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Abstract 

Abstract 

Permanent magnet motors have a series of characteristics that make them attractive 
for the use in industrial drives: low maintenance, high dynamics, small size and mass 

to power ratio. In particular its higher efficiency means that permanent magnet 

synchronous motors may be used instead of electro-magnetically exited motors (such 

induction machines or commutator DC motors) in applications where the energy 

savings compensate the higher initial cost. Nevertheless, the need for a shaft mounted 

position measurement to perform the orientation of the control of the synchronous 

machine is of concern, because it increases the total drive cost and reduces reliability. 

In this work the sensorless vector control of a surface mounted permanent magnet 

machine is presented. The emphasis is in the control at low and zero speed, including 

position control, by means of saturation saliency tracking. Two different strategies for 

rotor position detection used in salient synchronous machines and in induction 

machines are analysed. These are hf voltage injection in the stationary, stator, 

reference frame of the machine (a-ß injection) and hf voltage injection on the 

estimated rotor axis (so called d-axis or pulsating injection). These two methods are 

optimised for its application to the surface mounted PM machine. The small 

magnitude of the saliency present difficulties and disturbances are significant. A 

commissioning based method (SMP) is used for enhanced rotor position estimation by 

the a-ß rotating injection. The two methods are implemented on a4 kW experimental 

rig and the sensorless controlled results are compared and discussed. A hybrid 

structure combining the saliency tracking method with a flux-observer is also 

presented and provides sensorless control capability over the whole speed range. 
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Chapter 1 Introduction 

Chapter 1 

1 Introduction 

1.1 PM machines 

As it's name indicates permanent magnet (PM) machines are characterised by the use 

of magnetic material to establish the flux. Several designs of PM machines are 

possible and they are broadly catalogue into brushless DC and AC synchronous 

motors. This thesis deals with the sensorless control at low/zero speed of AC 

synchronous machines. 

In a modern industrialized country about 65% of the electrical energy is consumed by 

electrical drives [1]. The cage induction motor (IM) is by far the most used motor 

with the majority of them running directly from the mains supply. The development 

of semiconductor power converters, microprocessors and high performance control 

techniques has resulted in considerable expansion of the use of cage induction 

machines for a wide range of applications. The popularity of the cage IMs arises from 

their low initial cost, minimal maintenance due to the lack of commutator or slip-rings 

and high reliability. While IMs still dominate the industrial drives market, 

considerable attention has been given to permanent magnet motors since the use of 

permanent magnets to replace electromagnetic field excitation in electric machines 
has several advantages. 

The most obvious advantage for using permanent magnets to replace electromagnetic 

excitation is the absence of excitation losses which increases the efficiency of the 
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Chapter 1 Introduction 

motor. Additionally, the placement of the magnets in the rotor concentrate the 

conduction losses in the stator where they are easily dissipated. This allows for 

smaller rotor diameters and smaller total motor sizes, resulting in high power density 

and low rotor inertia. The use of high energy magnets produces a high torque per 

ampere constant giving PM motors superior dynamic performance than that of 

conventional DC or IM dives. The use of magnets in the rotor to generate the 

machines flux overcomes the need for brushes and hence such motors are often called 

"brushless motors". This simple construction results in low maintenance and reliable 

machines normally built with totally enclosed rotors. 

The above advantages have meant that the PM machine has found use in a wide 

variety of applications. The most common application of PM motors in industry is in 

machine tools and position servomotors where their high dynamic performances and 

low maintenance have meant that they have replaced the conventional DC machines. 

The PM machine's high power density means an overall weight and volume 

significantly less than those of other type of machines for the same power output. This 

has meant that it is increasingly attractive for drives in aerospace applications such on 

aircraft actuators where size and weight are major constraints [2,3]. 

The PM machines also have the potential of replacing IMs in general industrial and 

domestic applications due to their high efficiency and hence energy-saving capability. 

It is possible that PM machines will be introduced in applications where the savings in 

energy offset the higher initial cost [4,5]. 

1.1.1 Permanent Magnet Materials 

A basic knowledge of permanent magnet materials is needed to understand the 

operation and limitations of PM machines. A permanent magnet produces a magnetic 

field in an air gap in the absence of current. The most common magnetic materials are 

Alnicos (Al, Ni, Co, Fe), Ceramics (or Ferrites) and Rare-earth materials such as 

samarium . cobalt (SmCo) and neodymium-iron-boron (NdFeB). A Typical 

demagnetisation curves for these PM materials are shown in Fig. 1.1. The slope of the 

demagnetisation curve or recoil permeability of rare earth materials is nearly that of 
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Chapter 1 Introduction 

the air with relative permeability values µ, ranging typically between 1 and I. I. 

Hence the magnet behaves like a constant MMF source. Rare earth magnets can 

operated in any point upon the third quadrant of the hysteresis curve as shown in Fig. 

1.1. However, if an external current reduced the flux density below the knee upon the 

curve (BD) the magnet will recoil through a parallel but lower trajectory suffering 

some permanent demagnetisation. 

BM 

1.2 

1.0 
Neodymium-Iron 
Boron (Sintered) 0.8 

y 

0.6 Samarium-Cobalt 
// 

AINiCo 

0.4 

Ferrite /10 
.2 

BD _ 
1ý0_ /8 0.6 0.4 I02 IIH [MA/m} 

Figure 1.1: Typical demagnetisation curves of different PM materials. 

Due to the superior characteristics of high remnant flux density Br , 
high coercive 

force He , high energy product BH.,, and linear de-magnetization curve in the third 

quadrant, rare earth magnets are the material used in servomotors (synchronous and 
brushless DC motors). The value of B, - of rare earth materials is sufficiently high to 

produce flux densities across an air gap at values 0.8-0.9 T (with reasonable thickness 

of the magnet material) so achieving good use of the machine's iron and higher power 
densities. 

Since its introduction in 1983, sintered NdFeB magnets have become widely used in 

PM motors displacing SmCo and boosting the PM motor technology. This is because 

NdFeB has superior magnetic characteristics at room temperature and a relative lower 

cost due to the use of a more abundant rare earth (Nd) and cheaper metals [5]. The 
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major drawback of NdFeB is the strong dependence of its characteristics on 

temperature. In particular a steep rise in the demagnetisation curve's knee results in a 

high coercivity temperature coefficient H, in the range of 0.40 %/°C to 0.80 %/°C. 

This limits the maximum working temperature to 100-140 °C. SmCo also is sensitive 

to temperature although it exhibits more stable characteristics allowing working 

temperatures of up to 250 °C [6]. 

1.1.2 PM Motors Types 

Permanent magnets are constructed in a wide variety of motor designs. The two major 

classes of PM motors are the brushless DC motor and the synchronous PM motor, 

sometime referred as the brushless AC motor. It is noted that permanent magnet 

materials are also used in small conventional commutator DC motors and small 

stepper motors. 

The brushless DC and the PM synchronous are structurally very similar. The magnets 

are placed on or in the rotor and a poly-phase wound stator is used avoiding the need 

for commutator or slip-ring; hence their name brushless. Despite the popular name 

`brushless DC' both constructions are poly-phase AC machines and predominantly 

three-phase. For these machines to produce torque the excitation waveform needs to 

be synchronized with the rotor position. This requires a power converter to generate 

the excitation, normally a voltage source inverter, and a shaft-mounted position sensor 

to perform the synchronisation. The main difference between the two machine types 

is the shape of the back-EMF induced in the stator windings. This results in different 

excitation waveforms required for their control and hence in the way the driving 

power converter is commutated. 

1.1.2.1 The brushless DC motor 

Structurally the brushless DC machine is characterised by wide arc magnet poles of 

constant thickness mounted on the surface of the rotor and inducing trapezoidal back- 

EMF in the concentrated stator windings. The resulting amplitude of the back-EMF 
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and torque equations are very similar to that of the DC commutator motor. The 

driving inverter acts like an electrical commutator switching stator current to different 

stator phases depending on the rotor position. The converter also carries out the 

current amplitude regulation. Both functions are relatively independent, resulting in a 

simple torque control algorithm, which requires the rotor position to be known only at 

six points per electrical cycle. This is usually achieved with optical sensors. The ideal 

operation of this motor would result in ripple-free torque but in practice fringing and 
imperfect phase commutation result in considerable periodic torque ripple at a 
frequency of 6 fe [4,6]. 

1.1.2.2 PM synchronous motors 

The ideal back-EMF induced in a synchronous PM machine is sinusoidal. In practice 

good quasi-sinusoidal waveforms are obtained. This is achieved by distributed AC 

stator windings like those of a wound rotor synchronous motor and by shorter magnet 

pole arc on the rotor, typically 120°. Therefore constant torque with very low ripple is 

produced when synchronous sinusoidal currents flow through the stator windings. 
This construction is a classical AC synchronous machine and therefore runs from a 

balanced three-phase sinusoidal supply generated by the driving inverter. The rotor of 

the synchronous PM machine can be constructed in different configurations giving 

rise to two main types of synchronous PM machines: the surface mounted PM 

(SMPM) and the interior PM machine (IPM). Both are shown in Fig 1.2. 

a) b) 

Figure 1.2: Different rotor designs. a) SMPM, b) IPM. 

6 
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The surface mounted PM machine of (SMPM) is used widely and has a basic rotor 
design consisting on a cylindrical iron core with the magnets fixed to its surface with 
epoxy adhesive, generating a radial flux on the air gap. A non-ferromagnetic cylinder 

may be used to secure the magnets in place under strong centrifugal force. In this type 

of rotors the thickness of the magnets may be tapered in bread-loaf or decentred 

shapes [1] to better approximate a sinusoidal distribution of the magnet flux across the 

air gap. Because the rare earth magnet's relative permeability is close to unity, the 

surface mounted PM machine presents a constant effective air gap length resulting in 

a geometrically non-salient machine. A variation on this design is obtained by placing 
the magnets in shallow slots in the rotor surface crating an inset-magnet rotor [1]. 

This is done mainly to increase the mechanical robustness of the rotor. Because of the 

raised edges of the slots some level of geometric saliency occurs. 

The interior-magnet machine (IPM) [7] shown in Fig. 1.2 (b) has rectangular magnets 

placed in slots inside the rotor. This construction retains the magnets against the 

centrifugal force and provides some protection against demagnetisation. The magnets 

are diametrically magnetized and are of alternate poles generating a radial flux in the 

air gap. The flux in the direction of the magnets (called d-axis flux) crosses the 

magnets in a high reluctance path. The quadrature flux (q-axis flux) however, is 

closed through the steel poles without crossing the magnets resulting in low 

reluctance path. Therefore the interior PM motor is highly salient with L9 > Ld . This 

causes a significant amount of reluctance torque, this characteristic providing extra 

torque under flux weakening and making this machine better suited for operation in 

this region [8,9]. 

As a consequence of the sinusoidal back-EMF and the sinusoidal distribution of the 

windings the PM synchronous motor produce smoother torque than brushless DC 

machines. The shape of the back-EMF also allows the operation of the PMSM from 

standard AC drives. Hence the PMSM is considered adequate for a wider range of 

applications than the brushless DC machine and consequently is built in a wider 
power range. For these reasons, in this work the focus is on the sensorless control for 
PM synchronous machines and brushless DC machines are not considered. 
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1.2 Sensorless Control of PM Synchronous Machines 

Both types of synchronous PM machines, the SMPM and IPM are true synchronous 

machines in the sense that they don't have any rotor damping circuit and can only 

develop average torque if the stator excitation is properly synchronised with the rotor 

position. Although, early developments in PM AC machines included rotor cages to 

produce asynchronous line start capabilities [1,4], this is not the case with modern 
high performance PM motors which are designed to operate from a power converter. 
Therefore the PM AC drive requires rotor position information to perform the flux 

orientation or vector control [10] of the inverter output currents. The most direct way 

to guarantee the synchronisation is to measure rotor position. For this reason 

commercial PM AC drives are fitted with a shaft mounted position sensor, normally 

an optical encoder or a sin-cos resolver. The ability to detect the rotor position, and 

perform the orientation of the vector control without such a position sensor is 

normally referred to as sensorless vector control. Sensorless control is desirable in 

many applications due to the transducer's cost that can be a significant portion of the 

total drive's cost, specially in small drives. In addition, the fragility of the position 

sensors, the mechanical mounting and the electrical connections all undermine the 

overall drives' robustness and reliability. 

The majority of the methods proposed for sensorless estimation of the rotor position 

consists of the processing of the fundamental stator quantities i. e. voltage and 

currents, to determine the amplitude and orientation of the machine's flux. These 

methods rely on a mathematical model of the machine with estimated parameter 

values, and are generically referred as model-based methods. One of the simplest of 

such methods consist of an open loop estimation of the stator linkage flux by the 

integration of the stator voltage corrected by the windings resistive drop [11]. The 

resulting stator flux orientation is not the optimal frame of reference for vector control 

[4] and therefore strategies to estimate the flux induced by the rotor magnets or rotor 

position are normally used. To this end, model based reference adaptive system 
(MRAS) [12], full order observers [13], reduced order observers [14,15] or Kalman 

filters [16,17] have been proposed. All the model-based methods rely directly or 
indirectly on the back-ENV induced by the rotor magnets in the stator windings of the 

machine, or the effect of the induced back-EMF on the stator currents. This has the 
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Chapter 1 Introduction 

drawback that, as the speed decreases, the back-EMF goes to zero causing operation 

at zero speed to break down. Furthermore at low speeds the increasing influence of 

parameter estimation error, specially stator resistance, due to the decreasing 

magnitude of the EMT, impose a lower limit to the speed at which model-based 

methods work. 

Many industrial applications such as fans, pumps and compressors operate normally 

only at medium and high speeds. Adjustable speed drives are suitable for these kinds 

of applications mainly for the energy saving potential over its speed range so that 

zero\low speed control capability is not required. Model based methods are the most 

viable sensorless strategy for these kinds of applications. For these drives, an open- 

loop starting up procedure to accelerate the machine form standstill to a minimum 

speed at which the model-based sensorless method estimate the flux reliably is 

sufficient. For example in [11] a method is proposed by injecting into the stator 

winding a balanced three-phase current set of constant amplitude and slowly 

increasing frequency to force the rotor to lock to the rotating MMF generated. 

For all applications where constant operation at low or zero speed is required, 
including position control applications, the model-based sensorless method are not 

appropriate. A non-model based approach has to be found. 

As discussed previously, the rotor geometry of the interior permanent magnet 

machine (IPM) gives a highly salient machine. In fact the ratio of the stator 

inductance variation as the rotor rotates is about 3: 1 [6,18]. Detection of this variation 

with rotor position was proposed in the early 90's a way of tracking rotor position in 

this type of machines IPM machines [19-21]. To track saliency the effect of the stator 

inductance change in the amplitude of a high frequency (hJ) signal is measured. 

Although some authors have proposed to measure the current switching harmonies 

[19], in general this is not viable with a standard PWM actuation. Therefore a test hf 

signal is injected. A voltage injection can be applied either by modifying the PWM 

[22,23], by injecting discrete test pulses [20] or by superimposing a hf carrier to the 

voltage reference [18,21]. In all these techniques the resulting switching or hf 

currents are measured. The non-model based sensorless methods have the advantage 

of not being speed dependent and therefore are well suited for low/zero speed position 
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Chapter 1 Introduction 

detection. The surface mounted PM machine rotor on the other hand is geometrically 

non-salient and therefore it is not a natural candidate for the application of saliency 

tracking techniques. 

Saliency tracking through high frequency injection has become established as a very 

active research field in the last years and has included other salient machines such as 

the Synchronous Reluctance motors [24], and induction machines, the latter being 

made salient by means of engineering asymmetries in the rotor surface [25,26] or by 

tracking higher frequency rotor slot saliencies [27-31]. One of the conclusions of the 

research on IMs is that magnetic saturation causes saliencies that interfere with the 

tracking of the rotor [30,32]. In surface mounted PM machines the flux is mainly 

produced by the rotor magnets and therefore the saturation saliency is expected to be 

largely aligned with the rotor position. Only recently has some research attention been 

conducted to exploit saturation saliency for the control of SMPM [33,34]. The 

magnitude of the saturation-induced saliency will depend on the magnetic design of 

each particular machine, but in general it can be affirmed that its magnitude is 

significantly smaller than that of the geometrical saliency of the IPM machine. 

1.3 Overview of the Research 

This thesis principally investigate different types of hf voltage signal injection to track 

saliency position and hence derive rotor position for the closed loop sensorless control 

of an off-the-shelf surface mounted PM motor at zero and low speeds. The techniques 

works within a vector control environment so the dynamic equations of the machine 

and vector control are briefly described in Chapter 2. This Chapter also reviews 

model-based sensorless methods and illustrates their shortcomings through the 

experimental investigation of a MRAS sensorless scheme. Deterioration of its 

performance at low speed is shown. 

As mentioned, surface mounted PM machines are normally thought to be non-salient. 
Nevertheless, a measurable saliency is expected due to the saturation of portions of 
the machine's iron induced by the high flux density of the rotor magnets. This 

saturation-induced saliency can be exploited for sensorless control of this type of 
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machine at low/zero speed. Both the physical aspects of saliency in surface mounted 
PM machines and the mathematical theory of the different hf voltage injection 

strategies are described in Chapter 3. Different methods of hf continuous voltage 
injection have being reported mainly on induction machines. These methods can be 

divided in to stationary frame rotating voltage injection [21,27] and synchronous 
frame pulsating voltage injection [35]. Although, the application of both methods 
have been reported for salient 1PM machines [18,36] and synchronous reluctance 

machines [24], no previous work on applications to SMPM machine existed. Since the 

start of the present work, two publications applying synchronous frame pulsating 

voltage injection to this type of machine have appeared [33,34]. The present work 

addresses both techniques and provides a comparative analysis under sensorless 

controlled conditions. The theory of the two considered type of injection and their 

demodulation structures is discussed in Chapter 3. 

The injection methods will be experimentally assessed in a4 kW off-the-shelf surface 

mounted PM machine. A test rig has been constructed by interfacing a commercial 
inverter to drive this machine and a Texas Instrument DSP, the TMS-320C44, 

performs the vector control and the sensorless position estimation. Chapter 4 deals 

with the test rig description including the hardware boards constructed for interfacing 

the inverter to the DSP and to measure the electrical variables of the motor. An 

overview of the control software is also presented. 

Experimental results show clearly that the position tracking using signal injection 

techniques is not perfect in that the demodulation signals are not sinusoidal but 

contain harmonics. These are due to the effect of inverter non-linearities such as dead- 

time and also to some spatial harmonics in the saturation saliency. Hence the closed 
loop performance in terms of positioning accuracy and dynamic bandwidth will be 

poor. Chapter 5 deals with ways of improving the position estimate to a level where it 

can be practically used in a sensorless positioning control. The Chapter also reviews 

the applicability of these signal enhancing methods for different techniques of 
injection. 

Chapter 6 deals with the closed loop performance of the position and low-speed 

sensorless vector control of both strategies discussed in Chapter 3. The accuracy and 
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dynamic results yield by both methods are compared to each other and discussed in 

relation to that of other researchers. The Chapter also discusses the necessity of 

embedding the injection methodology in a overall sensorless structure in which a 

model-based observer takes over above a given threshold frequency. A novel 

technique is proposed and implemented allowing wide speed range sensorless control 

that includes zero-speed and positioning operation. 
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Chapter 2 

2 Control of AC Permanent Magnet Machines 

This chapter covers the mathematical background for the control of the PM 

synchronous machine. First the dynamic model of the machine is developed and 

presented in the two-axis static reference frame and then rotated into the synchronous 
frame (Park-Transformation) standard for flux-oriented control of synchronous 

motors. Magnetic saturation is neglected at this stage although the structural saliency 

characteristic of IPM machines is included to introduce the mathematical treatment of 

the phenomenon of saliency. The standard vector control structure for the non-salient 
SMPM is presented and the differences on the control for the IPM are discussed. 

From the equations deduced in this chapter, it will be shown that, to achieve vector 

control of the PM machine, rotor position information is needed to perform the 

orientation and to derive the feedback signals of position and speed. For this reason 

standard PM machine drives are normally fitted with position measurement devices 

such as analog resolvers or digital encoders. The advantages of obtaining this 

information by other means than direct rotor position measurement are not only 

economical but also reliability and will be further discussed. Finally the fundamental 

frequency model of the motor, developed in this chapter, can be exploited to develop 

flux observers in order to estimate rotor position. However there are practical and 

theoretical limitations that prevent the application of this technique at very low/zero 

speed. The short-comings of the model-based methods will be discussed and 

experimental results of one model-based observer implementation will be shown to 
illustrate these shortcomings. 
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2.1 Dynamic Equations and Control for PM Synchronous 
Machines 

The stator of a synchronous PM machine has quasi-sinusoidally distributed windings 

similar to those of an induction motor (IM). In addition, the magnet flux distribution 

in the air gap is also made more sinusoidal by means of shortened pole arcs and, in the 

case of surface mounted magnets, the magnets may be tapered. This produces phase 

linkage flux and back-EMF which are indeed quasi sinusoidal, allowing the analysis 

of the PMSM machine using the space-vector or space-phasor theory [10,37,38]. In 

the following analysis the assumption of sinusoidally distributed windings and 

sinusoidal flux linkage is made. 

2.1.1 Space Vector Transformation 

The space vector theory combines the individual phase quantities in to a single vector 

in the complex plane allowing simple handling and transformation to any rotating 

frame. In the space vector transformation the direction of magnetic axis of each phase 

is assigned to its electrical quantities. If the real axis a is aligned with the magnetic 

axis of phase a, as shown in Fig. 2.1, the transformation for the phase currents is 

given by (2.1). Different scaling factors for the vector transformation may be used. 

The definition introduced in [38], with a scaling factor of 2/3 to preserve the 

amplitude of the phase quantities, is used in the present work. By imposing the 

condition of an isolated neutral (2.2), the simplified expressions (2.3) for the real and 

imaginary components of the current vector are obtained. 

2fr 4n 

la =3 

[ia(t)ýib(t)e3 

+lc(t)e 3 (2.1) 

lQ ýtý +ly (t) + lr (t) _0 (2.2) 
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is = is (t) 

lß = 
(lb (t) - lc (t)) 

3 

iy 

Wbý'l 

C 

tc ýa 

ýc 

Qý 

t ia 

a 

Figure 2.1: Definition of static a-ß frame. 

(2.3) 

Similar transformations are applied to the remaining machine variables to obtain the 

stator voltages vector vs and stator linkage flux yrs . 

A major advantage of this transformation is that the space vectors may be express in 

any arbitrary rotating d-q frame by means of a coordinates rotation (2.4). Of particular 

interest for the control of synchronous machines is the rotating frame oriented with 

the rotor field [4], i. e. op = B, 
. 

idq = i«ße-j`D (2.4) 
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2.1.2 Dynamic Model of the PMSM machine 

The basic equations for phase windings voltages of a permanent magnet synchronous 

machine is: 

Va is 
da 

Vb = rs lb + 
dl 

Vfb (2.5) 

Vc lc Yc 

In (2.5), the total linkage flux in each phase yea , Vb and yr, are given by: 

Va La Mab Mac Za COS(er) 

Vb - 
Mba Lb Mbc " 1G Vm COS(er -) 

(2.6) 

Yfc Mca Mcb Lc j lc COS(er -3 ý 

where Wm is the magnitude of the flux produced by the rotor magnet in each phase 

when it is aligned with the phase's magnetic axis. 

Equations (2.5) and (2.6) are general, i. e. they apply for both types of PM 

synchronous machines, SMPM and IPM. In the later case, the inherent saliency 

produces inductances values in (2.6) which are functions of the rotor position. It must 

be noticed that by reciprocity, the corresponding mutual inductances are equal i. e. 

Mab = Mba 1 Mbc = Mcb and Mca = Mac. For simplicity the non-salient case of the 

SMPM machine is first analysed. 

For the SMPM machine, by symmetry the values of the self inductances La , Lb and 

L, have the same value and consist of two components; the leakage inductance L1 

and the magnetizing inductance L, 
n : 

La=Lb=LL=L, +Lm (2.7) 
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Due to the angular displacement of the phase windings it can be shown that the 

mutual inductances are given by: 

Mab =Mbc = Mca 
Lm 

=- 2 (2.8) 

Replacing the inductances values (2.7), (2.8) into (2.5) and (2.6) and applying the 

space vector transformation (2.1), the voltage vector equation in the stationary a-ß 
frame is: 

v[Va]=, s 
la 

+ 
(L 

+3L, � 
d is 

+ Vm 
d COS(Or )n 

(2.9) 
fi 2) dt iý dt 

[COS(OY 
- -) 

In the IPM machine, due to the low recoil permeability of the magnets (Pr = p) the 

effective air-gap length is larger in the direction of the rotor field (d-axis) than it is in 

the perpendicular direction (q-axis); this produces a variation of the stator phase 

inductances as functions of the rotor position. This is termed saliency. In the 

following analysis it will be assumed that the variation of the air-gap does not affect 

the leakage inductances. This is a reasonable assumption due to the large air-gap 

characteristic of PM machines. By considering only the fundamental variation of the 

inductances (fundamental saliency) [38], the stator phase inductances may be 

expressed as: 

LQ = Lý + L. - ALm cos(2e, ) 

Lb = L1 +Lm -AL. Cos(20, -4) 

La = L, +Lm -AL. CoS(20r - 3n) 

(2.10) 

This equation indicates that the maximum phase inductance is obtained when the 

minimum reluctance path of the rotor (q-axis) is oriented with the magnetic axis of 

each phase. Similarly, the mutual inductances are given by: 
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Mab =- 
Lm 
2- OL COS(20 -) 3 

Mbc _- 
Lm 
2- OLm Cos(20r) (2.11) 

Lm 

23 

Applying (2.1) to the general three phase PM machine (2.5) and (2.6), and using the 

inductance values given by (2.10) and (2.11), yields the a-ß model for the salient IPM 

given by: 

va 
=rs+d 

Ls - OLS Cos(20, ) lLs sin(20r) is 

vß s io dt ALs sin(20r) LS + ALS cos(26, ) ip 

+d 
cos(6r) 

(2.12) 
ýM 

dt COS(er - n) 
2 

The variable change: 

LS =Lý+ýLm 
(2.13) 

L L5 
2 

AL. 

has being introduced to simplify notation. 

It is noted that (2.9) corresponds to the particular case of (2.12) when A. L. =0i. e. 

there is no saliency. The equations (2.9) and (2.12) represent the dynamic model of 

the PM machines (non-salient and salient respectively) in a stationary reference 

frame. However, the most convenient frame to implement the field oriented control is 

the synchronous reference d-q frame fixed on the rotor developed by Park [39]. 

Furthermore, synchronous rotation with the rotor saliency effectively eliminates any 

variations of the inductance matrix with rotor position. To obtain the synchronous d-q 

frame model (2.12) is rotated using (2.4) and an angle ((= 0,. ). The result of this 

operation is: 
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vd id Ldp Lwi0 
= rs +9r]» 

[d ][ 

+Vmwr (2.14) 
v9 i9 LdOvr Lq p iq 1 

Here, p is the differential operator and Ld = Ls - AL3 
, LQ = L3 + AL3 are the direct 

and quadrature axis inductances. The symmetry of the surface mounted PM motor 

yields synchronous inductances Ld = Lq . 

2.1.3 Control of the PMSM Machine 

The choice of vector transformation (2.1) yields the following general expression for 

the instantaneous torque for the PM synchronous machine [38]: 

7'e = 
32 { Vf. iq + td lq (Ld _ Lq )} (2.15) 

In equation (2.15), two components of the torque can be identified: the first term, 

usually called magnet torque, is directly proportional to i9 and independent of id . 

The second, or reluctance torque, is only present in salient machines where 

Ld - Lq #0 and is proportional to the current product idfq . 

In the SMPM machine, the reluctance torque is zero and therefore the torque is 

controlled only by changes in iq. The d-axis flux on the other hand is fixed by the 

rotor magnets, except during flux weakening, and id is normally control to zero to 

achieve maximum torque per ampere operation. This makes the control structure for 

this type of machines very simple. Figure 2.2 shows a position control implementation 

for a SMPM machine in which iq is used as an actuation variable to control the rotor 

speed, a PI controller being used to achieve zero steady state error. The control of the 

currents is performed in the rotor coordinates d-q also by PI regulators. To perform 

the coordinate rotation of the current measurements to d-q reference frame, and of the 

reference voltages back to the a-ß frame, the rotor position is needed. Rotor position 
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measurement is also used for speed feedback. Finally position control can be achieved 
by extending this control structure by an outer position loop usually closed with just a 

proportional controller [10] and using the measure rotor position for feedback. 

The reluctance torque is significant on IPM motors and for this reason they are often 

referred to as hybrid machine. In these motors more torque per each ampere of stator 

current can be achieved by advancing the stator current vector angle and forcing some 

negative id current. The particular mapping of torque reference Te* into id* and i9} 

is not unique but if an optimisation criteria such as maximum torque per ampere is 

used, suitable functions can be found [7]. In flux weakening, negative id current is 

used to counter the fixed air-gap flux produced by the rotor magnets and hence reduce 

the stator voltage at high speeds. In the IPM motor the negative id current contributes 

to the torque production of the machine and increases the available torque [8], giving 

an advantage over the SMPM for flux weakening operation. 

er 
+ 

rd=o 

er 

2.1.4 Sensored Control Results 

The classic control using a position sensor is a good benchmark for the performance 

of the sensorless system. The results shown in this section are obtained with the same 

hardware and software discussed in Chapter 4, the obvious exception being the use of 

an 1024ppr quadrature encoder for orientation and feedback. A faster controller 
design for the speed and position loops also makes full use of the accuracy and 

20 

Figure 2.2: Control structure for surface mounted PM machine. 
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dynamic performance of the encoder. The control structure corresponds to the cascade 

control shown in Fig. 2.2. 

