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Abstract

The aim of this research project was to develop a position controlled induction ma-
chine vector drive operating without a speed or position sensor but having a dynamic
performance comparable to that of a sensored position vector drive. The methodology
relies on the detection of a rotor saliency in the machine by persistent high-frequency
voltage injection. The rotor position is then estimated from the resulting stator cur-
rent harmonics that are modulated by the spatial rotor saliency. This can be a built-in
rotor saliency (a designed asymmetry) or the natural saliency due to rotor slotting.
This project investigates the demodulation of the extracted high-frequency current
spectrum and different topologies for the estimation of rotor position.

The tracking of rotor position through rotor saliencies helps to overcome the limi-
tations of model-based approaches that are restricted to speeds above 30rpm on a
4-pole machine and are sensitive to parameter mismatches.

The project addresses the difficult problem of separating the modulation effects due
to the rotor saliency from distorting modulations due to the saturation saliency and
inverter effects. In previous research it had been found that the saturation saliency
causes a deterioration of the position estimate that can result in a loss of position and
eventually causes the drive to fail. The application of filters to remove the interfering
saturation harmonics is not possible. In this research a new approach was developed
that compensates online for the saturation effect using pre-commissioned information
about the machine.

This harmonic compensation scheme was utilized for a 30kW, 4-pole induction ma-
chine with asymmetric rotor and enabled the operation from zero to full load and
from standstill up to about +150rpm (£5Hz). The steady-state performance and
accuracy of the resulting sensorless drive has been found to operate similarly to a
sensored drive fitted with a medium resolution encoder of 600ppr.

The project involved studies of the inverter switching deadtime and its distorting
effect on the position estimation. A second compensation strategy was therefore de-
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veloped that is better suited if a large interfering modulation due to the inverter
deadtime is present in the machine.

The new compensation method was implemented for a second 30kW machine that
utilizes the rotor slotting saliency. Good tracking results were obtained with a mean
error of less than +0.5° mechanical under steady-state. The derivation of the position
signal for higher speeds introduces an additional speed-dependent error of about 4°
mechanical at 170rpm. Sensorless position control was realized for operation from
zero to full load for the fully fluxed machine. The performance allowed low and zero
speed operation including position transients reaching a speed of 50rpm.

The high-frequency modulation introduced by the fundamental currents during tran-
sient operation was examined and identified as the main factor limiting the dynamics
of the sensorless drive.

Two rigs were used for the research. The first rig is build around a network of
Transputers, the second rig uses state-of-the-art TMS320C40 and TMS320F240 digi-
tal signal processors for the control and was designed and constructed as part of the
research.



Chapter 1:

Introduction

The induction machine was invented by Nikola Tesla in early 1888, just before
Prof. Ferraris published his independent discovery in Italy. This invention gave a
strong impulse for the widespread use of polyphase generation, transmission and
distribution of electrical energy [1]. The main advantage of the induction machine
over the popular DC drive was its simple and robust structure that does not require
brushes for its operation, resulting in less maintenance costs and higher power density
per volume [2]. Nowadays about 70% of all the electrical energy used in the indus-
trial sector in the EU and Japan is consumed by motor systems [3,4]. The figure for
the commercial sector in the EU is 36% of the electricity [3]. The largest amount of
the motor systems are cage induction machines. Alone in Japan, about 10 million
induction motors are produced each year [4].

The majority of induction machines are connected directly to the mains (star-delta) in
fixed-speed applications. Only due to the progress in power electronics it has become
possible to build variable-speed drives using induction machines at an acceptable cost.
Originally, thyristor controlled three-phase bridges were used, now IGBTSs or transis-
tors with faster switching times, shorter dead-time, and higher power levels are being
developed [5]. Induction machines are popularly applied with open-loop control that
does not require an encoder or the knowledge of machine parameters.

The development of Field Oriented Control in Germany in the early seventies [6-8]
has meant that induction machine drives are slowly substituting DC machines in the
field of variable speed or high dynamic drive applications. The dynamic control of in-
duction machines is more complicated when compared to DC machines. It is however
superior to the popular DC drives powered by a 6-pulse thyristor bridge. An area
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where costs of the drive can be reduced is that of the sensors. In particular the posi-
tion or speed encoder required for a field oriented dynamic system can considerably
contribute to the overall system costs. For small machines, the cost of the encoder can
be similar to that of the machine. On large machines it can still be around 20 — 30%.
With the aim to reduce costs, size and maintenance, control techniques have been
developed for the induction machine that operate without an encoder, termed sen-
sorless. Sensorless techniques can also improve the drive robustness and reliability
when operated on a sensored drive. Typically, a numerical model of the machine is
used to estimate the rotor speed.

All modern induction machine drives require some parameter identification. This
can be relatively simple for the sensored drive. It is however essential for the qual-
ity of the sensorless drive. Parameter identification may be realized in the form of
self-commissioning when setting up the drive [9,10]. With the a priori knowledge of
the machine’s electrical parameters that are given on the name-plate, the drive may
perform a number of tests at standstill to tune the current controllers and determine
further electrical parameters. Key parameters for sensorless drives are the stator re-
sistance R, or the rotor time constant T, that may need permanent adaptation by
using online identification [11]. Run-up or down tests may then determine the inertia
and speed characteristic of the drive. Self-commissioning can reduce the set-up time
and is for the convenience of the customer. However, it is also essential to adjust
parameters to changing operating conditions to get most out of the machine. In par-
ticular, sensorless drives require the correct adaption of parameters because they are
model-based and thus more sensitive to the machine parameters than a sensored drive.

Another pacemaker in the drives field is the constantly falling price and the increased
complexity and integration of digital processors [12]. They easily perform the com-
plex vector transformations required for field oriented control that wasn’t accurately
possible by using analogue circuits. New powerful processors come with fast mul-
tipliers, large internal memory and integration of modules to interface peripherals
such as encoders, inverters, transducers and other drives [13,14]. Typical integrated
modules are fast A/D converters, internal timers for the generation of pulse-width
modulation (PWM), serial interfaces, the controller area network (CAN) or other field
bus systems to connect the drive to supervisory networks. Better module integration
simplifies system design and increases flexibility whilst reducing costs.

Sensorless drives are typically limited to operation above 1Hz. Especially at low
speeds, the speed estimation and torque and flux control of model-based approaches
is poor or fail {15]. Parameter tuning and online parameter identification has only
yielded a partial improvement [16]. This is why attention has turned to tracking
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saliencies within an induction machine through the use of high-frequency (Af) signal
injection [17]. This can yield either the rotor position or an orientation flux angle
without recourse to a machine model and thereby promises to overcome the zero-
and low-speed problems. These methods fall into two categories. The first tracks the
natural saturation saliency to yield an orientation flux angle which is applicable to a
torque-controlled drive [18-20]. The second category tracks a rotor saliency arising
from rotor slotting [21] or an engineered saliency involving circumferential variation of
surface rotor resistance [22] or leakage inductance [23]. This methods are called self-
sensing, auto-sensing or eigensensing control since the position sensor is an inherent
part of the machine (’the machine is the encoder’).

This category yields a rotor position estimate from the rotor saliency which can be
used both for sensorless position control and field orientation via standard vector
control techniques. Unfortunately, for a fully fluxed machine, or a machine under
load, the saturation saliency becomes significant and its modulation of the hf stator
currents interferes with (or even dominates over) the rotor saliency modulation. Un-
der such conditions, the rotor estimate and position control is lost [24].

The objectives for this research project are to improve the controllability and robust-
ness of a sensorless drive in the zero and low speed region using hf signal injection.
The aim is on improving the rotor position estimate for machines with either circum-
ferential or rotor slotting saliencies and to operate the sensorless machine under all
operating conditions. This work discusses the problem of saturation saliency inter-
ference. A solution is presented in which the modulated hf currents are compensated
so as to substantially reduce or eliminate the saturation saliency harmonic. For the
sensorless drive based on the rotor slotting saliency it was discovered that the inverter
deadtime causes a modulation similar to that due to saturation. This work examines
the modulation due to inverter clamping and presents a compensation method. Also
the hf modulation due to transient fundamental currents is investigated that results
in a distortion of the Af position signals during fast transient machine operation.
The developed methodologies have been implemented on an experimental 30kW in-
duction machine drive. This work shows that the resulting sensorless position control
using an induction machine with a designed rotor saliency is effective under all static
loads, for dynamic load conditions and for transient position changes.

Sensorless position control is also demonstrated experimentally for an induction ma-
chine using rotor slot harmonics. The rotor position can be reliably estimated at
standstill and low speeds by using a technique to suppress the clamping and satura-
tion saliency modulation.



Chapter 2:

Field Oriented Control and Review of
Sensorless Techniques

This chapter covers the mathematical background that is required for the control of
3-phase induction machines. The machine is described by using the standard two-
axis model based on the Space Phasor Theory that provides an approximation that
is sufficient for control purposes. Iron saturation is neglected in the model as only
operation under constant flux is considered. Since single and double cage rotors are
used for the sensorless position control, the differences in the machine model will be
examined. An analysis of saliency models for sensorless control is covered later in
Chapter 5. These can be added to the fundamental machine models described in this
chapter to combine fundamental and hf characteristics [25].

The two-axis machine model provides the basis for so-called flux models that estimate
the flux vector from terminal quantities such as voltages and currents. A flux model
is required to realize field-oriented control. The strategy for Vector Control is de-
scribed that allows the high-dynamic control of induction machines and an overview
of sensorless control is given. The controller layout is covered separately in Chapter 3.
A simple model for the inverter is also introduced in this chapter and the modulation
strategy that is presented is the Space Vector Theory. The importance of modulation
strategies and their use in a vector-controlled drive are discussed. The basics are
given to understand its use and effects on a position-sensorless drive using machine
saliencies. These are the so-called transient injection, described in Chapter 5 and the
inverter modulation that is covered in Chapter 6.1.
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2.1 Basics of the Induction Machine and Vector
Control

The induction machine is the most widely used electrical drive motor. In 1995 the
drives market worldwide was estimated to be worth 906.6 million US$ for AC drives,
expected to double within a couple of years in contrast to 473.1 million US$ for DC
drives with a declining tendency [26].

The name of the induction machine originates from its operation principle: When
the flux density wave produced by the stator magnetizing currents sweeps past the
shorted rotor conductors, a voltage is induced in them due to the relative movement
between field and rotor. The resulting rotor currents interact with the air-gap flux
and produce a torque. The rotor frequency f, will therefore in motoring mode be
lower than the excitation frequency f. of the rotating stator field. The difference is
called the slip frequency fy. Most induction machines are designed to operate from
a 3-phase source of alternating voltage. For variable-speed drives an inverter is used
to produce approximately sinusoidal stator voltages or currents of controllable mag-
nitude and frequency.

The main advantage of the induction machine compared to other types of electrical
machines is its rugged and robust structure that allows for a high overload capability.
The induction machine can withstand overcurrents up to 10 times the rated current for
short periods and it does not suffer from the danger of demagnetization like permanent
magnet (PM) machines. Due to its simple structure, the induction machine has low
manufacturing costs [27]. This advantage is mainly due to the construction of the
rotor that is made of thin rotor laminations that are stacked onto the main shaft
where the rotor bars are made of aluminium that is cast axially into slots in the
outer periphery of the rotor and shorted together at both ends. The fact that the
induction machine does not need slip rings or commutators allows for the operation
in explosive or extremely dirty environments and guarantees low maintenance costs.
The induction machine is also suitable for operation above rated speed in the field-
weakening region.

Vector Control provides the key to rapid control for operating an induction machine
highly dynamically and in the same way as a separately excited DC machine [7,8].
This is physically possible because stator and rotor windings are magnetically tightly
coupled. Rapid changes in the secondary current can be obtained by making rapid
changes in the stator currents. The inductance under transient conditions as seen
from the stator side is low because of the short-circuited cage bars. This means
that only a modest volt-second product is needed to affect rapid changes in the
stator currents [28]. The condition necessary for the rotor current wave to adjust
immediately to a new steady state is that the rotor flux linkage ¥, must remain
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constant. Due to the natural tendency of a closed inductive circuit to oppose changes
in the stored energy and to maintain the flux linkage constant, it cannot be changed
instantaneously. The rotor flux linkage must not be changed if oscillations in v, and
transients in rotor currents and torque shall be avoided.

Under Vector Control, the magnitude and position of the flux linkage are controlled
both in steady state and transient operations by adjusting the instantaneous ampli-
tude, frequency and phase of the stator current. This makes rapid changes in the
torque possible and achieves high dynamic position, speed or torque control.

The differential equations of the induction machine that have time-dependent coef-
ficients are converted via transformations to a simple set of equations with constant
coefficients in the field-oriented coordinate system. Transformed stator currents are
used as control variables in a closed loop system to indirectly control and decouple
rotor flux and torque. The three possibilities for field orientation are stator fluz ori-
ented control (SFOC), air-gap fluz oriented control (AFOC that is not very popular)
and rotor flur oriented control (RFOC) that provides a natural decoupled control
over the rotor flux linkage and torque (see Section 2.2.3).

a) b)

T T M T :
20f T T Do U, :
; 5L i

. isd i : : -i.v

o
v

.152., o o : imag(j,)
) '

e Im Heyiand.cdr
Figure 2.1: Current phasors under Vector Control and locus of stator current

By mapping the magnetic operating point with a current component iy, in parallel to
the rotor flux % and by adjusting the required electrical torque 7¢; by the orthogonal
(quadrature) component i, the rotor flux and the torque can be controlled:

d,

i
dt

+¢r = kit (2.1)
Tel = k- Ur isq (22)



CHAPTER 2. FIELD ORIENTED AND SENSORLESS CONTROL 9

Up to the base speed, the flux is kept constant which simplifies (2.1) and reduces
the differential equation with the rotor time constant 7, to that of a proportional
relation with the factor k; between rotor flux and i,4. The torque is determined by
the product of rotor flux and stator g-current component with coefficient k2, and can

be rewritten: )

Ty =3-pp—%-imR-isq (2.3)
T
where ky = 3 - pp - L,/ L., the ratio of mutual inductance L, to rotor inductance L,
with the number of pole pairs pp. Under field orientation, the flux is aligned to the d-
axis and with fr = tra = Loimp, the g-component of the rotor flux is zero (¢, = 0),
where i, is the current component in direction of the rotor flux v,. For the g rotor
current i, = f 159 Where 7,4 is proportional to load and speed, shown in Fig. 2.1-
a. The stator voltages adjust under steady-state similar to the conditions for V/f
control For a small leakage coeflicient o and constant i,4, the voltage v,q = Rjisq and
~ Ris, +0Ls‘%‘1 +weLsisq. The g voltage component vy, is adjusted proportional
to the isq current and its derivative and is also linearly dependent on the rotor speed.
The ¢ component of the rotor current i, has approximately the amplitude of i,, and
is in phase opposition. Only if 7,4 is kept constant, i,q = ;TL’%{' 1s¢ = 0. Otherwise
oscillations in the rotor currents are the result. The vector diagram is shown in Fig. 2.1
on the left (subplot @¢). Adjusting i, in amplitude, frequency and phase dynamically,
allows to maintain the situation shown in the vector diagram. This is similar to the
Heyland circle on the right of Fig. 2.1. It shows the current circle as a function of
slip under steady-state conditions for an induction machine and assumes that the
stator resistance R, = 0. The vector diagram is shown for low slip, where flux and
torque-producing current components are perpendicular and torque is proportional
to the slip. With Vector Control these ideal conditions can also be maintained during
dynamic operation.
Critical for Vector Control is the need for an encoder and the knowledge of the
correct machine parameters. The latter is tackled by parameter identification schemes
(e.g. [11,16,29,30]) and self-commissioning [9, 10,31] prior to starting the machine.
The encoder is not required when using sensorless control schemes.

