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The direct torque control (DTC) has become an accepted vector control method beside
the current vector control. The DTC was first applied to asynchronous machines, and
has later been applied also to synchronous machines. This thesis analyses the applica-
tion of the DTC to permanent magnet synchronous machines (PMSM).

In order to take the full advantage of the DTC, the PMSM has to be properly dimen-
sioned. Therefore the effect of the motor parameters is analysed taking the control prin-
ciple into account. Based on the analysis, a parameter selection procedure is presented.
The analysis and the selection procedure utilize nonlinear optimization methods.

The key element of a direct torque controlled drive is the estimation of the stator flux
linkage. Different estimation methods – a combination of current and voltage models
and improved integration methods – are analysed. The effect of an incorrect measured
rotor angle in the current model is analysed and an error detection and compensation
method is presented. The dynamic performance of an earlier presented sensorless flux
estimation method is made better by improving the dynamic performance of the low-
pass filter used and by adapting the correction of the flux linkage to torque changes.

A method for the estimation of the initial angle of the rotor is presented. The method
is based on measuring the inductance of the machine in several directions and fitting the
measurements into a model. The model is nonlinear with respect to the rotor angle and
therefore a nonlinear least squares optimization method is needed in the procedure.

A commonly used current vector control scheme is the minimum current control. In
the DTC the stator flux linkage reference is usually kept constant. Achieving the min-
imum current requires the control of the reference. An on-line method to perform the
minimization of the current by controlling the stator flux linkage reference is presented.
Also, the control of the reference above the base speed is considered.

A new estimation flux linkage is introduced for the estimation of the parameters of
the machine model. In order to utilize the flux linkage estimates in off-line parameter
estimation, the integration methods are improved. An adaptive correction is used in
the same way as in the estimation of the controller stator flux linkage. The presented
parameter estimation methods are then used in a self-commissioning scheme.

The proposed methods are tested with a laboratory drive, which consists of a com-
mercial inverter hardware with a modified software and several prototype PMSMs.

Keywords: permanent magnet synchronous machine, PMSM drive, estimation
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Preface

This thesis is a part of several research projects dealing with the control and designing
of synchronous machines and drives carried out in the Laboratory of Electrical Drives
at Lappeenranta University of Technology. The major parts have been the application
of the direct torque control to electrically excited and permanent magnet synchronous
machines. The projects were started in 1995. Most of the work documented in this thesis
was carried out from 1997 to 1999.

The following companies have participated in the projects by supplying funding,
knowledge and hardware: ABB Industry Oy, ABB Motors Oy and Waterpumps WP Oy.
The projects have also been funded by Tekes and the Academy of Finland.

The results of the research have been published in several conferences, dissertations
and theses. The parts dealing with the control of electrically excited synchronous ma-
chines have been published in three D.Sc. dissertations:

1. Olli Pyrhönen: “Analysis and control of excitation, field weakening and stability
in direct torque controlled electrically excited synchronous motor drives” (Pyrhö-
nen, 1998)

2. Jukka Kaukonen: “Salient pole synchronous machine modelling in an industrial
direct torque controlled drive application” (Kaukonen, 1999)

3. Markku Niemelä: “Position sensorless electrically excited synchronous motor drive
for industrial use based on direct flux linkage and torque control” (Niemelä, 1999)

A total of four M.Sc. theses have also been prepared, three of which deal with differ-
ent aspects of permanent magnet synchronous machine drives and one of which is on
the designing of low speed synchronous machines.
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Chapter 1

Introduction

1.1 Permanent magnet synchronous machines

Permanent magnet synchronous machines have been widely used in variable speed
drives for over a decade now. The most common applications are servo drives in power
ranges from a few watts to some kilowatts. A permanent magnet synchronous machine
is basically an ordinary AC machine with windings distributed in the stator slots so that
the flux created by stator current is approximately sinusoidal. Quite often also machines
with windings and magnets creating trapezoidal flux distribution are incorrectly called
synchronous machines. A better term to be used is a brushless DC (BLDC) machine
since the operation of such a machine is equal to a traditional DC machine with a me-
chanical commutator, with the exception that the commutation in a BLDC machine is
done electronically. This thesis concentrates only on permanent magnet synchronous
machines (PMSMs) with a sinusoidal flux distribution.

The following requirements are listed by Vas (1998) for a servo motor:

• High air-gap flux density

• High power to weight ratio

• Large torque to inertia ratio (to enable high acceleration)

• Smooth torque operation

• Controlled torque at zero speed

• High speed operation

• High torque capability

• High efficiency and power factor

• Compact design

Most of these requirements apply to all motors and applications. Some of these require
commenting. The third item, a large torque to inertia ratio, is usually achieved by con-
structing a slim-drum rotor with a large length to diameter ratio. This results in a low
mechanical time constant allowing for a fast acceleration. Unfortunately the magnetic
circuit resulting in this kind of construction is such that the inductance of the machine
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becomes low. A low inductance requires a high switching frequency if the ripple of the
stator current is wanted to be kept small.

High speed operation is a characteristic which contradicts the previous one in PMSMs.
If the speed range must be enlarged from the base speed range the flux created by the
permanent magnets must be reduced using the flux created by the stator winding. The
flux weakening capability is dictated by the direct axis inductance, the maximum cur-
rent of the inverter and the thermal capacity of both the motor and the inverter. A slim-
drum rotor construction with surface-mounted permanent magnets usually has got a
very low direct axis inductance, thus limiting the continuous maximum speed.

Recently there has been a lot of interest in widening the application range of PMSMs.
The inherent high efficiency of PMSMs provides for a possibility of replacing e.g. induc-
tion machines with PMSMs in industrial drives. These industrial applications include
e.g. paper-mills, where power ranges from tens of kilowatts to several hundreds of kilo-
watts are common. Usually the process speed is less than 1000 rpms and a reduction
gear is used to match the process speed with the speed of a four-pole induction motor.
Directly driven induction motors for such speeds, e.g. a 10-pole, 50 Hz motor typically
has got a very low power factor, which results in over-sizing of the inverter. Therefore
preferably a 4-pole motor with a better power factor is used together with a gear.

The construction of these industrial PMSMs is such that the magnetic circuits be-
come very different from the servo type motors. Quite often in the control of servo
motors the flux created by the current and the inductance of the machine is insignificant
and therefore neglected. In industrial motors this armature reaction is of great signifi-
cance and most certainly must be included in the machine model. This means that the
saturation of the inductances must be taken into account and also the torque stability
of the motor has to be considered. It is also possible to add damper windings in the
rotor and then the control system must estimate the currents of the damper winding.
Some examples of these new industrial PMSMs developed at LUT are shown in Fig.
1.1. These 20-pole rotors have a varying air gap in order to get a sinusoidal flux den-
sity distribution created by the permanent magnets. This way the torque created by
sinusoidal currents contains as little ripple as possible. Also the cogging torque, often
regarded as a disadvantage of PMSMs, is reduced to minimum.

This thesis has its emphasis on the control of PMSMs of industrial type.

(a) Rotor 1: One magnet per pole (b) Rotor 2: Two magnets per pole

Figure 1.1: Industrial PMSM rotor constructions. Both rotors have 20 poles and the air gap is varied in
order to get a sinusoidal flux density distribution created by the permanent magnets.
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1.2 Fundamentals of the control principles

1.2.1 Current vector control

The earliest vector control principles for AC permanent magnet synchronous machines
resembled the control of a fully compensated DC machine. The idea was to control
the current of the machine in space quadrature with the magnetic flux created by the
permanent magnets. The torque is then directly proportional to the product of the flux
linkage created by the magnets and the current. In an AC machine the rotation of the
rotor demands that the flux must rotate at a certain frequency. If the current is then con-
trolled in space quadrature with the flux, the current must be an AC current in contrast
with the DC current of a DC machine.

The mathematical modelling of an AC synchronous machine is most conveniently
done using a coordinate system, which rotates synchronously with the magnetic axis
of the rotor, i.e. with the rotor. The x-axis of this coordinate system is called the direct
axis (usually denoted as ’d’) and the y-axis is the quadrature axis (denoted as ’q’). The
magnet flux lies on the d-axis and if the current is controlled in space quadrature with
the magnet flux it is aligned with the q-axis. This gives a commonly used name for this
type of the control, id � 0 –control.

Unfortunately id � 0 –control does not suite well to all permanent magnet machines.
The problem is that the air-gap flux is affected by the flux created by the current and the
inductance of the machine. This is called the armature reaction. Furthermore if the
magnetic circuit of the machine is not symmetrical in the direction of d- and q-axes, the
difference in the reluctance can be utilized in the torque production. If the direct axis
current is zero, this reluctance torque is also zero.

Different d- and q-axis inductances are a result of different d- and q-axis flux paths. If
the magnets are mounted on the rotor surface both the d-axis and the q-axis fluxes must
go through the magnet. The relative permeability of permanent magnets is usually near
unity, which means that permanent magnets are like air in the magnetic circuit. The
so called effective air-gap is therefore very large and the inductances due to the large
air-gap are quite low and nearly equal in d- and q-axes. If the magnets are mounted
in slots inside the rotor, the magnet flux paths are quite different. All the flux does not
have to go through the magnet and a considerable difference between the d-axis and
the q-axis inductances is possible. Since the q-axis flux does not necessarily go through
the magnet, usually the q-axis inductance is bigger than the d-axis inductance. This is
different from the separately excited synchronous machine where the d-axis inductance
is bigger.

The reluctance torque resulting in the inductance difference can and should be uti-
lized in the control. Analytical expressions for current references which maximize the
ratio of the torque and the current were first formulated by Jahns et al. (1986). This kind
of control is generally called the maximum torque per ampere control or minimum current
control.

In this thesis a term current vector control is used for all control methods, which con-
trol the torque via controlling the currents. Fig. 1.2 presents a principle block diagram of
the current vector control of PMSMs. The control system consists of separate controllers
for the torque and the current. Measurement or estimation of the rotor angle is needed
in the transformation of the d- and q-axis current components into fixed coordinate sys-
tem.



4 Introduction
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Figure 1.2: A principle block diagram of the current vector control of PMSMs

1.2.2 Direct torque control

A new kind of AC motor control was suggested by Takahashi and Noguchi (1986). Their
idea was to control the stator flux linkage and the torque directly, not via controlling the
stator current. This was accomplished by controlling the power switches directly using
the outputs of hysteresis comparators for the torque and the modulus of the stator flux
linkage and selecting an appropriate voltage vector from a predefined switching table.
The table was called the “optimum switching table”. A modification of the original control
diagram is presented in Fig. 1.3. In the original form the measurement of the rotor angle
was not used.

Almost simultaneously a same kind of control was proposed by Depenbrock (1987)
(appeared also in Depenbrock, 1988). At first, Takahashi and Noguchi did not give any
name to their new control principle. In a later paper by Takahashi and Ohmori (1987) the
control system was named the direct torque control, DTC. Depenbrock called his control
method Direct Self Control, DSC. Right after the papers by Takahashi and Noguchi and
Depenbrock only a few papers were published on the subject. After the introduction
of the first industrial application of the DTC (Tiitinen et al., 1995) the number of papers
on the DTC has grown tremendously. Quite a few of them are on different aspects
of the DTC for asynchronous motors (see e.g. Griva et al., 1998; Damiano et al., 1999),
but in recent years there has been also interest to apply the DTC to permanent magnet
synchronous motors. There are papers e.g. by Zolghadri et al. (1997), Zolghadri and
Roye (1998), Zhong et al. (1997), Rahman et al. (1998a) and Rahman et al. (1998b).

Today, the DTC has become an accepted control method beside the field oriented
control. Even a text book has been published by Vas (1998), which concentrates on the
DTC and other sensorless control methods.
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Figure 1.3: A block diagram of the control principle originally presented by Takahashi and Noguchi (1986).
A modification has been made to the flux linkage calculation by adding the traditional current
model to improve the calculation of the flux linkage especially at low speeds.
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1.2.3 Comparison of control principles

In many references the control of a PMSM is separated from the control of other types
of AC machines. However, it can be stated that a PMSM is a regular rotating field AC
machine and the control is similar to that of other types of AC machines. The control
principle which is considered in this thesis, the direct torque control, makes this state-
ment even more justified. A PMSM can be thought as a synchronous machine with
constant excitation current. The following differences may nevertheless be noticed:

• The stator inductance of a PMSM may be quite low

• The quadrature axis inductance is bigger than or equal to the direct axis induc-
tance

• There are usually no damper windings

• The power factor, although controllable, does not directly describe the relationship
between the torque and the stator current (compare this with a separately excited
field winding where the power factor can be controlled to unity by controlling the
field current)

• There are no typical PM machines. The inductances are quite different from ma-
chine to machine from negligible to above 1.0 pu. Compare this to induction ma-
chines, where the stator inductance is always above 1.0 pu.

1.3 Outline of the thesis

The purpose of this thesis is to present an analysis and an implementation of a direct
torque controlled permanent magnet synchronous motor or generator drive. Since there
is not usually much difference between a motor or a generator drive, a term machine is
used to refer to both.

In order to take the full advantage of using the direct torque control, first an analysis
of the effect of machine parameters on the performance of the drive is presented. Based
on the analysis, a design procedure is developed for selecting the parameters of a per-
manent magnet synchronous machine especially for direct torque controlled drives. The
requirements, which the direct torque control sets to the selection, are also compared to
the requirements of the commonly used minimum current vector control.

The second main topic is the implementation of the direct torque controlled drive.
The purpose is to implement both a position sensored and a position sensorless drive.
The drive should include an accurate estimation of the stator flux linkage, the control of
the reference of the stator flux linkage and the limitation of the load angle. All of these
should work both with and without position measurement. Not including the lowest
speeds, the performance of the position sensorless estimation of the stator flux linkage
should be as good as that of the position sensored one. The estimation of the stator
flux linkage should also include the estimation of the initial angle of the rotor, since
when starting a synchronous machine, the initial value of the stator flux linkage must
be known. If possible, the position sensored version should require only an incremental
encoder, not an absolute one. This is a question of reliability and cost. To get rid off the
absolute encoder, the initial angle estimation method should also include an elimination
method for the error of the initialization of the angle calculated from the incremental
encoder. All of these issues are considered in this thesis.
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The control system should also be able to estimate the parameters of the machine
model itself. The estimation can be performed either on-line or off-line. The off-line
methods are usually easier to implement and the estimation can take place during the
commissioning of the drive. Most of the parameters do not change during the operation
of the drive, and therefore on-line estimation is rarely needed. The estimation methods,
which will be considered in this thesis, are off-line methods. These methods should
work both with and without position measurement and they should utilize the existing
stator flux estimation of the direct torque control as far as possible.

The contents are divided into seven chapters. Beside this introductory chapter, the
following chapters are presented:

Chapter 2 introduces the reader to the mathematical model used. The purpose is to
give an introduction on the space vector theory, which is used throughout the
thesis.

Chapter 3 presents an analysis of the effect of the machine parameters on the drive
performance. Based on the analysis, the selection of the parameters of a PMSM
for variable speed drives is examined. The selection is based on the optimization
of the nominal torque or the nominal current. Special attention is paid to setting
the constraints properly according to the control principle. The solution technique
is new compared to methods presented in literature. The solution procedure is
implemented as an interactive computer program.

Chapter 4 deals with the direct torque control of a PMSM. The chapter analyses the
estimation of the stator flux linkage used in the selection of voltage vectors, the
initial angle of the PMSM and the control of the flux linkage reference. Also, the
limitation of the load angle is considered.

Chapter 5 presents an analysis of the estimation of the parameters of the motor model.
The chapter analyses first the methods to estimate the flux linkage to be used in
the estimation of the parameters. Then the estimation of various parameters is
presented using the analysed estimation methods. The presentation is concluded
with a self-tuning procedure which uses the presented methods in the commis-
sioning stage of a direct torque controlled PMSM drive.

Chapter 6 presents the experimental verification of the presented methods with a labo-
ratory test drive. Some of the methods were tested with many motors and invert-
ers to show that the methods are applicable for motors with different parameters.

Chapter 7 presents conclusions and some suggestions on future work.

Simulations are presented in all the chapters to illustrate the behaviour of presented
methods.





Chapter 2

Modelling of permanent magnet
synchronous machines
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2.1 Space vectors

In the theory and analysis of AC systems it is common to express the quantities which in
general are functions of time as complex numbers. E.g. a sinusoidally varying current
i(t) is expressed as

i(t)� �i �cos� � j sin�
�
� �ie j� (2.1)

where �i is the peak value of the current and � � �t� � is the phase angle of the cur-
rent. Either of the components can be selected to represent the instantaneous value of
the current, although usually the imaginary part is selected, i.e. i(t) � Im �i� � �i sin �.
In a symmetrical p�phase system the phases are displaced by an angle 2��p. By select-
ing the real part of the current to represent the instantaneous value of the current, the
instantaneous values of the phase currents of a three-phase system may be expressed as

ia(t)� �i cos (�t� �) (2.2)

ib(t)� �i cos
�
�t� 2��3� �

�
(2.3)

ic(t)� �i cos
�
�t� 4��3� �

�
(2.4)

Let us consider a stator of an AC machine which has a three-phase winding. For sim-
plicity let us assume that each winding consists of a single coil which creates a sinu-
soidally distributed magneto-motive-force (mmf for short), i.e. the spatial harmonics
are neglected. The mmf distribution fs created by the three-phase currents is then

fs (	
 t)� Nse
�
ia(t) cos	� ib(t) cos

�
	� 2��3

�
� ic(t) cos

�
	� 4��3

��
� (2.5)

where 	 is the angle from the reference axis, and Nse is the equivalent number of turns.
The equation may also be expressed as

fs (	
 t)�
1
c

NseRe
�

c
�
ia(t)� a ib(t)� a2 ic(t)

�
e� j�

�
(2.6)
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where a is an operator defined as

a� e j2��3� (2.7)

Eq. (2.6) contains the definition of the space vector of the stator current

is(t)� c
�
ia(t)� a ib(t)� a2 ic(t)

�
� �is�e j�s 
 (2.8)

where c is a scaling constant. Similarly space vectors for voltage and flux linkage may
be expressed

�
s
(t)� c

�
�a(t)� a�b(t)� a2 �c(t)

�

 (2.9)

us(t)� c
�
ua(t)� a ub(t)� a2 uc(t)

�
� (2.10)

c may be selected arbitrarily. The selection, however, affects for example the equations
of power and torque. The three-phase power P may be expressed as

P � 3Re�UI�� � 3
2
�u�i cos� (2.11)

where U is the phasor of the phase voltage, I� is the complex conjugate of the phasor of
the phase current and �u and �i are the peak values of the phase quantities. As space vec-
tors are used to represent the whole three-phase system, the power should be expressed
with Re�ui�� without the number of phases as a factor:

P � Re�ui�� � c2�u�i cos�� (2.12)

If we select c �
�

3�2 these two equations of the power are equal. This gives the power-
invariant form of the space vectors. The classical non-power-invariant form is obtained by
setting c � 2�3. The non-power-invariant form will be used in this thesis except in the
per-unit valued equations (see Section 2.4).

By making an assumption that there are no zero sequence currents the following
relation is written

ia(t)� ib(t)� ic(t)� 0� (2.13)

One of the currents can be eliminated and therefore one degree of freedom is reduced
and the space vectors may be expressed by an equivalent two-phase system, which
consists of real and imaginary parts

is(t)� Re�is�� jIm�is� � is�(t)� jis�(t)� (2.14)

For a more complete presentation of space vectors applied to electrical machines see e.g.
(Vas, 1992).

2.2 Voltage and flux linkage equations

In order to obtain the mathematical model of a permanent magnet synchronous ma-
chine let us first consider a simplified model. The stator voltage us

s consists of a resistive
part created by the Ohmic loss of the stator resistance Rs and a part which depends on
the rate of change of the stator flux linkage �s

s

us
s � Rsis

s �
d�s

s

dt
(2.15)
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where the superscript ’s’ expresses that the quantities are expressed in a coordinate
system which is bound to stator, i.e. it is stationary in time.

The flux linking the stator winding consists of the contribution of the flux created
in the stator self inductance and the flux created by the permanent magnets. The flux
linkage created by the permanent magnets depends on the angle of the rotor 	r from a
reference axis. Therefore the stator flux linkage may be expressed as

�s
s
� Lsis

s � �PMe j�r � (2.16)

Substituting this into (2.15) gives

us
s � Rsis

s �
d
�
Lsis

s

�
dt

� j�r�PMe j�r � (2.17)

Let us define the space vectors of the stator voltage and the stator current expressed in
the coordinate system bound to rotor

ur
s � us

se
� j�r 
 (2.18)

ir
s � is

se
� j�r � (2.19)

The voltage equation is transformed to

ur
s � Rsir

s �
d
�
Lsir

s

�
dt

� j�r
�
Lsir

s � �PM
�
� (2.20)

Let ur
s � usd� jusq and ir

s � isd� jisq. The following equations are obtained by separating
the real and imaginary parts from the above equation

usd � Rsisd �
d (Lsisd)

dt
� �rLsisq � Rsisd�

d�sd

dt
� �r�sq
 (2.21)

usq � Rsisq �
d
�
Lsisq

�
dt

� �r (Lsisd � �PM) � Rsisq �
d�sq

dt
� �r�sd� (2.22)

The first parts of these equations define the direct and the quadrature axis components of
a non-salient pole permanent magnet synchronous machine without damper windings.
The last parts of the equations also apply to salient-pole machines with damper wind-
ings. In salient-pole machines the magnetic circuit is such that the reluctance along the
direct axis is different than along the quadrature axis resulting in different inductances
in direct and quadrature directions. In general the stator and damper winding flux
linkages are defined as

�sd � Lsdisd � LmdiD � �PM
 (2.23)
�sq � Lsqisq � LmqiQ
 (2.24)
�D � Lmdisd� LDiD � �PM
 (2.25)
�Q � Lmqisq� LQiQ� (2.26)

where �sd and �sq are the direct and quadrature axis components of the stator flux link-
age and �D and �Q the components of the damper winding flux linkage. The voltage
equations of the short-circuited damper windings are

0 � RDiD�
d�D

dt

 (2.27)

0 � RQiQ �
d�Q

dt
� (2.28)
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where RD and RQ are the direct and quadrature axis components of the resistance of
the damper winding. Now that all the quantities have been defined we can present the
equivalent circuit of a PMSM. The equivalent circuit depicted in Fig. 2.1 is divided into
d- and q-axes like the equations describing the quantities.

Rs Ls�

LD�

RD
if

imd

Lmd

iD

��sq

isd

usd

(a) d-axis

Rs Ls�

LQ�

RQ

��sd

iQ

Lmq

imq

isq

usq

(b) q-axis

Figure 2.1: The equivalent circuits of a PMSM.

It is often useful to express the flux linkages in matrix form	

�
�sd
�sq

�D
�Q

�

� �
	

�

Lsd 0 Lmd 0
0 Lsq 0 Lmq

Lmd 0 LD 0
0 Lmq 0 LQ

�

�
	

�

isd
isq

iD
iQ

�

�� �PM

	

�
1
0
1
0

�

� � (2.29)

Expressing the voltage equation of a salient-pole PMSM with one complex equation
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(like (2.20)) is not unfortunately possible. A similar equation can, however, be for-
mulated using matrices. Let us think of (2.29) in steady state. We may leave out the
components that are zero and rewrite the equation as follows�

�sd
�sq

�
�

�
Lsd 0
0 Lsq

��
isd
isq

�
� �PM

�
1
0

�
� (2.30)

Using matrix notation this is expressed as

�r
s � Lir

s��PM� (2.31)

where �r
s � [�sd �sq]T, ir

s � [isd isq]T, �PM � �PM[1 0]T and

L �
�

Lsd 0
0 Lsq

�
� (2.32)

Let us define also ur
s � [usd usq]T. Then the voltage equation may be expressed as

ur
s � Rsir

s�
d�r

s

dt
� �r J�r

s (2.33)

where J is a matrix corresponding to the imaginary unit j and it is defined as

J �
�

0 �1
1 0

�
� (2.34)

J has some similar properties with j. E.g. similarly like j2 � �1:

J J � �I (2.35)

where I is an identity matrix. The complex vector rotator e j� may also be expressed
with J. The Euler’s equation e j�

� cos 	� j sin	 can be extended for matrices:

eJ�
� I cos 	� J sin 	� (2.36)

It is also useful to notice that the matrix inverse of eJ� is e�J� and vice versa:�
eJ�
��1

� e�J�� (2.37)

Extended Euler’s equation (2.36) can easily be proofed with series expansion of e J�. The
stator flux linkage (Eq. (2.31)) can be transformed to stator reference frame by

�s
s � eJ��r

s � eJ�Lir
s � eJ��PM � eJ�Le�J�is

s � eJ��PM� (2.38)

It should be noted that when dealing with matrices the order of the matrix product is of
importance. E.g.

e�J�L�1eJ� 	� e�J�eJ�L�1
� L�1� (2.39)

2.3 Equations of the torque

If only the fundamental of the stator-mmf is considered the torque te of an AC machine
is expressed as a vector, which is for the non-power-invariant form

te �
3
2

pN�s
� is� (2.40)
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where pN is the number of pole pairs. If the flux linkage and the stator current are
considered as vectors in xy-plane

�
s
� �s� ī� �s� j̄
 (2.41)

is � is� ī� is� j̄ (2.42)

then the torque is perpendicular to xy-plane, i.e.

te �
3
2

pN
�
�s�is� � �s� is�

�
k̄� (2.43)

Usually, though, �
s

and is are considered as complex valued vectors and then the z-
axis has no meaning. We can therefore usually consider the torque as a scalar te, which
means that we only take the z-component of the cross product. Mathematically such an
operation is denoted as a scalar projection of the torque te on the unit vector k̄

te � te � k̄ �
3
2

pN
�
�s�is� � �s� is�

�
� (2.44)

The cross product in the equation of the torque reveals that the equation is independent
on the coordinate system used – the cross product depends only on the angle between
the vectors. Therefore the torque may be calculated either from the quantities in the
stator coordinates or in the rotor coordinates – or in any coordinates. In the rotor coor-
dinates the equation of the torque becomes

te �
3
2

pN
�
�sdisq � �sqisd

�
(2.45)

�
3
2

pN
�
�PMisq �

�
Lsq � Lsd

�
isdisq

�
� (2.46)

It is often useful to express the reluctance torque differently. Let us define a parameter
called the saliency ratio

� �
Lsq � Lsd

Lsq
� (2.47)

The inductances can then be expressed as

Lsd � Lsq (1� �) 
 (2.48)

Lsq �
Lsd

1� �
� (2.49)

The equation of the torque is transformed to

te �
3
2

pN
�
�PMisq � �Lsqisdisq

�
� (2.50)

The advantage of this equation is that it is easier to analyse the effect of different induc-
tances on the torque than with the original one. The saliency ratio � describes the possi-
ble inductance range better than the absolute difference between inductances, Lsq � Lsd.

2.4 Per-unit valued equations

It is often convenient to express the quantities of an AC system, such as a motor, in di-
mensionless form, in so-called per-unit values. This way motors of different dimensions
can easily be compared with each other.
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Let us first, as an example, think of the Faraday’s induction law

d�
dt
� u� (2.51)

Now, let us define the per-unit valued voltage upu and flux linkage �pu

upu �
u

Ub

 (2.52)

�pu �
�

�b

 (2.53)

where the base value of voltage Ub is defined as the peak value of the nominal phase
voltage UNphase and the base value of flux linkage �b as a ratio of the base voltage Ub
and base frequency �b

Ub �



2UNphase �



2
UN


3

 (2.54)

�b �
Ub

�b
� (2.55)

Dividing both sides of Eq. (2.51) by �b, we get

d�pu

dt
� �bupu� (2.56)

We notice that also the time must be in per-unit form

tpu � �bt
 (2.57)

i.e. if normal time t is used in per-unit valued equations, it must be multiplied by the
base frequency �b.

Let us define the base value for current Ib as the peak value of the nominal phase
current

Ib �



2IN� (2.58)

This allows us define the base value of impedance Zb as

Zb �
Ub

Ib
� (2.59)

The different parts of impedance can then be expressed in per-unit values as

Rpu �
R
Zb


 (2.60)

Lpu �
�bL
Zb


 (2.61)

Cpu � �bZbC� (2.62)

The base value of the torque Tb is

Tb �
3
2

pN�b IB �
3INUN�



3

�N pN
� (2.63)
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Selection of the parameters of a
PMSM
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3.1 Introduction

The designing of PM-machines has not matured yet to a degree which e.g. the designing
of induction machines has. During the recent years there has been a considerable in-
crease of interest in using PM-machines in applications where previously asynchronous
machines have been used. Traditionally PM-machines have been used in low-power
servo drives, but with the recent development in both permanent magnets and power
electronics also medium and large power drives are gaining more interest (see e.g. Rosu
et al., 1998). The suitability of a permanent magnet motor to a particular application is,
however, dependent on the motor design. If for example large field-weakening range is
needed, the motor has to have a large enough direct axis inductance. This in turn de-
creases the torque capability in the nominal flux area. Selecting the parameters to fulfill
the requirements of the application is clearly an optimization problem.

The parameters of the motor also affect the control. E.g. the traditional isd � 0-control
is not very usable if the armature reaction is big, i.e. the inductances of the machine are
considerable. As the torque is increased, keeping the direct-axis current zero results in
increase of the modulus of the stator flux linkage. This in turn results in increased iron
losses. Increased flux linkage also increases the stator voltage and therefore with the
same motor the maximum speed with isd � 0 is lower than e.g. with constant ��

s
�.

The selection of the motor parameters has been analysed e.g. by Schiferl and Lipo
(1990), Morimoto et al. (1990), Ådnanes (1991), Morimoto et al. (1994a) and Bianchi and
Bolognani (1997). All of these papers examine the problem using a per-unit system
which differs from the usual per-unit system described in Section 2.4. The main differ-
ence in that per-unit system is that the base current Ib is defined as

Ib �



2IN �

�
I2
dopt� I2

qopt (3.1)
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where Idopt and Iqopt are the current components giving the minimum current. These
currents are functions of all the parameters �PM, Lsd and Lsq (this will be seen in Eqs.
(3.22) and (3.23)). In consequence one of the three parameters is fixed if the other two
are changed. Also, the base current changes as the parameters change. The drawback
with this is that it is hard to analyse which would be the optimum values of Lsd and Lsq
independent on each other. This per-unit system guarantees only that 1 pu. values for
stator current, voltage and flux linkage at one per-unit speed give a maximum torque
to current ratio. The torque obtained this way does not keep constant as the parameters
are changed, so the per-unit system selection cannot be justified with an equal power
between different parameters. Since the voltage limitation is not used when obtaining
the equations for Idopt and Iqopt there is no guarantee that the obtained parameters give
the maximum torque which could be obtained with the available current and voltage.
Furthermore, the control principle is tied to minimum current control.

