a complete motor drive product is obtained from a single
manufacturer, motor parameter base information could perhaps be embedded into a

control algorithm at the end of the manufacture process.

Parameter variation is the major factor influencing the applicability of model-based
sensorless drives to particular applications [40]. Even if parameters are accurately
obtained at start-up, changes in operating condition will result in variation of the
nominal parameters. Resistance variation is the major effect, as stator and rotor
resistances will vary with temperature (ambient and load influenced heating) and this
variation will be difficult to predict [28, 40, 48). Stator resistance (R;) variation has
been shown to particularly affect the stability of sensorless algorithms and is most
significant at low speed [48]. Rotor resistance (R,), and hence rotor time constant (T,),
variation significantly affects speed estimation accuracy throughout the speed range
(28, 40, 49]. Inductance variation also contributes to degradation in performance.
Although less significant than resistance variation (in the below base speed region), the
nominal inductance parameters will vary with magnetising condition, as the orientation
is affected by the resistance parameters for example, and with magnetising effects that
may alter with speed and load condition [28, 40, 48]. Sensorless and encodered
schemes would both require extended inductance parameter information for operation
in field weakening and it has already been established in this chapter that the
encodered IRFO scheme does not generally offer good performance in this region.
Various works look at sensorless operation in the field weakening region [50, 51]. Itis

considered beyond the scope of this work, but will be discussed for further work in the
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final chapter. Parameter variation in sensorless methods is looked at again in chapter

4.

Various parameter-tuning schemes have been proposed in order to negate the
performance deterioration that sensorless drives are subject to due to parameter
variation [50-60]. Considering resistance parameters, Bose looks at estimating
resistance change using a thermal type model, estimating resistance change as a
function of measurable drive variables and time [52]. Neural network approaches exist
that attempt to compensate against error in all parameters [53, 54]. The majority of
schemes attempt to correct the resistance parameters individually however [55-60]. R,
estimation can be achieved by applying a DC voltage component to the machine and
measuring the associated current [55], but this disturbs normal drive operation and
more sophisticated methods exploit motor model equations [56-58]. The use of neural
networks for Rs estimation is proposed/described in [40, 59]. R, estimation is difficult
to separate from speed estimation in a sensorless drive [28], but Kubota obtains an
independent estimate through the sinusoidal disturbance of the magnetising current
[60). These schemes are however, dependent on the accurate knowledge of the other
motor parameters. Such schemes can succeed in improving both the torque
performance and speed accuracy of the sensorless model-based drive [60]. However,
unless an independent accurate measure of speed is obtained, tuning is effectively .
compensating, with respect to speed holding accuracy, in an open loop fashion. Where
the use of artificial neural networks has been proposed to compensate for all parameter
variation [53, 54], this too cannot guarantee speed holding accuracy, because again,

with respect to speed, compensation is effectively open loop.

The region of operation where sensorless model-based performance is particularly
compromised is for a stator applied frequencies below 1Hz to 2Hz. Without persistent
natural excitation, and at zero speed, rotor information is not seen on the coupled stator
side [41). Where high performance torque and/or speed control are required, at and

around standstill, in applications such as machine tools, these sensorless methods will

not be appropriate.

Problems caused by the non-ideal nature of inverter voltage representation, discussed
earlier in this chapter, and measurement offset/error, are at their most significant at low
speeds. This further compounds the problems of model-based operation in this region
and is also a consideration for signal injection methods (see next section) [20].

Advanced deadtime compensation techniques have been considered in [61], and with a
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view to improving signal injection techniques in [62]. Holtz considers use of a non-
linear model to compensate model-based techniques at low speed {63]. Various other

works consider model-based performance in this region [41-44].

2.4.2 Signal-Injection Based Sensorless Control

More recently high sensorless performance at low speed has been demonstrated in the
research environment, by schemes employing PWM disturbance/high frequency signal
injection. Injected signals superimposed on the natural PWM, for example, produce
harmonic components in the stator terminal quantities that have been modulated by
saliency effects in the rotor. The first works, based on such mechanisms, obtained flux
information for field orientation, through tracking of localised saturation effects within
the rotor [20, 64-67]. These schemes can be extended to estimate speed, by estimating
slip, as the excitation frequency is effectively being tracked [20, 67]. Positional
information can be more directly extracted, for position/speed control, by tracking
rotor saliency effects such as rotor eccentricity, anisotropy in rotor laminations, rotor
resistance or inductance variation around the rotor circumference and rotor slotting
[20, 68-74]. A thorough review of such methods can be found in the work of Teske,
who has demonstrated excellent closed loop induction motor position control in the

low speed range (around standstill and up to 150rpm for a 4-pole machine) [20, 74].

There are drawbacks associated with these methods however, and these include high
computational (processing) requirements, a possible increase in torque pulsations,
increased motor losses, decreased drive lifetime and increased acoustic noise. Much of
the published work makes use of modified machines [20], where a particular rotor
saliency effect has been promoted, and this may not be viable. Also the voltage
capacity of the inverter is reduced, where the signal injection voltages must overcome
the natural back emf of the machine, and hence these techniques are perhaps restricted
to the low speed region about zero speed [20]. In many schemes drive characterisation
is highly important, such that an inverter/control unit may only realistically be used
with an associated machine and harmonic effects are thus predictable/known [20].
This is because, saturation effects can hinder sensorless position/speed control and

must be known and/or eliminated [20].
The motivation behind signal injection techniques is in improving sensorless drive

performance at low speed/low excitation frequencies and removing dependence on

variable electrical parameters. The supplementary injected signals ensure that
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flux/position information exists independently of the stator excitation and rotor speed
frequencies. As rotor saliency effects are exploited, the schemes are not dependent on
the absolute values of electrical parameters. It is considered that these methods are the
methods of the future for applications requiring accurate torque and/or speed control
about standstill. Lorenz recently suggested and discussed the application of these
techniques to electrically assisted power steering in production motor cars [75]. It is
considered however, that the region in which a signal-injection mode of operation
should be applied would desirably be limited, due to the drawbacks described. Many
of the leading researchers in sensorless control are continuing to improve these
techniques, but much engineering is required before the methods have a significant
commercial impact. For the remaining region of operation, high performance model-
based methods remain the most suitable candidates for implementation. For
applications where drives are not required to operate for extended periods about
standstill, or where the performance in this region is not critical, the model-based

methods will alone suffice.
2.4.3 Sensorless Model-based Control Methods for High Performance

This section outlines the leading candidates for a sensorless vector control
implementation that are based on the motor dynamic equations, such that a method can

be chosen for implementation in chapter 4.
The Rotor Flux - Model Reference Adaptive System (RF-MRAS)

The RF-MRAS system operates by obtaining estimates of the rotor flux vector, using
terminal quantities and motor model parameters, from two independent induction
motor dynamic equations. It exploits the fact that one of the rotor flux estimates is
obtained without the requirement of a speed measurement to adaptively drive the speed
value required in the second equation, such that the rotor flux estimates converge. The
technique is attributable to Schauder [76], and Tamai [77]. Considering the operation
of the RF-MRAS also allows the general MRAS concept to be understood and

demonstrates how rotor flux estimation can be directly obtained from the motor

dynamic equations.

The rotor flux vector can be estimated in an open-loop manner by using the machine
voltage model equation, shown as equation 2.37. Like the equation for stator flux, it
allows a rotor flux estimate to be obtained without a speed measurement and could be

used directly for sensorless torque control. Also as stator flux estimation, it is
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particularly dependent on stator resistance (R,) accuracy at low speed and requires a
direct integration that will be sensitive to DC components of voltage and current
measurement. Unlike the stator flux equation, it also depends on accurate knowledge

of the inductance parameters.

ge=oo( flu-Reide-o Lot
(2.37)

The rotor flux can also be estimated using the current model, using equation 2.38.
Note that speed is required in this equation and if it were used for orientation in an
encodered system it would provide performance akin to IRFO, primarily requiring

knowledge of the rotor time constant (T,)
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Figure 2.14. Structure of the RF-MRAS

The structure of the RF-MRAS is shown in figure 2.14. Note that the voltage equation
is termed the reference model and the current equation is termed the adjustable model.
This is the general structure of an MRAS system: a reference model and an adjustable
model both provide estimates of an error vector. The adjustable model depends on the
unknown parameter of interest. An adaptation mechanism is constructed that adjusts

the unknown parameter, such that the error vectors converge. In the case of the RF-
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MRAS the rotor flux vector is the error vector and the rotor speed is the unknown

parameter adjusted in the adjustable model.

The adaptation mechanism in the RF-MRAS is a PI controller, the output of which is
the speed estimate used in the current model equation. The error that drives the PI
controller is the cross product of the two rotor flux vector estimates, such that the
speed estimate is used to drive the phase error to zero. The RF-MRAS speed estimate
can thus be used for speed feedback and the flux vector angle can be used to achieve

direct orientation (DRFO).

The disadvantages of the scheme are those described in relation to the use of the
voltage model equation for flux estimation in an encodered system. The current model
is forced to follow the voltage model, and in the region that the voltage model
performance degrades, 'speed and flux estimates will be compromised. The
requirement of a direct integration in the voltage model is in practice facilitated with a

high pass filter, so as to ignore DC components.

The basic MRAS method is improved in the low speed region by using an MRAS -
closed loop flux observer (MRAS-CLFO) [78]. The CLFO was proposed by Jansen
and Lorenz and combines the above method with a mechanical model of the plant. In
the scheme the rotor flux is determined only from the current model at low speed.
Combined with a measurement of stator current, the flux estimate is used to gain a
measure of torque fed into the mechanical model of the machine, providing a speed
estimate in the low speed region. Whilst this method relies on both accurate
knowledge of electrical parameters and mechanical plant parameters, it provides
superior performance, even with some parameter inaccuracy, than the simple MRAS
implementation [28, 78]. In a practical scenario however, the method is unattractive
due to it requiring robust mechanical plant information; in some applications the plant
parameters may not be constant. Also, for sustained operation at low speed it is

suggested that the scheme may still lose orientation, and thus speed holding capability,

due to drift.
The Back-EMF MRAS and The Reactive Power MRAS

Two alternative MRAS schemes have been suggested by Peng [79]. Making use of
alternative error vectors, the systems attempt to overcome some of the problems
associated with the RF-MRAS.
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The back-emf MRAS is proposed, as two independent estimates of the back-emf can
be obtained without the need for a direct integration [79]. Knowledge of R; is still
required however, so the use of reactive power is also suggested as an error vector,

where R; is not needed [79].

In the work of Cilia the relative performance of these two MRAS schemes was
considered, along with that of the RF-MRAS [80]. The work was undertaken with a
particular view to comparing the low speed performance and the design of the
adaptation mechanism. In conclusion it considered that neither of the proposed
schemes offered any particular advantage, or significant improvement, over the RF-
MRAS. Both the alternative error vectors tend to zero as the speed nears standstill,
thus not overcoming the problems at low speed. The adaptive controllers for the back
emf and reactive power systems contain highly non-linear gains, making their design
more difficult for robust performance. In the work then carried out, use was made of

the RF-MRAS as this has the advantage of offering a fast flux estimate for DRFO.

The Torque Current - Rotor Flux System
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Figure 2.15 Structure of the torque-current MRAS

The system presented by Ohtani [81], and developed by Ohyama [82], makes use of
torque current comparison to estimate motor speed and achieve rotor flux orientation.
It has a claimed high performance, approaching that of an encodered solution [41]. It
is often termed the torque current MRAS or isq-MRAS, but differs slightly from the
traditional MRAS structure described above. The scheme achieves orientation with
rotor flux indirectly, by imposing rotor flux orientated conditions on the machine. The

system is shown in block diagram format in figure 2.15.
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The rotor flux is calculated using the voltage model equation seen in the RF-MRAS
scheme. The value of the rotor flux is then used, with the measured stator current, to
estimate iy, (the torque current) given that the system is orientated with the rotor flux.
The difference between the iy, estimate and the reference value from the speed
controller indicates reference frame misalignment. The error is thus used to drive a PI
controller whose output is an estimate of speed. The speed is used as sensorless speed
feedback and, together with an estimate of slip obtained from the rotor flux oriented
slip equation (using flux and i, reference values), allows an estimate of the stator

excitation frequency that is integrated for orientation.

The scheme relies on suitably high dynamic current control and requires integration in
evaluation of the voltage model equation. At low speed the scheme suggests use of the
reference value for rotor flux and thus the flux control is open loop in this region, but
this may be preferable to integration of measured variables. Band-limited integration
handles the smooth changeover from reference to estimated rotor flux at a frequency
dependent on the value of T; (shown in the figure). Thus this is equivalent to

combining low and high pass filters with similar cut-off frequencies.

As the scheme is inherently indirect, it does not lend itself to straightforward
implementation: it, unlike the RF-MRAS and the following scheme (based on a rotor
flux observer) cannot be used as open loop flux and speed observers. As this is the
case, when being developed on a research system where an encodered mode of
operation is available, sensorless speed and flux estimates cannot be compared with

encodered versions, to verify the algorithm operation, prior to the sensorless speed

loop being closed.

The Adaptive Observer

The operation of an adaptive observer can often be considered as similar to that of an
MRAS where the reference model is the real plant. Whilst distinction is made in some

comparative papers, others will present such an adaptive observer and call it an

MRAS.
The implementation considered here is based on a full-order observer of rotor flux. An

adaptive mechanism is employed to adjust for speed as an unknown quantity. The
method is attributable to Kubota [83] and Yang [84).
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In the full-order flux observer structure, dynamic equations for stator current and rotor
flux (current model) are implemented, where stator voltage and speed are measured.
The stator current estimate is used in obtaining the rotor flux estimate and vice-versa.
The error between measured and estimated stator current is used to drive state
feedback that can be used to define flux estimation dynamics and correct some degree

of parameter inaccuracy, account for initial conditions, etc.

The structure is modified to estimate both rotor flux and speed simultaneously. The
simplest form, where the state feedback is ignored, is shown in figure 2.16. The cross
product of the current error and the rotor flux estimate provides an estimate of the
torque error in the model. The error drives a PI controller, the output of which is the

speed estimate fed back into the model.
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Figure 2.16 Structure of the adaptive speed and flux observer

In the work of Kubota adaptation mechanisms for Ry and R, are presented. The
adaptation of R, calls for a sinusoidal disturbance on the flux command that thus has

no net effect [60]. The paper also analyses the torque error due to R, and R, error.

For reasons that will be established at the beginning of chapter 4, this is the sensorless
method used in this project. A more detailed description of its operation is therefore

presented in that chapter.
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Sensorless Stator Flux Orientation

A stator flux orientated sensorless approach has been proposed by Xu [85]. In the
review of sensorless techniques by Holtz [41] the method is given a high performance

grading and is used in further tuning work by the author [86].

Having already seen that stator flux regulation/orientation is readily implemented
using the stator back-emf equation, the proposed scheme calculates the motor speed in
an open loop fashion. The stator excitation and slip frequencies are calculated and
used to obtain the motor speed, assuming stator flux orientation. The scheme hence

requires fast current control and a suitable decoupling law is proposed [85].

The scheme offers the previously established advantages of stator flux orientation at
high speed and thus particularly in field weakening, where flux regulation is more
easily achieved without steady state error [27, 85]. The speed estimate is heavily
dependent upon the flux regulation/orientation however, and this is a significant
drawback at low speed. The scheme requires implementation of direct integration
again and is heavily dependent upon R,. Suitable parameter knowledge must be

available for robust decoupling and this will affect the speed estimate.

Whilst this scheme may offer improved operation at high speed, it is considered that
the previously discussed methods would offer a more robust performance below base
speed. The open loop calculation of speed in this scheme is non-ideal and it is

suggested that it would be subject to heavy parameter/decoupling error and noise.

Other Methods

Other methods for obtaining a speed/flux estimate that are high performance and use
the induction motor state equations include those based on Extended Kalman Filtering
[87-89], and Neural Networks [90]. In [88] the stator and rotor temperatures are also
estimated. Whilst these algorithms may optimise the performance of the model-based
type algorithms already discussed, they are still parameter dependent and additionally
are computationally intensive. Some of the methods may require sophisticated set-up
procedures. Although perhaps improving the torque performance, noise immunity
and/or parameter tolerance, like the tuning algorithms previously mentioned, none are
considered to fully achieve the desired encoder like speed holding accuracy that is the
stated aim of this work. These methods may not be wholly suited to a general practical

implementation and are thus not considered further for this work.
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2.5 Conclusion

This chapter has presented analysis of the induction motor dynamic equations, such
that the principle of decoupled control through field orientation could be shown. The
induction motor model has been introduced, and its associated parameters defined, for
use in the analysis presented here and in subsequent chapters. Both rotor flux and
stator flux orientation have been considered, along with methods of achieving these
conditions, and the relative advantages of each of these techniques discussed.

Operation of the induction motor in the field weakening region has also been

considered.

Vector control calls for fast current control and this is generally provided, as in this
work, by the use of a Voltage Source Inverter (VSI). The VSI is driven by the vector
control demand for an instantaneously variable voltage vector (controlling currents).
This chapter has presented analysis of VSI operation, including Space Vector
Modulation (SVM), and has considered the non-ideal nature of the voltage waveform
produced, as well as the need for deadtime. The following chapter further describes
the inverters used in this project, such as the way they have been modified for
microprocessor control and for the inclusion of switch deadtime. The non-ideal nature
of the voltage waveform produced will be picked up again in chapter 5, where speed

measurement using rotor slot harmonics is addressed.

The motivation for removing the speed sensor in an induction motor drive has been
established. Model-based methods can provide decoupled control without a shaft
sensor, but ultimately the performance is dependent upon accurate motor parameter
knowledge and is compromised at low speed. Commercial products that provide a
higher performance than V/F control will rely on the motor model. Signal injection
methods have been shown in the research environment to overcome some of the
problems associated with model-based methods. The push from industry however, is
to achieve improved sensorless performance without using modified machines or
power electronics. Many of the signal injection techniques use machines that have
been modified, and/or the algorithm may need advanced knowledge of the machine
characteristics. It is desirable not to inject signals that might produce torque ripple
effects, increase losses, produce significant noise (be this acoustic or electrical) and the

methods may only be applicable over a small low speed region.
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It is considered that model-based methods provide wholly adequate performance for a
majority of applications, facilitating field orientated control for dynamic performance.
For applications requiring highly accurate closed loop speed holding performance
model-based methods fail, due to the effects of parameter variation. In the main,
tuning schemes presented cannot guarantee speed accuracy unless an accurate
independent speed estimate is obtained. As outlined in the previous chapter, this work
proposes the combination of a model-based algorithm, for dynamic performance, with
a Rotor Slot Harmonic (RSH) speed estimator, for speed accuracy. As such, ideally
the work will be suitable for augmentation with existing sensorless techniques that
exist in commercial products. Background regarding RSH type speed estimators and
resulting tuning has been reserved until chapter 5, where the mechanism of RSH

production is more appropriately firstly considered.

Finally in this chapter, the sensorless review was extended with the leading candidate
algorithms for model-based control outlined in more depth. In chapter 4 one of the
presented algorithms is chosen, based on previous research comparing the relative
performance of sensorless techniques. The experimental implementation is then
explained in more depth and results presented. The chapter also goes on to further

explore the effects of parameter variation in the model-based system.

Further to chapter 4 this work concentrates on improving the speed holding
performance of a sensorless model-based technique. Whilst the tuning techniques
discussed may improve the overall performance, this work tackles the problem of drive
detuning with a particular view to improving the speed holding. Commercially viable
sensorless techniques to date fail to suit applications requiring highly accurate speed
holding and the goal of this project is to develop a sensorless algorithm for multi-
motor applications. This is an area requiring encodered speed holding performance
and is further considered, along with the presentation of sensorless speed synchronised

results, in chapter 6.
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3.1 Introduction

This chapter describes the hardware and software solutions that were used to develop
and test the algorithms presented in the following chapters. As the work is concerned
with the performance of both stand-alone and combined sensorless drives, two
development rigs were constructed. The first rig (hereafter termed rig A) was
originally used in projects by both Sumner and Blasco [91, 28], whilst the second (rig
B) is of similar ratings and was used in other development work within the PEMC

group at Nottingham [92].

Both test rigs utilise standard squirrel-cage 4kW induction machines and 7.5kW
IGBT inverters, although these are all from different manufacturers. Each induction
machine is coupled to a DC machine, with associated converter of higher power
rating, and these act as loading devices. The DC converters are run under their own

control and are set-up to provide variable torque demands.

The IGBT inverter of each rig is modified to allow access to the gate drive circuitry
of the power devices. The modification is achieved whilst still retaining
manufacturer safety and protection functionality. The gate drive circuitry is
interfaced to PWM timing circuits and these circuits are themselves interfaced to a
processing platform running motor control code. Measurement, signal-acquisition,
signal-conditioning and digital input/output circuitry also connect the processing

hardware to the motor drive.

Processing capability is provided by a platform housed in a host PC and based on the
Texas TMS320C4x family of Digital Signal Processors (DSP). A carrier board
connected to the ISA bus has room for four TIM-40 modules'. These modules could
be processor based and/or contain input/output devices (A/D converters and the like).
In this case two processor modules occupy the first two slots. The board

communicates with the PC, for the downloading of real-time control code, data
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capture and overall motor control functionality, via the ISA bus and with the interface
circuitry for the motor drives via a mapped section of the primary DSP memory map.
The mapped area is termed the DSPLINK and results in all input/output devices being

written to or read from specific predetermined addresses.

The following sections contain converter and motor specifications and go on to detail
the processing platform, development of measurement and interface circuitry and
development of real-time DSP motor control software and high-level PC interface

motor control software.

3.2 Experimental System
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\__,,, Data Capture e
= ul
t T 7M1 DCA
DSP1 |4 W Inverter1 : §
Hardware 70
i Interface Encodert
1 PWM o '
Filters
AD . M2
————p Inverter2 (— ( ,\ } -

Digital I/O PWM,

DSP System for Encoder -
Motor Control Encoder2
- (!)a 4 7
DC
Control Drive1

Figure 3.1. Overall structure of the dual drive rig, with loading systems and control platform

The overall structure of the drive rigs and control platform is shown in figure 3.1.
Note that two independent motor test rigs are controlled using a single PC and DSP
platform. Connection is made to the test rigs through a common hardware interface.
Although two DSP processors are shown, only DSP 1 can communicate with the PC

and hardware interface.

Evident in both the rigs is a direct measurement of speed. This measure is provided
by the inclusion of incremental position encoders. The encoder fitted to rig A
produces 10,000-pulses/revolution, compared to that of rig B which produces 2,500-

pulses/revolution. These provided speed measurement during development of vector

54



CHAPTER 3 Experimental Implementation

and multi-motor schemes, to which sensorless results could be compared, and
measurement of speed and position to verify the accuracy and performance of the

developed sensorless techniques.
The developed system is capable of running what would be considered high

performance AC motor control and the DSP and host PC set-up is such as to provide

a highly flexible experimental research platform.

3.3 Motor Drives

3.3.1 The Asea Motor Drive (Rig A)

DC Machine
DC Machine
Cooling
Induction Machine |
(not used)

Coupling and

Encoder Housings

Figure 3.2. Drive rig A

Motor drive rig A consists of a delta connected, 4-pole, 4kW, closed and skewed slot,
squirrel cage induction motor, manufactured by Asea. This machine is fed by a
7.5kW Eurotherm IGBT inverter and fitted with the 10,000-line encoder. The
inverter has an external dynamic braking resistor fitted, suitable to dissipate energy

due to deceleration. The motor test bed is shown in figure 3.2.
Information about the motor, such as the number of rotor slots and motor

electrical/mechanical parameters, is known from the works of Blasco and Sumner

(91, 28]. The specifications are presented in table 3.1 at the end of this section.
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The load DC machine is rated at 10kW and fed by a Control Techniques 4-quadrant
converter. Being an older machine, its inertia is several times larger than the
induction machine alone and larger than either machine in the rig B configuration.

An external control box varies the torque demand to the DC drive by varying a fed

back reference voltage.

3.3.2 The Brown-Boveri Motor Drive (Rig B)

DC Machine

Induction Machine

Encoder

Figure 3.3. Drive rig B

Motor rig B is similar to rig A and the motor test bed is shown in figure 3.3. It
consists of a delta connected, 4-pole, 4kW, closed and skewed slot, squirrel cage
induction motor, manufactured by Brown-Boveri. This machine is fed by a 7.5kW
FKI Industrial Drives IGBT inverter and fitted with the 2,500-line encoder. The
inverter has an integral dynamic braking resistor fitted suitable to dissipate energy

due to deceleration.

The number of rotor slots for this machine was determined through spectral analysis
of stator current. The motor electrical parameters were determined through no load
and locked rotor tests, as defined in Appendix B. These are also presented in table

3.1
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The load DC machine is rated at 10kW and fed by a Eurotherm 4-quadrant converter.
It is approximately 1/3 the inertia of rig A. Similarly to rig A, the DC drive is
éonﬁgured to operate under its own control. Again an external control box varies the

torque demand to the drive by varying a fed back reference voltage.

3.3.3 Induction Motor Parameters

Rig A Rig B
Rated Power 4kwW 4kW
Rated Speed 1420rpm 1420rpm
Rated Torque 26.9Nm 26.9Nm
Rated Voltage 415V 415V
Rated Current 8.4A 8.42A
No. Poles 4 4
Rated Phase I 2.2A 2.3A
Rated Phase I, 4A 4A
R, 5.32Q2 5.9Q
T, 0.168s 0.14s
L, 0.64H 0.56H
L, 0.633H 0.56H
M 0.6H 0.53H
o 0.11 0.12
J 0.3kgm* 0.12kgm’
B 0.02kgm*/s | 0.01kgm®/s
No. Rotor Slots 28 28

Table 3.1 Specifications of the 2 induction machines

3.4 Processing Platform

Digital Signal Processing (DSP) techniques are now used in a variety of applications,
replacing analogue techniques and extending their range of operation. Generally,
applications are those that involve complex mathematical functions and/or real-time
operation. In filtering applications for example, where analogue methods would have
been employed in the past, the big advantage of a digital implementation is an
increase in flexibility and accuracy. Function specifications can be varied on-line in
software (adaptively) and results (output) will not be subject to error associated with
analogue methods, such as component inaccuracy, tolerance, drift, etc. The
digitisation of the previously analogue methods requires computational capability that
allows functions to be performed whilst sampling at a suitably high rate, so as to offer

similar functionality to analogue methods.
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The processors developed for these mathematical and real-time problems (Digital
Signal Processors or DSPs) are eminently suitable for, and now widely used in, motor
control applications. The requirement of sensorless control in induction motor drives
is for both high mathematical and real-time processing capability. DSPs are
optimised for such applications, offering the possibility for high-speed connection to
external circuitry and performing multiply and accumulate (MAC) functions often in

a single processor cycle.

This work uses a system based on the Texas TMS320C4x family of processors. A
Blue Wave Systems carrier board is installed in a standard desktop PC and has the
capacity for up to four DSP units, this is shown in figure 3.4. Two of these slots are
utilised and contain C44 floating-point processing modules.  According to
manufacturer data these processors are capable of executing 30 million
instructions/second (MIPS) and have a peak arithmetic performance of 330 million

operations/second (MOPS) [93].

DSP Units

‘ DSPLINK

Connection

ISA Slot PC

Connection

Figure 3.4. The Texas C44 based DSP ISA-bus PC card

A functional block diagram of the system is shown in figure 3.5. Note that processor
A can communicate with the PC via both an 8kB block of Dual Port Ram (DPRAM)
and a high speed parallel communications port, and with interfaced memory-mapped
external devices via the DSPLINK Adaptor. The external devices include all

necessary interface and measurement hardware required to control the motor drives.
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The communication with the host PC enables data capture and overall motor control
programs to be implemented (see section 3.6). The second processor (processor B) is
in communication with processor A, as well as other processors that could be added,
via serial communication ports and a 1kB block of shared memory. This processor

has no direct means of communication with either the host or outside world.

PC ISA SLOT DSP CARD | ’
o ¥ L2 Y 2

DSP B DSP A e

Caa Caa

K———> DSPLINK

Figure 3.5. Block diagram of the DSP system

Software for the 2 processors was written in the C programming language and
compiled using a Texas C compiler specific to the processor type. It is also possible
to program parts or all of the code in assembly language, but this functionality was
not used. The nature of the processor architecture incorporates parallelism to give
high-speed performance and this would be difficult to optimise if programming at this

low level.

It should be noted that the above described DSP platform is somewhat more powerful
than that typically used in commercial motor drive products currently. As a research
implementation however, the increased power allows the implementation and test of
complex algorithms and the flexibility to program mathematical functions at a high
level (i.e. without time consuming optimisation). These considerations allow the
many and varied program modifications and improvements that are associated with a
research/development project. The solution was also found to be capable of running
all control and PWM generation code for simultaneous operation of both motor

drives.
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3.4.1 Division of Processing Tasks

For the majority of work involving the development of individual stand-alone
sensorless drive algorithms, it was only necessary to use a single processor. For the
more advanced slot harmonic tracking and tuning algorithms, use was sometimes

made of the second processor, simply to perform background tasks.

For the development of multi-motor techniques, and therefore the control of both
motor drives simultaneously, it was necessary to have a more structured division of
tasks between the two processors. Interrupt and timing functions as well as
input/output tasks were performed on processor A. The main bulk of this includes
switching frequency control, data transfer to and from the host, in the form of control
variables and data capture, and data transfer to and from the motor rigs, this includes
current and voltage measurement and PWM output to the inverters. Mission critical
tasks were also performed on this processor; these being speed control, current
control and PWM calculations. Processor B acted as a slave device and
synchronisation was performed in the communication structure at the beginning of
each interrupt. Sensorless speed and flux observers, speed estimation from rotor slot

harmonics and parameter tuning were executed on this processor.

Two code listings for the dual-drive speed synchronised sensorless solution are
included in Appendix C, one for each processor. As well as showing coding of the
algorithms that will be described in the following chapters, they illustrate how
processing tasks were divided between the two processors. The listings are included
as reference for others who may use the DSP system and/or work with the presented
algorithms and do not include the more trivial processing functions; these are hidden

in associated header files.

3.5 DSP to Motor Drive Interface System

This section details the connection of the motor drives to the DSP control platform
and it was the development of this system that took up much of the first half of the
project duration. Figure 3.6 shows the system rack containing all the interface boards
and figure 3.7 shows the transducer systems. Specifications for the development of
equipment interfaced to the DSPLINK are contained in the DSPLINK System
Expansion Interface Guide, available from Blue Wave Systems [94]). The component

parts of this hardware interface are outlined in the following sections.
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3.5.1 Buffering and interface to the DSPLINK

Motor Plug Voltage  Current

= 1/0

Figure 3.6. The DSP/motor drive Figure 3.7. The voltage and current

hardware interface transducer systems

Connection is made to the DSP board via a 50-way IDC header. A short section of
ribbon cable joins this header to a similar connector, on an interface and buffering
PCB, at the bottom and back of the hardware interface racking. The cable contains
16-bit address bus and 16-bit data bus signals for the DSPLINK interface, as well as
associated control signals. This board also facilitates connection of logic level (5V)
and analogue (+15V) power supplies. All digital signals are passed through HCT
family logic buffers, with 100£2 series resistors, to protect the DSP board. The DSP
board power supply is therefore decoupled from the hardware interface. Address,
data and control signals and power supply lines then travel up a back-plane PCB
spurring off connections for auxiliary boards. Address decoding is performed on

each auxiliary board and these boards are described in the following sections.

3.5.2 Digital Input/Output

Digital input/output is provided on an auxiliary board via a 4-channel 12-bit DAC,
input option switches, signal LEDs and TTL input/output ;’ins. Many of these
options are not continuously required, but are of use in a development system and are
employed as diagnostic input/output for functions such as interrupt and data capture

timing, etc.
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3.5.3 Pulse Width Modulation (PWM) Timing

As this project uses a more powerful DSP platform than that generally utilised in
commercial motor control applications, and is therefore not specifically aimed at this
market, PWM timing registers and output pins are not provided on chip. Two boards

were constructed to provide this functionality for the two AC drives.

Based around the 8254 timer chip, each board receives 3-phase timing values and
control information from the DSP and, by counting pulses from a 10MHz oscillator,
produces timed 3-phase switching waveforms. These waveforms are at the DSP
controlled switching frequency. In order to produce this output, as explained in the
previous chapter, the DSP must send information to these boards at twice the desired
switching frequency, changing the output switch edge polarity on each occasion.
Therefore the DSP must have an interrupt frequency of twice the switching

frequency. In this work the switching frequency was set at 4kHz.

The outputs from this board are configurable and can be either voltage level or
current mirror signals. A watchdog circuit is also provided and this issues a trip
signal if the 8254 timer does not receive an update every DSP interrupt cycle. These

are all considerations when designing the inverter interface.
3.5.4 Inverter Interface — Incorporating Deadtime Protection

The output from the PWM board is fed to the inverter interface as 3-channel,
corresponding to the three motor phases, current level gate drive signals. This has
suitably higher noise immunity, in what is quite an electrically noisy environment,
than sending voltage level signals and the signals are eminently suited to driving
opto-coupler inputs (for isolation). The signals are not suitable to directly drive the
power devices and must first be separated into six channels for the inclusion of
deadtime delays, as noted in the previous chapter. In this work the deadtime delay

was set at 5uS. The minimum and maximum pulse time were set to be 10uS and

115uS.

The interface circuit also includes necessary protection functionality. The board
fitted to the FKI inverter is shown in figure 3.8. The watchdog signal from the PWM
board is logically ORed with hardware over-current and over-voltage protection trip
signals from the inverter. Any of these trip conditions disables the PWM signals

applied to the inverter switching devices.
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ﬂ\\”
&

Inverter Interface

Figure 3.8. The FKI Industrial Drives inverter with interface

The PWM and watchdog inputs to the circuit are in the form of opto-couplers and this
provides necessary isolation for safety. The supply for this circuit is derived from the
inverter’'s own. Outputs from the circuit are designed to interface directly to the
manufacturer gate drivers. Circuit diagrams for the two circuits used in this project

are provided in the Appendix D.
3.5.5 Voltage and Current Measurement

Line-to-line voltages and line currents are measured, in both motor rigs, by suitable

transducers placed between the inverter output and the motor input terminals.

Current measurement is required for the current controllers in vector control and for
drive protection in commercial products. Generally two currents are measured but, in
the case of this project, provision is made to measure all three currents on each rig.

The transducers used are LEM hall-effect devices.

Voltage measurement is not always utilised in commercial products. Voltage
quantities are often required for sensorless control methods, but, as the inverter can be
considered a voltage source, sometimes reference values will be used. In other cases
a measurement of the dc link voltage is obtained, as this may be used in braking and

protection circuitry, and this may help to improve the estimate, through using the

63



CHAPTER 3 Experimental Implementation

measured value when considering the switching pattern of the PWM. If either of
these methods is used, performance will be dependent upon how accurately reference
values represent real ones. In this work, similarly to the currents, all three voltages

are measured, again for the flexibility and accuracy required in a research

implementation.

Outputs from the transducers are passed through necessary signal conditioning
circuitry (amplifiers with gain and offset adjustment). Connection is made to the

interface system using screened cable and BNC type connections.

3.5.6 Analogue Input and Filtering

The outputs of the transducer systems are passed, via the screened cable, through
filters and on to the A/D converters in the hardware interface. The filters are 2™
order low-pass butterworth type, with a cut-off frequency of around 720Hz, and are

used to prevent anti-alias effects associated with a digitally sampled system [95].

The A/D converters are 16-bit and there is a total of three boards, each of four
channels. This is sufficient capacity to measure the six channels of voltage and
current data coming from each rig. The conversion and acquisition time of these
devices is in the order of 10uS. Acquisition is aligned with the PWM, such that
measurement is obtained not immediately following a switching edge. Aligned
acquisition alleviates the possibility of error and noise pick up associated with the

switching edges.
3.5.7 Encoder Interface

Both of the encoders used in this work are of a similar type. Neither are of the
quadrature type now used commonly, for which decoder integrated circuits can be
readily obtained. Each has three outputs channels; one channel provides a pulse train
if rotating in one direction; the 2" channel provides a similar pulse train if rotating in
the opposite direction; the 3™ channel provides a reset pulse. The reset pulse is a

single pulse per revolution marking a particular fixed position.

After the signals are received, by a differential input stage, the pulse trains feed
binary up/down counters (one for each encoder). One channel feeds the up count
input, whilst the other feeds the down count input. The reset pulse feeds the reset (or

zero) input and the counters are therefore set to zero once per revolution. The
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counters are multiples of 4-bits, such that a maximum count is equal to or greater than

the number of encoder lines.

Software routines that read in what is effectively an incremental position count,
obtain a speed measure by comparing the new count value with the previous one.
This measurement runs with the speed control loop every 0.01secs. The code must
account for the reset nature of the count circuitry, where an overflow may occur,

causing a reset, between samples.

As on all of the previously described boards, data to be read from or written to the

data bus goes through suitable tri-state buffer circuitry. This provides isolation for

unused devices.

3.6 High Level Motor Control and Data Capture

Figure 3.9. An example screen shot of the PC based motor control platform

High-level motor control and data capture is facilitated through PC based software
developed using Borland C++ Builder. The DSP board is supplied with library
functions that allow communication, between the DSP and PC, to be programmed in
such an environment. The communication is achieved by utilising the DSP comm
ports and the Dual Port RAM (DPRAM). These resources are memory mapped into
PC address space. Memory arbitration is controlled by hardware, but must be
appreciated, particularly when considering DSP code timing.
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A typical host program screen shot is shown in figure 3.9. Note that the role of the
host program includes downloading and booting DSP code, enabling inverter control
(current and speed controllers), communicating options and parameters (changes of

speed, etc) and capturing online variables and block data.

Similar functionality could be achieved using a DOS based PC environment, but this
windows based alternative was found to be eminently suitable for this type of
application. Captured data was written to file and then read and interpreted by
suitable analysis programs (such as MATLAB).

PC based control and data analysis, using methods such as that presented, and the
implementation of induction motor control, using the PC based DSP card and
developed communications interface, would not be appropriate in many commercial
applications. In this case however, the developed system is a most flexible and
powerful research and development tool. PC communication options are now
becoming available on commercial products, such that the operation of a particular

drive can be more readily tested and analysed and so that set-up and options can be

varied.

3.7 Conclusions

The drives system developed for use in this project provides a powerful and flexible
solution for the implementation and test of high-performance induction motor control
strategies. It is appropriate to the environment in which it is being used, this being
research and development. The system can be operated over the full rated speed
range of the induction machines and the speed demand can be instantaneously varied.
The independent loading system of each rig allows developed schemes to be tested
over the full rated load range and the load condition is also instantaneously variable.
Fitting of speed encoders and current and voltage transducers allows encodered and

sensorless algorithm to be readily developed, tested and compared.

The powerful floating-point DSP-based platform, used for the real-time motor
control, allows advanced control methods to be implemented quickly, without the
need for much time-consuming code optimisation. In a commercial product the
emphasis would be on reducing both cost and size, but in real-terms the price of

processing hardware is ever decreasing. Similar processors to those used here are
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now within the realms of possible use in commercial products. The accuracy of the
floating point system and the use of high precision measurement is necessary for

much of the sensorless speed estimation techniques described in the following

chapters.

Designing and building the system has been a most worthwhile part of this project
and a deeper understanding of power electronic motor drives has certainly been

gained during its development.
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CHAPTER 4 Implementation of the Model-Based
Sensorless Control Scheme

4.1 Introduction

The leading candidates for the implementation of a model-based sensorless vector
drive were highlighted in chapter 2. This chapter is devoted to presentation of the

chosen algorithm and a full test of the practical system.

In the following section, section 4.2, the implemented sensorless technique, as first
proposed by Kubota et al [83], will be fully detailed. The reasons for choosing this
algorithm will be explained. Designs for speed and current controllers are presented
and the design of the adaptive speed estimator is considered. Information regarding
the discretisation of the controllers and observer is also given, so as to provide a full

specification for the practical system.

Section 4.3 examines the experimental performance of the sensorless scheme on both
motor drive rigs. Results are presented confirming the operation of the Kubota
method as a flux observer in an encodered IRFO solution. The section considers and
defines test criteria, so that speed sensorless operation can be analysed. The tests are
based on those set out by Campbell [40] and are firstly carried out on the encodered
IRFO solution to provide a benchmark. Results are presented for the sensorless
system with nominal parameters, after first operating the drive under full load, at low
speed, to achieve a realistic operating temperature. Results from the encodered and

sensorless schemes are compared and contrasted.

In section 4.4 the mechanisms causing parameter variation are considered. Analysis
and discussion is centred around how this parameter variation affects the performance
of a model-based system. This is an area much studied in relation to both encodered

and sensorless induction motor drives [23-25, 28, 39, 40, 48-60, 96].
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The chapter concludes with section 4.5, where the performance of the developed
sensorless system is further considered. Suggestions are made as to the best means of
tuning the system for high accuracy speed-holding, for continuation of the work in

the following chapters.

4.2 Sensorless Implementation

Previous sensorless drive implementations in PhD projects undertaken at Nottingham
[28, 40, 80)] have used the RF-MRAS [76, 77], or its extended version - the MRAS-
CLFO [78]. More recent comparative assessment, undertaken by Ohyama et al [43,
44), reviewed the practical performance of the MRAS-CLFO [78], the Ohtani Isq-
MRAS [81] and Kubota ASO [83], all briefly described previously in chapter 2. The
three of these methods are generally accepted to give high sensorless performance,
particularly in terms of dynamic performance and low speed operation. The
conclusions of the work indicated that, whilst the performance of all three schemes
was comparable, the Isq-MRAS and the ASO were ‘both proving superior to the
MRAS-CLFO in respect of robustness to R; and performance on no-load’ [44].

As a result of Ohyama’s work, it was decided that this project would use the Kubota
ASO as the chosen model-based sensorless implementation. Both the Isq-MRAS and
the ASO benefit from not requiring knowledge of the drive mechanical parameters
(inertia, etc). The ASO does not require a direct integration in its estimate of A, and
the suggested configuration for the Isq-MRAS (chapter 2) is such that a direct
integration is avoided in the problematic low speed region. The ASO algorithm
however, allows for an online estimation of R, as first reported in [97]. Unlike the
Isq-MRAS, it can also firstly be set-up as an open loop speed and flux observer in an
encodered system and thus its operation can be tested, in this instance, prior to the
sensorless loop being closed. It must of course be remembered that the further work
in this thesis is aimed at tuning the model-based system for accurate speed holding

capability and this would be appropriate to most other model-based methods.
The remainder of this chapter is devoted to a full presentation and review of the

Kubota method of sensorless control, as implemented on the two motor drives used in

this work.
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4.2.1 The Adaptive Flux Observer (AFO)

Kubota et al presented the adaptive rotor flux observer, where speed is a measured
variable, in 1990 [97]. Based on a full-order observer [98], observing stator current
and rotor flux for use in an encodered DRFO vector implementation, schemes are
presented to adaptively update stator and rotor resistances [97]. The observer
algorithm is presented in this section. The final part of the paper goes on to present
an adaptive scheme, using the same basic observer structure, for simultaneous speed
and flux estimation and a simulation result is provided. The speed sensorless scheme
is more fully presented, reviewed and extended in further papers [60, 83, 99, 100],

and will be detailed in section 4.2.2,

The induction motor equivalent circuit in the stationary frame is shown in figure 4.1.
Note that this is a variation of the circuit presented in chapter 2. The ideal

transformer is now removed, with the rotor quantities now referred to the stator side

[12].

R' s i‘ lr r
A & -
v, di M
dt

Figure 4.1. The induction motor dynamic model in the fixed stator frame

From this circuit the dynamic equation for stator current, in terms of appropriate

variables, can be derived

dis__ R é_(l-c)i_ﬁ_ M At | - M o
t o Ls ol oL LT clLs™ olLsL,
4.1
The dynamic equation for rotor flux can also be derived
di M
== —fs—— A+ ‘(I)rA.r
a T.- I~ S Orde
4.2)
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The full derivation of these equations is shown in Appendix E. Note that the equation
for rotor flux, equation 4.2, is the ‘Current-Model’ equation. As shown in the review
of sensorless methods (chapter 2), this can be used as an open-loop estimator of rotor
flux in an encodered drive, to provide performance akin to IRFO, and is also used in

the RF-MRAS structure 76, 77].
The equations can be expressed in matrix form, in af co-ordinates, as follows

dfis A A\ is B:
— = + Vs
dt\ A A2z A2 )\ A 0

=Ax+Bys
4.3)

=
i
Q

I

4.4)
where
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Given that equations 4.3 and 4.4 describe the real induction motor, with the
measurable output i, a full order observer can be constructed, as shown in figure 4.2,

to estimate A,. The block G, shown in the figure, is the observer feedback matrix.

The observer equations are as follows (where * indicates estimated values)

92 _ 43+Bu+Gli-i)
dt

(4.5)
:=C%

(4.6)

71



CHAPTER 4 Implementation of the Model-Based Sensorless Control Scheme

i
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Figure 4.2. Block diagram of the full-order state observer
Substituting equations 4.4 and 4.6 into 4.5 gives
92 _ 43+Buw+GC(3-x)
dt
4.7)

Subtracting 4.3 from 4.7 gives an equation defining the error dynamics and allows G

to be designed
_d_g_ = (A +G C) [4
dt
(4.8)
where

In [97] a design solution for matrix G is presented such that the poles/dynamics of the
observer are made proportional to those of the induction motor. This is for a

proportional constant k > 0 and is as shown below.

G| & & & &
-g: g -8 g
(4.9)
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where
gi=(k- 1)(= ari - ar22)
gr=(k- 1)(-aiz2)
g3= (k2 - 1)(c ar — ar21)+ cg

g4=c g2
C=—(0'L5Lr)/M

Practical implementation of the observer is achieved by discretisation of the observer

dynamic equations using a suitable technique, such as the Euler method [98].

The paper [97], goes on to look at the influence of variation in both stator and rotor
resistance to the performance of the observer when used for encodered DRFO. The
ratio of produced to desired torque is analysed, when errors in these parameters
persist, and this analysis is performed with various values of k. At low speed the
system is sensitive to errors in R,, as this is included in the stator current dynamic
model. Variation in R, is also more significant at lower speeds, but the structure,
because the estimation of rotor flux is obtained with an estimation of stator current,
performs better than IRFO with a similar detuning of R,, even in open loop mode
(k=1.0). This indicates that the scheme should perhaps perform better in the high
speed region than IRFO, but it would of course still be sensitive to inductance

parameter variation in field-weakening.

It is shown that particular values of k can restrain the influence of inaccurate
parameters, whilst also varying the dynamic performance of the rotor flux estimate.
Design of k to correct parameter influence, particularly that of R, and R,, would be
difficult, due to parameter interdependency and the amount by which the parameters
may vary. The paper [97] therefore goes on to present schemes for adaptive
adjustment of R, and R,. The R, adjustment law is shown in the paper to be stable,

using Lypunov’s theorem [98], for k=1.0 and is presented below.

dRs
dt

= -l/(eiufm + €ips fp;)
(4.10)
where A, is an arbitrary positive gain and e, and e, are the af current errors.

Simulation results are presented to verify the method [97].
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The adaptation law for R, shown in the paper [97] is not considered here, because it is
only suitable where an independent measure of speed is available (in an encodered
drive). The following section will present the speed and flux estimator based on the

above observer and here the R, adaptation method is still applicable.

Section 4.3.1 shows some experimental results with the AFO used to provide an
estimate of rotor flux, through the estimation of stator current, in an encodered IRFO
drive solution running on the project rigs. A DRFO implementation, using this flux
estimate, was run on the rig and gave similar performance to the IRFO
implementation. The sensitivity to parameter inaccuracy and the high speed
performance of the technique was not tested and compared with the IRFO method.
This is tested by Kubota [97], and this work is concerned with obtaining a speed

sensorless implementation, not optimising an encodered solution.