2.2 Modelling and Theory

To approximate the behaviour of the induction machine both under steady-state and
transient conditions, a dynamic model of the machine is used. This model can be
conveniently described using the Space Phasor Theory.
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Phase 5;

StatorStrul cdr

Figure 2.2: Cross-section of two-pole squirrel cage induction machine

2.2.1 Space Phasor Theory

The Space Phasor Theory had been developed in Hungary for multi-phase AC ma-
chines and was published at the end of the 1950s [32-34]. This theory made it possible
to easily combine phase quantities into a single vector variable rotating in any ref-
erence frame in the complex two-dimensional plane. It will be used throughout this
thesis wherever possible. The following limitations hold:

e the air gap is uniform
e the stator windings are sinusoidally distributed (no space harmonics)

e saturation in the magnetic circuits is neglected

A typical cross-section of a three-phase squirrel-cage induction machine is shown in
Fig. 2.2. The stator has the three phase windings s,, s; and s3 where the current
through winding s; is aligned to the a-axis. The rotor is a cage with the rotor bars
short-circuited at the endrings. Each winding has a resistance and a self-inductance.
Stator and rotor are magnetically coupled via the air-gap.

For the time-dependent space phasor of the three-phase stator currents:

i, = ig, (£)€7” + 15, (£)€72® + iy ()70 = |3, (2)|7* (2.4)

The instantaneous values of the stator currents are iy, (t), iy,(t) and i5,(t). In general,
the magnitude and phase of the current vectors vary with time and can be of any
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shape. The exponential factor represents mathematically the displacement of the
windings by 120° in space. For the instantaneous currents in a machine with an
isolated neutral, the following restriction holds:

oy (8) + 15, (£) + iy (£) = 0 (2:5)

Under steady-state, thus for a symmetrical three-phase system of sinusoidal currents,
the expression of (2.4) for the current space phasor simplifies:

i, = I et (2.6)

Now, the space phasor is a complex current phasor /, with fixed amplitude J, and an
arbitrary phase angle ¢., that rotates with the fixed stator angular velocity we.

The space phasors of other machine variables, such as stator voltage v, or rotor flux
¥_can be obtained similarly to that of the stator current shown above [32,34].

2.2.2 Transforms

In a balanced system, 3-phase signals can be converted to an equivalent orthogonal set
of signals. This simplifies handling and is common practice [7]. For the transformation
into a phase-equivalent circuit it can be important to determine if the machine is
connected in delta (A) as most machines above 5kW are, or in star (Y). In this
thesis, the machines used are connected in A (see also Section 4.6). The measured
line-to-line voltages are then equal to the phase voltage of the equivalent circuit. No
transformation is required. The measured line currents i4, ip and ic however have
to be explicitly converted to phase currents.

s, =tiap = (1a—1B)/3 (2.7)

The result of the transformation is that the rms value of the phase current isp is
lower than the rms value of the line current i4 and is lagging it by 30°:

1 [T
rms(iag) = rms(is)/V3 where rms(z) = —T—/l'2dT (2.8)

Liag = Lig— 30° i is leading! (2.9)

The inverse conversion from phase to line currents is useful when comparing refer-
ence currents with real line currents. These reference currents will be transformed
according to:

ia = 1aB—lca (2.10)
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For the signal conversion into an orthogonal coordinate system, the so-called RMS
transformation is used throughout this work (see Appendix A.1).

ia = ian/V2 (2.11)
g = ?'g(iBC/ﬁ_iCA/\/E) =(’ch—iCA)/\/6 (2.12)

For the use in field-oriented control, the machine model is simplified by transforming
the measured stator quantities into a rotating frame. Well known is the rotor frame [6)].
This frame is aligned to the rotor flux at angle p and rotating with the angular
frequency w, = %f. Multiplying a space phasor iy, = (isa + Jjisp) by e~7? will cause
a rotation in the mathematical negative direction (clockwise rotation):

fy, = iy, (2.13)
(tsa + Jisg) = (isa + Jisg) - [cos(p) — jsin(p)] (2.14)

2.2.3 Mathematical Model of the Induction Machine

The modelling of the electrical characteristic is done on the basis of additional as-
sumptions:

e the structure of the machine is assumed to be symmetric

e saturation effects in the iron are neglected

e skin effect, stray losses and iron losses are not considered

e the machine parameters are assumed to be initially constant

For the general induction machine, described in an arbitrary reference frame rotating
at arbitrary speed w,, the general stator and rotor voltage equations are [7,34]:

2y

b = R+ =+ juad, (2.15)
d

b= Rt 24—y, 216)

The rotor quantities have been transformed to the stator side. Simplifying for the
squirrel-cage type (v, = 0) and the electrical equations in stator coordinates (with
Wy = 0):

dyp

Qs R3§3+ dt ( )
a,

0 = R, +—== - jw (2.18)

dt
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Figure 2.3: Linear equivalent circuit of squirrel-cage induction machine

Fig. 2.3 is a graphical representation of (2.17) and (2.18). The speed-proportional
voltage that is induced in the rotor winding is shown on the right of Fig. 2.3 and is
equivalent to the induced voltage or back-emf in a DC machine. The flux linkage
equations below are valid in any coordinate frame, assuming linear conditions:

¥, Lgi, + Loi, (2.19)
Y = L.i, + Loi, (2.20)
v = Lo(i, +i,) (2.21)

For the stator self-inductance L, and rotor inductance L, and the mutual inductance
L, with the leakage inductances L,, and L,, on stator and rotor side respectively as
shown in Fig. 2.3:

Ly = Ly+Lo=(1+05)L, (2.22)
L, = Liy,+L,=(1+0,)L, (2.23)

and the machine leakage coefficient:

2
L, (2.24)
I.L,

1
= I Trayasa) (2.25)

c = 1-

The mechanical output power of the machine is three times (for 3 phases) the product
of the back-emf juwry_and the conjugate complex (denoted by the superscript *) of

the rotor current:
Py =3 jwy, -1 (2.26)
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The torque produced by the machine is:

P -
Tu = - =3ppj(¥, &)

= 3-pp-j(Lot, + Lyi,) - 45
= 3-pp-Lo-S{, 57} =3-pp-

g 2.27
l+o, tmR " lsq ( )

where 8y = /(¢,,9) is the angle between stator and rotor flux and S{...} is the
imaginary component Equation (2.27) is the basis for Vector Control. The descrip-
tion of (2.28) is popular for Direct-Torque Control (DTC) [35,36] or DSC [37]. The
substitutions vy ,, = ¥r - L; /Lo and i,,p = ¥,/L, are used which will be derived in
the following sections.

The relation between electrical and mechanical quantities is given by the mechanical

differential equation:
dQ,

dt
T, is the load torque which is not further specified here and can include stiction,
friction and nonlinearities depending on ©, and €., the mechanical rotor position
and angular velocity respectively. The lumped inertia of the whole drive is given with
J in [kg m?] or [Nm s?].

J 2 = Ti (0, Q. t) (2.29)

Electrical and mechanical angular quantities differ when the number of pole pairs pp
is larger than 1. For the electrical and mechanical angular velocity of the rotor:

=pp-Q, (2.30)

), is the mechanical angular velocity of the rotor in [rad/s] and w, = df,/dt is the
instantaneous electrical angular velocity of the rotor in [rad/s]. The relation for the
mechanical and electrical angles is:

where pp is the number of pole pairs, ©, is the mechanical rotor angle in [rad] with
reference to an arbitrary starting position and measured in the stator frame of coor-
dinates. The electrical rotor angle is 6, that is also given in [rad].

The induction machines with double cage rotors used in the research (see Section 4.6.1)
can be approximately described by applying the theory of a single cage rotor above.
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This approximation is valid since under Vector Control the slip is controlled and does
not exceed its rated value. For a more precise transient analysis, the additional leak-
age paths and resistance due to the outer cage (or starting cage) have to be considered
that play a role for higher slip frequencies. These are described in Section 4.6.1. The
full dynamic machine model and the design of Vector Control strategies for direct
and indirect common rotor flux orientations are described in e.g. [22,25, 38].

Model Orientations

The voltage equations (2.17) and (2.18) are the basis for the mathematical model and
derived from the stator and rotor meshes of the machine. For this the rotor cage is
substituted by a three wire AC circuit. The equations are represented by the circuits
of Fig. 2.3 that are similar to the single-phase equivalent circuits of the induction
machine in steady-state.

b) Is R, Tg‘;L' 1 f'a)
o—— 1] ' '
Ims
Y y:l T L &(1 +o,)f
[+ ¢
© i R oL. ie1+0)
o> <
ij
Y Y, (-oL, §’ (-1_*13
Orient.cdr [

Figure 2.4: Steady-state equivalent circuits used for Vector Control based on a) air-gap
fluz, b) stator fluz, and c) rotor flur orientation

Using a simple conversion, the equivalent circuit can be simplified. This is because
of i, = i, +1,, the three inductances Ly, L, and L, do not represent independent en-
ergy storages [7]. Hence the equations can be rearranged with only two inductances.
The modified steady-state equivalent circuits derived from Fig. 2.4-a are shown in
Figs. 2.4-b and c.

The first model (Fig. 2.4-b) concentrates all leakage inductances in the rotor mesh.
This is convenient when using a stator flux oriented contro! (SFOC), like DTC or
the control of doubly-fed induction machines [7]. The stator flux linkage is chosen as
orientation reference so the control behaves similar to V/f control (see Section A.2.2)
where 14 X vy4/we, simplifying (2.40). This orientation is popular for simple sensor-
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less schemes but does not achieve a full decoupling of stator flux linkage and rotor
current. This coupling effect is similar to the armature reaction of a DC machine [7].
If the load is increased, the flux component i,4 also has to be increased to maintain
the stator flux at a constant level [7].

e The stator voltage equation is written with the stator flux represented by the
stator inductance L, and the current derivative:

d )
3. Ls_ ) — =
Rt + dt[l“’+1+asl Us

e The rotor equation (2.18) is extended by the term i./(1 + o5) to get the same
current derivative through L, as in the stator voltage equation above:

d 1 ) d
Ls— . =T =r 2r 2 2l 5 . 1 s
dt [ls * m} T [(1+0r)(1+03) Logg + RBr(1+0y) ] jurg (1+0)
The following substitutions can be introduced:
i = b
=T(D) (1+0s) ) Lira
RT(D) = R(1+o,)= Rr(']j:')

Y. (1+o) =9 =

._.T(D) _—

L, =

I
B4

—
Q

The subscript (p) indicates the transformed quantity of the stator flux oriented
model. The final equations are:

e stator equation:

: d|. .
Rslg + Lsa [ls + _Z_r(D):l = v, (232)
e rotor equation:
L2li, +i a1 ' 2.33
*dt Lt Yy + R”(D) + L"EE Yrpy = ]w’}ér(u) (2:33)

The steady-state stator oriented model is shown in Fig. 2.4-b where all the leakage is
referred to the rotor side.

The second model is rotor flux oriented and shown in Fig. 2.4-c. This equivalent
circuit is suitable when working with Vector Control. Only the rotor flux orientation
allows true and full decoupling of rotor flux and machine torque.
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e The stator equation (2.17) is rearranged by concentrating all the leakage on the
stator side:

{Rs + ULs%]L + (1 - a)Ls% [Qs +(1+ 0,)1,] = v,

e For the rotor equation, only the rotor resistance remains in the rotor branch:

B (1+ o)t = jwr L

(1- a)Ls% [33 + (14 o,)g,] +

m 1+o;
The following substitutions simplify the equations:
Lriyy (1+0r)i,
Ry = (T&wrﬁ
Yoy = Tror — Ynmr
Therefore with the subscript () for the substituted quantities:
e stator:
{Rs + aLs%] i, +(1- a)LsEdZ [gs + g,(v)] = v, (2.34)
e rotor:
(1-0)L, jt[z + zr(v)] + R,(V)ir(v) = jw,_lér(v) (2.35)

1t'n R

The new synthetic magnetizing current i,,p = ¥ /L, is aligned and proportional to
the rotor flux ¢_ . =¥ /(1+o;) [7]. This current can also be directly derived from
the flux equations (2. 19) and (2.20). The equivalent rotor orientated circuit is shown
in Fig. 2.4-c that clearly visualizes that the stator current is split into two components
that are perpendicular. The rotor branch is purely resistive whereas the magnetizing
branch is only inductive.

For the stator side, the inductance oL, is the so-called stator transient inductance.
This parameter plays a role for the high-frequency model of the induction machine
when using hf signal injection.

2.2.4 Flux Model

The instantaneous values of the angular position and magnitude of the flux are es-
sential for the correct field orientation and dynamic control of the induction machine.
Two categories exist to determine the flux:
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The direct method uses Hall-effect sensors or search-coils built into the machine to
directly measure the flux. In practice, this has not been accepted much due to the
requirements of mounting sensors into the machine and partially due to inferior results
compared to other methods.

Of significant importance are the indirect methods. Here, the flux is estimated via
suitable numerical machine models that are based on measurable terminal electrical
and shaft mechanical quantities. There are basically two groups of flux models: the
current- or i,n-model is based on measuring the stator currents and the rotor position
or speed via encoders or resolvers. The voltage- or u,i-model measures voltages and
currents to derive the flux.

Current Model

integrator

i

fs o——ti _ LPfilter

lsd
dyq > T

Figure 2.5: Current Model (N: numerator)

The current model that is shown in Fig. 2.5 can be derived from the rotor mesh in
the synchronous reference frame (w, = w,) or from (2.35) multiplied by L

di
g =t nt i A %R (236)
isq = waly* imR (237)

where imr = i,z IS the magnetizing current as shown in Section 2.2.3 and derived
from the rotor flux oriented equivalent circuit in Fig. 2.4. This current component is
directly proportional to the rotor flux:

L,

e, ImR o (1 5 U)LsimR

Ymr =
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In steady-state, the magnetizing current i,z is equal to the d-component stator cur-
rent. Dynamically however, they are linked via the rotor time constant T, that usually
is in the range of a few hundred milliseconds. During machine startup, the flux is
built-up once and then kept constant for machine operation.