Thelin and Nee (1998) make some suggestions regarding the pole-number of inverter-
fed PMSMs. Their only selection criterion was the efficiency of the motor. The selection
of the pole-number is not considered in this thesis. However, it should be noted that
the pole number has got a big influence on the freedom of parameter selection. For
example, if the pole-number is big, the magnetizing inductance tends to become small
compared to the stator leakage inductance. Therefore obtaining a large inductance ratio
is difficult. The equation of the magnetizing inductance Lm shows that the inductance
is inversely proportional to the number of pole pairs pN (Vogt, 1996)

Lm �
3
�
�0(N�1)2li

1
p2

N

D
Æi

(3.2)

where li is the length of the active parts, D is the air-gap diameter and Æi is the air-gap.
In this chapter a new solution technique is presented for the selection of PMSM’s

parameters. The solution is based on mathematical optimization with appropriate con-
straints. The target function of the optimization is the nominal torque with the induc-
tances and the permanent magnet’s flux linkage as variables. By solving the optimiza-
tion problem with inductances as parameters we can analyse their effect on the nominal
torque and, based on that, select the inductances and permanent magnet’s flux linkage.

The examination is divided so that first Section 3.2 analyses what affects the torque
and power behaviour of a PMSM. Section 3.3 considers then what kind of constraints
the application sets for the parameter selection. Section 3.4 then presents the basic op-
timization scheme and its results for different control principles. Section 3.5 brings one
optimization criterion more, the maximum torque, to the problem. In Section 3.6 the
field-weakening area is considered. Finally, Section 3.7 gathers all the constraints and
presents a parameter selection procedure. The selection procedure is implemented as
an interactive computer program.

3.2 The torque and power performance of a PMSM

In order to select the parameters of a PMSM, one must study the torque behaviour of
a PMSM in detail. The equation of the torque was given in Eq. (2.46), which is shown
here again, but this time in the per-unit scale

te � �sdisq � �sqisd � �PMisq �
�
Lsq � Lsd

�
isdisq�
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In isd, isq plane this is an equation of a hyperbola

isq �
te

�PM �
�
Lsq � Lsd

�
isd

� (3.3)

The hyperbolas have asymptotes

isq � 0
 (3.4)

isd �
�PM

Lsq � Lsd
� (3.5)

The latter is obtained by solving isd from Eq. (3.3) as isq ��. The hyperbolas are il-
lustrated in Fig. 3.1. Each hyperbola forms a so-called constant torque hyperbola. This
means that the same torque is produced by all the different combinations of isd and isq
forming the hyperbola. Therefore there is a great freedom in selecting the currents pro-
ducing the wanted torque. Moving along the hyperbola changes the modulus of the
stator flux linkage and thus the needed voltage. On the other hand at the same time the
modulus of the stator current is changed. It is obvious that there exists a minimum for
the stator current for each given torque. The minimum can be used as a basis of current
references in current vector control.

ten � �3
ten � �2
ten � �1

ten � 3
ten � 2
ten � 1

idn

i q
n

3210-1-2-3

3

2

1

0

-1

-2

-3

Figure 3.1: Constant torque hyperbolas. A normalization introduced by Jahns et al. (1986) is used. The
normalization is described later.

Let us examine the minimum in detail. The modulus of the stator current is ex-
pressed as

�is�2 � i2
sd� i2

sq (3.6)
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This is clearly an equation of a circle in isd, isq plane. Moving on a circle in isd, isq plane
keeps the current constant but the torque is changed as the observation point moves
from one constant torque hyperbola to another. At a given torque the minimum of
the stator current is obtained when the tangents of the torque hyperbola and the stator
current circle are parallel. Let us derive equations for these optimum isd and isq, which
gives us equations for the current references which minimize the stator current at a
given torque.

Let us introduce the following normalizations (Jahns et al., 1986)

ten � te�teb
 (3.7)
iqn � isq�ib
 (3.8)
idn � isd�ib
 (3.9)

with the base values

ib �
�PM

Lsq � Lsd

 (3.10)

teb � �PMib� (3.11)

The above base values are defined so that the normalization is made from the usual
per-unit valued equations (this is different in Jahns et al., 1986). The normalized torque
ten is then obtained from the per-unit torque te as follows

te � �PMisq �
�
Lsq � Lsd

�
isdisq� : teb �

�2
PM

Lsq � Lsd


 te

teb
�

isq
�PM

Lsq�Lsd

�
Lsd � Lsq

�2
PM

Lsq�Lsd

isqisd


 ten �
isq
�PM

Lsq�Lsd

�
1�

Lsd � Lsq

�PM
isd

�


 ten �
isq

ib

�
1� isd

ib

�
�

Finally

ten � iqn (1� idn) � (3.12)

Now, iqn is eliminated

iqn �
ten

1� idn
� (3.13)

The squared modulus of the normalized stator current is then

�in�2 � i2
dn� i2

qn � i2
dn �

�
ten

1� idn

�2

� (3.14)

The minimum of the current in at the given torque ten is obtained by differentiating Eq.
(3.14) with respect to idn and setting the derivative zero:

d�in�2
didn

� 2idn � 2
t2
en

(1� idn)3 � 0


 t2
en � idn (idn � 1)3 � (3.15)
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Eq. (3.15) forms the basis for the direct axis current reference. The equation for quadra-
ture axis current reference is obtained similarly by eliminating isd from Eq. (3.12). The
following equation is obtained from the derivative’s zero condition

t2
en � teniqn � i4

qn � 0� (3.16)

An explicit equation for iqn is obtained by solving ten as a root of the second order equa-
tion

ten �
iqn

2

�
1�

�
1� 4i2

qn

�
� (3.17)

Since the expression under the square root is always greater than one, we know that
only the ’+’-sign is allowed. Therefore the equation for iqn is

ten �
iqn

2

�
1�

�
1� 4i2

qn

�
� (3.18)

Eqs. (3.15) and (3.18) were first presented by Jahns et al. (1986). Solving both idn and iqn

requires iteration or the nonlinear relationship between the torque ten and the currents
must be saved in a look-up table. A simplification can, however, be made. Solving idn
from (3.12) gives

idn � 1� ten

iqn
� (3.19)

From (3.18)

ten

iqn
�

1
2

�
1�

�
1� 4i2

qn

�
� (3.20)

Combining (3.19) and (3.20) gives a solution to idn as a function of iqn

idn �
1
2

�
1�

�
1� 4i2

qn

�
� (3.21)

The return back to usual per-unit system is obtained as follows. Substitute (3.7) and
(3.8) into (3.18)

te �
�PMisq

2

	
�1�

����1� 4
i2
sq

�
Lsq � Lsd

�2

�2
PM

�
� 
 (3.22)

isd � ibidn �
�PM

2
�
Lsq � Lsd

� �1��1� 4i2
qn

�

�
�PM

2
�
Lsq � Lsd

� �
���� �2

PM

4
�
Lsq � Lsd

�2 � i2
sq� (3.23)

The reference for quadrature axis current isq is found as a solution of Eq. (3.22) and the
direct axis reference from Eq. (3.23). It should be noted that if Lsd � Lsq the latter of
these equations is not defined. Should this be the case the references are simply

isq �
te

�PM

 (3.24)

isd � 0� (3.25)
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Another possibility to obtain the current components giving the minimum current is to
substitute isd � �is� cos� and isq � �is� sin� into the equation of the torque Eq. (2.46) (see
e.g. Kim and Sul, 1997). The following equation is obtained

te � �PM�is� sin�� �Lsq � Lsd
� �is�2 sin� cos�

� �PM�is� sin�� 1
2
�
Lsq � Lsd

� �is�2 sin 2��
(3.26)

The minimum of the ratio te��is� is easily obtained as a function of �. The following
equations can be solved by differentiating the ratio te��is� with respect to � and setting
the derivative zero

isd �
�PM �

�
�2

PM � 8
�
Lsq � Lsd

�2 �is�2
4
�
Lsq � Lsd

� 
 (3.27)

isq �

�
�is� �

�
iopt
sd

�2
� (3.28)

These same equations apply with per-unit values, with plain space vector values and
also with RMS scaled values. In the last case, the space vector scaled �PM is replaced
with �PM and �is� with Is.

The maximum steady state current is not the only parameter affecting the power
obtained from a PMSM. Also the maximum available voltage limits the operating point.
Let us consider the voltage equation of a PMSM. If the stator resistance is neglected the
stator voltage squared is

u2
� �2

�
(�PM� Lsdisd)2

�
�
Lsqisq

�2
�
� �2��

s
�2� (3.29)

This equation is rearranged to�
isd�

�PM
Lsd

�2

1�L2
sd

�
i2
sq

1�L2
sq
�

� u
�

�2
� (3.30)

This is an equation of an ellipse in isd, isq plane centered at (��PM�Lsd
 0) with axes

2a� 2
�
u��

�
�Lsd major (3.31)

2b � 2
�
u��

�
�Lsq minor (3.32)

The axes are inversely proportional to the angular frequency �. Fig. 3.2 shows some
examples of voltage limit ellipses. The working point must always be inside the ellipse
which corresponds to �. Therefore, obtaining e.g. the maximum torque to current ratio
becomes impossible at a certain frequency. The working point must then move along
the constant torque hyperbola inside the voltage ellipse. The frequency at which this
transition is started is usually defined as the nominal frequency �N.

Let us then consider the maximum voltage of a voltage source inverter (VSI). In
the simplest form, the three phase line AC voltage is rectified using an uncontrolled
diode bridge. The resulting DC voltage consists of the difference of the voltages of the
most positive and negative phase voltages. If the commutation of the current is not
considered, the average DC voltage UDC is obtained as follows (see e.g. Mohan et al.,
1995)

UDC �
1

��3

� ��6

���6



2ULL cos�t d (�t)�

3
�



2ULL � 1�35ULL (3.33)
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Figure 3.2: Voltage limit ellipses. Ellipses are drawn for � � 0�8�1�0�1�5�2�0. Also, the current limit circle
for �is�� 1 is drawn.

where ULL is the line-to-line voltage of the supply grid. Then consider that the middle
point of the DC link is grounded so that the upper inverter leg is at UDC�2 and the
lower leg at �UDC�2. The output phase voltages ua, ub and uc can then only get values
�UDC�2. If the a-phase is connected to upper leg and b- and c-phases to lower leg, the
output voltage space vector us will be

us �
2
3
�
ua� a ub� a2 uc

�
�

2
3

UDC� (3.34)

The modulus of the voltage vector will be the same also for other switching combina-
tions. The maximum output voltage modulus is therefore

us max �
2
3

UDC �
2
3

3
�



2ULL �

2



2
�

ULL � 0�9ULL� (3.35)

Since the non-power-invariant form of a space vector is scaled to peak of the phase
voltage, the maximum RMS of the output line-to-line voltage is

ULLout �



3
us max


2
�

�
2
3

UDC �
2



3
�

ULL � 1�1ULL� (3.36)

Using pulse width modulation any voltage vector which lies inside a hexagon formed
by the output voltage vectors obtained from a VSI can be obtained (see Fig. 3.3). How
much of the maximum obtainable voltage can be utilized depends, however, on the
modulation method. Using e.g. the suboscillation method (sine-triangle comparison)
only 3�4 of the maximum voltage can be obtained. The symmetrical suboscillation
method makes the use of the entire hexagon possible. Linear modulation is, however,
possible only up to



3�2 of the maximum voltage.

ULLoutlin �



3

2
ULLout �

3
�

ULL � 0�955ULL� (3.37)

This is also the limit up to where the flux path of the machine can be kept circular. If
the DC link voltage is controllable with an active line converter, the linear modulation
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is more conveniently expressed with the DC link voltage

ULLoutlin �



3

2

�
3
2

us max �



2

2
UDC � 0�707UDC� (3.38)

As in the DTC the flux is kept on a circular path,



3�2 of the maximum voltage is also
the maximum of the output of the DTC “modulator”.

�

�

Figure 3.3: Voltage vectors of a two-level voltage source inverter. In mean, all voltage vectors within the
hexagon can be obtained using PWM.

The voltage of an electrical machine is linearly dependent on the angular frequency
�. Neglecting the stator resistance, the voltage u can be expressed as

u � ���
s
� (3.39)

At a certain frequency, �b the voltage u reaches the maximum voltage available from
the inverter. If the speed is desired to be increased above this frequency, the flux mod-
ulus must be decreased. This procedure is traditionally called the field weakening. With
PMSMs the opearation is sometimes called the flux weakening even though from the con-
trol system’s point of view there is not any difference. The speed range above �b is
called therefore the field weakening area, the field weakening range or the constant power area.
The speed range below �b is called the base speed area, the constant flux area or the con-
stant torque area. The boundary frequency �b is called the base frequency or the nominal
frequency. Sometimes “speed” is used instead of “frequency”.

If a PMSM is controlled with current vector control based on minimizing the stator
current, the modulus of the stator flux linkage varies as a function of the torque. There-
fore also the base frequency varies as the torque is changed. The boundary between the
base speed area and the field weakening area must therefore be varied. The name, con-
stant flux area is thus also improper. The division into the base speed area and the field
weakening area is however valid, since the principle of forming the current references
must be changed at this frequency. The dynamic performance of the forming principles
can be quite different from each other. With control principles based on keeping the
modulus of the stator flux linkage constant below the base speed, the field weakening
is accomplished easily by changing the flux linkage’s modulus in inverse proportion to
the speed.

In principle the base frequency �b and the nominal frequency �N are the same, but
they can also be separated. The base frequency can be thought as a frequency which
adapts to the present flux and voltage situation. The nominal frequency is the frequency
at which the machine is designed to give the nominal power and it is a constant.
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3.3 Initial values for motor design

The application in which the PMSM will be utilized sets the requirements which the
performance of the PMSM must fulfill. Examples of these requirements are

1. Maximum torque below base speed, e.g. 1�6 � TN

2. Maximum steady state speed

3. Maximum torque in field-weakening range (at given speeds)

4. Maximum allowed switching frequency and torque ripple

Depending on the application some or all of these requirements may be needed to be
fulfilled.

In order to get the best performance out of the motor the designer should know
what kind of control system will be used. In the next section it will be seen that the
field-weakening point depends on the control principle.

3.4 Analysis of the effect of parameters on the static per-
formance

Selecting the parameters of a permanent magnet synchronous machine is not an easy
task. Usually the designer uses a rule of thumb, for example, that the open-circuit volt-
age at nominal speed should be 90% of the maximum voltage. As high air-gap flux
density as possible is then tried to be achieved. The number of winding turns is then se-
lected such that the wanted open-circuit voltage is obtained. The inductances obtained
this way may have almost any value.

The selection can also be treated more mathematically. The selection is an optimiza-
tion problem with appropriate constraints. The following three criteria will be consid-
ered:

Absolute maximum torque criterion: Maximization of the nominal torque as a func-
tion of �PM, isd and isq with the voltage and the current limited to nominal values.

Minimum current criterion: Maximization of the nominal torque as a function of �PM,
isd and isq with the voltage and the current limited to nominal values and also
the current should be such that the torque to current ratio is maximized (i.e. the
minimum current control is considered)

No field-weakening criterion: Maximization of the nominal torque as a function of
�PM, isd and isq with the voltage and the current limited to nominal values. The sta-
tor flux linkage is limited so that it may not be decreased below permanent mag-
net’s flux linkage. The solution is different for cases �PM � ��s

� and �PM � ��
s
�.

Both of these are considered.

The first criterion gives such a �PM that the nominal torque is the absolute maximum
which is possible with the given nominal current and maximum voltage. It does not
consider the control principle used, but it is to be considered as a reference for the other
cases. The second criterion finds such a �PM that the stator current can be kept at its
minimum at a given torque from zero to base speed. The last criterion gives such a �PM
that the nominal frequency can be reached without a need to decrease the flux linkage
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reference below �PM. This corresponds to using the DTC with the stator flux linkage
reference set to �PM.

The solutions are calculated for a range of different combinations of Lsd and Lsq.
The idea is not to find out only one global maximum point, rather to give an answer
to a question “If the inductances are such, how should the permanent magnet’s flux be
selected?”. The evaluation of the results also reveals how to select the inductances.

It should be noted that when the stator resistance is neglected the power factor is
(see proof in Appendix A.1)

cos� �
te

��
s
��is�

� (3.40)

where the torque te, the stator flux linkage �
s

and the current is are expressed in per-unit
form. If ��

s
�� �is�� 1 pu., then cos�� te. In all of the solutions which will be presented

the stator resistance is assumed to be negligible.

3.4.1 Description of the solution algorithm

In the following sections, the selection of the permanent magnet’s flux linkage is anal-
ysed by maximizing the torque of the PMSM

te
�
�PM
 Lsd
 Lsq
 isd
 isq

�
� �PMisq �

�
Lsq � Lsd

�
isdisq� (3.41)

In the basic form the possible solution is constrained by the current and voltage limits�
i2
sd � i2

sq � 1
 (3.42)�
u2

sd� u2
sq � umax
 (3.43)

where

usd � Rsisd � �NLsqisq
 (3.44)
usq � Rsisq � �N (�PM� Lsdisd) � (3.45)

Both the target function and the constraints are nonlinear and therefore the algorithm
for finding the maximum must be one for nonlinear problems. The intention, however,
is not to find the global maximum for te in Eq. (3.41), but to analyse the effect of in-
ductances on the torque. Therefore the target function of the optimization is changed
to

te
�
�PM
 isd
 isq

�
� �PMisq �

�
Lsq � Lsd

�
isdisq� (3.46)

The inductances are now treated as parameters in the optimization, i.e. the problem is
solved for a range of combinations of Lsd and Lsq. Solution gives then such a �PM that
maximizes the nominal torque with these inductances.

There are numerous solution algorithms for nonlinear optimization problems, both
for unconstrained and constrained problems. The selection of the algorithm depends
on the problem and the application. The general problem description is

minimize
x

f (x) (3.47)

Subject to: gi(x)� 0 i � 1
 � � � 
 p

hj(x)� 0 j � 1
 � � � 
 q



3.4 Analysis of the effect of parameters on the static performance 27

Let us first consider the solution of an unconstrained problem. The solution algorithms
can be categorized into zeroth, first and second order algorithms. The zeroth order
algorithms use only function evaluations and are most suitable to very nonlinear or
discontinuous problems. The first order methods use information about the gradient of
the function f to find out the direction of the extreme. The method of steepest descent
is the simplest of these. The extreme is found by searching into the negative direction
of the gradient �� f . Second order methods also use the information about the second
order derivative, i.e. the Hessian of f , H � �� f . These methods are only useful if the
Hessian can easily be calculated. Numerical differentiation is rarely efficient and in this
case lower order methods may be more efficient.

Of the second order methods, Newton-type methods are the most commonly used
ones. The idea is to iterate the solution by updating the new solution candidate by using

xk�1
� xk

� �k pk (3.48)

where pk is the direction of the search and �k is the length of the search step. �k is
usually obtained by using line search. pk depends on the particular method. For secant
method

Bk pk
� �� f

�
xk
�

(3.49)

where Bk is an approximation of the Hessian H. For conjugate-gradient method

pk
��� f

�
xk
�
� �k pk�1� (3.50)

where �k is a constant. Line search is performed after calculating the search direction pk

by minimizing the function

f (xk�1)� f (xk
� �k pk)� (3.51)

This function becomes a linear function of �k and can be minimized using linear opti-
mization methods.

The general solution algorithm for Newton-type problems is presented in Algo-
rithm 3.1.

Set the initial guess x1 and set k � 1
repeat

Solve the search direction pk

Line search the search step �k
Find the next solution iterate xk�1

� xk
� �k pk

k � k� 1
until ��xk � xk�1�� � �

Algorithm 3.1: Newton-type solution algorithm

The easiest way to implement an algorithm for constrained problems is to trans-
form it to an unconstrained problem. The basic algorithm is to use penalty or barrier
functions for the constraints. The function to be minimized is changed to

P(x
 s)� f (x)� s
p

∑
j� 1

Gj(g j(x)) (3.52)
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where s � 0 is the penalty parameter of P(x
 s). The methods are classified into penalty
and barrier function methods depending on the function Gj . An example of a penalty
function is Gj � (max(0
 g j(x)))2. Possible barrier functions are Gj � �1�g j(x) and Gj �

ln(�gj(x)). The difference between penalty and barrier methods is that barrier function
methods keep inside the feasible region, whereas the solution obtained with a penalty
function can be outside the feasible region.

Methods using penalty functions are not very efficient and better methods have been
developed which use the condition of optimality more efficiently. The search direction
is formed with the help of the Lagrangian function of the problem. The Lagrangian of
the problem is defined as

L(x
 u
 v)� f (x)�
p

∑
j � 1

ujg j(x)�
q

∑
j � 1

vjg j(x) (3.53)

where u � [u1 u2 � � � up]T and v � [v1 v2 � � � vq]T are the Lagrangian coeffi-
cients of the problem. Based on the Karush-Kuhn-Tucker condition the Lagrangian may
be used to calculate the search direction.

Sequential quadratic programming (SQP) is one of the most popular methods e.g.
in mathematical software. The idea in SQP is to use a quadratic approximation of the
Lagrangian function and to form a sub-problem, the solution of which is the search
direction. The sub-problem is a quadratic programming problem (QP)

minimize
pk

1
2
�pk
Wkpk�� �� f (x)
 pk� (3.54)

Subject to: gi(xk)� ��gi(xk)
 pk� � 0 i � 1
 � � � 
 p

hj(xk)� ��hj(xk)
 pk�� 0 j � 1
 � � � 
 q

where Wk is the approximation of the Hessian of the Lagrangian

Wk ���L
�

xk
 uk
 vk
�
� (3.55)

The constraints have been obtained by linearizing the constraints of the original prob-
lem in the current solution point xk. The approximation of the Hessian, Wk can be
updated using e.g. BFGS-method (named after C. G. Boyden, R. Fletcher, D. Goldfarb
and D. F. Shanno)

Wk� 1 �Wk �
ykykT

�yk
 sk� �
WkskskT

Wk

�sk
Wksk� (3.56)

where sk
� xk�1 � xk (3.57)

yk
�� f (xk�1)�� f (xk) (3.58)

After obtaining the search direction pk the next iterate is obtained by performing a line
search for

xk�1
� xk

� �k pk (3.59)

Usually the line search is performed so that a sufficient decrease in a merit function is
obtained. An example of a merit function is the augmented Lagrangian

F(x)� f (x)� �w
 h(x)�� 1
2
�h(x)
 S(x)h(x)� (3.60)
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where S(x) is a suitable positive definite matrix, e.g. �I. Vector w is an approximation
of the Lagrange coefficients [v1 v2 � � � vq]T.

3.4.2 Absolute maximum torque criterion

In the first optimization criterion the nominal torque is maximized making no con-
straints to permanent magnet’s flux linkage or the direct and quadrature axis current
components, i.e. the control principle is not considered. The only constraints are that
the parameters should be positive and that the voltage and current are limited to their
maximum values. The optimization problem is then

minimize � te
�
�PM
 isd
 isq

�
� � ��PMisq �

�
Lsq � Lsd

�
isdisq

�
(3.61)

Subject to:
�

i2
sd � i2

sq � 1
�
u2

sd� u2
sq � umax


� �PM � 0

where usd � Rsisd � �NLsqisq


usq � Rsisq � �N (�PM � Lsdisd) �

The solution of this reveals quite interesting results. Fig. 3.4 on the following page
summarizes the results with umax � 1 pu. The results are presented with Lsq (a) and Lsd
(b) as parameters. The torque for all possible combinations of Lsd and Lsq is

topt
e � 1 pu� (3.62)

This means that if �PM is not limited in any way except by the voltage and current
constraints, it is possible to select such �PM that the torque in the nominal point is 1 pu.
regardless of the inductances. In other words, the power factor in the nominal point can be
set to be unity, if �PM is selected according to Fig. 3.4. It is noticed, however, that with a
small saliency ratio � and large quadrature axis inductance Lsq, the permanent magnet’s
flux linkage �PM should be over 1 pu. This means that the control system should act in
the field-weakening mode well before the nominal point. Also, even at no-load stator
current is needed as a demagnetizing current and therefore the no-load losses may be
high. It may also become impossible to stop the motor at high frequencies since the
no-load voltage may be higher than the maximum allowed DC link voltage.

With � � 0�6, the flux linkage �PM giving the maximum nominal torque is below 1.0
pu. This means that it will be possible to have a 1 pu. torque with a reasonable �PM if
there is enough saliency. This will be seen later in the more constrained optimizations.

It was noticed that the absolute maximum torque criterion gives a solution in which
the power factor is unity. Therefore an analytical equation can be obtained for �PM, sim-
ilar to the equation for the field current of a field excited synchronous machine giving
the unity power factor

�PM �
��

s
�2� LsdLsq�is�2�
��

s
�2 � L2

sq�is�2
� (3.63)

The derivation of this is presented in Appendix A.2.
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(a) Quadrature axis inductance as a parameter.
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(b) Direct axis inductance as a parameter.

Figure 3.4: Absolute maximum torque criterion. Flux linkage of the permanent magnet versus the saliency
ratio � � (Lsq � Lsd)�Lsq. Flux linkage is selected so that the torque gets its maximum value
with nominal current and nominal voltage.



3.4 Analysis of the effect of parameters on the static performance 31

3.4.3 Minimum current criterion

This criterion has to be used if the control principle is minimum current control. In this
criterion permanent magnet’s flux linkage is selected so that from zero to the base speed
the stator current is at its minimum. Compared to the previous criterion the difference
is that the voltage limit should not be reached before the base speed.

The selection of �PM is simplified by first solving equations for d- and q-currents
giving the minimum current to torque ratio. Eqs. (3.27) and (3.28) were given:

iopt
sd �

�PM �
�
�2

PM � 8
�
Lsq � Lsd

�2 �is�2
4
�
Lsq � Lsd

� 


iopt
sq �

�
�is� �

�
iopt
sd

�2
�

By substituting these into the equation of the stator voltage, it can be transformed to be
only a function of �PM. Instead of maximizing the torque with respect to �PM, �PM is
calculated directly as a root of equation��

uopt
sd

�2
�

�
uopt

sq

�2
� umax� (3.64)

where

usd � Rsi
opt
sd � �NLsqiopt

sq 
 (3.65)

usq � Rsi
opt
sq � �N

�
�PM� Lsdiopt

sd

�
� (3.66)

In the special case Lsd � Lsq � Ls there exists an analytical solution. The minimum
current is obtained when isd � 0. Neglecting the stator resistance, Eq. (3.64) becomes�

�2L2
s i2

sq� �2L2
s i2

sd� 2�2Lsisd�PM � �2�2
PM � umax� (3.67)

Solving for �PM gives

�PM �

��umax

�

�2 � L2
s i2

sq (3.68)

where � � 1 pu. and isq � 1 pu. The nominal torque is then

te � �PMisq � isq

��umax

�

�2 � L2
s i2

sq (3.69)

By setting umax � 1, isq � 1 and � � 1, a maximum value is obtained for Ls. Considering
that �PM must be above zero and the expression under the square root must also be
above zero the following equation is obtained

Ls � 1 pu� (3.70)

This means that minimum current control can only be used if Ls � 1 pu. For Lsd 	� Lsq
a numerical solution is needed to find out �PM and the corresponding torque te. There
are also maximum values for Lsd and Lsq and therefore the solution of Eq. (3.64) directly
is not a good way to solve the problem. Instead, the same kind of optimization problem
as in the previous section is needed. In order to get a solution for all combinations of
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Lsd and Lsq, the modulus of the current is not set to its nominal value, but it is treated as
a variable in the optimization problem. If the maximum torque to current ratio cannot
be obtained with the nominal current, the optimization routine automatically decreases
the current. The optimization problem is therefore

minimize � te
�
�PM
 �is�

�
� � ��PMisq �

�
Lsq � Lsd

�
isdisq

�
(3.71)

Subject to: �is� � 1
�
u2

sd� u2
sq � umax


where usd � Rsi
opt
sd � �NLsqiopt

sq 
 (3.72)

usq � Rsi
opt
sq � �N

�
�PM� Lsdiopt

sd

�



iopt
sd �

�PM �
�
�2

PM� 8
�
Lsq � Lsd

�2 �is�2
4
�
Lsq � Lsd

� 


iopt
sq �

�
�is� �

�
iopt
sd

�2



The results are presented in Figs. 3.5 and 3.6. They are are presented with Lsq (Fig.
a) and Lsd (Fig. b) as parameters. It is noticed that, if Lsd is kept constant, increasing
� (or Lsq) decreases the torque obtained (see Fig. 3.6(b)). On the other hand, if Lsq is
kept constant, increasing � (= decreasing Lsd) increases the torque. Comparison to the
absolute maximum criterion shows that te � 1�0 pu. is only approached with very small
inductances. This can also be seen in the analytical solution Eq. (3.69). When the stator
inductance approaches zero, the maximum obtainable nominal torque approaches one

te � 1 pu
 when Ls � 0� (3.73)

3.4.4 No field-weakening criterion

In this optimization criterion the modulus of the stator flux linkage is kept constant and
equal to or greater than �PM. This is achieved e.g. with the direct torque control. If the
modulus of the stator flux linkage is kept above �PM, the dynamic performance of the
torque and speed control is kept good, since there is no need to control the modulus of
the stator flux linkage in the base speed area. This leads to the traditional division of
the operation area into constant flux and constant power areas where the limit between
the areas is the nominal speed.

The function that will be optimized is the same as in the first criterion, but the con-
straints are different. Two cases will be considered. The first case is such that the perma-
nent magnet’s flux linkage must be equal to the modulus of the stator flux linkage. In
the second case, the permanent magnet’s flux linkage is also allowed to be less than the
modulus of the stator flux linkage. The constraint for �PM is thus either of the following

Case 1: �PM � ��s
�
 (3.74a)

Case 2: �PM � ��
s
�� (3.74b)

These are now treated separately.
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(a) Quadrature axis inductance as a parameter.
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(b) Direct axis inductance as a parameter.

Figure 3.5: Minimum current criterion. Flux linkage of the permanent magnet versus the saliency ratio
(Lsq � Lsd)�Lsq.
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(a) Quadrature axis inductance as a parameter.
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(b) Direct axis inductance as a parameter.

Figure 3.6: Minimum current criterion. Torque as a function of the saliency ratio (Lsq � Lsd)�Lsq.
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Case 1

The optimization problem is

minimize � te
�
�PM
 isd
 isq

�
� � ��PMisq �

�
Lsq � Lsd

�
isdisq

�
(3.75)

Subject to:
�

i2
sd � i2

sq � 1
�
u2

sd� u2
sq � umax
�

�2
sd � �2

sq � �PM


� �PM � 0

where usd � Rsisd � �NLsqisq


usq � Rsisq � �N (�PM � Lsdisd) 

�sd � Lsdisd� �PM


�sq � Lsqisq�

The results are totally different from before. Now with all possible combinations of Lsd
and Lsq, �PM is equal and

�
opt
PM � 1 pu� (3.76)

Fig. 3.7 on the next page shows the torque obtained with this criterion. It is noticed that
if Lsq is kept constant, increasing the saliency (=decreasing Lsd) increases the nominal
torque up to a saliency ratio of � � 0�6. If Lsd is kept constant, increasing the saliency
(=increasing Lsq) increases the nominal torque. If Lsd � 0�7 pu. increasing the saliency
always increases the torque, but with Lsd � 0�7 pu. there exists a maximum value for the
torque. If � is increased above the value producing the maximum torque, the nominal
torque decreases.

Case 2

The optimization problem is

minimize � te
�
�PM
 isd
 isq

�
� � ��PMisq �

�
Lsq � Lsd

�
isdisq

�
(3.77)

Subject to:
�

i2
sd � i2

sq � 1
�
u2

sd� u2
sq � umax


�PM �
�
�2

sd� �2
sq


� �PM � 0

where usd � Rsisd � �NLsqisq


usq � Rsisq � �N (�PM � Lsdisd) 

�sd � Lsdisd� �PM


�sq � Lsqisq�
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(a) The quadrature axis inductance is a parameter from 0.1 to 1.5.
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(b) The direct axis inductance is a parameter from 0.1 to 1.5.