4.2.2 The Adaptive Speed Observer (ASO)

The authors of the AFO paper go on to more fully present the flux observer used to
measure flux and speed together in [83]. The structure was presented at a similar
time by Yang and Chin [84]. In this project the algorithm will be termed the adaptive
speed observer (ASO). Extending the simulation result from [97], practical results
are presented in [83]. The paper assumes that the matrix A is an estimation. It is
anyway, because it contains estimated model parameters, but now also includes an
unknown value for speed. An adaptation mechanism for speed estimation is proposed
and is implemented in practice uses a P1 controller (like MRAS schemes [76, 77]) to

provide a speed estimate in the model. This is shown in the following equation

or=Kp (eia.s ipr —@ips }:ar)+ Ki _[ (eias iﬂr —€Bs im)
4.11

where

eim=ius~ius and eiBs=iBs—iBs.

From inspection it is evident that the error function, used to drive the speed estimate,
is proportional to the instantaneous torque error in the model (see equation 2.12 in
chapter 2). The rotor flux orientation vector, obtained from the observer, is
effectively applied to the real machine to decouple current components. Estimated

and applied rotor flux are ideally the same, so the stator current error can be used to
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obtain the torque related error. Again, the stablility of the scheme is analysed in the

paper, using Lyapunov’s theorem [98] for k=1.0.

The modified structure, outputting speed and flux estimates, is shown in figure 4.3.
The implementation presented in the Kubota paper [83] sets the G matrix
proportional constant k to 1.0 (G = 0.0), such that the G matrix feedback can be

removed from the figure.
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Figure 4.3. Block diagram of the speed and flux observer

In [83] PI gains for the adaptive speed estimator are selected experimentally. The
estimator must have sufficient bandwidth to drive the speed control loop and this is
suggested, in papers on MRAS techniques, to be at least 2 times that of the speed
loop [76). This may limit the maximum speed loop bandwidth of the sensorless
drive, due to noise constraints, and this will be discussed in the following section,

where speed, current and estimator controller designs are considered.

Practical results presented in the paper are for no-load operation at zero speed, large
and unloaded forward-reverse speed transients and a single load impact test with the
drive running at 100rpm. More challenging criteria for the test of sensorless drives,
including results obtained from an ASO, are presented in [43, 44]. This is discussed
further in the results section of this chapter, where the performance of the practical

implementation developed for this project is fully tested.
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The performance of the speed sensorless scheme will of course be sensitive to errors
in machine model parameters. Values of k may improve performance, in terms of
speed accuracy and flux estimation dynamics, but may also degrade it. As
mentioned, with regard to the observer, it would be difficult to choose the correct
value of k for parameter tuning, due to parameter interdependency. Simulation
results are included in [83] to show how speed accuracy will vary with R, (the
primary source of speed error) and how speed accuracy and torque vary with errors in
R.. R, remains significant at low speed and differing values of k are shown to both

improve and reduce the speed accuracy when the error due to this quantity is fixed.

The R, adaptation technique presented previously is still relevant in the speed
sensorless scheme. R, cannot be readily adapted, because its effect cannot easily be
distinguished from speed [28]. In a third paper by the authors [60], a method is
presented for R, adaptation that involves superimposing an ac signal on the field
current command. This is not considered further here, because it is not believed that
the adaptation of resistances will be sufficiently accurate, together with the fact that
errors will exist in other parameters, to provide the encoder like speed-holding
accuracy that is the requirement of this project. R adaptation is still highly relevant,
as this has a large influence on sensorless stability, as shown in [48]. It is suggested
that the method presented in [59], based on the use of neural networks, would offer

perhaps the best adaptation of the R, parameter.

More recent work by the authors includes a paper on improving the low speed
performance of the ASO, by offset compensation of the stator voltages [99]. Also a
paper was presented very recently, at the 2001 Industry Applications Society Annual
Meeting, on improving the stability of the algorithm in the low speed regenerative
region, by correct choice of feedback proportional constant k [100]. This area of

operation was also considered and shown to give some instability problems in [101].

This project considers the use of the basic algorithm (k=1.0) where tuning is
developed to provide accurate speed holding. A scheme to provide much improved

R, estimation for model-based methods, as previously mentioned, is presented in {59].

4.2.3 Speed and Current Controller Design

Speed and current controllers were designed for this work using s-domain techniques

and the values of inertia, friction (speed loop), stator resistance and stator leakage
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inductance (current loop) presented in chapter 3. The designs are relevant for
sensorless and encodered implementations and are presented below. The general
principles and design methods for cascaded control of motor drives are further

presented in [12].

Speed Controller
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Figure 4.4 Structure of the speed control loop

The structure of the speed controller is shown in figure 4.4. It assumes correct field
orientation, such that I, is directly torque producing. The s-domain transfer function

of the PI control block is defined as

output _ k(s + ac)
input s

=kp-}-—lE
A

(4.12)

The controller output is a quantity that can influence torque and, as can be seen in the
figure, this is a demand for ig. The value of ij is limited in practice depending on
inverter and motor ratings. Generally the limiting will be 1-2 times the rated motor
current as long as the inverter limit is not exceeded [7]. Anti-windup must be

included in the controller to disable the integrating term when limiting is active [98].

Design of the controller to provide the desired bandwidth and damping relies on the
knowledge of inertia J, friction B and the torque constant kr (relating torque to iy).
The dynamics of the current control can be neglected as they are sufficiently higher

than those of the speed loop [12]. Values of inertia and friction for the 2 motor rigs in
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this project were shown in chapter 3. kr can be derived from motor specifications
and is shown for each rig in table 4.1. The table shows the designed specifications of

the speed control loops.

Full design of the speed control parameters for the two motor rigs is shown in
Appendix F. The derived s-domain transfer-functions were discretised using the
bilinear transform [98]. This is applicable if the control loop sample frequency is
sufficiently larger than the control bandwidth: generally at least 20 times larger is
suggested [98]. From the table it can be seen that the speed loop sample time is 10ms

(100Hz or 628.32rad/s), some 60+ times faster than the speed control bandwidth of
10rad/s.

kr Bandwidth | Damping | Sample Time k, ki
Rig A 7.1 10 rad/s 0.707 10 ms 0.28 2
Rig B 6.9 10 rad/s 0.707 10 ms 0.16 0.9

Table 4.1 Speed controller specifications

The maximum speed control bandwidth of an encodered drive is determined by the
maximum acceptable torque ripple. The torque ripple will be determined primarily
by the inertia of the system and the encoder resolution for a given sample time [28].
The maximum bandwidth of a sensorless system is not often tested and often the
bandwidth used in research papers is not defined. The work of Blasco looked at
comparing encodered solutions with sensorless MRAS solutions [28, 48, 49]. It was
concluded that the maximum bandwidth attainable from a sensorless solution will
depend on stability considerations. Oscillations will exist in the speed estimation
signal due to parameter inaccuracy and sensitivity will increase with an increasing
estimation bandwidth. The estimation bandwidth must however, be suitably higher
than the speed loop bandwidth so as not to directly affect its design. Bandwidths in
excess of 20 rad/s can be obtained for the speed loop from the encodered
implementations on the practical rigs used here. The chosen sensorless bandwidth is
similar to that used by Blasco [28] (although he tested various designs) and the same
as that used by Ohyama (in his comparative studies) [43, 44], in their work on rigs of

a similar power level.
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Current Control
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Figure 4.5 Structure of the current control loop

The reduced structure of the current control loop is shown in figure 4.5. Two similar
controllers exist in the vector scheme: one for iq and the second for is. The s-domain
transfer function of the PI control block is as before and defined in equation 4.12 in

the previous section.

Here the controller output is a quantity that can influence current directly: this being
voltage. Design of this controller relies on the knowledge of stator resistance R; and
stator leakage inductance oL,. The nominal values, shown in chapter 3, were used in
the design (presented in Appendix G). Table 4.2 shows the designed specifications of

the current control loops.

Bandwidth Damping Sample Time kp k;
Rig A 628.32 rad/s 0.707 250 ps 57.23 | 27800
Rig B 628.32 rad/s 0.707 250 ps 53.8 | 26530

Table 4.2 Current controller specifications

Again the controllers were designed in the s-domain and discretised using the bilinear
transform [98]. In this case the sample time is some 40 times that of the designed
controller bandwidth. Note that k, and k; gains for the 2 rigs are not dissimilar and
this is because motor electrical specifications are alike (unlike mechanical

specifications), as the machines are similarly rated.

It is considered that the designed current control bandwidth is typical for a machine
of this size and similar to commercial implementations. Higher bandwidth control
may be necessary in some of the advanced signal injection techniques mentioned in
chapter 2, but then design would be undertaken in the z-domain (to account for

inverter, sampling and processing delays) and may require a higher switching
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frequency control of the inverter. Current control bandwidth is also a consideration

in the slot harmonic tracking algorithm and is considered in the next chapter.

4.2.4 Design of the AFO and ASO

The specifications for the AFO implementation are shown in table 4.3 in relation to
the DSP interrupt timing and switching frequency. The specifications shown are the

same for both rigs.

Interrupt Switching AFO Discretisation | AFO Discretisation
Frequency Frequency Frequency Method
8kHz 4kHz 4kHz Euler

Table 4.3. AFO implementation specifications

Reference can be made to the software listings contained in Appendix C, which
contains coding for both the AFO and ASO. The difference equations that form the

calculation of ap stator current components and rotor flux components can be seen.

Implementation of the ASO is less straightforward and some consideration must be
given to the design of the adaptive speed estimation mechanism. The estimation
bandwidth must be sufficiently higher than that of the speed control loops, so as not
to interfere with or limit their dynamics [28, 48, 76]. The estimator design might,
however, limit the maximum speed loop bandwidth [28, 48]. The work of Blasco
found that the sensorless drive is more sensitive to parameter error the higher the
estimator bandwidth is set [48]. Large proportional gains may be necessary to give
the estimator sufficient bandwidth, for a particular speed loop specification, and this
may introduce excessive noise on to the speed estimate. The speed loop will be

sensitive to large noise levels in much the same way that it is sensitive to encoder

resolution.

In the Kubota papers [60, 83, 99, 100), a formalised design approach for the adaptive
speed loop is not specified. In [83] the authors show the transient performance of
three different sets of PI controller gains, where the speed observer is enabled whilst
an encodered drive runs at a steady state 100rpm. In this work, because an encodered
mode of operation could be used, the estimator was set up in much the same way.
With the drive running encodered IRFO, the ASO was implemented as an observer.

The IRFO drive was operated under transient (speed and load) and steady state
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conditions and PI controller k, and k; gains were chosen, such that the ASO gave

suitable tracking performance. The PI gains are shown in table 4.4.

Sample kp ki Approximate Speed

Time Estimator Bandwidth
Rig A 2ms 3.75 250 25.13 to 37.7 rad/s
Rig B 2 ms 4.25 750 28.27 to 40.84 rad/s

Table 4.4. ASO implementation specifications

Also shown in table 4.4 is an approximation of the speed estimator bandwidth. A
formalised design procedure was not heavily investigated in this work, although this
has been considered for other model-based techniques [28, 76, 80], as it was not
considered the primary focus of the work. This was geared more towards simply
engineering a working sensorless method and, given that an encodered mode of
operation was available, the estimator could be adequately set-up/tested as an
observer of motor speed before closing the sensorless loop. In any case, the tuning
system to be developed is aimed at being applicable to a majority of model-based

approaches and aims to provide improved speed-holding performance to a non-

optimised solution.

The estimator bandwidth approximations should only be taken as a guide. They were
obtained by varying the reference command fed to the encodered drives in a
sinusoidal manner. This was about various fixed operating points (speeds and loads),
and studying the phase difference between measured and estimated speed. It must be
noted that such a disturbance is heavily filtered by the closed-loop dynamics of the
drive and the captured information is difficult to analyse, due to the encoder
resolution and noise on the estimate. It can be seen however, that for both drives it is
considered that the estimator bandwidth is in the region of some 2.5 to 4 times the

designed speed loop bandwidth and thus appropriately faster.

Were the Kubota algorithm to be used for a general sensorless implementation, in a
commercial product for example, then a more rigorous design procedure would be
necessary for the adaptive speed estimator. As mentioned, various works analyse the
dynamics of speed estimator in model-based sensorless algorithms and often the
design is operating point and parameter dependent and rather involved [28, 48, 76,
80].
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4.3 Sensorless Performance Analysis

The performance of both the Adaptive Flux Observer (AFO) and the Adaptive Speed

Observer (ASO) is reviewed in this section.

In section 4.3.1 results are presented that demonstrate the operation of the AFO
providing estimates of stator current and rotor flux. The results are presented simply
to illustrate the flux estimation operation and the analysis allows the discussion of
effects such as deadtime, which produce evident distortion. The primary focus of

section 4.3 is in analysing and reviewing sensorless speed operation.

Section 4.3.2 examines the performance of the ASO used as a speed estimator in an
encodered IRFO implementation (similarly to how estimator gains were determined).
Results are obtained for a series of tests and this provides a benchmark for
comparison with sensorless results. Results, for the same series of tests, are provided

in section 4.3.3 from the fully sensorless system.

Various authors have looked at testing sensorless induction motor drives [39, 41-44),
although in many research papers implementations are not rigorously tested. The
effect of parameter variation on sensorless performance is given more consideration

in section 4.4, but the main areas and modes of operational interest are:

« Steady State Speed Accuracy
o Drive Stability

o Speed Transient Performance
« Load Rejection Performance

o Low Speed Performance

Speed accuracy and stability will be mainly functions of model parameter accuracy,
depending primarily on accurate knowledge of resistance parameters [48, 49], but
good design of the adaptive speed loop is also important with regard to stability [48].
It is important that the sensorless scheme be suitably stable, but speed accuracy is not
expected to be encoder like without a suitable tuning mechanism and this is the aim

of this work.

It is primarily the transient and load rejection performance that must be tested at this

stage, because one of the aims of this work is to obtain ‘encodered IRFO-like
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dynamic performance’ and the results of these tests give an indication of the
orientation quality of the algorithm — the torque response. The performance at low
speed, although generally compromised in model-based methods, must provide at

least functional operation and is therefore a worthwhile test.

In the recent work of Campbell [40], five performance tests were proposed that assess

the performance of a sensorless drive in the proposed areas, these being:

+ Large Scale Speed Reversal under No Load

o Large Scale Acceleration from Standstill under No Load
« Large Scale Deceleration to Standstill under Full Load

» Load Rejection at High Speed

« Load Rejection at Low Speed

These are the tests performed, for the results in sections 4.3.2 and 4.3.3, to test the
encodered drive performance, and the ASO performance as both an observer of speed
and as a closed loop sensorless drive. Effectively the test criteria and the five tests
are a measure of the sensorless speed and orientation quality. The information that
can be obtained from each test will be outlined in the following results sections, but

firstly the operation of the AFO is briefly considered.

4.3.1 Results from the AFO

Results are presented in this section to verify the operation of the AFO. This is when
operating as an observer of rotor flux, in an encodered IRFO scheme that is running
on experimental rig A. Results obtained from rig B are included in Appendix H for

similar operating conditions.

The upper trace in figure 4.6 shows measured aff currents and observed ap currents
from the AFO. The drive is operating under encodered IRFO control, at 100rpm and
with no load. The observer is running in open-loop mode (k=1.0) and no attempt has
been made to optimise motor model parameters for the particular operating condition.
That is, whilst the drive has been run up to an approximate nominal operating
temperature, model parameters have not been characterised or adjusted. The lower

trace shows the estimated afl components of rotor flux.
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Figure 4.6 Measured and observed af currents and observed af flux from the AFO with k=1.0
The drive is operating under encodered IRFO at 100rpm with no load

In figure 4.7 the rotor flux angle obtained from the of3 flux components of figure 4.6
is compared with the imposed flux angle in the IRFO scheme. Note that little
difference is observed. The scheme is shown to give a good estimation of flux for

orientation.
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Figure 4.7 Imposed rotor flux orientation angle and that measured by the AFO

Note that there is distortion evident on the observed of3 currents in figure 4.6. This

distortion appears at the zero crossing points of the 3-phase line currents
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(remembering that Ia is in phase with Ia). This distortion is due to the deadtime
effects in the inverter, as discussed in chapter 2. The fast acting current controllers in
the vector scheme negate the effects of deadtime in the measured current, but, as is
shown in figure 4.8, significant deadtime distortion therefore appears on the voltage
waveforms. These voltages are an input to the equation for stator current in the
observer (see equation 4.1). The waveforms shown in figure 4.8 are measured off
components of applied stator voltage. These were captured under similar operating

conditions to those of the previous figures.

H
o

n
o

Valpha, Vbeta (V)
)
S o

&
o

0 0.1 02 03 04 05 06 07 08 0.9 1
Time (secs)

Figure 4.8 Measured af stator voltages from the IRFO scheme at 100rpm with no load

The distortion in the observed current is more significant at low speed, where the
motor back emf is smaller, and at low load, where the current and voltage are smaller
than with load. An improvement may perhaps be possible if reference voltages were
used to drive the observer, but account must then be made for processing delays, as
well as still accounting for deadtime effects, and this is not trivial. Using measured
currents and voltages in an observer does not require knowledge of these delays, as
both quantities are subject to the same or similar delay. Schemes are proposed to
compensate for deadtime [61, 62], where PWM timings are adjusted to suitably move
(compensate) the switching edges. A simple scheme was implemented during
development of the drive algorithms. One of the drawbacks however, is in the
requirement for a high-resolution current measurement (which is not a problem in this
case), but with no offset. It is necessary to know when the current passes through
zero with some accuracy. Other drawbacks are that full appreciation must be given to
processing delays for this method, this is with regard to the measurement of current
and switching actuation, and that a good scheme increases processing overheads.
Whilst the simple implementation, which didn’t consider the delays, much improved
the voltage waveforms in an open-loop V/F scheme, some stability problems were

encountered with the current controllers when the compensation was included in the
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vector schemes. Also, as this project has a commercial impact, it was considered that
a complex compensation solution would not generally be found in a commercial

product, so one was not included here.

From the lower trace of figure 4.6, note that distortion effects are not clearly evident
in the flux estimations. This is due to the differing time constants between the
dynamic equation for current and that for flux: that for flux is much longer and thus
serves to further filter the distortion. These effects however, are one of the reasons
for model-based techniques failing at very low speed [63]. The deadtime problem is
also necessary for consideration in signal injection methods [62]. In a very recent
paper Holtz considers the improvement of the low speed operation of model-based

techniques through the use of a non-linear inverter model [63].
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Figure 4.9 Measured and observed aff currents and observed of} flux from the AFO with k=3.0
The drive is operating under encodered IRFO at 100rpm with no load

Figure 4.9 shows similar observer results to those shown in figure 4.6, but with k now
set to 3.0 and therefore with some feedback forcing measured and estimated currents
together. Note that the deadtime distortion is now much less evident in the estimated
current waveforms. The dynamics of the feedback is such that the distortion is

reduced. The feedback is also applied to the dynamic equation for flux however, and
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increased distortion may be seen in the flux estimates: some flattening on the
waveform peaks. The flux estimate is more sensitive to the feedback correction terms
than to the original error in the observed current. Larger values of k cause increased
distortion in the flux estimate, whilst reducing that seen in the estimated current, and
it is suggested that excessively high values of k would cause problems in an
encodered DRFO scheme. In the Kubota AFO paper k values tested are 0.5, 1 and
1.5. The value must be set k >1 to improve the flux estimation dynamics and k >0,
but not =1 to have any parameter correction capability [83]. The scheme was used to
provide orientation in an encodered DRFO scheme on the motor rigs with k = 2.0 and

performance was not noticeably different to that of IRFO.

4.3.2 Results from the ASO

Results to verify the operation of the speed observer are presented in this section.
The tests carried out were as suggested in the work of Campbell [40] and outlined at
the beginning of section 4.3. These are shown for rig A and again the results for rig
B are contained in an appendix (Appendix I). In all of the results presented, the drive
is operating under encodered IRFO control and the speed measured by the encoder
can be compared with that estimated by the ASO. The drive was operated for
approximately a %2 hour before the tests, at rated load and at low speed, to achieve a
realistic operating temperature. The parameters used in the model are those shown in
chapter 3. The results presented in this section will of course serve to demonstrate
the performance of the encodered solution and hence act as a benchmark, by which to

compare and contrast the sensorless results presented in the following section.

Table 4.5 shows the key used to interpret the results contained in this and the
following section, 4.3.3. In section 4.3.3 only the encodered measured speed is
shown in the results, although this plays no part in the control. Measured L; and [

waveforms are unfiltered.

Encoder Measured Spesd
ASO Estimated Speed
Measured Id

Measured Iq

Table 4.5 Key to speed and current measurements/estimates in figures in sections 4.32 and 4.33
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Figure 4.10 shows the encodered IRFO drive performing the first test, a +1000rpm
speed reversal. The speed estimate can be seen to track the measured speed well in
terms of both dynamic response and accuracy. Some oscillation can be seen on the
speed estimate as the speed passes through zero and this is due to the ‘low speed
problems’ of model-based methods discussed in chapter 2: loss of rotor information
in stator quantities and high sensitivity to any R error. Note that the speed estimate

is soon regained as the speed increases and this is the important test to ensure that the

algorithm is stable.

(v) by ‘p|

Speed (rpm)

Time (secs)

Figure 4.10. Measured speed and ASO speed estimate for +1000rpm no-load speed reversal
Drive running encodered IRFO (rig A)

The result in figure 4.11 shows a speed transient to 1000rpm from standstill. The
inverter was switched on just prior to t=Osecs and speed and current controllers
enabled. Note that the estimator successfully tracks the real speed with good
dynamic performance and accuracy and that the system is very stable in the steady
state. Again oscillations can be seen as the speed increases from zero, for the same
reasons as mentioned previously. A speed estimation offset is noticeable at zero

speed and this is again due to the high parameter dependency at low speed.
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Figure 4.11. Measured Speed and ASO speed estimate for 1000rpm no-load speed transient
Drive running encodered IRFO. Start-up conditions - inveter power up (rig A)

A deceleration to zero speed under full rated load is shown in figure 4.12. This is the
fastest large-scale speed transient the observer is likely to encounter and it is clear
that the observer has tracked well. Although the transient for this type of load
condition is fast, the torque, and hence rotor and stator currents are high, more
information is therefore effectively available to the observer algorithm. The speed
estimate at standstill is reasonable. There is some noticeable offset and noise. At this
speed any parameter inaccuracy is at its most significant. The noise is due to the
significance of deadtime effects that were discussed in the AFO section. A fully
loaded condition is preferred at standstill however, because the stator frequency will
be higher in this case [SO]. Again this is a combination of the amount of rotor
information available at the stator, the significance of parameter error and the
significance of measurement error and noise. Perhaps the worst-case operating
scenario for model-based sensorless methods would be at low speeds with light active

(i.e. not purely inertia and friction) generating loads.
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Figure 4.12. Measured Speed and ASO speed estimate for 1000rpm deceleration to standstill
Drive running encodered IRFO - full rated load (rig A)

The observer load impact performance is shown in figures 4.13.and 4.14 at 1000rpm
and 100rpm respectively. These figures more clearly show the noise present on the
estimation signal, as the graphing scale is smaller. Oscillations at the excitation
frequency occur due to differing inverter switching characteristics between phases
and offsets on measured quantities. A similar effect was also observed by Blasco,
particularly at low speeds, in model-based MRAS techniques with an error in R,
estimation [48]. Noise at six times the excitation frequency occurs due to the inverter
deadtime effects. Similarly to the AFO it is now the speed estimator that responds to
the differences between measured and observed currents, in its attempt to adaptively
adjust for speed in the model. Less significant sources of noise will of course also be
present: that of quantisation effects in measured signals, etc. The 100rpm impact
response on rig B, as shown in Appendix I, shows more sign of oscillations on the
speed estimate due to inverter imbalance and these problems are associated with the
gate drives of the FKI inverter. The real performance of the ASO will be assessed in

the following section when the drive is operated in the fully sensorless mode.
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Figure 4.13. Measured speed and ASO speed estimate during full-load torque impact at 1000rpm
Drive running encodered IRFO (rig A)
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Figure 4.14. Measured speed and ASO speed estimate during full-load torque impact at 100rpm
Drive running encodered IRFO (rig A)
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4.3.3 Results from the Fully Sensorless Drive

The following results were obtained from the fully sensorless ASO solution.
Estimated speed is used to drive the speed loop and the rotor flux angle, obtained
from the off flux estimates, is used to provide decoupling for vector control. The
scheme is therefore sensorless DRFO. A low pass filter of 12Hz bandwidth filters the
sensorless speed fed back in the speed loop to reduce the noise effects seen in the
ASO results. The unfiltered sensorless estimate is still used in the observer model
that provides the flux estimate. Five results are presented, for the same five tests as
shown in the previous section, and these can therefore be compared to the previous
results obtained under encodered IRFO control. Again the results are obtained after
running the drive for approximately a %2 hour before the tests, from a cold start, at
rated load and at low speed. The sensorless results are obtained from rig A and again

the results obtained from rig B are shown in the appendices (Appendix J).

Figure 4.15 shows the sensorless scheme performing the +1000rpm speed reversal
test. Note that the estimated speed is not shown in these results, as the concern is
now with what the real speed is doing under sensorless operation. The measured

speed plays no part in control of the drive.
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Figure 4.15. Measured speed for +1000rpm no-load speed reversal
Drive is running sensorless DRFO (rig A)
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The speed reversal performance shown is akin to that obtained with the encodered
solution. Operation in the steady state is stable and noise free and the transient is
similar to that obtained and shown in figure 4.10. The speed during the transient is
perhaps not as highly linear as that obtained from the encodered drive, with maybe a
little noticeable deviation as the speed passes through zero, but this causes no real
degradation in performance. Note that the transient performance in a test such as this
is effectively open loop with respect to the operation of the speed controller, as the
demand for iq is saturated at a limited value. It can be seen that the settling is
comparable between figures 4.10 and 4.15, where the speed controller is regaining

regulation of the drive speed.

The performance of the drive when accelerating from standstill is shown in figure
4.16 and this can be compared with the encodered result in figure 4.11. Again the
sensorless performance is very like the encodered, with the drive giving stable speed
holding operation in both steady states and similar performance during the transient,
even when looking particularly at the settling response of the speed. The noise, speed
oscillations and offset in the speed estimation at standstill, seen when using the ASO

as a speed observer in figure 4.11, cause no problems in the closed-loop sensorless

drive.
12w \J L) L) \J T T T
10(x) ........... b e am s s ;
800f- - -te-e - T TN S Semue s Bt £ Epeibel a s 5 o
g BO0F -+ = vrc s cmafocaenn 9w s @ & S W wE ’ 46.0 &
= o
% 4w - 4 e s s s 2% o s s = d e o o o 2 o o = o - 4 0 2
2]
200 F~ 2.0
0 I'A".""A v Yok O :. e .. .:. S g d o % 4 T3 0.0
.zw A A A A A L '
0 0.5 1 1.8 2 2.5 3 3.5 4
Time (secs)

Figure 4.16. Measured speed for 1000rpm no-load speed transient

Drive is running sensorless DRFO. Start up conditions - inverter power up (rig A)
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Figure 4.17 demonstrates the performance of the sensorless scheme when
decelerating from 1000rpm to standstill under full load. Note that the result shows
the drive losing orientation at low speed and hence both speed and torque regulation
fail. This is, as previously discussed, the operating range in which model-based
sensorless techniques struggle, being particularly sensitive to system noise,
measurement error, parameter error, etc. Speed control to and around zero speed will
also involve some operation in the state of zero excitation frequency and in this state

rotor side parameters, such as speed, will not be observable [41].
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Figure 4.17. Measured speed during a 1000rpm deceleration to standstill
Drive running sensorless DRFO - full rated load (rig A)

Performance is improved with the manual adjustment of the Ry and T, values by
approximately 10%. Figure 4.18 shows that the same test performed with the
adjusted motor parameters is successful and this shows the importance of updating
parameters online. It can be seen, in the second figure, that the performance at
standstill is particularly sensitive. The noise on measured I, contains significant noise
due to inverter deadtime. It was found that rig A was possibly more sensitive to
parameter error under load at low speed than rig B. It is considered that this is due to
the higher inertia resulting in a slower transition through the low speed region. Some
increased tolerance of parameter error may be obtained by the adjustment of k values
in the observer feedback matrix, but this has yet to be extensively investigated in

research literature.
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Figure 4.18. Measured speed during 1000rpm deceleration to standstill - Tr adjusted
Drive running sensorless DRFO - full rated load (rig A)

The load rejection performance of the sensorless drive is shown for 1000rpm and
100rpm in figures 4.19 and 4.20 respectively. The drive parameters are maintained at

their slightly adjusted values.

The performance of the drive can be seen to be very similar to the encodered solution.
The dynamic response of the sensorless drive is similar to that shown in figures 4.12
an 4.13, with maybe just a little more speed lost during the torque impact at 100rpm
on the sensorless drive, but this is only in the order of 3-4rpm. It is clear that the L
current waveform for 100rpm operation is noisier in the sensorless mode and again
the noise frequencies are that of the excitation and deadtime, due to non-ideal inverter
operation. Noise due to deadtime can certainly also be seen in the encodered

operation result in figure 4.14, but is less significant.

An important consideration in both results is that, although the speed regulation is
good, there is evident speed error when operating in the sensorless mode and this
varies depending on the load condition, due to parameter variation with load. The

work of Blasco picked up on such variation and attributed it to the effects of
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saturation on the value of inductance parameters [28], but this is as well as errors that

may exist on R, and R, which are affecting orientation.
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Figure 4.19.
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Drive running sensorless DRFO (rig A)

Measured speed during full-load torque impact at 1000rpm
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Figure 4.20. Measured speed during full-load torque impact at 100rpm

Drive running sensorless DRFO (rig A)
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The results for rig B, in Appendix J, show similar performance to those shown for rig
A in this section. Due to the lower inertia of rig B, the performance at zero speed
seems more stable and less sensitive to errors in parameters. However, operation at
low speed, due to the poorer inverter performance, shows more excitation (inverter
imbalance) and deadtime frequency noise in the decoupled currents. Due to the lower

inertia this also has more affect on the drive speed ripple/variation.

4.4 Model Parameter Variation

Whilst parameter variation and tuning, of both encodered and sensorless drives, was
briefly mentioned in chapter 2, it is necessary to appreciate the primary causes and
effects of parameter variation in the sensorless drive. This section thus presents a
review of work in this area. The goal of this project is the tuning of the sensorless
drive for accurate speed holding, such that the tuning mechanism introduced in the
next chapter is tuning against a small variation in combined effects of all parameters.
The way in which this is achieved however, is in choosing to tune the motor
parameter that most affects speed accuracy (T.) and significant variation in other

parameters, which is not considered in this work, must be appreciated (particularly

R).
4.4.1 Resistance Parameter Variation

The most significant parameter variation effects in motor drives, certainly for those
operating over a great range of speed and load conditions, will be due to temperature
(resistance) change. Even if parameters are well known at start-up, detuning of the
resistance parameters R, and R, (and hence T;) will be most evident. A change in
ambient temperature will of course affect the resistance parameters, but in the
majority of environments this change is likely to be small and often the ambient
temperature will be reasonably regulated. By far the most significant factor
influencing motor temperature will be the motor operating condition. Often the
effectiveness of motor cooling is speed related and motor heating effects are due to

inevitable motor losses [7, 40]. An excellent account of motor heating processes is

given in [40].

Motor temperature variation and nature of the heating effects will be highly non-
linear and hence very difficult to predict and compensate for [40]. Heating effects

may be somewhat counteracted by forced cooling techniques and suchlike, but this
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will not always be practical, or wholly effective with regard to minimising parameter
variation. For the variable speed operation of many machines, perhaps designed for
fixed speed operation, heating is an important consideration. Sufficient cooling must
be provided, bearing in mind that effective natural ‘fan’ cooling will be speed related

[7]. Often a motor must be de-rated for variable speed operation [7].

Significant temperature variation will be apparent in many applications, where a
motor drive will be operated from a cold start and then run at around its rated load. In
this instance a large variation in the resistance parameters will be apparent between
the starting state and the nominal operating temperature state. Depending on whether
the resistance values used in the control algorithm are the cold starting values or the
hot rated values, different problems will be experienced. For optimal operation, drive
resistances should be accurately known, but, particularly for stable operation, an

underestimate is perhaps preferred to an overestimate [28, 48].

The variation of R, has already been discussed in chapter 2, due to its significance in
the back-emf equation. In the sensorless drive R, accuracy has been shown to heavily
influence drive stability [48]. The effect on drive stability also depends on the
adaptive speed loop dynamics [48]. The significance of R, error in speed estimation
can be high at low speed, but its influence becomes increasingly less significant as the
speed rises above only a few hertz. This is certainly the case in the Kubota scheme
[83]. For the purposes of this work tuning of R, is not implemented, but in practice,
for algorithm stability and particularly improved low speed performance, some
adaptation scheme would be appropriate. The mechanism proposed by Kubota [83,
60], or the application and measurement of a dc voltage/current component could be

used, although the neural network approach would be considered superior [40, 59].

Variation of R, and hence the variation of T, has been shown to most greatly
influence the speed accuracy of a sensorless drive throughout the speed range [28,
83]. Its effect is difficult to ascertain in a speed sensorless system, because it is
directly related to speed, being proportional to slip. It cannot be readily obtained,
from dynamic equation analysis, unless the system is excited by more than one
frequency [28]. A simple form of compensation can be implemented where R,
variation is tracked, by assuming that R, varies in proportion. Such compensation is
of course open-loop with respect to absolute speed holding accuracy and T, will also
vary with any variation in L.. T, is the parameter most suitably adjusted to correct for

speed error, if possible, so ultimately this should account for resistance and
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inductance variation. If inductance effects can be distinguished, R could then be

assumed to vary in proportion, instead of vice-versa.

4.4.2 Inductance Parameter Variation

The inductance parameters in the induction motor model will vary with flux condition
[32, 33, 50, 51]. As such they may vary slightly with the quality of orientation, as
may be affected by resistance parameter variation. The most significant inductance
parameters variation (below base speed) will, however, be due to saturation variation

caused by current (load) change [48].

Where inductance is related to a current carrying coil, its value is related to the
number of turns. The relationship between flux and current is assumed linear, given
that the coil is operated below its rated value of current and hence not in saturation.
The inductance is therefore considered constant. When operating in and around
saturation, a variation in current has less of an effect on flux and hence the inductance

is effectively not constant.

Unfortunately inductance parameters, as related to the induction motor model, are not
straightforwardly defined. The work of Sokola and Levi deals with the modification
of the motor equivalent circuit with regard to field strength variation [32). The
construction/geometry of the induction motor leads to inductance effects that are
difficult to define, where, for example, parts of the motor will be subject to saturation
effects, due to operating condition, before others. The effects will be highly difficult
to characterise and, where the motor model control is based on the presented

equivalent circuit, will result in changes of the various inductance related parameters

(32, 33, 50, 51].

Fortunately however, inductance parameter variation is shown to have less effect on
sensorless drive performance, both in terms of stability and speed accuracy, than
resistance variation, below base speed [28]. In field weakening, robust inductance
parameter knowledge is critical however [32, 33, 50, 51]. For the purposes of this
work, where adjustment of T, is proposed (in the next chapter) to achieve steady state
speed accuracy, this allows adjustment against R, variation due to thermal effects and
L, variation due to saturation, load, etc. This mechanism is therefore artificially
adjusting T, slightly to account for minor variation in the other inductance

parameters.
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4.5 Conclusion

Following on from the review of leading model-based sensorless methods, presented
in chapter 2, this chapter has presented the Kubota Adaptive Speed Observer (ASO)
in somewhat more detail. The reasons for choosing the ASO over the CLFO-MRAS
and the Isq-MRAS have been detailed.

As the Adaptive Speed Observer (ASO) scheme is based on an Adaptive Flux
Observer (AFO) structure, this scheme was presented, so as to allow the derivation of
the dynamic equations for stator currenf and rotor flux, upon which the method is
founded. The AFO can be used in an encodered drive for flux estimation and uses a
state feedback mechanism to drive estimated and measured stator currents together.

The state feedback was examined and an R, adaptation mechanism presented.

The full ASO system has been detailed, where the AFO structure is modified to
include speed adaptation, the speed in the model being provided by a PI mechanism.
The mechanism is driven by the instantaneous rotor flux orientated torque error in the
model. Design of speed, current and speed adaptation controllers is considered. The

ASO is used in its simplest form, where state feedback is not used.

Results have been presented that demonstrate the performance of the AFO operating
in the encodered system. The system is shown to provide a sound flux estimate that
is suitable to provide orientation in an encodered DRFO system. The discussion
presented centres on evident distortion due to deadtime in the practical system.
Whilst deadtime compensation techniques exist, an implementation must be highly
robust and not create instability problems relating to the current control loops, etc. In
this work a simple compensation algorithm was tested, and, although improving the
voltage waveforms, caused current controller instability problems and was thus not
utilised. The exact nature of the instability was not investigated, nor the work
extended to a more advanced implementation, because such an implementation is not

considered to be practically/commercially typical.

Results have been presented for the ASO operating in two modes, running five
similar tests in each. Firstly the ASO acted as a speed observer in an IRFO encodered
implementation. Results obtained acted as a benchmark, for comparison with fully
sensorless results, and good tracking performance was demonstrated. When the fully

sensorless speed loop was closed, performance obtained from the drive was highly
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comparable with the encodered solution. Some problems were evident at low speed
under high load conditions, but these were overcome with slight tuning of the model
resistance parameters and were only experienced in the high inertia system. The low
speed region had been anticipated to display poorer performance with a model-based,
and in this case un-optimised, system. In a commercial product, operation in this
region would benefit from online R, adaptation and perhaps advanced field control
[50, 59]. Field control where the field is weakened at low speed maximises the
applied frequency and makes as much information as possible available to the model
[50]. Interest in this mode of operation has also been shown, because it can provide
efficiency gains [50, 51]. As was suggested in chapter 2, operation in the low speed

region would best be guaranteed with application of signal injection methods.

The intended field orientated dynamic performance of the sensorless system was
demonstrated with the first three tests, involving speed transient operation, and then
the final two tests, where the load rejection performance was demonstrated. On the
tighter scale used for the latter two tests however, it was plain to see that speed
holding accuracy of the model-based system was lacking. The effect varied with
load, although it is questionable as to whether this relates to a varying significance of
detuning (with load), or indeed actual parameter variation with load. The presence of
this speed error is evidence of the problem tackled by this project: tuning against a
single effect will not guarantee speed-holding accuracy. The solution proposed is
demonstrated in the next chapter. After presenting the sensorless results, this chapter
went on to discuss the causes and effects of parameter variation in model-based

sensorless drives in more detail, based on the research of other authors.

Whilst R, variation has been discussed with regard to improving drive stability/low
speed performance, the parameter most significantly affecting speed accuracy is the
rotor time constant (T;). T, varies significantly with rotor resistance, due to
temperature variation, but also somewhat with rotor inductance, due to non-linear
field effects (saturation, etc) that will be difficult to predict. The contribution of the
T, error to speed error is difficult to establish, unless an independent measure of speed
is available and this is the topic addressed in chapter 5, where T, adjustment is used to

provide accurate sensorless speed holding capability.
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5.1 Introduction

As has been established in the previous chapters, for high performance operation of
an induction motor, based on knowledge of the motor model and measurement of
motor terminal quantities, model parameters must be ‘tuned’. Particularly, R, must
be tuned for low speed performance and stability, this is considered in [48], and T, is
most appropriately tuned for speed holding accuracy [49]. The engineering of an
induction motor control strategy for highly accurate speed holding capability is the

motivation of this project.

To separate T, information from speed information (to gain an independent estimate
of T,) the sensorless induction motor must be excited by more than a single frequency
[28]. However, whilst most significantly improving the sensorless speed accuracy,
estimating/correcting T, in this way will only truly minimise speed error if all other
motor parameter estimates exactly represent practical values. Alteratively, if a
second and highly accurate, sensorless speed estimate can be obtained, then speed
error can be minimised by tuning T, [28]. This ensures high speed-accuracy, but now
T; can only be considered highly robust if all the others parameters estimates exactly
represent the real values. The advantage with the second method is that T,, the
parameter most affecting speed accuracy [28] is purposefully also used to account for
speed error attributable to error in other parameter estimates. It must be remembered
that false adjustment of T; to correct such speed error will be minimal, because T, is
the significant parameter affecting precise speed estimation [28]. Such a technique is
truly fulfilling the aim of the work — tuning for speed holding accuracy. It should of
course be noted, that if an accurate knowledge of speed is available, then this could
be used for feedback to facilitate IRFO. However, this would require a highly robust

and high dynamic estimate. This is considered further later in the chapter.
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This work makes use of the fact that speed information is naturally available in the
induction motor terminal quantities due to the effects of rotor slotting. Harmonics
can be observed in measured terminal quantities, the frequency of which are related
to the number of rotor slots, the rotor speed and the stator excitation frequency.
Through tracking the frequency of these Rotor Slot Harmonics (RSH) a highly
accurate measurement of speed can be obtained, which is not dependent on the
electrical parameters of the machine. It is dependent on a constant mechanical
parameter (the number of rotor slots) and is, as such, not sensitive to the parameter
variations discussed in the previous chapter. It is of course a requirement that the
number of rotor slots (per pole pair) is known and this could be determined by
commissioning tests [102, 103]. The stator excitation frequency must also be
available for an estimate of speed to be established from an estimate of slot harmonic
frequency. In some schemes this can be obtained directly, in others through

differentiating the flux angle.

Various methods have been proposed to obtain a measurement or estimate of the RSH
frequency through sampled measurement of stator quantities [28, 102-114]. Batch-
processing methods, such as the FFT, can provide high resolution and accuracy, but it
should be noted that this is at the expense of dynamic performance [113]. The
resolution of such methods is proportional to the record length (number of samples
required) and this seriously limits the dynamic capability, as well as incurring a high
processing overhead. The work of Ferrah et al proposed the Recursive Maximum
Likelihood — Adaptive Tracking Filter (RML-ATF) algorithm to be perhaps the most
practically viable solution for speed tracking in motor drives [113]. The recursive
nature of the RML-ATF allows for high dynamic tracking performance, whilst high
steady-state resolution and accuracy can also be obtained, similar to that available
from a practical FFT implementation [113]. The speed estimate is updated on a per-
sample basis and, as well as improving the dynamic performance, this means the

algorithm is not so highly computationally intensive as to necessitate unrealistic real-

time processing capability.

Whilst the RML-ATF algorithm, as an RSH identifier, was investigated in the
research of Ferrah, it was not developed into a practical drive system. In this project
the RML-ATF work is developed and extended. It is developed into a practical speed
estimator and used to tune the model-based method presented in the previous chapter.

Similar implementations using other RSH derived speed estimates are discussed. It is
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considered however, that the RML-ATF forms the most practically viable solution. It

can be implemented on a DSP platform along with full drive control, PWM, etc.

Firstly in this chapter the mechanisms that give rise to RSH effects are considered, in
section 5.2, along with a background review of work related to tracking. When
considering the production of RSHs, results are presented to illustrate the harmonic
make-up of various stator quantities. RSHs are related to and exist with inverter and
other machine harmonics and this requires consideration, as the various components
must not be confused by the RSH identification scheme. This work has found that
the current controller bandwidth, as well as the more obvious inverter harmonics, can
affect the tracking ability of the RML-ATF and a new method is suggested to
alleviate these problems. The interaction of rotor slotting with higher order machine
and inverter harmonics can be used to improve the robustness of the tracking

algorithm and this is shown.

In section 5.3 development of the RML-ATF algorithm, into a full RSH based speed
estimator, is fully described and speed estimation/tracking results are presented in
section 5.4. Previous work by Ferrah et al tested the RML-ATF algorithm on a
variety of different machine configurations, including machines similar to those used

here (with closed and skewed slots), to verify the method [114].

Section 5.5 fully presents the method by which the ATF speed measure is used to
provide a correction term for T, in the Adaptive Speed Observer (ASO) sensorless
scheme. As was seen in the previous chapter, T, is the parameter that most
significantly affects speed-holding accuracy in the model-based solution. As
mentioned, it can however, also be artificially adjusted to account for small variations
in the other parameters that are degrading the speed accuracy. Whilst this may
~ compromise the field orientated performance slightly it fulfils the motivation of the
work - to produce a sensorless drive whose prime interest is speed holding accuracy,
and can be likened to the effects of T, detuning in an IRFO drive. Results from the
tuning sensorless scheme are included in section 5.6, to demonstrate the ability of the
developed method to maintain encoder like speed holding accuracy where parameters

vary, and this is for both motor drive rigs. Conclusions are drawn together in section

5.7.
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5.2 Rotor Slot Harmonics (RSH)

In this section, the mechanisms that lead to RSH effects being seen in terminal
quantities are discussed. The fact that they exist with PWM harmonics causes
practical problems, with regard to tracking, and this is picked up in the second part of
the section. New input quantities are suggested, in which the RSH frequency

information exists, for use in a robust speed estimator.

5.2.1 RSH Production and Detectability

It is not the purpose of this work to explicitly define and analyse the mechanisms that
give rise to rotor slot harmonics. An overview will suffice to allow an understanding
of their existence and how they can be used for speed tracking. Whilst machine
design may be carried out in an attempt to minimise unwanted effects that are due to
rotor slotting, such as crawling, cogging and acoustic noise, and this may minimise
RSH amplitude, they are unlikely to be completely eliminated [28, 103]. Of course
their detectability is dependent upon their amplitude and given that the criteria for
their existence in 3-phase terminal quantities is met (see later). For a more rigorous
analysis of RSH production reference can be made to work and texts that look more

particularly at machine design [115].

The operation of the induction machine relies on the discrete, regularly separated,
current carrying rotor bars. It is the stator generated flux linking with the rotor that
induces current in the rotor bars, producing torque (and hence rotation). Iron
laminations form the bulk of the rotor and this is the material that separates the rotor
conductors. In practice the airgap flux contains harmonics that are due to this rotor
slotting. Hence, these harmonics will be seen in the stator flux and therefore stator

terminal quantities. Principally, RSH effects will depend on the following processes

[103):

e Rotor slot permeance harmonics will exist due to the variation in

permeability of rotor bar/rotor slot material to iron lamination material

e Rotor and stator MMF harmonics will interact, where the rotor MMF is

produced by the torque current flowing in the rotor bars

e Saturation will affect both processes
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Whilst the analysis of RSH production is somewhat involved with regard to harmonic
amplitude, it is only the frequency of these harmonics that conveys speed
information. Considering firstly the fundamental machine properties and quantities,
the process is effectively the amplitude modulation of the fundamental frequency,
imagining the flux vector as it travels around the machine relative to the stator, with
the passing rotor slot frequency, as the slots move relative to the fundamental flux
vector. The fundamental forward and backward RSH frequencies are defined in
equation 5.1. It is clear that this is an amplitude modulation process involving the
fundamental machine MMF frequency and the fundamental rotor slot passing
frequency. The equation is dependent upon the number of rotor slots (z) and the

number of motor pole pairs (p).
z
Sz (= fin)t £

=Xfsfe
p
(5.1

The existence of RSH components in stator terminal quantities is dependent upon a
machine having an even number of rotor slots per pole pair (or odd slot harmonic
pole numbers (z/p+1]). A machine with an even or fractional slot harmonic pole
numbers will induce zero average slot harmonic currents at the stator [103]. Where
the number of rotor slots per pole pair is an even multiple of 3, both positive and
negative sequence components will be detectable. In cases for even values that are
not multiples of 3, only one fundamental RSH component will be detectable: the slot
harmonic pole number that is divisible by 3 will induce RSH effects that have no path
in a balanced 3-phase system. Fortunately, due to various design constraints, a
detectable RSH should exist in a majority of inverter fed, squirrel cage machines
[103]. Note that the two 4kW machines used in this work were not specifically
chosen, but both have the same number of rotor slots per pole pair and produce

detectable RSH components.

With regard to RSH amplitude, the consideration is whether or not the harmonics can
be detected when there is significant noise present. Common rotor design practices
include methods that reduce the harmonic amplitude and hence reduce crawling,
cogging, etc. Methods include closing and skewing the rotor slots. Closing the slots
means effectively burying the rotor bars in the laminated iron rotor. A lamination

from a closed slot rotor is shown in figure 5.1. It is clear that a material variation is
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not apparent at the surface of the rotor. The harmonics however, should still be seen
in the flux. Permeance effects will be less significant and the harmonic amplitude
will increase with load, due to the MMF interaction effects. Skewing results in rotor
bars not being parallel to the machine shaft and introduces a phase shift into the flux
density distribution. Again, both machines used in this work were chosen to be
practically typical and not to maximise RSH trackability, both having closed and

skewed slots.

