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Abstract

This thesis presents sensorless closed-loop speed control for the synchronous reluc-
tance motor. The sensorless control is based on torque vector control. This is
believed to be the first implementation of torque vector control. It has been imple-

mented using a high-speed digital signal processor DSP9G002.

A constant current-angle controller (with rotor position sensor) for the syn-
chronous reluctance motor was also developed on the same system. This controller
was used as a benchmark for the sensorless torque vector control. It was also used to
verify simulations and constant current-angle strategies. This is believed to be the
first implementation of a number of original control strategies for the synchronous

reluctance motor.

Experimental results for semsorless operation a 120W axially laminated syn-
chronous reluctance motor are presented and compared with operation with a speed
sensor and simulations. Under sensorless operation a (constant-torque) speed range
of 400-1500rpm has been achieved. With constant-power flux-weakening operation
to the top speed was extended from 1500rpm to 2750rpm. The drive can withstand
a full-load step-change within this speed range without losing synchronism under

sensorless control.

All the necessary equations for the various aspects of the performance of torque
vector control have been developed. The effects of flux-linkage offset errors on the
speed estimator and torque estimator have been analysed. Transient errors in the

speed estimator due to sudden load changes have also been analysed.
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Definitions

Sensorless Operation without speed or shaft-position sensor
SYNCHREL = Synchronous reluctance motor (non-proprietary abbreviation)
CAC = Constant current angle controller

CCIAC = Constant current in the most inductive axis control

TVC = Torque Vector Control

PM = Permanent magnet

ADC = Analog to digital converter

DAC = Digital to analog converter

AFE = Analog front-end

Q = Rotor angle (stator reference)

0 = Absolute flux-linkage angle (stator reference)

£ — Current angle (rotor reference)

b = Voltage angle (rotor reference)

b’ = Flux-linkage angle (rotor reference, resistance corrected voltage angl

— Power factor angle

R — Phase resistance

Ld = Most inductive-axis inductance
L, — Least inductive-axis inductance
Xd = Most inductive-axis reactance
X, = Least inductive-axis reactance

= Most inductive-axis flux-linkage
= Least inductive-axis flux-linkage

f — Inductance ratio Ld/Lg
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V = Voltage space vector

<
I

=  Peak voltage vector magnitude (uneXsin - pcVzl,nk
7 = Current space vector

= Flux-linkage space vector

id = instantaneous d-axis current
iq = instantaneous (-axis current
I = instantaneous current magnitude +i3)
h = d-axis current space vector

= (-axis current space vector

T = Torque
Trr = Maximum torque
rrivx5 = Maximum torque at base speed
Pm = Mechanical power
Uy, Use = Electrical rotor speed
Um = Mechanical rotor speed
|74 = Pole pairs

T control =  Control interval

SI units are used throughout



Chapter 1

Introduction

Increasing interest lias been shown in the synchronous reluctance motor in recent
years, particularly in the axially-laminated designs. The interest in the synchronous
reluctance motor can be justified by considering the advantages of the synchronous

reluctance motor with respect to permanent-magnet and induction motors [1]:

1. It is likely to be more efficient than the induction motor since there are no

rotor copper losses. This will be especially important for low speed operation.

2. It produces comparable torque to the induction motor. Under torque vector
control or “constant-current-in-the-most-inductive-axis'* control (CCIAC) the

drive has a large overload torque capability.

3. The rotor is rugged and not subject to the temperature constraints of perma-

nent magnet motors.

4. Since it is a synchronous machine, field oriented control is relatively simple to

implement.

5. It can easily be operated under a flux-weakening regime, unlike permanent

magnet motors.

6. As the induction motor, it produces smooth torque and is quiet in operation,

unlike the switched reluctance motor.

21



22 CHAPTER 1 INTRODUCTION

The axially-laminated designs from the late 1980s onwards do not have a starting
squirrel-cage; this improves the saliency-ratio £ and hence the torque and efficiency.
Without the starting cage the synchronous reluctance motor cannot be used for
direct-on-line starts, but requires to be driven by an inverter to keep the rotor and
flux in synchronism. Most inverter drives use a sensor to measure the rotor position
to achieve this. However, the rotor position sensor has been a major complaint
against variable speed inverter drives as it is expensive and fragile, and can prevent

use in hostile environments.

Whereas sensorless control for switched reluctance motors has been heavily in-
vestigated [2. 3, 4] this has not been the case for the synchronous reluctance motor.
A promising sensorless control method developed for the synchronous PM motor
which should be applicable to the synchronous reluctance motor can be found in [5].
El-Antably proposes a method for sensorless control of the synchronous reluctance
motor in [6]; this was further developed by Bolognani [7]. Bolognani implemented
a current angle detection system; however he only observed the angle and did not

drive an inverter.

This thesis presents an implementation of fully sensorless closed-loop speed con-
trol. The controller is based around the torque vector control theory originally de-
veloped by Boldea [S]. The torque vector control implements an inner torque loop.
Closed-loop speed control has been implemented by estimating the rotor speed from
the flux-linkage vectors angular velocity. A constant current-angle controller with

a rotor position sensor has also been implemented to use as a benchmark for the

sensorless control algorithms.

1.1 Project objectives
At the start of the project there were two main problems that needed to be addressed:

1. What control algorithms to use over a wide range of speed and torque?

2. Is it possible to operate without a shaft position sensor?
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Question 1 was addressed rigorously for the first time by Betz [9]. Betz laid
down the fundamental theory, but only for an ideal motor model without losses
or saturation. Because the synchronous reluctance motor is known to be highly

non-linear, a test programme was essential to verify the predictions.

To explain question 2 the original reasons for being interested in the synchronous
reluctance motor have to be discussed. Brook Crompton (a motor manufacturer who
supported the project in its initial stages) wanted a low-cost vector-controlled drive
to compete with induction motor drives, but with simpler control. If sensorless con-
trol could be achieved it would be possible eliminate the 1000-line encoder (costing

upwards of 2?70) normally required in AC drives.

Another reason is that a wide range of applications can not stand the cost of
an encoder. Compressor drives is a very cost sensitive application that would not

stand the cost of an encoder. This is especially true for the hermetic compressor.

Hostile operating environments is another reason for wanting sensorless control.
Environmental factors that may preclude the use of encoders or resolvers are: ex-

treme temperatures (aircraft ), vibrations, dirt, etc.

The proposed sensorless system is based around a digital signal processor. The
cost of a digital signal processor is at the present equal to or more than that of
a resolver. However, in 5-20 years time the price of today’s high-performance dig-
ital signal processors will have dropped dramatically. The price of encoders and
resolvers, which are precision electro-mechanical devices, will probably remain at
their present price level. Therefore it makes sense to investigate whetter the en-

coder could be replaced by a “Sensorless control scheme”.

1.2 What’s new

This section gives an overview of what new developments are presented in this thesis.

* Experimental verification of the control strategies and simulations developed

by Betz [10]. for the constant current-angle controlled synchronous reluctance
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motor.

The torque vector control algorithm originally proposed by Boldea [8] for the
synchronous reluctance motor has been implemented on a real drive system

for the first time.

A sensorless speed estimator for the the synchronous reluctance motor under

torque vector control is proposed and implemented.

The first operational implementation of a fully sensorless closed-loop speed
controlled synchronous reluctance motor is presented. The control includes

flux-weakening operation.

An expression for selecting the appropriate flux-linkage magnitude based on
desired (full-load) torque and current angle for operation under torque vector

control has been derived.

An expression for the motor currents as functions of load under torque vector

control has been derived.

An expression for the rate of change of torque for torque vector control has

been derived.
An approximate expression for expected flux-linkage ripple has been developed.

Algorithms for flux-weakening operation of TVC have been developed and

implemented.

Advantages of flux-weakening operation under torque vector control relative

to operation under current-angle control are shown.

Analysis of the influence of flux-linkage offset on speed and torque estimates.
Analysis of the effect of load change on speed estimate.

Demonstration of speed reversals.

Demonstration of load transients.
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 Experimental investigation of the limits to lovv-speed operation with TVC.

1.3 Thesis overview

The thesis is divided into two parts. Part I is concerned with operation of the syn-
chronous reluctance motor using constant-current angle control with a rotor position
sensor. The constant current-angle controller is implemented on a high speed digital
signal processor. The philosophy behind the use of the digital signal processor, the
implementation, and results are presented. The results from Part I will be used as a
benchmark for the controls used in Part II. Part I also covers the derivation of basic

motor equations for readers unfamiliar with the synchronous reluctance motor.

Part II starts by reviewing previous works on sensorless control of the syn-
chronous reluctance motor. The principles of the torque vector control algorithm
theory originally developed by Boldea [8] are then explained. This is followed by
further analysis of the torque vector control. The actual implementation of a closed-
loop speed control system for the synchronous reluctance motor is then presented.
The effect on speed estimation of flux-linkage offsets and torque changes are anal-
ysed. Results for both fully sensorless torque vector control and torque vector control

with speed sensor are then presented.

For the reader interested in the controller hardware design a full account of the
development of the digital controller and IGBT-inverter can be found in Appendix B.

Appendix B can be useful for the reader contemplating building a digital controller.

The final two sections in the introduction presents a brief chronological account
of the development of the synchronous reluctance motor and its control. The first
section mainly describes the developments in the design of the the actual motor itself
from 1923 to 1993. The section on control strategies for the synchronous reluctance
motor is naturally shorter because field-oriented inverters only became available in
the last half of the 1980s. Before field-oriented control the performance of the motor
was mainly dictated by the rotor design. With field-oriented control the performance

objectives can be more freely chosen.
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Figure 1: Main classes of synchronous reluctance motors (Source [12])

1.4 Chronological history of the development of

synchronous reluctance motors

The salient pole synchronous reluctance motor (Fig. la-b) is one of the oldest types
of motors, predating the induction motor by many years [11]. At first it was used
only in instrumentation, but later it became more widely used due to its simplicity
and constant speed. These ecarly motors were usually limited to a few h.p. due to

low efficiency and power/weight ratio [11].

One of the first papers to thoroughly analyse the synchronous reluctance mo-
tor was by Kostko [11] (1923). Previously the general opinion had been that the
synchronous reluctance motor was inherently inferior to other types of a.c. motor.
Kostko’s paper shows that this inferiority was due to the use of poorly designed
rotors. He claims that the synchronous reluctance motor can be designed with com-
parable performance to the a.c. induction motor. Kostko realised the importance of
having a high saliency ratio (Ld/Lg), and that the way to achieve this is to divide
the rotor into separate sections along the lines of the most inductive axis. Kostko

developed the theory and proposed a segmented structure similar to Fig. lc. Kostko



14 CHRONOLOGICAL HISTORY OF THE DEVELOPMENT OF SYNCHRONOUS RELUCTANCE MOTORS 27

calculated that a motor with two sections should develop 80% of the torque of a
similarly sized induction motor (1923 design), and that with 4 sections it could
be further improved. Comparing the 4 segment motor to a salient-pole design it
gives several times the torque. The saliency ratio of this design is predicted to be
25.6. Kostko also realised that the slot-leakage flux (which prevents low Lg) can be

minimized by having a large number of segments.

Work on the synchronous reluctance motor was reviewed in the mid 1960s. The
work at this time was generally split between the salient pole (Fig. la-b) and

segmented rotor designs (Fig. lc-d).

Lee [13] produced (1960) a low-speed salient-pole synchronous reluctance motor
(Fig. 1b). The motor had a solid rotor and a hermetic-can design which limited the

saliency ratio.

The salient-pole designs were further developed by Lawrenson in 1964-67 [14,
15, 16]. A saturated saliency ratio of 2.58 for the salient-pole design was obtained.
A modified design using insulated pole-segments improved the saliency ratio to 4.5.
The segmented design had a reported average efficiency of 75% and a power factor

of 0.52.

In 1967 Fong [17] presented a synchronous reluctance motor design with a
squirrel-cage induction motor rotor with part of the peripheral iron cut away (similar

to Fig. la). The average efficiency was 50% and the power factor 0.45.

By 1970 Fong [18] had moved on to segmental rotor designs derived from Kostko's
(1923) suggested designs. Fong's design had two flux-barriers punched out of a
standard induction motor lamination. He achieved excellent an unsaturated saliency
ratio of 10.7 which was reduced to 5.5 at full load. This design compares well against
a similar induction motor. The efficiency and power-factor of the reluctance motor
were 76% and 0.7 respectively. The values for the induction motor were 77.8% and
0.87 respectively. This shows that at least for small motors (3.25 h.p. in this case)

the synchronous reluctance motor can compete with the induction motor.
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In 1972 Honsinger [19, 20] published a paper on a new intrinsically stable seg-
mented synchronous reluctance motor design. Honsinger states that there is a con-
flict between designing for high torque (high Ld/Lgq) and for large stable operating
area. His solution for obtaining a large stable operating area and high torque was
to use saturable bridges. These bridges give an inductance ratio of 1.04 at light
load and 4.15 at full load. The inductance ratios in his 1971 design [19], which did
not use bridges, are 4.5 unsaturated and 4.49 saturated. This paper shows the clas-
sical compromises needed when the synchronous reluctance motor is designed for
open-loop (and line-start) operation. Clearly the power-factor (and consequently

the efficiency) suffers at light loads because of the low inductance ratio.

The 1970s saw an increased interest in the line-start axially laminated syn-
chronous reluctance motor (Fig. If). Cruickshank [21] reported an inductance ratio
of 5.2 using a design based on a (primitive) C-core design. This design was also used
by Menzies (1972) [22, 23]. Menzies obtained inductance ratios of 4 (unsaturated)

to 2.7 (saturated).

A paper on the dynamic performance of the axially laminated synchronous mo-
tor by Rao [24] (1976) shows that the axially laminated rotor is superior to the
segmented rotor. The performance advantages are in the areas of power factor, effi-
ciency, pull-out, and pull-in torque. An inductance ratio of 6.8 and efficiency of 86%
are reported. The values for a segmental structure are 3.3 and 80% respectively. It
must be noted that the motor used is rated at 15 h.p. whereas the motors described

previously have been in the range 1-10 h.p.

In 1985 El-Antably [25] showed what is assumed to be the first, axially laminated
rotor designed not using C-cores (Fig. le). The motor was rated 15 h.p. and designed
for line-start operation. The new structure has a much larger pole-arc to pole-pitch
ratio (0.94) compared to the C-core design (0.5). The advantage of this is that the
Ld axis inductance is increased. A very good efficiency of 94% is reported for this
motor. The corresponding power factor is 0.89. This motor has become known as

“the Westinghouse (synchronous reluctance) motor'l.

The rotors presented so far have all been designed for line-start applications.
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It should be noted that the axially laminated structures presented for line-starting

have not shown any great advantages over a well designed segmented structure.

In the late 1980s there was a revival of the synchronous reluctance motor. This
was partly fuelled by disenchantment with the switched reluctance motor; but en-
abled by developments in power electronics and digital control. The use of inverter
technology meant that the design of the synchronous reluctance motor could be
changed considerably as there was no longer a need for a starting cage or damping

bars.

There appear to be two main directions of design that followed the introduction
of field oriented controls. The first design is a continuation of the axially laminated
structure, but with much finer laminations. The second design is a very simple

2-pole dumbbell-shaped rotor used in very high speed applications.

An early analysis of a 2-pole axially laminated rotor was performed by Fratta

and Vagati in [26].

The first finely axially laminated synchronous reluctance motor without a
starting-cage or damper-bars was made by Platt [1] in 1990 (Fig. le). The mo-
tor had a lamination to barrier ratio of 1:1. The number of laminations appears to
be 10. The measure inductance ratio was 10.5 unsaturated and 8.8 saturated. Only
static test results were presented. One of the claims made in the analysis is that the

rotor runs cool because there is no rotor current.

The claim made by Platt that the finely axially laminated motor operated with
a cold rotor was refuted by Marongiu and Vagati in [27]. It was shown that the
rotor losses are in the same class as the rotor losses in an induction machine. The
losses are claimed to be due to the slotted nature of the stator. It was also claimed
that this problem can be solved by reducing the number of laminations and properly

relating the number to the number of stator teeth.

A study in optimization of the rotor geometry for highest inductance ratio was
performed by Miller in [2S] (1991) and further developed by Staton in [12] (1993).

Staton showed that the maximum possible inductance ratio in a slotted stator (D132)
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with an ideal 4-pole rotor is 30 unsaturated and 14 (heavily-)saturated. The cor-
responding ratios for an axially laminated rotor are 11 and 8. Staton's rotor (Fig.
If) is different from Platt's (Fig. le) in that is uses a square shaft.,, making the

construction slightly easier.

An axially laminated 2-pole synchronous reluctance generator was presented by
Boldea in [29]. The inductance ratio for this motor was 16 saturated. As expected
2-pole designs give higher inductance ratio than 4-pole designs, mainly due to less
stator slot leakage. One of the problems with the axially laminated 2-pole designs is
that there is no shaft through the rotor. Boldea used kevlar pole holders to secure
the rotor laminations onto the shaft ends. Efficiencies of up to 92% and power

factors of 0.8 were reported.

A simple single-barrier design was presented by Miller in [28] (Fig. Id). The
design is simple, but has an inductance ratio of only 4.0. However the drive produced
50% more torque than a comparable induction motor based on equal losses. The
low-speed torque is about 30% lower than a switched reluctance of similar frame

size.

The salient-pole design has prevailed in super high-speed-motors. In 1989-91
Fukao and Chiba [30, 31, 32] reported on high-speed (48,000rpm) drives with 85%

efficiency and power factors of 0.46. The inductance ratio of this motor was 2.86.

1.5 Developments in control strategies for the

synchronous reluctance motor

The control developments of the synchronous reluctance motor are easily divided

into two groups; line-start and inverter driven.

The first group is concerned with operating from a fixed-frequency, and fixed-
amplitude voltage source. The maximum efficiency point of the motor is found in
the stable region. However, the maximum efficiency is only obtained at one specific

operating point. The efficiency of the motor is a function of the saliency ratio.
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However, the sa.liency-ra.tio can not be maximized because of need for a starting
cage. Another factor preventing optimizing for saliency ratio is that the motor
becomes less stable as the inductance ratio increases. Optimization for saliency
ratio may thus lead to less than optimum performance [33]. Most of the papers on
control of the line-start synchronous reluctance motor are concerned with design to
optimize pull-in torque, pull-out torque, efficiency, and power factor. Work in this

field has been done by Honsinger [34], Lawrenson [14], and Finch [33, 35].

With the appearance of field-oriented inverters better control strategies for the
synchronous reluctance motor became possible. The research in the control of the
synchronous reluctance motor has been concerned with establishing the performance
limitation of the system and also control strategies for optimizing various control

objectives.

The first really thorough analysis of the synchronous reluctance motor was per-
formed by Betz in 1991 [9, 10, 36]. The main limitation of this work was that it
assumed no iron-losses and no saturation. However, he showed a range of interest-
ing relationships between different control objectives for the synchronous reluctance
motor. Control objectives considered were: maximum torque per ampere control,
maximum power factor control, maximum rate of change of torque control, constant
current in the most inductive axis control, and flux-weakening operation. The con-
dition for maximum rate of change of torque had earlier (1987) been presented by

Chiba in [37].

Fratta [38] and Xu [39] looked at more special forms (spindle drive applications)

of high-speed control of the synchronous reluctance motor.

In [39] (1991) Xu also considered the influence of iron loss and saturation on
the maximum torque per ampere and maximum efficiency modes of operation. It
was found that the current angles were significantly different from what was found
when assuming an ideal motor [10]. In [40] Xu considered a method for observing
the currents actually flowing in the magnetizing branch of the circuit. He did not

consider how to control the magnetizing currents.

In 1992 Betz [41, 42] include saturation and iron-losses in his analysis. Betz
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concludes that taking variations in ironloss resistance and Ld into account does
not change the results much from when they are assumed to be constant as in [39].
Another interesting result also observed in [39] is that the current angle for maximum
efficiency is much larger than that for the ideal motor. Using a non-saturated model

(but including iron-loss) produced results very close to the ideal model.

Betz also observed that the synchronous reluctance motor model including iron
loss and saturation could be flux-weakened much the same as the ideal motor. How-
ever, the flux-weakening angle was quite different from the one for the ideal model.
An approximate solution for the flux-weakening angle which did not take into ac-
count variation in iron loss resistance or saturation was developed. However, the

approximate angle was erroneous enough to be of little real value.

In [8] Boldea shows simulations of a new control method, torque vector control,
for the synchronous reluctance motor. This method keeps constant flux-linkage
magnitude and almost all change in current occurs in the least inductive axis. T his
ensures fast torque response. Boldea also shows that his synchronous reluctance
motor can produce 5 times the rated torque of the induction motor at up to 2/3 the
rated speed. However, it must be mentioned that these results were simulations and
that the g-axis current was 10 times the rated current. Of course 10 times rated

cuirent in a real motor is not realistic.

Sensorless operation methods for the synchronous reluctance motor have been
proposed by El-Antably [6], Bolognani [7], and Boldea [8]. Works that involve

sensorless control are reviewed in Part II, Chapter 4.
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Current Angle Control using

Rotor Position Sensor
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Chapter 2

Fully Digital Constant

Current-angle Controller

2.1 Introduction

This chapter describes the development and implementation of a fully digital con-
troller for the synchronous reluctance machine. The controller uses a fast digital
signal processor, the Motorola DSP 96002. A shaft position sensor is used in the

control described in this chapter.

Basic motor equations and current angle control of the synchronous reluctance
motor will be introduced. The philosophy behind the development of the controller
will then be covered, followed by implementation and control structure details. Ex-

perimental results will be presented and compared with simulations in chapter 3.

Current angle control is one of the most obvious methods for vector control of
synchronous reluctance motors. It is particularly important to investigate this mode
of operation to have a benchmark with which the sensorless and semi-sensorless

methods used in Part II can be compared.

Another important reason for developing this control software was so that the
current angle control algorithms for the synchronous reluctance motor developed by

Betz [9] could be verified. As only a simulation program had been used to test and

35
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develop the algorithms, it was vital to back the simulations up with experimental
data. If simulations and experimental results agreed it implied that the simulations

are correct and that simulations can be used to develop further control methods.

2.2 The ideal synchronous reluctance machine

This section is concerned with the derivation of various motor quantities and in-
equations used elsewhere in this thesis. This section is intended as an introduction
for readers who are not familiar with the basic equations or operation of the syn-

chronous reluctance motor.

The stator of a normal three phase AC motor consists of three phases a, b, and
c each of which is sinusoidally distributed in the stator. The rotor of a synchronous
reluctance motor has an position dependent permeance. This is illustrated in Tig.
2. The rotor has a set of steel-laminations spaced by a noil-magnetic material. It is
clear that the permeance of the rotor is greater if flux enters the rotor in the direction
of the steel laminations (d-axis) because it will travel most of the distance through
the rotor in a high permeance material (steel). If the flux entered perpendicular to
the laminations (q-axis) it would have to travel most of the distance through a low
permeance material (air). It is this difference in reluctance that produces the torque
in the synchronous reluctance motor.

To simplify the analysis it is assumed that the motor is a synchronous reluctance
motor without any saturation effects. It is also assumed that the windings and
the space mmf are sinusoidally distributed. The notation used by Fitzgerald and
Kingsley in [43] will be used.

The relationship between applied voltage and current for each of the phases can
be written as:

vERiE (1)

where v is the phase-voltage, i is the phase-current, R is the phase resistance, and

A is the f.ux-linkage.
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Figure 2: Synchronous reluctance motor phasor diagram

The circuits a, b, and c all have their own resistance and self-inductance. Between
the circuits there are also mutual inductances. The mutual inductance and self-
inductances also vary with the rotor position a. The letter C denotes position
dependent self- or mutual-inductance. The flux-linkage can be written in matrix

form as a function of inductances as [43]:

—

'Aa'’ '"Caa  fab Cac~ o ‘
Ab — (Cha Cb Chbc ib
.Ac. Cca fcb Cce. _Qe:_

All the inductances in the above equations are functions of a and are thus time

varying.

2.2.1 Stator self-inductances

The self-inductance in a phase will always have a positive value but it will be modu-
lated by a second harmonic function due to the difference in d- and g-axis permeance.
From the diagram in Fig. 2 it can be seen that the self inductance of phase a [Caa)
will have a maximum when the rotor is aligned with the phase at a = 0° and

a = IS00. Similarly it will have minimum at a = 90° and a = 270°.
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The mmf of phase a is a cosine wave centered on the phase a axis. The peak
mmf is given by the equation Fa = Naia where Na is the effective turns number of
phase a. The mmf of phase a can then be decomposed into the rotor d-q frame by
the following equations:

Fda = FacoOSa (3)
Fgqa = Facos(a+ 90°) = —Fasina 4
where a is the angle between phase a and the d-axis.

Having decomposed the mmf wave in d and q components, the air-gap flux in

each axis can be calculated as [43]:
Ngda = FdaVgd - Favgdcosa 5
i'eqa = FqaTgy = -F aVgq Sin a (6)

where Vgd and Vgg denote the permeance coefficient in the d- and g-axis respectively.
The permeance will be here be regarded as known quantities. However, they actually

depend on machine geometry and saturation.

The air-gap flux linking phase a can now be found as:

oaa = Sgdacosa - Sggasm a @)
Agaa = Fa(Vgd cos2Q+ VggSm'2a) 8)
Apad = Na. (p*nrv’ + COS2q) )

Since inductance is the proportionality factor that relates flux-linkage to current,

the self-inductance Cgaa of phase a due to the air-gap flux can be found as:
Cgaa = =NI " + Vsn + Vad ~ cos2a) (10)
Fgaa — "gOT Lg2 dXR2Q (11)
where Lg0 is a constant term and Lg2 is the amplitude of the second harmonic [43].

To get the total self inductance of the phase, the leakage inductance, La/, of the

phase must be included [43].

£faa — Lal F Cgaa (12)

Caa — Laa0T Lg2cos?2Q (13)
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wlICFC LaaO — Pal T PgO

The self-inductance equations for all the phases are thus:

Paa PaaOT1  Pg2 cos 2(5
£bb = Laa0+ Lg:2cos(2a + 120°) (14)
Pcc — Laao+ Lg2 COs(2q — 120°)

2.2.2 Mutual inductances

The mutual inductances also have a second order harmonic because of the rotor
shape. The mutual inductance between phase a and b can be found by evaluating
the air-gap flux linking phase b when only phase a is excited. Using (7) and replacing
q by a —120°.

~gda cos(o - 120°) -  ggasin(< - 120°) (15)

Substituting in from (5) and (6):

'f'"a = Fa[Pgdcos q cos(a —120°) T Pggsina sin(a —120°)] (16)
+ ~
gha Ao Pgd4 Feq Pgd2 Feq cos(2Q — 120¢ 17

The mutual inductance bet ween phases a and b then becomes [43] (neglecting small
amount of flux not crossing air-gap):

Pgba _Nanba = —0.bLgo -f Lg2cos(2q — 120c¢ (18)

The stator mutual-inductances for all phases are thus:

Pgab — Pgba ~ —0.§Pgo-T Pg2cos(20L —120C
P'gbec — Pgeb — T Pg2COS2q (19)
Pgac — Pgca ~ ~0.5PgQ+ Lg2C0s(2q + 12QC

2.2.3 DQ-axis transformations

The motor equations in section 2.2 can be considerably simplified for synchronous

machines by transforming them into a synchronous rotor reference frame. The rotor
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reference frame is often call the d-q frame where the d or direct axis is aligned with

the rotor. The q or quadrature axis is perpendicular to the d-axis.

Taking the general case when all three phases are excited, the mmf can then be

decomposed into a d and a g-axis component [43].
Fd = NalzacosQ -f z>cos(q — 120°) + zccos(a + 120°)] (20)
Fq = Nal—iasina — z,sin(a — 120°) — icsin(a -f 120°)] (21)
The currents id and ig can be defined in a similar fashion. Arbitrary constants
kd and kg are included.
id = kd [iacosa + itcos(q — 120°) + iccos(q + 120°)] 99

lq = kq[—zasina —ibsin(o —120°) —zcsin(a + 120°)] ;23)

This can be used to simplify (20) and (21). Thus

Mo= Nmy (24)
kd
F to

9 — kq7
Notice the simplicity of (24), (25) compared to (20), (21).

The constants are chosen to simplify the performance equations described in the

next section. It is common to take kd and kg as being 2/3. Thus

id = 2/3 [zacos 0-fi Zfc.0os(0 — 120°) + zccos(q + 120°)] (26)

igq = 2/3 [—zasina -fibsin(a —120°) T icsin(a + 120°)] (27)

These transformations are often referred to as the Blondel or Park transforma-

tions.

If the motor is assumed to connected in a Y, which is usually the case for inverter
driven motors, the transforms from stator to d-q form can be written in matrix

notation as:

Id 2 cosa cos(a —120°) cos(a + 120c
(28)
99 3 —sina sin(a —120°) sin(a + 120°
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The reverse transform going from dq quantities to stator quantities can similarly

be written as:

- .
o cos Q —sin Q u

ip = €OS(Q—120°) —sin(a —120°) (29)

cos(Q £ 120°) —sin(a + 120%) 5

— S

The relationships for voltage and flux-linkage are exactly thesame and can be

written byreplacing the current by voltage or flux-linkage respectively.

2.2.4 Basic motor equations

Using the dq-transformations on the flux-linkages and currents the results are:

Ad = Ldid (30)

Xq = Lqiq €2)
These new inductances are related to those used in the previous section as follows:

Ld = Lai-f3/2(T5 T Tp2) (32)

Lg = Ld+ 3/2(L50 - Lg2) (33)

Ld and Lgq are known as the direct and quadrature synchronous inductances [43].

By using dq-transformations on the voltage equations they can be written as:

wd = Rid + ~1;,Ad — AqU (34)
a
vqg = RigqB—— g+ Xdco (35)
at
where co =da/dt the electricalangular velocity.The dq currents andvoltages are

shown in thephasor diagramFig. 2 onpage 37. Note that thephasor diagram

shows the steady-state case where the di/d¢t components are zero.

The above equations are the basic equations needed to analyse the synchronous

reluctance motor.

The sign convention adopted is that applied voltage and current into the stator

windings are positive, and that positive currents produce positive flux-linkages.
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To complete the motor equations the expressions for power and torque are

needed. The instantaneous power in the motor is given by:
P = vaia+ Vafc + vcic (36)
The power can be written in terms of dq quantities using (36) and (29) as:

P = 3/2(vdid + vqig) (37)

The torque developed can be found by using the power equation (37) and sub-
stituting the voltages using (34) and (35). Also v>is the electrical rotor speed in
radians related to the mechanical rotor speed as W= p *u;m, where p is the number

of pole-pairs. The electromagnetic torque is thus [43]:
T =] *pe(Adig- Aqid) (38)

where the torque is positive for motoring action.

Alternatively the torque can be written in terms of inductances, current magni-

tude (i = yjid-f i2) and the angle between the d-axis and the current as:
T=-2-p-(Ld-L,)-C-839)

It should be noted that the inductance Lj is a non-linear function of the current id.

The above equations fully specify the ideal Y-connected synchronous reluctance

motor in terms ofcurrents, voltages, power, and mechanical torque.

2.2.5 Current vector control for thesynchronous reluc-

tance motor

Vector control for electrical motors is in general described as control through ap-
plication of current or voltage vectors. Under vector control the current or voltage
vector is controlled in both magnitude and phase. Vector control of electrical motors
is generally accepted as a method for extracting better performance, both dynamic

and static.
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In this section the special case of vector control where the current vector mag-
nitude and phase are controlled is considered. The applicable torque equation for
this mode of operation is (39). From (39) it is clear that the torque depends on the
current angle £ (see Fig. 2), and that the maximum torque occurs with a current

angle of 45° for a fixed current magnitude.

The choice of current angle will affect the motor performance in different ways.
The current angles corresponding to different performance objectives were identified

by Betz in [9, 10] as:

1. Maximum Torque Control (MTC). This refers to the well-known maximum
torque per ampere control strategy. This is obtained with a current angle
£ = f radians. The speed at which the inverter runs out of volts using this

control method is known as the rated speed, wo.

2. Maximum Rate of Change of Torque Control (MRCTC). This refers to the
control strategy proposed in [37] where the rate of change of torque is opti-
mised. The required current angle for this is: £ = tan-1 £ where £ is the ratio

Ld/Lg.

3. Maximum Power Factor Control (MPFC). This control operates the machine
at the highest power factor obtainable. This gives the lowest ratio of inverter

kVA rating to output power. The required current angle is [10]:

£ = tan-1 (40)

4. Constant Current in the Inductive Axis Control (CCIAC). This control method
keeps the current in the most inductive axis constant and varies the current
in the least inductive (q-axis) to control the torque. Of all the strategies this
strategy gives the highest rate of change of torque at low speeds [10]. However,
at rated speed and torque the MRCTC has the highest rate of change of torque

of all the methods.

5. Field Weakening Control (FWC). When the inverter runs out of volts at high

speeds, the current angle is increased to maintain constant power. The current
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angle required for operation above rated speed is [10]:

+i)-\/(e +1i)-4 "
£ = tan (41)
Ur
It should be noted that the current angle in all cases (except certain CCIAC
conditions) is 45° or larger. This means that the operating point is intrinsically
unstable. Most controllers therefore use a rotor position sensor so that the current

vector can be placed at the desired position relative to the rotor. The motor can

thus be operated stably even at an intrinsically unstable current angle.

The control of the motor usually takes place in the dq-frame since under steady-
state all the variables are represented by DC-values. This simplifies the control
considerably, even if measured values must be transformed into dq-frame before
the control action and then transformed back into stator reference frame before

controlling the real system.

2.3 Philosophy behind DSP based synchronous

reluctance motor controller

The philosophy behind the development of this control system was to minimise the
time from when an idea is conceived until it can be tested out on an actual system.
As explained in appendix B the most flexible way to develop new control algorithms
is to use a digital processor to execute the control algorithms. It is usual to first
test out new ideas using a simulation. It is obvious that time can be saved if the
simulation code and the real-time control code could be developed in parallel. The
most efficient way of achieving this parallelism is to share the same code between

the simulation and the control program.

To implement this sharing of code it would be ideal if the two programmes were
merged into one unit in which one could select either a hardware interface to a real
motor or a simulation of a motor. In most cases a simulation and the controller

system will not use the same processor and hence not the same instruction set. By



2.3 PHILOSOPHY BEHIND DSP BASED SYNCHRONOUS RELUCTANCE MOTOR CONTROLLER 45

writing the code in a high-level language the peculiarities of a processor's instruction
set can be hidden from the programmer, and a compiler will translate the high-level
instructions into processor-specific instructions. In most cases the use of a high-
level language will result in larger and slower code than if a program was written in
assembler for a specific processor. This loss of performance must be accepted if the
development time is critical. The only way of compensating the performance is to
ensure that the real-time control system uses a processor that is sufficiently fast so
that the control does not suffer. Another advantage of high-level languages is that

the code is structured, more readable, and maintainable.

Another issue which is important for a quick development cycle is how variables
are stored. The most convenient way of performing calculations is to use floating-
point variables. When performing operations with floating-point variables one does
not have to consider factors such as scaling and variable range. Floating-point vari-
able operations however tend to be slow o1t most processors. The other type of
variables are fixed-point or integers. This type of variable demands that the pro-
grammer pays close attention to the scaling and range limitations of the variables
used. The use of fixed-point variables will generally result in the fastest program.
However, to ensure that variables are kept in range and have enough accuracy (scal-
ing) at all times can take a huge amount of time. Clearly it is desirable to use
floating-point, variables to minimize development time, and fortunately there exist
processors with floating-point hardware built in. The speed of floating-point hard-
ware can also vary considerably between processors. Floating-point digital signal
processors are generally fastest and can often execute a floating-point, multiply in one
instruction cycle. To summarise the requirements for a short idea to implementation

time is to:

I. Use a high-level language.

2. Use floating-point variables.

3. Use a fast digital signal processor with built in floating-point operations in

hardware.
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Figure 3: Original synchronous reluctance motor control structure

2.4 Adapting simulation to real-time operation

As stated in 2.3 there are great advantages in combining the operations of the
simulation and real-time control programs, as long as the processor that is going to
execute them is fast enough. The processor chosen to implement this system is a
digital signal processor (Motorola DSP96002-33) capable of executing floating-point
instructions in one instruction cycle [44]. It was thus decided to use a combined
simulation / real-time control program. The DSP96002 was also one of the fastest
floating-point digital signal processor available at the time. The DSP96002-33 has
an instruction cycle time of 60ns. However, the DSP96002-33 was found not to
be powerful enough to execute certain parts of the original simulation program in

real-time.

To speed the development of the real-time control software a simulation pro-
gramme written by Dr. R.E. Betz [42] was used as a base from which to develop a
combined simulation/real-time control version. The control structure of the original
combined control program is shown in Fig. 3. The first thing to realise from this
figure is that the program was not written with real-time operation in mind, and
would take far too long to execute if used as it is shown in Fig. 3. Consequently the

program had to be simplified even if this was contrary to the philosophy behind the

controller.