2.1.4.1 Current control 

In the inner layer of the cascade arrangement shown in Fig. 2.2 are the fast current 

control loops. Due to the symmetry of the SMPM machine both loops are closed by 

an identical PI controller. The transfer function of id, (s)/v_dq (s) for the control design 

is derived from (2.14) with decoupling terms, eliminating the d-q channel coupling, 

being applied in the established manner [10]. With the parameters given in Chapter 4, 

it yields: 

6, (S) 
=1 (2.16) 

vdq(s) 4.15.10-3s+0.47 

Given the sampling time of 100 µs, it is easily shown that: 

idg (Z) 
_ 

0.024 

Vdq(Z) Z' (Z-0.9887) 
(2.17) 

Equation (2.17) contains one sample delay z-' in account of the processing delay 

between the sampling of the. currents and the update of the inverter new PWM 

reference. The design of all the controllers is carried out using root-locus. The design 

objective is to obtain a high bandwidth while keeping the dumping factor ý of the 

complex response to approximately 0.7. The designed discrete PI controller is: 

G_ 
17"(z-0.854) 

r (z-1) 
(2.18) 

In order to eliminate the overshoot due to the zero (z - 0.854) the current demand idq 

is prefiltered by HPf = 0.146/(z - 0.854). This design gives a nominal closed loop 

bandwidth of 500 Hz for the transfer function idq(z)/idq (z) 
. 

Figure 2.3 shows the 

response of id and iq control loops to a step change to the demanded torque while 
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rotating at constant 200rpm. The response settles in less than 3ms and there is no 

noticeable coupling between the two axis currents. 
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Figure 2.3: Current control response to a step in i9 demand. 

2.1.4.2 Speed control 

The torque reference current (iq) is derived from the speed loop. This is closed by a 

PI controller to obtain zero steady state error. Due to the large mechanical time 

constant (as compared with the bandwidth of the current loops) and the limit imposed 

on the magnitude of the stator currents of the machine, the speed loop PI controller 

must have an limited output and an anti windup mechanism [40]. 

In servo drives a fast speed loop is desirable. However the quantisation error of the 

speed signal, proportional to the position sampling frequency (200Hz) and inversely 

proportional to the resolution of the encoder (1024ppr), impose an upper limit to the 

speed loop proportional gain to avoid torque chattering. The high bandwidth of the 

current loops allows the closed loop dynamics to be neglected. Hence the nominal 

plant dynamics for the speed loop is dominated by the mechanical subsystem. Using 

the nominal values of total inertia and torque constant, given in Chapter 4, and 

neglecting friction, the mechanical transfer function is given by: 
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_ 
kt 

_ 
1.13 º'''' P. º, 6 

Gp° 
A+ B 0.0153s oýrý®a5 

(2.19) 

Using this nominal plant, a PI controller is tuned to obtain a nominal close loop 

bandwidth of 25Hz yielding an s-plane controller: 

Gc(s)=1.6. 
(s+60) 

s 
(2.20) 

The proportional gain kp=1.6 limits the torque current chattering to less than 5% of 

the nominal current. The low bandwidth of the speed loop as compared to the 

sampling frequency allows the design to be carried out in the s domain and the 

discretization performed by the bilinear transformation. The typical performance of 

the speed loop is shown in Fig. 2.4 where step changes between 1000 and -1000rpm 
are applied to the demand. 
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Figure 2.4: Speed loop response to step changes in demand. 
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2.1.4.3 Position control 

The outmost loop of the cascade system correspond to the position loop and is closed 

by a proportional controller, the inherent integral characteristic of the plant 

0r (s)/Wvr (s) providing the necessary open loop integration for zero steady state error 

to reference demand. The relative low bandwidth of the speed loop means that it's 

dynamic cannot be neglected for the design of the position loop gain. The selected 

gain of kp =19 produces a close loop bandwidth of 5Hz. The response of the 

complete position control system to step demands of one full mechanical turn is 

shown in Fig. 2.5. 
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Figure 2.5: Position loop response to step changes in demand. 

2.2 Sensorless Control of PM Synchronous Machines 

In Section 2.1.3 a position signal is needed to perform the correct coordinate rotation 

for flux orientation and for the feedback of the position and speed control loop. The 

ability to perform the control tasks without an position sensor such a encoder or a 

resolver is normally referred as sensorless control and has several advantages that 
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makes it an attractive alternative [41]. There is a reduction of the total drive cost that 

may be significant (especially in smaller drives), an easier installation through cabling 

reduction, and a reduction of the drive's volume by eliminating the housing of a 

position sensor at the end of the motor shaft. The elimination of the encoder (a 

delicate instrument that is prone to failure in hazardous environments) and its cabling 

and connectors, also increases the reliability. All these advantages may come at the 

cost of sacrificing some of the dynamic response and accuracy provided by a position 

sensor. However, they are particularly important for the expansion of the PM motors 

to the wider market of lower-dynamic, general industrial drives where its efficiency 

makes it a possible competitor to the dominant induction motor [5]. 

2.2.1 Model-Based Sensorless Control 

The aim of sensorless control is to provide an estimate of 0, to be used for the vector 

rotation and the position/speed loops in the control of the machine of Fig. 2.2. When 

the estimate derives from a model, the method is called model-based sensorless 

control. 

The simplest methods consist in stator flux estimators in the a-ß stationary reference 

frames [11,12]. These work simply by integration of the stator voltage corrected by 

the resistive drop to obtain yrs 

yr 
s" cri = 

J(_v 
- rf iý )dt 

_- 

9S = tan Os. 

(2.21) 

In [11] the angle of the stator flux estimation äS is used directly for stator flux 

orientation achieving unity power factor in the operation of the machine. However, 

rotor position estimation ä,. is not obtained directly, due to the difference between yrs 

and OM caused by the flux induced by the stator currents. In [12] a model base 

reference adaptive system (MRAS) is proposed for the correction of this flux 
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difference caused by the stator currents. Stator flux yrs estimated by the voltage 

model (2.21) serves as reference. A second estimation of the stator flux is carried out 
in parallel in the d-q frame based on the magnitude of the magnet flux and the stator 

currents (2.18). This estimate is rotated to the stationary frame using the estimated 

rotor position 6,.. The difference in the orientation of both yrs 
aß 

and yrS 
as 

is used as 

an error and is driven to zero by changes in the estimated rotor position Or by an 

appropriate adaptation mechanism. 

idq =1, e-ie. 

tý/sdq 'm+Ldd +ILglq 

c , eJO Co 0 

(2.22) 

The methods discussed above are affected by the pure integrator drift due to DC 

offsets in the measured quantities, low frequency content during transients and 

accumulated numerical error. Different techniques are used to overcome this problem 

but the integrator drift remains a difficulty at very low speeds. Non-linear integrators 

have being proposed for flux estimation [42,43] and have been shown to perform 

well for sensorless control of induction motors at low speeds [43]. However, the 

performance of this technique for sensorless PM motor drives has not yet been 

reported. 

Strategies that avoid integration all together have also being explored. An estimation 

of the stator flux angle obtained by direct angle extraction from vs - rs i, and 

compensated for the r/2 fixed offset is proposed in [44]. In [45] a hypothetical 

coordinates system is defined, that does not necessarily coincide with the actual rotor 

axis d-q. The voltage equation of the stator is solved in this coordinate system and 

compared with the measured voltage transformed to the same coordinates. The error 

is used for correction of the hypothetical axis. The inherent high noise content of the 

voltage signal and the low accuracy of the differentiation of the currents is the main 
limitations of this method, reducing the dynamic performance and degrading the 

quality of the control at low speed. 

26 



Chapter 2 Control of AC Permanent Magnet Machines 

A combined method of flux estimation and position estimation is proposed in [46, 

47]. In this method the estimated flux, produced by a single step integration 
_vs - 

r"S i., 

and a predicted value of rotor position are used to generate a phase current estimation. 

The error between this estimation and the measured values of the phase currents is 

used for correction of the predicted position to obtain the estimated rotor position and 

to generate new flux estimations. These are use as initial conditions in the next step of 

the integration. This algorithm relies upon good accuracy of the flux estimation and 

therefore degrades at low speeds. 

To overcome the open loop integrator drift and to obtain fast convergence of the rotor 

position estimate, close loop state observers have been proposed. A full order 

observer in the synchronous reference d-q frame is presented in [13]. The states are 

defined as the currents id , iq and the rotor mechanical variables [v, and 0,.. The 

transformation of the electrical variables to the d-q frame is done using the latest 

value of position estimation. Results of this observer are shown for rotor position 

tracking only and sensorless operation is not presented. This observer is sensitive to 

errors in the mechanical parameters that are usually unknown. A reduced order 

observer considering only the electrical sub-dynamics is proposed in [14], the rotor 

magnet-induced back-EMF is modelled as a disturbance and the observer is extended 

to estimate it. The rotor position information is extracted from the magnet-induced 

back-EMF estimate, and good sensorless results are shown above 100 rpm. An 

extended Kalman filter (EKF) in the stationary frame with the state vector defined as 

[ia ip (or 0r ]T is proposed in [16] for the sensorless control of PM synchronous 

machine. Such algorithm has been implemented in real time in [17] and presents good 

sensorless speed performance down to 40 rad/sec. The choice of the covariance 

matrices is one major difficulty for the implementation of the EKF. 

Despite the variety of model-based methods for position estimation of the PM 

synchronous machine and their differences in performances, all of them fail at low 

speed due to the inherent unobservability of the PMSM at zero speed resulting from 

the lack of back-EMF. 

27 



Chapter 2 Control of AC Permanent Magnet Machines 

2.2.2 Implementation of MRAS System 

To illustrate the deterioration of performance of the model based sensorless methods, 

an model based reference adaptive system (MRAS) based upon that presented in [12] 

is here implemented. Results are presented at high, medium and low speeds. The 

implementation will also be used as the basis of a hybrid method considered in 

Chapter 6. 

The MRAS uses two models to generate two estimates for the stator linkage flux, as 

depicted in Fig. 2.6. The first is the voltage model in the stationary reference frame, 

estimating the stator linkage flux yrs«ß by integration of the stator voltage corrected 

by the stator winding resistive drop as defined in (2.21). This is referred to as the 

reference model. The second estimate of the stator flux is produced by a current 

model in the estimated d-q frame and rotated to the stationary a-ß frame giving yrs«ß 

(2.22). Because of its strong dependency on the rotor position estimation d,,, the 

current model is used as the adaptive model. The orientation error between both 

estimations, calculated as the cross product of both vectors, feeds an appropriate 

adaptation mechanism to adjust Br in order to drive this error to zero. The adaptation 

mechanism yields position and speed estimations. 
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Figure 2.6: MRAS structure. 

The adaptation mechanism principle is similar to a phase look loop (PLL) forcing the 

current estimate yes 
«p 

to be in phase with the reference voltage estimate yrV 
«a . 

To 
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improve the performance of the rotor position estimation at low speed a mechanical 

observer and feed-forward of the electric reference torque can be used. The resulting 

adaptation mechanism is shown in Fig. 2.7, the PI controller plus the feed forward 

term being equivalent to an ideal PID controller. To avoid drift and overcome the 

initial condition uncertainty of the open loop integrator of (2.21) a secondary loop is 

closed with a slow PI controller in order to force the voltage model to follow the 

current model estimation for frequencies lower than 2Hz. In this way a close loop flux 

observer [48] is obtained. 
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Figure 2.7: Adaptation mechanism implemented with mechanical observer. 

At high speeds the large back-EMF yields good stator flux estimation by the reference 

vector and this results in a clean rotor position estimation and good sensorless 

operation results. Fig. 2.8 shows the position estimation by the described MRAS at 

steady state operation at 1000rpm, i. e. 33.3% of nominal speed, under 60% of 

nominal load. The good quality of the estimation is better appreciated in the 

estimation error result of Fig. 2.9-a. The small amount of deviation in the rotor 

position estimation produces an estimated speed (D, ) almost within the resolution of 

the speed measurement given by the encoder (w, ) and is shown in Fig. 2.9-b. 

A deterioration in the steady state performance of the sensorless speed control can be 

appreciated when the demand speed is reduced, Fig. 2.10 shows the angle estimation 

error and the estimated and measured speed for a steady state operation at 400rpm 

(13.3% of nominal speed) and 60% load. The angle error is small ensuring correct 

orientation, nevertheless oscillations are present in the estimated speed used for 

feedback (Fig. 2.10-b). The oscillations arise from interactions between the stator 

current and the voltage model flux estimation and are due to errors in the parameters, 

mainly the stator resistance which becomes more significant due to the reduction of 
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the back-EMF with speed. At this frequency the sensorless speed control is acceptable 
but the degradation in it's speed holding capability is evident, the oscillations in the 

speed increasing sharply with further reductions on the demanded speed. 
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Figure 2.8: Angle estimation under sensorless operation at 1000rpm and 60% load. 
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Figure 2.9: MRAS sensorless performance at 1000rpm and 60% load. 
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The operation at low speeds is depicted in Fig. 2.11. In this figure the rotor position 

and speed are plotted for operation at a demanded speed of 200rpm (6.7% nominal) at 

the same load of 60%. Unacceptable large oscillations in the speed make sustained 

operations below this frequency unfeasible. The error in the position estimation has 

increased but its magnitude is still small enough to maintain orientation allowing safe 

transitions through this speed region during transients. 
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Figure 2.10: MRAS sensorless performance at 400rpm and 60% load. 
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Figure 2.11: MRAS sensorless performance at 200rpm and 60% load. 
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Chapter 3 

3 Sensorless Control through Signal Injection 

3.1 Introduction 

The previous chapter showed that the small back-EMT induced at low speeds results 

in poor flux and position estimation at zero speeds when model-based methods are 

used. For this reason, increasing attention is being paid to alternative methods that do 

not rely on the fundamental terminal quantities in order to achieve position sensorless 

control. The tracking of the variations in the impedance with rotor position, or 

saliency, has been proposed by researchers as a mechanism for rotor position 

detection on salient AC machines such as the interior permanent magnet machine [18, 

22,49,50] and synchronous reluctance machines [24,51]. Saliency tracking has also 

been applied to induction machines with rotor modifications to artificially introduce 

sufficient impedance variation in the rotor circuit. Modulation of the rotor resistance 

[25] or the rotor leakage inductance [21] have been used. Alternatively, the higher 

frequency saliency due to rotor slotting has being exploited to obtain incremental 

position information [26,28,30]. 

In order to detect saliency position, a test signal is injected on to the machine. 

According to the type of signal to be injected, the techniques can be broadly classified 

as: (a) persistent hf injection of voltage [18,21,28,35] or current signals [52] or (b) 

injection of discrete voltage test pulses [22,26,45,53]. 
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Surface mounted permanent magnet motors (SMPM) do not exhibit a structural 

saliency. Nevertheless they will present a variation of the stator inductance due to 

magnetic saturation, i. e. a saturation induced saliency. The present work presents the 

exploitation of the saturation-induced saliency for the realization of the sensorless 

position control of the SMPM by hf voltage signal injection. The tracking of 

saturation induced saliency in SMPM machines presents a particular set of difficulties 

due to the small saliency magnitude and because it is not fixed to the rotor but rather 

oriented towards the stator flux position and therefore load dependent. 

In this chapter a theoretical background of saliency tracking in SMPM is presented. 
The sources of saliency in a SMPM are analysed giving a physical understanding of 

the phenomenon. A mathematical analysis for the different hf injection methods and 

demodulation strategies used for saliency tracking is presented here. Finally a brief 

review and discussion of voltage test pulses injection methods is presented. 

3.2 Theory of Saliency in a Surface Mounted PM Motor 

The saliency in surface mounted machines is manifested as changes in the stator 
inductance. This changes are better analysed in the synchronous d-q fame. The 

synchronous d-axis and q-axis inductance are given by 

Ld = Lld + Lmd 

Lq = Liq + Lmq 
(3.1) 

where Lid, Liq are the stator leakage inductances representing the slot, end- 

connection and tooth-top leakage flux and L,,, d , L,,, 
q are the corresponding 

magnetising inductances (also called armature reaction inductances) representing the 

fundamental flux crossing the air-gap. In what follows, an analysis of the effect of the 

rotor geometry and saturation on these inductances is presented. 
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3.2.1 Geometrical Saliency 

Although the surface mounted PM machine of cylindrical rotor is a non-salient 

machine, variations of this basic design with surface inset or partially inset magnets 

into the rotor core, as shown in figure 3.1, results in some degree of geometrical 

saliency [1]. If the air-gap is sufficiently large as compared to the stator slot opening 

this rotor geometry predominantly affects the values of the magnetising inductance 

but not the stator leakage. The inter-polar iron produces a relative increment in the q 

axis magnetising inductance and the effect of the rotor geometry can be represented 

as: 

L�d = kfdLm 

Lmq = klgLm 
(3.2) 

where Lm is the magnetising inductance of a motor with a equivalent sized cylindrical 

rotor and air-gap length g, and k fd , kfq are form factors. The values of k fd and 

k fq can be analytically calculated as function of the rotor geometrical parameters by 

computing the distribution of the armature winding normal component of magnetic 

flux density. A good estimation can be obtained by assuming sinusoidally distributed 

winding and neglecting fringing. The resulting expressions are given by: 

k fd =11 (a; + sin(a; ))+ (, c - a; - sin(ai )) 
cg 

(3.3) 

kfd _11 (a; - sin(a; )) + (r - a; + sin(a; )) 
cg 

Cg =1+ 
Y9 

g 
(3.4) 

where a; is the angle spanned by the permanent magnets and the coefficient cg is a 

measure of the magnitude of the insertion of the magnets into the rotor core. 
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d 
Figure 3.1: Inset magnet motor. 

Note that saliency produced by the inset magnets is of the same nature as that of the 

saliency on interior magnets machine (IPM), i. e. rotor geometry. Hence the saliency is 

oriented with the rotor Ld < Lq. Nevertheless the saliency in inset magnets motors 

is smaller than that in interior magnets motors where ratios of Lq to Ld of 3: 1 or 

higher are common [6]. 

3.2.2 Saturation Saliency 

Surface mounted PM machines without structural saliency will present a spatial 

difference in the synchronous inductance caused by the magnetic saturation of some 

sections of the machine iron core due to the high air-gap flux density produced by the 

rotor magnets. As it is well known, the saturated iron presents a sharp reduction in the 

differential permeability decreasing the inductance value of any coil whose flux path 

crosses through the saturated section. The saturation of the machine's iron may affect 

the main flux path or the leakage flux path producing a spatial modulation in the 

magnetising and leakage inductances. 

For accurate determination of the flux density in the iron core, including the saturation 

effect, finite element method (FEM) analysis of a particular machine must be carried 

out. Nevertheless a qualitative explanation based in the findings of FEM analysis [54- 

56] and experimental data [57] give good insight into the effect that saturation has in 
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the magnetising and leakage inductance. This is useful in giving a physical 

interpretation to the experimental results. For this qualitative analysis the simplified 

surface mounted machine model with concentrated d and q-axis windings shown in 

Fig. 3.2 will be considered. 

cd region 

(IS 
di1Ig 

Cl 

Figure 3.2: Ideal SMPM with concentrated cl-q windings. 

3.2.2.1 Saturation saliency in the magnetising inductance 

Under no load the rotor magnets establishes a flux density of approximately 

sinusoidal distribution on the air-gap with it's maximum in the d-axis direction. The 

stator iron directs and concentrates the flux producing saturation of the stator teeth 

and tooth tips in the proximity of d-axis. 

The stator teeth saturation in the d-axis produces an increase in the effective air-gap 

length for the main d-axis flux resulting in a reduction of L,,,,, . 
On the other hand, 

L,,, 
ý remains relatively unchanged resulting in a saliency where L,,,,, < L,,, 

ý . 

Under load the torque current in the q-axis stator winding creates a term L iq which 

produces a shift of the air-gap flux distribution toward the q-cris direction (-q-axis if 

the current is negative). This is depicted in Fig. 3.3 which assumes a sinusoidal 

distribution of the magnet and stator current induced air-gap flux. 
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Figure 3.3: Shift in the air-gap flux due to armature reaction. 

Further shift occurs in the stator flux due to the stator leakage flux that exacerbates 

the phenomenon. The angular position of the maximum flux density in the iron 

determines the area saturated resulting in a saliency which is misaligned with respect 

to the rotor frame d-axis. By defining a new coordinate system S-y shifted form d-q by 

the saturation angle 9=0,5 - 0, , the saliency in the magnetising inductance can be 

described as Lmö < L,,, y . 

3.2.2.2 Saturation saliency in the leakage inductance 

The saturation produced by the machine's main flux also affects the stator leakage 

flux path, mainly via slot and tooth-top leakage, producing a spatial modulation on the 

leakage inductance. Due to the orthogonal position of the stator windings and their 

magnetic axis, under no load the main flux saturation produced by the rotor magnets 

in the d-axis affects the stator teeth and tooth tips around the q-axis winding as 

illustrated in Fig. 3.2. The reduction in the permeance of the leakage flux path of the 

q-axis causes a reduction of Ljq. Because there is almost no main flux in the q-axis 

direction, the d-axis leakage inductance remains largely unaltered resulting in 

Lid > Liq . Under load the angular position of minimum leakage inductance is also 

shifted by the shift of the stator flux with respect to the d-axis. We can represent this 

as leakage inductance saliency of the type Lia > L1, . 
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It is noted that the saturation saliency in the magnetising inductance and in the 

leakage inductance are opposite and tend to cancel each other. For saliency tracking to 

be used successfully for rotor or flux position detection, the net effect must be 

dominated by one of the saliencies over all the operation range. It has being argued by 

some researchers that due to the high frequency nature of the test signal used to scan 

the variation on inductance, the flux produced by this signal does not penetrate deep 

enough into the rotor as to flow through the main flux path so that only the leakage 

inductance saliency is tracked. This argument originated in the experience with 
inductance machines where hf currents induced in the outer sections of the rotor cage 

indeed impedes the hf flux penetrating the main flux path. In some surface mounted or 
inset type PM motors, an external nonferromagnetic cylinder is used to help keep the 

magnets in place against the centrifugal force (this cylinder can be conductive to act 

as a damper and provide some asynchronous starting torque) and the same argument 

may be valid for PM machines with such construction. Nevertheless, in the more 

general case of PM machines with laminated rotors and magnets glued to the surface, 

the hf currents induced in the rotor laminations are not significant and the hf flux does 

penetrate the main flux path. This allows tracking of the magnetising inductance 

saliency [55]. 

The experimental results show that the modulation in the magnetising inductance 

characterised by an hf measured impedance with it's minimum in the vicinity of the d- 

axis, is dominant in the machine used in this work. The exact orientation of the 

saliency with respect to the d-axis varies with the load level. In the following 

mathematical analysis the surface mounted PM machine is represented by the salient 

model introduced in (2.12) with the minimum value of the total stator inductance 

shifted from the d-axis: 

va is LS - AL5 cos(205 
vý -' iý + 

-ALS sin (2o 

- Sln(Or + WrYfm 
L COS(Br ) 

- AL3 sln(29d) 1d to 
Ls + AL, cos(20, ) dt ý. 8 (3.5) 
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where 08 = 0, + (p is the angle of the maximum saturation and Ls and AL, are 

positive quantities given by: 

L =LS+4" AL =LS-LS S2S2 

3.3 HF Injection Techniques 

One type of signal injected into the machine to extract the saliency position 

information is persistent hf sinusoidal excitation. This excitation can be current [52] 

or voltage [21,35]. The main inconvenience of hf current injection is the limitation of 

the carrier frequency imposed by the bandwidth of the current controllers which have 

to follow the hf reference without considerable phase shift, and the need to measure 

the voltage response. This is generally noisier than current measurement and requires 

additional hardware. The most common technique is the injection of hf voltages and 

the measurement of the resulting hf currents. The frequency of the injected voltage 

should be high enough as to fall outside the bandwidth of the current loops providing 

sufficient spectral separation between the fundamental excitation and the injection 

signal. The methods of voltage injection found in the literature can be classified in 

two types, namely: a-(3 frame rotating injection [21,25,36] and d-q frame pulsating 

injection [18,34,35,58]. In this section the mathematical background for these 

methods is presented and a third injection method is proposed by injection of a 

rotating voltage in the d-q frame. 

3.3.1 Rotating a-ß Injection 

The injection of a balanced three-phase hf voltage for saliency tracking has being 

proposed by several authors [21,25,27]. Such voltage injection creates a constant 

amplitude vector rotating at the injection frequency: 

I 1Va - sin(wt) 

vLßi 
V,. 

cos(w; t) 
(3.6) 

39 



Chapter 3 Sensorless Control through Signal Injection 

At voltage injection frequencies typically ranging between 600Hz and 1kHz, the 

stator impedance of (3.5) are dominated by the stator inductance. Therefore the hf 

response of the machine can be approximated by: 

va 
_d 

LS - AL5 cos(295) - ALs sin (2B5) i« 
dt -EL S sin (268) LS + OLS cos(29s) iý (3.7) 

Applying the voltage injection (3.6) into the hf model of (3.7) the current vector is 

obtained: 

äa 1_ Vj [L, +AL, cos(205) ALS sin(208) cos(w; t) 
äý WW; LÖLy OLssin(29a) Ls -AL, cos(298) sin(wit) 

(3.8) 

This equation can be simplified to: 

ri is 
_ 

üý LS cos(cv; t)+OLS cos(29a -cv1t) 
oil il w; LoL. Ls sin(w, t)+OL sin(208 -w; t) 

(3.9) 

I 

Examining (3.9), it is noted that at constant saliency speed 6g = wet , each of the 

components of hf current vector correspond to a single-sideband amplitude modulated 

signal. The vector nature of the hf current does provide some useful properties: the 

carrier component of both a and /3 currents form a positive sequence hf current vector 

proportional to the average inductance, and the sidebands form a negative sequence hf 

current vector which is proportional to the amount of saliency of the machine. Only 

the negative sequence contains saliency position information, therefore the small 

value of saliency in surface mounted PM machines results in a large carrier 

component. 
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3.3.1.1 Demodulation 

The hf currents of (3.9) are separated form the fundamental currents of the motor by 

hardware band-pass filters. To extract the saliency angle information 20,5 from T. 
6, 

it's vectorial characteristic and the different sequence of rotation of the carrier and the 

sideband vectors are exploited by using a filter in a rotating frame synchronous with 

either of the hf rotating components. This can be interpreted as a vector equivalent of 

homodyne or heterodyne demodulation. Fo homody ie demodulation the carrier is 

required. Because the carrier current is generated by the known injection voltage 

applied to the highly inductive impedance of the motor, the carrier's frequency and 

phase are readily available. 

For easier mathematical analysis of the operation of the carne synchronous filter, 

(3.9) is written in complex notation and the positive an negative sequence 

components are defined as: 

j(2eo_o t) (3.10) i 
aß =l ps 

+1 
ns = 

v` {L5eiwý' 
+ AL e1 

WiLSLy 1 

In [21,25,36] a heterodyne demodulation strategy is proposed where the filtering is 

carried out in an estimated frame synchronous with the negative sequence rotating 

vector: 

i e-ý(zes-wr) _V 
{L5e_i(2OJ_20t) 

+OI, 
(zes-2)} (3.11) 

as 

This transformation provides the spectral separation between the carrier and the 

sideband and allows the carrier to be attenuated by a low-pass filter, ideally obtaining: 

l e-j(ZB6-ü t) = 
y; AL, 

e j(20, -2 d, ) (3.12) 
-ns w L5Lr 
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The imaginary component of (3.12) is therefore proportional to sin(205 -2äa) and 

for small angle estimation errors it can be approximated by: 

1 ALS 
e j(2e6-2B6) 2"% DL (B 

- 
6s 3.13 

w1 L5Lr w1 L5Lr l)i) 

This signal is used to drive a position and speed observer to estimate 9. 
, as the one 

shown in Fig. 3.4. [25], a similar structure but including a mechanical observer for 

improved dynamic is proposed in [21,31,36]. 

is 
6)S 

The technique described has a disadvantage when applied to the SMPM machine 

since the large carrier content makes it difficult to remove it by a low-pass filter due 

to the finite gain of the filter at the frequencies near 2w; .A variation of the previous 

method is presented in this work by direct homodyne demodulation. The implemented 

filter synchronous with the carrier frequency is shown in Fig. 3.5. 

e 
t aR 1 °Cß 

e, 
(ý 266 

Hardware HP Filter 
BP Filter 

Synchronous Filter 
----------------------------------------------------------------- 

Figure 3.5: Synchronous filter for homodyne demodulation of hf current vector. 
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By transforming the hf current to a reference frame synchronous with the injection 

(positive sequence), the carrier current component becomes DC and the negative 

sequence 2w;: 

i e-'w. ̀ = 
y` {LS 

+OLse'(2Ba-Zwr)l 
_crß ' w, Ls L7 

(3.14) 

A high-pass filter implemented in this frame completely eliminates the DC 

component of the current signal and the low cut-off frequency of this high-pass filter 

ensures that the component at 2w; is largely unaltered yielding: 

e-jwr _ 
Vi ' ýs 

ej(20, -2wr) 
ns coiL5Lr 

(3.15) 

Finally, the signal is rotated to a frame synchronous with the negative sequence where 

the saliency position signal becomes base-band: 

= e320t = 

V; - AL., 
e; 

(206) 

-ros lS w; L5Lr 
(3.16) 

The saliency angle information 2O is obtained by direct tan-' extraction from the 

component of the i pas vector [27]. Alternatively a mechanical observer similar to that 

shown in Fig. 3.4 can perform the last frame rotation and the angle extraction. 

3.3.2 Pulsating d-axis Injection 

The second method of hf signal injection for saliency tracking found in the literature 

consists of a pulsating signal injected along a synchronous axis (normally d-axis, 

although q-axis injection as also been proposed [18]). Blaschke at al. [52] originally 

presented this method for current injection, nevertheless it has being more extensively 

applied to voltage injection strategies [18,34,35,58,59]. As the actual rotor position 

and the true d-axis are unknown a priori, a new estimated synchronous frame de-q" is 

43 



Chapter 3 Sensorless Control through Signal Injection 

defined. The pulsating hf voltage is superimposed in the d voltage reference and 

signal processing of the resulting hf currents is used to obtain the orientation error of 

ale-qe respect to the saliency position. This error signal is used to correct the original 

estimation driving a PLL or a mechanical observer to track the actual saliency angle. 

The main advantage of d-axis injection is that it minimizes the hf current in the torque 

producing axis, hence minimizing the pulsating torque and acoustic noise. 