Figure 5.1. Rotor lamination from a 1.5kW machine with a closed 28-slot rotor

Other speed related harmonics will exist, due to rotor eccentricity for example, and
are used to obtain speed information in [108]. These effects are not considered in this
work, as it is believed that the best natural speed estimate will be obtained from RSH
effects. This is unless methods such as signal injection are used to particularly
promote other harmonics, as eccentricity effects tend to require some form of

excitation to improve the signal to noise ratio.

When feeding the induction motor from an inverter, frequencies that are harmonics of
the fundamental will be applied to the machine, due to the non-ideal nature of the
supply. Higher order time harmonics are produced in the airgap flux, together with
space harmonics that are due to machine design, saturation effects, etc. PWM
frequencies exist according to equation 5.2.

foum= fot D (6k£1)fe

k=12.

(5.2)

Rotor slotting is also discrete (squarewave) in nature and thus higher order RSH

components will exist. Equation 5.1 is modified to include these considerations, as is
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shown in equation 5.3. The v and x terms are used to show that higher order slotting

effects and higher order MMF effects appear in terminal quantities.

fi=vZ ftxf
p
(5.3)

where v=1,2,3...

k=1,2,3... (although not all effects will be present/detectable)

The higher order slotting effects will be low in magnitude and v=1 will therefore be
assumed from this point on. The higher order MMF effects will be due to machine
design, magnetic saturation and inverter harmonics, as previously mentioned. RSH

harmonics due to k>1 are exploited in this work.

5.2.2 RSH Harmonics in Motor Terminal Quantities

As well as producing other RSH frequencies, the PWM harmonics of equation 5.2
must be considered with regard to RSH tracking. Measured stator quantities will
contain PWM harmonic components and RSH components. Both obey similar

existence criteria:

e PWM harmonics exist for odd, non-triplen, multiples of f,

e RSH components exist for odd, non-triplen, values of z/p+k

The RSH equation, 5.3, can be re-written as shown in equation 5.4.

fsh=(;z)-ik‘)fe—-lz; Slip
(5.4)

At low-loads, where the motor slip is small (approaching zero), a particular RSH
harmonic will exist in close proximity to an inverter harmonic. In the case of the
closed and skewed slot motors used in this work, the RSH will also be low in
amplitude at this low load. A robust/reliable RSH estimation technique must
therefore be able to resolve between these two components for correct estimation. As
an example, where f;=50Hz and the motor is running at synchronous speed (slip=0),

the most significant slot harmonic, corresponding to x=-1, will exist at 650Hz for
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both machines used in this work. Slot harmonic effects follow the same existence

criteria as the inverter harmonics and thus the RSH is aligned with the 13" inverter

harmonic.

At high-loads, where the motor slip is larger, the RSH will have increased in
amplitude and have moved away from the associated inverter harmonic. However, as
the RSH moves it may then contact lower order PWM harmonics. Note that, for a
particular value of slip, the RSH will always be a particular distance away from (and
lower than for motoring operation) the associated no-load PWM harmonic and this
does not vary with f.. This ‘contact’ problem is therefore more significant at low
speed/low excitation frequency, when the PWM harmonic spread is tighter. Again the
robustness and reliability of a tracking algorithm may be compromised where the
RSH is in close proximity to a PWM harmonic. Two examples help to illustrate these
points. Again, if the induction motor is running with £.=50Hz and fully loaded (say
slip=1.5Hz), then the RSH associated with k=-1 exists at 629Hz, as opposed to the
13" inverter harmonic, which is still at 650Hz. However, for f.=10.5Hz the full load
slip is still 1.5Hz, the RSH exists at 115.5Hz and this is the same frequency as the

11™ inverter harmonic.

Some help can be given to the algorithm by appropriately choosing an input quantity.
Equation 5.4 can be rearranged and, by dividing both sides by f., can be used to
determine at what speed the RSH will contact the next lowest PWM harmonic at full
load. At higher speeds the RSH will not contact any PWM harmonics over the full
rated load range. At lower speeds the RSH will, of course, contact the PWM

harmonic at a lower load than fully rated.

RSH and PWM Components in I,

Figure 5.2 shows the frequency spectrum of a single measured line current (I,), from
rig A, for four operating conditions. A suitable batch of data was captured from the
rig, whilst running encodered IRFO, and an FFT performed off-line in Matlab. The
batch corresponds to 1000 samples captured over 10 complete cycles of the
fundamental frequency. The FFT therefore has a resolution of 1/10 f, and data is

illustrated in terms of the fundamental harmonic number (0 to 20).

In all the spectral figures the key shown in table 5.1 indicates how the inverter and

RSH harmonics are distinguished.
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Inverter Harmonic
Rotor Slot Harmonic

Table 5.1 Key to the marking of the FFT plots of motor terminal quantities

The four operating conditions are 100rpm with a small load, 100rpm fully loaded,

1000rpm with a small load and 1000rpm fully loaded. The small load value was set

such that the RSH could just be distinguished from the associated no load PWM

harmonic at 1000rpm, with the particular FFT resolution used. The same value of

load torque was used at the lower speed also.

The expected inverter harmonics can be clearly observed in all four plots, up to and

including the 19", RSH components are clearly evident on the two 1000rpm plots,

where the k= -1 and +3 components are observed to be particularly strong and of a

larger amplitude than the associated 13" and 17" PWM harmonics.
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Figure 5.2. FFTs of I, captured from rig A at 100rpm and 1000rpm

The RSH components in the lower speed plots are very difficult to spot relative to the

associated noise, even at higher loads. Principally this is due to the action of the

current controllers. In a V/F drive, where there are no controllers, the RSH effects

should always be more strongly noticeable in stator current. Here the V/F scheme

imposes stator voltages in an open-loop fashion and, as the inverter output impedance

will be low, slot harmonic effects will mainly affect the stator currents.

Where

current controllers are present, the RSH effects seen in the stator currents will be

acted on (attenuated) by the current controllers. The result will be an increase in RSH

amplitude in stator voltages. The inverter is now considered as a current source. At

higher speeds the RSH frequencies encountered, in the drive rigs used in this project,
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are higher than the designed current controller bandwidth. At lower speeds the RSH
components, when within the controller bandwidth, are severely attenuated. At these
lower speeds it would perhaps be beneficial to track RSH components in measured
voltage. However, it must be remembered that PWM components in voltage are
somewhat more severe, as the induction motor filters the PWM effects in current.
Note that the current controllers cannot act to reduce PWM harmonic effects, because
it is the action of the current controller output quantity (voltage V") that creates them.
PWM effects would be reduced with a higher switching frequency, but here the
switching frequency was chosen to be practically typical and to allow the control of

both motor drives on the particular processing platform used.

As previously mentioned, it is also a concern as to how much frequency space the
RSH has in which to travel, as the machine is loaded, before contacting the next
lowest inverter harmonic. This can be calculated by rearranging equation 5.4 and is
shown in table 5.2 for the 2 drives. If the x= -1 RSH (aligned with the 13" inverter

1" harmonic will be next

harmonic at no load) is tracked in each drive, the 1
contacted, at a particular speed and at full load, and this is shown. If the 17" related
RSH is tracked, then more frequency space is available before the RSH comes into

contact with the 13" PWM harmonic (4f, as opposed to 2f,).

Full-Load | Speed x=-1 RSH Coincides | Speed k= +3 RSH Coincides
Slip with 11" PWM Harmonic with 13™ PWM Harmonic
Drive A 1.72Hz 310rpm 129rpm
Drive B 2.16Hz 389rpm 162rpm

Table 5.2 Where RSH harmonics for x= -1 and +3 coincide with next lowest PWM harmonics

It can be seen that, although the k= +3 RSH is a higher order than the fundamental x=
-1 RSH, it offers the advantage of possibly being tracked to a lower speed, before

becoming confused with the lower order PWM harmonics.

RSH and PWM Components in |I|

Manipulated quantities that are used within the vector control scheme also contain
RSH information. Most notably, the rotating current vector magnitude can be used.

Although perhaps not calculated for control purposes, |I| is simply evaluated from
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measured Id and Iq, as shown in equation 5.5. Also, the square root does not require

to be evaluated if the quantity is used for spectral information only.

|1|= ,/ldz +1q°

(5.5)

The frequency spectrum plots are repeated, for the same speed and load conditions as

previously shown, for the quantity [I| in figure 5.3.

Being a vector magnitude, [I| is a dc quantity in the steady state. The plots show the

harmonic content and have been normalised to the dc average (not shown).

The

PWM harmonics appear in this quantity at multiples of 6 times the fundamental.

RSH harmonics exist in similar positions at no load, again moving away from the

PWM harmonics as load increases. The fundamental RSH component in this quantity

is associated with the 12" PWM harmonic (k= -2).
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Figure 5.3. FFTs of |I|, captured from rig A at 100rpm and 1000rpm
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At the higher speed, the k= -2 and +4 RSH components are clearly seen and are

suitably high in amplitude to be distinguished from the PWM effects. At low speed

the RSH components are certainly more evident than they were in I, but are still

difficult to pick out from harmonic noise.

At low load the k= +4 harmonic is

surprisingly evident however. A similar effect was seen in figure 5.2, where the 17"

related RSH component was relatively high in amplitude, and this is thought to be

due to third harmonic components in the airgap flux due to machine

design/magnetising effects [103].
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One of the big advantages of tracking RSH effects in this quantity is the amount of
frequency space available to the RSH components, in which to move, before
contacting a lower order PWM harmonic. Table 5.3 shows the speeds at which the
RSH components in the two drives will coincide with the lower order PWM
harmonics. This is the same if tracking for k= -2 or +4, as both are able to move 6f,

from the 12" and 18" PWM harmonics before coinciding with the 6" and 12"

respectively.
Full-Load Speed RSH Component Coincides with
Slip Next Lowest 6xf. PWM Harmonic
Drive A 1.72Hz 69rpm
Drive B 1.9Hz 75rpm

Table 5.3 Where RSH harmonics coincide with next lowest PWM harmonic

RSH and PWM Components in Current Controller Output |V’| for use at
Low Speed

Results are shown in figure 5.4, for the same speed and loading conditions as used in
the previous two sections, for [V'|. [V|is not used in the vector control process at all.
V. and Vj are measured for use in the ASO and can be turned into [V| quite simply.
Importantly however, [V'| (the voltage magnitude reference value passed from the
current controllers to the PWM scheme) can be used, conveying the RSH information

due to the current controller action.
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Figure 5.4. FFTs of |[V*|, captured from rig A at 100rpm and 1000rpm

Note that now, although the PWM components are larger than in |I| with respect to

the dc fundamental, the RSH components are much more discernible. At the low
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speed of 100rpm the RSH components can be clearly identified and should be
trackable with a suitable signal processing method. The scheme described in the next

section therefore makes use of |V'| at lower speed.

5.2.3 RSH Tracking

Interest in obtaining speed information from RSH effects dates back as far as the
early 1980s [116]. Analogue techniques were utilised to obtain slip frequency
information by Ishida et al [116]. Williams modified the technique, using
measurement of the dc link voltage and switched capacitor filters [117]. Zinger et al
proposed the use of a Phase Locked Loop (PLL) approach, but this required a
modified machine [13]. The performance of these methods is limited by their

analogue nature and particularly with regard to accuracy and speed range.

Digital signal processing techniques have since been utilised for RSH speed tracking,
using measurement of stator current [28, 102-114]. Digital methods offer advantages,
as discussed in chapter 2 with regard to Digital Signal Processors (DSP), such as
increased accuracy and flexibility. Methods are not subject to analogue tolerances

and drift of components, parameters can be varied in real-time and advanced methods

can be used.

Primarily this work has been based on use of the Fast Fourier Transform (FFT) [28,
102-109], the batch sampling technique used to obtain the previous spectral figures.
The FFT approach provides much improved accuracy and an extended speed range,
when compared with the analogue methods. The main restriction in using the FFT is
that, because a batch of data is required, its dynamic performance is quite limited.
For good dynamic performance the FFT data batch must be short and for increased
accuracy/resolution the data batch must be extended. Ideally, where accuracy and
resolution are required, the speed of the motor should remain constant during the
batch sampling time. The advantage of the FFT approach is in it also returning
information relating to other harmonics. To turn the information into a speed
estimate an algorithm must select the RSH. Much work was undertaken on the FFT
approach by Ferrah [103, 105, 106], Hurst and Habetler {102, 107], and Blasco [28,
49, 104, 109]. The work of Ferrah [103], and Hurst and Habetler [102], includes
initialisation procedures used to determine necessary algorithm parameters, such as
the number of rotor slots. Blasco used an FFT derived speed estimate to tune T, in a
sensorless drive [28, 49, 104, 109].
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Ferrah [110-114], and Hurst and Habetler [108], extended their respective works, to
propose alternative spectral analysis methods to track RSH effects for speed
estimation. This was in an attempt to overcome the dynamic limitations of the FFT,
which are due to both its batch nature and its computational requirements. In 1996
Ferrah presented a method, based on Fast Recursive Least-Square (FRLS) predictive
adaptive filtering [111], quoted to outperform the FFT, in terms of updating the
estimated speed, by a factor of approximately 15:1 [112]. The update time for this
method was quoted as 4ms at a SkHz sampling rate, but the accuracy was not as good

as using an interpolated FFT method [112].

Later the same year Ferrah et al proposed an RSH identifier based on the Recursive
Maximum Likelihood — Adaptive Tracking Filter [112, 113]. The method was found
to be highly computationally efficient, offering good accuracy, achieving a quoted
speed update of 0.2ms at a SkHz sampling rate [112, 113]. The high dynamic
performance is due to its recursive nature of the method, but, for reasons that will
shortly be established, this nature means that any other harmonics in the input must
be appreciated before the RSH identifier, rather than afterwards (in the FFT). This
project considers the development of the RML-ATF into a full sensorless speed
estimator. The use of the input quantities considered previously is incorporated, as is
modified input pre-filtering, these are not previously considered in other works. The
developed method works with the sensorless model based ASO method to form a

hybrid sensorless drive for accurate speed holding.

5.3 The Adaptive Tracking Speed Estimator (ATSE)

The speed estimate based on RSH effects is obtained using a signal-processing
system of several stages. The system is based on recursive, adaptive filtering
techniques that are eminently suited to digital implementation on a DSP [118]. The
RML-ATF algorithm is used to obtain the estimate of RSH frequency, but it is
necessary to select and pre-filter the input quantity before the application of this
algorithm. Pre-filtering is set-up using knowledge of rotor slot number, motor pole
number, fundamental excitation frequency and an initial guess at the motor speed.
The RSH estimate then returned by the RML-ATF is turned into a more accurate
value of motor speed (than the original guess), also through knowledge of slot

number, pole number and fundamental frequency.
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The various stages of the estimator algorithm are presented, in the order that they are
applied, in the following sections. The complete system is termed the Adaptive
Tracking Speed Estimator (ATSE) and can be seen, presented in block diagram

format, in section 5.3.6.

5.3.1 Input Selection

For the tuning sensorless drive system, the relevant RSH is tracked in |I| and |V'|
quantities. These were shown in section 5.2 to offer advantages over the tracking of
RSH effects in a single measured stator current. In these quantities the RSH
amplitude, when compared to PWM harmonics, is suitable for tracking and the full
load operating speed, before the RSH coincides with a PWM harmonic, is minimised.
The former of these advantages will allow good RML-ATF tracking performance.
The latter increases the speed range in which the algorithm can be successfully
applied. The applicable speed range is thus similar to that offering good performance

from the model-based implementation, as shown in the previous chapter.

It was also noted and discussed, in section 5.2, that tracking RSH effects in |V'] at
lower speeds, where the RSH frequency approaches and is within the bandwidth of
the current controllers, may improve the system robustness. Whilst PWM harmonics
are more significant in voltage quantities than in current quantities, the current
controllers act to attenuate the RSH effects appearing in |I| in the lower speed region.
This attenuation of the RSH effects in [I| results in an increase in RSH amplitude in
[V°|. Hence it is appropriate to use IV'| at lower speed. The important point here is
that the voltage is not measured for use in this system. IV'|, the reference value

feeding the PWM routines from the current controllers, is used.

The designed system uses both [I| and IV"| as inputs to the ATSE with a changeover
mechanism. |[V'] is used at speeds where the RSH is near and within the designed
current control bandwidth and |I| is used at speeds above this. The ASO speed
estimate is used to determine which input to use, although excitation frequency would
also be applicable, and hysteresis is included in the changeover mechanism. More
precisely, for an increasing speed the input changes from |V'| to |1} at 420 rpm. For a
decreasing speed the input changes from |]| to [V'| at 360 rpm. At these speeds the
rotor slot harmonic to be tracked will be at a little above 100Hz, this is the designed
bandwidth of the current controllers. Similar specifications are applied to both rigs.

Changing the input produces an immediate change in amplitude seen by the following
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stages of the system. An estimation glitch filters through the ATSE system, but this
is momentary and does not affect the tuning system (to be presented in section 5.5).
The tuning is not affected, because the drive is in the ﬁansitory state (tuning is
disabled) and because the glitch disappears at a rate that is much faster than the

tuning dynamics. This effect will be seen in the results sections of this chapter.

As well as varying the input quantity, the harmonic tracked within the particular
quantity is also varied and so is the ATSE sample frequency. Both these changes are
effected under the control of the input changeover mechanism. When tracking in |I]
the a=-2 harmonic is tracked as this is the fundamental RSH effect. In the speed
range where |V’ is used, the a=+4 harmonic is tracked, because the Signal to Noise
Ratio (SNR) is higher in the higher order RSH range. The sample frequency is varied
at this point because it is a convenient opportunity to do so. Having a suitable sample
frequency is important in recursive signal-processing techniques [118]. Although a
minimum sample frequency is required for digital filter operation [118], too high a
frequency would also be inappropriate. Similar to the sampling of an encoder, where
a high sample rate will give poor speed resolution, too high a sample rate for the filter
algorithms used here will produce output resolution and noise problems [118]. In this
work a 4kHz sample rate is used at higher speed, where |I| is the system input, and
2kHz is used where |V'| is the system input. It is convenient to use sample
frequencies that are related to the DSP interrupt/PWM switching frequencies. For
correct operation of the discretised bandpass filter, which forms the next stage of the
circuit, four times the maximum input frequency must be used for correct operation.
The maximum RSH frequency is 650Hz, for rated synchronous speed, so 4kHz is
used at the higher speeds. The algorithm steps the sample frequency down to the next

most appropriate level to cover the low speed range, this being 2kHz.

5.3.2 Bandpass Pre-Filter

After appropriate input selection, the next stage of the ATSE involves bandpass
filtering the input quantity. The filter is centred around the estimated slot harmonic to
be tracked. The centre frequency is obtained by using equation 5.3, with speed
estimated by the ASO and excitation frequency obtained through the differentiation
of the DRFO flux angle; i.e. both quantities are obtained from the model based

sensorless system.
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The RSH frequency is identified by the RML-ATF on the assumption that it is the
strongest harmonic component in the input quantity. The bandpass filter (BPF) is
therefore necessary to minimise the effects of other harmonics, most notably the
fundamental and inverter PWM harmonics. These harmonics were shown to be
similar in amplitude to the RSH and greater for low load conditions in measured I,.
Although these effects are reduced by selection of an appropriate input variable, such
as those used here. If the PWM harmonics are strong in the input quantity passed to
the RML-ATEF the algorithm will be confused and possibly track them instead of the
RSH. Certainly the speed estimate noise level will increase where PWM harmonics
exist and the speed accuracy may be compromised, depending on the operating
condition. The implemented BPF is based on the s-domain transfer function shown

in equation 5.6

2Cwn
IF = 2508
§°+2Cmns+n
(5.6)
where,

®n = 2Ttfcenre = BPF centre frequency
5.7

¢ = wbw/ 2wn = BPF damping factor (v is the filter bandwidth)
(5.8)

The filter is discretised using the bi-linear transform, as used before to discretise the
speed and current control laws shown in chapter 4. This method is presented in texts
on control and signal-processing theory [98]. However, due to the effects of the
digitisation, the centre frequency of the BPF described by 5.7 will not be entirely
accurate. The accuracy is improved by pre-warping [95] the sample period used in

the filter coefficient calculations and this is calculated as shown in equation 5.9

Is warped tan(TL' f;‘enlre/ f;ample)/ (Tt ﬁen!re)
59

This is an adaptive filter algorithm, filter parameters are recalculated on a per- sample
basis, as the centre frequency must be varied. The damping factor is held at a
constant value and this has the beneficial effect of narrowing the filter bandwidth as
the centre frequency decreases. The PWM harmonic spread tightens as the

fundamental frequency reduces and narrowing of the filter bandwidth allows it to
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more selectively pick out the RSH at lower speed; this will increase the importance of
an accurate centre frequency estimate however. In this work C is set, as suggested in
[119], such that the bandwidth is equal to f. for a given no-load centre frequency.
The bandwidth allows the RSH to be seen in the filter output, given an error in BPF

centre, and where the RSH will move during transients.

A filter response is made more ideal by increasing the filter order and this can be
achieved by cascading lower order filters. Note that this increases the processing
time, but can be achieved by only calculating filter coefficients once. The BPF used

in this work is 2™ order.
§.3.3 Notch Pre-Filtering to Selectively Eliminate PWM Harmonics

The ATSE algorithm tracking performance is improved if, as well as bandpass
filtering, selected inverter harmonics are removed using narrow-band notch filters.
This technique was first suggested in a previous paper by the author, where the ATSE
technique was applied to speed trim a V/F drive (this is included as Appendix A)
[14]. The excitation frequency must be known to centre the BPF and to calculate
speed from the RSH estimate. It can therefore be used to centre notch filters to
eliminate the 6™, 12™ and 18™ PWM associated harmonics in the 2 input quantities
used. The transfer function of the filter is the same as that utilised in the RML-ATF

algorithm and is presented in the next section (equation 5.10).

The elimination of these PWM harmonics is particularly beneficial at low load. In
section 5.2 it was shown that RSH existence criteria is the same as that for PWM
harmonics. At low load the RSH exists at a frequency very close to an inverter
harmonic. If the motor operates at synchronous speed, the RSH and PWM harmonic
coincide and would be difficult to distinguish or track with any spectral analysis
technique (without using impractically high resolution). Fortunately, at natural no-
load (due to windage and friction) for the 2 machines used in this work, the RSH is
sufficiently far away from the associated PWM harmonic for reasonable tracking
performance and far enough away to allow a narrow notch filter eliminating the
PWM harmonic to be applied. The notch filters used were of 1Hz bandwidth. As
load is increased the notch filter is still used, but becomes insignificant. The RSH

moves away from the PWM harmonic under these conditions.
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5.3.4 RML-ATF (RSH Estimator)

The RML-ATF algorithm is an adaptive signal processing technique, in this case
based around a 2™ order digital notch filter. The common use of notch filtering, to
eliminate known, fixed frequency, narrow band, unwanted components, has been
shown in section 5.3.3. Other examples would include elimination of mains induced
noise in biomedical instrumentation and various applications in communications and
radar, etc [118]). Here the RML-ATF technique is used to eliminate a component
whose frequency is not explicitly known. The output of the notch, with the RSH
component hopefully eliminated, is not then used (other than in the recursive
elimination process for subsequent samples). Here the RSH elimination allows us to
obtain, from the centre frequency of the notch, an estimate of the RSH frequency.
The statistical Maximum Likelihood Method [120, 121] is used to update the notch

filter parameter directly relating to the centre frequency at each sampling instant.

The general method has been presented in papers appearing in relevant signal
processing publications, with a view to general sinusoid parameter (frequency)
identification [120, 121]. It was first applied to RSH estimation in motor drives by
Ferrah [112, 113] and a subsequent paper was published that tested the method on
induction machines with varying design specifications [114]. The conclusion of this
work indicated the excellent performance of the algorithm and although, as would be
expected from any harmonic identification method, the technique performed best on
machines with open and unskewed slots, operation on closed and skewed slot

machines was also demonstrated.

This section details the algorithm as applied in this work. The notch filter used has

the z-domain transfer function defined by equation 5.10

-1 -2
TF = I+Oz_, +zz _
l1+r0z"+r' z

(5.10)

The difference equation for the filter, simply formed from 5.10 (where z is the delay

operator), is shown in equation 5.11

o/ p() =i/ p(+) +8i/ p(+-1)+i] p(k-2) ~r § 0/ p(+-1) — 1* 0] p(4-2)
(.11
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The centre frequency of the notch filter is related to 6 as shown in equation 5.12

1 -1 _e
centre = ——COS == 1 Jsam,
Jore = (z)f ’
(5.12)

The notch filter bandwidth is related to the parameter r as shown in equation 5.13

_ﬁ)w=';—(1—r)f;amp
(5.13)

In the algorithm 6 is therefore the parameter adjusted such that the notch filter will
cancel out the strongest harmonic component seen in the input. Mathematically the

RML adjusts 6 to minimise the cost function shown in equation 5.14

N
J(x) = ZX”"‘ o/p° )
k=1
(5.14)

It is clear that minimisation of J(k) will effectively be minimising the output of the
notch filter, thus cancelling the strongest input component. Note that two variables
have been introduced, in the above equations, that must be set and/or controlled, these
being r(k) and A(k). As previously mentioned, r(k) controls the notch filter
bandwidth. A(k) weights the significance of previous samples used in the
minimisation process. Both parameters can vary between 0 and 1 and have the

following effects.

e For r(k)=1 the notch bandwidth is infinitely narrow
e For r(k)=0 the notch bandwidth is half the sample frequency
e For A(k)=1 all N previous values are taken into account in the algorithm

e For A(k)=0 no weight is given to previous values in the algorithm

These parameters will effect the dynamics and accuracy of the RSH tracking. In this
work both were set to fixed values of 0.97. Whilst other work has considered the
variation of these parameters depending on drive conditions [14, 112-114, 119], this
would be difficult to manage and may degrade the algorithm robustness. Those

values used are sufficient to tune each drive in the steady state, for encoder like
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accuracy and stability, and provide sufficient dynamic performance, to track during
speed varying conditions and tune immediately that a steady state operating condition
is reached [119]. The tracking dynamics need only to be sufficiently faster than the

tuning dynamics.

The algorithm is implemented digitally, according to the above theory, as presented
below. At each sample point the RML-ATF algorithm firstly calculates the notch
filter output, with a new value of input, at the present estimated notch centre

frequency. This is as shown in equation 5.15

%(k) = i/p(k) + e(k—l)i/p(k-l) +i/p(k-2) - r(k)e(k—l)o/p(k—l) - r‘,(k)o/p(k-z)
(5.15)

Note the use of the current input i/p(k), but the previous value of centre frequency
O(k-1). The algorithm then adjusts the notch centre frequency as necessary to

minimise the output, using equation 5.16

0(x) = 9(k—l)+P(k)(p(k)-07;(k)

(5.16)
where
o(x) = —i/p(k-/) +r(x)o/ p(k-1) = r(«)0(k-1)@(k-1) — rz(k)(p(k-z)
(5.17)
_ P(x-1)
P = o+ PG (0
(5.18)

Based on previous values, @(k) is a signed measure of the difference between filter
input and output. It is larger if the input is inside the notch and negative if the input
frequency is greater than the notch centre. P(k) is the covariance of 6(k) and note that
it is directly affected by A(k) and @(k). High values of A(k) and @(k) reduce P(k) and

thus the centre estimate adjustment of equation 5.16 is less significant.

The output is next recalculated using the new value of notch centre frequency, as

shown in equation 5.19

o/ p(x) =i/ p() + 6()i/ p(x-1)+if p(k-2) = r()8(x) 0/ p(x-1) = r* (£) 0/ p(x-2)
(5.19)
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Assuming, through having bandpass filtered the input around the crudely estimated
RSH prior to applying the RML-ATF algorithm, that the RSH was the strongest
harmonic component in the algorithm input, 6 now directly relates to the RSH
frequency. The frequency is obtained by applying the relationship shown in equation

5.12.
5.3.5 Calculating the Motor Speed

The motor speed is calculated from the RSH estimate by rearranging equation 5.3. It

is effectively the inverse process of that used to centre the BPF pre-filter and is shown

below in equation 5.20

f=E(ftx f)
(5.20)

This is the general equation where +«k depends on which input quantity is fed into the

ATSE algorithm and hence which slot harmonic effect was tracked.

Note that, assuming a highly accurate slot harmonic frequency has been obtained, the
speed calculation is directly affected by error and noise in f.. The values of z and p
are fixed mechanical motor quantities and therefore, for a high quality speed estimate,
the f. estimate/measure should be as accurate and noise free as possible. For use in
V/F and IRFO drives f, is applied and therefore explicitly available. For the
sensorless DRFO scheme f, is obtained by differentiating the rotor flux angle and
then filtered to reduce the noise level. It is possible to use a second RML-ATF to
identify f., as proposed in [122]. However, whilst the algorithm is not considered
computationally intensive, neither is it trivial and it is suggested that the increased
system complexity may affect the robustness. This work found f, obtained from the

differentiated and filtered rotor flux angle to be perfectly adequate for application of

the tuning system.

In order to give the ATSE speed estimate the correct sign, as the RSH information
contains no directional information, the sign of the ASO estimated speed is applied.
The RSH estimate degrades substantially at very low speed, so as not to be applicable

for tuning purposes in this region and this will be discussed in following sections.
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The ASO speed estimate is suitably accurate in terms of its directional information,

because the scheme will not be used for absolute speed estimation about zero speed.

5.3.6 The Complete ATSE System

The component parts of the ATSE, described in the previous five sections, are shown

in the block diagram representation of figure 5.5.

Not shown is that the input selector also controls the system sample frequency and x

used in the RSH related equations.

Input Bandpass PWM RML-ATF Speed
Selector Pre-Filter Harmonic RSH Calculator
Notch Identifier

I —s— : H I :
- /\ > \/ r=Llatas)—> f
s : | °
fo

' -~

LT 7T

T

f

fI' guess ff guess (]

Figure 5.5 Block diagram of the Adaptive Tracking Speed Estimator (ATSE)

The system performance is reviewed in section 5.4, where results from the system
will be presented. It must however, be remembered that if comparing the ATSE
system to a batch frequency estimation technique, such as an FFT based algorithm,
the developed system obtains high dynamic performance from its continuous,
recursive nature. The individual filter implementations are based on Infinite Impulse
Response (IIR) digital representations of analogue equivalents. However, because
the filters are adaptive (the filter parameters vary on a per sample basis) the system is
eminently suited to a digital implementation and would be difficult to implement in
an analogue fashion. Due to this continuous implementation the algorithm does
therefore rely on the described input selection and pre-filtering, applied before the
RML-ATF RSH identifier. The pre-filtering is applied such that the input quantity to
the RSH identifying section contains an RSH as the largest harmonic component.

This being the case, the RML-ATF returns an RSH frequency estimate, the accuracy
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and resolution of which is ideally dependent upon the parameters r(k) and A(k). With
an FFT implementation, the limiting factors are firstly that a batch of data is required,
and secondly that the algorithm is computationally intensive. As such a speed
estimate cannot readily be achieved in the dynamic state. To obtain a high accuracy
and resolution the batch of data captured must be increased. The advantage with an
FFT type approach is, of course, that while what may seem like redundant
information is captured, PWM information is inherently available. A search
algorithm, knowing where PWM harmonics will exist, can possibly obtain a good
RSH estimate where the RSH amplitude is of a similar order to noise harmonics and

smaller than nearby PWM effects.

5.4 ATSE Performance Analysis

In this section the performance of the ATSE speed estimator is demonstrated. Prior
to using the ATSE estimate to tune the Adaptive Speed Observer (ASO) based
sensorless implementation, the results shown here demonstrate the tracking
performance of the ATSE applied as an observer of speed in the untuned ASO
sensorless implementation. The algorithm is tested for a variety of speed and load
conditions. The rotor time constant (T,) and stator resistance (R;) used in the ASO
scheme are not optimised, and in some cases purposefully detuned, to show that the
ATSE still tracks real speed. At the end of this section the region of reliable ATSE

operation is defined.

Where speed measures and estimates are shown in this section (and in section 5.6),

unless otherwise stated, the colour coding key shown in table 5.4 is used.

Encoder Measured Speed
ASOQO Estimated Speed
ATSE Estimated Speed

Table 5.4. Key to speed measures/estimates shown in figures (unless otherwise stated)
5.4.1 ATSE Steady State Tracking Performance

Figure 5.6 demonstrates both rig A (upper trace) and rig B (lower trace) running at a
demanded speed of 300rpm in the sensorless mode. In both traces the speed is shown
measured by the encoder and estimated by the ASO and ATSE schemes. Note that

the speed loop has acted to reduce the average error between the reference and ASO
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estimated speed to zero. The true speed however, is in error by around 10rpm. The
error is due to an intentional detuning of the T, value, by some 25% of that quoted in

chapter 3. Each drive is running at Y2 rated L,

Note that encoder measured and ATSE estimated speeds show an excellent match,
thus demonstrating the ability of the ATSE to provide a highly accurate speed
estimate. It is also necessary to realise that the erroneous ASO measured speed is
used in the ATSE algorithm to centre the BPF pre-filter. This being the case, the
returned value of speed is still a close match to that of the real machine. The effect of
the BPF being centred with some error is evident on the upper trace, by the noise
level on the ATSE estimate being somewhat more than the resolution of the encoder
measurement, and on the lower trace, by the slight under estimate on the average
ATSE speed. In the full tuning system, where the BPF centre estimate will be
improved by the tuning, the ATSE estimate noise/resolution will be improved and the

average estimate error reduced.

Time (secs)

Figure 5.6. Encoder (measured), ASO and ATSE (estimated) speeds from both rigs running at a
steady 300rpm under Y2 rated load. Drives are operating under detuned ASO sensorless control

5.4.2 ATSE Speed Transient Tracking Performance

Figures 5.7 and 5.8 show the ASO system performing speed transients from 200rpm
to 1000rpm, under Y rated load, for rig A and rig B respectively. The value of T, is

126



CHAPTER 5 Rotor Slot Harmonic Speed Estimation & Sensorless Drive Tuning

adjusted at 200rpm for zero average speed error on the sensorless system. This will

therefore account for small errors on R, and the inductance parameters that have not

been tuned.

The estimated ATSE speed is seen to track the real speed with good dynamic
performance. This is without any form of RML-ATF parameter management, as
mentioned previously. A glitch can be seen in the ATSE estimated speed where the

sample frequency and input quantity to the algorithm are both changed.
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Figure 5.7. Encoder, ASO and ATSE speed measures during a 200rpm to 1000rpm speed
transient, under Y rated load, on rig A. The drive is operating in the sensorless ASO mode

In the magnified steady state images, which accompany the transient responses of
figures 5.7 and 5.8, the measured and estimated speeds can be seen at 1000rpm. In
the case of both results, the steady state error, between ASO estimated and encoder
measured speed, is in the order of a few rpm. The ATSE estimate can be seen to be
highly accurate in both results. The ATSE estimate resolution is within that of the

2500-line encoder used an rig B and comparable with that of the 10000-line device

used onrig A.
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Speed (rpm)
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Figure 5.8. Encoder, ASO and ATSE speed measures during a 200rpm to 1000rpm speed
transient, under % rated load, on rig B. The drive is operating in the sensorless ASO mode
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Figure 5.9. Encoder, ASO and ATSE speed measures during a +1000rpm unloaded speed
transient, on rig A. The drive is operating in the sensorless ASO mode
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The no load transient tracking performance is shown in figure 5.9, where the
sensorless implementation on rig A drive undergoes a 1000rpm speed reversal. In
this result, although automatic tuning is not utilsed, the speed error at 1000rpm is
minimal. The ASO estimated speed is not shown, so that the encoder and ATSE
speeds can be clearly seen. Again the two speed measures/estimates are in close
agreement and are comparable in terms of both accuracy and resolution. The ATSE
tracks the real speed well during the transient. The points at which input and sample
frequency change can be seen in both directions and the hysteresis effect can be seen,
where the changeover point is varied depending on whether the drive is decelerating
or accelerating. The ATSE estimation sign is taken from that of the ASO estimate
without any problems. Some error and noise can be seen on the estimate at and
around zero speed, but this is as expected and was considered in the previous section.
This is the region where the RSH tracking system will become confused with inverter
harmonics and ASO performance is degraded (this centres the BPF). Noise persists
until the harmonic is again reliably detected. An operating region for the ATSE

estimator is defined later, in section 5.4.5.

5.4.3 ATSE Load Rejection Tracking Performance

The results shown in figures 5.10 and 5.11 show the various speed measures when
load is applied/removed from the sensorless ASO system. For the plots shown in
figure 5.10, each drive is running at 1/5 rated I;, when full rated load is applied at
t=1sec. The left hand trace shows rig A running at 600 rpm, whilst the right hand
trace shows rig B running at 900rpm. The difference in reference speed is simply to
illustrate the ATSE performance at different speed and load conditions. Again the T,
value used in the ASO scheme, for the results of both figures 5.10 and 5.11, has been
detuned, by between 10% to 30% of the rated hot value. It is evident, as was

considered in the previous chapter, that speed error due to detuning will vary with

load condition.

The ATSE estimate can be seen to track the speed variation, as the load-state is
changed, with very good dynamic performance. The accuracy is again encoder like
in each steady state condition. Particularly evident on the rig A trace is that the noise
level on the ATSE estimate, if comparing the two steady states, has decreased under
full load. Here the RSH effect being tracked has increased in amplitude and the

tracking performance is improved.
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Figure 5.10. Encoder, ASO and ATSE speed measures during a 1/5 to full rated load torque
impact at 600rpm (rig A) and 900rpm (rig B). The drive is operating in the sensorless ASO mode
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Figure 5.11. Encoder, ASO and ATSE speed measures during a full to 1/5 rated load torque
removal at 900rpm (rig A) and 600rpm (rig B). The drive is operating in the sensorless ASO mode

In figure 5.11 each drive is operating in the steady state, at full load, prior to t=1sec.
At t=1sec the load is immediately reduced to 1/5 rated and the ATSE is seen to track
the transient. In the left hand trace, for rig A, the drive is operating at 900rpm
demand speed. The ATSE tracks the transient with good dynamic performance and
with excellent steady state accuracy. It is however noticeable that the ATSE estimate
is a little noisy as the speed loop settles. Here the drive is operating at low I, which
is reduced to bring the speed error down, and hence the RSH is being disguised by the
no load PWM harmonic. The steady state value, after around a second of settling, is
providing an excellent speed estimate again however. In the right hand trace, for rig
B running at 600rpm, similar effects are noticed, where the ATSE estimate during the

transient is slightly off. Again the steady state performance is very good though.
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5.4.4 ATSE Low Speed Tracking Performance

Figure 5.12 shows the encoder measured and ATSE estimated speeds from ASO
sensorless implementations running on the two rigs. Both are operating under full
rated load with the speed demand reduced from 300rpm to 30rpm in steps of 30rpm.
These speeds correspond to 10Hz electrical down to 1Hz electrical. The ASO

estimated speed is not shown for increased clarity.

The ATSE speed tracks the real speed very well, again with encoder like accuracy,
down to below 90rpm (3Hz). Below this speed the algorithm is confused by close
proximity, large amplitude PWM harmonics, as predicted in section 5.2. It is
considered that this is a similar operating range as that where satisfactory operation is
gained from the ASO sensorless implementation. The fact that the ASO system
becomes particularly noisy at around 75rpm and below also contributes to the
deterioration in performance of the ATSE estimator algorithm, in which it plays an

integral role (centring the BPF and providing a value of f, etc).

g

8

Speed (rpm)
3
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Figure 5.12. Encoder and ATSE speed measures during fully loaded speed deceleration from
300rpm to 30rpm in 30rpm steps. Both drives are operating in the sensorless ASO mode

131



CHAPTER 5 Rotor Slot Harmonic Speed Estimation & Sensorless Drive Tuning

5.4.5 Defined Region of ATSE Operation

From the results obtained and the tables presented in section 5.2, showing at what
speed the tracked RSH will first contact with the next lowest inverter harmonic, a
suggested operating region is defined for reliable use of the ATSE. This is shown in
figure 5.13 and is highly similar for both drives used in this work.

The RSH, from which the ATSE speed estimate is obtained, is not reliably detected in
the region of 75rpm and below throughout the load range. In this region the RSH
effect exists with large PWM harmonics in close proximity and the RML-ATF cannot
readily discern the RSH effect. The BPF bandwidth must be made small in this
region and therefore the centre estimate is crucial. Unfortunately these demands are
not met unless a high accuracy speed measure is used to centre the BPF initially and
this is self-defeating! Small errors in the BPF centre frequency result in the RSH
tracking algorithm tending to track PWM and noise effects. A tuning system should
be disabled if operating in this region.

300 T T T T T T T T T

. . . . . . . . .
250.....-....5....0....-....4....-....».....0....' .....

. . . . . . . . .

. . . . . . . . .

o 10 20 30 40 60 70 80 90 100
Load (%rated)

Figure 5.13. ATSE suggested operating region, when applied to speed estimation, in the sensorless
ASO implementation on the 2 motor drives

Above the unreliable detection speed range the ATSE estimated speed is reliable,
particularly at higher load. At very low loads, up to around 150rpm running speed,
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the RSH based speed estimate is certainly less reliable. However, natural no-load is
around 1/10 of the rated full load value, for the drive rigs used, due to windage and
friction. Good performance is obtained if the drive is tuned when entering the region
of 75rpm to 150rpm, but the load must be increased to above Y rated before highly
reliable tracking is obtained. Above 150rpm and for the rest of the speed range,

tracking is excellent down to natural no load.

Not dissimilar speed range constraints were encountered in the work of Blasco, when
using FFT derived RSH speed estimator [28]. His work was carried out in
Nottingham and used drive rig A (as used in this work), tracking the x= -1 slot

harmonic effect.

5.5 Sensorless Drive Tuning

5.5.1 Considering Direct RSH Speed Estimate Feedback

Preliminary work in this project used a prototype ATSE type speed estimator as direct
feedback, to close a speed loop around a simple V/F drive, and this was presented in a

conference paper [14]. The paper is presented in Appendix A.

The scheme used the error between the demand speed and the ATSE estimated speed
to adjust the applied stator frequency using an integral controller. Full details of the
scheme are in the paper [14]. The advantage of such a scheme is in the fact that no
machine model parameters are needed to set up the drive. The number of rotor slots
per pole pair is required by the ATSE, the stator frequency is known and a crude

estimate of slip, obtained from nameplate information, helps centre the BPF pre-filter.

Two results from the scheme are shown in figure 5.14 (taken from the paper) [14].
Excellent speed holding and speed correction performance can be seen in the top
trace, during a full rated load torque transient, at 750rpm. One of the problems with
the scheme is shown in the lower trace, at 150rpm, as here a ; rated load torque is
applied and removed and the very poor torque regulation can be seen. This is due to
the V/F scheme and not associated with the speed estimator. There is more pressure
on the speed estimator at this speed however, due to the PWM harmonics, etc, and the

fact that the poor torque regulation results in a larger than anticipated immediate
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speed loss, which must be tracked. Note that a good average speed is still

maintained.
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Figure 5.14 RSH based speed estimate as used to provide direct speed feedback in a basic V/F
drive. Top trace - full load applied and removed at 750rpm. Lower trace - half rated load applied

and removed at 150rpm

The work of Shuli [119] looks in more detail at the principle of using an RML-ATF
derived speed estimate as direct feedback, to facilitate a sensorless IRFO drive for
example. Most particularly he looks at the management of r and A parameters and
considers their adjustment, based on whether the drive is in a steady state or transient
condition. Results are presented that show an estimator tracking speed with excellent
accuracy and dynamics, in an encodered IRFO drive, but none are shown with the

estimate used as feedback.

From preliminary tests in this work [15], it was considered that the limitations of such
a method are the requirement for an initial speed estimate, the requirement to robustly
indicate drive-state (steady/transient) and the requirement for good appreciation of
speed estimator (RML-ATF) dynamics. Where an RML-ATF estimator is tested for
use in a sensorless system, as has been shown in this chapter, its ability to accurately
track speed must be tested where the initial speed guess, which sets up pre-filtering, is
in error. The work of Shuli [119] is utilised here to set good general tracking
parameters r and A, where the estimate is used for tuning. A scheme requiring the

management of ATSE parameters would lead to a scheme that requires advanced set-
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up of the estimator, perhaps rather than the set-up of a machine model and this was
thus avoided. If the parameters were to be managed for direct feedback, between
steady state and transient conditions, then also these conditions must be robustly
indicated and the estimator (RML-ATF) dynamics must be fully appreciated. Neither
of these considerations are trivial. The estimator dynamics and accuracy will be a
function of pre-filtering (speed estimate required), speed, load, etc. Setting the
parameters for steady state looks good where the estimator is simply an observer, in
direct feedback this may increase the speed feedback delay to an extent that makes a
sensorless system unstable. As previously mentioned, this work therefore makes use
of Shuli’s dynamic studies [119], to set values of r and A, but does not further
consider the ATSE as a direct feedback speed estimator. For these reasons and due to
the poor torque regulation, the project work moved on to the tuning of a model based

vector system.
5.5.2 Sensorless Model Based Vector Drive Tuning

The ATSE speed measure, demonstrated in the previous section, is used to tune the
ASO (model-based sensorless) implementation for highly accurate steady-state speed
holding. Whilst this type of tuning mechanism may often be termed along the lines
of ‘tuning against rotor time constant variation’, this assumes that estimates for all
other parameters are highly accurate. This work is concerned with obtaining accurate
speed holding, such that the developed sensorless drives can obtain best possible
performance in speed synchronised applications. The ATSE speed is therefore used
to tune T,, because this, as was shown in the preceding chapter, is the parameter that
most affects the speed accuracy. Some degradation in transient performance can be
tolerated, as long as the speed holding accuracy is obtained, by artificially using T,
adjustment to account for small discrepancies in other parameters. Of course, large
variations in parameters, such as R, for example, would cause problematic drive

operation (R, at low speed).

T, tuning schemes have been proposed and implemented in previous work. The most
notable examples are those presented by Blasco, based on the use of FFTs [28, 49,
109], and by Jiang, where the adaptation mechanism was not explicitly defined [86].
The work presented here is thought to be the first example of the RML-ATF based
speed estimator used to tune a model-based system. For reasons discussed in the

previous sections, this is thought to be the most practically viable solution yet
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presented for sensorless high accuracy speed holding over the majority of the rated

speed range and into field weakening.

In the low speed region, that is < 75rpm, tuning is disabled. In this region it is
considered that signal injection methods would be necessary to extract high-accuracy
saliency based speed information and Ry estimation would be critical for stable
operation of the ASO method (and those like it). These areas were not explored in
this work, as the processing capacity of the DSP platform was fully utilised to run the
developed algorithm on two drives, with a view to testing speed synchronised

applications. Other notable research work looks at this area of sensorless control [40,

63].

The tuning algorithm implemented here is shown, as a block diagram, in figure 5.15.

Op ATSE
ATSE
+
O Aso 2
ASO
AT,
Limit Pl

Figure 5.15. Block diagram of the Tr tuning system

The ATSE speed estimate is compared with that of the ASO. The error is used
directly to drive a PI control, whose output is a T, adjustment value. The output is
limited to realistic T, variation due to temperature effects, of around 40% for heating,
but 20% in the opposite direction, mainly for load-induced variation. The PI control
and limiting of course incorporate anti-windup to switch off the integrating term if a
limiting value is reached. The T adjustment feeds into the ASO to correct the speed
error. Note that the ASO speed and excitation are used in the ATSE for centring of

the BPF pre-filter. The system is hence self-tuning.

Tuning PI gains are set such that the tuning is relatively slow compared to the speed

loop. Designs were tested in Simulink, where the error between the actual speed was
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compared with an ASO simulation with an erroneous T,. The tuning dynamics are
considered slow enough to neglect any ATSE estimation delay and the gains are

shown in table 5.5.