2.4 ADAPTING SIMULATION TO REAL-TIME OPERATION 47

CCIAC vq(pwm)
CURRENT
REF
SPACE ~
Si MACHINE
(0 desired VECTOR
2\;’&4 Simulation
CAC vd(pwm)
CURRENT
REF
STATE
MTC FEEDBACK CURRENT
OBSERVER AVERAGER
MPFC controL  CTRE FIELD
celac SELECTOR  rypp  WEAKENING ‘
Ld(idm)
AUTO Lookup Table iqm X'form
LOOKUP
TABLE CURRENT

TORQUE

ESTIMATOR ANGLE

CALC

Figure 4: Simplified synchronous reluctance motor control structure

Fig. 4 shows the new simplified version. The main component that has been
modified is the machine parameter estimator. In the simulation the machine param-
eter estimator used a recursive least square estimator (RLSE), this is a particularly
computational intensive process. The operation of the RLSE machine parameter
estimator is fully described in [42]. In the simulation the main motor parameters
R, ZIff, and Lgq were estimated. However, this can be simplified since Lg is known
to be fairly constant regardless of ig. R varies with temperature but is not critical
for the control. This leaves Ld-, which is dependent on id- It is important to know
Ld since it is an important part of the control equations. Ld is a strong function of
id and it can thus be estimated quite well by using a lookup-table of Ld as a func-
tion of id- The RLSE machine parameter estimator was thus replaced by a simple

lookup-table, which does not use much execution time.

The main purpose of building this controller was to provide a benchmark for
sensorless control methods. Since it was not likely that any sensorless position
control would be made, the outer position controller was also removed to increase
the execution speed. Position control was not needed to verify the constant current

control algorithms or simulations.

It should also be noted that constant speed operation is probably the mode of

operation most used.
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2.5 Control Overview

As can be seen from Fig. 4 the controller supports speed control. The speed con-
troller is a conventional PI controller which produces a current magnitude demand
signal. The current demand signal from the speed controller is limited to the max-
imum allowable motor current. The integral part of the controller is under current

limit constraint conditions prevented from saturating unnecessarily (anti-windup).

The current magnitude demand signal is then passed on to an id, ig current
reference generator. The current references generated will obviously depend on the

control selected with the control selector.

For constant current angle control methods the id current is given by id = I cos £,
and the iq current is given by ig = I sine. For CCIAC the id current is fixed and
set at a predetermined level. The ig current for CCIAC is related to the demanded

current magnitude as ig= JI2—id

The id and iq desired currents are then passed on to separate PI controllers.
The outputs from the id and ig PI regulators are desired Vd and vq respectively. To
prevent the rotational (u?) terms in (34) and (35) from causing state disturbance the
rotational voltage components in each axis are calculated in the state-feedback block
and added to the voltage demand from the PI controllers. This in effect decouples

the two dq voltage equations from each other.

The demanded Vd and vg voltages are then transformed back into stator reference
frame and used to generate a voltage space vector using the algorithm given in [45].
Fig. 5 shows the possible voltage vectors. In addition to the vectors shown there are
two zero voltage vectors. The desired voltage space vector Vrej is then decomposed
into three parts. This is illustrated in Fig. 6. Over the control interval A the
inverter voltage vector V1 is applied for a time G| and voltage vector V2 is applied
for time a2. If there is any time left after the two voltage vectors have been applied
a zero voltage vector is applied during the remaining time (A —(7'\ —02). On average

over the control interval A these voltage vectors will form the desired voltage vector
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Figure 5: PWM inverter voltage vector positions

Figure 6: Voltage space vector PWM principle

Vrtj . The duration of oq and 2 can be calculated by:

Vi1 Ker o sin(60° —7) (42)
a2 = Keer sin(7 ). (43)
\/3 \ VDC-link

The voltage vector is then applied to the machine (or simulation). The absolute
rotor position and stator phase currents (averaged over one control cycle) are mea-
sured. Using the measured rotor position the phase currents are transformed into

the dq frame.

Based on the id current Ld is estimated using a lookup table. Electromagnetic
torque is also estimated based on the estimated r+ and the measured i¢« and iq.

However, it is not used in the control algorithms.

The rotor speed, uq is calculated by taking the difference between the rotor
position a in the current control interval and the previous control interval and

then dividing by the control interval. To eliminate quantisation noise the output is
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filtered using a digital first order “RC-filter™ with a cutofF-frequency of 280 Hz. (In
the original simulation the speed was estimated using an algorithm found in [46].
The algorithm in [46] relies on knowledge of the load parameters such as inertia
and friction. However since the RLSE parameter estimator was too computational

intensive for real time implementation this could obviously not be used.)

If the rotor speed exceeds the base speed then flux-weakening operation is used.
Under flux-weakening the desired current angle is continuously updated according
to equation (41).

The auto setting on the control type selects an automatic bump-free transfer
between the CCIAC and MTC methods. CCIAC is selected for low speeds and low
torques while MTC is used for higher speeds and torques. This maximises the rate
of change of torque according to the load conditions [42]. The selection is done using

a 3-dimensional lookup table of current magnitude, speed, and inductance ratio.

2.6 Implementation of a DSP based constant

current angle controller

This section describes the hardware and software of the synchronous reluctance

motor controller.

2.6.1 Hardware

The system consists of a power-electronics unit and a DSP-control unit. The power-
electronics is designed for operation from a 415V 3-phase supply, and can handle
an output power of 7.5kYV. The power-electronics unit is capable of handling small
amount of regeneration (100W continuously) into the inverter. This can be extended

with an external resistive load.

The DSP-controller unit consists of a powerful Motorola DSP96002 operating
at 33.33 MHz, advanced 12bit analog to digital converters (ADC), 12bit digital to

analog converters (DAC) and a resolver to digital converter (RDC). The absolute
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rotor position is measured using a resolver. Motor currents are measured using
high-bandwidth flux-nulling current sensors. The DACs are used to output internal

control variables for real-time monitoring.

The philosophy behind this controller was to create a general test facility that
would enable tests of almost any sinusoidally excited machine without having to
build machine specific hardware for each type of machine. To achieve this full
digital control implemented in software is used, and has been taken to the extreme
by having the processor directly control the phase leg switching times using voltage

space vector PWM.

Full details of the power-electronics and the DSP-controller unit can be found in

Appendix B.

The control and user interface is entirely done over an RS-232 serial link. The
user can issue simple commands to control the operation of the motor and receive
status information using a simple terminal. Several of the control parameters can
be changed on-line through the terminal interface. If a computer is connected to

the controller the computer can be used to automate complex command sequences.

2.6.2 Program Structure and Operation

The control program running on the DSP was written mainly in C. with a small
part (< 1%) in assembler. The program flow is shown in Fig. 7, this follows the
conceptual control flow outlined in section 2.5 closely. Thus only particular points

of interest will be covered in this section.

The program consists of an interrupt driven main control loop and a background
processing loop, both written in C. The main control loop is executed every 576ps

(the control interval). This gives a maximum switching frequency of 1.8 kHz.

Upon entering the main routine the first task is to setup the voltage PWM
sequence. From section 2.5 it is known that the desired voltage vector is created
by applying two of the 6 possible vectors for times oq and oq. The PWM over one

control interval is implemented in hardware. First the starting vector is applied to
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the inverter, the times at which the second vector is to be applied and when the zero
voltage vector is to applied is programmed into a hardware timer. The hardware
timer will then perform the necessary switch of phaseleg states during the control

interval without the DSP having to be involved (see also B.2.7).

The phase currents are then read from the ADCs and averaged. This uses a
specific feature of the AD 1332 ADC which allows it to store 32 or 16 samples before
interrupting the processor. This interrupt was used to enter the main control inter-
rupt routine. In this implementation the ADCs are set to interrupt when 16 samples
have been acquired. The ADC sample rate is controlled by a programmable 16bit
timer, and thus the control interval can be controlled by programming the timer.
The sample frequency used is 27.7kHz, this gives a good estimate of the average
current over the control interval. The phase currents are then transformed into

dq-frame.

The transformation into dq-frame and back into stator-frame are done using
Parks equations. These equations make extensive use of cos and sin functions. The
C-library cos and sin functions had to be replaced with lookup tables as they were
far too slow. The tables used are 1024 entry 180° ones and thus have a resolution of
0.18°. This is sufficient as the resolver is set to produce 10bit results i.e. a resolution

of 0.35°.

The id and iq currents are predicted forward so that an estimate for their value
at the end of the current control interval is obtained. This is done so that the
state feedback circuit which decouples the two current PI controllers by adding the
rotational voltage terms to the desired Vd and vg voltages experiences a minimum
control delay. The prediction is done purely by looking at the rate of change of

current in each axis and projecting this forward by one control interval.

The serial communication and command processing is split between the interrupt
driven main control loop and the background processing loop. To ensure that loss
of characters will not occur, the serial input register is polled for characters at each
control interval. As the control interval is operating at 1.8kHz and the maximum

character rate is about 960 characters per second it is obvious that the DSP will not
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The interrupt routine will continuously look for a stop command character “S"

in the input stream. This is the only command that is processed by the interrupt

routine and can appear in the middle of any command stream. The action taken

is to stop the motor. Other commands are line buffered and only processed by

the background processing loop once a carriage return character is entered.

The

communication between the interrupt routine and the background routine is setup

with a double buffer and a set of semaphores.

The main reason for not processing everything in the interrupt routine is that

some of the commands are requests to print out information over the serial link. If

this was done in the interrupt routine the process would halt while characters were

printed over the serial link. This is obviously not desirable. When printing is done

in the background processing routine it will not affect the control operation as it
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only uses spare time in the control intervals to process the printing.

However, as both the interrupt and the background processing loops were written
in C, and the compiler had a rather liberal use of registers which is insufficiently
documented, all the registers had to be restored and saved when entering and leaving

the interrupt procedure. This context switching takes about 45 instruction cycles

(2.7/rs).

2.6.3 Improvements

The main improvement needed in this controller is to increase the control frequency.
Currently it is running at 1.Sklfz which is too low for high speed flux-weakening
operation. It is believed that the slow control frequency can be attributed to two

main factors.

The first factor is the quality of the code produced by the Intermetrics C com-
piler. It is generally acknowledged that the C compiler can only realise about 10%
of the DSP's potential. This can be compared to the C compiler for the AT&T
DSP32C which realises about 50% of its potential. However, this might also be due
to suitability of the different instruction sets and architectures of the two processors

with respect to generating efficient C code.

The other factor is that as the program was written in a modular and software
engineering sense correct fashion it contains a large amount of function calls. It
appears that function calls are a particularly weak point of the compiler/processor.
It should be possible to increase the speed of the program by simply removing all

function calls and replacing them with in-line code.
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Constant Current Angle Control

—Results

A simulation program was used to test the control algorithms developed by Betz
[9. 10,41. 42]. To verify the validity of these simulations they must be compared with
experimental data. In this chapter experimental and simulation data are presented

and compared.

Equally important, the experimental data creates an important set of benchmark
results. The benchmarks are used to compare sensorless control implementations

with controls operating with a position sensor.

3.1 Steady-state performance tests

The steady-state tests given in Figs. 8, 9, and 10 are used to illustrate the motor

performance with respect to current angle.

In Fig. 8 it can be seen that instead of being sinusoidally shaped, the measured
torque versus current angle is skewed towards the right. This skewing is caused by
saturation of the most inductive axis inductance Ld. When the current angle, £, is
small more current is in the d-axis causing Ld to saturate. The saturation reduces

the inductance. Thus the torque produced for a specific current magnitude becomes

55
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Figure 8 Torque vs. current angle (Jpkase = 1.7.4rms) in 120W synchronous reluc-

tance motor

lower. At high current angles the d-axis current becomes small and the inductance

approaches its unsaturated value.

This means that maximum torque is not produced at 45° as expected for an
ideal motor, but is achieved at a slightly higher current angle due to the saturation

effects.

Notice that the torque curve goes to zero before the current angle reaches zero
degrees. This is because the curve shows the load torque. The load torque is

measured after the motor friction and windage losses has occurred.

Fig. 9 shows the fundamental power factor (cosy?) of the motor. The apparent
power factor (W/VA) is not very useful for comparisons with theory because the
voltage is essentially a square-wave when the motor is operated from an inverter.
The steady-state theory does not account for square-wave voltages. Theory predicts
that the maximum fundamental power factor will occur when the current angle is
e = tan-1 Using unsaturated inductance values e becomes 70°. From the
graph the maximum fundamental power factor occurs at 75°. It can thus be said to

be good correlation between the theory and the experimental data. The calculated
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Figure 9: Fundamental power-factor (cos”) vs. current angle (/phast = F7 Arms) in
120W synchronous reluctance motor

power factor is lower than the measured power factor because resistance is not taken

into account when calculating the power factor.

The efficiency curve in Fig. 10 shows that the maximum efficiency of the motor
occurs at about the same point as the maximum torque. This is as expected since
the 120W motor has a relative large per unit resistance. The per unit resistance goes
down for larger drives (eg. above 5kW), and in that case the shape of the efficiency
curve will change. The calculated efficiency is higher than the measured because it
only takes resistive losses into account. It is also important to note that the efficiency
curve is quite fiat around its maximum efficiency point and could be varied +15°
without much variation in the efficiency. For comparison the maximum efficiency
of the synchronous reluctance motor was measured to be 68%. This compares well
with the induction motor (using the same stator) which has an efficiency of 61%.

This may again be particular to the small motor size used.
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Figure 10: Efficiency vs. current angle (/vhage =1.7 Arms) in 120W synchronous
reluctance motor

3.2 Dynamic performance test

The dynamic tests which consist of speed reversals and step-load changes are used to
verify that the simulations are valid. The experimental data also sets a benchmark

for the sensorless control method used in Part II.

The motor used in these tests is essentially the same as the one used in the other
tests except that it has a 415V stator whereas the other tests use a motor with a
115V stator. A conversion factor of 3.6 is thus needed to convert between the two

(for current and voltage). The system parameters used were:

Motor:
Ld = 2.6H(unsat)
1.7H(sat)
= 390mH
Ltphase? R = O98ft
Pole-pairs, p — 2
= 240Vrms(Y)

1 phaserated
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'phaserated = 0.47Arms
Ll,,... =  1500rpm
Trated = 0.95 Nm

Load data (motor and load):

Inertia 0.00044 kgm?2

Friction coefficient = 0.00015 Nm-s/rad

Inverter Sz control data:

VDC-link ~ 600V

Tcontrol — 5 Ie//s

Maximum inverter switching frequency = 1.8kHz

3.2.1 Simulation results

Figures 11, 12, 13, and 14 shows the motor’s response to a change of speed reference
between £1400rpm. The operating mode being used is maximum torque per ampere
control (MTC). The machine moves between these two speeds in about 150ms with
very little overshoot, and accurately follows the demanded speed in steady-state.

Notice also the the close correlation between demanded and actual torque.

Figures 15 and 16 shows the response to a step-load change in torque from 0%
to 90% of rated torque applied at 0.5s and removed at 1.25s. The control method
used here is CCIAC, whose main difference from the other control methods is that
the current in the d-axis is kept constant. As can be seen the speed dips by a small
amount when the load is applied. Figure 16 shows the increase in shaft torque as

the load is being applied. Notice also the fast rise time of the torque.

3.2.2 Experimental results

These results was obtained using the control system described in 2.6. The load

machine was a permanent magnet servo motor controlled by an Electrocraft BRU
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controller. The data was sampled at 1MHz using a 12bit Nicolet data acquisition
system. The sampled data set was reduced before plotting by averaging 100 sample
points for each point plotted. This reduces the sample frequency to 10kllz which is

more than sufficient when considering that the control frequency is 1.8kHz.

Figures 17, 18, 19, and 20 show the experimental results using a maximum
torque per ampere control (MTC) strategy doing speed reversal from -1400rpm to
-f1400rpm. The speed reversal is done in about 100-150ms, and there is negligible
overshoot. As can be seen these results agree well with the simulation results in

Figs. 11-14.

The ripple in the d-axis and q-axis currents is caused by the current demand
from the speed controller. The magnitude of the ripple is inversely proportional to
the inverter switching frequency. It is also worth noticing that the qg-axis current
has a larger amount of current ripple around the nominal desired value compared to
the d-axis current. This is because the g-axis inductance is considerably lower than

the d-axis inductance.

Other control methods such as MPFC and MRCTC did little to influence the
operation except that the speed reversal times were increased due to less available
torque. It was difficult to notice any difference in the rate of change of torque of the
different methods. To be able to take advantage of the higher torque bandwidth of
MRCTC it would obviously be necessary to increase the bandwidth of speed control

loop.

Figures 21 and 22 show the performance of the system using constant current in
the most inductive axis control (CCIAC) when applying a step-load from 0% to 90%
of the rated torque of the motor. The dip in speed is due to the limited bandwidth
and delays in the speed control loop. To really take advantage of the synchronous
reluctance machine a much higher speed control bandwidth must be used. In the
current system the speed control loop bandwidth is limited by the 1.8kHz switching

frequency. The experimental data obtained agreed with the simulations.
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3.3 Summary

« A DSP based drive system for the synchronous reluctance motor (SYN-
CHREL) has been built. It has been shown that this system can be used
to facilitate rapid testing of new control methods. The increased development
speed is obtained by the use of source code (with minimal modifications) from

simulations in the real-time control system.

* Control strategies [9] for the SYNCHREL have been verified and shown to

agree well with the experiments.

* The system has shown good dynamic performance without any stability prob-

lems.

* The field weakening capability lias not been tested fully as the d-q frame
movement with the present control interval gets too large at high speeds. If
this was to be tested the control code would have to undergo considerable
modification: in particular, function calls must be removed. A more powerful

DSP may also be used for this.

In conclusion the main goals of Part I have been achieved: a test facility for new
control algorithms has been made, simulations and control algorithms have been
verified, and benchmark data for operation with a rotor position sensor has been

obtained.
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Part 11

Sensorless Control of the

Synchronous Reluctance Motor
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Chapter 4

Survey of sensorless operation for

reluctance and PM drives

This chapter reviews possible methods for sensorless operation of the synchronous
reluctance motor. There has been a definite lack of articles on this specific subject.
Only three articles [6, 7. 8] proposing sensorless control methods specifically for the

sensorless control of the synchronous reluctance motor have been identified.

On the general subject of sensorless control there has been quite a lot of activity,
particularly in the areas of switched reluctance, stepping motors, brushless-DC and

synchronous PM.

4.1 Sensorless operation in siepping and switched

reluctance motors

The switched reluctance motor differs from the synchronous reluctance motor in
that it has saliencv on both rotor and stator. The switched reluctance motor also
uses pulsed currents instead of sinusoidal currents. The detection methods used are
thus only intended to detect the positions when to commutate. There is therefore
no need for a continuous position estimate in the switched reluctance motor. The

majority of methods used for sensorless control of the switched reluctance motor

71
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rely on the pulsed nature of the drive current. As the synchronous reluctance motor

uses sinusoidal currents these methods are not applicable or would become very

complicated.

Frus and Kuo [47] presented a method for operating step motors without position
feedback in 1976. It is indicated that the the detection method uses some feature of
the current waveform and may be specific to the motor used. However, no details
of the detection method used are given. Kuo and Cassat [48] presented a further
development on this in 1977. Kuo concludes that only features in the current that
occur after the phase is switched off can be used. Two points in the waveform are
identified that can be used for commutation. A similar scheme was also proposed

by Bakhuizen in 1979 [49].

In a 1985 patent a scheme for sensorless commutation of stepping motors was
proposed by Hill and Acarnley [3]. The commutation is based on driving circuits
with a hysteresis controlled current. The switching frequency of the hysteresis con-
troller depends on the inductance of the phase. As the phase inductance is position
dependent the switching frequency will also vary with rotor position. As a cer-
tain frequency is reached the motor is commutated. The main problem with this
method is that the current level in the phase causes saturation and this changes the
inductance. Another problem is that at high speeds the motional emf will become
significant and this introduces a further change in the switching frequency. At very

high speeds there may even not be enough voltage to cause the necessary chopping.

Panda and Amaratunga [4] also proposed a similar scheme to Hill’s. However,
the motional emf effects are also compensated for, to allow operation at higher

speeds.

In [50] MacMinn proposes a scheme for commutating the switched reluctance
motor. The scheme uses impedance sensing by probing un-excited phases of the
motor. The un-excited phase is applied a short voltage pulse of fixed duration. As
the current in the phase when applying the voltage is zero the current level at the
end of the interval will depend on the inductance in the phase. The inductance in

the phase varies with position hence the position can be determined. The phase
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inductance variation is however not completely sinusoidal, but exhibits a flattening
at the unaligned position. However, the area where detection is needed is outside
the fiat area. The commutation is simply done by comparing the current at the end
of the probe pulse with a set level and if the measurement is largest then the motor

would be commutated.

The method of probing un-excited phases in the switched reluctance motor was
explored more rigorously by Harris and Lang in [51]. Secondary effects that can
affect position sensing are examined. The examined effects include: eddy currents
in motor laminations, inverter switching noise, magnetic coupling between motor
phases, and quantization introduced by digital implementations. Solutions to the
secondary effects included limiting the probing to times when there was minimum
coupling between excited and probing phases. Eddy currents were addressed by
allowing them to decay and then take a two point measurement to get the current
rise time. Harris reports a commutation accuracy of £ 1% of an electrical cycle

throughout the speed range.

A method for commutating the switched reluctance motor based on flux-linkage
measurements was proposed by Hedlund and Lundberg [52]. The proposed scheme
is based on flux-linkage measurements in the excited phases. L'sing the fact that the
flux-linkage can be obtained as Li = f (v —Ri)d¢, the time at which a predetermined
level of flux-linkage is reached in the motor is measured. The time delay from the
sensed time point to when the commutation should occur is then calculated. A
problem with this method is both the current level in the phase and the motor

speed must be taken into account when calculating the time delay.

A simple option to improve stability and efficiency of the switched reluctance
motor was proposed by Bass, Ehsani, and Miller [53]. The efficiency of the switched
reluctance motor generally improves with smaller dwell angles. However, if the
dwell angle is too small the motor can not produce enough torque and will lose
synchronism. The method proposed by Bass is essentially an open-loop system that
modulates the dwell angle so that good efficiency is achieved at the same time as the

motor remains in synchronism for variable loads. The dwell angle is modulated as a
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function of the DC-link current. Increasing DC-link current indicates a larger load
and the dwell angle is increased to ensure that the motor does not pull-out. The

actual commutation in this scheme is done open-loop without any position feedback.

4.2 Sensorless operation of permanent magnet

motors

The permanent magnet motor shares many features with the synchronous reluctance
motor. In particular the sinusoidally excited synchronous PM motor is very similar
to the synchronous reluctance motor. Because of the similarity, sensorless methods
for the PM motor will be reviewed in light of their suitability for application to
the synchronous reluctance motor. The main difference between a synchronous PM
and a synchronous reluctance motor is the production of the main torque producing
flux. In the PM motor this flux is produced by the permanent magnets and is not
much influenced by the stator currents. In a synchronous reluctance motor there are
no magnets to produce the flux and hence it must be produced by passing current

through the stator windings.

Wu and Slernon [5] used the flux produced by the magnets in the PM motor
to achieve sensorless control. The flux-linkage in a brushless PM motor is mainly
produced by the magnets on the rotor and is thus fixed in position to relative to the
rotor. The flux-linkage was obtained by analog integration of (v —Ri). Having ob-
tained the position of the flux-linkage vector the current vector is applied at 90° using
a hysteresis current controller. There are two problems with this scheme. The first
problem is that at low speeds the voltage across the phase resistance becomes dom-
inant and thus limits low speed operation. The lowest operating frequency obtained
by Wu was 1.0Hz. The other problem is offsets in the flux-linkage measurements.
However, the offset can easily be corrected in the PM motor by monitoring the circle
describing the estimated flux-linkage. If there is an offset the centre of the circle will
be offset and the offsets can thus be easily compensated for. This offset compen-

sation is only feasible since the flux-linkage is only marginally affected by current
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flowing in the stator. This method of sensorless control is not applicable to the
synchronous reluctance motor because the flux-linkage vector position in the syn-
chronous reluctance motor is not fixed in relation to the rotor. In the synchronous

reluctance motor the flux-linkage vector position depends on the applied current.

A method based on the back-emf and/or third-harmonic voltage was proposed by
Jufer and Ossani [54] for the square wave drive PM synchronous motor (brushless-
DC and stepping motor). This method again depends on having a strong field
produced by permanent magnets. Jufer shows various ways of determining the
back-emf. The best method to determine the back-emf appears to be to use a
micro transformer to obtain the current derivative. Alternatively the integral of
the back-emf can be used instead. The reason for using these methods is that the
estimated back-emf signal is much cleaner, in particular when used with a chopper
type supply. Using the zero crossings of the back-emf the motor can be commutated
at 180° intervals. Using the third harmonic voltage in the neutral point of the motor
in conjunction with the back-emf, the motor can be commutated using 120° pulses.
Again there is a lower speed limit to this type of drive. This method is not really
applicable to the synchronous reluctance motor as it uses the fixed flux-linkage field
created by the permanent magnets to effect the commutation. This method also
assumes that the phase inductance does not vary with position. In the synchronous

reluctance motor there are large inductance variations with rotor position.

In [55, 56] Acarnley and Ertugrul propose a method for sensorless control of the
permanent magnet motor that is based on flux-linkage and line-current estimation.
The control using 120° conduction and sinusoidal currents is demonstrated. The
algorithm has a two current-loop structure, with an outer loop used to correct po-
sition and an inner loop used to correct the estimated flux-linkage. The position is
estimated forward using polynomial curve fitting. At the next control interval the
position is corrected based on the difference between the estimated phase currents
(from flux-linkage estimate) and the measured phase currents. The inner loop uses
the predicted rotor position to transform the estimated flux-linkage into current

that is compared with measured currents. This is used to correct the flux-linkage
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estimate. Position independent phase inductance is assumed. The system has only
been verified using off-line calculations. The off-line data appear to give good po-
sition estimates. However, there appears to be a delay between the estimated and
actual rotor position: this could cause problems when the estimated position is used
to control the inverter. It is claimed that the method should also work for reluc-
tance motors. It is possible that it may work, but the position varying inductance
introduces a further unknown variable. Further the flux-linkage vector is no longer

fixed with respect to the rotor position.

A method for sensorless control of a direct drive servo motor (low speed PM)
was proposed by Katsushima [57]. This method uses uses the fact that a PM syn-
chronous motor has a salient pole characteristic whether it is of the salient pole
or cylindrical type. This characterisation is caused by permeance variation in the
stator due to saturation caused by the permanent magnet field. As this method
is based on the position dependent variation in phase inductance it is immediately
clear that it might be suitable for application to the synchronous reluctance motor.
The method determines the position of the rotor by using two coordinate systems
located at 90° to each other. Assuming that the rotor is aligned two each coordi-
nate systems the expected voltages are calculated based on the current measured
(using the normal dq-frame equations). The ratio of the difference obtained with
measured and calculated voltages for the two coordinate systems gives the absolute
rotor position. The experimentally obtained rotor position shows good correspon-
dence with the actual rotor position. A method for determining the direction of the
rotor (magnet) at standstill is also presented. The obvious flaw in this detection
method, if applied to a synchronous reluctance motor, is that it relies on the motor
parameters. In a synchronous reluctance motor the most inductive axis inductance
depends strongly on the current in the axis. This dependency might cause problems
unless a control strategy such as CCIAC is used. CCIAC keeps the current in the

d-axis constant. However, instabilities might still occur.
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4.3 Sensorless operation of synchronous reluc-

tance motors

The first method for sensorless control of the synchronous reluctance motor was
proposed by El-Antably and Zubeck in 1985 [¢]. They also proposed to operate with
current angles outside the +45° static stability region. This would give the highest
efficiency as it is obtained with current angles larger than 45°. A shaft position sensor
(resolver) was used to dynamically stabilize the operation. An equivalent circuit of
the reluctance motor [16] that includes stator resistance, leakage reactance, iron,
friction and windage losses, and position varying resistance and reactance was used.
The power being dissipated in the position varying resistance can be obtained by
subtracting the power being dissipated in the stator resistance and the equivalent
phase resistance from the average power going into the motor. If the rotor speed
and a motor constant /12 [16] are known then the current angle can be calculated.
The problems with method are that it uses an equivalent steady-state model and the
average power. This means that the currents and voltages must be filtered to obtain
the fundamental currents and voltages. This filtering causes a considerable delay,
and can cause stability problems. Further the estimation of the various losses in the
motor and the motor constant /|2 can be difficult. It appears that this method of

sensorless operation was never implemented.

Bolognani [7] proposed a similar sensorless control scheme which also detects
and controls the current angle. Bolognani’s method would appear to be easier
to implement than El-Antably’s. Bolognani’s method relies on the measurement of
vcos and vsino . Claiming slow motor dynamics Bolognani simplifies his equations
by ignoring all terms containing did/dt or dig/dt. In the steady-state this is of course
valid. However, any change in torque, error in position estimate, or switching ripple
may cause an inaccurate estimate, and eventually this may lead to instability. The
equations also require knowledge of the rotor speed. Again this depends on the
accuracy of previous estimates. Saturation effects on Ld will probably not be a

problem as Bolognani operates using constant current in the most inductive axis
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control (CCIAC). Bolognani shows some experimental results that use open-loop off-
line data processing. The method appears to give a reasonable estimate. However, as
it is not used in the control of the motor any instability due to feedback would not be
shown in these results. A further problem is that to obtain the fundamental vcos”p
and v sin y filtering must be used. The filtering will introduce a phase lag which also
may cause instability in the system. Further work on the actual implementation of

this method appears not to have been published, if indeed any has been done.

Boldea, Fu, and Nasar [8] proposed a method for fast closed-loop torque control in
1991 of the synchronous reluctance motor. The mode of operation has been termed
Torque Vector Control (TVC). A sensorless implementation of torque vector control
was also proposed at the same time. The method is based on operation with constant
flux-linkage magnitude. To achieve synchronism, the torque and flux-magnitude are
controlled such that the flux-linkage angle never exceeds the stable £45° operating
area. It should be noted that the maximum efficiency flux-linkage angle is around
1*2° for a motor with a saliency ratio of 6. Hence maximum efficiency is obtained at
an intrinsically stable operating point. This is in contrast to current angle control
methods where the maximum efficiency is at an intrinsically unstable operating
point. The flux-linkage is proposed to be estimated by integrating (r' —/??). The
flux-linkage and torque are calculated instantaneously. The current position of the
flux-linkage vector is determined to be in one of ¢ sectors. Depending on which
sector the flux-linkage vector is in, there exist 4 voltage vectors that can be applied
to change current or flux-linkage magnitude. It is important to note that this method
does not make any assumptions of steady-state operation. It does not make use of
any motor equations either. The only machine parameter that needs to be known
is the stator resistance. The limitation of this method is that at low speeds the
voltage across the resistance becomes dominant. If the resistance is not known
accurately (it varies with temperature) it may cause the flux-linkage estimate to be
incorrect. If an incorrect flux-linkage position is used synchronism could be lost.
Boldea presented some simulation results for operation of Torque Vector Control

with a position sensor. These simulations showed fast dynamic response. However,
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the simulation results presented had currents more than 10 times the rated motor

current in them (in g-axis). No experimental results were published by Boldea.

4.4 Selection of method for implementation of

sensorless control

The methods that have been presented in this chapter were considered for imple-

mentation of sensorless control for the synchronous reluctance motor.

The methods has been evaluated using the following criteria:

* Suitability for operation with synchronous reluctance motor.

* Minimum risk of loss of synchronism.

* Minimum phase-lag in control loop responsible for synchronism.
+ Allow motor to operate efficiently.

* Intrinsic stability.

* Depend on as few motor parameters as possible.

* Method should require as little computing power as possible.

The methods obviously unsuitable for implementation of sensorless control for a
synchronous reluctance motor include: all methods described for stepping motors,

switched reluctance motor, and methods relying on back-emf.

The method proposed by Acarnley and Ertugrul [55, 56] is not suitable as it
assumes a non-salient rotor. It is claimed that method can be extended to cover
salient-pole machines. The extensions would probably make the method very com-

plex and time consuming.

The method proposed by Katsushima for a PM motor is not suitable for the

synchronous reluctance motor due to its strong dependence on motor parameters.
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The problem with the method proposed by El-Antably [¢] and the method pro-
posed by Bolognani [7] is that they both rely on measurement of fundamental quan-
tities. The fundamental quantities combined with most of the motor parameters are
used to calculate the current-angle. The problem is that low-pass filtering is used
to obtain the fundamental quantities. The filtering will introduce a delay which
may cause instabilities a closed-loop system. Furthermore, the maximum efficiency
occurs with current-angles larger than 45°. Thus the system must operate in an
intrinsically unstable region to obtain maximum efficiency. The effects of operating
in an unstable region may further amplify the possibility of instability due to delays
in the control. BolognanTs proposed method is further compromised by ignoring

did/dt and dig/dt.

The torque vector control method proposed by Boldea [8] provides closed loop
torque control without knowledge of any motor parameter except for the phase resis-
tance. Accurate knowledge of the phase resistance is only important when operating
at low speeds. The method operates with flux-linkages and so it is not sensitive to
saturation effects. The phase-lag is kept to a minimum since torque vector con-
trol operates with instantaneous quantities and hence no filtering is needed. The
maximum efficiency occurs with flux-linkage angles smaller than 45°. Hence torque
vector control can operates in an intrinsically stable operating area with maximum
efficiency. The method can be implemented without the need of microprocessors.
Torque vector control provides quick torque response because all the change of cur-

rent occurs in the least inductive axis.

The limitation of torque vector control is that it does not operate well at very low
speeds (without accurate knowledge of phase resistance), and that the maximum
efficiency is only obtained at rated torque. However, maximum efficiency can be
obtained for any operating point by adjusting the flux-linkage magnitude. Some

dynamic response is lost when optimizing for efficiency.

Even with these limitations, torque vector control appears to be the control
method that satisfies the most of the criteria listed above. It was thus decided to

use torque vector control as the basis for implementing sensorless control for the
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synchronous reluctance motor.
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Chapter 5

Theory of Torque Vector Control
of the Synchronous Reluctance

Motor

5.1 Introduction

This chapter presents the torque vector control theory originally developed by Boldea
[8]. The most attractive feature of torque vector control is that it can be used
for sensorless closed-loop torque control. The theoretical analysis of torque vector
control has been extended in this thesis with respect to rate of change of torque,

currents, efficiency, flux-linkage ripple, and flux-weakening control.

5.2 Torque Vector Control Principle & Motor

Equations

The theory of torque vector control (TVC) was first described by Boldea in [58].
Torque vector control uses closed-loop control of torque, flux-linkage magnitude and
position to achieve synchronism of the rotor and the flux-linkage vector. Neglecting

iron losses the equations for torque vector control can be written, in stator reference

83
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Figure 23: Synchronous Reluctance Motor Phasor Diagram

frame, as (44) and (45). Fig. 23 shows a phasor representation ofthe equations.
The angle eis referred to as the current angle, angle S’ is theflux-linkage angle. The

symbols used follow the convention used by Lipo in [59].

T7=1?7 + "4 (44)
at
T = |Rc(XT) (45)

Rearranging (44) gives the flux-linkage

A= J(v -R i)dt (46)

where
v=| (ua+ vbej2n/3 + vce j27r/3) = vQ+ jvp (47)
i—| T + ice /3" = ia -fjip (48)

Variables subscripted a and /3 are the three-phase values transformed into a two-
phase coordinate system a,/7 with the a-axis oriented in line with the motorphase-a

winding anddenoted as the real axis. The /7-axis is at 90°, and isdenoted as the

imaginary axis.
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In this scheme the rotor position is not used, or detected. It relies purely on
orientation of stator flux-linkage and torque control. The flux-linkage angle, S’ is

indirectly controlled through the control of torque and flux-magnitude.

In an ideal motor with R = 0 the voltage angle, 6, and the flux linkage angle, S’

are identical.

Torque is related to the current and voltage angle as [59]:

3 2sin &
1 = 2p{Ld Lq)i —— (49)

1 1
T = 1P (4
Ly Ld [U'2/ 2 = Tqg~ Tdn

sin 2§’ o 1 ' sin 2.8’
: (50)

Under constant current angle control, the maximum efficiency for the test motor
at rated speed (1500rpm). torque (0.95Nm) and current (1.7A) was found using a

current angle, e, of 55°. The angle is larger than 45° because of saturation effects.

Under the same conditions as stated above the corresponding flux-linkage angle
is given by

1

S’ —tan~ — tan £ (51)
Ld

As Ld is strongly dependent on the flux-linkage magnitude equations (50) and
(51) must be solved numerically to determine the flux-linkage magnitude that sat-

isfies the required full-load torque and current angle requirements.

Foi the test motor the flux-linkage angle corresponding to a current angle of
55° was 12° (0.2 rad). Thus under flux-linkage control the motor has an inherent
torque margin of 33° before it becomes unstable by moving beyond 45°. This means
that the motor is inherently stable under flux-linkage angle control whereas it is

inherently unstable under constant current angle control since e > 45°.