From equation (2.37), the rotor flux angle can be derived via integration of the flux
angular velocity which is derived from adding the rotor angular velocity and the slip
frequency:

1

t is ‘ t .
p = pPo +/ (wr + T iq R) dt = Ep - 0, +/ T iq Rdt + 9310 (238)
4 r‘m to rtm
0,

0

Normally, the measured rotor position can be used directly and only the slip frequency
is integrated as on the right of (2.38) where 6, is the initial slip angle. The following
structure for the calculation of the rotor flux angle can be preferable if the saturation
characteristic of the rotor inductance L, is included:

Y, = /UHddt = (1+0,)* Ymr and  Upg = Rr(isa — imnr)
imp = Y;/L, where L, = f(y})

R
Wmp = PP + —2 = w,
e Ve ’(/),.
Wr
px+1 = pr+Ta-wmpr with the sampling period T, (2.39)

Characteristics for the current model are:
e The model allows for operation over the whole operating range.

e A problem with this model is that it is sensitive to changes in the rotor time
constant T, which can vary considerably during operation (temperature, satura-
tion). Accurate orientation depends on the precise knowledge of this parameter
and the calculation of slip that is normally small compared to the angular rotor
speed. A parameter mismatch between model and machine affects the flux link-
age identification/reconstruction and determination of the flux angle and thus
the control performance. The wrong 7} can cause a derating of the drive since
the rated torque cannot be produced.

e Therefore, T, should be adapted in real time (on-line parameter adaption).
Often, a non-linear table is implemented with L, = f(¢}) [39] according to the
alternative model implementation above.

e The model requires the measurement of the rotor angle or rotor speed. Opera-
tion without a position/speed encoder is not directly possible.
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Voltage Model

integrator w,d

—— e

@ @ ry
. -
f,— | ATAN i

Figure 2.6: Voltage Model

The voltage model shown in Fig. 2.6 is based on the integration of the stator voltage
equations in the stationary reference frame:

t
L Mex ¥ / (s — Ryiy)dt (2.40)

to

The rotor flux linkage ¥_ can then be derived from the stator flux linkage % :

Lr Lr
¥ = (¢, - ULsis)L— = .’/_’mnf (2.41)

—F

Finally, the rotor flux angle can be extracted by applying the arctan function on the
ratio of the flux components:

p = arctan(¥,s/Vra) (2.42)

Characteristics of the voltage model are:

e The model only requires the feedback of stator terminal quantities (stator volt-
ages, stator currents) that can easily be obtained via measurements.

e An advantage over the current model is that it does not require speed or position
information for the determination of the field angle.

e The field angle p is only dependent on two parameters: the stator resistance R
and the leakage inductance oL;.

e The leakage inductance is a relatively constant value over the speed range.
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o The resistive part is relatively small for high speeds and can then easily be
neglected. The model is therefore very robust for high speeds. A problem
however can be the correct and undelayed measurement of the stator voltages.
Usually, the reference voltages can be used instead (see Section 4.5.2).

e For low speeds (low w,), the open integration and the temperature dependency
of the stator resistance cause considerable problems:

— The voltage drop across the resistor becomes an important part of the stator
voltage.

- The induced voltage decreases proportionally with a decrease in the stator
frequency. This can result in problems of getting sufficient signal resolution.

e A small DC input to the integrator can cause a failure of the model, especially
when approaching zero speed. As the estimated flux linkage drifts from the
real flux linkage of the machine, an increasing difference and estimation error
certainly causes instability. A common way to avoid the problem, is to use a
bandpass filter (BP) or lowpass filter (LP) with a low centre or cutoff frequency
in place of the pure integrator [40,41]. The low-pass filter acts as an integrator
for higher frequencies, the high-pass filter blocks and removes the DC offset.
Other methods make use of drift correction, max-min evaluation or use a moving
averager [42,43]. Mathematically it can be shown that for zero stator frequency,
the magnetic coupling of the stator and rotor circuit vanishes, the voltage model
is 'blind’ [15]. Practically, no induction exists.

In the work for this thesis, the current model is used because an encoder is available for
the experimental drive. For sensorless control, the estimated rotor position replaces
the encoder signal.

2.2.5 Inverter Model

Placed between the controller and the machine is the inverter. For the design of the
current controllers, a suitable model of the inverter is required. For Vector Control,
the operation of the inverter (see Section 2.2.6) can be linearized and simplified. For
the control design, the inverter is then approximated by an equivalent first order lag.
More accurately, it can be modelled by the transfer function e=/7¢ where Ty is the
delay time. Although the new reference values for the inverter switching times are
written into their respective timer registers as soon as they have been calculated by
the current controllers, they are not updated immediately but with the start of the
new PWM period. In symmetrical PWM that is used here, this update will be at the
timer underflow only, resulting in a delay Ty = 27, or it can be additionally at the
timer overflow [14], giving a delay Ty = T, where 2T, is the PWM period.
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Two rigs are used for the research, the older rig based on a network of transputers,
called TRANSPUTER rig (see Section 4.1) and a new platform described in Sec-
tion 4.2 using a digital signal processor (DSP) and therefore named DSP rig. For the
DSP rig, the PWM period is 2T, = 200us which is equal to the A/D sampling time
and the period for the current loop. The old TRANSPUTER rig has a PWM period
of 2T, = 168us where the main control loop is at 504us. Currents were sampled and

processed every T, = 84us.

The presence of deadtime is responsible for a PWM voltage error in the voltage-
source inverter. This error voltage is proportional to the deadtime and the switching
frequency of the inverter and can be regarded in the control design as a disturbance
in the current loop of the control system [44] and will be examined in more detail in
Section 6.1.

The inverter can be modelled more accurately by considering the voltage drop across
the switching devices or the freewheeling diodes [45]. The voltage drop is responsible
for a difference between reference and applied voltage across the machine terminals
and can be included in the inverter model as a disturbance. This disturbance depends
on threshold voltages and the on-state resistances of active switch and diode and
the current through the devices. This model requires the line currents as feedback
parameters.

2.2.6 PWM Strategies

For the control design, it is sufficient to describe the characteristic of the inverter
by a linearized and simplified model as described in the previous section. This sec-
tion provides a more detailed description of the discrete operation of a voltage source
inverter. An understanding of the discrete and nonlinear inverter characteristic is
essential to evaluate its modulation effects on the hf signal injection as discussed in
Section 6.1. The discrete PWM switching characteristic can be applied to generate
PWM test pulses that can be used for the estimation of the flux or rotor angle in
machines.

Vector Control adjusts the inverter reference voltages to control the machine cur-
rents. Pure sinusoidal currents are required for the induction machine in steady-state.
Higher current harmonics result in torque ripple and additional losses. Practically the
sinusoidal currents can only be approximated. For the inverter of the experimental
rig this approximation can be regarded as accurate enough due to the high inverter
switching frequency. The basic idea behind variable-speed drives is that the voltage
amplitude and frequency can be adjusted rapidly and independently to control the
currents. The classical method is to use a 3-phase rectifier and an inverter that are
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Figure 2.7: Rectifier, Inverter and Induction Machine

coupled via the DC-link and a capacitor bank as shown in Fig. 2.7. With fast switch-
ing of the devices in the inverter stage and techniques like pulse width modulation
(PWM) it is possible to create 3-phase voltages with variable fundamental amplitude
and frequency. In PWM, the width of the discrete voltage pulses follows the magni-
tude of the reference signal. For a long time, PWM strategies have been investigated
to reduce torque ripples, optimize the switching sequence and increase the amplitude
of the output fundamental voltage [46].

The first stage is the rectification. The DC link decouples the second stage — the
inverter — from the mains so that the output frequency can be independent of the
mains frequency. If using a diode rectifier, energy cannot be fed back into the mains
and has to be dissipated by e.g. using a chopper in the DC link. If the DC link
voltage is not constant, it can be measured and included in the PWM switching time
calculation to improve the output voltage.

The ideal stator voltage vector v, describes a circle in the complex plane, as shown
in Fig. 2.8 and is formed by the voltages in the three phases:

steady 3

v, (t) = v, ()" + Uy, ()12 + v, ()€™ state 5\/51/5 el (2.43)

This shape of a circle can only be approximated by inverters with switching devices.
Two quantizising effects occur:

¢ Quantization of amplitude
e Quantization in direction

The inverter is usually simplified by a switching model, where semiconducters are
substituted by ideal switches. In an inverter leg the switches are operated comple-
mentary. The states of the possible voltages are represented by the number triple
[S4,SB,Sc] that indicates the selected control signal. By permutation, this results in
23 = 8 possible states for v,.
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Figure 2.8: Inverter-Hezagon

Six of these discrete voltage vectors (1 — 6) form the edges of an equilateral triangle
of border length 2V, /3. The voltage vectors 0 and 7 are zero vectors ([1,1,1] and
[0,0,0]). They can be achieved by connecting the load terminals (A,B,C) either to

the positive or negative pole of the DC link voltage.

u, = Va® Y k=1..6 (2.44)
U, = U, =0

Space Vector Modulation

The difference between the discrete voltage vector u, and the voltage vector v,
causes current harmonics. It is v, which determines the behaviour of the machine. A
criterion for the quality of a PWM strategy is the deviation of the machine currents
from their fundamental. The aim is to switch the phase voltages in such a manner
that the desired current shape is achieved with a minimum of distortion and that a
mean voltage vector corresponding to v, is created. The current ripples due to PWM
switching is shown in Fig. 4.4. An optimal PWM can be expected when [47]:
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e the maximum difference of the current vector from the ideal is as small as
possible for different switching states and

e the switching or pulse frequency f, of the inverter is as low as possible. Note
that an optimal compromise for the frequencies has to be found as the harmonics
are shifted to higher frequencies by increasing f, whereas however the losses of
the semiconducters also increase.

Space Vector Modulation (SVM) is such an optimal PWM strategy [47]. The switching
time calculation for SVM can be either performed in polar coordinates or in 3-phase
coordinates. Both methods lead to the same voltage demand and allow an effective
increase of the applied voltage of 15% compared to sinusoidal PWM. The absolute
value of V can reach a maximum of 2 5V c0s(30°) = Vy/ v/3, shown in Fig. 2.8. This

is equivalent that the tip of V. cannot leave the circle imprinted in the hexagon.

Switching Times in Polar Coordinates

The calculation of switching times depends on the coordinate system in which v,(t)
is described. For the voltage vector in polar coordinates (described by amplitude and
angle), the calculation for the first sector is:

Tp 2
/ v,()dt =Y Teu,, (2.45)
0 k=1

where 1/T, = f, is the pulse or switching frequency of the inverter. The basis of the
shown relation is the demand for equality of voltage-time areas (VTA). In case of a
A connected machine, the following equations hold:

v = ¢-30°
v = rem(d,60°)

(
(
2
R V. N e (
dc
Ty = my - T,sin(60° — ) (2.49)
T, = mg-T,sin(y) (
(

Ty = (T,-To—T))/2

where 27}, is the PWM period and for ¢ = arctan(vg/v,) the angle of the voltage
vector. The 30° phase shift in (2.46) is a result of the conversion from line-to-line to
phase voltages. The zero state calculated in (2.51) is symmetrically split into u,, and

U,, as shown in Appendix A.3. The peak of the a3 voltages are scaled to represent
the rms phase voltage. This is 415V for the A connected machine. For every sector,
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the PWM timings T, Ts2 Ts3 have to be calculated separately from the switching
times 7y, 15 and T as shown in Table 2.1. There can be a difference for the low-to-
high and the high-to-low switching time calculation, if the PWM counter only makes
use of a count-up or a count-down mode. Appendix A.3.1 and [48] give more details
about the practical implementation of Space Vector Modulation.

sector Ts T, T3
0 T() + T1 + T2 To + T2 To
1 To + T1 T() + T1 + T2 To
2 T To+T+T, To+Ts
3 To To+ T To+ T+ Ty
4 To + T, T To+T+ Ty
5 To+Th+T, T To+ T,

Table 2.1: Low-to-high PWM switching times

Switching Times in Three-Phase Coordinates

If phase voltages are already available, the switching times can be derived directly
by calculating a mean value. The calculation then is much easier than the polar ap-
proach in the previous section. The results are mathematically exactly the same [48].

According to Fig. 2.7, the phase voltages can only have the two discrete values U,
and —U, (quantization in amplitude). U, is equivalent to high-level, when the upper
switch is closed (device conducting) and the lower switch is open. The low-level state
—U, results from the inverse switching state. The mean value of a phase voltage U,
in a switching interval T}, is determined by the ratio of high-level to low-level at a
load terminal connection n that can be s1, s2 or s3. From this results with the PWM
switching time T, for the mean phase voltage:

1

U, = T (=UTn + Uy(T, - T)) Vie = 2U,
2
_ U T, UT,
= T - T, + U,
= Vi (% - %) for n=sl,s2,s3

By rearranging, the switching time per phase follows as

T, = (l - _[{g T, for n =sl1,s2, 53 (2.52)
2 Vdc



CHAPTER 2. FIELD ORIENTED AND SENSORLESS CONTROL 27

for the PWM timings Ty, Ty, and T3 where 0 < T, < T}, and with the phase volt-
ages according to Uy = va.

Introducing a third harmonic voltage component, added to the desired mean voltage
U,, can result in the same Space Vector Modulation as shown in the polar approach.
For the modulation with three switches, the third harmonic provides a centering of
the vector threepod between the rectifier limits (Appendix A.3.2). The condition
that the distance on the real axis between vector tips and DC link limit for upper
and lower bounds have to be equal, leads to the calculation of the third harmonic:

!
rearranging of (2.53) for Unarms gives with Upe, = max(va,vs,vc) and Upin =
min(vA, VB, ’Uc)

Uharm3 = _w (2.54)

The switching times, based on 2.52, including the third harmonic are:

1 Un + Uharm3

T,={--2—22"T, 2.55
(2 ‘/dc ) p ( )

The phase voltages can now be increased without the switch-on time exceeding the
length of the switching interval T,. The presented method, based on voltages in the
three-phase coordinate system has the advantage that the sector in the hexagon does
not have to be known as in Table 2.1. The processing requirements are lower since
neither the magnitude (typically using the square root sgrt) nor the angle (arcus
tangens) are needed. For the modulation with three switches, a triangular shape
results with a frequency that is three times that of the fundamental. The third
harmonic has no influence on the line-to-line voltages, as it cancels when subtracting

two phase voltages.

2.3 Sensorless Control

The operation without a position sensor or encoder removes a number of disadvan-
tages from the drive. Cost reduction is a very important aim of drives manufacturers.
In particular for small machines, the encoder significantly increases the cost. The
expense of installation is increased and cables need space to be mounted securely.
Cabling and connectors introduce unwanted complexity to the drive that requires
longer installation and more maintenance. The latter is due to the mean time be-
tween failures that is reduced as connectors are often the cause for failures. Noise can
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couple in via the cables or dirt can cause contact problems and reduces the reliability
and robustness of the drive. Even for sensored drives, the robustness can be increased
by adding redundancy with a sensorless algorithm running in the background. In case
the encoder or a cable breaks the drive can still be operated. Another disadvantage
of the encoder is that the volume of the drive is increased. Only special models are
designed not to block one end of the rotor shaft. The encoder size is in opposition
to the trend for miniaturization. Encoders however allow high dynamic control and
provide an accurate feedback to the speed controller. This quality is the benchmark
for sensorless drives.

Soon after the field oriented control of induction machines became possible, research
for sensorless techniques started. First, speed sensorless techniques were developed
and have been in the centre of research interest [49]. At low speed however, the
estimate for flux, torque and speed is generally poor and eventually breaks down.
This is called the 'low speed problem’ that afflicts all model-based estimation. Until
now, it has not been possible to realize sensorless control at zero speed under all
loads. This has changed with new non-model based approaches {17,18] that allow a
dynamic and sensorless position control also for changing loads [50, 51].

