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Abstract

Widely used in many industrial applications, the induction motors represent the starting point when
an electrical drive system has to be designed. In modern control theory, the induction motor is
described by different mathematical models, according to the employed control method. In the
symmetrical three-phase version or in the unsymmetrical two-phase version, this electrical motor
type can be associated with vector control strategy. Through this control method, the induction
motor operation can be analysed in a similar way to a DC motor. The goal of this research is to
summarize the existing models and to develop new models, in order to obtain a unified approach on
modelling of the induction machines for vector control purposes. Starting from vector control
principles, the work suggests the d-g axes unified approach for all types of the induction motors.
However, the space vector analysis is presented as a strong tool in modelling of the symmetrical
induction machines. When an electrical motor is viewed as a mathematical system, with inputs and
outputs, it can be analysed and described in multiple ways, considering different reference frames
and state-space variables. All the mathematical possible models are illustrated in this report. The
suggestions for what model is suitable for what application, are defined as well. As the practical
implementation of the vector control strategies require digital signal processors (DSP), from the
continuos time domain models are derived the discrete time domain models. The discrete models
permit the implementation of the mathematical model of the induction motors, in order to obtain
high efficiency sensorless drives. The stability of these various models is analysed.

Distribution:

Helsinki University of Technology
Laboratory of Electromechanics
P.O. Box 3000

FIN-02015 HUT

Tel: +358-9-451-2384

Fax: +358-9-451-2991

E-mail: electromechanics@hut.fi

© Mircea Popescu

ISBN 951-22-5219-8
ISSN 1456-6001

Picaset Oy
Helsinki 2000



Contens

ADSTTACT .ot

I A e

List of principal Symbols ...

1. Vector control of induction motors - OVEIVIEW...........oiuiitiiiiiiiiiii i
1.1 INtrodUCHION ....eee
1.2 Algorithm of Vector Control ............ccooiiiiiiiiiiiiiiiiiiiee
1.3 Field Orientation Control .............ccooiiiiiiiii e
1.4 Direct Torque Control ........c.ooiuiiiiiiiii e

2. Continous-time domain linear models of the three-phase induction machine ..............
2.1 INtrodUuCtion ..o
2.2 Voltage and flux linkage equations ...............coooiiiiiiiiiiiniiiiininnnn.
23 Space vector equations for three-phase induction machines ....................
24 Vectorial equations system in a common reference frame ......................
2.5 Induction machine equations with stator referred rotor variables ..............
2.6 Instantaneous electromagnetic torque ............ooevveivuiinieiiennenniineannnns.
2.7 General equations of the induction machine in different reference frames ....

2.8.

2.9.

2. 7.1, Perunit SYSTEIM ...uueiiniiite ittt et e e
2.7.2. Stationary reference frame equations. Block diagram .......................
2.7.3. Rotor reference frame. Block diagram .....................ocoin,
2.7.4. Synchronous reference frame. Block diagram ...........................
D-Q Axes models of the three-phase induction machine ........................
2.8.1. Models with currents space vectors as state-space variables ...............
2.8.2. Models with fluxes linkages space vectors as state-space variables ......
2.8.3. Models with mixed currents -flux space vectors as state-space variables
Vector control strategies for three-phase induction machine ...................
2.9.1. Stator flux field orientation (SFO) .........cooiiiiiiiiiiiins
2.9.2. Rotor flux field orientation (RFO) ..........coiiiiiiiiiiiies
2.9.3. Air-gap flux field orientation (AFO) .........ccooiiiiiiiiiiiii
2.9.4. Stator current orientation (SCO) .......ccooviiiiiiiiiiiiiiiiiiai e
2.9.5. Rotor current orientation (RCO) ........ocooiiiiiiiiiiiiiiii e,

3. Continuos-time domain models of the single-phase induction machine ...............

3.1.
3.2.
3.3.

3.4.

3.5.
3.6.

Introduction .........cooiiii i
Voltage and flux-current equations of the single-phase induction machine ..
Analysis of the single-phase induction machine in stationary reference
frame ..o
Analysis of the steady-state operation for the symmetrical single-phase
INduction MAChINe ........o.oiuiiiiii i
Analysis of the unsymmetrical single-phase induction machine ...............
Continuos linear models for single-phase induction machine ..................
3.6.1. Linear I' model of the symmetrical single-phase induction machine .

11
13
14

17
17
17
21
24
26
27
29
29
31
32
34
41
43
45
47
51
52
54
56
58
60

65
65
65

68

70
71
72
73



3.6.2. Linear inverse I' model of the symmetrical single-phase induction
MACKING ...ttt
3.6.3. Universal model of the symmetrical single-phase induction machine
3.6.4. Linear I' model of the unsymmetrical single-phase induction
MACKING ...
3.6.5. Linear inverse I' model of the unsymmetrical single-phase induction
MACKING ...ttt
3.6.6. Universal model of the unsymmetrical single-phase inductior
Machine ....... ..o
3.7.  D-Q axes models of the single-phase induction machine .......................
3.7.1. Models with currents space vectors as state-space variables ..........
3.7.2. Models with fluxes linkages space vectors as state-space variables ..
3.7.3. Models with mixed currents-fluxes space vectors as state-space
Variables ...
3.8.  Vector control strategies for single-phase induction machine ..................
3.8.1. Stator flux field orientation (SFO) .........cccoiiiiiiiiiiii ..
3.8.2. Rotor flux field orientation (RFO) ............coooiiiiiiiiiiiii. .
3.8.3. Air-gap flux field orientation (AFO) ..........ccciiiiiiiiiiiiiiiinn
3.8.4. Stator current orientation (SCO) .......ccociiiiiiiiiiiiiiiii i,
3.8.5. Rotor current orientation (RCO) ..o,
4. Mathematical discrete models for the three-phase induction machine .................
4.1, INtrodUCHION ....oee e
4.2.  Bilinear transformation method (Tustin) ...............coiiiiiiiiiiii....
4.3.  Forward-differences method (Euler) ................cooiiiiiiiiiii
4.4.  Backward-differences method ..................c
4.5. Z-domain transfer functions ..............c.cooiiiiiiiiiiii
4.6.  Stability analysis ......coeiiiiiiiiiiii e
5. Mathematical discrete models for the single-phase induction machine ................
5.1 INtrodUCHION ...onei e
5.2.  Bilinear transformation method (Tustin) ..............coooiiiiiiiiiiiiinann...
5.3. Forward-differences method (Euler) .................cooiiiiiiiiiiiii
5.4.  Backward-differences method ................cooii
5.5, Z-domain transfer functions ..............coooiiiiiiiiiii
6. Linearisation of the induction machine mathematical models ...........................
6.1, INtrodUCHON ....o.uieit i e
6.2.  Three-phase induction machine ................ccooiiiiiiiiiiiiiiiiiii e,
6.3.  Single-phase induction machine ..................cooiiiiiiiiiiiiiiiiiii,

References

74
76

78

79

81
83
84
87

89
94
95
97
99
101
104

108
108
110
113
115
117
121

123
123
125
127
129
131

135
135
136
138

141



List of principal symbols:

Scalar variables are denoted by plane letters. Vector variables are denoted by underlined letters.
Boldface symbols are used for matrix variables.

A, B,C,D,E.F state-space coefficient matrix

a; coefficients for state-space variables

B viscous friction coefficient

H relative inertia constant

H transfer function matrix

by instantaneous stator phase current for the three-phase induction machine

Liobor instantaneous rotor phase current for the three-phase induction machine

T @) complex stator phase currents in d-g co-ordinates for steady-state analysis

1 aos complex stator phase currents in physical co-ordinates for steady-state
analysis

T aar complex rotor phase currents in d-g co-ordinates for steady-state analysis

Tty complex rotor phase currents in physical co-ordinates for steady-state
analysis

I stator current space vector

I rotor current space vector

liabiors instantaneous stator phase currents for the three-phase induction machine

Laborx instantaneous rotor phase currents for the three-phase induction machine

Lays instantaneous stator phase currents for the single-phase induction machine

o instantaneous rotor phase currents for the single-phase induction machine

{ABC) phase currents for a three-phase system

I vys phase currents for an orthogonal two-phase system

fgaps instantaneous stator phase currents in d-g co-ordinates

o instantaneous referred rotor phase currents in d-g co-ordinates

I agr I models instantaneous referred rotor phase currents in d-g co-ordinates

N stator phase currents in complex co-ordinates and per unit system

' ri) rotor phase currents in complex co-ordinates and per unit system

i stator current space vector in per unit system

i referred rotor current space vector in per unit system

J inertia constant

J complex operator

K., proportional, respectively integrative constant for PI controllers

K transformation matrix from abc co-ordinates to d-q co-ordinates

k turns ratio for the unsymmetrical single-phase machine

Liobosn self-inductance for stator phase, respectively rotor



L., leakage inductance for symmetrical stator phase, respectively rotor
(ma) leakage inductance for unsymmetrical stator phase: main, respectively

auxiliary

Iy magnetisation inductance in per unit system

[ total stator inductance in per unit system

l' total rotor inductance in per unit system

M p060 mutual inductance for stator phase, respectively rotor

N, turns number for stator phase, respectively rotor

P number of poles

p derivative operator

R per unit stator phase resistance for the three-phase induction machine

r, stator phase resistance for the symmetrical induction machine

r. main stator phase resistance for the unsymmetrical single-phase machine

7 auxiliary stator phase resistance for the unsymmetrical single-phase machine

7, rotor phase resistance for the symmetrical induction machine

r'. referred rotor phase resistance for the symmetrical induction machine

s Laplace operator

S critical slip for the induction machine

T sampling period

T, instantaneous electromagnetic torque

T, load torque

t time

U abors instantaneous stator phase voltage for the three-phase induction machine

U aber instantaneous rotor phase voltage for the three-phase induction machine

Usri) stator phase voltage in complex co-ordinates and per unit system

U (@ complex stator phase voltages in d-q co-ordinates for steady-state analysis

U by complex stator phase voltages in physical co-ordinates for steady-state
analysis