Fig. 24 shows the behaviour of the current and torque for different flux-linkage
magnitudes. It can easily be appreciated that for best possible inherent stability the
flux-magnitude should be chosen as large as possible under current and voltage limit
constraints. However as efficiency is also an aim, the flux-magnitude must be reduced
so that the full-load operating point coincides with the maximum efficiency point. It

must also be noted that the current increases considerably when exceeding the rated
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Figure 24: Torque and current magnitude vs. flux-linkage angle with flux-linkage
magnitude as a parameter

flux-linkage angle. TVC normally operates with voltage angles that ensure operation
within the current limit, but after a load change is applied it may transiently slip

back to a larger voltage angle due to delays in the control loop.

To achieve synchronism with the rotor TVC controls the applied voltage so
that the flux-linkage magnitude is constant and the maximum torque, calculated by
(45), is limited so that the flux-linkage angle is kept less than 45°. The flux-linkage
magnitude is controlled by applying voltage vectors that are directed towards the
centre of the rotor to decrease the magnitude or outwards to increase the magnitude.
The torque is controlled by applying voltage vectors that either advance the flux-
linkage vector in the direction of rotation to increase the torque, or oppose the

direction of rotation to reduce the torque.

As the flux-linkage vector is the integral of the applied voltage vector (46), it
will move in the direction of the applied voltage vector for as long as the voltage
vector is applied. The voltage angle is thus indirectly controlled by the torque and

flux-linkage magnitude. An increasing torque causes an increasing flux-linkage angle.
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Flux- Sector 1 2 3 4 5 6
A-fve T -ve V2 13 V4 Vs ve M
A-fve T -ve v V V2 V3 v4 vs
A—~wve T -fve V3 va W v6 V V2
A—~e T -ve vs ve Vi v2 V3 v4

Table 1: Optimal Torque Vector Control Voltage Vectors

TVC is designed to provide a simple and fast control algorithm that can be im-
plemented in hardware without the use of a microprocessor. Torque vector control
uses a six-pulse voltage source inverter (Fig. 25). By using a hardware implementa-
tion it can be assumed that it will control the inverter switching at a rate which is
fast enough to make it unnecessary to modulate the applied voltage vectors. Hence
the only available voltage vectors are the six in Fig. 25. Since there are only six
voltage vectors available it is sufficient to determine the flux-linkage vector position
to be in one of the six sectors defined in Fig. 25. As TVC operates at the inverter
maximum switching frequency the torque demand is reduced to a simple choice of
increase or decrease (+/—). The flux-linkage magnitude is likewise limited to a

choice of increase or decrease (+/—).

For the case when the flux-linkage vector is in sector 1 (Fig. 26) one of four
voltage vectors can be applied. If the flux magnitude should be increased and the
torque should be positive then »2 should be applied to advance the flux vector. If
the flux is too large and a positive torque is demanded then V3 should be applied.
If negative torque is demanded then Vo would be applied to increase the flux and Vs
to decrease the flux. A compact table of optimal voltage vectors for all the different

cases of flux-linkage position and desired control inputs [8] is listed in Table. 1.

A high-speed low-tech implementation of torque vector control could be achieved
using op-amps, comparators, a small ROM look-up table arid 4 analog multipliers,

ideally suited for implementation as an ASIC (Fig. 27).

At no point in the TVC algorithm is there a need to know anything but the
desired flux-linkage magnitude and the associated maximum torque. In particular
the absence of any reliance o11 knowledge of Ld and Lg should be noted; this can be

contrasted to the conventional constant current angle control that needs to know Ld
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Figure 25: PWM inverter voltage vector positions

torque postive torque postive
flux decreasing fli>x‘increasing
torque negative torque negative
flux decreasing flux increasing

Figure 26: TVC Voltage Vectors for stator flux-linkage vector in region 1

and Lg to compensate for the speed-term cross coupling between the d and q axis

current equations.

To summarise, the advantages of TVC are:

1. Self synchronised torque control.

2. Inherently stable (S’ < 45°) at maximum efficiency operating point.

3. Simple hardware implementation possible, no microprocessor necessary.

4. Does not need to know Lg, Lj or saturation characteristic.
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Figure 27: Hardware implementation of TVC

5.3 Torque Vector Control - Further Analysis

This section expands on certain aspects of torque vector control described in the

previous section that differentiate it from constant current angle control schemes.

5.3.1 Current and d-q Inductances

The current under torque vector control is expected to be higher than for constant
current angle control at light loads as a certain amount of current is needed to
maintain the constant flux magnitude. For a constant angle controller the current

magnitude can be directly derived from the torque equation as:

T — 2Pil'd (52)
™ 9 ,, , —2 sin 2e
T = -»p(Ld - L (53)
— T
(54)

fp(Ld-L,) *p
For torque vector control the current can be expressed as a function of flux magnitude
and torque:

A= L did + jLqiq (-55)
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(56)
- Ly 7 (57)
Substituting (57) into (53) gives the following to equations for id and ig:
2 /T4 4LILIT2
A = A 3
‘ p(Ld-Lg)
2 _ V (58)
2 L
-2 4 4L217)2
coryls W
(59)

Combining (58) and (59) we can obtain an expression for the current magnitude:

;oo 4 424212 - - 4 4L2L2T2
A % A —_
2p(Ld—Lg) A A 12 p(Ld—-Lq)
+

213 2L\

(60)

From (58, 59, 60) it clear that there exist two solutions for the id and iq currents,
one on either side of the peak of the torque versus voltage angle curve (Fig. 24).
The operating point located on the left-hand side of the peak is stable as torque
increases with increasing voltage angle, but the operating point on the right-hand
side is only stable if operated with a shaft position sensor. However, a motor would
never be operated on the right-hand side of the torque peak as the current levels

here are very large, and the operating point is unstable.

The flux magnitude as a function of desired current angle and torque can be
derived by substituting equation (57) into (52) and as %;1 = tant the flux magnitude

becomes:

T(LlI + L*tan2f)
(61)
=\ \p(Ld - tan

Equation (61) is useful when determining what flux level to use when the current
angle and desired torque are known. For the 120W synchronous reluctance motor the

flux-linkage magnitude giving maximum efficiency (£=55°) at full load (7=0.95Nm)
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Figure 28: Current Magnitude, Id and Iq as function of torque under Torque Vector
Control, A= 0.2Ys. (120V Synchronous reluctance motor)

was 0.2Vs. The current angle that gives maximum efficiency is best determined

from measured efficiency curves.

Figs. 28 and 29 show the currents in the 120W synchronous reluctance motor
as function of torque. From Fig. 28 it can be seen that under torque vector control
the d-axis current remains almost constant and the q-axis current increases almost
linearly with torque. Higher inductance ratios lead to a flatter d-axis current curve.
For the constant angle controller case (Fig. 29) the id and iq currents both increase
in the same proportion with increasing torque. Normally when considering equa-
tions for the synchronous reluctance motor they have to be solved numerically as
inductance in the most inductive axis, Ld, decreases non-linearlv with increasing
current due to saturation. In the case of torque vector control a simplification may
be possible since the d-axis current remains fairly constant irrespective of torque.
Fig. 30 shows the variation in Ld as a function of torque for torque vector and
constant angle control. For torque vector control the variation in Ld is 2.6%. For
constant angle control the variation in Ld is 17.4%. Hence Ld may be taken as

constant for torque vector control, but not for constant angle controllers.
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Figure 29: Current Magnitude, I/d and /g as function of Torque under Constant
Angle Control, £ = 55°. (120W Synchronous reluctance motor)
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Figure 30: Saturated Ld vs. Torque. Torque Vector Control (A = 0.2Vs)and Con-
stant Angle Control (e=55°)
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Figure 31: Theoretical current magnitude as function of torque in TVC and CAC
controllers. Rated torque = 0.95Nm.

5.3.2 Efficiency

Torque vector control operates with a constant flux-linkage magnitude at all loads.
The use of constant flux-linkage means that there will be always current flowing in
the motor to maintain the flux, even in no-load situations. The effect this has on the
performance will depend on loss mechanisms in the motor. In the 120W test motor
the iron-losses were found to be relatively independent of the load, and mostly a
function of the flux-linkage ripple (see section 5.3.4). However the major part of the

loss was found to be due to copper loss.

To compare the difference in losses of torque vector control and constant angle
control it should thus be sufficient to compare the copper losses. Fig. 31 shows the
current magnitude for a constant angle control (CAC) of 55° compared with torque
vector control. The flux-linkage magnitude is set to achieve the maximum efficiency
current angle at a load of 0.95Nm (100% of rated torque). As can be seen the copper
losses of the two control methods will be almost the same for loads ranging from
60% to 110% of rated torque. Outside this range TVC has larger copper losses than

constant angle controllers, especially at low loads.
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Torque vector control has fast dynamic torque response compared to constant
current angle controllers since the currents in the motor can be changed faster. The
torque change is faster under TVC as almost all the current change occurs in the
least inductive axis whereas for constant current angle control the change in current

is equal in both axis.

The efficiency of torque vector control could be increased at low loads by includ-
ing an efficiency optimising loop that would lower the flux-linkage magnitude when
the motor is operating at light loads. However, some of the dynamic response of
TVC would have to be sacrificed if efficiency optimising is used because the flux-
linkage magnitude would have to be rebuilt before full torque could be produced.
This would make TVC dynamic performance on a par with constant current angle

controllers.

5.3.3 Rate of change of Torque

To evaluate the dynamic performance of torque vector control compared to constant
current angle control, the rate of change of torque must be derived. Throughout the

derivation it is assumed that stator resistance can be ignored.

The rate of change of torque for torque vector control operation (i.e. constant
flux-linkage magnitude) can be derived as follows. The torque equation (-50) can be
written in dq coordinates as:

1 !
T =1p AAg (62)
Td

The dqg-voltage equations can be written as:

Vd= ® fL-ulq (63)
ot

Vg="-+U)\d (64)
at

Taking the derivative of (62) and substituting (63) and (64) into the result:
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Ir | —""d) T Xq(Vd T "' Ag)} (65)

'q Ld

The following identities can he found from the space vector diagram (Fig. 23)

) An vd
sin8§ = — = — (66)
A v
A
coso = —d= i (67)
A %

Using the above identities the rate of change of torque for torque vector control
can be written in terms of flux-linkage angle as:

dr
A {u —u’A) cos 28 (68)

e = 1P Lg Ld

Substituting (50) back into (68) to gives the rate of change of torque for forque

vector control in terms of torque:

dT 1
A{v —uw;A) cos sin <2T/ IS (69)
~dt Lg Ld Td

The rate of change of torque for constant current angle control will now be
derived, again assuming that stator resistance can b( ignored. The current form of

the torque equation (70) will be used to derive the rate of change of torque.
T =fp[Ld - Lq]i = §p [Ld - Lq] idi< 70)

From the space vector diagram (Fig. 23):

o= v (71)
vE o B (72)
sine — — (73)
cos £ = ﬁi (74)

The dq currents can be expressed in terms of torque and current angle by com-

bining (70), (71) and either (73) or (74).

T
id = ii2—ig = \A2(1 - sin2ze) = Cot £ (75)
e A Y
T
ig = \jI2—id= yji2{1 - cos2e) = tan (76)

qP\Ld ~ Lgq
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The voltage dq-equations (63, 64) in current form are (assuming that Lg and Ld

are not functions of time, i.e. ignoring saturation effects):
i did .
i — Vd LOVjqiq (77j

n*
- Lg-"+ ul did (78)

Substituting (75) into (77) and (76) into (78):

0
Vd = LdVcote — VT —u)Lqy/Ttan e (79)
a
vg = LgVtan £ — VT —ujLd'/T cote (80)
at
Substituting (79) and (80) into (72):
2 Ljcotefd vy L yr tans LyUne (d V2 L "™T cote
AT  [dt J ~I1P[Ld-L g\ " AT  [dt ) plLd-L q]

L37cot e+ L2tan ejf (81)
AT Vdt 9P[Ld ~ L

Rearranging (81) gives the rate of change of torque for constant current angle

operation:

) Tl/ v2 u2T \_] /OQ'
dt \'Ldcott + L2tan e |p [Ld- Lq\J

As can be seen from (69) and (82) the rate of change of torque for the controllers
are complex functions of 7', tJ, Ld and Lg. To help understanding the relationship of
the rate of change of torque between the torque vector controller and the constant
current angle controller consider Fig. 32 to Fig. 34. There are a number of remarks

that can be made:

«+ TVC rate of change of torque is always superior to constant current angle

control at light loads and low speeds.

+ Rate of change of torque for torque vector control depends mainly on speed,

and is inversely proportional to it.
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* Rate of change of torque for torque vector control is almost constant regardless

of torque.

* Rate of change of torque for constant current angle control is a strong function

of torque.

* The torque level at which constant current angle control rate of change of
torque exceeds torque vector control is approximately inversely proportional

to speed.

It should also be noted that in the worst case the rate of change of torque for
torque vector control is only about a factor of 2 lower than constant current angle
control. Whereas constant angle control is significantly worse at low speeds and
light loads. Also note that the results presented here are specific to the 120W
synchronous reluctance motor used throughout this thesis. Further note that the
inverter is capable of delivering a sinusoidal voltage 25% larger than the required
base-speed voltage, this is to ensure that the motor has sufficient dynamic response
at speeds at and above the base speed. From (68), if the voltages are exactly equal
the rate of change of torque for torque vector control goes to zero at and above base-
speed. This is also the case for operation with 45° constant current angle at rated
speed and torque. Another important result of using a slightly high DO-link voltage
is that under torque vector control there is always a high rate of change of torque
available regardless of operating point. The minimum rate of change of torque for
the 120W motor under torque vector control was 0.4Nm/ms (0.42p.u./ms) which

should be more than sufficient for most applications.

5.3.4 Flux-linkage ripple

Flux-linkage ripple affects the motor performance as a secondary ironloss effect, but
more importantly it controls the amount of filtering necessary in the speed estimator
(section 6.4). It is therefore important to quantify the flux-linkage ripple in terms

of operational parameters.
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Figure 32: Rate of Change of Torque @400rpm for torque vector control (TVC) and

constant current angle control (CAC). (CAC set for maximum efficiency, t=55°)

First assume that the current vector is aligned with an inductance given by:

Li = Lg+ (Ld —Lg) cose. (83)
Further assume that the voltage available to change the flux-linkage is:
FaA= "3~DpcCc—ink ~ (84)

Then the change in flux-linkage over one control interval is given by:

A\ | VDC-link-u
control T J T s (85)
Lgq+ (Ld ~ Lgq)COSE

In the case for the controller in use where the DC-link voltage is 150V and the
control interval, T controi, is 96/xs the average flux-linkage ripple is 17mVs. or £8%
at the rated speed of 1500rpm. At zero speed the flux-linkage ripple is £23%, and
at the top speed of 2750rpm (using flux-weakening) the flux-linkage ripple is £12%.

All figures quoted are full load figures with £=55°.

Fig. 35 shows a trace of the flux-linkage as the motor accelerates from 1500rpm
to 2750rpm under flux-weakening. The operational parameters for Fig. 35 are:

A=0.25Vs, v Dc-iink=200v and Tcontro]=104//s. The expected flux-linkage ripple
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Figure 33: Rate of Change of Torque @1000rpm for torque vector control (TVC) and
constant current angle control (CAC). (CAC set for maximum efficiency, e = 55°)

using (85) is £12% full load. +7% no load @1500rpm. At 2750rpm the corresponding
figures are £17% and £13% respectively. This agrees with the flux-linkage ripple
values from Fig. 35 which are £8% @ 1500rpm and +14% @2750rpm. This means
equation (85) can be used to predict the flux-linkage ripple. If the flux-linkage ripple
can be predicted it is also possible to predict the amount of filtering needed in the

speed estimator for a particular control interval, motor type and DC-link voltage.

5.4 Flux-Weakening and Torque Vector Control

Flux-weakening is used to operate above the rated speed of a motor. The term flux-
weakening is derived from the term field-weakening which was used for separately
excited DC-motors. When the separately excited motor reaches its base speed the
motor voltage is equal to the supply voltage. To further increase the speed the field-
current would be decreased. The decrease in field current naturally also resulted in

a decrease in torque per ampere.

As there is no separately excited field winding in a synchronous reluctance motor

the term flux-weakening is used to signify that the total flux in the motor is reduced
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Figure 34: Rate of Change of Torque @1500rpm for torque vector control (TVC)

and constant current angle control (CAC). (CAC set for maximum efficiency, £=55°)

Figure 35: Space vector of flux-linkage when accelerating form from 1500rpm to
2750rpm using flux-weakening. (0.116Vs/div.)
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when operating above base speed. The maximum torque is usually kept inversely
proportional to the speed when operated above base speed. This gives constant
power in the flux-weakening range. The flux-weakening range is often referred to as

the constant power speed range (CPSR) [36, 10, 60].

Constant power operation above the base speed is easily implemented for torque
vector control. When the motor reaches base speed the inverter has reached its
voltage limit and can not increase the voltage further. To go above the base speed
the voltage must thus be kept constant at the base speed level. As the voltage
magnitude is given by:

\Wi=u> 1 (56)

It is clear that to go above the base speed the flux-linkage magnitude must be

reduced as:

|A| = — |[A6o.¢| (87)
w

As flux-linkage magnitude is one of the directly controlled parameters in torque
vector control this is easily achieved. Similarly the maximum torque for constant

power operation above base speed is given by:

Pm = Tujm = constant (88)
Al
x max = buc;st Prmax (gg>

The maximum torque of the torque/flux-linkage angle curve is reduced when the
flux-linkage magnitude is reduced. It is vital to limit the maximum torque demand
because excess torque demand would push the flux-linkage angle beyond the 45°
point and the motor would lose synchronism. Since torque is directly controlled by

torque vector control this is easily implemented.

The behaviour of the flux-linkage angle and the id, ig and current magnitude
is shown in Fig. 36 and 37. It has been shown in [60] that the theoretical flux-
weakening range with estimated ironloss, for the motor used, is 2.52:1 and the mea-

sured range is 2.13:1. It should be noted that the flux-linkage angle is significantly
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Figure 36: Full-load flux-linkage and current angle vs. speed. (Constant power

operation above base speed.) (Base speed = 1500rpm.)

less than 45° when operating within this speed range, ensuring that the torque vector

control remains stable.

It is important to note that as torque vector control operates on the measured
flux-linkage and torque, the control is not affected by variations in the machine
inductances. The great simplicity in achieving flux-weakening operation for torque
vector control can be contrasted by the complex operations that must be performed

by a current angle controller.

The required current angle for flux-weakening operation for a current angle con-

troller for an ideal motor is given in [42] as:

wrated

which is clearly more complex than (87) and (89). Also note the dependency on Ld, a
parameter that varies strongly with id and hence torque. The correct determination
of Ld is essentia] to proper flux-weakening operation and must be estimated on-
line [9]. Further, to control a real motor the iron loss resistance must also be
estimated and an even more complex equation for the current angle must be used if

flux-weakening is to be performed under current angle control [41]. All this makes
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Figure 37: Full-load motor currents and torque vs. speed. (Constant power operation

above base speed.) (Base speed = 1500rpm.)

flux-weakening control under current-angle control more complex than for torque

vector control.
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Chapter 6

Implementation of Sensorless

Torque Vector Control

6.1 Control Overview

A sensorless speed control system has been implemented around the torque vector
control algorithm described in section 5.2. The complete system results in a fully
sensorless closed-loop speed control drive system for the synchronous reluctance
motor. The control structure for the system is shown in Fig. 38. The system
consists two control loops: an outer speed loop and an inner torque loop. The outer
speed control loop uses a standard Pl-controller to provide a torque demand signal
to the torque vector control algorithm. The input to the Pl-controller is a speed
error signal which is derived from the difference between the desired and estimated
speed. The speed estimator uses the speed of the flux-linkage vector to estimate the
rotor speed. The flux-linkage vector is estimated from the motor terminal voltages

and currents.

The inner torque loop is implemented using the torque vector control algorithm
(see section 5.2). The torque vector control algorithm requires the torque and flux-
linkage magnitude to be obtained. The electromagnetic torque and flux-linkage

magnitude are estimated from the motor terminal voltages and currents.

105



106 CHAPTER 6. IMPLEMENTATION OF SENSORLESS TORQUE VECTOR CONTROL

Torque Vector

Controller Controller Inverter
Speed Flux STorque
Estimator Estimator

Figure 38: Controller overview

6.2 Hardware Overview

A digital signal processor (DSP), the DSP96002 from Motorola, has been used to
implement most of the control algorithms. An analog circuit has been used to
transform 3-phase quantities into two phase-quantities and to integrate (v —R i)
to obtain flux-linkage to obtain the flux-linkage vector. Analog components were
used to reduce the execution time of the algorithms and provide a quality flux-linkage
estimate. The sensorless torque control algorithm does not require the use of a DSP.
It could have been implemented entirely in analog and digital hardware. However,

the development time was greatly reduced using a DSP for the entire system.

The control algorithms are executed every 96//S, giving a maximum switching
frequency of 5.2kllz. The sensorless speed estimate and the speed measured using
a resolver is output on digital to analog converters for real-time monitoring and

comparison.

The system units are shown in Fig. 39. The other main unit in addition to the
DSP unit is the inverter. The inverter is a three-phase hard-switched IGBT system.
The inverter has built-in dead-band generators and other protection features such
as over current and voltage protection circuits. The inverter unit also contains flux-
nulling high band-width current transducers. The inverter is rated for a DC-link
voltage of 600V and a peak phase current of 50A. The inverter is however used with
a DC-link voltage of 150V and current transducers set for a maximum current of

12.5A as this is more suitable for the test motor.
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Figure 39: Hardware overview
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Figure 40: Diagrammatic hardware overview

For further details of the DSP system see B.2, and inverter see section B.3.

A voltage-monitor is used to measure the motor phase-voltages using a high-

impedance resistor network. It interfaces with the analog-processing unit which

estimates the flux-linkage and does 3-phase to 2-phase transform. The voltage-

monitor is kept separate from the rest of the control electronics for safety reasons.

For TYC control software details see Appendix C.
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6.3 Stator Flux-linkage and Torque Estimator

Torque vector control requires the flux-linkage vector and torque to be estimated.
Using a rotor position sensor the stator currents could be transformed into the
rotor d-q frame and calculated as Adg= Ldid + jL qiq. However, as the aim is to
produce a sensorless scheme the stator flux-linkage must be estimated using (47).
The implementation of the flux-linkage estimator is shown in Fig. 41 [8). The
currents and voltages are transformed into a 2ph stator coordinate system using

op-amps. The flux-linkage is found by analog integration of the voltage.

As expected there was some drift in the DC output level from the analog integra-
tors. However, most of the drift was caused by DC-drift in the current and voltage
transducers and hence there would be no great advantage to perform the integra-
tion digitally in the DSP. Analog integration also gives a more accurate result than
digital integration due to the discrete nature of digital integration. To compensate
for the integrator input drift the DC-gain of the integrators was limited to 10x by
paralleling the integrator capacitor with a resistor (Fig. 42). A fair amount of the
offset problems can probably be contributed to the distributed configuration of the
system; current transducers in the inverter unit, voltage transducers in the voltage
monitor unit, and integrators in the analog-processing unit. In a distributed system
like this there are possibilities for ground loops that might affect operation. It can
be expected that a single unit solution would provide much better performance with

respect to the offset problem.

The drift compensation introduces a gain error when operating at low speeds.
The gain error causes the estimated flux-linkage magnitude to be 25% too low
@400rpm, resulting in an increased flux-linkage magnitude in the motor at low
speeds. This increase in flux at low speeds does not in fact influence the control
much. The current magnitude stays virtually constant. The voltage angle is de-
creased giving a slightly lower fundamental power factor and efficiency. A positive
side effect of the increased flux magnitude is increased torque reserve. The increase

in flux occurs at low speeds so there is no risk of running out of volts.
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Figure 41: Stator flux-linkage and torque estimator

The conventional method used to compensate for integrator offset measures the
distance the centre of the flux-linkage circle has moved from the origin and com-
pensate for this [5]. This method is fine for PM motors as the flux is constant and
mainly produced by magnets and there is a relatively small contribution due to the
currents in the machine. However, torque vector control can not use this approach
because the flux-linkage is being produced by the currents, and is controlled so
that the measured flux-linkage describes a “perfect” circle. The actual flux-linkage
magnitude will thus under offset conditions vary as it rotating. Compensation for
DC-offset under TVC is done by recording the offset values whenever the motor is
stopped and subtracting the offset values from the measured values when the motor
is running. The influence of flux-linkage offset on the sensorless control scheme will

be discussed further in section 6.4.

Since the calculation of torque and flux-linkage magnitude (squared) are much
simpler to perform digitally than analogly, and since they are not computational

intensive they were computed by the DSP. The square of the flux magnitude was



CHAPTER 6. IMPLEMENTATION OF SENSORLESS TORQUE VECTOR CONTROL

(V-RI)

Figure 42: Integrator circuit for flux-linkage calculator

Figure 43: Analog Processing Unit
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Torque Vector Control
ROM Lookup Table

Flux-linkage a

Flux-linkage p
Sector Decoding:

S2=ABX
8 S3=/AB/Y

S5=/A/B/X
OV-r S6= A/B Y

Phase A control (1/0)
[1\% Phase B control (1/0)
Phase C control (1/0)
Torque demand Torque Selector (pos/neg)

To
Inverter

Flux-linkage demand Flux-linkage mag. (inc/dec)

Figure 44: Hardware implementation of TVC sector decoding

used since finding the square-root would be very time consuming.

As TVC only requires the flux-linkage vector position to be determined to be in
one of the six sectors in Fig. 25 the position can be uniquely identified by testing for
the sign of A0, the sign of |g and a magnitude comparison \/3 | | and |AQ|. These
tests are performed by the DSP on the raw flux-linkage values from the analog
integrator. Use of the arctan function to determine the position of the flux-linkage
vector is thus not necessary for the torque loop and this saves valuable CPU time.
The position test could also have been implemented in hardware by use of a few
comparators and op-amps. Fig. 44 shows an example of how this can be done. The
torque vector control voltage-vector-selector from Table 1 and sector decoding can

be incorporated into a single ROM.

At low speeds the motional voltage component becomes less than or equal to
the voltage across the stator resistance. It thus becomes important that the correct
value of stator resistance is used in the flux-linkage estimator. A wrong stator
resistance value causes an offset in the flux-linkage angle. The offset can cause the
torque vector control algorithm to detect and use the wrong flux-linkage sector. This
may be a limiting factor when considering low speed operation because an incorrect

sector estimate will most likely cause loss of synchronism.



llﬂi CHAPTER 6. IMPLEMENTATION OF SENSORLESS TORQUE VECTOR CONTROL

6.4 Speed Estimator

To achieve sensorless closed loop speed control the rotor speed must be estimated
from the terminal current and voltages. The rotor speed can be estimated by cal-
culating the speed of the estimated flux-linkage vector using (91). The speed of the
flux-linkage vector can be used to estimate the rotor speed since in the steady-state
the flux-linkage vector and the rotor are synchronised and hence rotate with the
same speed. The flux-linkage was used rather than the current or voltage vectors to

estimate the rotor speed because it has a much cleaner waveform than the others.

There are three potential problems with this approach:

1. The raw flux-linkage vector is not uniform and constant, but contains large

amounts of switching noise.

2. During torque changes the flux-linkage vector is temporarily no longer syn-

chronised to the rotor.

3. Offset in the flux-linkage estimate causes a speed variation at the electrical

rotor frequency

6.4.1 Flux-linkage switching noise

Even though the flux-linkage waveforms may look quite sinusoidal (Fig. 57, page 126)
they contain huge amounts of switching noise (Fig. 45) due the fact that the flux-
linkage vector can move backwards during any particular control interval. However,
on average the flux-linkage vector moves in the direction of rotation. This switching
noise would inject huge amount of noise in the speed estimate if it was not filtered

before the differential of the flux-linkage vector position was taken.

Simulations and test proved that quite hard filtering was required to get a usable

speed estimate. To save time and for simplicity a simple digital RC type filter was
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Figure 45: TVC flux-linkage. (0.25Vspk)

used. The flux-linkage waveform was filtered using a first order (RC) filter with
fc= 16Hz. The filter introduces a delay of 2-5ms, which naturally afTects the band-
width of the controller. This delay would not be acceptable if this flux-linkage vector
position estimate was used in the torque control loop. However, as the position is

only used in the speed estimator this may be acceptable.

6.4.2 Change in speed-estimate due to torque change

This problem is due to the fact that the angle S’ changes when the motor torque
changes. When S’ changes the position of the flux-linkage vector relative to the rotor
changes. This means that transiently the rotor and flux-linkage vector are no longer
synchronised, but move relative to each other. The filters will tend to suppress this,

but the effect gets magnified by the differentiation taking place to obtain the speed.

When rotating in a positive direction an increase in torque demand will lead to
an increase in the flux-linkage angle, this means that the flux-linkage vector will
have to advance relative to the rotor. This makes the speed estimator think that
the speed has increased more than it in actual fact has. This also has to be seen in
the light that the increase in demand was a result of the rotor speed decreasing in

the first place. This might result in a somewhat sluggish behaviour.

To quantify this effect one can use the torque (50) and the rate of change of torque
equation (68) as a starting point. Assuming small variations around an operating

point the rate of change of torque can be assumed to constant. The torque equation
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can then be used to extract an estimate of the change in S’ w.r.t. a torque change.

To get an idea about what the effect might be on the speed estimate a case
study is useful. Take the case where the motor is rotating at 750rpm and the torque
changes from 0.1 to 0.95Nm. The rate of change of torque at O.INm is 1600Nm/s
decreasing to 1500Nm/s @ 0.95Nm (assuming constant speed of 750rpm). The
change in S’ over one control interval is then 0.006rad. The corresponding error in
speed is 600rpm, this error will last until the torque reaches the desired value after

500/is. Note that these estimations assume that no filtering is used.

Speed.error = 7- — = — —-—— = 62.5rad/s ~ 600rpm (92)
T Control 96//8%

Simulations and experiments have shown that because of the filtering used to re-
move the effects of switching noise the effects of torque changes are largely removed.
The only place they manifest themselves is by a small kink in the speed estimate
during speed reversal. When applying step load changes this effect can not be seen.
Hence it was not deemed necessary to further compensate for this effect. It may
be possible to use the torque equation to estimate the change in S’ and use this to
compensate the speed estimator. This effect can be minimised by limiting the rate

of change of torque.

6.4.3 Flux-linkage offset influence on speed estimate

The offsets that occur in the flux-linkage while the motor is running can not be
compensated for since the torque vector control algorithm forces the measured values
to appear as a circle centered at what in reality is an offset origin. The variation
in speed estimate and actual speed due to offsets in the flux-linkage measurements

manifests itself in two distinct ways:

1. At low speeds the rotor speed is modulated by a signal with a frequency equal
to the electrical rotor frequency. The speed estimate in this situation would

indicate constant rotor speed.
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Figure 46: Offset flux-linkage circles

2. At high speed the the speed-controller bandwidth is reached and the load acts
as a filter and produces a stable rotor speed. Under this condition the speed
variation is evident in the speed estimate, but not in the rotor speed. (This
ripple in the estimate may make the speed controller unstable under certain

conditions.)

Offsets in the flux-linkage estimate that occur during the operation are not com-
pensated for and cause the real flux-linkage vector to be moved off-centre. The
measured flux linkage appears centred, but the speed of the estimated flux-linkage
vector is modulated by a sinusoidally shaped function with a frequency equal to the

electrical rotor frequency.

Intuitively it is easy to appreciate that this will cause a speed variation. The

visualisation is done as follows:

Start off bv assuming that the controller can actually control the estimated speed
to be constant and also that the estimated flux-linkage magnitude is constant, this

is a valid assumption as long as the controller bandwidth is large enough.

Further assume that the rotor is aligned in the direction of the point at which
the estimated flux-linkage vector touches the estimated flux-linkage circle. (This is

true in the limit where the speed goes to zero.) It can then easily be seen that the
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angle to that point from the center of the rotor is different from the angle from the

center of the estimated flux-linkage.

Now consider moving this point along the estimated flux-linkage circle at a fixed
speed, in this case the angle of the estimated flux-linkage changes at a constant rate,
but the rate at which the the angle centred at the rotor-centre does not change at
the same rate. This can easily be proved by moving the estimated flux-linkage angle
by 90°, in this case the angle from the centre of the rotor is less than 90°. As the
time taken for this movement is the same, but the angular distance is different the
two vectors must have moved at a different speed. (There will also be an error due to
the modulation of the actual torque, and consequently the angle between the rotor

and the flux-linkage vector. However, this is believed to be a secondary effect.)

An equation for the speed variation can be derived as follows, assuming that the

offset error occurs in the a axis. From Fig. 46:

tan a = 93
Xa %3)
xp = xQtangq ©-1)
tan 7 = (95)
+<//
Xx Qtan
tan 7 = 0 a (96)
£q +X°fJ
XQ
cosq = Y => XQ = X COSQ 97)

X cosa tan a
tan 7 = (98)
x cosa + x°J

cos a tan a

tan 7 = (99)
cos Q -f
sin
7 = tan’} < (100)
cos q -f
sin a k+ 1
(101)

da Vcosa + k (cosa -t k)2
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where k = -2'L, the relative magnitude error in the flux-linkage measurement.
Therefore:
dj 1 1
- (102)
dex 2 jrsina 2 (cosQ-fk)°
[cosa+k _
07 k+ 1
(103)
da (cosa + k)2 -fsin2a
Hence
da
A7 = (104;
A7 dy A
7oA (105)
Al da At
(106)
where is measured speed and is actual speed. The speed error is thus:
err — true ~’meos
Sj
— true 361 true
—  u'true | 1 n ) (10/

The speed variation can be plotted as seen in Figs. 47, 48 and 49. The offset of
these wave forms depends on the individual offset in each axis. The relative speed
error appears to be a non-linear function of the flux-linkage offset. Also note that
when the flux-linkage offset is less than 10% the speed-error waveform is almost

sinusoidal, but becomes increasingly distorted with larger offsets.

The flux-linkage offset also affects the torque controller. The flux-linkage offset
causes a modulation of the torque. This occurs because the estimated flux-linkage
magnitude and in effect the actual motor flux-linkage magnitude varies with the
rotor position. This variation also occurs at the electrical rotor frequency. This
torque modulation will cause a variation in the actual rotor speed. If the speed
controller has high enough bandwidth this effect can be suppressed. The relative
torque modulation magnitude will be proportional to twice the relative flux-linkage

variation since torque is proportional to flux-linkage squared.
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Figure 47: Relative speed-estimate with @1% flux-linkage offset
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Figure 48: Relative speed-estimate with @10% flux-linkage offset

As the system forms a closed loop it is difficult to visualise the way flux-linkage
offset will interact with the torque and speed controllers (it is also load dependent).
A good way to obtain an appreciation of the effects is to simulate the system. Fig.
50 is a benchmark test @750rpm where there are no flux-linkage offsets. (A 0-0.5Nm
step load is applied at 2=0.5s.) Fig. 51 shows the results of injecting a 5% flux-
linkage offset in the speed estimator a axis only. In Fig. 52 the effect of flux-linkage

offset in just the torque estimate is shown. Fig. 53 shows the real-life situation where
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Figure 49: Relative speed-estimate with @50% flux-linkage offset
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Figure 50: Speed regulation with no flux-linkage offset

the flux-linkage offset affects both the speed and torque estimate simultaneously.

Notice that the effect of offset on the torque controller is considerably less than
the effect of offset on the speed estimator. Further observe that the speed-ripple is
actually less in the case where the flux-linkage offset affects both torque and speed
controllers than when only one is affected. Surprisingly, but fortunately, these two

effects seems to cancel each other rather than to accumulate.
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Figure 51: Speed regulation with 5% flux-linkage offset in speed estimator only
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Figure 52: Speed regulation with 5% flux-linkage offset in torque estimator only

Considering ways to improve the speed estimate it would should apparently be
possible to filter out the speed variation using a band-stop filter centered on the
electrical rotor frequency. Doing this would result in the case where only the torque
controller is affected by flux-linkage offset (Fig. 52) and not give any improvement.
It might seem logical to notch filter the torque controller as well, but this can not

be done as the torque controller need a high bandwidth with minimal delay.

Another method might be to estimate the speed only once per revolution. This

would result in the correct speed estimate, but the bandwidth is so low that any
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Figure 53: Speed regulation with 5% flux-linkage offset in speed & torque estimators

speed variation due to the offset effect in the torque controller would not be cor-

rectable. Then net effect would be as shown in Fig. 52.

Whereas both these suggestions would provide a clean speed estimate with the
effects of the flux-linkage offset suppressed, it will not work in practice because the

torque is also affected.

A state observer based approach was also attempted in simulation. The observer
provided an extremely smooth speed estimate. The steady-state error was also very
low. However, the biggest failing of the observer based approached is that it tries
to model the whole system. This is fine as long as the system does not change.
When there is a change in the system such as a change in inertia or torque then the
observer will take a long time to respond. This is because the observer and the real
system are forced together using integral action only. To improve the response of
an observer based system all the system parameters must be identified on-line with
minimal delay. The on-line identification of system parameters would be too costly

in computational time to implement on the current system.

The best (and maybe only) way to ensure that one can get a quality speed
estimate is to ensure by design that, the flux-linkage measurements are offset free.

