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Synchronous machines with an AC converter are used mainly in large drives, for example in 
ship propulsion drives as well as in rolling mill drives in steel industry. These motors are used 
because of their high efficiency, high overload capacity and good performance in the field 
weakening area. 

Present day drives for electrically excited synchronous motors are equipped with position 
sensors. Most drives for electrically excited synchronous motors will be equipped with 
position sensors also in future. This kind of drives with good dynamics are mainly used in 
metal industry. Drives without a position sensor can be used e.g. in ship propulsion and in 
large pump and blower drives. Nowadays, these drives are equipped with a position sensor, 
too. The tendency is to avoid a position sensor if possible, since a sensor reduces the reliability 
of the drive and increases costs (latter is not very significant for large drives). 

A new control technique for a synchronous motor drive is a combination of the Direct Flux 
Linkage Control (DFLC) based on a voltage model and a supervising method (e.g. current 
model). This combination is called Direct Torque Control method (DTC). In the case of the 
position sensorless drive, the DTC can be implemented by using other supervising methods 
that keep the stator flux linkage origin-centered. In this thesis, a method for the observation of 
the drift of the real stator flux linkage in the DTC drive is introduced. It is also shown how this 
method can be used as a supervising method that keeps the stator flux linkage origin-centered 
in the case of the DTC. 

In the position sensorless case, a synchronous motor can be started up with the DTC control, 
when a method for the determination of the initial rotor position presented in this thesis is used. 
The load characteristics of such a drive are not very good at low rotational speeds. 
Furthermore, continuous operation at a zero speed and at a low rotational speed is not possible, 
which is partly due to the problems related to the flux linkage estimate.  
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For operation in a low speed area, a stator current control method based on the DFLC 
modulator (DMCC) is presented. With the DMCC, it is possible to start up and operate a 
synchronous motor at a zero speed and at low rotational speeds in general. The DMCC is 
necessary in situations where high torque (e.g. nominal torque) is required at the starting 
moment, or if the motor runs several seconds at a zero speed or at a low speed range (up to 2 
Hz). 

The behaviour of the described methods is shown with test results. The test results are 
presented for the direct flux linkage and torque controlled test drive system with a 14.5 kVA, 
four pole salient pole synchronous motor with a damper winding and electric excitation. The 
static accuracy of the drive is verified by measuring the torque in a static load operation, and 
the dynamics of the drive is proven in load transient tests. The performance of the drive 
concept presented in this work is sufficient e.g. for ship propulsion and for large pump drives. 
Furthermore, the developed methods are almost independent of the machine parameters. 
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1. INTRODUCTION 

Controlled AC motor drives are highly intelligent devices covering a wide range of different 
electromechanical apparatuses and a wide scope of electric engineering skills. A today’s AC 
motor drive consists of four closely acting main parts: an AC machine, power electronics, 
motor control and control hardware, i.e., signal electronics. Here, only the motor control is 
considered. The development of semiconductors and microelectronics has made the rapid 
development of the AC motor drives possible. Semiconductors used in switching converters 
provide electronic processing capability of power, whereas microcontrollers and digital signal 
processors (DSP) provide data processing power for the complex control algorithms. There are 
several different combinations of AC machines, power converters and control methods.  

For high power, high-dynamic performance drives, the commonly known principle of field 
oriented vector control has been employed (Blaschke 1972). However, it is not nowadays the 
only way to produce such a drive. In the middle of the 1980s, new principles for the control of 
rotating field AC machines have been presented almost simultaneously in Germany 
(Depenbrock 1985) and in Japan (Takahashi, Noguchi 1986). Depenbrock called his method 
Direct Self Control. In their paper (1986), Takahashi and Noguchi did not name their method. 
A name that better describes the method is Direct Flux Linkage Control (DFLC). This name 
indicates that the stator flux linkage of an AC motor is directly controlled by stator voltage 
vectors, and in principle, no current control is necessary. The DFLC did not include any 
stabilizing method of a flux linkage estimate. Takahashi and Noguchi (1986) use a current 
model based flux linkage estimate stabilizer in a low speed area. In this thesis, an abbreviation 
DTC is used for the combined method of the DFLC and of a current model, where a current 
model acts as a flux linkage estimate stabilizer. The name Direct Torque Control (DTC) has 
been used at least from the paper presented by Takahashi and Ohmori (1989) onwards. The 
first industrial application of the DTC was introduced in Finland by ABB Industry Oy (Tiitinen 
et al 1995).  

In the following, the present state of the AC drives and the principle of above mentioned 
control methods, except the Depenbrock’s method, are discussed briefly. Also a motor model 
of a synchronous motor and the principle of field current control of the synchronous motor 
DTC drive is described. The more extensive review on the vector control methods for AC 
drive systems has been carried out e.g. by Bose (Bose 1997), Leonhard (Leonhard 1996a) and 
Vas (Vas 1990, 1992, 1998). In Section 1.5, the outline and the main scientific contributions of 
this thesis are presented. 

1.1 Current AC Drives 

In this section, converters for large AC drives as well as some of their applications are 
discussed. The power ratings of large drives reach from one megawatt up to several dozens of 
megawatts, the largest drives being installed as motor generators for pumped storage hydro 
power plants. Respectively, the rotational speeds of these applications range from 15 rpm of 6 
MW low-speed cycloconverter fed drives to 18,000 rpm of high-speed 3 MW drives equipped 
with magnet bearings and solid rotors (Bose 1997). Recently, plenty of material on AC drives 
has been published by e.g. Bose (1997); Leonhard (1996a); Novotny and Lipo (1997) and Vas 
(1992) and (1998). Of these authors, Leonhard and Bose have included large AC drives in their 
studies. 

 



 2

Table 1.1 presents Leonhard’s (1996b) review on typical industrial applications with 
controlled AC drives. The table gives a good basis for discussion, although, since compilation, 
the IGBT (Insulated Gate Bipolar Transistor) power ratings have increased, and new IGCT 
(Integrated Gate Commutate Thyristor) drives have been introduced (Buschmann, Steinke 
1997) as alternatives to GTO (Gate Turn Off) thyristor converters. 

Table 1.1. Typical configurations of controlled AC drives (Leonhard 1996b). Since the compilation of 
this table, the IGBT power ratings have increased, and new IGCT (Integrated Gate Commutate Thyristor) 
drives have been introduced as alternatives to GTO (Gate Turn Off) thyristor converters. Thus, Table 1 
includes the following amendments: 1) GTO or IGCT, 2) up to 5 MVA (parallel converter units), 3) 8 
MVA unit (Siemens), 4) 101 MVA unit (NASA wind tunnel, ABB),  5) up to 20 MW unit (Bose 1997 p. 
373). 

Converters DC link converters Cycloconverters  
 Voltage-source converters Current-source converters with line  
 
 
Machines 

Transistor 
inverters (IGBT) 

Thyristor inverters 
(GTO)1) 

Thyristor inverters
(GTO) 

Load-commutated 
thyristor inverters 
(LCI) 

commutation 

Synchronous motor 
with permanent 
magnet excitation 

Low power (10 kW), 
very good dynamic 
performance (servo 
drives) 

Medium power  
(1 MW), high power 
density 

   

Reluctance motor Low to medium 
power (100 kW) 

    

Squirrel-cage 
induction motor 

Low to medium 
power (500 kW)2), 
high speed, very 
good dynamic 
performance (spindle 
and servo drives) 

Medium to high 
power (2 MW), good 
dynamic 
performance 
(traction drives) 

Medium to high 
power (4 MW), high 
speed 

 High power  
(7,5 MW), low speed, 
very good dynamic 
performance 

Double fed slip-ring 
induction motor 

 Shaft generators on 
ships (2 MW) 

 High power  
(20 MW), 
subsynchronous 
operation 

High power  
(100 MW), limited 
speed control range 

Synchronous motor 
with field and 
damper windings 

 3)  High power  
(40 MW)4), high 
speed 

High power (10 MW) 

5), low speed, good 
dynamic performance 

 

The converter alternatives for AC drives can be divided into direct converters and converters 
with intermediate DC links. Line commutated direct converters, i.e., cycloconverters, connect 
the line and the phases of the stator winding directly according to switch controls and phase 
currents of the motor. Correspondingly, the voltages are determined directly according to the 
phase voltages of the line and switch controls. The operation principle of DC link converters is 
based on two-stage frequency conversion. In the first stage, the alternating current (alternating 
voltage) is rectified and fed to the DC link. In the DC link, there is a filter, the purpose of 
which is to filter the harmonics of the voltage or current in the link. Respectively, the 
constructions are called voltage source inverters (VSI) and current source inverters (CSI). Fig. 
1.1a) gives an example of a VSI induction motor drive with IGB transistors, Fig. 1.1b) presents 
a cycloconverter drive for an electrically excited synchronous motor, and Fig. 1.1c) is an 
example of a load commuted CSI drive for an electrically excited synchronous motor. All 
drives in 1.1 are equipped with position sensors. So far, in large AC drives, VSI has been used 
in speed controlled asynchronous motor drives, but now electrically excited synchronous 
motor drives and large permanent magnet motor drives supplied by a VSI are appearing into 
the market. 
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Figure 1.1. Examples of the operation principles of different converters for AC drives (Leonhard 1996a): 
a) VSI induction motor drive with IGB transistor; b) cycloconverter drive for an electrically excited 
synchronous motor; c) load commuted CSI drive for an electrically excited synchronous motor. θr is the 
rotor angle, Ωr is the mechanical angular speed, C is the filtering capacitance in the DC link, L is the 
filtering inductance in the DC link, ud is the DC-link voltage, id is the DC link current and iF is the field 
current. 

The number of switch components and other auxiliaries required in an AC drive varies greatly 
between different converter alternatives and even between different designs of the same 
converter type. For example, a VSI can have two or three levels, which means that the number 
of components in one inverter leg increases from four components of a two-level solution to 
ten components of a three-level solution. Correspondingly, the number of voltage vectors for 
the control of the drive increases from 8 (23) to 27 (33). Fig.1.2 presents the possible voltage 
vectors of a two-level and a three-level VSI. The respective polarities of the voltage potentials 
at the output terminals are included in brackets. A three-level VSI brings certain advantages 
when compared with a two-level solution: the DC voltage level can be higher and the 
harmonic level of the output voltage is lower. In addition to the selection of a three-level 
solution, the power of a VSI can be increased by the parallel connection of several inverters. 
At the moment, the power rating of the drives available is about 8 MW. In future, the power 
ratings of VSI converters will grow up. However, load commuted inverters and 
cycloconventers will remain as basic solutions for the largest AC drives. 

Synchronous motors have mainly been utilized in large drives, e.g. in ship propulsion and in 
rolling mills. Advantages of these motors are their high efficiency, high overload capacity and 
good performance also in the field weakening area when operating at speeds higher than the 
base speed. For good performance, excellent dynamics of the control system is demanded. So 
far, the power supply feeding the synchronous motor has usually been a cycloconverter or a 
load commutated inverter (LCI), and the motor has been controlled with a traditional vector 
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control. A cycloconverter is suitable for low-speed gearless drives, e.g. in rolling mills in metal 
industry and in the hoists in mining industry. The output frequency of cycloconverter drives is 
restricted by the line frequency: e.g. in a 50 Hz supply, the cycloconverter maximum output 
frequency is 20−25 Hz. The input current of the cycloconverter from the line includes 
harmonics typical of a thyristor bridge, and furthermore, the cycloconverter produces some 
subharmonics and harmonics, the filtering of which is difficult (Bose 1997). 
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Figure 1.2. Voltage vectors of a) a two-level and b) a three-level VSI in a stationary reference frame 
(Bose 1997). Voltage polarities at the three phase terminals are marked in brackets. 

An LCI consists of a line commuted rectifier, a DC link with smoothing inductors and a 
machine commuted inverter. The output frequency of the converter is restricted only by the 
duration of the commutation of the bridge at the motor side. Thus, the converter of this type 
can be used in relatively high-speed drives. At low speeds, the voltage of the motor is not high 
enough to commute the motor side converter. Therefore, the line bridge is controlled at low 
speeds so that the current and thus also the torque are zero during the commutation. This leads 
easily to oscillations of the shaft. Another problem related to low speeds and heavy start-ups is 
a high reactive power from the line (Bose 1997 pp. 354-355, Leonhard 1996a pp. 330-331, 
Niiranen 1992 pp. 55-56). Because of the above-mentioned problems, the main applications of 
load commuted CSI converters are drives which seldom operate at low speeds. Their load 
torque is also low at the start-up. There are such drives for example in blowers, compressors, 
pumps and in the start-up equipment for gas turbine generators. 

Present day drives for electrically excited synchronous motors are equipped with position 
sensors, and to reach sufficient reliability, there are usually two separate sensors. Most drives 
for electrically excited synchronous motors will be equipped with position sensors also in 
future. This kind of electrically excited drives with good dynamics are mainly used in metal 
industry. They are employed for example in reversing rolling mills. The power ratings of the 
drives are appr. 1−10 MW. Drives for synchronous motors without a position sensor can be 
used e.g. in ship propulsion and in large pump and blower drives. Nowadays, these drives are 
equipped with a position sensor, too. The tendency is to avoid a position sensor if possible, 
since a sensor reduces the reliability of the drive and increases costs (latter is not very 
significant for large drives). 
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1.2 Space vector and two-axis motor model 

Understanding DTC or field oriented current vector control requires a representation of the 
space vector (Kovacs 1959, Leonhard 1996a, Vas 1992). Furthermore, in this section, the 
Park’s two axis motor model for an electrically excited synchronous motor is introduced 
briefly.  

1.2.1 Space vector 
The space vector theory was developed for multi-phase AC machines in Hungary. The theory 
was published in German at the end of the 1950s (Kovács & Rácz 1959). The space vector 
theory made it possible to combine phase quantities into a single vector variable in any 
reference frame. This was a breakthrough that made the vector control innovation possible. 

Next, a symmetrical three phase stator winding system is considered. These three phases are 
magnetically displaced by an angle of 2π/3 from each other in the space around the air gap 
periphery. The instantaneous values of stator phase currents are isA(t), isB(t) and isC(t). The 
magnetomotive force fs(α, t) in the air gap caused by stator currents can be defined as a 
resultant of the three stator phases 

( ) ( ) ( ) ( )f t N i t i t i ts se sA sB sCα α α α, cos cos cos= + −





+ −















2
3

4
3

π π , (1.1) 

where Nse (= Nsξ s1) is the effective number of turns in the stator winding, Ns is the number of 
turns in series per phase in the stator winding, ξ s1 is winding factor for the fundamental wave, 
and α is the angle from phase sA magnetic axis in the stator periphery. By using Euler 
equations, Eqn. (1.1) can be rewritten  

( ) ( ) ( )[ ]{ }f t N t ts se sres
j

sres
* je eα α α, Re= +−1

2 i i . (1.2) 

In Eqn. (1.2), isres(t) is the resultant space vector of the stator currents expressed in a stationary 
reference frame fixed to stator 

( ) ( ) ( ) ( )isres sA
j0

sB
j

sC
je e et i t i t i t= + +λ λ2 . (1.3) 

The stator current space vector is time dependent, and isres
*(t) its complex conjugate. λ is the 

phase shift between stator phases (λ = 2π/3). Usually, the stator current vector is reduced with 
a constant, and we get 

( ) ( ) ( ) ( )[ ]is sA sB
j

sC
jc e et i t i t i t= + +λ λ2 . (1.4) 

When the constant c = 2/3 is selected, and there are no zero-sequence components, the 
projections of a space vector quantity on the corresponding phase axes directly yield the 
instantaneous values of the phase variables of the same quantity. If c = 2 3/ , then the 
symmetrical power invariant form of the three phase space vector is obtained. In the following, 
the former method, where c = 2/3, is used. In Fig. 1.3, the construction of the space vector of 
the stator phase currents is presented. It is assumed that the instantaneous values of the phase 
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currents are isA > 0 and isB, isC < 0. ζ is the current vector’s angle from the real axis of the 
stationary reference frame fixed to the stator. 

The magnitude and the angle of the stator current vector is(t) varies with time  

( ) ( ) ( )i is s
jet t t= ζ .  (1.5) 

The space vectors of other motor variables, such as the stator voltage vector us, the stator flux 
linkage vector ψs etc. can be obtained similarly. For example, the voltage space vector us is 
defined as 

( ) ( ) ( ) ( )[ ]u t u t u t u ts sA sB
j

sC
je e= + +

2
3

2λ λ , (1.6) 

where usA(t), usA(t) and usA(t) are the instantaneous values of the stator phase voltages. 

y (Im)

x (Re)

ζλ

isC

isB

is(t)
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isB(t)e jλ

isC(t)e j2λ

e jλ

e j2λ

 
Figure 1.3. Space vector is(t) of the stator currents isA(t), isB(t) and isC(t) (Vas 1990). 

It is important to notice that the space vector represents only a complex notation of a sinusoidal 
space distribution, and therefore, it is not strictly a physical vector. In the following, the 
notation (t) is excluded for simplicity. 

1.2.2 Synchronous motor model (Park’s two axis model) 
One of the most thorough studies on synchronous machine theory was carried out by R. E. 
Doherty and C. A. Nickle, who represented their results in a four paper series at the end of the 
1920s (Doherty and Nickle 1926, 1927, 1928 and 1930). Doherty’s and Nickle’s papers 
already included a two-axis model of a synchronous machine. Almost simultaneously, Park 
introduced his famous generalized method for idealized machines (Park 1928, 1933). Park’s 
two-reaction theory was a success, and as a result, the synchronous motor two axis model 
carries his name. Park’s two-axis model included indirectly a basic element of the vector 
control: the actual measurable phase quantities were replaced by calculatory ones in a different 
reference frame. 

In the case of an electrically excited synchronous motor, it is useful to use a motor model of a 
synchronous motor in a rotor oriented reference frame. The reference frame rotates with the 
rotor electric angular frequency ωr , and the direct and quadrature magnetic paths are constant 
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in both axes. 

The synchronous motor contains six inductance parameters and four resistance parameters. All 
parameters are referred to the stator voltage level: 

Direct axis:  
 Lmd  direct axis magnetizing inductance 
 Lsσ  stator leakage inductance 
 Lsd = Lmd +Lsσ direct axis stator inductance 
 LDσ  direct axis damper winding leakage inductance 
 LFσ  field winding leakage inductance 
 Rs  stator resistance 
 RF  field winding resistance 

RD  direct axis damper winding resistance 
 
Quadrature axis: 
 Lmq  quadrature axis magnetizing inductance 
 Lsσ  stator leakage inductance 

Lsq = Lmq +Lsσ quadrature axis stator inductance 
LQσ   quadrature axis damper winding leakage inductance 
 Rs  stator resistance 

 RQ  quadrature axis damper winding resistance 

The stator voltage equation in a rotor reference frame (superscript r), presented with the space 
vectors is 

u R i
ts

r
s s

r s
r

r s
r

d

d
j= + +

ψ
ψω . (1.7) 

The stator voltage phase vector us
r, the stator current phase vector is

r and the stator flux linkage 
phase vector ψs

r can be divided in their direct and quadrature axes components (subscript sd 
and sq) 

u u us
r

sd sqj= + , (1.8) 

i i is
r

sd sqj= +  (1.9) 

and 
ψ ψ ψ

s
r

sd sqj= + , (1.10) 

Eqn. (1.7) can be divided into the direct and quadrature components of the stator voltage 

u R i tsd s sd
sd

r sq
d

d= + −
ψ

ω ψ , (1.11) 

u R i tsq s sq
sq

r sd
d

d= + +
ψ

ω ψ . (1.12) 

Other windings are in their natural reference frames (rotor co-ordinates) and the following 
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equations can be written 

u R i tF F F
Fd

d= +
ψ

, (1.13) 

u R i tD D D
Dd

d= + =
ψ

0  (1.14) 

and 

u R i tQ Q Q
Qd

d= + =
ψ

0 , (1.15) 

where uF is the field winding voltage, uD is the direct axis damper winding voltage, uQ is the 
quadrature axis damper winding voltage, ψD is the direct axis damper winding flux linkage, ψQ 
is the quadrature axis damper winding flux linkage, iD is the direct axis damper winding 
current and iQ is the quadrature axis damper winding current. 

The motor voltage Eqns. (1.11-1.15) form the basis for the motor model. The relationship 
between the motor currents and flux linkages can be defined by using the various inductances 
of the motor 

( )ψ ψsd md sd s md F sd D s sd= + = + + +i L L i i i L iσ σ , (1.16) 

( )ψ ψsq mq sq s mq sq Q s sq= + = + +i L L i i L iσ σ , (1.17) 

( )ψ ψF = + = + + +md F F md sd D F F Fi L L i i i L iσ σ , (1.18) 

( )ψ ψD md D D md sd D F D D= + = + + +i L L i i i L iσ σ  (1.19) 

and 

( )ψ ψQ mq Q Q mq sq Q Q Q= + = + +i L L i i L iσ σ . (1.20) 

It is also possible to add the common leakage inductance Lkσ of the direct axis damper winding 
and the field winding, the so called Canay inductance (Canay 1983 and de Oliveira 1989), in 
the model, but this is often left out of the model, because the determination of the common 
leakage inductance is very difficult, and leads in inaccurate results. Using the voltage and flux 
linkage equations, equivalent circuits of the salient synchronous motor can be derived. The 
motor model described by these equations is shown in Figs. 1.4 and 1.5. 

Because the field current iFDC is known (measured), the field winding parameters can be 
replaced by a current kriFDC (= iF). kr is the space vector reduction factor of the field current 
which refers the rotor DC field current iFDC to the stator side. The space vector reduction factor 
kr is used in the motor model. This parameter and other motor parameters can be defined e.g. 
by an identification run (Kaukonen et al. 1997). It can also be defined by the DC reduction 
factor kri. This DC reduction factor can be determined with the stator current, which produces 
the same magnetomotive force from the stator side as the field current from the rotor side, 
separately from each other. The difference between the DC reduction factor and the space 
vector reduction factor is 2  (Kaukonen 1999). 
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Fig. 1.4. Direct axis equivalent circuit of a synchronous motor. 
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Fig. 1.5. Quadrature axis equivalent circuit of a synchronous motor. 

1.3 Principle of control methods - Indirect Torque Control (ITC), Direct 
Flux Linkage Control (DFLC) and Direct Torque Control (DTC) 

In this section, the principle of AC motor control methods; Indirect Torque Control (ITC), 
Direct Flux Linkage Control (DFLC) and Direct Torque Control (DTC) are presented. The 
term Indirect Torque Control (ITC) is used for the field oriented current vector control of AC 
machines. The term (ITC) shows the main difference between the field oriented current vector 
control and the DTC. The field oriented control is carried out by using currents as control 
variables to control the magnetic state and electric torque of the machine. The DTC uses motor 
electric torque te and stator flux linkage ψs directly as control variables.  

For comparison, it should be reminded that in the case of an asynchronous motor drive, there 
are basically two different types of vector control methods. They are called a direct and an 
indirect vector control method (e.g. Vas 1990, 1998 and Bose 1997). The direct method 
depends on the direct measurement (search coil, Hall effect sensor) or the estimation of the 
stator, rotor or air-gap flux linkage vector amplitude and position. In the indirect vector control 
method, the rotor field angle is indirectly obtained by the summation of the rotor speed and 
slip frequency. The indirect method uses a motor model, and thus, in contrast to direct 
methods, the indirect methods are more dependent on machine parameters than the direct 
methods (Vas 1998). 
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1.3.1 Indirect torque control (ITC) 
The idea of vector controlled AC motor drives is based on the ideal control properties of fully 
compensated DC motors, where torque and motor magnetic flux can be controlled separately. 
In the development of vector controlled AC technology, the first theoretical problem was to 
model a three phase AC winding system in such a way that separation between torque and flux 
control could be made.  

At the end of the 1960s, the German engineer Felix Blaschke made an innovation that led to 
the development of the first field oriented vector controlled AC motor drive. He introduced the 
principle of field orientation and the separate control of the motor magnetic flux linkage and 
torque according to it, called transvector control (Blaschke 1972). For the first time, it was 
possible to control an AC motor like a DC motor. Siemens applied the transvector control to 
large synchronous motors. 

The basic idea of the field oriented current vector control of AC machines is to control the 
motor torque using the same technique as in DC machines. The electric torque te of the fully 
compensated DC machine can be defined as 

t ie m F ac= ψ , (1.21) 

where cm is the machine dependent constant, ψ F  is the instantaneous value of the magnetizing 
flux linkage produced by field winding, and ia is the instantaneous value of the armature 
current. The constant cm in this case is a machine dependent coefficient. If the flux linkage ψ F  
of the DC machine is kept constant, electric torque te can be controlled by adjusting the 
armature current ia, the electric torque is fully controlled and good dynamic operation can be 
achieved.  

For an AC machine, the electric torque te (vector) can be defined for example as a vector 
product of the stator flux linkage ψs and stator current space vectors is presented in the stator 
oriented reference frame 

t ie m s sc= ×



ψ . (1.22) 

In practice, a scalar value of the electric torque is used. The scalar value of the electric torque 
can be obtained mathematically by the scalar product  

t t k i ke e m s sc= ⋅ = ×



 ⋅

r r
ψ , (1.23) 

where 
r
k is the unit vector in the direction of the z axis (xyz co-ordinates). The electric torque 

te (scalar) can also be defined as  

( )t i ie m sx sy sy sxc= −ψ ψ , (1.24) 

where ψsx and ψsy are the stator flux linkage components in the stator reference frame, and isx 
and isy are the stator current components in the stator reference frame. 

In a DC machine, the magnetizing flux linkage ψ F  and the armature current ia are in space 
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quadrature due to the commutator, and thus Eqns. (1.21) and (1.22) can be considered equal. 
The current component, which produces the magnetizing flux linkage (field current iF) and the 
current component, which produces the electric torque (armature current ia) can be controlled 
separately. This decoupled control of the motor flux and electric torque can be considered the 
basic idea of the field oriented current vector control of AC machines, and, in this context, it is 
called Indirect Torque Control (ITC).  

The ITC can be achieved by using the space vectors of the electric variables, when the quickly 
responding stator current space vector is defined in the co-ordinates fixed to the rotating flux 
linkage vector. By using a moving reference frame fixed to the flux linkage vector, it is 
possible to define the stator current component equal to the armature current ia of the DC 
machine. This stator current component is chosen as the main control input for torque. It 
corresponds to the component of the stator current space vector that is in space quadrature to 
the flux vector. The direct component of the stator current space vector, which in this case is 
aligned with the flux linkage vector, is used as the control input for the flux linkage of the 
machine. In Fig. 1.6, the principle of the field orientation is presented. In Fig. 1.6 axes (xΨ, yΨ) 
correspond to the rotating field oriented reference frame, and it can be seen that the flux 
producing current component is im = (isxΨ + iFxΨ), and the torque producing current component 
is itorq = (isyΨ + iFyΨ). In the case of electrically excited synchronous machines, the air gap flux 
is determined by the armature voltage. The task of the field winding current iF is to keep the 
desired power factor. For instance, the machine can operate at a point where the stator current 
component isxΨ = 0. When induction machines are concerned, there is no auxiliary excitation, 
and the flux must be controlled by the stator current component isxΨ. 
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Figure 1.6. Principle of field orientation (Kaukonen 1999). Reference frames: (x,y) static co-ordinates 
fixed to the stator, (d,q) rotating co-ordinates fixed to the rotor and (xΨ,yΨ) rotating co-ordinates fixed to 
the flux linkage. is is the stator current vector and iF is the field current vector. The rotor reference frame 
rotates at an angular speed ω r, and the flux reference frame rotates at an angular speed of ω f. For 
synchronous machines, ω r = ω f in a steady state. 

An ITC control can be carried out by using a reference frame system fixed to one of the 
machine flux linkages, or by using the rotor reference frame, or even the stator reference 
frame. However, the idea of the field orientation is fully met when the so called stator flux 
oriented control or rotor flux oriented control is used. In the case of the synchronous machines 
with electrical excitation, the air gap flux linkage oriented control is often used. For the 
permanent magnet synchronous motors, the rotor reference frame is the most common one. In 
practice, the control is realized by using a space vector of the flux linkage which is known to 
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behave smoothly, and which cannot change quickly. Therefore, the rotor flux linkage oriented 
control in the induction machines and the air gap flux linkage oriented control in the 
synchronous machines are the most common ones. In Fig. 1.7, the principle of the ITC control 
for AC machines is presented. 

It can be shown that there is an undesired coupling between the two axes of the reference 
frame used in the current vector control (Vas 1990). For the purpose of flux oriented control, 
the current component producing the flux and torque must be controlled independently. This is 
the reason for the decoupling circuit in the ITC.  
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Figure 1.7. Principle of the ITC for the asynchronous machine (Vas 1990). The control quantities te, im, 
isxΨ and isyΨ are formed by an AC machine model from the motor quantities usx, usy, isx, isy and θr. The 
control of the current component producing the flux and torque is carried out independently from each 
other by using the decoupling circuit. SA, SB and SC are switching commands for three phase inverter. 

The realization of the ITC control has to provide solutions for the following tasks: 

- Co-ordinate transformations between the rotating reference frame (xΨ,yΨ) and the stationary 
reference frame (x,y), which call for trigonometric functions with the knowledge of the angle 
of the co-ordinate system used. 

- Acquisition of the various flux linkages from terminal quantities such as voltages, currents, 
speed or position. 

- Impressing the flux producing current component (isxΨ) and the torque producing component 
(isyΨ) in the field oriented co-ordinate system. 

- Obtaining an electric torque te for closing the torque control loop. 
- Separate PI control of the flux and torque, and furthermore, separate current control of the 

torque producing and flux producing current components. 
- Decoupling of the torque producing and flux producing voltage reference components. 
- PWM modulator for switch pulse pattern realization. 
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1.3.2 Direct flux linkage control (DFLC) 
The basic idea of the direct flux linkage control (DFLC) method is to adapt the Faraday's 
induction law directly to the calculation of the machine flux linkage vector ψs. A two level 
voltage source inverter together with a three phase winding produces six different non-zero 
voltage vectors and two zero voltage vectors (Fig. 1.2). The induction law gives a connection 
between the stator voltage vector us and the flux linkage vector ψs, 

ψ
s s s )= −∫ ( dsu i tR , (1.25) 

when the voltage drop Rsis in the stator resistance Rs is taken into account. This equation will 
later be referred to as “the voltage model” of the motor.  

According to Eqn. (1.25), it is possible to drive the stator flux linkage to any position with the 
available six voltage vectors of a three phase inverter. It can be shown (Takahashi and 
Noguchi 1986) that the increase of slip immediately increases the motor torque. On the other 
hand, the flux linkage amplitude should be kept constant, if the motor is to operate in the same 
magnetic working point. These two conditions together with field orientation give all 
necessary information to control the power stage transistors to meet the required flux linkage 
amplitude and the required torque. The electric torque te of the machine can now be directly 
calculated as 

t p ie s s= ×3
2

ψ , (1.26) 

where p is the number of pole pairs. In the case of per unit quantities, the equation for the 
electric torque is 

t ie,pu s,pu s,pu= ×ψ . (1.27) 

The idea of the torque control in DFLC is based on the fact that the air gap flux linkage 
contains most of the magnetic energy of the machine and thus has a very long time constant. 
For example in induction machines, the no load rotor time constant is typically in the range of 
0.100−1.3 s (Luomi 1982). By using modern fast DSPs, it is possible to make decisions on the 
inverter switching states in a few microseconds. With respect to this, it is possible to achieve a 
fast torque change by changing the stator flux according to Eqn. (1.25). The idea of torque 
production with the stator flux linkage vector acceleration becomes more evident, if the torque 
is expressed with the stator flux linkage vector ψs and the air gap flux linkage vector ψm 

t p i p L p Le = × = ×
−

= − ×
3
2

3
2

3
2

1
ψ ψ

ψ ψ
ψ ψ

s s s
s m

s s s mσ σ
, (1.28) 

where Lsσ is the stator leakage inductance. 

The calculated instantaneous electric torque te can be easily compared with a reference value 
te,ref to achieve a fast torque control. At the same time, the motor stator flux linkage ψs is 
compared with the reference value ψs,ref to ensure sufficient magnetization of the machine. 
According to Takahashi, the torque and the stator flux linkage can be controlled by using the 
so called optimal switching logic table. The name was given by the Japanese inventors 
Takahashi and Noguchi. The optimal switching table is an essential part of the DFLC. The 
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optimal switching table selects the most suitable voltage vector at every modulation instant to 
meet the flux and torque control requirements. The selection is made according to the stator 
flux linkage orientation. 

The optimal switching table is a logic array, which has three logical input variables. The 
logical input τ for the torque is done by supplying the error of the torque into a three-level 
hysteresis comparator, and the logical input φ for the flux linkage is achieved by supplying the 
flux linkage error into a two-level hysteresis comparator. The third input is a discrete-valued 
field orientation variable, which can have six different values. These values describe six 
different switching sectors κ, which use different voltage vectors for a certain combination of 
the flux and torque logical variables. Fig. 1.8 shows the functional principle of the optimal 
switching table and comparators for the two level voltage source inverter. For the three level 
voltage source inverter, the switching table is notably more complicated. This can be 
understood by studying the formation of the voltage vectors in Fig. 1.2. In this work, the 
optimal switching table is described only for the two level voltage source inverter.  