U, stator voltage space vector

U, rotor voltage space vector

Ui instantaneous stator phase voltages in d-g co-ordinates

U' g instantaneous rotor phase voltages in d-g co-ordinates

u stator voltage space vector in per unit system

u' referred rotor voltage space vector in per unit system

/8 magnetic coenergy

X, base variable value for per unit system

x space vector variable

X, magnetisation reactance

X, stator phase leakage reactance for the symmetrical induction machine



stator phase leakage reactance for the unsymmetrical induction machine:
main, respectively auxiliary

rotor leakage reactance

I' models equivalent leakage reactance for symmetrical induction machine
I' models equivalent leakage reactance for unsymmetrical induction machine
I' models equivalent magnetisation reactance for symmetrical induction
machine

I' models equivalent magnetisation reactance for unsymmetrical induction

machine
discrete co-ordinate

space vector operator
I models turns ratio for symmetrical induction machine

I models turns ratio for unsymmetrical induction machine

real, respectively imaginary component of a matrix determinant

stator flux linkage in d-q co-ordinates and per unit system
magnetisating flux linkage in d-¢ co-ordinates and per unit system
rotor flux linkage in d-g co-ordinates and per unit system

stator flux linkage in complex co-ordinates and per unit system

rotor flux linkage in complex co-ordinates and per unit system

stator flux linkage in d-q co-ordinates and flux linkage units per second.
stator flux linkage fluxes in abs or ab co-ordinates

referred rotor linkage fluxes in d-g co-ordinates and flux linkage units per

second
I models referred rotor linkage fluxes in d-¢q co-ordinates and flux linkage

units per second
rotor flux linkage in abs or ab co-ordinates

referred rotor flux linkage space vector for three-phase induction machine
stator flux linkage space vector for three-phase induction machine
arbitrarily flux linkage space vector for three-phase induction machine
magnetic reluctance

leakage factor for stator phase, respectively rotor phase

periferical displacement between stator and rotor space vectors
periferical displacement between stator and arbitrary space vectors

relative angular frequency in per unit system
angular frequency of the supply system

base angular frequency of the supply system
rated angular frequency of the induction machine in electrical degrees
rotor angular frequency in electrical degrees



1. VECTOR CONTROL OF INDUCTION MOTORS - OVERVIEW

1.1.Introduction

The electrical DC drive systems are still used in a wide range of industrial applications,
although they are less reliable than the AC drives. Their advantage consists in simple and precise
command and control structures.

The AC drives, sometimes more expensive but far more reliable, (Rajashekara et al. 1996)
require complex modern control techniques. The design of a control system is realised in two
important steps:

1. The drive system has to be converted into a mathematical model, in order to accomplish the

analysis and the evaluation of the system.

2. The imposed response of the drive system is obtained through an optimal regulator, when

external perturbations are present.

The induction motors are relatively cheap and rugged machines because their construction is
realised without slip rings or commutators. These advantages have determined an important
development of the electrical drives, with induction machine as the execution element, for all
related aspects: starting, braking, speed reversal, speed change, etc. The dynamic operation of the
induction machine drive system has an important role on the overall performance of the system of
which it is a part.

There are two fundamental directions for the induction motor control:

e Analogue: direct measurement of the machine parameters (mainly the rotor speed), which are
compared to the reference signals through closed control loops;

e Digital: estimation of the machine parameters in the sensorless control schemes (without
measuring the rotor speed), with the following implementation methodologies:

Slip frequency calculation method;

Speed estimation using state equation;

Estimation based on slot space harmonic voltages;

Flux estimation and flux vector control;

Direct control of torque and flux;

Observer-based speed sensorless control;

Model reference adaptive systems;

Kalman filtering techniques;

Sensorless control with parameter adaptation;

Neural network based sensorless control;

Fuzzy-logic based sensorless control.

Another classification of the control techniques for the induction machine is made by Holtz

(1998) from the point of view of the controlled signal:

a) Scalar control:

a.1 Voltage/frequency (or v/f) control;

a.2 Stator current control and slip frequency control. These techniques are mainly implemented
through direct measurement of the machine parameters.

b) Vector control:

b.1 Field orientation control (FOC): b.1.1. Indirect method; b.1.2. Direct method;

b.2 Direct torque and stator flux vector control. These techniques are realised both in analogue
version (direct measurements) and digital version (estimation techniques)

The development of accurate system models is fundamental to each stage in the design, analysis
and control of all electrical machines. The level of precision required of these models depends
entirely on the design stage under consideration. In particular, the mathematical description used in
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machine design requires very fine tolerance levels as stated by Nabae et al. (1980) and Murata et al
(1990). However, in the development of suitable models for control purposes, it is possible to make
certain assumptions that considerably simplify the resulting machine model. Nonetheless, these
models must incorporate the essential elements of both the electromagnetic and the mechanical
systems for both steady state and transient operating conditions (Nowotny and Lipo - 1996).
Additionally, since modern electric machines are invariably fed from switching power conversion
stages, the developed motor models should be valid for arbitrary applied voltage and current
waveforms. This work presents suitable models for use in digital current control of the induction
motors. In addition, the limits of the validity of these models are summarised and, in some cases,
the models are extended to account for some non-idealities of the machine.

Usually, the following assumptions are made (Lorenz et al. 1994):
e No magnetic saturation, i.e. machine inductance is not affected by current level.
e No saliency effects i.e. machine inductance are not functions of position.
Negligible spatial mmf harmonics i.e. stator windings are arranged to produce sinusoidal mmf
distributions.
The effects of the stator slots may be neglected.
There is no fringing of the magnetic circuit.
The magnetic field intensity is constant and radially directed across the air-gap.
Eddy current and hysteresis effects are negligible.
The modern control theory for an electrical drive system requires the existence of a real-time,
stabile, and precise mathematical model for each component of the system. The analysis and the
design of the numerical command for such systems depend on the hardware and software resources.
If in communication techniques the real-time response of the system is not always compulsory, in
industrial processes the real-time response of the drive systems is essential.

The soft numerical command for the electrical drive systems is far more flexible to implement
than the hardware version. For the latter, lately there is an intense research effort for implementing
ASIC (application specific integrated circuit). The numerical command of the electrical drive
systems is a challenging task mainly due to the DSP (digital signal processing) technology. Now it
is possible to realise linear and non-linear techniques for implementing continuos and discrete
mathematical models of the entire element of an electrical drive system, including the electrical
machine (Xu and Nowotny - 1990, 1992).

For the AC drives there are several solutions for implementing the command and the control of
the system. A quick summary of the existing technologies already out there in the field is given
below:

DC Drives

Initially the DC drives were used for variable speed control because they could easily achieve a
good torque and speed response with high accuracy. Field orientation of the motor is achieved using
a mechanical commutator with brushes. In DC, torque is controlled using the armature current and
field current. The main drawback of this technique is the reduced reliability of the DC motor - the
fact that brushes and commutators wear down and need regular servicing; that DC motors can be
costly to purchase; and that they require encoders for positional feedback.
AC Drives

The evolution of AC variable speed drive technology has been partly driven by the desire to
emulate the performance of the DC drive, such as fast torque response and speed accuracy, while
using robust, cheap to purchase and relatively maintenance-free AC motors (Kelemen and Imecs -
1987).
AC Drives, frequency controlled using PWM

With this technique, sometimes known as scalar control, the field orientation of the motor is not
used. Instead, the frequency and the voltage are the main control variables and are applied to the
stator windings. The status of the rotor is ignored, meaning that no speed or position signal is fed
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back. The drive is therefore regarded as an open-loop drive. This type of drive is suitable for
applications such as pumps and fans, which do not require high levels of accuracy or precision.
AC Drives, flux vector control using PWM

Here, field orientation is achieved by mathematical modelling using microprocessors and
feedback of rotor speed and angular position relative to the stator field by means of an encoder (Vas
- 1990). This results in a drive with greater stability and capable of fast torque response and
accurate speed control. But the drawback is the need for the encoder, which reduces drive system
reliability and adds cost. The controlling variables in a DC drive for torque are armature current and
field current, and armature voltage for torque. AC drives using the PWM principle; however, use
voltage and frequency as the controlling variables and these are controlled by a device called a
modulator. A modulator adds considerable delay in the responsiveness of a motor to changes in
torque and speed. Furthermore, with flux vector AC drives, a tacho-generator or position encoder is
invariably needed to obtain any real degree of accuracy. Such devices are costly and compromise
the simplicity of the AC induction motor.
AC Drives, sensorless flux vector

The flux vector controlled drive with encoder feedback does offer very high levels of
performance across a wide power range and should not be confused with sensorless vector - or open
loop vector - drives, which offer performance only slightly superior to that of a standard inverter
using scalar control (Rajashekara et al. - 1996).

1.2.Algorithm of vector control

The induction motors are very common because they are inexpensive and robust, finding use in
everything from industrial applications such as pumps, fans, and blowers to home appliances.
Traditionally, induction motors have been run at a single speed, which was determined by the
frequency of the main voltage and the number of poles in the motor. Controlling the speed of an
induction motor is far more difficult than controlling the speed of a DC motor since there is no
linear relationship between the motor current and the resulting torque as there is for a DC motor.

The technique called vector control can be used to vary the speed of an induction motor over a
wide range. It was initially developed by Blaschke (1971-1973). In the vector control scheme, a
complex current is synthesised from two quadrature components, one of which is responsible for
the flux level in the motor, and another which controls the torque production in the motor.
Essentially, the control problem is reformulated to resemble the control of a DC motor. Vector
control offers a number of benefits including speed control over a wide range, precise speed
regulation, fast dynamic response, and operation above base speed.

The vector control algorithm is based on two fundamental ideas. The first is the flux and torque
producing currents. An induction motor can be modelled most simply (and controlled most simply)
using two quadrature currents rather than the familiar three phase currents actually applied to the
motor. These two currents called direct (I4) and quadrature (Iq) are responsible for producing flux
and torque respectively in the motor. By definition, the I; current is in phase with the stator flux,
and Iy is at right angles. Of course, the actual voltages applied to the motor and the resulting
currents are in the familiar three-phase system. The move between a stationary reference frame and
a reference frame, which is rotating synchronous with the stator flux, becomes then the problem.
This leads to the second fundamental idea behind vector control.