The estimate when there is no flux-linkage offsets are quite good as can be seen in



122 CHAPTER 6. IMPLEMENTATION OF SENSORLESS TORQUE VECTOR CONTROL
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Figure 54: Speed estimator

Fig. 50.

6.4.4 Speed estimator implementation

The speed estimator has been implemented digitally in the DSP. The speed estimator

calculates the speed of the flux-linkage vector to obtain a rotor speed estimate.

The block diagram of the speed estimator is shown in Fig. 54. First the a, f¢
flux-linkage signals are filtered using low-pass filters with 16Hz cut-off frequency to

remove the switching noise.

The position is then determined using a four quadrant arctan2 function on the
q. 0 flux-linkages. The standard arctan function in the DSP C-library was found to
be too slow for real-time operation. It was replaced by a 1024 (90°) entry look-up
table with a bisection search algorithm, which yielded significantly faster operation
at the cost of decreased accuracy in the arctan2 function. The resolution of the new
arctan2 function is 0.09°, which gives an equivalent resolution of almost 1 in 4000.
This is more than good enough considering that most drives are operated with 1000

line encoders.

The differential of the flux-linkage vector is calculated by taking the difference
in flux-linkage vector position over a control interval of 96/"s. The differentiation
process naturally tends to amplify any noise in the position estimate. A further
low-pass filter with cut-off frequency of 25Hz was applied to the output of the

differentiator to remove this noise.



6.5 SPEED AND TORQUE CONTROLLER 123

S d Pl- ller
pee controller Lim: T,

Desired Speed r - A J \
Torque Controller

Estimated Speed

Estimated Torque

Maximum Torque

Torque demand (pos/neg)
K L>

Torque Controller Override

Figure 55: Speed & Torque controller

6.5 Speed and Torque Controller

An overall view of the speed and torque controller was given in Fig. 38 on page 106,

Fig. 55 gives an expanded view of this.

The speed controller is a standard proportional-integral (PI) controller. The
speed controller accepts as inputs the desired and the estimated speed. The differ-
ence is a error signal which is then amplified by a fixed gain (/\p) to produce the a
torque demand signal proportional to the speed error. The proportional torque de-
mand is also integrated in an integrator with gain The output of the integrator
is limited to the motor’s rated torque to prevent integrator windup. The integral
and proportional torque demand signals are then added to produce an overall torque

demand signal which is fed into the torque controller.

The torque controller used is quite simple as the torque vector control algorithm
only accepts request for positive or negative torque. The desired torque from the
speed controller is compared with the estimated motor torque. If the motor torque
is less than the desired torque a request for positive torque is passed to the TVC

control algorithm, otherwise a request for negative torque is passed.

The torque vector control algorithm may override any torque request passed
to it if the motor torque is larger than the rated torque. If the motor torque is
positive and larger than the rated torque then a negative torque demand overrides
any previous selection. Likewise if a negative motor torque of magnitude greater

than the rated torque is measured then a positive torque request overrides and is
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applied.

Fixed settings going into the torque vector controller are flux-linkage vector
magnitude and maximum torque. These two settings are continuously adjusted
when the motor is operating above base speed, i.e. using flux-weakening. Below
base speed these two settings could be used to form part of an efficiency optimizing

outer loop.

The most problematic aspect of the speed controller was the ripple in estimated
speed due to offsets in the flux-linkage. The effects of this were most noticeable at
higher speeds as the ripple frequency approached the speed controller bandwidth and
could have caused instability. The proportional gain of the PI speed controller must
be set relatively low so that the torque demand signal does not get unduly disturbed
by the speed estimate ripple caused by the flux-linkage offset. Careful tuning of the
PI gains and the filter settings resulted in a stable system with a speed variation of
an approximately fixed magnitude (25rpm), which is clearly visible at low speeds.

At high speeds the load tends to filter out the ripple from the actual speed.



Chapter 7

Sensorless control —Results

To explore the performance and limitations of the sensorless closed-loop speed con-
troller an experimental set-up with a 120W axially laminated synchronous reluc-
tance motor was used. The motor has a standard induction motor stator with a
low-voltage winding. The test motor and the load machine were coupled with a Vi-
brometer torque transducer using flexible rubber couplings. -The load machine was

a brushless permanent magnet motor powered by an Electrocraft BRU controller.

S Fpec*

Figure 56: Electrocraft PM load motor (left), Vibrometer torque transducer, and

axially laminated synchronous reluctance motor.
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Figure 57: Flux-linkage (a,/?) during startup. (O.1Vs/div. 10ms/div.)

7.1 Startup

When starting the motor any voltage vector may be applied. As can be seen in
Fig. 57 the correct flux-linkage position is achieved in less than 4ms, during this
time the motor may develop torque in the wrong direction. Fig. 57 illustrates the
worst case where the initial applied voltage vector is located 180° from the desired
position. Also notice the relatively smooth flux-linkage waveform compared to the

current (Fig. 58), making it preferable to use in the speed estimator.

7.2 Speed Estimator & Simulation

Simulations of the dynamic behaviour and the actual system have been shown to

agree well. Fig. 59 shows a simulation of a speed reversal from -1500rpm to +1500.

In the simulation the flux-linkage was offset by 2.5% in both axes, notice the
characteristic ripple on the speed estimate introduced by the offset. This ripple is
also present in the experimental waveform Fig. 60. The characteristic kink in the

speed estimate occurs due to the rapid change of flux-linkage angle, causing the
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Figure 58: Phase-Voltage (top) and Current (btm) during startup. (50V/div,
2A/div, 10ms/div.)
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Figure 59: Sensorless: Simulated Speed Reversal 1500rpm. Estimated Speed (top)
True Speed (btm). (500rpm/div, O.ls/div.)
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Figure 60: Sensorless: Speed Reversal =pl500rpm. Estimated Speed (top) Sz True
Speed (btm). (500rpm/div, O.ls/div.)

speed temporarily to be estimated to be much smaller than it actually is (or even of
opposite sign). This kink can be found in both the simulation and the experimental
waveform and is the response of the digital filter to the impulse speed change present

while the flux-linkage angle changes.

7.3 Dynamic Performance

The speed range of the drive has been defined to be the range in which the motor
could be applied a step-load from no-load to 90% of rated torque without losing
synchronism. The minimum speed achieved that satisfied the above criterion was
400rpm. Ifthe step-load change is limited to 53% of full load the lower speed limit

becomes 150rpm.

Fig. 61 shows the £400rpm speed reversal, steady-state speed ripple due to the
flux-linkage offset can be seen. A £1500rpm speed reversal is shown in Fig. 62,
the speed reversal takes 150ms which is comparable with the constant current angle
controller in chapter 2 (see also [42, 61]). The settling-time is 325ms compared to

a constant current angle control which does not have any noticeable settling time.
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Figure 61: Sensorless: Speed Reversal 400rpm. Torque (top) <Y Speed (btm).
(0.5Nm/div, 200rpm/div, O.ls/div.)

This is not a fault of TYC itself, which has excellent response when used with a

speed sensor (Fig. 63), but a function of the speed estimator.

The response of the drive to a 90% step-load change is shown in Figs. 64 & 65,
notice that the speed dip is constant in magnitude and the recovery time is the same
at 400rpm and 1500rpm. The magnitude of the speed dip is a function of the delay
in the speed estimator and the recovery time a function of the available acceleration
torque. The recovery time for TVC is 400ms compared to a constant current angle
controller recovery time of 200ms. If operated with a speed sensor (Fig. 66) the
initial dip is much less due to the shorter delay before the change in speed is sensed.

Hence the recovery time is also reduced.

The lowest operating speed of torque vector control when used with a speed
sensor was found to be 50rpm. Below this speed the resistance term in the voltage
becomes too dominant to achieve proper synchronism, inclusion of a stator resistance

estimator should improve this.
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Figure 6*2 Sensorless: Speed Reversal =pl500rpm. Torque (top) & Speed (btm).
(0.5Nm/div, 500rpm/div, O.ls/div.)

Figure 63: Using Speed-Sensor: Speed Reversal 1500rpm. Torque (top) & Speed
(btm). (0.5Nm/div, 500rpm/div, O.ls/div.)
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Figure 64: Sensorless: Step-load change 0-0.Sse Nm @1500rpm. Torque (top) Speed
(btm). (0.5Nm/div, 200rpm/div, O.ls/div.)

Figure 65: Sensorless: Step-load change 0-0.S6Nm @400rpm. Torque (top) Speed
(btm). (0.sNm/div, 200rpm/div, O.ls/div.)
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Figure 66: Using Speed-Sensor: Step-load change 0-0.86Nm @400rpm. Torque (top)
& Speed (btm). (0.5Nm/div, 200rpm/div, O.ls/div.)

7.4 Flux-weakening Operation

The speed range was extended beyond the base speed (1500rpm) using flux-
weakening. Above the base speed the motor is operating with constant power. The
maximum speed at which the drive could be applied a 90% step-load was 2750rpm,
giving a constant-power-speed range of 1.83:1. The maximum constant power-speed
range for the motor used is 2.13:1 [60]. The limiting factor at this speed is probably
a combination of low switching frequency, and small flux-linkage magnitude. Fig.
67 shows the motor accelerating from Orpm to 2750rpm. Notice the characteristic

slowdown in acceleration when the flux-weakening region is entered (1500rpm).

7.5 Steady-State Performance

The phase current vs. torque is plotted in Fig. e68. This agrees well with the
theoretical current (Fig. 31). The measured currents are slightly larger than the
theoretical, but this is to be expected as the theoretical results do not include iron

losses.
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Figure 67: Sensorless: Start 0-2750rpm. Torque (top) & Speed (btm). (0.5Nm/div,
1000rpm/div, O.Is/div.)

The efficiency is shown in Fig. 69. As expected the efficiency of torque vector
control is lower than constant current angle control, except at rated torque. The
major part of the losses in the motor was due to copper losses (relatively high
per unit resistance). The iron losses were found to be an almost constant 13\\
regardless of speed and torque. 1 he efficiency could easily be improved by applying
an efficiency optimising outer loop to adjust the flux-linkage magnitude. However

this would affect the dynamic response.

A comparison of power factor for torque vector control and maximum power
factor constant current angle control (MPFC) is shown in Fig. 70. As can be seen
the power factors of the two control methods converge when the torque is increased.
The two curves are shifted 0.07Nm with respect to each other because the torque
vector control is set for maximum efficiency at rated torque while MPFC is set for

maximum power factor.

The steady-state speed regulation (table 2) of the drive is generally better than
+5% for speeds in the range 400-2750rpm. The absolute speed regulation is almost
constant at speeds below base speed, and most likely due to offsets in the flux-linkage

measurements. Using a speed sensor (resolver) improved the speed regulation by a
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Figure 6¢8: Phase Current @1500rpm for torque vector control (TVC) and constant

current angle control (CAC)
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Figure 69: Efficiency @1500rpm for torque vector control (TVC) and constant cur-
rent angle control (CAC)

factor of 2.

It should be remarked that the resolution of the output speed signal is at most
1.5rpm. Further the speed sensor has a resolution of only 10 bits. The noise may
further have been amplified by a short sampling time. These factors probably con-
tributes to the high frequency noise of about £g8rpm on top of a slower signal. A
higher resolution speed sensor and longer sample intervals should perhaps have been

used to improve the signal to noise ratio in the reference signal. The speed regulation
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Figure 70: Power factor @1500rpm for torque vector control (TVC) and maximum
power factor constant current angle control (MPFC)

Speed [rpm] No-load [rpm] Full-load [rpm]

150 +25 +25
400 £20 +30
1000 £20 £20
1500 +40 +40
2750 +50 +50

Table 2: Steady-State Speed Regulation

results may thus be a bit pessimistic.
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Chapter 8

Conclusions

A constant current-angle controller for synchronous reluctance motors has been im-
plemented using a Motorola DSP9G002-33 signal processor. The control program
was a modified version of a simulation program. A control and switching frequency
of 1.8kHz was obtained. The low switching frequency was attributed to too frequent
use of subroutine calls, DSP9()002 not being very efficient on C-style subroutine calls,
and less than optimal C-compiler. To improve the speed the control program should
be re-written without any subroutine calls. Re-writing in assembler would of course

give the fastest execution.

The constant current-angle control algorithms developed and simulated by by
Betz [9] were implemented. Good correlation between the simulated and the exper-
imental data was obtained. The constant current-angle controller results are used

as a benchmark for the sensorless torque vector controller developed.

Sensorless closed-loop speed control has been successfully implemented for the
synchronous reluctance motor. The control consists of an inner self-synchronising
torque loop, and an outer speed control loop. The torque vector control theory
proposed by Boldea [8] has been used for the inner torque loop. The speed control
was implemented using a normal Pl-controller. The speed was estimated from the

angular velocity of the flux-linkage vector.

Analog integration of (u—Ri) is used to measure the the flux-linkage vector. The
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rest of the control was implemented using the same DSP96002 system as used in
the constant current-angle controller. The control frequency for the sensorless con-
troller was 10.4kHz. The inverter switching frequency was 5.2kHz, half the control

frequency.

Fully sensorless operation has been achieved with a base speed range of 400rpm-
1500rpm in which a step-load change of 90% full-load torque can be applied. For
a step-load of 50% full-load torque the speed range can be extended downwards to

150rpm.

The factor that limits the low speed operation of torque vector control is the
uncertain knowledge of the phase resistance. At very low speeds any error in the
resistance may cause the position of the flux-linkage vector to be determined incor-
rectly. This may result in a loss of synchronism. When performing speed reversals
the drive will pass through the low speed region fast enough not to lose synchronism.
When operating with a speed sensor the lower range may be extended because a

step load change will not cause the speed to dip as low.

Flux-weakening operation has been implemented to extend the top speed using
constant power operation above 1500rpm. The constant-power speed-range achieved
was 1.81:1, this compares well with the 2.13:1 speed range obtained under current-
angle control by Soong [60]. Overall speed range is thus 6.9:1 for 90% step-load
change, and 18:1 if step-load changes of less than 50% are used. Flux-weakening
under torque vector control is significantly easier to implement than under current-
angle control because determination of the correct current-angle is dependent on
both saturation and the iron-loss resistance. Torque vector control however, operates

using direct flux-linkage and torque control and hence is not much affected.

The steady-state speed regulation for sensorless torque vector control in the speed
range 400-1500rpm was +5%-+2%. The speed regulation obtained when using
a speed sensor was £3%-+1%. This is comparable to operation under constant
current-angle control. The speed-regulation under torque vector control is adversely
affected by flux-linkage offsets. Flux-linkage offsets will cause a pulsating torque

that affects the operation of both sensorless and resolver operation. The flux-linkage
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offsets cause a further problem with sensorless operation by injecting a disturbance,

pulsating at the rotor frequency, into the speed estimate itself.

The dynamic performance has been evaluated by performing speed reversals
and applying step-load changes. To go from -1500rpm to -flISOOrpm under torque
vector control takes about 150ms regardless of whether a speed sensor is used or
not. This is almost exactly the same as was obtained for the constant current-angle
controller. The speed reversal time is mainly governed by the amount of torque the
drive produces, which is the same in all cases. The main difference between the
sensorless operation and operation with a speed sensor is the settling time. With
a speed sensor (torque vector control or current-angle control) the drive does not
overshoot. However, when operating under sensorless control it over-shoots and
takes about 325ms to settle. This is mainly due to the delay caused by filtering and
the abrupt change in torque which makes the speed estimator think the speed is

lower than what it actually is.

The response of the sensorless torque vector control to a step increase in torque
from 0% to 90% of rated torque was a 130rpm dip in speed with a recovery time of
400ms. The dip in speed and recovery time was largely constant regardless of speed.
The dip is mainly a function of the delay in the speed estimator. The corresponding
data for a constant current-angle control was 120rpm and 200ms. For torque vector

control with speed sensor the dip was 70rpm with a recovery time of 50ms.

The theoretical rate of change of torque for torque vector control is higher at
low speeds and light loads than what it is for a efficiency optimized current angle
controller. This implies that the torque vector controller should have a faster torque
response. With varying loads torque vector control has a much more constant rate
of change of torque than constant current-angle controllers. How much this has
to say in practice is difficult to assess. It seems that the rate of change of torque
is high enough for both torque vector control and constant current-angle control
to have little influence on the speed reversal. Torque vector control with a speed
sensor seems to have a slight edge with regard to step-load changes. However, the

differences are so small that it may be due to different tuning of the Pl-controllers.
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The efficiency of the basic torque vector control matches that of the maximum
efficiency constant current-angle controller only at rated speed and torque. The
efficiency of torque vector control becomes worse at lighter loads. However, an
efficiency optimizing loop can be put around the speed and torque loops. The
efficiency optimizing loop would be used to regulate the flux-linkage magnitude to
obtain maximum efficiency at all operating points. Some dynamic response would
have to be sacrificed. The dynamic response of torque vector control would then
become comparable with that of the constant current-angle control. The maximum
efficiency for the test motor was 70%. This might seem low, but the motor is only
rated 120W and has a relatively high resistance compared to larger motors. The

efficiency is greater than that of the original induction motor (61.2%).

The power factor of an efficiency optimized constant current-angle control and
a torque vector controller coincides at the rated torque and speed. At lower speeds
the constant current-angle controller is better. The power factor at rated speed and
torque for torque vector control was 0.62 compared with 0.66 for a maximum power
factor constant current-angle control. The maximum fundamental power factor for
the motor is 0.9 (partly due to its resistive characteristic). The fundamental power

factor for the original induction motor was 0.7.

8.1 Summary and further work

A fully-sensorless closed-loop-speed-control synchronous reluctance motor speed
drive has been produced. It has a wide base-speed range of 3.75:1 and can be
extended to 6.8:1 using constant-power flux-weakening. The transient performance
is not as good as for a drive with a speed sensor. However, torque vector control
can be used with a cheap speed sensor (eg. tacho generator) and can then provide
comparable or better performance than constant current angle controllers without

the need for an expensive rotor position sensor (encoder/resolver).

The efficiency at light loads is not as good as for a constant current-angle con-

troller, but can easily be improved.
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Typical applications that can accept the performance of a fully sensorless im-
plementation are: Heating and air-conditioning systems, pump drives and electrical
vehicles. For hostile environment applications sensorless operation may be so desir-

able that some compromise on performance is acceptable.

The totally sensorless operation requires at the moment the computing power of
a DSP. However, it should be possible to implement a integer version to run on a

80196 or possibly even a 8051.

The basic torque vector control is simple and ideally suited for implementation
as an ASIC providing closed loop torque control. If the drive was operated with
an inexpensive speed sensor such as a tacho-generator a system with good dynamic
performance and low cost could be made. In both cases use of torque vector control
will save the coset of a /'70-T200 resolver/optical encoder while retaining closed-
loop speed control. Torque vector control is ideal for applications that only require

torque control eg. electric power drills.

Future work includes: implementation of torque vector control in ASIC, im-
proving speed estimator, implementing efficiency optimization, and enhanced or

alternative scheme for sensorless low speed operation.

By implementing the TVC in an ASIC higher switching frequencies can be used
without concern about processing power. An increased switching frequency would

naturally improve the torque quality and reduce flux-linkage ripple.

Reduced flux-linkage ripple would also mean that less filtering is needed in the
speed estimator thus reducing the delay and improve performance. Since the speed-
loop only needs a relatively slow update frequency a low-cost processor could be

used to implement fully sensorless torque vector control.

The fully sensorless torque vector control system could possibly even integrated
into a single smart-power module including power devices, mixed-mode ASIC and

microprocessor (eg. 8051).
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Motor and System

Motor:

Lj

Lq

Rphase, r
Pole-pairs, p
Vphaserated

V as e rated
u mha, €

Trated

180m H(unsat)
152m II (sat)
24.5m 1l

8.1IQ

2
66 Vrms(Y)
1.7Arms

1500rpm

0.95 Nm

Load data (motor and load):

Inertia

Friction coefficient

Inverter
V DCink

Apeak

TVC control:

control data:

0.00044 kgm?

0.00015 Nm/rad/s

150V

0.2VS
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control — 96//S

Maximum Inverter switching frequency = 5.2kHz



Appendix B

Design of DSP Controller and

IGBT i1nverter

B.l

Introduction

B.1.1 Controller Implementation

The philosophy behind this controller was to make a controller capable of imple-

menting any control algorithm that might be devised for the synchronous reluctance

motor. This chapter describes the hardware design choices, implementation, prob-

lems encounter ed during development, and solutions. One of the carliest design

decisions to be taken is the decision of how to implement the controller:

. Hardware-only implementation using discrete devices and ICs: This design

would result in a controller that might be overly complex or have limited
flexibility. It might require major modifications to implement new algorithms,

and would be suitable only for small-scale production.

. Hardware-only implementation using application-specific ICs (ASIC): Using

ASICs the hardware complexity could be reduced and extra flexibility added
to the system. However the development of ASICs is expensive and if an

algorithm needs revising new ASICs might have to be made. This design
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would be suitable for large scale production.

3. Microprocessor executing control algorithms: Using a microprocessor the re-
sult is a clean hardware design that would require no or minor hardware modifi-
cations for implementation of new control algorithms. New control algorithms
can be implemented by software upgrades. This method requires a powerful
microprocessor and this might at present make the design suitable only suited

for research and development or for special cost-insensitive applications.

Of the above designs the software-based design (3) was chosen as it is an ideal
platform on which to develop new control strategies. It offers a fast test cycle where

algorithms can be tested within minutes after they are developed.

B.1.2 Power electronics and interface implementation

The power rating of the inverter is also a decision that had to be made at an early
stage in the development. It was decided to design the inverter for a continuous
output power of 7.5kW. This choice was made because motors of this power rating
start to exhibit characteristics similar to those of larger machines; several motors
and frames of this size were available; and there is a large body of design and
performance data on induction motors at this power-level. It is also a very widely

used rating in the industry.

As can be seen from Fig. 71 there is a natural division between the low-voltage
control electronics and the power inverter. It thus makes sense to make a two-unit
system. By having the control electronics in a separate box it is protected from most
of the electrical noise emitted by the power electronics. By also creating an interface
specification for the interface between the two units a mix-and-match approach of
controllers and inverters can be adopted in the future as more controllers and invert-
ers are being built using this interface. The advantages of this modular approach
have already been proven as a simple hardware-only three-phase current controller

has been built using the inverter described in this thesis. The simple hardware-only
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Base Drive
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Over Voltage, 415V AC

Over Current
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3 x phase control
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Motorola ADS96002 1 x AD2S80 10bit RDC 4x AD:76_7 lz/blt DAC
1 x 0SC1758 Rel-Osc. Digital /O
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128KWord SRAM DC link voltage & current.

Absolute Rotor Position. Base Drive Control

RS232

10 slot Passive Backplane (VME style)

Voltage Sensors: DC-link and MotorNeutral using AD202 Isolation Amplifier
Current Sensors: LEM LASOP flux nulling current sensor

Figure 71: Block diagram of synchronous reluctance motor controller

controller is used for steady-state motor characterisation tests, a description of this

controller can be found in section D.

B.2 Design of DSP based Control Hardware

B.2.1 Selection of Processor

The selection of processor was based on the idea of having a system where a simula-
tion program could be converted into a real-time control program with the minimum

number of modifications. To do this the processor had to:

I. Support floating-point operations in hardware.

2. Support high-level languages.

3. Execute code fast.

The main competitors were the Texas Instruments TMS320C50 and the Motorola

DSP96002-33. Both processors are digital signal processors (DSP) and support

floating-point operations. C-compilers were available for both processors.
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There would appear not to be much difference between the two processors. The
TMS320C50 has a long pedigree in real-time control applications, but it is backwards
compatible with earlier versions of the TMS320 series which had a rather peculiar
instruction-set. The DSP96002 however is a new design where the instruction-set

has been constructed with high-level languages in mind.

The DSP96002 was chosen over the TMS320 on the merit of an enhanced in-
struction set, which should result in faster code. The DSP96002’s performance
when clocked at 33.3MHz is 16.5 MIPS and 49.5M FLOPS peak throughput. This
is slightly faster then the TMS320C50. Another attractive feature of the Motorola
DSP96002 is that it uses a “super scalar” design allowing more than one instruction
per cycle. The bus interface of the DSP96002 is also particularly well suited for
interfacing to both fast and slow peripheral-devices as the number of wait states is
individually programmable for different parts of the memory. This ensures optimum

performance of both memory and peripheral devices.

B.2.2 Selection of Processor Board

Having selected the DSP96002 it was decided to get a ready-made processor board
as the 96002 operates at 33.3MHz which makes design of the PCB critical, and
requires a multi-layer PCB. DSP96002-based processor boards were available from

Loughborough Sound Images and from Motorola.

The Loughborough Sound Images board is a PC expansion board. To interface
hardware to this system is by a proprietary expansion bus called a “DSP-link”.
External devices such as AD-converters would have to be external as it is difficult to
work on development boards inside a PC, and because the power supply in a PC is
not intended to drive analog circuitry. The DSP-link would have to be brought out
from the PC on a ribbon cable to interface with the external devices. As the system
is going to be used in an electrically noisy environment where high voltages and
currents are being switched, it seems foolish to have high-speed TTL signal running

over a long ribbon-cable. The delivery date was also uncertain for this board.
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Figure 72: Motorola DSP96002ADS Development Board

The Motorola DSP96002 board is a stand-alone double-size Euro-card. The pro-
cessor bus was available on two 96-pin connectors. The processor board and the
necessary expansion boards could be housed in a 19v raek-system with the proces-
sor bus being distributed to the expansion cards over a passive backplane. The
Motorola DSP96002ADS board was chosen because the entire control system could
be housed within a single unit which is desirable in electrically noisy environments.
The Motorola development system includes 128k words (32 bits) of zero wait state
static RAM and 2k word of EPROM. Having 512kB of RAM might at first seem ex-
cessive; however, replacing complex equations with large multi-dimensional look-up
tables saves time. The larger the look-up tables the better the accuracy. Another
important reason for choosing the Motorola board was that it was available imme-

diately.

B.2.3 DSP Controller Architecture

One of the aims of this controller system was to make it flexible, this has partly
been achieved by executing the control algorithms in software. However, to make

the system truly flexible the hardware must also be made equally easy to upgrade.
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tumsat

Figure 73: DSP96002 Control Unit

The best method for achieving flexibility is to use a system where all the system

components that are likely to change reside on separate plug-in boards.

The DSP96002ADS board is of a double Euro-card size type, with the processor
buses brought out on two IEC 603-2 (DIN 41612) 96/96 VMEbus style connectors.
The controller is thus well suited for building into a 19” rack system which is funda-
mentally based around the idea of plug-in modules. It was decided to use a standard
19” rack of double Euro-card height to house the DSP board and have a passive back-
plane distributing the DSP’s data and address bus to the expansion modules (Fig.
73). Fig. 71 shows a block diagram of the complete controller/inverter system. The
DSP control system is located at the lower left of the diagram, where the DSP96002
can be seen connected to the expansion cards through the passive backplane (capa-
ble of housing 10 expansion cards depending on component height). To the right of
the DSP board are the two expansion boards that at present make up the control
hardware. The functions of the expansion boards are described in full in sections

B.2.6 and B.2.7.
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B.2.4 DSP96002 Memory Architecture

Before describing the implementation of the controller using the DSP96002ADS
development board, the memory architecture and bus interfaces of the DSP96002

chip [44] must be examined.

From the programmer's point of view there are three separate memory spaces
in the DSP96002. Each memory space is 32 bits wide and is addressed using 32-bit
linear addressing. The first is the P memory, where all program code is stored. The
others are X and 5’ memory, used to store constants and variables. X and Y memory
can each hold a single-precision floating-point number in each location. Together X
and Y form L memory. L memory is used to store double-precision floating-point
numbers or other data types that can be conveniently accessed using a single pointer

for two data items, such as complex numbers.

Moving to a hardware designer’s point of view, the advantages of forming L
memory is that the processor has two identical 32-bit address and data buses known
as port A and port B. By placing X memory on port A and Y memory on port B
one can fetch two data items, using parallel data moves, in just one bus cycle. All
memory must be mapped either to port A or to port B, except a small amount that
is internal RAM/ROM and processor control registers. The 4 giga-word of memory
for each memory space P, X, Y is individually mapped to ports A and B on a 512
mega-word segment basis. This means that for each space there are 8 segments
that can be mapped to either port A or port B. The mapping is controlled through
a processor control register located internally in the processor at the top of the X

memory.

The DSP96002 has the facility to control the number of wait states used for
memory access, to allow slow memory or devices to be used. The number of wait
states is controlled separately for each port A/B and the memory spaces X/Y/P.

The number of wait states can be individually selected in the range 0-15.
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B.2.5 Memory Configuration & Backplane Bus Design

On a typical microprocessor system one expects to find a large range of devices
connected to the processor bus. Some processors such as the Intel x86 series have
special instructions to access an [/O memory space. The DSP96002 does not have
a special memory space for I/O devices, so memory and I/O devices must share the

same€ memory space.

When decoding the address lines to select a specific device it may be done fully,
in which case the device appears in only one location of the memory map. To fully
decode an address gives the highest utilisation of the memory space, but might
require a large number of devices to implement the decoding circuit which in turn

might slow the system down.

A partial decoding scheme will result in the same device appearing in multiple
places in the memory map. However the partial decoding is fast and makes the
decoding circuit simpler. Not all devices have the same response time, so the in-
sertion of wait states is required for slow devices. On most processors the insertion
of wait states is done by having a hardware wait-state generator which will use the
chip-select lines from the address decoder to activate the insertion of wait states

when accessing slow devices.

As not many [/O devices use more than 16-bit wide data buses, it is only neces-

sary to buffer and bring the lower 16 bits of the data bus onto the backplane.

Memory Mapping and Decoding

As the DSP96002 does not have a special I/O access mode all I/O devices are

mapped to memory addresses together with ROM and RAM. The DSP96002ADS

development board has been configured as follows:

2k word EPROM : Port A, P-memory, Address FFOOOOOOh-FFFFFFFFh.
32k word RAM :  Port B, X-memory, Address OOOOOOOO-IFFFFFFFh.

32k word RAM : Port B, Y-memory, Address OOOOOOOO-IFFFFFFFh.
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The memory on the DSP96002ADS has been only partly decoded, so the content

of the EPROM and RAM repeats itself through the assigned memory range.

The I/0O devices o011 the expansion bus have been assigned the following memory

space
I/0 Devices : Port A, X-memory, Address 10000000Oh-FEFFFFFFh.
I/0 Devices : Port A, Y-memory, Address 10000000Oh-FEFFFFFFh.

Partial decoding is used throughout the system and the decoding scheme does
not differentiate between X- and Y-memory access. The devices will be accessed as

X- or Y-memory depending on the speed of the device as explained in section B.2.5.

The address decoding used is as follows:

A31-A28 : Full decoding for board select.

A27-A16 : Not Present on Backplane.

Al5-A4 . Partial decoding for selection of device in board.
A3-A0 : Internal register select in device.

The decoding system requires each expansion board to fully decode the 4 most
significant address lines as a board select address. Board address #0 is not used
because this address range is assigned to RAM on port B. Board address #15 is
not used either since it is partly reserved for DSP internal control registers. The

maximum number of expansion boards is thus 14.

The boards are not required to follow any special decoding scheme for the lower
15 address lines. The following scheme has been used for the boards made so far and
it is an advantage to keep as much as possible of the bus interface on the expansion

cards similar so development time is not wasted.

The decoding circuit used is shown in principle in Fig. 74, and functions as

follows:

A3-A0 is buffered and fed to any device requiring internal register select.
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A15-A4 is used to select the individual devices in the following way: Each address
line controls a separate device and is ORed with the active low board select line
giving an active low output when the device is selected. Using this scheme the
maximum number of devices per board is 12. This is quite economical as each
additional device only requires an OR gate to be added to the decoding logic. It is
not envisaged that the maximum number of 12 devices per expansion board will be

a limitation.

A31-A26 is compared with the DIP-switch setting and generates a board select

signal.

I/0 Device Access Timing

The DSP96002 does not support a hardware wait-state generator, but allow software
to set the number of wait states on a per-port and memory-space basis. One could
get away with accessing all devices at the speed required by the slowest device,
however this wastes time if large amounts of data are to be read from fast devices.
To ensure maximum performance this system has a fast and a slow access mode for

I/0 devices.

To achieve this all X and V memory RAM on the DSP96002ADS is configured
to be on port B. All P memory is mapped to port A. All I/O devices are accessed

through port A as X or Y memory.

To ensure maximum program performance the 25ns static-RAM port A P-
memory, and port B X- and Y-memory are accessed using zero wait states. To get
the maximum performance from fast devices port A Y-memory is set programmed
to 2 wait states. This gives an access time of 90ns which is equivalent to a bus speed
of 10MHz. To access a device using this speed it should be read from or written to

as Y-memory.

The slow devices which would not be able to respond to the fast 2-wait-state
access of Y-memory can be accessed as port A X-memory. The port A X-memory

has been programmed to use 5 wait states. This gives an access time of 180ns which
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Figure 74: Partial-Decoding and Buffer Circuit used on Expansion Boards (extract)
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is equivalent to a bus speed of 5.56MHz. An access speed of 5.56MHz is almost

universally acceptable to any I/O devices, except for very old devices.

This configuration of memory and assigning of wait states is intended to give
good I/O performance and near optimum program execution. The only compromise
on program performance is that X- and Y-memory reside on the same port. This
means that any L memory access and parallel data moves will take two memory
access cycles instead of one. How many L memory accesses or parallel data moves
that are used in a program depends on how the program was generated. Hand
written highly optimised assembly code tends to use more parallel data moves than
compiler generated code. The controller is intended to be programmed in a high
level language and so the performance impact, due to X- and Y-memory being o1l
the same port, might not be noticeable. If the DSP96002 had allowed wait states
to be assigned on the same basis as memory is mapped to specific ports the system

could have been designed without any performance compromises.

DSP96002ADS Development System Implementation Issues

The Motorola DSP96002ADS application development system board is connected
to a PC using a Motorola proprietary interface board in the PC. Using the supplied
debug/monitor program 96002 code can be downloaded from the PC to the DSP.
The monitor program can also be used to enter programs straight into the DSP for

test purposes.

The DSP is configured to boot (start after reset) from P memory address
FFFFFFFEh on port A, which is mapped to the EPROM memory. As supplied
the EPROMs are blank and will most likely® generate an illegal instruction inter-
rupt. The interrupt vectors are located at the beginning of the RAM starting at
00000000h. At power-up these locations will contain random data causing random

code to be executed.

Normally the DSP will be halted from the PC using the debug interface, at

this point and code is downloaded an executed. This might be sufficient if the
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board is used only for evaluating code; however, we cannot have a system that
controls power electronics start executing random instructions. The consequence of
executing random code can have quite dangerous effects if connected to an energised

drive system.

Clearly the EPROMSs must be programmed to avoid executing random code. The
EPROMs that came with the development system where 35ns ultra fast EPROMs
so that code could be executed from the EPROMs with zero wait states. The
facility for programming special devices like these were not available so the special
35ns EPROMs were replaced with standard 150ns EPROMs. This can be done since
after a reset the DSP is running as default with 15 wait states and the memory cycle
time of the processor becomes -180ns. The 150ns EPROMs are thus fast enough for
executing the code at startup. However, when running with zero wait states the
EPROMs are no longer readable as they would be accessed using a cycle time of

30ns which is well beyond their capability.

To achieve the maximum performance programs should be executed from mem-
ory with zero wait states, hence the EPROMs cannot be used to store the main
program. Instead the program is downloaded after each power-up from the PC.
This method of working gives a short development cycle since there is no need to
burn new EPROMs for each revision of the control program. Clearly this is not
suitable for a product that is to be put in production, but it works well in a research

environment.

The boot ROMs are written so that they contain only enough code to take the
development board into a known state at power-up without affecting the subsequent
execution of the control program; hence they need not be reprogrammed with each
new revision of the control program. The expansion boards should be designed such
that they enter a “safe” state after reset or power-up. Once board-initialisation
code in the EPROMs has executed the DSP goes into an endless do-nothing loop
and stays in the loop until the processor is halted by the PC and a program is
downloaded into RAM and set to execute. The initialisation code is shown in Fig.

75, and its operation is explained below.
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1 ;BOOTROM.ASM

2 ;Programs DSP96002ADS to map memory to correct ports

3 ;Version 1.0

4 org pa:$fffffffe ;Reset Vector Address

5 jmp boot-start ;Jump to Boot Routine

6 org pa:$ffffe000 ;Start of EPROM

7 boot-start reset ;Reset all on chip Peripherals

8 ;and Interrupt Mask Registers

9 move #$00010100,d0.1 ;Map Addresses to Physical Memory Port
10 move dO.1,x:$fffffffc ;Write to Port Select Register

11 1lol jmp lol ;Wait here until Host takes Control

Figure 75: DSP96002ADS Boot EPROM Assembly Listing

Lines 4 and 5 set the reset vector to point to the start of the EPROM.

Line 7 resets all the internal peripheral devices and interrupt mask registers in

the DSP96002.

The most important lines are 9 and 10; here the DSP is programmed to map X
and Y memory in the range 00000000h-1 FFFFFFFh to port B. If this was not done,
data downloaded from the host to X or Y memory would be written to non-existent

memory on port A.