Flux linkage sector  
         τ                     φ 

κ = 0 κ = 1 κ = 2 κ = 3 κ = 4 κ = 5 

−1 0 u5 u 6 u 1 u 2 u u 4 
−1 1 u 6 u 1 u 2 u 3 u 4 u 5 
+1 0 u 3 u4 u 5 u 6 u 1 u 2 
+1 1 u 2 u 3 u 4 u 5 u 6 u 1 
0 - u 0, u 7 u 0, u 7 u 0, u 7 u 0, u 7 u 0, u 7 u 0, u 7 

te,ref-te−1

+1
0

Torque
hysteresis

control 

te

|ψs |
+1
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u 3

κ  = 0

 κ = 1

 κ = 5
 κ = 4

 κ = 3

 κ = 2

u1

u 2

u4

u5
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γ

γ

κ (0, ..., 5)φ (0, +1)τ (−1, 0, +1)
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te,ref

Flux linkage
hysteresis

control 
ψs,ref

ψs

ψs

ψs

te,ref-te ψs,ref−ψs

7

 

Figure 1.8. Functional principle of the optimal switching table is based on three multi-valued logical 
variables; the torque error (τ), the flux linkage amplitude error (φ) and the discrete-valued field 
orientation (κ) (Takahashi, Noguchi 1986). The denotation (-) in the optimal switching table means that 
the logical input φ has no influence to the voltage vector selection.  

When using the optimal switching table, it is important to observe the location of the stator 
flux linkage ψs. The flux linkage circle is divided into six segments so that the available 
voltage vectors are in the middle of each segment. In each segment, it is possible to use two 
voltage vectors in each rotating direction. One vector increases and the other vector decreases 
the flux linkage length. When two hysteresis controls - one for the flux linkage and the other 
for the torque - are unified, an optimal switching table is found. 
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Because the flux linkage is controlled inside a hysteresis band, its absolute value is either 
increased (1) or decreased (0). With respect to the torque, we have three possibilities: (0); a 
zero voltage vector is used, (+1); flux linkage is turned in positive direction, and (−1); flux 
linkage is turned into negative direction. 

Fig. 1.9 shows the stator and air gap flux linkages (ψs, ψm) rotating counter-clockwise at an 
angular frequency ω near nominal speed (no zero vectors). In Fig. 1.9, χ is an angle between 
the stator and air gap flux linkages. 

The dashed lines indicate the tolerance band of the stator flux linkage vector length. In the 
DFLC, there are own hysteresis limits for the torque. In Fig. 1.9, when the upper or lower 
hysteresis limit is reached, a new voltage vector is applied. The stator flux linkage is first 
integrated by using voltage vector u3 until the upper limit is reached, or until the torque reaches 
its upper limit. The stator flux linkage is kept inside the hysteresis band, and the torque is 
controlled mainly by changing the flux linkage angle by using voltage vectors transverse to the 
stator flux linkage (in Fig. 1.9 u3 and u6). The use of a transverse voltage vector gives a very 
fast change in the torque. A large torque step can be achieved in a few milliseconds depending 
mainly on the transient inductance L’

s or subtransient inductance L”
s of the machine, L’

s and L”
s 

defined e.g. by Vas 1992. 

The optimal switching table of the DFLC is an ideal modulator. Every occurring switching 
transfers almost every time the stator flux linkage into the right direction. Some unoptimal 
selection of the voltage vector may occur in the field weakening area (Pyrhönen O. 1998 pp. 
53-56). The DFLC is not inductance parameter sensitive. The physical dependence between 
the stator voltage us and the stator flux linkage ψs is simple and accurate. The only necessary 
parameter is the stator resistance Rs, which is easy to estimate when the stator current is is 
measured. The DFLC controls directly the torque of the motor with the voltage, and no extra 
current control loops are required. There is still one more important feature of the DFLC to be 
mentioned. The DFLC suits well for different types of rotating field machines and, in theory, 
requires no rotor position feedback. 

ψsis

u6u5

u4

u3
u2

u1

u7

u0

x

y

χ

ψs,min

te,min

ω

ψs,max
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Figure 1.9. Stator flux linkage vector ψs trajectory as a result of DFLC control (Pyrhönen J. et al. 1997). 
No unnecessary switchings occur in the DFLC control. ψm is the air gap flux linkage space vector. χ is an 
angle between the stator and the air gap flux linkages. 
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1.3.3 Direct torque control (DTC) 
The DFLC method described above is not, however, capable of operating without any extra 
feedback on the whole motor speed range. Especially at low speeds, the integral of Eqn. (1.25) 
is too erroneous, and the motor stator flux linkage drifts so that it no longer rotates origin-
centered. The best method, hitherto, to solve this problem seems to be the use of a rotor 
oriented traditional motor model that prevents the motor stator flux linkage from drifting. This 
traditional model of the motor will later be referred as "the current model" of the motor.  

A combination of the voltage model and the supervising current model is called a Direct 
Torque Control Method (DTC). In the DTC the voltage model operates as a main model and is 
calculated at a very fast sampling time. The current model is calculated at a much slower 
sampling rate. The stator flux linkage estimate ψs,est is corrected by using the difference 
between the stator flux linkage calculated from the current model ψs,cm and the stator flux 
linkage calculated from the voltage model ψs,vm. The stator flux correction is weighted by a 
weighting coefficient wcm. The principle of this correction can be shown in Eqn. (1.29). 

ψ ψ ψ ψ
s,est s,vm cm s,cm s,vm

= + −




w . (1.29) 

Weighting depends on the operation point of the motor (e.g. Kaukonen 1999). The purpose of 
the current model in the DTC drive is to keep the stator flux linkage origin-centered, and its 
weighting coefficient can be only a few percent units. When using the current model, an 
inductance model of the motor is required. In the DTC, however, the current model is not 
critical. Using the current model does not, however, change the nature of the DFLC; the DTC-
system is at any instant capable of producing fast torque changes using the core elements of the 
DFLC. Furthermore, the DTC doesn’t take the saturation of the motor inductances during fast 
transients into account, because the torque step is calculated using mainly the voltage integral, 
and the current model inductances are kept constant during fast transients. 

ABB Industry was the first manufacturer to introduce a DTC based induction motor drive 
(ACS600) in the market a few years ago (Tiitinen et al. 1995). The DTC induction motor drive 
is capable of operating without any rotor position feedback in the whole speed range. The DTC 
method is applicable to all rotating field machines, but in the case of synchronous machines, 
there is a disadvantage that a rotor position measurement is required when using the current 
model. Thus, some of the advantages of the DFLC method are lost. In Fig. 1.10, the principle 
of the DTC for AC machines is presented. 

Realization of the DTC control has to provide solutions for the following tasks: 
- Acquisition of the various flux linkages from terminal quantities such as voltages (DC link 

voltage) and currents.  
- Obtaining the instantaneous electric torque for closing the torque control loop. 
- Controlling the flux linkage and torque separately. 
- Using the optimal switching table of DFLC modulator for the switch pulse pattern realization. 

Furthermore, in the synchronous motor DTC drive with the supervising current model there are 
the following tasks: 
- Acquisition of the position. 
- Co-ordinate transformations between the rotating reference frame (d,q) and the stationary 
reference frame (x,y), which call for trigonometric functions with the knowledge of the angle 
of the co-ordinates system used. 
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Figure 1.10. Principle of the electrically excited synchronous motor’s Direct Torque Control (DTC) 
(Pyrhönen J. et al. 1997). The control quantities te and ψs are formed by an AC-machine model from the 
motor quantities usx, usy, isx, isy, iF and θr. The principle of the field current control is presented briefly in 
Section 1.4.1. 

However, in a position sensorless DTC drive for synchronous motors, it is very difficult to 
employ a current model, since no exact knowledge of the rotor position is available. In this 
case, the DTC can be implemented by using other supervising methods that keep the stator flux 
linkage origin-centered. In this thesis, an alternative method to realize a synchronous motor 
DTC drive without the use of the current model is presented. Thus, the DTC can be defined as 
a control method that in addition to the DFLC has a stabilizing method to keep the stator flux 
linkage of the motor origin-centered. For the DFLC with the supervising method  described in 
this thesis, the notation DTCN is used as a distinction to the DFLC with the current model 
(=DTC). 

1.3.4 Comparison of ITC, DFLC, DTC and DTCN 
In a field oriented current vector controlled drive, the reference values for the magnetizing 
current component and the torque current component are calculated first. The voltage vector is 
then selected to produce the required current components. From the physical point of view, the 
voltage vector selection is not a trivial task, if the saturation of the machine is also considered. 
The dependence between the current i and the voltage u under saturation of the inductance L is  

u L i
t

i L
t

= +d
d

d
d

. (1.30) 

Normally, the latter term in Eqn. (1.30) is neglected, and the first term may have some errors 
due to erroneous inductance parameters. The parameter dependency of Eqn. (1.30) makes the 
optimal torque control a difficult task. The current controller must be tuned according to the 
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motor parameters, which are changing due to saturation. Such an adaptation requires a lot of 
calculation power and may still be unoptimal. Inaccurate dependence between input and output 
requires higher switching frequency, so that the feedback control can correct the current errors. 
Table 1.2 shows a contrastive analysis of the current vector control (ITC), the DFLC and the 
DTC with a current model. Furthermore, properties of the DTC without a current model 
(DTCN), described in this thesis, is added in Table 1.2.  

Table 1.2. Contrastive analysis of the inner control between ITC, DFLC, DTC and DTCN.  

ITC (current control) DFLC (flux control) DTC DTCN 

Strongly dependent on 
inductance model 
accuracy 

Inductance model 
independent 

Inductance model 
dependent (de. on speed) 

Inductance model 
independent 

Torque controlled 
indirectly by voltage 

Torque controlled directly 
by voltage 

Torque controlled directly 
by voltage 

Torque controlled directly 
by voltage 

Two control loops (e.g. at 
100 µs time level), needs 
decoupling circuit 

One control loop One control loop (e.g. at 
25 µs time level) 

One control loop (e.g. at 
25 µs time level) 

Tuned PI controllers 
needed 

Robust hysteresis control Robust hysteresis control Robust hysteresis control 

Inaccurate control law due 
to parameter errors 

Physically accurate 
control law 

Physically accurate 
control law 

Physically accurate 
control law 

High switching frequency 
required 

Moderate switching 
frequency sufficient 

Moderate switching 
frequency sufficient 

Moderate switching 
frequency sufficient 

Rotor position required Rotor position not 
required 

Rotor position required Rotor position not 
required 

Utilizes the current model No current model,  
no stabilization of ψs 

Uses current model to 
stabilize ψs 

Uses method presented in 
this thesis to stabilize ψs 

Operates also at zero 
speed 

Special procedures 
required when operates 
near zero speed 

Operates also at zero 
speed 

Special procedures 
required when operates 
continuously near zero 
speed 

 

1.4 DTC for an electrically excited synchronous motor 

In this section, the DTC for an electrically excited synchronous motor as well as the principle 
of the field current control for the synchronous motor DTC drive are introduced briefly.  

As mentioned in Section 1.2, synchronous machines are used mainly in large drives, for 
example in ship propulsion drives as well as in rolling mill drives in steel industry. These 
motors are used because of their high efficiency, high overload capacity and good performance 
in the field weakening area. For example, it is possible to reach nominal torque in the field 
weakening area up to three times of the nominal speed. This, however, requires an extremely 
good control system and an oversized inverter. Usually, large synchronous motors at 
demanding low speed applications are driven with cycloconverters, and the power range 
reaches up to 20 MW. If the Direct Torque Control (DTC) is employed, a voltage source 
frequency converter with a fast switching inverter unit is needed. The DTC suits best for the 
power area where Insulated Gate Bipolar Transistors (IGBTs) are available. A new medium 
voltage switching device IGCT, or GCT (Gate Commutate Thyristor) can be used for larger 
units as well. When the inverter unit is built with IGBTs or GCTs, switching times are short 
(typically in the range of few µs).  

Unfortunately, the DFLC cannot be applied alone in motor control without machine voltage 
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measurement, because the stator flux linkage integration using Eqn. (1.25) at low motor speeds 
is inevitably too erroneous. For instance, when the voltage drop in the switches is larger than 
the electromotive force of the machine, it is very difficult to maintain the stator voltage 
integration correct enough. Because of this, especially at low speeds, it is necessary to use a 
rotor oriented current model for the machine to correct the stator flux linkage estimate ψs,est. 
When the best properties of DFLC and the traditional current control are combined, the DTC 
control for all rotating field AC machines is established. The current model acts only as a 
supervisor, which at longer time levels keeps the estimated stator flux linkage vector within 
tolerances. No co-ordinate transformations are needed at the fastest time level of the DSP. The 
current model, however, is calculated in the rotor reference frame, because the rotor of the 
synchronous machine is asymmetric. To get valid information from the current model, it is 
necessary to have correct enough machine parameters and knowledge of rotor position 
(Pyrhönen, J. et al. 1997).  

In Fig. 1.10, the principle of the electrically magnetized synchronous motor DTC block 
diagram was presented (inner control). Two phase currents of the synchronous motor are 
measured. The intermediate voltage is measured, and the motor voltage is calculated by 
utilizing this knowledge and switching states of the switches. The motor voltage is then 
integrated to get the flux linkage. The motor model calculates an estimate of the stator flux, 
which is then used to correct the integrated flux linkage. The parameters of the motor model 
are first initialized in the initialization run (Kaukonen et al. 1997), and the parameters are 
estimated on-line during the drive. A thermal model of Rs is included. The control of the rotor 
magnetizing current is realized by a combined reaction and unity power factor control 
(Pyrhönen O. et al. 1997, Pyrhönen O. et al. 1998 and Pyrhönen O. 1998). In the field 
weakening area, the flux linkage reference must be reduced. This is done in the special field 
weakening calculation block (Pyrhönen O. 1998). Two hysteresis controls and an optimal 
switching logic are realized according to the presentation before. 

1.4.1 Field current control 
Field current control is implemented by using a combined reaction and unity power factor 
control (Pyrhönen O. et al. 1997, Pyrhönen O. et al. 1998 and Pyrhönen O. 1998). The main 
task of the field current control is to fully compensate the need of reactive power of the 
synchronous machine. This means that the stator inverter can be fully utilized for torque 
production. Another important task is to keep the drive in the stable working area also in the 
field weakening range. DTC does not recognize the unstable working area, but tries to 
accelerate the stator flux linkage vector ψs as long as the torque reference te,ref is larger than the 
actual (estimated) value of the torque te. For this reason, the field current must be controlled in 
such a way that the load angle does not leave the stable operating area. Another possibility to 
implement the drive stability is to restrict the torque reference directly. This kind of limitation 
is useful, if the excitation unit response is poor. Next, the basic idea of the field current control 
is presented. 

The field current producing the unity power factor depends both on the motor parameters and 
the loading condition, and it can be calculated, if these parameters are known. When voltage 
loss in the stator resistance is neglected, and the stator current vector and the stator flux linkage 
vector are assumed to be orthogonal, then field current can be solved (Bühler 1977)  
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In the DTC, the stator current is not controlled directly. Also the stator current modulus is 
noisy and thus, the field current could start to oscillate. The field current control should be 
combined with the torque and the flux linkage amplitude control of the DTC. The calculation 
of the field current reference based on the DTC adjustable quantities can be carried out by 
eliminating the stator current in Eqn. (1.31). In the case of the unity power factor, the stator 
current magnitude is 
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ψ
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Now, a stable field current reference is obtained (Pyrhönen O. et al. 1997) 
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Eqn. (1.33) requires that the machine direct axis stator inductance Lsd, quadrature axis stator 
inductance Lsq and the direct axis magnetizing inductance Lmd are known. Normally, these 
parameter values at the unsaturated operation point are known. However, the machine saturates 
quite heavily under massive loads. It has been shown (e.g. Pyrhönen O. et al. 1998) that 
constant inductance values at the unsaturated or nominal operating points are sufficient for 
open loop field current control based on Eqn. (1.33). 

The maximal utilization of the stator inverter can be achieved by supplying all the reactive 
power through the field winding. Then, the stator current vector is and the stator flux linkage 
vector ψs are orthogonal to each other. Because of erroneous inductance values, the open loop 
field current control is not able to fulfill this condition. The orthogonality of two vectors can be 
investigated with a dot product. The dot product can be used to calculate an error signal for the 
field current control (Pyrhönen O. et al. 1998) 

e i i i= ⋅ = +ψ ψ ψ
s s sx sx sy sy , (1.34) 

where the stator frame oriented current and stator flux linkage components are used. Eqn. 
(1.34) can be used for feedback control of the field current. There are unidealities in the 
feedback signal represented by Eqn. (1.34) (e.g. current ripple), and thus, it should be filtered 
with a sufficient time constant before using the equation for control purposes. As a result, the 
power factor control is slow when compared with the dynamical requirements of the torque 
control, and furthermore, it is not a sufficient control method to handle fast load transients. A 
good field current control method for a DTC controlled synchronous machine drive can be 
achieved by combining the fast open loop control implemented by the nominal curve 
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calculation according to Eqn. (1.33) and slow feedback control for power factor correction 
with the error signal from Eqn. (1.34). The block diagram of the combined field current 
controller is shown in Fig. 1.11. 
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Fig. 1.11. Combined open loop and feedback field current control of a DTC controlled synchronous 
motor drive. (Pyrhönen O. et al. 1998). 

1.5 Outline of the thesis 

The main goal of the thesis is to present a concept for an industrial speed and position 
sensorless electrically excited synchronous machine drive based on the direct flux linkage and 
torque control. It must be emphasized that the target of this work is not to develop a servo 
drive or a method which can be used like a real time estimator of the rotor position. In this 
work, a combination of the Direct Flux Linkage Control (DFLC) based on the voltage model 
and the supervising current model is called Direct Torque Control method (DTC). However, in 
a position sensorless DTC drive for synchronous motors, it is very difficult to use a current 
model, since no exact knowledge of the rotor position is available. In this case, the DTC can be 
implemented by using other supervising methods that keep the stator flux linkage origin-
centered. Such methods are studied in this work. The performance of the drive must be 
sufficient e.g. for ship propulsion and for large pump drives. Furthermore, the target of the 
development work is to create methods that are as independent of the machine parameters as 
possible. The most demanding synchronous motor drives will still use vector or direct flux 
linkage and torque control based on position angle information. 

In Chapter 2, a review is taken of the different measuring sensors of the position angle of a 
rotating motor. The purpose of this review is to present the structure and typical performance 
figures of different sensors. This is necessary for understanding the reasons why there has been 
a tendency in recent years to avoid position sensors. Furthermore, Chapter 2 presents the most 
significant position sensorless methods developed in recent years for AC drives. The presented 
methods are classified according to different motor types, which are induction motors, 
permanent magnet motors, synchronous reluctance motors and electrically excited 
synchronous motors. However, the classification is not quite clear, since some methods can be 
applied to the whole range of AC drives. The classification is based on the initial motor type 
for which the researchers have presented their method. There is only a single method designed 
specially for an electrically excited synchronous motor presented by Mats Alaküla (1993). This 
does not imply that there are any special problems related to an electrically excited 
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synchronous motor, but rather shows the lack of interest of the researchers on high power AC 
drives. The suitability of different methods for the synchronous motor is evaluated on the basis 
of the information available in the literature.  

Chapters 3 and 4 form the core of the thesis. Chapter 3 presents the different section of the 
realization of a position sensorless synchronous motor drive with a control based on DTC. 
First, a method for the determination of the initial rotor position angle of an electrically excited 
synchronous motor is presented. In this method, the method presented by Alaküla is modified 
and applied to the synchronous motor DTC drive. Next, it is shown how a DFLC modulator 
can be applied in the control of the motor current vector. This method is called DFLC 
Modulator based Current Control (DMCC). With DMCC, it is possible to start-up and operate 
a synchronous motor at a zero speed and at low rotational speeds. If at the start-up of a 
synchronous motor low frequencies are exceeded rapidly (f > 2 Hz), the start-up can be carried 
out without the DMCC. The current vector control is necessary in situations where high 
torque, e.g. nominal torque, is required during the start, or if the motor runs for several seconds 
at a zero speed or at a low rotational speed range (up to 2 Hz). This DFLC modulator based 
current control and methods that keep the stator flux linkage or the stator flux linkage estimate 
origin-centered (presented in Sections 3.3 and 3.4) are the main scientific contributions of the 
thesis.  

When using the DMCC and when transferring to the DTCN drive, a good flux linkage and a 
torque estimate are required. It is possible to obtain such estimates by applying the drift 
correction methods of the stator flux linkage estimate presented in Section 3.3. With the 
method presented in Section 3.3, it is possible to detect and correct the possible eccentricity of 
the stator flux linkage estimate during the DMCC. Finally, a method for the observation of the 
drift of the actual stator flux linkage in the DTCN drive is introduced. The method is based on 
the use of the origin-centered stator flux linkage estimate and the measured stator current. 
Furthermore, it is presented how an origin-centered stator flux linkage estimate can be 
corrected to keep the real stator flux linkage origin-centered. The principle of the position 
sensorless synchronous motor control based on direct flux linkage and torque control is 
presented in Fig. 1.12.  

The transition operation between DMCC and DTCN is done at a certain frequency (here 2 Hz), 
and a hysteresis ∆f is used for separate transition operations (DMCC →DTCN and DTCN 
→DMCC). In the development of the methods, a simulator for a DTC drive has been utilized 
(Burzanowska and Pohjalainen 1990), the principle of which is introduced in the Appendix A. 
In addition to simulations, the methods have been tested with the test drive. 

In Chapter 4, test results are presented for the direct flux linkage and torque controlled test 
drive system with a 14.5 kVA, four pole salient pole synchronous motor with damper winding 
and electric excitation. The stator is supplied with a two level voltage source DTC inverter, 
and the excitation circuit is supplied from a four quadrant DC chopper. The test drive is 
introduced in Section 4.1. The static accuracy of the drive is shown by using the torque 
measurements under static loads, and the dynamics of the drive is proven with transient tests. 
The results of the measurements are summarized in Section 4.5. 
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Fig. 1.12. Flow chart of the position sensorless synchronous motor DTCN presented in this thesis. 1) This 
branch is selected, if low frequencies are exceeded rapidly. 2) This branch is selected, if the drive is 
stopped by the control and/or the motor runs for several seconds at zero speed or at low speed (f < 2 Hz). 
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2. MEASUREMENT AND ESTIMATION OF THE ROTOR POSITION  

For a high performance asynchronous motor drive, measured or estimated speed information is 
utilized, and the rotor position is necessary mainly for position control. For a synchronous 
motor, the rotor position is measured or estimated in a stator reference frame, since the current 
models required for the synchronous motor drives as well as the state estimators are usually 
dependent on the measured or estimated rotor position. Here, the focus is on the synchronous 
motor drives, and thus, in this chapter, the measurement of the rotor position as well as some 
estimation methods presented in the literature are introduced and discussed. Less attention is 
paid to the speed measurement and estimation. 

2.1 Determination of the rotor position by measuring 

The rotor position angle of controlled electric motor drives has traditionally been determined 
electromechanically with a position sensor attached to the shaft of the motor. The present large 
synchronous motor drives are equipped with position sensors, and to ensure sufficient 
reliability, they are usually equipped with two separate rotor position sensors. The tendency is 
to avoid a separate rotor position sensor, since it reduces the reliability of the drive and 
increases costs. Furthermore, a position sensor also increases the maintenance requirements. 

The rotor position sensors can be classified according to the sensor type either into analog and 
digital encoders, or absolute and incremental encoders. Here, the first classification is applied. 
Obviously, if the rotor position is monitored, the speed can be estimated directly from the 
position, but the resolution of the speed is limited by the resolution of the position transducer 
and also by the sampling time. 

The theory basis for the measurement of the position angle has been gathered from the 
literature on industrial electronics and robotics (Schuler and McNamee 1986), mecathronics 
(Bradley et al. 1991) and (Airila 1993), electric drives and their control (Crowder 1995), 
transducers (Norton 1989) as well as on measurement systems (Doebelin 1990). 

2.1.1 Analog position angle sensors 
The most important analog position sensors for rotating electric drives are potentiometers, 
synchros and resolvers. A potentiometer is an analog absolute encoder. Basically, it is an 
adjustable resistor, in which the resistance between the sliding contact and the end of resistive 
element is usually directly proportional to the shaft position. A resistive element is usually 
made of metal wire, conductive film or cermet (a combination of ceramic and metallic 
materials) element. In some cases, the resistor is formed so that the resistance changes as a 
nonlinear function according to the shaft position. Examples of functions available include the 
tangent, secant, cosecant and square root.  

With a singleturn potentiometer, it is normally possible to measure a displacement of 300 - 350 
degrees. Multiturn potentiometers are available for applications in which a measuring range of 
several rounds is required. In that case, the number of rounds is usually restricted from 3 to 40 
rounds. Thus, a potentiometer is only limitedly applicable to the measurement of a rotor 
position of a rotating electric motor. 

Resolvers and synchros are electromechanical position and motion sensors, the structure of 
which resembles rotating transformers. Basically, the rotation of the rotor changes the mutual 
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inductance between the rotor coil and stator coil. When an alternating voltage with a constant 
amplitude is fed to the rotor winding (primary winding), an alternating voltage, the amplitude 
of which is proportional to the cosine of the angle between the primary and secondary 
winding, is induced in the stator winding. Correspondingly, the two-phase windings of a 
resolver and the three-phase winding of the synchro create a more complicated polyphase 
voltage in the stator winding. The stator windings of a resolver are in a 90° mutual phase shift 
according to Fig. 2.1. In a synchro, there is a 120° phase shift in the stator winding. 

θr

x

y

uR

uS1

uS2

Asin(ωc t)

 
Figure 2.1 Connection diagram of a resolver. 

A resolver can be employed according to the previously described principle in such a way that 
the amplitude of the secondary winding is proportional to the sine and cosine of the shaft 
position angle, in other words, according to the amplitude analogy. When the rotor voltage uR 
is 

( )u A tR c= sin ω , (2.1) 

and assuming that 
d
d c
θ ωr
t

<< , the following equations can be written for the voltages of Fig. 

2.1  

( ) ( )u AK tS1 c r= +1 sin sinω α θ  (2.2) 

and 

( ) ( )u AK tS2 c r= +2 sin cosω α θ , (2.3) 

where A is the amplitude of the excitation voltage, α corresponds to the phase shift of the rotor 
and stator voltages, ωc equals 2πfc (fc is the carrier frequency) and K1 and K2 the transformation 
ratios between the windings. Normally, K1 = K2 is selected. Depending on the rotation speed 
range, the carrier frequency fc can vary from appr. 40 Hz to dozens of kilohertzes. 

When employing a resolver in such a way that alternating currents of equal frequency and 
amplitude with a 90° phase shift are fed to the stator windings, the amplitude of the rotor 
voltage is constant, whereas its phase shift is directly proportional to the stator voltage. For an 
induced rotor voltage uR, the following equation can be written 
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( ) ( ) ( ) ( )u AK t AK t AK tR c r c r c r= + +




 = +sin cos sin sin sinω θ ω θ ω θ

π
2 . (2.4) 

Both resolvers and synchros are produced in two different types, i.e., they may be brushless or 
equipped with brushes. In the brushless sensors, a separate rotary transformer is used to 
provide power to the rotating primary winding instead of the brushes and a slip-ring. In the 
brush sensor, when the brushes are worn out, the touch with the slide rings deteriorates causing 
noise to the measuring circuit. The simple structure of the brushless models reduces 
maintenance and lengthens the operation age. The age of the brushless constructions can be 
even ten-fold to the ones with brushes. Brushless synchros and resolvers are also suitable for 
inflammable areas. 

The accuracy reached by synchros and resolvers is of the range of 0.1° per round, but the 
accuracy can be improved by employing gearings and several resolvers. Synchros are divided 
into two basic types, torque synchros and control synchros. Torque synchros are required, if it 
is necessary to transmit angular displacement information from a shaft of one synchro (synchro 
transmitter) to the shaft of another synchro (synchro receiver) without using any additional 
amplifiers or a gearing. When the electric output of a synchro is used for purposes other than 
driving a synchro receiver, the synchro transmitter can be referred to as a control synchro. 
Small size brushless resolvers endure an acceleration of 50 g, and thus, they can be employed 
e.g. in robot axes. 

Synchros and resolvers are alternating current components, and thus, the switchings and 
impedance matching affect the performance considerably. In practice, errors can be caused 
also by a number of factors including a difference in the transformation ratio, an electric phase 
shift, or a zero shift error between secondary windings and an unequal loading of the windings 
by the external devices. The quality of the primary voltage is also essential especially on 
resolver systems based on amplitude analogy, where the amplitude of the primary winding 
fluctuates widely from its maximum value to zero. In the systems based on phase shift analogy, 
the fluctuation of the amplitude is small, and the noise ratio of the signal is good.  

2.1.2 Digital rotor position sensors 
Digital sensors are applied increasingly in digital control systems. A digital sensor can be 
either an absolute or an incremental encoder. In an absolute encoder, the rotor position is 
determined with a digitally encoded number, and in the case of an incremental encoder, the 
pulses of the encoder are counted to determine the position angle. To synchronize an actuator 
or a drive and to control the operation during a working cycle, digital encoders are usually 
equipped with an extra code slot, which gives a pulse once per revolution. The real position 
can be determined with this pulse and the initial setting of the encoder. 

Digital encoders are usually photoelectrical, electromechanical or magnetic. Their basic 
structure consists of a code disc and a code detector. Of the above-mentioned encoders, the 
photoelectric encoders are the most common ones thanks to their price, accuracy, disturbance 
tolerance, adjustability and easy switching. They are available as incremental and absolute 
encoders. An optical encoder consists of a code disc, a light source and a light detector, usually 
a light transistor or a diode and the necessary electronics. Fig. 2.2 shows the principle of an 
optical encoder. 

The code disc cuts the light signal, and the position can be read from the pulses or signal 
levels. A code disc of the absolute encoder is coded with a Gray code or a binary code. In a 
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binary code, several bits can be changed at a time. An advantage of the Gray code is the 
reliable reading of the sensor, since in a position change only one bit changes at a time. This 
prevents errors, because there is no way of guaranteeing that all the bits will change 
simultaneously at the boundary between two states, due to inherent manufacturing problems 
with the code wheel. In the absolute encoders, the code information is an unequivocal position 
information, unless the encoder is allowed to rotate several rounds. The electronics of absolute 
encoders is more complicated than in incremental encoders, and thus more expensive. An 
absolute encoder's code wheels are normally produced on glass substrates by photographic 
methods. This is costly for high resolutions, as will be readily appreciated; as the resolution of 
an absolute encoder increases, so does the size and complexity of the code wheel. The main 
disturbance sources are the light source and the detector, but the code disc itself is a reliable 
component (except for dirt). The effects of temperature and magnetic field on the output of the 
encoder are insignificant. Of the price of the encoder, the proportion of the code disc is small 
(excepting a high resolution encoder), however, the costs of the protection against dust and 
moisture are more significant. The optical encoders must be equipped with collecting lenses to 
be able to collect the modulated light into the photodiode detector. Thus, a sufficient resolution 
is reached. 

Rotating
 code disk

Stationary mask

Light
source

Signal
processing
electronics

Data

Light
 detectors

Incremental
or

absolute

 
Figure 2.2 Principle of an optical encoder (Schuler and McNamee 1986). 

An incremental encoder consists usually of a stationary reading mask and a pulse disc rotating 
with the shaft. In the pulse disc, there is an exactly patterned section, where equally transparent 
and opaque sectors alternate. Typically, there are 100 - 5,000 sector pairs. However, in a large 
size precision encoders, there can be over 80,000 pairs. For example, for an encoder with a 
semi-conductor laser, 81,000 pulses per revolution can be achieved with a 36 mm diameter. 
With an external interpolating circuit, the number of pulses can be increased even to 1,296,000 
pulses per revolution. In the reading disc, there are two identical pattern sections with the pulse 
disc, which are at a 90° phase shift with regard to the pulses. The rotation direction can be 
determined from the direction of the phase shift. 

The resolution of the incremental encoder is obtained from the equation 

[ ]∆ πθr,mech rad= 2
Z

, (2.5) 

where Z is the number of the sector pairs. For example, the resolutions of the most typical 
encoders with 1,024 and 4,096 sector pairs are 0.0061 rad (0.35°) and 0.0015 rad (0.09°). In 
the case of rotating electric motors, it is important to bear in mind that the resolution is given 
for a mechanical round, and thus, in the resolution accuracy, also the number of pole pairs 
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must be taken into account. The measurement inaccuracy can be estimated to be slightly higher 
than the resolution value, because the sectors are not completely identical due to the limitations 
of the production process. Because of the digital character of the incremental encoder, the 
accuracy is also restricted by the width of the sector. Improving the accuracy increases the size 
of the sensor.  