The second fundamental idea is that of reference frames. The idea of a reference frame is to
transform a quantity that is sinusoidal in one reference frame, to a constant value in a reference
frame, which is rotating at the same frequency. Once a sinusoidal quantity is transformed to a
constant value by careful choice of reference frame, it becomes possible to control that quantity
with traditional proportional integral (PI) controllers.
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Vector transforms

The Park and Clarke vector transforms are one of the keys to vector control of induction motors.

1) Clarke transform

The forward Clarke (1943) transform does a magnitude invariant translation from a three phase
system into two orthogonal components. If the neutral - ground connection is neglected, the
variables in a three-phase system (A, B, and C) sum is equal to zero, and there is a redundant
information. Therefore, the system can be reduced to two variables, called X and Y. The Clarke
transform is given by:

. lAs(t)
{ZXSU)} 2 {1 cos(7) 005(23/)} (1)

i == . . : iBs (t)
iy (1) 3 10 sin(y) sin(2y) i ()
Cs
where:
I
3
Using the relation:
iAs(t) +lBs(t)+l Cs (t) = 0 (2)
and the fact that:
cos[z—nj=cos(4—n)=—l— 3)
3 3 2

Thus, the Clarke transform can be simplified to:

4)

{ixs(t)} oo
(]| 75 (a0 =i (0)
The Clarke transform can also be understood using a vector diagram as shown in Fig. 1.1. In the
figure, A, B, and C are the axes of a three phase system, each offset 120° from the other. X and Y
are the axes of a two variable system where X is chosen to be coincident with A. To perform the
Clarke transform of a three variable system ¢a, ig, ic), ix iS equal to is and iy is the scaled
projection of ig and ic onto the Y axis. The scaling is necessary to preserve the signal magnitudes
through the transform.
B

A X

Fig. 1.1. Clarke Transform Vector Diagram

The Clarke transform preserves the magnitude, and realise a quadrature between the current
components.
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1) Park transform
The Park (1929) transform is a vector rotation, which rotates a vector (defined by its quadrature

components) through a specified angle. The Park transform function implements the following set
of equations:

[Outx (t)} _ [cos(e) —sin(@)} . [Inx (f)} (5)

Out (1) sin(@) cos(0) In (2)

where 0 is the angle to rotate the vector through. A reverse vector rotation can be accomplished

simply by changing the sign on the sin (6) input value. The vector rotation is illustrated by Fig. 1.2.
Some references (Vas -1990, Nowotny and Lipo - 1996) describe the Park transform as a

combination of the Clark and Park transforms presented here. Breaking into a three-variable-to-two

transform (i.e. the Clarke transform) and a vector rotation is done for efficiency of calculation: with

separate Park and Clarke transforms, only two trigonometric calculations are required as opposed to
6 in the traditional Park transform.

Q \Y

Fig.1.2. Park transform vector diagram

1. 3. Field orientation control (FOC)

Vector control techniques have made possible the application of induction motors for high-
performance applications where traditionally only DC drives were applied (Holtz - 1995). The
vector control scheme enables the control of the induction motor in the same way as separately
excitation DC motors. As in the DC motor, torque control of induction motor is achieved by
controlling the torque current component and flux current component independently. The basic
schemes of indirect and direct methods of vector control are shown in Figs. 1.3 —1.5. The direct
vector control method depends on the generation of unit vector signals from the stator or air-gap
flux signals. The air-gap signals can be measured directly or estimated from the stator voltage and
current signals. The stator flux components can be directly computed from stator quantities. In these
systems, rotor speed is not required for obtaining rotor field angle information. In the indirect vector
control method, the rotor field angle and thus the unit vectors are indirectly obtained by summation
of the rotor speed and slip frequency.

o

) x Stator

Fig. 1.3. Position of the rotor flux vector
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command
Torque
command FOC Inverter /II\D
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Fig. 1.4. Indirect vector control method
Flux
command Voltage
Torque | FOC Inverter ® Current <IM)
command
es
Flux vector =
measurement [~
or estimation [
Speed

sensor
Fig. 1.5. Direct vector control method

Fundamental requirements for the FOC are the knowledge of two currents (if the induction
motor is star connected) and the rotor flux position. Knowledge of the rotor flux position is the core
of the FOC. In fact if there is an error in this variable the rotor flux is not aligned with d-axis and
the current components are incorrectly estimated. In the induction machine the rotor speed is not
equal to the rotor flux speed (there is a slip speed; as such, a special method to calculate the rotor
flux position (angle) is needed. The basic method is the use of the current model.

Thanks to FOC it becomes possible to control, directly and separately, the torque and flux of the
induction motors. Field oriented controlled induction machines obtain every DC machine
advantage: instantaneous control of the separate quantities allowing accurate transient and steady-
state management.

1. 4. Direct torque control

The most modern technique is direct torque and stator flux vector control method (DTC). It has
been realised in an industrial way by ABB, by using the theoretical background proposed by
Blashke and Depenbrock during 1971-1985. This solution is based both on field oriented control
(FOC) as well as on the direct self-control theory.

Starting with a few basics in a variable speed drive the basic function is to control the flow of
energy from the mains to a process via the shaft of a motor. Two physical quantities describe the
state of the shaft: torque and speed. Controlling the flow of energy depends on controlling these
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quantities. In practice either one of them is controlled and we speak of "torque control" or "speed
control". When a variable speed drive operates in torque control mode the speed is determined by
the load. Torque is a function of the actual current and actual flux in the machine. Likewise when
operated in speed control the torque is determined by the load.

Variable speed drives are used in all industries to control precisely the speed of electric motors
driving loads ranging from pumps and fans to complex drives on paper machines rolling mills
cranes and similar drives.

The idea is that motor flux and torque are used as primary control variables which is contrary to
the way in which traditional AC drives control input frequency and voltage, but is in principle
similar to what is done with a DC drive, where it is much more straightforward to achieve. In
contrast, traditional PWM and flux vector drives use output voltage and output frequency as the
primary control variables but these need to be pulse width modulated before being applied to the
motor. This modulator stage adds to the signal processing time and therefore limits the level of
torque and speed response time possible from the PWM drive.

In contrast, by controlling motor torque directly, DTC provides dynamic speed accuracy
equivalent to closed loop AC and DC systems and torque response times that are 10 times faster. It
is also claimed that the DTC does not generate noise like that produced by conventional PWM AC
drives. And the wider spectrum of noise means that amplitudes are lower which helps to control
EMI and RFI emissions. The basic structure of direct torque and stator flux vector control is
presented in Fig. 1.6.

Flux
command .| Flux .
O “::controller | Voltage voliage
Torate - Inverter _.f@
q vector ’
command T
";;O 5 # selection Current
N\ " fcontroller ’
Flux vector Speed
measurement Q sensor
or estimation

Fig. 1.6. Basic structure of direct torque and flux vector control

In DTC field orientation is achieved without feedback using advanced motor theory to calculate
the motor torque directly and stator flux without using a modulator or a requirement for a
tachogenerator or position encoder to feed back the speed or position of the motor shaft. Both
parameters are obtained instead from the motor itself. DTC's configuration also relies on two key
developments - the latest high-speed signal processing technology and a highly advanced motor
model precisely simulating the actual motor within the controller. A DSP (digital signal processor)
is used together with ASIC hardware to determine the switching logic of the inverter.

The motor model is programmed with information about the motor, which enables it to
determine parameters including stator resistance, mutual inductance saturation coefficients and
motor inertia. The model also encompasses temperature compensation, which is essential for good
static speed accuracy without encoder.
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In normal operation, measurements of the two motor phase currents and the drive DC link
voltage, together with information about the switching state of the inverter are fed into the motor
model . The motor model then outputs control signals, which are accurate estimates of the actual
motor torque and actual stator flux. All control signals are transmitted via optical links for high
speed. In this way, the semiconductor switching devices of the inverter are supplied with an
optimum switching pattern for reaching or maintaining an accurate motor torque.

Also, both shaft speed and electrical frequency are calculated within the motor model. There is
no need to feedback any shaft speed or position with tachometers or encoders to meet the demands
of 95% of industrial applications. However, there will always be some special applications where
even greater speed accuracy will be needed and when the use of an encoder improves the accuracy
of speed control in DTC. But even then, the encoder does not need to be as costly or as accurate as
the one used in traditional flux vector drives, as DTC only has to know the error in speed, not the
rotor position.

The drive will have a torque response time typically better than 5Sms. This compares with
response for both flux vector PWM drives and DC drives fitted with encoders. The newer
sensorless flux vector drives now being launched by other drives manufacturers have a torque
response measured in hundreds of milliseconds.

DTC also provides exceptional torque control linearity. For the first time with an open loop AC
drive, torque control can be obtained at low frequencies, including zero speed, where the nominal
torque step can be increased in less than Ims. The dynamic speed accuracy of DTC drives is better
than any open loop AC drives and comparable to DC drives, which use feedback.

DTC brings other special functions, not previously available with AC drives, including
automatic starting in all motor electromagnetic and mechanical states. There is no need for
additional parameter adjustments, such as torque boost or starting mode selection, such as flying
start. DTC control automatically adapts itself to the required condition. In addition, based on exact
and rapid control of the drive intermediate DC link voltage, DTC can withstand sudden load
transients caused by the process, without any overvoltage or overcurrent trip.
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2. CONTINUOUS-TIME DOMAIN LINEAR MODELS OF THE
THREE-PHASE INDUCTION MACHINE

2.1. Introduction

Until the last decades the three-phase induction machine was mainly used in constant speed
drives due to the control system performance, not to the operating principle of the machine.

Nowadays, this situation is completely changed. With the technical progress in power electronics
and microelectronics, the three-phase induction machine control becomes very flexible and highly
efficient. Since 1983, the year when the digital signal processor (DSP) appeared, the control theory
for this type of machine was permanently improved.

New mathematical models have to be implemented for the three-phase induction machine in
order to analyse its operation both dynamically and in steady-state.