2.3.1 Sensorless Speed Control

Most speed sensorless control techniques use a numerical model of the machine to
estimate at least the speed and flux. Sometimes machine parameters or additional
machine states are also estimated. Sensorless speed control can also be realized using
frequency-dependent nonlinearities of the machine. These allow the estimation of
rotor speed, flux angular velocity or machine parameters directly without the need
for a machine model. These techniques are termed non-model based estimators.

Model-Based Rotor Speed Estimators

There are many different machine models known with different complexity that try
to approximate the real machine. The quality achieved depends on the accurate
knowledge of the machine parameters for every operating condition. The parameters
can vary with temperature, saturation level, operation frequency or load.

Sensorless control methods have been evaluated as low, medium or high performance
according to the dynamic of their torque response [15]. The performance in the low
speed region and the accuracy of the speed estimation are other important criteria.
It is the rotor time constant 7T, that reduces the speed error when properly tuned
and therefore should be estimated online. The stator resistance R has to be known
accurately for operation at low speed [52].
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Figure 2.9: Stator-fluz oriented speed-sensorless drive using slip estimator based on
stator currents only

A simple and low performance speed sensorless implementation is open loop speed
control. The synchronous frequency is regulated while the estimated slip frequency is
only used to compensate for load changes. This is similar to closed loop V/f control
(Appendix A.2.2) or to the structure shown in Fig. 2.9 without the outer speed loop.
The slip frequency estimator is based on a steady state model of the induction machine
or can be calculated from the rotor back-emf that requires the knowledge of stator
currents and voltages. The state equations can additionally be used to separate slip
and speed estimation [49].

In sensorless closed loop speed control [53], the rotor frequency is estimated by sub-
tracting the estimated slip frequency from the known and imposed excitation fre-
quency as shown in Fig. 2.9. The estimated rotor speed is then used as a feedback
signal for closed loop speed regulation. The speed controller provides the reference
for the slip controller that outputs the demanded excitation frequency for the V/f
frontend. A filter for the slip estimate is usually required that will reduce the achiev-
able dynamic of the torque response. Low speed operation is specifically sensitive to
R, because of the V/f voltage boost. There is no decoupling in estimating the flux
angle and the rotor speed. For the slip frequency estimator including the grey area
in Fig. 2.9, a model based on stator currents and voltages can also be used.

An alternative approach, and one termed ”Medium Performance” is that in Fig. 2.10
and uses the field-oriented stator equations to impose the reference voltages e
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Figure 2.10: Stator-fluz oriented speed-sensorless drive with slip estimator using volt-
age feedforward based on stator equations

and vsq,,,,, Onto the machine. This forces field orientation where the stator flux ori-
entation is generally preferred. The machine model is then independent of variations
in the stator leakage inductance and is only based on stator quantities. Again, the
stator resistance R has to be known precisely for operation at lower speeds. The
field-oriented rotor equations can be used to estimate the slip frequency. The rotor
frequency is then derived from the known and imposed synchronous frequency. The
speed controller uses the estimated speed to produce the i, demand. A g-current
controller then produces the excitation frequency demand [53]. The demand volt-
ages are derived in two ways. The vy; demand voltage is the output of the d-current
controller. The vy, demand however has to be imposed using the ¢ stator voltage
equation because iy, is already used to generate the excitation frequency. The struc-
ture is likely to suffer from fast transients due to unavoidable parameter uncertainties
in the imposed g-voltage equation [52].

High performance speed-sensorless drives are based on a structure where the flux-
angle estimate needed to obtain field orientation is independent of the speed estimate.
A common solution is to use the voltage model that does not require the rotor speed,
to estimate the flux. Operation above 1 or 2Hz ensures good field orientation. The
speed estimator can be based on a model reference adaptive structure (MRAS) [54,55].
The estimated rotor flux from the current model that is speed dependent is compared
in an MRAS to the estimate of the voltage model. The latter model serves as the
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reference and adjusts the speed estimate by driving the cross-product between the
two flux estimates to zero [52]. The speed estimator can also drive the error between
the estimated and measured is, to zero by adjusting the estimated speed [56]. The
adaptive rotor flux observer in [57] adjusts the rotor speed via a PI controller to drive
an estimate of the torque error to zero. This error is based on the difference between
observed and measured stator currents. The rotor flux is an additional output of the
observer. In [11] a hf injection is proposed to decouple and simultaneously estimate
speed and rotor resistance.

Typical observers that are model-based are the Luenberger Observer, Kalman Filter
or the Extended Kalman Filter (EKF). The latter two incorporate the disturbance
and measurement noise, thus combining a stochastic model with the numeric model.
The EKF is based on the nonlinear model of the induction machine that is linearized
for particular operating points. These structures may require the inversion of the
system matrix, that can be based on a 5% order machine model. This demands
powerful and expensive processors.

Estimators using artificial intelligence such as neural networks can be used in parallel
to other models e.g. for the online-adaptation of the stator resistance R, that changes
with temperature [30].

The problem of all speed sensorless techniques is the reliable operation for a syn-
chronous frequency below about 2Hz. It can be shown mathematically [15] that the
mechanical speed of the rotor is not observable at w, = 0. Stator and rotor equations
are magnetically decoupled. From w, = w, + wy = 0, the line of instability along
w, = —wy, that is in the generating region, can be derived. In practice, this line will
expand to a wider region. Reasons are that the induced stator voltages are low for a
low stator frequency while unavoidable model and measurement errors remain about
constant [15]. States of the induction machine and estimated values will then drift
away from the real values to larger differences which cannot accurately be determined.
The changes in the machine parameters and the resulting accuracy of the estimation
depends on the operating point.

Often, sensorless drives remain stable during a quick reverse through the zero speed
region [15]. For longer operation in the low speed region however, sensorless techniques
need to apply some type of open-loop V/f, constant current [58] or slip management
[69,60]. The performance of the drive is generally very low with limited speed holding
capability and significantly reduced torque dynamics.

Performance criteria for speed sensorless algorithms are [61]:

e dynamic behaviour: the quality of disturbance rejection, torque response and
the transient rise time.

e parameter sensitivity: the resistances R, and R, detune with temperature and
the rotor leakage inductance I, = L,, changes due to saturation. The latter
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with the change in R, causes a change in the rotor time constant 7,. This can
result in the derating of the drive since the rated torque cannot be produced.

e low speed robustness and operation: minimum speed at which the drive can
be operated reliably. It is also interesting if the algorithm can recover once
orientation is lost.

o steady-state speed error: the error is parameter dependent and is usually worst
at low speed.

e noise sensitivity: has an effect on the low speed performance and speed accuracy.
Noise results in a degradation of the measured signals. It has a large effect on
the sensorless algorithms at low speed and might require filtering which reduces
the system dynamics.

e complexity and computation time: most models are based on the linear 2-axis
model of the induction machine. This assumes a sinusoidal distribution of the
windings. In reality, the windings are discrete in the stator (slots in stator
and rotor). This characteristic is difficult to include in the machine model,
as is saturation in the machine. For the implementation on a cheap fixed-
point processor, a matrix inversion might be too complex to realize for a given
sampling period.

Model-Independent Speed Estimators

Estimators that are not based on the machine model can be used to gain more infor-
mation about the real machine that could be obtained by evaluating the fundamental
currents and voltages only. These estimators can then be used to correct machine
models [62,63] and to eliminate parameter uncertainties. When extracting rotor slot
harmonics, speed sensorless control can be realized [40]. It also allows the decoupling
of the speed estimation from the derivation of the flux vector. Rotor slot harmonics
originate from an inductance variation due to the geometrical design of the machine.
Stator and rotor slots produce slot harmonics in the air-gap flux when the rotor
moves. The harmonics are induced in stator voltage or current from where they can
be extracted for speed estimation [64,65]. The largest slot harmonic will exist at a
slot-harmonic frequency f,» = 2t f, + f, where N, is the number of rotor slots, pp
are the number of pole pairs. The corresponding slot harmonic f;, will not exist if
(N;/pp + 1) or (N,/pp — 1) is even or a multiple of 3. In many machines only one
harmonic will exist and the estimated rotor speed is n, = Q?—\',fﬂ( fsn o fe), with o = +,
— or =%.

A back-emf method is shown in [66] that uses virtual short circuits. At lower speeds,
the inverter zero states (000’ or '111°) can be used since they occur sufficiently often.
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During these states, the current is only driven by the back-emf. For higher speeds,
inverter zero states need to be constructed to cause virtual short-circuit conditions for
the voltage. The current change due to the back-emf can be directly used to model
the flux linkage and estimate the angle to obtain field orientation. This technique
does not require the knowledge of stator voltages and does not depend on machine
parameters. It also does not suffer from difficulties related to integration but loses
orientation similar to other emf-modelsin the low-speed region and at standstill. This
is because the stator resistance is neglected in this technique. Also, due to the smaller
emf, the current changes are smaller and more difficult to measure. The technique
works well for speeds above a quarter of the base speed. Below, the required processing
increases significantly. A Kalman Filter interpolates and provides flux estimates in
between the discrete measurements for the rotor flux angle calculations.

Zinger et al. [67] propose a phase-locked loop (PLL) to extract the rotor speed from
the frequency of the rotor slot harmonics. The field orientation is decoupled from
the speed estimation by measuring the induced voltages in specifically tapped stator
windings. This allows the estimation of the airgap-flux and to cancel the resistive
voltage drop that usually is a problem in the low speed range. Still, operation becomes
worse below 5Hz and full torque cannot be achieved in the operating range.

For star-connected machines, the 3’9 harmonic of the stator voltage, that is due to
stator and rotor teeth saturation, can be used for the estimation of the flux angle [68].
Only the neutral point of the stator windings has to be accessible. The problem is
that the amplitude of the third harmonic voltage v; decreases for reduced flux and low
speed. An interpolation that is based on the mechanical model is used to estimate the
position between the zero crossings of vz that only occur after a time T'=1/(6 - f.).
This allows the realization of sensorless torque control for operation that is claimed to
be stable above 1.2Hz. The stator and rotor slot harmonics are proposed to estimate
the speed. This however is not demonstrated and the measured encoder position is

used instead.

It can be summarized that the estimators that are not based on the linearized machine
equations also fail in the zero speed range. This is because either the voltage is too
small to provide reliable information or the measurement interval increases inversely
to the frequency and all dynamics are lost. The 3'4 harmonic, induced harmonics or
rotor slot harmonics get very close or overlap with the fundamental signals at low
speeds and cannot be separated. All model-based and model-independent techniques
have in common that they track a speed dependent phenomenon instead of a position
phenomenon that does not vanish at zero speed [69)].
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2.3.2 Sensorless Position Control

For sensorless position control, the robust operation in the low speed region is manda-
tory. Since model-based approaches do not operate reliably in this region, other meth-
ods are required to obtain the flux or rotor angle. Tracking the position of a saliency
provides a solution to the low speed problem. Saliencies are practically present in any
machine and can provide an absolute information about the position of the machine
rotor or flux. For synchronous reluctance and switched reluctance (SR) machines,
salient pole and buried permanent magnet machines, magnetic saliency is an inherent
part of the rotor design due to their geometry [18,70-76]. For induction machines
and surface PMSMs, saliencies are secondary or parasitic effects that are not covered
by the ideal and linear model [18,77,78]. Sensorless control of the induction machine
exploits magnetic asymmetries due to main flux saturation [18,79-81], rotor slot-
ting [21,82,83] or engineered rotor saliencies [23,24,50]. Typically, a high-frequency
(hf) signal is injected [17] or an inverter transient [84] is used to excite the saliency.
This allows the separation of hf modulation from the large fundamentals and hence
the measurement of the response of the machine that contains the information about

the saliency position.

Historically, the first sensorless control based on saliencies for induction machines to
be investigated was sensorless torque control. This is because of the similarity to sen-
sorless position estimation in PMSMs and SR machines, the lower requirements on
signal processing and the pronounced type of saliency. Lately, sensorless position con-
trol, that is the subject of this thesis, has become a focus for research [17,24,51,85].
Rotor position estimation poses higher demands to the complexity of the position
estimator than flux estimation.

INFORM

The first method to extract the spacial saliency information from a machine for sen-
sorless control was developed by Schrodl [18]. The indirect flux detection by on-line
reactance measurement (INFORM) had its origin in the detection of the initial po-
sition of the rotor in synchronous machines [70]. The knowledge of the correct rotor
orientation and position of the permanent magnets is essential for starting PMSMs,
especially when using speed sensorless techniques. Magnetic saturation due to the per-
manent magnets causes an anisotropy in the inductance around the machine perimeter
that can be measured. Voltage test vectors are then applied in one or more of the
discrete PWM directions (Section 2.2.6). A sufficiently large armature current shifts
the magnetic set point in the machine. This will change the inductance nonlinearly
due to increased or decreased saturation and helps to identify the magnetic polarity
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of the permanent magnets and hence the orientation of the rotor.

Introducing a regular injection of the test vectors, it becomes possible to continuously
monitor the saliency and to use this information for a sensorless control scheme.
In [18], the measurement to determine the saturation saliency is developed. This
allows sensorless position and speed control for synchronous machines [86] but only
torque control or crude speed control for induction machines [87]. This is because
rotor frequency and flux frequency differ by the slip frequency in induction machines.
The knowledge of the saturation saliency helps to obtain field orientation. The slip
can be estimated, and therefore the rotor frequency, that allows sensorless speed
control. Since saliencies are a position-dependent phenomenon, the derived speed-
estimate will be very noisy [18]. For position control, the estimation of the rotor
position via slip is not accurate enough.

Applying a voltage u, at an angle «, that is referred to the af plane, a current
change Ai,/A7 is measured. The ratio of applied voltage to current change is the
complex differential inductance’ X (24,) [18]. The angle a, of the voltage phasor can
be split into the two components 3, and 6, (see Section 5.3.1) where the latter is the
orientation of the magnet axis (d-axis) referred to the af plane and B, is the angle
between d-axis and the voltage phasor. It can be shown that X contains the saliency
information due to saturation and depends on 3, [18] as by (2.56). Extracting this
angle allows the determination of the direction of the applied voltage phasor within
the dgq reference frame. From the knowledge of its position within the stationary a8
reference frame, the estimate of the flux angle 6, can be derived using (2.57).

From (5.33) for a stationary rotor:

di — 4

-jti =y, (V+AYe %) (2.56)
Y

b = a,- B, (2.57)

it can be shown that two measurements are needed to estimate /3, without knowing the
differential inductance X [18] or its inverse Y (see Section 5.3.1). The inverter allows
3 independent and different measurements. This is because there are only 6 discrete
directions possible for the voltage phasor as shown in (2.44). Only three of them
provide new information, the other three voltage phasors are in the opposite direction
[18]. Using the information from all three possible directions, the measurements can
be combined to form a complex variable ¢. This can be formed by using the amplitude
information of the current change Ai only, or by using the phase information of
Y= %&:. The argument of ¢, that is ¢ = Az, + Aiszeﬂ’f“ + Azsse“”/"’ when using
the amplitude information or ¢ = Y] +Y,e/2"/3 + ¥;e/4"/3 when directly using the phase
information, contains the desired flux vector #,. Estimating the flux angle from the
phase information is reported to give more accurate results [18].
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For the rotating machine, the influence of the back-emf has to be eliminated. In [18],

two INFORM cycles are combined. The two INFORM measurements have to take

place within a short time so that the back-emf does not change too much. Ideally, the

test vectors replace a voltage zero state since their mean stator voltage is zero. The

deviation from the normal PWM generation is hence minimized [88]. Subtracting the
u, - U, = X(28.) {— %,

two cycles results in
= 2.58
dt |, dt|, ,} (2:58)

which is independent of w,. The angle 3, is now the argument of the difference of
the two voltage phasors u,, and u,  [18].

di,

The problem due to changing saturation in the machine and its effect on the estima-
tion of the saliency position is also addressed in [18]. The identified angle differed
by 30° under full load compared to no-load and the angular difference between the
real flux angle and position of the saliency depended linearly on the load and i,,.
Subtracting a correction term Ap, that is determined by a commissioning procedure
from the estimated saliency angle, solves the problem. A similar approach is shown
in {72,73] for a PM synchronous machine. A correction function is proposed by Lorenz
and Corley in [73] to compensate for filter delays, saturation and inverter deadtime.
The estimation errors due to the filter delay and saturation are approximately linear
with speed and stator current respectively. The correction for the inverter deadtime
is not shown.