Figure 3.7: No field-weakening criterion, case 1. Torque as a function of the saliency ratio (Lsq � Lsd)�Lsq.
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The results of Case 2 are shown in Figs. 3.8 and 3.9 on pages 38 and 39. Fig. 3.8 shows
the permanent magnet’s flux linkage giving the maximum nominal torque and Fig. 3.9
the corresponding maximum nominal torque.

It is noticed that the results are the same for � � 0�6 as in Case 1. For � � 0�6 the
results are the same as in the absolute maximum torque criterion (Section 3.4.2), i.e.
the absolute maximum torque is achieved with this criterion with large saliencies. The
conclusion of comparing Cases 1 and 2 is that �PM should not be limited to be equal to
��

s
� but it is useful to let it be below ��

s
�.

3.4.5 Conclusion

The results of the previous optimizations clearly show that the control method must be
known in the design stage of the permanent magnet synchronous machine.

Table 3.1 on page 40 compares the results of the optimizations presented in the pre-
vious sections. In the first optimization case no constraints were made to limit �PM.
This case does not consider the control method, rather it is a maximum case to compare
the next optimization cases with. The results show that with a low saliency the abso-
lute maximum torque cannot be obtained unless �PM � 1 pu. In practice this would be
problematic due to several reasons. Firstly, the field-weakening point would decrease
below 1 pu. Secondly, the possibility of extensive overvoltages is greatly increased. The
criterion may, however, be used e.g. in pump applications, where there is always load
in steady state. The control method in this case can be e.g. the direct torque control with
the control of stator flux linkage reference, which will be presented in Chapter 4.

It the second case, the commonly used minimum current control is considered. Since
the minimum current to torque ratio is obtained with ��

s
� � �PM, the permanent mag-

net’s flux linkage �PM must be below 1 pu. Therefore the torque obtained with nominal
current is noticed to be below the torque obtained with the next criterion (no field-
weakening criterion) where the currents are not set to optimum values. Selecting �PM
above the calculated value decreases the base speed.

The last optimization case considers the case where the permanent magnet’s flux
linkage is limited below (Case 2) or equal to (Case 1) the modulus of the stator flux
linkage. Due to the voltage constraint in practice this means that �PM must be below
1 pu. Even though the torque-current ratio is not at its optimum the torque which is
obtained is greater than with using the mininum current-torque ratio. This is explained
by the greater proportion of torque created by the interaction of the permanent magnet
and the quadrature axis current than the reluctance torque. If �PM is allowed to be below
��

s
� it is possible to obtain the absolute maximum torque with saliency ratio � � 0�6,

which means that the power factor in the nominal point is optimally unity.
If the permanent magnet’s flux linkage is selected according to “No field-weakening

criterion” and the motor is driven with the minimum current control, the base speed
is decreased compared to the constant stator flux control. On the other hand, if �PM is
selected according to the requirement of the minimum current control, the motor can be
driven above the base speed of minimum current control with the constant stator flux
control.

It should be noticed that even though the power factor can be set to any desired value
when dimensioning the machine, the maximum torque is obtained with the power fac-
tor obtained from the previous optimizations. The permanent magnet’s flux linkage
should be the one corresponding to the selected control method.
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(a) The quadrature axis inductance is a parameter from 0.1 to 1.5.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05
 0.1
 0.3
 0.5
 0.7
 0.9
 1.1
 1.3
 1.5

�PM
 �PM � ��s
�

Saliency ratio �

�

PM
[P

er
un

it
]

(b) The direct axis inductance is a parameter from 0.1 to 1.5.

Figure 3.8: No field-weakening criterion, case 2. Flux linkage of the permanent magnet as a function of the
saliency ratio (Lsq � Lsd)�Lsq.
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(a) The quadrature axis inductance is a parameter from 0.1 to 1.5.
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(b) The direct axis inductance is a parameter from 0.1 to 1.5.

Figure 3.9: No field-weakening criterion, case 2. Torque as a function of the saliency ratio (Lsq � Lsd)�Lsq.
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3.5 Maximum torque as a selection criterion

Let us study the maximum torque of a permanent magnet synchronous machine. Let
us first solve the direct and quadrature-axis currents from (2.23) and (2.24)

isd �
1

Lsq (1� �)
(�sd � �PM) 
 (3.78)

isq �
1

Lsq
�sq� (3.79)

By substituting these into the equation of the torque Eq. (2.45) the following equation is
obtained in per-unit form

te �
�sd�sq

Lsq
� �sq (�sd � �PM)

Lsq (1� �)
� (3.80)

Substitution of �sd � ��s
� cos Æs and �sq � ��s

� sin Æs gives

te �
��

s
� sin Æs

Lsq (1� �)

�
�PM � ���

s
� cos Æs

�
� (3.81)

The maximum of the torque with respect to the load angle Æs is found by differentiating
te with respect to Æs and setting the derivative zero

dte

dÆs
� k

�
�PM cos Æs � ���

s
� cos 2Æs

�
� k

�
�2���

s
� cos2 Æs � �PM cos Æs � ���

s
�
�
� 0

(3.82)

where k � ��
s
�� �Lsq (1� �)

�
. The solution of this equation is most conveniently found

for cos Æs as

cos Æs �

�PM �
�
�2

PM � 8�2��
s
�2

4���
s
� � (3.83)

provided that � 	� 0. If � � 0, the root of the equation is Æs � ��2. If � � 0 it is known that
the maximum torque is found for cos Æs � 0, and only the negative sign of the square
root is valid. The maximum torque of a PM machine is therefore

te max �
��

s
�

Lsq (1� �)

�����1�
���PM �

�
�2

PM� 8�2��
s
�2

4���
s
�

��2

�
���PM �

�PM �
�
�2

PM � 8�2��
s
�2

4

�� �

(3.84)
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For a given maximum torque te max, there exists a maximum value for the quadrature
axis inductance Lsq

Lsq �
��

s
�

te max (1� �)

�����1�
���PM �

�
�2

PM� 8�2��
s
�2

4���
s
�

��2

�
���PM �

�PM �
�
�2

PM � 8�2��
s
�2

4

�� �

(3.85)

Since Lsd � Lsq (1� �) the equation of the maximum torque can also be written with Lsd
as a parameter. From that equation we get

Lsd �
��

s
�

te max

�����1�
���PM �

�
�2

PM� 8�2��
s
�2

4���
s
�

��2

�
���PM �

�PM �
�
�2

PM � 8�2��
s
�2

4

�� �

(3.86)

Let us go back in to the case of � � 0. The maximum of the torque is then simply

te max �
��

s
��PM

Lsd
� (3.87)

The direct axis inductance may be selected from

Lsd �
��

s
��PM

te max
� (3.88)

Eq. (3.87) suggests that the direct axis inductance is more important to the maximum
torque than the quadrature axis inductance. The improvement with the saliency is ob-
tained since the load angle giving the maximum torque is increased from ��2. Fig. 3.10
on the next page shows the effect of increasing the saliency on the maximum torque.
It is noticed that the maximum torque is increased even about 20 % by increasing the
saliency, but the increase is obtained by letting the direct axis flux linkage go below zero.
This is questionable in some rotor constructions, since there is a risk of demagnetizing
the magnets.

3.6 Field-weakening range

3.6.1 Maximum speed and maximum torque criterion

In the steady-state the voltage of a PMSM squared (stator resistance neglected) is given
by

u2
� �2

�
(�PM� Lsdisd)2

�
�
Lsqisq

�2
�
� �2��

s
�2� (3.89)

By setting isq � 0, u � umax and isd � �imax the maximum speed is solved as

�max �
umax

�PM � Lsdimax
(3.90)
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Figure 3.10: Maximum torque. Direct axis inductance is a parameter.
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where imax is the maximum available current. If the steady-state operation is considered
imax � iN. This gives a suitable equation for selecting the direct-axis inductance Lsd if
the permanent magnet’s flux linkage �PM is already selected

Lsd �
1

imax

�
�PM � umax

�max

�
� (3.91)

However, the question often is how to select the permanent magnet’s flux linkage com-
pared to the direct-axis inductance. Obviously the selection depends on the required
�max and therefore the question cannot generally be answered, only for a particular
�max.

Let us first examine the problem analytically for the case of � � 0. Often the appli-
cation specifies for example a maximum torque te max at a certain speed �. By setting
��

s
� � umax�� in the field-weakening area Eq. (3.87) gives

te max �
umax

�

�PM

Lsd
� (3.92)

This gives a constraint to �PM

�PM � �Lsdte max

umax
� (3.93)

From (3.90) another constraint is obtained for �PM

�PM � Lsdimax�
umax

�max
� (3.94)

By drawing these lines in Lsd
 �PM-plane, an area for selecting Lsd and �PM is obtained.
Three different cases can be noticed by examining the tangents of these lines:

1. �te max � umaximax: The speed and torque limit lines spread when Lsd increases and
the limits do not limit �PM and Lsd.

2. �te max� umaximax: The torque and speed limit lines are parallel and therefore these
limits do not give maximum values to �PM and Lsd. �PM may be limited due to
other reasons.

3. �te max � umaximax: The torque and speed limit lines cross in (Lsd max
 �PM max),
which are the maximum values of �PM and Lsd

Lsd max �
umax

�te max� �maximax

 (3.95)

�PM max �
�te max

�te max� �maximax
� (3.96)

These cases are illustrated in Fig. 3.11 on the facing page.
This examination does not consider the performance of the base speed area. It

should also be considered when selecting the parameters for the optimum field-weakening
performance. The solution is found by adding one constraint more to the optimization
problems treated in Section 3.4. This constraint defines the maximum required speed
�max. Since the solution is found for different Lsq
 Lsd pairs (i.e. Lsd or Lsq is a parameter
in the optimization) an equality constraint is obtained from (3.90)

�PM �
umax

�max
� Lsdimax �

umax

�max
� Lsqimax (1� �) � (3.97)
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Figure 3.11: The selection of �PM and Lsd for non-salient pole PMSMs according to the maximum speed
and maximum torque criteria. The allowed areas are shaded.
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The “No field-weakening criterion, Case 2” was found to give the maximum nominal
torque of the cases considered in Section 3.4. In the “Absolute maximum torque crite-
rion” it was seen that the optimum �PM may be over 1. Therefore in this case, �PM is
also limited to 1:

�PM �min�1

umax

�max
� Lsdimax�� (3.98)

The optimization problem is

minimize � te
�
�PM
 isd
 isq

�
� � ��PMisq �

�
Lsq � Lsd

�
isdisq

�
(3.99)

Subject to:
�

i2
sd � i2

sq � 1
�
u2

sd� u2
sq � umax
�

�2
sd � �2

sq � �PM


�PM �
umax

�max
� Lsdimax


where usd � Rsisd � �NLsqisq


usq � Rsisq � �N (�PM � Lsdisd) 

�sd � Lsdisd� �PM


�sq � Lsqisq�

The results of the optimization with �max � 2�0 pu. are depicted in Fig. 3.12. The per-
manent magnet’s flux linkage is obtained from Eq. (3.98). Fig. 3.12 shows the maximum
nominal torque obtained with different inductance combinations. It is noticed that with
equal inductances the maximum nominal torque is obtained with Lsd � Lsq � 0�5 pu.
If Lsq is kept in that value and the saliency is increased (� Lsd decreased) the nominal
torque decreases. At about � � 0�09, the nominal torque with Lsq � 0�7 pu. goes above
the torque with Lsq � 0�5 pu. When the quadrature axis inductance is below Lsq � 0�5
pu. increasing the saliency decreases the nominal torque. When Lsq � 0�5 pu. increasing
the saliency increases the nominal torque up to a certain point which depends on Lsq.

If Lsd is kept constant increasing the saliency (� Lsq increases) increases the nominal
torque in almost every case.

It should be noted that the results given in Fig. 3.12 are only an example of how
the parameters affect the nominal torque with the maximum speed constraint. In every
application the constraints must be set according to the application and therefore the
results may be completely different.

3.6.2 Power requirement

From an application point of view a more suitable criterion than setting the minimum
needed speed is to set a desired power pdes at a certain speed �1. Instead of using the
constraint of Eq. (3.97) we set

p (�1) � �1te (�1) � pdes� (3.100)

The optimization problem is therefore
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(a) The quadrature axis inductance is a parameter from 0.1 to 1.5.
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(b) The direct axis inductance is a parameter from 0.1 to 1.5.

Figure 3.12: Maximum speed criterion. Torque as a function of the saliency ratio (Lsq � Lsd)�Lsq. Flux
linkage is selected so that the torque gets its maximum value with nominal current and nomi-
nal voltage and the maximum speed is at least �max � 2.
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minimize � te
�
�PM
 isd
 isq

�
�� ��PMisq �

�
Lsq � Lsd

�
isdisq

�
(3.101)

Subject to:
�

i2
sd � i2

sq � 1
�
u2

sd� u2
sq � umax
�

�2
sd � �2

sq � �PM


pdes � �1te (�1) � 0

where usd � Rsisd � �NLsqisq


usq � Rsisq � �N (�PM� Lsdisd) 

�sd � Lsdisd� �PM


�sq � Lsqisq�

The calculation of te (�1) is treated as an optimization problem as well.

minimize � te
�
isd
 isq

�
� � ��PMisq �

�
Lsq � Lsd

�
isdisq

�
(3.102)

Subject to:
�

i2
sd� i2

sq � ides
�
u2

sd� u2
sq � umax


where usd � Rsisd � �1Lsqisq


usq � Rsisq� �1 (�PM� Lsdisd) 


The results of the optimization using this criterion with an illustrative constraint pdes �

0�7 pu. and �1 � 2�0 pu. are given in Figs. 3.13 and 3.14 on pages 49 and 50. The results
are quite similar to when the minimum required speed was set to � � 2 pu. If Lsq is
kept constant there is a clear maximum for the nominal torque with Lsq � 1�3 pu. and
� � 0�55, which results in Lsd � 0�59 pu. If Lsd is kept constant it is again noticed that
increasing the saliency increases the nominal torque.

It should be noted that since the illustrative results are calculated with only some
values of Lsd or Lsq, the maximum values of the maximum torque which are seen in
Fig 3.14 are not necessarily the right maximum values. The global maximum should
be calculated using Lsd and Lsq as variables in the optimization, not parameters as has
been done throughout this chapter.

3.7 Design procedure

In this chapter the effect of the parameters of a PMSM on different aspects of the drive
performance has been analysed separately. In a real design procedure these require-
ments must be fulfilled at the same time. Therefore all the possible constraints of the
optimization problem must be defined in the same optimization problem.

In this section a design procedure based on the analysis in the previous sections is
presented. The starting points are the requirements of the application, e.g. the nomi-
nal power, speed, the power factor in the nominal point, the maximum speed and the
maximum torque at different speeds.
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(a) The quadrature axis inductance is a parameter from 0.1 to 1.5.
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(b) The direct axis inductance is a parameter from 0.1 to 1.3.

Figure 3.13: Flux linkage of the permanent magnet as a function of the saliency ratio (Lsq � Lsd)�Lsq. Flux
linkage of the permanent magnet is selected so that the torque gets its maximum value with
nominal current and nominal voltage and also pdes � 0�7 at � � 2�0. For Lsd � 0�7, �PM � 1.
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(a) The quadrature axis inductance is a parameter from 0.1 to 1.5.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1
 0.1
 0.3
 0.5
 0.7
 0.9
 1.1
 1.3

Torque at � � 1, pdes � 0�7 at � � 2�0

Saliency ratio �

t e
[P

er
un

it
]

(b) The direct axis inductance is a parameter from 0.1 to 1.3.

Figure 3.14: Torque as a function of the saliency ratio (Lsq � Lsd)�Lsq. Flux linkage of the permanent mag-
net is selected so that the torque gets its maximum value with nominal current and nominal
voltage and also pdes � 0�7 at � � 2�0.
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The treatment of the optimization with per-unit valued equations as in the previous
sections is illustrative and makes the comparing of different parameters easy. It is, how-
ever, more convenient to formulate the problem with actual values when calculating a
real design problem. E.g. in the previous section one optimization was made by setting
a constraint for the desired power (pdes � 0�7 pu. in the example). When using per-unit
values the desired power is set as a proportion of the nominal apparent power (spu � 1
pu). Then e.g. for Lsd � 0�9 pu
 � � 0�2 the nominal power is approximately 0.9 pu. (see
Fig. 3.14(b)). The desired power pdes is then 77% of the nominal power 0.9 pu, which is
more than was needed. A new optimization is therefore needed with a corrected power
constraint.

Instead of defining the desired power as a proportion of the apparent power, it
should be defined as a proportion of the calculated nominal power. This can be done
if the optimization problem is formulated using actual values. Instead of maximizing
the nominal torque as in per-unit valued maximization, the nominal current IN should
be minimized. This is equal to maximizing the power factor at nominal power PN. If
UN is the nominal line-to-line voltage, Isd and Isq are the direct and quadrature axis
components of the nominal phase current IN, Usd and Usq the direct and quadrature
axis components of the phase voltage and �sd and �sq are the components of the flux
linkage scaled to phase values, the optimization problem is expressed as

minimize
x

IN �

�
I2
sd� I2

sq (3.103)

Subject to:
�

U2
sd�U2

sq �
UN


3
� 0 voltage

PN � �

pN
Te � 0 power

Isd � 0 direct axis current
� Isq � 0 quadrature axis current
� Lsd � 0 direct axis inductance
� Lsq � 0 quadrature axis inductance
Lsd � Lsq � 0 quadrature axis inductance > direct

�N�PM � UN

3
� 0 permanent magnet’s flux linkage

where x � [Isd
 Isq
 �PM
 Lsd
 Lsq]
�sd � Lsd Isd� �PM

�sq � Lsq Isq

Usd � Rs Isd � �N�sq

Usq � Rs Isq� �N�sd

Te � 3pN
�
�sdIsq � �sqIsd

�
The additional user given constraints are

Constraint 1. Minimum and/or maximum values for Lsd and Lsq
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Lsd � Lsd max � 0
 (3.104)
� (Lsd � Lsd min) � 0� (3.105)

Constraint 2. Minimum and/or maximum values for �PM

�PM � �PM max � 0
 (3.106)
� (�PM � �PM min) � 0� (3.107)

Constraint 3. The maximum torque

Te max � [Te max1 Te max 2 � � � Te max n]
at �max � [�max1 �max 2 � � � �max n]

(3.108)

Constraint 4. The desired power

Pdes � [Pdes1 Pdes2 � � � Pdesm]
at �des � [�des1 �des2 � � � �desm]

current limited to Ides � [Ides1 Ides2 � � � Idesm]�
(3.109)

Since the solution of an optimization problem may depend on the initial value, par-
ticular attention has to be paid to calculating a reasonable initial value. The user given
constraints may also be impossible to fulfill. Some limitation to the solution can easily
be made using equations presented in this chapter. The initial value of the permanent
magnet’s flux linkage is obtained from the nominal voltage

�PM0 �
UN

3�N

� (3.110)

Let us first consider the minimum value for the direct axis inductance. Constraint num-
ber 4 states that using maximum current of Idesi a frequency of �desi has to be reached.
The frequencies in these constraints are typically above the base speed. Therefore the
minimum value of Lsd is obtained from Eq. (3.91)

Lsd min � min
i

 
� 1

Idesi

�
UN

3�desi

� �PM0

�!

 i � 1
 � � � 
m� (3.111)

The maximum torque requirement (constraint number 3), on the other hand, sets a max-
imum value for Lsd. By interpreting Eq. (3.87) as a non-per-unit valued equation, the
following is obtained

Lsd max � max
i

 
3pN� �

s �PM0

te max i

!

 i � 1
 � � � 
 n� (3.112)
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where � �
s depends on �max i. If �max i � �N, � �

s should have the nominal value. If �max i �
�N, � �

s should be decreased in inverse proportion to �max i

� �
s � min

i

 
UN

3�N



UN


3�max i

!
� (3.113)

Based on the above, an algorithm for the selection of the parameters can be formed.
Fig. 3.15 shows the algorithm of the design program as a flowchart. The program
is started by inputting the requirements from the user. These requirements are first
checked for contradictions. If some of the requirements contradict with each other, a
new set of requirements is calculated. The user is then given a possibility to approve
the changes or make additional changes. After the constraints have been approved by
the user, the optimization problem is solved. If the problem could be solved so that all
the constraints are fulfilled, the solution is output. If some of the constraints are not
fulfilled, the user is again given a possibility to refine the constraints and to solve the
problem with a better set of constraints.

3.8 Conclusion

In this chapter the effect of the machine parameters on the performance of the drive
was analysed. Based on the analysis, a design procedure was presented, with the aid of
which the parameters of a PMSM can be selected. Both the analysis and the design pro-
cedure are based on the non-linear optimization of the nominal torque or the nominal
current.

In the analysis part, different control principles were considered by setting the con-
straints of the optimization accordingly. The commonly used minimum current con-
trol was compared to control principles based on keeping the stator flux constant. As
a reference, an absolute maximum torque criterion was analysed. In this criterion no
constraints were made to the direct and quadrature axis current components, thus not
considering the control principle.

It was concluded that with the constant stator flux control, more torque can be ob-
tained than with the minimum current control with the same nominal values of the
current and the voltage. This is explained by the greater proportion of the torque cre-
ated by the interaction of the permanent magnet and the quadrature axis current than
the reluctance torque. It is also possible to obtain the absolute maximum torque with
the constant stator flux control with a large saliency (saliency ratio � � 0�6) and a re-
duced �PM. Thus it is noticed that the amount of permanent magnet material may be
decreased by obtaining a large enough saliency.

The effect of the saliency varies depending on which variable is kept constant. With
the absolute maximum criterion the torque does not depend on the inductances. If the
quadrature axis inductance is kept constant and the direct axis inductance is decreased,
the nominal torque increases in all the other cases considered (with No field-weakening
criterion, Case 1, only up to a certain point). If the direct axis inductance is kept constant
and the quadrature axis inductance is increased, the nominal torque decreases with
minimum current criterion, but increases with No field-weakening criterion (with Case
1, only up to a certain point). The absolute maximum torque (te � 1�0 pu.) can be
achieved with No field-weakening criterion, Case 2.

By adding application specific requirements for the maximum torque and the max-
imum speed in the optimization, a real dimensioning problem can be solved. Never-
theless, the problem is solved by optimizing the nominal torque at the nominal speed.
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Figure 3.15: The design procedure.
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The requirements are added to the problem as additional constraints. No general con-
clusions are made, since the solutions are specific to the requirements.

The presented design procedure is implemented as an interactive computer pro-
gram. The user gives the nominal values of the voltage, the frequency and the the pole
number as well as the requirements of the drive for the maximum torque and the max-
imum speed. There can be an unlimited number of these requirements. The design
program then minimizes the nominal current. The program calculates reasonable initial
values for the optimization and notices if the user given constraints conflict with each
other or with other constraints.





Chapter 4

Direct torque control of
permanent magnet synchronous
machines
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4.1 Concept of a direct torque controlled permanent mag-
net synchronous motor drive

This section gives an overview of a direct torque controlled permanent magnet syn-
chronous motor drive. The needed components are gathered and their meaning de-
scribed. The detailed treatment of all the components is then given in the rest of the
sections of this chapter.

The key element of a direct torque controlled drive is the estimation of the stator flux
linkage. Originally in (Takahashi and Noguchi, 1986), the stator flux linkage estimate��

s
was formed using the voltage model

d��
s

dt
� �us � �Rsis� (4.1)

It was acknowledged already by Takahashi and Noguchi that the open loop integration
fails at low frequencies. With induction machines, that was overcome by calculating
the stator flux linkage using the current model, i.e. by first calculating the rotor flux
linkage obtained from the voltage equation of the rotor and then calculating the stator
flux linkage. When a synchronous machine is used instead of an asynchronous machine,
the stator flux linkage can also be calculated using the current model of the machine.
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Unfortunately the rotor flux linkage created by the field current or permanent magnets
is independent on the stator quantities and can only be determined if the rotor angle is
known. The measurement of the rotor angle is thus unavoidable.

The voltage model is generally regarded to perform well at high frequencies. How-
ever, due to possible errors in the estimated value of the stator resistance and errors in
the measurement of the stator voltage and current, the integration becomes inaccurate.
Therefore either the current model or some other stabilization method has to be used to
ensure good performance even at higher frequencies.

This chapter analyses different aspects of the direct torque control, especially adapted
to permanent magnet synchronous machines. The estimation of the stator flux linkage
is dealt with in Sections 4.2 and 4.3. Section 4.3 presents a method of determining the
initial angle of the rotor needed in the calculation of the initial value of the stator flux
linkage. The method is not in any way bound to direct torque control – the initial an-
gle is needed in any vector control scheme. Section 4.2 treats the estimation of the flux
linkage in normal operation after the initial angle has been determined. The estimation
using both the current model of the motor and without current model is dealt with.
Also, a new estimation flux linkage is introduced to be used for parameter estimation
when the controller stator flux linkage used in the hysteresis controller is calculated using
the current model. This flux linkage is used in Chapter 5 where the estimation of the
parameters of the motor model is analysed.

Section 4.4 presents a flux linkage reference selection scheme for PMSMs. The target
is to implement a current minimization procedure similar to minimum current vector
control. Furthermore, using a similar scheme, a loss minimization scheme is presented.
Also, the control of the flux linkage above the base speed (field weakening) is consid-
ered.

Section 4.5 considers the limitation of the angle of the stator flux linkage in rotor
coordinates, i.e. the load angle. The basic principle of voltage vector selection in DTC is
only valid up to the load angle corresponding to the maximum torque of a PMSM given
in Eq. (3.84).

4.2 Estimation of the flux linkage

4.2.1 Introduction

The basic principle of the DTC is to select proper voltage vectors using a pre-defined
switching table. The selection is based on the hysteresis control of the stator flux linkage
and the torque. In the basic form the stator flux linkage is estimated with

��
s
� ��

0
�

� t

0

��us � �Rsis

�
dt (4.2)

where ��
0

is the initial value of the stator flux linkage, �us is the measured stator voltage,

is the measured stator current and �Rs the estimated stator resistance. This flux linkage
used in the hysteresis control is later called the controller stator flux linkage. The torque
can then be estimated with

�te �
3
2

pN
��

s
� is� (4.3)

Both of these equations are simple to implement and do not require much computing
power in a discrete-time system.
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Let us replace the estimate of the stator voltage with the true value and write it as

us (Sa
 Sb
 Sc) �
2
3

UDC

�
Sa� Sbe j2��3

� Sce j4��3
�
� (4.4)

Sa, Sb and Sc represent the states of the three phase legs, 0 meaning that the phase is
connected to the negative and 1 meaning that the phase is connected to the positive leg.
The voltage vectors obtained this way are shown in Fig. 4.1.

The voltage vector plane is divided into six sectors so that each voltage vector di-
vides each region into two equal parts. In each sector, four of the six non-zero voltage
vectors may be used. Also zero vectors are allowed. All the possibilities can be tabu-
lated into a switching table. The switching table presented by Takahashi and Noguchi
(1986) is in Table 4.1. The output of the torque hysteresis comparator is denoted as 
 ,
the output of the flux hysteresis comparator as � and the flux linkage sector is denoted
as 	. The torque hysteresis comparator is a three valued comparator. 
 � �1 means
that the actual value of the torque is above the reference and out of the hysteresis limit
and 
 � 1 means that the actual value is below the reference and out of the hysteresis
limit. The flux hysteresis comparator is a two valued comparator. � � 0 means that the
actual value of the flux linkage is above the reference and out of the hysteresis limit and
� � 1 means that the actual value of the flux linkage is below the reference and out of
the hysteresis limit.

Rahman et al. (1998a) have suggested that no zero vectors should be used with a
PMSM. Instead, a non zero vector which decreases the absolute value of the torque is
used. Their argument was that the application of a zero vector would make the change
of torque subject to the rotor mechanical time constant, which may be rather long com-
pared to the electrical time constants of the system. This results in a slow change of the
torque. The reasoning does not make sense, since in the original switching table zero
vectors are used when the torque is inside the torque hysteresis, i.e. when the torque is
wanted to be kept as constant as possible. Therefore, precisely the zero vector must be
used. If the torque ripple is wanted to be kept as small as with the original switching ta-
ble, bigger switching frequency must be used if the suggestion of (Rahman et al., 1998a)
is obeyed.

Table 4.1: Switching table presented by Takahashi and Noguchi (1986). The notation of voltage vectors and
selection sectors � is presented in Fig. 4.1. � and 	 are the outputs of the flux linkage and torque
hysteresis comparators.

�, 
 , 	 	 (1) 	 (2) 	 (3) 	 (4) 	 (5) 	 (6)

 � 1 2 3 4 5 6 1

� � 1 
 � 0 0 0 0 0 0 0

 � �1 6 1 2 3 4 5

 � 1 3 4 5 6 1 2

� � 0 
 � 0 0 0 0 0 0 0

 � �1 5 6 1 2 3 4

Unfortunately the integral of Eq. (4.2) is not accurate when the stator voltage us is
small compared to the resistive loss Rsis. This results in a DC component in the real flux
linkage and thus also in the stator current. If the flux linkage and the stator current are
thought as complex valued space vectors, the DC component is seen as drifting away
from an origin centred circular path. This is the case especially when the frequency
is low, but even with higher frequencies the flux linkage may drift. There are several
reasons for this
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Figure 4.1: Voltage vectors of a two-level voltage source inverter along with the sectors for the selection of
the voltage vectors. us(1�0�0)� 1, us(1�1�0)� 2, us(0�1�0)� 3, us(0�1�1)� 4, us(0�0�1)�
5, us(1�0�1) � 6, us(0�0�0)� us(1�1�1)� 0
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Figure 4.2: Block diagram of the direct torque control.



4.2 Estimation of the flux linkage 61

• The stator voltage us is not measured from the motor terminals. Instead the DC
link voltage and the states of the power switches are used to construct the stator
voltage.

• Discretization. The resistive loss is calculated as �Rsis∆t, where is is assumed to be
constant for ∆t.

• Error in the stator resistance estimate �Rs. The stator resistance is temperature and
frequency dependent. Although the temperature of the stator winding is mea-
sured in some applications, the exact value of the resistance may be impossible to
obtain.

• Errors in the current and voltage measurements.

It should be noted that the estimated flux linkage ��
s

does not drift in DTC, since
it is controlled to a circular path. The drift occurs in the real stator flux linkage �

s
and therefore it is seen in the measured stator current. This is different in the current
vector control, where the stator current is controlled to a circular path and therefore the
real flux linkage has a circular path. In that case, if the flux linkage is estimated using
Eq. (4.2), the estimated flux linkage may drift from the origin centred path.

Since the flux linkage is a primary controlled variable in DTC using e.g. low-pass
filtering to get rid of the drift similarly as in the current vector control is not possible.
There are two possibilities to overcome this problem:

1. The drift must be detected and compensated using an other method than simple
filtering:

Eq. (4.2) is kept as the primary controller stator flux linkage estimator and the
drift is detected and compensated as a lower priority task. A method for this was
presented by Niemelä (1999). This method is based on keeping the angle between
the estimated stator flux linkage and the measured current constant. The method
is analysed and improved in Section 4.2.3.