Tuning is disabled in the transient state and this is triggered using the reference speed
input. The input reference is a clean signal and speed transient requests can simply
be determined by comparing present and past reference values (effectively d ref /dt).
Load impacts are detected by comparing reference speed and ASO estimated speed
and looking for sudden variation, given a suitable noise margin to allow for noise on
the ASO estimate. Even if the real speed is in error, the speed loop acts to produce

zero steady state error between the demand and fed-back ASO estimated speed.

Sample Time kp ki
Rig A 10 ms 0.02 0.05
RigB 10ms| 0.02] 0.05

Table 5.5. Tuning implementation specification

5.6 Tuning Drive Performance Analysis

In this section the performance of the tuning sensorless drive, described in the
previous section, is demonstrated. Results are included for a variety of different
speed and load conditions to demonstrate the speed holding accuracy and the
transient detection triggering. The final results show the drive operating at low speed,
under full rated load, from a cold start, over a 30 minute period, both with and
without tuning. The tuned system holds the demanded speed with encoder like
accuracy over the full test period. The untuned system, tuned prior to t=0Osec,

accumulates an error of several rpm on both drives.

In all of the results shown, no concerted effort has been made to optimise motor
parameters for particular operating conditions. R; is measured at initial drive start up,
such that it may have varied slightly prior to and over the duration of a test. The T,
compensation scheme is therefore being primarily used to adjust for speed holding

accuracy, as was the stated intention of the tuning system.

5.6.1 Sensorless Tuning Drive Steady State Performance

In figure 5.16 the tuning drive is operated in the steady state at 100rpm, 500rpm and

1000rpm. The figure includes twelve separate results, each captured over a 2 second
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period. At each speed the encoder measured speed is shown for natural no load, %, ¥2

and full rated loads. The drive is running fully sensorless, the encoder is used simply

to measure the true drive speed.
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Figure 5.16. Encoder measured speed from both drive rigs, when operating the tuning sensorless

control strategy, for a variety of steady state speed and load conditions

Note that, for all bar one result, both drives are shown to hold the desired demand
speed with encoder like accuracy under all load conditions. The exception to this is
at 100rpm, no-load on rig B, where the real speed is seen to have a small error. Here
the ATSE speed estimate is not considered 100% reliable, as was defined in section
5.4.5. Note that erroneous tuning of T, at no and low loads is however much less
significant than at higher loads. When the load is increased to % rated the actual

average speed is significantly more accurate.
It is clear that the sensorless implementation is somewhat noisier at 100rpm than at

higher speed, but this was shown in the previous chapter to be a function of the ASO

sensorless algorithm responding to inverter distortion.
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5.6.2

Sensorless Tuning Drive Transient Performance
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Figure 5.17. Encoder, ASO and ATSE speed measures during a 200rpm to 1000rpm speed
transient, under % rated load, on rig A. The drive is operating in the tuning sensorless mode
- i =
000
& 3 F
g |- a
n % 55 6 65 7 75 8 g,
Time (secs) —
. L2
................................ 40.05
: 0.03
4 5 6 7 8
Time (secs)

Figure 5.18. Encoder, ASO and ATSE speed measures during a 200rpm to 1000rpm speed

transient, under % rated load, on rig B. The drive is operating in the tuning sensorless mode
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The transient performance of the tuning drive is shown for rig A in figure 5.17 and
for rig B in figure 5.18. This is for an acceleration, from 200rpm to 1000rpm, under

4 rated load. Similar conditions to those of the tracking results shown in section 5.4

apply.

In both results the steady state speed is shown to be encoder like. T, can be seen to
vary, such that the speed holding accuracy is maintained in the steady state. The

tuning is disabled (T, is held constant) for the duration of the transient, as is desired.

5.6.3 Sensorless Tuning Drive Load Rejection Performance

Drive tuning during impact load variation is shown, for similar operating conditions
to the tracking results of section 5.4.3, in figures 5.19 and 5.20. In figure 5.19 each
drive is subjected to a large load impact being applied. The tuning can be seen to
hold as desired during the majority of the impact and the error that would persist in
the steady state is then tuned out. Encoder like speed-holding accuracy is

demonstrated either side of the impact region.
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Figure 5.19. Encoder, ASO and ATSE speed measures during a 1/5 to full rated load torque
impact at 600rpm (rig A) and 900rpm (rig B). The drive is operating in the tuning sensorless mode

Figure 5.20 shows the operation of each drive where a large load is removed. The
tuning system is again shown to hold the present T, adjustment value during the
impact period and any steady state speed error is tuned out when the load rejection
response has settled. The slightly slower response of the tuning system is related to
the lower significance of T, to speed error at lower load and the settling period of the
ATSE speed estimate, which prefers the increase in RSH amplitude where the load is

increased, rather than reduced.
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Figure 5.20. Encoder, ASO and ATSE speed measures during a full to 1/5 rated load torque
impact at 900rpm (rig A) and 600rpm (rig B). The drive is operating in the tuning sensorless mode
5.6.4 Sensorless Tuning Drive Low Speed Performance
The low speed performance of the tuning drive is shown in figure 5.21. Encoder
measured speed is shown with both drives following the same reference demand.
Both drives are operating at their full rated loads.
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Figure 5.21. Encoder measured speed from both drive rigs, when operating the tuning sensorless
control strategy at full load, at low speed. The drives enter and return from the region where
tuning is disabled. Speed demand is varied in 30rpm steps, from 150 rpm to 30rpm
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Starting at 150rpm (5Hz electrical) and varying in steps of 30rpm, the speed demand
is reduced to 30rpm and then increased back up to 150rpm. The drives are shown to
display encoder like accuracy at 150rpm, 120rpm and 90rpm, where tuning is
functional. When operating at 60rpm and 30rpm tuning is disabled and the T,
adjustment value is held constant. Tuning is re-enabled when the drives come out of
the very low speed region. It is evident that a small speed accuracy error persists
where the tuning is disabled and this is perhaps more evident in rig A. As the
demand to this drive varies, a more noticeable tuning effect is seen in T,, where the
tuning is again accounting for small errors in other drive parameters. Errors due to

misidentification of the stator resistance will be most prevalent in this region.

5.6.5 Sensorless Tuning Drive Compensating Temperature Variation
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Figure 5.22. Encoder measured speeds, and T, adjustment values, where the tuning sensorless

system is operating at 200rpm, at full load, over a significant time period and from a cold start

Figure 5.22 demonstrates the ability of the sensorless tuning drive to maintain speed
holding accuracy, whilst parameters vary due to motor heating. The dominant effect
here is due to resistance variation, but where this introduces small error in orientation,

the inductance parameters will vary also, due to varying flux.
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For the test, both drives were run at 200rpm under full load conditions. The upper
trace displays the encoder measured speeds, although these play no part in the control
scheme, and each drive is seen to maintain the 200rpm demanded speed with encoder
like accuracy. The difference in resolution between the encoder measurements, as
with the previous results, is due to the different number of encoder pulses per
revolution (both are sampled at 100Hz) for each rig. The lower trace shows how T;
values for each drive are adjusted over the experiment time. Note that they vary by
approximately 15%-20% of their rated value in this time. The base value of T, was

adjusted at the experiment start, for zero speed error.
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Figure 5.23. Encoder measured speeds, where the ASO sensorless system is operating at 200rpm,
at full load, over a significant time period and from a cold start. Tuning is disabled

Figure 5.23 shows that running the drives over a similar time period under similar
conditions to those for figure 5.22 and with no tuning, results in the accumulation of
around a Srpm speed error. Here tuning was disabled just prior to t=Omins. For both

tests the motors were run from a cold start.

210 T T T T T T T

0.04
0.02

0.0
-0.02

Time (secs)

Figure 5.24. Encoder measured speeds and T, adjustment value, where tuning is enabled on the
ASO sensorless system shortly after the end of results 5.22
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Figure 5.24 shows how the drive returns to a correct operating speed when tuning is
re-enabled (on rig A) shortly after the test shown in figure 5.23. The tuning removes

the accumulated parameter error, through T, adjustment, in less than 1 second.

5.7 Conclusion

This chapter has described and demonstrated the ATSE system as an effective
estimator of ‘true’ speed in a sensorless induction motor drive. Various amendments
have been made to the structure presented in previous work [14 112-114, 119], to
improve the practical performance; including selection of an appropriate input
quantity and the notch filtering of PWM harmonics. The algorithm has been run with
fixed parameters (r and A) to simplify the implementation and hence improve the

robustness. Those used are in-line with that suggested by Shuli [119].

Where the performance of the ATSE has been analysed, the full algorithm has been
considered. The ATSE system is run in a fully sensorless mode, where pre-filtering
is set-up using speed and excitation frequency measures obtained from the ASO
system. If an RML-ATF slot harmonic estimator is implemented/tested with the pre-
filtering set-up using a real measure of speed (to eliminate pre-filtering variability),
then the system must also be tested with fixed error in this set-up. For example, it is
suggested that if the BPF and RML-ATF algorithm were applied to an input signal
that was simply white noise, the RML-ATF would return the centre frequency of the
BPF as the RSH estimate! It is considered that results presented have used suitable
scaling for critical analysis of the steady state accuracy provided by the ATSE. The
speed estimate is seen to return the real motor speed, where errors between this and

that demanded persist, due to model parameter error.

Use of the ATSE speed estimate, through its comparison with the ASO model-based
speed, has been demonstrated to tune out steady state error in the model-based
system. The achieved speed holding accuracy has been shown to be well within the
resolution of a 10000-line encoder sampled at 0.01seconds. The accuracy is further
tested in the following chapter, where the algorithm is considered for use in speed
synchronised applications. The complete ATSE speed estimator and tuning algorithm
are executed on the DSP architecture utilised with minimal computational
requirement. The DSP system runs code for motor control, PWM, data capture,

multi-motor synchronisation (next chapter), etc, on two DSPs (with communication
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routines) for two motor drives. The code has not been extensively optimised for

speed.

With regard to the direction of further work, it would be interesting to test the
performance of the developed algorithm on alternative machines, those with design
features that perhaps promote the slot harmonic effects seen in stator quantities (open
and unskewed slots). Whilst the reasons for minimising these effects are well defined
[103], negative effects associated with using an open-slot rotor may well be
outweighed by the desire for a high performance sensorless solution in certain
applications, and hence tolerated. The author would expect the performance of the
algorithm at lower loads to be improved with open and unskewed slot machines and
the low speed range somewhat extended. The work could look at operation at
synchronous speed and in the regenerative mode. At synchronous speed the RSH
will coincide with a PWM harmonic. The use of field weakening could prevent this
condition occurring, such that at low motoring or regenerating loads the machine is
operated at fixed slip. Field weakening operation, with fixed slip, at low load is a

suggested technique to improve sensorless methods at low speed [50].

Use of the ATSE speed estimate as direct feedback has been considered in
publications by the author as part of this project. The first, included as part of
Appendix A, looks at using the RSH speed estimate to speed trim a V/F scheme [14].
The second, also part of Appendix A, whilst presenting the tuning drive, demonstrates
and briefly discusses direct feedback in the DRFO sensorless system [15]. The work
has not been presented in this chapter, because it is considered that firstly a machine
fully promoting RSH effects over the speed and load range would be required, and
secondly, the work of Shuli should be extended, to more fully analyse ATSE

estimation dynamics [119].

For improvement of the presented algorithm at very low speed it would be suggested
that this work could be combined with signal injection methods [20]. The low speed
problems evident in this work are due to both the model-based implementation and
the ATSE struggling in this region. The implemented algorithm would be improved
with robust compensation/removal of inverter non-lineareties, but a low speed limit
would still exist. Signal injection methods, that are applicable in this speed region

particularly, are considered the most viable option.
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These considerations for further work are again addressed in chapter 7. In the
conclusion of this chapter a sensorless drive implementation has been engineered that
provides highly accurate speed holding capability in the majority of the rated speed
range. This is for motoring loads from natural no load to rated full load and the
algorithm has been applied to two 4kW motors with differing electrical and
mechanical specifications. The dynamic performance is dependent on the model-
based sensorless implementation and that implemented here is regarded as a high
performance candidate. Operation in the very low speed range, where ATSE tuning
is not applicable, is possible: ATSE tuning is disabled and the scheme relies on the
sensorless model set-up. R, estimation techniques, such as that proposed by
Campbell [40, 59], would further strengthen the low speed performance of a model-
based implementation. The ATSE algorithm is a practically viable solution for speed
estimation in commercial motor drive products, due to a minimal processing
overhead compared with methods such as the FFT. Commercial interest has been

shown in the aigorithm from two UK based drive manufacturers.

146



CHAPTER 6 The Synchronised Sensorless Drive
System

6.1 Introduction

The purpose of the work presented in the previous chapters has been the development
of a fully sensorless motor drive algorithm with high accuracy speed holding
capability. Application areas that require such accuracy, as briefly introduced in
chapter 1, would include any based on multi-axis control. This chapter assesses the
suitability of the engineered sensorless drive for use in such applications. The
developed two-drive system is tested in a variety of synchronisation configurations.

Sensorless results are compared with those obtained under encodered control.

Electronic multi-axis control is developed, because many mechanisms in
manufacturing require that various constituent component parts be synchronised.
Traditionally this is achieved by the connection of the various elements, through
mechanical linkages and gearing, to a common source of mechanical power (for
example an electric motor large enough to provide the total power requirement).
More recently mechanisms have been developed where the constituent components
are driven independently (by smaller individual electrical drives). Here the
synchronisation is achieved electronically and the control is designed for a given
system specification - to emulate an existing mechanically coupled example perhaps
[123, 124]. A major advantage associated with an electronically coupled system is an
increased flexibility: gearing ratios can be adjusted in software and machinery can be
quickly set-up to vary product specification with a minimum of downtime. The
motivation for moving from mechanically coupled to electronically coupled systems

is further considered in section 6.2.
Section 6.3 introduces and describes methods by which electronic axis coupling can

be implemented, from simple open loop synchronous command generation, to the

advanced Electronic Line-Shaft technique [123, 124]. The envisaged performance of
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these techniques will be discussed, particularly considering how they compare with

that of a traditional mechanically coupled implementation.

Results will be presented in section 6.4 from a practically implemented encodered
solution, running on the developed two-drive system. Here the various control
techniques are tested. The fully sensorless system is operated, running the leading
candidate synchronisation algorithms, in section 6.5. The results obtained are

compared/contrasted with those acquired under encodered conditions.

The work is extended in section 6.6 to test the validity of position correction in the
sensorless mode. The parallel-cross-coupling synchronisation method introduced in
section 6.3 [125, 126], running on the encodered and sensorless systems, is modified
to include correction of position error, incurred due to load disturbances. The real
incremental relative position, obtained using the encoder speed measurement, is used
to assess the system performance. This is in terms of both position and speed

synchronisation.

Section 6.7 discusses application areas, where the sensorless solution may be utilised

and considers the appropriate synchronisation schemes for use with >2 drives.

In the conclusion of this chapter the performance of the sensorless system is critically
discussed. The purpose of considering muiti-motor control, whilst it is used here as a
test exercise to assess the developed sensorless drive performance, is that it has not
yet been considered as an application area where sensorless techniques could be
utilised. Ideas for further work are presented, which would be expected to extend the

range of sensorless drive operation.

6.2 Electronically Synchronised Control

Many manufacturing processes require the synchronisation of several axes relative to
a master command. These processes would include, for example, the manufacture of
sheet materials, such as paper and the cold rolling of sheet steel [123, 127, 128], and
processes that involve the handling of sheet material, such as printing and packaging
manufacture [129-131]. Other applications would include various cutting and
grinding functions, such as component manufacture (cutting screw threads for

example) [132]; also electric vehicle applications [133, 134], where each wheel is
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driven independently, and where electronic control could provide such functions as

differentials, traction control and anti-lock braking [135].

Coupling of multiple axes would traditionally be achieved through a mechanical
power transmission system, incorporating such devices as line-shafts, gears, chains,
belts, clutches, differentials, pulleys, etc. The total process power would be derived
from a large common source. Figure 6.1 shows a typical structure of a mechanically

synchronised 4-axis system.

Power

; 111

belt, gear, direct powry
drive, etc Comverer

wr
| Line Shaft Drive
\ [ ] Motor

Enc
%: N N N N X )
| [ [ [ 0 | Line Shah
T T I I

Gears, Gears, Gears, Gears,

[ etc etc elc

L\J LJ L\J [,J <«—— sectional shaft
1 2 3 4

" _A n__A n_s *__A

Figure 6.1. Mechanically synchronised multi-axis system.

More recent developments in manufacturing technology have seen r.nechanical
transmissions partly (hybrid) or fully replaced with electrical actuators that drive
individual axes. As an example the ‘shaftless’ printing concept has seen very large
growth in the printing industry [130, 131]. These systems are coupled electronically
and controlled in such a way as to emulate the system they replace. Many of the

advantages associated with this type of solution are outlined in the following

paragraphs.

e Increased Flexibility

Flexibility is increased with electronic synchronisation, as the system is not defined
by the mechanical structure. Where product features are defined by the relative
motion of various axes in the system, changes can be made with simple parameter
variation in the control software. The possibility of variation in a mechanical system

would greatly increase the system complexity and changes would most likely result in
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significant downtime. With electronic coupling the system specification can be

adjusted simply (cheaply), and possibly without the process being halted.

e Increased Speed

If the maximum process speed attainable from a mechanically synchronised
mechanism is in any way limited by the linking transmission system, removal of the
system and replacement with electronic coupling provides the opportunity to alleviate
this problem. The mechanical system drive must consider the inertia of the complete
mechanism (including the transmission) and individual section drives used in an

electronic system could offer the possibility of optimisation for increased speed.

e Known and Controllable Tolerances

In the mechanical system, maximum and minimum tolerances are an accumulation of
the sectional tolerances and will be highly dependent upon the transmission. The
transmission will of course suffer wear. With the electronically coupled system,
whilst each section may have associated tolerances, the transmission effects are

removed and overall tolerances can be more readily predicted and controlled by the

control structure.

e Simple Expandability

For a process to be expanded or modified, where mechanically synchronised, the line-
shaft or drive train must be extended/adjusted and it is suggested that this would not
be a simple procedure. In large mechanisms the line-shaft may have to be some
length to reach particular sections and this is not ideal. With an electronic
synchronisation, sections can be added, adjusted, moved, etc with only cabling
considerations. Even where mechanical synchronisation is used for critical
applications, hybrid systems can be created, where inconveniently sited sections of a

mechanism are synchronised electronically.

e Increased Reliability/Lower Maintenance Costs

A mechanical system will have associated maintenance and servicing overheads. If
this system is replaced with an electronic system, general maintenance and servicing,
particularly due to wear, will be considerably reduced and hence reliability will be
increased. Some form of intelligent monitoring system could also be incorporated

into the synchronisation communication structure quite simply, because a

150



CHAPTER 6 The Synchronised Sensorless Drive System

communication architecture must exist for control, and is unlikely to be an additional

hardware overhead.

e Smaller Size

Similarly to reducing maintenance overheads, it is suggested that removal of a
mechanical transmission will reduce the size, and hence increase the power density,

of the complete mechanism.

e Sectional Protection

With electronic coupling, each controlled section can be managed for unexpected
conditions, such as sectional overload, individually. For a mechanically synchronised
system, say a printing press encountering a paper jam, without appropriate sectional
feedback to the main motor drive, damaging torque may be distributed to the jammed
section. With the electronic sectional drive, overload protection (torque limiting) can
be simply managed in the drive for a particular section. The main control algorithm,

given that a suitably advanced strategy is used, should handle the synchronisation.

e Selective Decoupling

Where necessary, to adjust start up positioning, or perhaps even to carry out on-line
maintenance, sections of a mechanism that are electronically coupled can be
selectively decoupled. In a printing application for example, an individual section
can be aligned for the print head/plate to be changed. This does not involve

decoupling the mechanical system, or aligning the complete process.

e Noise/Torque Ripple Minimisation
Removal of the mechanical transmission will remove sources of mechanical

noise/vibration and variation, such as torsional elasticity, gearing noise/chatter, belt

slip, etc.

The schematic of a typical 4-axis electronically synchronised system is shown in
figure 6.2. Note that the mechanical systems and large motor and power converter
shown in figure 6.1 have been replaced with four motors and power converters that
will each have lower power ratings. Common connection is made electrically: power
must be distributed to each unit and communication must be available between each

unit for control.
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Figure 6.2. Electronically synchronised multi-axis system.

Much research interest has been directed at developing and improving the control
techniques used in this form of multi-motor drive [123-126]. The disadvantages
associated with many techniques being that they do not show the inter-shaft
stiffness/rigidity that may be inherent in mechanically coupled drives through all
operating conditions [129]. With mechanical systems the inter-shaft coupling is
dependent on the torque obtainable through the transmission and thus the maximum
torque that may otherwise be applied, to a sheet material for example, will be suitably
limited. An electronic synchronising algorithm must deal with such conditions as

sectional overload, where the section speed may not be controllable [123, 124].

In truth, and similarly to sensorless drive solutions, an electronic synchronisation
technique must be married to an application. In hybrid systems, important sections
can remain mechanically coupled, yet the flexibility of an electronically coupled
section could be exploited at the far reaches of the mechanism. Four methods for

electronic synchronisation are discussed in the following section.

6.3 Methods for Synchronised Control

Various control techniques have been proposed for synchronised motion, varying
from a simple open loop synchronised command technique, through master slave
schemes [127, 136], to cross-coupled [125, 126], and line-shaft emulation schemes
{123, 124). The methods are outlined in more detail in the following subsections.
Where block diagrams are presented, they are shown for synchronisation of speed and

can be adjusted and/or extended to include position synchronisation terms.

For synchronisation, where similar speed encoders are fitted to axis drives, it may be

appropriate to provide coupling control terms based on digital phase-locking [132] of
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the incremental position signals. A similar technique was initially considered for this
work, where perhaps the rotor slot harmonic signals (as the output from pre-filtering
stages) from the two motors could be phase locked in the sensorless mode. It was
thought that this may be particularly appropriate for speed matching, because the two
motors have a similar number of slots per pole pair. However, it must be
remembered that the slot harmonic signals are in fact a modulation of the slot/pole
frequency and the excitation frequency. Hence the rotor slot ripple frequency is not
directly related to speed. Locking the waveforms together would only guarantee
speed matching under matched slip conditions. Some form of demodulation would
be required to extract a direct speed signal and the resolution of a digital method
(rotor slot pulse counting) would be limited by the low resolution provided by a low
number of slots. This work considers schemes that provide speed matching using

measured/estimated speeds.
6.3.1 Synchronous Command Generation

The simplest form of system, which may be appropriate for many synchronised
applications, is here termed synchronous command generation. In this method the
various axis drives are simply given related command information, as shown in figure
6.3. The sync blocks define the relative kinematics of the system, relating how each
axis responds to the reference command. As an example, it may be required that axis
1 rotates at a multiple of the axis 2 speed. Hence the sync blocks will contain simple

gain factors. The scheme can simply be extended for use with n drives.

wr
. I
»{ Sync Pt ¥ Da;:;r;d > or
+ Drive and N
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Figure 6.3. Synchronous command generation block diagram

The performance when responding to variations in speed demand will be acceptable
for all conditions, given that the reference rate-of-change is limited to be suitably

slower than the slowest accelerating axis drive, as shown in equation 6.1.
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dw T.—-T.
— MAX =

dt

AXIS MIN

(6.1)

To guarantee reasonable synchronisation, for speed matching, such an open loop
scheme would require the speed demand to be rate limited, depending on the
maximum dynamic torque (maximum electromagnetic torque T, — motor rated full
load torque Ty.) and the inertia of the higher inertia drive J (rig A). For example, in
this work the motor rated torque of both drives is 27Nm, whilst the maximum
electromagnetic torque is kr multiplied by the current limit, say 7.55 x 6 = 45.3Nm,
and thus the maximum dynamic torque is 18.3Nm. 18.3/0.3 (rig A inertia) gives a
slower rate of change limit than 18.3/0.12 (rig B inertia), so the maximum is limited
to the former. If the reference is not limited, the synchronisation will depend on the
relative axis closed-loop characteristics and the relative axis loading. Only if the axis
characteristics are well matched and loading is guaranteed to be balanced, or could be

neglected, would the scheme display good synchronisation.

Where loading will not be distributed evenly between axes and each individual axis
may see large and sudden load variation, then the scheme offers no interactive
synchronisation during drive recovery. In these instances the individual drives may
still remain within process tolerance, but if a single axis drive were to go into torque
limit then the axis speed will not be controlled. In the basic set-up this information is

not seen by the reference command and not responded to by other axes.

Although this is a very common form of speed synchronisation, the drives used in this
work have markedly different mechanical characteristics and would not display good
synchronisation in an unlimited dynamic state (large-scale step changes in speed
demand) or for sudden and large variation of load. Results obtained using this
scheme are presented to provide a benchmark for the testing of more advanced
schemes, where there is some interaction between drives. The alternative schemes

considered are presented in the following three sections.

6.3.2 Master/Slave

The simple master slave scheme is presented in figure 6.4 for a two-axis system.
Here the measured (or estimated) speed of the master drive is fed to the slave drive as
the reference command. The master drive responds to reference changes in a

standard fashion with the slave attempting to follow the speed of the master.
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Considering speed matching of the two drives used in this work (where the sync
function is a gain of 1.0), the most viable approach is that the lower inertia induction
machine acts as the slave drive. As the acceleration rate is dependent on inertia, the
lower inertia machine will more readily be able to track the master speed over a
maximised operating range. Again however, conditions may exist, due to high

loading of rig B (low inertia), where the slave may not be able to track the master.
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Figure 6.4. Master/Slave synchronisation scheme block diagram

Under normal operating conditions in this scheme the slave drive will be able to
respond to variations in the master speed due to sudden load variation. The major
disadvantage of the basic scheme is due to the non-symmetrical nature of the
response. The master will not respond to sudden slave load variation, and the slave
drive will not track the master well if it alone is operating at a large load torque.
Indeed, if the slave drive is in torque limit then it has no capability to track the master

speed, its speed is uncontrolled and the master ignores this condition.

The master/slave approach is further complicated for operation with more than two
axes. A series structure, where each drive down the line has as its reference the
measured speed from the previous drive, has disadvantages as already described: a
drive will respond to loading changes and overload conditions seen at its reference,
but its tracking performance will be related to its particular loading condition, and it
will not see variations further down the chain. The chain will also be subject to
inappropriate delays as the speed reference is effectively passed between drives.
Reference changes will be delayed by the closed loop dynamics of all the previous

drives in the chain.

A solution where a single master drive is chosen and several slave drives respond to
the master speed may be appropriate for some applications, but here the slave drives
are operating in what amounts to a synchronous command generation scheme. An
application example where this would perhaps be suited is where a large drive is

turning a relatively high inertia work piece and low inertia cutting/milling drives are
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operating on this material. Again the drawbacks are that there is no slave drive
feedback. As before, this would be considerably problematic if a single slave went

into torque limit.

For a system where the overall number of drives is small, a scheme that adaptively
controls which drive is master and which are slaves may be appropriate, but this
could be subject to instability, particularly for a large number of drives. Only the

simple master/slave technique is tested in the following result sections.

6.3.3 Cross Coupled Control

The synchronised performance of the master/slave scheme can be improved with
drive cross coupling. The scheme shown in figure 6.4 can be simply modified if the
measured slave drive speed is fed back to become a term in the master drive error

equation. The scheme is shown, for speed matching, in figure 6.5.

Synchronisation based on an example of this technique was considered by Lorenz
[136]. For a two-axis system it offers better performance than the simple
master/slave. The expandability problems are similar to those described in the
previous section however, being associated with the connection of the drives in a
chain. Also, the modification of the error equation should be considered in the speed
loop design. Gains can be included to weight the importance of relative drive speed

error, compared to the error between master drive and reference speed.

(o]

Drive and - Drive and
PI Motor 1 Pi Motor 2
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Figure 6.5. Cross-coupling of the master/slave technique

The scheme is far from ideal, because the relative error term is attempting to control a
two-stage process (in this case) and may give stability problems. High gains in this
part of the structure may provide good speed matching and look good in simulation,
but offsets robust control of the overall process speed, which is provided by the

closed loop control of drive 1. For examples such as that used in this work, where the
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low inertia drive can be termed the slave, it may provide an improvement over the
simple master slave structure, because for the main part of the operating range this

drive will track the master with sufficiently high dynamic performance.

A parallel cross-coupling technique is shown in figure 6.6 for a two-axis system. In
this scheme the speed control of each drive acts on both absolute and relative errors.
In both the coupled schemes depicted, the values of gain k can be set to weight the
importance of relative speed control, in contrast to absolute speed control.
Alternatively a separate coupling controller could be designed and torque (I,)
references accumulated. These gains will be further considered in the following

results sections.
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Figure 6.6. Parallel cross-coupled system block diagram

Whilst this parallel nature of design would negate the delays associated with a series
chain and offer the possibility of expansion to n drives, as considered by Perez-Pinal
[137], controller design is now effectively multivariable and somewhat complex. The
simple structure shown is demonstrated for practical encoder and sensorless
implementations in the following section, but controller design has not been

optimised.

For high levels of synchronisation it will be important to set high values for the
relative error importance. Although this may again look very good in simulation, it
may have the effect in practice of altering the individual speed responses
considerably and producing unrealistic/damaging torque variations. Again the
problem is one of multi-variable control and is considered further in the encodered

results section.
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6.3.4 Virtual Line-Shafting

The fourth control scheme considered was proposed by Valenzuela and Lorenz with a
view to its use in paper mill applications [123]. The scheme seeks to emulate the
mechanical drive shaft connected to sectional drives in typical mill machinery,
providing the slow down/speed up of the whole system in response to a load change
on any of the sectional drives. The simplified scheme is illustrated in figure 6.7 and

is also considered for use in filament winding [124].

|
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Figure 6.7. Block diagram of the virtual line-shaft system

Control is achieved by using a discretised real-time simulation of a model line-shaft, -
which exists in software, with associated inertia, etc. The virtual-drive responds to
the overall demand speed as if it were a real system, with the output speed (and
position) fed as a reference to each of the real sectional drives. Load torque (Ig)
measured on each of the sectional drives is fed back electronically to the virtual line-
shaft, causing slow-down/speed-up of this shaft. This, in turn, is then translated as a

variation to the reference speed to each of the sectional drives.

The algorithm can maintain a good degree of synchronism in response to variation in
reference demand. The response will (and should) be dominated by the inertia of the
virtual-shaft: the reference demand is rate limited by the virtual-shaft closed loop

response, before being passed as a reference to the individual drives. Load variation

158



CHAPTER 6 The Synchronised Sensorless Drive System

will also be seen in the virtual-shaft, as sectional torques are accumulated and fed
back. The individual load torques thus affect the closed loop response of the virtual-

shaft.

The ‘sync’ and ‘k’ function blocks shown in the scheme can be used to define the
system relative kinematics. The value of k gains in the scheme can also be used in an
attempt to match sectional inertias, as the effects of measured torque values on speed
will of course be affected by inertial differences between the sectional drives. An
effective cross coupling of the axes is inherent in the individual torque feedback to
the virtual-shaft, but the effects are filtered (delayed) by the shaft. Sectional overload
conditions can be readily handled in this system however, by a ramping of the
reflected back load torque when under such conditions, such that the virtual-shaft

speed is suitably limited [123, 124].

The virtual line-shaft system is eminently suited to sectional expansion and allows
system definition, such that the resulting electronic system can be compared with a

mechanically coupled counterpart (defined gearing/differential effects, etc).

6.4 Encodered Bi-Axial Synchronisation Results

In this section the two-drive system is tested, running the previously described
methods, for speed matching, where both drives are operating under encodered IRFO
control. The results presented can thus be used to analyse the performance of the
various synchronisation schemes and serve as a comparative set when sensorless

operation is considered in section 6.5.

Three sets of tests are performed for each scheme, which allows the synchronisation

to be judged where the speed is in the transient state. The tests are as follows:

e The drives response to step changes of reference speed (an acceleration and a
deceleration test) of between 200rpm and 1200rpm, with both drives
operating under ' rated load.

e Drive A suffers a large load torque variation, both applied and removed, of

between Y rated and full rated load.

e Drive B suffers a large load torque variation, both applied and removed, of

between Y rated and full rated load.
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The two sets of load disturbance tests are performed at 400rpm. Thus the drive is

operating within the defined speed range of the sensorless tuning system.

In all the presented results (encodered and sensorless) the key shown in table 6.1 is
used, which defines speed and position quantities. Speed error, in all the traces, is
offset and this is indicated on the right-hand side of the plots. Scaling is the same as

that used and indicated for the actual speed plots.

Rig A Speed

Rig B Speed

Relative Speed Error
Relative Position Error

Table 6.1 Colour key to the speed and position measures shown in the following results
6.4.1 Synchronous Command Generation

The following results present the encodered two-drive system, running the above
described tests, in synchronous command generation mode. Each drive is responding
independently to similar command information. The degree of synchronisation
naturally achieved in the mode will serve as a bench mark, with which to compare the
results from the other schemes. The more advanced schemes will perform the same

tests, under the same operating conditions.

0 i s

Time (secs) Time (secs)

Figure 6.8. Response of the encodered synchronous command generation scheme to step changes

in reference command

Figure 6.8 illustrates the degree of synchronisation naturally obtained during the
reference command step tests. Each drive, although having similar loading
conditions, responds to the reference change with a differing dynamic characteristic.
The differing characteristic is of course due to the different inertia of each rig and is

as expected. The relative speed error is shown as the red trace on each plot and this

160

(wdi) sou3 peads



CHAPTER 6 The Synchronised Sensorless Drive System

Speed (pm)

can be seen to have a maximum value of >350rpm. The speed error will vary, for a

similar command variation, where the load on each drive is different from that used

here.

'lq!

Speed (mpm)

D A

Time (secs)

Figure 6.9. Response of the encodered synchronous command generation scheme to large and

sudden variation in load torque - Rig A

In figure 6.9 drive A is seen to experience a sudden and large variation in load torque

(as previously defined). The left-hand trace shows the load being applied, the right

hand trace shows the load being removed. Measured Iy and I; are shown to indicate

load applied/removed and, where this test is applied in the performance testing of the

other three schemes, this is not again shown.

As would be expected, the drive

responds individually to the load impact to correct its speed. The speed error is not

explicitly shown on these traces, because the operating speed of drive B is unaffected

and the error is obvious.

30rpm.

In this case the error approaches a maximum of some
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Figure 6.10. Response of the encodered synchronous command generation scheme to large and

sudden variation in load torque - Rig B
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A similar test is performed on rig B, as shown in figure 6.10. Here the maximum
speed deviation is some 60rpm. The reason that load impacts are considered on each
drive is to examine how symmetrical the following synchronisation schemes may be
under load variation conditions. In this case the synchronisation is symmetrical —

there is none in either direction!

6.4.2 Master/Slave

The performance of the simple master/slave scheme improves the synchronisation
performance greatly, over much of the operating load range. As previously outlined,
the low inertia rig (rig B) is defined as the slave and has as its demanded speed the
measured master speed (rig A). Similar tests to those presented in the previous
section are illustrated in the following two figures. Figure 6.11 shows the scheme

responding to the step variation in reference demand.

g

H

(=]
(wds) sou3 peeds

Speed (pm)

Time (secs) Time (secs)

Figure 6.11. Response of the encodered master/slave scheme to step changes in reference

command

It is clear that the speeds of the two drives are now a much-improved match. The
speeds during the major part of the transient have minimal error and only a small
error is seen at the start and finish of the transient, due to drive B settling. This could
be alleviated by perhaps adjusting the characteristics of the speed controller in this
drive. It must be remembered that now drive A is responding to a step change in

speed demand, drive B is responding to a ramp.
Similar synchronisation performance under speed demand variation will be obtained,

given that the low inertia slave is not operating under load conditions that limit its

response. Should this be the case, some form of reference limiting would be required.
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The speed tracking performance of the scheme is shown in figure 6.12 for the rig A
load impact test. The Is and I, traces have been replaced with a plot of speed error, as
the speed error is now more difficult to directly distinguish. The slave speed is seen

to successfully track the master speed and the speed error is greatly minimised when

compared with figure 6.9.

Spead (mpm)

Time (secs)

Figure 6.12. Response of the encodered master/slave scheme to large and sudden variation in load
torque - Rig A

The response of the scheme to a load impact on rig B is not shown, as it would be
identical to that shown in figure 6.10. The speed coupling between drives is one-way
only and variations seen on rig B will not be observable by rig A. The following

three schemes look at how this can be improved.

6.4.3 Cross Coupled Control

g

g

°
(wdi) sou3 paads

Speed (pm)
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Teme (secs) Time (secs)

Figure 6.13. Response of the encodered cross-coupled master/slave scheme to step changes in

reference command

Figures 6.13 and 6.14 show the response of the revised master/slave scheme, for the

speed demand variation and rig A Joad impact tests respectively, where the measured
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Speed (pm)

rig B speed has been fed back as a term in the rig A speed controller error equation.
Referring back to figure 6.5, the gains k, and k; are set at 0.333 and 0.667
respectively, such that relative error is given twice the importance of absolute error,
although the overall error multiplication factor is 1.0. This is in an attempt not to

drastically affect the speed control response/design.

Time (secs)

Figure 6.14. Response of the encodered cross-coupled master/slave scheme to large and sudden
variation in load torque - Rig A

If these results are compared with those of figures 6.8 and 6.9, it is clear that, whilst
the drive cross-coupling has affected the rig A speed response slightly, the results are

similar. The error band during the load transient is still in the region of £10rpm.

Time (secs)

Figure 6.15. Response of the encodered cross-coupled master/slave scheme to large and sudden
variation in load torque - Rig B

Figure 6.15 shows the response of the coupled system to a drive B torque impact. It
can be seen that rig A responds to the speed variation seen on rig B. Whilst this is the
case, the correcting response of rig B is affected by the cross-coupling. As opposed
to a 60rpm variation in speed, due to the sudden load torque applied/removed, seen in

the rig B response of figure 6.10, the rig B speed is now seen to vary by 80rpm. The
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maximum relative speed error however, is reduced by some 12rpm. In this scheme,
with the two drives effectively in series, the cross-coupling term is trying to control a
two-stage process (synchronisation) of much increased inertia.  Although not
considered here, it is suggested that such a scheme may benefit from a more involved
coupling control design/simulation. A large disadvantage is still the series nature of

the scheme and this makes the solution eminently unsuitable for extension to n drives.

Where the cross-coupling control is carried out in a parallel structure, as illustrated in
section 6.3.3 (figure 6.6), the speed variation test response is shown in figure 6.16. k

gains are set similarly, such that k; and ks in the scheme block-diagram are 0.333,

whilst k; and kg are 0.667.

During the speed transients shown, the speed matching is seen not to be as good as
that demonstrated by the master/slave scheme. It is a definite improvement over that
of synchronous command generation however. The bowing seen between the drive

speeds is due to the speed control responding to both absolute and relative errors.

Tene (necs) Time (secs)

Figure 6.16. Response of the encodered cross-coupled scheme to step changes in reference
command

An immediate improvement could be made to the scheme if the rate-of-change of
reference demand is sensibly limited. With synchronous command generation
reference limiting in an open-loop fashion would have to be severe to obtain any form
of synchronisation. In this cross-coupled scheme it would simply be necessary to
limit the maximum error seen by each speed controller due to large variations in
demand speed. In figure 6.16 the response is at first dominated by a reaction to the
sudden and large reference variation. As the speed controllers act to reduce this error,

the relative speed error becomes significant and this then dominates the response.
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Note that the relative error observed is some 40% to 50% less than that seen during

the synchronous command tests.
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Figure 6.17. Response of the encodered cross-coupled scheme to an effective step change in the
reference command (deceleration), but with reference rate of change limited

Figure 6.17 demonstrates the parallel cross-coupled scheme remaining synchronised
during the deceleration test, under the same operating conditions as those used to
obtain figure 6.16. In this case the rate of reference change has been limited, only in
an open loop fashion, to be in line with that of the higher inertia drive (rig A). It is
clear that the response of rig A is highly similar (not obviously limited) to that in

figure 6.16, but now the rig B control is primarily utilised to provide high

performance speed matching.
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Figure 6.18. Response of the encodered cross-coupled scheme to large and sudden variation in load
torque - Rig A

The parallel cross-coupling scheme during load impacts can be seen to remove much
of the error seen in the original synchronous command results. Figure 6.18 shows the
speed response during the rig A impact, whilst figure 6.19 shows that during an

impact on rig B. In figure 6.18 the maximum speed difference is seen to be around
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Speed (pm)

Speed (pm)

20rpm. In figure 6.19 the speed difference is less than 40rpm. Again the process of

cross-coupling is seen to slightly alter the absolute speed response of the drives

considered individually.
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Figure 6.19. Response of the encodered cross-coupled scheme to large and sudden variation in load
torque - Rig B

6.4.4 Virtual Line-Shafting

The acceleration and deceleration responses of the encodered virtual line-shaft system

are shown in figure 6.20.

Teme (secs) Time (secs)

Figure 6.20. Response of the encodered virtual line-shaft system to step changes in reference

command

The line-shaft scheme is seen to display excellent synchronisation performance
during speed transients. Note however, that the acceleration and deceleration rates
have slowed due to the large inertia of the virtual-shaft (here set to twice that of rig A
.'.O.6kgm2). As the estimated individual drive torques are reflected back, the
acceleration rate is varied such that it can be achieved by both drives. The inertia of

the virtual-shaft was chosen as 0.6kgm’ simply as a ballpark figure, where this is the
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combination of the two drive inertias (O.3kgm2 and 0.12kgm2), with some allowance

for the inertia of a replaced mechanical speed coupling system.

Tima (secs) Time (secs)

Figure 6.21. Response of the encodered virtual line-shaft scheme to large and sudden variation in
load torque - Rig A

The virtual line-shaft performance under load impacts is shown in figures 6.21 and
6.22. Referring to the schematic of figure 6.7, in the case of these tests the sync
functions are gains of 1.0, for speed matching. The k gains are set in an attempt to
match the speed variation seen on the virtual-shaft, to that seen as loads on the
individual drives. Drive 1 in the figure is rig A in this work, and thus k; is set at 2.0
and k, is set at 5.0, because this balances the virtual line-shaft system and relative
axis inertias, with regard to the effects of torque variation. The torque limit in the

virtual system must be adjusted to accommodate the maximum from both the

individual drives.

-
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Figure 6.22. Response of the encodered virtual line-shaft scheme to large and sudden variation in
load torque - Rig B

The two figures show responses that are not dissimilar in shape from those of the
parallel cross-coupled scheme. Speed variation seen on each axis is reflected,

through the virtual-shaft, such that a response is obtained from the alternative axis. If
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however, the relative speed error is analysed and compared with figures 6.9 and 6.10,
it is evident that the scheme does not greatly reduce the error seen in synchronous
command mode. The effective cross-coupling outcome is filtered by the virtual-shaft.
The individual response of each axis to an impact is degraded, to such an extent that

no increase in relative performance is gained over that of synchronous command

generation.

Other gain values were set, to amplify the effects individual axis torques had on the
virtual-shaft, but this simply served to further degrade the individual responses, with
no improvement seen in relative error minimisation. This was investigated further in

the work of Perez-Pinal [137], and is further discussed in sections 6.7.2 and 6.8.

6.5 Sensorless Bi-axial Synchronisation Results

In this section the tests are repeated, with both drive rigs running under sensorless
control, and with the drive tuning algorithm operational. Only sensorless speeds are
used throughout the various control schemes, although encoder measured speed is
that used to produce the presented results. These results can be directly compared
with those obtained using the encodered system, as in all of the more involved

synchronisation structures the same gain values are used.
6.5.1 Sensorless Synchronous Command Generation

The sensorless synchronous command acceleration/deceleration performance is
shown in figure 6.23. It is directly comparable with the encodered performance, with

minimal sensorless steady state error (as designed), not observable within the 10,000-

line encoder resolution.

Tene (sece) Time (secs)

Figure 6.23. Response of the sensorless synchronous command generation system to step changes

in reference command
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The load impact performance of the sensorless scheme is tested and shown in figures
6.24 and 6.25. Again the load torque is stepped on/off at 2 seconds in each trace,
with the same values used as in all of the encodered drive tests. Figure 6.24 shows

load applied (left-hand trace) and removed (right-hand trace) from motor drive A,

whilst figure 6.25 is for motor drive B.

440

Speed (mpm)

Time (secs) Time (secs)

Figure 6.24. Response of the sensorless synchronous command generation scheme to large and
sudden variation in load torque - Rig A
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Figure 6.25. Response of the sensorless synchronous command generation scheme to large and
sudden variation in load torque - Rig B

Again the performance of the sensorless scheme is suitably comparable with that
shown in the encodered results, running this particular control method (figures 6.9
and 6.10). Speed variation at impact on drive A is around 35rpm, compared to just
under 30 rpm in the encodered response, with the small variation due to the model-
based speed estimate (dynamics and accuracy due to variation of parameters). In the
rig B response of figure 6.25 the maximum speed deviation from the reference has
risen a little, from 60rpm to around 68rpm. These values can be compared with the
sensorless performance shown in the following sections, where the remaining three

synchronisation techniques are considered.
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6.5.2 Sensorless Master/Slave

During the development of this work the performance of the developed tuning

algorithm operating in a speed synchronised master slave scheme was presented at

conference [16].

The sensorless scheme responding to demand variation is here presented in figure
6.26. Again the performance is certainly comparable with that obtained using the
encodered solution. In the steady state the sensorless system displays encoder like

accuracy. In the transient state the coupling scheme ensures that the relative speed

error is greatly minimised.

The load impact performance is shown, where the load to rig A is suddenly varied, in
figure 6.27. The speed error is greatly reduced from that shown in figure 6.24. The
equivalent response for a rig B impact is not shown, because there is no coupling in

this direction. The response obtained would be identical to that shown in figure 6.25.

Time (secs) Time (secs)

Figure 6.26. Response of the sensorless master/slave system to step changes in reference command

450

440

Speed (rpm)

Time (secs)

Figure 6.27. Response of the sensorless master/slave scheme to large and sudden variation in load
torque - Rig A
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6.5.3 Sensorless Cross-Coupled Control

The previous section showed that cross-coupled control based on the series
configuration, although offering some advantages over the simple master/slave
scheme, was perhaps not as an attractive proposition as the parallel cross-coupled

approach. The sensorless results are therefore not presented here, but are included in

Appendix K.

For the parallel cross-coupling configuration the relevant three sets of test results are

presented as the following three figures. Figure 6.28 shows the acceleration and

deceleration performance.

Time (secs) Time (secs)

Figure 6.28. Response of the sensorless cross-coupled scheme to step changes in reference

command

The performance shown is again very similar to that of the encodered mode, with
excellent (encoder-like) synchronisation/accuracy in the steady state. The error
accrued during the transient is similar also, and due to the scheme acting on a large
reference error. This could be improved, as already mentioned/shown, by reference
command rate-of-change limiting. In both traces the scheme is seen to be slightly
noisier at the lower speed, due to the model-based scheme and inverter/measurement
considerations, as discussed in previous chapters, causing a slightly noisier speed
estimate. The speed estimate now has a noise-band that is an accumulation of that

from both drives, because the two estimates are compared to produce a relative error.
Synchronisation under load impact conditions is shown in figures 6.29 and 6.30, for

impacts on rig A and rig B respectively. When comparing with the encodered

conditions, the immediate speed variation on impact is larger in the sensorless
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scheme, but this is due to the model-based method and as seen in the synchronous

command results. Good synchronisation performance is achieved.
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Figure 6.29. Response of the sensorless cross-coupled scheme to large and sudden variation in load
torque - Rig A
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Figure 6.30. Response of the sensorless cross-coupled scheme to large and sudden variation in load
torque - Rig B

6.5.4 Sensorless Virtual Line-Shafting

Speed (pm)

°
(wdy) sou3 peedg

Figure 6.31. Response of the sensorless virtual line-shafting system to step changes in reference
command
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Figures 6.31 to 6.33 demonstrate the sensorless tuning drive performance when

operating the virtual line-shaft synchronisation scheme, and all compare well with the

encodered results.