Line 11 is an infinite loop where the processor waits for the host computer (PC)
start downloading the control program. The processor is halted through the ONCE
(on-chip-emulator) debugging interface by the host computer. The ONCE can com-
pletely control the operation of the processor. The control program is downloaded
through the ONCE interface. Once the control program is downloaded the proces-
sors instruction pointer register is set to the start of the control program, and the

processor released.

Backplane Implementation Issues

The DSP96002ADS makes the address- and data-bus available on two IEC 603-
2 (DIN 41612) 96/96 connectors. The connector signal layout partly follows the
VMEbus layout; however it differs in a few important places. In particular some

of the data- and address-bus signals use VMEbus signal lines not intended to carry
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high-frequency signals. This makes it impossible to connect the DSP96002ADS

directly to an “off the shelf' VMEbus backplane.

Since a standard VMEbus backplane was not suitable, two uncommitted BICC-
Vero backplanes were purchased. The backplanes had room for 10 IEC 603-2 (DIN
41612) 96/96 connectors each giving a maximum number of expansion cards of 9;
however, the actual number of expansion boards will depend on the height of the

individual boards.

To test the DSP and backplane a small test program was executed; however
when the DSP was connected to the backplane the DSP would no longer execute
the program correctly. The program would execute correctly when singled-stepped,
and by trial-and-error it was found that the DSP would only run when all memory

access was slowed down with 4 wait states.

It was clearly unacceptable to run the control program with 4 wait states. By
examining the data-bus with an oscilloscope it was found that the backplane ca-
pacitively loaded the signal lines too much giving long rise- and fall-times. After
looking at the DSP96002ADS circuit diagrams it became clear that the address- and
data-bus were connected straight from the DSP96002 to the backplane connectors.
There were buffers on the DSP96002ADS but unfortunately these only buffered the
on-board memory. It seems a bit odd that Motorola would make a system that is so
obviously suited to be plugged straight into a backplane but not buffering the bus

going to the connectors when the DSP96002 itself can only drive two TTL loads.

Having identified why the DSP would not run when connected to the backplane
the solution was clearly to insert some form of bus buffers. Ideally the best solution
would be to make a new CPU board with buffers on board. However this was not
a practical solution in this case as suitable multilayer PCB making facilities were
not available. Another solution would be to make an active backplane with built-
in buffers. This still involves making a multi-layer PCB and is not an acceptable
solution. The solution that was decided on was to make and insert a small bus-
buffer board between the DSP96002 connector and the backplane connector. An

unfortunate consequence of inserting the board is that the DSP board now protrudes
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I *vw- Note
aA0-31. port A address bos
aDO-31 * port A data bus
aTS - Port A Transfer Strobe
aS1 - P or X/Y memory select
aFVW « port Aread/wnte select

Figure 76: Port A Bus-Buffer Circuit

about 1cm outside the sub-rack making it impossible to fit a flush front-panel. The

DSP board fortunately does not protrude outside the main-rack.

Since only DSP port A is used to communicate with the I/O devices it was only
necessary to buffer this port. On port B only four signals needed to be brought
through to the backplane: the three interrupt lines and the reset line. The interrupt
lines are inputs and the reset line is well buffered already. The board between port
B and the backplane only serves as a connection board for 4 signal lines (irqa, irqb,
irqc and reset). The buffers on port A use Motorola 74F241 and 74F245 FAST
bus-driver ICs, capable of sinking 48mA and sourcing 15mA, making them suitable
for driving capacitive loads such as backplanes. The delay in these buffers is in the
order of 3-5ns. The data-bus buffers only transmit X and Y memory accesses to
the backplane, since this is what is needed for access to the I/O devices, reducing
the backplane activity. This helps to reduce radiated electro-magnetic noise which

might affect ana log circuitry.

Having inserted the bus-buffer board (Fig. 76) the DSP could now execute the
test program successfully with zero wait states, showing that the buffer board does

not introduce excessive load, crosstalk or ringing on the DSP board.

The bus buffer board did not solve all problems. Wrong values would sometimes
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be read from or written to I/O devices. Spurious accesses to devices would also

intermittently be generated.

Examining the data- and address-bus on the backplane it was found that there
was severe ringing on the signal lines, the signal could go as high as 8V and as low as
-2V. The ringing was found to last for more than 40ns. This ringing would cause the
address decoders to glitch the chip-select signals to random devices. The “Transfer
Strobe (TS)r signal from the DSP signals that data and address lines are stable,
and goes active 15ns after the data- and address-buses are applied. Ringing will
thus still be going on when the bus is signalled as stable. This problem might not
affect slower devices, but fast devices might easily be triggered by the ringing. The
digital output (on board #2) consists of 74F 174 D-flip-flops and is a prime example
of a fast device. The 74F174 can react to a pulse of 4ns width or less. The 74F174
would latch random data through during the time when the address- and data-bus
was still ringing. This problem was first noticed because serial communications
would stop working when the digital output was accessed. The cause was found to
be that random data on the digital outputs would reset the serial-chip because the

serial-chip reset is controlled by one of digital outputs.

At first it was attempted to terminate the bus with standard 220R/330R resistor
networks. This reduced the spikes but did not solve all the problems. It was noticed
that the boards would behave differently if the select address was mostly ‘I’s or ‘0’s
fro m when it was mostly a mix. This indicated that there were also problems with
transitions from one line affecting adjacent signal lines, known as crosstalk between
the lines. An experiment was carried out on the backplane. Rows a and c on the
backplane was connected to OV giving ground tracks between each of the row b signal
lines. A standard TTL square wave was applied to one of the row b signal line and
a oscilloscope was connected to an adjacent row b signal line which was pulled-up to
5V through a 1.5kD resistor. On the adjacent track positive and negative spikes of
almost IV were recorded at the edge of each square wave. This is a a cross coupling
of about 20%, far in excess of what is tolerable when considering that the noise

margin of TTL logic is only 0.4V. The problem will be worse on the lines driven by
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the 74F241 and 74F245 buffer circuits since the crosstalk is dependent on the rise
and fall time of the signals. FAST TTL has a rise time of 2ns versus normal TTL's

6ns, thus using FAST TTL increases the crosstalk.

There is not much that can be done with crosstalk except for slowing down the
edges, not really an option in a 33.3MHz system. The only practical solution was
to go for a better designed backplane. An uncommitted backplane of the desired
quality was not obtainable, so the 5 layer BICC-Vero VMEbus backplane origi-
nally considered was obtained. This backplane is terminated 330R/470R and has a
patented system of micro strip signal guard tracks between the signal tracks. These
guard tracks form OV loops around each signal line. The original choice of the un-
committed backplane was made before it was realised that a bus-buffer board had
to be inserted between the DSP and the backplane. With the bus-buffer board in
place the re-assignments of the signal lines to avoid VMEbus signal lines not in-
tended for high speed signals could easily be implemented. If a bus-buffer board
was not needed this re-assignment would have resulted in an extra patch board,
which at the time was undesirable. The cost (T250) of the VMEbus backplane was
also thought excessive at the time compared to the uncommitted backplane (£48).
The new backplane solved the problems of ringing and crosstalk. It was found that
the maximum bus-speed for the fast devices was an acceptable 10MHz. This speed
compares well with the s MHz bus speed used in PCs. To save cost only one of the
backplanes were changed to the VMEbus type. The other backplane, which only
carries the interrupt and reset lines, still uses the old type backplane. There is how-
ever a limitation in that only one of the three interrupts may be in use, otherwise

false interrupts may be produced due to crosstalk.

B.2.6 Expansion Board #1

The function performed on this board is to acquire the analog input signals using
analog to digital converters. The board has ¢ analog inputs at 12 bits resolution.

The rotor position is measured using a resolver to digital converter.
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Figure 77: Interface Board# 1: ADCs,Timer, Resolver Interface.

The card can be mapped into memory at any of the 14 available address ranges.
The devices on this board interface to the backplane through a set of bi-directional
data buffers (Fig. 74). The buffers are placed close to the backplane connector
to minimise capacitive loading on the backplane and reduce the possibilities for

crosstalk.

The expansion board has been made using the speedwire system. Speedwire is
significantly faster and more compact than wire-wrap. Speedwire boards feature a
ground plane which reduces “ground bounce,? by reducing the ground return path
impedance. The signal wires run close to the ground-plane giving a more controlled
impedance on the signal lines than for wire-wrap or simple double-layer PCBs. When
using speedwire attention must be paid not to use long parallel runs of wires in close

proximity, otherwise there is a strong possibility of crosstalk.
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Analog to Digital Converters

To chose a suitable analog to digital converter (ADC) the application requirements
had to be considered. This application requires accurate measurement of the analog
values of the respective currents and voltages. To define “accurate” is not easy, but

generally it is considered sufficient to have a resolution of 10 bits or more.

The sampling speed of the ADCs is also important. The maximum sampling
speed of most ADCs is around JCtOkHz. Flash converters have much greater speed,
but most are limited to 8 bits resolution. For typical motor applications the control
frequency is around 5kHz; however, if more than one sample can be obtained during

a control interval these can be averaged or digitally filtered to obtain a cleaner signal.

Special features must also be taken into account, for example, three-state mi-
croprocessor interface, fast microprocessor interface for DSP applications, or other
special features. When looking for a suitable ADC the Analog Devices AD1332 was
found to have some very interesting features. The ADI1332 has a resolution of 12
bit, meaning that a signal can be resolved into 1 part in 4096 (+1/2 LSB). This sat-
isfies the need for accuracy. The maximum sampling rate of the AD1332 is 125kHz,

satisfying the sampling rate requirement.

What really distinguished this ADC from the rest was definitely the special

features:

1. The AD1332 has on-board anti-aliasing filters which can easily be tuned with

external capacitors, making external anti-aliasing filters unnecessary.

2. The chip has a 12-bit wide fast DSP/microprocessor interface, making retrieval

of sampled values quick.

3. The ADI1332 is capable of a master/slave configuration in which one master
controls the sampling of other AD 1332s. This ensures synchronous sampling

on all channels.

4. The best feature of the AD1332 is the buffering of sampled values. The AD 1332

is capable of storing 32 samples in a First-In-First-Out buffer on the chip before
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it has to be read by the DSP. The AD1332 can create an interrupt on either full
or half-full buffer. This means that the associated interrupt overhead in the
DSP can be reduced by a factor of 32 or 16 respectively. The half-full interrupt
has its advantages as the interrupt latency (time taken from an interrupt is
generated until it is serviced) can be greater since there is no danger of buffer
overflow or data overrun. The ADI332 can also be used in a standard one-

interrupt per sample mode.

The AD 1332 was chosen on the merit of its special features listed above. In
particular since on a DSP96002 the interrupt overhead can be as much as s5//s if
a full context switch has to be performed. (A full context switch being defined as
preserving all registers and switching stacks.) The time saved per control interval
by using the buffered mode can thus be as much as 160/xs or 80/is depending on
whether full or half-full interrupt is used. It was chosen to have 6 ADCs in the
system. Having ¢ ADCs should cover most configurations typical for AC motor
applications. With ¢ ADCs all voltages and currents of a three-phase motor could
be monitored. Another possibility is to use 2 to monitor the current vector and 2
for the flux-linkage vector leaving two spare for other control inputs, for example

speed from tacho-generator and desired speed.

The input range of the AD 1332 was set to £5V, which produces an offset natural
binary output. The ADI332s are all connected together with one as master. This
ensure that all samples are taken at the same instant. The sample rate is controlled
by an 18254 16-bit programmable timer. The AD1332 has an internal divide-by-20
circuit and the i8254 is clocked by a 10MHz crystal oscillator. The sample rate is
thus adjustable in the range 7.7Hz to the maximum sample rate of 125kHz in steps
of 7.7Hz. There is however a limit on the lower sampling rate set by how much the
internal sample and hold amplifier can be allowed to droop during the conversion.

The manufacturer's recommended minimum is 20kHz.

The master AD 1332 is connected to the DSP96002 interrupt C. this interrupt
can be triggered ecither at the completion of each conversion or at full or half-full

buffer. The ADI332 is accessed using the backplanes fast mode which means that
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each data point can be read in just 90ns. If the ADCs are used in half-full buffer
mode and all the 6 ADCs are in use it will take only 23//s to retrieve the 96 data

points. No problems were encountered during development using the AD1332.

Rotor Position Measurement

The position of the rotor is important if vector based control is to be used. The
accuracy of the measured rotor position can influence the performance of the control.

Generally a resolution of 1000 per revolution is considered sufficient.

To measure the rotor position there is a choice between optical incremental
encoders, optical absolute encoders and resolvers. The incremental optical encoder
was not used because on power-up the rotor position can not be determined. The
absolute optical encoder has its disadvantage in the number of signal lines used if
it is a parallel device. Optical encoders in general are fragile using either glass or
thin metal disks. Optical encoders also tend to use TTL level signals making them

susceptible to electrical noise.

A resolver was chosen as these devices are more rugged than an optical encoder,
and give absolute position with only ¢ wires. Resolvers also use balanced signals
giving them increased noise immunity. The operation of a resolver is quite simple:
a sine wave is applied to a wound rotor through a rotating transformer. There are
two coils placed perpendicular to each other on the stator. These coils produce
voltages proportional to cosa and sina respectively, where a is the angle relative to
the position of the first coil. The cosa and sina signals are converted into a digital

position signal using a resolver to digital converter (RDC).

The RDC used in this design is the tried and proven AD2SSo A RDC from Analog
Devices. The AD2SS0A can be programmed to produce an accuracy of 10, 12, 14 or
16 bits. The maximum speed is a function of the accuracy selected. The AD2S80A
was set to 10-bits as this is accurate enough for most applications, giving a maximum
speed of 1020rps according to the manufacturer’s data for a 5.6kHz sine wave source.

The AD2S80A uses a ratio-metric method for determining the position; however the
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overall accuracy depends on the magnitude of the signals being as close to 2 Vrms as
possible. The accuracy is also best if a harmonic-free sinusoidal oscillator is used,
such as the Analog Devices OSC1758. The OSC1758 is capable of driving a resolver,
and was set to produce a 5.6kllz sine wave. The frequency was chosen such that the
frequency is still within the operating range of the resolver and at the same time high
enough to operate the AD2S80A at the maximum operating speed. The AD2S80A
is a tracking device and can produce a result 2/zs after it is requested. Even if this
position is locked until a new conversion is started, the device will continue to track
the rotor position in the background. This device is accessed using the slow bus

mode, and 110 problems were encountered using it.

B.2.7 Expansion Board #2

This board provides analog real-time output, serial communication, general digital
I/O and a specialised power inverter drive interface. The general description of the
expansion board is the same as for expansion board # 1, as they both use the same
bus interface circuit design (section B.2.6). Following below is a description of how

the functions have been implemented.

Digital to Analog Converters

The controller has four digital to analog converters. These converters are used to
monitor internal program variables in real time. Variables that are commonly output
through these devices are: 79, speed, torque and program status. The program

status can be used as a simple profiler to determine “hot spots” in the program.

The DACs can also be used to control external analog devices; for example, an
external analog current controller could be implemented. The DSP would output
desired current magnitude and angle. The external analog circuit would do the

actual current control and control the switching of the transistors.

Analog Devices AD767 analog to digital converters were chosen. These devices

can produce an output of £5V with an accuracy of 12 bits from a offset natural
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Figure 78: Interface board#2: DACs,Timers, Serial I/O, Digital I/O and Inverter
optical I/0.

binary input. This matches the characteristic of the DACs. A problem was encoun-
tered using these devices, because the chip acts as a transparent latch. When the
chip is selected slight ringing on the data bus during the first ns after the devices
were selected sometimes caused the devices to produce a very short output glitch
before settling at the desired value. To solve this problem the falling edge of the

select pulse to the devices were delayed to ensure that the data bus was stable before

the digital data was gated through to the analog output.

Serial Interface

A serial interface is incorporated into the design. The serial interface is used during

development for debugging, and can be used to send commands during operation and
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to retrieve status information from the controller. The serial interface is implemented

using an Intel 18251 universal asynchronous receiver and transmitter (UART).

The 18251 requires two clock signals: the first is the baud rate clock and the
second is the system clock. The CPUs that were around when the 18251 was designed
used clock frequencies around SMHz and the system clock was the same as the CPU
clock. The iS251 is an old device and cannot handle the fast bus mode, but works
fine with the slow bus mode. An artificial SMHz system clock is provided by one of
the 16-bit timers in an iS254. The baud rate is controlled by another of the three
16-bit timers in the i8254. This system can produce most standard baud rates from

a 10MHz crystal, and is typically used at 9600bps.

To convert between the iS251’s TTL level and RS232-C level signals a Maxim
MAX233 chip is used. This chip only requires a 5V supply as it has on-board
charge-pumps and capacitors to generate 9V exceeding the £7 volts called for in

the RS232-C standard by 2 volts.

Digital 1/0

The system has one 16-bit digital input and one 16-bit digital output. The digital
input is implemented using two 74F244 gated latches. The digital output is imple-
mented using three 74F 174 D-type flip-flops. These devices are accessed using the

fast bus access mode.

This simple implementation was chosen in preference to more advanced solutions
using programmable I/O devices because it was desirable to have the I/O as fast as
possible. The digital I/O was also only intended for controlling internal controller
I/0 devices, not as a general interface port. The I/O is distributed between the
expansion boards using a ribbon-cable. At present 3 (2 free) input and 3 (2 free)

output bits are distributed over the cable with the option of adding two more signals.

The output status cannot be retrieved from the digital output as can be done
from programmable I/O devices. This means that it is necessary to keep a copy

of the digital output status in memory. To keep the integrity of this system the



170 APPENDIX B DESIGN OF DSP CONTROLLER AND IGBT INVERTER

copy of the digital output shouM be read, modified, written back into memory and
to the digital output without interruption. This must be taken care of in software,
making it slightly more difficuh compared to using a programmable I/O devices
and a processor that supports read-modify-write. The DSP96002 does not support
general read-modify-write so using programmable I/O would not have given any

advantages.

Inverter Drive Interface

This circuit normally interfaces directly to the power inverter and directly controls
the switching of the inverter phaselegs. The interface has four fibre-optic outputs
that connect the controller to the power electronics. Optical fibre have been used
as these signals has to be sent a considerable distance in an electrically noisy envi-
ronment. If electrical signals were used there would be a real risk of them picking
up electro-magnetic noise, which could cause undesired switching of the inverter
transistors. Optical fibres are totally immune to electro-magnetic fields and so any

possibility of the inverter switching due to noise pick-up has been removed.

Three of the outputs are used to control the state of the individual phaselegs.
If the output is transmitting light the upper transistor in a phaseleg will be turned
on, if not the lower will be turned on. The last output is used to disable or enable
all of the transistors in all of the phaselegs: this is done so that the DC-link voltage

can be removed from the motor (by the high impedance state of the transistors).

On power-up and after a reset all the outputs are reset, disabling the phaselegs to

ensure that the motor is not energised before the control software has been loaded.

The circuit which drives the three phaseleg control optical outputs can operate
in three modes, depending on what type of control is being executed. Fig. 79
shows a discrete-logic version of one phase of the phaseleg control circuit which is
implemented in a PAL. The function of the modes will be described, but the actual

programming sequence will not. The possible modes are:

1. Direct drive: The state of each of the optical outputs is directly controlled
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Figure 79: Phaseleg Timing Control Circuit

T
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Figure 80: Switching Pattern In Programmable Timer Mode,

from the DSP. This is similar to using a normal digital latch.

2. Programmable Frequency: Each output can be programmed to output a fixed
frequency pulse. This mode can be used to clock external control circuits. In
this mode the interface is not connected directly to the power inverter, but

might be used to drive a sine wave generator.

3. Programmable Timer Switching: In this mode the circuit is programmed once
per control interval T. The initial states of the phaselegs are set when pro-
gramming the circuit. The phaselegs can also be programmed to change state
at time {tOa, tos, tOc} respectively after the start of the interval, as illustrated

in Fig. 80.

When the three outputs are combined, this circuit can generate a maximum of 4
different states during the control interval T. Normally there is only need for three
different states during a control interval. The practical use of this circuit by control
software is covered in chapter 2.6 Without this circuit the processor would either

have to poll a timer at regular intervals or use an interrupt to update the phaseleg
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states during the control interval, wasting valuable processor time. At the start of
a control interval the initial states of the phaselegs will be set. Each phaseleg can
then change its state once during the control interval using a J8254 timer. The iS254
contains 3 individual timers which can be programmed to change the state of an

optical output to within 200ns of the desired switching time.

B.3 Operation of Power Inverter

This section describes the operation of the power inverter. Peter Miller designed and
built the power inverter, and although it was not designed by myself this section has
been included for completeness as the power electronics forms an significant part of

the system.

The inverter is the part of the system that converts the control signals into actual
voltage or current applied to the motor. The inverter shown in Fig. 81 is a voltage
source inverter, in which the constant source voltage is approximated by a large
capacitor supplied from rectified 3-ph 415V mains. The motor phases are applied
either a constant positive or negative voltage through the inverter switches. Modern
inverters in the kW range often switch between the two voltages at rates of 2-50kHz,
the higher the frequency the less current and torque ripple. Ultrasonic switching
frequency also reduces audible noise. The applied voltage is averaged over time, and
if the correct firing pulses are applied to the 6 transistors a sinusoidal current can

be achieved.

The inverter specifications are:

Continuous output power 10kVA

AC input power (max) Three-phase 415V 50Hz
Output voltage Depends on Control Algorithm
Output Current 10Arms, 50Apeak

Max switching frequency 10kHz

Power devices 3 IGBT modules
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Figure 81: Power Inverter Overview

(1200V, 50A)
Regenerative Power : 25Apeak @ DC-link voltage
(continuous, with external load)
Protection : Over Current (phase & link)

Over Voltage (DC-link)

B.3.1 Controller Interface

The inverter has been designed to allow the control algorithm designer maximum
flexibility by allowing direct control of the switching of the transistors. To minimise
the risk to the inverter from being destroyed by controller errors, a set of safety
features has been incorporated. To protect the motor and inverter from overcurrents
the peak current in the motor phases and the DC-link are monitored. If any of the
currents exceeds the set limits the controller trips out. A heat sink temperature
sensor protects the inverter from long time overload conditions. To protect the
phaselegs from being blown-up by shoot-through the controller is not allowed control

over individual transistors, but must treat each phaseleg as a unit being either at the
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positive rail or the negative rail of the DC-link. The inverter has an internal lockout

circuit that prevents simultaneous ON conditions when a phaseleg is changing state.

The inverter provides the controller with 4 optical fibre inputs to control the
three phaselegs. Three of these control the individual phaseleg states and the fourth
is used to disable all 6 transistors, in effect making the motor terminals “safe” by
putting a high impedance load between the motor terminals and the DC-link voltage.

An optical fibre fault indicator is also provided.

The inverter presents the controller with instantaneous current measurements
taken using high bandwidth (100kHz) flux-nulling current sensors. The currents
measured are the 3 phase currents and the DC-link current. The inverter also
provides measurements of the DC-link voltage and the voltage between the motor
neutral point and a resistive neutral point (of possible use in sensorless control).
The voltage measurements have quite a low bandwidth (2kHz) due to the use of
AD202JN isolation amplifiers; however, the isolation is excellent at +2000V. The

full interface specification is given below.

B.3.2 Interface Specification

Phase Controls :
4 x Optical Inputs :
Input Device : HP Versatile Link HFBR-2521. 1
Use Connector : HP Versatile Link HFBR-4511.
Fault Indicator :
1 x Optical Output :
Output Device : HP Versatile Link HFBR-2522. 2

Use Connector : HP Versatile Link HFBR-4501.

Analog Outputs :
Connector : DB-15 (Female)

Pin-out : 1) Phase 1 Current
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2) Phase 2 Current

3) Phase 3 Current

4) DC-link Current

5) DC-link Voltage

6) Neutral - Resistive-Neutral Voltage
8) Screen

7,9-15) Signal Ground (Connect All)

Scale Phase Currents = 20A/'V 3
DC-link Current = 20A/V
DC-link Voltage = 200V/V
Neutral Voltage = 100V/V

Termination Currents = 50D 4
\mwltages > 100kD

B.3.3 Power Electronics Circuit

The main power circuit is clearly shown in Fig. 81. The input power (3-ph 415V)
is rectified by 6 diodes. The rectified output from the diodes is applied to a bank
of capacitor (total 4500~/F, 770V) giving a DC-link voltage level of approximately
600V. A thyristor is placed between the diodes and the capacitors to limit the inrush
current through the diodes into the capacitor when power is applied. When power is
applied the thyristor is off and the capacitors are charged slowly through the resistor
that is in parallel with the thyristor. After the capacitor has been charged to near

‘Light on input marked “Enable” on inverter back panel enables the phaselegs for operation,
no light disables all transistors. Light on inputs marked “Phase 17, “Phase 2”, and “Phase 3” on
the back panel of the inverter turns the upper transistor of the individual phase on and the lower
off. No light turns the lower transistor on and the upper off.

m'Light on output indicates inverter ready. No light indicates inverter not-ready or a fault has
occurred.

3For more than one turns on current transducers reduce by number of turns.

4Special cable contains 50Q terminators in connector on controller end.
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its working voltage the thyristor is gated and current is allowed to flow freely from
the rectifier to the capacitor and onto the transistors. The thyristor is continuously
gated to prevent it switching off if the current goes below the holding current.
The connection between the capacitors and the transistors is often referred to as
the “DC-link”. The DC-link is usually made of solid copper-bars with de-coupling
capacitors placed close to the transistors to reduce the stray impedance further. It
is important to keep the stray impedance of the DC-link low to reduce voltage spikes
caused by stray inductance when the transistors are switching. When regenerating
the DC-link voltage kept down by dumping excess energy into a resistive load, this
dumping starts when the DC-link voltages increases above 713V (118%) and stops
when the voltage has been reduced to 662V (110%). An overvoltage trip occurs if

the voltage rises to 739V (123%).

The 6 transistors and associated freewheeling diodes are divided into three
phaselegs with an upper and a lower transistor. The phaselegs used are Toshiba
MG50QYS91 IGBTs rated 50A-1200V, packaged in modules containing 2 transis-

tors and 2 diodes.

The IGBT’s advantage is that it is a voltage controlled device like a MOSFET
while still retaining the power handling capability of the bipolar transistor. The
switching time of these devices is less than 2/is and the on-state collector-emitter
voltage is 2.7V. To turn on an IGBT a positive gate voltage must be applied with
respect to the IGBTs emitter terminal. The voltage potential of the upper transis-
tor’s emitter will vary from O to the full DC-link voltage, as the phase leg is switched.
To maintain a constant gate voltage on the upper transistors each upper transistor
must have a separate floating gate drive. Isolation was achieved using high isolation
rating power supplies and opto-couplers. Although the lower transistors all could
have used a common drive circuit 6 identical gate drive modules were used, each

with an integral power supply.

By using identical modules shorter design time was achieved. The gate drive
modules use a single rail 15V power supply. To ensure rapid switching of the tran-

sistors each gate should be driven positive and negative; however if the switching
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speed is not too critical it is possible to just drive the gate positive and have a
resistor between gate and emitter to discharge the gate on turn off. In this inverter
a compromise is reached in that the gate is driven between + 12.3V in the on state
and -2.7V in the off state. This is achieved by generating a low impedance voltage
source at +2.7V and connecting this to the emitter. The supply zero voltage is thus
-2.7 relative to the emitter. Having a negative gate voltage also gives better margin

against induced voltages turning the device on.

As can be seen from Fig. 81 there is a danger of destroying the transistors if
both an upper and a lower transistor was turned on at the same time, as this would
effectively short circuit the DC-link. To prevent this from happening the IGBT gate
drive circuit interlocks the upper and lower drive signals, with a delay of 5//s between
one transistor turning off and until the other is turned on. The lockout-time selected
is a compromise between having an acceptable safety margin against shoot-through

and limiting the inverter switching frequency.
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Appendix C

TVC Software Overview

The control program for the sensorless torque vector controller was written in 99%
ANSI C. The C-language is highly standardised and available on a large range of

systems, making the program portable.

The control program was written so that it includes both a real-time version
and a simulation within the same source code. The selection of simulation or real-
time version is done at compile time by means of a compiler definition. This makes
the program smaller and marginally faster than if an if-statement was used during

execution.

Compiling for simulation includes the 4th order Runge-Kutta (RK4) solver which
solves the non-linear motor equations. Compiling for real-time execution replaces
the RI\4 solver by a hardware interface routine that controls the inverter and reads
in measured results. The inputs and outputs from both the RK4 solver and the
real-time hardware interface are identical and the rest of the code thus remains

unchanged regardless of simulation or real-time operation.

The extra code required for the real-time implementation of the control program
is minimal. The real-time version has a single very tight interrupt routine which is
called every 8//s when new data is available from the analog to digital converters.
Only every 12th value is stored in RAM, and a flag is set to inform the main routine

that new data is available and a new control interval can begin. 11 of the data points

179
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are discarded so that the time between the control interval start and the time when
the 12th data point was sampled is minimized. The data read are a-/3 flux-linkages
and currents. The control interval is determined by the counter in the interrupt
routine. The minimum control interval possible is determined by first running with
a long control interval while monitoring the time necessary to execute the main

control code.

The structure of the main program is optimized for speed. This means that
re-usability of code has been sacrificed to increase speed. In particular the control
loop of the program contains no function calls. The hardware interface functions
are actually in-line assembly code. It is important to remove any function calls as

the DSP96002 / Intermetrics C has a particularly large overhead for function calls.

The program structure of the main control loop in the program is shown in the

flow-chart in Fig. 82. The program flow is as follows:
1. Wait at this point until the interrupt routine has set the flag, i.e. when 96/zs
has passed.

2. Take the current and flux-linkage values that the interrupt routine stored in

RAM in raw format and convert them into floating point values.
3. Apply the voltage vector that was calculated in the last control interval.

4. Determine in which of the 6 sectors the flux-linkage vector is, this is used when

selecting the voltage vector for the next interval in 15.

5. Calculate torque and flux-linkage magnitude squared. The square of the flux-

magnitude is used to avoid the time consuming square-root function.

6. Filter the flux-linkage values through a 16Hz low-pass filter before using them

in the speed estimator.

7. Estimate speed by first determining the flux-linkage vector position using the
arctan2 function, and then taking the difference in position from the last con-

trol interval.
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Figure 82: Flow-diagram, sensorless TVC program
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Calculate bi-level flux-linkage demand signal.

Using flux-linkage sector and the bi-level torque and flux-linkage magnitude
signals use lookup table to find desired voltage vector to be applied in next

control interval.

Interrupt routine: Is this time a multiple of 12? If not exit, else continue.

(12 * 8fis= 96fis).

Interrupt routine: Read the current and flux-linkage values from the analog to

digital converter and store them in RAM for use by the main control routine.

Interrupt routine: Set the flag to indicate that new current and flux-linkage

values are available and the control routine can continue.

For full hardware details see Appendix B



Appendix D

Stand-alone analog front-end for

inverter

The analog-front-end (AFE) was built to provide an easy to operate facility for
characterising 3-phase synchronous motors. This controller is radically different
from the controllers presented in the main body of this thesis in that it only control
the current being fed into the motor and does not control torque or speed as the

DSP based controllers do. Torque is however manually controlled by the operator.

The AFE is intended to be used with a dynamometer which provides constant
speed operation. The operator can control the current angle/current magnitude or

the d-axis and q-axis currents individually, thus making it easy to fully characterise

Hysteresis
RDC 4 offset Current
Control
COS'SN 2ph
LOOKUP

to Power
Current Angle TABLE 3ph

Electones

Ramp
Analog'—1 Companson

Current

Control

Analog Front-end

Figure 83: Stand-alone analog controller
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the steady-state performance.

The AFE measures the rotor d-axis position using a resolver, this is converted
into a 11-bit digital signal. The current angle can be input using either an analog
or digital signal. A potentiometer is provided on the front panel for inputing the
analog current angle. The analog current angle signal is converted into an 11-bit
binary offset value, this is added to the digital rotor position. The digital current

angle signal is displayed on a LCD for monitoring.

The digital position of the current vector is then fed into a ROM sin/cos lookup
table. The ROM contains tables for motors with 1 to 4 pole pairs, configurable
with dip-switches. The ROM produces a 12-bit binary offset a,/*-current reference.
The 2-phase a,/? reference is transformed into an equivalent 3-phase representation

corresponding to the motor phases.

The 3-phase reference currents are then used to control the motor currents using
either hysteresis control or ramp-comparison control. Hysteresis control changes the
state of an inverter leg when the current error exceeds a set hysteresis band. The
output from the hysteresis control is gate at 50/zs intervals limiting the maximum
switching frequency to 10kHz. Ramp-comparison compares the current error with

a reference ramp, with no error a 50% duty cycle is produced.

The AFE conforms to the inverter interface specifications in section B.3.2. This
is the standard inverter interface which uses fiber-optic control signals and analog

current-loops for analog signals.
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Sensorless Control of the Synchronous Reluctance Motor

R. Lagerquist', 1. Boldea2, T.J.E. Millerl

IUniversity of Glasgow
SPEED Laboratory
DepL of Electronics & Electrical Eng.
Glasgow G12 8LT, Scotland

Abstract -
control for the synchronous reluctance motor Is presented. The
sensorless control Is based on the Torque Vector Control. It

In this paper a sensorless closed-loop speed

has been Implemented using a high-speed digital processor
DSP96002. Experimental results for a 120W axially laminated
synchronous reluctance motor are presented and compared
with operation with a speed sensor and simulations. A base
speed range of 400-1500rpm has been achieved. The top speed
was extended to 2750rpm using flux-weakening. The drive can
be applied a full-load step-change within this speed range
without losing synchronisation.

I. INTRODUCTION

Increasing interest has been shown in the synchronous
reluctance motor in recent years particularly in the axially-
laminated design first introduced by Cruickshank [4] in
1966 and further developed by [S5]. The later axially-
laminated designs do not have a starting squirrel-cage; this
improves the saliency-ratio and hence torque and efficiency.
Without the starting cage the synchronous reluctance motor
can not be used for direct-on-line starts, but requires to
driven by an inverter to keep the rotor and flux in
synchronism. Most inverter drives use a sensor to measure
the rotor position to achieve this. However, the rotor
position sensor has been a major complaint in variable speed
inverter drives as it is expensive, fragile and can prevent use
in hostile environments.

Whereas
motors has been heavily investigated [6,7,10] this has not
been the

Promising sensorless control

sensorless control for switched reluctance

case for the synchronous reluctance motor.

methods developed for the
synchronous PM motor, which should be applicable to the
synchronous reluctance motor can be found in [12], EI-
Antably proposes a method for sensorless control of the
synchronous reluctance motors in [5]; this was further
developed by Bolognani [3]. Bolognani implemented a
current angle detection system, however he only observed
the angle and did not drive an inverter.

This paper presents the implementation of a closed loop
torque controller based on theory developed by Boldea [2],
control has been implemented by

Closed-loop speed

2Polytechnic Institute of Timisoara
1900 Timisoara

Romania

estimating the rotor speed from the flux-linkage vector

velocity.

II. TORQUE VECTOR CONTROL PRINCIPLE
& MOTOR EQUATIONS

The principle of torque vector control (TVC) as described
by Boldea in [2] has been used to implement an inner torque
loop. Torque vector control is based on the control of
torque, flux-linkage magnitude and position to achieve
synchronisation of the rotor and the flux-linkage vector.

Neglecting iron losses the equations for torque vector
control can be written, in stator reference frame as (1) and
(2). Fig. 1 shows a phasor representation of theequations.
8 is the

voltage or flux-linkage angle: this follows the convention

The angle e is referred to as the currentangle,angle

used by Lipo in [9].

V=Ri+"- )
dt
T=8p Refl 1')=ip(xalp-Xp/a) )
q-axis
I . d-axis
a-axis

Fig. 1. Synchronous Reluctance Motor
Ptiasor Diagram.
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Rearranging (1) gives the flux-linkage

I =j(V-Rl)di 3)
where

V=8(va+Wej2+13+ W e~j2nl3)

= 47 @

i =iiJa+Jbej2%n +1Ce~j2nl3) (5)

=1la +"p

p = pole pairs.

Variables subscripted a and (3 are the three-phase values
transformed into a two-phase co-ordinate system a,p with
the a-axis oriented in line with the motor phase-a winding
and denoted as the real axis. The [3-axis is at 90°, and is
denoted as the imaginary axis.

In this scheme the rotor position is not used, or detected,
it relies purly on orientation of stator flux-linkage and
torque control. The flux-lmkage angle, 8', is indirectly
controlled through the control of torque and flux-magnitude.

In an ideal motor with R- 0 the voltage angle, 8, and the
flux linkage angle, S', are identical.

Torque is related to the current and voltage angle as

2 sin 2¢
T=\p{Ld-Lg)fF ©)

sin 28'
Tmi

Q)

1 sin 28'
Ld

Under constant current angle control,
efficiency for the test motor at rated speed (1500rpm),
torque (0.95Nm) and current (1.7A) was found using a

=\P

the maximum

current angle, e, of 55°. The angle is larger than 45°

because of saturation effects.