2.2. Voltage and flux linkage equations

The first mathematical model for the dynamic analysis of the induction machine was based on
the two real axis reference frame, developed initially by Park (1929) for the synchronous machine.
Using the symmetric configuration of the induction machine, Kovacs and Racz (1959) have
elaborated the space complex vector theory, and obtained a model for the steady-state analysis of
the machine. Both theories are used for modelling the three-phase induction machine. The
following assumptions are made when a complete equations system is written to describe the
continuous-time linear model of the induction machine (Krause et al. 1995):

e Geometrical and electrical machine configuration is symmetrical;

Space harmonics of the stator and rotor magnetic flux are negligible;

Infinitely permeable iron;

Stator and rotor windings are sinusoidally distributed in space and replaced by an equivalent
concentrated winding;

Saliency effects, the slotting effects are neglected;

Magnetic saturation, anisotropy effect, core loss and skin effect are negligible;

Windings resistance and reactance do not vary with the temperature;

Currents and voltages are sinusoidal terms.

End and fringing effects are neglected

All these assumptions do not alter in a serious way the final result for a wide range of induction
machines.
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ar

,‘.A.A.br
Fig. 2.1. The real model of the three-phase induction machine
with three stator windings and three rotor windings

For the machine stator in Fig.2.1 if we choose the stator reference frame, the voltage equations are
as follows:

U, =rl, _|_d)’ag
dt
dA
Ubs = rSIbS —+ dtbs (6_8)
dt

where U,., U,,, U, are the instantaneous stator voltages, 7,., I,,, .. are the instantaneous stator

cs as ?

fluxes for the three stator windings.
The flux-current relations are determined after detailing the total flux of a stator winding. For the
other two windings, there are valid similar relations:

A’as = A’asas + Absas + )' + A‘ + A’bras + )‘cras (9)

csas aras

where the flux components are:
A, the magnetic flux produced by stator phase current as in the stator phase winding as

currents, r, = . = g, = r, is the stator winding resistance and A4, A, A, are the total magnetic

Ay, the magnetic flux produced by stator phase current bs in the stator phase winding as
A, the magnetic flux produced by stator phase current cs in the stator phase winding as
A,.. the magnetic flux produced by rotor phase current ar in the stator phase winding as
Ay the magnetic flux produced by rotor phase current b7 in the stator phase winding as
A... the magnetic flux produced by rotor phase current cr in the stator phase winding as
These components are computed with the expressions:

A =L 1, Ao =M1

asas aras aras™ ar

)"bsas = Mbsaslbs A’bras :Mbraslbr
Ao =M 1 A.=M_ T

csas csas™ cs cras cras™ cr
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Self-inductance L,s has two components, one created by the linkage magnetic flux Lmy.s and the
second created by the leakage magnetic flux Lias:
Las = Lmas +Llas (10)

The mutual inductance, which is considered to be equal due to the machine symmetry, can also be
split in two components. However, the leakage flux created component in the mutual inductance
can be neglected. It results that:

1
M, =M

asbs bsas Mascs - Mcsas =-= Lrnas (1 1)

The mutual inductance within the stator and rotor windings varies with the relative space position
between them. The stator flux created by current from rotor phase ar in stator phase as depend on
the angle value 6:

Wk,

aras asar

M L. -cosO= kL~Lmas -cos 0 (12)

STWs t

where k; represents the turn ratio multiplied by the winding factor ratio. In a similar way the
relations for the others mutual inductances can be written:

1 2
Mbras :Masbr :k_'Lmas ‘COS(@ +Tﬂ:)
t

L -cos(@ +4—ﬂj
3
14)

Due to the symmetrical configuration of the induction machine, we can deduce the total magnetic
flux for the stator phase winding as expressed as follows:

(13-
M =M =

cras ascr

| =

/las (Lmas + Llas ) I ; LmasI 21 Lmas ICS + 1 Lmas Iar COSQ +
1 2 1 4 t (13)
—-L_ 1, cos (0 + —ch +—-L_ I cos (0 + —nj
k, 3 k, 3

For the rotor windings, by using a rotor reference frame, it can be developed a similar equation
system to the stator case:

dA
Uy =1y +—=

dt

dh,
U, =rl +— 16-18
br r*br dt ( )

dA

Ue =rly +—F

dt

where: U, ,U, U, are the instantaneous rotor voltages, 1, .1, ,I, are the instantaneous rotor

currents, . = r, = r, =1, is the rotor winding resistance and A _,A ,A are the total magnetic

fluxes for the three rotor windings.
The total rotor magnetic flux for the winding ar 1s described by:

)‘ = Aarar + )‘brar crar + )ﬁsar + )bsar csar -
=L I +M, I, +M_ I, +M, I ~+M I +M._.1I

ar  ar brar crar ~ cr asar” as bsar csar ~ cs

In this case the mutual inductance is:

(19)
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Mbrar = Marbr = _l Lmar
f (20-21)
M crar M arcr A~ Lmar
2
Masa.r = Maras = kt .Lmar COSQ
2r
Mbsar = Marbs = kt ’ Lmar COS(O + ?j (22'24)

csar

M, =M, =k L cos(@ + 477:)

Due to the symmetrical windings and motor configuration, one can write the following relation:

ki. Lmas = kt ’ Lmar = Lm (25)

t
Through a similar algorithm as that one for the stator and rotor phase as, respectively ar, it is
possible to obtain another four equations: two for the stator phases bs, and c¢s, and two for the rotor
phases br and cr. All six final equations can be grouped in a matrix form as follows:

CARTTARRILT

[U]=rl1]+—"= (26-29)

[)LS]:[LS]'[[S]-’_[MS]'[A]
(A ]=[L ]2 ]+ (M. ] [1]
where: [US], [Ur], [IS], [I r] , [/ls], [lr] represent the transpose matrix for the stator and rotor

voltage, current, respectively flux vectors. As an example are given the flux matrix:

[2’5 ] = [A'as )‘bs 2’cs ]T [)’r ] = [A’ar 2'br lcr ]T (30'3 1)
So we get:
Lmas + Llas _leas _leas 1+ Gs _l _l
2 2 2 2
[Ls] = _leas Lmas + Llas _leaq = Lmas ’ - l 1+ Gs _l (32)
- 1 Lmas _leas Lmas + Llas - l _l 1+ (08
L 2 2 ] 2 2 |
Lmar + Llar N Lmar N Lmar 1 + Gr - l - l 1
2 2 2 2
[Lr] = - : Lmar Lmar + Llar - l Lmar = Lmar - l 1+ O-r - l (33)
2 2 2 2
- Lmar _l Lmar Lmar + Lla: _l _l 1 + o-r
L 2 2 i | 2 2 |
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cosO cos (9 + 27”) cos (9 + 4%)

[M,]=—"L,.- cos(@ +4Tn-j cos@ cos(@ +2TEJ (34)
cos(@ +2Tﬂj cos (9 + 477{) cos6

cos@ cos(@ +4Tﬂj cos(@ +2Tﬂj

[M. =k L, - cos(G +2Tﬂj cos6 005(9 +4T7rj (33)

cos(@ +4Tﬂj cos(@ +2Tnj cosO

Note:
1) [M,]=[M,] the mutual stator inductance matrix equals the transpose matrix of the mutual rotor
inductance;
las Las Llar Lar :
2)o, = T - —1; 0, = ——= ———1 are the stator, respectively rotor leakage factors.

3) The matrix system determined above represents the flux-current equations set for the three-phase
induction machine in a reference frame attached separately to each armature.

2.3. Space vector equations for three-phase induction machines

Considering the assumptions made in the previous paragraph, the space vector notation and
concepts introduced by Racz and Kovacs (1959) are particularly useful. In this approach, all
variables are represented by polar vectors indicating the magnitude and angular position for the
rotating sinusoidal distribution.

A three-phase variable system can be uniquely described through a space vector, which is a
complex term and time dependent x(?) and a real homopolar component x¢(?):

K0 =2 (1%, +a %, 0,

. (36)
xo(l‘):g-(xa +X, +X,)
where:
/ZT” 1 \E
= = —_ 4 =
- 2 2
2 2 1 \/g
a =e ’ =———j—
- 2 2

and x,, xp, X are the phase variables.

The real axis direction coincides with that one of phase a. Usually, the neutral connection for a
three-phase system is open, so that the homopolar component equals zero. The phase variables can
be easily obtained from the space vector notations:

[, © 5@ x©O] =Re[l @ o] x0)
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The phase voltage for the induction machine can be expressed with the help of the space vector
transformation:

(37)
2 2 2 d 2
:g' (l'las +(l'1bs + 'Ics)'rs +§'Z(l'las +&'}'bs +a 'Acs)
or in a condensed form:
d
Ugs=rl + 2, (38)
dt
where U, , A, are space vectors for stator voltage, current and flux. Similarly, we get the rotor
equation:
dA
U =rl +—= (39)

dt
where U_,I ,A are space vectors for rotor voltage, current and flux, respectively.
Since the machine is considered magnetically linear, the stator and flux linkage will be determined
as follows, making the notation:

%-[A]=§-[l_ @ o]
we get:
2 2 2
2 al{Al=3 (Al L L)+ 3 [a] (v, (L]
where:
_l+GS —— —l_
2
AMLI-[1 @ @] tu| -3 100 -3 | =L 340 ) Al
L L l+o
L2 2 ]

cos6 cos(@ + 2771‘] cos [0 + 4771)

(Al [M]=]1 a« o |L,- Cos(9+47ﬂj cos6 cos(0+27n) -

cos (9 + 27”) cos(@ + 4%) cos0

The condensed stator flux-current equation results from the last three equations:
3 3 »
&‘s:Lmas.(E—i_o-sJ'ls +§'Lm'£r'ele (40)

where: A, 1,1, are space vectors notations for stator flux linkage, current and rotor current.

—=s2=s?