The allowed movement speed is in practice inversely proportional to the accuracy, since the 
pulse frequency is a limiting factor. The allowed pulse frequency varies from 1 kHz to 1 MHz. 
In the determination of the speed, also the ability of the electronics to process rapidly 
succeeding pulses must be taken into account. The incremental encoder acts also as a speed 
sensor. The number of pulses in a time period is proportional to the average rotational speed of 
that time period. The determination of speed is based on either the number of pulses in a fixed 
time period or on the measurement of the time needed for a constant number of pulses. In 
principle, the rotational speed is calculated from the equation 

( )
( )

( ) [ ]Ω r k
m k

PT k=
2π e

d
rad / s , (2.6) 

where me(k) is the number of pulses at a time interval Td(k) and P is the pulse number (pulses 
per revolution) of the encoder. When employing the speed value of Eqn. (2.6), it must be taken 
into account that the obtained speed is an average at a time interval Td(k), and the resolution 
accuracy is determined according to the resolution of the position angle determination (Eqn. 
2.5) and the time interval Td. 

Ω
θ

 resolution
r

d
=

∆
T . (2.7) 

For example, for an incremental encoder of 1,024 pulses and a constant time interval of 1 ms, 
the speed resolution is 6.14 rad/s (58.6 1/min). The speed information obtained with the 
tachometers based on incremental encoders must hence be improved mainly with different 
techniques. Of these techniques, e.g. the methods introduced by Galván et al. (1996), Kim and 
Sul (1996), Lorenz and Van Patten (1991) as well as Miyashita and Ohmori (1993) can be 
mentioned.  

Galván et al. present a method for digital tachometer implementation. It counts the number of 
pulses coming from the encoder interface in the high speed range and the elapsed time between 
a dynamically adjustable number of successive pulses in the low-speed range. Kim and Sul 
propose an algorithm, in which a Kalman filter is incorporated to estimate both the motor 
speed and the disturbance load torque. In this algorithm, both biased system noise and 
modelling error are treated as a disturbance torque. Lorenz and Van Patten present a speed 
estimation method based on the use of an observer. Furthermore, Miyashita and Ohmori have 
presented another method for a speed observer. 

The diameter of an absolute encoder depends on the accuracy required. An accurate encoder 
requires a pulse disc with a large diameter. With the most accurate absolute encoders, an 
accuracy of 1 -2 angular seconds can be reached. The allowed pulse frequency is slightly lower 
than with incremental encoders, since pulse groups are being processed. 
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2.2 Operation without a position sensor 

Nowadays, the tendency is to avoid speed and position sensors in the AC motor drives. These 
sensors increase the complexity and costs of total hardware of the AC drive, reduce the 
reliability and noise immunity of the drive and increase the maintenance requirements. 
According to Vas (1998), the major manufacturers of induction motor drives (ABB, Siemens, 
Hitachi, Yaskawa, Eurotherm, Control Technique plc, etc.) have introduced speed and position 
sensorless drives into the market. Only one manufacturer, ABB, claims that their controlled 
(DTC) induction motor drive can operate at low rotational speed and near zero speed (Vas 
1998 pp. 24-25).  

No directly applicable methods for a DSP application of a DTC (or DFLC) drive of a 
electrically excited synchronous motor were found in the literature review of position 
sensorless electric drives. In principle, a DTCN drive operates without a position sensor, as 
mentioned in Section 1.3. Operation without a position sensor is possible, when the low 
frequency range (f < 2 Hz) is exceeded rapidly, and the drive does not have to operate at zero 
speed. In practice, an electrically excited synchronous drive can be started with a direct flux 
linkage and torque control without rotor position information. This kind of DTC controlled 
synchronous motor has been introduced e.g. by Zolghadri et al. (1997) and Zolghadri and 
Roye (1998). However, if the motor cannot be loaded at a zero speed and at a low speed range, 
the drive does not meet the criteria of a real position sensorless drive. 

The articles found in the literature review of position sensorless electric drives were divided 
into methods presented for synchronous reluctance motors, permanent magnet motors and 
asynchronous motors. Rotational speed and position sensorless control methods for 
asynchronous motors and permanent magnet motors have been discussed extensively in the 
thesis of Harnefors (1997), in "Sensorless Vector and Direct Torque Control" by Vas (1998) 
and in the IEEE Press reprint "Sensorless Control of AC Motor Drives" (ed. by Rajashekara, 
Kawamura and Matsue; 1996). In the two latter publications, also synchronous reluctance 
motors have been discussed. Of the methods for directly electrically excited synchronous 
motors, a single method was found. This method was presented by Mats Alaküla in his thesis 
in 1993.  

While real time data processing costs are continually decreasing, and data processing power is 
increasing, speed and position can be estimated by using software-based estimation methods, 
in which the stator quantities are measured. Typically, many of the sensorless techniques 
depend on machine parameters. These machine parameters are e.g. temperature, saturation 
level and frequency dependent. The main techniques of the sensorless control for AC motor 
drives, mentioned by Vas, are the following: 

- Open-loop estimators using monitored stator quantities 
- Estimators using the third harmonic voltages of the spatial saturation of the stator phase 
- Estimators based on inductance variation due to geometrical and saturation effects 
- Model reference adaptive systems 
- Observer-based (Kalman, Luenberger) estimators 
- Estimators using artificial intelligence 

Next, some methods found in the literature review for asynchronous motors, permanent 
magnet motors and synchronous reluctance motors are introduced briefly. Some methods are 
also discussed more closely. The method, presented by Mats Alaküla, for the electrically 
excited synchronous motor is discussed more thoroughly. 
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The purpose of this section is only to introduce some sensorless methods for AC drives, not to 
evaluate their suitability for electrically excited synchronous motor drives in general. The 
evaluation of the suitability would require more thorough investigation and simulation. In this 
section, only the suitability of certain methods for industrial DTC drives is evaluated. 

2.2.1 Methods for asynchronous motors 
Most of the methods presented for asynchronous motors are based on parameter estimation (Rr, 
Lr, Rs, Ls). Of the methods based on adaptivity, the methods introduced by Kubota and Matsuse 
(1994) and Peng and Fukao (1994) can be mentioned. Examples of the methods employing a 
Kalman filter are e.g. the methods introduced by Kim et al. (1994) as well as by Henneberger 
and Brunsbach (1991). However, these methods do not appear to be suitable for general use 
because of their dependency on processor capacity. Furthermore, they cannot be applied 
directly to electrically excited synchronous motors. 

Fig. 2.3 shows the principles of the estimation methods of the flux linkage and parameters with 
an extended Kalman filter (EKF) and a model reference adaptive system (MRAS) presented by 
Harnefors (1997). Normally, in a MRAS estimator, the voltage model (subscript vm) operates 
as a comparison model, and the current model (subscript cm) as an adaptive system model. The 
current model can operate also as a comparison model, and thus, the voltage model is corrected 
with the estimated parameters (dashed line). According to Harnefors (1997 Part II: 99), the 
application of a Kalman filter is not very suitable for a flux linkage estimator. 
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Figure 2.3 Principle schemes of the estimation methods of the flux linkage and parameters with a) an 
extended Kalman filter (EKF) and with b) a model reference adaptive system (MRAS) (Harnefors 1997). 
The input vector u includes the measured stator voltage and y the measured stator current. The block with 
a notation RDE includes Riccatti’s differential equations. 

In the case of a Kalman filter, the parameter estimates are updated so that 

y i( ) - ( )st t$ 2
 (2.8) 

is minimized. Correspondingly, in the case of an adaptive model, the parameter estimates are 
updated so that the function 

[ ]f t t$ $ψ ψr,cm r,vm( ), ( ) , (2.9) 

is minimized. The concept for the selection of this function is presented e.g. by Schauder 
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(1992). 

The application introduced by Kim, Sul and Park (1994) can be mentioned as an example of a 
practical DSP application of a Kalman filter. There, performance times required by the angular 
speed estimate of the Kalman filter for TMS 320C30 DSP (32 b, 33 MHz) are presented. With 
the processor in question, the calculation of the filtering algorithm takes about 150 µs. Such of 
algorithms load the processor almost completely. 

Schroedl and Wieser (1998) present an estimation method for a position angle of the rotor flux 
linkage based on short circuits (zero voltage on armature windings). In the method, the 
estimate of the rotor flux linkage position angle is determined on the basis of the current 
change during the zero voltage vector. The estimate is also filtered with a Kalman filter. The 
rate of change of the stator current is dependent on the emf, and thus, the method is not 
suitable for low speeds. With the tests carried out with the test drive, it can be stated that the 
method gives a rotor flux linkage estimate accurate enough for the motor control, when the 
rotational speed is higher than 0.2 pu. 

The estimation methods based on the analysis of the effect of the constant current or voltage 
ripple, which is of the higher frequency than the basic frequency, and which is injected to the 
stator, have been studied e.g. by Dixon and Rivarola (1996), Jansen and Lorenz (1995) as well 
as by Yong et al. (1994). According to the authors, the method presented by Jansen and Lorenz 
is applicable also to synchronous motors and synchronous reluctance motors. These methods 
are independent of parameters, but their problem is the filtering of the low amplitude 
components of the measured phase quantities. In the following, Jansen’s and Lorenz’s method 
is introduced more closely.  

In the Jansen and Lorenz method (1995), a rotor angle estimation method suitable for a PWM 
inverter is presented. The estimate is formed with the voltage signal usi

s, injected to the stator, 
which is of higher frequency (angular speed ω i) than the basic frequency. In the test device, 
Jansen and Lorenz use a constant voltage signal of 500 Hz. As a motor example, Jansen and 
Lorenz use an induction motor, in which part of the closed rotor slots are opened to achieve a 
different leakage inductance in the direct and quadrature directions of the rotor reference 
frame. The formation of the voltage signal (subscript i) and the filtering of the current signals 
can be carried out according to the arrangement in Fig. 2.4. 
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Figure 2.4. Formation of a voltage signal usi

s, which is of higher frequency than the basic frequency, and 
the filtering of the corresponding stator current component isi

s (Jansen and Lorenz 1995). 
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The voltage fed to the stator can be presented in the form 

( ) ( )[ ]u U t tsi
s

si i ijcos= − +sin ω ω . (2.10) 

Correspondingly, an equation of the stator current isi
s created by the voltage usi

s can be written 
as 

( ) ( )[ ] ( ) ( )[ ]i I t t I t t i isi
s

i0 i i i r i r i sx,i sx,ijsin jsin j≈ + + − + − = +cos cosω ω θ ω θ ω1 2 2 ,(2.11) 
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Lsσ is the leakage inductance of the stator, Lrdσ is the direct leakage inductance of the rotor (in a 
rotor reference frame), and Lrqσ is the quadrature leakage inductance of the rotor (in a rotor 
reference frame). It can be seen from Eqn. (2.11) that the saliency will introduce a frequency 
component which rotates in the opposite direction. This latter current term of Eqn. (2.11) is 
also a rotor position variant current component. To determine the rotor angle estimate θ r ,est, 
demodulation is carried out. The band pass filtered current components isy,i and isx,i in a stator 
reference frame are multiplied with cos(2θ r ,est -ω it) and sin(2θ r ,est -ω it), and their difference is 
formed as 

( ) ( )ε θ ω θ ω= − − −i t i tsy,i r,est i sx,i r,est icos sin2 2 . (2.13) 

By substituting Eqn. (2.11) in Eqn. (2.13), the following equation is obtained 

( )[ ] ( )[ ]ε ω θ θ θ= − + −I t Ii0 i r,est i1 r r,estsin sin2 2 . (2.14) 

 The first term of Eqn. (2.14) does not contain useful position information. When 

θ ωr,est r,estd= ∫ t  (2.15) 

and ω i >> ω r,est, a term proportional to the error of the rotor angle estimate can be low pass 
filtered from the Eqn. (2.14) as follows 

( )[ ] ( )ε θ θ θ θf i1 r r,est i1 r r,est= − ≈ −I Isin 2 2 . (2.16) 

The rotor position angle estimate (electric) and the rotational speed estimate can be formed 
according to Eqn. (2.16). Based on the presented results, Jansen’s and Lorenz’s rotor angle 
estimate is usable at least at small loads (when the distributed rotor inductances are not yet 
saturated) also in reversal of speed. 
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With the Jansen and Lorenz method, it is problematic to create a ripple strong enough. There 
are also problems in the filtering of the current ripple. With DTC, as in the Jansen and Lorenz 
method, it is difficult to produce a stator current ripple required for the formation of the rotor 
angle estimate, since the torque control operates at a fast time level, and also because it is not 
possible to filter the measured stator current used for the formation of the torque estimate. 

2.2.2 Methods for permanent magnet motors 
Östlund and Brokemper (1996) present a method for the search of the initial position angle of 
the permanent magnet motor in the start-up. The method is based on the saturation on the 
direct axis of a motor equipped with permanent magnets inside the rotor. The angle estimate of 
a rotating motor has been realized with the measured currents and the current components 
calculated from the flux linkage estimate. The method presented in the article is very suitable 
for pump and blower drives. However, it is not applicable to low rotational speeds. Ertugrul 
and Acarnley (1994) as well as French and Acarnley (1996) have presented a method similar 
to the method introduced by Östlund and Brokemper. 

Corley and Lorenz (1996) have introduced the Jansen and Lorenz method modified for a 
permanent magnet motor. Different from the Jansen and Lorenz method, the target is to 
produce the voltage ripple in a certain direction, i.e., in the direction of the quadrature axis of 
the rotor. The method is similar to the one applied to resolver-to-digital converters (RDC). The 
method can be applied to cases where the difference of the direct and quadrature inductances is 
sufficient. The carrier wave frequency of the voltage fed to the stator is 2 kHz, and the 
switching frequency is 10 kHz. According to the authors, the method is applicable also to zero 
speed.  

Noguchi et al. (1998) have presented only a method suitable for the determination of the initial 
rotor position angle of a PM machine. In the method, a current ripple is fed to the stator, and 
the rotor position is determined with the phase shift between the measured voltage induced to 
the stator winding and the measured current. The amplitude of the current ripple remains so 
low that the motor is not saturated. On the other hand, the frequency of the current ripple is 
selected to be so high that the rotor is not rotating. The polarity of the permanent magnet is 
determined with a current ripple which causes a magnetic saturation in the motor. 

2.2.3 Methods for synchronous reluctance motors 
Arefeen, Ehsani and Lipo (1994) have introduced a method, in which, at the zero point of the 
phase current, the switches of the corresponding phase are temporary disconnected (both the 
switches of that phase are not turned on), and other phases are controlled with a constant 
current reference. The zero crossing situation (when one phase is disconnected) is 
implemented at a 200 µs window. However, it is not explained how the disconnection of one 
phase is performed in practice. The rotor angle is determined with the voltage induced in the 
poles of the “opened” phase. Thus, six measurements are carried out during a single electric 
period. Between the zero points of different phases, the rotor position angle estimate is 
obtained with extrapolation. 

In the introduction of the article written by Jovanovic, Betz and Platt (1998), a short review is 
made of the position sensorless methods for synchronous reluctance motors. In most methods 
mentioned, the dependence of stator inductance on rotor position is applied. According to the 
authors, weaknesses of the existing methods for synchronous reluctance motors are poor 
accuracy (about 10 electric degrees), low update rate of the estimate, special arrangements for 
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the modulation of the switches, as well as feeding of the high-frequency signal to the stator and 
filtering of the signal. In their method, the rotor position information is estimated from the 
stator current ripple (the rate of change of the current in the switching). The received rotor 
position is determined more closely with a state observer. The authors present a practical 
application, in which samples are taken from two phase currents and from a DC link voltage at 
a sampling rate of 43 kHz. Furthermore, saturating inductance models of the direct and 
quadrature direction are required in the model. 

Lagerquist, Boldea and Miller (1994) present a modulation method based on a torque control 
similar to the DTC, where a rotational speed estimate is calculated from the flux linkage 
vectors. In the practical application, the flux linkage integration is analog. With a motor, the 
nominal speed of which is 1500 1/min, the lowest speed, under which the torque control does 
not operate, is 150 1/min.  

Xiang and Nasar (1995) introduce a method, in which the angle estimate and the speed 
estimate are solved independently by applying trigonometry. Although it is claimed that the 
method is independent of the estimated parameters, the values of the stator resistance as well 
as the direct and quadrature inductances are required for the calculation of the estimates. 

Kang et al. (1997) present a method, in which a rotating current vector of the frequency of 200 
Hz is fed to the stator in the reference frame determined by the estimated rotor angle. The 
amplitude of the current ripple is 0.04 pu. The target is to determine the rotor position angle 
from the stator voltage ripple created by the current ripple. The amplitude of the current ripple 
is low, and its frequency is sufficiently higher than the nominal frequency (60 Hz) of the 
motor, and thus, it does not affect the operation of other motor control. The method presented 
by Kang et al. (1997) is similar to the method introduced by Jansen and Lorenz (1995). 

Schroedl and Weinmeier (1994) introduce a method for the determination of the rotor position 
angle estimate of a synchronous reluctance motor, and Schroedl (1994) introduce the same 
method for a permanent magnet synchronous motor. The method is based on the analysis of 
the derivatives of the stator current. At low rotational speeds, an INFORM method (indirect 
flux detection by on-line reactance measurement) is applied, and at higher rotational speeds, 
the derivatives of the short circuit currents during the zero voltage vectors are used for the 
determination of the rotor angle. 

In the INFORM method, applied at lower rotational speeds, the basic idea is to measure the 
behaviour of the stator current phase vector due to a certain predetermined voltage vector in 
real time. The example motor in the article is a synchronous reluctance motor, the rotor of 
which is assumed to be without damper windings (a low damping time constant). Then, as an 
effect of the test voltage vector, the direction of the derivative of the stator current is 
determined by the direct and quadrature inductance, as shown in Fig. 2.5 (α = f(2θr)).  
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Figure 2.5. The change of the stator current at a standstill as an effect of the voltage vector parallel to x 
axis in a synchronous reluctance motor (Lsd > Lsq) without a damper winding (Schroedl and Weinmeier 
1994). 

At a standstill, and neglecting the voltage drop at the stator resistance, the stator voltage 
components are 
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for a test voltage space vector us
r = usd+jusq. Ld,diff is a differential direct axis inductance 

(dynamic inductance e.g. in Vas 1990, p.270) in the given set point isd0 (Schroedl and 
Weinmeier 1994 p. 226) 

Ld,diff =
d
d

sd

sd
sd0

ψ
i

i
 (2.18) 

When the rotor angle estimate is obtained either with the INFORM or the zero vector method, 
the rotor angle estimate is filtered with the Kalman filter. In the filtering, in addition to the 
rotor angle estimate, also an angular speed estimate, a torque estimate and a mechanical time 
constant are required. 

In the case of the damper winding, the direction of the derivative of the stator current is 
determined by the transient inductance. Then, the change of the absolute value of the 
derivative as a function of the rotor angle is determined. 

2.2.4 Methods for electrically excited synchronous motors 
A possibility to estimate the initial position angle of the rotor is to use the principle that 
corresponds to a synchro used in position angle measurement (Schuler 1986, p. 231-234). This 
principle is used in the method suggested by Mats Alaküla (1993). In the method introduced 
by Alaküla, the rotor position angle is determined with the stator current ripple created electro-
magnetically to the stator current by the field current ripple, which has been added to the rotor 
field current.  
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In the following, the principle of the Alaküla method (1993: 3:50-52) is being reviewed. Fig. 
2.6 shows the principle of the estimation method of the rotor angle. A current ripple iF,ripp is 
produced to the field current iF at a certain frequency. The field current ripple iF,ripp of the field 
winding produces a stator current component is,ripp

r of the same frequency as the field current 
ripple to the stator current is in the stator winding through an electromagnetic connection. The 
frequency of the stator current ripple component in the stator reference frame is a sum of the 
ripple frequency and the supply frequency. Thus, it is obvious that the current components 
used in the Alaküla method are presented in the rotor reference frame. According to Alaküla, 
the stator current ripple is,ripp along the direct axis of the rotor reference frame 

( )i
L

L L i
L

L L A tsd,ripp
D

s D
F,ripp

D

s D
 ripp= − + ⋅ = − + ⋅ ⋅ ⋅σ

σ σ

σ

σ σ
sin ω , (2.19) 

where LDσ is the leakage inductance of the direct damper winding, Lsσ is the leakage 
inductance of the stator winding, A is the amplitude of the field current ripple and ω ripp is the 
angular frequency of the current ripple. 

The stator current ripple in a reference frame corresponding to the rotor angle estimate θ r,est (de 
and qe axes in Fig. 2.7) is 

( ) ( )is
re

ripp
D

s D
 ripp

je r r,est= − ⋅ + ⋅ ⋅ ⋅ −A
L

L L tσ

σ σ
sin ω θ θ . (2.20) 

where θ r,est and θ r are in electric radians. In the case of Fig. 2.6, where p = 1, the electric rotor 
position angle θ r equals to the mechanical rotor position angle θ r,mech. 
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Figure 2.6. Principle of the estimation of the rotor angle of an electrically excited synchronous motor, 
suggested by Alaküla (1993). 

In the formation of the rotor position angle estimate θ r,est, the product of the field current ripple 
iF,ripp and the quadrature component isqe,ripp of the stator current ripple is

re
ripp (Eqn. (2.20)) is 

applied 

( ) ( )ζ ω θ θ= = − ⋅ + ⋅ ⋅ ⋅ −i i A
L

L L tF,ripp sqe,ripp
D

s D
 ripp r r,est

2 2σ

σ σ
sin sin . (2.21) 



 37

The sign of the product ζ calculated according to Eqn. (2.21) depends on the latter sine term 
sin(θ r-θ r,est). The product ζ is positive, when θ r,est > θ r. In practice, instead of the field current 
ripple iF,ripp and the stator current ripple component isqe,ripp, the band pass filtered field and 
stator current ripple components iF,ripp

bpf and isqe,ripp
bpf of the field and stator current are being 

used. Fig. 2.8 shows principal waveforms of filtered field and stator current ripple components 
iF,ripp

bpf and isqe,ripp
bpf as well as the low pass filtered product ζ lpf. Fig. 2.8 a) presents iF,ripp

bpf, 
isqe,ripp

bpf and ζ lpf, when θ r,est > θ r. Fig. 2.8 b) shows the corresponding iF,ripp
bpf and isqe,ripp

bpf, and 
the product ζ lpf, when θ r,est < θ r. 
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Figure 2.7. Determination of the rotor position angle θ r and the rotor position angle estimate θ r,est 
between the x axis of the stator reference frame and the correct and estimated d and de axes of the rotor 
reference frame.  
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Figure 2.8. Principal waveforms of filtered field and stator current ripple components iF,ripp
bpf and 

isqe,ripp bpf as well as the filtered product ζ lpf, when a) θ r,est > θ r and b) θ r,est < θ r. 

The position angle estimate of the rotor θ r,est can be formed with the method based on the 
phase-locked control loop presented in Fig 2.9. 

In the Alaküla method, the frequency fripp of the field current ripple iF,ripp must be notably 
higher than maximum operating frequency fsm,max of the synchronous motor, but not too high, 
so that it produces a measurable stator current ripple is,ripp in the stator winding. The 
weaknesses of this method are the realization of the sufficient filtering and the current ripple 
components produced by the stator inverter. 
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Figure 2.9. Formation of the position angle estimate θ r,est of the rotor by applying the Alaküla method 
(Alaküla 1993). BPF≅ band pass filter, LPF≅ low pass filter, PI≅ proportional integral regulator.  

2.3 Applicability of the Alaküla method to the DFLC drive 

The Alaküla method is suitable for example for a current controlled synchronous motor drive, 
the stator current of which is controlled at a slow time level to prevent the effect of the ripple 
is,ripp on the current control. However, the method is not suitable e.g. for a fast current control 
operating at a low hysteresis limit, because the stator current control prevents the appearance 
of the effect of the field current ripple iF,ripp on the stator current is. In this case, the field current 
ripple is coupled only in the damper windings. 

In the DFLC, the torque control operates at a time level TTC, which is notably faster than the 
periodic time Tripp (TTC << Tripp) of the angular frequency of the field current ripple ωripp. 
Therefore, in the DFLC, the field current ripple iF,ripp creates ripple through the torque control 
also to the quadrature component of the stator current isq. 

The effect of the torque control to the stator current ripple is,ripp can be seen in Fig. 2.10. There, 
the stator flux linkage estimate ψs,est is assumed to remain stationary when compared with the 
stator current is. This can be done, when DFLC is assumed to keep the torque te and the stator 
flux linkage ψs at their reference values (within small hysteresis). The angle δ s is the load 
angle of the stator flux linkage, and δ i is the pole angle of the stator current. The torque te 
without any stator current ripple is,ripp will be (per unit quantities) 

t i ie sd,est sq sq,est sd= −ψ ψ  (2.22) 

and the same torque with the stator current ripple is,ripp is 

( ) ( )t i i i ie sd,est sq sq,ripp sq,est sd sd,ripp= + − +ψ ψ . (2.23) 

When torque te is assumed to be constant, the ratio of the stator current ripple components 
isq,ripp and isq,ripp can be solved from Eqns. (2.22) and (2.23)  

i
i
sq,ripp

sd,ripp

sq,est

sd,est
=

ψ
ψ

. (2.24) 

Thus, the stator current ripple is,ripp is parallel to the stator flux linkage estimate ψs,est. It is not 
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to the direction of the direct axis (except when ψsq,est = 0). Therefore, with the method 
suggested by Alaküla, the rotor position angle θr cannot be solved in a DFLC drive. 
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Figure 2.10. Effect of the field current ripple iF,ripp on the stator current in the torque control, when the 
effect of the current ripple on the stator flux linkage is assumed to be insignificant. The stator current 
ripple is,ripp is parallel to the stator flux linkage estimate ψs,est. Here, two different cases are presented. In 
the first case, the result of the unity power factor is the stator current vector is. In the second case, the 
power factor is 0.866. In both cases is,ripp is parallel to the ψs,est. 

In the case of the DFLC, instead of the estimated rotor position angle θ r,est, the position angle 
γψ,est of the stator flux linkage estimate ψs,est is being estimated. This kind of result is found also 
when using the Alaküla method in the test drive. Instead of the angular difference θ r-θ r,est of 
the latter sine term in Eqn. (2.21), the position angle estimate γψ,est of the stator flux linkage 
ψs,est in a stator reference frame is subtracted from the sum of the rotor angle θ r and the 
corresponding load angle δs  

( )θ δ γr s ,est+ − ψ .  

Here, a current product corresponding to Eqn. (2.21) can be formed. Instead of the quadrature 
component isqe,ripp of the stator current ripple is

re
ripp, a stator current ripple component isyψ,ripp 

perpendicular to the stator flux linkage estimate is used.  
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L L tF,ripp sy ,ripp

D

s D
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2 2sin sin . (2.25) 

If there is no error at the stator flux linkage estimate ψs,est in a DFLC drive, we can get the 
direction of the real stator flux linkage ψs. In practice, there is always some error in ψs,est. Thus, 
with the method suggested by Alaküla, only the direction of the stator flux linkage estimate 
ψs,est can be determined, not the direction of the real stator flux linkage ψs.  
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3. POSITION SENSORLESS DRIVE FOR AN ELECTRICALLY 
EXCITED SYNCHRONOUS MOTOR  

In this chapter, different areas of the realization of the position sensorless, DTC controlled, 
electrically excited synchronous motor are introduced and discussed. In Chapter 2, the position 
sensorless methods for different rotating field motors were discussed shortly. Nearly all 
methods are dependent on several motor parameters, or the application of the selected 
algorithms requires a processor notably more powerful than the DSP employed in the inverter 
of the test application. Since the target is to design a position sensorless, electrically excited 
commercial drive for a synchronous motor, it is necessary to find a solution, which is as simple 
and as independent of the motor parameters as possible. Thus, with such a method, it is 
possible to produce a reliable drive for a synchronous motor. 

In principle, an electrically excited DFLC drive operates without a position sensor, as 
mentioned in Section 2.2. In the position sensorless case, a synchronous motor can be started 
up with a DTCN control, but the load characteristics of the synchronous motor are not very 
good at low rotational speeds. Furthermore, continuous operation at a zero speed and at a low 
rotational speed is not possible, which is partly due to the problems related to the flux linkage 
estimate.  

The determination of the stator flux linkage estimate ψs,est is based on the integration of the 
stator voltage vector us according to Faraday’s induction law. The determination of the voltage 
takes place in a stationary stator reference frame. When the resistive voltage losses are taken 
into account, the following equation can be written 

( )ψ
s,est s s,est s d= −∫ u i tR . (3.1)  

The estimation of the flux linkage is very sensitive to different kinds of errors. The estimate of 
the stator resistance Rs,est is erroneous, and there can be offset and amplitude error in the 
measured quantities, and furthermore, the integration of noisy signals is problematic. Usually 
the motor voltage is not measured and different voltage losses - some of them highly non-
linear - may at low speeds represent 50 ... 70 % of the total voltage. Particularly, estimating 
switch losses is very demanding. The biggest problem in DFLC is the motor flux linkage 
drifting while the control system keeps the estimate origin-centered (Fig. 3.1). 

ψs,est ψs,motor

 

Fig. 3.1. Due to voltage loss estimation errors, the actual stator flux linkage in the motor drifts non-
origin-centered while the estimate is kept origin-centered by DFLC (Pyrhönen O. 1998). 
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The only feedback knowledge in the DFLC (the stator current vector) contains information 
about the stator flux linkage drift because, in practice, the drift affects the components of the 
stator currents. Additionally, the stator flux linkage integral equation contains an inherent 
negative feedback signal (−Rs,estis ) which, in principle, stabilizes the situation. In practice, the 
stator resistance estimate and the power switch voltage loss estimation are erroneous, and the 
negative feedback does not prevent the drift. The stator flux linkage drifting non-origin-
centered is, however, a slow process, and in practice, the control has plenty of time to observe 
the drift of the flux linkage and to make suitable corrections. The effect of the factors that can 
affect the integration error is discussed more thoroughly by Kaukonen (1999). 

For a DTC drive with a position sensor, it is possible to apply a rotor oriented current model 
for the machine to correct the stator flux linkage estimate ψs,est. In a current model of the 
motor, a stator current vector, determined with the phase currents, acts as a feedback quantity. 
In the case of synchronous motors, also the measured field current is employed as a feedback 
quantity. The current model includes all the inductance and resistance parameters of the motor 
as well as possible reduction coefficients, the accuracy of which determines the accuracy of the 
flux linkage estimate obtained from the current model. In practice, the current model is always 
erroneous. For the current model, the stator flux linkage of the motor ψs,cm is calculated with 
the current vector and the model of the motor. This value of the stator flux linkage is not 
necessarily employed as a control basis of the motor in the DTC drives, since in the case of the 
erroneous inductance parameters of the motor model, there occur both angle and absolute 
value errors in the flux linkage estimate, but with symmetrical currents, ψs,cm drifts never from 
origin. With the stator flux linkage estimate, corrected by the current model, it is possible to 
keep the motor flux linkage vector origin-centered, although other errors may still occur. For 
instance, the application of the current model, with the non-correct parameters, is not able to 
eliminate a static torque error. 

The stator flux linkage estimate ψs,est has to be corrected with different methods. A major 
problem of the calculation of the stator flux linkage estimate with the test application is the 
correction of the possible eccentricity both during the DFLC Modulator based Current Control 
(DMCC) and the DTCN control. During DMCC, the stator flux linkage estimate tends to 
become eccentric, even though the real stator flux linkage is origin-centered for a constant 
stator current at constant angular speed. Correspondingly, for the DTCN control, the stator flux 
linkage estimate remains origin-centered, although the real stator flux linkage in the machine 
can become eccentric (Fig. 3.1). 

Kaukonen (1999) states that a remarkable phase shift between the estimated and the actual 
motor flux linkage causes drifting of the actual stator flux linkage, and thus, the DTC control 
can become unstable. Therefore, flux linkage estimation methods with additional time delays 
(e.g. a method based on the additional filtering or to flux linkage estimators) cannot be applied, 
since they cause phase shift during fast transients. Because of this problem, the start-up and the 
operation at low speeds was selected to be carried out with a DMCC. Changing from the 
DMCC to the DTCN control requires a stator flux linkage estimate that is accurate enough. 

The realization of a position sensorless drive based on the direct flux linkage and torque 
control is divided into three sections: 1) the determination of the initial rotor position of the 
non-running motor, 2) the start-up of the non-running motor and the operation at a zero speed 
and low rotational speeds in general, and 3) the operation at an other rotational speed range. A 
flow chart of this kind of control procedure can be seen in Fig. 1.12. 