Under the stated above the

corresponding flux-linkage angle is given by

same conditions as

S - tan' ] — lane ®8)
y

As Ld is
magnitude equations (7) and (8) must be solved numerically
to determine the flux-linkage magnitude that satisfies the

strongly dependent on the flux-linkage

required full-load torque and current angle requirements.
For the test motor the flux-linkage angle corresponding to
a current angle of 55° was 12° (0.2 rad). Thus under flux-
linkage control the motor has an inherent torque margin of
33° degrees before it becomes unstable by moving beyond

45°. This means that the motor is inherently stable under
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flux-linkage angle control whereas it is inherently unstable
under constant current angle control since 045°.

Fig. 2 show the behaviour of the current and torque for
different
appreciated that for best possible inherent stability the flux-

flux-linkage magnitudes. It can easily be
magmtude should be chosen as large as possible under
current and voltage limit constraints. However as efficiency
is also an aim, the flux-magnitude must be reduced so that
the full-load operating point coincides with the maximum
efficiency poinL It must also be noted that the current
increases considerably when exceeding the rated torque.
TVC normally operates with voltage angles that ensures
operation within the current limit, but after a load change is
applied it may transiently slip back to a larger voltage angle
due to delays in the control loop.

To achieve synchronisation with the rotor TVC controls
the applied voltage so that the flux-linkage magnitude is
constant and the maximum torque, calculated by (2), is
limited so that the flux-linkage angle kept less than 45°.

The flux-linkage magnitude is controlled by applying
voltage vector that are directed towards the center of the
rotor to decrease the magnitude and outwards to increase the
magnitude. The torque is controlled by applying voltage
vectors that either advances the flux-linkage vector in the
direction of rotation to increase the torque or oppose the
direction of rotation to reduce the torque.

As the flux-linkage vector is the integral of the applied
voltage vector (3), it will move in the direction of the
applied voltage vector for as long as the voltage vector is
applied. The voltage angle is thus indirectly controlled by
the torque and flux-linkage magnitude, an increasing torque
causing an increased angle.

TVC is designed to provide a simple
algorithm that can be implemented in hardware without the

fast control

use of a microprocessor.

darent @0 25Vs
CUTOnl @0.20VS
Current @0.15Vs:
Torque (@23V*
Torque @0 20V*
Torque @O 15Vs

Flux-linKege Angle 6 (rad]

Fig. 2 Torque and Current Magnitude vs. flux angle.
Flux-linkage peak-magmtude as parameter
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Torque vector control uses a six-pulse voltage source
inverter (Fig. 3) and by being able to be a hardware
implementation it can be assumed that it will control the
inverter switching at a rate which makes it unnecessary to
modulate the applied voltage vectors. Hence the only
available voltage vectors are the six in Fig.3.

Since there are only six voltage vectors available it is
sufficient to determine the position flux-linkage vector
position to be in one of the six sectors defined in Fig.3. As
TVC operate the inverter maximum switching the torque
is reduced to a simple choice of increase or
The flux-linkage magnitude is likewise

demand
decrease (+/-).
limited to a choice of increase or decrease (+/-).

For the case when the flux-linkage vector is in sector <D
(Fig. 4) one of four voltage vectors can be applied. If the
flux magnitude should be increased and the torque should be
positive then V2 should be applied to advance the flux
vector. If the flux is too large, but the torque should still be
positive then V3 should be applied. If the torque should be
negative then V6 would be applied to increase the flux and
Vs to decrease the flux. A compact table of optimal voltage
vectors for all the different cases of flux-linkage position
and desired control inputs is listed in Table L

A high-speed low-tech implementation of torque vector
control could be achieved using op-amps, comparators, a
small ROM look-up table and 4 analog multipliers, ideally
suited for implementation as an ASIC.

yrigiN-
Fig. 3. Six Pulse PWM Inverter

¢ .
torque postrye orque postive

ftm'ncreasng

torque negative

torque negative
tlux increasing

llux decreasing

Fig. 4 TVC Voltage Vectors for stator flux-linkage vector in region 1.
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TABLE 1
Run-Sector 1 2 3 4 5 6
xHe Tave vd vl v6 W
X+ve T-ve VI v owe vd <
X-ve T wve 4 V4 vl )
X -ve T-ve

Viovli h- Vi W

At no point in the TVC algorithm is there a need to know
anything but the desired flux-linkage magnitude and the
associated maximum torque. In particular the absence of
the any reliance on knowledge of Ld and L4 should be noted,
this is can be contrasted to the conventional constant current
angle control that needs to know Ld and La to compensate
for the speed term cross coupling between the d and q axis
current equations.

To summarise the advantage of TVC are:

1) Self synchronised torque control.

2) Inherently stable (5'<45°) at maximum efficiency

operating point.

3) Simple hardware implementation possible, no
microprocessor necessary.
4) Does not need to know Lj or saturation

characteristic.

II. FLUX WEAKENING AND TORQUE VECTOR CONTROL

Constant power operation above the base speed is easily
implemented for torque vector control. When the motor
reaches the base speed the inverter has reached its voltage
limit. To go above the base speed the voltage must be kept
constanL. As the voltage magnitude is given by

M -U .W - <9 >
It is clear that to go above the base speed the flux-linkage
magnitude must be reduced as

(G‘ <10>

As TVC directly controls the flux-linkage magnitude this

is easily achieved.
Similarly for the maximum torque for constant power

operation above base speed is:

rm="THrm (i)
T = 10 bast j (12)
m*X @ mmxbase' K 7

The maximum torque of the torque/flux-linkage angle
reduced when the flux-linkage magnitude is

It is vital to limit the maximum torque demand

curve is
reduced.
because excess torque demand would push the flux-linkage
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angle beyond the 45° and the would lose

synchronisation. Since torque is directly controlled this is

motor

easily implemented with TVC.

IV. IMPLEMENTATION OF SENSORLESS CLOSED-LOOP SPEED
CONTROL

Controller Overview

Sensorless closed-loop control system for the

synchronous reluctance motor has been implemented using a

speed

versatile digital control system based around a 32-bit
floating point digital signal processor (DSP). The sensorless
control algorithm does not require the use of a DSP, but
could have been implemented entirely in analog and digital
hardware. However, the development time greatly reduced
using a DSP.

A digital signal processor, DSP96002, from Motorola has
been used to implement most of the control algorithms. An
analog circuit has been used to transform 3-phase quantities

into two phase quanuties and to integrate (¥ - R /) to obtain

the flux-linkage vector. Analog components were used to
reduce the execution time of the algorithms and provide a
quality flux-linkage esumaie.

The DSP96002 has a
S50MFLOPS @33MHz.
possible with hand-optimised assembly code.
performance when using C is only about 10%.
for using a high-level language is that development time is
greatly reduced. The control program for this controller is
written in 99% ANSI C. The use of C makes the program
includes both a real-time
If the program

theoretical performance of
This performance is however only
The realisable

The reason

portable. The control program
version and a simulation within the C-code.
is compiled for execution on a PC the simulation code is
compiled in. If the target is the DSP the simulation code is
simply replaced by an equivalent hardware interface section.
The control algorithm code remains the same regardless.
The control algorithms are executed every 96jis, giving a

maximum switching frequency of 5.2kHz.

©.1) (0,1 ©1)

4 i AO767 1204 OAC
Digital /O
RS232 Sana) Conm
B**» Drtwa Control

Motorola ADS960C2 6 x ADI332 12bfl ADC
1 * AD2S80 10M ROC

1 i OSC1758 Raf-Osc.

DSP96002-33 3U~fc

128KVVora SRAM

'3 5101 Passive BacApUrx (VM6 gywi

Fig 5. Hardware Overview
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The analog to digital converters are run with a conversion
rate of 125kHz. The sensorless speed estimate and the
speed measured using a resolver is output on digital to

analog converters for real-time monitoring.

Stator Flux-linkage and Torque Estimator

Torque vector control requires the flux-linkage vector and
torque to be estimated. Using a rotor position sensor the
stator currents could be transformed into the rotor d-q frame
=LdId +jLqlq. is to

and calculated as As the aim

produce a sensorless scheme the stator flux-linkage must be
estimated using (4). The implementation of the flux-linkage
estimator is shown in Fig. 6. The currents and voltages are
transformed into a 2ph stator co-ordinate system and then
the flux-linkage is found by analog integration of the
voltage. As expected there was some drift in the integrators,
to compensate for the drift the DC-gain of the op-amps was
limited to 10x. This causes the gain to be 25% too low
@400rpm, resulting in an increased flux-linkage magnitude
at low speeds. This increase in flux at low speeds does not
in fact influence the control much. The current magnitude
stays virtually constant, but the voltage angle is decreased
giving a slightly lower fundamental power factor and
efficiency.

Positive side effects of the increased flux magnitude is
increased torque reserve, and as this increase in flux occurs
at low speeds there are no risk of running out of volt. As
most of the drift was caused by the DC-drift in the current
and voltage transducers there would be no great advantage
use digital integration.

The method

integrator drift which measures the distance the measured

conventional used to compensate for
centre of the flux-linkage circle has moved from the origin
and compensate for this. This method is fine for PM motors
as the flux is constant and produced by magnets and there is
a relatively small contribution due to the currents in the
machine. However, TVC can not use this approach because
the flux-linkage is being produced by the currents, and is
controlled so that the measured flux-linkage describe a
perfect circle. The actual flux-linkage magnitude will thus
under offset conditions vary as it rotating. Compensation
for DC-offset under TVC is done by recording the offset
values whenever the motor is stopped and subtracting the
offset values from the measured values when the motor is
running.

Since a high performance processor was already in use,
and the calculation of torque and flux-linkage magnitude
perform digitally and not

(squared) are simple to

computational intensive they were computed by the DSP.
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(-1/3)  (-173)

Fig. 6. Siaior Flux and Torque Ftuinalor.

As TVC only requires the flux-linkage vector position to
be determined to be in one of the six sectors in Fig. 3 the
position can be uniquely identified by testing for the sign of

, the sign of and a magnitude comparison \/3|>®J and

|Xa|. These test are performed by the DSP on the unfiltered

flux-linkage values from the analog integrator. Use of the
arctan funcuon to determine the positron of the flux-linkage
vector is thus not necessary for the torque loop and this
saves valuable CPU time. The position test could also have
been implemented in analog hardware by use of a few
comparators and op-amps.

At low speeds the motional voltage component becomes
less than or equal to the voltage across the stator resistance.
It thus becomes important that the correct value of stator
resistance is used in the flux-linkage estimator. A wrong
stator resistance value causes an offset in the flux-linkage
angle, and cause the TVC algorithm to detect and use the
wrong flux-linkage sector.

Speed Estimator

The flux-linkage is used to estimate the rotor speed as this
has a relatively clean wave form. In the steady-state the
flux-linkage vector is synchronised to the rotor and the flux-
linkage vector speed is the true rotor speed.
is changed the

However,
transiently when torque demand speed
estimate will be effected, because the flux-linkage vector
moves relatively to the rotor to produce the new torque
level. A increase in demanded torque will cause the flux-

linkage vector to move opposite to the speed of rotation

APPENDIX E PUBLICATIONS

causing the speed estimate to be low until a new steady-state
position is reached. Similarly for a reduction in torque
demand, but the speed is in this case over estimated.

These effects can be minimised by limiting the rate of
change of torque. If it is not desirable to limit the rate of
change of torque the speed estimator could be disabled

during large torque demand changes.

The speed estimator has been implemented digitally in the
DSP. The speed estimator differentiate the position of the
flux-linkage vector to obtain an estimate of the speed (13).

The speed estimator determines the position using a four
quadrant arctan2 function. The standard arctan function in
the DSP C-library was found to be too slow. It was replaced,
by a 1024 (90°) entry look-up table and bisection search
algorithm. Even tough the flux-linkage wave forms look
quite sinusoidal they require filtering before use in the
speed-estimator. Unfiltered flux-linkage wave forms result
in a speed estimate with high frequency jitter since the flux-
linkage vector may move either way during a control
interval. The flux-linkage wave form was filtered using a
first order filter with/c=16Hz. The filter introduces a delay
of 2-5ms, however as the position is only used in the speed
estimator, and not by the torque-loop, this is acceptable.

Another method for speed estimation was also tried, this
method used the crossing from one flux-sector to another to
estimate the speed. However, the discontinuous nature of
the estimator and the code-required to avoid false detection
proved to cause more problems, and took just as long to
execute as the method using a arctan look-up table method.

Offsets in the flux-linkage estimate that occur during the
operation is r.ot compensated for and cause the real flux-
linkage vector to be moved off-center. The measured flux
linkage is still centred, but the speed of the measured flux-
sinusoidally

modulated by a shaped

to the electrical

linkage vector is
function with a frequency equal rotor

frequency.

Fig. 7. TVC flux-linkage. (0.25V Spk).
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Speed and Torque Controller

The torque controller used is quite simple as the torque
vector control algorithm only accepts request for positive or
negative The desired speed
controller is compared with the estimated motor torque, if

torque. torque from the
the motor torque is less than the desired torque a request for
positive torque is passed to the TVC control algorithm,
otherwise a request for negative torque is passed

The torque vector control algorithm may override any
torque request passed to it if the motor torque is larger than
the rated torque. If the motor torque is positive larger than
the rated torque then a negative torque demand overrides
any previous selection, likewise if a negative motor torque
of magnitude greater than the rated torque is measured then
a positive torque request overrides and is applied.

The speed controller however is more involved and is
linked closely to the speed estimator described above. A
conventional PI speed controller was used as basis, but
required some modification to work well.

The most problematic aspect of the speed controller was
the ripple in estimated speed due to offsets in the flux-
linkage. The effects of this was most noticeable at higher
speeds as the ripple speed
controller bandwidth and caused oscillation.
basically two approaches to solve this problem; to increase
the bandwidth of the speed estimator or to filter out the
speed variation. To further low-pass filter the speed
estimate would result in slow dynamic response which was
The filtering was reduced and hence the
this
However, the PI gain

frequency approached the
There were

not desirable.

speed estimator bandwidth increased, increased the
ripple present in the speed estimate.
was increased, and this combined with the
bandwidth gave improved dynamic response while at the

same ume maintain the steady state accuracy. The resultant

increased

speed variation is of an approximately fixed magnitude
(25rpm) and is clearly visible at low speeds.
in the speed estimate could eliminated at high speeds by

However at low speeds this

This variation

averaging over one revolution.
seriously degrade the dynamic
system. It might be possible to use a notch filter with
variable center frequency to remove the variation, but this

would response of the

has not been attempted.

Performance Issues

Torque vector control operates with a constant flux-
linkage magnitude at all loads. The use of constant flux-
linkage means that there will always current to flowing in
the motor to maintain the flux, even in no-load situations.
The effect this has on the performance will depend on loss
mechanisms in the motor. In the 120W test motor the iron-
losses were found to be relatively independent of the load,

and mostly a function of the flux-linkage npple.
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Fig. 8 Theoretical Current magnitude at function of torque in TVC and
conltant current angle controllers.

in losses of torque vector
control angle control it should thus be
sufficient to compare the copper losses. Fig. 8. shows the
current magnitude for a constant angle control (CAC) of 55°
compared with torque vector control. The flux-linkage
magnitude is set to achieve the maximum efficiency current
angle at a load of INm. As can be seen the copper losses of
the two control methods will be almost the same for loads
ranging from 60% to 110% of rated load. Outside this range
TVC has a larger copper losses than constant angle
controllers, especially at low loads.

Torque vector control has fast dynamic torque response

To compare the difference
and constant

compared to constant current angle controllers since the
currents in the motor can be changed faster. The torque
change is faster under TVC as almost all the current change
occurs in the least inductive axis whereas for constant
current angle control the change in current is equal in both
axis.

The efficiency of torque vector control could be increased
at low loads by including a efficiency optimising loop that
would lower the flux-linkage magnitude when the motor is
operating at light loads. However, some the dynamic
response of TVC would have to be sacrificed if efficiency
used because the flux-linkage magnitude

torque could be

optimising is
would have to be rebuilt before full
produced, this would make TVC dynamic performance on
par with constant current angle controllers.

V. RESULTS

To explore the and limitations of the
sensorless closed-loop speed controller an experimental set-

up with a 120W axially laminated synchronous reluctance

performance

motor was used. The motor has a standard induction motor
stator with a low-voltage winding. The test motor and the
a Vibrometer torque
transducer using flexible The load
machine was a brushless permanent magnet motor powered
by an Electrocrafl BRU controller.

load machine was coupled with

rubber couplings.
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Hg 9. Flux-linkige (a£) during sun-up.
0.1Vs/div. 10mt/div.

Fg 10. Phase-Voluge (top) and Gurrent (btm) during sun-up
50V/div, 2A/div, 10ms/div

Startup

When siarung the motor any voltage vector may be
applied. As can be seen in Fig. 9 the correct flux-linkage
position is achieved in less than 4ms, during this time the
motor may develop torque in the wrong direction. Fig. 9
illustrates the worst case where the initial applied voltage
vector located 180° from the desued position.

Also notice the relatively smooth flux-linkage wave form
compared to the current (Fig. 10), making it preferable to
use in the speed estimator.

Speed Estimator & Simulation

Simulations of the dynamic behaviour and the actual

system has been shown to agree well. Fig. 11 shows a

simulation of a speed reversal from -1500rpm to +1500.
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m I uw 1) K u U i u

Fig.ll. Sentorieu: Simulated Speed Reven»l -/+1500rpm.

Estimated Speed (lop) & True Speed (bun).
S500rpnvdiv, 0.1«/div

Fig.12. Seniorlesj: Speed Reversal -+1500rpm.
Estimated Speed (tup) & True Speed (bun).
500rpnvdiv. O.ls/div

In the simulation the flux-linkage was offset by 2.5% in
both axis, notice the characteristic ripple on the speed
estimate introduced by the offset. This
present in the experimental wave form Fig. 12.

The characteristic kink in the speed estimate occur due to

ripple is also

the rapid change of flux-linkage angle, causing the speed
temporarily to be estimated to be much smaller than it
actually is (or even of opposite sign). This kink can be
found in both the simulation and the experimental wave
form and is the response of the digital filter to the impulse
speed change present while the flux-linkage angle changes.

Dynamic Performance

The speed range of the drive has been defined to be the
range in which the motor could be applied a step-load from

no-load to 90% of rated torque without losing
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Fig.13. Sentorleu: Speed ReveruJ -/+400rpm,

Torque (top) & Speed (btm).
0.5Nnvdiv, 200rprev/div, O.li/div.

Fig.14 Seniorlesi: Speed Reversal -/41500rpm,

Torque (lop) & Speed (btm)
0.5Nmv/div, 500rpnvdiv, 0.1s/div

The
satisfied the above criterion was 400rpm.

achieved that
If the step-load
change is limited to 53% of full load the lower speed limit
becomes 150rpm.

Fig. 13 shows the a +/-400rpm
state speed ripple due to the flux-linkage offset can be seen.
A +/-1500rpm speed reversal is shown in Fig.14, the speed

synchronisation. minimum speed

speed reversal, steady-

reversal takes 150ms which compares well with the 130ms
[1,8]. The
is 325ms compared to 140ms for constant
itself,
which has excellent response when used with a speed sensor

for the constant current angle controller in
settling-time
current angle control. This is not a fault of TVC

(Fig. 15), but a function of the speed estimator.

The response of the drive to a 90% step-load change is
16 & 17, notice that the speed drop is
constant in magnitude and the recovery lime is the same at

shown in Figs.
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Fig.15. Uiing Speed-Senior Speed Revertel -/+1500rpm.

Torque (top) & Speed (btm).
0.5Nmvdiv, 500rpnvdiv, O.li/div.

Fig.16. Sensorlen: Step-load change 0-0.86Nm (2>1SO0pm

Torque (lop) & Speed (btm).
0.5Nmvdiv, 200rpnvdiv, O.j/div.

400rpm and 1500rpm. The magnitude of the speed drop is a
function of the delay in the speed estimator and the recovery
The
recovery time for TVC is 400ms compared to a constant
current angel controller recovery time of 200ms.

time a function of the available acceleration torque.

If operated with a speed sensor (Fig. 18) the initial drop is
much less due to the shorter delay before the change in
speed is sensed. Hence the recovery time is also reduced.

The limit of torque vector control when used with a speed
sensor was found to be 50rpm. Below this speed the
resistance term in the voltage becomes too dominant to
achieve inclusion of a stator

proper synchronisation,

resistance estimator should improve this.
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Fig.17. Senaorkat: Step-load change 0-0.86Nm @400rpm

Torque (top) & Speed (btm).
0.5Nnvdiv, 200rpnv/div, 0. la/div.

Fig 18 Uiing Speed-Senior Step-load change 0-0.86Nm @400rpm

Torque (top) & Speed (btm).
0.5Nnvdiv, 200rpnvdiv, O.li/div.

Flux-weakening Operation

The speed range was extended beyond the base speed
(1500rpm) using flux-weakening. Above the base speed the
motor is operating with constant power. The maximum
speed at which the drive could be applied a 90% step-load
was 2750rpm,
1.83:1.

motor used is 2.13:1

giving a constant power-speed range of
The maximum constant power-speed range for the
[11]. The limiting factor at this speed
is probably a combination of low switching frequency, small
flux-linkage magnitude. Fig. 19 shows the motor
from Orpm to 2750rpm. Notice the

in acceleration when the flux-

accelerating
characteristic slowdown

weakening region is reached (1500rpm).
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Fig. 19. Senaorieai: Stan 0-2750rpm,

Torque (top) & Speed (btm).
0.5Nnvdiv, 1000rpnYdiv, 0.li/div.

Steady-State Performance

The phase current vs. torque is plotted in Fig. 20 this
agrees well with the theoretical current (Fig. 8). The
measured currents are slightly larger than the theoretical, but
this is to be expected as the theoretical does not include iron
losses.

The efficiency is shown in Fig. 21 as expected the
efficiency of torque vector control is lower than constant
current angle control, except at rated torque.

The efficiency could easily be improved by applying a
efficiency optimising outer loop to adjust the flux-linkage
magnitude. However this would affect the dynamic
response.

The steady-state speed regulation (table II) of the drive is
generally better than +/-5% for speeds in the range 400-
2750rpm. The absolute speed regulation is almost constant
at speeds below base speed, and most likely due to offsets in

the flux-linkage measurements.

3

0
To#qu«(Nm|
Fig 20. Phase Gurrent @ 1500rpm for torque vector control (TVC) and
constant current angle control (CAQ.
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0 02 04 06 1 12

06
Torqu* (Nmj
Fig 21. Efficiency @ 1500rpm for torque vector control (TVC) and constant
current angle control (CAQ.

TABLE I
STEADY-STATE SPEED REO 11> TION
No-losd [tom! Full-lord Irani
*/-25 *]-25
*00 +-30
ioac 4720
3500 J-41. +/-40
2750 +-50

VI. CONCLUSION

An implementation of sensorless closed-loop sensorless
speed control for the synchronous reluctance motor is
presented. The drive has been shown to have a base speed
range of 400rpm- 1500rpm in which a step-load change of
90% full-load torque can be applied. For a step-load of 50%
full-load torque the speed range can be extended downwards
to 150rpm. Flux-weakening operation has been
implemented. The constant power-speed range achieved
was 1.81:1. Overall speed range is 6.9:1 for 90% step-load
change, and 181 if step-load changes of less than 50% are
used.

The basic torque vector control is simple and ideally
suited for implementation as an ASIC providing closed loop
torque control.

For demanding applications (or applications that can
tolerate a speed sensor) torque vector control combined with
an (inexpensive) tacho-generator should provide excellent

performance.

VII. APPENDIX
Motor & System Data:
L#E180mH (unsat), 152mH(sat); L(>=24.5mH;
V ,, f=*=8.in; P=2; Vfa*110Vrms(Y);
Iraled=1.7Arms; (0" *=1500 rpm; Tralej= 0.95 Nm;
Inertia (motor and load)=0.00044 kgm2;
Friction coefficient=0.00015 Nm/rad/s;
Vfc,/k=150V; Xpt(jt=0.2Vs; TVC control interval: 96ps;
Maximum Inverter switching frequency: 5.2kHz.
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Control of Synchronous Reluctance Machines

R.E. Betzl,

R. Lagerquist2, M. Jovanovicl, T.J.E. Miller2and R.H. Middletonl
Department of Electrical and Computer Engineering
University of Newcastle, Callaghan, NSW, 2308,
Australia.

Abstract

This paper develops a comprehensive approach to the control of inverter-fed synchronous
reluctance machines (SYNCREL), based on the machine's ideal model. From the theory a
control simulation is designed. Simulation and experimental results are presented. The

effects of saturation and iron losses are bneflv considered.

Introduction

The Synchronous Reluctance Machine (SYNCRM) is an AC machine with a rotor that has a
different permeance on the D and Q axes (Pd and Pg). The simplest rotor that produces this
effect is “dumb-bell” shaped. Such primitive rotors however, only produce a relatively small

difference in the permeance of the two axes of the rotor. As shall be seen in the following

analysis the difference and ratio between these permeances are two of the crucial parameters

that determine the performance of the machine (the larger the Pd-Pg difference and PJPgq

ratio the better the machines properties). Therefore these rotors are of little practical use.

Various other designs have been proposed for the SYNCRM rotor over the years, but the
designs that obtain the maximum Pd-Pg and PJPg use an axial lamination principle. Figure 1
is a cross-section of a typical 4 pole machine with axially laminated rotor. The material

between the laminations can be any non-magnetic material - slot insulation, aluminium,

copper and even injection moulded plastic can be used.
The main motivations for studying the SYNCRM are:-

(1) The control of the SYNCRM appears to be simpler compared to field oriented control

of induction machines.

(ii) The SYNCRM is a synchronous machine, and this is advantageous in some

applications.

1 Department of Electrical and Computer Engineering, University of Newcastle, Callaghan, NSW, 2308,
Australia.
2 Department of Electronic and Electrical Engineering, University of Glasgow, G12 8QQ, United Kingdom.
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(iii) The SYNCRM has a “cold” rotor. This has several implications - the SYNCRM can be
used in niche appiciations where a cold rotor is required; but more importantly it means
that the SYNCRM potentially is more efficient than the induction machine. Therefore
for the same total losses the SYNCRM appears to be capable of a higher power density

than the induction machine.

(iv) The non-axiallv laminated SYNCRM is suitable for very high speed applications.

(v) The SYNCRM is robust similar to the induction machine.

Q axis

D axis

Figure 1: Cross-section of synchronous reluctance machine with axially laminated rotor

Most of the early work carried out on the SYNCRM has been for dead on-line start

applications. Such machines require a squirrel cage to allow the machine to start with mains
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frequency input. This constraint compromises performance. The machines which are the

subject of this paper have no rotor cage, thereby allowing design for optimal Pd/ P ratio.

The term SYNCREL will be coined for these machines.

In comparison to the induction machine, the control of the SYNCREL has been largely
ignored. The main control parameter in the SYNCREL is the angle of the current vector with
respect to the high permeance axis of the machine. In this paper this axis is the D axis of the
machine (see Figure 1). A significant paper by Chiba and Fukao [1] found that the ideal

machine maximum rate of change of torque is obtainable if the current angle with respect to

the rotor axis is 6t = tan“;g, where ¢ = Ldl Lg . The inherent parameter dependence is not

addressed.

Another paper of note is by Fratta. Vagati and Villata [2]. The control for the SYNCREL
was derived in a flux oriented reference frame. This allowed the development of a rapid
torque response control with a field weakening strategy. Issues of parameter dependence

again were not addressed.

The final paper of interest is by Xu, Xu. Lipo and Novotny [3]. This paper tackles the control
difficulties associated with saturation and core losses. The key result is that saturation and
core losses can make a significant difference to the rotor angles for maximum torque/ampere

and maximum efficiency.

This paper consists of two main sections. The first carries out an analysis of the ideal
SYNCREL and highlights its basic performance parameters and their inter-relationships for

the following control strategies:-

L. Maximum torque control (MTC):- maximum torque/ampere obtained by setting
0.-K14.

2. Maximum rate of change of torque control (MRCTC):- control proposed in [1] where
6t = tan-1g.

3. Maximum power factor control (MPFC):- obtained when 6i = tan'1

4. Constant current in inductive axis control (CCIAC):- control strategy where constant

current is maintained in the D axis, and torque is manipulated by the Q axis current.

The main limitation of the analysis is that it has been done for the ideal machine (i.e. no
saturation or losses). By using the ideal machine one is able to develop expressions which

allow the theoretical limits of the ideal machine performance to be determined. Despite the
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ideal machine limitation, interesting insights into the SYNCREL’ properties are gained.
Consideration is also given to the effects that saturation and iron losses have on the
performance of a “real” machine. More detailed consideration is given to saturation and iron
loss aspects of the SYNCREL in [9], Strategies for estimating the D axis inductance on-line

are developed, and simulations of their performance are presented.

The second section of the paper details the design of a digital controller based on the analysis
of the previous section. This controller is suitable for implementation on a Digital Signal
Processor (DSP). Simulation results for the controller are presented. Experimental results
for the controller implemented on a Motorola 96002 Digital Signal Processor are then

presented.

Mathematical Modelling

The conventional DQ equations for the ideal SYNCREL using standard notation are:-

(b
i +Ri +o)LJj (2)
r ={Ld-L q)idig 3)

This form of the machine equations is not suitable for generating machine independent
performance information. In order to make this possible the equations are normalised based
on the performance of a machine operated at maximum torque per ampere. If coo is the
angular velocity of the breakpoint in the rated torque-speed characteristic and io is the rated

current then the other bases for the normalisation are defined as follows:-

= \/2(LU-L q)id (4)

&)

(6)

The normalised machine variables therefore become:-

T <bn=— @ v (7

Applying the above normalisation's to (1), (2) and (3) and assuming that the machine

resistances can be ignored the following can be derived:-
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v24 £ 1 . (0"
V- l— Pldn ~Ip (8)
Uo S
Vo, , .
VY =“FTT, 27" * ©)
M. 240
T,, = i] sin 20 (10)
where p =— .
di
Utilising the fact that i/=i/n+C togetfer HO) allows the normalised currents to be
written as:-
L. =J— coiO 11
i 2 (N9
im = {—7 tan#,l (12)

Therefore (8) and (9) can be written totally in terms of the torque and the current angle:-

Vcoto,
(13)

\Y

A

-y/tan j— j —
V,K = N 7 +& W 7 coté>, (14)

It should be noted that (13) and (14) assume that 0 is not a function of time and can therefore

”

be moved outside the “p ” operator. In other words this means that the following analysis is

constrained to constant angle controllers (CACs).

Since v2= + vk then after some manipulation the following expression relating the

voltage applied to the machine torque, rate of change of torque and the current angle can be
found (note that this is the same as the expression in [ 1] except that a different normalisation

has been used):-
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The remaining important expression for the SYNCREL machine is the power factor
expression. This can be derived using trigonometry from the vector diagram of the

machine:-

(16)

Inter-relationships

The relationships between the MTC (i.e. 0, —k /4) and the MRCTC (i.e. f2 = tan-'c) shall be

investigated first. These two control strategies exhibit a duality property with respect to their

rated torque and break frequencies.

If the machine is operating at rated current for both control strategies then from (TO) the
torque for the MTC control is rn= 1 and for the MRCTC r,=2c/(c:+ 1). For large c the

maximum torque using MRCTC is very' low.

If prn=0 1in (15) then the following expression is obtained for the normalised angular

velocitv of the machine:-

a7

Under the condition of rated current if the applied frequency is increased until the feeding

inverter runs out of volts then vn=1 and r/Ai=sin20 in (17). Therefore the general
expression for the break frequency in the torque-speed characteristic is:—
c~ +1

D . (18)
sin 20 (tan 0 + glcot0 )

Therefore for MTC, (Dmmax = 1, and for MRCTC, conmax = (¢2+1)/2¢c. Therefore:-
("n*nmax )«/4 —(A nmai® A (19)

MRCTC control trades off output torque in order to gain a higher break frequency in the
torque-speed characteristic. Since the input voltage and current are equal for both the control
strategies then the power factors are also equal. Another interesting result is that the above
Tcp relationship is unique between MTC, MRCTC and the constant power trajectory' that can

be traversed between them [4].



206 APPENDIX E PUBLICATIONS

The other variable of interest is the relationship between the rate of change of torque for the
two cases. The MRCTC control was derived in [1] by optimising for rate of change of

torque. Substituting for each angle into (15) and taking the ratio we get:—

20)

Since (c: + 1)/ 2¢c > 1 for ¢ > 1 then the above ratio is always greater than 1. Note that as the

crnTnproduct in the above expression increases then the ratio increases.

A question which arises from the above analysis is whether the Tmommx product obtained for

the MTC and MRCTC strategies is optimal, which is the same as asking whether the power
factor is optimal. This question is important because power factor of the ideal machine

directly affects the kVA required from the inverter supply for a given output shaft power.

The angle of optimal power factor is obtained by differentiating (16) and equating to zero.

The result is that the maximum power factor is obtained if the machine is operated with

1)

Substituting this into (16) gives the following well known expression for maximum power

factor:-

Figure 2 plots power factor for the optimal current angle and the 7/ 4 current angle. Note
that as ¢ increases operating at optimal power factor angle begins to show a significant
difference. The figure also serves to highlight the importance of obtaining a good (>5) ¢

value so that the inverter size relative to the shaft output power can be reduced.

The comparative performance of the MPFC strategy relative to the MTC and the MRCTC

strategies can be seen in (23) and (24). For both (Dmmax and p rn the MPFC is midway between

MTC and MRCTC [4].



E.2 CONTROL OF SYNCHRONOUS RELUCTANCE MACHINES 207

The £ Parameter

Since both the MRCTC and the MPFC are dependent on knowledge of the g parameter then

the question arises to how accurately this parameter must be known. In order to assess this a
sensitivity analysis was carried out in [4] to determine the effect of inaccurate knowledge of
C on the control objective of each controller. The sensitivity functions evaluated were
A77/ T and Ay/y* where 77 is the power factor and y* is the rate of change of torque,

obtained when there is no error in ¢ .

The main conclusions are that MPFC is relatively insensitive to g and can tolerate errors of
+30% without much performance lose. MRCTC on the other hand is sensitive to g both in
terms of rate of change of torque and power factor. However if g is known to £10% the

error from optimum performance is not too great. For both MPFC and MRCTC larger values

of ¢ decrease the parameter sensitivity.

Parameter Estimator for g

To implement a controller for the SYNCREL it is clear that the g parameter needs to be

0.6 Max. torq/amp
u
i 0.5
é .
u
)
£ 04
A
0.3
0.2

Inductance Ratio

Figure 2: Power Factor versus Inductance Ratio
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known. The Lg value is almost constant under all operating conditions since the flux path is
dominated by air in the Q axis. However, L4 in reality is a state dependent parameter due to
the saturation of the D axis of the machine. One way to obtain g under all operating

conditions is to measure Lg and the Ldvs id relationship for the particular machine being

controlled, and then store these in lookup tables.

Alternatively, one can attempt to identify these crucial parameters on-line. This approach has
the advantage that to some degree the inverter-controller system has become decoupled from
the machine. Therefore for a given power rating, an inverter can support a variety of

different machines without having to modify any lookup tables.

There are a number of techniques that can be used to estimate the inductance ratio of a
SYNCREL machine. Most estimation schemes used in the adaptive control literature are
variants of the basic Recursive Least Squares Estimator (RLSE). Such techniques are
applicable to teh estimation of the resistance and inductance values of the SYNCREL
machine. For example, if (2) is discretized using an Euler approximation of the derivative the

following expression can be written for the Q axis current:-
iq(k +\) = Q(k)T<t>(k) (25)

where

"I Lo O ¥ (26)
(k) = [ig(k)  0){kid(k) VI(£)]

and A =sampling interval.

An error ig(k)-iq(k) can be constructed where ig(k) corresponds to an estimate of ig(k)
generated from (25) using the estimated values for the machine parameters. This error can
then be used to dnve a RLSE to update the estimates of the parameters. The classical form of

the RLSE equations for the scalar case appear in (27).
Ok +1)=G(k)+Lk+ D[yk +1)- <&K)TQ (k)]

Phk+1)=-(1 - Uk + \)<&KT)P(k)
7 (27

1 ®(k)TP(k)<b(k)
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where a =y =1 for ordinary least squares, and a=1-y, 0<7 <1 for exponentially

weighted least squares. The memory of the estimator (i.e. the number of previous states

which affect the estimate) is approximately 1/(l-y). Square root based update techniques

for the P matrix are often used because they offer superior numerical properties.

The estimation is based on the Q axis equation for two reasons:-

(a) The equation does not involve incremental values of the D or Q axis inductances.

(b) The Q axis current is the most "active” of the currents for the control strategies
considered. This is important in order to supply a persistently exciting input for the

estimator.

The traditional technique for using (27) would be to estimate the 0 parameters defined in

(26). Once known then the /?, Ld, and L, values can be solved for (since the parameter

equations form three independent equations). However this technique does not perform very
well in situations where any of the parameters being estimated are state dependent (as is the
case for the Ld inductance in the SYNCREL). This is due to the fact that the parameter
undergoes very fast changes, and the estimator is always lagging behind the true value of the
parameter. What is required is a technique that can estimate the instantaneous values of the
state dependent Ld parameter. This can be achieved using a least squares approach by
estimating the saturation characteristic of the machine (which is essentially constant and not a

state dependent quantity).