In figure 6.31 the drive speeds are evidently well matched in the transient, due to the
inherent limiting provided by the virtual reference. The load impact performance is
shown in figures 6.32 and 6.33. Again the responses are comparable with the
encodered results. Due to the drive coupling in this mode being effectively filtered,
by the inertia of the virtual-shaft, the immediate speed loss on impact is similar to that
evident in synchronous command generation. The scheme is however highly flexible,
being easily extended to multiple drives, having categorised gains, differentials, etc

that can be used to model a given system specification.

Time (secs)

Figure 6.32. Response of the sensorless virtual line-shafting system to large and sudden variation
in load torque - Rig A

s

H

Teme (se0s) Time (secs)

Figure 6.33. Response of the sensorless virtual line-shafting system to large and sudden variation
in load torque - Rig B
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6.6 Position Synchronisation

Although the sensorless solution running on the two drive rigs was engineered for
steady state speed holding capability, and the performance of the scheme for such has
been demonstrated in the previous section, it was considered worthwhile to test the

capability of the scheme to correct incremental position error.

In the previous chapter it was shown that the ASO (model-based) speed estimate is
not guaranteed to track the true speed without error during load transients, but if
some form of incremental position correction were available this may be beneficial in
particular applications. The speed control system used in the two drives was
modified to include positional correction terms. The technique was applied in the
parallel cross-coupled control method, shown to offer good speed synchronised

performance in the previous sections.

pos

Figure 6.34. Structure of the speed/position controller

Figure 6.34 shows the position controlling type structure. A speed quantity is turned
into an incremental position value through integration. The incremental position is
compared with a reference value and the error used to drive a PI control mechanism
whose output is speed. The motor synchronisation schemes can be modified to
include position following using this structure. In the cross-coupled scheme, shown
in figure 6.35, the relative speed error is integrated to give an incremental relative
position error. A slow PI control mechanism was developed in simulation to tune out
the position error between Fhe two drives, with the correctional term fed into the
speed control summing junction of rig A. A more involved design would be required
for systems with more than two drives, but here the method is used simply to test the

viability of the scheme.
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Figure 6.35. Modified structure of the parallel cross-coupled scheme, to include relative position
correction

Figure 6.36 again shows the rig A impact performance of the encodered parallel
cross-coupled scheme, as previously shown in figure 6.18. In the new figure
however, the incremental mechanical position error between the two axes, incurred as
a result of the sudden load torque transient, is plotted in black. The error magnitude
is approximately 20 degrees as the scale for position is 40 degrees/division. At t = 0s,

the position error trace is zeroed and is thus offset in each of the plots.
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Figure 6.36. Response of the encodered cross-coupling scheme to large and sudden variation in rig
A load torque. Relative position error is shown in black and positional correction is not included

Figure 6.37 shows the impact performance of the rig A drive with encoder feedback
and with the positional correction terms included in the control structure. Note that
the error accumulated at the moment of impact is removed with little alteration of the
drive speed response. Some small amount of deviation and creep can be seen on the
slope of the position plot and this is due to noise pick-up on the incremental encoder

signal (the reset pulse is not used) and sampling effects. In other words, the position
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signal is obtained by integrating the speed measured by the encoder, itself obtained
by differentiating an incremental position signal! With the type of encoder used, the
incremental position output is effectively corrected each revolution using a reset
channel, but this causes problems if not robustly identified. For this work the
incremental pulse trains only were used, such that erroneous count values accumulate,
but this is not a problem if differentiating the signal to obtain speed. Integrating an

encoder-measured speed was thought to be more directly comparable with integrating

the sensorless speed estimate.
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Figure 6.37. Response of the encodered cross-coupling scheme to large and sudden variation in rig
A load torque. Relative position error is shown in black and positional correction is included

Similar results are presented in Appendix L for the tests carried out on rig B and a

similar performance is obtained.

The sensorless performance is shown in figures 6.38 and 6.39. Figure 6.38 is a copy
of the sensorless cross-coupled result shown originally in figure 6.29, but now
includes traces of the incremental position error accumulated through the transient.
The result is comparable with figure 6.36, but noticeable in the sensorless results,
particularly as load is stepped on (left-hand trace), is an increased positional error due
to the greater speed error and the tuning effect. Note that the steady state position
signal in both traces is particularly flat and this signifies excellent speed matching in

this region. Figures 6.38 and 6.39 are repeated for rig B and presented in Appendix
M.

Figure 6.39 shows the sensorless synchronised response where position correction
terms are included in the control, based on an estimation of position obtained from
the integrated sensorless ASO speed. In both traces the position correction is shown

to not correct the absolute error accumulated, although it comes pretty close where
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the load is stepped off, but to facilitate a degree of correction and certainly constrain

the errors seen in figure 6.38.
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Figure 6.38. Response of the sensorless cross-coupling scheme to large and sudden variation in rig
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A load torque. Relative position error is shown in black and positional correction is included

6.7 Considering Applications and Improving/Extending the

Synchronisation Schemes to n Drives

It is considered appropriate that this chapter contains a short section on the

development of the synchronisation schemes, for use with larger systems, and some

more detail regarding applications exploiting multi-motor control. Although the aim

of the project was the development of a speed holding sensorless method, and the

demonstration of that method for speed synchronisation, it is important to relate the

outcome of the work to intended application.
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6.7.1 Applications

Much information regarding application of multi-motor control is available on drive
manufacturer web sites, such as those belonging to Control Techniques, ABB, and
Siemens. Mainly this constitutes information pertaining to motor drives systems and
communication architectures.  Other web sites consider the motion control

advantages of using multi-motor techniques, but few describe application detail.

Examples of applications in manufacturing that have been presented in more depth,
with a view to the use of electronic synchronisation, include packaging [127, 129],
textiles manufacture/handling [129, 138] and electronic gearboxes for gear grinding
[128). Applications most often discussed however, with regard to multi-motor
control, are sheet steel production and processing [127, 128], but particularly those
applications involving paper. Several references note the use of multi-motor control
as used in paper manufacture (from pulp) [123, 127], whilst other works (particularly
articles) discuss ‘shaftless’ printing-press systems [127, 130, 131].

A quite useful text that generally discusses motor applications is the Control
Techniques - Drives and Servos Yearbook [127]. Many of the examples it considers
can be envisaged to make use of speed synchronised stages, some offering a
description of such. A simple example, taken from the yearbook, is shown in figure
6.40, making use of differential speed control. Here two conveyors are run at
different, but related, speeds to vary the delivery rate of a product to different parts of
aprocess. Such an application, albeit somewhat simple, would be highly suited to the
sensorless system developed. It is envisaged that such a process, forming part of a

larger system, would operate at fixed speed and under a reasonably constant load.

-l - |

Conveyor A — 1m/s Conveyor B - 1.2m/s

Figure 6.40. Differential speeds to achieve product delivery rate variation
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As another example, paper manufacture will be considered in more detail. It is in this

area that Valenzuela and Lorenz direct their work on the electronic line-shafting

system [123].
Paper Manufacture

Paper is manufactured from wood pulped with water. Originally the pulp material
would have been drained, pressed and dried by evaporation, effectively making paper
on a sheet by sheet basis [127]. Now paper making machines generally manufacture

paper rolls, at speeds in the region of 1000 to 2000 m/s, with web widths of up to 5Sm
[127].

A typical process consists of three main functions [127]. Firstly there is a ‘wire-
section’, where pulp is fed in and the consistency controlled through draining/drying.
The wire-section feeds the very raw paper into ‘press and drying sections’, which
may be of several stages. It is in these sections that speed differential controls are
exploited to control the paper quality and specification. The final paper product is
finally collected on a reel (at the ‘reel-section’). Supplementary to this system may
be various ‘winding and cutting stages’, where paper is processed to suit further

applications, such as printing [127, 130, 131].

Without exploring too deeply, there are various processes here that have different
requirements in terms of motor drive selection. There is a definite advantage in the
use of robust sealed AC machines in the wire, press and drying sections for example,
the environment of which may not be suited to DC motor use. For similar reasons,
the developed sensorless scheme could be exploited, as conditions are far from ideal
for encoder fitting. These stages may operate under constant average speed and load
conditions, with the initial stages correcting speed, due to load torque impacts. In
many cases the motors may drive sections through reduction gearboxes [127], which
would suit the developed algorithm: the drive induction motor operating out of the
low speed region. Starting considerations are such that material is fed into a system
running at speed. Thus there is no co-ordinating force required at start-up (low-
speed). The reel section must be run with a varying speed, because the material
surface speed must be maintained, but it is suggested that the dynamic of speed
variation in this stage may not be excessive, such that the tuning system (in the
developed sensorless method) may be constantly enabled. The supplementary

winding stages will have similar operating conditions.
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It is considered that many of the manufacturing examples, stated at the start of this
section, may make use of the developed sensorless system. Multi-motor control must
be used in these examples, because a large production/processing system is requi.red

to be co-ordinated.

Electric Vehicles

Another notable application area, where multi-motor control is exploited, is the
design/operation of electric vehicles (EVs). The traditional mechanical transmission,
associated with internal combustion engine vehicles, can be removed in EVs, with
motors driving each driven wheel independently [133]. Apart from the removal of
large and heavy mechanical components, one of the advantages of electric motor use
is in the fact that, unlike the standard internal combustion engine, the electric motor
can be operated to provide rated torque throughout their rated speed range. Thus this
very often fulfils the required torque/speed operational characteristics of vehicle
operation, without the need for variable gearing. The advantages of AC motor use,
over that of its DC counterpart, are again related to its greater reliability, robustness
and low maintenance requirements. EVs are also a hostile environment for the use of
a shaft-mounted encoder, which would suffer significant vibration and be highly

liable to damage [134]. It is also considered that they may be difficult to fit.

In internal combustion engine vehicles, mechanical devices provide functions, such
as differentials, traction control and anti-lock braking. In EVs these functions could
be performed using electronic balancing/synchronisation methods [135]. Some of the
functions may be provided through management of torque sharing in the motor

drives, others may require the measure/estimate of speed.

In the sensorless method developed in this project, the operation is without tuning in
the low speed region. This is however, a realistic operating region for the EV.
Remember that standard model-based performance is available, from the developed
system in this region however, and this may be sufficient. It would be interesting to

further explore this application, with a view to drive requirements.
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6.7.2 Extending the Synchronisation Schemes

A particularly important consideration with regard to the presented synchronisation
methods, particularly in the manufacturing process examples, is in how easily they
can be extended for use with multiple (n) drives. The requirement for such expansion

has been somewhat considered as the chapter has progressed.

Using the paper-manufacturing example, the wire-section may often set the speed
reference for the overall process [127]. Given that the following sections are
controlled with sufficient dynamics/stiffness, then the entire process is controlled
within tolerance. Thus the method effectively uses a master/slave approach, with
multiple open loop slaves following the wire-section master [127]. Such a method is
preferred to operating a series structure, due to the problems already discussed, with
regard to delaying reference signals. Processes such as machining applications
reportedly make use of the simple synchronous command type structure [129, 130],
where servo performance tool-piece drives are used, such that loading effecting

individual drives does not cause the component to go out of tolerance.

In this work the higher performance synchronisation schemes have been
demonstrated to be that of the cross-coupled technique and that of the virtual line-
shaft. The virtual line-shaft being similar to an intelligent master with parallel slave
system, where the master is imaginary and some form of interaction is available
between it and the slaves. The approach is eminently suited to implementation with a
number of drives, although the exact balancing of reflected back torques, etc, and the
designing of virtual inertia, and virtual speed control, may be somewhat involved, and
is not tackled in-depth in the presented papers {123, 124]. It is feasible that torque-
limiting situations are readily handled in such a system, as reported in [123, 124], and
which may be appropriate in the paper handling processes the paper considers. In the
pulp to paper manufacturing process, described as an example in this chapter, torque-
limiting conditions, in a section other than the wire-section, would result in a loss of
synchronisation. Virtual line-shafting could thus provide optimised performance, in
terms of process operating speed and handling of overload conditions, in this
example. In this work however, it did not demonstrate high inter-shaft stiffness
during load transients, due to coupling effects being filtered by the virtual-shaft. An
attempt to amplify fed-back torque commands did not alleviate this, as a larger
available correction limit must then be made available for the virtual-shaft control.

Hence schemes based on this method, and that of synchronous command generation,
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would tend to rely on high-performance servo axis drives [129], and/or feed-forward

control techniques [123, 124, 139, 140].

The best performance during load transient effects was observed in the operation of
the parallel cross-coupled structure. The scheme does not however, offer the same
simple expansion, for use with multiple drives, as that of the virtual line-shaft. The
work of Perez-Pinal considers the relative merits of the cross-coupled and virtual
line-shaft schemes and considers expanding cross-coupling, by the production of a
type of overall velocity error, through the combination of errors that exist between
pairs of drives [137]. Another approach is similar to the virtual line-shaft technique
without the virtual-shaft, where output torques from individual drives are used to
affect the other drives [137]. These approaches have not been investigated further

(practically) however, because only a two axis system is available.

Like the concept of mechanical/electronic hybrid multi-motor systems forming an
optimal system, it is suggested that a pure electronic system (or purely electronic
parts) may make use of different/hybrid strategies. In other words, there is nothing to
stop a combined press-drying stage, in the paper-manufacturing example, making use
of cross-coupling, taking as its reference the speed of the wire-section. Effectively
combining master/slave and cross-coupled schemes. Again it would be interesting to

further examine/investigate practical applications.

6.8 Conclusions

Multi-motor systems, with a particular view to operating with sensorless induction

motor drives, have been considered in this chapter.

The principle of replacing mechanical transmission systems, with electronic systems,
has been introduced (section 6.2) and the many anticipated benefits examined. The
main drawback is related to the maximum achievable system stiffness, available with

the electronically synchronised system, when large-scale speed and load transients are

experienced.

In section 6.3 algorithms have been presented that achieve speed synchronisation,
from the simple open loop scheme (synchronous command generation), where
individual drives respond to similar reference information, through to the advanced

virtual line-shaft technique, which models a mechanical line-shaft system [123, 124].
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Each of the techniques considered varies in performance and each has been tested on
the dual motor drive system developed for this work. Results were presented in
section 6.4, where both drives operate in the encodered mode. This was for defined

speed and load transient tests.

The tuning sensorless drive system developed in the previous chapters has been
tested, with a view to its use in the speed-synchronised system. The results from the
bi-axial system, when running the same test conditions as in the encodered
experiments, are presented in section 6.5. Encodered and sensorless results are seen
to be highly comparable. The speed sensorless drive is seen to maintain encoder like
speed holding accuracy and, for the better performing synchronisation schemes, it is
seen that the relative speed error is constrained - to a similar degree as in the
encodered implementation. In other words, where the speed error is not suitably

constrained this is a function of the synchronisation scheme, and not to do with the

sensorless system.

The sensorless speed holding technique has not been engineered to provide a highly
accurate estimate of speed under transient conditions and does not provide tuning in
this mode. The sensorless estimate is thus not guaranteed under transient conditions.
Its integrity, when used to provide positional information, must therefore be
questioned during such transient conditions, but, in section 6.6, it has been
demonstrated to somewhat counteract relative positional error accrued during load
transients. Relative position error correction is integrated into a cross-coupled
synchronisation scheme. The position error used to drive the correction control is
derived from only sensorless speed estimates. The positional results truly confirm the
speed holding accuracy of the engineered algorithm: the position measure is very flat
during the data capture period. This is effectively the integral of the speed error, with

results captured over some 8 seconds.

The performance of the various synchronisation strategies is reconsidered in section
6.7. The virtual line-shaft technique holds perhaps the most potential for a multi-
motor system and is particularly suited to expansion. However, the torque measures,
reflected back to the imaginary overall system, serve as cross-coupling terms, which
are cffectively filtered by the closed loop dynamics of the virtual-shaff. Thus
performance under load impact conditions, for the simple system tested here, is
inferior to that obtained from the parallel cross-coupling technique. Expansion of the

cross-coupled scheme was therefore considered in the MSc work of Francisco Perez-
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Pinal [137], as a spin-off from the work of this project. Methods were presented for
expansion and simulation-tested [137]. The work is not considered practically here,
due to time constraints and the related fact that only a dual-drive system was
engineered. It is considered however, that some of the presented/tested
synchronisation schemes could immediately further enhance existing multi-motor
applications/implementations, which reportedly tend to exploit the low performing

algorithms.

Section 6.7 also considers applications in a little more detail, particularly paper
manufacture and electric vehicles. It is considered that the developed sensorless drive
could find a place in parts of such applications, although to fully test such a claim is
beyond the scope of this work. It is felt that the sensorless synchronisation results
presented certainly indicate that a system based on such a method may be exploited in
industrial/manufacturing applications, like those outlined. There are of course
particular applications, such as robotics, that call for exceptionally high performance.
Such an application may make use of small (low inertia and hence high bandwidth)
machines to give a very fast response to transient conditions and would severely test
high performance encodered solutions. The algorithm would not be applicable in
such circumstances. Also, there may be applications where the low speed/starting
performance/synchronisation is critical. The developed system does not tune around
standstill, offering the basic model-based performance. It is believed however, that in
many applications such operation will be sufficient, to start a process for example,
where the normal process speed and load operating range is well within the operating
range of the developed sensorless system. As an example, drives in the paper
manufacturing and printing industries may be run up to speed before material is
handled, other processes may produce small amounts of wasted output where the

system is run-up to the nominal operating conditions.

Relating to the purposes of this project, introduced in chapter 1, there is a strong
motivation to use high performance AC drives in multi-motor applications [127].
Use of DC drives, in a system where the motor count may be large, will incur costs
associated with reliability/maintenance factors for example. Low performance AC
techniques (V/F for example) will not provide adequate performance. Where use can
be made of sensorless techniques, the vulnerability of encoder use is removed and
this is particularly useful in parts of steel and paper processes. In the examined
paper-production process, operating conditions would not favour use of DC machines

or electrical shaft-encoders, due to damp/wet conditions.
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Similarly to marrying a particular sensorless algorithm to a particular (individual)
drive application, it is considered that multi-motor systems may benefit through the
good engineering of individual sections of a process. Some sections may require
mechanical linkage, providing stiff control. Other sections may utilise electronic
control, but this may be achieved using a most appropriate coupling strategy and,
where possible, sensorless methods. As mentioned early in this chapter, where parts
of a process are perhaps situated some way away from the main sections, electronic

synchronisation can certainly be exploited, rather than unrealistically extend

mechanical line-shaft, etc.

In the conclusion of this chapter it is considered that the possibility exists, and that
this possibility has been demonstrated, that sensorless control methods may be
utilised in multi-motor systems. It would be most rewarding to further engineer such

solutions, given practical application scenarios.
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7.1 Introduction

As outlined in chapter 1, from the outset this project had the following main aim:

To develop and demonstrate a fully sensorless induction motor drive that has
sufficient speed holding capability to make it suitable for industrial processes where

multi-motor control is required.

It is felt, in the conclusion of the project, that this aim has been achieved. Primarily,

this was accomplished by fulfilling the following particular aims/objectives:

1. Investigate the alternatives, but select and test a most suitable model-based
sensorless vector scheme - to facilitate a sensorless drive with high dynamic

performance capability

2. Investigate methods for tuning the developed model-based system, most
particularly to maintain encoder like steady state speed holding accuracy.
Also, such a scheme should ideally be operational over a maximised

operating range and have practical validity

3. Test and demonstrate the self-tuning, accurate speed-holding sensorless

dnive

4. Investigate suitable multi-motor control schemes for use in industrial
manufacturing processes. Realistically this is in a suggested power range of
2kW to 100kW, and not applicable to the extreme demands of robotics for

example

5. Compare and contrast encodered and sensorless implementations of the

multi-motor synchronisation schemes. Thus, this also tests feasibility of
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practical application of the sensorless system, through its application to a

second motor drive

The main aim of the work was, of course, the engineering of a practical drive system
suitable to perform the above tasks. Supplementary aims/issues explored most
significantly included an investigation into the possibility of using the RSH based
accurate sensorless speed identifier as direct feedback in a sensorless drive. Also the
possibility of using the sensorless multi-motor system to correct/compensate for
position error accumulated during speed transient conditions, bearing in mind that the

system was developed for performance in the steady state.

This chapter now goes on to give a more thorough review of the work, with particular
consideration to the model-based system development, the RSH based speed
estimator and tuning, and the multi-motor control. Ideas for further work are

discussed in section 7.6 and project outcomes are detailed in section 7.7.

7.2 Thesis Review

The motivational criteria for operation of induction motors under vector (or field
orientated) control, for high dynamic performance, and without shaft-mounted speed
sensors, for reasons of practicality, reliability and cost, were outlined in chapter 1.
The chapter also highlighted that, whilst having succeeded in providing field
orientated dynamic performance, the speed holding accuracy associated with
sensorless techniques (that have mainly had commercial impact) results in them not
being suitable for speed critical applications. The problems associated with the
techniques are related to them being based on the motor electric dynamic model and
thus relying on knowledge of parameters that vary heavily with operating condition.
Applications that have therefore not generally utilised sensorless methods were

considered to be any based on multi-motor synchronised control.

Further project background was given in chapters 2 and 3. Chapter 2 provided the
mathematical background pertaining to the decoupling of flux and torque producing
components of induction motor stator current, for field orientation or vector control.
The various means of achieving field orientation were discussed, along with relative
advantages/disadvantages. The operation of the voltage source inverter (VSI) type
power converters was considered and discussed, as this provides the variable

magnitude, variable phase, stator voltage required for vector control of an induction
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motor.  Associated discussion centred on the non-ideal nature of the voltage
waveform produced, as this is of particular relevance when considering the tracking
of rotor slot harmonics, used later in the work. Finally the chapter further presented
the motivation for sensorless induction motor operation, a review of sensorless
induction motor control and a more detailed look at the leading algorithms that attain
such control using the induction motor model, knowledge of electrical parameters and

measurement of stator terminal quantities.

Worthy of a particular mention is that chapter 2 also considered sensorless induction
motor control based on signal injection methods. The author notes that such
techniques have been shown to provide excellent low speed performance, both in
terms of orientation and closed loop position control, particularly in [20]. The
reasons for not using, exploring and extending such techniques in this work were
based on the motivational criteria of this project. The desired aim was based on the
algorithm having immediate commercial relevance, perhaps as an extension to
existing drive products, operating over the majority of the speed and load range and
not requiring in-depth machine and/or inverter knowledge. It is acknowledged that
signal injection techniques are the viable solutions in providing low speed
performance, but it is considered that there is much engineering required in terms of
bringing such algorithms towards a general commercial implementation. There are

also other various drawbacks to the techniques and these were highlighted in chapter

2.

Chapter 3 detailed the experimental system, developed as part of this work, consisting
of two 4kW-induction machines, each with a 7.5kW inverter. Although these items
have similar ratings, they are each from different manufacturers. Each induction
machine could be loaded by an associated dc machine, providing variable torque
loads. The different dc machines resulted in each rig having quite markedly different
inertias, which was to be a worthwhile test of the speed synchronisation techniques.
Both rigs were fitted with encoders to provide speed measures in the implementation
of encodered induction motor vector control, to act as a benchmark for sensorless
performance, and to measure the performance of sensorless operation. The chapter
also presented the control and data capture processing platforms and the developed
interface system, which coupled the processing platform and motor drives, built as
part of the project. The motor control code for the complete dual drive system was

run on a dual floating-point DSP processor system. Chapter 3 described this system,
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how processing tasks were divided between the 2 processors and how overall drive

rig control and data capture was developed on the host PC.

7.3 The Sensorless Model-based Implementation

The foundation of the developed speed holding sensorless drive method is the Kubota
adaptive speed observer (ASO) [83]. Both the method and the detail of the particular
implementation were fully presented in chapter 4. The reasons for choosing the ASO
technique were highlighted as it requiring neither direct integration of sensed motor
terminal quantities, nor knowledge of mechanical drive parameters. Whilst similar
attributes are associated with the Ohtani method [81], the Kubota scheme was more
readily implemented on the development system, where an encodered mode of
operation was available. The Kubota scheme facilitates DRFO, for flux and torque
current decoupling, and is a popular model-based sensorless vector technique used in
many further works. Like all the model-based techniques however, its performance is
related to how accurately motor parameters are known and tracked. Whilst forming
the basis of the developed technique, the Kubota algorithm could be replaced with

alternative methods, where the developed speed tuning algorithm would still be

applicable.

Speed and current control design specifications were presented in chapter 4, along
with the specifications of the ASO. The chapter went on to test the performance of
the ASO scheme, as an observer of speed in an encodered IRFO implementation, and
in the fully sensorless DRFO mode. The encodered results acted as a benchmark for
those obtained from the sensorless scheme, which were seen to be highly comparable.
Of concermn with model-based methods is the low speed performance and, as was
evident in one of the presented results, orientation and speed estimation can be
compromised in this region; the result showed a loss of orientation on motor drive rig
A when decelerating to standstill under full load. A second result, obtained with
adjusted parameters, demonstrates that the technique gives excellent performance
with tuned parameters, but together the results demonstrate that performance is

compromised if these parameters are not precisely known in the low speed region.

Based on the work of others, chapter 4 goes on to consider the causes and effects of
parameter variation. The review highlights that the primary parameter variations,
effecting sensorless performance within the rated speed region (fully fluxed), are

related to the resistance parameters. The resistances are greatly affected by
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temperature variation, both ambient and (primarily) motor heating. R, greatly affects
the stability of a sensorless drive and is particularly influential at low speed. Its
significance lessens with increasing speed. With regard to speed estimation accuracy
T, is the significant parameter. The effect of error on this parameter, with regard to
speed accuracy, is constant throughout the speed range and it is impossible to
simultaneously estimate speed and T, under normal model-based operating conditions
[28]. Being the most significant, T, is the parameter most suitably adjusted to obtain
accurate speed holding and can be used to artificially accommodate the lesser
significance of inductance parameter error on speed estimation accuracy (below base
speed). This is given that the sensorless drive T, is tuned by obtaining a second and

accurate measure of drive speed.

7.4 The Adaptive Tracking Speed Estimator (ATSE)

Having engineered a suitable sensorless strategy, in the Kubota scheme, the bulk of
the research work in this project was presented in chapter 5, as the Adaptive Tracking
Speed Estimator (ATSE). Using the developed ATSE system, a secondary (high-
accuracy) speed estimate was obtained, based on rotor slotting information contained
in stator quantities, for tuning of T; in the sensorless ASO scheme. Compared with

tuning against individual parameter variation, this ensured accurate speed holding.

The chapter firstly reviewed the mechanisms that lead to the production of RSH
effects seen in stator quantities. It went on to consider the effects of PWM
harmonics, which exist with the RSH effects, that create tracking difficulties. In

particular this work looked at rotor slotting and inverter harmonics in three available

quantities, these being:

e A single sampled stator current
e The transformed overall current vector magnitude

e The PWM reference voltage vector magnitude

Previous work, regarding the tracking of RSH effects using digital methods, had been
carried out using sampled stator currents [28, 102-109]. Blasco improved the
robustness of his algorithm by exploiting two RSH effects in a single stator current
(28], but none had made use of the alternative variables. The use of voltage and
current vectors gave an immediate tracking range improvement, by extending the

operating range in which the RSH effect could move, due to load, before contacting
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the next lowest PWM component. Use of the voltage vector magnitude improved the
algorithm performance at lower frequencies/speeds, where the RSHs are attenuated in
current quantities, due to the current controller action. The current controllers act to
attenuate the RSH effects, so their output must contain RSH information. The
reference value of voltage, fed to the PWM scheme from the dq current controllers is
thus used as an input to the ATSE, not a measured stator voltage. This fits with the
fact that in many commercial drives voltages will not be measured (voltage

transducers will not be fitted).

The ATSE system, obtaining a speed estimate from the RSH effects, is fully
described in the chapter. The input to the system is selected, based on the ASO
estimated speed, as either |If or IV]". The system sample frequency is conveniently
changed at the input changeover, to improve the signal to noise ratio at lower speeds
and hysteresis is included in the changeover mechanism. Pre-filtering, before the
RSH identifier, has made use of notch filters to remove inverter effects and improve
the no/light load performance. In effect the pre-filtering ‘promotes’ a particular RSH
component. The RSH component frequency is identified using the RML-ATF
method [113], where the centre frequency of a notch filter is recursively adjusted to
minimise the output. Thus the RSH, as the strongest component in the input, is
eliminated and the frequency identified. It is noted that a similar effect would be
realised by maximising the output if using a bandpass (BPF) tracking filter. The
notch code is slightly more efficient however. Minimal algorithm parameter
management is required, the notch bandwidth and averaging parameters of the RML-
ATF routine are fixed, in line with that proposed by Shuli [119], to provide good
accuracy and allow dynamic tracking for tuning. Speed is calculated using

knowledge of f. from the differentiated rotor flux angle.

ATSE results are presented that demonstrate the steady state and dynamic tracking
performance of the algorithm under similar operating conditions to those used to test
the ASO. A defined region of operation is shown, being highly similar to the model-
based ASO algorithm and similar to that described by Blasco for his FFT work [28].
The advantage with the developed system, over that of the FFT, is that the
computational requirement of the ATSE system is minimal. The complete control
algorithm (speed and current control, sensorless ASO, RSH based speed estimator, T,
tuning, PWM, etc) can be implemented on a single DSP unit for an individual drive.
Blasco made use of a dedicated RSH identifying processor [28]. An FFT, at first

thought, should give superior performance, in terms of accuracy and PWM harmonic
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rejection, because all spectral information (in a window) is captured. PWM and RSH
harmonics can be identified and a search routine can determine the RSH effects. The
RML-ATF, due to it recursive nature, should offer improved dynamic performance
with lesser computational requirement, but is likely to offer an increased likelihood of
becoming confused with inverter harmonics and lesser accuracy. It is noteworthy
that, through input selection and pre-filtering, the ATSE system presented here is
comparable with the FFT of Blasco [28], in terms of operating range (related to PWM
harmonic rejection) and accuracy. This is especially significant, because the author

and Blasco made use of the same drive rig.

The tuning system, also presented in chapter 5, simply compares the RSH based
speed measure and the sensorless ASO measure. The error is used to drive a PI
controller whose output is a T, adjustment term. As such the BPF centre estimate is
self-correcting. The dynamics were set-up in simulation, with the ATSE speed
estimate regarded as real speed, to tune out large errors in less than a second, not
significantly effecting the speed control dynamics. The results presented show the
developed scheme to maintain encoder-like speed holding under a variety of speed
and load conditions. The mechanism is seen to maintain the encoder-like speed
accuracy of both drives when operating at 200rpm under fully loaded conditions for
30+ minutes. The relevance of this test being in that the drives were operated from a
cold start and the heating effects, causing resistance parameters to vary, were thus
significant. From a similar cold start, a further result under similar test conditions
and with no tuning, shows the two drives to each accumulate an error of some Srpm
to 7rpm over the same period. The low speed performance is also demonstrated,
where tuning is disabled below 75rpm, as in this region the ATSE estimate is
unreliable. There is a similar constraint placed upon the model-based ASO method,
due to the unoptimised/unimproved action of the VSI power converters, measurement
methods, etc, at low speed. The ASO algorithm shows suitable performance for
starting and unsustained operation at low speed, with tuning re-enabled when
returning from this region. Other work looks more specifically at improving low
speed operation, using R, estimation in model-based methods [40], and signal
injection techniques [20]. It was not the primary consideration of this work, but is
highlighted for further work. Many applications may not require high performance

operation in this region/mode.
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7.5 Speed Synchronisation/Multi-Motor Control

Having engineered the desired sensorless drive, with a tuning mechanism for highly
accurate speed holding, the algorithm was tested. Firstly the applicability of the
algorithm was considered, by applying it to a similar induction motor drive rig with
minimal modification required (speed and current controller redesign, as would be

expected). Secondly the two tuning drives were tested in various speed-synchronised

configurations.

Speed synchronisation, as far as the author is aware, is something not yet tested with
sensorless algorithms, primarily due to the fact that their speed holding capability
would generally render them unsuitable for such an operating scenario. The
possibility exists for signal injection based schemes to offer such performance, as
they have been demonstrated to offer closed loop position control, but, as established,
much engineering is required to bring these methods to market. There are significant
drawbacks, not least with regard to operating range, and synchronisation of these
methods has not been tested in literature. In fact, where a position-based system is
engineered using such techniques, a speed control 'operation may not be highly
practicable. The position signal must be differentiated to provide a speed signal,
which may be noisy, and continuous high-speed operation may not be achievable, as

it would constitute highly dynamic position control.

Chapter 6 investigates the background of speed synchronised control. The many
advantages of removing a traditional mechanical coupling and instead using
electronically coupled individual motor drives are discussed. The drawback is in how
well electronic coupling can resemble (if required) the overall inertia, and rigid

coupling of individual axes, in a mechanical system.

Methods for electronic coupling are reviewed in the chapter, ranging from a simple
open loop synchronous command method, where the individual drives simply follow
the same command information, to a virtual line-shaft technique, intended to emulate
a mechanical system. The performance of the various schemes is tested under step
speed reference transients and load impact conditions, using the encodered drive rigs.

Loading of each machine is considered, bearing in mind the differing inertias.

Undergoing the same tests, the tuning sensorless drive rigs are shown to operate in a

speed-synchronised mode. The results obtained are highly comparable with the
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encodered versions. The sensorless tuning system provides excellent steady state
synchronisation, with the relevant coupling schemes minimising (or not) the transient
error. In terms of position error during the transient, where tuning is disabled, the
sensorless scheme will not offer the synchronisation performance of the encodered
version, but, in terms of steady state speed locking and transient speed error

minimisation, sensorless and encodered results are highly comparable.

Of the tested methods, the two leading techniques are the parallel cross-coupled
method and the virtual line-shaft. The master/slave technique can give excellent 1-
way coupling, particularly for drives of strongly differing inertias (as used in this
work), but the master will not respond to disturbances that affect the slave. The
cross-coupled method gives excellent synchronisation during torque impact
conditions, but would require some form of command rate limiting to offer good
synchronisation during speed transients. Command rate limiting is inherent in the
line-shaft method and it varies depending on drive loadings. The coupling in this
mode is not excellent during torque impact conditions however, where it seems to act
like a form of filtered (by the inertia of the software virtual shaft) cross-coupling.
Various works look at more involved (rigid) controller design [124, 139, 140], and it
is suggested that the scheme would respond differently to drives with reduced and
well matched inertias. The virtual shaft offers a possibility to readily manage

sectional overload, as reported in [123, 124], but this work was not extended to test

this.

The cross-coupled technique was extended to test the possibility of minimising
relative position error (between the 2 drives), accumulated during a load impact
condition, by turning the ATSE sensorless speed estimates into a relative incremental
position error signal. The tuning drive was not designed to operate in this mode, with
the estimate not guaranteed during transient periods, but it was demonstrated that the
correctional term did serve to minimise the positional error accumulated. Both

encodered and sensorless results, with and without positional correction, were

presented for comparison.

Finally chapter 6 considered, in a little more detail, applications where the sensorless
algorithm may be applied and considered the expansion of multi-motor schemes, for
use with more than two drives. It is thought that electronically synchronised motor
drives could further impact into applications still relying on mechanical

synchronisation, by using the more advanced electronic synchronisation methods. In
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many applications the more basic ones are currently used. Performance enhancement
could perhaps be gained by the choice of the most suitable synchronisation scheme to
operate a particular section of an application, as discussed in the chapter. Making use
of the sensorless method presented, or any extended from this work, in syncronised
control brings the benefits described in chapter 1, relating to the use of induction

motors and the removal of the speed sensor.

7.6 Further Work

With a view to using the ATSE system, as simply a speed measure or for tuning, in a
commercial system, it would be beneficial for manufacturers to further examine the
logistics of perhaps implementing an estimator on an expansion DSP system. The
algorithm is suitable for implementation on a floating point DSP, not as sophisticated
as those used in this work, and would require minimal parameter set-up. It would be
useful to examine which few parameters must be passed to the DSP system in order
for a most reliable speed estimate to be returned. This could be offered as a

performance enhancement/expansion item.

Regarding developing the presented tuning drive algorithm, the author would be most
interested in the performance gained by considering the use of machines with
promoted RSH effects. In many applications the requirement for a robust sensorless
induction motor drive may be such that, perhaps trading somewhat against motor
losses, the RSH effects could be enhanced, making the motor itself a better sensor.
This would include having motors with a high number of open and unskewed slots.
Under such circumstances the performance of the ATSE and tuning algorithms
presented in this work should certainly be greatly improved. The low-speed
operating limit would be extended, primarily by the slot number increase, and the low
load limit would be extended, by the opening and unskewing of the slots increasing
RSH amplitude. With promoted effects it may be possible to reconsider the use of an
ATSE derived speed estimate as direct speed feedback. In this case it would be
necessary to further investigate the operation of the algorithm under light
regenerating loads, as this could lead to the motor running at synchronous speed.
Under such conditions RSH effects would coincide with inverter harmonics. It may
be possible to operate such a mode with some form of field weakening however, to
make sure RSH and inverter harmonics never coincide. For direct feedback it would

be necessary to more explicitly examine ATSE dynamics.
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The direction of research and commercial activity in the field of motor drives seems
to suggest a move toward integrated products, where machines and power converters
are combined [35]. The matrix converter concept (replacing the VSI) allows the
removal of the large dc link capacitors associated with standard inverters and,
although requiring more power electronic switches (silicon technology — price
reducing?), offers the possibility of a reduction in volume of this component [34, 35].
The current point of investigation remains the more involved cooling aspect, with
regard to combining of converter and motor [35]. With the possibility of such
integrated drive products however, it would seem a particular waste to still fit a shaft
mounted encoder, such that the most realistic means of sensorless operation must
surely be to promote the RSH producing effects in the rotor. The use of matrix
converter may also alleviate some of the low speed problems that are due to

deadtime, as the commutation process is somewhat different in this type of converter

[34]).

In terms of improving the algorithm in the low speed region, bearing in mind that the
above suggestions may offer much improved performance anyway, it would be
interesting to combine the solution developed here with a signal injection method.
Signal injection is considered the only technique, so far suggested in research, that
allows a true high performance operation at low and zero speed, where rotor
information is made available on the stator side by persistent high frequency
excitation [20]. Although the drawbacks with such methods include increased losses,
torque ripple, acoustic noise, etc, it may be possible to minimise the impact of these
considerations, by only operating this mode in the minimal part of the operating
range. Engineering would be required to combine the method presented in this work
with a signal injection method. A reliable switch over between operating modes, with
good dynamic performance, must be assured. The solution would offer the

possibility of very high performance throughout the operating region below base

speed.

It would also be useful to investigate the performance of the ATSE based method
well into the field-weakening region. Here the speed estimate may perhaps be
reconsidered for direct feedback, because inverter/RSH harmonic confusion is less
evident and RSH effects can be robustly tracked in current quantities (less noisy than
voltage). In this mode it may be wise to exploit stator flux orientation for improved
flux control [27, 85], but field weakening operation would still require extended

parameter knowledge [50, 51]. The immediate considerations that would need to be
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addressed include the possibility of variation in PWM harmonics that would limit
tracking. Also the fact that the execution time of the ATSE system would become
more significant as speed increases, with an increase in sample frequency required to
track the higher frequency RSH effects. All modes of operation, including some

signal injection methods, would still benefit from the promotion of RSH effects, as

considered earlier.

Although not the primary objective of this work, it having been used as a
demonstration of the developed sensorless system, it would perhaps be interesting to
consider further work in the area of multi-motor control. Various schemes have been
presented, all with their relative merits, but each seems to hold restrictions with
regard to their not being able to resemble the inherent shaft stiffness of a mechanical
line-shaft. Cross-coupled techniques offer perhaps the best performance with regard
to maintaining synchronisation under impact load conditions, but the virtual line
shafting technique offers the best performance under speed transient conditions and
will manage an axis torque limit situation most effectively [123, 124]. Some further
work has been undertaken as a spin off from this project, by Perez-Pinal, in extending
cross-coupled techniques [137], but it would be interesting to explore the true
performance of a real mechanical system in a particular application. Much of the
research work presented in this area does not include plentiful amounts of

comparative results, nor results from mechanical systems.

In short, it is considered that for both sensorless and multi-motor synchronisation
methods to greatly extend into new/all application areas, a method must be married to
an application. In terms of sensorless drives, advantage can be gained by suitable
choice of machine, bearing in mind self-sensor performance, but the power converter
control may require simply flexibility in terms of its software control component. A
wide range of methods are available that should offer suitable performance in a given
application. The advantages of a flexible software based system can be exploited

such that a solution is engineered for a given problem, with a fixed power converter

requirement.

7.7 Project Outcomes

This project has resulted in five conference papers [14-18], included as Appendix A.

It is hoped that the ATSE work will shortly be presented as a journal publication.
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Interest in the ATSE speed estimation technique, and sensorless model-based drive

tuning, has been shown by 2 UK drive manufacturers.
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A.l

IEE PEVD 2000 - London

USE OF ADAPTIVE NOTCH FILTERING FOR ACCURATE SPEED HOLDING IN A SENSORLESS
INDUCTION MOTOR DRIVE

Sensorless speed control aims 10 provide this high
performance, without the use of sensorviransducers.
MMMWum

and ent 10
Mtvwdmll 21 It is inherently
parameter  estimation to
mmwﬁhﬁmdmm

machines and relies on only a few, well known
machine parameters.
memﬂrwoﬁnmmm

of rotoe slots and the rotor speed. Real time tracking of
the harmonics allows real tme tracking of the rotor
speed.  Previous work in this arca has seen various
signal-processing techniques, such as the Recursive
Maximum  Likehhood Adapuive Tracking Filter
(RML-ATF), used to tune parameter based sensorless
schemes [4-7]  The motor pammeter that these
schemes rely on is knowledge of the number of rotor
shots.

These  frequency-tracking  schy b

confused by the presence of nearby inverter harmonics
and this is particularly problematic at low load, when
the slot harmonic magnitude will be small and at low
speed, when inverter, motor and slot harmonics will be
in close proximity. At zero speed, harmonics relating
w0 speed will obviously not exist and harmonics that

The work presented here describes the use of an RML-
ATF algorithm to obtain precise steady state speed
control of a practical drive system.  Factors that
influence the performance of the RML-ATF are
aplond and discussed, as is the management of

A control strategy is presented which fulfils the desired
aim of the work. True closed-loop speed control is
demonstrated  using the RML-ATF as  real-time
feedback. Minimum knowledge of motor parumeters is
required to produce the speed holding

demonstrated.  The scheme relies only on nameplate
data and knowledge of the number of rotor slots. The
latter could be determined from simple standstill tests.

The work is not concemned with dynamic performance
o o variation of speed demand, but does consider load
mwminmdyaum Results are

The largest slot harmonic will exist at a frequency
obtained from the following, equation(i).

= (fo— fap)+ fo
P
@

‘nuuwtmmcmchmehmppolcpanmdznm
slots, 0 is the fund y and
ftip is the slip frequency. |fl7jp¢|)ot(1/p-|)ls
even or a multiple of 3, the cor

will not exist. In many h onlymc

will exist, if both exist the one with | litude
can be used. vl
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Information about the induction motor, such as the
number of rotor slots, is known and this allows for
direct implementation of RML-ATF algorithms.

The inverter has been modified to allow direct access
to the gate control of the switching devices. This
allows flexible software based implementation of a

» ¥

|
|
I

i

Figure 1: Structure of the RML-ATF Speed Estimator
Parameters used in the RML-ATF algorithm define the

i e i =3
|
|

The RML-ATF algorithm and all drive control and data
capture is implemented on a DSP board housed in a
PC. The DSP used is a Texas TMS320044 floating
point unit and the main board has room for additional
processors, should this expansion be required. Use of a

example. As opposed to Jook-up tables, this facilitates
very accurate positioning of filter functions and
caleulation of their associated parameters,

EXPERIMENTAL IMPLEMENTATION

Pre-filtering Prior to the RML-ATF Algorithm

‘ S o e

ly evident pr
tracking a speed harmonic are:

i with
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a) Rotor slot harmonics exist with other inverter
harmonics and the fundamental stator current

frequency.
b) At low load the stator current amplitude will
be small, hence the slot harmonic will have a

©) At low speed the switching harmonics will be

The induction muachine used in the experimental rig has
28 rowr slots and 2 pole pairs. Referring back 1o
cquation(i) and the criteria for existence of slot
harmonics, it is clear that only one harmonic will exist
for the test machine and at no load, when slip will be
small, this will be close 1o the 13th inverter harmonic.

It must be noted that this is a very testing condition for
the RML-ATF.  Other nuchines of a similar power
rating will ofien have more rotor slots per pole pair,
which places the rotor slot harmonic, at and around no
load, at & higher frequency, When this is the case, the
inverter harmonics  will possibly be of a smaller
magnitude,

To overcon the no load problem and the significance
of lower order hanmonics, narrow bandwidth notch
filkers  were  included. Thue filters  eliminate

damping factor. In this case the bandwidth will change
with centre . This is useful as the inverter
harmonic spread tightens at lower speeds.

Speed Measurement Using the RML-ATF

M»Aﬁmmlobemumd for a given
sample frequency. The key p are:

a) the bandwidth of the notch filter [ 1(t) ]
b) the number of past samples used in the
averaging process [ A1) |

1t was found that the BPF algorithm required a sample
frequency of at least four times the maximum
frequency 10 be ked An i in sample

will improve the dynamic performance of
the RML-ATF speed track, but reduce the accuracy.
The r(t) and A1) parameters relate to this choice of
unplebnqlucthduyom\emudqmdm
the desired speed y and the desired dy
response,

In this inplementation two RML-ATF schemes are
used at differing sample frequencics. A 4kHz scheme
will track speeds (0 1500rpm, this is rated speed. A
uomd scheme uses an 800Hz sample rate for

switched out when the stator current rises above a set
fevel. This is the only modification made to the general
RML-ATF structure shown in figure 1. The filters are
included prior to the BPF.

of the BPF algorithm affects the
Moﬂhmﬁ. It a filier with a small
pass band can be placed accurately at the slot harmonic
frequency. the quality of current fed to the RML-ATF
is good and the speed estimate highly accurate.  This
defiats the object, to be able to place the filier with
Iigh accuracy requires that the speed be known.

mummmuwdmu

excitation frequency is known, although as veotor
m-nummuumu

is approximate.

The handwidth of the BPF must be suficiently large ©
allow for the error in this initial speed estimate and 1
allow the RML-ATF to track a speed change without
loss of signal.  This scheme uses a filter with constant

d y at lower speeds to around 400rpm.
NMMBMMG&MW
source referenced 1o a pre-sct level of demand speed.

In the steady state, r and A parameters are set such that
the bandwidth of the nowh filter is small and the
number of past samples used in the a process
is high. Thus the accuracy of the RML-ATF speed
estimate is maximised.  There is a trade-ofT against the
dynamic performance and parameters should be set 10
allow for appropriate speed tracking if demand speed
changes, or for slow variations in load.

hMMrmlm_muM

harmonic amplitude. Hence the different parameter
management for a load stepped on than for a load
stepped off

All parameters used throughout the complete scheme
relate 1o the number of rotor siots on the machine and
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the desired speed tracking bandwidth.  The algonthm
therefore remains genenic and applicable to alternative
machines.

The Control Strategy

The control strategy is based around a V/F drive whose
voltage demands are set in the rotating dq frame. This
is ot a vector drive, so this tansformation is

In the steady state however, il' measured
mnmﬁﬁhhmmmqm
give an approximation of machine flux and torque.

condition, The speed-trimnung scheme is shown n
more detail in figure 3.

The error between the desired speed and that measured
by the RML-ATF, is related and limited 1o rated
machine slip.  The excitation frequency s then
recursively adjusted 0 minimise the error,

The adjustment of the excitation frequency is ramp
limited. This will limit the instantaneous current in a
similar way to the ramp limit in the standard V/F drive.
As the scheme is an add on 1o a V/F scheme, where
mcﬂuudaannmtmed.thcmlmmm

The torque producing current (1q) is used 10 obtain the
mmawubm as outhned
g el LS
' == =
AT ) S : 0
S T
I lemard 3 s L~ Brwt L
e i o S GRSt = %)
...... L DRvE <~—s\»>_’_.
i o 7 o

The scheme  domonstrales

m-mm-mm Suchl
scheme is less sensitive (0 any error or noise, that may

vector scheme.  Also, the excitation frequency is

known in V/F control and this information is required
by the RML-ATF.