Next, some limitations to the development of the algorithms are presented briefly. The 
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methods presented in this chapter are directly applicable to industrial drive production. The 
usability of the methods have been proved with a test application, in which the stator inverter 
is an industrial DTC drive of an induction motor. Test results are presented in Chapter 4. The 
selection of an industrial drive sets strict limits to the methods to be developed and tested with 
the test application. First, the program algorithms are allowed to consume as little processor 
capacity and memory as possible. Due to the costs, it is not possible to have a separate 
processor in the industrial drives for the realization of different models and filtering 
algorithms. Program codes related to the control and protection of the motor with the operating 
systems are included in a single DSP. Furthermore, the program code used for the control of 
the motor has to operate at a time level fast enough. Usually, in the test application, it was 
possible to locate the developed algorithms at the time levels of 100 µs, 1 ms and 2 ms. 
However, at the faster time level of 100 µs, it is possible mainly to place operations related to 
the filtering and correction of the flux linkage estimate, while most of the developed 
algorithms function at the time levels of 1 ms and 2 ms. In the test application, the most crucial 
operations of the DTC (e.g. flux linkage estimate and torque estimate) are calculated at the 
time level of 25 µs. Some of the operations related to the stator current control, realized with a 
DTC modulator presented in the thesis, are carried out at this time level of 25 µs. 

Another important limitation in the development of the algorithms is the measurement 
information available. This includes only the measured DC link voltage and the stator current 
of two phases, but not the stator phase voltages. The stator phase voltage measurement is 
unavoidable for most of the present sensorless techniques. 

In the development of the methods, a simulator for a DTC drive has been utilized 
(Burzanowska and Pohjalainen 1990), the principle of which is introduced in the Appendix A. 
The parameters used in the simulator are also presented in the Appendix A. 

3.1 Determination of the initial position angle of the rotor 

When a synchronous motor is started from a standstill, the stator flux linkage estimate of the 
motor ψs,est, corresponding to the excitation has to be determined. To be able to do this, the 
rotor position has to be known. When the drive is equipped with a position sensor (e.g. an 
absolute encoder), the position angle information of the rotor obtained with the position angle 
sensor can be employed directly. The initial position angle of the rotor for a sensorless drive of 
a salient pole synchronous motor (Lsd > Lsq) can be determined with the methods based on 
inductance fluctuations. Such methods are for example a method based on the analysis of the 
stator current ripple and the induced phase voltages (Arefeen, Ehsani, Lipo 1994: 624−630), or 
a method based on the analysis of the phase current derivatives of a hysteresis current 
controlled drive (Matsuo and Lipo 1995: 860−868). These methods have been introduced for 
synchronous reluctance motors, but, in principle, they can be applied to a salient pole 
synchronous motor as well. The method introduced by Arefeen et al. (1994) requires the 
measurement of the phase voltages, and therefore, it is not suitable for the test drive. Again, the 
formation of the current derivatives (e.g. measurement accuracy, rounding errors) makes the 
application of the method presented by Matsuo and Lipo (1995) problematic. In the case of a 
non-salient pole synchronous motor, the inductance ratio is usually Lsd/Lsq ≈ 1.0. Therefore, an 
accurate initial position angle of the rotor cannot be determined with inductance measurement. 

In addition to the initial position angle of the rotor, the polarity of the excitation of the field 
winding must be determined. The excitation direction can be determined with an excitation 
current step and stator current measurement (stator winding is shorted with a zero voltage 
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vector). With the measurement based on the field current step, it is possible to make a rough 
estimate of the initial position angle of the rotor. 

In his thesis (1993: 3:50-52), Mats Alaküla introduces an estimation method for the rotor 
position angle for an electrically excited synchronous motor. The principle corresponds to a 
synchro used in position angle measurement. As it was presented in Section 2.3, it is not 
possible to apply the Alaküla method to the torque control method as DTC. In Section 3.1.1, 
the determination of initial rotor position with the principle of the Alaküla method is examined. 

3.1.1 Determination of the initial rotor position at a standstill 
With the DTC, the Alaküla method is restricted to the determination of the initial position 
angle of a rotor at a standstill. The initial position angle of a rotor of a synchronous motor can 
be determined by using an excitation with the current ripple iF,ripp in the field winding, and by 
measuring the current ripple is,ripp of the stator winding caused by the field current ripple of the 
field winding.  

In the test drive, the fastest information transfer between the excitation inverter and the stator 
inverter is at the time level of 2 ms. The data transfer is not synchronized, and therefore, the 
stator inverter has no simultaneous stator current and field current information available. The 
application of Eqn. (2.21) is not possible, since the filtered current ripple of the stator current 
and the field current, which are synchronized, is required. This problem can be avoided with 
certain limitations by using the direct component isde,ripp of the stator current ripple is

re
ripp 

instead of the field current ripple iF,ripp. From now on, the method employing only the stator 
current ripple components is called a modified Alaküla method. 

Eqn. (2.21) can be modified as 
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Here, instead of the field current ripple in Eqn. (2.21), a direct stator current component 
presented in a reference frame determined by the estimated rotor position angle θ r,est is used.  

As can be seen, the sign of the product of the current ripples changes when Eqn. (3.2) is 
compared to Eqn. (2.21). In Eqn. (2.21), the sign of the product changes with the latter sine 
term, but the sign of the product in Eqn. (3.2) is affected also by the cosine term. When using 
the modified Alaküla method, according to Eqn. (3.2), it must be ensured that the error of the 
rotor position angle estimate is kept between 

( )− < − <π π
2 2

θ θr r,est  or ( )[ ]− < − <
π

π +
π

2 2θ θr r,est  (3.3) 

Then, the cosine term does not affect the sign of the product ζ during the estimation process. 
The sign of the product ζ determines the correction direction of the estimate θ r,est, as it was 
shown in Section 2.2.4. The error of the angle estimate correct with the product of the current 
ripples must thus in practice be e.g. from -π/3 to +π/3. This condition is met by using a coarse 
determination method of the rotor position angle before applying Eqn. (3.2). In the coarse 
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method, the corresponding components of the stator current ripple (isde,ripp and isqe,ripp) are used 
as in the actual determination method of the initial rotor position angle. First, the initial value 
of the rotor position angle is selected (e.g. θ r,start0 = 0). Next, the sum of the squares of the 
stator current ripple components in a reference frame determined by this angle is being 
calculated for the time Tsq,calc. The validity of the initial rotor angle θ r,start0 for the use of the 
modified Alaküla method is checked from the condition  

i t c i t
T T

sqe,ripp
2

sde,ripp
2d d

sq,calc sq,calc

0 0
∫ ∫≤ . (3.4) 

If the value of the coefficient c = 1.0 is selected, the condition of Eqn. (3.4) is true (in a 
theoretical situation) when 

( )− ≤ − ≤π π
4 4

θ θr r,est   or ( )[ ]− ≤ − ≤
π

π +
π

4 4θ θr r,est . (3.5) 

This situation is illustrated in Fig. 3.2, where θ r − θ r,est = −π/4, and in theory, instantaneous 
absolute values of the stator current ripple components (isde,ripp and isqe,ripp) are equal.  
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(θr - θr,est)=-π/4

is,ripp
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Figure 3.2. Stator current ripple components, isde,ripp and isqe,ripp, in the estimated rotor reference frame 
(de,qe). Instantaneous absolute value of stator current components isde,ripp and isqe,ripp are, in theory, equal, 
when θ r − θ r,est = −π/4 (or θ r − θ r,est = π /4). 

The square of the stator current ripple components is used, because these are alternating 
quantities with angular frequency ωripp. If the condition (Eqn. (3.4)) is met, the definition of the 
initial rotor position angle according to the modified Alaküla method is started from the angle 
θ r,start. Otherwise, the initial value of the position angle is corrected 

( ) ( )θ θ θr,start0 r,start0k k= − +1 ∆ , (3.6) 

where the correction term ∆θ of the initial rotor position angle is selected for example as 
follows 

∆ πθ =
6

 (3.7) 
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and the condition of Eqn. (3.4) is checked again. After this initialization, the angle θ r,start0 is 
corrected by the modified Alaküla method (∆θMAM) 

θ θ θr,start r,start0 MAM= + ∆ . (3.8) 

The field current ripple used in the determination of the initial rotor position can be produced 
with a bang-bang controlled bridge or with a traditional thyristor bridge. With a three-phase 
thyristor bridge, it is natural to produce a 300 Hz current ripple (50 Hz supply). Both types of 
the field current ripple have been tested with the test drive. Since the field current ripple is 
used only for the determination of the initial rotor position angle, the field current ripple, 
achieved with appr. 90 degree control angle of the thyristor bridge, is in practice sufficient for 
the Alaküla method or for the modified method (in the case of test drive used in this work). In 
case of the bang-bang controlled excitation bridge, a 250 Hz current ripple frequency is used. 
The 250 Hz current ripple frequency of the bang-bang control was selected mainly due to 
programming reasons. 

Fig. 3.3 a) shows the waveform of the field current produced by a bang-bang controlled 
excitation bridge, and Fig. 3.3 b) shows the wave form produced by a thyristor bridge. 

a)
 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 0.01 0.02 0.03 0.04 0.05 0.06

time [s]

i FDC [A]

iFDC

 

b)
 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 0.01 0.02 0.03 0.04 0.05 0.06

i FDC [A]

time [s]

iFDC

 
Figure 3.3. a) Waveform of the field current produced by a bang-bang controlled excitation bridge (fripp = 
250 Hz), and b) waveform produced by a three-phase thyristor bridge (fripp = 300 Hz). 

When using the modified Alaküla method (based on Eqn. (3.2)) for the determination of the 
initial rotor position angle, the excitation direction of the field winding must be checked with 
some other method. Such a method is e.g. the method used in the test application, in which a 
step is made to the field current reference iF,ref. Correspondingly, the real field current iF 
changes after the time delay of the system, determined by the field winding time constant. 
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Simultaneously, a current pulse parallel to the direct axis is produced to the stator winding of 
the synchronous motor as an effect of the field current step, as presented in Fig. 3.4. In 
principle, a coarse estimation of the initial rotor position angle (corresponding to the positive 
excitation direction) can be carried out by examining the current pulses created in the different 
short circuited stator phase windings by the field current step. With a drive equipped with the 
measurement of the stator voltage, it is possible to employ an initial rotor position angle 
patented by Blaschke and Dreiseitl (U.S. Pat.1975), where an excitation voltage pulse is used 
instead of the field current pulse, and the initial rotor electric position angle is determined from 
the voltage pulses induced to the stator winding. 

t

iF

isd, iF

isd

Aisd

t1t0

 
Figure 3.4. Stator current isd produced by the rapid change of the field current iF to a motor at a standstill, 
when the stator windings are shorted with a zero voltage vector.  

In the check-up of the direction of the excitation of the field winding, instead of the real direct 
axis stator current component isd, the direct axis stator current isd,θstart determined by the initial 
rotor electric position angle θ r,start received with the modified Alaküla method is employed. 
The direction of the excitation of the field winding is solved by examining the sign of the area 
of the stator current pulse Aisd, in other words, the sign of the integral of the stator current pulse   

A i t t
t

t

isd sd start d= ∫ , ( )θ
0

1

, (3.9) 

where t0 is the instant when the field current step is started, and t1 is selected e.g. so that it 
corresponds to the time constant of the direct axis damping winding. If a positive field current 
step results in a negative sign of the integral, the initial rotor position angle received with the 
modified Alaküla method is correct, whereas a positive sign indicates an opposite excitation 
direction of the field winding. In that case, the initial rotor position angle is changed as follows 

θ θr,start r,start= + π . (3.10) 

Due to the restrictions in Eqn. (3.2), the determination algorithm of the initial rotor position 
angle of the test application is carried out according to the flow chart of Fig. 3.5. As a whole, 
the determination of the initial rotor position angle takes a few seconds with the test drive, 
which means that the method is not very fast. In the start-up of an electrically excited 
synchronous motor, it is necessary to wait the increase of the field current at least for the time 
constant of the field winding, from a few hundred milliseconds up to a few seconds, also when 
the initial rotor angle of a non-operating synchronous motor is known. The determination 
method for the initial rotor position angle presented here can be used also for drives with 
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position sensors, if no absolute encoder is available, and if the direction of the direct axis has 
to be determined without the DC excitation of the stator winding and the field winding. 
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Figure 3.5. Flow chart of the determination method of the initial rotor position angle, used in the test 
drive.  

3.1.2 Initial rotor position of a rotating machine 
When starting a rotating motor, the initial rotor position angle can be solved with short-term 
short-circuits (when observed from motor side), in other words, with the zero voltage vector of 
the stator winding. A fly start is necessary e.g. after a short power failure, when the process 
rotates with kinetic energy. Next, the behaviour of the stator current is approximated during a 
short-circuit situation. Similar presentation for a permanent magnet machine with surface 
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mounted magnets has been introduced by Luukko (1996) and for an induction machine by 
Schroedl and Wieser (1998).  

Here, the effect of damper windings is neglected. Furthermore, it is assumed that the angular 
speed remains constant during the examination. The stator flux linkage of the stator voltage 
equation (Eqn. 1.7) in a rotor reference frame is 

ψ ψ ψ
s
r

sd sq

sd sd md F sq sq

j

j

= +

= L i L i L i+ + .
 (3.11) 

During the short-circuit, the stator voltage is zero, and when the resistive losses are neglected, 
the derivative of the stator flux linkage of Eqn. (1.7) is determined as 

d

d
js

r

r s
r

ψ
ω ψ

t
= − . (3.12) 

In Eqn. (3.12), the factor -jω r appear, because a constant ψs in the stator reference frame 
means a backward rotating ψs

r in the rotor reference frame. The solution of this differential 
equation is 

( )ψ ψ ω
s
r

s0
r je rt t= − ,  (3.13) 

where ψs0
r is the value of the stator flux linkage at the moment t = 0. The initial value of the 

stator current is assumed to be is0 = 0, and the field current iF constant (iF = iF0), which results 
in 

( ) ( ) ( )L i t L i t L i t
sd sd sq sq md F0

jj e r+ = −− ω 1 . (3.14) 

Next, 

( ) ( )[ ]
( ) ( )

L i t L i t

L i t L i t

sd sd md F0 r

sq sq md F0 r

= −

= −

cos

sin .

ω

ω

1
 (3.15) 

When ωrt is small, it can be assumed that 

( ) ( )

( )

cos sin

sin

ω ω ω

ω ω

r
r r

r r

t
t t

t t

− = − 





≈

≈

1 2
2 2

2
2

. (3.16) 

Thus, it can be assumed that the term Lsdisd(t) is insignificant when compared to the term 
Lsqisq(t). Now, the stator current in rotor reference frame can be presented as follows 

( ) ( )i t
L
L i ts

r md

sq
F0 rj≈ − sin ω . (3.17) 

and in stator reference frame 
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( ) ( )

( ) ( )

i t
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≈ −
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2 ,
 (3.18) 

where θ r0 is the position angle of the rotor at the moment t = 0. When studying the short 
circuits, the duration of which is a few hundred micro seconds, Eqn. (3.18) can be simplified as 

( ) ( )i t
L
L

i ts
s md

sq
F0 r

je r≈ −ω θ 0 2
π

, (3.19) 

which shows that the change in the stator current is almost directly proportional to the duration 
of the short circuit. It can be seen that the direction of the stator current in the situation of a 
positive angular speed is π/2 behind the rotor angle θ r0 corresponding to the starting moment 
of the short circuit, and with a negative angular speed, π/2 ahead of the rotor angle θ r0. Thus, 
the initial rotor position angle can be determined with the measured stator current is angle ρ i 

( )θ ρ ωr  i rsign0 2
= + π . (3.20) 

For a drive without a position sensor, the angle θ r0 can be used for the initialization of the 
stator flux linkage estimate. This kind of method can be used e.g. in an induction machine 
drive for rotor flux detection (Schroedl and Wieser 1998), but not at low speed area. 
Furthermore, in the case of continuous angle detection, e.g. Kalman filter must be used for 
noise reduction. 

On the basis of the angular differences of two successive short circuit currents, the electric 
angular speed ω s can be estimated 

ω ρ
s ≈

∆
∆

i
t

. (3.21) 

The test drive has shown that the position angle estimate of the stator flux linkage estimate and 
the rotor angular speed estimate calculated with Eqns. (3.20) and (3.21) are sufficient for a 
reliable fly start, the very lowest angular speeds excluded. Although the rotor of the 
electrically excited synchronous machine is magnetized in a controlled way, the short circuit 
currents are not high enough for angular information at a low rotational speed. In the field 
weakening range, it must be remembered that the rotor excitation can produce higher 
electromotive force in the open stator winding (the stator is uncontrolled) than the nominal 
voltage of the motor. This high voltage can cause damage in the stator winding insulation, or it 
can also cause damage in the DC link (when the stator winding is connected to the DC link).  
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3.2 Stator current controlled drive for a synchronous motor at low 
rotational speeds 

The initial rotor position angle of an electrically excited, DTC controlled synchronous motor 
can be determined with the method introduced in Section 3.1. In the case of a synchronous 
motor drive with position angle feedback and with a current model for the correction of the 
stator flux linkage estimate, it is relatively easy to start up a drive after the determination of the 
initial rotor position angle. In the start-up of an electrically excited, DTC controlled 
synchronous motor without a position sensor, the current model based on the rotor position 
angle estimate or a flux linkage estimator based on the state observer can be applied. Some 
estimation methods of the rotor position angle are for example the method introduced by 
Manfred Schroedl (1994: 173-185) for permanent magnet motors, and the INFORM model 
based on the use of the Kalman filter, designed for a synchronous reluctance motor (Schroedl 
et al. 1994: 225-231; Indirect Flux detection by Online Reactance Measurement model). When 
employing these methods, the basic assumption is that there are no damper windings in the 
motor, or damping is insignificant. Earlier, some limitations set by the test application have 
been mentioned. These limitations exclude the above-mentioned methods from this study, 
since they require high calculation capacity, and they are dependent on motor parameters. 

At low rotational speeds, the errors of the stator flux linkage estimate are significant, and in the 
case of an electrically excited synchronous motor, a separate excitation of the field winding 
makes the correction of the stator flux linkage estimate difficult. To start the motor, and for 
slow running (f < 2 Hz), a method applying a voltage source inverter as a current source was 
selected. This current control method is based on the DFLC modulator. The method is earlier, 
in Section 1.5, named the DMCC (DFLC modulator based current control). As the frequency 
increases, the DMCC is replaced by the DTCN. 

First, in this section, the basic idea of the independent phase-related current hysteresis control 
(e.g. Novotny and Lipo 1997 pp. 322-331) is introduced. Next, the principle of the DMCC 
method and the principle of the hysteresis band determination of the DMCC are presented. 
Also, some results of a simulation concerning the phase-related current hysteresis control and 
the DMCC are presented. Finally (Section 3.2.5), the basis of the current reference selection of 
the DMCC, for the electrically excited synchronous motor is presented. In addition to the 
production of the rotating current vector, described in this section, the DMCC can be employed 
e.g. for the estimation of the rotor position angle of a stationary permanent magnet motor 
(Östlund et al. 1996:1158-1164). 

3.2.1 Independent phase-related current hysteresis control 
Here, the principle of the independent phase-related current hysteresis control is represented 
(Novotny and Lipo 1997, Bose 1997). Fig. 3.6 shows the principle of the VSI with the switch 
notations of a phase-related hysteresis current control, and Fig. 3.7 shows the principle of the 
current hysteresis control.  
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Figure 3.6. Principle of the circuit diagram of a VSI. The switch notations correspond to the notations of 
a phase-related hysteresis current control in Fig. 3.7. 

It can be assumed that with sufficient accuracy, at low rotational speeds when the proportion of 
the emf is small when compared with the voltage drops and the voltage of the DC link, the 
direction of the change of the stator current corresponds to the direction of the voltage vector 
used (Novotny and Lipo 1997:326). For a smooth air gap rotating field motor, the transient 
inductance L’s of the motor can be assumed to be independent of the rotor position, and thus, 
the voltage equation of a certain voltage vector is 

( )u L
i
ts A B C s
sS ,S ,S

d
d≈ ' . (3.22) 

This assumption is not completely exact with salient pole machines. When the switching 
frequency of the inverter is high enough, it can be assumed that the direction of the change of 
the current determined from Eqn. (3.22) is accurate enough when considering the hysteresis 
control of the stator current at a low speed range.  
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Figure 3.7. Scheme of the principle of a phase-related current hysteresis control. The notations 
correspond to the notations in Fig. 3.6. 

Next, determination of the hysteresis limit and the corresponding switching frequency of a 
current control with a traditional three phase independent hysteresis control is discussed 
shortly. Fig. 3.8 presents the area in the stator reference frame defined by the three independent 
phase-related hysteresis controls in the environment of the current reference is,ref (Novotny, 
Lipo 1997:325). The lines expressing the phase-related hysteresis limits, which correspond to 
the magnetic axes a, b and c, are printed in capital letters. For example, the hysteresis limit of 
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the phase a is marked A+, outside of which the changeover switch (SA+), connected to the 
positive voltage of the inverter leg of the phase a is being switched on. The total hysteresis of 
one phase is 2h. Fig. 3.9 shows a simulated example of the error between the stator current 
reference amplitude is,ref of a hysteresis controlled drive and the stator current amplitude is, 
when the current hysteresis ih is 0.05 pu, and the current comparison is carried out every 25 µs.  
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Figure 3.8. Area in the stator reference frame defined by the phase-related hysteresis controls in the 
environment of the current reference is,ref. The phase-related hysteresis limits corresponding to the 
magnetic axes a, b and c are marked with the notations +A, -A, +B, -B, +C and -C, corresponding to Figs. 
3.5 and 3.6. For instance, if the stator exceeds the limit +C the switch SC+ is turned on. The total 
hysteresis of one phase is 2h. The angle βi,ref is the position angle of the stator current reference is,ref. 
(Novotny and Lipo 1997). 
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Figure 3.9. Simulated current error is,ref - is in the hysteresis control, when is,ref = 1.0 pu and ih = 0.05 pu.   

The switching frequency fsw required in the realization of the hysteresis control (presented in 
Fig. 3.8) can be estimated with the transient inductance L's, current hysteresis ih and the DC 
link voltage UDC. At small rotational speeds, the emf can be assumed to be negligible. 
Furthermore, when resistive losses are neglected, the rate of change of the current is (Novotny 
and Lipo 1997 p. 328) 

d
d

s DC

s

i
t

U
L

≈ 2
3 '

. (3.23) 
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The trajectory of the stator current during a single limit cycle can be e.g. as presented in Fig. 
3.10, if no zero voltage vectors during the switching cycle occur, and the hysteresis limits are 
low enough. Thus, the length of the route can be estimated to be 

∆is h≈ 6i . (3.24) 

The equation of the switching frequency (e.g. Brod and Novotny 1985:568) becomes 

f
i t

i
U
i Lsw

s

s

DC

h s

d d
= =

∆ 9 '
. (3.25) 

In practice, the digital control of the motor control is divided into time levels, and the 
hysteresis control takes place at the fastest possible time level. It is not always possible to 
reach the situation presented in Fig. 3.10 (dashed line), where the control reacts immediately to 
the exceeding of the hysteresis limit. For example, with the current control at the time level of 
25 µs (as in the test application), it is possible to create a similar locus with the one created by 
the tip of the stator current vector of six voltage vectors (continuous line in Fig. 3.10), when 
the phase-related hysteresis is selected smaller than the change of the stator current at the time 
span of the fastest time level Tmin = 25 µs. Furthermore, in Fig. 3.10, it is assumed that the 
phase-related hysteresis control can give only switching options other than a zero vector during 
the current loop in question. Also zero electromotive force is assumed in both cases of Fig. 
3.10. Thus, in a phase-related hysteresis control, unlike in the DFLC modulator, it is possible 
to employ all voltage vectors to produce the stator current reference. In the DFLC, the 
modulator selects a certain voltage vector based on the three logical input variables as 
explained in the Section 1.3.2. At a certain sector, determined by the position angle of stator 
flux linkage estimate, the DFLC modulator cannot choose a voltage vector from the group of 
all voltage vectors (Fig. 1.8). 
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Figure 3.10. Possible locus of the tip of the space vector is during a single limit cycle in phase-related 
current control, when no zero vectors occur (Brod and Novotny 1985:568). Dashed line shows a case in 
which control reacts immediately to the exceeding of the hysteresis limit. Continuous line shows a case in 
which the phase-related hysteresis is selected smaller than the change of the stator current at the time 
span of the fastest time level. 

A disadvantage of a hysteresis current control with a permanent hysteresis limit is a wide 
variation range of the switching frequency. As a result, this kind of control generates excess 
harmonics in the motor current (Bose 1990). Therefore, adaptive control methods for the 
hysteresis limits have been developed for the hysteresis current control, of which e.g. the 
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method introduced by Bose (1990:402-408) can be mentioned. In this method, the hysteresis 
band is modulated with the system parameters to maintain the switching frequency nearly 
constant. A current control with a constant switching frequency can be achieved by employing 
the current control methods based on the ramp comparator, introduced by Rahman et al. (1997: 
477-485; Ramp-Comparator Controller). In the ramp comparator method, the current error 
signals are compared to three 120° phase shifted triangular waveforms. 

3.2.2 Principle of the stator current control (DMCC) 
The DMCC can be carried out by using a modulator designed for the DFLC (Takahashi et al. 
1986). The optimal switching table (Fig. 1.8) can be used in several ways: 1) it can be applied 
in the hysteresis controls of the stator flux linkage ψs and the torque te (DFLC), 2) the table can 
be used for the stator flux linkage ψs scalar control (no torque control) and 3) it can be used to 
current control (DMCC). The two latter methods are described in the following.   

In the stator flux linkage scalar control, the logical variables φ and τ  for the selection of the 
voltage vector of the optimal switching table are formed with the stator flux linkage estimate 
ψs,est and the stator flux linkage reference ψs,ref. To control the absolute value of the flux 
linkage of the scalar control, the following equation is applied 

ψ ψ φ φ

ψ ψ φ φ

s,ref s,est  h,

s,ref s,est  h,

− > + ⇒ =

− < − ⇒ =

ψ

ψ

1

0 ,
 (3.26) 

where φh,ψ is the amplitude of the hysteresis corresponding to the logical variable φ. Based on 
this equation, the optimal switching table selects a voltage vector, which either (φ = 1) 
increases or (φ = 0) decreases the flux linkage of the motor. To control the rotation of the stator 
flux linkage vector, the equation 
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 (3.27) 

is similarly applied to. In Eqn. (3.27), τhcp,ψ is the amplitude of the hysteresis corresponding to 
the logical variable τ. On grounds of this equation, the scalar control selects a voltage vector, 
which either accelerates or decelerates the angular speed of the motor flux linkage. Scalar 
control of the stator flux linkage is an optional control method in ACS600 motor controller by 
ABB Industry. 

The realization of the DMCC is based on Eqn. (3.22). In the DMCC, the DFLC modulator is 
used to control the stator current directly. This is done by using the measured stator current is 
and the stator current reference is,ref instead of the stator flux linkage estimate ψs,est and the 
stator flux linkage reference ψs,ref. In the stator current control, Eqns. (3.26) and (3.27) are 
modified as follows 
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i i
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When, in addition to Eqns. (3.28) and (3.29), the sector κ corresponding to the stator current is 
is determined, and also in the determination of the selection bytes, hysteresis is employed, a 
diagram describing the selection of the voltage vector can be constructed (Fig. 3.11). Now, 
instead of the system described for normal DFLC control (Fig. 1.8), both the stator current 
amplitude and the phase angle are controlled by a three-level hysteresis comparator. In a three-
level hysteresis control, the logical variable φ is formed as follows  

i i

i i

i i

s,ref s  h,i
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− > + ⇒ =

+ > − > − ⇒ =
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φ φ

φ φ φ

φ φ

1

0

1

 (3.30) 

instead of the Eqn. (3.28). The reason for this is that in a three-level hysteresis control, unlike 
in a two-level hysteresis control, the control of the stator current amplitude can affect the 
utilization of the zero voltage vector. This can be seen in the modified switching table (Table  
3.1). Without this additional clause, the stator current can go far beyond the hysteresis limits of 
the stator current amplitude. This is possible, if the phase shift between the measured stator 
current and the stator current reference results in a modulator output that gives a zero voltage 
vector. 
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Figure 3.11. Diagram for the selection of the voltage vector for the DMCC. The voltage vector is selected 
on the basis of 1) the sector κ corresponding to the measured stator current, 2) the difference of the 
squares of the stator current as well as on the basis of 3) the cross product of the stator current reference 
and the stator current.  
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Fig. 3.12 presents the stator current isx simulated with the stator current controlled drive, and 
the corresponding stator current reference isx,ref, when n = 0.1 (f = 5 Hz). Hysteresis used in 
simulation corresponds to the current hysteresis ih = 0.04 pu in the case of the phase-related 
current control. The average switching frequency during the simulation is about 3.4 kHz. Fig. 
3.12 shows that the switching frequency fsw fluctuates. This fluctuation is normal in the 
hysteresis control with a constant hysteresis limit. 

Table 3.1. Principle of the modified switching table used in the case of DMCC. 

Sector of stator current  
         τ                     φ 

κ = 0 κ = 1 κ = 2 κ = 3 κ = 4 κ = 5 

−1 −1, 0 u5 u 6 u 1 u 2 u u 4 
−1 +1, 0 u 6 u 1 u 2 u 3 u 4 u 5 
+1 −1, 0 u 3 u4 u 5 u 6 u 1 u 2 
+1 +1, 0 u 2 u 3 u 4 u 5 u 6 u 1 
0 0 u 0, u 7 u 0, u 7 u 0, u 7 u 0, u 7 u 0, u 7 u 0, u 7 
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Figure 3.12. Stator current isx simulated with the DMCC drive. Hysteresis used in simulation corresponds 
to the current hysteresis ih = 0.04 pu in the case of the phase-related current control.  

3.2.3 Switching frequency and hysteresis limits 
In the modulation of the direct flux linkage and torque control, the average switching 
frequency is limited by adjusting the hysteresis limits (φh,ψ for flux linkage and τh,ψ for torque). 
In the following, the determination of the limits in the DMCC as well as the estimation of the 
effects of the hysteresis limits on the average switching frequency are discussed.  

When using the modified DFLC modulator for the stator current control, the voltage vectors 
cannot be selected freely, but the voltage vectors are selected with the sectors and the logical 
variables φ and τ of Eqns. (3.29) and (3.30). During the DMCC, the mutual ratio of the 
hysteresis limits (φ h,i and τh,i) can be estimated with the average voltage vectors effective 
during one sector in the tangential and normal directions. According to Eqn. (3.22), the 
resistive losses are neglected, and the emf is assumed to be zero. The target of the 
determination of the mutual ratio of the hysteresis limits is that both hysteresis limits have an 
equal effect on the selection of the voltage vector. According to Fig. 3.13, the average voltage 
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component u2⊥, normal to the current vector circle, of a voltage vector u2 to be selected in the 
sector 0 (Fig. 1.8) can be calculated from 

u
u

u2 d⊥ = =∫2

0

3

2

3

3
2π π

π

sinυ υ . (3.31) 

Correspondingly, the average tangential component u2= is 

u
u

u2 d= = =∫2

0

3

2

3

3 3
2π π

π

cosυ υ . (3.32) 

For other non-zero voltage vectors available in the sector 0 (u3, u5 and u6), it is possible to 
calculate average voltage components which have the same absolute values. Now, the ratio of 
the hysteresis limits of the logical variables φ and τ is selected as 

τ
φ

h,i

h i,
= ==

⊥

u
u

2

2
3 , (3.33) 

where the hysteresis value τh,i is defined for current values, not for the cross product of Eqn. 
(3.29).  
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Figure 3.13. Voltage vector u2 used in the sector κ=0, and the position angle υ used in the determination 
of the components of the average voltage normal u2⊥ and tangential u2= to the current vector circle. 

The ratio of Eqn. (3.33) is valid for the average voltage vectors. With this ratio of Eqn. (3.33) 
the area in the stator reference frame defined by these hystereses can be approximated. This 
area is presented in Fig. 3.14. The change of the current vector corresponding to the average 
voltage vectors can be considered to emerge in the direction determined by the average normal 
and tangential component of the voltage. This direction is a cross-stratification of a rectangle, 
which is defined by the hystereses φh,i and τh,i. In Fig. 3.14, the fictious voltage vectors, which 
are defined by the average voltage components (u2⊥, u2=, u3⊥ , u3=, u5⊥, u5=, u6⊥ and u6=) are 
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presented in the co-ordinates fixed to the normal and tangential hysteresis components (x⊥ and 
y= axes).  