[a]-¢"

m

| W
h

Similarly, the rotor flux linkage-current equation is deductible:
2 2 2
2 (A} 2] =2 (A} (L) (L] 3 [A] () 1] @

where:
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_ | .
l+o, —— ——
2 2
2 1 1 3
[A][e)=]1 @ &'] 1L, -5 Mo -7 =Lmar(5+0rj‘[é]
L -— l+o,
L 2 i
cos@ cos(9+4—n) cos(9+2—nj
3 3
2 r A 3 »
[é][Mr]:[l a o ]'Lm' 005[94-?) cos@ cos(@ +Tj :E-Lm -[A]-e 7
cos(@ + 4—”J cos(e + 2_7rj cosO
L 3 3

Finally, we get the condensed form of the rotor flux linkage-current equation:

3 3 .
&r:Lmar'(E+Grj'lr+5'Lm‘I_s‘e_je (42)

rYr’=—

where A ,[ ,I. are the space vector notations for rotor flux linkage, current and stator current

respectively.
For an easier manipulation of the equations we make the notations:

LS :Lmas .(E—}_GSJ
2

2
M:i.i' maszg.kt'[‘mar
2k, 2
The general set of voltage and flux linkage equations, written in space vector notations, is:
dA,
U, =1l +—
dt
dA
U,=rl +—— -
7 (43-46)

Ao=LL+M-e” 1,

Some important conclusions have to be drawn regarding this mode of describing the machine

equations, through space vector notations:

e The 12 scalar equations system written in natural reference frame is transformed in a 4 vector
equations system. This form is equivalent to substituting the real induction machine equipped
with three-phase windings on stator and rotor with a fictive machine equipped with single phase
winding on stator and rotor;

e An inconvenience of the developed system is that the stator equations system is written in stator
reference frame, and the rotor equations system is written in rotor reference frame, making the
analysis of the machine difficult;

e The mutual inductance depends on the relative rotor position.

In Fig. 2.2 is illustrated the new fictive model of the induction machine from the space vector point

of view theory.
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Fig. 2.2.Model of the three-phase induction machine
with fictive one stator winding and one rotor winding
(space vector notations)

=G

Ccr

'br

2.4. Vectorial equations system in a common reference frame

The analysis of an induction machine drive system has to be made when the stator and rotor
variables are represented in a common reference frame. When using the same space vector
notations, we can define an arbitrary reference frame, which rotates with the angular velocity @y ,
and according to Fig. 3, the following relation is valid:

X' (0= x(0)- e (47)
where: Oi(?) is the time variable relative angle between the new reference frame and the stationary
reference frame initially considered.; x*(7) represents the space vector for the new reference frame.
The reverse transformation relation is:

x(0)=x" (1)- ™ (43)
The homopolar component being a scalar variable, is independent from the chosen reference frame.

Reo

&
S
X ’k,'"'lum

iy i
lllll"llllllll';’":

Fig. 2.3. Transformation into an arbitrary reference frame

In an arbitrary common reference frame, the vectorial voltage and flux linkage equations become:
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N R

— — k i, k 0
Us=rnL + o =U, -e™ =rl;-e™ + 7 =

k k
=I"£f~ej9" +Ls'(ej9k'djs+j'ej9k'Lk'ddek_J—i_M'(ejek'ddir +j'€je"'lk'd—ekJ= (49)
t t t

) - dt

| , dA
=% . rsik—i- +J"wk'(Ls£’s( +M£f) :eﬂk-[rsif+d;s+j-wk-/l:J
t

. o LI 0
=L+ SUS O =r 0y _
dt dt

k k
U e/(ew).ﬂ”.ej(eme)_[/:.w LM ej(ek—e)‘g+j.a(6k—e).[k d6.-9)|_
- dt - dt dt - dt

(0,6 k d(Lrlf +M!f) k k i(0,-0 k dlk k
=0 L=t (@ - @) (LI + ML) = @O | L+ SR (0, - ) A
dt dt -

(50)
where @, ,w are the angular velocity of the arbitrary reference frame, respectively the angular
velocity of the induction machine. Finally, if we consider P the number of poles for the induction
machine, the electrical angular velocity of the rotor is (P /2)w and the vectorial equations of the
induction machine written in a common arbitrary reference frame which rotates with angular

velocity @, are:
k

Ur=rl+—= 4.0, -1

=5 s=s dt ] ks
k

Lﬁ=n1?¢%£+j«m—wy&f (51-54)
t

Al =L I +MI

Ay =L I +MI!

The above equations system represent the mathematical model of the induction machine with stator
and rotor equipped with one fictive windings each in a common arbitrary reference frame. It has to
be highlighted that the mutual inductance does not depend on the relative rotor position (Kovacs -
1984).

Fig. 2.4.Model of the three-phase induction machine
with fictive one stator winding and one rotor winding
(space vector notations) represented in a common
arbitrary reference frame
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2.5. Induction machine equations with stator referred rotor variables

A complete unified equations system for the induction machine is obtained when both stator and
rotor variables are expressed in a common reference frame and the rotor variables are also stator
referred. Using the turns ratio and the winding factor ratio we obtain:

1

I'=—:1,

ki
'l’ = ]q : Q]’

. :kt &

" 2,
rr_kt r

(55-58)

SEs

T

Now the stator and rotor flux linkage equations can be written as:

1
&sk :Lmas ' 3'|'Gs £:+ i'_Lmas Lf =0 'Lmas 1—§ +kt M (llst +L'?) (59)
2 2 k

t

Bt (3o J Lo gt L= o

t t

mar

KLl kML 1Y) (60)

If the following notations are introduced:
L, =o0,-L,, the stator leakage inductance
L', =k’-0,- L, the rotor leakage inductance

Ly =k M= %-L :% -k} -L,, the main magnetisation inductance

mas

I, =1 +I' the magnetisation current space vector

Ay, = L, - I%, the magnetisation flux

/;les =L -1 f the stator leakage flux

A" =L"-1" the rotor leakage flux

The flux linkage equations get the following form:

A =L Ly Ly =k +hy, (61)

—=s

Wk 1 ' % ko) _ 1 1k k
&r _k_t’(L k’lr+LM'£M)_k_t'(&1r+&M) (62)
or in referred variables we obtain:

M= +L) L +L, I =L I +L, 1" (63)
&vf = (L'lr+LM)'£'/rc+LM lls( :L'r !I; +LM llsc (64)

where Ls and L ’; are the total stator, respectively rotor self-inductance.
The referred rotor voltage is given now by the relation:

, k
U =r;1":+@+1-(wk —gwj-(&'ﬁw&) (65)

Finally we can write a complete equations system, in a common arbitrary reference frame, with
rotor variables referred to the stator, which define the induction machine. The result is a
mathematical model of the three-phase induction machine equipped with two fictive windings,
rotating with angular velocity @x. The simplified representation of this system is given in Fig. 2.5.
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k
o 2

S

1 1 dl'k . P 1.
U =rrlf+7r+1-(wk—5w)-&f (66-69)

A =L I+ L, 1"
A% =L I"+ LI

Fig. 2.5. Model of the three-phase induction machine with
fictive one stator winding and one rotor winding (space vector
notations) represented in a common arbitrary reference frame,

and referred rotor variables

2.6. Instanteous electromagnetic torque

The input power for a three-phase induction machine with wounded rotor is:

] n 1 a ik ]
g -m-RelU"-I"; 70
...... s J 2 Her . J ( )
where m is the phase number (3), U ‘U 'f are the stator and rotor voltage space vectors, [ f *,J__ "r‘*

are the conjugate stator and rotor current space vectors.
Using a detailed relation for the space vectors with rotor variables referred to the stator, we get:
R(t) = Uaslas + Ubslbs + chlcs + U'ar Ivar +l]'br Ivbr +U'cr I'cr (71)

From the complete equations system of the induction machine, the following expressions can be
obtained for the input power of the machine:

3 < dAl e . o dA P .
R=-§-Re{rslﬁlf +dlk +j ol +r'r.!"§..lf+-----§;-‘---!..'f +j-[wk—-5wj/l"f.l."§} (72)

3 drs o dAt s . P ;
R=-5Re{rslf+r'r1'f+ SN ;—;z":u-[w’;z: +[wk— ------- w)/l'fz..'f }} (73)

ks T HT Ol ks T O Ty O 4

The first two terms from the power equation represent the Joule effect loss, the following two terms
represent the electromagnetic power due to the time variation of the magnetic energy, and the last
term stands for the mechanical power available at the machine shaft, if the hysterezis loss, eddy
current loss and the stray losses are neglected. The mechanical power will be:
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P. :zRe{ {wk(L] L ) Lf*+(a)k—ij-(Lrl'f+LM1f)-1'f*}:
2 ‘ 2 ‘

3 P ‘ k*} 3P { K k*}

=—Rey—j-—w-L, [ -1 t=—-w-L, -Im{l -I'

2 { J 2 M —s =—r 4 M s =

Using the flux linkage relations, three expressions are deductible for the induction machine

mechanical power:

(74)

P, =3_P L - Im{), ['f " =3_P.w.1m{_:‘*.]:‘]:3_P.w.LM Im{gs"!f*] =
P L * 3P *
B T AP [y
4 L'r 4 A
where:
A=LL -L,

which gives four expressions for the instantaneous electromagnetic torque if the mechanical power
is divided by the rotor angular velocity:

T =£-Im{ﬂ,"‘-£'k*]_3p Im {i*'l§]=3—'LM'Im{1j~£f*]=

© g R B |~ 4 J (76)
:3_P.L_M.1m{,l";*.lf} 3P Ly gy {,lf*.&";}

4 L 4 A
The torque and the rotor speed a related by the mechanical equation:
2\dw

T =J|=|—+T, 77
e [Pj dt L ( )

where: J is the inertia of the rotor and in some cases the connected load. The first term on the right-
hand side of the equation is the inertial torque. The load torque 71 is positive for a torque load on
the shaft of the induction machine.