The characteristic which must be estimated is the Ld vs id curve. This curve can be modelled

in a number of different ways - for example, as a polynomial, or perhaps as a sum of

exponentials. If the characteristic is modelled as a polynomial then the equation for L4 has

the general form:-

~ crld(k)n+cnid(kY '+ +elid(k) + cQ (28)

>

If (28) is substituted into (25) then the new 0 can be found consisting of the above ‘c
coefficients. Once the ‘c’ coefficients have been determined by the RLSE then the value of

Ld for any id can be determined from (28). Improved performance can also be obtained by
using apriori known information. For example, the value of the Lgq inductance is constant

under all operating conditions. If this and the resistance are known then the only parameter to
be estimated is the D axis inductance. By decreasing the degrees of freedom the estimator

performance improves.
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An alternative set of basis functions for the Ld inductance are the exponentials. These have

been chosen because of their ability to represent the types of curves that are typical of

saturation characteristics. Using exponentials it is possible to model the Z*value as:-

(29)

Equation (29) can similarly be substituted into (25) and the new © determined. It has been
found that the use of the exponential basis functions is superior to the polynomial
approximation as it often requires a 6th order polynomial to obtain a good fit to the saturation
characteristic. This means that even for the case where Lg and R are assumed to be known, 7
parameters (the V coefficients) have to be estimated. On the other hand for the exponential
version only 2 or 3 parameters have to be estimated in order to gain acceptable fits. For any

choosen set of exponentials one has to choose the power terms ‘a. b’ etc.

Two other estimation techniques are discussed in [4], Both these techniques are valid only if

the di/dt is small in the machine (i.e. the machine is in steady state).

Field Weakening

Separately excited D.C. machines and vector controlled induction machines can increase their
shaft angular velocity above rated speed so that they operate with constant power. This is
achieved by weakening the field within the machine. In a SYNCREL machine the concept of
the “field” is not easily visualised since the torque production technique does not involve the
interaction of a field in the airgap and a current in the rotor. Nevertheless, a constant power

characteristic can be obtained from the SYNCREL machine under certain forms of control.

From the steady state version of (15) the following expression for torque is obtained:-

T (30)

The normal characteristic of the SYNCREL with constant current angle when it runs out of

volts is °c 1/ co].

To implement constant power operation in the region con> 1 then the required characteristic is

oc 1/ con. For this to hold then from (30):-
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If a MTC strategy is employed then 7n=1at con=1. Therefore K = Hence the followine

equation has to be solved for 6/ with a)n> 1:-

-1
tan# +c:cot# =0 (32)
.

An explicit solution can be simply obtained for this equation by letting x = tan# . Therefore

Y xf{er +1) (33)

which is a simple quadratic equation that can be solved for x and consequently for tan# .

Equation (33) is plotted in Figure 3 for a number of different values of c¢. The following

observations can be made from this Figure:-

* As c increases there is a corresponding increase in the field w-eakening range.

* There is a limiting frequency beyond which field weakening cannot occur. At this
point there is no O solution to (33) for a particular con and therefore the \/con

[\ — - i . ' ! ! 1 '

80

70

?/40

30 I-

—

20

0= 1.2 14 Ls 1B 2 2X 24 2.6 2.8

Normalized Frequency

Figure 3 : Current angle required for field weakening
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characteristic can no longer be maintained.

« For values of ¢ >3 the # versus con curve becomes almost linear up to the field

weakening limit.

* For values of g >3 the difference between the 0 versus con curves becomes very

small.

The frequencies corresponding to the point where field weakening stops occurring are the

commx frequency for the MRCTC. This can be easily proved by differentiating (33). For

values of g >3 the maximum normalised field weakening frequency 1is approximately

c/2 [4],

The current angle for field weakened operation can be found by solving (33) to give

x = (34)

and then use a tan"l lookup table to find the current angle. Alternative approximate

techniques which do not require the tan"l1table appear in [4],

Field weakening using the MPFC strategy has also been investigated. Whilst it is possible to
field weaken, the range is not as large as for MTC since it is the difference between the knee
of the MPFC characteristic (which is at a higher frequency than the MTC) and the knee of the

MRCTC. Furthermore the current required by the machine increases beyond the rated value.

Constant Current in D Axis Control

Thus far the only control strategies which have been considered are constant angle controllers
(CAC's) — ie. the current vector angle is maintained constant for all torques and shaft angular

velocities (<co, ud). The question which naturally arises is whether this is the best strategy

for all circumstances.

This question is answered in [4], It was found that the drn/ di for all the CAC strategies was

lower than CCIAC (Constant Current in Inductive Axis Control) when the machine output

torque and/or shaft angular velocity was somewhat less than rated values.
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21.3

The relevant equations for the rate of change of torque for the CAC strategies can be simply
derived by rearranging (15) under the appropriate angle condition.

For CCIAC the following expression for the p'zncan be derived [4]:-

p'T =
(35)
where p 'sd/Uo dt).

The p'r. equations are complex expressions of r,and  The CCIAC expression has the
added variable of /an The following observations can be made:-

* The positive and negative p 'zn for the CAC’% are symmetric [4 ].

* The negative p'zn for the CCIAC is always greater than the positive p zn (see (35) ).

Figure 4 : Three dinrensronal new ofconuol change over surface.



214 APPENDIX E PUBLICATIONS

* The MRCTC has the largest p 'zn of all the CAC's as expected [4].

* At high angular velocities the CAC strategies are clearly superior in terms of p 'zn, the

CCAIC being superior at lower angular velocities [4],

An added complication is that as /* decreases the p'zn performance of the CCIAC improves
at higher speeds. Therefore a simple constant /* control strategy for CCIAC is not optimal.

Another difficulty is how to arrange a bumpless transfer between the CCIAC and CAC.

The change over surface between CCIAC and MTC calculated taking into account the
difficulties mentioned above is shown in Figure 4. For operating points below the surface

CCIAC should be used, and those above MTC. The surface itself gives the value of /" for

CCIAC. For more details see [4],

Saturation and Iron Loss Effects

The analysis of the SYNCREL up to this point has concentrated on the ideal model of the
machine. However in a “real” SYNCREL the effects of saturation and iron losses may have a
significant effect on the current angles adopted for some of the control strategies being

considered.

As mentioned previously, if the rotor of the SYNCREL is axially laminated then the Q axis of
the machine has a very low permeance. Consequently this axis usually shows minimal

saturation, and in most cases the Lg inductance can be considered to be the unsaturated value.

The high permeance D axis on the other hand usually shows significant saturation when the
machine is being operated near or at rated conditions. This saturation is the combined effect

of saturation in the stator yoke, stator teeth and the rotor laminations, and can reduce the Ld

inductance by as much as 50%.

Iron losses in the SYNCREL occur in two parts of the magnetic structure - the stator and the
rotor. The losses in the stator are of similar origin to those in a conventional induction
machine stator. The rotor would ideally have zero losses (since the spacial flux wave in the
machine is rotating at the same angular velocity as the rotor, and therefore the rotor sees a
constant flux wave), however in reality the rotor can be subjected to high frequency flux
changes as the rotor axial laminations interact with the stator teeth. If the stator is badly
designed (ie. with wide teeth openings) these losses may be considerable. In addition
considerable eddy current losses can occur in the Q axis if there are no slots in the rotor

lamination sheets (these slots should be perpendicular to the axial direction).

The above two losses can be incorporated into the model of the machine resulting the model

shown in Figure 5 [3], where Rm is an equivalent resistance to represent the iron losses. As
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can be seen /?,, allows input current to be diverted away from the torque producing branch of

the machine model.

Depending on the particular machine,
iron loss or saturation effects may
dominate the variations of the optimal
current angles from those predicted by
the ideal model. In [9] the effects of
stator iron loss and saturation were
considered for a machine with very
high stator iron losses (the machine
parameters were reported in [3]).
Rotor iron losses were explicitly
ignored, however it would appear that
they were implicitly included in the
stator iron loss, hence the low
Q axis equivalent resistance value obtained.

Although the results in this paper

were for a particular set of extreme
Figure 5 : Saturation and Iron Loss Model

machine parameters some more

general conclusions could be drawn,

wmcn are itemised oetow:-

O

(i1)

(iii)

(iv)

(v)

In a high iron loss machine the saturation effects can be ignored for MTC since the
optimal angle of the current vector is so large that the D axis current cannot cause

significant saturation.

The angles for maximum power factor and maximum rate of change of torque are large
enough for axially laminated machines that saturation usually does not have to be

considered.

Iron losses serve to improve the value of the power factor above that predicted from the

ideal model.

The presence of the iron loss resistance moves the minimum kVA angle slightly away

from the maximum power factor angle.

The ideal angles of operation for maximum power factor and maximum rate of change
of torque are reasonably close to those found with saturation and iron losses accounted

for.
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(vi) Maximum torque per ampere may be effected significantly by saturation and iron
losses. The optimal angle is increased above the 45 predicted from the ideal model.
The magnitude of this change depends to a large degree on the value of the iron loss
resistance. Suffice to say that for iron loss values typical of a standard induction
machine the angle difference may not be significant. Maximum efficiency angles are

similarly affected.

(vii) Field weakening range is decreased by saturation and iron loss effects.

The general picture to emerge from this study was that the effects of saturation and iron
losses vary in significance depending on the machine. In some cases the optimal angles of
operation for the control strategies considered in [9] may be very close to those indicated by
the ideal model. Studies carried out on machines with iron loss values much closer to those
of a similarly rated induction machine indicate that iron loss effects can be ignored and the
angle variations for maximum torque per ampere are primarily due to the saturation of the
D axis. Furthermore it has been observed that the optimal angles for maximum torque per
ampere and maximum efficiency under this condition do not vary much from the ideal model
values. The other important point to emerge from [9] was that the general inter-relationships

developed in this paper hold for the non-ideal machine.

SYNCREL controller simulator

In order to test the control ideas outlined above a simulation was developed. From the outset
one of the main design objectives was to wnte it in such a manner that the code could be
easily ported to a Digital Signal Processor (DSP) system for real-time implementation.
Therefore, the simulation includes such things as the PWM generator, a pipelined control
evaluation procedure to prevent computational delay from altenng the control output times,

and a machine model which includes saturation effects.

The machine used for the both the simulation and experimental results had an axially
laminated rotor and used a standard 120 Watt 3 phase induction machine stator. It had the

following parameters

Ld= 2.6H(unsaturated); 1.68H(saturated)

Lg=0.39H
Rs =98Q
Poles = 4

g = 6.7(unsaturated); 4.3 (saturated)

Fraud = 120W
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Ir" =0'47AmP ™ §
V..., = 440 V mis

and the load had the following parameters:-

Moment of inertia J=0.00044 kgrrf

Friction coefficient f= 0.00005 Nm sec

From Figure 6 it can be seen that the controller supports both position and speed control. The
controllers used in the current regulator, speed and position control loops are conventional PI
controllers with anti-wind up. In order to eliminate state disturbances in the current loop due
to the rotational voltages, state feedback is used [5]. The desired voltages produced by the
current loop are fed to a space vector PWM generator [6], and the resultant PWM waveforms
drive a model of the machine. Whilst the machine model simulates the saturation effects of
the machine, core losses have been neglected in the simulation results presented. The
machine model is based on the flux linkage model of the machine. Instantaneous D axis

inductance values are determined by using the Xd vs id curves for the particular machine. The

model is solved using an automatic step size 4th order Runge-Kutta routine.

An angular velocity observer is used to obtain good estimates of the angular velocity from

shaft position measurements [7].

The sampling of the currents occurs a number of times per control interval (20 times in the

simuladon results presented) and the measurements are averaged to eliminate the effects of

CCIAC
CURRENT P.I.
Odesired Rer SPACE MACHINE
VECTOR PLUS
PWM LOAD
GEN SIM
CAC
CURRENT A P.I
REF
STATE
MTC FEEDBACK OBSERVER X form
MRCTC
MPFC CONTROL FIELD
) SELECTOR WEAKENING PT ~F
CCIAC
PARAMETER CURRENT
ALTO ESTIMATOR lam AVERAGER
LOOKUP
TABLE CURRENT
ANGLE
CALC

Figure 6 : Block diagram of the SYNCREL simulation program
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noise and specific sampling points. The control interval for the results presented in this paper

is 500/isec (which is also the frequency of the individual inverter leg firings). Reasonable

performance can be obtained for control periods as long as several milliseconds.

The parameter estimator is a RLSE implemented with UD factorisation [10] and exponential
forgetting factor as presented in (27). Even though it is possible to estimate all the machine
parameters (R, Ld and L"), the estimator s performance is improved considerably by only
estimating Ld using the exponential basis functions as discussed previously. It should be
noted that the Ld estimate is the static and not the dynamic inductance of the machine, as it is
this value which is relevant to the torque production of the machine and consequently the
current reference generators in the control system. As previously mentioned the incremental
inductance is not required for the estimation equations since this is based on the Q axis
equation of the machine. In this expression the Ld value only features in a rotational voltage
term. The incremental inductance however, is required for the current predictions used in the
control strategy, and this is easily calculated by taking the derivative of the L, estimator basis
function using the estimated coefficients. This is the same as determining the slope of the

Ldvs id saturation characteristic.

A control change over surface as per Figure 4 has been stored as a matrix. This is used by the
control selector block to decide when to change from CCIAC to CAC when “AUTO” control
selection is on. The control type influences the type of current reference generator used (i.e.

for CCIAC or CAC) as well as the current angles when in CAC mode.

In order to account for finite computation time, control for the next control interval is
computed at the current control interval using predictions of the system variables at the next
control interval, and then applied at the next control interval. This means that a whole control
interval time is available for computation, and there is no skewing in the application of the
control output due to computation time. Simple Euler approximations to the machine's
differential equations are used to carry out these predictions. One point to note is that there is
a significant effect due to the dLd/ did term in the equation that predicts the D axis current.
Since the saturation characteristic is being estimated this term is easily found. The @

observer naturally produces @ and 6 estimates for the next control time.
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Some performance results
from the simulation are
presented in Figures 7a,b,
8a,b,c,d and 9. In all the
simulations the estimated

value of Ld is used in the

‘B“

controllers. Figures 7a
I Dashed - rel'crence and 7b dlsplay the
performance of the
40 SYNCREL in position
control  mode. The
-60 i
02 03 05 06 07 B 09 control  strategy  being
applied is CCIAC. Note
the excellent torque
Figure 7a : Position control performance performance. Figures 3a,
b, ¢ and d are all plots of
various quantities when the objective of the control is to track a speed reference. The control
strategy being used is MTC. Figure 8a shows the response of the SYNCREL to a changing

speed reference between £1400 rpm. The machine is able to move between these two speeds

in approximately 150 millisecs with very little overshoot.

1.5, Figure 8b shows the
torque output of the

machine during  speed

control. The  actual

0.5 machine torque accurately

2 follows the reference
torque being produced by

05 the speed PI controller.

Figures 8c and 8d show
the D and Q axis currents
for the machine during the

test.
0.2 0.3 0.4 0.6 0.7 0.9

Time (secs) Figure 9 plots the estimate

of the Ld inductance

Figure 7b : Machine torque
during the speed control

test whose results appear
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in Figures 8a-d. The parameter estimation technique is the RLSE outlined in (27), and it is

using the following exponential basis function:-
L, =ce lid +ce 10 +cn (36)

When the simulation begins the initial values
of the V coefficients are incorrect. As can
A speed reference

be seen from the figure the estimated L,

B speed

SOOf parameter quicly converges to the correct

eoe

1 0 value. From this point the estimate
ii accurately tracks the true value. Notice that

when the true Ld changes with id the

estimated Ld follows immediately.

0.5 1 15
Tone (sea) In order to obtain good performance from

the RLSE the standard UD algorithm as

Figure 8a : Speed control performance. outlined in [10] was modified as follows:-
* limits were set on the diagonal elements of the UD factorization.

¢ the gain of the estimator was made a function of the inverse of the magnitude of the

current.

Without these adjustments the Ld estimates had large overshoots at the transient points and

poor accuracy during the constant Ld regions.

Figures 10a, b show the performance of the
Soiid - iUy BNQLC speed control under a transient load torque

Daibed  desired torque condition. The control strategy being used in
0.5k f-

this case is CCIAC. A load torque of 0.8 Nm
dr- L

(which is close to rated torque) is applied to
the shaft of the machine at 0.5 seconds and
removed at 0.75 seconds. As can be seen
from Figure 10a the machine speed dips a
little at the point of application of the load
torque. Figure 10b shows increase in the
shaft torque as a result of the applicadon of
Figure 8b : Torque performance the load torque. Note the rapid rise of the

torque.
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Solid mxciuoe ¢ Soud - macoioe cur

Daabad - R*/ cur
Dashed Re/ cur
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I ©06--  eee————
v I 08 ’
Figure 8c : D axis current Figure 8d : Q axis current
IS, -
Solid-estLd Dashed - irue Ld
141 5
0 0.5 1 15 2 2.5

Time (sees)

Figure 9 : Estimator performance

Experimental Results

In order to test some of the control strategies outline above an experimental system was
developed. This system is based on a Motorola 96002 DSP and custom built power
electronic hardware using IGBT's. A totally digital control implementation was chosen in
order to maximise the flexibility of the experimental system. The use of the powerful 96002
DSP wnrs deemed necessary in order to allow the majority of the software to be written in
high level language and use floating point arithmetic. Figure 11 is a block diagram of the test
system. For further details on the hardware refer to [11]. The expenmentai data was

collected on a Nicolet data aquisition system sampling at 1 Mhz using 12 bit A/D conveners.
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1200 H -

Figure 10a : Transient torque speed response Figure 10b : Shaft torque

Hie data files produced were processed so that the number of data points could be reduced for
plotting.  This processing involved averaging each 100 points in the original file and

generating a single data point for this value. The resultant files were then plotted.

Base Drive
IGBTs
MG50Q2YS91
Resolver
M Over Voltage, 415V AC
Over Current
Protection
Ras islive
Neutral
Opto-Links:
3 x phase control
1 x enable
1 x fault
6 x AD1332 12bit ADC i
Motorola ADS96002 1 x AD2S80 10btt RDC 4 x Al]))?S:]l:/l();t bac
1 x OSC1758 Ref-Osc. gital
DSP96002-33.3MHZ Phase currents RS232 Senal Comm
128KWord SRAM DC link voltage & current Base Drive Control
O Absolute Rotor Position

RS2321

10 slot Passive Backplane (VME style)

Voltage Sensors: DC-link and MotorNeutral using AD202 Isolation Amplifier
Current Sensors: LEM LASOP flux nulling current sensor

Figure 11 : Experimental system

In order to implement the control, the simulation program (which was 99% ANSI C) was
ported over to the DSP hardware implementation. Because the 96002 supports hardware
floating point the only changes required in the software were to accommodate interfacing to
the various input-output devices and setting up the software to operate in a real-time

environment. Unfortunately the compiler technology currently available for the 96002 does
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not produce highly optimised code, and consequently the control interval was somewhat
compromised. This meant that testing of operation into the field weakening range was not

feasible without translating the program into assembly language.

The program wused for the experimental
results presented is a restricted version of
that wused for the simulation. The
500w restnctions were imposed in order to keep
N the control interval as short as possible. The
main restriction was that the program did
not implement  parameter  estimation.
Instead the saturation characteristic for the
test machine w-as measured and the stored in
a firmware lookup table. The control

algorithms themselves were implemented as

Figure 12a : Experimental speed performance. outlined earlier.

Figures 12a-d are the experimental results
obtained using a maximum torque/ampere
(MTC) control strategy for speed reversal
from -1400rpm to + 1400rpm. The speed
reversal has been affected in approximately
100-150 millisecs.  These results closely
match those obtained in the simulation
results presented earlier (see Figures 8a-d).
Notice that the lower inductance in the Q
axis is evident in the larger rapid variations
of the Q axis current around the nominal

Figure 12b : Torque performance. desired value.

Experiments were also earned out for CCIAC, MRCTC and MPFC. The plots obtained for
CCIAC w'ere very similar to those obtained for the MTC, the only differences being that the
D axis current remains constant. The actual speed and torque performance was almost the
same as the above. The results for MRCTC and MPFC are also similar except that the torque
vlaues produced are lower in line with the earlier theoretical predictions. In order to take
advantage of the extra SYNCREL torque bandwidth offered by MRCTC a higher bandwidth

controller is required for the speed control loop.
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Figure 12c : D axis current Figure 12d : Q axis current

Figures 13a,b show the performance of the CCIAC control under a transient disturbance
torque condition. The disturbance torque applied to the shaft is 80% of rated torque. Note
the small speed changes that occur when the torque is applied and removed. These changes
are largely a result of the bandwidth of the speed control loop, which is significantly less than
the torque bandwidth that the SYNCREL itself can achieve. The experimental results closely

match those obtained from the simulation.

No

Tune (tecs)

Figure 13a : Experimental speed under transient torque Figure 13b : Shaft torque.

Conclusions

The following conclusions can be drawn from the results presented in this paper:-
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* The T product for the MTC and the MRCTC strategies are the same. This

relauonship is unique for these two control strategies and the constant maximum

power curve that exists between them.

* The MRCTC gives the maximum torque-speed curve break frequency.

* Maximum power factor can be obtained from a SYNCREL machine if the current

angle is tan~:

* The T, and prnperformance of MPFC lies between MTC and MRCTC.

* For the same output power MPFC allows significant reductions in inverter size for

C>5.

¢« MPFC is insensitive to ¢ errors.

¢« MRCTC is sensitive to knowledge of ¢ .

e The MTC strategy can be field weakened to a frequency corresponding to the break
frequency of the MRCTC strategy.

* The MRCTC strategy cannot be constant power field weakened.

» The CAC strategies give poor prn performance at low values of rm and/or low values

of a;,.

*+ CCIAC strategies offer improved pzn performance over CAC's at low speeds and/or

torques.

* Virtually all performance parameters for the SYNCREL machine, for all the control
strategies are improved by a larger ¢ ratio. This serves to highlightthe importance of

designing the machine to maximise c.

It has been observed that if the iron losses in the SYNCREL are of the same order as those of
an equivalent sized induction machine, then the effect of the iron losses on the optimal angles
of operation calculated using the ideal model can be ignored without significant error.
Furthermore, all of the above conclusions hold in general for a non-ideal machine, although

there may be some variations in details.
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The experimental results were obtained using essentially the same program as the simulation.
The control algorithms were those evaluated using the idealized analysis of the machine and

were found to perform very well and in reasonable agreement with the simulations.
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Aspects ofthe Control of Synchronous Reluctance
Machines Including Saturation

and Iron Losses

R.E. Betzl M. Jovanovicl

1Department of Electrical and Computer Engineering
University of Newcastle, Callaghan, NSW,
Australia, 2308.

Abstract— This paper considers aspects of the control of

Synchronous Reluctance Machines driven from an
inverter when the effects of saturation and iron losses are
taken into account. The control strategies considered
are:—maximum torque control (ie maximum torque per
ampere), maximum power factor control, maximum rate
of change of torque control, maximum efficiency control

and field weakening control.

INTRODUCTION

Most of the early work carried out on the synchronous
reluctance machine (SynRM) was related to the line starl
machine.
starting together with other factors meant that the SynRM
"This compromise manifested

The presence of an induction machine cage for

design was a compromise.
itself in terms of poor performance, especially in relation to
power factor. However if the machine is controlled via an
inverter then the starting cage can be removed from the

be designed to give the
The term SYNCREL has been coined for

Interest in

rotor and it can maximum
inductance ratio.
the cageless, electronically controlled SynRM.
this machine has been motivated by the inherently nigged
nature of the SynRM, the improved performance of the
SYNCREL, and the promise that small to medium size high
performance drives may be have simpler control using the
SYNCREL as compared to the vector controlled induction
machine.

Current research activity into the SYNCREL is concerned
with establishing the performance limitations of the system,
as well as control techniques which optimise various aspects
of the machines operation. Papers [1,2,3] consider the ideal
model of the SYNCREL. They establish some interesting
relationships between a number of different
objectives for the SYNCREL. The main limitation of this
work is that iron losses and saturation were ignored. Papers
[5,6] look at more specialised forms of SYNCREL control
under similar assumptions. Reference [6] considered the

control

R. Lagerquist2 T.J.E. Miller2

2Scottish Power Electronics and Electric Drives
Consortium,
Department of Electronics and Electrical Engineering,
University of Glasgow, G12 SQQ,
United Kingdom.

effects that saturation and iron losses have on maximum
torque per ampere and maximum efficiency operation. It
was found that the optimal current angles of operation wxre
significantly different from those obtained for the ideal
model [1].
observer to identify the current flowing in the magnetising
branch of the machine. How the magnetising currents are to

Finally [7] considered a technique using an

be controlled is not considered.

The purpose of the work w hich is the subject of this paper
is to examine in more detail the effects of iron losses and
saturation on the performance of the SYNCREL. This
involves two steps — the development of expressions for the
relevant control objectives accounting for iron losses and
saturation, and secondly plot out and comment on curves of
these expressions.
the D axis of the machine is considered to lie on the high
The control strategies

In the following discussion and analysis

permeance axis of the machine.
considered are:—

i) Maximum torque control (MTC) :— This refers to
the well knowm maximum torque per ampere control
strategy. For the ideal machine the optimal current
angle (with respect to the D axis) is » /4 radians.

ii) Maximum rate of torque control
(MRCTC):— This refers to the control strategy
which enables the SYNCREL to maximise the
dr /dt where T is the torque of the machine. For the

change of

ideal machine the current angle Or = tan-1£ where £

sLJLgq/[1].
iii) Maximum power factor control (MPFC):— This
refers to the control strategy where the machine is
operated so that the input power factor is maximised.

For the ideal model the current angle is

0,— tan*1~ ” [1]. For the ideal machine this

strategy leads to the minimum kVA rating for the
inverter.
iv) Maximum efficiency control (MEC):— This refers to

the control strategy where the Pin/ PB ratio for the
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machine is minimised. For the ideal machine the
current angle is 0,=n/4.

v) Field weakening control (FWC):— This refers to the
control strategy when the machine is operating above

rated speed. The desired torque characteristic is:-

1
r « Z) (1)
For the ideal machine it can be shown [1] that the
required angle to obtain this characteristic above
rated speed is:—

- tan
2a, !
J 2)

where  QOn sthe normalised  angular velocity

(a>r =(0/(0,, (0o s rated angular velocity).

MATHEMATICAL PREUM INARIES

A) The SYNCREL Model

The DQ model of the SYNCREL used for the derivation
of the following expressions is shown in Fig 1 |6, 7], The
equations for this model are:—

dkj
kb 4L 1 A, + Y
dt
di dx»
Ldm'—"— ! — h—ﬂjl
dt
i d™am
+ *dm+
Igm Rm U*dm dt
3 \
. dm‘gm gm'dm |
e ®

where:—

Ads = Lt'dl + Ndm
~L'gs +"gm
Aam =Lim I

Agm Ngqmqm

Rm s iron loss resistance

In the case of a machine which has saturation then the
L<im value is a function of the current flowing in the d axis
of the machine.

In order to simplify the expressions in the remainder of
the paper the

leakage inductance term (L,) and stator

resistance (Rs) will be assumed to be zero (except for the

MEC case). This should result in very little error in the

231

results since L, is dominated by the other inductances in the

model and for most machines Rs is small compared to Rm.
The expressions will be developed for a 2 phase single pole
pair machine.

B) Maximum Torque Control

After some manipulation it is possible to gain the

torque produced by the

6i )(Rmtanei -0j Lany
(1-r tan- 9/)(Rm" +co-LdmL gmY

following expression for the
SYNCREL with iron losses:-

r=(Ldm L an)Rd

)

where

‘mag = yjds2 + 11,:2 = magnitude of current

Ldm=Lj> Lgm = Lq since L, = 0.
In order to find the precise maximum torque per ampere

angle then the non-linear characteristic curves for Rn

(Rn vsAm) and Ldm (Ldm vs idm) have to be included into

(4). The resultant equation is transcendental and very
complex and has to be solved numerically. This factor also
makes it impossible to obtain a closed form expression for
the maximum torque per ampere current angle.

In order to simplify the expression if one considers thal

Rm and Ld are constants (the latter assumption is not

n 14 and
is little saturation) then (4) can be
The

result is the following expression for the optimal maximum

unreasonable since the current angle is usually »
consequently there

differentiated with respect to d¢t and equated to zero.

torque per ampere current angle:—

o*m(Ld +L.)

Rj-(024L,

caR,(Ld +Lq) Y
6. tan'
Rm2-(0o2LdLgq

5)

D axis

Q axis

Fig 1:DQ Model of SYNCREL
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If /?7m —»=» then 6’ —»n / 4 as expected.

C) Maximum Power Factor Control
The expression for power factor in the SYNCREL with
iron losses is:—

(SO p—— . . -

JL j2(Rmcos 6, +<algsin 6,)2+Lq2(Rmsin 0, -caLd cosO, )*
(6)

As with (4) above, the evaluation of this expression is
complicated by the dependence of Rm and Ld on the current
magnitude and angle (even though this does not explicitly
appear in (6)). The fact that current magnitude has an
influence on the expression obviously means that the power
factor is now a state dependent quantity, as compared to the
ideal machine situation where it only depends on the
machine parameters [1],

In order to obtain an expression for the maximum power
factor a constant Rm and Ld assumption is again used,

allowing (6) to be differentiated to give the following
equation, which can be solved for the optimal power factor

angle.
4 . 2dJg . 2co,” /
tan 6 : tan; . L tan9 . —— re=0
R R;L, L,2

If Rm—»» thent a n a s expected from [1).

Substituting for tan#/ in (6) one gets the following
expression for the maximum power factor:—

Rm(Ld - L )tan©/ +(aLdL (1+ tan* 0/)

cosomny, =
L 2{Rm2+0)2Ld2)lan*e; +20RmLdLq(Ld -L q)

tan0/(1 + tan29,” ) + [Rm2(Ld2+1,2)+
20)2Ld2Lqz \tan2d * + Ld: (b)2L 2+ Rm:)
(8)

D. Maximum Rate of Change of Torque Control

The determination of the expression for the rate of change
of torque in the situation where iron losses and saturation
are included is quite messy. Under the condition that
leakage and stator resistance are neglected, and Rm and Ld
are constant and the machine is being operated with
constant current angle then the expression for the rate of

change of torque is:—
*(Ldm- L gm)[*nem

LdJ +L

pX=2
2Un26m
(C))

where 6m = the angle of the magnetising current
Differentiating (9) and equating to zero one finds that the
optimal angle of operation for maximum rate of change of

torque is:—
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ef=tan_1\=-=" =£
(10)

Equation (10) is the same expression obtained for the
ideal machine model in [1], since the magnetising section of
the machine is the same as the ideal machine. If (10) is
substituted into (9) then the following expression for the
maximum rate of change of torque is obtained:—

IT(Ljm~L 22
- ,2,’17(] — 7)‘{{ -0)212
ZIﬂdqum
The input current to>the machine can be expressed as—
2r(Rm-(0LQmUnem) + LdmPT

(pT)a,

2Rm*™ {L dm-L qm)Uné6m

(2rRm+Lqmpi)Unem+2rwlLdm

2R (L dn+ L gm)\an6m (12

Using (12) together with the fact that tan#, =iq/id

and tan#m=tané6m an expression for the optimal input
terminal current angle can be found:—
(Ldm ~ Lgm ~ 2 Ldml gm(M2.X)

V<m (Rm-wLdm)j2Lqgmx+,jLdJ L dm-L qm-2 L dmLgmco:r)

\Ldm ("m )j2LdmT+y

8 = tan"

13)

The expression for maximum rate of change of torque
becomes much more complex if saturation is allowed in the
magnetic material. This is due to the fact that the Ldm

inductance is a function of the current which is a function of

time. After considerable manipulation the following
expression for px can be found:—
B+JB2-44C
px =
24 (14)
where:—
* = (Ldm ) t a ntan 20m-+
{L" )2t+2 rtan#,
B = (Ldm - JI*nemx[2(Ldm - )
+Xldn|

c= 2™~ ysr(Lam-L gmanom + tldtlj

[(Ldm2_Lqm2ton2em)(02x-(L ~ - L » v 2tan#m]

dL,

dij

Note that if L~ = 0 then (14) becomes (9).
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E) Maximum Efficiency Control
The
minimising the expression for the power into the machine

maximum efficiency angle can be found by
under the condition of constant power output.
The expression for the power input to the machine

(including stator resistance in the model) is:—

@it LdJRm2+U2g2

P.=Pi +nm ] $in(20, -<5] +sin<5,)

Ri2+<Lg 2

LjR ml+colld?
(sin(20, +52)+sin 82J
(15)

where:—

6] = tan” — <5, = tan 1

Rf Rm
Similarly the output power expression is:—
co(Ld -E q)Rm2‘mag: J R,, : +co7La

P =
2(Rm2 + co2LJLq):
«..(sin(20, +5; - §)+sin(5j + 52))
(16)
Letting the output power be Pdesircd and the angular
velocity be cod then using (15) and (16) the following
expression for the input power under the constant output
power condition can be found:—

~ BewP
A(sin(20, +S : - <5)+sin(<5, + S5-))

o J/?+e(sin(26, - )+sinS5j)- D(sin(20, )+ sin<52)]
a7
where:—
4 cainriana [q)R"I’l B s raisivea ]\’q S™m Sis

B =2Rs(Rm2+ (Od" tdLdL0)
C=wj  (RmLd"Rm'

D- gdsinRni-q-JR*

E=

8
2R,
The minimum input power can be found by taking the

derivative of (17) with respect to 01. Even under the

constant Rm and Ld assumption the result is a very messy

expression for the optimal 67.

F) Field Weakened Control

The concept of field weakening ir. the SYNCREL is not
as straight forward as in the DC machine for example. Field
weakening occurs when the machine is to operate over the
knee in the torque-speed curve. The normal characteristic
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for the SYNCREL in this T<x1/0)". The

objective of field weakening is to make the machine give

region is

constant power for a range of frequencies above rated av,

ie. the torque characteristic is t«1/0j for (0 > (0o where

(0o srated angular velocity. Under these conditions the

following equation can be derived which can be solved for
the Field weakening angle:—
-F-jF2-4GH

6; = tan"
2G

(18)
where:—

F=(Ld- Lq)[2RmLdL q@© 2Po - (R2- co2LdLq)v] ]
G = calq[LqPa{Rm2 + co2Ld2) - Rm(Ld - Lq) v 2]

H=o0%d[{Ld-L q)Rmv 2+LdPa(Rm2+(02L 2)|

If Rm —« then the expression becomes that of (2).
Equation (18) can be used to calculate the approximate Field
weakening angle if the values of Rm and Ld are considered
to be constant. A more precise angle can be calculated if
the functional relationships for Rm and Ld are used. In this

case the solution method is a complex numerical procedure.

OBSERVATIONS

In order to generate the relevant plots for the above
equations experimental machine data is required. The
following plots all use the data for the machine in [6] w hich
form for

is reproduced below' in a slightly altered

The test condition for these parameters

0) - 800 rpm (coe ~ 167.55rad/sec,

convenience.
was:— pole pairs=2),

PO =0 (ie. zero torque output). The Q axis inductance

Lqg =0.0055H, and stator resistance Rs =0.20.

TABLE 1: MACHINE PARAMETERS
dm A, Ld Rm
2.83 0.1111 0.039 12.65
7.75 0.3114 0.040 17.02
12.18 0.4480 0.037 19.27
20.77 0.5447 0.026 21.04
24.74 0.5603 0.023 21.74
28.05 0.5788 0.021 22.55

A) Maximum Torque Per Ampere

Considering maximum torque control. If (4) is solved for

the current magnitude using the precise Rm vs A and

Ldm vs idm curves contained in Table 1 then Fig. 1 results.
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This diagram has been generated under the condition that
the output power is 508 Watts and (D is as per the Table 1
data.

similar.

The plots for the higher output powers are very

As can be seen from Fig. 1 the maximum torque
This
result corresponds very well with that obtained by [6],

per ampere operation angle is approximately 57 .

whose calculated results were obtained by assuming a
constant Rm resistance. The insensitivity to the power

output (and hence the current output level) can be

understood if the L ~ and Rm curves are plotted out for the

various cases. Because the current angle is » n /4 then the

saturation of Ld is virtually zero. For larger power
variations the change in the iron loss resistance is more
significant, and would result in larger variations in the
optimal angle.

Current Magnitude VT thela
22,

21
20
Y

20 30 40 50 60 70 30
Cunenl angle idegsi

Fig 1 : Current magnitude for constant
output power = 508 Watts

If the approximate expression of (5) is solved for the two
power output cases then the angle obtained is 57 . It should
be noted that this equation is being soived with a good

estimate of Rm (18ft). However if the flux level varies

widely from that which corresponds to this value of Rm then

the error increases. For the reason explain above Ld does

not have a significant effect on the approximate equation.

B) Maximum Power Factor

In the ideal SYNCREL model the maximum power factor
point of operation was also the minimum kVA point of
operation of the machine. The minimum kVA point of
operation is important because of the implications on the
size/rating of the inverter.