For a position control system of sufficient quality, the rotor position and rotor speed
are required. For the PMSM in [18], the rotor position is determined by the INFORM
estimator. Deriving the speed by differentiating the estimated position “yields prac-
tically useless results because of the disturbed position signal” (quoted from [18]). A
Kalman Filter is suggested to improve the position estimate and to obtain a speed
estimate. The use of a Kalman Filter requires the knowledge of the electrical and
mechanical machine parameters. Therefore the use of a PLL is proposed to simplify
the estimation of the flux angular velocity.

Applying the INFORM method to induction machines, a sensorless torque-controlled
drive can be realized. Crude speed control is also possible as shown in [18].

Rotor Position Estimation for Interior PMSMs

Ogasawara et al. show, in [89] and earlier publications such as [71], a possible imple-
mentation of the Schrédl method for a PMSM at zero and low speed that is extended
to high-speeds in [90]. The motor current is varied by applying redundant voltage vec-
tors. Ideally, all 6 voltage directions (see Section 2.2.6) are used to excite the currents



CHAPTER 2. FIELD ORIENTED AND SENSORLESS CONTROL 37

and obtain the linear independent current samples needed for the signal processing.
The average voltage vector hereby has to remain unchanged from the fundamental
voltage vector, not to change the machine flux and torque. In contrast to Schrédl,
test vectors are permanently applied. The current deviations A, from the mean
current i,,4 are measured at the end of each voltage switching interval k. With the

relation v = Ri + L% + e for the fundamental signals of the PMSM, the transient
relation due to a voltage test vector is:

Ly - Aigog = viti (2.59)

where the machine resistance and back-emf e are neglected. The inductance matrix
is given as

(2.60)

I L+ ALcos(26,)  ALsin(26,) ]

~ | T+ ALsin(26,) L — ALcos(26,)

with L = (Lg+L,)/2 and AL = (Ly— L,)/2 and 6, the rotor angle of the PMSM. The
parameters of L and most important, the rotor angle 6, can be obtained according
to [71] via processing a-8 cross coupling terms of voltages and current differences in
a least-squares approach to minimize the estimation error. It is not mentioned if the
back-emf needs to be eliminated for operation at higher speeds.

The technique relies on the precise sampling of ADCs that are synchronized to the
PWM switching to measure the current change Ai;. At low speed, all 6 non-zero
voltage vectors are applied within one modulation period T, = }_t; where T, = T,
is half the PWM period. The switching time ¢, for each vector is determined so that
the mean voltage vector equals the demanded stator voltage. From above half-rated
speed and for high-speed operation, one zero-state vector is selected plus the three
voltage vectors spanning two of the sectors that are within +30° of the demanded
stator voltage vector to excite current transients. The switching times t; are again
calculated so that the mean vector is equal to the demanded stator voltage.

Blaschke Flux Angle Detection

Blaschke et al. [79] use the nonlinear effect caused by the mutual inductance when
injecting a pulsating Af current onto the d-current axis. Saturation is responsible for
differences in the resulting hAf rotor currents that are a function of the flux angle.
Ideally, these rotor currents have to be measured. With no access to the rotor, they
can be approximated and estimated from the stator voltages. A misalignment in the
field orientation can be derived from the Af rotor currents or stator voltages and used
as a feedback to correct the voltage model. This allows field orientation at zero and
low speeds and different loads. This technique is suitable for current source inverters
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(CSI), using a hysteresis current regulated PWM inverter. Sensorless torque control
is presented in [79] with the relatively low carrier frequency of 20Hz for the hf current
injection. No technique to realize sensorless speed or position control at zero speed
is presented. As will be shown later, it can be a disadvantage to have a low injec-
tion frequency. An increased carrier frequency for current injection however is more
difficult to realize than voltage injection due to the limited bandwidth of the current

controllers [91].

Sul Flux Angle Detection

Sul [20] proposes a technique, very similar to that in [79]. The main difference is that
a VSI and hf voltage injection are used. Therefore, the saliency information is derived
from the hf stator currents. Again, a pulsating injection in the d-axis is applied. The
resulting hf currents are measured and transformed into a measurement frame that is
aligned to the flux axis by a balancing controller. Ideally, the measurement axes are
symmetrically aligned to the flux axis so that the modulation effect of the saturation
saliency on both measurement axes is the same. The two measuring axes are both
ideally 45° apart from the flux axis which they enclose. Differences in the hf currents
will result in an error signal that serves as input to the balancing controller that will
adjust the frame orientation of the measurement axes and the field orientation. A
correction controller is needed to compensate for the difference between the direction
of the saturation saliency and the rotor flux alignment. The difference is a function
of loading and therefore 7, .. This makes torque control possible. The estimated flux
angle is also differentiated and filtered. Adding a slip estimate, the rotor speed can
be estimated and basic speed control is possible. The primary problem is the dif-
ferentiation that can be very noisy. Filtering will improve the signal but reduce the
dynamics. The secondary problem is that the slip estimator is parameter-dependent
and also requires accurate field orientation. From the experimental results given
in [92], it is obvious that zero-current clamping (see Section 6.1.3) causes problems
in the flux estimation. This results in torque ripples and large errors between real
and estimated speed. None of the experimental results proves the claimed quality of
the d-axis injection to reduce torque pulsations. The proposed technique depends on
the level of saturation in the machine. Not all machines generate sufficient difference
in saturation for the balancing controller. This is especially true for semi-open or
open-slot machines.
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Consoli Flux Angle Detection

Another method to estimate the saturation saliency of induction machines is published
by Consoli, et al. [81]. This method is based on earlier work, using the 3™ harmonic
of the stator voltage due to saturation that can be measured between the machine
star-point and the inverter midpoint [68]. This third harmonic technique providing
field orientation however fails for low speeds. To overcome this limitation, a hf voltage
is now injected onto the stator reference voltages [81]. The common mode voltage
is measured as before but the hf voltage component vy, is extracted. This signal
contains information about the saturation saliency position in the machine. In [74],
the technique was applied to PM synchronous machines. For the induction machine,
only sensorless torque control or crude sensorless speed control can theoretically be
realized. Until now, only tracking results for the airgap flux position have been
published [81]. Sensorless control of induction machines has not yet been shown.

An alternative approach to determine the saturation saliency angle is published in [93],
where the common mode current component ¢, ; instead of the voltage is measured.
Practically, all three line currents are measured and added, then sent through a
bandpass filter. The resulting hf common mode current component ip,, contains
the saliency information. This current signal is lagging vo,, by about 90°. The hf
model of the machine assumes a neutral-to-ground stray capacitance between the
stator windings and the grounded frame for the common-mode current to flow. This
parasitic capacitance has a value in the order of nF [93] that determines the common-
mode path admittance that is higher for hf currents than for fundamental currents.

From the publication [93] it is not clear if the method is restricted to star-connected
machines. Experimental tests performed by the author using a delta-connected ma-
chine resulted only in a small DC signal without any Af component. All three line
currents were measured and sent through three separate analogue bandpass filters
before sampled by three A/D converters. The signal addition was performed in the
digital processor. The DC offset resulted from small offsets in the A/D converters
and the analogue filters. It is assumed that there is no Af common mode current in
a delta connected induction machine.

Lorenz Flux and Rotor Angle Detection

Jansen and Lorenz [17] were the first to suggest a continuous Af injection to allow a
sustained excitation of the saliency. This can be a continuous Af voltage or current
injection, the voltage injection however is preferred. This approach has been adopted
by many researchers. Possible implementations are suggested for sensorless torque
control using saturation saliencies [19] or sensorless position control using engineered
variations in the leakage inductance of the rotor [77] or the natural inductance vari-
ation due to rotor slotting [82].
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All three types of sensorless strategies use a so-called heterodyning tracking observer.
For the rotor position estimator, this is appended by a model of the mechanical sys-
tem. The flux angle estimator only uses an integrator to derive the flux angle from
the angular frequency. These structures are effectively phase-locked loops (PLL) that
derive the position information contained in the saliency-modulated signal. The struc-
ture works as follows: The hf currents containing the low-frequency modulation are
fed into a phase detector. Here the cross-product is formed with a virtual Af current
phasor containing the estimated saliency angle. The low-frequency components of this
error signal are a measure for the phase difference between real and estimated saliency
angle. This error is the input to the loop-filter that outputs a phase change reference.
Integration then results in the estimated saliency angle and thus closing the loop to
the phase detector. The disadvantage is that the PLL or tracking observer require a
sinusoidally distributed saliency and only allow the tracking of a single saliency. If
more saliencies are present in the machine, the tracking fails, resulting in a loss of the

position signal.

Early publications covering flux estimation [19,94] only present experimental results
that show the change of the hf impedance with stator or magnetizing current for
two induction machines. No tracking results for the flux or saliency angle are shown.
Loading causes an angle difference between the saliency angle and the flux angle that
is analyzed quantitatively. This phenomenon is further investigated in [50, 92, 95].
The use of rotor saliencies is investigated in [17,77]. Experimental results are pre-
sented for a 3.7kW (5hp) induction machine under 33% flux and 10% rated torque.
Real and estimated rotor position are shown where the rotor saliency is due to a
modulation of the rotor leakage inductance. This inductance varies sinusoidally due
to the different slot openings with widths of 1.6mm and 0.15mm for 6 or 5 successive
rotor slots respectively. The distortion of the Af modulation due to inverter deadtime
is claimed to prevent higher loading of the machine. Problems in the rotor position
estimation due to the increased saturation saliency under heavy loading are discussed.
The distorting effect of saturation is reduced by opening all rotor slots.

Results presented in later publications [85,96] show the tracking of rotor position
where the distorting effect of saturation is originally neglected which means that the
machine is operated without fundamental currents. One result is shown where the
test machine produces a constant torque of 5% rated. It is believed that the drive is
operated under sensored IRFO with the rotor position tracking running in parallel.
In [96], the direct homodyne transformation is developed to separate positive and
negative sequence harmonics. This does not solve the basic problem of separating
single saliencies since rotor saliency and saturation saliency are both negative sequence
harmonics. The reliable operation of the PLL or tracking observer cannot be obtained
in this way. This technique however allows the elegant removal of the carrier from
the hf signals by signal processing.
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Most tests in [69] showing the estimated rotor position are without any fundamental
excitation present in the machine. The machine then simply acts as a big resolver (see
Section 8.2.1). In [82], rotor slot harmonics provide a rotor position estimate for a
torque-controlled induction machine that is controlled to produce a constant torque of
31% rated while a dynamometer enforces speed changes. The position error is within
about £4° electrical. No information is given if the machine is operating under rated
flux. Still, no sensorless position control at full flux or full load has yet been presented.

Cilia Rotor Angle Detection

Cilia et al. [24] were the first to demonstrate true sensorless position control of an
induction machine. To get a position dependent modulation, an asymmetric rotor
is used. This means that an engineered circumferential variation in the resistance
of a high-resistance outer-section cage of the induction machine rotor is introduced.
This design provides incremental rotor position tracking with good dynamics where
the rotor position dependent signals are robust to changes in load. The sensorless
position control was implemented for a 30kW machine. An af rotating hf voltage
is used for injection. The resulting Af currents are extracted from the large funda-
mental stator currents using an analogue bandpass filter. The Af currents contain
the modulation due to the engineered rotor saliency. This can be tracked using the
PLL of [17]. The estimated rotor position is fed into the flux model to obtain field
orientation and is used as feedback for the position controller. Sensorless position
control is shown for a number of different conditions. A good transient response to
a 360° position change is achieved for 60% rated flux and no load. For the same
reduced flux, a load transient from 0 to 30% rated load is shown. Under stationary
conditions, 50% load is demonstrated for 60% flux. The error on the estimated angle
has increased to £15° for this condition. For full flux and higher load, additional
interference harmonics arising from slot saturation cause problems for rotor position
tracking. The PLL then partially tracks the saturation saliency, causing instabilities
for the position control and a loss of orientation.

Saturation Saliency Elimination

The problem of saturation for position-sensorless control is addressed in [97]. A
periodic burst injection is used that is a symbiosis of discrete and continuous hf
injection. For very low speeds, the saturation terms in the hf currents can then be
eliminated mathematically. The obtained position estimate is independent of load
and flux level. The publication shows the quality of the estimated rotor position even
for severe saturation. The position estimate is tracked only and not used as feedback
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for sensorless position control. The disadvantage of this method is that the achievable
dynamics and speed are low. It however would allow tuning of model-based observers.

Holtz Rotor Angle Detection

Building upon the approach of [18], a technique for the estimation of the rotor angle is
presented by Holtz, et al. [98]. The aim is to obtain sensorless position control using
a rotor with a particular number of rotor slots by applying a transient injection. A
specific PWM switching cycle is introduced, causing a short current 'distortion’ that
can be picked up by measuring the star point voltage of the machine. Hence this
technique is limited to machines that are connected in star and also have the star
point accessible. The dual of this method for sensorless torque control is published
in [81] using continuous Af voltage injection and measuring the voltage at the star
point of the machine. An advantage of [98] might be that measuring a voltage can
be easier than measuring a current change as in [18]. Still, the measurement requires
synchronization with the applied fundamental voltage space phasor. Initial analysis
in [99,100], applying this technique, neglect the distorting effects of saturation and
rotor speed. The influence of rotor speed is eliminated by the measurement technique
presented by Schrodl in [18]. The problem of saturation effects is not considered,
since the machine is used similar to a resolver without any fundamental excitation.
Only two graphics are presented in [99] showing position signals for the drive running
under sensorless position control. No information is given about the flux level or
load applied. A magnitude error of 5% in the two perpendicular position signals is
analyzed that is attributed to saturation. Problems in the position estimation due to
saturation are finally shown in [100] but are not solved.

The idea behind the technique of [98] is that the star point-voltage is zero if the
stray inductances loq, ly5 and [, are the same. If however there are non-linearities
in the machine such as those due to rotor slotting, the inductances become functions
of this saliency angle. The stray inductivity of line a can then be expressed by the

approximation
loa(ON) = lgao + Alyg cos by (2.61)

Here, l;q0 is the component that is independent of the rotor position and Aly, is
the amplitude of the stray inductivity that is dependent on the rotor position. The
spacial dependency is given by the angle 65 = N,w,t. N, is the number of rotor slots,
w, the rotor angular velocity and 5 the slot angle. With the inductances changing
with position due to slotting, the zero voltage also becomes a function of the rotor
position that can be measured and used to then estimate the rotor position.