Considering the voltage, flux linkage and mechanical equations, the complete relations system of

the induction machine can be written:
k

ut=riI er/l +j-w A

’ dt
Vk P
Ut =pr 1"+ 2254 (0, - =) A"
= r r—r dt J ( k 2 ) P
Ae =LA+ Lyl (78-82)
A =L 1%+ L, 1!
7 =3 1 {/1“; 1";} 3—P-Im{/_ls"*-lf} 3P LM-Im{If-I'f*}z
4 == 4 - - -
L *

_3P M.m{l":.]:‘}:J Ed_w+T

4 L' == P) dt

The above set of equations is valid for the following conditions:
e All the equations are written in a common reference frame, which rotates with the arbitrary
angular velocity w.
The rotor variables are referred to the stator;
The stator and rotor variables are described by the space vector notations;
The machine parameters are constant in a common reference frame for both armatures;
The mechanical equation is written in real domain, and is independent of the chosen reference
frame.
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2.7. General equations of the induction machine in different reference frames

When the mathematical model of the induction machine is established, several reference frames
can be employed depending on application and the chosen strategy control. There are several main
reference frames: stationary fixed to the stator, synchronously fixed to the rotor, and revolving with
an angular velocity equal to: the air-gap flux, the rotor flux, the stator voltage, the rotor current
space vectors. The transformation from one reference frame to another is made by keeping constant
the value of the m.m.f. as all the reference frames are energetically equivalent. For the induction
machine, the phasorial diagram of the main space vectors is illustrated in Fig. 2.6. The significance
of the index is as follows:

s — stationary reference frame linked to phase as of the stator windings
r — rotating reference frame linked to the rotor shaft

m — air-gap flux reference frame

ss — stator total synchronous reference frame

rs — rotor flux synchronous reference frame

k — arbitrary synchronous reference frame

The angles depicted in Fig. 2.6 are in electrical degrees.

dss

qgs

drs

dr

Fig. 2.6. Definitions of the electrical angles between different reference frames

2.7.1. Per unit system

It is often convenient to express machine parameters and variables as per unit quantities. The
mathematical model in per unit representation of the induction machine has some main features
(Krause et al. 1995):

e All parameters have maximum value equal to unit;

e Two similar systems can be compared easier;

e The digital control is readily implemented;

When using the per unit system for writing the machine equations, the following observations have
to be made:

a) The base torque is not the rated one. As the rated power output generally occurs at a speed

(rated speed) slightly less than synchronous, the base torque 73, will be less than rated torque by
the ratio of rated speed to synchronous speed of the machine.
b) In per unit system, the inductance value is equal to the reactance value.
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c) If the flux linkage per second is used in the induction machine equations, it is per unitised by
dividing by base voltage.
The following values of the machine parameters are used as base variables:

Uu,=U, .. = J2 U o -phase voltage, maximum value
Iy = L max = V2.1 s(rms),n -phase current, maximum value
_U .
Z, = T -base impedance
b
3 ‘b
Sb = 5 Ublb = 3(]s(rms),n ]s(rms)n ase power
Wy, = 0, = 27 f, -base stator variables angular velocity
2 2 4r
Oy =5 O =5 O =5 s -base rotor variables angular velocity
Ub
Ay = —= -base stator flux
sb
I - Ay -base inductance
b Ib
1
T, =2b = 3P M -base torque
o, 4 .,
, P
"o 1 Jo, mertia constant
2 S,

u, U, dt U, U, (83-84)
k
U = R+ —— =t QY
a)SH )
Similarly we obtain the rotor voltage equation:
d Wk
wt =Rt T @, @)yt (85)
a)sn -
where the relative angular velocity is: o - %
Wy,

In the previous per unit expressions we should note that the multiplying coefficient of the time flux
derivative is necessary, as the time is not referred. The relative time, defined as follows, can be

used:

t =Wyt =0t :27t-L (86)

relative
sn

where T, represent the stator voltage supply period.
Finally the complete equations set in per unit system for the induction machine is:
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k

k k 1 dl// k
u, =Ri. +— —+j-Q
=Zs s Zs wa dt J kﬂs

1 dy'
wt =R T @ -0y

W, dt -
wh = x il +x i (87-91)

s
k
S

dQ 1 (3P i .k} ]
2 2 m Gl
dt 2H (4 {lﬂs Ls -

2.7.2. Stationary reference frame equations. Block diagram

vk v ik .
lﬂr _xrl_r+xM£

If the stator voltages are unbalanced or discontinuous and the rotor-applied voltages are balanced
or zero, the most appropriate choice for the reference frame is the one fixed to the stator. This
stationary reference frame was first employed by Stanley (1938). In a stationary reference frame,
fixed to the stator, the arbitrary angular velocity is zero, @ = 0) and the induction machine

equations system becomes:
k .k
ug = R

+

k K 1k (92-96)
2

aQ 1 ﬁlm{y/k*-ik}—T
dt  2H \ 4 — =)t
M

The total leakage factor is described by relation ¢, =1-—" and if we note: § = x x, - x., the
xSxI‘

following relations are deductible:

=yt Ty
6= 6= (97-98)
-1k X

X
_ 1k k
L, —gﬂr—

—Ml//
A new equation system can be written in the two-axis co-ordinates system:

5_s
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dy
U = Rsiqs 1 ’ Z,jtqb
(Osb
d
uds = Rsids + 1 ’ st
o, dt
1 1o 1 dl//' r '
uqr:erqr © dlq - Vo
sb
1 dyy
u’ = R' ! L +Q * '
dr r”dr wa dt l//qr

(99-107)

Ve = xsiqS + xMi'qr
Vg = Xglg + Xy Ly
V' = X g+ Xyl
Vg = X+ Xyl
22 (vt v -1

If the induction machine is equipped with cage rotor, then the rotor voltage is zero. A complete

block diagram for the induction machine in stationary reference frame using as inputs stator voltage
and currents and load torque, and as output the speed, is illustrated in Fig. 2.7.

ias n s ) s
\ N N ]
NG S IS O [TV T ol
. 1/3 . +
i - (T
cs q . qs |
— N ht ]
+ Uspds
u +
as BN u .
(Fy—ds— %@ 12

Ubs \L %- i -

5 |
. + 1/3 .
g 2 0 2

L= 1 Y 3 :
TL

Fig. 2.7. Block diagram of the induction machine in stationary reference frame

2.7.3. Rotor reference frame equations. Block diagram

The choice of the reference frame for the dynamic analysis of the induction machine, especially
when the rotor circuits are unbalanced, is more convenient to be fixed to the rotor frame. This
reference frame is in fact the Park’s transformation, initially developed for synchronous machine
and than applied to the induction machine by Brereton (Fitzgerald et al -1990). The method of
referring the machine variables to a rotor reference frame is most useful for field oriented control
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systems. Transformation from the arbitrary frame to the rotor frame is made by substituting
Q, =, or from the stationary frame with the matrix relations:

Xy cosO.  sinf, | | x4
Xqr - —sinf_ cosO, | | X (108-109)

X4 | | c0sO,  —sin® | | X,

Xqs | sin@,  cos6. Xy
where 0. is the electrical angle between the magnetic axis of the stator flux and the magnetic axis
of the rotor flux.
The complete equations set results as follows:

dy "
u' =R l_"‘.;.L. = 1 ;.Q .yt
o, dt -

w = x i+ xy i (110-114)

dt  2H
Or expressed in orthogonal two-axis co-ordinate system:
1 dy,
u,=Ri +———+Q
qs s qs wa dt l//ds

dQ ! .(ilm{z'f,évf*}_TLj

o ST (115-123)
Vo =Xy + Xy 1,
W = X0y + Xy 1y,
V' = Xt Xy
Wy = X0 Xyl

dQ _ L ,(%(qur i'dr_l/j'dri'qr) _ TL)

dt 2H
The block diagram of the induction machine model in rotor reference frame is presented in Fig.
2.8. The input variables are stator currents and load torque, and as output variable is chosen the
angular velocity of the rotor. Also, the rotor voltages are considered zero (case of squirrel-cage
rotor). It has to be observed that two algebraic loops appear in this diagram. This inconvenient leads
to a limited use of this reference frame to the wound rotor induction machine, when the block

diagram is similar to that from Fig. 2.8, where inputs will be rotor voltages and currents.
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as dr
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Fig. 2.9. Block diagram of the induction machine in rotor reference frame (wound rotor case)
2.7.4. Synchronous reference frame equations. Block diagram

The synchronously rotating reference frame, with angular velocity equal to that one of the
power supply system, is particularly convenient when incorporating the dynamic characteristics of
an induction machine into a digital computer program used to study the transient and dynamic
stability of power systems. The synchronously rotating reference frame may also be useful in
variable frequency applications if we may assume that the stator voltages are a sinusoidal balanced
set. It was systematically developed by Kovacs (1984) and Krause et al (1995), or Lorenz et al.
(1994).
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When a two-axis co-ordinates reference frame is employed, it has to be fixed to different variables
of the machine. The main configurations are the synchronously reference frame fixed to: stator flux,
air-gap flux and rotor flux.

1) Stator flux fixed synchronous reference frame.
In order to link the d-axis of the synchronous reference frame to the stator flux space vector, the g¢-
component of this flux vector is defined equal to zero:

Vo=
= e (124)
Ve =0
The following equations set is obtainable:
qus = Rsisqs + .Qsll/sds
Msds = Rsisds + L . dl//—ds
0, dt
1 15 R
M'Sqr = R'r i'sqr+—'dl//—q+ ('Qs —.Q)'l[/'sdr
Wy, dt
1 “dr
u'sdr — R'r i|Sdr+_,dv/—d_ (QS_ .Q) wvsqr
Wy, dt
0= xsisqs + xMi'Sqr (125-133)

Vias = Xi%as + Xy Car
v S = xlr PSet xMiqu

l// 'Sdr = X’ri 'Sdr+ xMiSds

aQ _ 1 (3P .
— = — | — VY &i'es —
dr 2H \ g Ve h

The block diagram from Fig. 2.10 presents the induction machine model in synchronous reference
frame linked to the stator flux, with inputs stator voltages and currents, and load torque. The outputs
are synchronous and rotor angular velocity.