Fig. 2a shows a plot of (6) for Po =508W atts and
Pa = 1130Watts.

the optimal power factor angle or the optimal power factor
The optimal power factor angle

There is virtually no difference between

value for either case.
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calculated from the ideal model is 70 , therefore the iron
loss has had a minimal effect on the angle. The maximum

power factor value from the ideal case is [1] —

0.82.
The presence of the resistance in the model results in this

whereas for the real machine model the value is ~

improvement. If the approximate equations (7)and (8) are

evaluated with Rm = 18ft and Z.*=0.040H then the

optimal power factor angle is 72 and the optimal power

factor value is 0.81. The approximation gives reasonable

values compared to the exact solution.

Power Factor vs Current Angic

20*1 130 Wans

30 40 50 60 70
Current Angic (Depi

Fig 2a : Power factor

Kva vs Current Angle

T
1.6
1.4
1.2
0.6
0.4
20 30 40 50 60 70 80 90
Current Angle (Degj i
Fig 2b : KVA
Unlike the ideal machine model case, the maximum

power factor angle does not guarantee that the machine will
be operating at minimum kVA. Fig. 2b shows the kVA for a
Notice that the angle for the
minimum kVA from the inverter does not correspond to the
is still

variety of current angles.

maximum power factor angle (although it quite
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close). In addition the minimum kVA angle does not appear
to be very sensitive to the output power of the machine.

C) Maximum Rate of Change of Torque

The maximum rate of change of torque is determined
from (9) for the case where there is no saturation , and from
(14) when there is saturation. It should be noted that these
expressions have been derived with the magnetising current
vector angle constant. As can be seen from Figs 3a and 3b
the optimal angle of the magnetising current does not vary
very much for the different power levels. As expected from
[1] the higher torque levels lead to higher dr/dt values.
The other point to note is that saturation has very little effect
on the dr /dt has shown from the no saturation curve. In

fact if expression from [1] for maximum d r/dt is used

(0, = tan"l£) then the angle is 82 , which is very close to
that shown in Figs 3a and 3b.

RTC vs theta (mag)

40 45 S50 55 60 *5 70 75 80 85 00
Mag-current w git Id tp i

Fig 3a : Maximum rale of change of torque,
output power = 508 Watts
RTC vs tbeia (mag)

Mag.current angle (degsi

Fig 3b : Maximum rate of change of torque,
output power = 1131 Watts
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D) Maximum Efficiency
One of the most important characteristics of a machine is
its efficiency. In order to determine the most efficient

current angle for the SYNCREL the power into the machine
was plotted for a constant power out. Figs 4a and 4b plot Pin

vs 6i for two output powers — 508 Watts and 1131 Watts

(corresponding to 6.07 Nm and 13.5 Nm output torque
respectively at 800 rpm, as in |6|). The dashed curve on

these figures is a plot of (17) with Rm = 18f2 and

Ld =0.04H. The solid curve is the “exact” curve taking

into account the variations in saturation and iron losses.

Lnpul Power vs theia

Current Angie (Deg)

Fig 4a : Inpul power wilh oulpul power =508 W'atts.
Shall ang. velocity =800 rpm

Input Power vs thela

Current Angie (Deg)
Fig 4b : Input power with output power = 1131 Watts,
Shaft ang. velocity =800 rpm
Three observations are immediately obvious. Firstly the

presence of saturation in the machine improves the
efficiency of the machine if the optimal current angle is not
used. This effect is most predominant for the lower angles
of the current since these lead to more saturation in the D

axis and consequently lower D axis inductances. This in
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turn means that there is less induced voltage to drive current
through the iron loss resistor. Secondly, there is very little
difference between the optimal efficiency current angle
predicted by the approximate solution and that determined
from the precise curve. Finally the optimal efficiency angle
is much greater than that predicted by the ideal model
(71/4).

The “exact” curves for the efficiency were not found by
solving (17) transcendentally, but were computed by using a
simpler and more direct set of equations as shown below:—

r-21 Itano0,-| i~ + % =0
20)
where ra is the constant output power.

Ficld Weakening Approx Angle

Appeox Ocld weakening

350 400 450 500 550 600 650 700 750 800 850

Angular Veiocity (Rad. sec i

Fig 5a : Field weakening angles

Current Magnitude - field Weakening

350 400 450 500 550 600 650 700 750 800 850
Angular Velocity (rad/sec)

Fig 5b : Current magnitude when field weakening
Equation (20) is solved (using the characteristics in Table

1) for the magnetising currents idm and i These in turn

are substituted into (3) under steady state conditions to give
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the terminal currents i~ and / and the terminal voltages

viand v The input power is then simply:—

K =vs +vss @1)

F) Field Weakening

Figures Sa and 5b show the field weakening angle and
current magnitude when field weakening is being attempted.
Field weakening is entered into when the angular velocity of
a machine is increased to the point where the machine runs
out of volts. In the case which is plotted the machine was
assumed to be running at 1750 rpm with an input current
From this data then the other
Normally this

magnitude of 15 Amps.

“rated” conditions were evaluated. is a

straight forward operation, however with the non-linear Rm
and Ld characteristics this is not the case. The rated voltage

under the above conditions was va =105 volts and

rraied= 5-4 Nm. The rated power was therefore

Pa = xrated0)o / pp, which in this case was 990 Watts. This
was the constant power value which had to be maintained
into the Field weakening region.

Fig 5a shows the field weakening angle for angular
velocities above the “rated” value. The dashed line is using
(18) with both Rm and Ld constant at 18Q and 0.04H

The Field
curve, account the

respectively. solid line denotes the exact

weakening evaluated taking into

variations in /2mand Ld. One point which is immediately
obvious is that both curves are of similar form, and just
displaced.
Field angle required.

Fig 5b shows the current magnitude corresponding to the

The approximate equation underestimates the

field weakening plot of Fig Sa. The current magnitude
decreases as field weakening begins since the machine is
approaching the maximum efficiency operating point, and
the power output is constant. However as the frequency is
raised the current eventually increases above the initial rated
The frequency where the current

15 Amps is the

value of 15 Amps.

magnitude exceeds maximum field
weakening frequency (approximately 2 x(0o ). This is much
less than the field weakening frequency predicted by the

ideal model [1] of 3.6 xcoo.

CONCLUSIONS

This paper has developed the expressions for maximum
torque per ampere, maximum power factor, maximum rate
of change of torque and field weakening for the SYNCREL
when the machine is subject to saturation and iron losses.

The derived expressions were then examined graphically
using the parameters of the machine in [6], The following
conclusions/observations can be made from this analysis:—
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i)  When the variations in Rm and Ld are incorporated into

the machine model the D axis current angle for the
maximum torque per ampere varies very little from that
obtained in [6], but dramatically from that predicted by
the ideal model [1). Indeed if the approximate
expression (5) is evaluated the optimum obtained is in
good agreement with the exact answer.

ii) The maximum power factor angle for the machine is at
an angle greater than the maximum torque per ampere.
The angle for maximum power factor varies little with
the output power of the machine. It was found that the
point of maximum power is not necessarily the point of
minimum kVA.

iii) The maximum rate of change of torque magnetising
current angle varies very little with the output power

In addition there

between the expression which ignores saturation and the

from the machine. is little error
more precise expression.

iv) The angle of maximum efficiency is much greater than
that predicted by the ideal model, as was observed by
[6]. If the non-saturating model is used (but including

then the for the

maximum efficiency is very close to the exact value.

the iron losses) angle obtained
The angle of maximum efficiency appears to vary very
little with output power. The of the

saturating machine improves compared to the non-

efficiency

saturating machine for lower values of the current
angles.

v) The SYNCREL model with saturation and iron losses
can be field weakened in the same manner as the ideal
model [1].
the non-ideal models are at considerable variance with

However the field weakening angle using

the ideal model — the field weakening angles are much
larger. field
weakening angle, whilst of the same general form for

The approximate expression for the
the field weakening curve as the exact case, is
erroneous enough to be of little practical use.

A general observation that can be made about all the
strategies considered is that the current angle of operation is
usually large so that the saturation in the D axis inductance
This would
indicate that the identification of the saturated values of the

is minimal, even for the higher output powers.

Ld inductance may not be required in a practical controller.
The iron loss resistance on the other hand plays a crucial
role in determining the optimum angles of operation. In
some cases a constant value of Rm can be used, but in others
greater precision is required.

Much
more work is required to see if the observations for the

The above observations are preliminary in nature.
example machine hold in general. The ultimate objective is
to develop control strategies for the machine which will be
able to optimise the performance.
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Abstract

This paper presents a 7.5kW vector controller for

the cageless reluctance motors
(SYNCHREL). The

vector PWM with advanced control algorithms {1,21

synchronous

controller features voltage space

implemented entirely in software. The controller

employs a high performance DSP96002 digital signal

processor.
The controller has shown itself capable of
controlling the SYNCHREL with good dynamic

performance.

The first section of the paper presents the hardware

and software implementation of the controller.

The second section presents dynamic response and

performance data. The performance is good compared

to an induction motor using the same frame and
windings.
Introduction

Commercial controllers often rely on the
combination of a micro-controller and an application
(ASIC) to

The use of an ASIC often means

specific integrated circuit implement the

that the

to one type of machine.

control.

controller is limited In a

research environment or one-off production the
ASIC  would be

counterproductive if the controller were to be used to

development of an costly and

control other motor types.

The controller presented in this paper uses a high
speed digital signal processor (DSP) to implement the
DSP controls the

directly and can with an

entire control in software. The
switching of the phases
appropriate program control any 3-phase sinusoidally
excited motor. By using a DSP and software only
approach, we have developed a general test facility for
sinusoidally excited motors. By loading appropriate
software the controller is easily converted to operate

with different motor types.

Vector control of the synchrel is important as the
performance characteristics are directly dependent on
the placement of the current vector relative to the most
The DSP controller

inductive axis (d-axis) of rotor.

R.B. Betz2

T.J.E. Miller3

2Department of Electrical € Computer Engineering.
University of Newcastle, Callaghan.
Australia. 2308.

implements the following control strategies identified
by Betz in [1,2]:

1. Maximum Torque Control (MTC). This refers to

the well-known maximum torque per ampere
control strategy. This is obtained with a current
0 =71/4 radians. The speed at which the

inverter runs out of volts using this control method

angle

is known as the rated speed, co0.

2. Maximum Rate of Change of Torque Control
(MRCTC). This

proposed in [3] where the rate of change of torque

refers to the control strategy

is optimised. The required current angle for this is:
0 = tan_1%£,, where £ is the ratio Ld / Lgq.

This
control operates the machine at the highest power

3. Maximum Power Factor Control (mpfc).
factor obtainable. This gives the lowest ratio of

inverter KVA rating to output torque. The required
current angle is [2]: 0= tan-1+

4. Constant Current in the Inductive Axis Control
(cciac). This control method keeps the current in
the most inductive axis constant and varies the
current in the least inductive (q-axis) to control the
torque. Of all the strategies this strategy gives the

highest rate of change of torque at low speeds [2].

5. Field Weakening Control (Fwc). When the inverter
runs out of volts the current angle is increased to
maintain constant power at higher speeds. The
current angle required for operation above rated
speed is [2]:

6 = tan'
20,

Qn = (D/(00

This paper describes the hardware and software of
the DSP controller, and presents experimental results.
The performance is

compared with a comparable

induction motor.
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between the two units are transmitted

Base DIM
over optical fibre. Analog signals are
MG50Q2YS91 X .
Resolv transmitted using 50£2 current loops.
Y 415V AC .
Oei Voltage The chosen interface methods enhance
Over Current L. .
Protection the system's noise immunity.
Rrarivt
fmjlrm
Opto-links
3 x phase control Power Electronics
X enable
1 x fault
6 x AD1332  12bit ADC 4 x AD767 12bit DAC The inverter’s DC-link is driven
Motorola ADS96002 1 x AD2S8C 10bit RDC 3
sC ct-05c Digital 10 ioe
DSP96002-33.3M Hz 1 x 0SC1758 Ret-Ose igita from a 3 phase 415V rectified AC
Phase currents RS232 Serial Comm . .
128KWorp SRAM DC link voltage & current Base Drive Control mains supply. The DC-link
Absolute Rotor Position X ) A
capacitance is 4500pF. Toshiba
10 slot Passrve Backplane (W E siyle) MG50Q2YS91 insulated gate bipolar
Voltage Sensors DC-link and MotorNeutral using AD202 Isolatxin Amplifier transistor (IGBT) modules with a rating

Current Sensors. LEM LASO0P flux nulling current sensor

Figure 1. DSP based SYNCHREL vector controller.

of 1200V 50A are used for the three
phase legs. The IGBT gate drive circuits
drives the gates with both positive and

DSP based Vector Controller negative voltage to ensure rapid and precise switching.

By incorporating protection for DC-link

The philosophy behind this controller was to create .
phi phy ! ! W over/under-voltage, and DC-link and phase over
a general test facility that would enable tests of almost .. . .
current, the unit is made self protecting. Self protection
any sinusoidally excited machine without having to . . R .
in the power electronics unit is important during the
build machine specific hardware for each type of .
commissioning stage of new control programs.
machine. To achieve this full digital control

implemented in software is used, and has been taken to The unit has four high bandwidth flux-nulling LEM
the extreme by having the processor control the phase LASOP current sensors measuring DC-link and phase
leg sw itching times using voltage space vector PWM. currents. DC-link voltage is measured using an AD202

isolation amplifier. The measuring and control
The controller is designed to handle loads of 7.5kW

electronics are thus totally insulated from the high
with a maximum phase current of SOA. The drive can

voltage power electronics.
also be used for regenerative action. At present the

i t 11 is 100W.
maximum regenerated power allowed is DSP-control unit

The wuser interface to the controller is via a . .
As can be seen from figure 1 the control unit is a
terminal. The user can issue simple commands to .
bus based system. The processor and peripheral cards

control the operation of the motor and receive status A .
plug into a standard VME style passive back plane.
information. Several of the control parameters can be .
The back plane can accommodate a maximum of 10
changed on-line through the terminal interface. If a . et . .
expansion cards facilitating easy expansion of the

computer is connected to the controller it can be used . .
P system. The design allows for the use of two different

to issue complex command sequences.

P 4 bus speeds when accessing devices on the bus. For fast
devices the access times used is 91ns, slow devices are
Features of the Motorola DSP96002

accessed with 180ns. On-board memory is accessed at

The Motorola DSP96002 uses a super scalar design maximum speed, 30ns.

allowing more than one instruction per cycle, and has a The system consists currently of three double size

true IEEE floating point unit. When clocked at  py,ocards housed in a standard 19” rack enclosure. The
33.3MHz it offers 16.5 MIPS and 49.5M FLOPS peak boards are:

throughput. This performance is however not attainable
using current high level language compilers. The bus Processor board

interface of the DSP is well suited for interfacing to
The processor board used is the DSP96002ADS

development board from Motorola. It features 128k
words of 32bit static RAM and operates with a clock
frequency of 33.3MHz. Unfortunately this processor

both fast and slow peripheral-devices as the number of
wait states is individually programmable for different
parts of the memory. This ensures optimum

performance of memory and peripheral devices.
board is not capable of driving the back plane directly,

Hardware and requires an external bus-buffer board.
The vector controller is split into a digital control-

umt and a power-electronics unit. Digital signals
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Figure 2. Control Structure Block Diagram

Data acquisition board

The data acquisition is responsible for sampling all

analog measurements required, and to drive and
decode the shaft position from a resolver. The board
was made using SpeedWire as this system is fast and

well suited for bus work.

Analog to digital conversion is performed by six
AD1332s 12-bit ADCs. These suit the

application especially well as they

devices
incorporate a 32
entry FIFO which buffers the samples and generates an
interrupt at either full or half-full buffer. The sample
Intel 8254  16-bit
10MHz oscillator.

is set up to use the half-full interrupt to

period is controlled by an
programmable timer driven by a
The system

initiate a new control interval.

At the interval each ADC

contains 16 data points stored in the FIFOs; these are

start of the control
read with an access time of 91ns for each point. By
interrupting the processor only once during the control
interval, overhead that would have resulted from 15

additional interrupts has been eliminated.

The rotor position is measured once each control
interval using a resolver that gives an absolute position
The

harmonic

signal. rotor of the resolver is excited by a
high 5.6kHz

oscillator, OSC1758. The resolver produces sin and cos

free, power sinusoidal
wave forms corresponding to the rotor position. These
signals are decoded by an AD2S80 resolver to digital
converter (RDC). The RDC is capable of delivering 16-
bit accuracy, but it is used at 10-pit accuracy to enable

high-speed operation.

Base drive control and analog output board

An i8251 UARTand an i8254 timer forms the serial

communication interface. Using the i8254 as a baud

rate generator a wide range of baud rates can be

programmed.

Four AD767 12-bit digital to analog converters
(dac) are used to output real time data that would be

impossible to transmit over a low sp>eed serial line.

The

produce a desired voltage vector. The desired voltage

base drive control circuit's function is to

vector is made up of three distinct voltage vectors
which during the control interval add up to the desired
voltage vector. The base drive control circuit consists
of an i8254 16-bit timer, optical Fibre transmitters and
glue logic. The DSP will at the start of a control interval
set the state of the phase legs and program the timer to
change the state at particular times during the control
interval. The use of a timer saves processor execution
time because the processor does not constantly have to
poll a timer to determine when to switch the phase

legs.

Programming Environment

The DSP programs can be written in C or assembler
and are compiled, assembled, linked and relocated to
produce a PC. The
program file is downloaded to the DSP's RAM through a
PC-adapter

interface of the DSP. If programs were not downloaded

an absolute program file on

special card connected to the debug
to RAM from the PC four eproms would have to be

programmed for each program/debug cycle, thus
considerable time is saved during development using

this system.

Control program structure

The DSP
implements the following operating modes; MTC,
MRCTC, MPFC, CCIAC and FWC. The control program is
based on the SYNCHREL simulation program described

control program running on the
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in [1] and consists of 99% ANSI-C code which uses

floating point arithmetic throughout. The wuse of
floating point variables and basing the control program
on an existing simulation program, written in C, has

drastically reduced development time.

The control interval is at present 576ps and with
some production engineering could either be reduced
or make it possible to use a less expensive processor,
e.g. DSP56000. This

assembler and/or conversion to fixed-point arithmetic.

would involve rewriting in

Control Structure

Figure 2 shows the structure of the vector
controller. As can be seen, the controller supports both
speed and position control. The control structure may
look complex,

however the program flow is quite

straightforward. The control program consists of a
main program which does command interpretation /
response, and an interrupt routine which executes the
actual control algorithms. The flow of the interrupt

program is as follows:

1. Program timers with voltage space vector PWM
pattern for current control interval.

2. Read
Averages sampled data and convert currents into

in all sampled data and rotor position.
d-q frame values.

3. Check serial input for characters. Acts on stop
command and pass other characters to the main
program for interpretation.

4. Estimate machine

parameters (Lj,

recursive least squares (RLS) estimator.

R) using

5. Predict currents and average torque over the
current control interval.

6. Predict rotational velocity using ou observer.

7. For position control, calculate desired speed
using PI control.

8. Using selected control type perform Field
weakening calculation to determine required

current angle.

9. Calculate the desired torque using PI control
from the desired speed and current angle.

12. Calculate d- and q-axis current reference values
based on desired torque, speed and current angle
values.

13. Calculate desired d-q voltages from the desired
d-q currents using PI control. Correct voltage for
terms due to resistance and motional emf.

14. Calculate the most efficient switching pattern
that achieves the required voltage vector using
voltage space vector PWM [5], save the pattern

for use at start of next control interval.

Results and Conclusion

Table 1 shows that the performance of the
SYNCHREL is better than a comparable induction motor.

Figure 3 shows the d-q currents, and phase current and
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voltage. The voltage show's a characteristic chopped
six-step wave form. Figure 4 shows the drive doing a
speed reversal in 0.1s, the time for MPFC is 0.094s and
CCIAC

the torque reaches the required level after 33ms.

is 0.17s. Figure 5 shows a step torque change,

A high performance DSP based drive system has
been built. The system has good dynamic
performance. The efficiency of the SYNCHREL proved
to be good. The field weakening capability has not

shown

been tested fully as the d-q frame movement, with the

present control interval, gets too large at high speeds.

MTC 120W
Full-Load Parameters 120W SYNCHREL  Induction Motor
Shaft Power [W1 142.5 120
Speed [RPM] 1500 1360
Torque [Nm] 0.90 0.84
Load Current [A] 0.3998 0.46
Supply Voltage [V] 438.0 400
VA Rating 303.29 318.7
Power Factor 0.6678 0.62
Efficiency [%] 70.34 61.2
Total Losses [W] 60.03 76

Table 1. SYNCHREL and Induction Motor Performance
Data
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Figure 3. Voltage and Current wave forms for MTC
operation. 0)=1400rpm, T=0.84Nm.

Top: d-q currents. Bottom: phase current and voltage.
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Figure 4. reversal during MTC operation,
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Figure 5. Step load change during MTC operation.

0)=1400rpm, T=0.14Nm - 0.84Nm (0.17 p.u.-1.O p.u.).

Figure 6. Cross-section of 120W Axially Laminated

Synchronous Reluctance Motor.
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Synchrel Data

The SYNCHREL rotor is an axially laminated design
shown in Figure 6. It is using the same frame and

windings as the induction motor it is compared with.

Ld (unsat) = 2.60 H
Ld (Idpk=0.61A) 1.68 H
Lq 0.39 H
Aphase @ 20 C = 98.0 Q
Rated Phase Current = 0.47 A
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Abstract

The synchronous reluctance motor is under renewed
development and evaluation for motion-control applications
and vanable-speed dnves. Although it has a long history as
a line-start motor with a cage winding on the rotor, recent
developments have focussed on the cageless motor with
cuirent-regulated PWM inverter control. Because of the field-
orientation of this type of drive, and the enhanced
electromagnetics without the starting cage, much higher
performance is possible, not only in terms of efficiency and
power-factor, but also in terms of control performance. In
order to realise these benefits the axally-lammated rotor
construction is virtually essential, as this is the only structure
that permits a sufficiently high saliency ratio to achieve
competitive performance The stator and the power electronic
circuit are similar to those used with induction motors or
brushless DC motors. Consequently many of the advantages
claimed for the Switched reluctance motor can be realised
using standard components. These advantages include high
efficiency at low speed, constant-power operation over a wide
speed range, and freedom from permanent magnets. In
addition, the synchronous reluctance motor has lower torque
npple and is quieter than the equivalent switched reluctance

motor.

1. INTRODUCTION

This paper reviews the synchronous reluctance motor
(SYNCHREL motor) in the light of recent developments in its

electromagnetic design and its electronic control.

TJE Miller, DA Staton, R Lagerqulst
SPEED Laboratory, University of Glasgow
Glasgow G12 8LT, UK

The SYNCHREL motor has many of the advantages of the
switched reluctance (SR) motor, yet it uses standard
components in common with brushless DC or induction
motors, including the stator and the power-electronic circuit

The torque npple is also less than that of the SR motor.

The mam advantages of the Synchrel motor are as follows:

1. Freedom from permanent magnets

2. A wide speed range at constant power

3. Synchronous operation, leading to high efficiency

and the ability to maintain full torque at zero speed

(which is difficult with induction motors)

The man disadvantages are as follows:

1. In small motors the torque/ampere and the

torque/volume are lower than in PM motors

2. A sinewave drive is required, with continuous shaft

position feedback for orientation of the stator MMF

3. A small airgap is required, comparable to that of

induction motors

The first of these disadvantages will become much less
significant in larger motors, say, over 5-1 OkW in rating,
because of the high cost of magnets in large motors, and also
because the reluctance motor performance improves rapidly

with increasing size.
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Fig. 1 Segmental (upper) and axially-laminated (lower) synchronous reluctance motors. The segmental type shown here has
an amortisseur winding and is self-starting. The axially-laminated type has a higher saliency ratio but requires shaft position
feedback and a current-controlled PWM (field-onented) inverter.
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The performance of the Synchrel motor depends critically on
the XyXq rabo or saliency ratio, and in order to achieve a
high saliency rabo the axially-laminated construcbon is
virtually essenbal, Fig. 1. This form of construcbon was
introduced by Cruickshank et al [1], but it has been ’re-
invented" recently without the cage winding, and coupled with
the modem vector-controlled type of PWM inverter. Both of

these modifications bring significant performance advantages.

One of the main reasons for the current interest in the
Synchrel motor is that it is seen as a potenbai aJtemabve to
the switched reluctance motor, providing most of the
advantages with few of the disadvantages (non-standard
components, high noise and torque npple). Several papers on
the Synchrel motor and its predecessors are listed in the

References.

2. THE SYNCHRONOUS RELUCTANCE MOTOR

The Synchrel motor is a true AC motor: this means that
it has a rotabng MMF produced by polyphase sinewave
currents flowing in sine-disfributed windings, exacby like the
inducbon motor or the sinewave brushless DC permanent-
magnet motor. In fact, the stator can be idenbcal to that of
either of these motors. Apart from slotbng, and the fact that
the windings are not perfecby sine-distributed, it sabsfies the
necessary condibons for the producbon of constant
instantaneous forque (i.e. zero torque npple). These
condibons are the same ones that make possible the use of
dq—axzs theory, and therefore the synchronous reluctance
motor can be controlled by a ﬁeld—onentedAC controller in
much the same way as any other synchronous machine. This

is the preferred form of control for high-performance

applicabons.

The use of standard components in the stator, the
winding configuration, and the power electronic circuit means

that the charactensbes of the reluctance motor can be

APPENDIX E PUBLICATIONS

achieved with minimum re-investment in new tooling and

design techniques.
SYNCHREL VS. Induction Motor

First, because there is no slip, the rotor losses are lower
than those of the inducbon motor. This is important at low
speed, where the torque is limited by rotor losses. The
Synchrel motor should have higher power factor and higher
conbnuous torque rabng at low speed, when compared to the
inducbon motor. The higher power factor translates into a
lower inverter kVA requirement The differences may typically
be of the order of a few percent which may not seem great
but in specialty applicabons such as electnc vehicle dnves a

few percent in kVA or efficiency can make a large difference.

The fulMoad efficiency at rated speed, and the speed
range at constant power, should also exceed the values
obtainable with inducbon motors However, all the
performance advantages of the synchronous reluctance motor
are obtainable only with a sufficienby high saliency ratio, that
is, the rabo between the d-axis and q-axis synchronous
reactances Tests on a series of D132 motors have shown
that in order to outperform the inducbon motor by a significant
margin over the enbre speed range, the saliency rabo needs
to be at least 8:1. This high value is extremely difficult to
achieve with segmental-rotor designs such as the one shown
in Fig 1. Indeed it appears that such a high value is possible
OHZy with the axially-laminated construcbon. Note that the
axially-laminated rotor cannot be built from the material
punched out of the stator laminabon, but requires fresh

material in the form of cut stnp which must be formed,

stacked, and bolted to a square or hexagonal shaft.

Synchrel vs. Brushless PM Motor

The Synchrel motor is free from the attendant problems
of permanent magnets, but the price paid for this is a
signibcanby lower torque per ampere in small frame sizes. On
the other hand, the Synchrel motor has a naturally inverse

speed/torque characteristic, and with the correct control
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strategy it can maintain constant-power operation over a wide
speed range, which is approximately equal to half the
saliency ratio. In large sizes (say, over 10kW) the pnce of
magnets is often prohibitive, while the performance of the
Synchrel motor improves with size. Therefore there is likely
to be a size range where the Synchrel motor has a clear
advantage as a synchronous brushless motor with high
efficiency and power factor, especially if operation is required

at very low or very high speeds.

Synchrel vs. Switched Reluctance Motor

The most striking advantage of the switched reluctance
motor over inducbon motors is the ability to maintain full
torque down to very low speed without exceeding the thermal
limits. As a synchronous machine, the Synchrel motor has
the same charactensbc. Unlike the switched reluctance motor,
it does not suffer from high torque npple because it is a true
synchronous AC motor. But its raw power density may be

somewhat lower than that of the switched reluctance motor

3. CONTROL OF THE SYNCHREL MOTOR

The Synchrel motor requires correct MMF onentabon to
be maintained at all load points, necessitabng a vector type
of current-controlled PWM inverter with precise shaft-posibon
feedback (e g a resolver, 1000-line encoder, or equivalent).
Such transducers are, of course, also used with field-onented
control in inducbon motor drives; but whereas the inducbon-
motor has line-start capability as a back-up operabng mode,
this is not the case with the cageless Synchrel motor. Unlike
the inducbon motor, the Synchrel motor cannot be operated
stably without vector control. Earlier types of self-starbng
synchronous reluctance motors with amorbsseur (cage)
windings could run open-loop, but their performance is
significantly lower than that of the controlled cageless type

discussed here.

The torque angle, i.e. the onentabon of the MMF with

respect to the rotor posrbon, is not as simple as might be
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supposed. In the classical theory of the synchronous

machine, the electromagnebc torque is given by the equabon

~
I

mpldlg(Ld - Lg)

5 piZ sin2y

@

where M is the number of phases, p is the number of pole-
pairs, Id and lL] are the direct- and quadrature-axis
synchronous inductances respectively, and ) is the torque
angle. This equabon is often quoted in isoiabon and is
interpreted to mean that the torque per ampere is maximized
if the inductance dzﬁ"erence is maximized and the torque
angle maintained at a constant 45°. However, this ignores the
fact that the inverter voltage is limited, and in order to
minimize the volt-ampere pi’OCl'LlCtthe torque single should be

given by

These considerations apply to Steady-state operation only. In
steady-state operation the angle may be chosen to maximize
the power-factor or the torque per ampere, but not both at the
same bme. If dynamics are important, for example operation
at high speed with a constant-power characterisbe, or
maintaining constant speed with a rapidly varying load torque,
then the angle must be controlled by a more complex type of
algorithm that is comparable in complexity to those used in
field-oriented control of inducbon motors. Several altemabve
algorithms for this purpose have been developed and
analyzed by Betz [10], and sin expenmental vector controller

has been designed and built in the SPEED laboratory [11],
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Fig. 3 SYNCHREL motor controller block diagram
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This controller is shown in Figs. 2 and 3. The rating is
7.5kW with 415V 3-phase AC input at 50Hz. The power
semiconductor devices are IGBT modules and the main
control processor is the Motorola DSP96002 clocked at
33MHz. The control algorithms descnbed in [10,11] are ail
implemented in the block diagram in Fig. 3 as alternatives
that can be selected by software switches tor expenmental
evaluation The complexity of a production version would not
be nearly so great as suggested by this diagram. The real-
time code for the DSP control was denved from a simulation
of the entire drive in C' which was ported to the DSP
development system and re-compiled for the 96002, a
process which drastically cuts the development time required

for systems of this complexity.

4. PRELIMINARY PERFORMANCE COMPARISON DATA

The following data provides a companson between the
performance of three motors in D132 totally-enclosed fan-
ventilated frames The data is a highly condensed summary
of a senes of tests and studies, but it provides an idea of the
main differences af rated load and full speed. None of the
Synchrel motor test data was taken with the new controller
descnbed in Section 3, since these tests are still incomplete.
The test data presented here was obtained with a modified

commercial induction motor inverter

The three motors are as follows :

1. Acommercial induction motor designed for sinewave

operation at 50Hz, in a D132 aluminium frame.

2. A synchronous reluctance motor built into the
induction motor stator, with an axially-laminated

rotor.

3 A commercial switched reluctance motor (also
descnbed in Ref 9) designed for vanable-speed
operation from 300-1500 rpm in a D132 cast-iron

frame.

The performance comparison depends very much on
how the machines are rated. Two tables of data are given,
corresponding to two different ratings for the AC motors
Table 1 has them rated at 11kW, which is the maximum
continuous thermal rating of the induction motor running from

a sinewave supply at full speed.

When the induction motor is operated from a PWM
inverter, its fuil-speed rating has to be decreased to 6 kW (40
Nm at 1471 rpm) so that the maximum torque can be
provided all the way down to zero speed without exceeding
the temperature-nse on which the sinewave rating of 11 kW
is based. Therefore in Table 2 the motors are compared at

the reduced rating.

In order to provide comparison data with the SRM at the
same ratings, the SRM data is calculated by PC-SRD,
starting with the normal rating (7.5kW) and modifying the
winding turns (from 7CVpole at 7.5kW to 77 at 6kW and 58 at
1ikW) to give approximately the same output power as the
two AC motors. The modelling of this particular SRM with PC-
SRD is known to be very accurate at the full-load point and
the error introduced by scaling the turns is considered to be
negligible for the present purposes
Comparison at 11 kW rating (Table 1)

At the maximum thermal rating the synchronous
reluctance motor has an efficiency nearly 1.5% higher than
that of the induction motor (09.6% compared with 88.2%), but
its power factor is slightly lower (0.855 compared with 0.867).
The efficiency of the switched reluctance motor lies between
the figures for the two AC motors at 89.2%, but its inverter
kVA requirement is higher: 122.4 kVA compared with 115
kVA (see Notes). These differences are not large, and are
not likely to be significant for generalpurpose adjustable-
speed drives. But in applications such as compressor drives
or electric vehicle traction, where efficiency at sustained full-
load operation is a critical parameter, the synchronous
reluctance motor comes out clearly ahead, with the highest

efficiency but a lower kVA requirement than the switched
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reluctance motor (and with all components standard except

the rotor and the inverter control algorithm).

Comparison at 6 kW rating (Table 2)

For full variable-speed operation this is the correct rating
figure to use as a basis for companson. Now the switched
reluctance motor has the highest efficiency (89%) but it is
only marginally better than the 88.8% of the induction motor.
However, the power factor of the induction motor, at what is
essentially a part-load rating, is significantly lower than at full-
load and its kVA requirement is 80.3 kVA compared with 69.4
for the switched reluctance motor. It is interesting that the
kVA per kW for the switched reluctance motor does not
change appreciably between the two ratings The
synchronous reluctance motor now has the lowest efficiency,
at 88.2%, but it also has the lowest kKVA requirement at

63.5kVA.

PARAMETER

Full-load shaft power (kW)
Full-load speed (rpm)

Full-load torque (Nm)

Transistor peak kVA requirement
Full-load power-factor

Full-load efficiency %

Inductance ratio
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"Tiis basis of comparison does not really bring out the
major differences between the SRM and the two AC motors.
These differences are likety to be more pronounced at very
low speeds. Although we do not have test data to verify this,
we know that the synchronous and the switched reluctance
motors do not need to be de-rated for PWM inverter
operation, and we can assume that any de-rating necessary
to permit low-speed operation (with reduced cooling) will be
quite small, because these motors have no slip losses and
they can maintain their effective power-factor over the entire
speed range. The de-rating of the induction motor was from
73 Nm to 40 Nm, a reduction of 45%. If half of this de-rating
was required for low-speed operation of the reluctance
motors, they would be delivering about 56 Nm at low speed,
which is about 40% more torque than the induction motor. A
test calculation with PC-SRD shows that at 55 Nm and 300
rpm, the losses in the switched reluctance motor are only
about half the full-load value and the winding currerrt-density

is only 0.9 of the full-load value.

Induction Synchrel SRM
11.0 11.0 10.9
1439 1500 1500
73.0 70.0 69 1
115.0 114.9 122.4
0.867 0.855 NA
88 2 89.55 89.2
NA 11.2

Table 1 Comparison data at 11 kW
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PARAMETER

Full-load shaft power (kW)

Full-load speed (rpm)

Full-load torque (Nm)

Transistor peak kKVA requirement

Full-load power-factor

Full-load efficiency %

Inductance ratio
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Induction Synchrel SRM
6.0 6.0 6.1
1471 1500 1500
39.8 38.2 38.9
80.3 63.5 69 4
0.688 0.856 NA
8d8 88.2 89.0
NA 11.6 11.6

Table 2 Comparison data at 6 kW

Notes The induction-motor data 1is appropriate to a
commercial motor designed for mass production rather than
for the ultimate performance The synchronous reluctance
motor uses the same stator and the same aurgap length The
figures for the synchronous reluctance motor are estimates
and do not include any allowance for end-winding inductance;
they are therefore slightly optimistic, but it is calculated that
this effect reduces the inductance ratio by 13% and increases
the kVA requirement by only 2.5%. The kVA requirement is
evaluated as the product of the number of transistors times
the peak current times the DC link voltage in the controller,
and the surprisingly low kVA requirement of the synchronous
reluctance motor should be noted. This is due to the high
saliency ratio achievable with the axially-laminated
construction The efficiencies calculated for the switched
reluctance motor are based on the use of 3% Silicon steel
The other two motors use low-carbon steel in the stator but
the synchronous reluctance rotor has 1.5% Silicon steel

laminations.

5. CONCLUSION

The synchronous reluctance motor appears to offer several

of the advantages of the switched reluctance motor while

retaining many components in common with the induction
motor, including the stator and the power electronic controller
circuit. At the maximum thermal rating the synchronous
reluctance motor has the highest efficiency and lowest kVA
requirement. But at the maximum thermal low-speed rating of
the induction motor, the switched reluctance motor has the
highest efficiency Indications are that at low speeds both
reluctance motors should be capable of more torque than the
induction motor, perhaps by as much as 40%, with the
synchronous reluctance motor having the advantage of lower

kVA than the switched reluctance motor.
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