For the limit cycles, the maximum switching frequency of the current control based on the 
DTC modulator can be estimated with the equation 

f
U

L

U

L

U

Lsw,av
DC

h,i h,i s

DC

h,i h,i s

DC

h,i s
=

+
=

+
=

2
3

4

2
3

4 3

2
3

82 2 2 2φ τ φ φ φ' ' '  . (3.34) 

It is assumed in Eqn. (3.34) that a single limit cycle is formed by a route traveling back and 
forth along the diagonal. When using a predetermined calculation frequency fft (in the test 
motor 40 kHz corresponding to the 25 µs time span of the fastest time level, Tmin), the 
theoretical switch-related maximum switching frequency fsw,max is 

f
T

f
sw,max

min

ft= =1
2 2

, (3.35) 

because there are two minimum cycles taking place between successive switch-ons in a single 
switch. 
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Figure 3.14. Hysteresis area in the stator reference frame defined by the hystereses φh,i and τh,i. Also the 
fictious voltage vectors defined by the average voltage components (u2⊥, u2=, u3⊥, u3=, u5⊥, u5=, u6⊥ and 
u6=) are presented in the co-ordinates fixed to the normal and tangential hysteresis components (x⊥ and y= 
axes). 

In the test drive, the logical variable φ is determined for quadratic values of the stator current 
reference and the stator current, and therefore also the hysteresis limit φhsq,i is determined for 
these quadratic values. These quadratic values are used, because less processor capacity is 
consumed when using the quadratic values than when using the absolute values (square root 
required) of the control quantities. With the quadratic values, Eqn. (3.30) can be rewritten as 
follows 
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 (3.36) 

With the quadratic current values, it is possible to write an equation in the upper hysteresis 
limit 

( )i isu h,i s,ref− =φ
2 2  (3.37) 

and in the lower limit 

( )i isl h,i s,ref− =φ
2 2 , (3.38) 

in which isu is the stator current’s absolute value at the upper limit and isl is the stator current’s 
absolute value at the lower limit. According to Eqns. (3.37) and (3.38), 

i i is,ref su su h,i h,i
2 2 22− = − +φ φ  (3.39) 

and 

i i is,ref sl sl h,i h,i
2 2 22− = +φ φ  (3.40) 

The very lowest values of the stator current reference excluded, it can be assumed with a 
sufficient accuracy that 2isuφh,i >> φh,i

2 and 2islφh,i >> φh,i
2. It is also assumed that is,ref >> φh,i. 

Thus, the hysteresis φhsq,i corresponding the quadratic current values for the determination of 
the logical variable φ can be selected 

( )φ φhsq,i s,ref s,ref h,ii i= 2 . (3.41) 

It is important to emphasize that the notation φhsq,i for the hysteresis does not mean the square 
of the current hysteresis φh,i 

φ φ φ φhsq,i h,i h,i h,i≠ =2 . (3.42) 

Eqn. (3.41) shows that the hysteresis φhsq,i depends on the current hysteresis φh,i and on the 
current reference is,ref. Thus, the hysteresis φhsq,i will not remain constant, even if a constant 
current hysteresis φh,i is applied. In the case of a constant current hysteresis φh,i, the hysteresis 
φhsq,i is directly proportional to the stator current reference is,ref. For example, when using the 
current hysteresis value φh,i = 0.05 pu and the stator reference values is,ref = 0.5 pu and is,ref = 
1.0 pu, the corresponding quadratic current hysteresis values at lower/upper limit φhsq,i = 
0.0525/0.0475 (is,ref = 0.5 pu) and φhsq,i = 0.1025/0.0975 (is,ref = 1.0 pu) are obtained. With Eqn. 
(3.41), the corresponding hysteresis values are φhsq,i = 0.05 (is,ref = 0.5 pu) and φhsq,i = 0.10 (is,ref 
= 1.0 pu). 

Next, a principle for the determination of the hysteresis limit for the logical variable τ in the 
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test drive is shown. At the upper hysteresis limit, for the cross product of the stator current 
reference and the stator current, the hysteresis τhcp,i corresponding to the logical variable τ, the 
following equation can be written 

( )i i i is,ref s s,ref s hcp,i× = =sin θ τ , (3.43) 

where τhcp,i is the result hysteresis of the cross product, corresponding to the current hysteresis 
τh,i used in the Fig. 3.14. Next, for examining the current hysteresis τh,i and the hysteresis τhcp,i 
of the cross product, Fig. 3.15, where is,ref (2)= 0.5 pu and is,ref(1)= 1.0 pu is used. The current 
hystereses φh,i and τh,i are presented in Fig. 3.15, where τh,i is orthogonal to the current vector 
corresponding to the stator current reference is,ref. For the stator current reference is,ref(1), Eqn. 
(3.43) can be formed as 

( )i i i i is,ref s s,ref s s,ref h,i( ) ( ) ( ) ( ) sin ( ) ( )1 1 1 1 1 1× = =θ τ . (3.44) 

Correspondingly, for the stator current reference is,ref(2),  

( )i i i i is,ref s s,ref s s,ref h,i( ) ( ) ( ) ( ) sin ( ) ( )2 2 2 2 2 2× = =θ τ . (3.45) 

When comparing Eqns. (3.44) and (3.45), it can be seen that the hysteresis of the cross product 
(τhcp,i) can be formed for the constant hysteresis τh,i proportional to the amplitude of the stator 
current reference is,ref 

( )τ τhcp,i s,ref s,ref h,ii i= . (3.46) 
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Figure 3.15. Hysteresis limits of a DMCC are determined with the current hystereses φh,i and τh,i. The 
stator current reference is,ref(2) = 0.5is,ref(1). 

Furthermore, with Fig. 3.15, it is possible to examine the effect of the current hystereses and 
the stator current reference on the angular error between the stator current is and the stator 
current reference is,ref. The stator current references and the current hystereses are assumed to 
be within a range in which sin(θ) ≈ θ is valid with sufficient accuracy for the angle between 
the stator current reference is,ref and the stator current is. Then, as the hysteresis τhcp,i 
corresponding to the cross product (is,ref × is) behaves according to Eqn. (3.46), the angular 
error allowed by the hysteresis τhcp,i changes almost inversely proportional to the amplitude of 
the stator current reference. For example, in the case of the stator current references is,ref(1) and 
is,ref(2) (is,ref(2) = 0.5 is,ref(1)) of Fig. 3.15, the angular errors behave as follows 



 61

θ θ(2) 2 (1)≈ .  

In addition to the amplitude of the stator current reference, the angular error of the stator 
current is affected by the emf of the motor. Fig. 3.16 presents the behaviour of the measured 
stator current from the test drive, when is,ref = 0.8 pu and ωcurr,ref = 0.04 pu. Fig. 3.16 shows 
how the increase of the hysteresis limit τhcp,i (φhsq,i remains constant) causes phase shift 
between the stator current reference and the stator current.  

Fig. 3.16 shows, in addition to the stator current reference and the stator current, the error ∆ix 

∆i i ix sx,ref sx= − . (3.47) 

The phase shift results from the fact that the emf keeps the stator current close to the hysteresis 
limit, which is lagging the stator current reference because of the angular speed of the stator 
current reference. This can be seen in Fig. 3.16 b), which shows the current limits 
corresponding to the current hysteresis τh,i. 
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Figure 3.16. Effect of the hysteresis limit τhcp,i on the phase shift between the x axis current components 
of the stator current reference and the stator current angular speed of 0.04 pu. In the case a), the hysteresis 
τhcp,i corresponds to a current hysteresis φ h,i of 0.05 pu (τh,i= √3 φ h,i). In the case b), the hysteresis τhcp,i 
corresponds to a current hysteresis τh,i= √3.0.15 pu. The hysteresis φh,i (so does φhsq,i) remains constant in 
both cases, corresponding to a current hysteresis of 0.05 pu. The average switching frequency is in the 
case a) 3.3 kHz and in the case b) 3.2 kHz. 
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3.2.4 Comparison of phase-related current controller and DMCC 
Fig. 3.17 shows the switching diagrams of both the phase-related hysteresis current control and 
the DMCC in a stator reference frame, when φ h,i = ih. It can be seen in Fig. 3.17,  that the 
hysteresis area (dashed line) in the phase-related current control (Fig. 3.8) is similar in the 
stator co-ordinates when the location of this area moves with the stator current reference. The 
hysteresis area (solid line) in the DMCC is similar in the co-ordinates fixed to the stator current 
reference. 

x

y

+φ
+τ

−φ

−τ is,ref

 
Figure 3.17. Switching diagrams of the current control in the stator reference frame, based on the 
application of the DMCC and equipped with a phase-related hysteresis control, presented in the 
environment of the stator current reference is,ref, when φ h,i = ih. The hysteresis area (dashed line) of the 
phase-related current control and the hysteresis area (solid line) of the DMCC are also presented in two 
different situations. 

Fig. 3.18 presents the simulated stator current loop realized with the DMCC and with the 
phase-related hysteresis current control. Next, the approximated value of the minimum stator 
current change ∆is at the time span of 25 µs (time span of the fastest time level) for the motor 
of the test drive is calculated. The average subtransient inductance of the test motor, calculated 
from the non-saturated parameters (present in Appendix A), is L”

s = 7 mH, and thus, with the 
previous default values (UDC = 540 V), the incremental current change can be calculated as 

( )∆i T
U

L
Ts min

DC

s
min A ( pu)≈ =2

3
129 0 043

"
. . . (3.48) 

In Fig. 3.18, the hysteresis limits φ h,i and ih (φ h,i = ih) have been selected to be lower (0.040 pu) 
than the value (0.043 pu) of Eqn. (3.48). The stator current reference is,ref of Fig. 3.18 is located 
in the middle of the sector 1 in the direction of the voltage vector u2. The mid-point of the 
sector is selected, because there the switching frequency of the DMCC is close to its average, 
as can be seen later in Fig. 3.19. For the phase-related hysteresis control, the switching 
frequency can be estimated with Eqn. (3.25) when current the hysteresis ih is replaced by 
∆is(Tmin) of Eqn. (3.48) 

( )
f

U
i T L Tsw

DC

s s
= =

9
1

6∆ min min
"

, (3.49) 

which results in the maximum switching frequency of appr. 6.7 kHz. The switching frequency 
of the DMCC can be estimated with a similar equation. In the case presented in Fig. 3.18, with 
the DMCC, and with the hysteresis limits of Eqn. (3.33), one current loop requires two 
minimum switching periods more than in the DTC modulator hysteresis current control, which 
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gives the switching frequency 

( )f
U

i T L Tsw
DC

s min s min
kHz= = =

2
3

8
1

8
5 0

∆ '
. . (3.50) 

It can be seen in Fig. 3.18 that the emf and the voltage losses in the stator resistance affect the 
shape of the current loops. There is also a restriction that the DMCC cannot choose a voltage 
vector from the group of all voltage vectors. 
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Figure 3.18. Stator current loop realized with the DMCC and the phase-related hysteresis current control, 
in the environment of the stator current reference is,ref, when the hysteresis limits φ h,i =  ih. No zero 
voltage vectors have been used in either current loops. 

Next, some simulation results of a hysteresis current control and the DMCC are being 
introduced, when n=0.1, is,ref=1.0 and φ h,i = ih = 0.040. Fig. 3.19 a) shows the behaviour of the 
average switching frequency as a function of the stator current reference is,ref position angle 
βi,ref (zero voltage vectors have been excluded from the simulated case), the switching 
frequency being created with the switchings of various phases of the DMCC. The average 
switching frequency has been calculated as a sliding average of the switchings of all phases 
from a 4 ms wide time window. Fig. 3.19 shows that the switching frequency is at highest at 
the sector boundaries, and it remains below the switching frequency obtained with Eqn. (3.50). 
The switching frequency rises notably at the sector boundaries, because the sector determined 
with the measured stator current is is allowed to change freely at low rotational speeds. 
Furthermore, it can be seen that the fluctuation of the switching frequency is appr. 1.5 kHz. 
Fig. 3.19 b) shows the behaviour of the stator current component isx as a function of the angle 
βi,ref (zero voltage vectors not allowed). Fig. 3.20 presents the behaviour of the switching 
frequency and the stator current isx, corresponding to Fig. 3.19, when zero voltage vectors are 
allowed (normal behaviour of the DMCC): it can be seen that in that case, the fluctuation of 
the switching frequency is notably higher (appr. 3 kHz). Fig. 3.21 shows the behaviour of the 
switching frequency and the stator current isx when using the traditional phase-related 
hysteresis current control. The figure shows that the switching frequency fluctuates most with 
the phase-related hysteresis current control, and the maximum value of the switching 
frequency is higher than in the previously described cases (Figs. 3.19 and 3.20). 
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a)                b) 

Figure 3.19. a) Behaviour of the switching frequency as a function of the stator current reference is,ref 
position angle βi,ref (zero voltage vectors not allowed) with the DMCC. b) Stator current component isx as 
a function of the angle βi,ref. The average switching frequency is 4.4 kHz. 
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Figure 3.20.  a) Behaviour of the switching frequency as a function of the stator current reference is,ref 
position angle βi,ref (zero voltage vectors allowed) with the DMCC. b) Stator current component isx as a 
function of the angle βi,ref. The average switching frequency is 2.9 kHz. 
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Figure 3.21. a) Behaviour of the switching frequency as a function of the stator current reference is,ref 
position angle βi,ref with a traditional phase current related hysteresis current control. b) Stator current 
component isx as a function of the angle βi,ref. The average switching frequency is 3.6 kHz. 

The location of the crests of the average switching frequency, which are situated in the 
boundary area of various sectors in Fig. 3.19 a), can be appreciated with Fig. 3.22. In Fig. 3.22 
the stator current reference is set to be at the boundary of the sector 0 and the sector 1. In this 
situation the switching frequency can get its highest value, if the voltage vectors u2 and u5 are 
dominant in the DMCC. 
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Figure 3.22. Hysteresis area in the stator reference frame defined by hystereses φh,i and τh,i. Stator current 
reference is situated in the boundary area of sectors 0 and 1. In this situation, the switching frequency can 
get its highest value if the voltage vectors u2 and u5 are dominant in the DMCC. 

In Fig. 3.23 the behaviour of the absolute value of the current ripple is,ref - is, corresponding the 
cases of Figs. 3.19, 3.20 and 3.21, as a function of the position angle βi,ref is presented. 
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Figure 3.23. Behaviour of the absolute value of the current ripple is,ref - is as a function of the stator 
current reference is,ref position angle βi,ref. a) with the DMCC (zero voltage vectors not allowed), b) with 
the DMCC (zero voltage vectors allowed) and c) with a traditional phase current related hysteresis 
current control. 

The suitability of the hysteresis limits determined with the average voltage vectors can be 
evaluated with the simulation results. In the case of Fig. 3.19, the effects of the hysteresis 
limits φ h,i and τ h,i are almost equal. In the case of Fig. 3.20, the hysteresis limit φ h,i affects the 
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selection of the voltage vector 41 % more often than the hysteresis limit τ h,i. Thus, the ratio of 
the hysteresis limits calculated with the theoretical average voltage vectors according to Eqn. 
(3.33) does not result in a balanced selection of the voltage vectors, when the hysteresis limits 
are considered, and when zero voltage vectors are allowed. In this respect, it is possible to 
achieve better results, but then, the consideration of losses as well as the saliency of the motor 
is required. For a start up of the position sensorless drive, the more exact determination of the 
ratio of the hysteresis limits is not necessary in this work. One possibility to improve the 
behaviour of the DMCC is to let the hysteresis limits vary as a function of the position angle 
βi,ref.  

Fig. 3.24 presents the behaviour of the average switching frequency, calculated with the test 
application (from a 4 ms wide time window), as a function of the stator current reference is,ref 
position angle βi,ref in a situation where the realization of the DMCC is nearly corresponding 
(no or few zero voltage vectors occur) to situation in Fig. 3.19. 
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Figure 3.24. Behaviour of the switching frequency of the test drive, as a function of the stator current 
reference is,ref position angle βi,ref, with a hysteresis current control based on the DTC modulator. The 
curve corresponds to a simulated case in which no or few zero voltage vectors occur. The average 
switching frequency is 4.8 kHz.  

3.2.5 Torque and load angle in DMCC 
In the start-up of a non-running synchronous motor, when employing the DMCC, a stator 
current depending on the motor type related stator current reference is being created. In the 
case of synchronous motors, the direction of the stator current reference applied in the start-up 
can be determined by using the estimation methods for the initial rotor position angle. For 
example, for electrically excited synchronous drives, the method presented in Section 2.2.4 
(Alaküla 1993) can be used. In this method, the rotor position angle is solved with the stator 
current ripple created electro-magnetically to the stator current by the current ripple added to 
the rotor field current. Next, the stator current reference will rotate with the angular speed 
reference ωcurr,ref so that the rotating field can be created in the motor. 

The amplitude is,ref of the stator current reference and also the field current reference iF,ref are 
selected high enough to produce, with sufficient certainty, a torque required of the load. Here, 
for the DMCC, the field current control method introduced in Section 1.4.1 was not used. The 
field current control method introduced in Section 1.4.1 is used in the DTCN. The required 
current references for an electrically excited synchronous motor can be determined from the 
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steady state torque equation  

( ) ( )t p i i p L i i L L i i
i i

e sd sq sd sq md F sq md mq sq sd
D Q

= − = + −



= =

3
2

3
20 0

ψ ψ
,

. (3.51) 

The field current reference iF,ref is selected e.g. to correspond to the field current iF,nom of a 
static situation required by the nominal flux linkage ψs,nom, the nominal torque te,nom and the 
nominal stator current is,nom (cosϕ =1). Thus, the electric torque te as a function of the pole 
angle δ i of the stator current  (Fig. 2.10) is 

( ) ( ) ( ) ( ) ( )t p L i i L L ie i md F,nom s,nom i md mq s,nom i iδ δ δ δ= + −





3
2

2sin sin cos . (3.52) 

According to Eqn. (3.52), a torque curve of Fig. 3.25 can be created, when lmd = 1.05 and lmq =  
0.45 (test motor parameter from Appendix A). The behaviour of the stator flux linkage ψs in a 
steady state, when lsσ = 0.12, is also included in the figure. The stator flux linkage ψs as a 
function of the pole angle δ i of the stator current is 

( ) ( ) ( )[ ] ( ) ( )ψ δ δ δs i md s s,nom i md F,nom mq s s,nom i= + + + +



L L i L i L L iσ σcos sin

2 2
.(3.53) 

Fig. 3.25 also presents the corresponding values te,sat(δ i) and ψs,sat(δ i) of the torque and stator 
flux linkage calculated with saturating inductance models (Appendix C) as well as the values 
te,RM(δ i) and ψs,RM(δ i) corresponding to the synchronous motor calculated without rotor 
excitation (synchronous reluctance motor). The maximum torque of Eqn. (3.52) is obtained 
with the pole angle of the stator current 

( ) ( )
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L L
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− + + −

−



















cos
2 2

2
28

. (3.54) 

For a motor without saliency (Lmd = Lmq), the maximum torque is obtained, when the pole 
angle δ i of the stator current is π/2. Thus, in a salient motor, the corresponding pole angle of 
the stator current remains below π/2. Therefore, when operating at a nominal stator current 
reference is,nom and a nominal field current reference iF,nom, the load torque has to be smaller 
than the torque of Eqn. (3.54). Eqn. (3.54) can be used to estimate the maximum torque of 
other operation ranges determined by the stator current and the field current reference values 
(is,ref and iF,ref). In Eqn. (3.54), also saturating inductance curves can be included, but then, 
however, the pole angle δ i of the stator current must be iterated. For reliable operation and to 
prevent pull out, there has to be a sufficient safety margin between the estimated maximum 
load torque and the maximum torque corresponding to the current references. Thus, a 
synchronous motor operates over-excited during the DMCC, and also additional losses will 
appear when compared to DTC with the field current control introduced in Section 1.4.1. 

At zero and low rotational speeds (f < 2 Hz), the constant current references (e.g. is,nom and 
iF,nom) are applied to. As Fig. 3.25 shows, the torque of a synchronous motor is zero with a 
stator current parallel to the initial rotor position angle. The rotation of the synchronous motor 
can be controlled by turning the stator current reference to the desired rotation direction and by 
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increasing the angular speed of the stator current reference ωcurr,ref with a ramp slow enough. 
When the rotational speed has increased enough (f > 2 Hz), the amplitude of the stator current 
reference can be changed by controlling the angle of the estimated stator flux linkage (or stator 
voltage) and the stator current. However, the stator current reference must remain on a stable 
side of the torque curve of  Fig. 3.25. At higher rotational speeds (e.g. f > 0.5 Hz), the cross 
product of the stator flux linkage estimate and the current vector gives an estimate of the 
torque of the motor, which is accurate enough. With this control, it is possible to diminish the 
over-excitation of the motor to some extent. If the low rotational speeds are passed by quickly, 
it is not necessary to correct the stator current reference and the field current reference during 
the DMCC. 
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Figure 3.25. Electric torque te as a function of the pole angle δ i, with constant inductances and saturating 
inductances (te,sat), obtained with the equation in a steady state. The torque is calculated with a nominal 
stator current is,nom and a nominal field current iF,nom. Furthermore, the absolute value curves ψs(δ i) and 
ψs,sat(δ i) of the stator flux linkage of the different corresponding situations as well as the values te,RM(δ i) 
and ψs,RM(δ i) of a reluctance motor drive without rotor excitation, are presented. 

If the initial position angle βi,start of the stator current reference is,ref differs considerably from 
the direction defined by the pole angle δ i of the stator current and the initial rotor position 
angle θr,start, the rotational speed oscillates notably at the start-up. A more thorough analysis on 
the oscillation of the rotational speed in the case of an open circuit current control of a 
synchronous motor (a permanent magnet) has been carried out by Wu and Slemon (1990). Fig. 
3.26 shows the simulation results of the effect of the initial rotor position error on the rotational 
speed of a current controlled synchronous motor during the start-up. The simulation is carried 
out with a salient pole motor with damper windings. The rotational speed curve A corresponds 
to the start-up carried out with the correct initial position angle, and the curve B corresponds to 
the start-up with an erroneous position angle (error +30 electric degrees). The simulated load 
torque in Fig. 3.26 is proportional to the square of the rotational speed, and equals to the 
nominal torque at the speed of 0.1 pu. Fig. 3.27 presents the behaviour of the electric torque of 
the motor corresponding to the start-up with the same initial rotor position angles. 

Fig. 3.28 shows the behaviour of the rotational speed and the electric torque, when the nominal 
load torque disappears at the moment t = 200 ms. At that moment, damping oscillation of the 
rotational speed and torque occurs, but otherwise, the drive is kept in control by the current 
control. In the simulations presented in Figs. 3.26 - 3.28, the amplitude of the stator current 
reference is,ref corresponds to the nominal stator current is,nom (cosϕ =1), and the field current 
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reference iF,ref corresponds to the nominal field current iF,nom. 
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Figure 3.26. Effect of the initial rotor position error on the oscillation of the rotational speed (simulated). 
The curve A corresponds to the start-up carried out with the correct initial position angle, and the curve B 
corresponds to the start-up with an erroneous position angle (error +30 electric degrees). The load is 
proportional to the square of the rotational speed (simulated). The simulation is carried out with a salient 
pole motor with damper windings. 
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Figure 3.27. Simulated behaviour of the electric torque during a start-up with the DMCC. a) the initial 
position angle of the stator current corresponds to the initial rotor position angle. In b), there is an error of 
+30 electric degrees in the initial rotor position angle. 
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Figure 3.28. Simulated behaviour of the rotational speed with the DMCC. (a) and the electric torque (b), 
when the nominal load torque disappears at the moment t = 200 ms. 
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3.3 Stator flux linkage estimate in the DMCC 

The stator flux linkage estimate during the DFLC and the DMCC can be calculated with Eqn. 
(3.1). During the DMCC, the stator flux linkage estimate can become eccentric, since the 
estimate is not applied according to the normal direct flux linkage control. In the DFLC (or the 
DTC), the control method corrects the estimated flux linkage always to be origin-centered, but 
in the DMCC, the flux linkage estimate drifts slowly. The behaviour of the drift of the flux 
estimate is discussed in the beginning of Chapter 3. For a more detailed presentation, see 
Kaukonen (1999). 

First, some existing methods for the flux estimate drifting correction are presented. These 
correction methods are presented mainly for the field oriented vector control, where the 
currents are used as control variables to control the magnetic state and electric torque of the 
machine. Thus, the stator flux linkage was not used directly as a control variable (discussed 
previously in Section 1.3).  

Furthermore, in this section, a method for the drift correction of the stator flux linkage estimate 
during the DMCC, proved with the test drive, is introduced. The correction of the stator flux 
linkage estimate drift can be done by employing the method based on the application of the 
sum of the squares of the instantaneous values of estimated flux linkage components ψsx,est and 
ψsy,est.  

3.3.1 Existing methods for stator flux drift correction 
To prevent the drift of the zero point of the flux linkage estimate and the DC offset, certain 
adaptive integration algorithms (Hu, Wu 1997 and Hu, Wu 1998) as well as a separate drift 
correction method (Wu, Slemon 1990) have been introduced. Fig. 3.29 shows the block 
diagrams of the methods presented by Hu and Wu (1997, 1998), called here Method 1, Method 
2 and Method 3. The basic idea of these methods is to modify the pure integrator. An open 
loop integrator will cause initial value and drift problems, especially at low frequencies. One 
possibility to avoid these problems is to use a low pass filter instead of the pure integrator (e.g. 
Vas 1998). Obviously, the low pass filter will produce errors in the phase angle and in the 
magnitude of the flux linkage estimate, especially when the motor operates at a frequency 
lower than the filter cut off frequency (Hu and Wu 1998). Kaukonen (1999) states that a 
remarkable phase shift between the estimated and the actual motor flux can cause unstability in 
the DTC control. Therefore, flux linkage estimation methods with additional time delays (e.g. a 
method based on the additional filtering) cannot be applied, since they cause phase shift 
especially during fast transients.  

The output of the modified integrators presented by Hu and Wu can be expressed as  

y
s s

z=
+ +
1
ω

ω
ωc

c

c
x+ , (3.55) 

where x is the input of the integrator, z is a compensation signal and ωc is a cut-off angular 
frequency. When the compensation signal is zero, Eqn. (3.55) acts as a first order low pass 
filter.  

Figs. 3.30 and 3.31 present the simulated behaviour of three different integration methods 
(Method 1, Method 2 and Method 3) in the case of the input quantities 
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where an amplitude is selected to be A = ω, a DC component of the voltage uDC = 0.02A and an 
angular speed ω  = 10 rad/s. The cut-off angular frequency ωc is 20 rad/s. The limiting level in 
methods 1 and 2 is set to value of 1.0 pu.  
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Figure 3.29. Integrator algorithms presented by Hu and Wu (1997, 1998). a) Method 1: modified 
integrator with a saturable feedback, b) Method 2: modified integrator with an amplitude limiter and c) 
Method 3: modified integrator with an adaptive compensation. 

Figs. 3.30 and 3.31 show that with the Method 1, the amplitude of the output is pulsating, and 
it will be distorted. The output is also pulsating when using the Methods 2 and 3, but there is 
not as much distortion in the quantities as in the case of the Method 1. In the Methods 1 and 2, 
the accuracy of the estimated flux linkage depends on the setting of the limiting level. In 
practice, the motor operates at a various flux level (e.g. field weakening range), and thus, the 
limiting level should be adjusted accordingly. In the Method 3, the limiting block of Method 2 
is replaced with a proportional integral regulator (PI), which is used to generate a 
compensation level ψcmp instead of the limiting level. This compensation level is given by 

( ) ( )
ψ

ψ ψ

ψ
cmp p

i sx sx s sx sy sy s sy

s

= +






− + −
k

k
s

u R i u R i
, (3.57) 

where |ψs| is the output flux linkage amplitude 
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ψ ψ ψ
s sx sy= +2 2 . (3.58) 

With the modified integrator, Method 3, it is possible to get an output which converges quickly 
to the actual flux linkage when a step change occurs at the flux linkage level (Hu and Wu 
1998). 

According to the authors, the methods presented by Hu and Wu can be used over a wide speed 
range, 1:100 (0.6-60 Hz), as an estimator of the stator flux linkage. A weakness of the methods 
presented by Hu and Wu is the coordinate transformations required by the algorithms and the 
determination of the limiting level. 

0 400 600 800 1000 1200 1400 1600 1800 2000
0

0.2

0.4

0.6

0.8

1

200

time [ms] 

|ψs | [pu] 

Method 1 Method 2

Method 3

 
Figure 3.30. Simulated operation of the integrator algorithms with the input of Eqn. (3.56). 
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Figure 3.31. Simulated behaviour of the space vector of the flux linkage estimate with the input of Eqn. 
(3.56). 

Fig. 3.32, where the flux linkage circle drawn by the point of the space vector of the flux 
linkage estimate describes the eccentricity of the estimate, clarifies the method of Wu and 
Slemon (1990).  

The error between the stator flux linkage estimate ψs,est and the stator flux linkage ψs is 
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described with the term ψdrift 

ψ ψ ψ ψ α
drift x,drift y,drift drift

jj e= + = . (3.59) 

When the maximum and minimum values of the x and y components of the stator flux linkage 
estimate (with the corresponding signs) are determined, the components of the error term ψdrift 
presenting the origin drift of the flux linkage can be determined as follows  

( )ψ ψ ψx,drift sx,est sx,est= +1
2

max min  (3.60) 

and  

( )ψ ψ ψx,drift sy,est sy,est= +1
2

max min . (3.61) 
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Figure 3.32. Eccentric stator flux linkage estimate circle, to clarify the quantities used in the Wu and 
Slemon method (1990). 

A weakness of the method presented by Wu and Slemon is that the maximum and minimum 
values of the x and y components (ψsx,est, ψsy,est) of the flux linkage estimate are required for 
the drift control. Also in this method, it is assumed that the steady state continues at least for 
one period to achieve the maximum and minimum values of the stator flux estimate 
components. 

For an eccentric flux linkage estimate, also the estimate of the electric angular speed, 
determined with the position angle estimate γψ,est of the stator flux linkage estimate 

ω
γ

s,est
,estd

d=
ψ

t  (3.62) 

is erroneous. The ratio of the estimated electric angular speed ω s,est and the real electric angular 
speed ω s behaves in a permanent situation according to the equation (Wu, Slemon 1990)  
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Fig. 3.33 shows the behaviour of the ratio of the electric angular speed estimate ω s,est and the 
real electric angular speed ω s in a static situation during one electric period, when the drift 
ψdrift of the flux linkage estimate is 

ψ
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01
2

01
2

. . . (3.64) 

ω
ω
s,est

s

ωs radt [ ]

0.9

0.95

1

1.05

1.1

1.15

π 2π0

 
Figure 3.33. Ratio of the electric angular speed estimate ω s,est and the real electric angular speed ω s (Eqn. 
3.63) in a static situation, when the drift of the stator flux linkage estimate is ψdrift (= 01 2. /  + 
j 01 2. / pu).  

In addition to the previously mentioned method (Wu and Slemon 1990), some other methods 
can be used to observe the eccentricity of the stator flux linkage estimate. For instance, 
methods based on the time differences between the zero points of the flux components and a 
trigonometric and geometric analysis of the eccentric circle can be used. The use of these 
methods is obvious, and only some basic principles of the methods are presented. Fig. 3.34 a) 
presents the three-phase components ψsA, ψsB and ψsC of the flux linkage, and Fig. 3.34 b) the 
locus drawn by the point of the corresponding space vector in a case where the DC 
components are ψsB,DC = ψsC,DC = -0.5⋅ψsA,DC (ψsA,DC = 0.2 pu). Fig. 3.34 b) shows that in this 
case, the circle has drifted to the direction of the x axis. 
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a)        b) 
Figure 3.34. a) Phase components of the flux linkage, when ψsB,DC = ψsC,DC = -0.5⋅ψsA,DC  (ψsA,DC = 0.2 
pu). b) Locus drawn by the point of the space vector formed of the phase components of a). 
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The detection of the eccentricity can be done by the flux linkage phase quantities which are 
rotating at a constant speed. The detection is based on the observation of the time differences 
of the zero points of the flux linkage components (e.g. tA and tB in Fig. 3.34 a)). On account of 
the principle of this method, it can be concluded that this kind of method is not applicable to a 
low speed range.  

The detection of the eccentricity with a trigonometric and geometric analysis can be done as 
follows. In Fig. 3.35, the equation of the line which goes through points A and B is 

( )ψ
ψ ψ
ψ ψ

ψ ψ ψy,1
sy,B sy,A

sx,B sx,A
x sx,A sy,A=

−
−

− + , (3.65) 

and the equation of the line which goes through points B and C is correspondingly 
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Figure 3.35. Determination of the center point O of the circle can be done by the chords AB and BC. 

The line, perpendicular to the chord of the circle, started from middle of the chord, goes 
through the center point O of the circle. The equations for these lines from the chord AB and 
BC are as follows 
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. (3.68) 

The lines corresponding to Eqns. (3.67) and (3.68) intersect at the center point of the circle 
drawn by the locus of the stator flux linkage estimate. Thus, the center point can be solved 
with Eqns. (3.67) and (3.68), and so the eccentricity of the estimate at the certain case is 
known. For instance, in this method, the location of the sample points in the circumference and 
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the contingent ripple of the estimate can affect the accuracy of the eccentricity detection. 
Furthermore, the possible drift correction during the detection of the eccentricity impairs the 
accuracy of the eccentricity detection.  