By combining two voltage measurements with opposite inverter states as proposed
by [18], the influence of the back-emf and therefore the speed-dependency can be
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cancelled. The normal PWM switching cycle has to be interrupted by a specific
voltage phase test phasor for the duration of the measurement cycle. In [99], the
two inverse switching states are within the same switching period with At = 6us.
None of the publications specifies the precise measurement setup or discusses possible
problems with switching oscillations or measurement synchronization. The signal

from combining e.g. states (1) and (4) (see Section 2.2.6) is

pa(6n) = uf) —uf!
laalab + ltmlac - 2lablac
= 2V,
e laalab + laalac + laclaa

Al, cos(Nyw,t
(Olj( wrt) 2Viyck1, cos(Nywst) (2.62)
a0

~ 2V,

where u,(,k) = Vgn + Upn + Ucn is the sum of the three line-to-neutral voltages for
a test vector in direction k. The measured difference in the voltages u,(,l) and u.(,4)
results in the position-dependent term p,(dy), where typically k, < 0.1 and V,, as
the DC-link voltage. The phase shift between the measured signals can be assumed
to be zero. Two similar position-dependent terms are found for the two remaining
directions py(dn) and p.(dy), that have a phase shift of 120°/N, and 240°/N, to
po(dn) respectively. Different possible solutions on how to obtain the rotor position
signal are mentioned in [21], such as zero-crossing detection (see Section 5.5). The
most robust solution is to combine the three position signals p,, py and p, to form
a complex position vector ¢. Extracting the phase of ¢ (e.g. using the ARCTAN
function [21]) will give the estimated rotor position.

The analysis in (2.62) neglects saturation in the machine and also assumes an ideal
slotting saliency. The inductivity parameters will however in practice also depend
on saturation. This will cause a spacial modulation of the position signals p, to pe.
The resulting saturation saliency will then degrade the quality of the rotor position

tracking or cause a loss of the estimated position.



Chapter 3:

Control Structure and Design

One important aspect of this research is naturally the use of the estimated rotor
position as a variable in the control system. For the field-oriented control, the rotor
position directly influences the stability of the position-controlled drive. The position
signal is required to obtain field orientation and also to provide the feedback for the
position controller. The control structure for the experimental drive and the layout
and design of the controllers is covered in this chapter. This gives an insight into the
performance of the experimental drive. Typically a cascaded control structure based
upon proportional and integral (PI) controllers is used for the field-oriented control
of induction machines. A subset of this structure is used for the sensorless position
control.

3.1 Cascade Control

Cascade or nested control is the most common structure for the control of field-
oriented induction machine drives and is the basis for the control in this work. Usually,
PI controllers are chosen that can be designed using root locus, pole placement or
quality criteria. The integral part ensures stationary accuracy while the proportional
part determines the dynamics. The controller design is based on the linear and time-
invariant model of the induction machine (Section 2.2.3). Cascade control is very
suitable for the decoupled control of speed and torque under field orientation. Speed
and the torque component i, of the current are in one branch and field weakening,
flux and 7,4 control are in the second branch as shown in Fig. 3.1. Cascade control
is relatively easy to set up because it allows a commissioning step-by-step from the
fast inner current controllers to the outer superimposed control loops. Outer control
loops must have a lower bandwidth than the inner loops. Outer extensions for field

44
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weakening or position control are easily possible. The cascade system also provides
more protection of the drive by limiting internal quantities like current, torque and
speed and it allows fast rejection of inner disturbances. The dynamic response can be
improved by adding feedforward reference signals acting on the individual loops [7].

Mains

v,
g-current domp

W,

Flux
Model |,

W, I 0,
d/dt

Figure 3.1: Full cascaded control of induction machine used in the research programme
[7,101]

encoder Cascade.cdr

Fig. 3.1 shows the structure for speed control of the induction machine as used for
the research. The d and ¢ current controllers in the inner loop generate the voltage
demand that is transformed into the 3-phase stator frame. Then the PWM switching
times are calculated. The speed feedback is obtained by differentiation of the encoder
position. Field and flux controllers feed the inner d-current loop. Above the base
speed range, the flux is reduced inversely with speed. The lack of a torque controller
makes it necessary to adapt the iy, reference by multiplication with the ratio %mi— in
field-weakening. A flux model provides the transformation angle for field orientation
and a flux estimate. With the focus on low-speed operation and sensorless control in
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this work, the structure of Fig. 3.1 can be simplified. Then, the structure marked by
the dashed area including field and flux controllers is not required.

Note that the linear function blocks of Fig. 3.1 are characterized by their step response
[7]. All of the linear function blocks are PI controllers. A derivative block with d/dt
converts the encoder position into a speed signal. Nonlinear functions are represented
by a block with a double frame.

3.2 PI Controller and Anti-Windup

PI controllers are used for most of the control in this work. The Laplace transfer
function of the PI controller is

Ts+1 ¢
Ge(s) = kc"i‘ = kc(s *ac)
T.s
where k. is the controller gain and T, is the controller time constant. The zero is at
s, = —1/T, = —a.. Conversion to the discrete transfer function with sampling time
T gives
z—1 1 s+a
G(z) = z{- } 3.1
(2) = Z—2{-h— (3.1)
I-z
= P 3.2
+ (3:2)
_ A (11 - ao
= —_1 (3.3)

where P = k. and I = kca.T for (3.2) of the discrete controller and a; = k(1 + a.T)
and a, = k. for (3.3). In real control systems, the outputs of the controller usually
have to be limited because the actuators saturate or their range is limited. Also
operating conditions may be limited by electrical or mechanical design. This can be
a speed that must not be exceeded or a maximum current that is allowed for the
switching devices in an inverter. In this case, the controller output must be limited.
When the controller output reaches the set limit, the integrating part of the controller
may cause a deterioration of the control performance due to a substantial overshoot.
This is because the integrator will keep accumulating the controller error even when
the output is limited, which is called windup.

There are a number of techniques how to avoid the integrator windup [102,103]. A
dynamic anti-windup controller is shown in Fig. 3.2. It is derived from the discrete
controller of (3.2) and used in this work for the speed control. The structure can
be seen to consist of the proportional and the integral branch that are in parallel.
Both branches have limiters, where the proportional path always has preference over
the integral path. This means that the integral action will be disabled first if the
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Figure 3.2: PI Controller with Dynamic Anti- Windup

output reaches the given limits. This ensures a fast settling time due to the strong
proportional term and guarantees steady-state accuracy when the input error becomes
small since the integrator is active.

3.3 Current Control

Both inner current loops consist of identical PI controllers. Under rotor flux orien-
tation, the control loops for the torque and the flux currents are decoupled and the
currents are constant DC-values under steady-state. The model of the plant for the
d and ¢ current loop, shown in Fig. 3.3 is G(s) = 1/(cLss + R,).

The characteristic of the transducer is represented by Gr(s) and can also contain the
transfer function of a lowpass filter for anti-aliasing before the A/D converter. Since
the dynamic performance of the current transducers allow tracking a current change
of more than 50A per microsecond, the time lag due to the current transducers can be
neglected here. For the old rig, the currents are sampled at 2kHz and the anti-aliasing
filter is a second order Butterworth with a cutoff frequency of 600Hz [22]. In the new
rig, the currents are sampled every 200us that is a frequency of 5kHz. The current
sampling is synchronized with the PWM generation so that no anti-aliasing filter is
required here (see Section 4.5.1). Reading out the sampled and digitized currents
occurs in each control cycle before the control code is started. The current controllers
then determine the new reference voltages that are sent down to the PWM generator
at the start of the new cycle.

The basis for the design of the current controllers G.(s) in Fig. 3.3 are the voltage



CHAPTER 3. CONTROL STRUCTURE AND DESIGN 48

des)
» AR G ; :
_lsdq [f .ls:iqf ‘ Ci Ys:q o _lsdq
prefilter controller l :
Vs4 :
Geomp ¥
: Gy
—Al -
Rz ; (transducer,
; anti-aliasing)
Figure 3.3: Schematic diagram showing the iy, current control loop
equations that can be derived from (2.17) for rotor flux orientation:
di : . di
S = Ok d;d + Ryisa —0 Lsweisy + (1 — o)L, d";R (3.4)
lin:ar c;pfing
di i ) .
g aLsd—:q + Ryisg +0 Lsweisg + (1 — 0) Lsweimp (3.5)
Eerar coupling

It is obvious that the current controllers are dealing with a non-linear multivariable
system and it is advantageous to compensate the voltage coupling terms in (3.4)
and (3.5) using a feedforward voltage v Mgy if the machine parameters are known.
The decoupling network then allows for a better drive utilization under dynamic
conditions. In particular the ¢ controller is freed from having to contribute the large
voltage component that is proportional to w, during acceleration. The coupling terms
above can be simplified for constant-flux operation:

v*‘dcomp = _asteisq (36)

Pstonsy . = Ls'weisd 3.7

The steady-state R,i,q and R,igz, terms can also be included to the respective feed-
forward voltage.

To additionally improve the current controller bandwidth, the current controllers
were designed in the z-plane and a prefilter G (2) was used to process the reference



CHAPTER 3. CONTROL STRUCTURE AND DESIGN 49

input [104]. This enables a decoupling of the design for the disturbance response from
that of the command tracking.

A possible choice for designing the prefilter is to compensate the controller zero. For
plants of the n**-order lag type as that of Fig. 3.3, the numerator of the closed loop
transfer function of the reference response is determined by the controller zero. This
derivative characteristic due to the PI controller can be easily compensated by the
prefilter. A reference step will then be smoothed. Also, for the prefilter, the DC
gain should be unity. This can be verified mathematically by replacing z by 1 in
the transfer function G;(z) which should be equal to 1. The prefilter allowed the
increase of the PI gain by a factor of 4 and the bandwidth of the current loop could
be doubled. This is because the prefilter reduces the current overshoot as shown in
Fig. 3.6.

The voltage source inverter using PWM is a non-linear amplifier. For simplicity, the
real transfer function can be approximated by a delay 27! = e7*T, where T = 200us
is the sampling period of the control system. For larger sampling times T, the gains
of the PI controller have to be decreased to maintain stability (see [44]). The shown
distortion d(s) covers noise and the inverter non-linearities due to the dead-time effect.
In [44], the control scheme of Fig. 3.3 is presented as Two-Degree-of-Freedom Con-
troller (2DOFC), claiming to significantly reduce the flattening of the line currents
during zero crossing. This is known as current clamping effect and is the result of the
inverter deadtime (see Section 6.1.2). Experimental tests by the author do not sup-
port the claimed level of improvement. Feedforward compensation and the prefilter
allow only a slight reduction of the flattening of the currents. The major improvement
concerning current clamping could be achieved by using the reference g';dq currents for
the flux model instead of the actual measured ones.

The current controller bandwidth for the new rig was tested experimentally by su-
perimposing a variable hf voltage signal (e.g. at v, dqcomp) onto the voltage reference.
Due to the closed loop nature, the resulting Af currents are fed back into the current
controllers that cause a hf voltage demand to remove the injection. It was found that
the current loop resonated (i.e. amplified the hf signal) at an injection frequency of
594Hz and 650Hz for the machines with symmetric and asymmetric rotor respectively.
The loop bandwidths are slightly higher than the measured resonant frequencies. The
value of G.(z) in the new rig are P = 14, I = 0.85 and T" = 200us. The transfer
function of the prefilter therefore is Gy(z) = 2222 The current controllers Ge(s)
in the old rig are set to the parameters k. = 4.5 and a, = 140 rad/s (T = 504ps),
resulting in a natural closed loop frequency of 120Hz. The reason for the lower reso-
nance frequency for the symmetric rotor is that the gain was minimally reduced since
a higher amplification interacted with current ripples that originate from rotor slot
harmonics.

The experimental step response for the i, current is shown in Fig. 3.4. The actual
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Figure 3.4: 1,4 step response for machine with symmetric rotor

current follows the demand i}, for 33A within about 3ms. The overshoot is minimized
since not i3, but ig, after the prefilter serves as the reference. The control area, that
is the signed area between ¢}, ; and i,, is zero. A controller design for a faster response

is not easily obtainable due to the inverter delay of z~! in the closed loop transfer
function that is visible in Fig. 3.4.

A sequence of current step responses is shown in Fig. 3.6. During the speed change,
the i,, demand is set to the limit of +33A, that is 118% of rated is,.

For higher speeds, a distortion can be seen on the currents. This oscillation is due
to the rotor slot harmonics. These are at frequency %; fr + fe where N, = 56 is
the number of rotor slots, pp = 2 is the number of pole pairs and f, and f. are the
electrical rotor and excitation frequency respectively. The amplitude of the rotor slot
harmonics also depends on speed.

3.4 Speed Control

For the speed loop it is essential that the PI controller comes with anti-windup imple-
mented. The speed controller directly acts upon the inner ¢, loop and its reference
output is usually in the limits. This is because the mechanical time constant can be in
the range of several hundred milliseconds whereas the i5, response is in the range of a
few milliseconds. The current limit will then be reached nearly instantaneously while
the speed error does not decrease quickly. The operation of the speed-controlled drive
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is shown in Fig. 3.6. The 30kW machine changes speed under unloaded conditions
by 1000rpm in less than 300ms. For most of the time during the speed change, the
isq current is at its limit. The i,y current is controlled to remain constant whereas iy,
changes step-like until the reference speed is reached. The i4-overshoot is the result
of a small overshoot in the speed.

Because the electrical time constants are much smaller than the mechanical time
constants, the inner i, loop and inverter can be substituted by a first order lag. The
parameters of the transfer function are the torque gain Kr and the equivalent time
constant T, of the current loop. Since T, is only about 1.7 milliseconds it can easily
be neglected, leaving only the torque gain K as shown in Fig. 3.5. This gain can be
derived from (2.3) and is 3 - pp - L2/L, - iyg. The transfer function of the mechanical
plant is Gp(s) = ﬁﬁ J is the lumped inertia of the total drive system and b is
the friction coefficient. The speed factor Ky, = Numaz/Wr,.,, serves the conversion from
angular velocity to speed in [rpm]. The feedback path shows the block ’transducer &
filter’ that consists in the real system of a 3000-line incremental encoder (multiplied
to 12000 ppr using the quadrature signal) and a filter of time constant 14ms. With a
sampling frequency of 0.6ms, a standard deviation of 0.44rpm was obtained for low
speeds and 0.25rpm for higher speeds above 100rpm. A filter with less phaseshift
would be desirable for higher speeds. The emphasis in this work is however on the
low-speed operation.

The nonlinear structure of the speed controller makes it difficult to determine the
bandwidth mathematically. This can be done in simulation or experimentally by
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Figure 3.6: Sequence of speed changes from +500 to —500 rpm for drive under Vector
Control (symmetric rotor)

using a sinusoidal reference speed such that the speed controller is not driven into
saturation. The frequency at which the real speed reduced to 1/ v/2 of the reference
(the phase shift is close to 45°), is the cut-off frequency. This has been found to be
about 8.5Hz or 53rad/s. The sampling frequency could have been reduced without -
affecting the speed loop bandwidth but for practical reasons the sampling rate was
not changed. The TRANSPUTER rig had a speed bandwidth of 8.8Hz.