Because the pulsating injection method tracks saliency rather than rotor position 

directly, as discussed in section 3.2.2 the saturation saliency is not perfectly oriented 

with the d-q frame. In the following analysis a change of notation is introduced and 

the saliency oriented frame S-y is used instead of the rotor frame d-q. Similarly an 

estimated saliency oriented frame S`-y` is introduced on which is the hf voltage signal 

is injected. Considering the hf salient model for the SMPM machine given by (3.7), 

and rotating it to the S`- coordinates system, the following relation is obtained: 

[v, e] d [L, - ALS cos(2AOy) - . Ls sin(20Ba) iae 
(3.17) 

vy dt - AL, sin(209s) LS + ALS cos(200a) 1e 
.yI 

where OBa '6s - 6a 
. By imposing the S`-axis pulsating voltage given by: 

va 
=V 

sin(ýv; t1 (3.18 [ci; ] 0ý 

the hf current response is 

i5` 
_ 

cos(-co; t) LS +ALS cos(2A6a) 
lT L5Lyw; -OL sin(2Ao5) 

(3.19) 

It is noted that the currents are pulsating and therefore to obtain an useful error signal 

they need to be demodulated. Different methods have been proposed for the 

generation of the error signal: Sul at al. [33,35,60,61] used a extra pair of 

measurement axis to perform the demodulation. In [18] the direct demodulation of the 
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hf current induced in the axis opposite to the voltage injection axis (iy` in (3.19)) is 

used. A similar vectorial strategy is applied in [34]. In what follows a detailed 

mathematical analysis of these strategies is presented and the discussion of the merits 

of each approach will lead to the selection of the most appropriate algorithm to be 

implemented in the present work. 

3.3.2.1 The measurement axis method 

The proposed measurement frame in [33,35,60,61], denoted by F-'", is displaced - 
45° from the estimated saliency frame Se-j and the hf current in this measurement 

axis are used to obtain the orientation error. The coordinate rotation between the 

estimated saliency and the measurement frame is given by 

11dm 1 -1 lae 
[im]iLi 

1 iye 
(3.20) 

applying this rotation to the hf currents of (3.19) gives: 

ism 
_ -, 

J"%cos(w, t) LS +AL cos(2i O5)-ALs sin(20Oo) 
irm 2L8Lywv; Ls +AL, cos(2A05)+AL, sin(208,5) 

(3.21) 

In (3.21), the orthogonal pulsating currents TM and Tm have the same amplitude if 

the estimated saliency frame Se-y is correctly oriented with the actual saliency frame 

8-y. On the other hand, a misalignment of both frames results in one of the amplitude 

of the measurement axis currents to be larger than the other as illustrated in Fig. 3.6. 

This principle uses the difference in amplitude of these two currents as the orientation 

error. 
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The signal processing to generate the error signal is described by the block diagram of 

figure 3.7. Multiplication by the hf carrier and low pass filtering is used to demodulate 

the measurement axis currents. In order to avoid the influence of any carrier phase 

shift due to the stator resistance, or processing delay, orthogonal carriers are used and 

the square of the resulting signals are added yielding the amplitude square of the 

measurement axis currents: 

j2 +i2 =_ [Io +I cos(20Ba)-Il sin(2i. e )]2 
244 

(3.22) 
2 

i2 +i4 =1 "[Io+11cos(2AO5)+I, sin(2Ao5)]2 =I 
trml 
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were I 
LS 

and I 
ýS 

. ° 2L5Lym; ' 2L5Lyw; 

Finally the error is calculated as: 

=. 

ITml2 2 

.5- 
I'r I 

=1 If sin 20B + 
I1 

sin(406y) (3.23) 
44o sý 2 
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Figure 3.6: Measurement axis method. 
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Equation (3.23) shows that the error signal ý is proportional to A08 for small values 

of 06s . This signal is therefore used to drive a PLL structure to obtain the estimated 

saliency position. 

The main draw back of this demodulation method is that it relies on a sinusoidal 

saliency. In the presence of higher order saliencies or spatial harmonics the condition 

IT-5m I=lI is not unique and it can produce errors in the saliency position estimation 

that are difficult to compensate since tracking mechanism may lock onto any of the 

points that satisfy this condition. 

sin w, t 
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i, 
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W 1' + iy12 
BP Filter X X 4 
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Figure 3.7: Error signal generation for the measurement axis method. 

3.3.2.2 Direct demodulation of the estimated synchronous frame currents 

An analysis of (3.19) reveals that the amplitude of the pulsating current in the axis 

orthogonal to that of the injection, i. e. ir` is proportional to sin(2z O5) and therefore 

it can be used as an error signal provided that it is properly demodulated. The easiest 

way to demodulate iy' is by multiplication by it's carrier and then low-pass filtering, 

as shown in Fig. 3.8. The current carrier is derived from the injection voltage by 

considering the machine's impedance as perfectly inductive at injection frequency, 

hence producing a phase shift of 90 degrees. Processing delays will cause a phase 
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error in the determination of the carrier, but due to the high sampling frequency, this 

error is small. Furthermore the delay is constant and therefore easy to take in to 

account. 

The algorithm chosen for implementation of pulsating d-axis injection is described in 

Fig. 3.8. The current in the'(-axis is calculated form the measured a-ß currents and 

then passed through to a band-pass filter with central frequency w; to extract the hf 

component. This signal is then multiplied by the current carrier and filtered to extract 

the low frequency error signal. The error signal drives a PLL to obtain the estimated 

saliency position angle ©s . Finally, the speed of the saliency position can be derived 

directly from the tracking algorithm. To reduce the noise created by the high gains of 
the controller of the tracking loop, a first order low pass filter is used. 

7-74 

1-s. I- 
LP Filter 

ia 
------------- -------- 

'I fl -1i 
X 
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----------------------I 
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sin 6s Cos 

Figure 3.8: Implemented demodulation for d-axis injection. 

This direct demodulation approach is used in [18,59] for rotor position detection in 

salient-pole IPM synchronous machines. Although the authors in [18] propose 

injection in the q-axis equivalent signal processing can be applied to the more 

advantageous d-axis injection considered in the present work. Multiplying the current 

r of (3.19) by the carrier cos(m, t) it yields: 

Te V" AL, sln(209a ) iy cos(cojt)= {l+cos(2wit)) (3.24) 
2L8L o), 
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The low-pass filter shown in Fig. 3.8 attenuates the harmonic at double the carrier 

frequency producing the error signal: 

c_V AL, 
2L5Lyw; . sin(20ea (3.25) 

The error signal given by (3.25) feeds a tracking mechanism to adjust the value of Ba 

and drive this error to zero. A conventional PLL with double integration, as shown in 

Fig. 3.8, is used for this purpose [59]. Alternatively, the mechanical model of the 

machine may be included to form a mechanical observer as proposed in [18], this 

tracking mechanism is shown in Fig. 3.9. In fact the operation of the two tracking 

algorithms are very similar and the discussion of which structure is better is an 

ongoing one. The mechanical observer of Fig. 3.9 includes feed forward of the torque 

demand allowing better dynamic responses to changes in torque demand, e. g. 

acceleration or deceleration at constant load. This improved performance comes at the 

cost of knowledge of the mechanical parameters that in general are not always 

available and may change during the operation of the drive. On the other hand, for 

changes in the mechanical load, the double integrator PLL of Fig. 3.8 presents similar 

dynamic performances and it is easier to tune because it requires adjustment of less 

parameters and does not require knowledge of the mechanical quantities. The 

simplicity of the standard PLL is favoured in this work. 

A slightly different way to derive the error signal ý is proposed in [34]. It extracts the 

saliency position information contained in both hf currents i and rather than 

using only ia` . This vectorial demodulation algorithm is shown in Fig. 3.10. Here, the 
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complete hf currents vector % is rotated to a frame synchronous with the positive 

sequence of the injection carrier. The error signal is derived from the imaginary 

component of the resulting vector. 

w; t 

"uß lby e8 

e; aa j 
e; x s 

BP Filter P/ Controller 

Figure 3.10: Vectorial demodulation for d-axis injection. 

To understand the signal processing described in Fig. 3.10, it is useful to re-write 

(3.19) in complex notation: 

A 
i, _y 

{Lseiw. t + Lse-Jwt + OLej(wt-Zne6) + OLe-i(wt+2ee6) (3.26) 
_ 2L5 Lywi 

By rotating this signal to a frame synchronous with the injection, the following vector 

is obtained: 

i e_ýaM - 
-V {LS 

+ Le-2jwt + ALSe-12ee6 + ALse-l(2mr+zee6) (3.27) 
2L5Lyw; 

Only the imaginary component of 3.27 is extracted and used as an error signal: 

-yL sin 2w1t - AL sin 209 AL sin(2w t+ 2A0 )} (3.28) 

Although no filter is explicitly used in [34], the low-pass characteristic of the 

adaptation mechanism filters the spectral contents at 2w; yielding a useful low- 

frequency error of: 
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CLF =y 
AL, 

" sin(2A06) (3.29) 
2L, yLywi 

A comparison of (3.25) and (3.29) shows that there is no difference in the low- 

frequency component of the error yield by the demodulation of the orthogonal ye-axes 

current and the vectorial demodulation of the Se-"( axis currents. However, a 

comparison of the hf spectral contents of this error signals prior to filtering (equations 

(3.24) and (3.28)), reveals that the vectorial demodulation strategy proposed in [34] is 

disadvantageous because it contains significantly larger hf components. In fact, (3.28) 

contain a spectral component at frequency 2w; that is proportional to the average 

inductance Ls and would be difficult to filter off because its large magnitude. For this 

reason direct demodulation of iy` is used in this work when implementing d-axis 

voltage injection. 

It is worth noticing that all the pulsating strategies discussed perform the separation of 

the hf injection current from the fundamental excitation current (i. e. filtering of the 

measured line currents) in the estimated synchronous frame Se-y and therefore by 

software filters. The reason for using software band-pass filters, instead of the 

hardware filters (as in the a-ß injection), is because the frequency of the injection 

current, as measured in the lines of the motor, changes with the rotor speed due to the 

synchronous rotation of the injection axis. Hence, the phase shift introduced by any 

hardware filter will vary with rotor speed. The magnitude of the phase shift variation 

is high in high order narrow band-pass filters and may result in loss of orientation at 

considerable speeds, see Appendix C. The filtering of the currents in the rotated frame 

solves this problem but this reduces the resolution at which the hf currents are 

digitised because the digital to analogue converters are scaled for maximum 

fundamental currents. 
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3.3.3 Rotating d-q Frame Injection 

A new injection strategy has being proposed by [621. It consist of injection 

synchronous with the Se- frame, as in the method of Section 3.3.2, but includes 

injection in both axis generating a rotating vector in this frame. The objective is to 

increase the saliency position information content in the resulting hf signal by 

obtaining relevant position signals in both SQ-axes and ye-axes currents. The voltage 

injection is given by: 

[v8 r-v - 
cossin((wa)1tlt)) 

(3.30) [7; ] 

Applying this voltage to the hf model (3.17), the current response is given by: 

TO 
_y 

LS COS(wit) + ALS cos(- wt - 2A05 ) 

ir` L5Lyw; 
[L5sin(t)+3sin(_at_2O5)] (3.31) 

This current vector is composed by two rotating components and is analogous to the 

a-ß rotating injection, discussed in Section 3.3.1. Again the positive sequence does 

not contain any position information. The difference to the a-ß injection is that the 

negative sequence component contains information of the saliency orientation error 

A05, rather than absolute saliency position O. To obtain the saliency position error, 

the same synchronous filter of Fig. 3.5 is implemented achieving complete 

elimination of the positive sequence component and yielding the following band 

current vector: 

jw - 
V2 

" txLs cos(206s) 
ns e-w, LSLy -sin(2068) 

(3.32) 

The direct tan-' extraction of the quotient of these current components yields the 

orientation error and it is used in a tracking algorithm. This is implemented in the way 

of a PLL like the one shown in Fig. 3.8 used for d-axis pulsating injection. 
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The obvious disadvantage of this method over d-axis injection is the increase in q-axis 

current and therefore pulsating torque. Accordingly to the original reference [62] this 

method produced better saliency position error than that of d-axis injection only. The 

performance can only be assessed experimentally and no conclusions can be drawn 

from the ideal fundamental saliency analysis presented here. 

3.4 Other Signal Injection Techniques 

Saliency position information can also be extracted by injection of rectangular voltage 

pulses of short durations rather than persistent sinusoidal excitation. This approach 

was first suggested in [63] and is known as the INFORM method (direct Flux 

detection by On-line Reactance Measurement) [53,64]. The test pulses are not 

injected continuously but intermittently and the current response to the pulses contain 

the saliency position giving an instantaneous sample of the position estimation. The 

current response to a voltage pulse is dominated by the stator voltage equation: 

di 

_v=Ls 
s +rsi+e 
dt 

(3.33) 

where LS is the inductance matrix defined by (3.5). In the INFORM method, two 

short consecutive voltage pulses of opposite polarity are injected. By subtracting the 

response to both pulses, the influence of the back-EMF and the resistive drop is 

eliminated. Approximating the derivative of the current by the difference of the 

sampled currents, the difference of the response to both pulses can be written as: 

v_, - v_� ' Ls 
Ot Ot 

3.34 

For simplicity this equation is writing in terms of vector differences: 

Li =El -Vu 
(3.35) 

Di o =Ail -Di� 
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Replacing (3.35) into (3.34): 

D'A 

v°ýLSOt (3.36) 

When solving for the currents derivative it is convenient to express equation (3.36) in 

terms of the inverse of the inductance matrix Y, = Ls-ý : 

Olt ~ 
Ys v° (3.37) 

Using the inverse of the inductance matrix calculated previously in (3.8), equation 

(3.37) can be written in complex notation as: 

AiA 
At = Yoie +Ay. e'2Ba "(_o)T (3.38) 

where yo and Ay are positive quantities and the angle Ba indicates the angular 

position of the minimum inductance. If the voltage pulse is written as 

vo =V" e'(ea+, 6°) where #� is the angular difference between the saliency position Ba 

(unknown) and the voltage pulse direction (known), then equation (3.38) becomes 

Die 
2: yo ,V, ei(01+6. 

) + Ay . ej2Ba . e-i(B6+B. 
) (3.39) 

Or 

from which y INFORM may be defined: 

Oto 
= ye '[0 +Dy e-j2ý" 

]= 
y, - yINFORM (2ß) (3.40) 

At 

This is the main equation of the INFORM method and although it has been derived 

for the a-ß frame, it is valid in any arbitrary reference frame because the complex 
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INFORM 
depends only in the angular difference between the saliency position and the 

direction of the voltage pulse. From (3.40) can be seen clearly that the saliency 

position affects the current variation due to the injection of the sequence of pulses 

vs 1 and vs,,, . 
To extract the angle information from (3.40) three sequences of pulses 

are applied, each in the direction of one of the phases of the machine e. g. inverter 

switching condition (1,0,0) is followed by (0,1,1) to form the first sequence, (0,1,0) is 

followed by (1,0,1) and finally (0,0,1) by (1,1,0) to complete the INFORM cycle. 

The saliency position estimation can be achieved by measuring the current response in 

the phase A, B, C for the respective sequence of pulses. This makes use of only the 

information contained in the real part of YINFORM 

DiM, i At " Ive I" 1Yo + Ay " cos(2ßu )l 

DiAB, z = Ot " No I" [Yo + Ay " cos(2ß� - 4n/3)] 

DiAC, 3 = At - No I" [Yo + Ay " cos(2ßu - 27r/3)] 

(3.41) 

It is noted that in (3.41) the angle ß is being measured with respect to the pulse 

applied to phase A and therefore by definition it is equal to the saliency position 
fl,, = 6a . This angle is calculated by computing the complex linear combination 

4n 
. 
2z 

CINFORM = AiM, 1 + AiAB, 2 -e3+A AC, 3 "ej3. (3.42) 

From the definition of CINFORM it follows 

06_REAL= tan_, 
Im{C, 

NFORM 
} (Re[ 

C, NFOR, t,, } 
(3.43) 

A second estimate is obtained by considering only the response to the imaginary part 

of yINFORM . The two saliency position estimations are averaged by a stochastically 

optimal combination to reduce the noise. The optimal combination assumes that the 
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noise of both measurements have a Gaussian probabilistic density and that they are 

statistically independent. 

The application of the INFORM cycle interrupts the normal PWM pattern of the 

machine and therefore cannot be applied continuously. This lead to a discrete update 

of the position and speed of the machine. 

Other related pulse strategies have been proposed. Mitzutani et al [50] superimposed a 

intermittent sequence of two square pulses in opposite directions to the vd reference 

voltage. As shown in section 3.3.2, if the estimated frame is oriented with the 

saliency, no current will be induced in the perpendicular axis; the effect of the q-cris 

current is thus used to correct the estimation of the d-q frame orientation. 

Ogasawra at al. [22,23,65] propose to calculate explicitly the inductance matrix from 

the information contained in the PWM ripple of the current. The information 

contained in the normal PWM spectrum is poor, especially at low speed where most 

of the time zero voltage vector is applied. Therefore a modified PWM pattern that 

includes all six of the possible active voltage vectors of the inverter is used instead of 

the zero voltage vector in order to properly excite the stator circuit at low speed. This 

gives current ripple measurements that are high in magnitude and linearly 

independent. This method requires current sampling at every switching instant of the 

inverter in order to calculate the variation of the current as a response to every 

inverter pulse. 

To avoid the calculation of the current derivative which is very noisy due to the short 

duration of the current measurements, Holtz at al [26,30] propose to measure the zero 

sequence component of the phase voltages of a star connected induction machine 

VZ =(Va+Vb+Vc) (3.44) 

The zero sequence voltage for each of the voltage pulses of the inverter contains a 

strong fundamental component at double the saliency angle 20.5 and opposite vectors 

such as v_j and 14 yield zero sequence components approximately equal in magnitude 
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but opposite in sign. To extract the position estimation measurements the zero 

sequence voltage of three linearly independent voltage vectors applied by the inverter 

are necessary. Under normal PWM only 2 are lineally independent vectors, hence the 

PWM is modified in a way that does not affect the fundamental voltage but excites 

the three phases of the machine (e. g. the normal sequence v_o-v_j-D is modified to v_o-_vl- 

1-v_3-v_6). Assuming a single fundamental saliency, the saliency position angle 29a 

can be obtained directly form a linear combination of the three measured zero 

sequence voltages. The method has being proved to track rotor bars saliency in star 

connected induction machines, but results have not yet been published for PM 

machines. 

All the pulse injection strategies discussed require complex sample and hold circuitry, 

very fast A/D conversion, and the capability of sampling triggered by the edges of the 

PWM voltages rather than conventional synchronous sampling. Furthermore, most of 

them require a modified PWM generation. All of this makes them difficult to 

implement when compared with methods based on persistent hf sinusoidal excitation. 
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Chapter 4 

4 Experimental Rig 

An experimental rig consisting of a4 kW off-the-shelf Control Techniques surface 

mounted PM machine driven by an IGBT inverter has being built in order to 

implement and test the sensorless strategies discussed in chapters 2 and 3. The control 

of the drive is programmed in a 32-bit floating-point digital signal processor (DSP). In 

this chapter an overview of the system's hardware and software is presented. 

4.1 Overall Structure 

A development system for the Texas Instrument TMS320C44 processor [66] is used 

as the DSP platform for the control of the PM machine. The motherboard plugs 

directly in to one ISA-slot of the host PC. This PC runs the user interface software 

that allows the user to download and run programs in to the DSP, set references and 

capture data. The C44 is a 32-bit floating point processor with a clock frequency of 

60MHz. This DSP platform has been chosen for its computational power and 

communication capability that allows high frequency implementation of the complex 

signal processing for sensorless position estimation whilst also allows programming 

in a high level language such as C. This facilitates development. Nevertheless, this 

DSP platform does lack specific peripherals for machine control. Therefore additional 

logic boards have been build for PWM generation, analogue to digital conversion and 

encoder interfacing. These boards are arranged in a rack that also include an analogue 

band-pass filter board. The interface boards communicate with the DSP through 

DSPLINKI, a parallel data bus proprietary to the board's manufacturer, which is 
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connected to the back-plane of the rack. The communication between the different 

components of the control hardware is depicted in Fig. 4.1. 

An interface board provides the link between the DSP and the power circuit. The 

PWM board directly controls the switching of a 7.5 kW Eurotherm 620 vector series 

IGBT inverter driving the PM machine. Two phase currents and two line to line 

voltages of the machine are measured by appropriate transducers and the measured 

signals are fed back to the DSP in two versions (a) the unaltered signals used for 

current feedback and model based calculations and (b) the hf component, extracted by 

4`h order Butterworth band-pass filters used for the /tf sensorless strategy. Two A/D 

boards with four 16-bit channels each are used to digitise these measurement signals. 

Finally the encoder board monitors the pulses of a quadrature encoder fitted on the 

PM machine shaft to obtain the absolute position measurement. This signal is used for 

comparison with the sensorless estimation and for the commissioning of the 

compensation strategies. 

Motherboard 
ISA Slot 

---= TMS320C44 

Load drive 

PWM signals PWM 
ý 

Cl, ý- --ý 

--ý 

Figure 4.1: General structure of the drive. 
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The permanent magnet motor used in this work is a 3-phase AC servomotor supplied 
by Control Techniques under the commercial name UNIMOTOR. The machines 

parameters are listed in Table 4.1. 

Model: 142UMC30 

Number of poles: 6. 

Rated speed: 3000 (rpm) 

Rated torque: 12.2 (Nm) 

Rated power 3.82 (kW) 

Kt: 1.6 (Nm/Arms) 

Ke: 98.0 (Vrms/krpm): 

Inertia: 20.5 (kgcm2) 

R (ph-ph): 0.94 (Ohms) 

L (ph-ph): 8.3 (mH) 

Continuous stall: 15.3 (Nm) 

Peak: 45.9 (Nm) 

1) -uvo � 

4 :-)"s3 

-J 14 

Table 4.1: Manufacturer's data for the PM machine. 

To load the PM machine a second drive is used. A torsionally rigid coupling (inertia 

53 kgcm2) directly fixes the shaft of both machines. The machine used in the load 

drive is a4 kW Brook Crompton 3-phase induction motor of only 2 poles to allow 

operation up to the nominal speed of the PM motor. The rotor inertia of this machine 

is 80 kgcm2, producing a total inertia for the machines set of 153 kgcm2. The inverter 

driving this induction motor is a 7.5 kW Control Technique UNIDRIVE operated in 

sensored vector mode. The encoder signal used for feedback in the load drive is the 

same as that used for monitoring the position of the PM machine. This avoids fitting a 

second encoder. A board is used to split the signal using optocouplers to electrically 

isolate both drives. See appendix A. 3 for the circuit schematics. 
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4.2 Processor and Interfaces 

4.2.1 DSP Board 

The Blue Wave Systems QPC/C40S is a motherboard capable of carrying up to four 

C4X family processor [67]. In the present work the board has being populated by two 

C44 processors. The board plugs directly into a host PC's ISA bus slot and the 

processor in Site A can communicate with the PC via two memory mapped interfaces: 

  The Link Interface Adapter (LIA) routes the parallel I/O port 5 of the C44 in 

Site A to the PC memory. 

  Dual-Port RAM (DPRAM). This is an 8K x 32-bit words memory that is 

accessible from the DSP and mapped in to the PC memory. 

The libraries supplied with the development package (C4X Network API Support) 

provide C/C++ routines that make simple the use of the LIA and DPRAM and 

provide control of the processors. The execution of these libraries use the Test Bus 

Controller, a JTAG-based interface and its operation is transparent to the user. In this 

work the LIA interface is used for downloading executable files to the DSP and the 

DPRAM for data exchange between the DSP and the PC. The lower 192 words of the 

DPRAM are addressed individually for bi-directional communication; the remaining 

8000 words are divided in to 8 channels that are dedicated to data capturing and are 

all read sequentially. 

The communication between the C44 and the logic boards is through the DSPLINK 

bus. This is a memory mapped parallel bus addressable from the processor in Site A 

and physically accessible through a 50 way connector in the QPC/C40S carrier board. 

This bus may be configured in two different modes. For this work the DSPLINKI 

mode has been used. It consists of 16 bi-directional data lines, 13 addressed lines and 

8 control lines. The signals are buffered and routed to a back plane of 64 ways type C 

eurocard connectors where the logic boards are plugged, see appendix A. 1 for 

schematic and the connector's pin-out. Each board has a four bit address (A3-A6) 

allowing a maximum of 16 peripheral boards; the three lower bits of the address bus 
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(AO-A2) are used to address different devices within a particular board, e. g. individual 

channels of the A/D board. The remaining address lines may be used for control and 

configuration of the boards. 

4.2.2 PWM Board 

The DSP software calculates the lengths of the PWM pulses, but the actual pulses 

applied to the inverter's gate drivers are generated by dedicated timers in the PWM 

board (schematic in appendix A. 4). The circuit is based on an 82C54 configurable 

timer. This IC consists of three independent 16-bit timers each one used to control one 

phase of the inverter. There is considerable experience Nottingham using the 

timer/counter 82C54 for PWM generation and the design of this board is based upon 

that used previously in [68]. The 82C54 timers are configured by software to operate 

in monostable mode (mode-1). This means that the output of the timers is normally 

high. When triggered, the output of the timer goes low and starts decrementing the 

value preloaded in the counter register (CR) at the clock frequency (10MHz). When 

the count reaches zero the output returns to high, achieving a control pulse width. This 

operation effectively generates asymmetric PWM. To obtain symmetric PWM the 

timers' outputs must be inverted every other period. This is done by XOR gates and a 

latched invert signal. 

The PWM board also includes a watchdog timer to protect the inverter in case the 

execution of the DSP software overruns the PWM period. This circuit consist of an 

independent counter and a configurable decoding circuit. The counter is reset with 

every triggering of the 82C54 timers and starts counting from zero at the clock 

frequency. In normal operation the next triggering of the PWM arrives before the 

count reaches the value set on the decoder. If a fault condition occurs and the trigger 

of the 82C54 fails to arrive, the counter will reaches the set value of 1152 equivalent 

to 115.2 µs, latching a watchdog trip signal that is sent to the interface board to 

disable the PWM pulses. 

To provide noise immunity the PWM pulses and the watchdog trip signal to be 

transmitted to the inverter interface board are converted from TTL level signals to 
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current pulses of approximately 10 mA. This is done using current mirrors circuits as 

the output stage of this board. 

4.2.3 Transducers 

Between the inverter output and the PM machine a transducer box is installed to 

measure the three phase currents and the three line-to-line voltages. Each current is 

measured using a LEM transducer LTA100/SP1. This is a Hall-effect device that 

allows for unintrusive measurement and provides electric isolation. The range of the 

modules is 100 A and four turns are given to the phase conductor achieving a range of 

25 A. To measure the line-to-line voltages, PSM voltage Transposers are used. These 

are electronic differential devices of high input impedance. Their main characteristics 

are a bandwidth of d. c. to 50 kHz, negligible d. c. drift and isolation of 1kV. The 

measurement signals are scaled to give a voltage signal of 10 V at full scale (25 A and 

1kV respectively). This signals are buffered by op-amps and two current and two 

voltage measurements are transmitted through coaxial cable to the control rack. 

4.2.4 Band-Pass Filter Board 

The signal level of the hf component of the currents and voltages is relatively small 

compared with the fundamental and better resolution on the hf signals is achieved by 

filtering in hardware and scaling before the analogue to digital conversion. There are 

four independent band-pass filters on this board performing this task. Each filter is 

formed by the cascade of a low-pass and a high-pass fourth order Butterworth filter. 

The cut-off frequencies of these filters are chosen to be 1.25 kHz and 0.8 kHz 

respectively to obtain zero phase-shift at the injection frequency (1 kHz). 

4.2.5 Analogue to Digital Converter Board. 

The measured currents and voltages, and their filtered hf component are digitalised 

using two identical four channels A/D boards. The schematics of this board are shown 

in appendix A. 5. The design of this board is based upon that used previously in [69]. 
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Each channel has a differential amplifier as the input stage followed by the 16-bit 

analogue to digital converter LTC 1605. The four channels of the board are triggered 

at the same time to achieve synchronous sampling. The result of the conversion is 

automatically stored in three-state buffers; each channel is then read independently by 

the DSP. 

4.2.6 Encoder Board 

A decoder board has been built to convert the incremental quadrature signal of the 

1024 pulses per revolution encoder in to an absolute position measurement. The 

schematics are shown in appendix A. 3. The board is built around the quadrature 

decoder/counter HCTL2016. This IC is specific for this function and it works by 

counting the positive and negative edges of both the encoder quadrature signals, 

effectively quadrupling the resolution to 4096 pulses per revolution. The 16-bit 

counter is incremented or decremented depending the direction of rotation and it is 

reset by the zero marker signal of the encoder yielding absolute position 

measurement. Additionally the PM machine encoder include three extra signals U, V 

and W that gives a absolute position measurement within 30 electrical degrees that 

can be used during start-up before the first zero pulse synchronizes the counter with 

the zero rotor position. These signals are directly buffered in the board and are 

accessible to read from the bus. 

4.2.7 The Inverter Interface Board 

Under normal operation the Eurothenn 620 vector series inverter is control by its 

onboard microprocessor. The internal control logic also provides protection for the 

inverter in fault conditions such as load over-currents or DC link over-voltage. The 

interface board connects between the inverter's control board and its power circuit 

discarding the inverter's own PWM signals and replacing them by the ones coming 

from PWM board. 

The PWM board current pulses are converted back to TTL levels by optocouplers to 

provide electrical isolation. Each PWM signals is split in to two complementary 
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signals to generate the two gate signals per phase and dead-time is introduced by an 

analogue circuit, see appendix A. 6 for details. Finally the six gate pulses are passed 

through a three-state buffer which is used to disable them in case of fault. The disable 

signal can be triggered by the watchdog trip signal from the PWM board, from the 

inverter's own trip signal or manually from a start/stop switch. The disable signal is 

latched and can only be cleared manually using a reset button once the fault condition 

has been cleared. 

4.3 PWM and Control Parameters 

4.3.1 PWM Strategy 

This section provides a detailed description of the PWM implemented to control the 

voltage source inverter used in this work. The chosen PWM technique is Space 

Vector Modulation (SVM) [70,71] because its easy implementation and good 

performance characterised by small current ripple and a possible output voltage 

amplitude larger than that obtainable with standard sinusoidal PWM. 