Figure 3: Structure of the Speed Trimmer

The overall control strategy can be scen illustrated n
figure 2. d

The speed signal obtained from the RML-ATF is used
as a real-time measure of speed and directly fed back 1o
cnable accurate speed nmming for variations in load

In this experimental rig a brake unit has been fined,
Mhﬁaﬁuﬁnd’h«g‘mludmmmhﬂﬂy

of the drive was used
butninbh’inm

RESULTS

The first result demonstrates the performance of the
RML-ATF as a speed observer. The algonithm set-up is
as described in the experimental implementation.  The
control strategy is not cnabled and the RML-ATF s
used to observe the speed of a standard V/F scheme
during a load mpact. This result is shown in figure 4,
]

% |

2 g |
v f 1
o i
bn EAE Zew aes pemel S mn _pmo - mon - -

=

|
| $
| |
| 1

4

o
{
.‘mFr,__‘- RN,

MLMNWTF Speed during a Load
Impact in V/F Mode.
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performance shows 1o sign of noise and the parameter
management scheme ensures that the RML-ATF tracks
the fast vanation in speed when the load is switched in
and out.

Sonaaar vt 48 LT Ayt

= v i
T e

The graph shown in figure S demonstrates that the
accuracy of the RML-ATF, here measuring a 300rpm
demand at half load. is within the accuracy of the

The scheme has been tested over the full range of raled
motor speed. Figure 7 shows the speed responses of
the speed trimming scheme at 300 rpm and 1500rpm.
Tn all cases the encoder hus been used as the observer

of apecdsad plays o pert i the control stnusture. All
responses shown are for full load impacts.

ANARIAER

e ey

SNNERE

|

]

\

{

]

SN e e v, [ - N oo
"~

Figure 7: Speed Response of Speed Trimming Scheme
during Full Load Impacts, at 1 500rpm and 300mpm.

1t is clear that the response at 300rpm, SHz mechanical,
is degraded from that at both 1500rpm and 750rpm.

Although field orientation is not known in V/F mode,
the inclusion of an Id current controller gave better
regulation.  Figure 8 shows the drive running at
150mm during a half load impact, with Id current
control.

trimmer dynamic performance varies with speed for a
fixed load impact. In these conditions the load impact
has a more significant effect on speed and the speed-
rimming scheme can saturate.

-y e ———

= A 1
el 1
St
:H—::-'T' p poee, \eem, el ot i
Figure 8: Speed Response of Speed Trimming Scheme

during a Half Load Impact, at 1 50rpm.

CONCLUSIONS AND DISCUSSION

It is clear that the RML-ATF and the implemented
control scheme facilitate highly accurate steady-state
speed holding to below 300mpm.  Iis use as a dircct
feedback  speed d its
robustness. Figure 6 shows that although the dynamic
performance of the speed trimming scheme is not as
fast as the vectored scheme, the steady state
performance is as good. At the wide range of speeds,
the control scheme maintains a steady stale motor
speed within only a 1-2 bit encoder resolution.

The control scheme shown and the RML-ATF method
of speed measurement are viable for use in a
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commercial drive. The RML-ATF could casily be run
on a DSP system separate from the drive and the
nmmmuednnwvn'whmm

Jude the spoed wre minimal,  In this
implementation the complete control algorithm and the
RML-ATF are implemented on a single processor.

The mplications of the speed measurenient accuracy,
shown i the results presented here, would facilitate
wning of a simple sensorless scheme, to provide
performance on & par with that of encodered vector
control. A scheme such as this could help to overcome
the poor torgue control performance at low speeds.

In this implementation, the speed measure obtained
from the RML-ATF is shown (o greatly improve the
performance of the V/F drive. True closed loop speed
control is demonstrated, without the use of an encoder
and with no use of motor model parameters.  This
scheme could be used for applications where accurate
speed hokling is required, but fast speed demand
vanation is not. This would include some rolling road
or winding applications.
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A.2 1EEE PESC 2001 - Vancouver

A Hybrid Sensorless Induction Motor Control Strategy for High Performance
Drive Applications

G. Turl, M. Sumner and G.M. Asher
School of Electrical and Electronic Engineering
‘The University of Nottingham
Nottingham, NG7 2RD, UK

Abstract-This paper presents a sensorless  induction
motor drive scheme comprising a model-based speed
estimator for dynamic performance and a rotor slot
harmonic estimator for speed accuracy.  The slot
harmonic speed estimate is used to tune the machine
model, providing speed-holding accuracy comparable to a
sensored drive fitted with a 10,000 line encoder sampled
every 001 sec.

System performance is evaluated over the full speed

Excellent  dynamic  tracking  performance has  been
combined with steady state accuracy through use of
continuous adaptive signal processing methods. This is very
well demonstrated in work based on the Recursive Maximum
Likelihood algorithm [7-8]. This technique has been shown
to be suitable for a majority of unmodified induction
machines, but the performance can be compromised at very
low speeds and low loads.

The work preseated here employs a model-based speed

i for speed feedback (o the speed controller (10 retain

and load runge, with a view to its use in multi-mot
speed-synchronized  drives, an  application typicaliy
requiring the performance of an encodered system.

1 INTRODUCTION

Encoderless contol  of iduction motor drives s a
commercially estublished means of providing high dynanuc
performunce  from  an induction  motor,  bringing  both
cconomic and practical benefits, Many sensorless techniques
use machine electrical parameters  and - voltage/current
measurement (Guantities that would typically be measured or
known) to obtain a speed estimate through application of the
machine dynamic eqguati These technigues are (ypified
by those due to Schauder | 1], Ohtani {2] and Kubota [3). In
these model-based techniques parameters will vary  with
operating condition and this will aftect the drive performance.

More recently  sensorless  position  control _has  been
demonstrated [9-12), but these techniques may  require
spectally modiied motors and/or signal injection and this
may impose practical mitations and increase power Josses.
1t 15 behieved that the range of these technigues is limited 10
the very low speed region, because of the large vollages
required for signal injection at hlghcr speeds.

An  aliernative .lppmw.h is 1o combine model-based

s with an indey “orwpudfnr
(.umpklhnl braned from har ! ge and current
due to rolor slotting.  With this mhmqnc accurate steady
state speed holding accuracy has been demonstrated [4-6].
The majority of work in this area bas used spectral estimation
technigues based on batch processing methods, such as the

high dynamic performance) and tuning that uses speed
measurement derived from the rotor slot harmonics (RSH).
The slot harmonic estimate is compared with the model
estimate and the error used 1o tune the rotor time constant (T,)
in the model-based estimator. The tuning maintains a steady
state speed accuracy that will be resilient (o small errors in
the other model parameters. The paper briefly outlines the full
sensorless algorithm, its primary intention being to test the
solution over the full speed and load range. Some of these
tests follow the challenging criteria set out in a paper by
Ohyama [13]. The paper also presents the use of the RSH
signal directly for speed feedback, and suggests suitable
operating regions for cach mode of operation.

11. MODEL-BASED SENSORLESS SCHEME

The technique selected for this work is that presented by
Kubota i a range ol papers, the ungmal reference being [3),
and is therefore not explained in great detail here. A
conventional observer structure observes rotor flux and stator
currents.  The rotor speed is not observed directly in this
structure: an estimate of stator current error is used indirectly
1o adjust for speed in the observer model via a P controller

Fig, 1 shows the gencral Direct Rotor Field Orientated
(DRFO) sensorless veetor structure where the Kubota scheme
appears as a component block. Inputs are measured voltage
and current and outputs are speed and rotor flux estimates.
The use of an RSH speed measurement (o tune a model-based
system should be applhicable for the majority of algorithms of
this lypc‘ The Kubota algorithm is used here as it was

Fast Fourier Transform (FFT). Whilst this pr high
accuracy, the delay I with its operation varies with
operating speed and can be significant at low speed.

idered to be one of the better performing algotithms in
comparative tests made between three of the more popular
methods | 13),
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Fig | Structure of the scrsoriess veotor scheaie:

1 TUNING USING ROTOR SLOT HARMONICS
A. Rovor Stot Harmonics

mmnmmﬁqmmmdeﬁmdbyme
following equation

fi= 2 e - St} o o
whcreplsmemmhero‘pnlewfs.lull\cwmbuofm
slots, 1is the exemation frequency and Ly, is the shp
frequency. In many machines only one hurmonie will be
present Ln practice RSH due 1o higher order MMF harmonics
will exist and may be of use in @ robust tracking algorithm.
Equation (1) 1s moditied 10

[u-%(ﬁ'ﬁh)*#i )

where @ is & posilive integer.
Slot_harmonics obey simitar existence cmcm.t_o PWM

(750mm)
‘p:dmmmmmmmmm
Whilst the  switching harmonic spread tghtens wl\h

tracked, due (o the absence of @ 15°
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Fig 2 Stator current spectra at fow and full cated load, showing the
nverter harmonics and the rotor slot harmonics for a = -3, etc

o1 SR o
b i
E

2 .0 L) ® R’ M w BB
Fig.3 Stator current magnitude speetra at low and half raed load, showing
ihe inverter harmonies and the rotor slot harmonies for o= -3 etc

1t was found that the range. before RSH contact with
inverter harmonics, could be exiended still further. When
currents are measured and converted (o the rotating frame, as
necessary for vector control, a value for the stator current
m(m)mhw Fig. 3 shows how the RSH
and inverter harmonics appear in this quantity. Note that the
inverter harmonics appear as multiples of 6k, where
h(().l.z.).mmmqhmm:formedand for our test
appear larger than those duc to the PWM. This 1s 4
very useful oamdmtm dor the slot harmonic tracking
algorithm. - Another consideration is that of current control
bandwidth. 1t was found that the RSH seen in the stator
current reduced with speed, particularly in and around the
current control bandwidth. When this occurs, an increase is
mh\mwzmmwvdﬂpmmm
the voltage demand (IVI) that exists in software.
mmuumummmmmmmrmm
Filter (ATF) using the Recursive Maximum  Likelihood
(RML) The precise nature of the algorithm has
been presented before [7-8). The configuration utilized here
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Pgd The RSH speed estirtor and waing scheme, with speed, flux,
| and shit b e hrg i btaied from obsery

4

comsists of a digital noteh hiter, the cenire frequency of which
s recursively wned W nunimize the signal around  an
estimated slot harmonic.  When the signal 1s at a minimum,
the centre frequency of the notch is that of the slot harmonic
and the rotor speed can be caleulated,

Unlike FFTs, the ATF can be implemented as a recursive
real nme measurement of speed at realistic sample rates.
Parameters used i the ATF algorithm define the size of the
foteh stop band and the amount of past samples used in an
averaging process (7). For wning of a model-based system,
i the steady slate, parameters are maintained at constant
values and reasonable dynamic tracking is retained. A
complex parameter management srategy, where mades. of
operstion must be triggered, is not necessary,

A Band Pass Filter (BPF) is required to pre-filter the line
current prior (o the ATE. This minimizes the influence of the
fundamental and other inverter harmonics,  Here it is
necessary 1o have some estimate of speed and fundamental
frequency  These estimates are obtained from the model-
based system, where speced is available dircctly and the
fundamental Trequency 1s available via ditferentiation of the
flux angle.

B. Tuning the Model-Based System

A block diagram of the ATE and tuning system is shown in
Fig 4. The wacking BPF pre-filier I8 centred with speed and
fundamental frequency estimates obtained from the Kubota
abserver  The bandwidth of this filter i proportional 1o the
centre frequency. 1t therefore decreases with speed and hence
s the nverter harmonie frequencies tighten,

The output from the BPF is passed to the ATE function and
an estimate of speed 15 , wiven knowledge of the
fundamental from the observer.  The noteh filler bandwidth
and averaging control parameters, (0 and A1), are held
constant in this set-up. :

ATE and observer speed are compared and the error used
1o drive a T adjustment value vin a PL controller. This
control was set-up experimentally o have a bandwidth of
approxinately 1Hz.

Nute that two inputs to the algorithm are shown. I is used
a5 input for speeds where the RSH is outside of the current

nn

Facouder and ATF mescuced spesd

as 1 18 2 28 3 a8 4
Tume 1v)

Fig.S Encoder, ATE and model based speed estimates a0 300rpim under
sensorless control

conwrol bandwidth and V1 is used inside. Hysteresis is
included in the changeover mechanism.

IV. EXPERIMENTAL RESULTS

The motor rig used for experimental testing consists of a 4-
pole, kW, closed-slot, squirrel cage induction motor, fed by
# 7.5kW IGBT inverter. Information about the motor, such as
model parameters and number of rotor slots, is known. A 4-
quadrant DC machine acts as load and the drive is fitted with
2 10,000 line encoder for speed comparison. The compl
sensorless algorithm, including PWM g i is
implemented on a Texas TMS320C44 DSP processing
platform.  Such is the nature of the ATF algorithm that
supplementary dedicated are not required for the
slot harmonic tracking.

A. Performance of the ATF Speed Estimator

Fig § and Fig. 6 are included o demonstrate the
performance of the ATF speed estimate.  Fig. 5 displays the
sensorless (model-based) speed used as teedback, the actual
speed, as measured by the encoder, and the speed measured
by the ATE. The drive is operating at approximately half
load with a speed reference of 300rpm.  The rotor time
constant is purposefully de-tuned and tuning is disabled,
Note that, although the model-based speed centres the BPF
for the ATF algorithm, the ATF speed returns a speed signal
that is almost identical to the encoder speed, both in terms of
ahsolute accuracy and resolution. This shows that the ATF is
robust (0 eter inaccuracies within the model.

The upper trace in Fig. 6 shows the ATF wracking during a
large speed transient. This is with ATF algorithm parameters
set for steady state operation.  With a more complex
parameter management strategy the dynamic performance
would be improved, as shown in the lower trace. These
particular results were obtained with a low load and are
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Fip o Encoder and ATE speod esnmates during a speed transient under
serworkess vector comrol

7 weror. Tr tumng s o spoctd sample from the sensorless

Y gy 'h l. gl
tn‘ ’“w[---»-.A.-...-,.V-...
.““‘B‘M' ........ s

R R RN T ¥p . & %k W

Tone 3}

Frg s Speed eror as tull load with no tusing and measured speed with
g cnahlod a1 sec

therefore fast speed transients; the dynamic response of the
ATF is being truly tested,

Fig 10 Load rejection pecformance of the tuncd seasordess drive at
300rpe

B. The Model-Based Scheme with Tr Tuning

Fig. 7 is a result obtained with the tuned drive. The upper
trace shows that the tuning scheme maintains an average error
of Orpm. ‘The drive is aperating at 200rpm with full load over
a 20-minute period. The middle trace shows how Tr is tuned
over that tme, It can be seen, from the lower trace, that the
sensorless drive displays encoder like accuracy: here the real
speed is measured with the encoder, but this plays no part in
the control strategy, 1t is used simply for illustration.

In Fig. 8 it is clear how the speed drifts under similar
operating conditions with no tuning. The drive was tuned
prior to t=0mins; then Tr is held constant.  The lower trace
displays data captured 4 litde atter 1=20mins where tuning is
re-enabled at Iy | sccond.

The load rejection performance is demonstrated at different
speeds in Fig. 9 and Fig. 10. In both cases the drive is
running at no load when close to full load is applied for
several seconds before then being removed. Note that in both
cases a small speed crror persists for a short ume just after the
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Fig 11 Load repection pecormunce of the encodered drive at 300mm

Toud is switched i This is due 1o small errors in the other
mmmmwunnmmm-ndwm
wclude varation in inductance parneters, due to loading,
and error w Re. Note that the Tr tuning responds to this and
lhupudmmampmminleummnmond This
was one of the design critena for the work: that the drive
wﬁﬂmwﬁymwmm;mdl

applications.
mm«nmmmm

lthﬂlFO)memﬂumhmuum }

wn Fig. (1 for comparison.

An imponant aspect of sensorless drive perlbrmwe
evaluation is the region of low speed operation, see Fig. 12
and Fag. 13 These resalts show the drnve runming, with
wimng, MIMmMWMMmGhH'M
conditions. mwmdmmuummd.
challenging test for a sensorless drive (131 1t iy known that
poth the model-based sensorless scheme and the ATFE
algonthm will fail @ low speed. Note that tuning is therefore
disabled for speeds less than 75rpn.

mmwwmmmmwwf«m
nmmumn‘m The degradation in

mwumwhmwpmmu
with voltage measurement and the influence of inverter
deadume on the quality of the voltage wavelorms. Under
Joaded condittons, without & very good estimate
drive will not hold at zero speed. In this case he Rs value
was wned by hand.

C. The ATF Speed used as Direct Feedback

The continuous nature of the ATF speed measurement
mnmaummmmdymwmm
given use of suitahle parameters. This high - dynamic
is al the exp of an increase In noise margin.

estimate of Ry, the

10
Time 3

LU

/T T L T I
} L Timers)

l\u! Low speed staircase speed transient of the tuned deive under full

'Thctoﬂom(woﬁmulummemurmM‘Fspeed

Mm-ﬁpf_whishdympwfmudhm
feedback. This signal is passed through a SHz bandwidih
low-pass filter before being used as the feedback signal. The
speed loop bandwidth is the same as the previous sensortess
scheme. Fig. 14 shows encoder-measured speed dunng the
wransient for four different loads. Somendumdnpplalu
noticeable in the no load result, but otherwise performance is
akin to sensored operation. The realistic operating range for
this mode is >300rpm. Below this speed noise harmonics
will affect the tracking ability of the ATF and the RSH
decreases in amplitude, due (© the action of the current

In Fig. 15 the direct feedback drive is tunning at Y00rpm: u
large load is applicd and removed. Note that the steady state
speed holding is excellent. The response to the load impact is
encoder Jike. When the load is removed however, the ATF
speed holds a small error for a short period of time. This can
be seen in the plot of 1q. This is the more difficult racking
situation for the ATE. Here the slot harmonic has reduced
from bemng very strong and is now both much smaller and
closer 1o the no load inverter associated harmonic. Note that
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Uit s vl

Fig 15 Load sejecton perdonmance of the direct ATF feedbuck dave at
SNp 5
the dnve rotums 10 a good steady state speed, but the
dynanuds are slower.

This particular mode of operation is suited o field
weakenng operation. Here the ship 15 larger at no load.
theretore the <ot harmonic is further from the associated
mverter harmonic, Ako.memmtc\nmmymfou
given luad, thus increasing the RSH amplitude.

V. CONCLUSIONS AND FURTHER WORK

This paper demonstrates (he  significant performance
cnhancements that can be made w0 model-based sensorless
(echnigues using & bigh performance RSH wacking algorithm
i this case the RML-ATE. The drive combines excellent
uﬂymmm&mmwma
available  from  the  model-based  vector  scheme.  The

suitable for synchronised drive apphications that do. not

operate at speeds below 3 Hz for significant periods. This
operating range demands an accurate knowledge of Rs. Rs
estimators can be wcorporated into the drive to improve low
speed performance [14],

Dircct speed feedback from the RML-ATF signal can be
used for speeds above 10 Hz, and can certainly help with
field weakening operation. The RML-ATF signal 1s more
accurate than the model based speed estimate, and is therefore
more Mfmprmdmgthenpcedmfemmc for a second
drive. A second motor rig s currently under construction to
test the suitability of the algorithm for multi-motor drive

applications. This is the ultimate goal for the project.
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Abstract

This paper presents a high performance sensorless induction motor drive that is based on the machine
clectrical model and tuned by a robust speed estimate.  This estimate is obtained from an adaptive
algonthm tracking rotor slot harmonics that appear in voltage and current quantities, The resultant
system is tested for use in multi-motor, speed synchronised drives, an application typically requiring
encodered performance. Excellent system performance is demonstrated on a dual 4kW experimental

ng.

Introduction

Sensorless control of induction motor drives is a large research area that aims to extract high dynamic
performance from an induction machine without the need for a mechanical speed transducer.
Removal of this transducer 1s beneficial for both economic and practical reasons. A majority of
established techniques, and those that have impacted on industry, make use of voltage/current
measurement and knowledge of electrical machine parameters. Speed and flux estimates (parameters
required for high bandwidth ‘vector’ control) are obtained through application of the machine
dynamic equations.  The performance of these techniques will vary, as parameters vary, with
operating condition.  Although parameter variation is a ideration in dered systems with
regard 1o field onentation (affecting torque loop bandwidth), speed holding capability is not
compromised, for this reason sensorless techniques have not impacted into arcas where precise speed
holdmg 18 a necessity.

Application areas that require high accuracy speed holding are any based on multi-axis control. Many
mechanisms in manufacturing require that various component parts are synchromsed and this is
generally achieved by connection of the various clements, through mechanical linkages and gearing,
1o a common source of mechanical power. More recently mechanisms have been produced where
constituent components are driven independently. Here the synchronisation is achieved electronically
and control 15 designed to emulate the prior system specifications. The advantage of this
electropically coupled control is an increase in flexibility; gearing ratios can be adjusted in software
and machinery can be quickly set-up 1o vary product specification with a minimum of downtime.

This paper describes a practically implemented sensorless scheme that has similar speed holding
sceuracy o an encodered drive. A model-based sensorless technique, based on that due 1o Kubota

EPE 2001 - Graz Pl

225



APPENDIX A Project Resulting Conference Papers

A High Performance Sensorless Induction Motor Drive for use in Multi-Motor Speed Synchronised

Appheations G. Tl

Fig. 1: Structure of the sensorless vector scheme

[1]. 15 augmented with an estimation of true speed derived from rotor slot harmonics (RSH). This

) is ex d from voltage and current quantities using the Recursive Maximum Likelihood
algorithm [2); this technique gives a high bandwidth speed estimate and has been shown to be suitable
for a majority of unmodified induction machines [3]. The slot harmonic estimate is compared with
the model estimate and the error used 1o tune the rotor time constant (T,) in the model-based observer.
The paper outhines the full sensorless method and goes on to demonstrate two sensorless drives, both

using this algorithm, running in speed synchronism using a master-slave approach.

Model-Based Sensorless Control

Sensorless control techniques based on knowledge of machine electrical para are typified by
those due to Schauder [4], Ohtani [$] and Kubota [1]. The work presented here s based on the latter
method, considered 1o be one of the better performing algorithms in comparative tests made between
the three [6].

Fig | shows the Kubota method as a speed and flux observer in a Direct Rotor Field Oriented
(DRFO) sensorless vector structure. Inputs to the observer are measured voltages and currents. The
precise nature of the observer algonthm is detailed in several papers by Kubota, the original reference
being (1], and has been used in other sensorless work; it is therefore not presented in detail here. A
conventional observer structure observes rotor flux and stator currents.  The rotor speed is not
observed directly: an estimate of stator current error, together with estimated flux, is used to adjust for
speed in the observer model via a Pl controller.

More recently sensorless position control has been demonstrated [7-10], but these techniques may
require specially modified motors and/or signal injection and this may impose practical limitations
and increase power losses. It is believed that the range of these techniques is limited to the low speed
region because of the voltage capacity required for signal injection at higher speed.

Tuning Using Rotor Slot Harmonics

The use of an RSH speed measurement to tune a model-based system should be applicable tor a
majonty of algorithms of the type previously described.

Rotor Slot Harmonics
The first order RSH frequencies are defined by the following equation

ra-%(ﬁ-fw)tﬁ (1

where p is the number of pole pairs, 2 is the number of rotor slots, £, is the excitation frequency and
fg 18 the ship frequency. In many machines only one harmonic will be present. In practice RSH due
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Fig.2: Stator line current spectra at low and full  Fig.3: Stator cutrent magnitude spectra at low
rated load, showing mverter and rotor slot  and halfrated load, showing inverter and rotor
harmonics for a=-3, etc (n,=750rpm) slot harmonics for ¢=-3, etc (n,=750rpm)

1o higher order MMF harmonics will exist and may be of use in a robust tracking algorithm. Equation
(1) 1s modified to

I»-f;(ﬁ-ﬁv)tm @

where ¢ is a positive integer.

In an inverter drive slot harmonics exist with PWM switching harmonics. Note, from equation 1, that
when fslip is small a single RSH will be close to an inverter harmonic. This can be seen in fig. 2,
which displays FFTs of a stator line eurrent.  The upper trace is taken at low load and the lower trace
at full rated load.  As load increases the slot harmonic moves away from the associated inverter
harmomic and increases in amplitude. The machine used in this research has 14 slots per pole pair
The clearly visible RSH are those corresponding to @e=-1 and a=+3. Whilst others are evident, they
are small in amplitude and not detectable at all speeds and loads. These results, and those in the
following figure, where obtained at half rated speed (750rpm).

At lower speeds the RSH will cross mverter harmonics as the load is increased. Whilst the switching
harmonic spread tightens with decreasing speed. the RSH will move a fixed distance from no load to
full load. In this machine a greater range is obtained before this crossing occurs if the (= +3 harmonic
is tracked, duc to the absence of a 15 inverter harmonic.

It was found that the range, before RSH contact with inverter harmonics, could be extended still
further. When currents are measured and converted to the rotating frame, as necessary for vecior
control, a value for the stator current magnitude ([I]) can be obtained. Fig. 3 shows how the RSH and
inverter harmonics appear in this quantity. Note that the inverter harmonics appear as multiples of 6k.
where k=(0,1,2..). The RSH are also transformed and, for our test machine, appear larger than those
due 1o the PWM. This is a very useful consideration for the slot harmonic tracking algorithm.
Another consideration 1s that of current control. It was found that the RSH seen in the stator current
reduced with speed, particularly within and around the current control bandwidth. When this occurs,
an increase is seen in RSH amplitude in measured voltage and therefore in the voltage demand (|V))
that exists in software. .

The slot harmonic is tracked with an Adaptive Tracking Filter (ATF) using the Recursive Maximum
Likelihood (RML ) algorithm. The precise nature of the algorithm has been presented before [2]. The
configuration utilised here consists of a digital notch filter, the centre frequency of which is
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Fig. 4: The RSH speed estimator and tuning scheme
with speed, flux, fundamental and slot harmonic
frequency estimates obtained from the observer

recursively tuned to minimise the signal around an estimated slot harmonic. When the signal is at a
minimum, the centre ﬁ\squency of the notch is that of the slot harmonic and the rotor speed can be

calculated,

Unlike FETs, the ATF can be mmkmled as a recursive real ime measurement of speed at realistic
sample rates. Parameters used in the ATF algorithm define the size of the notch stop band and the
amount of past samples used in an averaging process [2]. For tuning of a model-based system, in the
steady state, parameters are maintained at constant values and reasonable dynamic tracking is
retained. A complex parameter management strategy, where modes of operation must be triggered, is
not necessary.

A Band Pass Filter (BPF) is required to pre-ﬁlu the line current prior to the ATF. This minimises
the influence of the fundamental and other inverter harmonics. Here it is necessary to have some
estimate of speed and fundamental frequency. These estimates are obtained from the model-based
system, where speed is available directly and the fundamental frequency s available via
differentiation of the flux angle.

Tuning the Model-Based System

A block diagram of the ATF and tuning system is shown in Fig 4. The tracking BPF pre-filter is
centred with speed and fundamental frequency estimates obtained from the Kubota observer. The
bandwidth of this filter is proportional to the centre frequency. It therefore decreases with speed and
hence as the mverter harmonic frequencies tighten.

The owput from the BPF is passed to the ATF function and an estimate of speed is produced, given
knowledge of the fundamental from the observer. The notch filter bandwidth and averaging control

parameters, r(t) and A(t), are held constant in this set-up.

ATF and observer speeds are compared and the error used to drive a T, adjustment value via a Pl
controller. This control was set-up experimentally to have a bandwidth of approximately 1Hz.

Note that two mputs to the algorithm are shown. mmmedumputrorspecdswheremc RSH is
outside of the current control bandwidth and |V| is used inside. Hysteresis is included in the
changeover mechanism.

Multi-Axis Control

Many manufacluring processes require the synchronisation of several axes relative to a master
command. This is cenamly the case in the manufacture of sheet material, such as paper and steel, and

various cutting and grinding applications, Such coupling was generally achieved through the use of
gears, Iinkages and belts with the process power derived from a common source.
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Newer developments in manufacturing technology have seen mechanical transmissions replaced with
electrical actuators that drive individual axes [11). These systems are coupled clectronically and
controlled in such a way to emulate the systems they replace. The advantages associated with this
solution are increases in flexibility and reliability and a reduction in overall size of the machinery:
product specifications can now be adjusted quickly and simply, possibly without a process being
halted; smaller size is due 1o the reduction in the amount of moving parts in a machine, hence there is
less associated maintenance; and the tolerances and accuracy of manufacture are now no longer
related 1o the tolerances, accuracy and wear of the mechanical linkages.

Varnous control techniques have been proposed for synchronised motion. a common two being
synchronous  command generation and the master-slave method.  The work presented here
concentrates on the latter. In this case a high inertia drive is speed controlled and the speed of this
drive is fed as a reference to a second, low inertia machine. With this technique load impacts and
reference changes seen on the high inertia drive will be responded to by the low inertia rig. This is
not the case for impacts to the low inertia drive.

Much research interest has been aimed at improving the control techniques used in these multi-motor
drives. The disadvantage of the afi ntioned techniques being that they do not display the inter-
shaft stiffness that it is possible to obtain from mechanically coupled drives through all operating
conditions: with mechanical systems the inter-shaft coupling is dependent on the torque obtainable
through the mechanical transmission.  With multi-motor examples there is also the consideration of
drive rating.  In the master-slave approach for example there will be problems if the slave drive is
operating in saturation for any period. In this case it can not possibly track the master. More
advanced control methods are outlined in [11-13]. This paper concentrates on the simple master-slave
algorithm to demonstrate the performance of the described sensorless method.

Experimental Results

The first motor rig used for experimental testing consists of a delta connected, 4-pole, 4kW, closed-
slot, squirrel cage induction motor, fed by a 7.5kW IGBT inverter. The motor is fitted with a 10,000
line encoder for speed comparison. The second rig utilises a similarly rated machine and power
converter (both from different manufacturers) and is fitted with a 2,500 line encoder.

Information such as number of rotor slots is known for both rigs and electrical parameters have been
obtamned from no load and locked rotor tests, DC machines that act as load are coupled to each
induction machine. The inertia of the DC drive used on rig 1 is several times larger than that used on
ng 2.

The complete control structure for both drives is implemented on a Texas TMS320044 processing
platform housed in a host PC. The system comprises 2 C44 DSP processors, one is in communication
with the host PC, power converters and measurement circuitry, whilst the other is used for data

processing only.
Performance of the ATF Speed Estimator
Fig. 5 is included to d the cy attainable from the ATF speed estimate. [t displays the

sensorless speed (used as feedback). the encoder measured speed (10,000 line encoder sampled every
0.01 seconds) and speed estimated by the ATE. The drive is running with a demand speed of 300rpm
at approximately *: rated load. The rotor time constant is purposefully de-tuned and the tuning
mechanism is disabled.  Note that, although the model-based speed centres the BPF for the ATF
algorithm, the ATF returns a speed signal that is almost identical to the encoder speed, in terms of
both absolute accuracy and resolution, This shows that the ATF is robust to parameter inaccuracies
within the model.
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Fig 5 Encoder, ATF and model-based speed
estimates at 300rpm under sensorless control
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Fig. 6:Absolute and relative speed error and Tr
tuning from dual sensorless drive operating at
Zﬂorpmmderﬁzllmd

The Model-Based Scheme with T, Tuning

rmomamnowmmmwmmwaﬁmmmﬁemdym Both drives
mmnwuﬂnuwﬁnﬁﬁlm:dhﬁs.m&ummmdwﬂofmmuls
minute period. The upper trace shows how T, varies as the motor temperature rises. The centre trace
displays the error between each drive and the reference speed; this is as measured by the encoders,
although they play no partin the control strategy, The difference in resolution between the two traces
is due 1o the different number of lines on each encoder: they are sampled at the same rate. The lower
trace shows the relative error between the Iwo drives.  Both of these lower traces indicate that the

drive displays encoder like aceuracy.

If the drive is run under similar conditions with no tuning, the absolute speed error approaches S rpm
over the same running time. The ervors are dependent upon the relative loading and thus the relative
heating effect m cach machine,

Variation of the Reference Demand

The results below show the sensorless master-slave conﬁgumtwn responding 10 changes in master
reference. In fig. 7 the reference is varied in 100;pm steps from 100 to 900spm.  The upper trace

f b
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Fig.8: Sensorless self-tuning drive responding
to o large (800rpm) siep change in master
reference. Speed is measured by the encoder

Fig. 7. Sensorless self-uming drive responding
1o 100rpm step changes in master reference,
Lower trace shows relative speed error
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Fig. 9: Response of the tuned sensorless drive Fig. 10: Response of the tuned sensorless drive
1o a large load impact seen on the master drive 10 a large load impact seen on the slave drive at
at 360rpm 360rpm

shows the demand npeed together with the encoder-measured speed from both drives. In the lower
trace the relative error is shown, Note that, when in the steady state, both drives are operating within
the encoder resolution accuracy. mewmhbomdnvuwmommgmthasmu load
(approximately ¥ rated),

In fig & we see the master-slave scheme accelerating over a longer period oftime In this case the
master is operating at around ¥ rated load, whilst the slave operates at about "4 rated, Note that there
18 a small relative error at both the beginning and end of the transient, but generally the slave tracks
the master very well.  Due to the difference in load inertia, if the two drives were reacting
ndependently to the same demand, the acceleration rates would be markedly different,

Load Rejection Performance

As previously discussed, the nature of the mmr—shvewmulmhmqueunuuble for circumstances
where the master drive only will be subject to disturbance loads. Figures 9 10 13 show the
performance of the tuned sensorless drive under various load impact conditions.

In fig 9 can be seen the effect of a large load disturbance applied to the master drive. The slave drive
15 operating with a load of around "4 rated.  The slave responds to the disturbance with dynamics
defined by the speed controller and doesn’t
saturate  In the lower trace it 1s clear that some
error is transferred to the relative position of the 2
drives, but this is minimal and in the order of a i

few degrees.

The fig. 9 result can be contrasted with those
shown i figs. 10 and 11 Fig 10 illustrates the
response of the drive system with a load impact
applied 10 the slave drive. The change in load,
and resultant response of the speed control, i
generates a large error. This would be
the case with a fully sensored system operating £
this control method and for systems that attempt l
synchromsation using only locked and limited i )
t&m:n“m::mmm‘maim‘hmﬂx Fig. 11: Response of the sensored drive to g
¢ TERpORInS: ) large load impact seen on the master drive at
are comparable with the sensorless result. 360mm
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Fig 12: Response of the tuned sensorless drive Fig. 13: Response of the tuned sensorless drive
10 a large load impact seen on the master drive loah;geloa‘dimmmonthemsmdriva
at 1050rpm ! at 200rpm

Figures 12 and 13 are included to demonstrate the level of performance achieved at other operating
speeds. In fig 13, at 200rpm, the response is a little noisy at lower operating loads on the master
deive: this is clear as the load is removed.  As the speed reduces below around 100rpm the tuning for
both drives is disabled.  In this region the model-based control method suffers degradation in
performance, due to problems with measurement and inverter deadtime, and tuning becomes ditficult
because the ATF algorithm responds to inverter harmonics that are now in very close proximity to the
RSH. ;

Conclusions and Further Work

This paper has demonstrated the significant performance enhancements that can be made to model-
based sensorless techniques using a high performance RSH tracking algorithm — in this case the
RML-ATF. The drive combines excellent steady state accuracy with the high dynamic performance
available from the model-based vector scheme. The tuning accounts for errors in model parameters
that will compromise accurate speed holding performance as operating conditions vary. This includes
variation m resistance values with operating temperature and variation in inductance parameters, due
to saturation, with load.

The results indicate that the control structure as it stands is suitable for synchronised drive
applications that do not operate at speeds below 100rpm.  Operation below this speed demands an
accurate knowledge of Rs for good observer operation and may require some form of signal injection
for robust speed tracking. Rs estimators can be incorporated into the drive to improve low speed
performance [14] Signal injection methods are aimed at the low speed region [7-10].

This work has concentrated on the development of a sensorless drive with encoder like speed holding
capability and the proposed scheme has achieved this for speeds above 100rpm. The master-slave
multi-motor control scheme has demonstrated excellent speed locking performance from a fully speed
sensorless induction motor drive. Further work will be aimed at extending the range of operation to
lower speeds and tneorporating the more advanced control techniques for multi-motor operation.
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Abstract-This  paper  describes  the development of S | hers have i igated the use of machine
semorles induction motor drive scheme that cun be used for — Gjiency for extracting motor position information, In effect,
high-performance process control where multi-
mator speed synchronisation is required. The scheme employs s approach considers the rotor as a position encoder:
Mlmwnh—m:wadm saliencies can be introduced into the rotor in the form of
Hl-:@‘,lnwh“ o m‘.:: distributed slot leakage (2] or distributed rotor resistance [3]
MRAS ushog » speed
bwﬂ‘h‘g—*mdt”m The 'Mm“dli“"’L“Mp'mwdWm“'ol;g"ﬁeqm’
e and dlent speed synchronisation of two drives Is  Stator currents. Excellent position control and low speed
demonstrated expertmentally. Iunbemcbmmtedm but the obvious
drawback is the requirement for a ly modified motor,
ﬂmomhhlhxddbenmdduﬂduhudcmmeddw
. INTRODUCTION feasibility of a similar technique using a standard cage

machine [S]. Them:ngmﬂcamdnubnckswbcn

ontrol are the i duction of extra
muwwummu@dawanyuﬁmmmsc
in vibration and audible noise. These may not be acceptable,
for example on paper or steel mill applications.

As an altemative approach, the rotor saliency due to rotor
uomhgmnhenplnyedforwwdmmmthomd\cmd
for signal injection. Rotor slot h (RSH) *
mmmummwmuvww
most of the torque and speed range. Unfortunately, as with
model-based techniques, the speed information disappears at
low speeds and loads as the slot harmonic either reduces in
magnitude (with reducing load), or becomes swamped in
inverter/machine related harmonics. It does however offer a
truc speed measurement over a significant part of the
perating range and can therefore be employed within a

control scheme which 1s both robust to machine parameter
variations and able 10 work in the very low speedlow torque
region. For this reason, they are still not considered suitable
for high performance drive applications.

sensorless speed control system.

This paper proposes the application of sensorless
induction motor drives (o high performance industrial
applications where multi-drive synchronisation is required,
Applications 0 be considered are the simple electronic

co-ordination of several sectional drives within a processing
mill.  Sensorless drives would be of considerable benefit in,
for example, a paper mill, where wet or humid conditions can
seriously degrade the operation of an electronic encoder.
Scction Il describes the model-based estimator and slot
h-nmnk methods  used to create the high performance
less control I provides an overview
oftheewmulﬁdﬁty Secumwomlmnm:mm-
maotor control gited for the
listed. WVMWmmapmmmmmw
and the conclusions from this work.
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Before describing the full system, the constituent parts
will be briefly reviewed.

A Model Reference Adaptive System (MRAS)

particular  model-based  scheme  chosen  was
mem A conventional observer structure
is used 10 estimate the rotor flux and the stator currents.  The
error betwoen the stator current estimate and its measured

‘
L—efor} beg

Fig | Onverview of the Kubots spead/fhax cbwerver

[7). The rotor slot harmonic will exist in the motor current at
a frequency (f,) defined by equation (1) for the motors
employed in this project.

ﬁo=‘§(ﬁ—f-)tar- )

In (1), p is the number of motor pole pairs, z is the
number of rotor slots, £, is the excitation frequency and L, is
the slip frequency. Higher order MMF harmonics will exist
due to the PWM modulation of voltage and machine eflects;
this is accounted for by the inclusion of ¢, which is a positive
integer.

In essence, the RML-ATF acts as an adaptive bandstop
filter. The centre frequency of the filter is adjusted until the
output is minimised: at which point the centre frequency is
qdbmmmnlhewuw The

second order bandpass filler is used, with centre frequency
and bandwidth set using the outputs of the MRAS.  Even il
the MRAS is seriously detuned, the centre frequency estimate
will be close enough to ensure that the RML-ATF locks onto
the real slot harmomic, providing an accuratc speed
m-mhmz

The configuration wtilised in this work, trucks the RSH
effects seen in both the current and voltage magnitude. These
quantitics are casily obtamned in a vector control system.  An
m of using these variables is that the inverter
harmonics appear at multiples of six times the fundamental
-w»mwa;mmw

frequency,

frequency space is less crowded. bdluundmmtb
mma‘ was also amplified with
respect 1o the inverter mmwum
harmonics present in a single fine quantity only, A change

|

otk snd RMLATT mesmwrdapeed. |
Rl e = : |
MRAS st j
WL
'\‘.‘n abell

oy ".\’.‘ (S ’M -

Fig. 2. MAﬁﬂmwmnmm
under sensorfows control. The MRAS is purposefully detuned
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Fig 3. Operating region of the RML-ATF

over mechamsm is employed, incorporating hysteresis, 0
change between current and  voltage at given
speeds. When speed is at a fow value (<12-14 Hz), the RSH
is within the frequency range of the current controller; the
controller acts W reduce these harmonics and in doing so
creates rotor slot harmonics in the voltage  wavelorm.
Therefore voltage can be used to dentify the RSH frequency.
Indeed the voltage demand rather than the measured value
can be enployed. Above a set speed the tracking is switched
back to measured current.

Two problems exist with the implementation of the RML-
ATF. Firsily, the dynamic response of the filter is dependent
on the RSH frequency and effectively the speed. At low
speeds the delay associated with the ATF prohibits its use for
direct speed foedback. 1t can however be used 10 tune the
MRAS system. The tuning scheme is shown in Fig, 4, where
estimates of speed and excitation frequency from the Kubota
obscrver contre the bandpass filker.  The filler output is

used, given that the MRAS system is reasonably tuned.
mmm.wumybwmm»ﬂn

Pifraesas R i
b g .'.:"' ], ,i'm~~o- -
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Figg 4. The model wining strategty
G Irr

here, is that at very low speeds the RML-ATF cannot be
Ww'hﬁqu’Mmm

10 be y accurate, as the whole speed
Wmumwmumymm
it re-enters the normal operating region.

mmumwmmmm

1) MRAS with [PP

2) MRAS with RML-ATF tuning
i) RSH derived from voltage demand (<12-14Hz)
i) RSH denved from measured stator  current

magnitude (>12-14Hz)
4)  RML-ATF used directly for speed feedback and
IRFO

. EXPERIMENTAL FACILITY
The mn rigs hne hm“muucd lneclfully %

'Wams. For these tests both motors are rated at 4 KW,

A full motor parameter list is given in the Appendix. The
induction motors are mounted on scparate bedplates, cach
with its own independent loading system.  In both cases the

0-7803-7114-3/01/$10.00 (C) 2001

236



APPENDIX A Project Resulting Conference Papers

2

Flot IXC for
Cawnod wal
Dasia Cagmae nr

., V. i

DISP Sy v
[P—

L

Fig $ Ovenall layout of the
o

load comyprises a DC machine fed from a four quadrant fully

large (yet realistic) errors in around | second. The RML-
ATF algonithm runs at 4 sample frequency of 4kHz when I
s used s the input (the RSH frequency is higher than
100Hz) and at 2kHz when [V is used.  Algorithm parameters,
as defined in [7), are set for steady state conditions and are
not changoed during operation.
hhwmﬁhhmﬁmm

speed holding.

sampled every 10ms. Afler a sudden vanation in load torque
4 MRAS speed error will exist due 1o parameter error. The
waning mechanism will tune out the error although the tuning
time constant will vary very slightly acconding 1o the new
load state: the RML-ATFE dynamics are mildly affected by the
amplitude variation in slot harmonic signal, An increase in
Toad torque will hence be responded 1o slightly more quickly
than a reduction.

A block diagram of the expenmental rig is shown in Fig.
5. The performance of the scnsorless tuning drives is

E
s
:

mmmmmmm

Fig. 7. Load rejection perfiemance of the sensordess tuning scheme
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In this simple control scheme the user assigns one of the
drives to be a master, with subsequent drives being defined as
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Fig. 9. Response of the slave schy load impact

Fig. 9 shows encoderced results, where the higher inertia
drive has been the master. The upper trace shows
how bath drives respond to a large load disturbance applicd
10 the master. The second trace shows the lack of backward
coupling, where a load disturbance applied to the slave is not
seen by the master drive.  The lower trace shows both drives
mﬂwm.:-pchmmm
speed.  Given the described limitations, the scheme waorks
well, but one way coupling would also cause a problem
where the slave drive performance was affected by ils
operation close o or n torque limit.  Under these conditions
it could not be guaranteed to follow the master.
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B Crass-Coupling

A significant improvement can be introduced  through
cross-coupling [9): Le. letting cach of the drives act on both
absolute and relative crrors, as illustrated in Fig 10, The
feedback of relative drive error to each of the controllers
altows a form of load torque reflection from one drive to the
other. Gains k1 and k2 can be set to define the importance of
relative coupling, but their affect on speed controller design
must be considered.  This allows both drives to react to load
torques imposed on the other, preventing the large relative
position error seen when using the master-slave approach.

A siilar coupling strategy was proposed by Lorenz in
110} A master-slave structure is used and the slave speed fed
back to the master for coupling.  In both of these schemes
simple gains can be wsed, 10 weight refative and absolute
speed control response, or 3 separate coupling controller
could be designed.

Resulis for the scheme are shown in Fig. 11. Note, from
fhe top two traces, that a response is oblained from cach drive
to impacts on the imndividual drives. In the lower trace @
whunmﬁw&bmm
i& 4 noticeable difference between the two speeds here. At
the beginning of the transient both drives are responding 10
the large absolute error. This would be improved with
reference rate limiting.

The mmjor drawhack with this approach is that it would be
difficult © extend the scheme for operation with more than
two dnves.

Fig 13. mgﬁwmm»u

inpacts

C. Electronic (Virtual) Line-Shaft

The third control scheme cvaluated was proposed by
Valenzuela and Lorenz and considered for use in paper mill
applications [11]. This scheme secks to emulate the
mechanical drive shaft connected to sectional drives in
typical mill machinery, providing the slow dowwspeed up of
the whole system in response to a load change on any of the
scctional drives. It achieves this by using a real time
simulation of a line-shaft, with associated inertia, etc. The
drive responds to the actual demand speed, as if it were a
mechanical system, with the output speed (and position) fed
as a reference to each of the sectional drives.  Load torque
imposed on any of the sectional drives is fed back
clectronically to the line-shaft and causes slow down or speed
up of the virtual-shaft which is then translated 1o a slow down
or speed up of the reference speed to each of the sectional
drives. A good degree of synchronism is maintained. The
(simplified) overall control scheme is illustrated in Fig 12
with performance shown in Fig. 13. Here the response of the
system is dominated by the inertia of the virtual system (in
this case set 10 0. ). This limits the reference seen by
cach drive and hence the slow response to the step change in
speed demand in the lower trace shows excellent speed

i The upper two traces show less cffective
cross-coupling duning load impacts.  The inertia of the virtual
shaft again limits this response, but this can be improved by
balancing inertias through the k gains (here set 1o 1.0).