3.5 Flux Control

A flux controller can be implemented with an additional outer field controller as shown
in the dashed box of Fig. 3.1. This structure is useful when extending the operation
range into field-weakening. In this work, the focus is on the low-speed range. A simple
i*, demand is sufficient since the flux current 7,4 will be kept constant. However, an
approach is required to initially flux the machine.



CHAPTER 3. CONTROL STRUCTURE AND DESIGN 53

The flux current demand i, is increased gradually via a first order lag with time
constant T, to the level of ¥}/L,. The current controllers will ensure that the real
i.q follows the reference and that iy is maintained at zero during start-up. The time
constant 7T} is chosen to be twice the rotor time constant 7.
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After about three time constants Ty, the reference 43, is switched to its final value.

3.6 Position Control
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Figure 3.7: Structure for sensored (a) or sensorless (b) field oriented position control

The standard implementation for a position controller is to extend the speed control
system of Fig. 3.1 by an outer position loop. A proportional controller is used if
steady-state accuracy under a torque disturbance is not required. Otherwise, a PI
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controller can be used that is often combined with an optimal path prediction [7].
This ensures position holding under load and minimum time for a demanded position
change.

The implementation chosen in this work does not make use of an explicit internal
speed loop because it is the position that is estimated and a speed estimate will
usually be very noisy when derived from the estimated position. A lead controller is
chosen that acts directly on the is,-loop as shown in Fig. 3.7. The lead controller can
be split into separate speed and position loops. The equivalent nested controllers are
a proportional speed controller of gain V;, and a proportional position controller of

gain V},.

ity = Voo (=) + 6
feedforward
ng = Vp- (67 —0:)
where n, = fns A
Tf8+1

The speed feedback n, is obtained by differentiation of 8, and by smoothing with the
lowpass filter T,; —- This filter is mandatory since the differentiation will amplify the
noise on the estimated position. The speed reference n; from the position controller
is complemented by the position reference, sent through the feedforward block 7—%%
that is identical to that used for the position feedback.
The Laplace transfer function of the combined lead controller G(s) is

. Tis+1

Ge=Virp o7 0i=6) = G(s)-(6;-6) (3.8)

where V; =V, -V, T; = (Ty + "V;}) and T;. = Ty. Discretizing G(s), one gets:

z2—2z
G = k L )
(2) - 2 (3.9)
The parameters are:
z, = T/(Ti+T) =0.95
z, = exp(-T/T,.)=(1-T/T;.) =0.997
ky = V;-Iil = 300

To improve the controller performance the continuous control design was replaced
by a discrete control using the implementation of (3.9). The control design was not
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Figure 3.8: Position change by 2.5 revolutions (900°) under no load for sensored
drive (upper), sensorless drive (centre) and simulated control using SIMULINK model
(bottom)

optimized for maximum performance but a compromise was found so that sensorless
operation using the noisier estimated position worked reliably. The same discrete
controller was used for sensored and sensorless control as indicated by the switch in
Fig. 3.7. The step demand 6} was sent through a ramp function followed by a lowpass
filter as shown in Fig. 3.8. This is to reduce the rate of change of position since it
will be shown (Section 6.2) that high d6}/dt results in a high di,,/dt that causes high
frequency components of the fundamental current. These interfere with the hf signals
that are used to estimate the rotor position. The reliability of the position estimation
is then significantly reduced. The ramp function is that of a delayed integrator with a
rate of change of 1000° per second. Some of the position transients using the machine
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with symmetrical rotor were operated with a rate of change of 300° per second. The
time constant for the lowpass ramp-filter is 95ms. The parameters of the position
controller for the tests of Fig. 3.8 differed slightly from that given above with k, = 420,
z; = 0.997 and z, = 0.48. The reason being a marginally better performance of the
sensorless drive under no-load. For the position-controlled sensorless field-orientated
drive under load, see Section 8.1.2.

The response to a 900° position change for the drive under no-load is shown on the
left of Fig. 3.8. The upper two plots show experimental data from the sensored
and the sensorless drive respectively. The sensorless drive uses the position estima-
tor of Fig. 5.17 in Section 5.6. The lower plot is obtained from simulation using a
SIMULINK model of the controller and the mechanical plant. The same code was
used for the ramp and controller as used to control the real machine. The simula-
tion results show the reference position, the real position and the ramp next to the
smoothed position reference after the lowpass filter.

The torque current i, is shown on the right where the upper two plots are obtained
experimentally from the sensored and sensorless drive respectively. The lower plot
shows i,, as obtained from simulation which is in good agreement with the experi-
mental results.

Experimental tests using a sinusoidal reference input resulted in a bandwidth of 2.5Hz
for the position control loop.



Chapter 4:

Experimental Rig

This chapter provides an overview of the experimental system including hardware and
software. The research uses two 30kW experimental rigs. The first was constructed in
a previous project and is fully documented in [22,25)]. It consists of a 30kW induction
machine driven by a 45kW IGBT inverter. The control is provided by an array of
T800 Transputer processors, interfaced to the commercial 45kW inverter. The rig is
referred to as TRANSPUTER rig.

A new rig has been constructed which has evolved from the old TRANSPUTER
rig. This new rig with the function and operation of the different specific boards is
described in this chapter and appropriate appendices. The new rig uses a state-of-
the-art floating-point digital signal processor (DSP). A separate fixed-point DSP that
is optimized for machine control serves as frontend and interface to a 45kW inverter.
This new rig is called the DSP rig. A PC was used that serves as the host platform
to develop code and analyze data. The PC host also provides the user interface to
the control system. The structure of the safety box, control and power connections
of the load drive and the DSP rig are also covered in this chapter.

In contrast to typical industrial systems, the processing power of the two experimental
systems is much higher. Industrial solutions demand cost effectiveness and therefore
use fixed-point processors with integrated peripherals that run highly optimized code.
The experimental systems are oversized to allow modifications or changes and can also
be easily extended in hardware and software.

Finally, the induction machines used for the research project are discussed. Three
rotors were used for the testing of different algorithms for sensorless position control.
Parameters are given and the modifications on the rotors are described.

o7
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4.1 Transputer Rig

The TRANSPUTER rig was taken over from previous research and is documented
in [22] and [25]. It was modified to allow an analysis of the frequency spectrum of pro-
cessed hf signals; a two-channel D/A converter being added to the system. Therefore
a new transputer had to be included as the links of all other processors were already
occupied and the available processing power was not sufficient. This modification
increased the number of transputers to six. The structure of the transputer network
and the links to peripheral components of the TRANSPUTER rig are shown in Ap-
pendix D.12. The extra processing power could however not fully be utilized but
the additional processor allows for a simplification in the communication by buffering
of transferred variables. The current configuration also shows that the system has
reached a point where further extension only increases the complexity. Much time
is spent on communication and inter-processor transfers via the serial links. Two-
dimensional timing analysis is necessary to resolve communication deadlocks and to
keep the system optimized. Small changes in code can delay the transfer of variables
to up to 500us. The communication overhead and idle states cause a drastic degra-
dation of the average processor utilization. A cause for the limitation is that each
transputer only provides four links. Two of them are required to maintain the loop
structure, that only leaves two links for the connection of external devices.

An advantage of the transputer system is that external hardware can be easily con-
nected to a transputer link by means of a specific serial-to-parallel interface chip. This
reduces development time considerably. The distributed processing power allows the
calculation and generation of a PWM switching pulse every 84us. The distributed
processing is also advantageous for the hf injection, since signal sampling and de-
modulation can run at 12kHz. This provides the possibility to inject higher carrier
frequencies and still guarantees a fine resolution of the sampled signals. The main
control, including communication with the user, updating the flux model or current
control is only run every 504us.

The software on transputers and PC required structural changes from that of [22,25].
The monitoring of internal variables and sampled external signals on the transputers
and the upload of data to the PC blocked all user communication with the transputer
network. Therefore, monitoring was buffered and the communication was changed to
be event-controlled. This allowed the arbitrary change of the reference signal during
monitoring. The user interface was extended to allow more parameters to be sent to
the control transputer online. Functions were implemented to download compensation
tables and compensation parameters for the sensorless algorithm and control.
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4.2 DSP Rig

From the experiences with the TRANSPUTER rig, a new rig was constructed, shown
in Fig. 4.1. Instead of the transputer network, an established and powerful digital
signal processor (DSP), the TMS320C40 was used. To reduce development time, a
C40 motherboard was purchased from Loughborough Sound Images Ltd. (LSI). This
comes in the form of a peripheral card that is placed in an ISA-slot of a PC and
can be accessed by the user via software running on the PC. A set of analogue and
digital I/O boards had to be constructed similar to that of the TRANSPUTER rig.
An interface to the Furotherm inverter of the 58/ SV series (type 7, 45kW) and the
position encoder had to be built. Also a number of transducers for measuring currents
and voltages and the respective A/D converters were needed. Bandpass filters were
required for extracting the hAf modulation of the stator currents for the sensorless
algorithms and control.

From the experiences from the TRANSPUTER rig, a number of improvements for
the new rig were achieved. The board layout was standardized, allowing more flexi-
bility and possibility for future expansion. Boards were designed with ground planes
allowing higher noise suppression and reliability. The efficiency of the expansion
boards could be improved and the processing power of some boards was increased.
Additional features were included like the analogue and digital output channels or
the possibility to connect a SinCoder. The number of analogue signals that can be
measured was doubled and more channels of analogue bandpass filters were made
available. The control software and user interface were designed new from ground
up, including new functionality, easier maintenance, ease of use combined with more
powerful data acquisition and analysis. Any variable in the C40 control code can
be sampled and this concurrent to the user control and debug activity. All the new
design in software and hardware lead to a maximum of efficiency and flexibility for
the research work.

4.2.1 C40 Motherboard

The DPC/C40B [105] is a C40 motherboard that occupies a single slot of the PC.
It provides space for two C40 processors via specific module connectors. Only the
primary module is populated that has direct access to a dual-port RAM and I/O
ports to communicate with the PC. Both interfaces can be accessed autonomously.
The I/O ports are primarily used from the PC side to configure the C40 motherboard.
This includes access to a test-bus controller (JTAG) that simplifies code debugging.
The dual-port RAM that is mapped into the physical address space of the PC is
required for data exchange. The interface libraries provided by the manufacturer had
been rewritten for the use under modern PC operating systems. Specific hardware
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Figure 4.1: Layout of the new DSP rig

drivers were needed to provide access to the real memory.

The dual-port RAM allows a relatively fast data transfer between the PC and the
DSP on the C40 motherboard. This type of communication interface exceeds the
achievable transfer rate of serial ports or solutions based on the C40 CommPorts
but is below that of a typical PCI transfer. However, the C40 motherboard was
considered a good compromise as the usual communication is restricted to a small
number of user actions and short data bursts when sampled data is transferred from
the C40 to the host for further analysis. The code for field-oriented control of the
induction machine is solely executed by the C40 and does not require any interven-
tion from the host side. An instantaneous emergency shut-down is not only possible
via software from the PC but also directly via hardware switches. This is why no
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critical requirements for the communication speed with the PC exist. The typical
0.1 seconds response-time to process a user command are usually achieved and no
operating system with real-time capabilities on the PC is needed. The C40 moth-
erboard comes with a set of tools that run on the PC. A debugger is provided that
allows the testing of code on the C40 and to change internal registers, data and code
instantaneously, similar to a JTAG controller. Breakpoints can be set, step-over and
trace-in are possible and the C40 can be operated in a free-run mode. A set of soft-
ware libraries was provided with the board to load code to the C40 and access the
dual-port RAM. These had to be rewritten for the use with a multitasking graphical
operating system on the PC. A set of C40 tools like compiler, linker, archiver and
libraries were available for writing code in the high-level language C. A precompiler
and parser were written to allow easier documentation of the code and extraction of
information for the debugger. An overview of the C40 code production tools can be
found in [106]). This document lists important switches, settings, configuration files
and summarizes additional useful tools. The C40 can access external boards either
via the CommPorts or the external memory interface. The LSI motherboard only
uses the CommPorts if a second C40 processor is mounted. The secondary DSP is
then linked to the master DSP via the CommPorts. Access from the PC is only via
the master DSP. A secondary DSP is currently not equipped. A small subset of the
external memory interface of the primary C40 is provided via the DSPLINK interface
on the LSI motherboard. This allows to write within about 300ns and an external
read within 500ns and is therefore more than 10 times faster than the transputer
interface using channels. The C40 provides a much faster external memory interface
but is slowed down by the logic of the DSPLINK to allow the use of slow and cheap
external hardware. The LSI motherboard comes with a number of memory modules
of 256k words in total that adds to the 2k words internal RAM of the C40. The
memory modules are used to store data from tables and signal monitoring and hold
the program code. The variables are placed into the fast internal RAM to speed-up

program execution.

The TMS320C40 is a 32 bit floating-point processor. The processor used is of the
slowest version that is clocked with 40AM Hz and has a 50ns instruction cycle time. This
can only be fully exploited if code from the internal RAM is executed, otherwise wait-
states are inserted or the pipeline is not efficiently filled. The internal program cache
can improve performance. The central processing unit (CPU) of the C40 integrates a
numerical floating-point unit, a barrel shifter, arithmetic-logical unit (ALU), twelve
40-bit registers and eight auxiliary registers that can each be used like an accumulator.
Multiplication, division and square-root operation are performed within an instruction
cycle which is advantageous for the control code of the drive. Fast conversion from
integer to float or vice versa is possible. Several modules can work in parallel. The
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address decoder can update a new address and initiate the loading of code or data
during numeric operations. The direct memory access (DMA) coprocessor allows
to move large blocks of data without intervention of the CPU. This is very useful
when transferring monitoring data from the external RAM via the dual-port RAM
to the PC for further processing or inspection. Six CommPorts are available that
work similarly to the links of a transputer. The difference is that the CommPorts are
faster, work bidirectionally and are decoupled form the CPU via buffers. A pending
transmission will therefore not stop the execution of code, the communication runs in
parallel. The CommPorts are currently not used due to the lack of a simple interface
chip to provide standard memory mapping. Two timers are integrated that can be
used to run two interrupt service routines (ISRs) independently. Currently, only one
timer is used for interrupt generation, the second serves as a watchdog timer. A small
number of pins can be configured for digital I/O. This allows the C40 to communicate
with the PWM generator chip. One external interrupt pin is used to trigger an ISR
from the PWM generator. This allows to synchronize the C40 interrupt routine with
the PWM. The internal bootloader is extended by that of the LSI motherboard for a
faster downloading of code from the PC.