Space Vector Modulation [72] is based in the voltage vector definition introduced in 

section 2.1.1. Applying this definition to the phase voltages generated by each of the 

eight possible inverter commutation states [SA, SB, SC], seven discrete voltage vectors 

are obtained. Six of these vectors, it, to u6, have amplitude 3Vd, and directions in 

angles multiples of 60°. The remaining vector is the vector zero and is formed by the 

two redundant states uo=[0,0,0] and u7=[1,1,1]. The voltage vectors produced by the 

inverter are shown in Fig. 4.2. 
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U4 
[0,1,1 

-J* a 
1,0,0] 

Figure 4.2: Voltage vectors generated by the inverter. 

The vector current control gives a voltage reference v:. To modulate this reference 

voltage with a minimum of harmonic distortion, the two adjacent voltage vectors and 

the zero vector voltages are switched consecutively to produce a mean voltage vector 

during one sample period Ts equal to the reference. The times that each adjacent 

vector must be applied may be calculated by: 

T= Ts 
vs 

cosy_ 
sin (4.1) 

Vdc 

v* (2. sin y T2=TS vs (4.2) 
dc -13 

For the remainder of the sample period, the zero vector must be applied. Either of the 

two redundant states uo or U7 will produce the same mean voltage vector, the time 

shared equally between them: 

To =T7 = (TS 
-T -T2)/2 (4.3) 

The PWM switching times sent to the PWM board, Tsu, Tsv and TSW, are function of 

the vectors times TT, T2 and To and of the sector that the reference voltage falls into. 

They are calculated according to the table 4.2. 
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Sector Tsu Tsv Tsw 

1 To To+T1 To+T, +T2 

2 To+T, To To+TI+T2 

3 To+T, +T2 To To+TI 

4 To+T, +T2 To+T, To 

5 Ta+T1 To+TI+T2 To 

6 To To+T1+T2 To+T, 

Table 4.2: PWM switching times as function of the sector. 

Finally, to obtain asymmetric PWM pulses every other pulse is toggled in the PWM 

board as explained in section 4.2.2. When the pulse is to be inverted the switching 

times are complemented according to (4.4) to produce the correct mean voltage. A 

complete switching cycle corresponding to a commanded voltage vector in sector 1 is 

show in Fig. 4.3; due to the pulse inversion the switching period is double the 

sampling period. T. 

Tsu'= TS -Tsu 

Tsv' = TS - Tsv 

Tsw'= TS -Tsw 

Invert =0 Invert =1 

uo ui u2 97 u7 ll2 UI MO 

U -Tsu f. I -ý--Tsý -º 

V Tsv 10 -T sv 

w 
ý- Tom, -ý--º 

FT 
sw 

To T, TZ T, T, T2 TJ T0 

4 

Figure 4.3: Switching cycle for a commanded voltage vector in sector 1. 

(4.4) 
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4.3.2 Current Control 

The voltage injection for sensorless position estimation acts as a disturbance to the 

current control loop as shown in Fig 4.4. Current control loops with too high 

bandwidth compensate for this injection reducing the useful saliency signal. For this 

reason, the current control loop bandwidth must be limited to values such that the 

current response to the injection voltage is dominated by the open loop characteristic 

at injection frequency. The current controllers introduced in Chapter 2 

C(z) = 17-(z -0854 produced a nominal bandwidth of approximately 500 Hz for 

reference tracking, sufficient for a vector control drive. The bode-plot of the response 

to injection voltage of both the discrete close loop and ideal (purely inductive) 

continuous open loop plant are compared in Fig. 4.5. At injection frequency, the 

amplitude of the close-loop responses is already influenced by the open loop transfer 

function of the plant assuring good saliency position signal level and therefore this 

controller design is kept for sensorless control by hf voltage injection. The phase 

difference between the assumed purely inductive load and the close loop (real system) 

at injection frequency (1kHz) results in a constant phase error in the current position 

estimation of 0o = -13.8° electrical and is easily compensated for. 

v; (z) 

is (z) + 
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Figure 4.5: Bode response for injection signal of the discrete close loop plant 
and the continuous open loop ideal plant (purely inductive). 

4.3.3 Bandwidth Restrictions in the Torque Demand 

The sensorless position detection by signal injection relies on the fact that all the 

spectral components of the current at the vicinity of the injection frequency are a 

consequence of the voltage injection and the saliency of the machine only. Fast 

transients in the stator currents, produced by a fast change in torque demand, contain 

spectral components in the injection current band. The negative sequence of this 

transient hf current perturb the saliency position estimation. The influence of this 

phenomenon in the rotating a-(3 voltage injection strategy has been first reported in 

[731. Similar phenomenon also exists in the d-axis injection where the spectral 

component of the transient q-axis current directly affects the orientation error 

estimation. 

Ultimately, the effect of the transient in the position estimation depends on the 

bandwidth of the current loops, and the design of the band-pass filters. To illustrate 

and quantify the effect of the transient in the strategies implemented in this work a 

step change of 5A (50 % nominal) is applied to the torque current demand in absence 

of hf excitation. The effect of this current transient in the signals that normally contain 
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the position information is measured. In the a-(3 injection the currents measured at 

the output of the hardware band-pass filters isa and i, 
0 are shown in Fig. 4.6 (a). 

Only the negative sequence of this currents have a detrimental impact on the position 

estimation, the amplitude of the negative sequence currents resulting in the corrupting 

`position' signals iP0 and i 
pas plotted in Fig. 4.6 (b). The maximum amplitude of the 

corrupting signal is approximately double the expected saliency induced position 

signal as measured in Section 5.4.4. It is noted that this phenomenon is linear and 

therefore, for any significantly large transients on iy the distortion will dominate the 

position estimation. 
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Figure 4.6: Transients disturbance in a-ß injection caused by a 50% step in iq . 
a) Measured currents after hardware BP filters, b) Position signals. 

In the d-axis injection strategy, the injection current component is obtained by 

software filtering in the d-q frame. Only the q-axis component of the injection current 

iq is used in the calculation of the orientation error and therefore the response of this 

signal to the step change in i4 is of interest. This signal is shown in Fig. 4.7 (a). The 

orientation error which drives the tracking algorithm, is obtained from the 

demodulation of iq and therefore the transient in i9 produces a disturbance in 
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shown in Fig. 4.7 (b). For the test step the disturbance is of approximately 40° 

electrical. In sensorless close loop operation this transient disturbance would cause 

strong corrective actuations by the position and speed controllers, which in turn will 

cause more transients in the torque current iq . 
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a 0.1 
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20 

g0 

°-' -20 00 
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Figure 4.7: Transients disturbance in d-axis injection caused by a 50% step in i9 . a) iq after 

software BP filters, b) Orientation error signal. 

The transient disturbance phenomenon happens regularly under position or speed 

close loop operation, because the discrete implementation of the current loops is 

sampled at a higher rate than the position and speed loops as discussed in section 

2.1.4. This creates step changes in the iq demand at the sampling frequency of the 

slower position and speed loops. To suppress the transients in iq, and reduce the 

transient disturbance, the spectral contents of i9 is limited by a first order low-pass 

filter with cut-off frequency of 60 Hz which is implemented in discrete form at the 

fast current sample rate. 
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4.3.4 Speed and Position Loop 

The filter in i, 
f proposed in section 4.3.3 imposes restrictions in the design of the 

speed and position controllers. To achieve an adequate bandwidth, the structure of 

these controllers has been changed from the classic PI and P cascaded structure 

introduced in subsections 2.1.4.2 and 2.1.4.3. The cascade structure is maintained to 

allow limitation on the speed demand but the speed PI has been replaced by a 

proportional controller. In the a-(3 injection method, the speed estimate is obtained by 

derivative of the sensorless position estimation, to reduce the noise a 60 Hz filter is 

also applied. The dynamic of this filter is considered in the design of the speed 

controller and a gain k,,, = 0.7 is obtained. The outer position loop is closed by a lag 

controller [40] C0(s) _ 'ý 
+'I; 

5)' instead of a gain only. The resulting nominal 

bandwidth for the position loop is 2.2 Hz. The complete control structure is shown in 

Fig. 4.8 (it is noted that in this figure the rotor position and speed are expressed in 

terms of mechanical quantities). The sample period of the speed and position loop is 

maintained at 5 ms yielding the discrete implementation of the position controller as 

C(, (; ) = ''. '60ý 515.40' . 
This new control structure achieves good over-damped response 

despite the heavy filter in i. , at the cost of steady state error in the position control 

when mechanical load is applied. 

" O (l) lq 
24(. ß + 63) Current 

__ý 
+ 125 ý ý s+ 377 controlled 

drive 'd* 
Position Spccd Current 
controller controller reference tiller 

177 

s+377 
Or 

-- - -- 
Scnsorlcss rx)sitiun 

estimation 

Figure 4.8: Controller structure for sensorless position control. 
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4.4 DSP Software Structure 

The software running in the DSP is timer-interrupt driven and the interrupt time is set 

to 100. ts fixing the sample frequency to 10 kHz. The first task of the software is to 

trigger the A/D conversion and the PWM generation. The pulse width loaded in to the 

PWM board are those calculated in the previous interrupt. The D/A conversion time is 

10 µs, the DSP using this time to perform tasks that do not require the sample results 

such the asynchronous communication with the host PC and the measurement of the 

encoder position and calculation of measured speed. All of this takes approximately 

14 µs. The reading of the eight A/D channels takes approximately 10 µs due to 

overhead in the call of the functions. Using the values of hf currents the program 

continues with the sensorless position estimation strategy. The execution time 

depends on the actual sensorless strategy being implemented. For example, the 

algorithm for a-ß rotating injection includes rotations of coordinates, several filters 

and tan"' extraction as well as SPM compensation and takes approximately 17 µs. 

The position and speed control loops are solved next. These are simple numerical 

algorithms and are executed in a few µs. However the speed controller gives the 

reference for the current controllers in the d-q frame. To solve the current controllers 

the current measurements have to be rotated into the d-q frame and the resulting 

commanded voltage vector is rotated back to the stationary frame for calculation of 

the PWM pulses. This results in approximately 8 p. s of execution time for the current 

controllers. The new PWM pulse widths are then calculated and loaded in to the 

PWM board. This process is quite lengthily (17 µs) because it involves the calculation 

of the commanded voltage amplitude, involving square-root function and the loading 

of the timer counts requiring repeated bus write cycles. The final task of the interrupt 

service routine is to store variables into a memory buffer for data capture or to 

transfer the buffer content into the DPRAM for data downloading. These actions do 

not increase significantly the execution time because they consist of few memory 

access. 

The resulting maximum total interrupt service routine execution time is approximately 

82 µs. This is adequate for the timer interrupt running at 100 µs giving enough time 
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for the overhead needed to service the interrupt. Although the code was completely 

written in C, some measures had been taken to reduce the execution time. Inline 

coding has been privileged to avoid excessive function calls overhead and the 

trigonometric functions have been implemented as tables. 
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Chapter 5 

5 Enhanced Position Estimation 

The application of the a-ß injection strategy to the 4 kW UNIMOTOR surface- 

mounted PM machine is presented and discussed in this chapter. The issues relating to 

the small magnitude of the saliency and the effects of non-linearities of the inverter, 

such as dead time are addressed. The effect of dead time compensation is 

experimentally assessed and results showing the numerical improvement in position 

estimation accuracy are presented. Finally, the errors due to residual inverter non- 

linearities and spatial harmonics of the machines' saliency are characterised and a 

compensation algorithm based on a commissioning process is developed (SMP). 

5.1 Fundamental Saliency Measurement 

It is evident that, for any position estimation method based on signal injection to work 

the machine must present some level of saliency in the impedance measured at the 

stator terminals. In Section 3.2 it has been stated that all though the surface mounted 

PM machines are generally regarded as non-salient, a small level of saliency is 

expected in the stator inductance due to magnetic saturation of the iron in the main 

flux path. In this section an experimental measurement of this saliency is presented to 

confirm this presumption and to quantify the saliency of the particular motor used in 

this work. Although the inductance variation caused by saturation may be not 

perfectly sinusoidal, only its fundamental component of periodicity 20" gives useful 

rotor position information. Therefore the test developed in this section is designed to 

extract only this fundamental component of the saliency. Repeated measurements 
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under different load levels are carried out to assess the effect of the stator current on 

the fundamental hf inductance saliency of the surface-mounted PM motor. 

5.1.1 Measurement Method 

The direct measurement of the stator inductance is carried out using a1 kHz pulsating 

carrier voltage injected into the a-axis stator frame. 

[a1 [- sin(wit ) 

vfl = Vi 
0 

(5.1) 

According to the hf model of a machine with a saturation-induced saliency (3.7), the 

response to the pulsating excitation (5.1) is given by: 

is V Ls + ALS cos(205) AL5 sin(205) cos (wit) 

s) 0 
(5.2) 

w. (LZ - OLZ) AL sin(26 L -AL., cos 20 W, 
ss a) sC 

Where Ls +ALS cos(203) is the taxis-inductance Lß(9r) and Bs is the saliency 

angle. By considering only the current in the a-axis, (5.2) can be reduced to: 

L6(er) 

" COS((A t) (5.3) 

a fv; (LS - OI, s) 

Demodulating is the expresion for the ß-axis self-inductance can be derived: 

w; (Ls-A2) 
Lß(e. ) -y . la(e,. ) (5.4) 

From (5.4) it follows that the amplitude of the injection current in the a-axis la has 

the same distribution over 0, as the fl-axis self-inductance Lß(0, ). Furthermore, 
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replacing the current minimum and maximum amplitude la, la in (5.4) the values of 

Ls and AL, can be determined: 

LS + ALS = 
V. 

LS - AL5 = 
V; 

(5.6) 
wi - la 

The #-axis hf inductance can be quantified using equations (5.4) to (5.6). It is noted 

that these equations have been derived considering the fundamental saliency only and 

therefore the spectral content of is must be limited to the components at carrier 

frequency ww and the modulation side bands m; ± 2C O, The current measurement also 

contains higher harmonics discussed in the following sections. For the purpose of 

fundamental saliency measurement these components are filtered off. 

The measurements are carried in the PM machine operating under torque control 

while the speed is maintain constant at 60 rpm by means of sensored speed control of 

the loading drive. A pulsating injection of 30 V of amplitude and 1 kHz is added to 

the a-axis commanded voltage. The hf voltage and currents are captured for two 

seconds at a rate of 10 kHz and latter processed off-line. Tests are performed at 

different torque levels ranging form -150 to 150 % nominal. 

The extraction of the envelope of the hf current is is executed via heterodyne 

demodulation. For rejection of the higher harmonics of the demodulated current a 5`h 

order low pass Chebyshev filter with cut of frequency 3fe (9 Hz) is used, the 

magnitude of the fundamental variation of the current being preserved by the low 

ripple of the pass-band of the filter (0.1 dB). This filter is applied forward and 

backward to the same data doubling the attenuation of the filter and eliminating any 

phase shift introduced by the filtering. 

The results of the inductance measurement are shown for motoring condition in Fig. 

5.1 and for braking in Fig. 5.2. These figures show a fundamental saliency in the 
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stator inductance Lq/Ld of approximately 17% at no load. Furthermore the magnitude 

of the saliency is relatively unchanged even at the maximum load level tested (150% 

nominal). The direction of minimum inductance at no-load is oriented with the d-axis, 

although a phase-shift in the fundamental saliency is observable with variations of iq . 
This characteristic is consistent with saturation induced saliency as described in 

Section 3.2.2. 
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Figure 5.1: Stator inductance Lß measurements under motoring condition. 
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Figure 5.2: Stator inductance Lß measurements under braking conditions. 
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5.2 Position Estimation of Basic a-ß Injection Algorithm 

The presence of fundamental saliency, measured in the previous section, implies that 

the use of signal injection for rotor position tracking is possible. Its small magnitude 

implies nevertheless that other spurious harmonics in the hf current signal will have a 

strong effect in the final position estimation. In what follows the results of the direct 

application of the a-, ß injection described in Section 3.3.1 are presented. A rotating 

voltage carrier of amplitude 30 V is injected and the current response is used to 

determine rotor position. Figure 5.3 shows the phase current iQ and the hf component 

is and it can be observed that in addition to the fundamental saliency modulation of 

the hf currents, there is also a very localised modulation when the phase current cross 

zero. The extraction of the position signal from this hf current using directly the 

synchronous filter of Fig. 3.5, results in saliency position signals ipos with large 

harmonics at frequencies 4f,, 8fe, 10fe, 14f,, 16f, etc. The sequence of rotation of these 

harmonics alternates as shown in the spectrogram of Fig. 5.4. 
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Figure 5.3: Line current iQ and corresponding hf component is 

The harmonics on i 
pos produce large errors in the saliency position estimation at the 

points of zero crossing by the fundamental phase currents, this is illustrated in Fig. 5.5 
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by comparing the rotor angle 20, measured by the encoder and the estimated saliency 

position 295 obtained by a tan-' operation of the components of the i 
Pos . 

The 

constant offset observable is mainly due to the fundamental saliency shift produced by 

the load current that has been discussed in section 5.1. 
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The saliency estimation error, measured as the deviation of the estimated saliency 

position from it's ideal value calculated from the fundamental of the position signals 

ff 
OS and ipS, is shown in Fig. 5.6. The magnitude of this error is significant reaching 

values of 35 ° electrical. 
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Figure 5.6: Estimation error. 

The inverter non-linearities such as dead-time and device-voltage drops are 

responsible for the errors in the position estimation. These effects produce a voltage 

distortion in each phase that is dependent on the direction of the phase current 

effectively opposing the current flow. At the points of fundamental current zero 

crossing the hf injection current produce multiple zero crossings at the carrier 

frequency causing a disturbance in the hf voltage injection and resulting in harmonics 

in the saliency position signal. The problem is particularly exacerbated in surface 

mounted PM machines because the small amplitude saliency produces a small 

amplitude saliency position signal to start with. The locus of amplitude of Fig. 5.4 and 

simulation results show that this effect produces a spectrum content of i 
pos with 

components at 2fe, -4fe, 8fei -10f,,... The frequencies of the inverter no-linearity 

distortion can be expressed as: 

fd: =(2±6"i)" fe; where iE No (5.7) 

The relative amplitude of these harmonics depends in the load level. The spectral 

component of the distortion at 2fe is particularly problematic because it can not be 

separated from the saliency position signal. At smaller loads this component of the 

distortion causes significant phase error in the saliency position estimation. 
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The dead time consists of a delay in the semiconductor switches' turn-on command to 

protect against the two devices of the same inverter leg short-circuiting the DC link 

(shoot-through). This delay arises because for IGBT devices, the turn-off time is 

longer than the turn-on time. Hence the dead or blanking time is unavoidable in the 

operation of a voltage source inverter [74]. During most of the dead time both devises 

are off and the load current is conducted through one of the freewheeling diodes. This 

results in an error between the length of the voltage pulse commanded by the PWM 

and the real voltage pulse applied to the load. The real pulse is shortened or extended 
depending on whether the direction of the phase current is positive or negative 

respectively. The magnitude of the resulting voltage error can be approximated by the 

volts-second area produced by the DC link voltage and the length of the dead time. 

The inverter used in this work has a dead time of 2µs, a DC link voltage of 600V and 

a PWM period of 200µs givin ag n averse dead time 
_voltage 

errors 6V. 

The other significant source of voltage distortion is the forward voltage drop of the 

conducting IGBT or diode. This also produces error in the voltage applied to the load. 

The semiconductor voltage drop is always opposed to the current flow and therefore 

the sign of the resulting voltage again depends on the current direction, adding to the 

dead-time effect. The datasheet's typical values for the device drops are VcE t) _ 

3.0V for the IGBT and VF = 2. Yfor_th lade. These values only give an indication 

of the error magnitude since they are specified for the maximum current of 50A. In 

practice the load currents are limited to 15A and therefore the actual vales are smaller. 

The magnitude of the error introduced by the inverter non-linearities is significant 

_ 
when compared with the amplitude of the injection voltage (30V). An increase in the 

injection voltage amplitude would reduce the inverter's distorting effect but this 

conflicts with the need to minimise the voltage injection to reduce the losses and 

acoustic noise. The design value is a compromise and further reduction must be 

achieved by other methods. 
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5.3 Dead-Time Compensation 

From the estimation of the error magnitudes due to the inverter non-linearity it can be 

noted that the dead-time is the most significant. Therefore dead-time compensation 

for improving the saliency angle estimation is necesary. Dead-time compensation by 

adding the estimated volts-second error to the commanded voltage [75] or by 

advancing the rising or falling edge of the commanded PWM pulses depending on the 

current direction [38,76] are both well-established techniques. These are open loop 

strategies where only a knowledge of current direction is required although calibration 

may also be applied to take into account the forward drop and even the difference in 

the turn-on and turn-off times of the devises [75,76]. Full on-line compensation of the 

dead-time effect may be achieved by directly measuring the length of the voltage 

pulse applied to the load and taking corrective action during the next PWM period 

[77]. All the mentioned methods have being proposed to improve the fundamental 

current wave form and the stability at low speed of machines operating under V/f 

control. The case of the current injection is analogous since the high frequency is 

outside of the bandwidth of the current loop and therefore the current distortion 

caused by the repeated zero crossings at injection frequency (when fundamental 

current is close to zero) is not compensated by the current controllers. 

5.3.1 Basic Dead-Time Compensation 

The basic dead time compensation implemented is based in that of [76]. The operation 

of the technique is depicted in Fig. 5.7 for the case of positive phase current. The 

commanded PWM pulse is given by V,,,,. Under uncompensated operation the delay 

in the turn-on gate pulse gi of the top transistor T1 would result in the conduction of 

the diode D2 during the dead-time, resulting in a shortened pulse VQO applied to the 

load. By knowing the current direction is positive one can compensate by advancing 

the ON commutation by Tcomp generating the new gate pulses gi' and $2'. The 

conduction of the D2 still happens during the dead time but it generates the desired 

output voltage V,,, '. In similar way if the phase current is negative the OFF 

commutation is advanced. 
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Figure 5.7: Operation of dead time compensation by advancing commutation: 
Vao* reference pulse; gl, $2 uncompensated gate pulses; VQO uncompensated load voltage; 

gl', g2' compensated gate pulses; Vao' compensated load voltage. 

The amount of compensation time T, o,,, p is directly related to the dead time Td, but the 

finite turn on and turn off times of the IGBT's are significant and therefore are also 

considered, the final expression for Tcomp is given by: 

Tamp =Td -Toff +To� (5.8) 

Although the switching times To,,, Toff are dependent on the operating condition, the 

compensation is implemented with a constant value of Tcomp" Typical datasheet values 

are used resulting in a value of Teo,,, = 1.6µs. 

The simplest way of implement this dead-time compensation routine would be to 

derive the current direction information directly form the measurement values also 

used for current feedback. Nevertheless, the result is poor compensation as shown in 

Fig. 5.8 and Fig. 5.9. The reason for such large errors is the delay of more than one 

full sample period introduced by the use of the current measurement. The currents are 

sampled at the beginning of every interrupt service routine, but due to the finite 

conversion time of the A/D the PWM is applied with the pulse widths is calculated in 
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the previous sample period and therefore corrected using the previous current 

samples. Furthermore, the relevant current direction-for-the dead time compensation is 

that at the moment of commutation, which adds to the delay and ultimately to the 

uncertainty f the correct current direction. The use of the current measurement is 

suitable for fundamental waveform compensatioBut, for hf injection the multiple 

zero cross and the reduced amount of samples per carrier-current period result in 
ineffective compensation. The effectiveness of this strategy can be significantly 
improved by better determination of the current direction as will be discussed in the 
following section. 
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Figure 5.8: Saliency position estimation with standard dead-time compensation. 
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5.3.2 Improved Dead-Time Compensation 

Two different methods have being implemented to enhance the current direction 

detection and improve the compensation of the dead-time effect in the saliency 

position estimation. The first method consists of a software prediction of the currents 

at the moment of commutation; the second is based on hardware current detection 

capable of providing fast and accurate current direction information. 

5.3.2.1 Software current prediction 

Starting form the measured values the currents at the actual moment of commutation 

can be predicted form the reference voltage, the back-EMF and the inductance of the 

machine. Although the exact value of the back-EMF is not known an approximation 

can be derived from the estimated position and speed. The full sample period delay in 

the application of the PWM pulses means that the next current sample must first be 

predicted. For phase a, the approximate equation for the predicted value of i (k + 1) 

given iQ (k) is: 

1a(k+1)=1a(k)+ 
LS (yan(k)-Ean(k)) 

(5.9) 

Where vä�(k) is the phase to neutral value of the reference voltage to be applied in 

the sample period k and therefore calculated at k-1 and E,, (k) is the estimated value 

of the back-EMF of phase a which is derived using the estimated rotor position and a 

filtered version of the electrical speed: 

EQ� (k) = yrmýv, 
f<< 

(k)sin(0, (k)) (5.10) 

The operation of the current predictor is depicted in Fig. 5.10. The approximation for 

iQ (k + 1) , given by (5.9), is represented by the dotted line in the sampled period k. 
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Starting from this value of the current a at successive commutations iQ1, I and ia3 

are approximated from the calculated PWM pulses for k+1 as: 

äa1 ia(k+1)+ EQ�(k+1)) 
Ls 

(Van2 
- Ean (k + 1)) (5.11) 

a2 = ia1 +L 

la3 ia2 +L 
(uan3 

- 
Ear (k + 1)) 

5 

The values of VQ�2 and VQ�3 are the resulting voltages applied to phase a with respect 

to neutral during the periods T2 and T3 respectively. These voltages only can take the 

values of 3 
Vdý ,3 Vdý 

,-3 
Vdc or -3 Vd, depending on the sector of the PWM voltage 

being commanded. 
A 
tai 

lag 

ä(k+l) 
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Figure 5.10: Operation of the current prediction algorithm. 

Equations analogous to (5.9)-(5.11) are derived for the remaining two phases; this 

results in nine estimated values for the three phase currents for each Pf the three 

commutations. Only the three values that correspond to the phase currents when the 

corresponding phase itself is commutating are of relevance; these values can be 

selected by knowing the sector of the command voltage and hence the order of the 

commutations. In the example shown on Fig. 5.8, these values are 'cl? lb2 and ia3 
. 

The resulting three currents are used for the dead-time compensation strategy 
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presented in Section 5.3.1. An illustrative result of saliency position estimation using 

this enhanced dead-time compensation is shown in Fig. 5.11, the improvement on the 

estimation being evident when compared with the results on Fig. 5.8. The saliency 

estimation error is shown in Fig. 5.12. This error is reduced to values within eight 

electrical degrees. 

The prediction of the values of the currents at the commutation allows to compensate 
for the current clamping effect [78]. This phenomenon occurs when commutations 
happen under low current levels. During the dead-time when both switches are off, 

the conduction is through one of the free-wheeling diodes. The DC link opposes the 

flow of the current and therefore the magnitude of the current is decreased. If the 

current reaches zero before the corresponding switch is turned-on the conducting 

diode is reverse biased and the load phase will be floating for the remaining dead 

time. This results in an error of the voltage applied to the motor. The compensation 

routine proposed in [78] is meant to complement a standard dead-time compensation. 

This technique has been tried as part of the present work but the results do not show a 

significant improvement, mainly due to the inaccuracies in the predicted current 

values. 
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Figure 5.11: Saliency position estimation with dead-time compensation using 
software current prediction. 
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Figure 5.12: Estimation error with dead-time compensation using 
software current prediction. 

5.3.2.2 Hardware current detection 

A alternative way of detecting the current direction is using the circuit shown of Fig. 

5.13. The power diodes in the line provide paths for positive or negative current. 

Their forward voltage drop has different polarities depending on the current direction. 

To minimise interference with the operation of the power circuit, low forward 

voltage-drop devices such the high frequency switching Schottky barrier rectifier 

diodes (PBYL302OCT) are used. The voltage drop across the diodes is detected by a 

comparator to generate a logic current direction signal. This is electrically isolated 

using an opto-coupler and finally transmitted to the digital I/O board where the three 

current directions can be read by the DSP in a single bus read operation. For the 

schematic of the detection circuit see appendix A. 7. 

F III 

The fast detection of the current direction allows the correction of' the PWM pulse 

duration and their down load into the PWM hoard at the beginning of the sample 

period before triggering the PWM generation. In this way the delay on the current 

direction detection is shortened by a full sample period. 
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Using the current detection circuit the direction of the currents are determined 

accurately at the beginning of each PWM period. Some uncertainty in the correct 

compensation still persists because the direction of current flow is not determined 

exactly at the point of commutation; nevertheless this errors are significantly smaller 

than in the case where the sampled currents are used and yields better results as can be 

seen in Fig. 5.14. The e saliency position estimation error is shown in Fig. 5.15, the 

maximum measured error is slightly over eight electrical degrees i. e. the performance 

is comparable to that of the software base current prediction. 
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Figure 5.14: Saliency position estimation with dead-time compensation using 
hardware current detection. 
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After dead-time compensation, the error in the saliency estimation is produced by the 

remaining harmonics on the position signals i pos and iP 
s and produces deviations 

from the ideal position signals given by its fundamental components. These deviations 

are better illustrated in polar form as a function of the rotor position 0, angle in a 

saliency loci plots. The harmonics in the position signals are due to spatial harmonics 

on the saliency and residual zero current crossing effect; both phenomena are 

synchronous and therefore fixed in this plot. The traces for the position signal i' and POS 

iP 
S are shown in Fig. 5.16 a) and b) respectively. Note that the amplitude of the 

signal is represented radially and the zero reference is indicated by a solid circle. The 

trace is averaged over 10 complete cycles to eliminate random errors and 

measurement noise. The fundamental components of the signals (ideal position 

signals) are included in the plots to illustrate the magnitude of the errors in the 

position signals. From these figures it can be seen that the deviations from the 

sinusoidal ideal position signals are repetitive and that random errors are small. 
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Figure 5.16: Saliency loci plots. a) i pos 
, b) iP 

S. 
Gray trace: scatter plot of all data. 

Bold trace: average. 

5.3.3 Summary of Dead-Time Compensation Methods 

The implementation of the hardware based current detection has the disadvantage of 

adding up semiconductors to the power circuit, increasing part count, cost and power 
dissipation. All this makes implementation unattractive for an industrial applications 

where a software solution such that presented in subsection 5.3.2.1 is more practical 
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and has been shown to achieve a similar end result. For research purposes the 

hardware detection has the advantage of being straightforward and simple to 

implement. It liberates considerable calculation time from the processor and it is 

independent of the machine's parameters. More importantly, it decouples the dead 

time compensation from the performance of the sensorless position estimation as 

opposed to the software current prediction where position and speed estimations are 

required for the estimation of the back-EMF and errors in the estimation will affect 

the quality of the dead time compensation. It is for this reason that the dead-time 

compensation is implemented using the hardware detection method for the remainder 

of this work. 