It should be noted that none of these multi-motor schemes.
has yet been optimised for best performunce, Rescarch here is
on going. The results presented here demonstrate encodered
control, for comparison with a sensorless system, 1.e, merely
o demonstrate the viability of using sensorless drives for
these applications.
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V. EXPERIMENTAL RESULTS FOR THE SENSORLESS SYSTEM

Sensorless experimental results are shown in Figs. 14 to
17, These were obtuned under similar speed and load
conditions 1o those used in the encodered expeniments of the
previous section. Fig. 14 shows sensorless master-slave
results, Fig 1S sensorless cross-coupled performance and Fig.
16 shows the response of the sensorless virtual-line-shaft
system. In the case of the master-slave and virtual-line-shaft
results, the performance is practically indistinguishable from
the equivalent results of the encodered system. Both drives
show similar torque performance and encoder like steady

‘ /.. a8

! W

a A=W Lo gt devvs A
= LN ST
l /“ 'J'\

] _...17 \ R [pep—r—y
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g 16 _d’.-—hw-ﬁhlﬁ
impects anad demand speed vanation

’ W |
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T ace)
Fig IS, Respansc of th ol cauplod scheme 1o laxd
gt
extra terms effectively increase the feedback

cross-coupling
gain 1 each drive controller when the drive speeds are not
matched. This can cause a short-term change in the closed
hqmdndtﬁuummnh

mmmm-hwmmmu
investigated further.
mlvwmummmﬂm
Here the relative positions of
uzm-nmmuuwmmm
master-slave schemes. Notice the large relative position error

mwmmumwmg

Fig. 17. Relative position, drive A to drive B, during kad impacts in the
ster-shave mode for both encodered and sensodess operation
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required. The steady state accuracy and resolution of the
scheme matches that of a 10,000-line encoder and the torque
response is comparable 1o that achicved with a sensored
vector controlled drive. The dave will operate at very low

specds and loads, although extra parameter adjustment will
umammmmmh

operation
Mndnnudm:m“mum
sensorless seheme. Further work is now required to improve
transient response, and climinate the low speed oscillations.

AFPENDIX
Inducti hine specili
parameters arc as follows:
A Machine A parameters
P o™ 4KW, d-pole, A-connected, V= 415V, L= 8A,
o™ 1420epm, )= 0. 3kgm'
R, =5.3260 1,7 0.168x, L= 0.64H, L~ 0.633H, M= 0.6H
B Machine B parameters
P AW, d-pole, A-connocted, Vg™ 415V, L= B42A,
Thaned™ 14200pm, J= 0. Thgm'
Ro= $.660, T~ 0.11s, L= 0.56H, L~ 0.56H, M= 0.53H
C  RMUL-ATF and BPF parameters

RML paramcters: r = 0.99, A = 099
BPF parameter: § = 0.027

and RSH tracking
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A SYNCHRONISED MULTI-MOTOR CONTROL SYSTEM USING SENSORLESS INDUCTION MOTOR
DRIVES

G Turd M Sumner and G M Asher
The University of Nottingham, UK

ABSTRACT

This paper outlines a high-performance
induction motor sensorless control strategy
engineered for high speed holding accuracy.
The strategy utilises a model-based method,
tuned by a speed estimate derived from rotor
slot harmonic effects seen in stator quantities.
Two 4kW machines, both running the
developed scheme, are speed synchronised
using a bi-axial cross-coupled control method.
Results are shown to be comparable to those
obtained from the same synchronisation
scheme, and on the same rig, using encodered
indirect rotor flux oriented (IRFO) control.

INTRODUCTION

Sensorless vector control of induction motor drives
continues 1o be a challenging research area. Work
continues to improve the low speed and zero-
Mhmdwm‘wmmbyhgm

signal injection techniques

and in some cases using modified motors (3, 4].
Other research looks to improve the reliability and
robustness of model based speed estimators, such
as those reviewed in [1], or employ expert systems
for parameter modelling and control.

This paper describes a sensorless induction motor
control system designed specifically for a limited
range of applications, namely those where multi-
motor drive synchronisation is required. The
system does not guarantee accurate speed control
below 5 Hz or at no-load, but it does guarantee
encoder like accuracy in its speed control in the
range 5 - 50Hz, and at loads above 10 % rated.
As such it is eminently suitable for applications
such as paper or steel mills, where multi-drive
synchronisation is demanded, at speed, in the
presence of severe torque transients. These
applications in  particular  present  difficult
environments for speed encoders to work reliably.

The control method employs a mode! based
senorless speed control aigorithm. This model is
continually tuned on-line by a speed measurement
derived from the rotor slot harmonic (RSH) signals
present in the stator current and voltage. The full
system is described in [6] and only briefly outlined
here. The operating limits of the drive are
determined by the RSH estimator, and for this work
have been set to the worst case.

THE SENSORLESS TUNING DRIVE

The Model-Based Algorithm

Figure1: Sensorless Model-Based System

A comparative i, undertaken by
Ohyama et al, reviewed the practical performance
of three of the leading candidates for sensorless
DRFO vector control [7]. Due to the conclusions of
the paper, the scheme proposed by Kubota et al
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was chosen to form the basis of the work
presented here. The algorithm is based on a full-
order adaptive observer, used to estimate stator
current (i) and rotor flux (&) in an encodered
system. The scheme is presented in [5] and
extended to estimate both rotor speed and rotor
flux for use in a sensorless DRFO system. A block
diagram of the scheme is shown in figure 1.

The scheme is described by the system of
equations, defined in the stationary stator frame of
reference, shown below,

.l‘=[h Lr
=i i Ao=fher Ao w=fu w]

=[“" "”] s-[”’] c=[r o

An Az 0

Au= -(R-/(GL-)*-(I—Q)/GT:)I
A= ML)/ T ) -0n])
A= (M/T)N

An=YT) +od

B = (’/OIA)I

oy

It can be seen that the mechanism for
speed estimation consists of a Pl controller acting
on the instantaneous torque error in the model; this
is shown in equation (if).

oy = Kp(ﬁliﬂ' "”liﬂt)" Ki I ehli-ﬂ' = Miar)
(ii)

@

The RSH Speed Estimator

iron @t or near the surface of an induction mator
rotor, speed related harmonics exist in the air-gap
MMF wave. These effects are seen in stator
terminal quantities.

The process s effectively the amplitude modulation
of the applied stator frequency with the slot

MMW(MMM) Slot
harmonic  effects been studied in

previous works [8]. The slot harmonic frequencies
are defined by equation (iii).

Ja= \)-—fitg;

(i)
where v=1,23...
x=1,2,3...
z is the number of rotor slots
p is the number of motor pole pairs

Note that it is frequency only that robustly conveys
speed information. The only amplitude
consideration is whether or not an RSH effect can
be tracked in noise and amongst other harmonics
that will exist in stator quantities.

In particular, the slot harmonic components will
exist with PWM harmonics. Most notably, at low
load (with f, and f, approximately equal), a slot
harmonic will exist in close proximity to an inverter
harmonic and may cause tracking problems. The
PWM harmonics, as well as machine design
related harmonics in the air-gap flux, also give rise
to other slot harmonic effects. Hence the x term in
equation (iii). The v term signifies that RSH
components exist due to higher order slotting
effects, bul these are not exploited.

Having extracted a speed signal, by tracking RSH
effects using FFTs, the work of Blasco Gimenez
demonstrated the principle of tuning a model
based Rotor Flux — Model Reference Adaptive
System (RF-MRAS) [9].

In this work the speed signal is obtained by using a
recursive adaptive digital signal-processing system
that offers higher dynamic tracking performance
than the FFT and with less computational cost.
The Adaplive Tracking Speed Estimator (ATSE)
system Is presented in figure 2. An estimation of f,
and f,, each provided by the model based speed
estimator, are combined lo provide an estimate of
RSH frequency. This value sets-up pre-filtering, to
negate the effects of noise harmonics around the
estimated RSH, prior lo the RSH identifier. The
identifier is based on the Recursive Maximum
:.Ikolimod - Adaptive Tracking Filter (RML-ATF)
10},

The RML-ATF identifies the strongest harmonic
signal in the input quantity, hence the need for pre-
filtering. ~ The algorithm consists of the digital
realisation of an adjustable centre frequency notch
filter. The centre frequency is adjusted to minimise
the outpul and hence the strongest frequency
component is identified. This technique was first
suggested for induction motor speed identification
by Ferrah et al [10), and is explained in more depth
in previous publications by the authors [6).
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Bandpass PWM
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RML-ATF Spewd
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Figure 2: The RSH Speed Estimator

The RSH estimate obtained is tumed into a speed
estimate using the relationship shown in equation
(i), with f, obtained by the differentiation of the flux
angle (obtained from the motor model).

The previous work also demonstrated the
advantages of tracking RSH effects in the
quantities [I|, obtained from vector Iy and |,
currents, and |V|, the reference output of the PWM
scheme [6). A change-over is made between
these input variables, where |V| is better tracked at
low speed due to current controller effects. The
previous papers also describe  algorithm
paramaters (6, 10).

The Tuning System

Figure 3. The Sensorless Tuning Drive Speed
Holding Performance

The rolor time constant has been shown in
previous work to be the motor model parameter
most affecting speed estimate
accuracy [9). It is the parameter adjusted by
Blasco Gimenez in his FFT tuning work [9]. Here
the error between the model speed estimate and

A HITHY
|

S,

4\

that obtained from the ATSE is directly used to
produce a T, correction term through a Pl control
mechanism.

Figure 3 shows the 2-drive experimental rig (to be
described shortly) running at a 200rpm demanded
speed, over a 20 minute period. Both motors are
running the sensorless tuning aigorithm. There is
no synchronisation used, other than that both
drives are given the same reference command.
The test is conducted under full-rated load for both
machines and from a cold start. Over this time the
T, adjustment (lower trace) is seen to vary
significantly to correct primarily for resistance
changes in the motor due to the heating effects.
Without tuning each drive would accumulate an
error of some 6rpm to 7rpm over a similar period.

BI-AXIAL SPEED SYNCHRONISATION

Many manufacturing processes require that
constituent parts of a mechanism be synchronised.
These processes would include any based on the
manufacture or handling of sheet materials such as
paper or rolled steel. Traditionally processes would
be synchronised through a  mechanical
transmission system consisting of a line-shaft,

gearing, pulleys, etc.

More recently there has been a large interest in
electronic synchronisation, because it offers certain
advantages in terms of flexibility and reliability. For
example, where product specifications vary with
the relative motion of constituent sections, this can
be changed in software with a minimum of down
time and possibly even online. The increased
reliability has much to do with the removal of the
mechanical transmission.

Various algorithms have been proposed for axis
synchronisation,  from  simple
command generation, through master/slave

[2], and cross-coupled techniques [11],
to the virtual-line shaft method [12]. This work
considers the coupling of a 2-machine system,
both running the previously described sensorless
tuning algorithm, using a parallel cross-coupling
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technique. A previous paper looked at drive speed
malching using the master/slave method, where
the measured/estimated speed of one drive serves
as the reference to the second [2]. The major
disadvantage with this scheme is that the coupling
is only one way: the master drive cannot respond
to speed variation seen by the slave.

ot

Figure 4: Synchronisation Block Diagram

The synchronisation here is achieved using the
technique shown in figure 4. The speed controller
of each drive acts on both absolute (reference —
tive

:
i
g
2

Figure §: The Experimental Set-up

Processing tasks are performed on both
processors. The second processor performs the
model based observer, RSH speed estimation and
tuning routines. The first processor performs data
transfer tasks, speed and current control loop
routines, speed synchronisation and PWM timing
calculations. Of course there is also a processing
overhead  associated  with  inter-processor
communication.

Each induction motor drive is connected to a dc
machine that acts as a variable torque-loading
device. Both rigs are fitted with incremental
encoders, the first is a 10,000-line device, the
second a 2,500-line device. The encoders are
fitted to verify the performance of the sensorless
method and for use in the encodered scheme; they
play no part in the sensorless algorithm!

Induction motor specifications are given in the
appendix, along with the estimated inertia of each
drive rig.

RESULTS

Synchronisation is tested for large step changes in
individual drive load torque. The two drives have
different mechanical characteristics and, although
the electrical characteristics (power ratings, etc)
are not dissimilar, the response to the tests will
certainly vary between drives.

Speed Synchronisation

Figure 6 shows the encodered IRFO synchronised
system during a drive A load impact condition. It is
evident that drive B responds to the impact, due to
the synchronisation, and the maximum speed error
is 20rpm. Without synchronisation, the maximum
speed error is around 35rpm (the drive A drop in
speed without a response from drive B).
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Figure 6: Encodered IRFO Speed
Synchronisation, Load Applied to Drive A

Figure 7 shows the encodered response where a
large load Is removed from drive B. Here the
speed error is limited to 40rpm, whereas in an
uncoupled system the maximum error is 60rpm+.

1, and 1, plots are shown in the lower traces of both
results, for the drive suffering the impact condition.
These are not shown in the following results as the
same test conditions are applied.

The synchronisation is set-up such that the relative
speed error is given twice the weighting of the
absolute error,

The sensorless puformm. tor the wno
operating conditions, is illustrated in figures 8
9.

wop Rig8 —f{}/am ..
i " : ol

mof -k <+ S gosad Emor (ofivet b 370 rom)

° 1 2 2 4 ! L3 T L

LB

Figure 7: Encodered IRFO Speed
Synchronmtion. Load Removed from Drive B

In figure 8 drive A again experiences a large step
change in load torque (applied). In this case the

maximum speed error is seen to have increased,
from the encodered resull of figure 6, to nearly 30
rpm.  However, this is due to the model based
implementation rather than the tuning scheme or
synchronisation method: the fall in speed under
unsynchronised control is increased, from 35rpm to
around 40rpm, for the sensorless control.

The tuning can be seen to maintain encoder-like
speed holding with the sensorless drive in the
steady state condition. Without tuning, and with
the model parameters not set with any attempt for
great accuracy (they are not set with high accuracy
for these tests), a speed difference of at least
some 3rpm to 4rpm would be seen between the
steady state conditions.

Figure 9 is comparable to figure 7. Here drive B is
operating at a large load torque and this is
removed at t = 2seconds. In this case the
maximum speed error is limited to 50rpm, thanks
to the synchronisation, from 70rpm when the drive
is operated in the unsynchronised sensorless
state. Again the drives are seen to hold steady
state speed with encoder like accuracy.

Mob-vnatiaadt.. SpeedErmor (offset by 360rm) . |
o 1 | 3 4 5 L) 4 L
Time (socs)

Figure 8: Sensorless DRFO Speed
Synchronisation. Load Applied to Drive A

T % 4 2 ¥
wsob  Rig B— i s aRIGA e
snm : B ey e ¥
! by ¥ o v .
g Gt “ Speed Emmor (ofsetby 370rpm) ]
o 1 ; 3 ’ F 5 .

Time (ueol

Figure 9: Sensorless DRFO Speed
Synchronisation. Load Removed from Drive B

Position Synchronisation

The validity of sensorless position synchronisation
is tested in figure 10. The control scheme was
modified to include a relative position correction
term and the test performed in figure 9 was
repeated.
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Figure 10: Sensorless DRFO Position
Synchronisation. Load Removed from Drive B

CONCLUSIONS

In this pepumlod\nmdw-bp.dpramly
by the authors (6], for tuning a sensorless model-
based vector drive has been demonstrated for use
in a speed-synchronised system. The parallel
o«mmmmm

shown to constrain the speed error that would
normally be seen Umeaivu simply to obey
similar command  information,  this

was
demonstrated under load transient conditions and
the two drives used have markedly different inertia.

mmnuowunmdodtoshowlho

provide position error compensation. This mode of
operation will not provide encoder-like relative

position holding capability, because the speed-
tuning scheme is designed for operation in the
steady state.
The steady state speed holding is seen to be
encoder-like and this is comparable to the
encodered drive having a 10,000-line encoder
sampled every 001 seconds. Any speed
npplbohonwhuulpudholdmgu
required, fixed speed applications perhaps, could
consider the use of this algorithm.

APPENDIX

Machine A Paramaters

R=5320, T=0. 106: L,=0.64H, L=0633H,
M=0.6H, J=0. 3kgm

Machine B Parameters

Ry=5.642, r,-o.m, L4=0.56H, L=0.56H, M=0.53H,
J=0.14kgm’
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APPENDIX B Motor Parameter Determination Rig B

The motor parameters for rig B were determined using voltage, current and power
measurement, whilst running no load and locked rotor tests. The following two
sections show base parameter calculations, although various parameters were later

tuned/modified, upon analysis of the rig B model based method.

B.1 No Load Test

Applied/measured motor quantity

Applied excitation frequency 50Hz
Measured running frequency (electrical speed) | 49.76Hz
Applied RMS line voltage 415V
Measured RMS phase current 2.32A
Measured per-phase motor power 171.6W
Measured per-phase motor apparent power 965VA
Measured per-phase motor reactive power 948VAR

Table B.1. Applied/measured motor quantities during no-load test

The measured (using a dc ohmmeter) motor stator resistance, Rs = 5.9Q

Reactive power mainly due to L, at no load

Vis = Ké-]i = ﬁ8_ =408.62V
1 2.32
Vie 408.62
Xs=—=——1-—"=176.11Q
“TTT T 232
Ls =.’K‘i=_17_6'_”_=0,56111
o 2xnx350

(B.1)
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B.2 Locked Rotor Test

Applied/measured motor quantity

Applied excitation frequency S50Hz
Measured running frequency (electrical speed) OHz
Applied RMS line voltage 128.2V
Measured RMS phase current 4.834A
Measured per-phase motor power 240W
Measured per-phase motor apparent power 623VA
Measured per-phase motor reactive power 560VAR

Table B.2. Applied/measured motor quantities during locked rotor test

The measured (using a dc ohmmeter) motor stator resistance, Rs = 5.9Q

. Prs=I*Rs = 4.838% x5.9=138W

(B.2)
Using the measured real power R; is calculated, knowing that slip=5=1.0
Prr = P — Prs = 240/ —138W = 102W
= Pe 124360
I 4.838
(B.3)
Reactive power mainly due to l-+]; for the locked rotor condition
Vi = VAR . 390 _ 115757
1 4.838
Xis o = VI:#Ir - 11575 =2392Q
I 4.838
bl =Xt 2392 0760
® 2xmx 50
(B.4)
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For the type of motor used I; and I, are assumed equal

Is = Ir = 0'076 = 00381'1
2
(B.5)
All of the motor parameters are now defined
R =4.36
Ls =0.56H
M=Li-1=0.56-0.038 =0.522H
L =M+1-=056H
T = —{i = ——0'56 =0.13s
R 4.36
a2
o= _Ifi’__A_'[_ =0.13
(B.6)

For completeness, the motor parameters are presented for both induction machines

used in table B.3 below.

Motor Parameter | Rig A | RigB
R, 5.32Q | 5.9Q
R, 3.77Q | 43692
L, 0.64H | 0.56H
L, 0.633H | 0.56H
M 0.6H | 0.522H
T, 0.168s | 0.13s
c 0.11 0.13

Table B.3. Motor parameters for both rig A and rig B
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C.1 Code Listing for Processor A

/* [Z22A 222X 222 R 22 RS XA 2R ARARARRARRRRARRS R R R Rl iR 2 R R 2 2 X XY */
/* this is development code for the master DSP - proc A */
/* */
/* it is not a final program and thus the functionality is */
/* not guaranteed - it has been edited for presentation in */

/* MS Word and this may have introduced errors */
/* */
/* it is included here only to give some indication of */
/* programming detail */

SN R R R R A h kR R RN R kR R AR R R R AR A IR IR AR KRR AR R kAR Ak kN )

#include <stdlib.h>
#include <intpt40.h>
#include <math.h>

#include "PWM.h" /* PWM board functions */
#include "ADC.h" /* A/D board functions */
#include "DAC.h" /* D/A & 1/0 board functions */
#include "TIME.h" /* timer/interrupt functions */
#include "ENC.h" /* encoder board functions */
#include "MEM.h" /* memory map labelling */
#include "MATHS.h" /* maths functions */
#include "RML.h" /* RML and filter functions */
#define freq 8000.0 /* interrupt frequency */
#define time 0.000125

#define freql 100.0 /* speed control frequency */
#define timel 0.01

#define freq2 4000.0 /* 1 control/data capture f */
#define time2 0.0002S

#define mintime 0.000010 /* 10uS lockout delay */
#define maxtime 0.000115 /* time - mintime */

#define PI 3.141592654 /* constants */
#define PIx2 6.283185307
#define PIby2 1.570796327
#define PIby3 1.047197551
#define root3 1.732050808
#define invroot3 0.577350269

1

0

#define root2 .414213562

#define invroot2 .707106781
#define Idl 2.2 /* magnetising current demand 1 */
#define Id2 2.3 /* magnetising current demand 2 */

/*<< DATA VARIABLES >>>>>>>>>>>3>3355555555555>555555555>5>>5>>>>%/
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float sine[1000]); /* sin() data table */
float cosine[1000]; /* cos() data table */
float invsine(1000]; /* asin() data table */
float sgroot([990]; /* squareroot data table */
float datal41]; /* data capture array */
int varl, var2, var3, var4, varS, var6, var7, vars;

/* data capture channel options */

/*<< V/F CONTROL VARIABLES >>5>>3>>>>>>>>>>>>>>>>>>5>3>5>>3>5>5>>>>>%/
int flag=1, start=0;

float _txl, _tyl, _tzl, ttempl, tl_1, t2_1, t0_1;
float tal=0.0, tbl=0.0, tcl=0.0;

float _tx2, _ty2, _tz2, ttemp2, tl_2, t2_2, t0_2;
float ta2=0.0, tb2=0.0, tc2=0.0;

float thetaEl=0.0, d_thetaEl=0.0, fml=0.0, fml=0.0;
float thetal, thetavl; -

float thetaE2=0.0, d_thetaE2=0.0, fm2=0.0, _fm2=0.0;
float theta2, thetaVv2;

float V1, vdl1=0.0, Vgl=0.0, _Vvdil=0.0, _Vvgl=0.0;
float ml, _sectorl, phil_1, phi2_1, Vratiol;

float V2, Vd2=0.0, Vg2=0.0, _Vd2=0.0, _Vg2=0.0;
float m2, _sector2, phil_2, phi2_2, Vratio2;

int anglel, sectorl, angleVl, quadrantl, dratiol;
int angle2, sector2, angleV2, quadrant2, dratio2;

/*<< SPEED MEASUREMENT AND CONTROL VARIABLES >>>>5>55>>5>5>>>x%/
int count=0;

float 1gi=0.0, Igoldl=0.0, errl=0.0, erroldl=0.0;

float wel=0.0, wrl=0.0, wslipl=0.0, wrrefl=0.0;

int speedlal=0, speed2al=0;

float speedal=0.0;

float 1g2=0.0, Igold2=0.0, err2=0.0, errold2=0.0;

float we2=0.0, wr2=0.0, wslip2=0.0, wrref2=0.0;

int speedla2=0, speed2a2=0;

float speeda2=0.0;

/*<< DATA CAPTURE VARIABLES >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>%/
int datacount=0, intcount=0, _intcount=0, temp;

/*<< CURRENT MEASUREMENT AND TRANSFORMS >>>>>3>>>>>>>5>>>>>>>>%/
float _Ial, _Ibl, _Icl, _Ialphal, _Ibetal, _Id1=0.0,
_1Iq1=0.0;
float _Il1, _Ianglel=0.0;
float _Ia2, _Ib2, _Ic2, _Ialpha2, _Ibeta2, _Id2=0.0,
_1q2=0.0;
float _I2, _Iangle2=0.0;

/*<< VOLTAGE MEASUREMENT AND TRANSFORMS >>>>>>>>>>>>>>5>>>>>>%/
float _Vabl, _Vbcl, _Vcal, _Vbetal, _Valphal, _ vdi,
_Vql;
float tempangl_l, tempang2_l;
float _Vab2, _Vbc2, _Vca2, _Vbeta2, _Valpha2, _ vd2,
__Vqg2;
float tempangl_ 2, tempang2_ 2;

/*<< LED OUTPUT >>>3>>>>3>>5>>>>>>>>5>3>>>>>>35535>5>>>55>55555>55>>%/
int OutLED = 0;

/*<< CURRENT CONTROL VARIABLES >>>>>3>>>>>>5>5>5>5>>>>>>>>>>>>>>>%/
float _Vdoldl=0.0, errIdl=0.0, errIdoldl=0.0;

float _Vqoldl=0.0, errIql=0.0, errIqoldl=0.0, Vqglimitl;

int countIl=0; -

float _Vdold2=0.0, errId2=0.0, errldold2=0.0;
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float _Vgold2=0.0, errIqg2=0.0, errIqgold2=0.0, _Vglimit2;
int countI2=0;

/*<< SPEED ESTIMATOR VARIABLES >>>>>>>>>>>>>3>5>5>>>>>>>>>>>>>>%/
float eia2A=0.0, eib2A=0.0, eiA=0.0, eioA=0.0;

float wr_estA=0.0, wr_estoldA=0.0, wr_filtA=0.0;

float eia2B=0.0, eib2B=0.0, eiB=0.0, eioB=0.0;

float wr_estB=0.0, wr_estoldB=0.0, wr_filtB=0.0;

int est_count=0, wrerr countl=0, wrerr_count2=0;

float lr_angl=0.0, lr_ang2=0.0;

float _wrl, _wr2;

/*<< 2 PROCESSOR COMMS AND TIMING VARIABLES 5>>>>>>>>>>>>>>>>%/

float databuffer[52];
float timest, timefn, timeint, comml=1l, comm2=2;

/*<< RML VARIABLES >5>5>>>>>>>>>>>>>>>3>>>>5>5>>3>5>>5>>5>5>5>5>>5>5>>5>5>>>%/
float fea=0.0, feB=0.0, gl, g2;

/*<< PARAMETERS >>3>>3>5>>>>>3>>>3>>>3>>3>3>5>3>>3>3>>>3>5>3>>>3>5>5>>>>5>5>>5>5%/

float Rsl1=5.32, Trl=0.168, Lsl=0.64, Lr1l=0.633, M1=0.6,
sigmal=0.11;

float Rs2=5.6, Tr2=0.11, Ls2=0.56, Lr2=0.56, M2=0.53,
sigma2=0.12;

float Ig _magl, Iq filtl, Trbasel=0.168;

float wr20ld=0.0, tr_flag=-1.0, wr_filtArml=0.0,
wr_£filtBrml=0.0;

float err _coup=0.0, errlmod=0.0, erroldlmod=0.0,
err2mod=0.0, errold2mod=0.0;

int satl=0, sat2=0, countVirt=0;

float _fmv=0.0, IQV=0.0, Igoldv=0.0, errV=0.0,
erroldv=0.0, IgVmod=0.0;

float TeV=0.0, Tevold=0.0, wrV=0.0, wrVold=0.0,
wrVelec=0.0, wrrefv=0.0;

float posVelecl=0.0, posVelec2=0.0, posl=0.0, pos2=0.0,
poserrl=0.0, poserr2=0.0;

float kpl, kil, kp2, ki2, integral_ poserrl=0.0,
integral_poserriold=0.0, Igposl=0.0;

float integral_poserr2=0.0, integral_poserr2old=0.0,
Igpos2=0.0;

void c_intl(void); /* int function declaration  */

void main(void)
int j;
for(j=0; j<32; j++) databuffer[j] = 0.0;
/* initialise comms array */

for(j=0; j<=999; j++)

sinelj] = sin{(float)j*PIx2/999.0);

' /* sine array values */
invsine[j] = asin((float)j/999.0);
‘ . /* arcsine array values */
cosine(j] = cos((float)j*PIx2/999.0);
/* cosine array values */
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void

for(j=0; Jj<=989; j++)

sqroot [j] = sqgrt{(float) ((j+10.0)/10.0));

} /* square root array values
*LED = outLED; /* clear LED pack
PWM_oneshot ()} ; /* setup 8254 'one shot' mode

pwWMa_oneshot () ;

timerl_int(); /* setup/enable timers and intrpts
setup_timers((int)freq);
INT_ENABLE () ;

for(;:)

{

if (*DPRAM == 1.0)

{

fml

_fm2 = * (DPRAM+1) ;
/* update fm

}

else _fml = _fm2 = 0.0;

varl = (int)*(DPvarlptr);
var2 = (int)*(DPvar2ptr);
var3 = (int)*(DPvar3ptr);
var4 = (int) * (DPvar4ptr);
var5 = (int)* (DPvars5ptr);
varé = (int)* (DPvaréptr) ;
var7 = (int)* (DPvar7ptr) ;
var8 = (int)* (DPvar8ptr);
/* update data capture variables
tr_flag = *(DPRAM+14);

c_intl(void)

INT_ENABLE () ;
/*timest = *timlentr;*/

/* interrupt timing counter
outLED = OutLED + 0x00800000;

/* pin set for interrupt timing

*LED = outLED;

if (start == 0) start++;

else

{ /* trigger previous timeouts
PWM_gatepulse (flag) ;
PWMa_gatepulse(flag) ;

}

TriggerADC1 () ; /* trigger A/D boards
TriggerADC2() ;
TriggerADC3 () ;
temp = *timlentr + 150;

/* delay time for A/D settle
/*timest = *timlcntr;*/

flag = flag * -1; /* PWM polarity toggle

*/
*/

*/

*/

*/

*/
*/

*/

*/

*/
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/*<< Virtual Line Shaft >>>>55>5>>>5>>5>>>>>>>>>>>>>>>>>> */

if(flag == -1)

{

}

if (countvirt == 8)

_fmv = fml;
/*wrrefV = data[l4] = PIx2*_fmV;*/
wrrefV a data[l4] = PIx2*_fmV;

errV = wrrefv - wrVelec;
Igv = Igoldv + (0.56598*errV) -
(0.55803*erroldVv) ;

erroldV = errv;

if (IqV > 30.0) 1IgV = 30.0;
if(IqV < -30.0) IgV = -30.0;
Igoldv = IqgV;

Igvmod = IqV - (2.0*Igl) - (4.0*IqQ2);
/*1qVmod = IQV;*/

TeV = 7.5*IgVmod;

wrV = wrvold + 0.001*(TeV + TeVold)/0.6;
wrvold = wrv;

TevVold = TeV;

wrvelec = 2.0*wxrV;
countvirt = 0;

}

countVirt++;

/*<< Kubota Speed Estimator PI >>>5>>>>>>>>>>>>>>>>>>> */
if (est_count==16)

{

}

/* sengsorless speed estimates */

eia2A = _lalphal - databuffer(e];

eib2A = _Ibetal - databuffer(7];

eiA = ((eia2A*databuffer[9]) -
(eib2A*databuffer(8])) ;

wr_estA « wr_estoldA + 4.0%*eiA - 3.5*eio0A;

wr_estoldA = wr_estA;

eicA = eiA;

wr_filtA = datal[35]
= LPFl(wr_estA, freq/16.0, 8.0);
wr_filtArml = data(3S]
= LPF6(wr_estA, freq/16.0, 5.0);
* (DPRAM+17) = wr_filtA/PIx2;

est_count = 0;

if (est_count==2)

{

eia2B = _Jalpha2 - databuffer[16];

eib2B = Ibeta2 - databuffer(17];

eiB = ((eia2B*databuffer[19]}) -
(eib2B*databuffer[18]));

wr_estB = wr_estoldB + 5.0*eiB - 3.5%eioB;

/*wr_estB = wr_estoldB + 4.2%eiB - 3.5*eioB;*/
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}

wr_estoldB « wr_estB;
e10B = eiB;

wr_£iltB « LPF2(wr_estB, freq/16.0, 10.0);
wr_filtBrml = data(36)

= LPFS5(wr_estB, freq/16.0, 5.0);
* (DPRAM+23) = wr_filtB/PIx2;

est_countes;

/o

BIIIBIDINDIIIIIIIIDIBIIIDIIDIDIIDIIDIIDIDIIDIIDIDIIDISO>D> */

/*<< Encoder Speed Control >5>>5>3>>>>3>3>3>>33>33>>>5>>5>>>5>>> */
if (count =« 80)

{

/* start of encoder speed control ~/

/* Speed MEABUI® ~eremmcmmnncmmc e */
/*wrrefl = data(l4] = PIx2*_fml;*/
wrrefl = wrVelec; /* get reference */

speed2als GetSpeedCountl();
speedal = GetSpeedValuel (speedlal, speed2al,
timel);

speedlal = speed2al;
/* measure encoder speed */

wrl « data{l5) = 4.0*speedal*PI;

if(* (DPRAM+15)<0.0)

{

wrl = wrl;
* (DPRAM+4) = 2.0*speedal;
/* get encoder speed */

if((wr_filtA<(wrl+l12.0)) &
(wr_f1iltA>(wrl-12.0))) _wrl = wr_filta;

else

{

_wrl = wril;
Wwrerr_countl++;
} /* error checking for sensorless */

else

wrl =« 0.0;
* (DPRAM+4) = wrl;

_wrl = wr_filtA;

}

/* Speed Control ~~~~~~ e e e e e e */
errl = (wrrefl - _wrl);

/* speed control and current limit */
err_coup = 1.2*(_wrl-_wr2);

/*errimod = 0.5*(errl - err_coup);*/
errimod = errl;

/*1q = Iqold + (0.5621%err) - (0.4919%errold);*/
/* 3Hz */
Iql = Iqoldl + (0.289S5*errimod) -
{0.2696*erroldimod) ;
/* 10 rads/sec */
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erroldimod = errimod;
ifilql > 5.0) 1Iql = 5.0;
if(Iql < -5.0) Iql = -5.0;
1qoldl = data(24] = Iql;

wslipl « Iql / (Trl*ldl);
/* current to slip scaling */
wel = wrl + wslipl:
/* excitation frequency calc */
/* only used in IRFO */

{f(wel < -377.0) wel = -377.0;
/* we limit */
else 1f(wel > 377.0) wel = 377.0;
data(16) = wslipl;
data{l?) « wel;

fml « wel/PIX2;
/* convert to elec frequency */

¢ (DPRAM+S) « fml;

J® ecmae - o e = o o e B S e e o P e B e e e s e e e e t/
count = 0;
Zf(count == 2) /* start of encoder speed control */
! /* Speed MEABUre ~m-omocmcoommmem e */

/*wrref2 « data(18) = PIx2*_fm2;*/

/* convert i/p speed to rad/s */
/owrref2 = data(l8] = _wrl;*/

/* reference is rig 1 speed */
wrref2 « data(l8) = wrVelec;

speed2a2 = GetSpeedCount2();
speeda2 = GetSpeedValue2 (speedla2, speed2a2,
timel);

speedlal = speed2al;
/* measure encoder speed */

wr2 « data[l9] = 4.0*speeda2*PI;

{€f(wr2 > wr2old+12.0) wr2 = wr2old;
if(wr2 < wr2old-12.0) wr2 = wr2old;
else wr2old = wr2;

i€ (* (DPRAM+15) <0.0)
{

wr2 = wra;
.(DPRAM§18) - 2.0*speeda2;
/* get encoder speed */

if ((wr_filtBc(wr2+12.0)) &
(wr_filtB>(wr2-12.0))) _wr2 = wr_filtB;

else
{
_Wr2 = wr2;
} wrerr_count2+s+;
\ /* error checking for sensorless */
else
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wr2 = 0.0;
* (DPRAM+18) = wr2;

_wr2 = wr_filtB;

}

/* Speed Control ~~~emmmmmmmmoccnr v~ ———— */
err2 = (wrref2 - _wr2);

/* speed control and current limit */
err coup = (_wrl - _wr2);

/*err2mod = 0.5*(err2 + err_coup);*/
err2mod = err2;

/*1gq2 = Igold2 + (0.224*err2) - (0.196*errold2);*/

/* inc damping - inc gain, leave gap unchanged */
gl = 1.0%0.16; /* 2.0 */
g2 = gl - 0.009;

/* inc inertia - inc gain of both terms */
gl = 1.0*gl; /* 1.2 */
g2 = 1.0%*g2;

I1q2 = Igold2 + (gl*err2mod) - (g2*errold2mod);
/* 3Hz and 1l0rad/sec */

errold2mod = err2mod;
if(Ig2 > 5.0) Iqg2 = 5.0;
if (Iq2 < -5.0) Ig2 = -5.0;
Iqold2 = data(27] = Iqg2;

wslip2 = Iq2 / (Tr2+*1d2);
/* current to slip scaling */
we2 = wr2 + wslip2;
/* excitation frequency calc */
/* only used in IRFO */

if(we2 < -377.0) we2 = -377.0;
/* we limit */
else if(we2 > 377.0) we2 = 377.0;
data{20]) = wslip2;
data(21] = we2;

fm2 = we2/PIx2;
/* convert to elec frequency */

* (DPRAM+19) = fm2;

/c ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ */
}
count++;
%f(flag--—l) /* DRFO (observer) angle calc */
lr_angl = databuffer(S];
lr_ang2 = databuffer[15];
}
else
{

lr_angl = lr_angl + databuffer[20]/2.0;
lr_ang2 = lr_ang2 + databuffer[21]/2.0;

258



APPENDIX C Code Listings

/*if (1r_angl > PIx2) lr_angl = lr_angl - PIx2;
elge if(lr_angl < 0.0) lr_angl = lr_angl + PIx2;
if (lr_ang2 > PIx2) 1lr ang2 = lr_ang2 - PIx2;

else if(lr_ang2 < 0.0) lr_ang2 = lr_ang2 + PIx2;*/

/*d_thetaEl = (wel*time);

thetaEl = thetaEl + d_thetakEl;

d_thetakE2 = (we2*time);

thetaE2 = thetaE2 + d_thetaE2;*/

/* IRFO */

thetaEl = lr_angl;
thetaE2 = lr ang2;
/* DRFO */

if (thetaEl > PIx2) thetaEl = thetaEl - PIx2;

else if (thetaEl < 0.0) thetaEl = PIx2 + thetaEl;
data(9] = thetakl;

if (thetaE2 > PIx2) thetaE2 = thetaE2 - PIx2;

else if (thetaE2 < 0.0) thetaE2 = PIx2 + thetaE2;
data(12] = thetakE2; /* 0 to 2PI angle limit */

LPF3 ((databuffer[20]/(PIx2*time*2.0)), freq, 5.0);
LPF4 ( (databuffer{21]/(PIx2*time*2.0)), freq, 5.0);

/* DRFO we calculation */
/* 5>35555535553>3333533353333333333333353333353535555>5>>>> ¥/

feA
feB

/*<< Ia, Ib and Ic Capture and Transform >>>5>>>>>>>> */
/*timefn = *timlcntr;
timeint = (timefn-timest)/7.5;*/
do{ }while(*timlcntr < temp);
/* wait for A/D settle */

_Ial = data(0] = ReadADCS();

_Ibl = data[l] = ReadADC6();

/*_Icl = -(_Ial+_Ibl);*/

_Ia2 = data[2] = ReadADC1l1(};

_Ic2 = data[3] = ReadADC12();

/*_Ib2 = -(_Ta2+_Ic2);*/ /* read currents */

_Ialphal = 1.5* Ial*invroot2+*0.66667*invroot3;
_Ibetal = 0.866025404*((2.0%_Ibl)
+ _lal)*invroot2*0.66667*invroot3;
_lalpha2 = 1.5*% Ia2*invroot2*0.66667*invroot3;
_Ibeta2 = -0.866025404*((2.0*_Ic2)
+ _la2)*invroot2*0.66667*invroot3;
/* alpha/beta transform */

anglel = (int) ( 999*thetaEl/PIx2 );
tempangl_1 = cosinelanglell;
tempang2_1 = sine[anglell;
_I1d1 = ((_lalphal*tempangl_1) + (_Ibetal*tempang2_l1));
_Iql = ((_Ibetal*tempangl_1l) - (_Ialphal*tempang2_l));
data(22] = *(DPRAM+7) = _Id1;
data(23] = *(DPRAM+8) = _Iql;
/* d/q transform */

angle2 = (int) ( 999*thetaE2/PIx2 );

tempangl_2 = cosinelangle2];

tempang2_2 = sinelangle2];

_Id2 = ((_Ialpha2*tempangl_2) + (_Ibeta2*tempang2_2));
_Iqg2 = ((_Ibeta2*tempangl_2) - (_Ialpha2*tempang2_2));
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data(25] = *(DPRAM+20)
data(26] = *(DPRAM+21)

_Id2;
_Ig2;
/* d/q transform *x/

_I1 = ((_Id1l*_Idl)+(_Iql*_Iql));
_I2 = ((_Id2*_Id2)+(_Iqg2*_Iq2));
/* current magnitude */

_Vabl = datal4] = ReadADC1(); /* read voltages */
_Vbel = data[5}) = ReadADC2();

/*_Vcal = -(_Vabl+_Vbcl);*/

_Vab2 = data(6] = ReadADC9();

_Vca2 = datal[7]) = ReadADC1l0();

_Vbc2 = -(_Vab2+_Vca2);

_Vbetal = (1.5* _Vbcl)*invroot2*0.66667;
/* alpha/beta transform */

_Valphal = (0.866025404*((2.0*_Vabl)

+ _Vbcl)) *invroot2*0.66667;
_Vbeta2 = (1.5%_Vbc2) *invroot2*0.66667;
_Valpha2 = (0.866025404* ((2.0*_Vab2)

+ _Vbc2)) *invroot2*0.66667;
/* 35555533333 3333333353355535>5353335333>5>355553555555>> ¥/

/* Tr Variation with Load for Rig 1 >>>>>>3>3>>>>>55>>> */
/*if (flag==-1)
{

if(Iql < 0.0) Ig_magl = -Iql;
else Ig magl = IqQl;
Iq_filtl = LPFS5(Iq_magl, freqz2, 1.0);

if(Iq_filtl <= 0.25) Trbasel = 0.3;

else if (Iq f£iltl <= 0.5)
Trbasel = 0.3 - ((Iq_£filtl1-0.25)*0.3);

elgse if(Ig filtl <= 1.0)
Trbasel = 0.225 - ((Ig_£filt1-0.5)*0.05);

else if (Iq_filtl <= 2.0)
Trbasel = 0.2 - ((Iq_£filtl-1.0)*0.015);

else if (Iq filtl <= 4.0)
Trbasel = 0.185 - ((Ig_£iltl-2.0)*0.006);
else Trbasel = 0.173;
y*/

/* SOIDIIBOBIDIDIDIBIDDODDIDIIDDIDIIIIDIDIIIIDIZI>D>O>>> */

/*<< 2 Processor Communication >>>>>>>>>>>>>>>>>>>>>> */

if (flag==1)

{
* (DPRAM+16) = databuffer[30]/PIx2;
* (DPRAM+22) = databuffer([31]/PIx2;
data(37) = databuffer([30];
data([38) = databuffer[31];
data[39] = databuffer[32];
data(40] = databuffer[33];

databuffer([0] = wr_esta;

databuffer (1] = _Ialphal;
databuffer (2] = _Ibetal;
databuffer[3]) = Valphal;
databuffer[4] = _Vbetal;

databuffer[10] = wr_estB;
databuffer[1l]) = _Ialpha2;
databuffer[12) = _TIbeta2;
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databuffer(13] = _Valpha2;
databuffer (14} = _Vbeta2;
databuffer(22] = fea;
databuffer(23) = _I1;
databuffer(24] = V1;
databuffer{25] = wr_filtArml/PIx2;
databuffer[26] = feB;
databuffer([27] = _I2;
databuffer([28] = V2;
databuffer[29] = wr_£filtBrml/PIx2;
databuffer[35] = wrrefv;
databuffer(36] = Iql;
databuffer[37] = wrrefv;
databuffer([38] = Ig2;
databuffer[51] = tr_flag;

/*

pass data for 2x kubota observer */

send_msg (2, databuffer, 52, 1);
while(chk_dma(2});

receive_msg(2, databuffer, 1);
/*while(chk_dma(2)) ;*/

}

/*else

/*comml =

comm2 =
/* SODIIIIIIIBDISIDODDIDIIDIDIODDDIDIIODIIOIIOOO3OSO555>>

chk_dma(2);*/

chk_dma(2) ;*/

/*<< Current Control >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> */

if (flag==-1)

{

else

if (*DPRAM == 1.0)

{

else

if (*DPRAM ==

{

/* wait for current control request */
erridl = Idl - _Idi;

/* control Id and limit vd
_Vdoldl + 60.7*errIdl
- 53.75*errIdoldl;
errldoldl = errIdl;
if(_vdl > 130.0) _vdl =
else if( vdl < -130.0)

_Vdoldl = _vdil;

_vdl =

130.0;

_vdl = -130.0;

errIql = Iql - _Iql;

/* control Ig and limit Vg */
_Vgoldl + 60.7*errIql
- 53.75*%erriqgoldl;
errIgoldl = errIql;
_Vqlimitl = root((442.9%442.9)-(_Vvdl*_vdil));
if(_vql > _vglimitl) _vgl = _Vglimitl;
else if (_Vgl < -_Vglimitl)

Vgl = -_Vglimitl;

_Vgoldl = vqi;

_val =

*/
*/

/* else slip compensated V/F
/* (serves as initial flux)
Rs1*Idl;
wel*Lgl*Idl;

_vdi
_vq1

nn

1.0)
/* wait for current control request */
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errld2 = Id2 - _Id2;

/* control Id and limit vd
_vd2 = _vdold2 + 57.12*errid2

- 50.48*errIdold2;

errldold2 = errlId2;
if (_vd2 > 130.0) _vd2 = 130.0;
else if(_vd2 < -130.0) _vd2 = -130.0;
_Vdold2 = _vdz;

errlg2 = Iq2 - _IqQ2;
/* control Iq and limit Vg
_Vg2 = _Vgold2 + 57.12*%errIqg2
- 50.48*errIqgold2;
errIgold2 errlq2;

*/

*/

_Vqglimit2 = root((442.9%442.9)-(_Vd2+*_vd2));

if(_ Vg2 > _Vqglimit2) _Vg2 = _Vglimit2;

else if( Vg2 < -_Vglimit2) _Vg2 = -_Vglimit2;
_Vqold2 = _Vq2;
}
else /* else slip compensated V/F */
{ /* (serves as initial flux) */
_vd2 = Rs2*Id2;
_Vq2 = we2*Ls2*1d2;
}
}
/* >3535553>53>3>>3>33>>>>333335>33335333533>>3533355353>>55> ¥/
/* V/F Control 1 >5>55>5>5>>>>>3>>>>3>3>>>>>>>>>>>>>>>>>>>>> */
vdl = data(29) = _vdi;
vql = data[30] = _Vql;
if ((vdl*vdl) >(Vgl*Vgl)) dratiol = 0;
else dratiol = 1;

/* use larger volts for angle calc */
if (Vd1<0.0) /* determine quadrant */
{

if (Vq1<0.0)
{
quadrantl = 6 + dratiol;
vdl = -vdi;
vgl = -Vqgl;
}
else
{
quadrantl = 4 + dratiol;
vdl = -vdl;
}
}
else
if(Vgl<0.0)
quadrantl = 2 + dratiol;
vVql = -Vql;
}
else quadrantl = 0 + dratiol;
}
V1l = sqrt ((vdl*vdl)+(vgl*vqgl));
/* calc |V| and check root value */

if (V1<Vql)

V1 = Vqil;
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if (Vievdl) V1 = vdl;
data([28]) = V1;

switch(quadrantl)
/* calc volts angle depending on... */
{ /* ., quadrant and if vd > Vg */
case 0:
Vratiol = vdl/vVi;
angleVl = (int) (Vratiol*999.0);
thetaVl = PIby2 - invsine[angleVl];
break;
case 1:

Vratiol = Vql/V1;
angleVvl = (int) (Vratiol*999.0);
thetaVl = invsine[angleVl];
break;
case 2:
Vratiol = vdi/v1;
anglevl = (int) (Vratiol*999.0);
thetaVl = invsine[angleVl] - PIby2;
break;
case 3:
Vratiol = vVq@l/Vi;
angleVvl = (int) (Vratiol*999.0);
thetaVl = -invsine(angleVl];
break;
case 4:
Vratiol = vdi/v1;
angleVl = (int) (Vratiol*$99.0);
thetaVl = PIby2 + invsine[angleVl];
break;
case S:
Vratiol = vVql/Vv1;
angleVl = (int) (Vratiol*999.0);
thetaVl = PI - invsine[angleVl];
break;
case 6:
Vratiol = Vd1/vi;
angleVl = (int) (Vratiol*999.0);
thetaVl = -invsine[angleVl] - PIby2;
break;
case 7:
Vratiol = Vgl/Vi;
angleVl = (int) (Vratiol*999.0);
thetavl = invsine[angleVl] - PI;
break;

}

thetal = thetaEl + thetaVl;
/* calculate angle and.......... *x/

if (thetal > PIx2) thetal = thetal - PIx2;
else if (thetal < 0.0) thetal = PIx2 + thetal;
data[10] = thetaVvl;

data[8) = thetal;

ml = (root2*V1)/587.0;

/* e, m for space vector */
if(ml>1.0) ml = 1.0;
if(ml<0.0) ml = 0.0;