2. The stator flux linkage is calculated using the inductance model of the motor sim-
ilarly as in the current vector control:

The flux linkage estimate is calculated using Eqs. (2.23) through (2.26). Since these
equations describe the flux linkage in the rotor coordinates, the rotor angle has to
be measured. This approach is analysed in Section 4.2.2.

The calculation of the flux linkage using the current model of the motor increases the
similarity between the traditional current vector control and the direct torque control.
This approach makes the DTC suitable to most demanding servo drives, just like current
vector control with shaft feedback. There are, however, some drawbacks associated with
calculating two flux linkage models. Section 4.2.2 deals with this problem in detail.

In the current vector control Eq. (4.2) can be used to estimate the motor model pa-
rameters. When using the current model to update the voltage integral based flux link-
age estimate this feature is lost. To enable the estimation of the motor parameters in the
current model corrected DTC, there must be another flux linkage estimator independent
on the flux linkage estimator used in the selection of voltage vectors. The current model
based controller stator flux linkage estimation is given by

��
su
� ��

su0
�

� t�∆T

t

�
us � �Rsis

�
dt� ∆�

ui
� (4.5)
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An additional flux linkage estimator, later called the estimation flux linkage estimator is
basically the same without the correction of the current model. Instead, some method
to stabilize the estimator must be used

��
se
� ��

se0
�

� t�∆T

t

�
us � �Rsis

�
dt� ∆�

stab
(4.6)

where ∆�
stab

represents the stabilizer. In this case the methods to stabilize the integra-
tion can be similar to the methods used in the current vector control. However, espe-
cially the dynamic performance of the presented methods is not good enough and some
improvements are presented in Section 5.2.

4.2.2 The calculation of the controller stator flux linkage using a com-
bination of current and voltage models

The estimation of the flux linkage can be performed over the whole speed range of the
drive using the traditional current model of the machine. Eqs. (2.23) and (2.24) give the
estimate for direct and quadrature axis components of the stator flux linkage

�sd � Lsdisd � Lmd
�iD � �PM
 (4.7)

�sq � Lsqisq � Lmq�iQ (4.8)

Now an expression for the current of the direct axis damper winding is developed. The
current of the direct axis damper winding can be solved from the voltage equation of the
direct axis damper winding, Eq. (2.27), which is written here with estimated quantities

0� RD
�iD�

d��D

dt
� (4.9)

Substitution of the equation of the flux linkage �D (Eq. (2.25)) allows us to solve for the
direct axis damper winding current iD. Approximation of derivatives with backward
Euler method gives

�ik
D �


D

Ts � 
D

��ik�1
D � Lmd

Lmd � LD�

�
ik
sd � ik�1

sd

��
(4.10)

where Ts is the sampling interval and 
D the time constant of the direct axis damper
winding


D �
Lmd � LD�

RD
� (4.11)

We see that apart from the damper winding time constant we also need Lmd and LD� .
However, in the equation of the direct axis stator flux linkage, we only need the product
Lmd

�iD, not the current itself. So let us multiply Eq. (4.10) by Lmd:�
Lmd

�iD

�k
�


D

Ts� 
D

��
Lmd

�iD

�k�1 � L2
md

Lmd � LD�

�
ik
sd � ik�1

sd

��
� (4.12)

The transient inductance L�
sd can be shown to be approximately (see Appendix A.3)

L�
sd � Lsd � L2

md

Lmd � LD�
� (4.13)
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The measurement of both L�
sd and Lsd is straightforward and therefore it is useful to

replace

L2
md

Lmd � LD�
� Lsd � L�

sd� (4.14)

When this is substituted to Eq. (4.12) we have an equation to calculate the damper wind-
ing current (multiplied by Lmd) using easily measured parameters�

Lmd
�iD

�k
�


D

Ts� 
D

��
Lmd

�iD

�k�1 � �Lsd � L�
sd

��
ik
sd � ik�1

sd

��
� (4.15)

Similarly the following equation can be obtained for the quadrature axis damper wind-
ing current

�
Lmq�iQ

�k
�


Q

Ts� 
Q

"�
Lmq�iQ

�k�1 � L2
mq

Lmq � LQ�

�
ik
sq � ik�1

sq

�#
� (4.16)

By substituting

L2
mq

Lmq � LQ�
� Lsq � L�

sq (4.17)

the following equation is obtained�
Lmq

�iQ

�k
�


Q

Ts� 
Q

��
Lmq

�iQ

�k�1 �
�

Lsq � L�
sq

��
ik
sq � ik�1

sq

��
� (4.18)


Q is the time constant of the quadrature axis damper winding


Q �
Lmq � LQ�

RQ
� (4.19)

A block diagram of the modified DTC is presented in Fig. 4.3 on the next page.
Fig. 4.4 shows a more detailed view of the calculation of the flux linkage.

In order to achieve a sufficient average switching frequency, the hysteresis control of
the torque and the flux linkage must be carried out on a very fast time level. The flux
linkage must be calculated on the same time level. Therefore the voltage integration
(Eq. (4.2)) must be performed with a very short time step in order to keep the numer-
ical integration accurate. The current model, in turn, needs the measured rotor angle.
The communication between an encoder and the motor control board cannot be very
fast. Furthermore due to the integration Eq. (4.2) is of filtered nature, whereas the cur-
rent model contains all the ripple in the current. All of these reasons together make it
impossible to calculate the two models at the same time, or leaving Eq. (4.2) away. A
useful separation is e.g. that Eq. (4.2) is calculated every 25 µs and the current model
every millisecond. The difference between the two models is then updated to the flux
estimate of Eq. (4.2).

The time level separation becomes a problem when the current model is erroneous.
This is the case with erroneous motor parameters, but particularly if the error is in the
measured rotor angle. The error may be a result of a wrong initial value or a time delay
in the communication path from the encoder to the motor control software.

Now let us examine the flux linkage in the complex plane. In the DTC the flux
linkage estimate of Eq. (4.2) is kept on an origin centred circular path (with some ripple
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Figure 4.3: Block diagram of the direct torque control with the current model.
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allowed by the hysteresis) by selecting proper voltage vectors with the hysteresis control
of the flux linkage and the torque. If the flux linkage estimate is equal to the real one,
also the locus of the resulting stator current will be an origin centred circular path. If
there are errors in the measured stator voltage or in the resistive loss calculation the real
flux linkage may have a different path.

The flux linkage estimate of Eq. (4.2) is then updated using the flux linkage estimate
calculated using the erroneous current model of the motor. The flux linkage estimate
which is used in the selection of the voltage vector will then also be erroneous. Never-
theless, the estimate calculated using Eq. (4.2) will have an origin centred circular path.
However, the locus of the real flux linkage will momentarily be non-origin centred.
Also the resulting current will be non-origin centred. Next time when the flux linkage
estimates are compared, there will be an error.

Let us now examine the starting of a PM synchronous motor with the DTC where
the stator flux linkage is estimated with a combination of the voltage and current mod-
els in more detail. The initial value of the stator flux linkage is calculated using the
measured rotor angle. It is assumed that the permanent magnet’s flux linkage �PM is
known exactly, but there is an error in the measured rotor angle.

Let us denote the measured angle �	 as a sum of the correct angle 	 and an error ∆	

�	 � 	� ∆	� (4.20)

If the initial value of the measured rotor angle is �	0 the initial value of the stator flux
linkage estimate is

��s

su0
� e j��0�PM� (4.21)

On the other hand the initial value of the real flux linkage is

�s
s0
� e j�0�PM� (4.22)

where 	0 is the real initial rotor angle.
The control of the power switches is now started. The hysteresis control of both the

torque and the flux linkage rotate the stator flux linkage at an angular frequency �. At
first the flux linkage is estimated using (4.2). The estimated flux linkage will have a
circular path. The real flux linkage, in turn, will follow an arc with the same shape but
non-origin centred. This is due to the angular difference ∆	 of the initial values. Fig. 4.5
illustrates this behaviour for angular frequencies � � 0 and angle errors ∆	 � 0.

Let us assume that the estimated stator flux linkage is rotated along almost a circular
path, i.e. the switching frequency is high enough. Then the stator flux linkage estimate
is expressed as

��s

su (t)� ��
s e j�su(t)
 (4.23)

�su (t)� �s0 � �t� (4.24)

On the other hand the real flux linkage has drifted to a non-origin centred path so that
the arc it is drawing is similar to that of the estimated flux linkage. Therefore it can be
expressed as

�s
s (t)� �

0
� ��

s e j�s(t)
 (4.25)

�s (t)� �s0 � �t� (4.26)
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Figure 4.5: Illustration of the initial angle error. The DTC controls the flux linkage estimate ��
s

su
along

the circle denoted by (1). The real flux linkage �s
s

is driven along a similar arc (3), but due to

the error in ��
s

su
the centre point of this arc is instantaneously drifted away from the origin. If

��
s

su
� �s

s
circles (2) and (1) would be the same.

If ∆	 is small the angular frequencies of both vectors may be assumed to be constant
and equal to each other.

Let us observe how the real flux linkage behaves as a function of time. The equation
of the centre point of the real flux linkage is obtained with the help of Fig. 4.6 on the
facing page

�
0
� ��

s e j�0 � ��
s e j

�
�����

� ��
s e j�0 � ��

s e j�e j(�0�∆�)

� ��
s e j�0

�
1� e j∆�

�
� ��

s e j�0
�
1� cos ∆	� j sin ∆	

�
� (4.27)

Eq. (4.25) becomes thereafter

�s
s
(t)� ��

s e j�0
�
1� cos ∆	� cos�s� j (sin�s � sin ∆	)

�
� (4.28)

The squared modulus of the flux linkage vector will be

�� (t) �2 �(��
s )2
�
(1� cos ∆	� cos�s)2

� (sin ∆	� sin�s)
�

�(��
s )2 (3� 2 cos�s � 2 cos ∆	� 2 cos ∆	 cos�s

�2 sin ∆	 sin�s) �

(4.29)

The average value of �� (t) �2 over the current model correction period Ts is calculated
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Figure 4.6: Symbols used in the analysis of the initial angle error.

with

�� (t) �2avg

(��
s )2 �

1
Ts

� Ts

0
�� (t) �2dt

�
1
Ts

� Ts

0
(3� 2 cos�s � 2 cos ∆	

�2 cos ∆	 cos�s � 2 sin ∆	 sin�s) dt�

(4.30)

Substitution of �s � �s0� �t and integration gives

�� (t) �2avg

(��
s )2 � 3� 2 cos ∆	�

2 (1� cos ∆	)
�Ts

[sin (�s0 � �Ts)� sin�s0]

�
2 sin ∆	
�Ts

[cos (�s0� �Ts)� cos�s0] � (4.31)

It is seen that �s0 �
�	 � 	� ∆	. If ∆	 	� 0, it is noticed that �� (t) �2avg 	� �ref. This means

that when the current model is calculated for the first time there will be a difference
between the current model and the voltage model. This difference is due to the angular
error ∆	 and it also depends on the angular frequency � and the current model calcula-
tion interval Ts. Table 4.2 shows some examples of the average values of the flux linkage
when the angular error ∆	 � 10o, Ts � 1 ms and � � 0.

Let us now consider the difference between the voltage and current models. The
voltage model estimate of the stator flux linkage can be denoted as

��s
su � eJ�su�PM� (4.32)

Transformed to the estimated rotor coordinates, denoted as a superscript r’, the flux
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Table 4.2: Flux linkage error with an error of ∆� � 10o in the measured rotor angle.
f [Hz] ��

avg
����

s

5 1.003
15 1.008
25 1.014
35 1.019
45 1.024

linkage is

��r�

su � e�J��reJ�su�PM � eJ �Æs�PM� (4.33)

Since we have seen that the modulus of the stator flux linkage changes from one current
model correction to another, there will be stator current even if ��

s � �PM and the torque
is zero. The current model estimate of the stator flux linkage may be expressed therefore
as ��r�

s � Lir�

s ��PM� (4.34)

The difference between the models is

∆�r�

s �
��r�

s � ��r�

su � Lir�

s ��PM � eJ �Æs�PM (4.35)

If it is assumed that �Æs � Æs � 0, the difference is simplified to

∆�r�

s � Lir�

s (4.36)

Transformation back to stator coordinates gives

∆�s
s � eJ��r∆�r�

s � eJ��r Lir�

s � eJ��r Le�J��ris
s� (4.37)

If it is further assumed that Lsd � Lsq � Ls, this is simplified to

∆�s
s � Lsis

s� (4.38)

Thus, the error of 	 is no longer present in the correction term and the current model
tries to correct the flux linkage estimate obtained by the integration of the stator voltage.
This correction, however applies only to the error created by the stator current. The error
of 	 is not present in the correction. This means that there will be a permanent angular
error between the real flux linkage and the estimated one due to the initial angle error
∆	.

The real flux linkage rotates along the wrong path until the current model estimate
is calculated and the voltage integration corrected with Eq. (4.38). After the correction
there still is the angular error created by the first correction. The correction only restores
the modulus of the flux linkage keeping it stable. Although the rotation of the flux
linkage is stable, there is an error between the real and estimated flux linkages. The
error can be detected most conveniently in the error between the direct axis flux linkage
calculated with the current model and the voltage model. By examining Eq. (4.31) it is
concluded that the sign of the direct axis flux linkage error fulfills

sgn (∆�sd) � � sgn (�∆	) � (4.39)
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Angle error sources

The angle error comprises basically of two sources:

1. Initial angle error

2. Time delay in the rotor angle measurement

The former of these is due to the initialization of the measured angle. If the measure-
ment device is of incremental type, the zero point naturally has to be set, but even if the
device is an absolute encoder, the zero point of the encoder has to be aligned with the
zero point of the machine. The initial angle of the rotor can be initialized by supplying
the stator with a direct current. The rotor will turn to a point where the torque is zero.
From Eq. (2.46) the torque is zero if

isq � 0 � isd �
�PM

Lsq � Lsd
� (4.40)

For a surface mounted rotor only the first condition applies. Usually the latter condi-
tion gives such a big current that it does not occur in practice. Therefore, the initial
angle of the rotor will be the same as the angle of the current. However, due to the
slotted structure of the stator, the stator mmf is discretized and the rotor may get stuck
in the neighborhood of the actual zero position. This is a problem especially with a low
number of stator slots per pole and phase. Also the friction may affect the result.

Due to the nature of the sources of the error, it may be expressed as a sum of the
initial angle error 	offset and a term due to the measurement delay Tmd

∆	 � 	offset� �rTmd (4.41)

where �r is the angular frequency of the rotor.

Correction of the angle error

Using Eq. (4.39) a simple correction is formulated to minimize the error of the initial
angle. The measured rotor angle 	mea is replaced by 	mea� 	cor:

	mea � 	mea� 	cor � 	mea� k∆�sd (4.42)

where k is the correction gain.
Due to the nature of the error, it changes only as a function of the rotor angular fre-

quency, see Eq. (4.41). Therefore, the correction identification need not to be performed
on-line, but the initial angle error and the time delay is identified during the commis-
sioning of the drive. The correction is then performed by replacing the measured rotor
angle 	mea with the measured angle plus a pre-calculated correction term

	mea � 	mea� 	offset� �rTmd� (4.43)

The parameters 	offset and Tmd are identified by solving the correction angle 	cor at two
frequencies �1 and �2 and by fitting the correction angle to a straight line:

Tmd �
	cor2 � 	cor1

�2 � �1
(4.44)

	offset � 	cor2 � �2Tmd or (4.45)
	offset � 	cor1 � �1Tmd (4.46)

Fig. 4.7 illustrates the determination of the delay and the initial angle error.
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Figure 4.7: The behaviour of the error ∆� of the measured rotor angle error if there is both an initial angle
error and a time delay.

4.2.3 Controller stator flux linkage estimator without the current model

As stated in Section 4.2.1, using only the voltage model in the estimation of the con-
troller stator flux linkage is not enough to ensure a stable behaviour. This is due to
different errors in the calculation of the voltage. When the rotor angle is measured, the
flux linkage may be calculated using the current model, as analysed in the previous
section. The trend is however to manage without the rotor angle measurement. Then
the flux linkage must be stabilized using another method. An often suggested stabiliza-
tion method is the low-pass filtering of the flux linkage estimate. Using a filter in the
primary controlled variable is not, however possible. The inherent delay of the filter
results in an instable behaviour if the filter is directly used for the controller stator flux
linkage estimate. A method to make the stator flux linkage stable in DTC is now pre-
sented. It was originally presented by Niemelä (1999). The dynamic behaviour of the
original implementation is not, however, good enough for all purposes and therefore
improvements are presented in this section.

When the true stator flux linkage differs from the estimated flux linkage it is seen
in the measured stator current. An error signal is obtained by studying the behaviour
of the dot product of the estimated stator flux linkage and the measured stator current.
If both phase quantities are sinusoidal then in steady state the dot product of the space
vectors is constant. If the true stator flux linkage becomes non-origin centred so does
the stator current. Since the flux linkage estimate is still sinusoidal the dot product
will oscillate at the supply frequency. It is observed that the maximum value of the dot
product occurs nearly in the direction of the flux linkage eccentricity. Therefore we have
an error signal �

� � ��
s
� is �

���
s
� is

�
filt

(4.47)

where (��
s
� is)filt is the filtered value of the dot product ��

s
� is. The estimated flux linkage
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can then corrected with ��n�1

s
�
�
1� k��

� ��n

s
(4.48)

where k� is the correction gain. Fig. 4.8 shows the implementation of the flux linkage
corrector.

Dot product
Correction
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termLPF

�

�
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Figure 4.8: Correction of the controller stator flux linkage estimate (Niemelä, 1999).

In the form originally presented by Niemelä (1999) a simple first order low-pass
filter was used. However, when the dot product changes rapidly e.g. in torque steps,
the filtered value changes too slowly, thus creating unnecessary correction to the flux
linkage estimate. In order to improve the dynamic performance of the flux linkage
correction, let us first consider adding a term to the filtered value of the dot product
which depends on the rate of change of the torque. For that, the behaviour of the dot
product ��

s
� is in torque changes is studied. Later Eq. (5.37) is obtained for the estimation

of the load angle Æs. The equation includes the dot product and also the torque. From
Eq. (5.37) the dot product is obtained as

�
s
� is �

��
s
�2

Lsq
� �te

tan�Æs
� (4.49)

If ��
s
� is kept constant, the time derivative of the dot product is

d�
s
� is

dt
� �

"
1

tan�Æs

d�te

dt
�

�te

sin2 �Æs

d�Æs

dt

#
� (4.50)

It is observed that the rate of change of the dot product is dependent on the rate of
change of the torque, but the function is too complex to be used to improve the dynamic
performance. Furthermore, the second term in the expression of the derivative prevents
us to simplify the derivative to a term which is linearly dependent on the derivative of
the torque. This is discovered also in Fig. 4.9, which shows the dot product as a function
of the load angle Æs for different motor parameters. The derivative is observed to change
sign with some motor parameters. In other words, if the sign of the change of the torque
is known, the sign of the change of the dot product is not known for sure. A simpler
method than using Eq. (4.50) is thus needed.

A simple solution is to replace the transfer function of the low-pass filter 1�(1�p T1)
with (1� p T2)�(1� p T1), where T2 � T1. Fig. 4.10 shows the frequency responses of the
original low-pass and the improved filter.

Discrete-time implementation is obtained as follows. Let U2(p) be the output of the
filter ((��

s
� is)filt in this case) and U1(p) the input (��

s
� is). The output is given by

U2(p)�
1� p T2

1� p T1
U1(p)� (4.51)
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Figure 4.9: The behaviour of the dot product as a function of the load angle with different motor parameters.
The pu-quadrature axis inductance is Lsq � 0�5 and the direct axis inductance Lsd is changed
from 0.1 to 0.5. �PM � 1�0, ��

s
�� 1�0.

Improved
Original low-pass

� [1/s]

20
lo

g

�G
(j

�

)�

300020001000

0

-5

-10

-15

-20

-25

-30

-35

Figure 4.10: Frequency responses of a low-pass filter and the improved filter with T1 � 5 ms and T2 � 2�5
ms.
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By replacing p � d�dt � ∆�∆T and rearranging, we get

Un�1
2 � Un

2 �
∆T
T1

(Un
1 �Un

2 )�
T2

T1

�
Un

1 �Un�1
1

�
� (4.52)

Compared to the first order low-pass filter, an additional term T2�T1(Un
1 � Un�1

1 ) is
present. Let us denote the ratio T2�T1 as

kT �
T2

T1
� (4.53)

In order to compare the performance of the original implementation with the low-
pass filter and the improved one, some simulations were made. Fig. 4.11 shows the
results. In the simulation the speed control reference is changed from 0�8 pu to 0�4 pu
at t � 100 ms and back to 0�8 pu at t � 500 ms. The DC link voltage is controlled using
a braking chopper and a brake resistor to allow applying negative torque. The stator
resistance estimate used in the control is 14 % below the actual value of the resistance.
The parameters of the motor used in the simulation are presented in Table 4.3.

The sequence is performed with the original low-pass filtered dot product correc-
tion, with the improved filter and with the current model. The low-pass filter fails in
the first speed reference step. The performance of the improved filter is almost as good
as the feedbacked current model. Although the low-pass filter fails in this case, it gets
through the same step if the speed control gain is decreased. It is very sensitive to the
error in the resistance estimate, whereas the improved filter is able to go through the
sequence even with no resistance correction at all.

Current model
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Figure 4.11: Comparison of simulation results when using the dot product correction. Correction gain
k� � 0�5, speed control gain kp � 3�5, integration time Ti � 0�1 s, kT � T2�T1 � 0�5.

Let us analyse the improved filter further. Examination of the behaviour of the flux
linkage components in the rotor reference frame in torque changes shows that the flux
linkage oscillates a bit. Since the changes in the dot product are associated with the
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Table 4.3: The parameters of the motor and the drive used in the simulation of the dot product based flux
correction (see Fig. 4.11 for results).

Parameter Value
Permanent magnet’s flux linkage 1 pu.
Direct axis inductance 0.66 pu.
Quadrature axis inductance 0.87 pu.
Stator resistance 0.052 pu.
Mechanical time constant 0.2 s
Load torque 0.5 pu.

changes in the torque, the coefficient kT should be adapted to torque changes. In fast
torque changes, no matter how good the filter is, the filtered value changes too slowly.
On the other hand, the drift resulting in incorrect flux linkage estimation is quite a slow
phenomenon. Therefore, no correction is necessary during torque steps. The correction
can be disabled during the step by forcing the error signal � to zero. This is accom-
plished by letting the filtered value change as fast as the non filtered value, which is
accomplished by setting kT � 1. More generally, let us define kT to be dependent on the
torque step, but limited to 1:

kT �min�1
 kt��te ��tefilt�� (4.54)

where kt is a coefficient and �tefilt is a low-pass filtered value of the estimated torque �te.
In addition, the correction gain k� is made adaptive in the same way as kT

k� � (1� kT) k�0 (4.55)

where k�0 is the base value of the coefficient. The calculation of kT is illustrated in
Fig. 4.12 in a block diagram form. In the figure, kT is also limited above a low limit. The
low limit is added to ensure that the filtered dot product changes also if the modulus of
the stator flux ��

s
� is changed.

�

�
LPF�te ABS() kt

1

1
kT

Figure 4.12: Adaptive calculation of kT � T2�T1.

Fig. 4.13 compares the behaviour of the stator flux components in the simulation
when the improved dot product filtering scheme is used. Fig. 4.13(a) presents the flux
components when T2�T1 is kept constant. Fig. 4.13(b) shows the flux components when
T2�T1 and the correction gain k� are adaptive. Although the performance of the speed
control is quite similar in these cases, there is a clear distinction in the performance
of the flux estimation (the simulation results for adaptive correction are not shown in
Fig. 4.11 since the speed response is so close to the non-adaptive correction).

It should be noted that the torque in the speed steps achieves the maximum torque
limit of the machine. The simulated cases present thus that the maximum performance
of the machine can be obtained with the improved method.
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Figure 4.13: Comparison of simulation results when using the improved dot product correction.
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4.2.4 Conclusion

In this section the estimation of the controller stator flux linkage, which is used in the
selection of the voltage vectors, was analysed. The estimation using the current model
and the voltage model with improved integrators was studied. It was observed that
when using the current model to improve the voltage model, the error in the measured
rotor angle creates problems. A detection and compensation method was presented for
the error.

If the rotor angle is not measured, the controller stator flux linkage must be stabilized
using some other means. Since the stator flux linkage estimate is controlled to a circular
path with DTC, the used method must be different from the methods used in the current
vector control. A method for this was presented based on the work of Niemelä. The
dynamic behaviour of this was improved by improving the dynamic behaviour of the
filter used in the method. Also the correction gain was made adaptive to torque changes.

4.3 Estimation of the initial angle of the rotor

For a controlled starting of the motor, the initial angle of the rotor has to be known. If
the rotor is equipped with an absolute encoder the angle of the rotor is always known
(provided that it has been correctly initialized) but if there is an incremental encoder or
no encoder at all, a special starting procedure has to be performed.

Quite a few initial angle estimation algorithms have been proposed over the latest
decade. Most of the papers, however, have been published after 1996. A special reprint
volume of the sensorless control of AC motor drives by IEEE Press (Rajashekara et al.,
1996) only lists 5 references, which estimate the initial angle of the rotor (4 of these are
by the same author Schroedl). One of the first was presented by Schroedl (1990). The
idea was to measure the inductance of the motor and calculate the rotor angle from
this measurement. If one measurement was used the direct and quadrature axis in-
ductances were needed to be known. By measuring the inductance in another direction
these parameters could be eliminated from the equations, thus allowing the initial angle
estimation without knowing the parameters. It was also found out that the direct axis
inductance was influenced by the permanent magnet. Saturation affects the inductance
so that the inductance in the positive direction is lower than in the negative direction
(see Fig. 4.15 on page 81). This is generally used as an indication of the magnet polarity
in majority of the initial angle methods, also in the one which will be presented in the
preceding section.

Direct calculation of the rotor angle from the measurement of the stator inductance
was also utilized by Matsui and Takeshita (1994). Matsui (1996) uses a technique where
three positive and three negative voltage pulses are applied to the stator winding of the
machine. Each positive and negative pulse pair is associated with the three phases of
the machine. The duration of the pulses is the same for all pulses and the peaks of the
resulting phase currents are modelled as

IU � I0� ∆I0 cos 2	
 (4.56)

IV � I0� ∆I0 cos
�
2	� 2��3

�

 (4.57)

IW � I0� ∆I0 cos
�
2	� 2��3

�
(4.58)

where

I0 �
1
3

(IU� IV� IW) � (4.59)
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The cosine-parts of the above equations are then used to narrow the possible rotor angle
to two opposite regions of 30o with the help of a table (not shown here). The rotor
position candidates 	 and 	� � are then calculated using equations which are obtained
from the above equations. The decision of the polarity is made with a new pair of
voltage pulses. These two pulses are applied similarly as in the first stage, but the
duration of the pulse is increased. A total of eight voltage pulses are needed.

The previous method was improved by Schmidt et al. (1997). First the region of the
rotor angle is determined from the largest difference of each phase current and I0. By
making some simplifications to the equations the rotor angle is calculated without the
need of separate polarity check voltage pulses.

The difference between the quadrature and direct axis inductances was also utilized
by Östlund and Brokemper (1996) to find out the rotor angle. Instead of calculating
the rotor angle from the equation of the stator inductance they used a voltage pulse of
predefined duration and observed the current magnitude. Their idea was to change the
measurement direction and gradually go towards the maximum current point (mini-
mum inductance). The polarity of the permanent magnet was checked similarly as in
(Schroedl, 1990). Although the paper does not mention it, this method has the disad-
vantage of getting stuck in a false maximum due to measurement errors.

Noguchi et al. (1998) injected a sinusoidal high-frequency current in what is assumed
to be the direct axis direction. The voltage references are formed with PI controllers.
Due to saliency the phase difference �d between the direct axis current reference and
the direct axis voltage reference is a function of the rotor angle 	r

�d � arctan
�
�
Lsd cos2 	r� Lsq sin2 	r

�
Rs

(4.60)

where � is the angular frequency of the injected current. The procedure is repeated
applying the high-frequency current in the assumed quadrature direction. Similarly
the phase difference �q between the direct axis current reference and the direct axis
voltage reference is obtained. Using these two angles the stator resistance is eliminated
and the rotor angle candidate 	r is obtained. The polarity is detected by identifying
the oscillation of the voltage reference which, according to the authors, is caused by
the magnetic saturation. Again, a sinusoidal high-frequency current is applied in the
detected direct axis direction. Now the current modulus should be such that it is large
enough to saturate the direct axis inductance. It is observed that the phase relation
between the oscillation phenomena and the current reference is different depending
on the magnet polarity. From this information the polarity is observed. No thorough
analysis of the oscillation phenomenon was given, though.

The idea of injecting a high-frequency signal was also applied by Corley and Lorenz
(1998) (in fact, the idea of injecting a high-frequency signal was originally presented by
Jansen and Lorenz (1995), but for induction machines).

Jung and Ha (1998) have considered the case of identifying the initial angle when an
incremental encoder is used.

Next section presents an initial angle estimation method which is based on mod-
elling the inductance of the machine and fitting the measurements to this model. Due
to the nonlinearity, a nonlinear least-squares optimization method is needed for this.

4.3.1 Model-based inductance measurement

In a salient pole synchronous motor the direct and quadrature axis inductances are dif-
ferent from each other. This offers a possibility to measure the inductance and calculate
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the rotor angle according to this measurement. Let us look at the equation of the stator
flux linkage in the stator reference frame (Eq. (2.38)):

�s
s � eJ�r Le�J�ris

s � eJ�r�PM� (4.61)

From this we can see that the stator inductance in the stator reference frame is defined
as

eJ�r Le�J�r ��
Lsd cos2 	r� Lsq sin2 	r Lsd cos 	r sin 	r � Lsq cos 	r sin 	r

Lsd cos 	r sin 	r � Lsq cos 	r sin 	r Lsd sin2 	r� Lsq cos2 	r

�
� (4.62)

Let is
s � [is�
 is�]T and �s

s � [�s�
 �s�]T and assume is� � 0. Then

Ls
s �

�s� � �PM cos 	r

is�
� Lsd cos2 	r� Lsq sin2 	r

�
Lsd � Lsq

2
�

Lsd � Lsq

2
cos 2	r� (4.63)

The inductance of a synchronous machine in the stationary reference frame is then

Ls
s � Ls0 � Ls2 cos 2	r (4.64)

where

Ls0 �
Lsd � Lsq

2

 (4.65)

Ls2 �
Lsd � Lsq

2
(4.66)

and 	r is the angle between the rotor d-axis and the �-axis of the stationary reference
frame. This represents the inductance of a synchronous machine measured in the direc-
tion of the �-axis when the rotor is displaced by an angle of 	r from the �-axis. If 	r is
unknown and it is to be determined from the measurement of the inductance, the rotor
cannot be rotated. Instead, the stationary reference frame must be rotated. Let’s call this
rotated stationary reference frame the virtual stationary reference frame. That way the
inductance is always measured in the direction of the �-axis of the virtual stationary
reference frame. The virtual stator reference frame is illustrated in Fig. 4.14.