As shown in subsection 5.3.2 the dead-time compensation is not achieved perfectly 

and the resulting position signals present residual errors at the instances of original 

dead-time induced modulation. The reasons for these errors are incomplete of 

"missed" compensations due to some uncertainty in the determination of the direction 

of the currents. Simulations using SABER, including realistic models of the switches, 

show that similar compensation strategy implemented using the accurate current 

direction at the moment of commutation greatly reduces the residual error. However, 

even with this ideal dead-time compensation some second order non-linearities such 

as the occurrence of current clamping and the device voltage drop will cause some 

modulation as can be appreciated in the simulation results of Fig. 5.17 and Fig. 5.18. 

Strategies to compensate for these types of phenomena have been reported in the 

literature [78] and [79] respectively, but their implementation are costly in terms of 

processing time, require accurate measurement of the current at the beginning of the 

commutation process. 

92 



Chapter 5 Enhanced Position Estimation 

0.5 
a lpna lpox 

W 0.25 ... ... ..... 

Co 
c 

-0.25 

-0.5 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 

111111 

360 ... .ý.................... .... ... ..... ..... 
76 270 .... .... .... ......... 

....... <m`180 .............. ...... ..,......: ......: . ....:..... ý..... 
er 

90 ..... .;.... .... ... ............... 
CD 

0 
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 

Time [s] 

Figure 5.17: SABER simulation saliency tracking result using dead-time compensation with 
accurate current direction detection. 
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Figure 5.18: SABER simulation estimation error using dead-time compensation with 
accurate current direction detection. 

Finally, even under perfect excitation the position signals i 
pos and iP 

, are expected to 

present some harmonics due to non-sinusoidal distributed saliency (spatial 

harmonics). A method is proposed in [69] to correct the influence of the saliency 

harmonics in the position estimation. The method is based on a commissioning 

process or space modulation profile (SMP) and its application to the surface mounted 

PM synchronous machine is explored in detail in the following section. Due to the 

synchronous nature of the residual dead-time distortion it is difficult to distinguish it 

from the machine's spatial harmonics and therefore the SMP method is also used for 

the elimination of the residual dead-time modulations. 
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5.4 Space Harmonic Profiling 

5.4.1 Introduction 

The quality of the saliency position estimation achieved with dead-time compensation 

alone is within eight electrical degrees (just less than 3° mech. ) as shown in Fig. 5.15. 

This is accurate enough for orientation and hence sensorless torque control, but for 

sensorless position control this error is excessively high and causes position 

oscillations. The periodicity of the error with rotor position can be exploited to 

improve the estimation. Direct correction of the estimated position using the 

uncompensated hf injection position estimation to feed a neural-fuzzy error estimation 

has been proposed in [80], the method being applied in a salient pole PM machine 

with the variations of the error with load level not considered. In the present work the, 

correction of the saliency position signals i pos and iP 
S rather than the direct 

correction of the angle estimation is favoured_In [27,31,81] the correction of the 

position signals has been carried out for individual harmonics, the method having the 
-- - --- -------------- 

advantage of o_nly rewiring the amplitud and phase (on1 woýtalýesLnrer each 

harmonic to be cancelled. This approach is suitable when--only--a- -small 
number of 

harmonics are to be suppressed. To compensate for position signals with errors of a 

richer spectrum, such as those produced by remnant inverter non-linearities, the 

space-modulation profiling (SMP) technique proposed in [28,69] is better suited. A 

similar technique has also being presented in [30]. These methods have been 

exploited mainly for elimination of saturation saliency in rotor-bar saliency tracking 

in inductions machines but its usefulness in compensating for inverter generated 

modulations has being shown in [82]. 

In the SMP method the deviations of the measured saliency position signals with 

respect to its fundamental value are measured 
-in_ 

a-commissionincedure and 

stored in tables, the correction of the saliency position signals ip0 and ip 
S 

being in 

the time domain. The effect of change of load upon the harmonic content of the 

satura t o_ -ind ed -. 
harmonic_and the- remnant inverter modulation is_iucluded byý 

mzkin¢ th AMR xabk$ bi-directional and performing the commissioning for the full 
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rage of load levels. During normal operation the error is obtained by addressing the 

tables with the rotor position estimation and the torque command. The error 

estimation is then subtracted from the original position signals to refine the saliency 

position estimation. The effectiveness of the SMP compensation will depend on the 

accuracy of the original position estimation. Therefore it is preferable to compensate 

for the dead-time and not rely entirely in the SMP compensation for the elimination of 

the inverter induced modulation. 

5.4.2 The Space Modulation Profiling Technique 

In the commissioning process, the profile of expected differences between saliency 

position signals ja 
pos, 

ips and their ideal values (given by their fundamental, as shown 

in the polar plots of Fig. 5.16) are calculated and stored in the SMP tables. The signal 

processing for extraction of the profiles is performed off-line. In this research the 

commissioning process is undertaken with the PM drive operated in sensored torque 

control. The speed is controlled at an arbitrary value of 60 rpm by the load IM drive, 

resulting in 3 Hz PM machine excitation frequency and 6 Hz fundamental saliency 

position signals. The data is captured at a fix rate of 01 3 kHt during 6 seconds 

(20000 samples). Similar data captures are repeated for different torque current 

references for the whole load range, from -10 A to 10 A in intervals of 0.5 A. 

The profile is created for ndividual torque 1. The fundamental component of 

the saliency position signal is extracted by narrow Butterworth band pass filter 

centred at 6 Hz and the spectral contents of the position signals limited to 600 Hz by a 

low pass filter. The data is applied backwards and forwards to the filters using the 

filtfilt Matlab command to achieve a non-causal filters-that preserve the si nals phase. 

The difference between both signals is calculated and stored as a function of the rotor 

position. This is done by dividing the complete rotor revolution into a discrete number 

of intervals (25 wac used in this workýl, all the error measurements corresponding to 

the same angle interval are averaged to produce the typical error for that position. 

Approximately 50 samples per position interval, corresponding to 10 different 

revolutions have been used in the calculation of each average. This signal processing 

is represented in the flow diagram of Fig. 5.19. 
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Figure 5.19: Signal processing flow diagram for the profiling of the saliency. 

The saliency profile is theoretically independent of the speed, although the influence 

of the analogue filters used for separating the high frequency current measurement 

from the fundamental current produce a small phase shift of the saliency position 

signals which is frequency dependent. The nominal characteristic of these filters is 

known, allowing their influence to be accounted for during the profiling procedure, 

see appendix B for details. Figure 5.20 shows the profile obtained at 80% of nominal 

torque obtained independently for positive and negative speeds. This plot illustrates 

the consistency of the profile results at different speeds and the effectiveness of the 

filter phase shift compensation. In Figure 5.20 it can be noted that the larger 

amplitude of the profile still corresponds to the angles where the fundamental current 

crosses zero, where the inverter non-linearities manifest, showing that even with the 

proposed dead-time compensation the inverter accounts for most of the distortion in 

the position signals. The profiling procedure is repeated for the data obtained with the 

different torque references generating the two-dimensional SMP tables shown as 

surfaces in Fig. 5.21. 
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The commissioning of the SMP tables is a one-off operation. The tables are stored in 

a non-volatile medium ready for use at normal operation of the drive. Figure 5.22 

depicts the online use of the SMP tables. The expected error is obtained by addressing 

the tables with the demanded torque and the estimated rotor position. The error is 

subtracted from the saliency position signals before the final low-pass filtering. The 

double saliency angle 2Ö,, is then obtained form tan' extraction. The orientation of 

the saliency position is selected using the previous estimation value. This mechanism 

ultimately relies on a start-up or initial position detection procedure [831 that imposes 

some continuous id current to change the state of saturation and determines the 

original polarity of the rotor magnet and hence the orientation of the rotor. 
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Figure 5.22: Signal flow diagram for the SMP compensation. 

5.4.3 Load Phase-Shift Compensation 

In the diagram shown in Fig. 5.22, the estimated saliency position is called f); to 

distinguish it from the estimated rotor position ©,. This is because the shift in the 

stator flux and hence tooth saturation produced by i,, has a significant magnitude in 

the surface mounted PM machine used in this work. This phenomenon is illustrated 

by the stator inductance Lli measurement of Fig. 5.1 and 5.2. The control of the 

synchronous machine requires Or for orientation and feedback and the objective of 

the sensorless strategy is actually to obtain Or for those purposes. Furthermore Or is 

also required as part of the injection-based sensorless strategy itself for the SMP 

compensation as Fig. 5.22 shows. Nevertheless, the end result of the demodulation of 
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the hf injection currents yields estimation of the saliency position O3 and therefore the 

phase relation AC between these two angles has to be characterised to complete the 

sensorless estimation. 

Although the physical principle of the phase shift is understood, as discussed in 

subsection 3.1.2, the phenomenon of saturation is complex and only over-simplistic 

approximations can be derived theoretically. On the other hand the data obtained from 

the SMP table commissioning process contain the information necessary to derive the 

relation between both angles empirically. The procedure consists in taking the average 

difference between the measured rotor angle and the estimated saliency angle, 

obtained from the fundamental components of the position signals, and is executed 

during the SMP tables commissioning. The resulting measured curve is shown by the 

black solid trace in Fig. 5.23. In the same plot the dotted line represents the simple 

estimation of the stator flux angle obtained with: 

6S = arctan 
19L9 +00 (5.10) 

The angle 0o in (5.10) represents the phase shift measured when tracking a saliency 

perfectly oriented with the d-axis. This angle is generated by the shift in carrier 

current due to the controllers. In section 4.3.2 the angle 0o has been be theoretically 

estimated to be -13.8° elec. through calculating the difference between the phase of 

the nominal close-loop transfer functions i3(z)/v; (z) of Fig. 4.3 (at the injection 

frequency) and the 90° phase expected from an ideal inductive load in open loop. 

The correlation between the theoretical stator flux angle and the measured saliency is 

evident and gives strong evidence that the saliency being tracked is influenced by 

stator flux saturation. The measured curve also shows deviations that are not 

explicable by shifts in the saturation position, particularly at low levels of i9. This 

difference is explained by the presence of the 2 fe harmonics produced by the 

uncompensated inverter non-linearities (5.7). Evidence of this is given by the curve 

measured without dead-time compensation shown by the grey trace in Fig. 5.23. In 

99 



Chapter 5 Enhanced Position Estimation 

this curve the deviations are larger in magnitude but present similar tendencies. The 

inverter non-linearity does in fact generate a sub-harmonic at 2 fe and this spectral 

component cannot be compensated using the SMP tables because it is at the same 

frequency as that of the saliency being tracked. Nevertheless Fig. 5.23 shows that 

dead-time compensation is an effective means of reducing the magnitude of this 

phenomenon. 
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Figure 5.23: Phase shift AO between rotor and estimated saliency position 
as function of torque current. 

The compensation depicted in of Fig. 5.23 is obtained for stationary conditions. 

Nevertheless, because the saliency is influenced by the stator flux, the dynamic of the 

phase shift can be approximated by the dynamic of the stator current [84]. Therefore 

the phase compensation can be performed using the measured value of iq or, if the 

commanded value is used instead a filter is applied to emulate the dynamics of the q- 

axis current loop. This second alternative is preferred because it results in a smoother 

signal free from the components at injection frequency; the same torque current 

estimation is used to address the SMP tables. The rotor position estimator with the 

phase correction is shown in Fig. 5.24 
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Figure 5.24: Rotor position estimation including phase correction. 

The use of phase compensation tables is generally seen as a disadvantage of the 

method because the correct orientation depends on the open loop correction of the 

position of the rotor flux. This is particularly critical in induction machines where 

different machine designs or even different operation conditions such as flux level 

[57] and torque current [85] of the machine produce dramatic changes in saliency 

position. These changes are associated to saturation of different elements of the 

machine that dominates the saliency at different operational conditions. Although the 

difficulty of compensation for the phase shift also exist in PM motors they are not as 

severe. The absence of a rotor circuit simplifies the flux path and the saliency on the 

magnetising inductance produced by saturation of the stator main flux path is 

dominant through out the operating range, as shown by Fig. 5.23). The flux level in this 

type of machine is fixed by the magnets and the machine is operated normally with 

zero flux current. Furthermore in machines with high-energy magnets the magnitude 

of the flux imposed by the magnets is considerably larger than that produced by the 

stator inductances so limiting the phase change between the saliency and rotor 

positions. 

5.4.4 Enhancement in Position Estimates Using SMP Technique 

The combined use of harmonic compensation by SMP tables and the correction of the 

load phase shift yields enhanced position detection. The operation of the 

compensation is illustrated in Fig. 5.25. In this figure results of position tracking at a 

speed of 40 rpm and constant i,, current are shown. The two position signals with 
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their characteristic distortions are shown, the shaded areas representing the magnitude 

of the correction by the SMP tables. 
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The improvement on the position signals is better appreciated in the saliency loci 

plots of Fig. 5.26. The traces produced by these signals are very close to the ideal 

sinusoidal position signals depicted in Fig. 5.16. The phase shift between the saliency 

and the rotor position can be appreciated by the misalignment of the maximum of iPos 

and the zero rotor position. 
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Finally the compensated saliency signals and the phase shift compensation result in 

the rotor position estimation of Fig. 5.27. The error between the measured and the 

estimated rotor position is limited to approximately 2° electrical ( 0.67° mech. ). 
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Figure 5.27: Rotor position estimation using SMP compensation. 

5.4.5 Discussion of SMP Technique 

The presented SMP technique has been shown to improve the quality of the rotor 

position estimation. Nevertheless this technique uses, in this work, a sensored 

commissioning process. In general this is difficult to achieve in practice because 

sensorless techniques are applied in drives where position feedback devices are not 

fitted. Furthermore in industrial applications the loads are not able to control torque to 

create the different operation points required for sensored commissioning. The 

underlying assumption in the SMP technique is that the same compensation tables are 

suitable for all drives of similar characteristics. This means motors of the same design 

and same power converters. Therefore tables could be adjusted for different inverter- 

motor combinations and provided by the manufacturer. The validity of this 

assumption has not been tested in this work but the nature of the sources of distortion 
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in the position signals, such as harmonics in the saturation saliency and inverter non- 
linearities, support it. 

An alternative approach to the SMP has been reported in [30] for elimination of 

saturation harmonics when tracking rotor slot position signals in induction machines. 

This method relies on the position signals being asynchronous and using a spatial 
filter to extract the synchronous saturation saliency. This technique cannot be applied 

to decouple saliencies that are synchronous to each other (such the fundamental of the 

saturation saliency and it's harmonic components) and therefore is not a viable 

alternative when tracking saturation harmonics as proposed in the present work. As 

presented in [30], the method appeared to establish the compensation values in a 

sensorless manner. However, closer inspection reveals that the method still requires 

the torque current i9 to vary during `commissioning' and still requires a load drive to 

perform the quantifiable load variations. 

A more viable approach to sensorless commissioning is to take advantage of the fact 

that the SMP and phase angle compensation values are theoretically independent of 

rotor speed. Hence the `real' rotor position can be provided by a mechanical model 

and the commissioning process carried out at a frequency where the model is valid 

e. g. above 20 Hz for the machine used in this work. 

A further alternative would be online tuning of the compensation SMP tables. The 

sensorless drive initially relying on either on uncompensated saliency tracking or that 

provided by a model-based commissioning scheme as described above. The 

compensation could be gradually adjusted with a training algorithm to improve 

quality of the estimation. In this case, the absence of position transducer impedes the 

empirical adjustment of the phase compensation table and therefore an analytical 

approximation has to be used and might limit the final accuracy of the method. The 

auto-calibration of a fuzzy angle-error estimation have being proposed in [80] for use 

in a salient machine, The application of similar technique to the position signals iss 
, 

i80 of this work may be worth investigating. 
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It worth noticing that, as shown in this chapter, the inverter non-linearities such as 

dead-time have a large impact on the harmonic content of the position signals and 

therefore they affect the SMP tables. Dead-time compensation has been investigated 

and shown to yield improved saliency estimations. However remnants of the 

inverter's non-linearity distortions are still observable. From this it follows that more 

linear converters or further improved compensation methods, necessarily hardware 

based, would yield better position signals. This in turn may be sufficient for low 

accuracy applications. However compensation of other effects such as the motor 

saliency spatial harmonics are still required for further accuracy improvements. 
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Chapter 6 

6 Closed Loop Sensorless Position and Speed 
Control 

6.1 Introduction 

Experimental results of close-loop sensorless control using the two different injection 

methods presented, namely a-ß hf rotating voltage and d-axis hf pulsating voltage 

injection are presented and compared in this chapter. To obtain a fair comparison, the 

same control design, previously introduced in Section 4.3, is used for both 

implementations. In this way the differences in performance are therefore dependent 

on the different noise levels in, and dynamics of, the sensorless position estimation 

scheme. 

The implementation of the a-ß injection includes dead-time compensation and SMP 

(as discussed in sections 5.3 and 5.4) for improved performance. On the other hand 

the tracking nature of the d-axis injection does not allow for compensation with an 

SMP technique. However the d-axis injection detects the o tatLon error 

measuring -axis current which isle una ecied Z2ylepd.. time (the largest source 

of distortion) and so its performance-may be adequate for some applications even 

without compensation against signal distortion. The impossibility of applying 

compensation to the d-axis technique, either by harmonic cancellation or SMP, 

becomes a 'saýnta yxhen. _the quality ofits estimation is insufficient for the 
_gDly 

d fired ap li Win. Finally it noted that as in an s iency trackine technique, the d- 

axis pulsation injection does not etect d ectly e rgtor_position-and, xherefore the 
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relation between the saturation saliency and actual rotor position must be_determine 

and taken into account in the same way as it is in the a-ß injection. Section 6.2 

presents the tuning of the saliency-tracking loop and the implementation of the phase 

compensation for the d-axis injection. The experimental results for sensorless position 

and speed control for both techniques are presented in section 6.3. 

Finally in section 6.4 the limitations of the hf injection approach for operation at 
higher speeds is discussed and a hybrid structure combining one of the injection 

methods with amodel-based flux observer is proposed for position estimation valid 

over the whole speed range. This hybrid structure is applicable to any injection 

------------ method that yields rotor position estimation at low speed. The a-ß rotating injection, 

including compensation, is used in the present work to illustrate its operation. 

Experimental results are presented to show the smooth transition between the model- 

base operation and the low-speed injection operation. 

6.2 Design of the d-axis Injection Tracking-Loop 

The implemented saliency-taking algorithm for the d-axis injection has been 

developed in subsection 3.3.2.2 and is described by the tracking-loop of Fig. 3.8. The 

dynamic of this loop is critical for the performance of the d-axis injection method and 

is discussed below. This loop yields saliency position estimation; this is not sufficient 

to obtain correct orientation due to the shift in the saturation saliency position with 

load. The commissioning of a phase-shift table for this method is also described in 

this section. It is worth noticing that the 
- 
table is used to correct the rotor position 

estimation for 
_position-feedback_alid. _Qrientation of the vector control, but_ not to, W 

correct the angle used to orientate the pulsating injection. This method works by 

orienting the voltage injection along the saliency 5-axis rather than actual rotor 

position. 
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6.2.1 Dynamic of the Saliency Tracking Loop 

Controllers with too high a tracking loop gain will amplify measurement noise and 

disturbances such as inverter effects in the hf current zee currents, yielding noisy or 

perturbed saliency position estimates. On the other hand limiting the bandwidth of 

this loop to filter such noise or perturbations will limit the dynamics of the position 

and speed feedback path under sensorless control. In Chapter 4, the controllers for the 

sensorless case where designed with a nominal bandwidth of 2.2 Hz (assuming no 
dynamic in the position feedback and a first order filter with cut-off frequency of 60 

Hz in the speed feedback). The saliency-tracking loop should therefore be designed 

with a bandwidth much higher than this in order to keep the 2.2 Hz position 
bandwidth as a target figure. 

There are two filters in the tracking 1Qop of Fig. 3.8. The software band pass filter for 

it is set as a second order Butterworth band-pass filter with cut-off frequencies of 800 

and 1250 Hz. The low-pass filter used in the output stage of the heterodyne 

demodulation of the injection current is set as a first order filter with cut-off 

frequency of 500 Hz. 

The saliency tracking loop is a non-linear structure, but by linearizing about the 

operation point O5 = 9, , its dynamic can be approximated by the linear loop of o p. 

Fig. 6.1 which is use for control design. With this approximation the parameters of the 

controller are functions of the actual saliency angle error t O5 , not current signal 

amplitude ;. Therefore in the final implementation, the scaling factor derived from 

(3.25) must be considered: 

V . AL, 
A=0.1442. A0.5 (6.1 LSLY wi 

) 
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A 

w$ 

Using this linear model the PI controller has been set to G, (s) = 30°( s+iso) 
, achieving a 

nominal bandwidth of approximately 75 Hz, which is sufficiently high for the design 

bandwidth of the position loop. The speed feedback signal is obtained from the same 

observer by filtering the output of the PI controller. This signal is inherently noisy and 

therefore the cut-off frequency of the low pass filter in the speed signal path has to be 

set to a relatively low value. The filter pole is chosen such that it cancels the PI zero, 

i. e. Hi(s) = obtaining a nominal bandwidth of 34 Hz. This acts as a delay in 

the speed feedback path. 

The estimation bandwidth obtained 
_in 

thean le and speed estimat on han 

those obtained for the a-ß compensated injection method which are 200 Hz and 60 Hz 
ý- ------ 

respectively. Hence when the same position-and. speed loop control ersare.. used,. _ttte 

d-axis injection 
-method 

is effected to yield poorer dynamics for the close, loop 

sensorless operation. It will be shown that this is certainly true for the disturbance 

rejection. 

6.2.2 Phase Correction 

The d-axis injection method determines saliency position rather than actual rotor 

position. In this section a commissioning procedure is use to determine the phase 

relation as previously done for the a-ß injection method. Ideally a similar curve to 

that of Fig. 5.19 should be obtained, i. e. the hf saliency should show an orientation 

with the stator flux position. It is noted that the for the a-(3 method the constant offset 

due to the shift in the hf currents produced by the current controllers, and theoretically 
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estimated to be -13.8° elec., is not expected in the resulting phase shift for the d-axis 

injection method. This is because the different signal processing in the d-axis 

injection strategy is such that the shift in the currents affects only the amplitude of the 

error signal driving the tracking algorithm, not the phase of the position estimation. 

The commissioning process consists in the sensored operation of the drive in steady 

state at a speed of 60 rpm and at different load levels corresponding to iq from -10 A 

to 10 A. The saliency is measured, each test consisting of 6 seconds of steady state 

operation. The average phase difference between the estimated saliency position and 

the measured rotor position is obtained for each operation point. The process is 

repeated for positive and negatives speeds and the average result is shown in Fig. 6.2 

together with the theoretical stator flux position as calculated form: 

9S = arctan 
tg L4 

(6.2) 
wm 

Ü 
G) 

0 

N 
C) 
N 
ca 

CL 

10 ................................... ............. ....... 

Theoretical stator 
flux position : 

. ---. -:. 
Measured saliency 

position 

. 10 .... ... ..... .... 

-10 -8 -6 -4 -2 02468 10 
Comanded torque current [A] 

Figure 6.2: Phase shift between rotor and estimated saliency position 
for d-axis injection method. 

In Fig. 6.2 it can be noticed that except at low loads the saliency position matches the 

calculated position of the stator flux. Because the band-pass filtering for separation of 
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the fundamental and hf currents is performed synchronously in the d-q frame, this 

curve is not influence by speed. At very low loads the estimated saliency position 
departs form the theoretical flux position; furthermore at low loads the estimation was 
found to be inconsistent, yielding different values each time the commissioning 

process was performed. This behaviour of consistency at higher loads and larger 

random errors at very low loads can be explained from the tracking nature of the 

method and the use of q-axis hf current for the saliency detection. Under sufficient 
load the hf current is always superimposed onto a constant value of iq current and 

therefore no zero crossings of the resultant current occur in the measuring y°-axis. 

This gives the method an inherent immunity to the effects to the inverter non- 
linearities and allows for successful tracking of the maximum saliency which is 

dominated by stator saturation. Under very low loads the hf current constantly crosses 

zero and therefore the saliency information is affected by distortion produced by the 

inverter non-linearities, yielding noisier estimation. If the low load portion of the 

curve in is omitted, Fig. 6.2 provides strong evidence that the saliency orientation of 

the motor used in this work is dominated by stator flux. 

In order to perform the phase compensation, the values obtained for low load levels 

are discarded and the table is completed by interpolating from the sections of the 

curve obtained for larger load levels. With the commissioning of this phase shift table 

the d-axis injection method is complete and can be used for sensorless vector control 

of the PM synchronous motor. Equally, as Fig. 6.2 shows, the compensation could 

have been implemented using (6.2). This is advantageous for an industrial 

implementation, because it does not require the commissioning process, and only 

estimations of the magnitude of the magnets flux yrm and machine inductance Lq are 

necessary. 
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6.3 Comparative Experimental Results 

In this section, experimental results for both techniques, the a-(3 frame rotating 

injection including compensation, and the d-axis pulsating injection are presented. 

With the exception of the hardware band-pass filters, which are not used in the d-axis 

injection method, the hardware and software used for the implementation of both 

techniques, including the speed and position controller, are the same and are described 

in detail in Section 4.3.3. It is worth mentioning that in the a-f3 injection the speed 

estimate wr is obtained by derivation of the position estimate B, 
_ and a first order 

filter with cut-off frequency of 60 Hz is applied to suppress noise. In the d-axis 

injection method on the other hand, the w, is obtained directly from the tracking loop 

and, as discussed in section 6.2.1, this estimate has a bandwidth of 34 Hz. The control 

structure, for both sensorless methods, is depicted in Fig. 6.3. 

q Or 
24(s+63) 377 Current 

kr, =0.7 
s+ 135 s+ 377 controlled 

6Wr l"= i) 
drive 

Position Speed Current 

controller controller reference filter 

a'ß d-axis 
injection injection 

L 
777 

+ 377 
Sensorless position 

estimation 
er 

Figure 6.3: Control structure for sensorless operation. 

6.3.1 Step Changes in Position Demand 

A series of positive and negative steps in position demand corresponding to half a 

mechanical turn, i. e. 540° electrical, are applied to test the dynamic performance of 

the control loops including the position estimation algorithm. The test is repeated 

under load values of 0,50 and 100% to show the viability of sensorless position 

control at any load and to assess the effect of load in the quality of the estimation. 
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i. Zero load 

The result for sensorless position with a-ß rotating voltage injection under zero load 

is shown in Fig. 6.4. The actual rotor position response correspond to a dominant real 

pole (as designed) and the estimated rotor position shows a good correspondence with 

the measured value. The estimation error, calculated as the difference between the 

measured rotor angle B,, and the estimated value Or is shown in Fig. 6.5. Under 

steady state this error presents no significant offset and a ripples that is bounded to 

±5° electrical (or ±1.7° mech. ). However, during transients the error increases 

exceeding 14° electrical. The reasons for this increase of the error during transient is 

discussed later in this section. 
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Figure 6.4: a-ß rotating injection sensorless position control at no load; top: measured rotor 
position, bottom: estimated rotor position. 
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Figure 6.5: a-ß rotating injection rotor angle estimation error at no load. 
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The results for the d-axis injection are shown in Fig. 6.6 and Fig. 6.7. The position 

response shows similar dynamics although some disturbance is observable during 

position settling. This disturbance may be produced by the cogging of the machine in 

which rotor the rotor magnets try to align with the rotor teeth in the position of 

minimum reluctance. This cogging is a machine characteristic and is present 

regardless of the sensorless technique applied for the rotor position detection. 

However, due to the lower bandwidth of the d-axis injection method it would have a 

more significant impact on the position response waveforms for this method. 

540 ......... ... ........ .................... 
360 ......... ............. ........................................ 
180 ......... ..... ....................................... 

p ....... ...... ......... 
-180 ....................... ........ .... ....... ......... 
360 ........ ........ ........ .... ....... ........... 

0 -540 ........ ........ ........ ........ ......... 

0123456 

Ü 

G1 

540 

ö 360 ........ ..... ....................... ......... 
180 ......... ..... .... ........ ....... ......... 

-180 ................................... ....... .... 
360 .................................... ....... ......... 
540 ........ .......... ....... .......... 

E 
"ü5 0123456 
W Time [s] 

Figure 6.6: d-axis pulsating injection sensorless position control at no load; top: measured 
rotor position, bottom: estimated rotor position. 

The amplitude of the ripples on the estimation error, shown in Fig. 6.7, presents a 

dependency on the settled position (probably due to the cogging), but in general is 

limited to ±13° electrical. During the transient a narrow increase in error is 

observable, reaching to 19 ° electrical on amplitude. 
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Figure 6.7: d-axis pulsating injection rotor angle estimation error at no load. 

ii. 50 % load 

The application of the load is by means of a constant torque reference to the loading 

induction machine drive. The position results for the a-ß injection method are 

presented in Fig. 6.8. There is a large error between the reference, that starts at 0 and 

steps to 5400 and -540° electrical, and both the measured and estimated rotor position. 

This error is expected and is produced by the use of only a proportional controller in 

the speed loop; this results in the need for steady state position error to compensate 

for the load torque. The selected controller design arose from the need for a low cut- 

off frequency low-pass filter in the torque demand which increases the order of the 

system and makes the design of a PI controller for this loop difficult. See sections 

4.3.2 and 4.3.3 for a more detailed discussion. Nevertheless the drive is able to hold 

the load and perform the position-steps relative to the original steady state position. 

The estimation error in Fig. 6.9, shows very good performance, with small ripples 

around zero of less than 2° electrical of amplitude (0.67° mech. ) in steady state 

operation. During transients the average value of the estimation error deviates form 

zero, to values of approximately 5° for the positive position steps and -8° for the 

negative ones. The ripples around this average value also increase during the 

transient. During the position settling the ripples on the error shows a characteristic 

increase in the amplitude (labelled abc and d) sometimes reaching up 7° electrical 

approximately. 
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Figure 6.8: a-ß rotating injection sensorless position control at 50% load; top: measured rotor 
position, bottom: estimated rotor position. 
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Figure 6.9: a-ß rotating injection rotor angle estimation error at 50% load. 