/T 33>>333333333333333333333353555355353353535533555555>> ¥/
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/*<< V/F Control 2 >>>>>>>>>>>>>>>>>>>>3>>>>>5>>>>>>>>> */
vd2 = data([32] = _vd2;
Vg2 = datal33} = _Vq2;

if ((vd2+*vd2) >(Vg2*Vg2)) dratio2 = 0;
elgse dratio2 = 1;
/* use larger volts for angle calc */

if (Vd2<0.0) /* determine quadrant */
if (Vg2<0.0)
quadrant2 = 6 + dratio2;
vd2 = -vdz;
vg2 = -Vg2;
}
else
{
quadrant2 = 4 + dratio2;
vd2 = -vdz;
}
}
else
{
if (Vg2<0.0)

{

quadrant2 = 2 + dratio2;
vVq2 = -Vqg2;

else quadrant2 = 0 + dratio2;

}

V2 = sqrt{(vd2*vd2)+(Vq2*vqg2));
/* calc |V| and check root value */
if (V2<Vq2) V2 = Vq2;
if (V2<vd2) V2 = Vdz;
datal[31) = V2;

switch(quadrant2)
{ /* calc volts angle depending on... */
/* o, quadrant and if vVd > Vg */
case 0:
Vratio2 = vd2/v2;
angleV2 = (int) (Vratio2*999.0);
thetaVv2 = PIby2 - invsine[anglev2];
break;
case 1:

Vratio2 = Vq2/V2;
anglev2 = (int) (Vratio2*999.0);
thetaV2 = invsine([angleV2];
break;
case 2:
Vratio2 = vd2/v2;
angleV2 = (int) (Vratio2*999.0);
thetaV2 = invsine[angleV2) - PIby2;

break;

case 3:
Vratio2 = vVqg2/V2;
anglev2 = (int) (Vratio2+*999.0);
thetaV2 = -invsine[anglev2];
break;

case 4:
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Vratio2 = vd2/v2;
anglev2 = (int) (Vratio2*999.0);
thetaV2 = PIby2 + invsinelanglev2];
break;

case S:
Vratio2 = Vq2/V2;
anglev2 = (int) (Vratio2*999.0);
thetav2 = PI - invsine[anglevV2];
break;

case 6:
Vratio2 = vd2/Vv2;
angleV2 = (int) (Vratio2*999.0);
thetav2 = -invsine[angleV2] - PIby2;
break;

case 7:
Vratio2 = Vq2/V2;
angleV2 = (int) (Vratio2+*999.0);
thetaVv2 = invsine[angleV2] - PI;
break;

}

theta2 = thetaE2 + thetaV2;
/* calculate angle and............. */

if (theta2 > PIx2) theta2 = theta2 - PIX2;
else if (theta2 < 0.0) theta2 = PIx2 + theta2;
data(13) = thetaVvz;

data(ll) = theta2;

m2 = (root2*V2)/587.0;
J% e e m for space vector */
if(m2>1.0) m2 = 1.0;

if (m2<0.0) m2 = 0.0;
/* >33355>3>33333>>3>>3353335>355>5>>35>535533355>5>53>5>5>5>3>55>3> ¥/

/* Space Vector 1 >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> */
_sectorl = thetal/PIby3;

/* express in terms of 6 sectors */

if (_sectorl >= 6.0) _sectorl = _sectorl - 6.0;
gectorl = (int)_sectorl;

/* get sector number */
phi2_1 = thetal - (sectorl*PIby3);

/* angle from sector start */
phil_1 = (PIby3) - phi2_1;

/* angle from sector end */

anglel = (int)( 999*phil_ 1/PIx2 );
tl_1 = time*ml*sine[anglel]; /* calculate tl1  */

anglel = (int) ( 999*phi2_1/PIx2 );

t2 1 = time*ml*sine(anglel]; /* calculate t2 */
to_1 = time - t1 1 - t2_1; /* calculate to0 */
if ((sectorl==1) | (sectorl==3) | (sectorl==5))
{ /* swap timings tl and t2 for section.. */
ttempl = tl1 _1;
/* ....1, 3 and 5. This is equivalent. */
t1 1 = t2_1;
/* ....to using the alternate equations */

t2_1 = ttempl;
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if (flag==-1)
{ /* redefine times for use in PWM scheme */
_txl = t1_1 + t2_1 + t0_1/2;
_tyl = _tx1 - t1_1;
_tzl = _tyl - t2_1;
}
if (flag==1)
{ /* inversion every other int cycle */
_tzl = £1_1 + t2_1 + t0_1/2;
_tyl = _tzl - t2_1;
_txl = _tyl - tl_1;
}
switch(sectorl)
{ /* depend on sector, send times to PWM */
case 0:
tal = _txl;
tbl = _tyl;
tcl = _tzl;
break;
case 1:
tal = _tyl;
tbl = _txl;
tcl = _tzl;
break;
case 2:
tal = _tzl;
thl = _txl;
tel = _tyl;
break;
case 3:
tal = _tzl;
thl = _tyl;
tcl = _tx1;
break;
case 4:
tal = _tyl;
tbl = _tzl;
tcl = _txl;
break;
case 5:
tal = _txl;
tbl = _tzl;
tecl = _tyl;
break;
default:
INT_DISABLE() ;
break;
}
if(tal < mintime) tal = mintime;
if (tbl < mintime) tbl = mintime;
if (tcl < mintime) tcl = mintime;
if(tal > maxtime) tal = maxtime;
if (tbl > maxtime) tbl = maxtime;
if (tel > maxtime) tcl = maxtime;
/* limit pulsewidths */
PWM_timesetupSV( tal, tbl, tcl);
/* PWM output */
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/% 5533335533535 3555335555555>5>5535553535>35535>35553>555> ¥/

if (flag==1) receive_msg(2, databuffer, 1);
/*comm2 = chk_dma(2);*/

/*<< Space Vector 2 55>5>>5>5>>5>5>5>>5>>>>>>>>>>>3>>>>>>>>>>> */
_sector2 = theta2/PIby3;

/* express in terms of 6 sectors */

if (_sector2 >= 6.0) _sector2 = _sector2 - 6.0;
sector2 = (int)_sector2;

/* get sector number */
phi2_2 = theta2 - (sector2*PIby3);

/* angle from sector start */
phil 2 = (PIby3) - phi2_2;

/* angle from sector end */

angle2 = (int) ( 999*phil_ 2/PIx2 );
tl_2 = time*m2*sine[angle2]; /* calculate t1l */

angle2 = (int)( 999*phi2_2/PIx2 );

t2_2 = time*m2*sine(angle2]; /* calculate t2  */
t0_2 = time - t1 2 - t2_2; /* calculate t0 */
if ((sector2==1) | (sector2==3) | (sector2==5))
{ /* swap timings tl and t2 for section.. */
ttemp2 = tl_2;
/* ....1, 3 and 5. This is equivalent. * /
tl 2 = t2_2;
/* ....to using the alternate equations */
t2_2 = ttemp2;
}
if(flag==-1)
{ /* redefine times for use in PWM scheme  */

_tx2 = t1_2 + t2_2 + t0_2/2;
_ty2 = _tx2 - t1_2;
_tz2 = _ty2 - t2_2;

}

if (flag==1)
/* inversion every other int cycle */
_tz2 = t1_ 2 + t2_2 + t0_2/2;
_ty2 = _tz2 - t2 2;
_tx2 = _y2 - tl_2;

}
switch(sector2)
{ /* depend on sector, send times to PWM */
case 0:
taz = _tx2;
tb2 = _ty2;
tc2 = _tz2;
break;
case 1:
ta2 = _ty2;
tb2 = _tx2;
tc2 = _tz2;
break;
case 2:
ta2 = _tz2;
tb2 = _tx2;
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}

if (ta2
if (tb2
if(tc2
if (ta2
if (tb2
if (tc2

PWMa_t

/* >>>

tc2 = _ty2;
break;

case 3:
ta2 = _tz2;
tb2 = _ty2;
tec2 = _tx2;
break;

case 4:
ta2 = _ty2;
tb2 = _tz2;
tc2 = _tx2;
break;

case 5:
ta2 = _tx2;
tb2 = _tz2;
tc2 = _ty2;
break;

default:
INT_DISABLE() ;
break;

< mintime) ta2 = mintime;
< mintime) tb2 = mintime;
< mintime) tc2 = mintime;
> maxtime) ta2 = maxtime;
> maxtime) tb2 = maxtime;
> maxtime) tc2 = maxtime;
/* limit pulsewidths */

imesetupSV( ta2, tb2, tc2);
/* PWM output */
5555353533 353533553333335333333333333333335555555>>> Y/

/*<< Parameter Update >>>>>>>>>>>5>>>>>>>>>>>>>>>>>>>> */

if (flag==-1)

{

}

Rsl = databuffer([39] = *(DPRAM+9);
Trl = databuffer[40] = * (DPRAM+10);
/* comment out for tuning * /

Lsl = databuffer{41}] * (DPRAM+11) ;

Lrl = databuffer[42] = *(DPRAM+12);

M1 = databuffer({43] = *(DPRAM+13);

sigmal = databuffer(44] = 1-((M1*M1l)/(Lsl*Lrl));

Rs2 = databuffer(45] = * (DPRAM+24);
Tr2 = databuffer[46] = * (DPRAM+25);
Ls2 = databuffer[47] = *(DPRAM+26);
Lr2 = databuffer (48] = *(DPRAM+27);

M2 = databuffer{49] = * (DPRAM+28);
sigma2 = databuffer[50] = 1-((M2*M2)/(Ls2*Lx2));

/% >>>33353333335553355535555>55>5535>>3>>5>3>5535355>5>55>553555>> ¥/

/*<< Data Capture >>5>5>>5>>>>>>5>>>>>>>>>>>>>>>>>>>>>>> */

if (flag==-1)

if( (*(DPRAM+2) != 0.0) & (intcount == 0) )

if (datacount==0) outLED =
outLED + 0x001000000;

if (datacount<1000)
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{
}
else
{
}
}
intcount++;

_intcount =
if (intcount

}

* (DPRAMvarl+datacount) = datalvarl];
* (DPRAMvar2+datacount) = data([var2];
* (DPRAMvar3+datacount) = data[var3];
* (DPRAMvar4+datacount) = datalvar4d];
* (DPRAMvarS+datacount) = data[varsS];
* (DPRAMvaré+datacount) = data([vareé];
* (DPRAMvar7+datacount) = datalvar7];
* (DPRAMvar8+datacount) = datalvars8];

datacount ++;
intcount = 0;

if ((* (DPRAM+2) == 2.0) &
(datacount == 100))
{
_fml=* (DPRAM+3) ;
* (DPRAM+1) = _fml;

}

/* no. sample delay for transient

/* reset capture request

* (DPRAM+2) = 0.0;
if (datacount==1000)

{
}

datacount = 0;
* (DPRAM+3) = 0.

OutLED = outLED - 0x001000000;

0;

/* data capture sample freg
(int) (* (DPRAM+6) ) ;

>= _intcount} intcount = 0;

*/

*/

*/

/' SOIIOIIIIDIIIDIDIIDDODDDDDIDISOSOIDSIOODIIDODIIDDOODDD> */

OutLED = outLED -
*LED = OutLED;

0x00800000;

/*timefn = *timlcntr + 938;

timeint =

return;

(timefn-timest)/15.0;*/
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C.2 Code Listing for Processor B

/* 222222222 XSRSl a X s R A2 i 2 g R i XXX XX 2R X */

/* this is development code for the slave DSP - proc B */
/* */
/* it is not a final program and thus the functionality is */
/* not guaranteed - it has been edited for presentation in */

/* MS Word and this may have introduced errors */
/* */
/* it is included here only to give some indication of */
/* programming detail */

/* 'TXEXEEXEEEZEE2 2 A2 2SR RRRARRERRRS RS RRRRRRRSs il a2 2 R X */

#include <«stdlib.h>
#include <intpt40.h>
#include <math.h>

#include <dma40.h>
#include <compt40.h>

#include "MEM.h" /* wmemory fns. */
#include "RML.h" /* RML fns. */
#include "TIME.h" /* timer and interrupt functions */
#define freq 100 /* timer frequency */
#define time 0.000250 /* interrupt/cycle frequency * /

/*<< KUBOTA OBSERVER VARIABLES >>>>>>>>>>>>>>3>3>>>>3>>>>>>>>> ¥%/

float allA, al2A, ail2A, a2l1A, a22A, ai22a;

float blA, cA, kA=1.0;

float glA, g2A, g3A, gdA;

float iasA, ibsA, larA, lbrA, lr_angA, lr_angoldA=0.0,
lr_angdiffA=0.0;

float iasoldA=0.0, ibsoldA=0.0, laroldA=0.0, lbroldA=0.0;

float eialA, eiblA;

float allB, al2B, ail2B, a2l1B, a22B, ai22B;

float blB, cB, kB=1.0;

float glB, g2B, g3B, g4B;

float iasB, ibsB, larB, lbrB, lr_angB, lr_angoldB=0.0,
1r_angdiffB=0.0;

float iasoldB=0.0, ibsoldB=0.0, laroldB=0.0, lbroldB=0.0;

float eialB, eiblB;

/*<< RML VARIABLES >5>55>555>55>3>>3>3>5>3>>>>5>5>5>5>5>5>>>3>5>5>3>5>55>5>>>>>> */

float harmonicA, centreguessA, IbpfA, frA, R1=0.97, L1=0.97,
Z1=0.0185;

float harmonicB, centreguessB, IbpfB, frB, R2=0.97, L2=0.97,
Z2=0.0185;

/*float harmonicB, centreguessB, IbpfB, frB, R2=0.99, L2=0.99,

Z2=0.035;%/

float polA=1.0, switchA=16.0, polB=1.0, switchB=16.0, freqga,
freqB;

int stopA=l, stopcountA=1, stopB=1, stopcountB=1;

/*<< Tr TUNING >>>>>>>5>>>>3>33>5>5555>5>5555535555>5555>5>55>5>5>5>>>> */
float Tr_adjA=0.0, kpA, kiA, etrA=0.0, etroA=0.0;

float integral_etrA=0.0, integral_etroA=0.0;

float Tr_adjB=0.0, kpB, kiB, etrB=0.0, etroB=0.0;
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float
int

float
float
float
int

float

integral_etrB=0.0, integral_etroB=0.0;
Tr_count=0;

directA, load_errA, wrrefh;

directB, load_errB, wrrefB;
load_errAmag=0.0, errflagA=0.0;
errcountA=0;

tr_flag=-1.0;

/*<< Parameters >>>>3>>>>3>3>3>3>5>3>5>5>53>>>5>>>3>3>>33>333>5>3>5>5>>>>>>>> */

float

float

Rsl=5.32, Trl=0.168, Lsl=0.64, Lrl=0.633, M1=0.6,

sigmal=0.11;
Rs2=5.6, Tr2=0.11, Ls2=0.56, Lr2=0.56, M2=0.53,

sigma2=0.12;

void main(void)

{

float databuffer([52], calctime;
int i=0, timecntl, timecnt2;

setup_timers((int)freq);
/* setup timer (only for timing!) */

for(;;)

{

/*<< COmMmMS >>>>>>>>3>>>>>>>33>3>5>3>>>>3>>>>335>555>>5>5>5> */
tr_flag = databuffer(51];

receive_msg (5, databuffer, 1);

while (chk_dma(5));
/* receive data from processor 1 */

/* 535>>5>5553553>3>>3333335353335>3>5>>3353533535535555555>> */f
/*<< Timing Initialisation >>>>>>>>>>>>>>>5>5>>>>>>5>5>>> */
timecntl = *timlcntr; /* read timer */

/* >3>555333553333>33333333>>3555533353>35555535555>55>>>>> */

/*<< Speed estimator kubota observer 1 >>>>>>>>55>>>>> */

/* _wrl = databuf'[0], Ialphal = databuf'[1],
Ibetal = databuf'[2] */
/* Valphal = databuf'{3]), Vbetal = databuf' [4] */
/* calc IM diff equ parameters..... */

allA = -(Rsl/(sigmal*Lsl) + ((1.0-
sigmal)/(sigmal* (Tr1+Tr_adja))));

al2A = M1/ (sigmal* (Tr1+Tr_adjA) *Lsl*Lrl);

ail2A = (Mi*databuffer{0])/(sigmal*Lsl*Lrl);

a2lA = M1/(Trl+Tr_adja);

a22A = -1.0/(Tr1+Tr_adjA);

ai22A = databuffer(0];

blA = 1.0/ (sigmal*Lsl);

/*kA = 1.0;%*/
_ /* oo and feedback matrix gain */
cA = (sigmal*Lrl*Lsl)/M1;

/* feedback matrix */
glA = (kA-1.0)*(allA+a22A);
g2A = (kA-1.0)*ai22a;
g3A = (kA*kA-1.0)*(cA*allA+a2lA)-cA*glA;
g4A = -CA*g2A;
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eialA = iasoldA - databuffer[1l];
eiblA = ibsoldA - databuffer([2];

iasA = iasoldA + (time)* (allA*iasoldA +
al2A*laroldA + ail2Aa*lbrolda +
blA*databuffer (3] + glA*eialA - g2A*eibla);

ibsA = ibsoldA + (time)*(allA*ibsoldA +
al2A*lbroldA - ail2A*laroldA +
blA*databuffer[4] + g2A*eialA + glA*eibld);

larA = laroldA + (time)*(a2lA*iasolda +

a22A*laroldA - ai22A*lbroldA + g3A*eialA -
g4A*eibild) ;

lbrA = lbroldA + (time)*(a21A*ibsoldA +
a22A*1lbroldA + ai22A*laroldA + g4A*eiallA +

‘g3A*eibld); /* difference equations */
iasoldA = databuffer[6] = iasA;
ibsoldA = databuffer(7] = ibsA;
laroldA = databuffer(8] = lara;
lbroldA = databuffer{9] = lbra;
1lr_angA = atan(lbroldA/larolda);
/* flux angle */

if(laroldA < 0.0) 1lr_angA = lr_angA + PI;
else if (lbroldA < 0.0) 1lr_angA = lr_angA + PIx2;
databuffer(5] = lr_angA;

lr_angdiffA = lr_angA - lr_angoldA;
if(lr_angdiffA > PI)
lr_angdiffA = 1lr angdiffA - PIx2;
else if (lr_angdiffA < -PI)
lr_angdiffA = lr_angdiffA + PIx2;
databuffer(20] = lr_angdiffa;
/* angle for intermediate samp */

lr_angoldA = lr_angd;
/% 5555533533553 353>3>33335333>>3>3>53533>333355555>555>55>> */

/*<< Speed estimator kubota observer 2 >>>>>>>>>>>>>> */
/* _wr2 = databuf'[10], Ialpha2 = databuf'[11],

Ibeta2 = databuf'[12] */
/* Valpha2 = databuf'[13], Vbeta2 = databuf' [14] */
/* calc IM diff equ parameters..... */
allB = -(Rs2/(sigma2*Ls2) + ((1.0-

sigma2) / (sigma2* (Tr2+Tr_ adjB))));
al2B = M2/(sigma2*(Tr2+Tr_adjB) *Ls2*Lr2);
ail2B = (M2*databuffer[10])/(sigma2*Ls2*Lr2);
a21B = M2/(Tr2+Tr_adjB);
a22B = -1.0/(Tr2+Tr_adjB);
ai22B = databuffer[10];
blB = 1.0/ (sigma2*Ls2);

/*kB = 1.0;%/
/* oo, and feedback matrix gain */
cB = (sigma2*Lr2*Lsg2) /M2;

/* feedback matrix */
glB = (kB-1.0)*(allB+a22B);
g2B = (kB-1.0)*ai22B;
g3B = (kB*kB—l.O)*(cB*allB+a21B)—cB*ng;
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g4B = -CB*g2B;

eialB = iasoldB - databuffer[11];
eiblB = ibsoldB - databuffer[12];

iasoldB + (time)* (allB*iasoldB +
al2B*laroldB + ail2B*1lbroldB +
biB*databuffer[13]+ glB*eialB - g2B*eibilB);
ibsB = ibsoldB + (time)* (allB*ibsoldB +

al2B*lbroldB - ail2B*laroldB +

bilB*databuffer[14] + g2B*eialB + glB*eiblB);
larB = laroldB + (time)*(a2l1B*iasoldB +
a22B*laroldB - ai22B*lbroldB + g3B*eialB -
g4B*eiblB);

iasB

1brB = lbroldB + {(time)* (a21B*ibsoldB +
a22B*lbroldB + ai22B*laroldB + g4B*eialB +
g3B*eibilB) ; /* difference equations */

iasoldB = databuffer[l16]) = iasB;

ibsoldB = databuffer[17] = ibsB;

laroldB = databuffer([18] = larB;

1broldB = databuffer([19] = lbrB;

lr angB = atan(lbroldB/laroldB);

- /* flux angle */
if(laroldB < 0.0) 1lr_angB = lr_angB + PI;
else if(lbroldB < 0.0) 1lr_angB = lr_angB + PIx2;
databuffer([15] = lr_angB;

lr_angdiffB = lr_angB - lr_angoldB;
if (lr_angdiffB > PI)
lr_angdiffB = lr_angdiffB - PIx2;
else if (lr_angdiffB < -PI)
lr_angdiffB = lr_angdiffB + PIx2;
databuffer(21] = lr_angdiffB;
/* angle for intermediate samp */

lr_angoldB = lr_angB;

/% 5533353353335 3333333333>333>333>5>53553533355535555355>> ¥/

/*<< COmMB >>>>5>>>>>>>>>>>>>>>>3>3>353>>>>33335333>35>>>> */

send_msg (5, databuffer, 21, 1);

while(chk_dma(5));
/* send observer data back processor 1 */

/% 333353333335 33333353353333333333>333333333533>5>>5355>>> */

/*<< RML 1 >5>>35>555355>5>>>3>>5>5>5>5>33>3>53353335553>5>5>>55>>>> ¥/

if (stopcountA==gtopA)

if (databuffer[25])<0.0) polA = -1.0;
else polA = 1.0;

if ((databuffer([25) *databuffer[25]) >
( (switchA*switcha))
harmonicA = -2;
IbpfA = databuffer[23];
switchA = 12.0;
stopA = 1;

else
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harmonicA = 4;

IbpfA = databuffer(24];
switchA = 14.0;

stopA = 2;

}

freqAh = (float) (4000.0/stopA);

(14* (databuffer [25])) +
(harmonicA*databuffer[22]);
centreguessA = polA*centreguessi;

centreguessA

IbpfA = BSF1l(IbpfA, 18.0*polA*databuffer[22],
freqa, 0.5);
BSF2 (IbpfA, 12.0*polA*databuffer([22],
frega, 1.0);
IbpfA = BSF3(IbpfA, 6.0*polA*databuffer(22],
freqgA, 1.0);
IbpfA BPF1 (IbpfA, centreguessA, freqgaA, 2Z1);
fra = RML1 (IbpfA, fregA, R1l, L1);
frA = PIx2*(frA -
(harmonicA*polA*databuffer[22]))/14.0;
databuffer([30] = polA*fra;

IbpfA

stopcountA = 0;

}

stopcountA++;

/% 555553333>>33>>>>5>3>>333333333>3333>335>335>555355555>> ¥/

/*<< RML 2 5>5>55>5>>>>>>>>>>>>>>>>3>>3>>3>333>>3335333>>>>>> */

if (stopcountB==s8topB)

if (databuffer(29]<0.0) polB = -1.0;
else polB = 1.0;

if ( (databuffer[29] *databuffer[29]) >
(switchB*switchB))
{

harmonicB = -2;

IbpfB = databuffer[27];
switchB = 12.0;

stopB = 1;

else

harmonicB = 4;

IbpfB = databuffer([28];
switchB = 14.0;

stopB = 2;

}

freqB = (float) {(4000.0/stopB);

/*harmonicB = 4.0;*/

centreguessB = (14* (databuffer[29])) +
{(harmonicB*databuffer [26]);

centreguessB = polB*centreguessB;

IbpfB = BSF4 (IbpfB, 18.0*polB*databuffer[26],
freqB, 0.5);

IbpfB = BSFS (IbpfB, 12.0*polB*databuffer[26],
freqB, 1.0);

IbpfB = BSF6 (IbpfB, 6.0*polB*databuffer(26],

274



APPENDIX C Code Listings

}

fregB, 1.0);

IbpfB = BPF2(IbpfB, centreguessB, freqB, 22);

frB = RML2 (IbpfB, fregB, R2, L2);
frB = PIx2*(frB -

(harmonicB*polB*databuffer[261))/14.0;

databuffer(31] = polB*frB;

stopcountB=0;

stopcountB++;
/* 5533333333335 553335>5>5353> 553355333553 3>553535>55>53>>>>> ¥/

/*<< Tr Tuning 1 >>>>5>>>>>>3>>>>5>>5>>>>>>>5>>5>5555555>> */
if (Tr_count==40)

{

/*etrA = databuffer[30] -
PIx2* (databuffer [25]) ;*/
etrA = databuffer[30] - databuffer([35];

if (databuffer([36] < 0.0) etrA = -etri;

if (databuffer([35] != wrrefd)
directA = databuffer[35] - wrrefa;
if ((directA>0) &
((databuffer [25] *PIx2) >databuffer[35]))
directA = 100;
if ((directhA<0) &
((databuffer [25] *PIx2) <databuffer[35]))
directA = -100;
if ((directA==100) &
((databuffer[25] *PIx2) <databuffer[35]))
directA = 0;
if ((directA==-100) &
((databuffer[25] *PIx2) >databuffer [35]))
directA = 0;
if (directA != 0) etrA=0.0;

load_errA = databuffer([35]-
(databuffer {25] *PIx2) ;

load_errAmag = load_errA*load_errA;

if (load_errAmag > 1.0) etrA = 0.0;

/*if (load_errAmag > 1.0)
errflagA = load_errA;
else errflagA 0.0;

if ((errflagh<0.0) & (load_errA<0.0))
{
etrA=0.0;
etroA=0.0;
integral etrA=0.0;
integral_etroA=0.0;
}
else if ((errflagh>0.0) & (load_errA>0.0))
{
etrA=0.0;
etroA=0.0;
integral_etrA=0.0;
integral_etroA=0.0;

b o/

/*load_errA = databuffer{35]-
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(databuffer [25] *PIx2);
load_errAmag = load_errA*locad erra;
if (load_errAmag > 1.0)

errcountA =0;
errcountA++;

if (errcountA>=50) errcountA = 50;

if (errcountA<50)

{

etrA=0.0;

etroA=0.0;

integral_etrA=0.0;

integral_etroA=0.0;
}oo/

if ((databuffer([35] *databuffer[35]) < 246.7)

{

kA=0.8;
etrA=0.0;
else kA=1.0;
wrrefA = databuffer[35];
if (tr_flag > -0.1)
if (tr_flag == 0.0) Tr_adjA = 0.0;

etroA=integral_ etrA=integral_etroA=0.0;
LPF1(0.0, 100.0, 0.4);

else

kpA = 0.02;

kiA = 0.05;

Tr_adjA = kpA*etrA + kiA*integral_etra;
etroA = etrA;

if ((Tr_adjA<0.18) & (Tr_adjA>-0.075))

{

integral_etrA = integral_etroA +
0.0l*etroA;

}

integral_etroA = integral_etrA;

if (Tr_adjA > 0.18) Tr_adjA = 0.18;
else if (Tr_adjA < -0.075)
Tr_adjA = - 0.075;

Tr_adjA = LPF1(Tr_adjA, 100.0, 0.4);

}
databuffer[32] = Tr_adjA;
Tr_count=0;

}

Tr_count++;
/* 5553333335333 5333355355353333335535355>5353355>3555>53>>> */

/*<< Tr TUuning 2 >>>>>3>5>35533>>>5>5>>>5>5>5>55>5>5>55>>5>5>3>>>> */
if (Tr_count==a2)
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/*etrB = databuffer[31] -
PIx2*(databuffer [29]) ;*/
etrB = databuffer[31] - databuffer[35];

/* 37 changed for 35 */
if (databuffer([38] < 0.0) etrB = -etrB;

if (databuffer([35) != wrrefB)
directB = databuffer[35] - wrrefB;
if ((directB>0) &
((databuffer[29] *PIx2) >databuffer([(35]))
directB = 100;
if ((directB<0) &
((databuffer[29] *PIx2)<databuffer[35]))
directB = -100;
if({(directB==100) &
((databuffer[29] *PIx2)<databuffer [35]))
directB = 0;
if ((directB==-100) &
((databuffer[29] *PIx2) >databuffer [35]))
directB = 0;
if(directB != 0) etrB=0.0;

load_errB = databuffer(35]-
(databuffer[29] *PIx2) ;
load_errB = load_errB*load_errB;
/* if (load_errB > 0.796) etrB=0.0; */
if(load_errB > 1.0) etrB=0.0;

if ((databuffer[35] *databuffer[35]) < 246.7)

{

kB=0.8;
etrB=0.0;

}

else kB=1.0;
wrrefB = databuffer[35];

if(tr_flag > -0.1)

{

if(cr_flag == 0.0} Tr_adjB = 0.0;
etrB = etroB = integral_etrB =

integral_etroB = 0.0;
LPF2(0.0, 100.0, 0.5);

else

kpB = 0.02;

kiB = 0.05;

Tr_adjB = kpA*etrB + kiB*integral etrB;
etroB = etrB;

if ((Tr_adjB<0.18) & (Tr_adjB>-0.05))

integral_etrB = integral_etroB +
0.01*etroB;

}

integral_etroB = integral_etrB;

if (Tr_adjB > 0.18) Tr_adjB = 0.18;
else if (Tr_adjB < -0.05)
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Tr_adjB = -0.05;

Tr_adjB = LPF2(Tr_adjB, 100.0, 0.5);

}

databuffer([33] = Tr_adjB;

}

/* 5>3>>333333>5333333>3333>3>>33533533533333355555>5>55>5> ¥/

/*<< Parameter Update >5>55>>5>5>>>>>>>>>3>>5>5>3>5>>5>>>>>>>>> */
Rsl = databuffer([39];

Trl = databuffer(40];
Lsl = databuffer[41];
Lrl = databuffer([42];

M1l = databuffer[43];
sigmal = databuffer (44];

Rs2 = databuffer([45];

Tr2 = databuffer[46];
Ls2 = databuffer([47];
Lr2 = databuffer[48];

M2 = databuffer(49];
sigma2 = databuffer(50];

/' P ST Y ST TR LSR5 S S - L YN */

/*<< Timing >5>>>>53>>>>5>>3>>>>>>3>>>>>>>>>3>5>3>>535>5>555>5>>> */
timecnt2 = *timlentr; /* cycle timing */
if (timecnt2 < timecntl)

timecnt2 = timecnt2 + 75000;
calctime = databuffer[34]
= ((float) (timecnt2-timecntl)) / 15.0;
/* 555553533533 33>333333333>>3333333>>333333535>5>535555>> */

/*<c COmMMS >>>>>>33>5>>>333>>>33>3333>3>5>>>353>3>3555>55>>> ¥/
send_msg (5, databuffer, 52, 1);
while (chk_dma(5)});

/* >353>555>5>>>5>>>>>>>>>3>>>3>3>5553555335533355355355355>3>>5>> ¥/

}

278



APPENDIX C Code Listings

C.3 Filter and RSH Tracking Functions

/t
/'
/*
/t
/*
/t
/Q
/t
/t
/t

'YTERE2Z2 32X 2RSSR aRRRXRRRRRRRRRRRRRX R

this is development code for the Band Stop Filter fn

it is not a final program and thus the functionality is
not guaranteed - it has been edited for presentation in
MS Word and this may have introduced errors

it is included here only to give some indication of

programming detail
'S22 K222 222 X2 22 RS2 R 2Rl a iR s R XX X2 R ata st i s Xt 2 X 22X

float BSFl(float input, float fn, float FS, float BW)

{

float r, theta;
static float inputl=0.0, input2=0.0;
static float outputl=0.0, output2=0.0;
float output;
/* int angle;*/

r =1 - (2*BW/FS);
/*angle = (int) (999* ((2*PI*fn)/(FS*PIx2)));

theta = -2 * cosinelangle];*/
theta = -2 * cos(2*PI*fn/FS);

*/
*/
*/
*/
*/
*/
*/
*/
*/
*/

output = input + input2 - r*r*output2 - theta*(r*outputl

- inputl);
output2 = outputl;
outputl = output;

input2 = inputl;
inputl = input;

return{output) ;
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/t
/*
/t
/t
/t
/t
/*
/t
/i
/i

X3 2222232322222 22222222 22X 2222yt 22 2222 2222 2222 2% */

this is development code for the Band Pass Filter fn

it is not a final program and thus the functionality is
not guaranteed - it has been edited for presentation in

MS Word and this may have introduced errors

it is included here only to give some indication of
programming detail

222222223322 R 2222 2R 222222222 Xt i XA 2t iaoa ot ot it asd s

float BPFl(float input, float fn, float FS, float _Z)

{

double ts, alpha, beta, gamma, aa0, bbl, bb2;

static double v1=0, v2=0;
double vO0, yO;

gtatic double vvl=0, vv2=0;
double vv0, yyo;

static double vvvl=0, vvv2=0;
double vvv0, yyyo;

int tempBPF;
/*ts = (PI*fn)/FS;
tempBPF = {int) (999.0*ts/PIx2);
ts = sine[tempBPF]/(PI*fn*cosine [tempBPF]) ;*/

ts = tan(PI*fn/ (FS))/(PI*fn);
/* pre-warp calculation

alpha = 2*PI*fn*ts; /* prelim ccefficient calcs

beta = alpha*alpha;
gamma = beta + 4*_2*alpha + 4;

aa0 = 4*_Z*alpha/gamma; /* calc coefficients

bbl = (2*beta - 8)/gamma;
bb2 = (beta - 4*_2*alpha +4)/gamma;

v0 = input - bbl*vl - bb2*v2;
/* filter equations no.1

yo = aal * (v0 - v2);

v2 = vl; /* update internal variables no.1

vl = vO0;

vw0 = y0O - bbl*vvl - bb2*vv2;
/* filter equations no.2
yy0 = aal0 * (vv0 - vv2);

vv2 = vvl; /* update internal variables no.2

vl = vo0;

return(yyo) ;

*/
*/
*/
*/
*/
*/
*/
*/
*/

*/
*/

*/

*/

*/

*/
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/t S22 2ZX22 2222222 X222 2R AR d 2Rl i s R A2 X s s As 2 2 o X 2 2 */
/* this is development code for the RSH Identifier (RML) fn */
/w */
/* it is not a final program and thus the functionality is */
/* not guaranteed - it has been edited for presentation in */

/* MS Word and this may have introduced errors */
/* */
/* it is included here to only give some indication of */
/* programming detail */

/i 'SEEEZERZEE A SRR RRRR RS R R XSS RiR R R Rz 8 R 00X X */

float RML1(float y2, float FS, float _R, float _L)
{
static float el=0.0, e0=0.0, yl1=0.0, y0=0.0, a2=0.0,
psil=0.0, psi0=0.0, P2=100.0;
static float r, L;
float ebar2, phi2, f;

int tempRML;

r
L =

_Ri
L

phi2 = r*el - yl;

psil = phi2 - a2*r*psil - r*r*psio;

/* which way to move filter  */
if (psil > 100.0) psil = 100.0;
else if (psil < -100.0) psil = -100.0;

ebar2 = y2 + y0 - r*r*e0 - a2*phi2;
/* notch filter output (predictor) */

P2 = P2 / (L + P2*psil*psil);

/* co-varience of centre f parameter */
if (P2 > 1000.0) P2 = 1000.0;

/* (this is the degree of certainty.... */
else if (P2 < -1000.0) P2 = -1000.0;

/* ...that centre f estimate is correct  */

a2z = a2 + P2*psil*ebar2;

/* adjust centre frequency */
if(a2 > 2.0) a2 = 2.0;
else if(a2 < -2.0) a2 = -2.0;

el = y2 + y0 - r*r*e0 - a2*phi2;

/* notch filter output (corrector) =/
if(el > 100.0) el = 100.0;
else if(el < -100.0) el = -100.0;

/* r = RO*r + (1 - RO)*R_INF; */

yo = yl;
Yyl = y2;
psi0 = psil;
e0 = el;

f = 0.5*INVSPI*FS*acos(-0.5*%a2);
/*tempRML = (int) (-0.5*a2%*999.0) ;

if (tempRML < 0) f = 0.5*INVSPI*FS* (PIby2 +
invsine [tempRML] ) ;
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else f = 0.5*INVSPI*FS* (PIby2 - invsine[tempRML]);*/

return(f) ;

/* 22 ZZZ2 22222 SRR SRR ARRERasRRR Rl A i 2 s R i XXX X 2R X */

/* this is development code for the Low Pass Filter fn */
/* */
/* it is not a final program and thus the functionality is */
/* not guaranteed - it has been edited for presentation in */

/* MS Word and this may have introduced errors */
/* «/
/* it is included here only to give some indication of */
/* programming detail ./

/* ' 2222222222 X2 223 X2 222222 2 22 X2 R g2 R R X XX R R R R E R B R R R R R R Y 'k/

float LPFl(float input, float FS, float BW)

{

static float inputl=0.0, output=0.0;
float k;

k = (2.0*PI*BW)/FS;
output = k*inputl + (1-k)*output;

inputl = input;

return (output) ;
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D.1 Eurotherm Inverter — Interface Circuit
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D.3 FKI Industrial Drives Inverter - Interface Circuit
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D.4 FKI Industrial Drives Inverter - Trip Circuit

l—r“ Trip Growk for FD PWMIinverter hierface
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APPENDIX E Derivation of the AFO/ASO Equations

E.1 The Stator Current Dynamic Equation

R [
o W
4} Ly g - 7 3
ijfxf
v, di M di
dt dt R,
Fig E.1. The induction motor dynamic model in the fixed stator frame
From figure E.1, an expression for the stator voltage v, can be derived
Vs = Rsl_s +—=
- dt
dis ir .
= R:_l_'g'f'ls‘i—lrg—':'—er_r'*' j(l)r&
dt dt
(E.1)
The following equation can be used to substitute for i, in equation E.1
L he=Mi
= L
(E.2)
This gives a new expression for v,
dis d(L—Mis A~ Mis
Vs=RJi:+1:—=—1r— — = - R| = = i+ jarAr
=" A\ L L JOr e
(E.3)
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Multiplying out equation E.3 gives a differential term for A, and the following

expression can be used to substitute for this variable

—d—&- = _](Dr& - Reir
dt
(E4)
The expression for v is now as shown below in equation E.S
dis Ir I . M dls R: M
=Ris+l——-j— ok +—Rrir + A.r Reis+ jorA,
b LML L T e e
(E-5)

Equation E.2 is used again to substitute for i, and the equation for v; becomes as

below
dis I Ir M M dls R, M
=Rsis+li——j— r}\.r Rr?\.r — Rris + ——}\.r —Rris + jorhs
b I O R R g T e Rt Jorke
lrM M dls lrM dl: 1 lr lr
"'R.ts +Ils—= — A+ —R A+ j rhr — [ —@r ,
o T A A
(E.6)

Requiring a dynamic equation for stator current, the following relationship is used

(E.7)

The dynamic equation for stator current is therefore shown in equation E.8

d—L’-——iu( M M )H( L S " G S N |
dr olL:™ ol.L: T olL.T, ] olLsT- oL.L:T: gt oLsL: ’ oL - O'L:&

R, (I-0), M M 1
= e g~ Is + ;\,r r r+ ———Vs
oLt ot BrorLn oLty

(E.8)

This is the stator current dynamic equation, the 1* equation in the Kubota observers
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E.2 The Rotor Flux Dynamic Equation

Again from figure E.1, and as shown in equation E.4, the rotor flux dynamic equation

can be expressed

9L _ jode-Ric

dt
(E.9)
Equation E.10 below is used to substitute for i,
o M= Mi
- L
(E.10)

The dynamic equation for rotor flux, forming the 2™ equation in the Kubota flux and

speed observer, becomes as shown below in equation E.11

dir R M
2= = jrhr — —Ar + — Rris
t jorks Lr L- k
=_i_:—"—l }\.r+j(.0r;\.r

r r

(E.11)
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APPENDIX F Speed Controller Design

F.1 Speed Controller Design — Rig A

*®
OceLEc®  + I T. ®©r MECH

> . 1
PI kr S+ T

O ELEC

Fig F.1. Structure of the speed control loop
The structure of the speed control loop is shown in figure F.1.

The s-domain transfer function for the PI controller is

PI(s)= kc(S:‘ ac)

(F.1)

The characteristic equation for the above speed control loop is solved for
1+G(s)H(s)=0. This is where J=0.3, B=0.02, kr=7.55, p=2 (ignoring

units).

5 (B+2kckl) 2kckac
0=s5"+ s+

J J
2 (0.02+15.1k¢) 15.1kac
=5+ s+
0.3 0.3

(F.2)
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The coefficients in the above equation are equated with those in the following
equation, which defines the desired closed loop dynamics, thus solving for A and

ac. Thisiswith £ =0.707, wo=10rad /s

0=s"+2Cwos + o’

=s’+14.145+100
(F.3)
Thus
Lo (0.3x14.14)-0.02 —0.2796
15.1
ac= —M =7.1057
(0.2796x 15.1)
(F.4)
The PI transfer function is therefore
PI(s)= 0.2796(s +7.1057)
S
(F.5)

The speed loop sample frequency is /00OHz, such that T =0.01s . The PI law can

be discretised using the bilinear transform.

(F.6)

Substituting the above equation into equation F.S results in the sampled digital

control law shown below.

2k + keaeT — ke
(k)= ulk - 1)+—2——e(k)—2kc#e(k— 1)

= u(k - 1)+0.2895e(k)-0.2687e(k - 1)
F.7)
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F.2 Speed Controller Design — Rig B

The characteristic equation for rig B, with J=0./12, B=0.01, kr=7.5, p=2

(ignoring units) is

2 ( B+2bh) 2kekiac
O=s"+ s +
J
2 (0.01+15k¢) 15k-ac
= S +

0.13 0.13
(F.8)

Equate coefficients with the following, where § = 0.707, wo = 10rad /s

0=s’ + 2{wos + wo’
=s’+14.145+100
(F.9)

Thus

bm (0.13x14.14)-0.01
15

(0.13x100)
ac=—-+=
(0.122x15)

=0.122

=7.104

(F.10)
The PI transfer function is therefore

_0.122(s+7.104)
A

PI(s)

(F.11)

The speed loop sample frequency is /00Hz, such that T =0.0ls. The PI law can

be discretised using the bilinear transform. The sampled digital control law is

2ke + kacT - keac
+ + e(k)— 2ke kcaTe(

ulk)=u(k-1) > >
=u(k—1)+0.126e(k)—0.118e(k—1)

k-1)

(F.12)
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G.1 Current Controller Design — Rig A

PI

|

"loLss + Rg

Fig G.1. Structure of the current control loop

The reduced structure of the current control loop is shown in figure G.1

The s-domain transfer function for the PI controller is

PI(s)= kc(s: ac)

G.1)

The characteristic equation for the above current control loop is solved for

1+ G(s)H(s) =0. This is where (ignoring units) 6 =0.11, Ls =0.64, Rs=5.32

0:32 +(R:+kc)s+kcac

ols oL
, 5.32+kc) kette
=5+ s +
0.0704 0.0704

(G.2)

The coefficients in the above equation are equated with those in the following

equation, which defines the desired closed loop dynamics, thus solving for k. and

293



APPENDIX G Current Controller Design

ac. Thisis where £ =0.707, wo=100Hz =628.32rad /s

0=s’+2Lwos +wo’
=5’ +888.44s + 394784
(G.3)

Thus

ke =(0.0704x 888.44)- 5.32=57.226
(0.0704 x 394784)

= 485.67
(57.226)

(G.4)

The PI transfer function is therefore

PI(s)= 57.226(s+485.67)
s

(G.S5)

The current loop sample frequency is 4kHz, such that T = 250us . The PI law can

be discretised using the bilinear transform

(G.6)

Substituting the above equation into equation G.5 results in the digital control law

shown below

ull) =l - 1)+ ZEEEL o) Themhea

= ulk - 1)+ 60.69e(k)- 53.75¢(k - 1)

k-1)

(G.7)
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G.2 Current Controller Design — Rig B

The characteristic equation for the rig B, whereo =0.12, L;=0.56, R:=5.9

(ignoring units).

2 (RJ""kc) keac
O=s"+ o s +

) oLs
2 5.9 + ke keac
=5+ S +
0.0672 0.0672

(G.8)

Equate coefTicients with the following, £ =0.707, wo=100Hz = 628.32rad /s

0=s’ +2Cwos + o’

=5’ +888.44s+ 394784
(G.9)
Thus
ke = (0.0672 x 888.44)~ 5.9 = 53.803
_ (0.0672x 394784) _ 493.09
(53.803)
(G.10)
The PI transfer function is therefore
PI(s) = 53.803(s + 493.09)
N
(G.11)

The current loop sample frequency is 4kHz, such that T = 250us . The PI law can

be discretised, resulting in the following sampled digital control law.

2k€ c - c
u(k)=ulk-1)+ ——%"‘—‘ie(k)- 2—"‘T"°‘ie(k -1)
= u(k - 1)+ 57.12¢(k) - 50.49¢(k ~1)

(G.12)
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lalpha, Ibeta (A)
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Figure H.1. Measured and observed off currents and observed of flux from the AFO with k=1.0

This drive is operating under encodered IRFO at 100rpm with no load (rig B)
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Figure H.2. Imposed rotor flux orientation angle and that measured by the AFO (rig B)
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Figure H.3 Measured of stator voltages from the IRFO scheme at 100rpm with no load (rig B)
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Figure H.4. Measured and observed af currents and observed aff flux from the AFO with k=3.0
This drive is operating under encodered IRFO at 100rpm with no load (rig B)
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Figure I.1. Measured speed and ASO speed estimate for +1000rpm no-load speed reversal
Drive running encodered IRFO (rig B)
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Figure 1.2. Measured speed and ASO speed estimate for 1000rpm no-load speed transient
Drive running encodered IRFO. Start-up conditions - inverter power up (rig B)
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Figure 1.3. Measured speed and ASO speed estimate during 1000rpm deceleration to standstill
Drive running encodered IRFO —full rated load (rig B)
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Figure L4. Measured speed and ASO speed estimate during full-load torque impact at 1000rpm

Drive running encodered IRFO (rig B)
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Figure 1.5. Measured speed and ASO speed estimate during full-load torque impact at 100rpm

Drive running encodered IRFO (rig B)
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Figure J.1. Measured speed for +1000rpm no-load speed reversal
Drive is running sensorless DRFO (rig B)
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Figure J.2. Measured speed for 1000rpm no-load speed transient

Drive is running sensorless DRFO. Start up conditions - inverter power up (rig B)
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Figure J.3. Measured speed during 1000rpm deceleration to standstill

Drive running sensorless DRFO - full rated load (rig B)
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Figure J.4. Measured speed during full load torque impact at 1000rpm
Drive running sensorless DRFO (rig B)
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Figure J.5. Measured speed during full-load torque impact at 100rpm

Drive running sensorless DRFO (rig B)
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APPENDIX K Sensorless Master/Slave Cross-Coupled

Results
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Figure K.1. Response of the sensorless cross-coupled master/slave scheme to step changes in

reference command
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Figure K.2. Response of the sensorless cross-coupled master/slave scheme to large and sudden

variation in load torque - Rig A
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Figure K.3. Response of the sensorless cross-coupled master/slave scheme to large and sudden

variation in load torque - Rig B
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APPENDIX L Encodered Cross-Coupled Position
Synchronisation Results for Rig B
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Figure L.1. Response of the encodered cross-coupling scheme to large and sudden variation in rig
B load torque. Relative position error is shown in black and positional correction is not included
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Figure L.2. Response of the encodered cross-coupling scheme to large and sudden variation in rig
B load torque. Relative position error is shown in black and positional correction is included
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APPENDIX M Sensorless Cross-Coupled Position
Synchronisation Results for Rig B
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Figure M.1. Response of the sensorless cross-coupling scheme to large and sudden variation in rig
B load torque. Relative position error is shown in black and positional correction is not included
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Figure M.2. Response of the sensorless cross-coupling scheme to large and sudden variation in rig
B load torque. Relative position error is shown in black and positional correction is included
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