Let � be the angle of the virtual stationary reference frame. Eq. (4.64) is rewritten as

Ls
s � Ls0 � Ls2 cos [2 (	r � �)] � Ls0 � Ls2 cos [2 (�� 	r)]
� Ls0 � Ls2 cos (2���)

(4.67)

where 	r is the angle of the rotor in the stationary reference frame, 	r � � the angle of
the rotor in the virtual stationary reference frame and ���2	r a parameter to simplify
the mathematical formulation.

If Ls
s, Ls0 and Ls2 are known, the rotor angle can be calculated directly from

cos [2 (�� 	r)] �
Ls

s � Ls0

Ls2
� (4.68)

This, of course, creates an uncertainty of 180 degrees to the solution of 	r. The polarity of
the permanent magnet may be checked by taking the saturation of the d-axis inductance
into account (Schroedl, 1990).
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Figure 4.14: The estimation of the initial angle of the rotor �r. � is the angle of the virtual stator reference
frame.

Since measurement always contains noise, direct calculation of the rotor angle from
Eq. (4.68) does not give good results. Let � � �� 	r. Then

� �
1
2

arccos
Ls

s � Ls0

Ls2
� (4.69)

The derivative of � with respect to the measured inductance Ls
s is

d�
dLs

s
�

1
2Ls2

1�
1�

�
Ls

s�Ls0
Ls2

�2
� (4.70)

If the measurement error is ∆Ls
s the error of � is written as

∆� �
d�
dLs

s
∆Ls

s� (4.71)

It is noticed that

∆���
 when
Ls

s � Ls0

Ls2
� 1� (4.72)

This is true when Lsd � Lsq. A much improved method is obtained by using a nonlinear
least squares method. Let us define a model for the inductance:

Ls
s � g (t
 a)� � (4.73)

where g (t
 a) is a function to which the inductance measurements are to be fitted, � is
the measurement error, t represents the rotor angle and

a � [a1 a2 � � � an]T (4.74)

is a vector of the model parameters. Now, if there are m measurements of the inductance
(ti
 Li), there are m functions g (ti
 a) modelling the inductance L. The model parameters
a are obtained by minimizing function F : �n �� �

F (a) �
m

∑
i � 1

�
fi (a)

�2 (4.75)
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where functions fi are the differences between the model and the measured inductances

fi � Li � g (ti
 a) � (4.76)

Several optimization methods exist, which are specially designed for least squares opti-
mization problems. Of them, the Levenberg-Marquardt method and the Gauss-Newton
method are the most popular ones. However, both of these are computationally quite
complex and require much memory. Simpler methods are e.g. conjugate gradient meth-
ods, which do not require the computation of the Hessian matrix H(a)� ��F(a) of F.
The gradient of F is still required.

Eq. (4.75) can be further modified as follows

F (a) �
m

∑
i � 1

�
fi (a)

�2
�

m

∑
i � 1

fi (a) fi (a) � � f (a) 
 f (a)� � � f (a)
�2 (4.77)

where �
 � represents the dot product and

f (a) �
�

f1 (a) f2 (a) � � � fm (a)
�

(4.78)

By using the chain rule the gradient of F is obtained as

�F � 2J (a)T f (a) (4.79)

where J (a) is the Jacobian matrix of f (a)

J (a) �

	

�

 f1

a1

� � � 
 f1

an

...
. . .

...

 fm

a1

� � � 
 fm

an

�

� � (4.80)

The partial derivatives are obtained with the help of Eq. (4.76)

� fi

�a j
� ��gi (ti
 a)

�a j
� (4.81)

With m measurements and n model parameters, J (a) is a m� n-matrix. The conjugate
gradient method is presented in Algorithm 4.1 on the next page.

The scalar coefficient �k can be calculated in several ways. According to Fletcher and
Reeves

�k �
�gk
 gk�

�gk�1
 gk�1� � (4.82)

What is then a suitable model function for the initial angle estimation? We already had
Eq. (4.67) for inductance in the case of unsaturated inductances. The model would then
be

Ls
s (t
 a)� a1� a2 cos (2t� a3) � (4.83)

Since this is a function of twice the rotor angle we would have to find out the polarity
of the permanent magnet separately. The polarity can be found out if the permanent
magnet is able to saturate the direct axis inductance even if there is no stator current.
Then, if opposite current is applied, the saturation level is decreased and the inductance
is increased and vice versa. This is illustrated in Fig. 4.15.
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Set the maximum number of iterations �
Set the initial guess a1

k � 1
repeat

gk
��F

�
ak
�

if k � 1 then
�1 � 0, s0

� 0
else

Calculate �k
end if
sk
� �gk

� �ksk�1

Line search: xk�1
� xk

� �ksk

k � k� 1
until ��gk�� � � or k � �

Algorithm 4.1: Conjugate gradient method.
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Figure 4.15: The saturation of the direct axis inductance.

The saturation of the d-axis inductance can, however, be included in the inductance
model. For simplicity, let Lsd � Lsd0 � kisd, where k is a constant. Let us again assume
that is� � 0, so:

isd � is� cos 	r� (4.84)

Eq. (4.63) becomes

Ls
s �

Lsd0 � Lsq

2
�

k
2

is� cos 	r�

�
Lsd0 � Lsq

2
�

k
2

is� cos 	r

�
cos 2	r� (4.85)

With a substitution of 	r � �� 	r and � � �2	r the model becomes

Ls
s (t
 a)� a1� a2 cos

�
t� a4�2

�
�
�
a3� a2 cos

�
t� a4�2

��
cos (2t� a4) � (4.86)

Now the model parameter vector is a 5 element vector. No previous knowledge of the
motor inductances is needed, only the results of inductance measurements. If we have
e.g. 6 measurements of the inductance, the minimization of Eq. (4.75) involves handling
of matrices of size 6� 5. Even though the conjugate gradient method does not require
as much computing capacity as the usual least squares optimization methods, it is still
quite a complex to implement in the DSP of an embedded drive system. The model of
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the inductance, Eq. (4.73), can be simplified if only the displacement angle is taken into
account:

L � g (t
 a)� � � Ls0 � Ls2 cos (2t� a) � (4.87)

The other parameters, Ls0 and Ls2, can be measured apriori. Therefore the only model
parameter is a. The nonlinear least squares multi variable optimization problem is then
simplified to the optimization of a function with only one variable, a. The derivative of
the target function F is then

dF
da
� 2

m

∑
i� 1

d fi

da
fi (a) � (4.88)

Due to the selected model function the minimum of F should be in a � [0 � � �2�] the
minimization can be implemented with a DSP e.g. by calculating the value of F between
a � [0 � � �2�] with a suitable interval and selecting a which gives the minimum value of
F. The rotor angle is then 	r � �a�2.

4.3.2 Simplified calculation

The inductance model has already been simplified so that it only includes two param-
eters, Ls0 and Ls2 which can be predetermined. Now, an even simpler method is pre-
sented. The intention is to get a method in which none of the motor parameters are
needed before applying the initial angle estimation. Recall the equation of the stator
inductance (Eq. (4.67), later referred to as the model function in Eq. (4.87))

Ls
s � Ls0 � Ls2 cos [2 (	r � �)] � (4.89)

The mathematical meaning of the parameters Ls0 and Ls2 is understood by looking at
the plot of the function. Ls0 is the mean value of the function over one period. Ls2 is the
amplitude of the periodic part of the function. Ls2 can also be interpreted as half of the
difference between the maximum and minimum values of L. Therefore

Ls0 �mean�L� (4.90)

Ls2 �
1
2

(min L�max L) (4.91)

From (4.65) and (4.66) equations for Lsd and Lsq are obtained as

Lsd � Ls0 � Ls2 (4.92)
Lsq � Ls0 � Ls2 (4.93)

Fig. 4.16 on the facing page shows an example of applying the simplified method.

4.3.3 Calculation of the stator inductance

The stator inductance Ls
s was defined as a ratio of the �-axis flux linkage and �-axis cur-

rent in Eq. (4.64). Then a new coordinate system called the virtual stator reference frame
was defined. The stator inductance was then redefined in Eq. (4.67). To get rid off the
measurement error a model for this inductance was introduced in (4.73). A nonlinear
least squares optimization method was then presented to fit the measured inductances
to this model. It was not, however, presented how to obtain these measured induc-
tances.
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Figure 4.16: Simplified method. The six inductance measurements are denoted as ’x’. The upper cosine
curve is the inductance model obtained by the simplified method. The real inductance variation
is the lower cosine curve. This example is one measurement taken from the measurement
presented in Section 6.2.1 from the motor labelled as Motor II.

Eq. (4.62) defined the stator inductance as a tensor, which not only scales but also
rotates the stator current to obtain the stator flux linkage. This means that, for 	r 	� 0,
the angle of the stator flux linkage differs from the angle of the flux created by the stator

current, arg
�
is
s

� 	� arg
�
�s

s

�
.

To obtain a scalar for the inductance we set is� � 0. This allowed us to make the
definition of Eq. (4.64). Virtual stator reference frame was defined as a direction of the
inductance measurement. This direction is defined as the direction of the stator current
used in the inductance measurement. Therefore we may express this current in the
stator reference frame and in the virtual stator reference frame as

is
s � i�� ji� 
 (4.94)

is�

s � e� j�is
s � i�� � j � 0� i�� � (4.95)

Similarly we have for the flux linkage

�s
s
� ��� j�� 
 (4.96)

�s�

s
� e� j��s

s
� ��� � j�� �� (4.97)

Now, let us think of the part of the flux linkage created by the stator current. Then we
can define the stator inductance as

Ls
s �

���

i��

� (4.98)

Let us derive a computationally simple expression for this. ��� is the scalar projection
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of the flux linkage �s
s

on the stator current vector

��� �
� � i
�i� �

� � i
i��

� (4.99)

Combining Eqs. (4.98) and (4.99) we obtain

Ls
s �

� � i
i2
��

�
��i�� �� i�

i2
�� i2

�

� (4.100)

Calculation may be improved by defining the inductance as a dynamic inductance

Ls
s �

∆���

∆i��

�
�x�

2
� �x�

1

ix�

2
� ix�

1

(4.101)

where (ix�

1

 �x�

1
) and (ix�

2

 �x�

2
) are two measurements or estimates of current and flux link-

age sampled at different time instant. In theory the currents should be parallel and
therefore we may calculate both flux linkages as scalar projections on the stator current
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ix�

1
may also be calculated as a scalar projection on i2

ix�

1
�

i1 � i2

�i2�
� (4.103)

Then the stator inductance can be calculated as follows
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4.3.4 Measurement procedure

A disadvantage of the initial angle estimation method presented here is that when a
current is applied to the stator winding of a PM-machine torque will be produced. This
will slightly rotate the rotor during each inductance measurement and affect the me-
thod. If the measurement is for example done in six directions displaced by 60 electrical
degrees and each consecutive direction is followed by the next direction (displaced by
60 degrees) the rotor is most likely rotated considerably in the same direction as the
measurement direction rotates.

The rotation during the whole procedure is minimized by measuring the next direc-
tion always to the opposite direction. Fig. 4.17 on the next page illustrates the order of
the measurement directions for a two-level inverter. By using only the six basic direc-
tions of a two-level inverter, the effect of PWM-modulation is reduced.
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Figure 4.17: Order of the measurement directions for a two-level inverter.

4.3.5 Selection of the measurement current

We have seen that the current applied in the inductance measurement affects the induc-
tance saturation level. It is used to determine the polarity of the permanent magnet after
the rotor angle estimate candidate has been found. The saturation can become a prob-
lem especially when the direct and quadrature axis inductances are close to each other.
In this case the quadrature axis inductance may saturate so much that the saliency is
lost. Therefore the current used in the six inductance measurement should be as low as
possible.

The current applied also creates torque, which also suggests that the current should
be as low as possible. On the other hand, in the polarity test, the current is applied in the
direction of the direct axis of the rotor. Then there is no torque generated and the applied
current can be quite high. The current must also be high in order to create saturation in
the direct axis inductance. A suitable current level could be e.g. the nominal current of
the machine.

4.3.6 Non-salient pole PMSM

Even with surface mounted PMSMs, it is possible to notice a difference between the
direct-axis and quadrature-axis inductance. The direct-axis inductance is saturated by
the flux created by the permanent magnets, like illustrated in Fig. 4.15. It is also possible
that the transient inductance (which is in fact seen in this procedure rather than the sta-
tor inductance) in the direct-axis direction is lower. This is caused by the eddy currents
in the permanent magnets created in consequence of the measurement current pulse. In
this case the rotor looks salient and the previous model of the stator inductance is ad-
equate, provided that the inductances are replaced by the transient inductances. If the
basic inductance model does not represent the inductance well enough, the extended
inductance model of Eq. (4.85) has to be used. Fig. 4.18 on the following page illustrates
the behaviour of the inductance modelled with this equation.

4.4 Selection of the flux linkage reference

The basic principle of the DTC is to keep the stator flux linkage constant, i.e. the stator
flux linkage reference is constant. In Section 3.2 it was seen that a given torque can be
achieved with an infinite number of isd
 isq pairs. It was found that there exists one such
pair that minimizes the ratio �is��te. This was used to obtain current references to be
used in current vector control (originally presented by Jahns et al. (1986)). When such
currents are supplied to the machine, the modulus of the stator flux linkage increases as
the torque increases.
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Figure 4.18: Stator inductance of a non-salient pole PMSM modelled with Eq. (4.85).

In the DTC, however, the torque and the flux linkage are controlled regardless of
the currents. Therefore, in order to obtain a minimum current to torque ratio, the flux
linkage reference must be controlled instead of the dq-currents.

The selection of the flux linkage reference for a PMSM has been analysed by Zhong
et al. (1997) and Rahman et al. (1998a) (partly the same authors). In (Zhong et al., 1997)
only a limitation for the reference was given with respect to the flux linkage of the per-
manent magnet. In (Rahman et al., 1998a) the reference was formed with a look-up
table, in which the modulus of the stator flux linkage giving the minimum current with
a given torque was stored. The drawback of using a look-up table is that it requires
pre-calculation. Also the parameters of the machine must be known. If the saturation
of inductances is considerable, it must also be known beforehand. The permanent mag-
net’s flux linkage is temperature dependent and as the machine temperature changes,
the look-up table should be updated accordingly.

In the following section a different approach for the selection of the flux linkage
reference giving the minimum current is presented. In the approach, the optimum flux
linkage reference is calculated indirectly using the Newton-Raphson iteration. The same
approach can also be extended so that the function to be minimized includes, apart from
the stator resistive losses, also other losses.

4.4.1 Below base speed

Minimizing the stator current

The stator current can be minimized at a given torque in the DTC like in the minimum
current vector control. This must be done by controlling the modulus of the stator flux
linkage. There are basically three approaches to choose from, two of which are calcu-
lated off-line and one of which is calculated on-line:

• Optimum ��
s
� is tabulated in a look-up table as a function of the torque (Rahman
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et al., 1998a)

• Optimum isd, isq pairs are tabulated in a look-up table as a function of the torque
and ��

s
� is calculated using the flux linkage equations

• Optimum ��
s
� is calculated on-line using a suitable method

The first approach seems natural to the DTC since it does not require the knowledge
of rotor quantities and therefore the rotor angle estimate does not influence the results.
The error of the obtained flux linkage reference is therefore dependent on the error of
the estimated flux as well as the error of the parameters used in the calculation of the
look-up table. No advantage over calculating first the optimum isd and isq is therefore
obtained with this approach even if the rotor angle is estimated instead of measured.

It was seen in Eqs. (3.23) and (3.27) that when calculating the current references giv-
ing the minimum current the difference of the inductances Lsq � Lsd is in the divider.
This makes using these equations tedious even if Lsq 	� Lsd. Dividing with a small num-
ber results in a large result and if a fixed point processor is used this may result in over-
flow. For this reason another approach will be presented. The principle of the approach
is to calculate the optimum iteratively using the Newton-Raphson method.

Let us consider how the flux linkage modulus should be changed in order to min-
imize the stator current. The derivative of the stator current with respect to the stator
flux linkage is obtained using the chain rule as follows

d
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�
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�
��
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s
�2
�
�disd

� (4.105)

The derivative is calculated in two parts. First the derivative of the stator current with
respect to the direct axis current is obtained. The squared modulus of the stator current
is

�is�2 � i2
sd � i2

sq � i2
sd �

�
te�(3�2pN)

�2�
�PM �

�
Lsq � Lsd

�
isd
�2 � (4.106)

The minimum of the current at a given torque te is obtained by setting the derivative of
the current to zero. The derivative of �is�2 with respect to isd is

d
��is�2

�
disd

� 2isd�
2
�
te�(3�2pN)

�2 �Lsq � Lsd
�

�3
t

� (4.107)

where �t � �PM�
�
Lsq � Lsd

�
isd. Setting the derivative zero gives the minimum current
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2
�
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�

�3
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� 0� (4.108)

Multiplying both sides of the equation by �3
t , a fourth order equation is obtained

isd�
3
t �

�
te�(3�2pN)

�2 �Lsq � Lsd
�
� 0� (4.109)

The solution of this equation is obtained e.g. with the Newton-Raphson method

in
sd � in�1

sd � g
g� (4.110)



88 Direct torque control of permanent magnet synchronous machines

where

g � isd�
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 (4.111)
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�
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t � (4.112)

Since in the DTC the exact solution does not have to be found in every control cycle, a
simpler method can be used. First the derivative g� is examined. g� is positive if

�PM � 4
�
Lsq � Lsd

�
isd � 0 (4.113)
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�t is positive if

�PM �
�
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�
isd � 0 (4.115)
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The combination of these conditions is

�PM � 4
�
Lsq � Lsd

�
isd � 0� (4.117)

The optimum direct-axis current iopt
sd is thus obtained from the actual direct-axis current

isd by iterating
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(4.118)

where k is a constant. The sign function may be omitted if it is made sure that no
positive direct axis current can exist (the right side of Eq. (4.114) is positive for salient
pole PMSMs).

Now, let us go back to (4.105). The derivative of ��
s
�2 with respect to isd is
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The expression of the derivative of the stator current with respect to flux linkage (Eq. (4.105))
is then obtained
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The minimum is found by setting the derivative zero
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It is observed that this is the same as finding the zero of Eq. (4.109). The flux linkage
reference should therefore be controlled with
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Minimizing the total loss

Since the minimum of the stator current is achieved with ��
s
� � �PM the total losses of

the motor are not minimized. This is due to an increase in iron losses, which depend on
the air gap flux density. The modelling of the iron losses is quite complicated, but if the
target is only to increase the efficiency of the motor, a simple model is sufficient.

The loss minimization control has been analysed e.g. by Morimoto et al. (1994b) for
the current vector control. In their approach the iron losses were modelled with an iron
loss resistance connected in parallel with the stator inductance. This way the iron losses
become proportional to the angular frequency squared �2. The optimum dq-currents
giving the minimum losses were then obtained by minimizing the loss function. In the
case of salient pole machine, the loss function becomes quite complex and an iterative
or approximative solution was required. The presented solution was based on approxi-
mating the solution by a quadratic function.

Let us now consider the loss minimization control for the DTC. For that purpose,
functions for the losses are first presented. The stator ohmic losses are

pRI2 �
3
2

Rs�is�2 �
3
2

Rs

�
i2
sd � i2

sq

�
� (4.124)

Iron losses consist of several factors: hysteresis, eddy current and excess losses. Hys-
teresis losses are known to be directly proportional to the angular frequency � and the
eddy current losses proportional to �2. All the losses are proportional to flux density
pFe � Bk, where k is a constant. Typically k � 1�5 � � �2.

A simple model for the iron losses is obtained if all the losses are combined in one
equation. If the iron losses are known in one operation point, the losses can be written
as
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where pFeN are the iron losses with �N and ��
sN
�. The equation is simplified a lot, if

k � 2. Substituting ��
s
� gives
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where a � pFeN�
�
��N���sN
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. The total electrical losses are then
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By eliminating isq
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the following expression is obtained
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If constant � is considered, ploss has got a minimum which is found by setting the deriva-
tive of ploss with respect to isd to zero
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A numerical solution is obtained e.g. with the Newton-Raphson method
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h� (4.131)

where h is the derivative, Eq. (4.130), and h � its derivative
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It is easy to see that h� � 0 and therefore, similarly with the minimization of the stator
current it can be concluded that the stator flux linkage should be controlled with

��
s � ��s

� � kh (�
 isd) (4.133)

where h (�
 isd) is the derivative of ploss with respect to isd.

A note on saturation

The derivation of the minima of the functions, with which the stator flux linkage refer-
ence is selected, assumed that the inductances are constant. In practice, the inductances
are functions of the currents isd and isq. Therefore the derivation is not precisely correct.
The problem is avoided, however, if the saturation of the inductances is known and the
values of the inductances are stored e.g. in a look-up table. Then, for each iteration step
the inductances are updated to correspond to the particular current values. Since the
loss functions behave quite calmly, the found solution must not be the mathematically
correct one in order to find a point where the function has got an almost optimal value.

4.4.2 Above base speed

As seen in Eq. (3.90), the maximum speed obtained with a limited DC link voltage umax

depends on the modulus of the stator flux linkage ��
sb
�. If the speed must be increased
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above �b, for which the following applies

wb �
umax

��
sb
� (4.134)

the modulus of the flux linkage can no longer be controlled according to Section 4.4.1.
The speed can be increased only by decreasing the modulus of the flux linkage.

The traditional way to increase the speed above �b is to control the modulus of the
stator flux linkage in an inverse proportion to the speed �

��
s
� � kfw

�
(4.135)

where kfw � 1 is a parameter with which the field weakening can be started before the
actual field weakening point �b. By setting kfw � 1 a so called voltage reserve is left to
improve the dynamic performance of the drive in the field weakening. This was used
also with the DTC in (Pyrhönen, 1998), where also a dynamic voltage reserve was pre-
sented. With the dynamic voltage reserve it is meant that the coefficient kfw is adapted
to torque changes so that during torque steps kfw is decreased.

The main part of the modulus of the flux linkage is from the permanent magnet’s
flux linkage. Different from the electrically excited synchronous machine, the field cur-
rent cannot be measured, thus making the flux linkage of the rotor magnetization un-
measurable. Let us now consider the case of using the DTC with the current model.
The dependency of the remanence flux density of permanent magnet materials on tem-
perature makes the �PM used in the current model easily erroneous. If the value of the
permanent magnet’s flux linkage ��PM used in the current model is too big, the field
weakening control is started at a lower frequency than is required. On the other hand
if ��PM is too low, the inverter may saturate and the field weakening control may not be
even started and increasing the speed above �b becomes impossible. This is overcome
by setting kfw small enough but if ��PM is accurate, the performance is unnecessarily
decreased.

If the current model is not used ��PM does not influence the flux linkage estimate.
However, depending on the flux estimation method, the flux linkage estimate may be
erroneous and the same deterioration of the performance as with the current model
occurs.

Many of the field weakening – or flux weakening, which is an often used term
with PMSMs – schemes presented for the current vector control (see e.g. Jahns, 1987;
Dhaouadi and Mohan, 1990) rely on the voltage equations of the PMSM. The same kind
of behaviour with incorrect parameters happens then also with the current vector con-
trol as with the DTC with incorrect parameters if the flux linkage reference is controlled
as in Eq. (4.135). Sudhoff et al. (1995) presented a method where the saturation of the
inverter is detected from the q-axis current error (reference� actual). The d-axis current
is then controlled in proportion to the error. Song et al. (1996) presented a method where
the outputs of the PI current controllers, i.e. the voltage command of the inverter, are
used to detect the saturation of the inverter voltage. The detection of the inverter satu-
ration is then independent on the machine model. A similar implementation was also
presented in Kim and Sul (1997) (partly the same authors). In the method presented by
Maric et al. (1998), the error of the q-axis current was used to indicate the saturation of
the inverter and to control the direct axis current. In (Rahman et al., 1998a) Eq. (4.135)
was also used with the DTC for PMSMs.

Unfortunately in the DTC there are no controllers for current with which to detect
the saturation of the inverter voltage. The detection mechanism must therefore be based



92 Direct torque control of permanent magnet synchronous machines

on the operation of either the flux linkage or the torque hysteresis controller. Since the
rotation of the stator flux linkage vector is more related to the control of the torque, we
will consider the operation of the hysteresis comparator of the torque. The derivative
of the torque with respect to time depends on the voltage reserve us � j��

s
. If the

torque is below the lower hysteresis limit (above the higher hysteresis limit for negative
angular frequency), a voltage vector which increases the torque is selected. If the voltage
reserve is not big enough, the voltage vector is not able to increase the torque inside the
hysteresis limit. Therefore we will use the difference between the torque and the lower
hysteresis limit of the torque as an indication of the inverter saturation, i.e. indication
whether the modulus of the flux linkage should be decreased or not

�� � tref � ∆te � te� (4.136)

The sampling interval T�ref
of the control of the flux linkage reference suffices to be

about the same as that of speed control, since the need to change the modulus of the
flux linkage is related to changes in speed. A sufficient sample time could be e.g. 1
millisecond. On the other hand, due to the fast changes in the torque, the sampling
interval Thyst of the hysteresis control of the torque should be very short, e.g. below 100
µs. In order to take advantage of �� and avoid aliasing it must be calculated with the
same sample time as the hysteresis control of the torque. Then at time level T�ref

we will
calculate the sum of the T�ref

�Thyst samples of �� and change the flux linkage reference
in proportion to the sum
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�i
�

��� �off

�� (4.137)

where k � 0 is a coefficient and �off a constant which affects the voltage reserve. This
approach has one drawback: if �� is used only as an indication of the shortage of the
voltage reserve, not as in input to an integrating controller, the calculation of the sum
in Eq. (4.137) may partly cancel the indication. Therefore a negative �off is needed. We
will turn the indication opposite by limiting �� below zero, i.e. we only detect the torque
being inside the hysteresis band

�� �min (tref � ∆te � te
 0) � (4.138)

This way �off must be positive and thus it is easier to set a suitable value to it.

Simulations

The flux weakening methods are compared by performing simulations. The simulations
are carried out by driving the machine with the speed control. The speed reference is
first set to 0.5 pu. and at 100 ms it is increased to 1.5 pu. The stator flux linkage is
calculated using the combination of the current and voltage models. Simulations for
both the presented saturation detection method and 1��-based flux linkage reference
calculation method are presented.

In the first simulation the permanent magnet’s flux linkage estimate is set to ��PM �

1�0 pu. whereas the real value is �PM � 0�9. The results are presented in Fig. 4.19. It is
noticed that the methods get through the sequence almost similarly well.

In the second simulation ��PM � 1�0 pu. but the real value is changed to �PM � 1�1.
Results are presented in Fig. 4.20. It is noticed that the saturation detection scheme
performs reasonably well, whereas 1��-based method fails to decrease the flux linkage.
The latter is not even able to manage well if �PM � 1�02 and the performance is sluggish
with �PM � 1�05.
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Figure 4.19: Comparison of simulation results when using 1��-based field weakening and the presented
field weakening. Current model ��PM � 1�0, real �PM � 0�9. 1 � saturation detection, 2 �
1��-based with kfw � 0�95.
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Figure 4.20: Comparison of simulation results when using 1��-based field weakening and the presented
field weakening. Current model ��PM � 1�0, real �PM � 1�1. 1 � saturation detection, 2 �
1��-based, �PM � 1�02 with kfw � 0�95, 3 � 1��-based, �PM � 1�05 with kfw � 0�95.



94 Direct torque control of permanent magnet synchronous machines

4.5 Load angle limitation

A problem with the switching table of the DTC is that it has been composed by assuming
that when the torque is wanted to be increased, a voltage vector which increases the
angle between the air gap flux linkage and the stator flux linkage is selected, and vice
versa. Unfortunately, the torque of a synchronous machine has got a maximum with
respect to the load angle Æs. An equation for the cosine of the load angle corresponding
to the maximum torque was already presented in Eq. (3.83). The maximum value of
the torque was then obtained in Eq. (3.84). When the load angle exceeds that value,
the condition for increasing the torque is changed to opposite – a voltage vector which
decreases the load angle should be selected.

Pyrhönen (1998) has considered the limitation of the load angle in a direct torque
controlled synchronous motor drive. Two approaches were presented:

• Indirect load angle control

• Direct load angle control

In indirect load angle control, the torque is limited by modifying the torque reference.
The limit is calculated e.g. using Eq. (3.84). This equation can be used as a basis of torque
limiting with current vector control, but not with the DTC. Let us consider for example
that the load angle has increased above the stable limit for one reason or the other. The
torque estimate has then decreased below the limit value obtained from Eq. (3.84). If the
torque reference is now above the torque estimate (e.g. equal to the maximum torque)
the hysteresis controller of the torque selects a voltage vector which would normally
increase the torque. In this case this voltage vector, however, decreases the torque and
increases the load angle. There is no way in the original switching table to prevent this.
Therefore a direct load angle control should be used.

The direct load angle control presented by Pyrhönen is based on a fast adjustment
of the torque reference by observing the load angle estimate. The torque reference is
modified inside a hysteresis band. The load angle estimate is obtained from the current
model. The error in the model does not lead to loss of synchronism even if the model
is erroneous, since when the load angle estimate reaches the hysteresis limit, the load
angle limitation is activated.

What was not considered by Pyrhönen, was the functioning of the load angle limi-
tation together with the speed control. When the load angle limit is reached, the error
between the actual value of the torque and the torque command may be high. The inte-
grating part of the speed control increases the torque reference. It would be natural to
disable the integrating part when the load angle limitation is active, but there is a prob-
lem. By selecting either a zero voltage vector or a vector which decreases the torque, the
torque is decreased very fast. The load angle limitation will then be active only a short
time. If the torque reference is still above the maximum torque, the torque is tried to
be increased again resulting in the load angle limitation activation. Therefore the two
load angle limitation approaches should be combined, i.e. limit the torque reference
and control the load angle directly. The torque reference limitation is calculated using
Eq. (3.84). As earlier noted, the increase of the maximum torque with salient pole ma-
chines is obtained by increasing the load angle above ��2. This is questionable because
of a possibility of demagnetizing the permanent magnets. Therefore using the maxi-
mum torque equation of a non-salient pole machine, Eq. (3.87), also with a salient pole
machine can be sensible. By taking the sign of the torque reference t�e into account, the
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maximum torque reference is thus written as

te max �
��

s
��PM

Lsd
sgn (t�e) � (4.139)

Since the equation includes parameters of the machine model, the torque obtained with
it may be inaccurate. Therefore we add an adaptive term � to the limit

t�elim �

$ ��
s
��PM

Lsd
� �

%
sgn (t�e) (4.140)

The correction term � is decreased if the direct load angle limitation is activated. If
the indirect load angle limitation is activated, the correction term is increased. In other
words

�n�1
�

&
�n
� k
 if t�e � t�elim

�n � k
 if ∆t�e 	� 0
(4.141)

where k � 0 is a suitable constant, e.g. one percent of the nominal torque. The load
angle limitation method combining the indirect and direct approaches is presented in
Fig. 4.21.

Load
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Figure 4.21: Load angle control method. The original implementation presented in (Pyrhönen, 1998) is
drawn inside the dashed box.