3.3.2 Correction method based on the square of the stator flux linkage 
amplitude 
In this section, it is shown that the sum of the squares of the instantaneous values of estimated 
flux linkage components ψsx,est and ψsy,est can be used for the correction of the stator flux 
linkage estimate drift. This method is capable of correcting the stator flux linkage drift above 
0.5 Hz in a motor with 50 Hz nominal frequency. It is shown with the test drive, that this 
method works sufficiently even at 0.1 Hz.   

First, the eccentric circle drawn by the tip of the space vector of the stator flux linkage estimate 
ψs,est, presented in Fig. 3.36 a), is examined. In Fig. 3.36, the eccentricity of the stator flux 
linkage estimate is in the direction of 135 electric degrees. The sum of the squares of the 
instantaneous values of stator flux linkage components ψsx,est, ψsy,est is obtained from 

ψ ψ ψ ψ ψ
s,est sx,est sx,est sy,est sy,est

2
= + . (3.69) 

Next, the sum is low pass filtered so that the filtering time constant is sufficiently higher than 
the electric period time (e.g. Tfilt > 2/f). Fig. 3.36 b) presents the behaviour of the sum of the 
squares of the flux linkage components and the corresponding filtered value during one electric 
period in a situation corresponding to the eccentricity in Fig. 3.36 a). On the basis of Fig. 3.36, 
it can be seen that in the correction of the eccentricity of the flux linkage estimate, it is possible 
to employ the previously introduced sum of the squares of the flux linkage components and the 
corresponding filtered value. Fig. 3.36 shows that the subtraction of the sum of the squares of 
the stator flux linkage and the corresponding filtered value is at maximum close to the 
direction of the eccentricity of the stator flux linkage estimate.  

The location of the difference in the stator reference frame can be determined by the direction 
(γψ,est) of the stator flux linkage estimate ψs,est. Thus, it is possible to determine also the 
direction of the correction terms of the stator flux linkage with the space vector of the stator 
flux linkage estimate ψs,est. This is based on the assumption that the subtraction works as a 
scaling factor (with a sign) in the direction of the stator flux linkage estimate. Furthermore, this 
correction can be divided into the components presented in the stator reference frame.  Now, 
the correction terms ψsx,corr, ψsy,corr of the stator flux linkage estimate are obtained from the 
equations 

ψ ψ ψ ψsx,corr corr s,est filt s,est sx,est= −












kψ

2 2
 (3.70) 

and 

ψ ψ ψ ψsy,corr corr s,est filt s,est sy,est= −












kψ

2 2
. (3.71) 
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Figure 3.36. a) Eccentric stator flux linkage estimate circle. The direction of the eccentricity is 135 
electric degrees. b) Behaviour of the sum of the squares of the flux linkage components and the 
corresponding filtered value (Tfilt = 2/f) during one electric period in a static situation corresponding to 
the eccentricity in a), when the origin drift of the stator flux linkage estimate is ψdrift (=-0.25 + j0.25pu). 

The correction coefficient kΨcorr appearing in Eqns. (3.70) and (3.71) is affected by the 
rotational speed and the correction frequency of the stator flux linkage estimate. The principle 
of the determination of kΨcorr is presented later in this section. Fig. 3.37 presents the principle 
of the determination of the correction terms based on the sum of the squares of the 
instantaneous values of flux linkage components in a block diagram. After these correction 
terms are determined, the correction of the stator flux linkage can be done by equations 

( ) ( )ψ ψ ψsx,est sx,est sx,corrk k= − +1  (3.72) 

and 

( ) ( )ψ ψ ψsy,est sy,est sy,corr-1k k= + . (3.73) 
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Figure 3.37. Block diagram of the correction method based on the sum of the squares of the instantaneous 
values of the flux linkage components and the corresponding filtered values. 

Fig. 3.38 shows the simulated operation of the drift correction of the stator flux linkage 
estimate in the case of the eccentricity of Fig. 3.36. It can be seen that the drift correction can 
be carried out only during a few electric periods. In the case of Fig. 3.38, the correction 
coefficient kΨcorr = 0.005 corresponding to the correction time spans Tcorr = 1 ms and the 
filtering time constant Tfilt =  200 ms is used. 
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Figure 3.38. Simulated operation of the drift correction of the stator flux linkage estimate in the case of 
the eccentricity of Fig. 3.36. The correction coefficient kΨcorr = 0.005 corresponding to the correction time 
spans Tcorr = 1 ms and the filtering time constant Tfilt =  200 ms is used. 

Next, a steady state, where no correction is made, is assumed. In such a situation, the 
correction direction of the Eqns. (3.70) and (3.71) is evaluated. Furthermore, it is assumed that 
the stator flux linkage estimate can be presented as a sum of the real origin-centered stator flux 
linkage ψs and the eccentricity ψdrift of the stator flux linkage 

ψ ψ ψγ α
s,est s

j
drift

je e= + . (3.74) 

When it is assumed that the filtering time constant of the sum of the squares of the 
instantaneous values of the flux linkage components ψsx,est, ψsy,est is sufficiently higher than the 
electric period, in a steady state, the filtered instantaneous value of the sum of the squares can 
be replaced with the average value 
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2 2 2
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= +

∫π

π

cos cos sin sin . (3.75) 

Now, for the correction terms of Eqns. (3.70) and (3.71), the following equations can be 
written 

( ) ( )[ ] ( ) ( )[ ]{ }ψ ψ ψ α γ α ψ ψ γ γ αsx,corr corr s drift s drift
2= − + − + + −kψ

2 2 2cos cos cos cos  (3.76) 

and 

( ) ( )[ ] ( ) ( )[ ]{ }ψ ψ ψ α γ α ψ ψ γ γ αsy,corr corr s drift s drift
2= − + − + + −kψ

2 2 2sin sin sin sin . (3.77) 

Fig. 3.39 presents the behaviour of the correction terms of Eqns. (3.76) and (3.77) (dashed 
line) in a stator reference frame in a case corresponding to the eccentric situation of Fig. 3.36, 
when the correction coefficient is kΨcorr = 1.0. Furthermore, Fig. 3.39 shows the corresponding 
correction terms (continuous line), when the filtering constant of the sum of the squares of the 
instantaneous values of the stator flux linkage estimate components ψsx,est, ψsy,est corresponds to 
the duration of two electric periods. The average correction of the correction terms according 
to the mean values of Eqns. (3.76) and (3.77) is obtained  

ψ ψ ψ α
s,corr

mean
corr s

2
drift

je= −kψ . (3.78) 

Thus, the average correction in the case B in Fig. 3.47 is opposite to the direction α of the 
eccentricity of the stator flux linkage estimate. The difference of the main correction directions 
of the correction terms of the stator flux linkage estimate (between A and B) is due to the 
amplification of the low pass filter and the phase shift of the correction terms in the case A. 
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Figure 3.39. Behaviour of the correction terms of the stator flux linkage estimate in the case 
corresponding to the eccentric situation of Fig. 3.36. The curve A describes the application of the filtered 
sum of the squares, and the curve B the application of the Eqns. (3.76) and (3.77). 
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The value of the correction coefficient kΨcorr can be determined roughly according to the 
following example. It is assumed that the amplitude of the eccentricity of the stator flux 
linkage estimate is ψdrift,max at the maximum. The absolute value of the average correction term 
of Eqn. (3.78) showing the eccentricity of the stator flux linkage is 

ψ ψ ψ
s,corr

mean
corr s

2
drift,max= kψ . (3.79) 

Earlier, the duration of the filtering time constant Tfilt of the sum of the squares of the stator 
flux linkage components was assumed to be two electric periods. The correction of the stator 
flux linkage is carried out at time spans Tcorr. It is assumed that the average correction term is 
divided equally during a time period of the filtering time constant, and thus, in the case of the 
discrete system, the equation for correction coefficient kΨcorr can be written as 

k
T
Tψcorr
corr

filt
= . (3.80) 

In the case presented in Fig. 3.38, the correction coefficient has been determined by Eqn. 
(3.80). In the tests carried out with the test drive, the method presented here (Eqn. (3.80)) 
proved to be a good starting point for the estimation of the initial value of the correction 
coefficient. The filtering time constant Tfilt is inversely proportional to the electric angular 
speed, and thus the correction coefficient kΨcorr is proportional to the electric angular speed. 
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3.4 The stator flux linkage eccentricity in the DFLC 

During the DFLC, the control method corrects the stator flux linkage estimate ψs,est always to 
be origin-centered, as it was presented at the beginning of Chapter 3. Due to errors in the 
integration, the motor stator flux linkage ψs becomes erroneous when DFLC method is used. 
Therefore, the origin-centered stator flux linkage estimate ψs,est has to be corrected with 
different methods to keep the motor stator flux linkage ψs origin-centered, too. Fig. 3.40 shows 
a simulated example of a drifted, eccentric stator flux linkage ψs, when the eccentricity of the 
stator flux linkage is 0.1 pu in the direction of 135 electric degrees.  
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Figure 3.40. Example of an eccentric flux linkage ψs. Furthermore, the origin-centered stator flux linkage 
estimate ψs,est of the stator flux linkage control. The eccentricity of the stator flux linkage is 0.1 pu in the 
direction of 135 electric degrees. 

In the theory of the DFLC, the motor is controlled directly with the stator voltage integral and 
the measured current vector, and thus, the current model is unnecessary. This is a major 
advantage when considering the control accuracy, because the accuracy of the torque control is 
not impaired by the erroneous current model. If the current model is not employed due to the 
problems related to it, a method that keeps the stator flux linkage origin-centered has to be 
found. The drift correction has to be carried out only based on the feedback information from 
the current measurements.  

The eccentricity of the stator flux linkage creates DC components in the stator phase currents, 
which can be used to indicate the eccentricity of the stator flux linkage indirectly. Furthermore, 
in the case of a direct flux linkage and torque control, the stator phase currents become 
nonsinusoidal. Fig. 3.41 presents the phase currents simulated with an unsaturated motor, 
corresponding to the eccentric stator flux linkage ψs and the origin-centered stator flux linkage 
estimate ψs,est of Fig. 3.40 (DFLC control uses ψs,est), when the drive is controlled with a 
nominal torque reference. In Figs. 3.40 and 3.41, the field current iF is constant and 
corresponds to a symmetric operation state cosϕ = 1. Moreover, for comparison, Fig. 3.41 
shows the behaviour of the phase current isA,sat of the phase a of a saturating motor in the case 
of the eccentric stator flux linkage ψs. It can be seen that the nonsinusoidal waveforms are 
almost similar in both cases. 
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The locus of the point of the stator current space vector, formulated from the stator phase 
currents, is presented in Fig. 3.42. Furthermore, the behaviour of the space vector of the stator 
current in the case of an origin-centered stator flux linkage is presented. The amplitude idrift of 
the eccentricity of the stator current corresponding to the stator phase currents, presented in 
Fig. 3.41, is 0.28 pu, and the direction is 126.3 electric degrees. The amplitude and the 
direction of the eccentricity idrift are calculated from mean values during one electric time 
period. 
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Figure 3.41. Nonsinusoidal waveforms of the stator currents caused by the eccentricity of the stator flux 
linkage ψs of Fig. 3.40, when the drive is controlled with a nominal torque reference. Electric frequency 
is 40 Hz. In practice, the saturation caused by the eccentricity creates even more significant differences. 
This can be seen by comparing the simulated current isA,sat of the a phase of a saturating motor with the 
current isA of the phase a of an unsaturating motor.  

Fig. 3.42 is visually not very informative, because it is impossible to illustrate the peripheral 
speed of the stator current vector. Only the number of switchings in the direction of idrift reveals 
that the stator current vector has stayed longer in that area. 
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Figure 3.42. Locus of the tip of the stator current space vector, corresponding to the stator flux linkage in 
Fig. 3.40. Furthermore, the behaviour of the space vector of the stator current is is presented in the case of 
an origin-centered stator flux linkage. The amplitude idrift of the eccentricity of the stator current 
corresponding to the stator phase currents, presented in Fig. 3.41, is 0.28 pu, and the direction is 126.3 
electric degrees. 

As it was mentioned, the eccentricity of the stator flux linkage causes DC components in the 
stator phase currents. This phenomenon can be used to indicate the eccentricity of the stator 
flux linkage indirectly. The DC components of the stator currents can be determined with 
several different methods. Of these methods, the one based on the observation of the time 
differences between the zero points of the phase components, introduced in Section 3.3, can be 
mentioned. However, the application of this method is problematic because of the 
unsinusoidality of the waveforms of the phase currents (presented in Fig. 3.41). Other methods 
are e.g. a method based on the observation of the amplitude differences of the phase currents, 
and a method based on sliding calculation of the root-mean-square values. In Section 3.4.3, a 
different and simple method is presented, which can be employed to prevent the possible 
eccentricity of the stator flux linkage of the DTCN controlled drives, the zero speed and the 
very lowest frequencies (f < 2 Hz) excluded. This is a method, applicable to all rotating field 
motor types independent of their saturation level. 

The difference of the motor stator flux linkage ψs (eccentric) and the controlled stator flux 
linkage estimate ψs,est (origin-centered) is ψs,drift, and 

ψ ψ ψ α
s s,est s,drift

je= + , (3.81) 

where the angle α is the direction angle of the eccentricity in a stator reference frame. This 
definition differs from Eqn. (3.74), because here the stator flux linkage estimate ψs,est is origin-
centered, when in Fig. 3.32 the stator flux linkage ψs is origin-centered. In practice, both the 
amplitude ψs,drift of the eccentricity and the direction angle α are time dependent. In this study, 
both are assumed to be constant, and thus, the eccentricity of the stator flux linkage 
corresponds to a DC deviation. 

Fig. 3.43 presents the behaviour of the scalar product of the stator flux linkage estimate ψs,est 
and the stator current is 
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ψ ψ ψ
s,est s sx,est sx sy,est sy⋅ =i i i+  (3.82) 

and the estimate of the torque te,est 

( )t p i ie,est sx,est sy sy,est sx=
3
2 ψ ψ−  (3.83) 

in the case of an eccentric stator flux linkage of Fig. 3.40. Furthermore, Fig. 3.43 presents the 
behaviour of the electric torque te of the motor. The difference between the torque te and the 
torque estimate te,est can be presented with the equation 

( )t t p i ie e,est sx,drift sy sy,drift sx− =
3
2 ψ ψ− . (3.84) 

Fig. 3.43 shows that, for the eccentric stator flux linkage, both the scalar product and the 
torque te oscillate at a supply frequency (f = 40 Hz). For the unity power factor, the scalar 
product vibrates almost sinusoidally at the surroundings of the zero level. If the stator flux 
linkage is origin-centered and ψs = ψs,est, the scalar product  

ψ ψ γ γ

s,est s,est
j

s
j

e e⋅ = ⋅ =




i s

ψ ψ +
π

, , 2est est
i 0  (3.85) 

in a steady state and with the unity power factor. 

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35 40 45 50
time  [ms]

t,
ψ s,est.i s

[pu]

ψs,est.i s

t est

t e

 
Figure 3.43. Scalar product of the stator flux linkage estimate ψs,est and the stator current is, and the 
estimated electric torque te,est. The field current iF is constant and corresponds to an operation state cosϕ = 
1. Furthermore, the electric torque te is presented. 

Fig. 3.44 presents the scalar product, shown in the Fig. 3.43, as a function of the position angle 
γψ,est of the stator flux linkage estimate. Furthermore, the direction of eccentricity is presented. 
It can be seen that the position angle of the maximum value of the scalar product is close to the 
position angle of the eccentricity of the stator flux linkage. This phenomenon can be used for 
the correction of the eccentricity of the stator flux linkage, as it is shown in Section 3.4.3. 
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Figure 3.44. Scalar product of the stator flux linkage estimate ψs,est and the stator current is as a function 
of the position angle γψ,est of the stator flux linkage estimate. 

Errors in the current measurement create a similar type of torque oscillations in a stator current 
vector controlled AC drive as the eccentricity of the stator flux linkage does in the DTC 
controlled AC drive. According to Chung and Sul (1998), the DC-offset of the current 
measurement, with a rotational speed controlled drive, creates an oscillation at an electric 
frequency, and the scaling error of the current measurement creates a rotational speed 
oscillation twice the electric frequency. 

Next, the effect of the eccentricity of the stator flux linkage in the DTC environment is studied 
more closely. The study is carried out both for a constant air gap flux linkage and a constant 
excitation. Furthermore, the realization of the correction method of the stator flux linkage 
estimate as well as some simulation results describing the usability of the method are 
introduced. 

3.4.1 Eccentricity in the case of the constant air gap flux linkage  
In this section, the effect of the eccentricity of the stator flux linkage is studied, when a 
constant absolute value of the air gap flux linkage is assumed. This is chosen as a basis, 
because the air gap flux linkage has a quite a long time constant due to different damping 
effects in the air gap region when compared to the stator flux linkage time constant. Also, a 
small value of the stator flux linkage drift component ψs,drift is assumed. Fig. 3.45 presents the 
simulated behaviour of the flux linkage space vectors (ψs,est, ψs and ψm) and the stator current 
is, in a rotor reference frame, when n = 0.8, te,ref = 1.0, ψs,ref = 1.0 and iF,ref is a constant value 
corresponding to a steady state situation cosϕ = 0.8cap. Furthermore, the stator flux linkage drift 
component is ψs,drift = 0.05 at the direction of 135 electric degrees. Fig. 3.45 shows that, in 
practice, the air gap flux linkage fluctuates slightly. Also, it can be assumed that the fluctuation 
is higher at the lower speeds, the time period of the supply frequency is longer, and the air gap 
flux linkage has more time to change. Furthermore, the fluctuation is affected by the amplitude 
of the eccentricity. 
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Figure 3.45. Simulated behaviour of the flux linkage space vectors (ψs,est, ψs and ψm) and the stator 
current is, in the rotor reference frame, when te,ref = 1.0, ψs,ref =1.0 and iF,ref is a constant value 
corresponding to a steady state situation cosϕ = 0.8ind. The stator flux linkage drift component is ψs,drift = 
0.05 at the direction of 135 electric degrees. 

The starting point of the consideration is to compare two cases describing a static situation in 
an angle interval [0−2π] of a stator reference frame corresponding to a single electric period. 
The first case corresponds to a situation where the stator flux linkage is origin-centered, and no 
error in the stator flux linkage estimate occurs (ψs,est = ψs). From now on, the notation ψs will 
be used for the origin-centered stator flux linkage. Fig. 3.46 shows the situation corresponding 
to the first case in a stator reference frame, when te,ref = te = te,est = 1.0 pu, and the stator current 
corresponds to the excitation state cosϕ = 0.8cap and ψs,est = ψs = 1.0 pu. The stator current 
corresponding to this origin-centered stator flux linkage is iso. 
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ψ
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Lsσiso

  
Figure 3.46. Loci drawn by the point of the space vector of the stator current is and the space vector of the 
origin-centered stator flux linkage (ψs,est = ψs = 1.0) in the case of an over-excited synchronous motor. 

The second case corresponds to a situation where the stator flux linkage is eccentric 

ψ ψ ψ ψ ψ ψγ γ α
s s

j
s,est s,drift s,est

j
s,drift

je e edrift= = + = + . (3.86) 

Furthermore, the following assumptions are made: 
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1) the cross product of the stator flux linkage estimate ψs,est (origin-centered, as in the first 
case), and the stator current is is constant (DFLC with constant tref and ψs,ref), and 

2) the absolute value ψm of the air gap flux linkage is constant and the absolute value equals to 
the first case. 

Fig. 3.47 shows the situation in a stator reference frame corresponding to the second case. The 
current ∆is is an additional current which must be added to the stator current iso of the first case 
so that a small stator flux linkage drift component, ψs,drift, can be valid. In order to show the 
effect of this small stator flux linkage drift component, the influence of ψs,drift is magnified in 
Figs. 3.47 and 3.48. 

The current ∆is is parallel to the stator flux linkage estimate ψs,est. The reason for this is the fact 
that the torque control keeps the stator flux linkage estimate and the cross product of the stator 
current constant in both cases. The amplitude ∆is(γ,α,ϕ) of the current difference can be 
written as 

( )∆
σ σ

σ
2

σ σ

σ

i i L L

L i L i L i

L

s so
so

s

s,drift

s

s so s so so so s so s,drift s,drift

s

γ α ϕ ϕ
ψ ψ

γ α

ϕ ψ ϕ ψ ψ ϕ γ α ψ γ α

, , sin( ) cos( )

sin( ) sin( ) cos( ) sin( ) sin( )

= + + −

−
+ + − − − −2 2 2 2 22 2

, 

  

(3.87) 

where ψso is the absolute value of the stator flux linkage, iso is the absolute value of the stator 
current and ϕ is the angle describing the excitation state, corresponding to the first origin-
centered case. The derivation of the Eqn. (3.87) is presented in Appendix D. 
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Figure 3.47. Loci drawn by the space vector of the eccentric stator flux linkage ψs, the stator current is 
and the constant amplitude air gap flux linkage ψm for an over-excited synchronous motor.  

With Eqn. (3.87), the phase currents isA(γ,ϕ), isB(γ,ϕ) and isC(γ,ϕ), which correspond to the 
eccentric stator flux linkage and which produce the constant torque estimate test, can be formed 
as a sum which consists of the phase currents isAo(γ,ϕ), isBo(γ,ϕ) and isCo(γ,ϕ) corresponding to 
the origin-centered stator flux linkage, and of a projection of the current difference ∆is(γ,α,ϕ), 
parallel to the magnetic axis of the phase in question 
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(3.90)

 

where iso is the absolute value of the stator current (corresponding to a static situation), which 
produces a constant torque.  

Fig. 3.48 presents the phase currents isA(γ), isB(γ) and isC(γ) of Eqns. (3.88)−(3.90), when ϕ = 0, 
ψso = 1.0 pu, ψs,drift = 0.05 pu and α = 135 electric degrees. Furthermore, Fig. 3.48 shows the 
simulated phase currents in a DFLC controlled drive with the corresponding eccentricity of the 
stator flux linkage. 
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Figure 3.48. Phase currents isA(γ), isB(γ) and isC(γ), formed from the phase currents corresponding to the 
origin-centered stator flux linkage isAo(γ), isBo(γ) and isCo(γ) and from the current difference ∆is(γ,α). 

The comparison of the phase currents in Fig. 3.48 shows that in the DFLC, the behaviour of 
the asymmetry of the phase currents, caused by the small eccentricity of the stator flux linkage, 
can be described with the current difference of Eqn. (3.87).  

In Fig. 3.49, the simulated dot product, Eqn. (3.82), of the DFLC drive and the current 
difference ∆is according to Eqn. (3.87) as a function of the position angle of the stator flux 
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linkage estimate is presented. The current difference ∆is is parallel to the stator flux linkage 
estimate ψs,est. Thus, when the absolute value of the stator flux linkage estimate is ψs,est = 1.0 
pu, and the angle of the excitation state is ϕ = 0, the behaviour of the current difference 
corresponds directly to the dot product of the stator flux linkage estimate and the stator current. 
The amplitudes differ from each other to some extent, but the location of the maximum and 
minimum values is almost the same. Fig. 3.49 shows that the peak value of the scalar product 
is almost in the same direction as the eccentricity of the stator flux linkage estimate. At lower 
rotational speeds, the peaks of the simulated cross product curve move left. This phenomenon 
is discussed more thoroughly in Section 3.4.2. 

According to Eqn. (3.87) of the current difference, the location of the maximum value of the 
dot product can be estimated. The angle between position angle γ of the origin-centered stator 
flux linkage, corresponding to the maximum value of the current difference (Eqn. 3.87), and 
the position angle α of the eccentricity of the stator flux linkage can be solved from the 
equation 
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 (3.91) 

The derivation of Eqn. (3.91) is presented in Appendix E. When studying Eqn. (3.91), it can be 
seen that for a constant air gap flux linkage, the position angle of the maximum value of the 
cross product is close to the position angle of the eccentricity of the stator flux linkage. For 
instance, in the simulated case of Fig. 3.49, the Eqn. (3.91) gives (γ - α) = 7.3 electric degrees. 
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Figure 3.49. The simulated dot product, Eqn. (3.82), of the DFLC drive, and the dot product described by 
the current difference as a function of the position angle of the stator flux linkage estimate (γψ,est= γ). 

3.4.2 Eccentricity in the case of the constant field current  
For a constant excitation, the examination of the effect of the eccentricity of the stator flux 
linkage can be carried out by applying the superposition principle for the direct and quadrature 
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equivalent circuits of the synchronous motor (Figs. 1.4 and 1.5). The superposition principle 
means that the effect of the various frequency components can be considered separately. By 
assuming the eccentricity of the stator flux ψs,drift to be a DC component in the stator reference 
frame, and the angular speed of the rotor to be constant, a voltage us,drift

r proportional to the 
rotor angular speed ωr and to the amplitude of the eccentricity of the stator flux linkage ψs,drift 
is induced to the rotor reference frame. When the position angle of the eccentricity of the stator 
flux linkage is α, and the position angle of the rotor is θ r in the stator reference frame, the 
following equations can be formed for the direct and quadrature components of the voltage 
caused by the eccentricity of the stator flux linkage  

usd,drift r r s,drift r( , ) sin( )α θ ω ψ α θ= −  (3.92) 

and 

usq,drift r r s,drift r( , ) cos( )α θ ω ψ α θ= − − . (3.93) 

By applying the superposition principle, the equivalent circuit of the direct axis of the 
synchronous motor can be adjusted to correspond to the frequency of the voltage us,drift

r 
according to Fig. 3.50. The leg corresponding to the field winding is excluded, since the field 
current is assumed constant, and the current supply of the field winding, which corresponds to 
the frequency of the voltage created by the eccentricity of the stator flux linkage, ensures that 
the leg is unconnected. According to Fig. 3.50, where the stator resistance is neglected, the 
following equation for the direct axis impedance can be written 

( )
( )Zd r s

r md D D

D r md D
d

jj
j j

j
e d= +

+

+ +
=ω

ω ω

ω
ζL

L R L

R L L
Zσ

σ

σ
. (3.94) 

For the direct component of the current resulting from the eccentricity of the stator flux 
linkage, the following equation can be written 

i
Zsd,drift r

r s,drift

d
r d( , ) sin( )α θ

ω ψ
α θ ζ= − + . (3.95) 

Correspondingly, for the quadrature axis, 

( )
( )Zq r s

r md Q r Q

Q r md Q
d

jj
j j

j
e q= +

+

+ +
=ω

ω ω

ω
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L R L

R L L
Zσ

σ

σ
 (3.96) 

and 

i
Zsq,drift r

r s,drift

q
r q( , ) cos( )α θ

ω ψ
α θ ζ= − − + . (3.97) 
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Figure 3.50. Equivalent circuit of the direct axis of a synchronous motor for a frequency corresponding to 
the voltage us,drift

r proportional to the amplitude ψs,drift of the eccentricity of the stator flux linkage. 

According to Eqns. (3.95) and (3.97), in a rotor reference frame, for the scalar product of the 
stator flux linkage estimate ψs,est having a constant amplitude and a constant angular speed, and 
of the stator current resulting from the eccentricity of the stator flux linkage, the following 
equation can be written 

ψ ψ ψ δ
ω ψ

α θ ζ

ψ δ
ω ψ

α θ ζ

sd,est sd,drift sq,est sq,drift s,est s
r s,drift

d
d

s,est s
r s,drift

q
q

i i
Z

Z

+ = − −

− − −

cos( ) sin( )

sin( ) cos( )

r

r , (3.98)

 

where δs corresponds to the load angle of the stator flux linkage estimate ψs,est. According to 
Eqn. (3.98), the scalar product is dependent on the load of the motor (load angle δs), angular 
rotor speed ωr and the motor parameters Zd and Zq. In Fig. 3.51, the behaviour of Eqn. (3.98) 
and the scalar product of the stator flux linkage estimate and the stator current of the simulated 
DFLC control is presented as a function of the position angle γψ,est at the rotational speeds n = 
0.1 pu and n = 0.8 pu. Fig. 3.58 shows that at a higher rotational speed, the amplitude and the 
phase shift of the scalar product calculated with Eqn. (3.98), are very close to the simulated 
one. When the rotational speed decreases, phase shift and amplitude errors occur. However, at 
the rotational speed n = 0.1 pu (a supply frequency of 5 Hz), the phase shift and the amplitude 
errors seen in Fig. 3.51 are not significant. Thus, better results can be achieved with the 
method employed in this section than with the method described in Section 3.4.1. 
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Figure 3.51. Behaviour of the scalar product of Eqn. (3.98) (smooth line) and the scalar product of the 
stator flux linkage estimate and the stator current of the simulated DFLC control are presented as a 
function of the position angle γψ,est at the rotational speeds n = 0.1 pu and n = 0.8 pu, when ψs,drift = 0.05 
pu.  

3.4.3 Correction of the eccentricity of the stator flux linkage 
The drift of the stator flux linkage of the motor is a relatively slow phenomenon. The method 
presented here for the correction of the eccentricity of the stator flux linkage is designed to be 
carried out during several electric periods. In Sections 3.4.1 and 3.4.2, the effect of the 
eccentricity of the stator flux linkage on stator current and thus, on the scalar product of the 
stator flux linkage estimate and the stator current, was analyzed. According to the observations 
in Sections 3.4.1 and 3.4.2, the eccentricity of the stator flux linkage estimate can be corrected. 

The principle of the correction method of the eccentricity of the stator flux linkage, based on 
the application of the scalar product of Eqn. (3.82), can be understood with Fig. 3.43. The 
figure shows that in a static situation, the difference of the scalar product of Eqn. (3.82) and the 
average of a corresponding scalar product calculated for a single period 

( ) ( )∆ ψ ψ ψ
s s s,est s s,est s d⋅



 = ⋅ − ⋅







−
∫i i T i t

t T

t

t t
1

 (3.99) 

acts nearly sinusoidally. The frequency of the difference of Eqn. (3.99) is equal to the electric 
frequency. The latter term of Eqn. (3.99) is like an offset, which depends on the excitation state 
of the motor.  

Also the direction of the correction terms of the stator flux linkage estimate can be determined. 
The determination of the direction is based on the fact that the lowest rotational speeds 
excluded, the maximum value of the scalar product and the eccentricity of the stator flux 
linkage always occur nearly in the same direction (Fig. 3.44). 

The correction takes place according to the principle presented in Fig. 3.52. This correction has 
similarities with the correction method presented in Section 3.3.2. First, the scalar product of 
the stator flux linkage estimate ψs,est and the stator current is is calculated. Then, the scalar 
product is low pass filtered so that the filtering time constant is sufficiently longer than the 
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periodic time of the supply frequency. The correction terms ψsx,corr, ψsy,corr of the stator flux 
linkage estimate are formed as a product of the difference of the calculated and filtered scalar 
product and the components of the stator flux linkage estimate 

ψ ψ ψ ψsx,corr corr s,est s s,est s
filt

sx,est= ⋅ − ⋅


















k i iψ  (3.100) 

and 

ψ ψ ψ ψsy,corr corr s,est s s,est s
filt

sy,est= ⋅ − ⋅











k i iψ . (3.101) 

 

LPF

Calculation of
the stator flux

 linkage
correction

terms

ψsx,corr

ψsy,corr

isx

i sy

ψsy,est

ψ
s,est

.is= +

−ψsx,est
.isx+ψsy,est

.isy

ψsx,est

 
Figure 3.52. Formation of the correction terms of the stator flux linkage. 

The correction terms achieved this way can be used either directly or by using constant 
correction terms based on the sign of the correction terms 

ψ ψ ψ ψ ψsx,corr s,est s s,est s
filt

sx,est corrsign= ⋅ − ⋅
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and 

ψ ψ ψ ψ ψsy,corr s,est s s,est s
filt

sy,est corrsign= ⋅ − ⋅



















i i , (3.103) 

where ψcorr is a correction coefficient. After the determination of the correction terms 
ψsx,corr, ψsy,corr, Eqns. (3.72) and (3.73) are used to correct the stator flux linkage eccentricity. 

It is possible to formulate more complicated correction methods, where for instance phase shift 
is compensated with a phase shift angle χ determined according to Fig. 3.51. The phase shift 
angle χ is dependent on the motor parameters. For an illustration of this angle, next a special 
case of Eqn. (3.98) where Zd = Zq is handled with. Eqn. (3.98) can be now formed as follows 

ψ ψ ψ
ω ψ

α ζ δ θsd,est sd,drift sq,est sq,drift s,est
r s,drift

d
di i Z+ = + − −sin( )s r .

 

(3.104) 

Eqn. (3.104) has its maximum value when 
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( )α ζ δ θ+ − − =d s r
π
2

.

 

(3.105) 

With Eqns. (3.100) and (3.101), it can be assumed that the maximum value of the scalar 
product and the eccentricity of the stator flux linkage occur nearly in the same direction. From 
this, with α, θr and δs, it follows 

α δ θ= +s r .