; W
as 14 R ds

i ] 32 SN e ©O [T o TN e i
+

(& S

Cs

R D.;
S
Yas Uds
3--->2
Ubs s
-j es
Ues ¢ Ugs
L

Fig. 2.10. Block diagram of the induction machine in synchronous reference frame
(linked to stator flux)
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1I) Rotor flux fixed synchronous reference frame.
In order to link the d-axis of the synchronous reference frame to the rotor flux space vector, the g-
component of this flux vector is defined equal to zero:

V=Y
- (134)
Yo =0
The induction machine characteristics can be analysed with the equation system:
d r S
l/qus = Rgl.rqs + —- & + qurds
‘ w, dt ‘
1 d r S T
urds ZRSirds +— " l// < _st/ qs
Wy, dt
u'rqr =0= R'r i’rqr+ (QS - Q) l// 'rdr
1 d Ly ‘
un’dr:O:erivl’dr_i__‘ l// d
,, dt
v o i (135-143)
l// qs = Xl gs + Xml oar
Ylas = X i'as + X0 ar
O = x'r l"rqr"‘ xMirqs
Ve = X1 e+ Xy
dQ 1 3P 1 (3P L,
—_— = - 'rrl.'rr—T = | — 'rrirs—T
dt 2H( g Vot Lj 2H(4 L Vet L]

The block diagram from Fig. 2.11 presents the induction machine model in synchronous
reference frame linked to the rotor flux, with inputs stator currents, and load torque. The outputs are
synchronous and rotor angular velocity. The rotor voltages are considered equal to zero (case of the
cage rotor).

Vas i + Var
i ] 3 >2 xR/ 2 1/s
p— + Q -Q
. ST . { s
Tes el Y% h :
Q

Fig. 2.11. Block diagram of the induction machine in synchronous reference frame
(linked to rotor flux)
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1) Air-gap flux fixed synchronous reference frame.
In order to link the d-axis of the synchronous reference frame to the air-gap flux space vector, the g-
component of this flux vector is defined equal to zero:

2l 2
o : (144)
The system is described by the relations:
Mmqs = Rsimqs +Ldl//—qs+ stmds
wsb dt
uTg = Rsimds +L .dw—ds_gswmqs
o, dt
u'mqr — O — R'r i'mqr‘i‘ Ldl/j—qr_{_ (QS _Q)_l//vmdr
(O3 dt
u™y =0 = R'rl.'mdr—i_ l_dlll—dr_(gs _Q)ll/ 'mqr
wsb dt
0= RSV (imqs + i'mqr)
(145-155)

Wmdm = Xum (imds +i'mdr)

Wmds zxsimds+xMi'mdr zl//mdm +xlsimds
m -m - ym +.m

ll/ qs = Xsl qs + le qr = xlsl qs
m . ym .m ym

V' = x 0 gt i s = X 0 g

m

l// dr = X'rl.'mdr + xMimds = l//mdm + X']rl.'mdr
a9 _ 1_.[3_Pwmd o j

e 2H \ 47 T h
Fig. 2.12 illustrates the induction machine model in synchronous reference frame linked to the air-

gap flux, with inputs stator voltages and currents, synchronous angular velocity and load torque.
The output is rotor angular velocity.
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i be Oy 1/s
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. e’ es
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uas
— = - + 1/(2H)
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bs - -
0
€ S
u u
cs ) a8
L

Fig. 2.12. Block diagram of the induction machine in synchronous reference frame
(linked to air-gap flux)
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1V) Stator current space vector fixed synchronous reference frame.
In order to link the d-axis of the synchronous reference frame to the stator current space vector, the
g-component of this space vector is defined equal to zero:

«SC __ »SC
Iy =1y

iy =0
This reference frame realises a special control of the machine torque and speed, by using only one
current component and the stator voltage. De-coupling circuits are needed for an independent
control of the speed and torque. The complete set of equations which describes the dynamic and
steady-state operation of the induction machine is.

sC 1 dWSCqS

(156)

u qs:_'—+gll/scds
0, dt )
) 1 d sc
uscds :Rslscds . l// ds _stscqs
w, dt
1 dy™q

ulscqr =0=erl~vscqr+ X
sb

+(Q,- Q)Y

1 dy™s
W% =0=R" i"et— Y T (0 )y,
T

. s 157-165
Vs = X0 + Xyl Far ( )
Wscqs — xMiqscqr

[~Y . 1SC

Vi =x"0% g

Ve = x 0 e+ x0T s

Q 1 (3P . .

L

The block diagram from Fig. 2.13, uses as inputs the stator voltage space vector, the d-axis stator
current component, the load torque, and the synchronous angular velocity. As output is considered
the rotor angular velocity (speed).

i
as_ !ds Y v Yas
s 3 >2 = “n -
2 4 o %
H 1/s
Q i
. i
LS - -
Ubs i g SC )
50
e S )
U . Vas T
L

Fig. 2.13. Block diagram of the induction machine in synchronous reference frame
(linked to stator current space vector)
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J) Rotor current space vector fixed synchronous reference frame.
In order to link the d-axis of the synchronous reference frame to the rotor current space vector, the
g-component of this space vector is defined equal to zero:

rc_ .grc
L _ldr

" =0

qr
Applying the above conditions, a complete equations system for the induction machine expressed in
this particularly reference frame can be deduced:

Z/{rc _ 1 ‘dl//mqs

(166)

= + 0 re
T,  dt Ve
urcds = Rslmds +— dl// & _Qsl//rcqs
., dt
u"cqr = O = L dl// ar +(Qb _-Q) W’rcdr
wsb
1 d \rc .
W =0=R" "ot — Y (2 Q)
b dt
- (167-175)

O R L LTy

) 2 e T :
In Fig. 2.14, the block diagram that describes the induction machine model has as inputs the d-axis
stator voltage component and current space vector, the load torque, and the synchronous angular
velocity. As output is considered the rotor angular velocity (speed).

i i
as
R o) 1/s
Tbs 3->2 sn
i 50 T O S
cs e” s q
Q
1/s
o -
S
Uas U s
M 1/(2H
ubs 3 —>2
j NS u
cs e- s qs
T

Fig. 2.14. Block diagram of the induction machine in synchronous reference frame
(linked to rotor current space vector)
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V'I) Magnetising current space vector fixed synchronous reference frame.
In order to link the d-axis of the synchronous reference frame to the magnetising current space
vector, the g-component of this space vector is defined equal to zero:

.mc __ .mc __ .mC . ymc
lm _ldm _l_s +l_r

" =0

qm

(176)

Considering the above conditions for a synchronous reference frame, the complete set of equation
for the three-phase induction machine can be obtained:

1 dl//mcqs
T N QU
) ’ wsb d[ l//
umcds = Rsimcds + L . dll/ ds _ stmcqg
wsb dt
1 mc .
U™ =0=R" i+ — .dl//—q+ (Q, —Q) -y ™y
wsb dt )
Mlmcdr =0=R |r l~|mcdr+L.dl,/—dr_ (Qs _ .Q) l// 'mcqr
w dt

d.Q _ 1 i 3P ., jme . ymc _ T
W_E TXM I "dm* 1l gs L (177—185)

A block diagram for the mathematical model of the induction machine in this reference frame is
presented in Fig. 2.15. As inputs are chosen the stator current space vector, the d-axis component of
the stator voltage space vector, the synchronous angular velocity and the load torque. The output is
the machine (rotor) angular velocity. The similarity to the synchronous reference frame linked to
the air-gap flux space vector can be observed, as the magnetising current is directly proportional
with the air-gap flux, through the magnetising inductance.

i
as
LT 3->2
bs - am
. T o es
1CS
Q S
uas
Ubs 3.>2
-l
uCS € S uqs
T

Fig. 2.15. Block diagram of the induction machine in synchronous reference frame
(linked to magnetising current space vector)
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2.8. D-Q Axes models of the three-phase induction machine

The three-phase induction machine can be modelled by using different state-space variables and
keeping as inputs the stator voltages and the load torque, and as outputs the electromagnetic torque
and the rotor angular velocity. The possible set of currents and flux linkages per second space
vectors are defined as follows (Nowotny and Lipo - 1996):

Zs:%ls_l—].lqs
.y .o
L _ldr+]'l q

l.m = ém +j'iqm

A (186-191)
TG s

&'r =}“'dr—i—j')“'qr

&m:)'dm+.j')'qm

[x]=[i & i, A, A 4] (192)

The d-q axes are orthogonal and fixed to the stator, d axis coincides to the magnetic axis of the as
winding.

As there are four voltage equations, it is necessary to consider two of the space vectors as state-
variables in order to obtain a solution for the equations system. Let the selected pair of state-space
variables be denoted as x,,x,. The set of six state-space variables will be expressed in terms of the

two selected state-space variables:

_an a12_
ay Ay
[f=li &% in A 20 40 =" Pl o] (193)
g Ay
ds; dsp
L %1 de

Only fourteen out of the fifteen state-space possibilities represent valid mathematical models for
the three-phase induction machine (the pair of state-space variables that comprises airgap flux
linkage per second space vector and the magnetising current space vector cannot be selected as
these vectors have the same direction). There are three types of models:

1. current state-space variables models;
2. flux linkages state-space variables models;
3. mixed currents-flux linkages state-space variable models.

In conjunction with the mechanical equation:

P
= (T =T 194
pa)r ZJ (e L) ( )

we obtain a complete version of the three-phase induction machine model, viewed as the key for a
motion control system.
The starting point for the state-variable models is given by the voltage equations system written in
Stationary reference frame:

u=L-px+R-x (195)
where: x is the selected set of state-variables and represents also the output of the model, u is the
input vector (stator voltages), L is the coefficients matrix (it can be formed by reactance values, or
non-dimensional elements) for multiplying the time derivative of the state-variables, R is the
coefficients matrix (it can be formed by resistances and reactances values or non-dimensional
elements) for multiplying the state-variables and p stands for the differential operator (d/dt).
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It results the general form of the state-variables system:

px=A-x+B-u (196)
where:

A=-L"-R

B=L"

All the following mathematical models permit a discretisation for the implementation of
controllers in the drive systems with three-phase induction machines. Classically, the current state-
space and the flux state-space models are the chosen options for the manufacturers of drive systems.