The load angle limitation approaches are compared with simulations. The simula-
tion is carried out by accelerating the machine connected to a large inertia. The speed
and the speed control reference is at first 0.1 pu. At 100 ms the speed reference is set to
0.8 pu. The torque reference obtained from the speed controller is so high that it exceeds
the maximum torque available from the PMSM. In the first case (see results in Fig. 4.22
on page 96) the load angle is limited only with the direct load angle limitation method.
In the second case (results in Fig. 4.23), the indirect limitation is also included but with
incorrect parameters. In the last case (results in Fig. 4.24), the indirect limitation is adap-
tive. It is noticed that, since the integrating part of the speed controller is not limited
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Figure 4.22: Simulation results for the load angle limitation. Original implementation of the direct load
angle limitation without the indirect part (Pyrhönen, 1998).

in the first case, the performance is poor. After reaching the speed reference, the torque
reference is still quite big, and a large overshoot is obtained. As the torque command
is limited in the second case, the overshoot is decreased considerably. In the last case,
the direct load angle limitation needs not to be activated as often as in the second case,
since the adaptive indirect part takes care of the limitation most of the time. Therefore
the torque ripple during the limitation is decreased. Also the speed response is better,
since the integrating part of the speed controller is limited. Note that the same scaling
is used in all the figures, therefore in the first case the torque reference does not fit in the
figure between 1 and 4 seconds.

4.6 Conclusion

In this chapter the implementation of the direct torque control for permanent magnet
synchronous machines was presented. At first, the key element of the good performance
of a direct torque controlled drive, the estimation of the stator flux linkage was analysed.
The estimation using a position sensored current model to improve the voltage model
and using no speed or position sensor was examined. The combination of the current
and voltage models was found to have a problem with the error of the measured rotor
angle. Since the voltage and current model have different responses when there is an
error in the measurement, an error will be created between the models in every current
model correction period. The error can be detected using the difference between the
direct axis components of the flux linkages and, based on this, a compensation method
was presented.

When no position sensor is used, the controller stator flux linkage needs to be kept
stable using some other way than the current model. Since in the DTC the stator flux
linkage estimate is kept on an origin centred circular path, the method must be different
from the methods presented for the estimation of the flux linkage in the current vector
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Figure 4.23: Simulation results of the load angle limitation. Implementation with the indirect part.
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Figure 4.24: Simulation results of the load angle limitation. Implementation with the indirect part with the
adaptive limit. For comparison, also the speed of the case without the adaptive part is shown.
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control. A method earlier presented in (Niemelä, 1999) was analysed and its dynamic
performance was improved. The improvement was achieved by adding a derivating
term into the filter used to form the correction term. The correction gain was addition-
ally made adaptive to torque changes. With these additions the dynamic performance
of the position sensorless DTC is almost as good as that of the position sensored DTC.

An important part of the flux estimation is the estimation of the initial angle of the
rotor. The usual way is to measure the stator inductance of the machine and calculate
the rotor angle from the equation of the inductance. The main idea of the presented
method is to get rid off of the measurement error by modelling the inductance with a
suitable model and fitting a series of measurements into this model. The polarity of the
permanent magnet is determined with two additional measurements, which detect the
saturation of the direct axis inductance. The model can include also the saturation, in
which case no additional measurements would be needed. A simplified model was also
presented, with which no parameters of the machine are needed to be known.

The minimum of the current with a given torque can be achieved with the DTC as
well as with current vector control. In the DTC the flux linkage reference must be con-
trolled to achieve the minimum. A new approach for this is presented, which is based on
calculating the minimum on-line indirectly using the Newton-Raphson iteration. Since
the torque control in the DTC does not depend on the currents, the flux linkage reference
can be controlled slowly.

In order to extend the operation range of a direct torque controlled drive above the
base speed, the flux linkage reference must be decreased from the nominal value or
the value given by the minimum current control. The flux linkage reference is usually
controlled in inverse proportion to the speed. In a PMSM the temperature dependence
of the permanent magnets makes the flux linkage estimate easily incorrect and therefore
the switch from normal flux linkage control to field weakening may be unsuccessful. To
overcome this, a method which is independent on the machine parameters is presented
to detect the shortage of the voltage reserve. It is based on monitoring the exceeding of
the lower hysteresis limit of the torque.

In the final section, the limitation of the load angle of the PMSM is considered. Two
approaches have been presented earlier, the indirect load angle limitation and the direct
load angle limitation. The first one is usually used with the current vector control and
the second is more suitable to the DTC. It is shown, however, that a combination of
these methods gives better performance.
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Estimation of the parameters of
the motor model
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5.1 Introduction

This section covers the estimation of the parameters of the motor model. The main
purpose is to find so called off-line methods which can be used in the drive commis-
sioning. The needed parameters include the different inductances, permanent magnet’s
flux linkage and the stator resistance. Of these parameters the permanent magnet’s flux
linkage and the stator resistance are temperature dependent and thus could require on-
line estimation. The inductances in turn do not depend on the temperature and there-
fore off-line estimation is sufficient. Off-line parameter estimation methods are such
that the inverter generates measurement signals and by measuring the response of the
machine, estimates the needed parameters. The rotor shaft may be unconnected to the
load which results in a low inertia comprising of only the machine’s own inertia. The
mechanical time constant of a machine is usually quite a low in the range of 50 � � � 200
ms. This means that if any torque is used in the estimation, the rotor accelerates very
fast. Therefore the estimation methods, which are then used, must be fast as well.

In principle the parameters of the motor are not necessary to be known in the posi-
tion sensorless DTC. However, the flux linkage reference must be controlled. To achieve
e.g. the minimum stator current for a given torque, the parameters are needed. Another
task where the parameters are needed is the limitation of the load angle.

If the rotor angle is measured, the transformation of measured and estimated quanti-
ties into the rotor coordinates is straightforward, but if the rotor angle is not measured it
has to be estimated. In the following section, two equations are presented for the direct
calculation of the load angle using the estimated stator flux linkage and the measured
stator current. The rotor angle estimate is then obtained with the aid of the angle of
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the estimated stator flux linkage. By using the direct calculation of the rotor angle, no
additional estimation but the estimation of the stator flux linkage is needed to obtain
quantities in rotor coordinates.

5.2 The estimation of the flux linkage in parameter esti-
mator

5.2.1 Introduction

When using the current model to update the flux linkage estimate which is based on
integrating the voltage, the flux linkage estimate can no longer be used to estimate the
parameters of the current model in the same way as in the current vector control. If
the estimation is needed, there must be another flux linkage estimator which does not
depend on the current model corrected flux linkage estimate. This flux linkage estimate
is now called the estimation flux linkage. If the current model is not used, the controller
stator flux linkage estimate is used also for the parameter estimation.

The basic implementation of the estimation flux linkage estimator is the open loop
integrator. As stated many times, this approach will fail due to many errors. A common
way to implement the stabilizer is to use a first-order low-pass filter instead of the pure
integrator of Eq. (4.2). Let us start from the stator voltage equation:

us �
�Rsis � p ��

s
(5.1)

where p� d�dt. A low-pass (LP for short) filter is obtained by replacing

1
p
� T

1� p T
� (5.2)

This gives us

p ��
s
� us � �Rsis �

1
T
��

s
� (5.3)

Discrete-time implementation is obtained by setting p � ∆�∆t

��n�1

s
� ��n

s
�

�
us � �Rsis

�
∆t� ∆t

T
��n

s
� (5.4)

A LP-filter does not, however, give very good results at frequencies lower than the cutoff
frequency wc � 1�T. There will be errors both in the magnitude and in the phase angle.
Some improved methods were presented by Hu and Wu (1998). In general, the output
y of these new integrators is expressed as

y �
T

1� p T
x�

1
1� p T

z (5.5)

where x is the input of the integrator and z is a compensation signal used as a feedback.
If the compensation signal is set to zero, the modified integrator acts as a first-order LP-
filter. If instead, the output of the integrator is fed into the feedback loop the modified
integrator is a pure integrator.

The discrete-time implementation of the integrator is

yn�1
� yn

� x∆t�
∆t
T

�
z� yn� � (5.6)
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Figure 5.1: Algorithm 1: Modified integrator with a saturable feedback (Hu and Wu, 1998).

Three new methods were presented by Hu and Wu (1998). The difference between
the methods is in the calculation of the limitation signal. These are now discussed in
detail to find out which method could be used as a stabilizer for the additional flux
linkage estimator for the DTC drive’s parameter estimation.

5.2.2 Algorithm 1: Modified integrator with a saturable feedback

The compensation signal z is modified to be a limited value of the output of the integra-
tor y. A block-diagram of the modified integrator is presented in Fig. 5.1. The output of
this integrator is

y�
T

1� p T
x�

1
1� p T

ZL (5.7)

where ZL is the output of the limiter.
The estimation of the flux linkage is usually divided into separate estimation of the

�- and �-components of the flux linkage. Discrete-time implementation of the integra-
tor then becomes

��n�1
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The output of the limiter can be expressed as

ZL����� �

&��s�����
 if ��s����� � L

L
 if ��s����� � L�

(5.10)

where L is the limit value. L should be equal to the flux linkage reference. It is easily
seen that when the components of the flux linkage are less than the limit the output of
the modified integrator becomes the output of a pure integrator. If either of the flux
linkage components exceeds the limit a LP filtering is performed. Since the limiting of
both components is carried out independent on each other, the phase of the flux linkage
may change resulting in distortion of the output waveform. This problem is avoided in
the next algorithm.
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5.2.3 Algorithm 2: Modified integrator with an amplitude limiter

In this modification the amplitude of the integrator output is limited. According to (Hu
and Wu, 1998) this is especially suited for integrating complex valued signals compris-
ing of two components, such as the flux linkage of an AC machine. In the form origi-
nally suggested by Hu and Wu (1998) (see Fig. 5.2) two coordinate transformations were
needed. First the flux linkage is transformed to polar coordinates and after limiting its
amplitude it is transformed back to Cartesian coordinates.

These transformations involve the calculation of arcus tangent, cosine and sine func-
tions as well as one division and one square root. Since the integration should be done
with as short integration step as possible, it is obvious that one cannot calculate these
trigonometric functions as fast. However, it is possible to avoid the trigonometric func-
tions by limiting the components in Cartesian coordinates. This procedure is illustrated
in Fig. 5.3 on page 104.

The limitation in Cartesian coordinates is performed as follows. The limited ampli-
tude of the flux linkage is defined as

ZL �

()*
���2

s� �
��2

s� 
 if
���2

s��
��2

s� � L


L
 if
���2

s��
��2

s� � L�
(5.11)

The limited �- and �-components of the flux linkage are then simply scaled with the
ratio of the limited amplitude and the unlimited amplitude

ZL� �
ZL���2

s� �
��2

s�

��s�
 (5.12)

ZL� �
ZL���2

s� �
��2

s�

��s� � (5.13)

There is still one division and a square root but no need to carry out the time-consuming
trigonometric functions. The discrete-time implementation is the same as in Eqs. (5.8)
and (5.9).

Even though algorithm 2 gives better results than algorithm 1 it still is not necessarily
able to get rid off the eccentricity of the flux linkage. It was claimed by Hu and Wu (1998)
that this algorithm is well suited for AC drives that do not require that the amplitude
of the flux changes. It is, however, observed that this claim is not completely true if the
limit value L is allowed to change with the flux linkage reference.

5.2.4 Algorithm 3: Modified integrator with an adaptive compensa-
tion

The last algorithm proposed by Hu and Wu (1998) exploits the fact that the flux linkage
should be orthogonal to the integrated voltage minus the resistive loss (this equals to
the emf). The orthogonality is detected by calculating the scalar product of the emf and
the flux linkage. The basic structure of the modified integrator is similar to algorithm
2 except that after the Cartesian to polar transformation the amplitude of the compen-
sation signal is controlled by a proportional-integral (PI) regulator. The algorithm is
illustrated in Fig. 5.4 on page 105. The output of the PI regulator is given by

ZL �

�
kp�

ki

p

� ��s�u�� ��s�u�
��

s
� (5.14)
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Figure 5.3: Amplitude limitation in Cartesian coordinates. ��s� and ��s� are the components of the unlim-
ited flux linkage, ZL� and ZL� the limited ones.

where u� represents the �-component and u� the �-component of the integrated quan-
tity.

Again, the coordinate transformations suggested by Hu and Wu (1998) can be avoided.
Let us consider the discrete-time implementation of the PI regulator. The output ZL is
divided into proportional and integral parts as follows

ZL � ZLP � ZLI (5.15)

where

Zn�1
LI � Zn

LI � ki

��s�u�� ��s�u�
��

s
� ∆t
 (5.16)

ZLP � kp

��s�u�� ��s�u�
��

s
� � (5.17)

In order to get rid off the square root calculation in ��
s
�, let us define a new PI regulator,

where 1���
s
� is included in the gains kpm and kim:

kpm �
kp

��
s
� 
 (5.18)

kim �
ki

��
s
� � (5.19)

The output of the new regulator is ZLm. The discrete-time implementation is

Zn�1
Lm � Zn�1

LPm� Zn�1
LIm 
 (5.20)

Zn�1
LIm � Zn

LIm � kim

���s�u�� ��s�u�
�

∆t
 (5.21)

Zn�1
LPm � kpm

���s�u�� ��s�u�
�
� (5.22)
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The output of the limiter given by Eqs. (5.12) and (5.13) is then
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ZL���2
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��2

s�
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 (5.23)
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��s� � (5.24)

The implementation of algorithm 3 becomes then even simpler than algorithm 2 since
there is now no square root in the divider.

5.2.5 Improving the dynamic performance of Algorithms 1-3

The performance of the algorithms presented by Hu and Wu (1998) is aimed for steady
state operation. The performance in e.g. torque steps is not necessarily good enough
since the compensation signal may make the integrator act as a low-pass filter during
the step. The pure integrator, in turn, may be accurate enough during a torque step.
The algorithms are therefore improved with the same kind of adaptive scheme that was
used in Section 4.2.3. Let us define a modified integrator
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where kT is a coefficient dependent on the change of torque

kT �min�1
 kt�te � tefilt��� (5.27)

kt is a coefficient, which is used to adjust the behaviour of kT. E.g. if the correction is
wanted to be disabled with a torque step of 0.5 pu. or above, kt should be 2.

5.2.6 Drift detection and correction by monitoring the modulus of the
stator flux linkage

This section presents a method first proposed by Niemelä (1999). This method is similar
to the method of correcting the controller stator flux linkage estimate (see Section 4.2.3),
except that the error signal � is different. In a way, the method is a combination of
Methods 2 and 3 by Hu and Wu. In this method the error signal is

� �

�+++��s

+++2�
filt
�
+++��s

+++2 (5.28)

where ���
s
�2 is the modulus of the estimated flux linkage and (���

s
�2)filt is the filtered value

of the same. The correction is done with

��n�1

s
�
�
1� k��

� ��n

s
(5.29)

where k� is the correction gain. The basis of the method is that, according to (Niemelä,
1999), the direction of the flux linkage eccentricity is almost the same as the direction of
the flux linkage estimate when � has got a maximum. Fig. 5.5 shows the implementation
of the flux linkage corrector.
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Again, a simple first order low-pass filter was originally used. The dynamic be-
haviour of the filter is not sufficient for fast changes of the torque and the modulus of
the flux linkage and therefore a similar improvement as was made in Section 4.2.3 is
needed. The discrete-time implementation of the improved low-pass filter was given in
Eq. (4.52) and is shown here again

Un�1
2 � Un

2 �
∆T
T1

(Un
1 �Un

2 )�
T2

T1

�
Un

1 �Un�1
1

�
�

Now U2 � (���
s
�2)filt and U1 � ���s

�2. The coefficient kT � T2�T1 and the correction gain
k� can again be adaptive. Now the performance is better if there is no lower limit for kT,
i.e. it is allowed to go to zero. Fig. 5.6 shows the implementation of the calculation of kT.
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Figure 5.5: Correction of the estimation flux linkage by the detection of the flux linkage drift (Niemelä,
1999).
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Figure 5.6: Adaptive calculation of kT � T2�T1 for the estimation flux linkage estimator.

5.2.7 Simulations

The behaviour of the flux components when using the method by Niemelä (with and
without the improvement) and Algorithm 3 by Hu and Wu was compared using a sim-
ulation sequence presented in Fig. 5.7. The simulation sequence is such that the PMSM
drive is driven torque controlled and the load speed controlled (�ref� 0�2 pu. ). The con-
troller stator flux linkage is estimated using the combination of the current and voltage
models. In order to show the effect of the change of the modulus of the stator flux link-
age, the inductances used in the current model are 0.5 times the real values. Therefore,
when the torque changes, the modulus of the real stator flux linkage is also changed
even though the flux linkage reference is kept constant. The torque reference is at first
0.1 pu. and 1.1 pu. during t� 100 ms � � �500 ms. At 500 ms the reference is set to 0.1 pu.
again. The resistance estimate �Rs � 1�2Rs. Since the estimation of the controller stator
flux linkage is the same in all the cases and the estimation flux linkage is not used in the
control, the sequence is the same for all cases.
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Figure 5.7: The simulation sequence for comparing the different estimation flux linkage estimators.

Figs 5.8 and 5.9 on pages 109 and 110 show the simulation results. The results show
that when using the method of Niemelä with the original low-pass filter there are large
oscillations after the transients. A considerable improvement is obtained by improving
the filter and calculating the additional term and correction gain adaptively. A small
steady state error remains due to the erroneous resistance estimate. When using Algo-
rithm 3 by Hu and Wu the behaviour is typical to any system using a PI regulator. The
response is dependent on the coefficients of the regulator and in the example there are
some oscillations after the transient. A steady state error remains also in this case. The
presented improvement for Algorithm 3 does not improve the behaviour in this case.
The performance is improved, however, at higher frequencies, as will be seen with the
estimation of inductances (see Section 5.5).

By comparing the results, the method of Niemelä with the improvements seems to
be the best of the methods. Fig. 5.10 shows the same sequence with this method with
a correct resistance estimate, �Rs � Rs. Now, there is not any steady state error and the
behaviour in the transients is very good.

5.3 The estimation of the rotor angle

The estimation of the rotor angle 	r is needed even in the position sensorless DTC for
anything that is done in the rotor coordinates. At least the estimation of the machine
parameters, the control of the modulus of the flux linkage and the limitation of the load
angle require the dq-quantities.

Various methods for the estimation of the rotor angle have been suggested, some of
which, however, make an assumption of equal inductances in d- and q-directions (see
e.g. Vas, 1998). In salient-pole synchronous machines this assumption can make the
rotor angle estimate very erroneous because Lsq � Lsd.

A method to determine the rotor angle estimate from the estimated stator flux link-
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(a) Original low-pass filter.
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(b) Improved filter with adaptive kT and correction gain k� .

Figure 5.8: Comparison of simulation results when using the estimation flux linkage estimator. The ad-
ditional flux estimator uses the method presented in (Niemelä, 1999). The resistance estimate
�Rs � 1�2Rs.
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(b) Adaptive correction gain.

Figure 5.9: Comparison of simulation results when using the estimation flux linkage estimator. The ad-
ditional flux estimator uses Algorithm 3 by Hu and Wu (1998). The resistance estimate
�Rs � 1�2Rs.
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Figure 5.10: Comparison of simulation results when using the estimation flux linkage estimator. The addi-
tional flux estimator uses the method presented by Niemelä with the improvements presented
in this section. The resistance estimate �Rs � Rs.

age and the measured stator current vectors will now be presented. This method has got
two variations. The selection between these two is made depending on which parame-
ters are known. E.g. if the estimation is used during the commissioning of the drive not
all the parameters are known yet. The intention is to derive such expressions that the
minimum number of the motor parameters is needed. Whichever of these two methods
is used, the rotor angle is obtained by determining an estimate for the load angle �Æs and
calculating the rotor angle estimate �	r with

�	r �
�	s � �Æs� (5.30)

where �	s is the angle of the stator flux linkage estimate ��s

s
in the stator coordinates.

5.3.1 Method 1

With the definitions of Fig. 5.11 the quadrature axis flux linkage �sq is written as

��
s
� sin Æs � Lsq�is� sin (Æs � �) � (5.31)

Utilizing sin (Æs � �)� sin Æs cos� � cos Æs sin� gives�
��

s
� � Lsq�is� cos�

�
sin Æs � Lsq�is� sin� cos Æs� (5.32)

The load angle estimate �Æs is then obtained by replacing the true load angle Æs with the
estimate �Æs and the true stator flux linkage �

s
with the estimated stator flux linkage ��

s

tan�Æs �
Lsq�is� sin�

���
s
� � Lsq�is� cos�

� (5.33)
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Figure 5.11: The estimation of the rotor angle. � is the angle between the stator current and the stator flux
linkage vectors.

The trigonometric functions sin� and cos� are avoided since

��
s
� is � ���s

��is� cos�
 (5.34)��
s
� is � ���s

��is� sin�� (5.35)

The tangent of the load angle estimate is then

tan�Æs �
Lsq�s

� is

���
s
�2 � Lsq

��
s
� is

� (5.36)

It should be noted that when per-unit values are used, the torque estimate is �te �
��

s
� is

and the equation of the load angle estimate can be expressed as

tan�Æs �
Lsq�te

���
s
�2 � Lsq

��
s
� is

� (5.37)

5.3.2 Method 2

An optional method of determining the load angle can be formulated from the definition
of the direct-axis flux linkage equation

�sd � Lsdisd � �PM

��
s
� cos Æs � Lsd�is� cos (Æs � �)� �PM (5.38)

Let us reformulate Eq. (5.38)

��
s
� cos Æs � Lsd�is� [cos Æs cos� � sin Æs sin�]� �PM�

��
s
� � Lsd�is� cos�

�
cos Æs � Lsd�is� sin� sin Æs � �PM � 0



$
��

s
� � Lsd

�
s
� is

��
s
�

%
cos Æs � Lsd

�
s
� is

��
s
� sin Æs � �PM � 0



�
��

s
�2 � Lsd�s

� is

�
cos Æs � Lsd�s

� is sin Æs � �PM��s
�� 0� (5.39)
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The stator current in the stator coordinates is
s is a measured quantity. Let us assume that

the stator flux linkage in stator coordinates �s
s

is estimated accurately enough. If the
saturation is neglected, the coefficients in the above equation are independent on the
estimated load angle �Æs. To clarify further analysis, the coefficients are denoted as

k1 � ���s
�2 � Lsd

��
s
� is


k2 � Lsd
��

s
� is


k3 � �PM���s
��

The estimated load angle is a solution of the following equation

f
��Æs

�
� k1 cos�Æs � k2 sin�Æs � k3 (5.40)

f
��Æs

�
� 0 (5.41)

The equation can be further modified to�
k2

1� k2
2 cos

��Æs � 	
�
� k3 (5.42)

where 	 � arctan k2�k1 � n�. Unfortunately this function does not behave very nicely.
The solutions of the equation are

�Æs � �arccos
k3�

k2
1� k2

2

� 2n�� 	� (5.43)

Fig. 5.12 shows the plot of this function for a given motor parameters. We can see that
there are two roots between Æs � 0 � � ���2, the other of which is a wrong solution. How
do we distinguish between the right and the wrong solution?

It can be proven that in a PM machine the solution is always (see Appendix A.4 for
proof)

�Æs � sgn(�te) arccos
k3�

k2
1 � k2

2

� 	 (5.44)

where

	 � arctan2 (k2
 k1) � (5.45)

arctan2 is the four quadrant inverse tangent defined as

arctan2 (k2
 k1) �

(,,,),,,*
arctan k2

k1

 k1 � 0

arctan k2
k1
� �
 k1 � 0

�
2 
 k1 � 0
 k2 � 0
� �

2 
 k1 � 0
 k2 � 0

(5.46)

The proof is presented in Appendix A.4.
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Figure 5.12: Function f for Lsd � 0�5 pu., Lsq � 0�8, �PM � 1�0 and load angle Æs � 
�4� 45 degrees =
0.7854 rad.

5.3.3 Simulations

To compare the dynamic performance of the load angle (rotor angle) calculation some
simulations are performed. Since the load angle is calculated directly from Eq. (5.36) or
Eq. (5.44), the performance is directly related to the dynamic performance of the flux
linkage estimation method. Four cases are considered:

1. Flux linkage is corrected using the original dot product correction, which uses the
simple low-pass filter presented in (Niemelä, 1999)

2. Dot product correction is improved with Eq. (4.52) and the improvement term
gain kT is constant

3. The improvement term gain kT is calculated adaptively using Eq. (4.54)

4. The improvement term gain kT and correction gain k� are both adaptive (Eq. (4.55))

In each case �Æs is calculated using both the methods presented, so a total of eight simu-
lations are carried out.

The simulation is carried out using the torque control and driving the load speed
controlled. Initially the torque reference is 0.4 pu. At 100 ms the torque reference is
risen to 1.4 pu. At 500 ms the torque reference is again decreased to 0.4 pu. In order
to show the effect of an incorrect resistance estimate, the resistance estimate �Rs is 14 %
below the actual value (the same value was used in Section 4.2.3).

The results are presented in Figs. 5.13–5.15 on pages 116–118. It is observed that the
behaviour of the load angle calculation methods is different, although the flux linkage
behaves the same way. The reason for this is that the error in the estimated flux linkage
affects the methods differently. The flux linkage affects both the cross product and the
dot product of the estimated stator flux linkage and the measured stator current.
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With the original filter and method 1 (see Fig. 5.13 on page 116) the load angle esti-
mate is smaller than the real load angle for over 100 ms. When using method 2 there is a
big overshoot in the load angle estimate when the torque is increased. When the torque
is decreased there is also an overshoot in the load angle estimate, but also some oscilla-
tion. The torque is observed to have some high frequency oscillation after the transients
(the oscillation cannot be seen in the figures, since a limited number of points is used).

When using the improved dot product correction with a constant kT, the load angle
estimation is improved only a little, but the true torque behaves much better (no high
frequency oscillation). When the improvement term gain kT is calculated adaptively,
the load angle estimate is observed to follow the true load angle quite well, especially
with method 1. There are only small errors during and after the torque transient. The
small steady state error is due to the error in the stator resistance estimate. With method
2, there is more ripple in the load angle estimate and the steady state error is opposite
to when using method 1. The biggest difference with the methods is after the torque
is decreased. Method 1 estimates the load angle reasonably well, but the load angle
estimate of method 2 has some oscillations before reaching the steady state value.

If the correction gain k� is also adaptive, the performance is observed to be very
good, when using method 1, with no overshoot or oscillation after the transient. With
method 2 the performance is almost as good, although there is some ripple in the load
angle estimate and a small overshoot and oscillation after the torque is decreased.

By comparing the performance of the load angle calculation methods with all the
flux linkage estimation methods, it is observed that method 1 performs considerably
better. Therefore, method 1 should be used at all times if the necessary parameter Lsq is
known. Method 2 should only be used while estimating Lsq (see Section 5.5.1). Method
2 needs more parameters, �PM and Lsd, but these can be determined without knowing
Lsq.

5.4 Permanent magnet’s flux linkage

Permanent magnet’s flux linkage and the stator resistance are parameters, which are
dependent on the operating temperature. Therefore it would be useful to estimate them
on-line. When using the current model to correct the controller stator flux linkage esti-
mate, the permanent magnet’s flux linkage �PM could be estimated by using the addi-
tional flux linkage estimate. ��PM is then

��PM �
��sd � �Lsdisd� (5.47)

Unfortunately when the temperature rises, the stator resistance also rises. The effect of
this to the flux estimation is that the modulus of the estimated flux linkage becomes
larger than the real one. The estimate ��PM would then increase. Usually though, when
the stator temperature rises, also the temperature of the rotor rises. This results in a
decrease of the permanent magnets flux, opposite to the estimate.

The typical temperature range of the rotor is from 20oC to 120oC. With a 100oC tem-
perature rise the remanence flux density of e.g. NdFeB magnets decreases about 10 %.
If we think of estimating the flux, an accuracy of 1 % would mean 10oC in the tempera-
ture. Five percent can be thought as a good accuracy of estimation, but this means 50oC
in the temperature. This is far too much. The direct estimation using Eq. (5.47) does
not give good enough results. A better choice for on-line estimation is to use a simple
thermal model of the machine to estimate the temperature. Such schemes are presented
e.g. in (Lu and Murray, 1992; Milanfar and Lang, 1996).
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True torque
Torque reference

Error
Estimated �Æs

True Æs

Time [ms]

Pe
r

un
it

800600400200

1.4

1.2

1

0.8

0.6

0.4

0.2

0

-0.2
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Figure 5.13: Simulation results for the load angle estimation with the low-pass filter based dot product
correction. The resistance estimate is below the true value, �Rs � 0�86Rs.
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Figure 5.14: Simulation results for the load angle estimation with the improved filter based dot product
correction and a constant kT. �Rs � 0�86Rs.
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Figure 5.15: Simulation results for the load angle estimation with the improved filter based dot product
correction with an adaptive kT and a constant k� . �Rs � 0�86Rs.
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Figure 5.16: Simulation results for the load angle estimation with the improved filter based dot product
correction with adaptive kT and k� . �Rs � 0�86Rs.
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We will not consider the on-line estimation, but the estimation of the permanent
magnet’s flux linkage during a commissioning stage. In this way, the permanent mag-
net’s flux linkage is estimated for a cold machine once during the commissioning and
during normal operation a thermal model is used.

As noted above the flux linkage estimation methods are affected by the error in the
stator resistance estimate. During the commissioning the stator resistance can be esti-
mated first and right after that the permanent magnet’s flux linkage is estimated. Then
the error of the estimated stator resistance is negligible.

By looking at the equation of the stator flux linkage, Eq. (4.2), it is noticed that it
contains the initial value of the flux linkage �

0

�
s
� �

0
�

� t

0

�
us � �Rsis

�
dt

In a PMSM, �
0
� �PMe j�r . Thus, in principle, it is impossible to start the machine, if �PM

is not known. However, the integration and flux linkage correction methods presented
so far are able to eliminate the DC component obtained from an incorrect initial value. A
good initial value may be obtained if the nominal voltage UN and the nominal frequency
�N of the machine are known

�PM0 �
UN

3�N

� (5.48)

Let us first consider the estimation without position feedback. For the estimation, the
quantities must be expressed in the rotor coordinates. The rotor angle can only be esti-
mated if either Lsq or Lsd and �PM are known. Lsq may be estimated if Lsd and �PM are
known. So, when all the parameters are unknown, the rotor angle cannot be estimated
and thus the estimation of model parameters is impossible!

However, if the shaft is decoupled from the load or the load torque is very low,
the permanent magnet’s flux linkage and the direct axis inductance can be estimated.
By assuming that the quadrature axis flux is negligible, the direct axis flux linkage is
assumed to be equal to the modulus of the flux linkage. In addition to the direct axis
flux linkage, the equation of the permanent magnet’s flux linkage contains the direct
axis inductance. It is a source of an error and as noted above, it may not even be known.
It should be therefore eliminated from the equation. The elimination is achieved by
setting isd � 0. This is accomplished by controlling the stator flux linkage reference

(��
s )n�1

� (��
s )n
� kisd (5.49)

where k � 0 is a constant. The permanent magnet’s flux linkage estimate is then equal
to the flux linkage reference

��PM � ��
s � (5.50)

If the rotor angle is measured, a different approach can be used. The above method can
of course be used in this case also. The drawback of the method is that the starting of
the machine may be difficult is some cases with position sensorless control, e.g. with
a very large load inertia. In order to ensure the starting with these difficult cases, the
starting should be performed using the current model with initial values obtained from
Eq. (5.48) and the measurement of transient inductances.