 

(3.106) 

When this result is substituted in Eqn. (3.105), it can be seen that with this assumption, the 
angle ζd is going to be π/2. In practice, a phase shift between the correction direction of Eqns. 
(3.100) and (3.101) and direction of the eccentricity occurs (e.g. Fig. 3.51). This phase shift (ζd 
< π/2) can be corrected with the phase shift correction. Next, only the implementation of this 
kind of phase shift correction is presented. Any determination method of the phase shift angle 
χ for practical use is not presented, since the simulations have proved it to be of little 
significance. Moreover, the phase shift is highly dependent on speed and machine parameters. 

The correction method with the phase shift correction can be formed as follows 

( )ψ ψ ψ ψ ψsx,corr corr s,est s s,est s
filt

sx,est sy,est= ⋅ − ⋅


















−k i iψ cos( ) sin( )χ χ  (3.107) 

and 

( )ψ ψ ψ ψ ψsy,corr corr s,est s s,est s
filt

sy,est sx,est= ⋅ − ⋅


















+k i iψ cos( ) sin( )χ χ . (3.108) 

In Eqns. (3.107) and (3.108), the effect of the phase shift is taken into consideration with the 
rotation of the correction direction. 

3.4.4 Simulation results of the drift correction of the stator flux linkage 
Fig. 3.53 shows the simulated behaviour of the difference terms of the stator flux linkage 

( ) ( ) ( )∆ψ ψ ψsx sx,est sxt t t= −  (3.109) 

and 

( ) ( ) ( )∆ψ ψ ψsy sy,est syt t t= −  (3.110) 

presented in the stator reference frame, when employing the drift correction method presented 
in Fig. 3.52. The drift control is applied at the moment t = 400 ms, the rotational speed being n 
= 0.8 pu and the amplitude of the eccentricity of the stator flux linkage ψs,drift = 0.05 pu at the 
direction of 135 electric degrees. The filtering time constant of the scalar product is 50 ms. Fig. 
3.53 shows the correction carried out with the correction terms of Eqns. (3.100) and (3.101) as 
well as the correction with constant correction terms. According to Fig. 3.53, it can be stated 
that the correction of the stator flux linkage estimate carried out with the constant correction 
terms causes stronger continuous oscillations than the correction of Eqns. (3.100) and (3.101). 
The oscillation is caused by the too high constant correction terms, which change their signs 
within one period. 
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Figure 3.53. Behaviour of the difference terms of the stator flux linkage and the stator flux linkage 
estimate in the stator reference frame during the flux linkage correction at the rotational speed n = 0.8 pu. 
The filtering time constant of the scalar product is 50 ms. The correction is carried out with the correction 
terms of Eqns. (3.100) and (3.101). Also the correction with constant correction terms is shown. 

At lower frequencies, a remarkable phase shift occurs between the maximum value of the 
scalar product and the direction angle of the eccentricity of the stator flux linkage (Fig. 3.51), 
and thus, with the correction terms of Eqns. (3.100) and (3.101), the correction of the stator 
flux linkage is not in a completely right direction. Fig. 3.54 shows an example of the simulated 
behaviour of the difference terms of the stator flux linkage estimate and the stator flux linkage, 
when the rotational speed is n = 0.1 pu. Although this is not a very low speed, it can be seen 
that the correction is no longer as symmetric as in the case of a higher rotational speed in Fig. 
3.53. Fig. 3.54 shows the difference terms also in a case in which the phase shift is 
compensated with a calculatory phase shift angle χ. In Fig. 3.54, the phase shift angle χ used 
in the simulation is estimated from Fig. 3.51 (χ = -31 electric degrees). The use of the 
correction terms of Eqns. (3.107) and (3.108) improves the situation, but the terms do not bring 
any extra advantage when compared with the simpler methods presented earlier.  

At low frequencies, the direction of the correction terms of the stator flux linkage is affected 
also by the time constant of the filtering of the scalar product. For example, at the frequency of 
2 Hz, a time constant of 1 s must be used to ensure that the oscillation of the filtered scalar 
product does not affect the direction of the correction. However, the phase shift of the 
maximum value of the scalar product and the direction angle of the eccentricity of the stator 
flux linkage do not notably affect the correction of the eccentricity of the stator flux linkage 
itself.  
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Figure 3.54. Behaviour of the difference terms of the stator flux linkage and the stator flux linkage 
estimate in a stator reference frame during the flux linkage correction, both with and without phase shift 
correction at the rotational speed n = 0.1 pu. 

The eccentricity correction method of the stator flux linkage is at its best when the drive can be 
observed for several periods. The method presented here has been successful with the test 
application (50 Hz nominal frequency), when the frequency is at least 2 Hz.  

3.5 Conclusions of Chapter 3 

In Chapter 3, different sections of the realization of the DFLC modulator based current control 
(DMCC) and the DTCN are presented. First, the method for the determination of the initial 
rotor position angle of an electrically excited synchronous motor is introduced. For a standstill, 
the modified Alaküla method is suggested, and for a rotating machine the method based on the 
short-term short-circuits is represented.  

In Section 3.2, it is shown how the DMCC can be implemented by using the DFLC modulator. 
In addition, principles of the hysteresis limits selection and the behaviour of the torque and 
load angle in the DMCC are presented. Some results of a simulated start-up with DMCC are 
shown. These simulations prove that quite an accurate knowledge of the initial rotor position 
as well as a synchronous motor with damper windings is required when the DMCC is used. A 
method for detection and correction of the eccentricity of the stator flux linkage estimate 
during the DMCC is also presented.  

In Section 3.4, a method for the observation of the drift of the actual stator flux linkage in the 
DTCN drive is introduced. This method uses the origin-centered stator flux linkage estimate 
and the measured stator current. Finally, it is presented how an origin-centered stator flux 
linkage estimate can be corrected to keep the real stator flux linkage origin-centered.  

In Chapter 3, no details of the transition operation between DMCC and DTCN are given. In 
Fig. 3.55, a principle of the use of the DFLC modulator in transition operations (DMCC 
→DTCN and DTCN →DMCC) is presented. For the DMCC, the stator current reference is,ref is 
used, and for the DTCN, the stator flux linkage reference ψs,ref and the torque reference te,ref are 
used. For a transition operation, the DTCN needs a stator flux linkage reference ψs,ref, which 
corresponds to the stator current reference is,ref and the field current reference iF,ref used in the 
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DMCC. Furthermore, the field current reference changes (DMCC →DTCN) from a constant 
value to the field current value defined by an field current control introduced in Section 1.4.1. 
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Figure 3.55. Diagram of the use of the DFLC modulator in transition operations (DMCC →DTCN and 
DTCN →DMCC).  
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4. TEST RESULTS FOR DTC DRIVES WITHOUT A POSITION 
SENSOR 

In this chapter, the suitability of the methods presented in Chapter 3 for a synchronous motor 
DTC drive is tested with the laboratory test drive. The test application and the measuring 
equipment are introduced in Section 4.1. In testing of the DTC drives without a position 
sensor, the program algorithms of different methods have been applied to the DSP. While these 
tests were performed, the flexible operation of the DMCC and the DTCN was not possible. 
Therefore, the performance tests are divided into two sections. First, the suitability of both the 
DMCC and the correction methods of the flux linkage estimate related to it is tested with the 
test application. Next, the suitability of the DTCN control and the correction methods of the 
stator flux linkage for DTC drives without position sensors is presented.  

The performance measurements were carried out with a test application, the load of which was 
a DC machine controlled with a DC drive. The DC machine operates either speed or torque 
controlled. The PI control of the speed control has to be adjusted sluggish because of the belt 
transmission (Section 4.1). Therefore, the speed of the loading DC machine fluctuates in some 
tests. A constant excitation was used in the tests with a DMCC, whereas for a DTCN, an field 
current control of a DTC controlled synchronous motor introduced in Section 1.4.1 was used. 

4.1 Description of the laboratory test drive 

The laboratory test drive consists of a 14.5 kVA salient pole synchronous motor, a torque 
sensor, a DC motor with a DC drive and a DSP controlled stator and rotor converter units (Fig. 
4.1). The converter units include the necessary software to operate as a digital oscilloscope, 
and thus, it was possible to measure the currents by the units themselves. The stator winding of 
the synchronous motor was supplied by the industrial DTC inverter unit (hardware), and the 
field winding was supplied by a four-quadrant DC chopper with a fast current hysteresis 
control. However, there was a delay in the communication between the DTC stator inverter 
and the excitation unit. In an ideal situation, the field current control reacts immediately to the 
torque reference change. In order to have a fast responding field current control in the torque 
step tests, this delay was compensated by adding a corresponding delay to the torque reference. 
The major drawback of the delay in the actual value is that the damper winding current model 
on the direct axis is quite inaccurate. However, for the DTC, where the voltage model is 
dominant, this can be accepted.  

A belt transmission is applied to the test drive, because it is easy to change the gear ratio when 
using a belt transmission. The different gear ratio is needed, because in other research work 
done by the same test drive, experiment results are required in the field weakening area. The 
performance measurements were carried out with a test application, the loading of which was a 
DC drive operated either speed or torque controlled.  

Table 4.1 presents the nominal values of the electrically excited salient pole synchronous 
motor, and the DC motor used in the test drive. The parameters of the salient pole synchronous 
motor were determined by applying the methods presented in standards IEC 34-4 (1985), 
“Methods for determining synchronous machine quantities from tests”, and IEEE std 115-
1983, “Test procedures for synchronous machines”. These parameters are presented in Table 
4.2. For a comparison, also parameters given by the manufacturer are presented. As can be 
seen, there is some deviation between these two parameter sets. Here, the parameters received 
from laboratory measurement is used.  
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Figure 4.1. Arrangement of the laboratory test drive. It consists of a 14.5 kVA salient pole synchronous 
motor, a torque sensor, a 55 kW DC motor with a DC drive and a DSP controlled stator and rotor 
converters. Both drives have a pulse encoder. The belt transmission is used to extend the operation range 
of the loading motor. 

Table 4.1 Nominal values of the test motor and the loading motor given by the manufacturer. 

Electrically excited salient pole synchronous motor DC-motor 
Power SN 14.5 kVA Power PN 55 kW 
Voltage UsN 400 V Voltage UaN 600 V 
Current IsN 21 A Current IaN 100 A 
Field current IFN  10.5 A (cosϕ = 0.8) Voltage UFN 180-110 V 
Frequency fN 50 Hz Current IFN 3.1-2.1 A 
Speed nN 1500 rpm Speed nN 1500 rpm 
Power factor cosϕ 0.8 cap.   

Table 4.2 Measured parameters of the test motor and parameters given by the supplier. 1) referred to stator 
side, 2) cannot be measured, 3) calculated from the suppliers data. 

Parameter Measured Data from the supplier 
Stator resistance Rs 0.048 pu 0.048 pu 
Field winding resistance RF 0.0083 pu1) - 
Reduction factor kr 4 4.633)  
Direct axis synchronous reactance Xd 1.19 pu 1.196 pu 
Direct axis transient reactance Xd

’ 0.33 pu 0.129 pu 
Direct axis subtransient inductance Xd

’’ 0.105 pu 0.090 pu 
Quadrature axis synchronous reactance Xq 0.56 pu 0.475 pu 
Quadrature axis subtransient inductance Xq

’’ -2) 0.109 pu 
Field winding time constant τdo

’ 0.236 s 0.284 s 
Direct axis transient time constant τd

’ 0.054 s 0.031 s 
Direct axis subtransient time constant τd

’’ 0.024 s  0.006 s  
Quadrature axis transient time constant τq

’ -2) 0.008 s 



 100

 
Tables 4.3 and 4.4 present the data of the torque and speed measuring system. The torque-
speed transducer and the measurement unit are supplied by Vibro-meter SA. The torque 
transducer is inductive, and it is mounted on a measuring shaft. The conditioner unit (ICT 610) 
supplies the torque transducer with a voltage at 8 kHz carrier frequency. The signal 
transmission is contactless, i.e., transmitted by rotary transformers connected to the signal 
conditioner unit by a shielded 4 pole cable. The output signal of the torque transducer is first 
amplified, demodulated and filtered, and then brought out to the display unit (PDG 762). The 
output signal (5 V at full scale display) is also available on the BNC output. The speed 
measuring module (PDC 753) is basically a frequency/analogue (F/A) converter. It converts 
speed proportional signals from optical transducers into analog values. The frequency divider 
is a 8 bit one. The accuracy of the speed-sensor is not essential, because the information from 
the speed sensor is only used parallel to the information acquired from the torque sensor. In 
this chapter, the torque signal obtained from the sensor is denoted tmea, and the speed signal 
obtained from the photoelectric sensor is denoted nmea. Other quantities are measured or 
estimated in the inverter unit, which includes necessary hardware and software, and are read 
by the PC equipment. 
 

Table 4.3 Data of the torque and speed transducer.  

Torque transducer with photo electric speed pick-up 
Type TG-20/BP and ML 103 
Torque tN/tmax 200/400 Nm 
Sensitivity 0.3495 mV/Nm (at 10 V excitation) 
Accuracy class of rated torque 0.5 % 
Linearity of rated torque 0.25 - 0.5 % 
Speed nmax 9000 rpm 
Pole wheel 60 teeth 

 

Table 4.4 Data of the torque and speed measuring unit.  

Measurement unit 
Torque signal conditioner type ICT 610 
Carrier frequency 8 kHz 
Frequency range 0 to 1600 Hz slope 18 dB/oct. 
Accuracy class 0.1 % 
Response time appr. 300 µs 10 to 90 % of f. s. d. 
Torque display unit PDG 762 
Digital counter and speed display 
unit  

PDC 753 

Minimum measurable speed 5 rpm 
 

As a comparative information, rotational speed and rotor position information achieved by the 
pulse encoder is available in the test drive. The rotor position angle from the encoder is 
determined by the initial positioning, carried out by the simultaneous DC excitation of the 
stator and field winding. Thus, the rotor position angle is measured as a displacement of the 
rotor from the direction of the magnetic axis of the phase a, determined with the DC initial 
positioning. In the DTC test drive, there is also a current model of the synchronous motor 
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(based on the saturating inductance model, presented in Appendix C, and the measured rotor 
angle) available for reference use. Thus, it is possible to get information about the different 
quantities in the rotor coordinates and to estimate the behaviour of the motor flux linkage. 

4.2 Accuracy of the initial rotor position estimate at a standstill 

The accuracy of the determination of the initial rotor position can be examined by comparing 
the estimated initial position angle θ r,start with the position angle information received from the 
pulse encoder. The estimated initial position angle θ r,start is determined by the modified Alaküla 
method described in Section 3.1.1. The incremental encoder was set with DC excitation of the 
stator winding and the field winding as it was described in Section 4.1. Table 4.5 shows the 
average of the absolute values of the initial rotor position angle errors θ err of 50 measurements 
as well as the maximum values both with a bang-bang controlled bridge and a thyristor bridge. 
The measurements were carried out as 5 series of 10 measurements, between which the 
position angle information of the incremental encoder was set with DC excitation, and also 
rotor rotated contingently. Estimated uncertainty of the position angle, measured by the 
incremental encoder, is about 0.7 electric degrees. On grounds of these results, it can be 
estimated that the initial rotor position angle can be determined very accurately (within couple 
of electric degrees) with the modified Alaküla method. 

Table 4.5. Average of the absolute values of the initial rotor position angle errors as well as the maximum 
values both with a bang-bang bridge and a thyristor bridge. Estimated uncertainty of the position angle of 
the incremental encoder is about 0.7 electric degrees. 

Excitation bridge type bang-bang controlled 
excitation bridge 

thyristor bridge 

fripp [Hz] 250 300 

θ err [el. deg.] average 1.8 1.6 

θ err [el. deg.] max 4.3 3.7 

 

4.3 Performance of the DMCC 

Before actual performance measurements, the characteristics of a DMCC drive were studied in 
a situation where the torque of the load is higher than the torque produced by the synchronous 
motor. The hysteresis values used in all test of the DMCC are φ h,i = 0.05 pu and τ h,i = 0.087 
pu. In this test, the current references of a current controlled synchronous motor correspond to 
the values presented in Section 3.2.5 (Fig. 3.25) for a torque curve in a calculatory steady state 
situation. The amplitude of the stator current reference for the test application was is,ref = 0.8 
pu, and the reference of the field current referred to the stator was iF,ref = 1.37 pu. The angular 
speed of the stator current reference of the current controlled synchronous motor was ω curr,ref = 
0.04 pu, and the speed reference of the load was nref = 0.02 pu. Fig. 4.2 shows the 
corresponding torque tmea and rotational speed nmea measured with a torque and speed sensor. 
Fig. 4.3 presents the direct component isd and the quadrature component isq as well as the 
behaviour of the current components isx and isy in the situation presented in Fig. 4.2. Figs. 4.2 
and 4.3 show that a current controlled synchronous motor can be driven repetitively beyond 
the pull out of the motor. The maximum value of the tmea corresponds to the maximum value 
presented in Fig. 3.25 (te,sat). A current controlled drive can be transferred safely to the normal 
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operation state by increasing the stator current reference is,ref and/or field current reference iF,ref 
so that the maximum torque achieved with the synchronous motor exceeds the maximum value 
of the load torque. 
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Figure 4.2. Load torque tmea and the rotational speed nmea of a current controlled synchronous motor in a 
repetitive pull-out situation, measured with a torque sensor. The loading motor operates at a speed control 
nref = 0.02 pu, and the angular speed of the stator current reference of the synchronous motor is ω curr,ref = 
0.04 pu. The nominal torque of the synchronous motor is tN = 74.1 Nm. 
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Figure 4.3. Measured direct component isd and the quadrature component isq of the stator current of the 
current controlled synchronous motor in a repetitive pull-out situation, as well as the stator current 
components isx and isy. The loading motor operates at a speed control nref = 0.02 pu, and the angular speed 
of the stator current reference of the synchronous motor is ω curr,ref = 0.04 pu. The nominal value of the 
stator current of the synchronous motor is IsN = 21 A. 

Next, the calculated torque te,sat with the saturating inductance parameters (presented in Section 
3.2.5) is compared with the measured torque tmea of the test device. Furthermore, the absolute 
value of the stator flux linkage ψs,sat, and the estimated absolute value of the stator flux linkage 
ψs,est are compared. In a static situation, the absolute value of the torque and the stator flux 
linkage can be calculated as a function of the pole angle of the stator current δ i with certain 
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constant values of stator current reference is,ref and the field current reference iF,ref can be 
calculated from Eqns. (3.52) and (3.53). 

Fig. 4.4 shows the torque curve te,sat(δ i) , the curve of the absolute stator flux linkage ψs,sat(δ i), 
with the amplitude of the stator current reference is,ref = 0.8 pu and the reference of the field 
current referred to the stator iF,ref = 1.37 pu in a static situation, calculated with the equations 
and the saturating inductance models of the test motor. Fig. 4.4 shows also the torque curve 
measured with the test equipment tmea(δ i), and the estimated stator flux linkage curve ψ s,est(δ i) 
with corresponding current references.   
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Figure 4.4. Electric torque te,sat and the absolute value of the stator flux linkage ψs,sat, calculated with 
saturating inductances according to the Eqns. (3.52) and (3.53), as well as the corresponding measured 
torque curve tmea and the estimated absolute value curve of the stator flux linkage ψs,est as the function of 
the pole angle δ i of the stator current. 

Fig. 4.4 shows that the measured torque curve tmea(δ i) and the curve of the absolute stator flux 
linkage ψs,est(δ i) are close to the corresponding curves calculated with the saturating inductance 
models. At the lowest values of the pole angle of the stator current δ i, when the direct axis sum 
current (isd+iF) is at highest, and the boundary of the inductance model is reached, the error of 
the curves increases. Near the peak value of the torque curve, the slope of the curve is small, 
which shows as an increased oscillation of the torque and the rotational speed, presented in 
Fig. 4.5. This is an undesired situation, and shows that current reference values is,ref = 0.8 pu 
and iF,ref = 1.37 pu must be increased, if the nominal load torque is required. 
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Figure 4.5. Measured torque tmea and the measured rotational speed nmea, when operating near the peak 
value of the torque curve in a static situation. (tN = 74.1 Nm, nN = 1500 1/min). 

4.3.1 Start-up 
The target is to determine the initial angle β i,start of the stator current reference is,ref in a stator 
reference frame so that it is equal to the sum of the stator current pole angle δ i, which 
corresponds to the loading situation at the start-up, and the initial angle of the rotor in the stator 
reference frame θ r,start (Fig. 4.6). The simulation results in Section 3.2.5 (Fig. 3.26) showed 
how the error in the initial angle of the stator current reference β i,start affects the oscillation of 
the rotational speed at the start-up. Figs. 4.7 - 4.9 present the results measured with the test 
drive, which show how the effects of the difference between the angles (βi,start−(θr,start+δi)) 
affect the oscillation of the rotational speed nt (measured with the pulse encoder of the test 
drive), the direct component isd of the stator current and the quadrature component isq. In Fig. 
4.7, the initial angle of the stator current β i,start corresponds to the initial angle of the rotor θstart, 
in Fig. 4.8 the initial angle of the stator current differs 90 electric degrees from the initial angle 
of the rotor, and in Fig. 4.9 the initial angle of the stator current differs 180 electric degrees 
from the initial angle of the rotor. The stator current reference is is,ref = 1,0 pu, which deviates 
from the reference used in Fig. 4.4, and thus, the oscillation emerged in Fig. 4.5 can be 
avoided. 
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Figure 4.6.Determination of the initial angle β i,start of the stator current reference is,ref in a stator reference 
frame, the stator current pole angle δ i and the initial angle of the rotor θ r,start in the stator reference frame. 

The loading motor operates speed controlled with the torque limits corresponding to nominal 
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torque of the synchronous motor, and therefore, the load torque is almost zero at the beginning 
of the start-up. When the rotational speed of the synchronous motor increases, the load torque 
of the loading motor increases gradually to the torque limit which corresponds to the nominal 
torque of the synchronous motor. Fig. 4.7 shows that the quadrature component of the stator 
current is reaching a value which corresponds to the nominal torque 0.7 s after the start-up and 
is after that almost constant. Due to the speed control of the loading motor, the pole angle of 
the stator current δ i at the start-up is almost zero. Therefore, the situation in Fig. 4.7 
corresponds to the smallest difference between the initial angle of the stator current reference 
β i,start and the sum angle of the pole angle of the stator current and the initial rotor angle 
(δ i+ θstart). 

Figs. 4.8 and 4.9 show how the oscillation of the direct component of the stator current isd, the 
quadrature component isq and the rotational speed nt is stronger than in Fig. 4.6. However, on 
grounds of the components of the stator current isd and isq, it can be stated that even in these 
cases, the torque produced by the synchronous motor reaches the nominal load torque very 
fast. 
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Figure 4.7. Measured direct stator current isd, quadrature stator current isq, field current iF and rotational 
speed measured by a pulse encoder nt, at the start-up, when the loading corresponds to the nominal 
torque. The position angle of the stator current reference at the start-up corresponds to the initial rotor 
angle. (IsN = 21 A, nN = 1500 1/min). 
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Figure 4.8. Measured direct stator current isd, quadrature stator current isd, field current iF and rotational 
speed measured by the pulse encoder nt, at the start-up, the loading corresponding to the nominal torque. 
The initial angle of the stator current β i,start differs 90 electric degrees from the initial rotor angle θstart. (IsN 
= 21 A, nN = 1500 1/min). 
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Figure 4.9. Measured direct stator current isd, quadrature stator current isq, field current iF and rotational 
speed measured by the pulse encoder nt, measured at the start-up, the loading corresponding to the 
nominal torque. The initial angle of the stator current β i,start differs 180 electric degrees from the initial 
rotor angle θstart. (IsN = 21 A, nN = 1500 1/min). 

4.3.2 Stop test with rotational load 
In addition to the actual start-up from a zero speed, the operation of the DMCC is examined 
when the DC machine is brought to a standstill (Figs. 4.10 and 4.11). In this test, the loading 
DC drive is rotated speed controlled, the speed reference being nref = -0.04 pu and the torque 
limit of the speed control corresponds to the nominal torque of the synchronous motor. A 
stationary constant current reference (is,ref = 0.8 pu) is set as a stator current reference, and the 
field current reference will be iF,ref = 1.45 pu. Fig. 4.11 shows the behaviour of the rotational 
speed nmea and the measured load torque tmea, when the loading is brought to a standstill.  
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Figure 4.10. Rotational speed and load torque measured with a torque sensor, when the rotating load is 
stopped. (tN = 74.1 Nm, nN = 1500 1/min). 

The speed control of the DC motor restricts the increase of the load torque. Thus, the rising 
time of the torque is about 0.5 s. Fig. 4.11 presents the behaviour of the direct and quadrature 
currents of the synchronous motor isd and isq as well as of the field current if and the rotational 
speed measured with the pulse encoder nt, when a motor with a stationary stator current vector 
(ω curr,ref = 0) is stopped. Fig. 4.11 shows that the rotational speed oscillates to some extent. The 
amount of the oscillation of the current components and the rotational speed depends on the 
initial angle difference between the rotor angle and the stator current vector. Figs. 4.12 and 
4.13 show the corresponding quantities of Fig. 4.11 when the position angle of the stator 
current reference at the start-up of DMCC drive differs 90 and 180 electric degrees from the 
rotor position angle θ. Figs. 4.12 and 4.13 show that the angle difference does not affect the 
stopping of the rotating load, and that the oscillation of the rotation dampens quickly. Figs. 
4.12 - 4.15 prove that by using stator current vectors and rotor excitation high enough (is,ref = 
0.8 pu and iF,ref = 1.45 pu in the case of the test drive), it is possible to stop a rotative loading 
corresponding to the nominal torque. 
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Figure 4.11. Direct stator current isd, quadrature stator current isq, field current if and the rotational speed 
measured by the pulse encoder nt, all measured when the rotating load corresponding to a nominal torque 
is stopped. (IsN = 21 A, nN = 1500 1/min). 
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Figure 4.12. Direct stator current isd, quadrature stator current isq, field current if and the rotational speed 
measured by the pulse encoder nt, all measured when the rotating load corresponding to a nominal torque 
is stopped. The position angle differs 90 electric degrees from the rotor angle. (IsN = 21 A, nN = 1500 
1/min).  
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Figure 4.13. Direct stator current isd, quadrature stator current isq, field current if and the rotational speed 
measured by the pulse encoder nt, all measured when the rotating load corresponding to a nominal torque 
is stopped. The position angle differs 180 electric degrees from the rotor angle. (IsN = 21 A, nN = 1500 
1/min).  

4.3.3 The flux linkage estimate and the torque estimate of the DMCC 
Section 3.3 presented methods for the drift correction of the flux linkage estimate ψ s,est. Figs. 
4.14 - 4.16 present the usability of the drift correction with the test drive, when the angular 
speed of the stator current reference ω curr,ref corresponds to the frequency of 1 Hz. In this case, 
the correction coefficient is determined experimentally so that in the case of the errors in the 
size range of the error presented in Figs. 4.14 - 4.16, the correction takes place during a few 
electric periods. In Figs. 4.15 - 4.16, for a comparison, the corresponding flux linkage 
components achieved by the current model of the motor (measured rotor position required) is 
presented. 
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Figure 4.14. Drift correction carried out with the test drive, the correction started at the moment t = 1.6 s. 
The frequency of the stator current reference is 1.0 Hz. 
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Figure 4.15. Drift correction of the stator flux linkage estimate, carried out with the test drive. The figure 
presents also the flux linkage circle obtained with the current model ψs,cm. 
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Figure 4.16. Behaviour of the sum of the squares of the flux linkage components and the sum of the 
corresponding squares of the flux linkage components of the current model during the drift correction. 
The correction is started at the moment t = 1.6 s. 

Fig. 4.17 shows the behaviour of the components of the stator flux linkage estimate ψsx,est and 
ψsy,est as the function of time, and the locus of the space vector. Furthermore, Fig. 4.17 presents 
the behaviour of the corresponding stator flux linkage components ψsx,cm and ψsy,cm constructed 
according to the current model, and the locus of the space vector of these components. Here, a 
temperature correction (measured with a thermocouple) of a stator resistance is used. Fig. 4.17 
shows that by using a temperature dependent stator resistance estimate in the calculation of the 
voltage integral in Eqn. (3.1) and the drift correction of the voltage integral, a quite accurate 
stator flux linkage estimate can be achieved even at low frequencies. 
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Figure 4.17. Behaviour of the components of the stator flux linkage estimate ψ sx,est and ψ sy,est as well as 
the behaviour of the corresponding stator flux linkage components ψ sx,cm and ψ sy,cm constructed 
according to the current model as a function of time, and the locus of the the space vector of these 
components. 

It has been shown that the method based on the sum of the squares of the instantaneous values 
of estimated flux linkage components can be applied with the test drive already from the 
frequency of 0.1 Hz onwards. Thus, the method is usable when moving to the DTCN (f > 2 
Hz), where a sufficiently accurate initial value of the flux linkage estimate is required. 

The electric torque estimate test of the rotating-field machine can be determined with the stator 
flux linkage estimate ψ s,est and the measured stator current is.  

The accuracy of the torque estimate calculated according to Eqn. (3.83) is affected mainly by 
the accuracy of the stator flux linkage estimate. The errors in current measurement can be 
assumed negligible when examining the accuracy of the torque estimate. The stator flux 
linkage estimate includes both phase shift and amplitude error, both of which affect the torque 
estimate. According to the tests carried out, it can be stated that the amplitude of the drift 
corrected stator flux linkage estimate is close to the correct one (the stator flux linkage 
components according to the current model in Fig. 4.17), but the error of the stator resistance 
estimate can cause considerable error in the phase shift. Fig. 4.18 shows the results of the static 
accuracy of the torque estimate te,est when using the drift correction method for the stator flux 
linkage estimate based on the use of the sum of the squares of the instantaneous values of the 
stator flux linkage estimate. The torque estimate error terr can be calculated by using the 
measured torque tmea, the DTC estimated torque te,est and the nominal torque tN of the test motor 

t
t t

terr
mea e,est

N
=

−
. (4.1) 

On grounds of the results calculated, it can be stated that when employing the drift correction 
of the stator flux linkage, it is possible to use the torque estimate at a wide reference range. 
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Figure 4.18. Static torque accuracy measured with the test equipment, when using the drift correction 
method for the stator flux linkage estimate based on the use of the sum of the squares of the instantaneous 
values of the stator flux linkage estimate. 

4.3.4 Load torque steps  
Section 3.2.5 concentrated on the characteristics of the DMCC drive in situations where the 
load torque disappears. Figs. 4.19 and 4.20 present practical measurements, which show the 
behaviour of the measured torque tmea produced by the synchronous motor and the behaviour 
of the rotational speed of the motor nmea when the nominal load is switched off. Fig. 4.19 
shows that in the case of a stationary stator current reference (ω curr,ref = 0), the switch-off of the 
load does not cause notable oscillation. When the stator current reference of the synchronous 
motor is rotating at the angular speed ω curr,ref = 0.05 pu, the switch-off of the load can be seen 
to create notable oscillation, which, however, dampen out in a couple of seconds (Fig. 4.20). 
The oscillation in the speed before the load is switched off is caused by the too low current 
reference value (is,ref = 0.8 pu), which was discussed with Fig. 4.5. 
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Figure 4.19. Oscillation caused by the switch-off of the load equal to the nominal torque in the case of a 
stationary stator current reference. 
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Figure 4.20. Oscillation caused by the switch-off of the load equal to the nominal torque in the case of a 
stator current reference is,ref rotating at the speed of ω curr,ref = 0.05 pu. 

Fig. 4.21 shows the behaviour of the measured torque tmea and of the rotational speed nmea in a 
situation where the load torque changes stepwise between 0.5 pu and 1.0 pu at a constant cycle 
(0.5 s/2 s). In this measurement, the stator current reference was is,ref = 1.0 pu, and the angular 
speed reference of the stator current ω curr,ref = 0. In Fig. 4.21, it can be assumed that the 
changes in the speed are caused by the change of the stator current pole angle (torque 
changes). Because the stator current reference does not rotate, the rotor angle θr must change, 
and thus causes oscillation in speed. Fig. 4.21 shows that the DMCC drive operates well even 
if the load torque changes stepwise. 
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Figure 4.21. Measured torque tmea and the rotational speed nmea in a situation where the load torque 
changes step-by-step between 0.5 pu and 1.0 pu at a constant cycle (0.5 s/2 s). 

4.3.5 Speed reversal tests 
Figs. 4.22 and 4.23 present the speed reversal (-0.04 pu - + 0.04 pu) of the DMCC drive with 
nominal load. Fig. 4.22 presents the behaviour of the components of the stator flux linkage 
estimate in a stator reference frame (ψ sx,est and ψ sy,est) and of the corresponding components 
according to the current model ψ sx,cm and ψ sy,cm as a function of time. Fig. 4.23 shows the 
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behaviour of the rotational speed and the angular speed of the stator current reference as a 
function of time. In Fig. 4.23, the effect of the too low current reference (is,ref = 0.8 pu), 
discussed with Fig. 4.5, can be seen as a form of speed oscillation. Also the linear ramping of 
the ω curr,ref can cause the speed oscillation. 
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Figure 4.22. Speed reversal of the DMCC drive; the behaviour of the components of the stator flux 
linkage estimate in a stator reference frame (ψ sx,est and ψ sy,est) and of the corresponding components of 
the stator flux linkage according to the current model (ψ sx,cm and ψ sy,cm) as a function of time. 