The position response for the d-axis injection under 50% load is shown in Fig. 6.10, it 

present a poorer position holding than that of a-ß injection, the disturbance having a 

greater effect on the position response. 
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Figure 6.10: d-axis pulsating injection sensorless position control at 50% load; 
top: measured rotor position, bottom: estimated rotor position. 

The estimation error shown in Fig. 6.11, again shows a dependency on the position at 

which the rotor is settled, however it is generally bounded by ±14° electrical. It is also 

noted that the error shows some constant offset whose magnitude also depends on the 

settling position, with a maximum measured value of 4° electrical. During the fast 

acceleration of the negative transients the error increases significantly to values above 

20° elec. 
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Figure 6.11: d-axis pulsating injection rotor angle estimation error at 50% load. 

iii. 100% load 

Operation under full load is possible under both sensorless schemes. As expected, the 

steady state position error relative to the reference demand is increased. The rotor 

position step response using a-ß rotating injection is shown in Fig. 6.12, the result 
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exhibiting good position holding. The maximum amplitude of the estimation error in 

Fig. 6.13 is limited to within 2° electrical under steady state. The offset produced in 

the estimation error due to the increase in speed during transients is clearly noticeable. 
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Figure 6.12: a-ß rotating injection sensorless position control at 100% load; 
top: measured rotor position, bottom: estimated rotor position. 
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Figure 6.13: a-ß rotating injection rotor angle estimation error at 100% load. 

The position control results using d-axis injection are shown in Fig. 6.14. This figure 

shows a significant deterioration in position holding with respect to the a-(3 injection 

method, with oscillations around the steady state position. 
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The estimation error is shown in Fig. 6.15 and again shows large errors under steady 

state position holding with amplitudes generally bounded by ±10° electrical but with 

peaks reaching up to 16° electrical. There is also present the characteristic larger error 

during fast accelerations. 
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Figure 6.14: d-axis pulsating injection sensorless position control at 100% load; 
top: measured rotor position, bottom: estimated rotor position. 

30 

20 
0 
- 10 

0 
ö -10 
E -20 
U) 

_-. An 

ý1I11 

y ........ 

. 

.d....... . ýý. 

".. 

. ý. L ... .ý............... 

............ .... ..... r ........... .......... 

0123456 
Time [s] 

Figure 6.15: d-axis pulsating injection rotor angle estimation error at 100% load. 

The presented results show that sensorless position control using saturation induced 

saliency tracking in a surface mounted PM machine is achievable even under loaded 

conditions, and has been demonstrated up to 100% nominal load. Therefore, the 

viability of the two voltage injection methods for this purpose has been proven. 
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From the comparison of the results for both methods several conclusions can be 

reached. Firstly it can be seen that, in general terms, the a-ß injection method 

(including SMP compensation) yields smaller steady state estimation errors than that 

of the d-axis injection techniques. The performance of the a-(3 injection position 

estimation under significant load is very good with steady state error within 2° 

electrical (0.67° mechanical). Nevertheless, the remains of dead-time distortion due to 

incomplete compensation, means that at very low loads the accuracy of the estimation 
degrades to about 5° electrical. Even so, this still significantly better than the errors 
for the d-axis injection method, which were measured to be higher than 100 electrical 
for all loading conditions. The d-axis injection method present a lower bandwidth in 

the estimation of position and specially speed (75Hz and 34Hz respectively, see 

section 6.2.1) than that of the a-ß injection. This lower bandwidth results in worse 

dynamic performance that is noticeable in the larger effect of disturbances like 

cogging and load toque variations, in the position regulation. 

A general deterioration of the accuracy of the angle estimation during transients was 

seen to occur. In the case of the a-ß rotating injection this error is most evident in Fig. 

6.9 and Fig 6.13. The main contributor to this is the phase shift produced by the 

hardware band-pass filters on the currents due to the shift in the frequency of the 

position harmonics with rotor speed, see Appendix B. The offset in estimated rotor 

position angle also produces an offset in the addressing of the SMP table, which 

deteriorates the compensation leading to increased noise in the angle estimation. 

Although compensation of this band-pass filter phase shift is theoretically possible 

(because the phase shift characteristic of the filter is known from its Bode plots), the 

estimated speed signal is too noisy for this purpose. The phase shifts introduced by 

the band-pass filters establish a limit on the speed at which this injection technique is 

applicable. In the d-axis injection on the other hand, the filtering is performed 

synchronously with the rotor speed and therefore the speed does not have such a 

negative impact in the angle estimation. The structure of the tracking loop has a 

double integration in its open loop transfer function, and this allows the tracking of a 

constant speed without stationary error. Nevertheless this structure is not able to track 

position or speed accurately under acceleration. This explains the sharp increase of 

estimation error during the transients, especially when the load assists the accelerating 
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torque (causing faster accelerations as in Fig. 6.11 and Fig. 6.15). Increasing the 

bandwidth of the tracking loop could ease this phenomenon, but this would results in 

noisier steady state estimates. 

6.3.2 Position Holding Under Load 

In previous results, the error was shown as Or - Or 
. One can also look at the motor 

position 9, itself. When this is done it is apparent that there is an external load torque 

variation due to the control of the load induction machine, producing low frequency 

oscillation in the rotor position. High bandwidth controllers would reject the 

disturbances thus minimising the amplitude of this oscillations. Nevertheless, the 

controller bandwidth has been limited by the inclusion of a filter in the iq demand. 

Therefore, if the same control design and iq filter is used, oscillations are expected 

even under sensored operation. This is indeed the case, as shown in Fig. 6.16. Also, 

the use of a proportional speed controller results in a steady-state rotor position offset. 

This is also evident under sensorless conditions as seen in Fig. 6.17. The steady state 

error, given by 6, (reference is set to zero), is -177.6° elec. at full load. 

The bandwidth restrictions on the rotor position estimation has a detrimental effect on 

the disturbance rejection capability of the loop. To compare the impact of the load 

disturbances on each strategy, measurement of the rotor position for sensorless 

operation, under full load for both techniques have being carried out. The results are 

shown in Fig. 6.17, the offset error of -177.6° having been removed. The oscillations 

produced by the load torque disturbance in sensorless mode when using the a-ß 

injection method have an amplitude of 2° electrical. The use of d-axis injection 

method on the other hand yields oscillations of 5° electrical. The comparison of the 

relative amplitudes of this oscillations (0.7 °, 2° and 5° electrical for sensored and 

sensorless with a-ß injection and d-axis injection respectively), gives a good 

indication of the bandwidth of the disturbance response of the three systems. 
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Finally, it is noted that the oscillation in Fig. 6.16 and Fig. 6.17 are at approximately 

1.3 Hz. This the excitation frequency of the 2-pole load induction machine. The 

phenomenon of excitation frequency oscillation in vector controlled drives is well 

known and arises from offset and scaling errors in the current measurement signals at 

the A/D converter (the DC errors translating into excitation frequency by the 

coordinate transformations). 
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Figure 6.16: Sensored rotor position holding (9; = 0) at 100% load. 
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6.3.3 Load Impact at Zero Speed 

The response of the sensorless position control loop to step changes in load have been 

tested. The load step is achieved by a change in the torque reference of the load 

induction machine from 0 to 60% nominal torque. The position and speed response of 

the loop using the a-ß rotating injection and d-axis pulsating injection are shown in 

Fig. 6.18 and 6.19 respectively. Both systems respond to this transient disturbance 

with a maximum transient speed of -55 rpm approximately. It is difficult to evaluate 

the speed of the response of both systems due to the influence of disturbances, 

especially in the d-axis injection method. 
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Figure 6.18: 60% load impact under a-ß injection sensorless operation; 
top: position response, bottom: speed response. 
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Figure 6.19: 60% load impact under d-axis injection sensorless operation; 
top: position response, bottom: speed response. 

6.3.4 Low Speed Reversal 

The ability of sensorless control at low speeds is assessed by speed reversals from 30 

to -30 rpm, i. e. 1.5 Hz of fundamental excitation. To avoid the steady state speed 

error due to the use of a speed proportional controller, a position ramp reference is 

given rather than a constant speed reference. This test is repeated for zero and full 

load. 

i. Zero load 

The speed and position response when no external load is applied are shown in Fig. 

6.20 and 6.21 for the sensorless operation using the a-ß injection and the d-axis, 

injection respectively. The speed response of the a-ß injection shows better speed 

holding, i. e. disturbance rejection than that of the d-axis injection where the ripple in 

the speed and position is evident, as seen in Fig. 6.21. The 6fe periodicity of this 

disturbance suggest that it may be produced by the cogging of the machine or to the 

non-linearities of the inverter manifested during the zero crossing of the fundamental 

currents. The better performance of the a-ß injection method may be explained by the 

higher bandwidth of its position estimation that would account for a better rejection of 
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the cogging effect and for the use of compensation of the inverter non-linearities by 

means of dead-time compensation and SMP tables. 
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Figure 6.20: No load sensorless speed reversal at 30 rpm using a-ß injection; 
top: rotor speed, bottom: rotor position. 
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Figure 6.21: No load sensorless speed reversal at 30 rpm using d-axis injection; 
top: rotor speed, bottom: rotor position. 
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ii. 100% load 

The results under full nominal load operation are shown in Fig. 6.22 and Fig. 6.23. 

Both sensorless implementations are able to control low speed under this loaded 

condition. The loaded operation in the a-ß injection results in a reduction in the speed 

noise. The application of load does not change significantly the magnitude of the 

effect of the 6fß disturbance in the d-axis injection sensorless system, remaining 

significantly larger than that in the a-ß injection sensorless operation. 
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Figure 6.22: Full load sensorless speed reversal at 30 rpm using a-0 injection; 
top: rotor speed, bottom: rotor position. 
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Figure 6.23: Full load sensorless speed reversal at 30 rpm using d-axis injection; 
top: rotor speed, bottom: rotor position. 

6.4 Hybrid Structure for Wide-Speed Operation 

6.4.1 Introduction 

The main motivation for the use of hf injection techniques is the failure of the 

classical model-based techniques to operate at low/zero speed which impedes the use 
of model base techniques in applications such as position control. However, the use of 

injection techniques at higher speeds operation where the model-based methods 

provide a viable alternative is hard to justify because the hf injection current produce 

extra losses and acoustic noise. It is also difficult to implement at higher speeds due to. 

practical implementation constraints such as the use of band-pass filters. For these 

reasons a combination of both methods is considered i. e.: hf injection estimation at 

low speed and mode -based_estimation for higher speeds. This approach presents the 

challenge of performing a smooth transition between the hf injection and model-based 

method and to avoid excessive perturbation in the speed estimate during the 

transition. This is particularly critical for sustained operation in or near the region of 

transition rather than fast transitions through it. In this work the smooth transition is 
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achieved by incorporating the injection estimate as part of a flux observer. This in 

addition also improves the feedback signal quality. 

6.4.2 Proposed Hybrid Structure 

A simple flux observer can be used to obtain rotor position by calculating the flux 

induced by the rotor magnets. The total stator flux can be computed as the integral of 

the stator voltage minus the stator resistive drop. In practice the commanded voltage 

is used instead of the measured value. The flux due to the rotor magnets wr is 

obtained by compensating for the flux induced by the stator current. This is referred to 

as the "voltage model" and is given by: 

yr =1 (v_ß - rsi) -LsiL rs 
(6.2) 

where all flux quantities are in the stationary a-ß frame. To avoid integration drift on 

the flux observer a negative feedback path with a small gain kl is provided. This 

results in a voltage model that is a high-pass filtered version of (6.2): 

V_1 
-rHP s+k1 s+k1 

Lst`ß = 
s+k1 

2r (6.3) 

The use of the feedback gain k1 in the integration limits the effectiveness of the 

voltage model to fundamental frequencies above the cut-off frequency of the filter. 

However, it is not the only factor that impedes the operation of the flux observer at 

low frequencies. As discussed in section 2.2, the decreasing magnitude of the induced 

back-EMF and the increasing influence of stator resistance estimation error both 

degrade the accuracy of the flux estimation and deteriorate the performance of the 

vector control. To overcome this problem, at low speed an injection method is used to 

generate an estimate of the magnet induced flux that serves as a reference for the 

voltage model at low speeds. The voltage model is forced to follow this reference by 

closing the loop with a high gain proportional controller. At higher speeds the 

injection flux estimate ceases to have a significant influence and is finally 
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disconnected. The proposed hybrid observer is shown in Fig. 6.24. This structure is 

independent of the injection method used to generate the injection position estimate 
9; ", and in the present work has been implemented with the a-ß rotating injection. 
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Figure 6.24: Hybrid flux observer structure for coupling of injection and voltage model 
estimates. 

At low speed the function f, (w, ) and f2 (w, ) have the values one and zero 

respectively, therefore the observer is described by: 

yrý = 
S{(v_ 

-isi0)+k(yrý' -y)}-LSiý (6.4) 

yielding: 

Sv+k inj 

s+k 
w' 

S+kfr 
(6.5) 

In (6.5) the rotor flux estimation is a combination of the injection estimate 0" 

dominant at low frequencies, and the voltage model estimate yrv dominant at higher 

frequencies. The injection flux estimate is filtered by the low pass characteristic of the 

closed loop reducing the noise of the rotor angle estimation. However this does not 
have a big detrimental effect on the dynamic of the estimation because, during 

transients, the voltage estimate provides a path for the estimation of the high 

frequency components of the flux. 
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At higher speeds the voltage model yields good estimations and does not need the 

injection estimate to be used as a reference. Furthermore at frequencies higher than 

the crossover ff =Z, the relative influence of the injection estimate becomes less 

significant and it can be disconnected. The disconnection of the injection estimate is 

performed gradually by reducing the controller gain by means of multiplying function 

of the speed f, (av, ). This function decreases linearly above the lower transition 

speed, reaching zero at the upper transition speed. At the same time the feedback gain 

k, is connected to avoid drifting of the flux estimator. The gain k, is multiplied by 

f2 (&, ) which is complementary to f (ci) . 
At speeds above the upper transition 

speed the functions fi and f2 have values of zero and one respectively thus reducing 

the hybrid system to the simple voltage model of (6.3). The voltage injection itself is 

turned on and off using a hysteresis band at speeds slightly higher that the upper 

transition speed. 

The value of k should be sufficiently high so the injection method dominates the 

hybrid estimation before the voltage model starts braking down at low speed due to 

the lack of back-EMF. On the other hand k must be limited so the voltage model 

dominates the estimation at the frequencies of transition to minimize the impact of the 

disconnection of the injection reference. 

Finally the feedback gain k, is chosen to be sufficiently small so it produces 

negligible phase shift of the flux estimate at the upper transition frequency. 

6.4.3 Results of Hybrid Position Estimator for Sensorless 
Operation 

The proposed hybrid system has been implemented with the following parameters: the 

lower and higher threshold speeds have been set to 400 and 600 rpm, i. e. 13.3 and 

20% of nominal speed. The controller gain is set to k= 94.3 giving a crossover 

frequency of 15 Hz and the voltage model feedback gain set to k, = 12.6. 
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Experimental results obtained for sensorless speed reversals and position step 

response are presented in this section. 

A speed reversal from 1500 rpm to -1500 rpm under no load has been carried out. 

Note that both initial and final speeds are in the region where only the voltage model 

is operative. The speed response, in Fig. 6.25, shows a smooth transition in and out of 

the low speed region. In Fig. 6.26 the measured position and the estimated value are 

shown in the same plot to emphasise the good correspondence of both variables. In 

the same figure, the bottom plot show the injection estimated only at low speed during 

the period in which it is used for driving the hybrid estimation. 
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Figure 6.25: Speed response of sensorless speed reversal at no load; top: measured speed, 
bottom: estimated speed. 
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Figure 6.26: Position response of sensorless speed reversal at no load; top: measured and 
estimated rotor position, bottom: injection position estimation. 

The good performance of the hybrid estimation is maintained for operation under 

load. Figures 6.27 and 6.28 show a similar speed reversal transient at 100% nominal 

load. In this case the acceleration is faster because the load torque assists the drive's 

electric torque. Very good speed estimation is seen in Fig. 6.27, especially during 

motoring operation, i. e. positive speed. A steady state error in the tracking of the 

speed reference (±1500 rpm) is seen. As already discussed, this is caused by the use 

of only a proportional controller in the speed loop. In the speed estimate, shown in the 

bottom plot of Fig. 6.27, an error is appreciable during the transition between the 

injection estimate region to the voltage model estimate region. This is due to the large 

acceleration of the rotor that produces a fast transition; small differences between the 

two rotor angle estimates will result in speed errors during the transition. 

Nevertheless, this condition of operation results in transition at maximum 

acceleration, i. e. worst case, and it can be seen that the speed estimate error is limited. 
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Figure 6.27: Speed response of sensorless speed reversal at 100% load; top: measured speed, 
bottom: estimated speed. 
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Figure 6.28: Position response of sensorless speed reversal at 100% load; top: measured and 
estimated rotor position, bottom: injection position estimation. 

The presented speed reversals results show good transition through zero speed. 

However, more critical is sustained sensorless operation at low/zero speed. The 

operation in this condition has been tested by considering the step response of the 

sensorless position control. The results shown in Fig. 6.29 and 6.30 correspond to the 
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machine operating at no load. The magnitude of the position steps is chosen to be 100 

electrical radians, slightly over 5 full mechanical turns, and is sufficiently high for the 

machine to accelerate to speeds outside the hf injection region and in to the voltage 

model sensorless region. Figure 6.29 shows the measured and estimated rotor 

position, demonstrating that the control is maintained at zero speed. In Fig. 6.30 the 

measured and estimated speed are shown. It can be seen that the speed increases at 

constant acceleration given by the maximum torque limit, going over the 600 rpm 

threshold where the injection estimate ceases to be used. 
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Figure 6.29: Sensorless response to position demand steps at no load; 
top: measured rotor position, bottom: estimated rotor position. 

134 



Chapter 6 Closed Loop Sensorless Position and Speed Control 

2000 ttI1 

iiI1II_I1 

E 1000 
k 600 
v 

CL 
-600 

-1000 ö 
M 

-2000 0 1234567gg 10 

:......: ....:......:......:... __.: -. _.. _ 1000 ...... 
600 .... .... .... .... ... ... .... .... ä 

-600 ...........:......:......: ... ............... ;..... 
-1000 .... .-.... ...... 

w 
-2000 0123456789 10 

Time [s] 

Figure 6.30: Speed response to sensorless position demand steps at no load; top: measured 
rotor speed, bottom: estimated rotor speed. 

The result for a position step of the same magnitude under full load is shown in Fig. 

6.31. The ability to hold position indefinitely under load is demonstrated. To show the 

correct sensorless orientation of the vector control during this transient, the measured 

and estimated rotor angle are shown in Fig. 6.32 
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Figure 6.31: Sensorless response to position demand steps at full load; top: measured rotor 
position, bottom: estimated rotor position. 
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Figure 6.32: Rotor angle during sensorless position demand steps at full load; 
top: measured rotor angle, bottom: estimated rotor angle. 

The filtering action of the hybrid method at low speed is shown in Fig. 6.33 by closely 

comparing the pure injection angle estimate 9, "' with the resulting hybrid estimation 

9, for a portion of the time in which the sensorless drive is holding position under full 

load. In this figure the oscillation caused by the torque pulsations at 1.3 Hz of the 

induction machine is again appreciable. The amplitude of the position response to this 

disturbance is increased to about 3.5° electrical (from 2° electrical measured in Fig. 

6.17 when only injection is used), this presents a deterioration of the bandwidth of the 

position estimation as a result of the low-pass filtering effect of the flux observer. 

Theoretically this filtering effect should be compensated by the voltage model 

estimation. Nevertheless, at very low frequency the voltage model yields poor flux 

estimations and is ineffective in correcting the lag introduced to the injection 

estimation. This result in some deterioration of the dynamic. 
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Figure 6.33: Improvement on the angle estimation. 

Finally, to assess the smooth operation in the transition region a reference of 500 rpm 
has been given to the drive in sensorless speed control. The measured and estimated 

speeds and rotor angle are shown in Fig. 6.34. The estimated speed error is no larger 

than that of the voltage model alone when working at higher speeds, and therefore it 

can be concluded that continuous operation in the transition region between the two 

different sensorless techniques does not negatively affect the position and speed 

estimate. 
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Figure 6.34: Sensorless operation in the transition band; top: measured and estimated speed, 
bottom: measured and estimated rotor position. 
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Chapter 7 

7 Conclusions and Discussion 

The aim of the work was to demonstrate experimentally the feasibility of sensorless 

vector control at low and zero speed, including position control, of a surface mounted 

PM machine by means of saturation saliency tracking. In order to do this a4 kW 

experimental rig was constructed with an of-the-shelf SMPM, the details of the rig 

construction being the subject of Chapter 4. 

In Chapter 3a review of different injection methods for saliency tracking was 

presented. For this work, continuous hf voltage injection methods were selected due to 

their persistent excitation, their capability of providing position signal estimation at 

good bandwidth and their ease of implementation on existing PWM schemes. 

Detailed mathematical analysis of the rotating a-(3 and pulsating d-axis hf voltage 

injection methods were presented. Based on this analysis, demodulation strategies that 

maximise the rejection of the hf carrier component to improve the extraction of a 

small saliency position signal were derived for each of these methods and 

implemented experimentally. 

7.1 Saturation Saliency in Surface Mounted PM Machines. 

In Chapter 5 an experimental measurement of the saliency at different loads was 

carried out. This analysis lead to the conclusion that, although the saturation saliency 

changes in magnitude and phase due to the loading of the motor, a saliency value 

LiL5/Ls of approximately 10% is measurable at any loading condition. Also, the 
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phase of this saliency indicates that the saliency is dominated by the variation of the 

magnetizing inductance caused by stator flux, and not leakage inductance as 

suggested by some researchers. For both sensorless rotor position estimation 

strategies, this is confirmed when the phase shift is measured as a function of load. 

Although this can only be stated specifically for the machine used in this work, it is 

likely that other surface mounted PM machines of similar power level will show the 

same characteristics. The compensation of this phase shift allows for vector control at 
high loads. Lack of compensation leads to incorrect orientation of the vector control 

and loss of controllability altogether if the phase shift is considerable. This is believed 

to be the reason why in [33] only control at loads lower than 30% was achieved. 

7.2 Sensorless Control of SMPM by Saturation Saliency 
Tracking 

The experimental results shown in Chapter 6 demonstrate that saturation saliency can 

be exploited for sensorless position control of SMPM motors. Nevertheless, the small 

magnitude of this saliency leads to strong disturbances arising form three sources: (a) 

inverter non-linearity (mainly dead-time), which distorts the waveform of the hf 

currents; (b) spatial harmonics on the distribution of the saliency around the machine 

and (c) transient coupling of the torque current into the injection current frequency 

band. In this work the transient coupling phenomenon have been tackled by limiting 

the frequency content of the torque reference with a low pass filter. This was effective 

in reducing the noise, although it puts a constraint on the controller designs resulting 

in a reduced bandwidth of the speed and position loop. 

For the a-ß injection a dead-time compensation strategies were proposed. These 

strategies were effective in reducing, although not completely eliminating, the 

resulting modulation in the saliency position signals. The Space Modulation Profile 

(SMP) was introduced for compensating the machine spatial harmonics and the 

remaining dead-time effect. This technique was very effective under load, achieving 

position estimations within ±2° electrical (0.7° mech. ) in sensorless operation. The 

higher content of dead-time distortion at no load meant that the improvement by the 
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combined technique was less dramatic and errors in the position estimation where 

within ±5° electrical (1.7° mech. ). 

The d-axis injection also was shown to provide means of sensorless vector control at 

zero speed. Nevertheless, this technique can not be compensated by the SMP 

technique and the results show significant estimation error of more than 10° electrical 

regardless the loading condition. Also, the dynamic of the tracking loop used for the 

d-axis injection method reduced the performance, especially its capability to reject 

load disturbances. In conclusion, the performance of the a-ß compensated injection is 

superior in accuracy and dynamics to that obtained with the d-axis injection. 

Nevertheless, as shown in Section 6.2.2, the saliency phase shift correction used in the 

d-axis injection method can be implemented analytically, yielding simple 

implementation that does not require commissioning. This makes the d-axis injection 

method more attractive for less-demanding, lower bandwidth applications. 

In this work the incorporation of the injection mechanism with a model-base strategy 

was presented and proven to provide sensorless operation over full speed range. The 

proposed structure shows a good transition between the low speed, injection-estimate 

region and the voltage-model region at higher speed. This type of hybrid structures is 

considered the best solution for full speed range sensorless operation. 

7.3 Publications 

The present work has resulted in three conference papers, which are included in 

Appendix D. An extended version of one of these papers has been submitted for 

journal publication. 

7.4 Further Work 

The improvement of the dynamic performance of the position and control loops 

requires the elimination of the torque current filter. To achieve this, the transients of 

torque current have to be decoupled from the injection currents by means of an 
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observer. The application of such a strategy to SMPM machines has yet to be 

researched. 

Also, the main limiting factor in the accuracy yielded by the voltage injection method 

was found to be the non-linearity of the power converter. The largest of these effects 

is due to dead time. The use of converters with better switching characteristics such as 

zero dead-time matrix converters, or the implementation of hardware based (FPGA) 

dead-time compensation in inverters is worth researching as a way to improve signal 

quality and hence rotor position estimates. 

141 



Appendix A Schematics 

Appendix A 

A Schematics 

In this Appendix the schematics circuit diagrams of the peripheral boards are 

presented. Details regarding the operation of the boards are also discussed. Although 

some boards are derived from designs used in previous works they have been 

included for completeness. 

A. 1 Back Plane 

The back plane consists of a buffer board and a extension board with 64 ways C type 

erurocard connectors. The pin-out of these connectors is given in Table A. 1. 

A C 

1 DGND +5VDIG 
2 DGND +5VDIG 
3 DGND /RESET 

4 NC /IACK 

5 NC R/W 

6 /WAIT /IOE 

7 Al AO 

8 A3 A2 

9 A5 A4 

10 A7 A6 

11 A9 A8 

12 All A10 

13 NC A12 

14 NC NC 

15 DGND NC 

16 DGND NC 

A C 
17 /INTI /INTO 

18 DGND TCLKO 

19 DGND NC 

20 D17 D16 

21 D19 D18 
22 D21 D20 
23 D23 D22 
24 D25 D24 
25 D27 D26 
26 D29 D28 
27 D31 D30 
28 AGND +5VANA 
29 AGND -5VANA 
30 +15V AGND 
31 -15V +15V 
32 AGND -15V 

Table A. 1. Pin-out of the back-plane connectors. 
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The control signals of the bus are: 

R/W: High for read and low for write from the C44 to the bus. 

/IOE: Low when the C44 access the bus. 

/RESET: Active low signal from C44 to reset all peripherals. 

TCLKO: (unused) C44 CPU clock pulse. 

/WAIT: (unused) Active low signal that allows the peripheral boards to extend the 

access to the bus. 

/INTO and /INT1: (unused) Interrupts request signals to the C44 module. 

/TACK: (unused) Interrupt acknowledge signal. Active low output signal to indicate 

that interrupt has being received. 

The buffer board is used to decouple the DSPLINK signals coming from the 

motherboard protecting it from possible faults on the peripheral board and reducing 

the effective length of the connector avoiding electromagnetic interference. The 

schematic circuit of the buffer board is shown in Fig. A. I. It uses bi-directional 

buffers 74F245 for the data lines and the direction of these buffers is control by the 

R\W signal. Unidirectional buffers 74F573 are used for the address and the control 

lines. Of these only the signals /INTO, /INT1 and /WAIT are read by the DSP from 

the peripheral boards, the remaining control lines are written by the DSP. So the 

buffers 74F573 are connected accordingly. 
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Figure A. 1. Back-plane buffer board schematic. 
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A. 2 Digital 110 Board 

A simple digital 1/0 board has being built for general purpose. It consists of eight 
digital inputs and eight outputs. The outputs are displays on LEDs and are used for 

monitoring events. Three of the inputs are constructed with current detecting 

optocouplers HCPL2611 and are used to read the signals of the current direction 

detection circuit. 

The decoding of the board address is executed by a 74F521 comparator. This IC is 

used to compare bits A3-A6 lines of the address bus with the board address which is 

set with a four bits wide DIP-switch. When a read or write is performed to this 

address the three less significant bits of the address bus AO-A2 are decoded by a1 of 

8 decoder 74LS138 addressing individual devices within the board. Similar address 

decoding scheme is used in all the logic boards achieving a maximum of 16 boards 

each with a maximum of 8 devices. The digital I/O board only has two devices, an 8 

bit output latch 74F273 and an 8 bit input buffer 74F245. 
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Figure A. 2. Digital 110 board schematic. 
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A. 3 Encoder Board 

The encoder transmit six differential signals: the 1024 ppr quadrature pulses A and B, 

a zero marker pulse Z and the commutation signals U, V and W. The encoder board, 

shown in Fig. A. 3 decodes the quadrature signals into a useful position count and 

provide an interface for the encoder into the DSPLINK. 

The differential signals are received trough a 25 way D type connector. This 

connector also provides the 5V to power the encoder. Differential receivers SN75173 

are used for TTL level conversion. To count the encoder pulses the quadrature 

decoder/counter HCTL2016 is used. This IC is specific for this application; it 

increments or decrements the count depending on the direction of rotation and it 

counts both edges of A and B signals, quadrupling the encoder resolution. The zero 

marker signal is used to reset the count obtaining absolute position (after a initial turn 

has been completed). This IC has a 16-bit internal counter but only 8-bit parallel 

output. Therefore two read operations must be carried out to obtain the complete 

position count. The three least significant bits of the address A2-AO are used for this 

purpose: (000) addresses the most significant byte (MSB) of the count and (001) the 

least significant byte. Additionally in the same read operation the commutation 

signals U, V and W are read, the signals separated by software masking. 