4.2.2 Backplane and Power Supply

The signals of the DSPLINK bus on the C40 motherboard are directly connected to
the backplane of the rack that is shown in Appendix D.8. Some additional signals that
are not available on the DSPLINK can be obtained by directly connecting to the DSP
pins. The analogue and digital power lines are also a part of the backplane. They are
connected to the respective power supplies that are integrated on a separate power
board, shown in Appendix D.10. This board provides a regulated symmetrical £15V
analogue voltage, used mainly for OpAmps, and stabilized analogue +5V supplies
to power some special chips and OpAmps. Two voltage generators provide the +5V
supply for digital components. Separation of analogue and digital grounds is necessary
to improve signal quality and reduce the digital switching noise for the analogue
components. The power board consists of two transformers to deliver the different
required digital and analogue voltages. The backplane separates analogue from digital
signal lines and includes a number of ground lines to reduce cross-coupling. All boards
get their signals from the backplane via a standard 3-row slot connector. This provides
the flexibility to plug any board into any slot. The voltage and current transducers
are currently powered by an external voltage supply to avoid problems with earth
loops. This is also why the different analogue and digital grounds are only connected
in one single point on the power supply board, near the transformers.
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4.2.3 Transducers

The transducers are located outside the rack between the inverter and the induction
machine, within a box for shielding. The board layout is shown in Appendix D.4. The
three-phase power cables are connected via terminal blocks. Two boards exist with
two current and two voltage transducers each. LEM modules LTA100/SP1 are used
for the non-intrusive measurement of the line currents. The modules are Hall-effect
devices that provide a galvanic decoupling from the power circuit and have an output
voltage that is proportional to the measured current. The voltage transducers are
connected between the power cables to measure the line-to-line voltages. According
to specification, their bandwidth is lower than that of the LEM modules. Their DC
drift however is very low in practice whereas the LEM current modules require regular
offset correction. All transducers are followed by lowpass filters and driver circuits to
transfer the measured signals via coaxial cables to the rack.

4.2.4 Signal Conditioning Board

The gain board (see Appendix D.5) is used to provide an interface between the boards
with the current and voltage transducers and the boards for A/D conversion. The gain
board allows easy access to potentiometers to adjust gain and offset for each signal
channel. Two of the input channels have two output stages. This is useful for the
current signals. Two fundamental currents are needed for the vector control algorithm
and the hf modulation of the line currents is required for the sensorless algorithm.
One output stage per current channel is connected to the analogue bandpass filter

respectively.

4.2.5 Analogue-Digital Converters

There are two ADC boards (described in Appendix D.6) in the system with four A/D
channels each. Only the two channels measuring the line currents are essential for
sensored Vector Control. For sensorless control, two hf currents from the analogue
bandpass filters are converted and two line-to-line voltages are read. Two channels
serve as a backup and can be used to measure additional currents or voltages. Each
AD converter has a theoretical resolution of 16 bit and a conversion and acquisition
time of about 10us. All channels are triggered synchronously and aligned to the
PWM. This makes it possible to avoid sampling of current spikes at the instance of a
PWM switching. The usual lowpass filters in the current path can then be omitted.
These filters can reduce the bandwidth of the current controllers significantly. The
trigger to start a conversion does not involve a software instruction and is provided
in hardware by the PWM generator. This results in a deterministic timing event and
also allows to take account of inverter deadtime and changes in the PWM period.
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4.2.6 Digital-Analogue Board

The layout of the DAC board is explained in Appendix D.7. The board provides the
analogue and optional digital output channels. Four analogue channels are available.
The AD7835 DAC converts a 14 bit digital word within 10us into an analogue voltage.
Currently, the analogue output is only used to send internal variables to a digital
oscilloscope. This can be useful to check or debug code, to display signals resulting
from the processing of measured signals and to monitor signals over a long time with
a high resolution. In this case, the large memory buffer of a digital oscilloscope can
be used to store the data. In particular for FFTs, it can be very useful to obtain good
spectral resolution over a large frequency range. The DACs could also be used to set
reference values for the thyristor converter of the DC load machine. This however
has not been realized because the analogue input channels are very noise sensitive.
The settings of the DC converter are preferably changed via the digital interface.

A bank of 8 LEDs can be addressed to signal events or software states. They indicate
if the control is running or if an error has occurred. Eight bits digital input can be
set via a DIP switch. The digital position of the switches can be read by software. To
allow more flexible digital I/O, 13 bits can be written or read via buffers. A header
provides interface to the digital lines. This can be very useful to test the length of
code sections. The rising or falling edges can be monitored by an oscilloscope that
are set before and after the code to be timed. Additional digital devices can also be
quickly connected and integrated into the control rig.

4.2.7 PWM and Encoder Board (Extension Board)

The PWM generation and the signals from the encoder are managed by a DSP that
is specifically optimized for machine control. This is the TMS320F240 fixed-point
processor. The 240 is a DSP that comes with a large number of integrated periph-
erals that are suitable and common in control applications. The DSP includes three
16-bit timers that are easily configured to generate pulse-width modulation (PWM).
A watchdog timer module increases safety and can disable the PWM output lines
to protect the inverter. A digital pulse encoder can directly be connected to the
quadrature unit (QEP) that increases the pulse count and resolution by four via edge
detection. Two of the integrated 10-bit ADCs can help to improve the resolution of
the rotor position when employing a SinCoder as high-resolution position encoder.
A large number of pins for digital I/O is available and a large FLASH memory that
allows keeping program code permanently on the chip. The address, data and control
lines of F240 and C40 are tightly coupled via the backplane and a dual-port RAM to
guarantee a fast communication.

The instruction cycle of the F240 is 50ns. The FLASH memory also runs at this speed
without wait-states. Only the facilities to generate PWM and to read an encoder are
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Figure 4.2: Task allocation between C/0 and F240 DSPs

used on the F240 including some I/O lines for the hardware handshaking with the
C40. The F240 code is permanently stored in FLASH memory and includes the
following tasks that are also shown in Fig. 4.2:

e communication with the C40 via the dual-port RAM and additional hardware
handshaking

e the switching time calculation and PWM generation from the dq reference volt-
ages that are provided by the C40

e the injection of hf voltages needed for the sensorless control

e reading of the encoder signal to derive rotor position and speed for the C40

To reduce development time, an evaluation module for the TMS320F240 processor
was embedded into the rack. This evaluation module comes with a debugger that
works similar to that for the C40 but communicates via a serial port of the PC.
Software to easily program the FLASH memory is provided and a simple cross-table
compiler to generate a simple common object file format (COFF) file that can run on
the F240. A description of the schematics is given in Appendix D.1. An older version
of the PWM generation board using a 8254 timer chip is shown in Appendix D.2.

4.2.8 PWM Interface Board

The generated PWM pulses are sent as differential signals via a cable to an interface
box in the inverter. This inverter interface provides the signals for the Power Board of
the inverter. Optocouplers transfer the signals across an isolation barrier between the
galvanically decoupled sides of DSP rack and inverter. A mechanical switch selects if
the PWM reference signals are provided by the DSP rack or by the Control Board of
the inverter. The latter option allows the inverter operation in the original V/f mode
of the manufacturer. This can be useful when testing the inverter.
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4.2.9 Analogue Bandpass Filters

For the sensorless control, good results were obtained by using analogue bandpass
filters instead of digital software filters in the C40 code. This is because the Af
signals are relatively small compared to the large fundamental signals amplitude.
The analogue filtering allows to obtain the hf signals at a higher resolution. The
input range of the A/D converters can be scaled to the magnitude of the Af current
signal and does not have to cover the magnitude of the large fundamental. Two
filter boards are available where each board comes with four independent channels.
Each channel is divided into two sections that can be swapped in order or can be
disabled individually. The footprint allows the realization of any type of filter, but
only bandpass filters are currently required. The filter centre frequency for different
injection frequencies can be adapted by changing a small number of resistors.

4.3 Load Drive

In order to load the sensorless induction machine, a load drive is used. This consists
of a Eurotherm converter of the 590 series (45kW) controlling a DC machine. The
converter is a 4-quadrant thyristor converter that consists of 12 thyristors to generate
the torque-producing armature current i, from the mains. The converter is used in
torque control mode by setting the limit for the maximum armature current. An
additional tacho generator is used for speed feedback, to keep the machine within the
settings for maximum speed.

Originally it was planned to interface the PC to the thyristor converter via its dig-
ital bus connection. This would have made possible the synchronization of control
events of the induction machine and the load drive. Monitoring of status information
and data sampling on the converter could have been possible. The digital interface
could not be made to work reliably. Therefore the DC load machine and thyristor
converter were controlled via a simple analogue interface that limits the possibilities
for parameter supervision. The interface signals and the control panel are shown
in [107]. The converter is switched on, enabled and set to run via three switches
on the control panel. Two potentiometers allow the setting of maximum armature
current and speed. For torque-control mode, the maximum reference speed has to
be set high enough to ensure the armature current demand remains at its maximum
value. Further parameters have to be set or read via the LCD display of the converter.
The specific parameters and settings that are required for the control of the DC load
machine are also documented in [107].

A three-phase coil was placed between the mains side of inverter and thyristor con-
verter to smooth the currents. A three-phase relay is placed near the converter that
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disconnects the thyristor bridge from the mains supply. Since the DC load machine is
usually operating in the generating region and feeding power directly into the inverter
and induction machine, semiconductor fuses needed to be placed in the armature cir-
cuit to protect the converter. To monitor the armature current, a LEM current
transducer LT 100-S/SP90 is mounted to the power connection between thyristor
converter and load machine as shown in the schematic in Appendix D.11.
Additional contactors are located in a safety box. This includes the main power
switch and three circuit breakers that provide overcurrent and thermal protection
of the machines and semiconductors switches. The circuit breakers can be used to
manually disconnect the induction machine, load drive or the cooling fan from the
mains. The fan is mounted onto the load machine and is driven by a three-phase
0.75kW induction machine.

4.4 Software

Software was written for three different platforms. The main control program is
running on the C40. The F240 requires hardware-related software that is written
in assembler and the graphical user interface on the PC is programmed in a visual
object-oriented programming language.

4.4.1 Control Program

The control software for the C40 was written entirely in the high-level language C.
It consists of the high-priority interrupt routine for the current control loops. The
communication with the F240 takes place, currents and voltages are read from the
A /D converters, data is sent to the D/A converters, the Af currents are demodulated,
communication and monitoring takes place. The data and signal monitoring allows
the inspection of internal variables that are first buffered in fast internal memory
before sent to the host for graphical visualization and further analysis. Signals are
sampled with the resolution of 200us that is also the sampling period of the current
loops. This main interrupt is started by an external interrupt request that is trig-
gered by the PWM generator of the F240. The second interrupt routine that uses an
internal timer has a lower priority and runs at 600us. The outer control loops such
as the speed or position control, the flux model and the algorithms to estimate the
rotor position are calculated.

The software for the F240 is written in assembler to achieve maximum performance.
The disadvantage of the fixed-point architecture is that signals have to be scaled
appropriately to efficiently make use of the available 16-bit integer resolution. This
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consumes processing and development time. The exchange of data with the C40 is
via a dual-port RAM. The communication protocol makes use of low-level routines to
ensure fast user control over the C40 and F240 processors. A checksum and a number
of status variables are transferred next to the reference voltage, voltage injection
parameters and speed and rotor position data. The latter two are sent from the F240
to the C40. Semaphores are used to avoid clashes when accessing the data. Error
counters make sure that the available data is valid and that both of the two processors
are still working correctly. The F240 then transforms the voltage demands to three-
phase voltages. adds the voltage injection and determines the PWM switching times.
The rotor position is read. Depending on the type of encoder connected, a routine to
enhance the rotor position resolution is executed. The rotor speed is then calculated.

4.4.2 User Interface

The user interface running on the PC is written using C++-Builder. It is a typical
graphical user interface (GUI) and simplifies overview because the structure is clearer
and more comfortable to use than a text-based interface. User action is possible via
mouse or kevboard. Some of the important features that are part of the GUI are:

e On-line debugger: allows to change and inspect variables during run-time. All
global variables on the C40 and F240 are accessible and can be monitored,
checked or changed. The address of the variable is indicated in one column.
Tvpe and current value are shown in other columns and can both be changed.
The resolution of the update in within 10 - 20Hz.

e Monitor: any global variable can be selected and sampled at different resolutions
and for a selected length. The finest resolution allows to sample every 200us.
Monitoring can be triggered by different events such as a commanded speed or
position change or a modification of a variable within the debug window. The
monitor displays up to 16 variables simultaneously in a graphical window. The
monitored variables are plotted over time that simplifies data visualization.
Curves or traces can be scaled, shifted or disabled easily. Zooming into the
plots or panning within the window are possible. A cursor function allows to
determine absolute time and amplitude or the differences between two points
or the frequency.

e MATLAB interface and output for various graphical formats and data file tvpes:
MATLAB can be linked into the GUI to receive data directly. This makes it
possible to use the same names for the variables in the data-analysis as in the
control software. NIATLAB comes with a large library of functions that simplify
the post-analysis of the monitored data. From the plot window. the user can
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plot directly to a printer or into a graphical file format. Data can be saved as
data file on disk in various ASCII or binary data formats.

e Software oscilloscope: is a graphical window that allows to monitor two slow
changing signals on-line. The data comes from the two first variables in the
debug window. Updating is limited to about 20Hz and can be adjusted. The
signals can be scaled in amplitude and individually disabled.

e DAC interface: allows to select or scale signals at run-time for the output via
the four channel digital-to-analogue converter to an external oscilloscope. The
variable can be any global variable in the C40 code. Amplification is possible
to adjust optimally for the given output range of the DAC.

e Control panel for easy access to the main control parameters: Reference speed,
position and direction for the machine can be changed for example. A fixed value
can be imposed or the reference value can be changed gradually. Important
feedback values are displayed such as the measured speed, position, torque and
currents.

e Parameter panel: for setting machine and control parameters. Machine con-
stants such as the rotor time constant T, can be set or the number of pole pairs
and maximum allowable speed. The encoder pulse number can be specified.
These panels are useful to check for correct drive initialization and to get quick
access to standard parameters of the machine control algorithms.

e ADC calibration: can be performed on-line but with the control being switched-
off. The averaged converter output is shown. Offset values can be typed in for

correction.

e The GUI allows to change from speed control to position control or sensorless
control.

e The switch from V/f to Vector Control mode has to be set via compiler switches
in the C40 code. The GUI displays the current setting and adjusts menus and
user interfaces.

e High frequency injection: parameters can be adjusted easily via a menu such as
amplitude. frequency or mode (rotating, pulsating, dg or a3).

e Harmonic Compensation: parameters can be updated via a database or loaded
from a file. The table for Space-Modulation Profiling (SMP) can be loaded via
a MATLAB interface.
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e Auto-Sequencing generator: provides a synchronized arbitrary reference signal
for running the machine. This is useful when a predefined sequence of reference
changes in e.g. speed or position is required. The operation is possible in
one-shot or continuous mode where the reference data is read cyclically.

The flexibility for data acquisition and machine control derives from the communica-
tion protocol between the PC and C40 that is documented in [108]. A synchronous
and an asynchronous communication exist via the dual-port RAM. The speed of the
communication is limited by the relatively slow ISA bus that does not have bus-
mastering capabilities and by the software drivers that are required for the multitask-

ing operating system.

4.5 Sensors

In practice. an inverter will always come with overvoltage and overcurrent protection
that requires the measurement of voltages and currents. The required sensors for
Vector Control always include two current sensors and depending on the flux model,
either a position/speed encoder or two voltage transducers. The instantaneous, ef-
ficient and dynamic control of the induction machine demands that the sensors can
measure the input signals with high resolution and accuracy.

4.5.1 Current Measurement

The conventional field-orientated control (FOC) requires the measurements of at least
two phase currents. In practice this will be the line currents, measured at the output
termi