In Section 4.2.2 the effect of the error of the measured rotor angle was described. It
was observed that the error can be seen as a difference of the direct axis flux linkage in



5.4 Permanent magnet’s flux linkage 121

d1

�

�d1

��
s0

�
s0

d0, �d0

��
q1

��
s1

�
s1

�s �s

Figure 5.17: The estimation of the permanent magnet’s flux linkage using the combination of the current
and voltage models. The load angle is assumed to be small, therefore the direct axis of the rotor
d is parallel to the stator flux linkage �

s0
. At first the estimate of the stator flux linkage ��

s0
and the real value of the stator flux linkage �

s0
are parallel. After one current model correction

period the real flux linkage has rotated from d0 to d1. The estimated flux linkage has rotated
a bigger angle to �d1 since the modulus of the flux linkage is estimated too small. Therefore it
has a positive quadrature axis component ��

q1
in the real rotor coordinates.

the current and voltage models. When the permanent magnet’s flux linkage is incor-
rect in the current model, the effect is similar to this, except that the error is seen as a
difference in the quadrature axis flux linkage. Fig. 5.17 illustrates the behaviour.

The arcs that the real stator flux linkage �
s

and the stator flux linkage estimated

with the voltage model ��
s0

draw as they rotate are similar since the voltage vectors are

selected using ��
s0

. Therefore the angles they turn in a given time can be written as

�� � �s
���

s
�

 (5.51)

� �
�s
��

s
� �

���
s
�

��
s
� ��
 (5.52)

where �s is the length of the arc, that the flux linkages move. If the initial angle of the
flux linkages is the same, 	0, the equations of the flux linkages can be written as

��s

s
� ���

s
�e j(�0���) (5.53)

�s
s
� ��

s
�e j(�0��) (5.54)

If the load torque is small, the load angle can be assumed to be small and the rotor angle
can be assumed to be equal to the angle of the true stator flux linkage

	r � 	0�� (5.55)

The flux linkages in the rotor coordinates are then

�r
s
� e� j�r ��

s
�e j�r � ��

s
�e j0 (5.56)��r

s
� e� j�r ���

s
�e j(�0���)

� ���
s
�e j(�0�����r) (5.57)

� ���
s
� �cos(	0� ��� 	r)� j sin(	0� ��� 	r)

�
(5.58)



122 Estimation of the parameters of the motor model

The angle 	0 � ��� 	r is small, if the current model correction period is small enough,
and therefore

cos(	0� ��� 	r) � 1 (5.59)

sin(	0� ��� 	r) � 	0� ��� 	r � �

$ ���
s
�

��
s
� � 1

%
(5.60)

Thus, the quadrature axis component of the real stator flux linkage is zero and the
quadrature axis component of the stator flux linkage estimated with the voltage model
is

��
qu
� �

$ ���
s
�

��
s
� � 1

%
� (5.61)

This allows us to formulate an estimation equation for the permanent magnet’s flux
linkage. The value of the estimate ��PM is updated with the difference of the voltage
model’s q-component and the real flux linkage’s q-component. The sign of the angular
frequency �b must be included in the estimation since the rotation angle � is present in
Eq. (5.61). The update is thus obtained with

��n�1
PM � ��n

PM� k
���

qu
� �

sq

�
sgn(�r)
 (5.62)

where k � 0 is a constant. Since the real flux linkage is not known, the real flux linkage
must be replaced with the estimate calculated using the current model �

qi
, i.e.

��n�1
PM � ��n

PM � k
���

qu
� �

qi

�
sgn(�r)� (5.63)

5.5 Inductances

The estimation of the direct and quadrature axis inductances is performed as follows:

• Estimate the flux linkage in the stator coordinates

• Measure or estimate the rotor angle

• Transform the estimated flux linkage to the rotor coordinates

• Calculate the inductances

The estimation of inductances differs when the measured rotor angle is available
and when it is not. When the rotor angle is measured, the estimation is simplified since
the quantities can easily be expressed in rotor coordinates. The flux linkage used in the
estimation is the estimation flux linkage presented in Section 4.2.1. The challenge in the
estimation is that when the current model has wrong parameters, the modulus of the
real flux linkage changes.

If the rotor angle can only be obtained through estimation, there are some aspects
which have to be considered. If neither of the inductances is known, the rotor angle
cannot be estimated. The direct axis inductance can, however, be estimated if the torque
is very low. In this case the load angle is assumed to be very small, and the stator current
is assumed to be completely on the direct axis.
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After the rotor angle is obtained either from the measurement or estimation, the
inductances are simply calculated directly from the equations of flux linkages

�Lsd �
��sd � �PM

isd
(5.64)

�Lsq �
��sq

isq
(5.65)

As seen in both of these equations, there must be either direct or quadrature axis current
to be able to estimate the inductances. In normal operation with a load, there usually
is current (except if the direct axis current is deliberately controlled to zero). If the
machine is unconnected from the load, as could be the case during the commissioning
of the drive, the control system has to generate the current itself. For direct axis, this
means that the direct axis flux linkage should be unequal to the permanent magnet’s
flux linkage. For quadrature axis, this means that there must be quadrature axis current
which means that torque must be generated. In this case, a torque command must be
applied, which results in an acceleration of the rotor speed. The rotor inertia may be
quite low, which results in an acceleration of speed from zero to the nominal speed in
50 � � �500 milliseconds. The inductance estimation methods applied in such a situation,
must be fast. The direct axis inductance can be estimated more slowly and in the steady
state and thus the dynamics of the estimator are not as critical as with the quadrature
axis inductance.

5.5.1 Quadrature axis inductance

Figs. 5.18–5.20 (on pages 124–125) show simulation results from quadrature axis induc-
tance estimation when the rotor angle is measured. The estimation is done by acceler-
ating the motor against its own inertia from � � 0�2 pu to � � 0�6 pu with the torque
reference set to 1 pu. The current model parameters are listed in Table 5.1. Three flux
linkage estimation methods are used, the drift detection method by Niemelä, and meth-
ods 1 and 3 by Hu and Wu. All the methods are simulated with and without the im-
provements made in Section 5.2.

It is observed that the inductance estimate has an overshoot and oscillation with the
method of Niemelä, but both are overcome with the improvements. With method 1 by
Hu and Wu there is not much difference between the original and the improved version.
The inductance is estimated reasonably well with no big overshoot or oscillations. The
ripple is however bigger than in the improved method of Niemelä. Method 3 by Hu
and Wu has got some oscillation in the inductance estimate and it does not reach the
steady state value fast enough. The parameters of the PI regulator are not the best
possible. This reveals the weak point of method 3, the selection of the parameters of the
PI regulator. The performance of both the method 1 of Hu and Wu and the improved
method of Niemelä seem adequate for inductance estimation.

Table 5.1: The parameters of the motor and the parameters used in the current model.
Parameter Motor Current model

�PM 1 1
Lsd 0.658 0.329
Lsq 0.871 0.436
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Figs. 5.21 and 5.22 on pages 126 and 127 present the results of the simulations when
the rotor angle is not measured. In the first case the flux linkage correction method is
the original low-pass filter based correction presented by Niemelä. In the second case,
the improvements presented in Section 4.2.3 are made to the flux linkage correction
method. With the original method, it is observed that the estimated inductance has
got a large overshoot, which is due to incorrectly estimated flux linkage after the torque
transient. It takes about 150 milliseconds for the flux linkage estimate to reach the steady
state, after which the inductance estimate is reasonably good. With the improved flux
linkage estimation method, there is no overshoot and the steady state is reached in about
25 milliseconds. There is a small steady state error, which, although the flux linkage
components seem to have no error, is due to a small error in the flux components and
the torque estimate.

Speed
Torque reference

�Lsq

Adapt. corr.: �Lsq

Lsq

Time [ms]

Pe
r

un
it

35030025020015010050

1

0.8

0.6

0.4

0.2

0

-0.2

-0.4

Figure 5.18: Simulation results for the inductance estimation using the method of Niemelä with the im-
provements presented in Section 5.2.6.

5.5.2 Direct axis inductance

If the rotor angle is not measured, the estimation of the direct axis inductance is per-
formed using the procedure described above. It was noted in the discussion of the es-
timation of the permanent magnet’s flux linkage, that a different approach can be used
if the rotor angle is measured. The method was based on using the error between the
voltage and current models as an indication of an error in the current model’s param-
eters. This same method can also be used to estimate the direct axis inductance after a
good estimate for the permanent magnet’s flux linkage has been obtained. In this case,
the update to the estimate of the direct axis inductance is obtained as

�Ln�1
sd � �Ln

sd � k
���

qu
� �

qi

�
sgn(�r) sgn(isd)
 (5.66)

where k � 0 is a constant.
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Figure 5.19: Simulation results for the inductance estimation, Algorithm 1 by Hu and Wu. �c � 1�T �
0�1 pu.
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Figure 5.20: Simulation results for the inductance estimation, Algorithm 3 by Hu and Wu. �c � 1�T �
0�1 pu, kpm � 10, kim � 50.



126 Estimation of the parameters of the motor model

Speed
Torque reference

�Lsq

Lsq

Time [ms]

Pe
r

un
it

35030025020015010050

1.2

1

0.8

0.6

0.4

0.2

0

-0.2

(a) The estimated and true inductance, the torque reference and the speed

Estimated �sq

Estimated �sd

True �sq

True �sd

Time [ms]

Pe
r

un
it

35030025020015010050

1.2

1

0.8

0.6

0.4

0.2

0

-0.2

(b) The behaviour of the true and estimated flux linkage components in the true rotor coordinates

Figure 5.21: Simulation results for the inductance estimation without position feedback, dot product low-
pass filtered.
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Figure 5.22: Simulation results for the inductance estimation without position feedback, improved dot prod-
uct filtering and adaptive kT and k� .



128 Estimation of the parameters of the motor model

5.6 Stator resistance

The stator resistance may be estimated by supplying the motor at standstill with a direct
current. If the rotor is aligned with the supplied direct current, the flux linkage of the
motor is

�s
s
� Lsdis � �PM� (5.67)

If is is constant d�s
s
�dt � 0. Estimated stator flux linkage is defined as

��s

s
� ��

0
�

� t1

t0

�
us � �Rsis

�
dt (5.68)

where the estimated stator resistance �Rs is defined as a sum of the actual resistance Rs

and an error term ∆Rs �Rs � Rs � ∆Rs� (5.69)

If the estimated stator voltage is assumed to be equal to the actual stator voltage and the
measured current equal to the actual current, then the difference between the estimated
and the actual flux linkage is

��s

s
� �s

s
� ��

0
�

� t1

t0

�
us � �Rsis

�
dt� �

s0
�
� t1

t0

(us � Rsis) dt

� �
� t1

t0

∆Rsisdt� ∆Rsis (t0 � t1) �
(5.70)

The error term ∆Rs is calculated from this equation. As the actual flux linkage �
s

is not

known, two estimates ��
s1

and ��
s2

are needed. Then

��s

s1
� �

s1
� ∆Rsis (t0 � t1) 
 (5.71)��s

s2
� �

s2
� ∆Rsis (t0 � t2) � (5.72)

Subtracting the latter equation from the former, an estimate to the error term ∆Rs is
obtained. Since �

s1
� �

s2
due to the stator current being constant

∆Rs �

��s

s2
� ��s

s1

is (t2 � t1)
� (5.73)

Now, the new resistance estimate is

�Rn�1
s � �Rn

s � ∆Rs� (5.74)

The error term ∆Rs can be minimized with an iterative method. Starting with �Rs1 =
0 gives a rough error estimate ∆Rs1 in a few milliseconds. Keeping the current and
setting �Rs2 � �Rs1 �∆Rs1 and calculating ∆Rs again adjusts the error term to a new better
value. Iteration is stopped, when �∆Rs� � � where � is the desired accuracy of the stator
resistance.
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5.7 Self-tuning procedure

For the easy installation of the direct torque controlled PMSM drive, the control system
should be able to self-tune all the necessary parameters. In the present section such a
procedure is described. The following parameters should be set:

• The initial angle of the rotor (if a position sensor is used)

• The stator resistance

• Stator transient inductances (direct and quadrature axis)

• Saturated values of stator inductances

• The parameters of damper windings

• Permanent magnet’s flux linkage

• The delay of the position measurement (if a position sensor is used)

• The inertia of the system

User given initial information for the self-tuning procedure should be as minimal as
possible. The following rated values should suffice:

• The rated current

• The rated voltage

• The rated frequency

The start-up procedure should be such that it is possible to be applied even if the shaft
may not be rotated. A possible arrangement of the self-tuning procedure could be

1. Apply the initial angle estimation method

(a) Calculate the initial angle with the simplified method
(b) Calculate the transient inductances from Eqs. (4.92) and (4.93). Use the values

of the transient inductances as initial values in the estimation of the induc-
tances (items 5 and 6)

2. Apply a direct current in the positive direction of the rotor

(a) Measure the stator resistance
(b) Initialize the rotor position calculation

3. Set the speed reference to �ref � 0�8�N and start the motor

4. Determine the permanent magnet’s flux linkage and the position measurement
delay

(a) Get first an initial value
(b) Determine then the position measurement delay
(c) Improve the permanent magnet’s flux linkage estimate

5. Determine the direct axis inductance (a look-up table for the saturation)

6. Determine the quadrature axis inductance by making accelerations

(a) Determine also the inertia of the system (for a suitable method, see e.g. Schier-
ling, 1988)
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5.8 Conclusion

A new stator flux linkage estimate, the estimation flux linkage, was introduced to be
used for the parameter estimation of the current model. The idea is to use the current
model to correct the controller stator flux linkage estimate and to use an independent
flux linkage estimate to estimate the parameters. The estimation flux linkage estimator
must be stabilized using some other method than the current model. Four earlier pre-
sented methods were analysed and similar improvements than to the controller stator
flux linkage estimator were made to these. The best dynamic performance was achieved
with a method which is based on detecting the drift of the flux linkage estimate by using
the difference of the filtered and current value of the squared modulus of the stator flux
linkage as an error signal. Adding adaptation to the used filter and correction gain was
needed to get the dynamic performance good enough.

The machine parameters must be handled in the rotor coordinates. If the rotor an-
gle is not measured, it must be estimated. The estimate is obtained directly without
an additional estimator. Two equations were presented for this. The selection of the
equation depends on which parameters are known. The first method requires that the
quadrature axis inductance is known, and the second that the direct axis inductance
and the permanent magnet’s flux linkage are known. Since obtaining the rotor angle
estimate does not require any additional estimation, its performance is directly related
to the performance of the estimation of the stator flux linkage. If the current model is
not used to correct the flux linkage estimate, no additional estimation flux linkage needs
to be used. The performance of the rotor angle estimation with the controller stator flux
linkage estimators presented in Section 4.2.3 was analysed. It was concluded that the
method of Niemelä with the improved adaptive filtering and adaptive correction gain
gives satisfactory performance in transients for application in parameter estimation.

The presented flux linkage estimation methods were then applied to the estimation
of current model’s parameters. Through simulation it was found out that the presented
improvements were necessary in order to estimate the parameters accurately.

Finally a self-tuning procedure was presented for a direct torque controlled perma-
nent magnet synchronous motor drive based on the methods presented earlier in this
chapter.
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Experimental results
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6.1 Description of the test setup

The laboratory test drive consists of a permanent magnet synchronous machine sup-
plied by a voltage source inverter, the DC load machine with a 4-quadrant drive and
a flexible coupling between the machines. The inverter has got a braking chopper and
a resistor connected to the DC link to allow the generator operation of the PMSM. The
load drive can be controlled either with speed or torque control. There is also a torque
transducer for the measurement of the shaft torque. The speed of the PMSM is mea-
sured using an incremental encoder. The position is calculated by calculating the num-
ber of pulses obtained in the sampling interval. The encoder feedback is only used as a
reference if speed and position sensorless control operation is measured.

The control software is processed in a fixed point digital signal processor. A personal
computer is connected to the DSP card via an optical link. All the control actions are
performed in the DSP and none of the tasks are located in the computer connected
to the DSP. The DSP card includes a data acquisition memory of 4� 256 words. The
sampling frequency fs can be calculated thus as

fs �
256
Tmax

(6.1)

where Tmax is the duration of the measurement. The shortest possible sample time de-
pends a bit on the processor load, but is usually 100 µs resulting in a maximum sampling
frequency of 10 kHz. The acquisition can be started from the computer and the data can
be downloaded to the computer after the measurement for further analysis.

The measurement arrangement is depicted in Fig. 6.1 on the following page.
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Figure 6.1: The measurement arrangement.

6.2 Speed and position sensorless operation

6.2.1 Initial angle estimation

The initial angle estimation method was tested with four motors of different sizes and
different Lsq, Lsd combinations. The data of the test motors are listed in Appendix B.

The test motors differ from each other by the difference of the inductances and also
the saturation of d-axis inductance. The direct axis transient inductances of two of the
motors (I and IV) are presented in Fig. 6.2 on the next page.

The motor under the test is connected to a load DC machine with a flexible coupling
and therefore the shaft may move during the test. The test thus corresponds to a real
situation where the motor is connected to a load. Since the hardware of the inverter
was designed for the DTC, there was no hardware supported way of controlling the
currents in the measurement. The current had to be controlled indirectly via controlling
the torque and flux linkage.

The real rotor angle is measured using the pulses of an incremental encoder. In
order to compensate for the possible initial angle error, the angle error detection method
presented in Section 4.2.2 is applied before the estimations to determine the initial angle
error of the measurement.

The estimation results are presented in Table 6.1 on the facing page. The table
presents the mean error, mean of the error absolute value and the standard deviation
of a series of estimations. Figs. 6.3 and 6.4 on pages 134 and 135 show the estimated ro-
tor angle as a function of the real angle for two of the test machines. The measurement
errors are also shown in the figures.

The mean error is less than two electrical degrees in all the machines. Since the mean
error should be zero, it is assumed that there is no systematic error in the estimation. The
mean error is not much bigger with the simplified method presented in Section 4.3.2.
The mean of the absolute value of the error is around 10 electrical degrees. This may
seem big, but it should be noted that all machines are multipole machines (pN � 4 � � �10)
and thus the error in mechanical angle is only 1 � � �2�5 degrees.



6.2 Speed and position sensorless operation 133

Table 6.1: Initial angle estimation errors in electrical degrees. The values in parenthesis are obtained with
the simplified method presented in Section 4.3.2. N is the number of the measurements.

Machine N Mean error Mean of error abso-
lute value

Standard deviation

Motor I 60 �0�46(�2�18) 12�02(12�45) 15�84(16�14)
Motor II 260 �1�62(�2�28) 7�94(8�29) 10�12(10�36)
Motor III 100 �0�09(�1�17) 8�37(8�11) 9�91(9�17)
Motor IV 200 0�57(�0�21) 8�85(9�02) 11�46(11�52)
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Figure 6.2: Transient inductances of two of the tested machines as a function of the direct axis current used
in the measurement.
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(a) The estimated rotor angle as a function of the true measured rotor angle.
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(b) Measurement error in electrical degrees.

Figure 6.3: Series of rotor angle estimations (motor I, inverter I).
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(a) The estimated rotor angle as a function of the true measured rotor angle.

True rotor angle 	r [rad]

M
ea

su
re

m
en

te
rr

or
∆	

r

���2���2��

50

40

30

20

10

0

-10

-20

-30

-40

-50

-60

(b) Measurement error in electrical degrees.

Figure 6.4: Series of rotor angle estimations (motor IV, inverter IV).
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6.2.2 Starting after the initial angle estimation

The initial angle which is obtained from the initial angle estimation routine and which
is used in the initialization of the stator flux linkage may contain error, as was seen
in the previous measurements. Therefore, the operation of the starting of the drive
after an incorrect initialization is tested. Two cases are considered, the first with a fast
acceleration to the nominal speed and the second with a very slow acceleration to 80 %
of the nominal speed. The latter test simulates starting a load with a very large inertia.

In the first case the drive is started speed controlled and the speed reference is in-
creased linearly from zero to the nominal speed in 0.6 seconds. The load torque is zero
and the torque needed in the acceleration is therefore due to only the inertia of the drive.
The torque required to the acceleration is about the nominal torque of the PMSM. In this
and the following tests, the machine used is Motor I.

Fig. 6.5 shows the results of two measurements with a fast acceleration. After the
start the rotor angle is estimated using the methods presented in Section 5.3. In the first
measurement the method used is Method 1 and in the second Method 2. The initial
angle error is a bit different in the measurements, about 15 electrical degrees in the first
case and about 10 degrees in the second case. Despite the initial angle error the starting
occurs smoothly with no oscillation or rotation in the wrong direction. With Method
1, the error of the rotor angle estimate is decreased to negligible in about 0.5 seconds,
which is about the half the electrical revolution. With Method 2, this takes a bit longer.
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Figure 6.5: Initial angle estimation and a start after the routine. The error of the estimated rotor angle
��r � �r and the speed are presented as a function of time. The rotor angle is estimated using
Method 1 in the first case and Method 2 in the second case.

In the second case the load DC machine is torque controlled with the torque refer-
ence set to the nominal torque of the PMSM. The speed reference of the PMSM drive is
ramped linearly from zero to 80 % of the nominal speed. Three ramp times are consid-
ered, 150 seconds, 180 seconds and 240 seconds (these ramp times are defined so that
the speed reference is increased from zero to the nominal speed in 150 seconds etc., so
the acceleration from 0 to 80 % of the nominal speed takes 120 seconds). The difficult
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part of the acceleration is from 0 to 5 � � � 10 % of the nominal speed. Therefore, if the
drive succeeds to reach 10 % of the nominal speed, the start will not fail.

The starts with a ramp time of 150 seconds were succesful in all of several tests.
With a ramp time of 180 seconds, some of the starts failed. It was found out that the
speed controller gain affects the result a lot. The gain had to be at least 30 in order to
the starting to succeed. When the ramp time was increased from 180 seconds, not even
the tuning of the speed controller was able to help to succeed. Therefore the limit for
succesful starts was found to be about 3 minutes.

The results of the starts with ramp times of 150 and 180 seconds are presented in
Fig. 6.6. It is seen that the error of the estimated rotor angle remains below 35 electrical
degrees with both ramp times. This corresponds to about half the sector angle 60o used
in the selection of the voltage vectors. When the error increases near the sector angle, the
control is likely to fail. When the error is not near the sector angle, the voltage vector
selection is most of the time similar to a case when the stator flux linkage estimate is
correct. If the selection sector is incorrect, the error increases quite fast and eventually
the control will fail.

The tests with the slow acceleration were difficult to perform since the current con-
troller of the DC machine drive was difficult to tune. Since the low speed operation was
the difficult part with the PMSM drive, a fast torque rise time was needed with the DC
machine drive. This lead easily to oscillation in some frequencies which was increased
by the big speed controller gain of the PMSM drive. If the oscillations were removed,
the torque rise time was poor. Therefore these test do not accurately simulate a large in-
ertia, and it is possible that starts with longer ramp times succeed. Unfortunately such
a large inertia load was not available for the tests.
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Figure 6.6: Initial angle estimation and a start with a slow acceleration after the routine. The error of the
estimated rotor angle ��r � �r and the speed are presented as a function of time. The rotor angle
is estimated using Method 1.
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6.2.3 Steady state operation

The operation of the rotor angle estimation methods in steady state was examined by
driving the PMSM torque controlled and the load machine speed controlled. It was
noticed in the simulations, that Method 1 performs considerably better in the steady
state, and therefore only its performance is evaluated. Since the high speed operation
is quite a simple, the speed is set to 0.1 pu. (5 Hz). It should be noticed, however, that
improving the operation at low speeds has not been addressed in this thesis.

Fig. 6.7 shows the error of the estimated rotor angle when the torque reference is 1.0
pu. It is noticed that the error is less than 5 electrical degrees, but it has some oscillation
with a frequency of 10 Hz, which is twice the supply frequency. This oscillation occurs
obviously due to a gain error in the current measurement (Chung and Sul, 1998).
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Figure 6.7: Steady state operation of the rotor angle estimation using Method 1. The error of the estimated
rotor angle ��r � �r and the estimated torque are presented as a function of time. The flux linkage
correction gain k� � 0�5.

Note that the estimated rotor angle is not used in the control and thus its error does
not affect the control. However, it is a good measure of the error of the estimated stator
flux linkage, since the rotor angle is estimated using the estimated stator flux linkage.
Since the measurement of the stator flux linkage is not possible, it is easier to compare
the estimated and measured rotor angle.

6.2.4 Dynamical operation

The dynamical operation of the position sensorless control is tested separately with the
speed control and torque control.

Torque control

The dynamical operation of the position sensorless control is tested by driving the load
speed controlled (reference 0.2 pu. = 10 Hz) and performing a torque step with the
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PMSM drive. The torque step is from 10 % to 100 % pu. Two measurements are made,
which differ by the flux linkage correction method. In both methods, the flux is cor-
rected by using the method presented in Section 4.2.3. In the first measurement the
filter used in the calculation of the error signal is the original low-pass filter. In the
second measurement the filter includes the improvements made in Section 4.2.3.

Fig. 6.8 presents the error of the estimated rotor angle. In both cases, the rotor angle
is estimated using Method 1. It is seen, that there is not much difference in the behaviour
of the error, the improved method having a bit smaller maximum error. However, the
error is not bad with either methods. The reason for almost equal behaviour is that
the dot product does not change much in torque changes with the machine used. Then
there is not unnecessary corrections to the estimated flux linkage, as is the case when
the dot product changes during the torque changes.
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Figure 6.8: Dynamical operation of the rotor angle estimation when using the original and improved filters
in the flux linkage correction. The error of the estimated rotor angle ��r � �r in a torque step.
Flux linkage correction gain k� � 0�5.

Speed control

The dynamical operation of the position sensorless control is tested by reversing the
speed of the PMSM. The initial speed is one third of the nominal speed and the speed
reference is reversed to minus one third of the nominal speed in 267 milliseconds.

Fig. 6.9(a) on the next page shows the measured speed with the original low-pass
filter, with the improved filter and with the current model. Fig. 6.9(b) shows the er-
ror of the estimated rotor angle (estimated using Method 1) in the speed and position
sensorless operation.

The control with the original low-pass filter fails. The error of the estimated rotor
angle increases fast and at last the estimated flux linkage and the real flux linkage are
perpendicular. The real flux linkage and the stator current are in this case parallel and
the rotor stops since the applied current becomes a DC current. The speed controller
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increases the torque reference until the set limits are reached. The applied DC current
increases accordingly.

With the improved filter the error of the estimated rotor angle remains small, from
which it is concluded that the estimated stator flux linkage is accurate enough for the
controller to operate well during the speed reversal. The performance is almost as good
as that of the position sensored control.

Note that the y-axes are scaled differently in Fig. 6.9(b).

6.3 Correction of the rotor angle measurement error

The operation of the angle error correction method presented in Section 4.2.2 is tested
by comparing simulation results with experimental results. Since the initial angle er-
ror cannot be determined in the actual system, the simulation is performed so that a
known error is made to the measured angle. The operation of the actual system is then
compared to the simulation.

The results are presented in Fig. 6.10 on the following page. Fig. 6.10(a) shows the
simulation results and in Fig. 6.10(b) the results of the simulation and measurements
are combined. It is observed that the simulation and the measurement act the same
way if the angle error in the simulation is 0.22 radians (12.6 degrees). Results show
that the method presented is able to detect and compensate the error of the rotor angle
measurement.

6.4 Parameter estimation

The operation of the parameter estimation methods, which are used in the self-commis-
sioning procedure presented in Section 5.7 is presented in this section. The methods are
presented in the order they should be performed, as described in Sections 5.4 and 5.7,
i.e.

1. Permanent magnet’s flux linkage with light load

2. Direct axis inductance also with light load

3. Quadrature axis inductance by accelerating the machine against its own inertia

6.4.1 Permanent magnet’s flux linkage

The permanent magnet’s flux linkage �PM is estimated so that the motor is started from
a known position using an initial value for �PM, which is obtained from a user-given
nominal voltage UN and the nominal angular frequency �N with

�PM0 �
UN

3�N

(6.2)

scaled to space vector scale. The speed reference is set to 80 % of the user-given nominal
speed. If position feedback is not available, the stator flux linkage estimate is corrected
with the method of Niemelä. If position feedback is available, the current model is used
with the initial value of �PM.

The operation of the presented methods is shown by setting the nominal voltage
incorrectly to a different value than the open-circuit voltage. The open-circuit voltage
of the machine used is E � 424V and the initial value is calculated from UN � 400V.
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Fig. 6.11 on the next page shows the estimation results with position feedback and
Fig. 6.12 on page 145 without position feedback. The values of the open-circuit volt-
age calculated from the values of the estimated permanent magnet’s flux linkage are
presented in Table 6.2. The error of the estimated values of the open-circuit voltage
corresponding to the permanent magnet’s flux linkage is below 0.1 %.

Table 6.2: The estimated values of the open-circuit voltage E compared with the measured voltage.
Method E � �N�PM

Measured 424 V
Position sensorless 423.7 V
Position sensored 424.4 V

6.4.2 Direct axis inductance

The direct axis inductance is estimated after an estimate to the permanent magnet’s flux
linkage has been obtained. The inductance can be estimated with several values of the
direct axis current for storing in a look-up table. With the machine used, the saturation
is negligible and the inductance is almost constant.

The operation of the method used in the position sensored case is presented in
Fig. 6.13 on page 146. The initial value of the inductance is set above the real value.
At 1.7 seconds the estimation routine is started by changing the stator flux linkage ref-
erence from 100 % to 64 % of the permanent magnet’s flux linkage. The value of the
inductance estimate settles in about one second to the steady state value.

Fig. 6.14 on page 146 presents the sequence for the estimation of the direct axis in-
ductance without position feedback. The stator flux linkage reference is changed from
about 0.6 to 0.95 times the permanent magnet’s flux linkage in seven steps. The induc-
tance is estimated in all the steps. It is observed that the value of the estimated induc-
tance keeps almost constant without oscillations during the flux linkage changes. The
value of the inductance estimate obtained is within 1.8 % of the value obtained with the
quite different position sensored routine. The values obtained are tabulated in Table 6.3.

Table 6.3: The estimated values of the direct axis inductance with and without position feedback.

Method �Lsd [pu.] �Lsd [mH]
Position sensorless 0.5353 52.1
Position sensored 0.5260 51.2

6.4.3 Quadrature axis inductance

The quadrature axis inductance is estimated by accelerating the motor against its own
inertia. In order to make the acceleration as long as possible, the initial speed is as low as
possible, taking into consideration that the error of the flux linkage integration methods
increases as the speed decreases.

As presented in Section 5.5, the procedure of the estimation differs when the rotor
angle is measured and when it is not. The operation of the estimation is therefore a bit
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Figure 6.11: The estimation of the permanent magnet’s flux linkage with position feedback. The estimation
is started at 0.6 seconds and it runs to 2.1 seconds. After that the angle error correction method
is activated and it runs to 4.1 seconds. The estimation of �PM is then activated again and it
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different with the two cases. Fig. 6.15(a) on page 148 presents the course of the estima-
tion with position feedback and Fig. 6.15(b) without position feedback. The values of
the estimate when the estimation is stopped are presented in Table 6.4.

Table 6.4: The estimated values of the quadrature axis inductance with and without position feedback.