In order to use the same quadrature encoder signals A, B and Z for feedback in the IM 

load drive, a split board has been constructed. The schematic circuit of this board is 

shown in Fig. A. 4. The encoder differential signals are converted to TTL levels by a 

SN75173 differential receiver in the input. A second electrically isolated path for 

these signals is created using logic-to-logic optocouplers 740L6000. Differential line 

drivers are use to transmit each channels to the encoder board and to the Control 

Technique inverter driving the load machine. It is noted that the operation of this 

board is totally transparent for the encoder board. 
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Figure A. 3. Encoder board schematic. 
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Figure A. 4. Encoder signal split board schematic. 
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A. 4 The PWM Board 

The general layout of the board is shown in Fig. A. 5. The 82C54 timer runs from a 10 

MHz clock on the board achieving a resolution of 100 ns, the maximum pulse width 

being set to 100 µs so the values preloaded by the C44 in to the counter register (CR) 

of each timer is between 0 and 1000. This board contains only a single device and 

therefore only the address bits A6-A3 are used for address decoding. Four of the 

upper address lines A8-A12 are used as control lines for the 82C54 and the pulse 

inverting circuit: 

A8: /WR, active low write pulse for the 82C52 

A9-A10: ADDRO and ADDR1 to select TIMERO, TIMER1 or TIMER2. 

All: /GATE, active low trigger pulse for the three timers. 

A12: INVERT the PWM pulses. 

The main timer circuit is shown in Fig. A. 6. The use of address lines as strobe control 

signals /WR and /GATE of the 82C54 force the bus to be accessed twice for each 

write or timer triggering operation. In addition the CR is a 16-bit register and only an 

8-bit data input is available. So two write operations are needed to load the CR: the 

first write operation automatically accesses the LSB and the second the MSB. The 

following example shows the code for the writing of the TIMERO counter register. 

#define 
_PWMO 

OxOA0220118 

t= (int)((ta * 10e6)+0.5); 

*(_PWMO) =t« 16; 

*(_PWMO - 0x0100) =t« 16; 

*(_PWMO) =t«8; 

*(_PWMO - 0x0100) =t«8; 

/* A8=1 and addrs A9=0, A10=0 */ 

/* t is time in sec. Cik is 10 MHz */ 
/* Puts LSB in the bus */ 

/* Change A8 to zero to /WR LSB 

/* Puts MSB in the bus */ 

/* Change A8 to zero to /WR MSB */ 

The inversion is achieved by latching the INVERT signal synchronously with the 

PWM pulse using D-type latches 74F74 and passing this signal and the original pulse 

through XOR gates. The output stage is built as a current mirror to achieve immunity 

against the electromagnetic noise generated by the switching of the inverter. The 
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current mirrors produce digital current signals of amplitudes set to 0 and 10 mA, 

adequate to drive the receiving optocouplers. 

Finally the board also contains a watchdog circuit, shown in Fig. A. 7. This is a 

independent 12-bit counter built by the cascade of three 74LS 163 and count the same 

onboard 10 MHz clock. These counters are reset with the trigger of the PWM pulses. 

A failure to trigger PWM pulses will allow the watchdog counter to reach the trip 

value set by the dipswitches (1152) and trigger a TIP signal. 
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Figure A. 5. PWM board schematic. 
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Figure A. 6. Timer circuit schematic. 
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Figure A. 7. Watchdog circuit schematic. 
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A. 5 The Analogue to Digital Converter Board 

The A/D board consists of four identical channels based on the 16-bit analogue to 

digital converter LTC1605. The general layout of the board is shown in Fig. A. S. The 

address decoding of this board is similar to that of the previous boards. Each channel 

is address individually for read operations by the four lower addresses of A2-AO. An 

access to the next address (100) is used to trigger the conversion of the four channels. 

The schematic of the A/D channels is shown in Fig A. 9. A differential receiver of 

unitary gain is used in the analogue input. The acquisition/conversion time of the 

LTC1605 is 10 gs. After the conversion, the /busy signal (pin 26 of the LTC1605) 

store the converted values in to the 74F574 buffers from where they can be read 

individually by the DSP. 
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Figure A. 8. A/D board connections. 
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Figure A. 9. Single A/D channel schematic. 

157 



Appendix A Schematics 

A. 6 The Inverter Interface 

The Eurotherm inverter sends the gate pulses from a control board to the power 

circuit through a 26-way ribbon-cable. In order to interface the inverter with the DSP 

this cable is received on the interface board and the gates pulses replaced by those 

generated by the PWM board. The circuit diagram of the inverter interface board is 

shown in figure A. 10. The PWM pulses and the watchdog signals are received by 

optocouplers to provide electrical isolation. The level of these signals is adequate to 
drive the internal LED of the optocouplers HCPT2611. The inverter side of the 

electric isolation provided by the optocouplers is powered from the inverters internal 

5V power supplied that is available from the ribbon cable. 

The gate pulses going into the inverter's power board need to include dead time. The 

delay in the turn-on edge of the gate pulse is achieved by a RC circuit cascaded by a 

Schmitt trigger inverter gate 74LS14. To avoid the delay in the turn-off edge a diode 

in parallel with the resistor is used. It is important to note that the gate drive pulses in 

the power circuit are active low so that the dead-time is introduced as an overlap of 

the gate drive signal. 

The schematic in Fig. A. 11 shows the trip logic. The objective of this circuit is to 

disable the gate pulses in the event of a watchdog trip coming from the PWM board, a 

trip coming form the inverter or from the STOP switch. After any trip the disable 

signal is latched by the 74LS74. The latch can only be cleared manually by the 

RESET push button and only if the all trip signals have been cleared. 
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Figure A. 10. Interface board schematic. 
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A. 7 Current Detection Circuit 

To detect current direction in the inverter phases two back-to-back power diodes are 

connected in series with the converter as explained in subsection 5.3.2.2. The voltage 
drop in the diodes is measured with comparators to detect the current direction, as 

shown in the circuit of Fig. A. 12. Identical channels are used in each phase, these 

channels being isolated form the others because their potential varies from the 

positive to the negative DC-link potential depending on the switching state of the 

phase. The circuits are isolated using DC to DC isolated power supplies NMA0515S 

and opto-couplers (HCPT261 1) for the output current direction signal. The signals are 

then transmitted to the digital 1/0 board as current logic signals of 0-10 mA using 

current mirrors to improve noise immunity. The board is powered by an external 5V 

regulated power supply. 
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Figure A. 12. Current detection circuit 
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Appendix B 

B Phase-Shift Introduced by the Hardware 
Band-Pass Filters 

In section 3.3.1 has been shown that in a-ß rotating injection the negative sequence 

position harmonic frequency in the stationary a-ß frame is Co. - 2w, . The use of 

hardware band-pass filters, unavoidably in stator coordinates, for the separation of the 

hf injection component from the total phase current, introduces a speed dependent 

phase-shift in the position harmonic. Although the centre frequency of the filters has 

been chosen to match the injection frequency to assure zero phase shifts at zero rotor 

frequency, the change in frequency of the position harmonic when the machine is 

rotating results in a speed dependant phase-shift. The structure of the implemented 

filters is discussed and the phase shift introduced by them is analysed in this 

appendix. 

The hardware band-pass filters are created by cascading a low-pass and high-pass 

Butterworth filters, both 4th order, to obtain a centre frequency at 1 kHz which is the 

frequency of the injection voltage. The cut-off frequency of the filters have been 

chosen at values at the same logarithmic distance from this design centre frequency. 

The values of the cut-off frequency are chosen to be 1250 Hz and 800 Hz for the low- 

pass and the high-pass filters respectively. The nominal transfer functions for the 4`h 

order Butterworth filters are: 

Low pass: 
ý4 ̀ p 

H, 

SZ - 
2ý, ai,, s+Wj2P SZ ZýZCIIl 

pS 
+ W12 

p 

(B. 1 
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and high pass: 
S4 

HhP 

SZ +2ý, Wps+W. SZ +2C2whps+cohP 
(B. 2) 

Where the damping factors have the values cos(8) , 
C2 = cos(8) and the natural 

frequency values are determined by the designed cut-off frequencies col = 2z " 1250 

and Whp = 22r " 800. The Bode plot for the resulting transfer function of the cascade of 

both filters is shown in Fig. B. 1. 
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Figure B. 1: Bode plot of the hardware band-pass filters. 

Naturally the phase introduced by the filter is not a linear function of frequency. 

Nevertheless in the vicinity of the injection frequency, shown in Fig. B. 2, the phase 

can be approximated by a linear equation. In this figure the 3600 periodicity of the AC 

signals has been considered and therefore the phase curve crosses zero at the injection 

frequency. The approximate slope of this curve is given by: 

AO 
_ 

3.500 +3.46° 
= 0.348 [°/ Hz] 

Of 20 [Hz] 
(B. 3) 
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This number represent the rate of change of position harmonics phase shift per each 

Hz of deviation from the centre of the band-pass filter. The position harmonic is 

affected by double the excitation frequency. The demodulation of the saliency 

position harmonic also gives information on double the saliency position angle 2O 
. 

Therefore the rate of change of 0 given by (B. 3) defines the shift in the saliency 

position estimation Ba per Hz of excitation frequency fe 
. 

It is noted that this linear relationship is only valid at low excitation frequencies and it 

is only used for the commissioning of the SMP tables at the fixed excitation frequency 

of 3 Hz. No dynamic phase correction of saliency position estimation during 

operation is performed. 
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Figure B. 2: Bode phase plot in the vicinity of the injection frequency. 

165 



Appendix C Effect of Hardware Band-Pass Filters in d-axis Pulsating Injection 

Appendix C 

C Effect of Hardware Band-Pass Filters in d- 
axis Pulsating Injection 

In Section 3.2.2 it was mentioned that in all the implementations of synchronous 

frame pulsating injection presented in literature (normally d-axis, although q-axis also 

has been used), the band-pass filtering is performed in the rotating d-q frame and 

therefore is implemented in software. This is also the case for the d-axis injection 

method presented in this work. It as been stated in Chapter 3 that the phase introduced 

by the hardware band pass filters in the measured phase current signal path will result 

in loss of orientation at any speed significantly different than zero. In this Appendix 

an mathematical proof is presented to justify this. This proof consists of the 

reproduction of the signal processing equations of the d-axis injection presented in 

Chapter 3 and in assuming a phase shift introduced by the hardware band-pass filters 

as a result of non-zero speed. The propagation of this phase through the signal will 

result in an constant error signal which would cause the tracking algorithm to diverge. 

Consider the pulsating voltage injection in the estimated saliency oriented 8'-y frame: 

[v, 
5e] 

[sin(wt) 
(C. 1) 

vY =V0 

The hf current response is 

[T. "]=4cos(o), t) LJ +AL5 cos(2A6a) 
(C. 2) iý, ` L5Lrw; -ALS sin(2A05) 
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The hf components of the currents in stationary frame can be found by the following 

transformation: 

is cos(Bo) 
iý sin& 

- sin(8a) ldc 

cos(d) 
Pr (C. 3) 

At steady state the saliency frame rotates at synchronous speed and therefore, for the 
purpose of analysis, the position of the estimated saliency frame may be written as: 

Ba = (0et +O Ba (C. 4) 

Substituting (C4) into (C. 3), the transformation to the stationary frame is given by: 

la COS(Wet+OO ) 

äß sin(wýt+08a) 

11 
-sin(tvet+086) 

[T8e] 

cos(wet + AOö) ire 

Substituting (C. 2) into (C. 5), the hf currents in stationary frame are found to be: 

äa =-2 [cos(cot-wet-M5)+cos(w, t+wet+AC3)] 

-2 [cos(w; t - wet + AC5) + cos(w, t + Wet - AC5 )] 

Ifl =2 [sin(wt-tuet-i O5)-sin(w, t+Wet+09d)] 

+2 [sin(m; t-uwet+LO5)-sin(aw; t+Wet-oBa)] 

(C. 5) 

(C. 6) 

(C. 7) 

Were the amplitude constants 10 and 1, are given by 10 =V 
Ls 

and 1, =V 
ALS 

ISIyw; 4Lyw; 

The currents given by (C. 6) and (C. 7) correspond exactly to that of (C. 2), but 

expressed in the stationary frame. 
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The hardware band-pass filters are applied to the phase currents iQ , ib and i, 

Nevertheless, for mathematical analysis they can be interpreted as directly applied to 

the stationary frame currents is and iß because these are a linear combination of the 

phase currents. Therefore, the effect that the band-pass filters have on the hf 

components of the phase currents can be directly analysed in is and %. 

The band-pass filters are design to give known phase shift at the central frequency W,. 

For the particular filter design used in this work this phase-shift is of 360° resulting in 

no effective phase shift (see bode plot shown in Fig. B. 1). Nevertheless, a larger phase 

shift will be introduced when the hf component of the current is at a frequency higher 

than the central frequency resulting in an effective lag - Oh. Equally, hf current 

components at frequencies lower than the central frequency suffer a smaller phase- 

shift resulting in an effective positive phase shift 01 or lead. 

The hf currents at the stationary frame is and iß given by (C. 6) and (C. 7), are formed 

by two rotating components, at frequencies cv; + co, and a. ' - co, . When the machine 

rotates, i. e. co, # 0, these two components move away from the centre frequency of 

the band-pass filter symmetrically and are affected by the filter phase shift - Oh and 

01 respectively. Note that in reality the magnitude of the phase shift for the two 

components are different. Nevertheless, for small values of speed these magnitudes 

are approximately equal (as shown in Fig. B. 2), i. e. Oh = 01. In what follows both 

phase shifts will be considered to have the same magnitude 0 for simplicity. 

Considering this phase shift in (C. 6) and (C. 7) the filtered hf current components, 
denoted by the super-index f, are given by: 

ää =-2 [cos(w; t - wet - Aes + 0) + cos(w; t + Wet + A68 - ý)] 
(C. 8) 

-2 [cos(w, t-(oet+A08 +0)+cos(w; t+Wet-L Os -0] 
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if= 
I° 

[sin(tvt - wt -E9 ý2ie6+ 0) - Sl n(CVýt + wt + Dea - 0)] 

(C. 9) 

+ 
4[sin(w1t 

- wet + iOd + 0) - sin(w, t + wet - AO y- 0)] 

Rotating the currents of (C. 8) and (C. 9) back to the estimated saliency frame Se-y' by: 

i-'1 
_ 

cos(U)et+OBs) sin(wt+09,5) äaf 
T ef -sin(a) t+AO ) cos(wet+AOs) Ti (C. 10) 

yields: 

[Tell 
_ 

%cos(ay, t) Ls cos(O)+OL5 cos(2A05 +o) 
ief L5L7w, -LS sin(O)-OL5 sin(2AOs +O) 

(C. 11) 

It must be noted that in the d-axis injection strategy, the quadrature component of the 

hf current vector iye is used as a measure of the misalignment between the estimated 

and actual saliency frame OBa. A tracking loop is used to adjust the orientation of 8- 

in order to drive iye to zero. If hardware band-pass filters are used, (C. 11) shows 

that, the condition of iy`f =0 doesn't result in zero orientation error 005 at 

synchronous speeds different than zero, i. e. the saliency position is tracked with error. 
Further more, if the speed is sufficiently large so that the phase shift 0 introduced by 

the band pass filters results in: 

L5 sin(O) > AL, (C. 12) 

Then the condition iye f=0 can not be satisfied and the tracking is lost completely. 

The critical value of phase shift that will cause the strategy to lose tracking can be 

calculated from (C. 12) by considering the values for the inductance of the machine. 
For the purpose of estimating the critical phase shift, the inductances of the machine 
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used in this work can be approximated by Ls =5 mH and AL, = 0.5 mH and the 

critical value of phase shift is given by: 

sin(O) = 0.1 0=5.7° 

If the band pass filters implemented for the a-ß rotating injection were to be used for 

the d-axis injection, Fig. B. 2 shows that the critical phase shift of 0=5.7° would be 

reached at a frequency of 16.3 Hz, i. e. at a rotor speed of 326 rpm. This shows that 

relatively low rotor speeds are sufficient to make the d-axis injection method fail to 

track saliency when hardware band pass filters are used. This phenomenon is 

illustrated in Fig. C. 1, this figure corresponds to a large position step under sensored 

conditions and the d-axis injection applied only for tracking. The band-pass filters 

described in Appendix B are used for separation of the injection current. During the 

position transients the rotor reaches speeds above 40 rad/sec (approximately 380 rpm) 

and the angle estimation looses track momentarily, when the rotor slow down the PLL 

locks again but the rotor position has an accumulated error of 180° electrical. 
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Figure C. 1: Position tracking using d-axis injection and hardware band-pas filters. 

170 



Appendix D Published Papers 

Appendix D 

D Published Papers 

The work has resulted in the following papers having been published: 

a Cesar Silva, Greg M. Asher and Mark Sumner, "Influence of Dead-Time 

Compensation on Rotor Position Estimation in Surface Mounted PM 

Machines using HF Voltage Injection, " in Proc. PCC Conf Osaka, Japan, on 
CD-ROM, April 2002. 

" C. Silva, G. M. Asher, M. Sumner and K. J. Bradley, "Sensorless Rotor 
Position Control in a Surface Mounted PM Machine Using HF Voltage 

Injection, " in Proc. PEMC Conf. Cavtat & Dubrovnik, Croatia, on CD-ROM, 

Sept. 2002. 

" C. Silva, G. M. Asher, M. Sumner, "An hf Signal-Injection Based Observer 

for Wide Speed Range Sensorless PM Motor Drives Including Zero Speed, " 

accepted for publication in EPE Conf, Toulouse, France, Sept. 2003. 

171 



Appendix D Published Papers 

Influence of Dead-Time Compensation on Rotor Position Estimation 
in Surface Mounted PM Machines using HF Voltage Injection 

Cesar Silva, Greg M. Asher and Mark Sumner 
School of Electrical and Electronic Engineering 
University of Nottingham, Nottingham NG7 2RD, UK 
E-Mail: csj@eee. nottingham. ac. uk 

Abstract 

This paper addresses the problem of rotor position 
estimation in a surface mounted permanent magnet 
(SMPM) machine using HF rotating voltage vector 
injection. The low saliency of these machines causes a 
relatively low magnitude of the modulated signals 
carrying the position information and engineering 
factors affect the resulting accuracy of the position 
angle estimate. The paper shows that the dominant 
effect is that of the inverter's dead time. The paper 
reviews and implements state-of the-art dead time 
compensations methods to enhance the accuracy of the 
position estimate. Experimental results show the 
numerical improvement in positional accuracy and 
prove the necessity of using good compensation 
methods for position estimation in low saliency 
machines. 

Keywords: Permanent Magnet Synchronous Machine, 
Sensorless Position Estimation, Dead Time 
Compensation. 

1 Introduction 

Permanent magnet synchronous motors have 

numerous advantages over induction machines: higher 

efficiency, higher power density and better dynamic 
performance. To control a PM machine accurate 
knowledge of the rotor position is needed and PM 
machines drives use optical encoders for position 
measurement. This reduces the overall reliability and 
increases cost. For this reason, intensive research has 
been carried out in recent years to achieve sensorless 
vector control of PM machines. The sensorless 
position detection techniques can be divided into two 
main categories. The first is that of model based 
techniques which integrate the machine back EMF to 
obtain the flux; however these strategies fail at low 
speed when insufficient back EMF is induced. The 
second utilises an injected signal to track magnetic 
silences of the machine [1], [2]. 

High Frequency carrier injection has been used for 
rotor position detection on synchronous reluctance 

machines [3] and on buried magnet PM machines [4]- 
[6]. The technique relies on differences in the magnetic 
paths of the machine, or saliency, and is characterised 
by the variation in the direct and quadrature stator 
inductance Ld and Lq. In buried magnet machines ratios 
of L. ILd are in the region of 3 or greater [7] and 
application of HF injection is relatively 
straightforward. 

The application of HF injection to SMPM machines 
is more problematic. The amount of saliency in this 
type of machines is small, with reported ratios Lq/Ld 
smaller than 1.5 [8]. Whilst these ratios are quite 
adequate in principle, the small saliencies make the 
position estimation strategy more prone to perturbance 
and noise. In this paper the voltage distortion due to 
the inverter's dead time is identified as the most 
important source of perturbance for the HF injected 
voltage method. It is also noted that because the 
intrinsic saliency of SMPM machines is lower, the 
influence of the magnetic saturation in the stator teeth, 
which causes a load dependent phase shift between the 
d axis of the machine and the derived saliency 
position, also becomes more significant. This 
"saturation saliency" is a separate effect and is not 
addressed in the paper. 

It is well known that commutation due to the finite 
turn off time of the semiconductor devises, dead time 
is needed to prevent shoot-through during the 
commutation. The dead time voltage distortion, 
although small, is significant when compared with the 
magnitude of the injected HF carrier voltage which has 
to be kept as small as possible to reduce the additional 
losses, the HF pulsating torque and acoustic noise. The 
dead-time compensation strategies investigated in this 
paper are those recently reported in [9][10][11]. It is 
noted these works addressed the improvement in the 
fundamental current waveform at low speed motor 
operation. In this paper, the dead time compensation 
techniques are exploited to improve the sensorless 
rotor position detection by reducing the perturbances 
in the HF voltage carrier. 

The paper briefly reviews the use of HF voltage 
injection method for estimating the rotor position angle 
in a SMPM machine. The dead time phenomenon is 
briefly reviewed and it's effect on the HF voltage 
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injection method is presented. The compensation 
strategy based on [9][10] is discussed and 
experimental results are shown to illustrate the 
improvement in the position estimates of the HF 

voltage injection method by means of dead time 
compensation. 

C°9J-[0 

r, Libi+L0 s LX"oJ , r, 01i-S 011, 
1 1[L' -AL, cos(20, ) -AL, sin(20, ) iQ cos(9, ) 
Lßß 

11 AL, sin(20, ) L, +AL, cos(2©, )] 

[ip [sin(9, 
) 

(1) 

2 Position estimation of SMPM machine 
through HF Rotating Voltage Vector 
Injection 

To detect rotor position by high frequency injection 

a magnetic saliency is needed in the machine. This 

means that the inductance measured in the stator 
terminals of the machine must be a function of the 
rotor position. Asymmetric rotor construction and 
magnetic saturation produce this saliency. The first 

type of saliency is fixed to the rotor and therefore 

gives absolute rotor position information. SMPM 

machines are generally considered to have 

symmetrical rotors, but a small amount of geometrical 
asymmetry is normally present due to the semi- 
insertion of the magnets into the rotor iron, as shown 
in Fig. 1. This saliency, although small, is shown here 

to be quite sufficient for rotor position estimation. 
Saturation-induced saliency on the other hand is not 
fixed to the rotor and will be affected by the stator 
currents. This will produce a load dependent shift of 
the saturation position which has to be taken in to 

account in the final design of the estimator. 
In a SMPM machine with semi-inserted magnets, as 

shown in Fig. 1, the extra iron in the quadrature 
magnetic path q and the stator's teeth saturation in the 
flux direction d result in small saliency in the effective 
air gap length. As a result, the inductance in the flux 

axis Ld is smaller than the inductance in the quadrature 
axis L. producing the stator inductance to be a function 

of the rotor position as shown in Fig. 2. 

The stator frame ((x-ß) model of a salient PM 

machine [5] is given by (1). 

d 

A high frequency rotating voltage vector Vi and 
frequency U)� (2), is superimposed on to the 
fundamental actuation voltages, and provided that (i) 
is outside the bandwidth of the current loops the 
resulting high frequency currents ii is determined by 
the high frequency impedance of the machine. Further 

more, if (u; L » r, the impedance is dominated by the 
inductance matrix and (1) can be approximated by (3). 

[va, - v; sin(w, " t) >w, 1+-` 
' vß; v, cos(w; " t) ' 

vom; L, - OL, cos(20, ) - OL, sin(20, ) 1[i., [vß ]-s[- 

OL, sin(20, ) L, + AL, cos(20, ) i,, 

(3) 

Substituting (2) in to (3) and solving for ij gives: 

L v; 
eJü, ' + 

ttL v; 
Ql(ze, -w, r) ' L2 - OL2 w; L2 - iL2 w; 

(4) 

In (4) the position information 0, is contained only 
in the negative sequence of ii and therefore this 
sequence has to be extracted. An efficient way of 
doing this is using the synchronous filter shown in Fig. 
3. The first rotation of co-ordinates converts the 
positive sequence in DC current, which can be totally 

eliminated by a high pass filter. The second rotation 
brings the negative sequence to the base-band where 
the angle information can then be extracted by mean of 
a tan'' function, a PLL or a tracking observer [1]. 

x 
E 

ä a 

, 00 

Rotor pasilion 0, 

Fig. 1. Surface mounted PM machine with 
semi-inserted magnets 

. Fig. 2. Machine stator inductance Lit 

measured at 1kHz, no-load 
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4 Dead-time compensating methods 

The dead time modulation will produce considerable 
errors in the rotor position estimation if its magnitude 
is comparable with the modulation produced by the 
rotor saliency. This is the case for an SMPM machine 
and a dead time compensation strategy is required. In 

this paper the dead time distortion is compensated by 
two complementary techniques: First a standard dead 
time compensation is implemented by advancing or 
delaying the inverter's gate pulses depending on the 
phase current direction 19]. This technique tends to be 
less accurate when the phase current is near zero due 
to current clamping. Therefore a current clamping feed 
forward compensatioi: is also implemented by 
estimating the voltage distortion due to this effect and 
adding it to the PWM voltage reference [101. 

Fig. 3. Synchronous filter to eliminate the positive 
sequence. 

3 Influence of the inverter's dead time in 
the HF voltage injection 

It is well known that the inerter's dead time 

generates a distortion on the output voltages of a PWM 

voltage source inverter. This perturbance can be 

modelled as a voltage of constant magnitude, which is 

added or subtracted to the inverter's phase voltage 
when the phase current is negative or positive 

respectively [8]. Fig. 4 shows the block diagram used 
to simulate a single-phase inductive load being exited 
by a fundamental voltage and HF injection voltage 

where the dead time perturbance voltage 1'd has being 

included using the model described above 18]. 

The simulation results of this model are presented in 

Fig. 5. When the load current iL is sufficiently small in 

magnitude its high frequency component will produce 
multiple zero crossings, this generates the dead time 

voltage distortion 1', j shown in (b). This voltage has a 
strong component at the injection frequency during the 

current zero crossing and results in a reduction in the 

amplitude of the HF current at these instants; this 

effect is called dead rillte modulation and can be seen 
in the HF current component 1; shown in (c). 

V sin (w r] 

/bnAumrnrn! + 
Eu ilrpion I 

.v+H 
L 

lead 
V dill (w 1) 

/njrrli�n 

Dead Time Model 

Fig. 4. Basic dead time model. 

4.1 Standard Dead Time Compensation 

Fig. 6 illustrates the principle of the standard dead 

time compensation. Fig 6(a) shows the reference 
voltage pulse calculated by the PWM algorithm. Fig. 
6(b) and (c) correspond to the gate signals including 

the dead time or turn on delay. The direction of the 
current, positive in this case, will produce the output 
voltage Vap of Fig 6(d); the error between Vat and 
Vao is evident. To overcame this problem the first 

edge of the reference voltage can be advance in T,.,,,,, 
p 

generating the new gate signals gl' and g2' of Figs 
6(e) and (t) respectively. This results in the output 
voltage Vao'shown in Fig 6(g). In the same way if the 

phase current i� is negative, the second edge of the 

reference voltage is advanced by T(.,,,,, 
p. 

The value of T, 
",,,,, p is approximately equal to the 

dead time Td but it can be further adjusted to take in to 
account the difference between the turn on and turn off 
times of the device. 
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Fig. 6. Standard dead time compensation by edge 
shift. 

4.2 Current Clamping Feed Forward 
Compensation 

The effectiveness of the strategy described above 

can be improved further if the current clamping is 

accounted for [101. Current clamping occurs if the 

magnitude of the phase current is sufficiently small at 

the beginning of the dead time period Td. During T, d 
the phase current is being conducted by one of the 
freewheeling diodes and it is decreasing in magnitude: 
if the phase current reaches zero during the dead time 

period the diode will become reversed bias and the 
inverter output will be floating during the remaining of 
Td. As a consequence the load phase to neutral voltage 

will not have the commanded value but will be 

determine by the load's back EMF. This phenomenon 

is illustrated in Fig. 7. T- is the zero current clamping 

time and is derived using a first-order approximation 

for the i1, b( trajectories during T1. From Fig 7 it is seen 

that, for phase a, the clamping time may be estimated 

as (5), with similar expressions for phases b and c. 

L 
T. = Tj + i;, (5) 

Van - En 

It can be shown [101 that during the current 

clamping in the phases a, b and c of the inverter, the 

stator frame voltage error are given by (6), (7) and (8) 

respectively. To solve equations (6)-(8) the back EMF 

of the respective phases Ei,, Ej, and E, is first 

estimated using a simplified model of the PM machine. 

vu_err =tun _E 

Vli_err =0 

ýýý 

Va_rrr = 
,ý 

Urn - 
ýr 

The voltages vaß r,,., (6) to (8), represent the load 
voltages error during current clamping. Compensation 
may be effected by increasing the PWM voltage 
demand by the mean voltage error during the sample 
period T, (10). If TT, estimated with (5), is smaller 
than zero or greater than T,, 

, 
it means that no current 

clamping will occur and no compensation to the PWM 

reference voltage is performed. If T- is greater than 

zero and smaller than Tj then clamping will occur 
during the next switching and the estimated error (9) is 

added to the PWM reference. 

Vc4 
_ err - vaß 

_ err 7, 
(9) 

It is noted that the current direction in the standard 
dead time compensation and the current value for the 
current clamping feed forward compensation at the 
time at which the commutation takes place should be 
known. This presents a difficulty because in most 
drives the current is sampled at the beginning of the 
previous modulation period. A software solution is 
implemented in this work using a step by step linear 

current predictor [11]. 

F 
Tý 

ý`ýº 

0 

ýýtr T T2 

aý an 

Cdr ý 
3 

bý ýa 
L. '.... 

Van - Ea 

L. ý ýý vall 

Fig. 7. Zero current clamping during a commutation on 
phase a. 
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5 Experimental Results 5.2 Results with standard dead-time compensation 

In this section experimental results obtained using 
an of the shelf 6-pole 3.8kW surface magnet machine 
are presented. This motor is fed by a PWM voltage 
source inverter with a switching frequency of 5kHz 

and 21Ls of dead time. A DSP TMS320C44 solves the 
vector control, the dead time compensation algorithm 
and the rotor position estimation routine. Two line 
currents are measured using synchronised sample a 
rate of 10kHz, band-pass analogue filters and 
independent A/D channels are used to measured their 
HF current component. The injection frequency has 
being set at 1kHz. 