Furthermore, Figs. 4.23 and 4.24 show the loading ramp simulation with the speed reversal of 
a ship propulsion drive at the speed range of 0.1 pu − -0.1 pu. The purpose of this test is to 
simulate the situation where a ship travels at a constant velocity, and the ship propulsion drive 
starts to decelerate the ship. The static load torque before the speed reversal is 0.8 pu and the 
load torque after the reversal is -0.8 pu. The direction of the load torque at the speed reversal 
changes before the direction of the rotation changes. Figs. 4.21 and 4.24 show that a current 
controlled drive operates well at the reversal also when loaded. 
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Figure 4.23. Reversal of the stator current controlled drive; the behaviour of the rotational speed nmea 
when compared with the angular speed reference of the stator current ω curr,ref as a function of time.  
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Figure 4.24. Direct and quadrature stator current isd and isq measured during the speed reversal; the 
rotational speed measured with the pulse encoder nt. Fig. 4.25 and this figure are measured at the same 
speed reversal. (IsN = 21 A, nN = 1500 1/min). 
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Figure 4.25. Measured torque tmea and rotational speed nmea at the reversal. Fig. 4.24 and this figure are 
measured at the same speed reversal.  
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4.4 Performance with the DTCN  

In this section, the performance of the DTCN controlled drive is discussed. The drive is 
equipped with an eccentricity correction method of the stator flux linkage presented in Section 
3.4. The tests show that with a flux linkage controlled drive, it is possible to prevent the 
possible eccentricity of the stator flux linkage with this method, zero speed and the very lowest 
frequencies (f < 2 Hz) excluded. 

4.4.1  Drift correction of the stator flux linkage with the test drive 
The suitability of the drift correction of the stator flux linkage has been tested with the test 
drive by performing some static and dynamic loading tests. The drift correction of the stator 
flux linkage operates well even at its simplest form, when the correction terms presented in 
Eqns. (3.100) and (3.101) are being applied. Because of this and the restricted processor 
capacity, there is no need to employ the correction terms which include the more complex 
phase drift correction of Eqns. (3.107) and (3.108) dependent on the motor parameters. 

When examining the effect of the stator resistance estimate on the voltage integral of a DTC 
drive, it has been concluded that the system becomes unstable if the stator resistance estimate 
is higher than the real stator resistance (e.g. Kaukonen 1999). This can be understood by 
considering the energy principle: if the losses are higher than estimated, the process tends to 
stabilize itself. In an opposite case, the system becomes unstable. Therefore, in the test drive, 
the stator resistance has to be underestimated, if the drive is run only with the voltage integral.  

When no drift correction is used and stator flux linkage estimate is calculated with a value of 
the stator resistance estimate Rs,est, which is close to the real measured stator resistance, it is 
possible to achieve a torque oscillating at a constant electrical frequency, as measured with the 
test application, presented in Fig. 4.26. The DTC drive is torque controlled and the load in the 
DC drive is speed controlled. Earlier in Section 3.4, it was shown that independent of the 
eccentricity of the space vector of the stator flux linkage and the disturbance of the space 
vector of the stator current caused by it, the torque control of the DTC keeps the torque 
estimate test presented in Eqn. 3.83 within the hysteresis limits. As an effect of the eccentricity 
of the stator flux linkage ψs and the nonsinusoidal stator current is, the real torque oscillates in 
a static situation. 
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Figure 4.26. Torque oscillating at a constant electrical frequency (f = 5 Hz), caused by the eccentricity of 
the stator flux linkage. No drift correction is used, and stator resistance estimate Rs,est is close to the real 
measured stator resistance (Rs,est ≈ 0.98). 

The difference components ∆ψsx and ∆ψsy of the components of the stator flux linkage of the 
current model ψs,cm based on the measure rotor angle, and the stator flux linkage estimate ψs,est, 
are received as follows 

∆ψ ψ ψsx sx,cm sx,est= −  (4.2) 

and 

∆ψ ψ ψsy sy,cm sy,est= − . (4.3) 

Fig. 4.27 presents the behaviour of these difference components, when the drift correction of 
the stator flux linkage is applied at the moment tccor. The stator resistance estimate Rs,est is 
slightly underestimated (Rs,est ≈ 0.95 Rs), and the load torque is nominal torque of the test drive. 
The oscillation of the difference components before the application of the drift correction is 
due to the amplitude and phase difference of the stator flux linkage ψs,cm based on the current 
model and the stator flux linkage estimate ψs,est. The frequency of the oscillation caused by the 
amplitude error equals to the electrical angular frequency. Moreover, Fig. 4.27 presents the 
behaviour of the direct and quadrature stator currents isd and isq. The eccentricity of the stator 
flux linkage can be seen mainly in the behaviour of the direct stator current. This is due to the 
small pole angle of the test device at nominal loading and to the fact that the DTC torque 
control keeps the current component producing the torque (≈isq ) almost constant (oscillation 
smaller than in isd). 
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Figure 4.27. Effect of the drift correction on the difference components ∆ψsx and ∆ψsy of Eqns. (4.2) and 
(4.3). The drift correction is applied at the moment tccor. Furthermore, the figure shows the direct and 
quadrature components isd and isq of stator current. The estimate of the stator resistance Rs,est is slightly 
underestimated (Rs,est ≈ 0.95 Rs), and the load torque is nominal. 

4.4.2 Static accuracy of the torque estimate 
Fig. 4.28 shows the results of the static accuracy of the torque, when using the drift correction 
of the stator flux linkage. The torque error terr can be calculated according to Eqn. 4.1 with the 
torque measured with a torque sensor tmea, the DTC estimated torque te,est and with the nominal 
torque of the test motor tN.  
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Figure 4.28. Static torque accuracy measured with the test application, when using the drift correction of 
the stator flux linkage. 

The results show that the drift correction of the stator flux linkage can be used from 2.5 Hz 
upwards at a wide torque range. The error increases remarkably at a low speed and a high 
torque, but still, 17 % torque error at 2 pu torque at 2.5 Hz supply frequency is a good result. 
The static torque error of traditional current controlled drives may be dozens of per cents 
above the nominal torque due to an erroneous inductance model, where no cross saturation 
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effects are taken into consideration. In practice, despite of this, the drive is a high performance 
drive, because the speed controller compensates the error by changing the torque reference. 

4.4.3 Start-up tests 
Fig. 4.29 shows the results of the start-up test. The test motor is started from a standstill to the 
reference speed nref = 0.1 with and without drift correction. In both cases, the initial value of 
the stator flux linkage estimate is based on the measured rotor angle θr (ψsx,est = ψs,refcos(θr) 
and ψsy,est = ψs,refsin(θr), with corresponding value of iF,ref). The value of the stator resistance 
estimate Rs,est is equal in both cases, and it is the value given by the identification run 
(Kaukonen 1999) carried out before start-up. The Fig. 4.29 shows that with drift correction, the 
operation of the drive is very stable, and no oscillation occurs. Without correction, the 
operation is similar for couple of hundreds of milliseconds, but then, the quantities start to 
oscillate, and it is even possible that the drive is tripped, which is definitely unacceptable. Fig. 
4.30 presents the behaviour of the field current iF in the same start-up. The field current 
corresponding to the nominal load and unity power factor is iF = 1.34 pu. 
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Figure 4.29. Start-up from a standstill to the reference speed nref = 0.1 with a speed control. a) A DTCN 
with drift correction, b) without correction. 



 120

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1 2 3 4 5 6
time [s]

i F[pu]

i F(no drift correction)

i F

 
Figure 4.30. Behaviour of the field current in the start-up from a standstill to the reference speed nref = 0.1 
with a speed control. a) A DTCN with the drift correction, b) without correction. The field current 
corresponding to the nominal load and the unity power factor is iF = 1.34 pu. 

Fig. 4.31 presents the behaviour of the drive in the start-up, when the initial rotor angle used in 
the calculation of the initial value of the stator flux linkage estimate differs 60 electric degrees 
from the measured rotor angle. The test motor is started from a standstill to the reference speed 
n = 0.1 with and without drift correction. The results show that with the drift correction, the 
synchronous motor drive can be started without exact information of the initial rotor angle. In 
the case of Fig. 4.31 b), the stator flux linkage estimate is erroneous in such a way that the 
direction of rotation is first opposite to the speed reference. After a couple of seconds, the 
motor starts to run in the right direction, and the behaviour of the quantities is similar to the 
situation in Fig. 4.29 b). 
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Figure 4.31. Start-up from a standstill to reference speed nref =0.1 with a speed control, when an initial 
rotor angle used in the calculation of the initial value of the stator flux linkage estimate differs 60 electric 
degrees from the measured initial rotor angle. a) A DTCN with the drift correction, b) without correction 
(secondary y-axis for the measured speed n).  

4.4.4 Torque step tests 
The effect of the drift correction of the stator flux linkage on the dynamic performance of the 
synchronous motor is presented in Figs. 4.32 - 4.35. In these figures, the behaviour of some 
essential quantities during the nominal torque step is presented, both the current model 
corrected and drift corrected, when the drive is torque controlled. In both cases, the same field 
current control method has been applied (Pyrhönen, O. et. al 1997 and 1998 and Pyrhönen, O. 
1998). The DC drive operating as the loading motor is speed controlled, nref = 0.1 pu (150 
1/min). 

Fig. 4.32 presents the components ψsx and ψsy of the stator flux linkage estimate, as well as the 
difference components ∆ψsx and ∆ψsy. The torque step takes place at the moment t = 0.2 s.  
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Figure 4.32. Components ψsx and ψsy of the stator flux linkage estimate, as well as the corresponding 
difference components ∆ψsx and ∆ψsy during a nominal torque step. a) Current model, b) drift correction. 
nref = 0.1 pu (150 1/min). 

In the case of the current model correction (Fig. 4.32 a), the differential components are 
assumed to be very small. In the case of the drift correction (Fig. 4.32 b), the correction terms 
are higher than in the current model correction. The oscillation of the differential terms results 
from the phase and amplitude difference of the stator flux linkage of the current model ψs,cm 
and the drift corrected stator flux linkage estimate ψs,est. The amplitude and phase difference 
result from the error of the direct and quadrature inductance Lmd and Lmq values used in the 
current model. Furthermore, Fig. 4.32 shows that the speed control of the loading motor does 
not keep the rotational speed constant, and the rotational speed of the test motor increases 
somewhat due to the effect of the torque step. This can be detected by the change of the period 
time of the stator flux linkage components in Fig. 4.32. 

Fig. 4.33 presents the behaviour of the field current iF, the direct and quadrature components of 
the stator current (isd and isq) and the estimated quadrature damper winding current iQ,est (for 
evaluation of the iQ,est see Appendix B) during a nominal torque step. 
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Figure 4.33. Field current iF, direct and quadrature stator currents (isd and isq) and the estimated 
quadrature damper winding current iQ,est during a nominal torque step. a) Current model, b) drift 
correction. nref = 0.1 pu.  

Fig. 4.34 shows the behaviour of the direct and quadrature stator currents isd and isq, of the 
torque reference te,ref and of the estimated electrical torque te,est during a nominal torque step. 
Fig. 4.35 presents the oscillations of the mechanical system (e.g. coupling device) in the torque 
step curves measured with the torque sensor. In the torque step, there is no significant 
difference between the current model correction and the drift correction. 

Fig. 4.36 presents the behaviour of the space vector of the stator current during the torque step 
both with current model and drift correction. It can be seen that the locus of the stator current 
space vector is circular in both cases. Based on the results of Figs. 4.31 - 4.35, it can be stated 
that the DTCN controlled drive, with the drift correction presented in 3.4.3, operates well also 
during dynamic load changes when compared to the DTC drive that uses a current model for a 
drift correction. More extensive test results concerning the DTC drive that uses a current 
model are presented by Pyrhönen O. (1998) and by Kaukonen (1999). 



 124

a)

 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 0.05 0.1 0.15 0.2 0.25 0.3
time  [s]

i, t e

 [pu]

i sd

i sq

t e,est

t e,ref

 

b)

 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 0.05 0.1 0.15 0.2 0.25 0.3
time  [s]

i, t e

 [pu]

i sd

i sq

t e,est

t e,ref

 
Figure 4.34. Behaviour of the direct and quadrature stator current isd and isq, of the torque reference te,ref 
and of the estimated electrical torque te,est during a nominal torque step. a) Current model, b) drift 
correction. nref = 0.1 pu. 
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Figure 4.35. Torque steps measured with a torque sensor in the cases of current model and drift 
correction. tN = 74.1 Nm. nref = 0,1 pu. 
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Figure 4.36. Behaviour of the space vector of the stator current during a torque step in the cases of the 
current model correction (is,cm) and the drift correction (is). 

4.5 Discussion of the results 

The suitability of the methods presented in this thesis for a DMCC and DTCN controlled 
synchronous motor was tested with the laboratory test drive. In testing of drives without a 
position sensor, program algorithms created in the development of different methods have been 
applied to.  

The characteristics of a current controlled drive were studied in a situation where the torque of 
the load is higher than the torque produced by the synchronous motor. In this test, it is shown 
that a current controlled synchronous motor can be driven repetitively beyond the pull-out of 
the motor.  

The test results show that the error in the initial angle of the stator current reference affects the 
oscillation of the rotational speed at the start-up. In the case of the synchronous machine with 
the damper windings, however, these oscillations are dampened rapidly. The current control is 
not capable of affecting this oscillation, because it only rotates the current space vector in a 
constant angular speed. Thus, only feedback from the measured stator current is used. 

Furthermore, it is shown with the tests, simulating speed reversal of a ship propulsion drive 
that a DMCC drive operates well at the speed reversal also when loaded. 

The test results of the DTCN control and the correction methods of the flux linkage estimate for 
drives without position sensors show the suitability of the drift correction of the stator flux 
linkage. This has been tested with the test drive by performing some static and dynamic 
loading tests. It is shown that the simplest form of the drift correction of the stator flux linkage 
operates well. 

When using a value of the stator resistance estimate Rs,est, which is close to the real measured 
stator resistance, and without any drift correction, it is possible to cause a torque oscillating at 
a constant electric frequency. This oscillation disappears soon after the drift correction is 
applied. The results show that the drift correction of the stator flux linkage can be used from 
the 2.5 Hz upwards at a wide torque range, and with the correction, it is possible to achieve an 
accurate torque estimate, too.  

The test results show that the developed position sensorless synchronous motor drive based on 
direct flux linkage and torque control has a good performance in wide operation range. 
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5. CONCLUSIONS 

In this work, three different parts of the DFLC based position sensorless synchronous motor 
drive are presented: they are the determination of the initial rotor position, the stator current 
control based on the DFLC modulator (DMCC) and the stabilization of the stator flux linkage 
estimate of the DTC without the current model. 

There are some limitations, set by the hardware of the industrial drive, which are restricting 
factors for the methods developed. These limitations have led to the creation of simple 
methods, but they also restrict the possibilities to test most of the methods presented in the 
literature.    

It is shown in this thesis that with the DFLC based control, the Alaküla method is limited to the 
determination of the initial position angle of a rotor at a standstill. The Alaküla method is also 
modified so that it is usable in the industrial DTC drive. Also, it is described how the 
excitation direction of the field winding can be checked. 

After the determination of the initial rotor position angle, it is relatively easy to start up a 
synchronous motor drive, if there is position angle feedback and a current model for the 
correction of the stator flux linkage estimate. For the position sensorless DTC, the start-up is 
possible with the DTCN without a need for continuous operation at zero speed and at low 
rotational speed. 

At low rotational speeds, the errors of the stator flux linkage estimate are significant, and in the 
case of an electrically excited synchronous motor, a separate excitation of the field winding 
makes the correction of the stator flux linkage estimate difficult. To start the motor, and for 
slow running (f < 2 Hz), a method applying a voltage source inverter as a current source is 
described (DMCC). The DMCC is necessary in situations where high torque (e.g. nominal 
torque) is required at the starting moment, or if the motor runs for a long time (several 
seconds) at zero speed or at low rotational speed range. As the frequency increases, the stator 
current control can be replaced by the DTCN. The procedure concerning the transition between 
DMCC and DTCN is not presented in this thesis.  

In the case of the DMCC, there remains a problem of a jerky behaviour of the speed in the 
range just above the standstill. This phenomenon is caused by the constant current hysteresis 
and predetermined voltage vector selection of the modulator. The problem is not solved in this 
thesis, but it might be overcome with an intelligent hysteresis-band regulation, which uses the 
information of the phase shift between the current reference and the midpoint of the sector 
under control. Also a disadvantage of the DMCC control is that some additional losses arise 
from the high current references that must be used. 

When transferring from the DMCC to the use of the DTCN control, a good flux linkage and a 
torque estimate are required. A problem of the formulation of the stator flux linkage estimate 
with the test application is the correction of the possible eccentricity both during the stator 
current control and the normal DTC control. During the stator current control, the stator flux 
linkage estimate tends to become eccentric, even though the real stator flux linkage is origin-
centered in the case of a constant current control at a constant angular speed. Correspondingly, 
for the DTC control, the stator flux linkage estimate remains origin-centered, although the real 
stator flux linkage in the machine has become eccentric. 

It is possible to achieve appropriate estimates by applying the drift correction methods of the 
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stator flux linkage estimate. With the drift correction method presented in this work, it is 
possible to detect and correct the possible eccentricity of the stator flux linkage estimate during 
the DMCC. This method employs the squares of the flux linkage and the corresponding 
filtered value. Also, a method for the observation of the drift of the real stator flux linkage in 
the normal DTC drive is introduced. The method is based on the application of the origin-
centered stator flux linkage estimate and the measured stator current. It is also presented how 
the eccentricity of the real stator flux linkage can be corrected with this method in the case of 
the DTCN. 

The behaviour of the methods described in this thesis are verified with test results. The test 
results are presented in a direct flux linkage and torque controlled test drive system with a 14.5 
kVA, four pole salient pole synchronous motor with a damper winding and electric excitation. 
The static accuracy of the drive is shown by measuring the torque under a static load, and the 
dynamics of the drive is proven in transient tests. 

Based on the results of this work, it can be concluded that it is possible to obtain a new 
position sensorless synchronous motor drive using the DTC method. When the torque of the 
motor is controlled via the control of the stator flux linkage, the fast torque response is 
achieved. In principle, no parameters except the nominal values (currents, voltage, power and 
speed) and the stator resistance of the machine must be known, and thus, an electrically excited 
synchronous motor DTC drive can be operated without a position sensor.  

Presented methods seem to be robust and easy to implement in the industrial synchronous 
motor DTC drive. The DTC has been successfully applied to the position sensorless 
asynchronous motor control already for several years, and it seems to be a promising method 
for a position sensorless salient pole synchronous motor drive as well. Then, however, the 
correction principles of the flux linkage estimate must be changed, but this is possible, as is 
shown in this work. Good dynamic performance can be reached in the normal operation range 
with sufficient excitation and stator flux linkage control. 

In this thesis, several types of the problems have been investigated and solved. Some of these 
problems, investigated or just presented here, deserve more research work in future. In the 
DMCC, e.g. detection of the motor pull-out, adaptable changing of the stator current reference 
with the change of the loading situation as well as the hysteresis limit adjustment as a function 
of the angle of the stator current reference will require more attention. Also the procedure 
concerning the transition between DMCC and DTCN must be studied further.    
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Appendix A  PC based C language DTC simulator 

The schematic block diagram and the flowchart of the PC based C language DTC 
simulator (Burzanowska and Pohjalainen 1990). 

Simulations of the DTC control and motor models are executed in a C language simulation 
program first developed for asynchronous machines. Necessary modifications were made to 
change the motor model from asynchronous machine to a synchronous machine, and special 
features of the synchronous machine were added (for example excitation circuit and control). 
In Fig. A.1, the block diagram of the simulation program is shown, and in Fig. A.2 the 
flowchart of the program is presented. During the simulation, differential equations of the 
motor and the processes are solved numerically using trapezoidal integration. The method is 
numerically stable and gives accurate results when short time steps are used. The time step for 
the numerical integration is 5 µs. 
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Fig A.1. Variable-speed DTC inverter-motor drive simulator (Burzanowska and Pohjalainen 1990). Field 
current control loop is excluded for simplicity. 
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Fig A.2. The flowchart of the variable-speed DTC inverter-motor drive simulator (Burzanowska and 
Pohjalainen 1990). 

Simulation algorithm of motor model  

A motor model is used, in which the flux linkages are state variables, and the calculation of the 
various motor flux linkages can be done by using Eqn. (A.1). All voltage equations are 
presented in their natural reference frames. Motor currents can be calculated from Eqns. (A.2-
6), which can be presented in a form i = Lstat

-1ψ, where i is the motor current matrix, Lstat is 
static inductance matrix and ψ is flux linkage matrix, all presented in a rotating reference 
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frame fixed to rotor. Saturation is taken into consideration by updating the inductance matrix 
Lstat according to the operating point using inductance surfaces Lmd = f(imd,imq) and Lmq = 
f(imd,imq), where imd is the direct axis resultant magnetizing current (imd = isd + if + iD) and imq is 
the quadrature axis resultant magnetizing current (imq = isq + iQ). These inductance surfaces are 
defined by the identification algorithm presented in Kaukonen (1999) and Kaukonen et. al 
(1997). They are presented in Appendix C. Leakage inductances are assumed to be constant. 
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( )ψ ψsd md sd s md F sd D sd s= + = + + +i L L i i i i Lσ σ , (A.2) 

( )ψ ψsq mq sq s mq sq Q sq s= + = + +i L L i i i Lσ σ , (A.3) 

( )ψ ψF = + = + + +md F F md sd D F F Fi L L i i i i Lσ σ , (A.4) 

( )ψ ψD md D D md sd D f D D= + = + + +i L L i i i i Lσ σ  (A.5) 

and 

( )ψ ψQ mq Q Q mq sq Q Q Q= + = + +i L L i i i Lσ σ . (A.6) 

Inputs of the synchronous machine simulator are the stator voltage space vector us, excitation 
voltage uF and mechanical angular velocity Ωr, and outputs are stator current space vector is, 
field current iF , currents of damper winding iD and iQ and the electrical torque of the motor te. 
The simulator has all the inductances and resistances of the salient pole synchronous machine 
equivalent circuit as parameters. 

Next, all parameters are presented as per unit quantities when ω b is the selected base angular 
speed. Also, it is reminded that for the time tpu = ω bt. The simulation algorithm of the salient 
pole synchronous machine is the following: 
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0 Initialization of the flux linkage and current variables. The inductance inverse matrix 
Lstat,pu

-1 is calculated. 
1 Calculation of the stator flux linkage derivatives by using supplied stator voltage us . The 

calculation is performed in the reference frame fixed to the stator. 

( )d
d
sx,pu

b sx,pu sx,pu s,pu
ψ

ωt u i r= ⋅ − ⋅         

( )d
d
sy,pu

b sy,pu sy,pu s,pu
ψ

ωt u i r= ⋅ − ⋅  

2 Calculation of the damper winding and the field winding flux linkage derivatives in the 
reference frame fixed to rotor. 

( )d
d
F,pu

b F,pu F,pu F,pu
ψ

ωt u i r= ⋅ − ⋅  

d
d
D,pu

b D,pu D,pu
ψ

ωt i r= − ⋅ ⋅                                                                       

d
d
Q,pu

b Q,pu Q,pu
ψ

ωt i r= − ⋅ ⋅  

 
3 Numerical integration of the flux linkages using calculated derivatives in item 2. 
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4 Updating inductances Lmd,pu = f(imd,pu,imq,pu) and Lmq,pu = f(imd,pu,imq,pu), calculation the 

inverse of the inductance matrix, 
 Lstat,pu

 -1. 
5 Calculation of the motor currents according to the matrix equation 

 i Lpu stat,pu pu= ψ− ⋅1  

6 Calculation of the electric torque of the synchronous machine 
t i ie,pu sx,pu sy,pu sy,pu sx,pu= ⋅ − ⋅ψ ψ  

7 Equation of the motion 

T tm,pu
pu

e,pu m,pu
d

d
ω

= −t t  

where Tm is mechanical time constant and tm is countertorque of the load 
8 Time increment and return to item 1. 
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Motor parameter used in the simulation 

The motor model parameters used in the simulations are based on the tests of the synchronous 
motor used in the test drive. Parameters have been converted to pu values by using the nominal 
values of the test motor shown in Table 4.1. The parameters used in the linear motor model of 
the simulator are shown in the Table A.1. 

Table A.1. Motor model parameters used in the simulations 

Parameter [pu] 
d-axis magnetizing inductance Lmd 1.05 
q-axis magnetizing inductance Lmq 0.45 
stator leakage inductance Lsσ 0.12 
field winding leakage inductance LFσ 0.27 
d-damper winding leakage inductance LDσ 0.07 
q-damper winding leakage inductance LQσ 0.14 
stator resistance Rs 0.05 
d-damper winding resistance RD 0.02 
q-damper winding resistance RQ 0.03 
field winding resistance RF 0.02 
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Appendix B  Derivation of the damper winding current estimators 
(linear equations) 

Direct axis damper winding current estimator 

The air gap flux linkage can be evaluated according to the two axis theory 

( )ψ md md md md F sd D= = + +L i L i i i . (B.1) 

( )ψ mq mq mq mq sq Q= = +L i L i i . (B.2) 

Here, iF is the field current referred to the stator, iF = kriFDC. Coefficient kr is a reduction factor 
and iFDC is the rotor field current. 

Let us first consider the direct axis. The damper winding is short circuited, therefore the direct 
component of the damper winding voltage equation is 

( )u R i t R i t L iD D D
D

D D md D D
d

d
d
d= + = + + =

ψ
ψ σ 0 .  (B.3)  

The time constant of the direct axis damper winding is defined 

τ D
md D

D
=

+L L
R

σ . (B.4) 

When Eqn. (B.1) is substituted into the voltage Eqn. (B.3) 
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According to Eqn. (B.6), discrete representation for the calculation algorithm of the direct axis 
damper winding current can be solved, if the equation is integrated over one sampling interval 
((k-1)Ts, kTs), and the damper current is approximated to change linearly within the sampling 
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period 

( ) ( ) ( ) ( ) ( ) ( )( )i
T

i
L

L L
i i i iD k

D

s D
D k 1

md

md D
F k sd k F k 1 sd k 1=

+
−

+
+ − −









− − −

τ
τ σ

.  (B.11) 

Ts is the sampling interval, τD is the time constant of the direct axis damper winding, Lmd is the 
direct axis magnetizing inductance and LDσ is the leakage inductance of the direct axis damper 
winding.   

The current equation of the quadrature axis damper winding can be derived in the same way 
when using the quadrature axis air gap flux linkage (Eqn. (B.2) and the quadrature component 
the damper winding voltage equation 

( )u R i t R i t L iQ Q Q
Q

Q Q mq Q Q
d

d
d
d= + = + + =

ψ
ψ σ 0 .  (B.12)  

According to Eqn. (B.11) we get a discrete representation for the calculation algorithm of the 
quadrature axis damper winding current 

( ) ( ) ( ) ( )( )i i
L

L L
i iQ k

Q

s Q
Q k 1

mq

mq Q
sq k sq k 1=

+
−

+
−













− −
τ

τ τ σ
 (B.13) 

Ts is the sampling interval, τQ is the time constant of the quadrature axis damper winding, Lmq 
is the quadrature axis magnetizing inductance and LQσ is the leakage inductance of the 
quadrature axis damper winding. Time constant τQ is defined as 

τQ
mq Q

Q
=

+L L
R

σ . (B.14) 

 



 140

Appendix C  Inductance surfaces for the current model 

The saturating inductance surfaces used in the models are defined by the presented DTC test 
drive. This determination is presented more accurately in Kaukonen (1999) and Kaukonen et 
al. (1997).  

Inductance measurement in loaded conditions was carried out by adjusting the stator flux 
linkage reference ψs,ref so that direct axis resultant magnetizing current imd = isd + if + iD was set 
to a specific value, and then to varying torque reference which affected the quadrature axis 
resultant magnetizing current imq = isq + iQ. The measurement was repeated over the operation 
range of ψs,ref = 0.3 ... 1.3 pu and te,ref = 0 ... 2.5 pu. At each set point, the inductances were 
calculated by the control software. As a result, we obtain the direct Lmd = f(imd(t), imq(t)) and 
quadrature axis magnetizing inductances Lmq = f(imd(t), imq(t)) as a function of imd and imq. 
Stator leakage inductance was assumed constant during the measurement. In Fig. C.1, the 
measured inductance surfaces are shown. The effect of the magnetic cross coupling is 
significant. 
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Fig. C.1. a) Direct axis magnetizing inductance and b) quadrature axis magnetizing inductance surfaces 
as a function of direct axis magnetizing and quadrature axis magnetizing currents (Kaukonen et al. 1997). 
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Appendix D  Derivation of the equation (3.87) 

The current ∆is is an additional current, which must be added to the stator current iso of the case 
where stator flux linkage is origin centered, so that a small stator flux linkage drift component, 
ψs,drift, can be valid (Fig. D.1). 
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Figure D.1. Fictious static situation, where ψs is the space vector of the eccentric stator flux linkage, ψs,est 
is the origin-centered stator flux linkage estimate and ψm is the constant amplitude air gap flux linkage. 

Fig. D.1 clarifies the formation of the current difference ∆is when the eccentric stator flux 
linkage ψs and the constant amplitude air gap flux linkage ψm are considered. Furthermore, in 
Fig. D.1, also the origin-centered stator flux linkage estimate ψs,est has been included, the 
amplitude of which is thus the same in both cases. The notation γ is used for the position angle 
of the stator flux linkage ψs,est in a stator reference frame, α for the position angle of the 
eccentricity of the stator flux linkage and ψs,drift for the absolute value. In the case of the 
eccentric stator flux linkage, the following equation for the amplitude of the air gap flux 
linkage ψm can be written 

( ) ( ) ( )

( ) ( ) ( )

ψ ψ γ ψ α γ γ

ψ γ ψ α γ γ

m so s,drift s so s s

so s,drift s so s s

2
2

2

= + − +




 −









+ + − +




 −









cos cos cos cos

sin sin sin sin

L i L i

L i L i

σ σ

σ σ

π
∆

π
∆

2

2

. (D.1) 

where ψso is the absolute value of the stator flux linkage, iso is the absolute value of the stator 
current and ϕ is the angle describing the excitation state, corresponding to the first origin-
centered case. 

Terms of Eqn. (D.1) can be rearranged, and thus, the term of the real axis becomes 
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and term of the imaginary axis becomes 
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When Eqn. (D.2) and Eqn. (D.3) are substituted into Eqn. (D.1)  

( ) ( ) ( ) ( ) ( ) ( )( )
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From Eqn. (D.4), the current difference ∆is (minor root is selected) can be solved 
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In the case of a unity power factor 

ψ ψm so s so
2 2 2 2= + L iσ  (D.6) 

and with equation 

( ) ( )sin cos2 2 1γ α γ α− −+ = , (D.7) 

Eqn. (D.5) can be formed as follows 
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In the case of a non-unity power factor (cosϕ ≠ 1), the equation of the current difference 
∆is(γ,α,ϕ) is 
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Appendix E  Derivation of the equation (3.91) 

According to Eqn. (3.87) of the current difference ∆is(γ,α,ϕ), the location of the maximum 
value of the cross product can be estimated. An example of the behaviour of the fictious 
current difference ∆is(γ,α,ϕ) is shown in Fig. E.1, when α = 135 electric degrees, cosϕ = 1, 
ψs,drift = 0.05 pu, Lsσ = 0.12 pu, iso = 1.0 pu and ψso = 1.0.  
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Figure E.1 Fictious current difference ∆is(γ,α,ϕ), in the case where α = 135 electric degrees, cosϕ = 1, 
ψs,drift = 0.05 pu, Lsσ = 0.12 pu, iso = 1.0 pu and ψso = 1.0.  

The angle between the position angle γ of the origin-centered stator flux linkage, 
corresponding to the maximum value of the current difference, and the position angle α of the 
eccentricity of the stator flux linkage can be solved from the equation 
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Next, the derivative of the current difference is formulated 
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Local extremum can be found by setting 

( )d
d

s∆i γ α
γ α

,
( )−

= 0 . (E.3) 

This yields a second order equation in respect to sin(γ-α) 

( )ψ ψ γ α ψ γ αs,drift so s so s so s,drift s so
2 2 2 2 2 2 22 0− − − + − + =L i L i L iσ σ σsin ( ) sin( ) . (E.4) 

Solution for local maximum is 
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With the values of Fig. 1, the angle difference (γ-α) is 7.2 electric degrees. In the case of a 
non-unity power factor (cosϕ ≠ 1), the equation for sin(γ-α) is 
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In Eqn (E.6) the law of cosines is used 
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