Method �Lsq [pu.] �Lsq [mH]
Position sensorless 0.7747 75.5
Position sensored 0.7621 74.2

Although it seems that the values of the estimated inductances are still increasing
when the estimation is stopped, the value of the estimate has reached the steady state
value. The reason for this increasing behaviour is that the accuracy of the flux linkage
estimation methods increases as the speed increases. At about 80 % of the nominal
speed the error is negligible and therefore also the inductance estimates are accurate.

During the testing of the estimation without position feedback it was observed that
the load angle calculated from Eq. (5.44) has an enormous amount of ripple. The ripple
was as big as the part given by the arctan2 part of the equation. One reason for this is
in the numerical calculation of the arccos function. The needed area of arccos is near its
zero around 1, where the derivative of arccos is quite big. Therefore a small error in the
argument of arccos gives a big error in the obtained angle. An error of one percent gives
an error of about 8 degrees near 1 (arccos0�99� 8�1 degrees). To avoid the problematic
ripple, the load angle was calculated iteratively using the Newton-Raphson method,
which provides a suitable filtering.

6.5 Flux linkage reference selection

The operation of the stator flux linkage reference selection scheme, which minimizes the
stator current, is tested separately with torque and speed control. With torque control,
the behaviour of the flux linkage reference in torque steps is shown. With the speed con-
trol the transition from the current minimizing control to the field-weakening is shown.

Fig. 6.16 on page 149 shows the results with the torque control. A torque step from
10 % to 100 % of the nominal torque is made. The initial value of the flux linkage
reference is about the same as the value of the permanent magnet’s flux linkage (1 pu. ).
At 0.2 seconds, the torque reference is changed, and as a result of the increased torque,
the derivative of the modulus of the stator current with respect to the direct axis current
d�is��disd becomes negative. The flux linkage reference is therefore increased as long as
the derivative is negative. The steady state value is reached without overshoot.

Fig. 6.17 presents the results with the speed control. The load torque is about 36 % of
the nominal torque and the initial speed is 0.1 pu. (5 Hz). The speed reference is ramped
to 55 Hz in 0.6 seconds starting at 0.2 seconds. The torque required for the acceleration
is a little less than the nominal torque. As a consequence, the flux linkage reference is
increased to about 1�1�PM. At about 80 % of the nominal frequency, the voltage limit
is reached since the torque hysteresis controller saturates. The flux linkage reference is
therefore decreased as the speed is increased. A smooth transition is obtained without
any ripple in the flux linkage reference or the torque.
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Figure 6.15: The estimation of the quadrature axis inductance. The estimation is started when the rotor
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Figure 6.16: The operation of the flux linkage reference selection in a torque step of 90 % of the nominal
torque (from 10 % to 100 %).
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6.6 Load angle limitation

The operation of the combined indirect and direct load angle limitation is tested with
a stepwise change of the speed reference. The speed controller gain is so big that the
commanded torque is above the maximum obtainable torque of the machine. The max-
imum short term overcurrent of the inverter used was not enough to drive the machine
into the real maximum load angle and therefore the lower limit of the direct load angle
controller had to be decreased to 53o. The base value of the indirect limit is calculated
using Eq. (4.139). Since this assumes a load angle of 90o, the adaptive part of the indirect
limitation presented in Eq. (4.140) becomes even more important than with the limit of
90o.

Fig. 6.18 presents the results. It is observed that the adaptation of the indirect limit
decreases the indirect limit quite fast to correspond to the load angle limit of the direct
limitation. When the speed approaches the nominal speed, the flux linkage is decreased
a bit since the voltage limit is reached. As a consequence, the limit is decreased since
��

s
� is decreased in Eq. (4.139). After the speed reference has been reached, the flux

linkage is increased, since the voltage of the DC link is increased when the diode bridge
current is decreased. The torque limit increases accordingly.
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Figure 6.18: Operation of the combined indirect and direct load angle limitation.

6.7 Discussion of the results

The purpose of the laboratory measurements was to show that the developed methods
work as presented in the analysis. In the speed and position sensorless operation, the
starting of the drive was tested. The error of the estimated initial angle was found
to be small enough for a successful starting without oscillation or rotation in the wrong
direction. The starting was successful up to ramp times of 180 seconds. It was found that
during the normal operation, the presented improvements in the filter in the correction
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of the estimated stator flux linkage improve the performance of the position sensorless
operation considerably, especially the dynamical performance.

Next, the operation with the measured rotor angle was studied. By comparing the
simulation and measurement results, it was observed that the error of the measured
rotor angle can be detected and compensated by using the method presented in Sec-
tion 4.2.2.

Next, the estimation of the parameters of the machine was presented. Methods for
the estimation of the permanent magnet’s flux linkage and the direct and quadrature
axis inductances were tested. Both estimation methods for the permanent magnet’s flux
linkage were found to be excellent with an error of less than 0.1 %. The two direct axis
inductance estimation methods gave results which were only 1.8 % apart from each
other. The most challenging estimation was the estimation of the quadrature axis in-
ductance. The results of the methods used with and without position sensored control
were within 1.7 % of each other.

The flux linkage reference selection scheme, which minimizes the stator current, was
tested with torque control in torque steps and with speed control in the transition from
the base speed area to the field weakening area. The reference was found to be well
damped with no overshoot in the transients. Since the torque control is not affected by
the control of the modulus of the flux linkage, the control of the flux linkage reference
was made quite a slow in the experiments. The transition from the current minimization
flux linkage reference control to the field-weakening control was found to be smooth.

The combined indirect and direct load angle control was found to act as described.
The adaptive torque limitation prevents the wind-up of the speed controller and at the
same time minimizes the need for the direct load angle control. The use of the direct
load angle control creates quite a large torque ripple and therefore it should be avoided
as far as possible.





Chapter 7

Conclusion

This thesis examined various parts of the direct torque control applied to permanent
magnet synchronous machines. The two main topics were the selection of the parame-
ters of a PMSM in a direct torque controlled drive and the direct torque control itself.

In order to match the machine with the control system, an analysis of the effect of the
machine parameters on the steady state performance was presented. The main purpose
was to find out how the parameters affect the direct torque control and to compare it to
the commonly used minimum current control. Based on the analysis, a parameter selec-
tion procedure was introduced. Both the analysis and the selection procedure are based
on the non-linear optimization of the nominal torque or the nominal current. Different
from the selection analyses presented in literature, this method better utilizes the con-
straints set by the limited current and voltage and the requirements of the application.
In the analysis, it was found that, with a given maximum current and voltage, more
torque can be obtained with a control system which is based on keeping the stator flux
constant than with the minimum current control provided that the machine is dimen-
sioned according to the analysis presented. This is explained by the greater proportion
of the torque created by the interaction of the permanent magnet and the quadrature
axis current than the reluctance torque.

The key element of a direct torque controlled drive, the estimation of the flux link-
age, was analysed both with and without using the position sensored current model.
In the position sensored version, it was found out that the error of the measured rotor
angle creates problems. The reason for this is that the voltage model, which is used
as the primary flux estimator, and the current model, which is used to correct the flux
of the primary flux estimator, travel a different path from one correction instant to an-
other. The difference between the models was utilized to form an on-line detection and
correction of the error of the measured rotor angle. Due to the nature of the error, the
correction was also formed with a linear correction term with an offset term and a term
dependent on the time delay of the measurement. A detection algorithm for these pa-
rameters was also presented. Based on simulations and measurements, these methods
are able to compensate for the error.

If the position sensor is not used, the stator flux linkage must be stabilized using
an other method. Since the control method DTC keeps the stator flux linkage estimate
on a circular origin centred path, the drift of the real flux linkage must be detected.
Therefore the applied method is different from the methods commonly presented for
current vector control’s flux linkage estimation, which are based on some form of low
pass filtering of the flux linkage estimate. The presented method, based on the earlier
work of Niemelä, is founded on keeping the angle between the measured stator current
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and the estimated stator flux linkage constant. A drift of the real flux linkage is observed
in the measured stator current. This results in an oscillation of the dot product of the
vectors of the current and the flux linkage estimate. By extracting the AC part of the
oscillation, a correction term is formed. The extraction was improved by improving the
used low pass filter and making the correction gain adaptive to torque changes. The
improvements make the performance of the flux linkage estimation almost as good as
the sensored current model calculation.

The estimation of the initial angle of the rotor is a vital part of both an open-loop
and a closed-loop vector controlled PMSM drive. For a position sensorless drive the
need for estimation is natural, but it is needed also in a position sensored drive, if the
position sensor is an incremental encoder. A method for the estimation, which is based
on measuring the inductance of the machine in several directions and fitting the mea-
surements into a model, was presented. The model is nonlinear with respect to the rotor
angle and therefore a nonlinear least squares optimization method is needed in the de-
termination of the rotor angle. A simplified method, which was presented, is however
very simple to implement even with a low-cost processor. The even more simplified
method requires no knowledge of the machine parameters and is thus suited for the
first start of the machine. The use of the presented method enables to manage with an
incremental encoder even in the most demanding drives provided that the rotor of the
PMSM is salient and the saturation created by the permanent magnet’s flux is sufficient.

The control of the stator flux linkage reference is a component, which differs in the
control of a PMSM compared to other machine types. In the basic form of the DTC the
stator flux linkage reference is kept constant. This, however, does not give the mini-
mum current with a PMSM. A stator flux linkage selection scheme, which minimizes
the stator current, was therefore presented. The method calculates the reference on-line
using the parameters of the machine and the estimated torque and flux linkage as in-
puts. The same method can also be used with a more complicated loss model in order to
minimize the total losses. At speeds above the nominal speed when the voltage limit is
reached, a different approach is needed. A method which detects the lack of the voltage
reserve was presented. The method is not based on the machine model, which can be
inaccurate, but the detection of the saturation of the torque hysteresis controller.

The limitation of the torque below the stability limit of a synchronous machine is
another component which has to be taken care of when controlling a synchronous ma-
chine. In an earlier study a direct load angle limitation method was presented for the
DTC to eliminate the effect of incorrect machine parameters associated with an indirect
torque limitation. In this thesis, the direct limitation was combined with the indirect
torque limitation. The calculation of the indirect torque limit was made adaptive in or-
der to minimize the use of the direct limitation and to drive the limit of the maximum
torque to the reference.

In the current vector control the flux linkage estimate can be used to estimate the
parameters of the current model. In the DTC, if the current model is used to correct
the controller stator flux linkage estimate, this feature is lost. To enable the parameter
estimation, another estimation flux linkage was introduced. The estimation flux link-
age is independent on the controller stator flux linkage, which is used for the selection
of the voltage vectors. In consequence, the estimation flux linkage must be stabilized
with a suitable method. The performance of four methods presented in literature was
analysed. Again, the dynamic behaviour of the earlier presented methods was not suf-
ficient in torque changes. With similar improvements as those for the controller stator
flux linkage estimator the performance could be improved to enable the estimation of
the parameters of the current model.

If a position sensor is not used, the controller stator flux linkage is also used in the
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estimation of the machine parameters. Since the synchronous machine model is used
in the rotor coordinates, an estimate for the rotor angle is needed. Two methods to
calculate first the load angle and then the rotor angle were presented. These methods
do not require any additional estimators but the controller stator flux linkage estimate.
The performance of the methods is thus related to the performance of the estimation of
the controller stator flux linkage. It was found that the first of these methods is a more
suitable one, if enough machine parameters are known. The second method has to be
used when estimating the parameters used in the first method. The performance of the
second method was observed to be satisfactory for this purpose.

With the analysis and implementation of the direct torque control for permanent
magnet synchronous machines presented in this thesis, a good performance can be ob-
tained both with position sensored and position sensorless control. Further research is
still needed to bring the reliable position sensorless speed range near zero speed. The
flux linkage estimation methods treated in this thesis work reasonably well near zero
speed if the operating time is limited. A longer operation time requires a new approach
for the estimation of the flux linkage. One promising possibility, which has already
been suggested, is the addition of a high-frequency signal into the normal stator current
references. The application of this method requires modification to be used with the
DTC, since the currents are not controlled in the DTC but the torque and the stator flux
linkage.

The presented analysis of the machine parameters gives guidelines for a designer
of a PMSM or the whole drive. Further research should be performed to combine the
analysis and selection of the parameters of the PMSM with the actual magnetic design of
a machine. Also the saturation should be included in the further research. The analysis
presented does not totally neglect the saturation since mainly the nominal operating
point was considered, thus the values of the parameters should be considered as the
saturated ones.





Appendix A

Proofs of some equations

A.1 Proof of Eq. (3.40)

If the resistance is neglected, the stator voltage equation is

us � j��
s

Therefore, since the voltage and the stator flux linkage are perpendicular the equation
of the torque in pu-form can be extended as follows

te � �
s
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��is� sin
�
��2��
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� ��
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��is� cos��

The power factor is then

cos� �
te
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s
��is�

� (A.1)

A.2 Proof of Eq. (3.63)

Let us assume a unity power factor. Since the stator flux linkage and the current vector
are perpendicular in the unity power factor situation, the current components may be
expressed as

isd � ��is� sin Æs (A.2)
isq � �is� cos Æs (A.3)

where Æs is the angle of the stator flux linkage vector �
s

in the rotor coordinates. The
quadrature axis component of the stator flux linkage can be written as

��
s
� sin Æs � Lsqisq � Lsq�is� cos Æs� (A.4)

The tangent of Æs is solved as

tan Æs �
Lsq�is�
��

s
� � (A.5)

The direct axis component of the stator flux linkage is

��
s
� cos Æs � Lsdisd� �PM � �Lsd�is� sin Æs � �PM� (A.6)
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Let us solve the permanent magnet’s flux linkage

�PM � ��s
� cos Æs � Lsd�is� sin Æs� (A.7)

Using the following trigonometric equalities

cos2 Æs �
1

1� tan2 Æs
(A.8)

sin2 Æs �
tan2 Æs

1� tan2 Æs
(A.9)

�PM can be written as

�PM � ��s
� 1�

1� tan2 Æs
� Lsd�is�

tan Æs�
1� tan2 Æs

�
1�

1� tan2 Æs

�
��

s
�� Lsd�is� tan Æs

�
�

(A.10)

Let us square both sides of the equation

�2
PM �

1
1� tan2 Æs

�
��

s
�� Lsd�is� tan Æs

�2
� (A.11)

Let us subsitute tan Æs from Eq. (A.5). This gives

�2
PM �

��
s
�2

��
s
�2� L2

sq�is�2
$
��

s
�� LsdLsq

�is�2
��

s
�

%2

� (A.12)

Thus

�PM �
��

s
�2� LsdLsq�is�2�
��

s
�2 � L2

sq�is�2
� (A.13)

A.3 Proof of Eq. (4.13)

Let us first consider the direct axis voltage equation in rotor coordinates when the rotor
does not rotate (�r � 0):

usd � Rsisd �
d�sd

dt
� Rsisd�

d
dt

(Lsdisd � LmdiD� �PM) (A.14)

� Rsisd � Lsd
disd

dt
� Lmd

diD

dt
(A.15)

where it has been assumed that Lsd, Lmd and �PM are constant. Let us define the rotor
magnetizing current imd

imd �
�D

Lmd
� isd�

Lrd

Lmd
iD�

�PM

Lmd
(A.16)

where

Lrd � Lmd � LD� (A.17)
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The current of the damper winding can be solved as

iD �
Lmd

Lrd

�
imd � isd � �PM

Lmd

�
� (A.18)

By substituting iD into the voltage equation Eq. (A.15) the following is obtained

usd � Rsisd�

�
Lsd � L2

md

Lrd

�
disd

dt
�

L2
md

Lrd

dimd

dt
� (A.19)

Let us define the stator direct axis transient inductance

L�
sd � Lsd � L2

md

Lmd � LD�
� (A.20)

Next, let us show that this inductance is the predominant inductance in short transients.
Let us substitute iD from Eq. (A.18) into the voltage equation of the direct axis damper
winding (Eq. (2.27))

0� RD
Lmd

Lrd

�
imd � isd � �PM

Lmd

�
� Lmd

dimd

dt
� (A.21)

By defining the time constant of the direct axis damper winding, 
D � Lrd�RD the
derivative of the magnetizing current may be expressed as

dimd

dt
�

isd � imd �
�PM
Lmd


D
� (A.22)

The voltage equation of the stator direct axis can then be rewritten as

usd � Rsisd � L�
sd

disd

dt
�

L2
md

Lrd

isd � imd �
�PM
Lmd


D
� (A.23)

Now, if a voltage pulse, which is much shorter than the time constant of the damper
winding, is fed to the stator direct axis, the voltage equation is approximately

usd � Rsisd � L�
sd

disd

dt
� (A.24)

Similar treatment may be applied to the quadrature axis voltage equation. The quadra-
ture axis transient inductance is defined thus as

L�
sq � Lsq �

L2
mq

Lmq � LQ�
� (A.25)

A.4 Proof of Eq. (5.44)

The solution of Eq. (5.40):

k1 cos�Æs� k2 sin�Æs � k3 � 0

Let us reorganize the equation

k1 cos�Æs � k2 sin�Æs � k3 (A.26)
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By substituting k1 � r cos 	 and k2 � r sin 	 the left hand side of the equation may be
further modified as follows:

r cos	 cos�Æs � r sin 	 sin�Æs � r cos
��Æs � 	

�
(A.27)

where r �
�

k2
1 � k2

2 and 	 � arctan k2�k1� n�. The equation is therefore transformed to�
k2

1� k2
2 cos

��Æs � 	
�
� k3 (A.28)

The solution of this is

�Æs � �arccos
k3�

k2
1� k2

2

� 2n�� 	� (A.29)

It will be now proven that in a PM machine the solution is always

�Æs � sgn(�te) arccos
k3�

k2
1 � k2

2

� 	 (A.30)

where

	 � arctan2 (k2
 k1) � (A.31)

arctan2 is the four quadrant inverse tangent defined as

arctan2 (k2
 k1) �

(,,,),,,*
arctan k2

k1

 k1 � 0

arctan k2
k1
� �
 k1 � 0

�
2 
 k1 � 0
 k2 � 0
� �

2 
 k1 � 0
 k2 � 0

(A.32)

The proof is divided into four items:

1. Proof that function f has got two and only two extremes between�� and �.

2. Proof that of these extremes the other is always a local maximum

3. Proof that this maximum is equal to or greater than zero and the minimum equal
to or less than zero

4. Proof that in the solution the sign of the derivative of function f is opposite to the
sign of the torque estimate

Items 1-2 distinguish which of the two extremes is a maximum. Item 3 shows that the
maximum is above zero and the minimum below zero. Therefore the solution of f � 0
is between a maximum and a minimum. Item 4 shows then that the right solution is the
one which is further away from zero. Items 1-3 justify replacing

	 � arctan k2�k1� n�
� 	 � arctan2 (k2
 k1) �

Item 4 justifies replacing the � sign in front of arccos with sgn(�te).
The proof is as follows:
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1. The extremes of f are found by setting the derivative f � to zero:

d f

d�Æs
� f �

��Æs

�
� k2 cos�Æs � k1 sin�Æs � 0 (A.33)

The solution is

�Æse � arctan
k2

k1
� n�� (A.34)

Therefore there are two and only two extremes between�� and � �

2. The nature of the extreme is studied by evaluating the second derivative f �� in the
extreme �Æse.

f �� � �
�

k1 cos�Æs � k2 sin�Æs

�
(A.35)

f ��
��Æse

�
� �

�
k1 cos�Æse � k2 sin�Æse

�
(A.36)

Now let us substitute �Æse � arctan k2
k1
� n� into f ��. Let us treat this in four parts:

(a) k2 � 0
 k1 � 0, (b) k2 � 0
 k1 � 0, (c) k2 � 0
 k1 � 0, (d) k2 � 0
 k1 � 0

(a) k2 � 0
 k1 � 0. (from k2 � 0, it follows that �te � 0)
Let us denote k2�k1 � x:

�Æs � arctan x� n� � arccos
1


1� x2
� n� (A.37)

�Æs � arctan x� n� � arcsin
x


1� x2
� n� (A.38)

Therefore

cos�Æs � cos(arctan x� n�)�

&
1�

1�x2 
 n even

� 1�
1�x2 
 n odd

(A.39)

sin�Æs � sin(arctan x� n�)�

&
x�

1�x2 
 n even

� x�
1�x2 
 n odd

(A.40)

The second derivative f �� is then

f �� �

()*�
�

k1�
1�x2 �

k2x�
1�x2

�

 n even

k1�
1�x2 �

k2x�
1�x2 
 n odd

(A.41)

Since



1� x2 � 0, the numerator k1� k2x determines the sign of f ��:

k1� k2x � k1�
k2

2

k1
�

k2
1� k2

2

k1
(A.42)

Since k2
1 � k2

2 � 0, k1 determines the sign. It was assumed, that k1 � 0 and
therefore it follows that

sgn( f ��)�

&
� sgn(k1) � �1
 n even� maximum of f
sgn(k1)� 1
 n odd� minimum of f

(A.43)
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Judging by the sign of f ��, it is concluded that between��
 �, n � 0 gives the
maximum for f

�Æs max � arctan
k2

k1
� (A.44)

(b) k2 � 0
 k1 � 0. (from k2 � 0, it follows that �te � 0)
Since x � k2�k1 � 0

�Æs � arctan x� n� ��arccos
1


1� x2
� n� (A.45)

�Æs � arctan x� n� � arcsin
x


1� x2
� n� (A.46)

Therefore

cos�Æs � cos
�
�arccos

1

1� x2

� n�
�

� cos
�

arccos
1


1� x2
� n�

�
�

&
1�

1�x2 
 n even

� 1�
1�x2 
 n odd

(A.47)

sin�Æs � sin(arctan x� n�)�

&
x�

1�x2 
 n even

� x�
1�x2 
 n odd

(A.48)

The second derivative f �� is therefore the same as in the first case. It this case,
it was assumed that k1 � 0 and thus its sign

sgn( f ��)�

&
� sgn(k1)� 1
 n even� minimum of f
sgn(k1) � �1
 n odd� minimum of f

(A.49)

From the sign of f �� it is concluded that, of the extremes of f between ��
 �
the maximum is obtained with

�Æs max � arctan
k2

k1
� �� (A.50)

(c) k2 � 0
 k1 � 0. (from k2 � 0, it follows that �te � 0)
Similarly as in (b)

�Æs � arctan x� n� ��arccos
1


1� x2
� n� (A.51)

�Æs � arctan x� n� � arcsin
x


1� x2
� n� (A.52)

The second derivative is the same as in (a) and (b) and its sign

sgn( f ��)�

&
� sgn(k1) � �1
 n even� maximum of f
sgn(k1)� 1
 n odd� minimum of f

(A.53)

Thus the maximum is obtained with even n and between��
 � the maximum
is obtained with

�Æs max � arctan
k2

k1
� (A.54)
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(d) k2 � 0
 k1 � 0. (from k2 � 0, it follows that �te � 0)
Similarly as in (a) the sign of the second derivative is

sgn( f ��)�

&
� sgn(k1)� 1
 n even� minimum of f
sgn(k1) � �1
 n odd� maximum of f

(A.55)

The maximum between��
 � is thus

�Æs max � arctan
k2

k1
� �� (A.56)

By combining (a) � � � (d) it is concluded that of the extremes of f the maximum is
obtained with

�Æs max � arctan2 (k2
 k1) (A.57)

and the minimum with

�Æs min � arctan2 (k2
 k1)� � � (A.58)

3. The value of f in the maximum

f
��Æs max

�
� k1 cos�Æs � k2 sin�Æs � k3�

Let us calculate the value for different k1 and k2:

(a) k2 � 0
 k1 � 0
The maximum is obtained with even n

�Æs max � arctan
k2

k1
(A.59)

The value of f is then

f
��Æs max

�
�

k1�
1�

�
k2
k1

�2
�

k2
2

k1�
1�

�
k2
k1

�2
� k3

�

k1�
k2

2
k1
� k3

�
1�

�
k2
k1

�2

�
1�

�
k2
k1

�2

�

k2
1 � k2

2 � k3k1

�
k11�

�
k2
k1

�2

k1

�
1�

�
k2
k1

�2

�

k2
1 � k2

2 � k3

�
k2

1� k2
2

k1

�
1�

�
k2
k1

�2

(A.60)
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From Eq. (A.28) k3 �

�
k2

1� k2
2 cos

��Æs � 	
�

:

f
��Æs max

�
�

k2
1 � k2

2 �
�
k2

1� k2
2

�
cos

��Æs � 	
�

k1

�
1�

�
k2
k1

�2

�

�
k2

1 � k2
2

� �
1� cos

��Æs � 	
��

k1

�
1�

�
k2
k1

�2
� 0 �

(A.61)

(b) k2 � 0
 k1 � 0
The maximum is obtained with odd n�Æs max � arctan

k2

k1
� � (A.62)

The value of f is then

f
��Æs max

�
�

�k1�
1�

�
k2
k1

�2
�

k2
2

k1�
1�

�
k2
k1

�2
� k3

�

�k1 � k2
2

k1
� k3

�
1�

�
k2
k1

�2

�
1�

�
k2
k1

�2

�

�k2
1 ��k2

2 � k3k1

�
1�

�
k2
k1

�2

k1

�
1�

�
k2
k1

�2

�

� �k2
1� k2

2

�� k3

�
k2

1� k2
2

k1

�
1�

�
k2
k1

�2

(A.63)

From Eq. (A.28) k3 �

�
k2

1� k2
2 cos

��Æs � 	
�

:

f
��Æs max

�
�

� �k2
1� k2

2

�� �k2
1� k2

2

�
cos

��Æs � 	
�

k1

�
1�

�
k2
k1

�2

�

� �k2
1� k2

2

� �
1� cos

��Æs � 	
��

k1

�
1�

�
k2
k1

�2
� 0 �

(A.64)

(c) k2 � 0
 k1 � 0

�Æs max � arctan
k2

k1
(A.65)

f
��Æs max

�
is the same as in (a) and similarly f

��Æs max

�
� 0
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(d) k2 � 0
 k1 � 0

�Æs max � arctan
k2

k1
� � (A.66)

f
��Æs max

�
is the same as in (b) and similarly f

��Æs max

�
� 0

Combining (a) � � � (d), it is observed that for all k1, k2

f
��Æs max

�
� 0 � (A.67)

Similarly it could be shown that

f
��Æs min

�
� 0 � (A.68)

4. From Eq. (5.36)

Æs � arctan
Lsq�s

� is

��
s
�2 � Lsq�s

� is
� arctan x
 Æs �]� �

2


�

2
[ (A.69)

For Æs ��]� �
2 


�
2 [

Æs � arctan
Lsq�s

� is

��
s
�2 � Lsq�s

� is
� n�� (A.70)

Let us first examine the case of Æs �]� �
2 


�
2 [. The arcus tangent can be expressed

with the help of arcus sine and arcus cosine:

arctan x � arccos
1


1� x2

 x � 0 (A.71)

arctan x � arcsin
x


1� x2
� (A.72)

The derivative of function f is

d f

d�Æs
� f �

��Æs

�
� k2 cos�Æs � k1 sin�Æs� (A.73)

Substitution of Æs into Eq. (A.73) gives

f � � k2
1


1� x2
� k1

x

1� x2

�
k2 � k1x


1� x2
� (A.74)

Let’s examine the sign of f �. Since



1� x2 � 0, k2 � k1x determines the sign of f �:

k2 � k1x � Lsd�s
� is �

��
s
�2 � Lsd�s

� is

��
s
�2 � Lsq�s

� is
Lsq�s

� is

� �
s
� is

��
s
�2 �Lsd � Lsq

�
��

s
�2 � Lsq�s

� is
�
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We know that sgn(�
s
� is) � sgn(te). Furthermore ��

s
�2 �Lsd � Lsq

�
� 0 in a PM-

motor with Lsd � Lsq. What about the sign of ��
s
�2 � Lsq�s

� is? From Eq. (5.36) we
get

��
s
�2 � Lsq�s

� is �
Lsq�s

� is

tan Æs
� (A.75)

Therefore

sgn(k2 � k1x)� sgn
�
�

s
� is

�
� sgn

�
Lsd � Lsq

� � sgn
�
��

s
�2 � Lsq�s

� is

�
� sgn

�
�

s
� is

�
� sgn

�
Lsd � Lsq

� � sgn
�
�

s
� is

�
� sgn (tan Æs)

� sgn
�
Lsd � Lsq

� � sgn (tan Æs) (A.76)

In a PM-machine usually Lsd � Lsq which leads to

sgn
�

f �
�
� � sgn (tan Æs) � (A.77)

Let us go back to the case of Æs ��]� �
2 


�
2 [. Now

cos Æs � cos
�

arccos
1


1� x2
� n�

�

 (A.78)

sin Æs � sin
�

arcsin
x


1� x2
� n�

�
� (A.79)

Of special interest is n � �1. Then

cos Æs � � 1

1� x2

(A.80)

sin Æs � � x

1� x2

(A.81)

Examination of the sign of f � now leads to

sgn
�

f �
�
� � sgn

�
Lsd � Lsq

� � sgn (tan Æs) � (A.82)

Now, if we combine Eqs. (A.76) and (A.82) to cover the whole trigonometric circle,
we notice that in the first and second quadrants f � is negative and in the third and
fourth qudrants f � is positive. Therefore we may conclude that

sgn( f �) � � sgn(te)� (A.83)

It is assumed that sgn(�te)� sgn(te) and thus

sgn( f �) � � sgn(�te) �� (A.84)

In the special case Lsd � Lsq, f � � 0.

Therefore the right solution �Æs of f
��Æs

�
� 0 is for positive torque greater than the

maximum �Æs max. For negative torque, the right solution is less than the maximum.
Because of this, we may replace the � sign in front of arccos with sgn(�te).



Appendix B

Data of laboratory motors and
drives

Table B.1: Data of the motor I.
Nominal power 5 kW
No-load back EMF 425 V
Nominal current 8.0 A
Nominal frequency 50 Hz
Polepairs 10
Nominal torque 160 Nm
Direct axis transient inductance 48.7 mH = 0.50 pu.
Quadrature axis inductance 75.8 mH = 0.78 pu.
Stator resistance 1.78 Ω

Table B.2: Data of the motor II.
Nominal power 5 kW
No-load back EMF 425 V
Nominal current 8.0 A
Nominal frequency 50 Hz
Polepairs 10
Nominal torque 160 Nm
Direct axis transient inductance 34.2 mH = 0.35 pu.
Quadrature axis transient inductance 48.5 mH = 0.50 pu.
Stator resistance 1.78 Ω
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Table B.3: Data of the motor III. The inductances have been obtained from the manufacturer.
Nominal power 45 kW
No-load back EMF 367 V
Nominal current 71 A
Nominal frequency 50 Hz
Polepairs 5
Nominal torque 716 Nm
Direct axis inductance 4.09 mH = 0.43 pu.
Quadrature axis inductance 5.13 mH = 0.54 pu.
Stator resistance 0.08 Ω

Table B.4: Data of the motor IV. The inductances have been obtained from the manufacturer.
Nominal power 110 kW
No-load back EMF 426 V
Nominal current 167 A
Nominal frequency 50 Hz
Polepairs 4
Nominal torque 1400 Nm
Direct axis inductance 2.0 mH = 0.43 pu.
Quadrature axis inductance 4.3 mH = 0.92 pu.
Stator resistance 0.034 Ω

Table B.5: Data of the inverter I.
Nominal apparent power 9 kVA
Nominal current 11 A

Table B.6: Data of the inverter II.
Nominal apparent power 120 kVA
Nominal current 147 A
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