5.1 Results with no dead-time compensation 

Fig. 8 presents the results of the sensorless position 
estimation by HF voltage injection under full load 

operation when no dead time compensation is applied. 
Fig. 8(a) shows the phase current ia, while Fig. 8(b) 

shows the output of the demodulated HF currents (iade 

and ip d,, ) which are the outputs of the synchronous 
filter. It can be seen that when the phase current is 

crosses zero a strong distortion occurs in the 
demodulated currents. Similar distortions are observed 

when ib or i, crosses zero. Fig. 8(c) shows the 

estimation of 2 °r by means of the tracking observer 
with a band with of 100Hz. The magnitude of the 
position error is shown in Fig. 9, where the difference 
between the measured rotor angle and the estimated 
rotor angle is plotted. This error reaches a maximum 
value of 24 electrical degrees. 

A similar test is as been run with the standard dead 
time compensation introduced in section IVa. These 
are shown in Fig. 10 and it is seen that the waveforms 
significantly improve. Nevertheless errors in the 
estimation angle due to the zero current clamping can 
still be noticed in Fig. 11. Therefore the 
complementary current clamping feed forward 
compensation is used to further improve the angle 
estimation. 
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Fig. 9. Error in the rotor angle estimation without 
any dead time compensation. 

5.3 Results with current clamping feed-forward 
compensation 

Fig. 12 presents the results obtained when the dead 
time is being compensated by both techniques, i. e. 
when the current clamping feed forward compensation 
is used to enhance the standard dead time 
compensation. The distortion in the demodulated 
currents is de and ib de has been significantly reduced 
producing a better angle estimation, shown in Fig. 13 

. The error has been reduced from 24 degrees electrical 
to ±4 electrical degrees (±1.3 mechanical degrees), 
which is mostly due to the space harmonics of the 
impedance of the machine rather than to dead time 
modulation. The higher frequency spikes seen in the 
error of Fig. 13 is still due to the dead-time effect 
caused by the approximations made in the calculation 
of the zero-current clamping time. To overcome these, 
it is felt that current measurement would be necessary 
in order to accurately determine the instants at which 
the currents reach zero. 
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Abstract 
This paper presents the use of IHF voltage signal injection for tracking position in an off-the-shelf 
surface mounted permanent magnet machine. The inherent low saliency of this type of machines 
presents difficulties and makes the signal conditioning highly critical. In this paper the method of 
space-modulation profiling (SMP) is used to obtain a magnetic signature of the machine in order to 
correct for periodic errors in the position signals. Experimental results illustrate the effectiveness of 
this technique in providing position signals of high quality. These are then exploited to provide closed 
loop sensorless position control of good bandwidth. 

I. Introduction 
The control of synchronous AC machines requires the knowledge of the rotor position and speed for 
field orientation and closed loop speed and position control. Rotor shaft sensors are usually fitted 
adding to the total cost of the drive and reducing its reliability. For this reason extensive research has 
being carried out to develop sensorless strategies. Methods based on the model of the machine in 
which the back EMF is integrated to determine the linkage flux have being successfully implemented 
[1]-[3]. However, all these techniques fail at low speed due to lack of a reliable back-EMF estimate 
deriving from integrator drift and increasing sensitivity to errors in the parameter estimation. A second 
type of sensorless strategies suitable for zero and low speed operation are the so called "injection 
methods"[4]-[7]. In this methods HF voltages (or currents) signals are injected to the machine 
terminals, the position dependent inductance causing modulation in the resulting HF currents 
(voltages) that give the position information. This technique has been reported for high saliency 
machines such SR motors and buried magnets PM machines [8]-[10]. In surface mounted PM 
machines, characterised by small saliency, the technique has been tried [11] using the saliency created 
by main flux saturation, but operation was only possible at low loads. 

In this paper techniques are presented to improve signal processing associated with the voltage 
injection technique and make its application in surface mounted PM more reliable. The injection 
technique used is the injection of HF voltages on the stationary a-(3 axis [4]. It was shown in [12], [13] 
that the inverter's dead time distorts the injected HF voltage and results in distortion in the HF current. 
The paper reviews the interfering effect of dead-time compensation failure at the zero-current 
crossovers and illustrates the effect of different compensation schemes on the estimated position 
accuracy. As a particular illustration, a hardware current direction detection is implemented and 
consequent dead time compensation [14] is used to obtain a more accurate position signal whilst 
minimising software computation. However, due to the higher harmonics of the machine saliency, 
good dead-time compensation alone is not sufficient to achieve good accuracy and some further 
compensation has to be included to correct for this type of error. In [10] a direct correction of the angle 
is used for a buried magnet machine, but this approach does not include the load dependency of the 
estimation error. In the present work the space-modulation profiling (SMP) technique [ 12], previously 
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applied to induction machines in which the saliencies are of low magnitude, is presented and shown to 
provide a significant enhancement of the quality of estimated position signal. The SMP consists of 
tables of the errors in the position signals as functions of the rotor position and load and requires a pre- 
commissioning phase. This pre-commissioning is discussed. The paper finally shows excellent 
sensorless closed loop performance made possible by the low distortion of the position estimate. 

II. Position Estimation Using HF Voltage Injection 
An AC synchronous machine is said to be salient if the stator inductance measure in the direction of 
the flux Ld is different than the inductance measure in the direction of the torque producing axis Lq. 
This difference is caused by asymmetry in the rotor design, as in the case of synchronous reluctance 
and interior magnets PM machines and/or by main flux saturation, as in surface mounted PM 
machines. The a-ß model of a synchronous PM machine in the stator reference frame including the 
saliency is given by (1). It can be seen that due to the saliency the relation between the stator voltage 
and currents, or inductance matrix, is a function of the rotor position. 

1Vcl Q 1Q S0O 
kiLo 

rs lb 
+0S 

Xxß 

[E, 
- AL, cos(2o, ) - OLS sin(2A, ) ][a1+10S(0r)1 

AL, sin(20, ) L3 + ALS cos(20r) im 
[Sifl(O)j 

where : 

L +L L -L Ls= andAL, = 9° 
22 

To extract the position information contained in the inductance matrix of (1) the HF rotating voltage 
vector given by (2) is added to the stator voltages. 

1vom, 
v- sin(w, t) 

v 
Vol ' cos(cw, t) 

(2) 

If the injection frequency w, » co,; where ow, is the synchronous excitation frequency, the induced HF 

currents in the stator windings are given by: 

ii 
[i. [lo cos((O, t) + 1, cos(20, - (o, t) 

(3) ip, 
L1osinw. 

t+1, sjn20, -w, t) 

Where 

V, L 
and 1 V, AL 

jo . Ld Lgw' ,= Ld Lqw, 

1a_ 
Pos 

]yI, cos(20, ) 

iß_ 
p 

I, sin(20, ) 
(4) 
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In (3) can be noticed that only the negative sequence component, proportional to the saliency value, 
contains rotor position information. To extract this useful signal form the total high frequency current 
the synchronous filter of Fig.! is implemented. The first rotation of coordinates transforms the HF 
currents to a rotating frame synchronous with the voltage injection, this converts the positive sequence 
current in to DC and is completely removed using a high pass filter. Finally, a rotation back to a frame 

synchronous with the negative sequence produces the position signals at base band, as in (4). The 

angle 20, can be then extracted directly by a skin calculation or by a PLL structure. 

l eJ<<,, r+z' 

%' zor Control 
....... ----------- ------- --- 

,© 
r 

ýý tan 

Synchronous Filter 

Fig. 1. Rotating HF injection and synchronous filter. 

In a surface mounted PM machine, such that in Fig. 2, the saliency is small and not perfectly 
sinusoidal, in Fig. 2b the value of stator inductance is plotted as function of rotor position for no load 

condition. This has two major effects for the application of the voltage injection strategy. First the 
level of useful position signal is small and the distortion in the HF currents due to the inverter's no- 
linearity i. e. dead time becomes significant. Second, the saliency is not sinusoidal distributed and 
furthermore it's shape and phase shift respect to the rotor position will be load dependent º 11J; this 
will produce harmonics in the position signals in (4) and in turn will produce angle estimation errors. 
Figure. 3 shows the spectrum analysis of the position signal obtained by the direct application of 
the method. In this figure can be easily identified the fundamental at 2fß, containing the position 
information and the spurious harmonics at 4L. 8J, 10f, and 14f, these will produce distortions in the 

angle estimation. This harmonics are caused by the combined effect of the machine saliency 
harmonics and the inverters dead time. 

s 

I/ 

a) b) 

Figure 2. Surface mounted PM machine and HF inductance v/s rotor position. 
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Figure 3. Spectrums of the position signal iaPOS. 

It is well understood that the dead time in an inverter causes a distortion in the voltage applied to the 
load depending on the current direction. It also has being shown that in the case of voltage injection 
this distortion interferes with the saliency position detection producing harmonics in the position 
signals [ 121 [131. To minimize these harmonics dead time compensation is implemented in this work. 

The dead time compensation is based on the advance of the commutation of an inverter leg depending 
on the phase current direction to compensate for the loss of volts-seconds due to dead time [ 14]. This 
is achieved by advancing the ON commutation if the phase current is positive or the OFF commutation 
if the phase current is negative. 

For the purpose of the dead time compensation, the current direction can be determined by the current 
measurement at no extra cost, but the delay associated with the conversion and current measurements 
offsets will deteriorate the performance of the compensation. In this work a separate current direction- 
detection circuit, shown in fig. 4 have been used. This circuit has the disadvantage of adding 
semiconductors to the power circuitry, increasing the part count, the conduction losses and requiring 
extra isolated power supplies making it undesirable in an industrial application. Nevertheless for 

research purposes the circuit is easily implemented, gives accurate and almost instantaneous current 
direction reading. 

it is 

Fig. 4. Current direction detection circuit. 

Figure 5 presents the result of position estimation at full load when no dead time compensation is 
applied. The distinctive distortion in the position signals produced by the inverter's dead time can be 
observed at every line current zero crossing. This distortion in the position signals causes an 
estimation error of =40° electrical. Figure 6 shows the results for similar operation conditions with the 
proposed dead time compensation strategy in operation, this reduces the distortion in the position 
signal producing an angle estimation with a error no bigger than 8° electrical. 
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Fig. 6. Angle estimation with dead time compensation. 

III. Space modulation profile 

The intrinsic harmonics of the machine saliency means that the position signals will contain harmonics 

even under perfect voltage excitation. This, added to some remaining inverter dead time modulation 
due to miss match in the compensation strategy explains the error in the angle estimation shown in 
Fig. 6b. To achieve good sensorless rotor position control the accuracy of the rotor position estimation 
needs to be improved further. In this work this is done by means of spatial modulation profiling (SMP) 
[12]. 

The SMP technique consists of the use of tables to record the harmonics of the position signals as a 
function of rotor position angle. During operation the pre-commissioned tables are used to compensate 
for the distortions in the position signals in the time domain. 

A. Commissioning of the SNP 

Figure 7 shows the saliency position signals ice,. and i# p,, as a function of the rotor position angle at 
70% of load current for a number of electric cycles. In the same plots are shown the ideal traces of the 
fundamental of these currents. In this plot the periodicity of the position signal error Diamoos and 
Aißjos can be seen, this enables the characterization of this error as position dependent. 
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Fig. 8. Batch signal processing for SMP tables generation. 

The commissioning of the SMP tables is done off-line with data captured during low speed sensored 
operation of the machine at a constant load. During this test the variables position signals iayos and 
tßp,, s, rotor position 9, and torque demand i$q are captured. All the signal processing, shown in Fig. 8, 
is then performed in batch form to allow high order non-causal filtering achieving high rejection of the 
harmonics and avoiding any phase shift of the fundamental. The position signals and their 
fundamentals are subtracted to obtain the error signals Diapos and Aipý0S. These are then stored in the 
SMP table as function of the rotor position angle. To avoid random measurement errors the result is 
averaged over a large number of periods. In order to account for variations in the saliency shape due to 
the load the extraction of this profile has to be repeated for a set of different loads values obtaining 
finally the bi-dimensional SMP-tables shown in Fig. 9. 

B. Load dependent phase shift 
The use of the SMP-tables allows the extraction of the fundamental component of the position signal, 
enabling the estimation of the saliency position O. Under no load this position coincides with the rotor 
flux direction, or d axis. Under load, the stator saturation is influenced by the stator currents and will 
produce a shift of the saliency relative to the rotor flux axis, producing an offset between the estimated 
angle and the actual rotor position. In machines with a saliency dominated by rotor geometry this shift 
is negligible. Nevertheless when saturation induced saliency is being tracked as in surface mounted 
PM machines, the shift of the saliency becomes significant and has to be taken into account to achieve 
good orientation and accuracy in the position control. This phase shift is also quantified during the 
commissioning process by averaging the phase difference between the saliency angle 0S and the 
measured rotor position Or for each load value as Fig. 8 indicates. Figure 10 shows the saturation phase 
shift table obtained from the commissioning of a surface mounted PM machine; it can be seen that for 
the motoring condition the shift produced by stator teeth saturation reaches 23° electrical at maximum 
current. 
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Fig. 9. Space Modulation Profile (SMP) for a 3.82 kW surface mounted PM machine. 

Finally the complete rotor position estimation including the SMP and the saturation shift table is 

shown in Fig. 11. Here the demanded torque current is9* and the estimated rotor position angle Or are 

used to address the SMP tables to obtained the correcting quantities di ns and difp,,,. These are 
subtracted from the demodulated raw position signals iapo5 and ißjos and the result filtered to 

obtain the corrected saliency position signals ia. ' and igpý, '. The saliency angle 2O is obtained by 
direct tan" extraction from quotient of this signals. Finally as indicated in this figure, the saliency 
angle O is corrected for the saturation shift depending on the reference torque current isq* to obtain 
the rotor position estimation9, . 
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Fig 10. Saliency position shift respect to rotor angle. 
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A t) pica) rc, ult of the rotor position estimation presented above is shown in Fig. 12. The PM machine 

operates under speed control at 60 rpm and 100% load. Fig. 12b shows an angle error within 2° 

electrical. 
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Fig. 12 Steady state angle estimation, using SMP-tables. 

Finally, using the presented rotor position estimation, sensorless position control can be implemented 

as shown in Fig. l3. The controller structure consists of position and speed cascaded loops and the 
position estimated is differentiated and filtered for speed feedback. The spectral contents of the torque 
demand i, y* is band limited with the first order low pas filter shown in Fig. 13 to prevent fast transients 
in the current reference and measurement noise feeding through from exciting the HF filters, and 
hence perturbing the position estimation. 
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Fig 13. Sensorless postion control structure. 
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IV. Experimental Results 

This strategy has been tested in an experimental set-up consisting of a6 pole 3.82 kW off-the-shelf 
surface mounted PM machine fed by an inverter with a PWM frequency of 5 kHz and 2µs of dead 
time. The injection voltage is set to 20 V and at a frequency of 1kHz. The control algorithms, the rotor 
position estimation including the SMP correction and the inverter modulation is perform by a single 
TMS320C44 DSP. The loading of the machine is performed by induction machine sensored vector 
control drive. 

Figure 14 shows experimental result of sensorless position control. This test consists of step position demands of half of a mechanical turn under 50% load. Figure 14a shows the measured and the 
estimated rotor position. Fig. 14b shows the estimation error under steady state. This is within 2° 
electrical, although under dynamic conditions this error increases considerably. In Fig. 15 the drive 
operates under speed control and a constant load of 50%. Fig. 15a shows the response to a speed 
reversal command from 35 to -35 RPM, the measure and estimated rotor position are plotted. Fig. 15b 
shows the position signals and the rotor position estimation error. 
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Fig. 14. Sensorless position control under 50 % load. 
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Conclusion 
This paper has introduced the use of space modulation profiling to obtain low-distortion position 
estimates for an off-the-shelf surface mounted PM machine operating at low/zero speed and 
employing HF voltage injection on the stationary a-ß axis. This technique has been used in 
conjunction with dead time compensation to minimise errors in the estimation. The use of the profiling 
method has resulted in position estimation with an accuracy of 2° electrical (0.6° mechanical) at zero 
speed under high loaded conditions. Experimental data has being given that shows the effectiveness of 
the proposed method. The angle estimation used for field orientation and is of sufficient accuracy and 
quality for sensorless position control with closed loop bandwidths approaching 10Hz. 
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Abstract 
This paper addresses the problem of wide speed range sensorless control of a surface mount 
permanent magnet (SMPM) machine including zero speed operation. A new hybrid structure 
integrating a flux observer and signal injection techniques is proposed which results in a rotor position 
signal independent of motor parameters at low and zero speed. Experimental results are presented 
showing excellent performance for both sensorless speed and position control. 

Introduction 
Observer based sensorless control of SMPM motors relies on integrating the back-emf and hence 
deriving stator flux position. This flux position can be used directly for vector control orientation [1] 

or it can be corrected to estimate the magnet flux and hence rotor position [2]. Alternatively, the back- 

emf can be used to feed an close-loop observer to derive rotor position [3,4]. It is well known that 

such methods break down at low speeds due to the lack of back-emf induced in the stator windings 
effecting an increasing influence on parameter estimation error and measurement noise. 

In salient machines, voltage test signals can be injected and the resulting currents processed to obtain 
a rotor position estimates base on the saliency independent of the back-emf and model parameters. 
The test signal can be a continuous high frequency voltage [5-10], discrete voltage pulses [11] or 
modified PWM pulses [ 12,131. These methods work by tracking the intrinsic saliency of the machine 
arising from the difference between the d- and q-axis inductances. Even for SMPM machines, 
normally considered non-salient, the difference arising from the saturation induced by the rotor 
magnets in the stator teeth iron is sufficient for yielding robust position estimates [14]. Injection 

methods have two disadvantages however: 

(i) They introduce extra losses or transient disturbances and hence should only be used in the low 
speed region. 

(ii) The position estimates may contain low ripples that arise from the non-sinusoidal distribution 
of the saliency, coupling effects of fundamental current transients and from inverter non- 
linear effects. These ripples can be compensated for [14-16] but always effect a reduction in 
the control bandwidth in comparison with sensored methods. 

In the present work, point (i) above is addressed by changing from the hf signal injection based 
estimate to a conventional model observer at an appropriately low excitation frequency, the transition 
being achieved by incorporating the injection estimate as part of a flux observer. This does not only 
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provide a smooth transition but also improves the feedback signal quality alleviating the effects described in (ii) above. 

Fundamentals of the hf voltage injection method 
The surface mounted PM machine is normally considered non-salient. Nevertheless the iron 
saturation, mainly in the stator teeth, creates a modulation of the machines inductance. In contrast 
with inherently salient machines like interior PM machines, the saliency in SMPM machines doesn't 
correspond exactly with the rotor position. Although the saliency position AS is dominated by the 
rotor position Or (due to the high magnetic flux density imposed by the rotor magnets and the low 
stator inductances), a shift occurs in the saliency position under load due to the relative shifts in stator 
flux. The saliency is described by the minimum value of inductance LS =L- AL, which defines the 

saliency orientation Ag 
, and the maximum value of inductance Lý =L+ AL measured in the axis in 

quadrature to it. 

In this paper, the saliency detection method used at low speed consists of the injection of a hf voltage 
vector of constant amplitude rotating in the stationary a-ß frame superimposed to the reference 
voltage [7,141. The hf voltage injection is given by: 

[v. ] 
ý, - sin((o, t) 

VP cos(cw, t) 

The voltage injection results in a hf current superimposed onto the fundamental excitation current. 
This hf component can be extracted using band-pass filters centered at (o, If the injection frequency is 
significantly high, such that the machines impedance is dominated by it's inductance and the injection 
current is outside the bandwidth of the current controller, the resulting injection current can be 
approximated by: 

[iw 
_ 

10 cos(wit) + 1, cos(208 - wit) 
iß; Io sin(wit) + 1, sin(208 - wit) 

(3) 

This current can be separated into a positive and a negative sequence, which respective amplitudes Io 

and I1 are: 

Io = 
Vi L 

and I1 = 
V; OL 

lyw I-ZL. rwi 4 

The analysis of (3) and (4) shows that only the negative sequence current, proportional to the 
difference of inductance, gives information on the saliency angle. This component can be separated 
and demodulated taking advantage of its vectorial characteristic, by a low-pass filter in a reference 
frame synchronous with the negative sequence of the injection current [10]. In this work a variation of 
this method is used for improved rejection of the positive sequence injection current. This consists of 
two cascades filters: a high-pass filter synchronized with the positive sequence and a low-pass filter in 
the negative sequence frame [ 14]. The resulting demodulation yields the saliency position signals: 
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1ia_ 
ms 

]. [ 1, cos(20b ) 
iß-Ms 1, sin(208) 

(5) 

The extraction of the angle 208 is done by direct tan-' calculation, although the use of PLL-type 

structures for this purpose has also being reported on the literature [7]. The uncertainty caused by the 
180° periodicity of the saturation saliency must be solved by an appropriate starting procedure [17]. 

Due to the non-sinusoidal distribution of the saturation saliency and to nonlinear effects of the 
inverter, such as dead-time and device voltage drop, the position signal contains spurious harmonics. 
In the present work these are tackled by using the compensation method presented in [14]. However, 
the principle operation of the hybrid observer which integrates both voltage injection for low speeds 
and model-based method for the higher speeds is independent of this compensation method. Therefore 
the compensation method is omitted in this paper. 

For the correct vector control orientation of the synchronous PM machine an estimation of the rotor 
position is needed. However, in a surface mounted PM machine the signal injection method yields 
only the saliency position and a phase correction must be applied to account for the shift of the 

saturation saliency due to stator current. The phase correction curve of Fig. 1 has being determined 

empirically in a sensored commissioning process. This figure shows that, for the machine used in this 

work, the saliency approximately follows the stator flux rather than the rotor position. At low loads it 
is suspected that the deviations from the stator flux positions are due to the inverter non-linearities 
upon the injection signals rather than actual shifts in the machines saturation. 

0 
f 
5 
ä a 
2 

20 .. .- -- -- ............................ 

Tneoncal 
stator ," 

Measured 
saliency position 

.. 
w i i 

i 

. 10 ..... ... ... ... ... ... ... ... ... 

. 20 
-10 -8 -6 4 -2 02468 10 

Comanded braue current [A] 

Figure 1: Phase shift between rotor and estimated saliency position 

as function of torque current. 

The correction of the saturation phase shift completes the a-ß voltage injection method yielding rotor 

position estimation A, 
. Figure 2 illustrates the signal processing applied to the measured currents to 

determine the saliency position, and through open loop compensation to estimate the rotor position. 
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Figure 2: Signal processing of the measure currents in a-ß voltage injection. 

Model base estimation 
A simple model can be used to obtain the same information, i. e. rotor position, by calculating the flux 
induced by the rotor magnets in the stator winding. The total stator flux can be computed as the 
integral of the back-emf of the machine, the flux due to the rotor magnets obtained by compensation 
of the flux generated by the stator currents. This is usually referred as the "voltage model" and it is 
given by: 

Wr = 
1(v5 

- iSRs) - iSL5 (6) 

In the practical implementation of the flux observer, the commanded voltages are used instead of the 
actual measured values and a negative feedback path with low gain kl is provided to avoid integrator 
drift: 

w=1 (v'-iR)- s iL =S yý" r r s+k1 s 
is 

s s+k1 ss s+kI 
(7) 

The use of a low pass filter as an approximation of the pure integrator limits the effectiveness of the 
voltage model to fundamental frequencies well above the cut-off frequency of the filter. 

Hybrid system 
The low pass characteristic of (7) is not the only factor that limits the use of voltage model flux 
estimate at low speed. The decreasing signal to noise ratio of the back-emf and the increasing effect of 
the parameter estimation errors and inverter non-linearities in the model with low speed also impede 
its use. Therefore at low speed the injection estimate introduced in section I is used. To perform a 
smooth transition between both strategies, a hybrid system where the influence of the injection 
estimate increase as speeds decreases is used. The hybrid system is described by Fig. 3. In this scheme 
the injection position estimated 6; 

nß is used to construct an injection flux estimation i;,, j. This flux 

estimate serves as a reference for the model at low frequencies. At higher speeds the injection flux 
estimate ceases to have a significant influence and is finally disconnected by the speed dependent 
functions fl ((w, ) and f2 (w, ) 

. 
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Figure 3: Hybrid structure for coupling of injection and voltage model estimates. 

Low speed operation 
At low speeds the functions fi and f2 have the values one and zero respectively, therefore the 
following equation applies: 

'? 
r -1 llvs - ýsRsý + kýýº! ýrýý- Zsj's (8ý 

S 

yielding: 

s k' 
(9) Or - s+k 

w' +s+k' 

Therefore the rotor flux estimation yi, is a combination of the injection estimate 0, "i, dominant at 
low frequencies and the voltage model yi; dominant at higher frequencies. At steady state the flux is 

purely sinusoidal and therefore the flux estimate is a weighted average of both independent estimates. 
At very low speed the injection estimate is dominant and any noise on it is filtered by the low pass 
filter action of the close loop. Nevertheless this does not have a detrimental effect on the dynamic of 
the estimation because during transients the voltage estimate provides a path for the estimation of the 
high frequency components of the flux. This results in improved results from those obtained from the 
use of the injection method alone. 

Transition to model base estimation 
At higher speeds the voltage model yields good estimations and does not need the injection estimate 
to be used as a reference. Furthermore at frequencies higher than the crossover frequency fc = 2n 
the relative influence of the injection estimate becomes less significant and it can be disconnected. 
The disconnection of the injection estimate is performed gradually by reducing the controller gain by 

means of a multiplying function of the speed ff (G ,. ) 
. 

This function decreases linearly above the 
lower transition speed, reaching zero at the upper transition speed. At the same time the feedback gain 
k, is connected to avoid drifting of the flux estimator, multiplying the feedback by f2 (wr) which is 

complementary to f, (CO, ). At speeds above the upper transition speed the functions ft and f2 have 
the values of zero and one respectively, reducing the hybrid system to the simple voltage model of (7). 
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The voltage injection itself is turned on and off using a hysteresis band at a speed slightly higher than 
the upper transition speed. 

The main design criteria for the controller gain k are: 
"A value sufficiently large so the injection estimate dominating the hybrid estimation yir 

before the voltage model starts braking down at low speed because noise and error in the 
parameters. 

" In the other hand it should be sufficiently small so that the voltage model dominates the 
hybrid estimation at the lower transition frequencies. 

Finally the feedback gain k, is chosen to be sufficiently small so it produces a negligible phase shift 
of the flux estimate at the upper transition frequency. 

Experimental results 
The proposed method has been implemented in a4 kW off-the-shelf surface-mounted PM motor. This 
is a6 pole machine and with a base speed of 3000 rpm. The transition between each method is 

performed between the lower and upper threshold speeds of 400 and 600 rpm, i. e. 13.3 to 20 % of 
nominal speed. The controller gain is set to k= 94.3, giving a crossover frequency of 15 hertz and 
the negative feedback gain for convergence of the integrator is set to kl =12.6 . 

The results of a sensorless speed reversal from 1500 rpm to -1500 rpm at no load are shown in Fig. 4. 
The measured and estimated speeds are plotted and both initial and final speeds are in the region 
where only the voltage model is operative. It can be appreciated that the transition to middle and low 
speed regions are smooth. In Fig. 5 the position estimated is plotted together with the measured value 
to show the good correspondence of both variables. In the bottom plot the injection estimate is shown 
only for the period in which it is used for driving the hybrid estimation. 
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Figure 4: Sensorless speed reversal at no load; 
top: measured speed, bottom: estimated speed. 

360 ........................... . ... .............................. 
:.............:.......... 

. ............ .............. 270 ............. 

1ý ........................... ... 

......... ......... ...... .......... 
0 0.9 1 1.1 1.2 1.9 1.4 

Time tsl 

Figure 5: Sensorless speed reversal at no load; 
top: measured and estimated rotor position, 

bottom: Injection position estimation. 

The good performance of the hybrid estimation is maintain for operation under load, Fig. 6 and Fig. 7 

show a similar speed reversal transient under 100% nominal load. In this case the acceleration is faster 
because the load torque assists in the drives electric torque. In Fig. 6 very good speed estimation is 

observable, especially during motoring operation, i. e. positive speed. During the transition from 
injection to model-base estimation a small disturbance appears in the estimated speed but does not 
affect the control of the machine. 
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Figure 6: Sensorless speed reversal at full load; 
top: measured speed, bottom: estimated speed. 
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Figure 7: Sensorless speed reversal at full load; 
top: measured and estimated rotor position, 

bottom: Injection position estimation. 

The presented speed reversal results show good transition through zero speed. However even more 

critical is sustained sensorless operation at low/zero speed. The good operation in this condition is 

demonstrated by sensorless position steps results. The results shown in Fig. 8 and Fig. 9 correspond to 

reference position steps applied with the machine at no load. The magnitude of the steps is chosen to 
be 100 elec. radians, slightly over 5 full mechanical turns, and is sufficiently high for the machine to 

accelerate to speeds outside the hf injection region and in to the voltage model sensorless region 
before. Figure 8 shows the measured and estimated rotor position, demonstrating that the control is 

maintained at zero speed. In Fig. 9 the measured and estimated speeds are shown. It can be seen that 
the speed does go over the 600 rpm threshold where the injection estimate cease to be used. 
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Figure 8: Sensorless position demand steps under 
no load; top: measured rotor position, 

bottom: estimated rotor position. 
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Figure 9: Sensorless position demand step under no 
load; top: measured rotor speed, 
bottom: estimated rotor speed. 

Results for a position step of same magnitude, under full load is shown in Fig. 10 and the ability to 
hold position indefinitely under load is demonstrated. To show the correct orientation of the vector 
control during this transient, the measured and estimated angle are shown in Fig. 11. The filtering 
action of the hybrid method is shown in Fig. 12 by closely comparing the pure injection angle 

estimation 6;,, j and the resulting angle estimation Ohyb (see Fig. 3). 
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Figure 10: Sensorless position demand step under 
full load; top: measured rotor position, 

bottom: estimated rotor position. 
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Figure 11: Improvement on the angel estimation 

Conclusions 
A hybrid observer structure for deriving an estimated rotor angle at any speed has been proposed. The 
hybrid structure presents a smooth transition from a non-model based signal-injection method at low 
speed through to a model-based flux observer at higher speeds. Experimental results show good 
orientation in steady state and during transients under any load condition. The combination of the flux 

observer and the injection method right down to zero speed is shown and is seen to provide filtering 

action improving the injection angle estimate. 
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