The original vector orientation scheme was based on the alignment of the synchronous reference
frame to the rotor flux linkage space vector. Then the vector control strategy was extended by
considering as well the stator and air-gap flux space vectors, as alignment of the reference frame.
However, for a complete analysis of the vector control strategies, each of the six space vectors that
can be selected as state-space variables represents a possible basis for a reference frame. If the
magnetising current space vector selection as alignment gives similar results to the air-gap flux
space vector case, the stator and rotor current space vectors are still to be further analysed as new
options for vector control.

An easy to follow steps algorithm for implementing vector oriented control systems is obtained
as follows:

1. A complete mathematical model of the three-phase induction machine is developed in stationary
reference frame, according to the chosen set of state-space variables;

2. The rotor based variables are completely expressed in the new state-variable system;

3. The rotor angular velocity @, term is substituted with (@ , - ® ;) where @ , is the angular
velocity of the synchronous frame;

4. The synchronous reference frame is selected linked to one of the space vectors, which means
that the g-axis component of the reference space vector is null;

5. The torque equation is computed according to the selected flux or current space vector in the
synchronous reference frame.

The block diagram of modelling an induction motor for vector control purpose is detailed in Fig.

2.16.

synchronous frame

u X 400
px=Ax+Bu [a ij] e’

Te(closed loop)

Te

(open loop)

stationary frame

Fig. 2.16. Block diagram form of the induction machine mathematical model

Fig. 2.17 shows the general two-axis equivalent circuit for the induction machine, in an arbitrary
reference frame. This equivalent circuit represents the starting point for determining the matrix
equations, which will be derived further.
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Fig. 2.17. Arbitrary reference-frame equivalent circuits for a three-phase,
symmetrical induction machine
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Note: For compactness, the elements from Fig. 2.17. have to be transformed in terms of reactances,

while the flux linkage has to be expressed in flux linkage units per second, or volts.

2.8.1. Models with currents space vectors state-space variables

. . . . . T
I) As complex state variables, the currents space vectors x= l:lqs,lds,l'qr,l'dr:' are usually

assumed. The stator current space vector is considered generally as the right choice, because it
corresponds to directly measurable quantities. This model is readily available from voltages and

flux linkages per second equations, and it can be expressed in a matrix form as follows:

rsx'r xri wr xmr'r xmx’r wrw [ !

_ _Im v _ Rl X' X
D D w, D D o, D 0 D 0
iqs ﬁ ﬂ _rx'r xmx’r ﬁ xmr’r las xvr X
rlis| | Do D D o D ‘ids+0 > ¢
o, |1, X 7 XX, O, X XX, o ||| | _Xn o X o

g D o, D D o ||i D D
XXm O Xl xsx'r @, xsr'r 0 _X_m 0 ﬁ
D w D D w® D | : D D

where: D = x,x'.— x_
If the stator, rotor and total leakage factor definitions are used:

x, =x, +x, =(1+0,)x,
x' =x",+x, =1+0,)x,
1
_(l+0's)(1+0'r)

we obtain:

o
D=x} (0,0, +0, +Gr)=x§1-l—
-0

(197)
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The electromagnetic torque can be computed as:
3P x,

T.= w—b-(iqsi'dr—i(ki'qr) (198)

II) The stator and the magnetising space vector currents as state-space variables
T . .
X = [iqs,z;ls ,é'm,z('jmJ represent another mathematical d-q axis model based on currents space

vectors. By selecting the magnetising current space vector among the state-space variables, it is
possible to include the saturation effect in modelling the induction motor. Also, the stator current
space vector is a measurable quantity, and determines a precise and accurate option for
implementing controllers. The state matrix elements are all non-zero, which implies a
computational effort similar to the previously analysed model.

o o, |
' ] T ' T
_rsxr - }’erm me r xm]/Jr _me r
, ,
I , o, I
qs [ RN | [ ' qs
. xmxlr r;xr r r 'xm xmxr xmr r .
Pt |1 @ @ |,
, iqm D ' ' T ] ' a)r lqm
. r r xls rsx Ir _xlsx]r - xlsrr xlsx T .
lam @, w, Ldm (199)
x.x' . r' x. —rx' = —x x'-wr —x. '
1C 3 r s sV Ir st T Is" r
L @, i
'
x, 0 —-x, 0 U

0 x'lr 0 xls u'dr
The instantaneous electromagnetic torque may be expressed in terms of the state-space variables:
p 3P x

, i-(z‘qsidm ~igdim ) (200)

€

III) The third possible combination of current space vectors as state-space variables is obtained
. . . . . . . T
by selecting magnetising and rotor currents x = [z P 'dr,zqm,zdm1 . When compared to the other

currents space vector models, the similar computational burden for obtaining the outputs of the
system is obvious. The main difference between them is the presence of the global parameters (self-
reactances) in the stator and rotor current state-space variables model, while in the other two models
an accurate determination of the leakage reactances or leakage factors is necessary. A complete
description of the state-variables in matrix notation is given below:
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1 AJ wr a)r
_I/;xm -r r xs xsx]r rsxm 'xsxm
@, @,
l'qr ' T ' T l'qr
l., 1 xsx Ir _rsxm -r r xs xsxm - rsxm l.,
d b d
T Ll e
@ o P rx' =1 X XX (Or —1xY XXy — l.qm
Lim @, Oy || L (201)
1 T 1 1 T 1
_'xlsx Ir I"SX ' r r xls _xlsxm _rsx Ir
L b i
-x, 0 x, O Ugs
+ l 0 xm O xs uds
1 1
D X Ir 0 xls 0 u qr
0 x 0 x| |u'y
The instantaneous electromagnetic torque is expressed as follows:
3P «x
:_._m.(l" io—i ) (202)
e 4 ) dr “qm qr‘dm
b

2.8.2. Models with flux linkages as state-space varaibles

I) When flux linkages per second are selected as state-space variables, the models are less
computationally demanding than in the currents state-space variables version. As each flux contains
information about two currents space vectors components, the state matrix contains zero elements.

9
describing the mathematical model of the machine. For this system the matrix equations are as
follows:

. . . T
One option is to select the stator and rotor flux linkages space vectors x = [l Ags o A ,),'dr] for

I _rS X 'I‘ 0 rS xm O 1
D D
2’qS _rsx'r 0 ’;xm 2’qS uCIS
P | A | D Dol Aa | | Has (203)
(Ub A. 'qr r 'r xm 0 -r 'r xs wr A. 'qr u 'qr
)’ 'dr D D wb )’ 'dr u 'dr
O r 'l' xl"l'l a)r _r 'r 'xS
| D W, D |
The electromagnetic torque is determined with the equivalent relation:
3P «x
T =™ (A A -4 A (204)
e 4 (l)b .D ( qs dr ds qr)

By comparison with the current models, it can be observed that the computational burden is
essentially lower. Due to this important feature, this model is the most suitable for discretisation in
motion control strategies.

1) An alternative to model the three-phase induction machine with flux space vectors as state-
variable system, is the selection of air-gap flux space vector among the set of independent variables.
This choice presents the advantage of an easier saturation effect modelling, but the disadvantage of
an increased computational burden. The air-gap flux is a measurable quantity, and this advantage
imposes it in many practical solutions for vector control schemes.



46

A first approach is given by the stator and air-gap flux space vectors selected as state-space

Mis A e | -

variables x = [lqs,

K 0 5 0
xls xls
l% 0 5 0 5 )‘qs
p Aﬂs xls xls )t‘is
—_ — . +
a)b ;Lqm rsx'lrxm r'rxm me'h ﬂ ’gxmx'Ir _r'r xs 'Xisxm ﬂ 1+x'lr xs A’qm
X‘dm XI‘D D D a)D xlSD D D wb xlsxm A’dm
xmx']r ﬂ _ }nglr xm + })rxm _xlsx ﬂ 1 x'lrx rsx’lr xm r ’r xs
L D wb xlsD D D qu xlsxm xlsD D B
_ 0 0 ;
0 0 Uy
X 'lr 'xm 0 xlsxm O u:js
D D Uy
0 X 'lr Xm O xlsxm u 'dr
L D D |
(205)
The electromagnetic torque expression depends on stator leakage factor:
3P 1
R Ry et A o

III) The third option of selecting flux space vectors as state-space variables is similar to the
previous model. It comprises the air-gap (magnetising) flux and rotor flux space vectors

x= [/’Lqm,l AysAy ]Tin the set of independent variables. The same computational effort is

dm >
required, and the electromagnetic torque is determined in a suitable form for vector control if the
rotor leakage factor is known:

B rx'. or'ox X, 0 KXy X, X, XX O
D x', D D x', D D o,
A 0 _rx’, +r'rxmxls XX O EXy 1L X A
ya Adm B D x'. D D o, D x\, D ' Adm .
o, | A, - r'. 0 ' , Al
Ay x', x', o, Ay
O o 207
L X'y , X', i
e ; s . _
D D Uy
N X, X', X Xis | | Uas
D D u'qr
0 0 1 0 u',
0 0 0 I

The resulting relation for computing the instantaneous electromagnetic torque is as follows:
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I
4 x'|, o,

T.

(4

(A2 e = AmA'y,) (208)

2.8.3. Models with mixed currents — flux space vectors state-space variables

1) For obtaining an acceptable computational effort as well as measurable output quantities, the
general accepted solutions are the mixed currents-flux state-space variable models. If the stator
variables are chosen for modelling the three-phase induction machine system, then a mixed flux

linkages-currents state-space variables model x = [)uqs,/’tds,zqs,zds] is developed. This mathematical

model is selected when stator flux oriented strategy is implemented. The matrix equations and the
electromagnetic torque relation are:

0 0 r 0
Aes 0 0 0 —r s
ya A B r' x| o, Cnx X o, . A N
O, | i D D w, D o, Iy
Iy X' o, r' o, _rsx'r+r'r X, Iy
D, D o, b | (209)
1 0 0 0]
0 1 0 o0 Uy
T R
D U g
0 oo |l
L D J

The instantaneous electromagnetic torque relation depends only on the magnitude of the output
vector components.

3P 1 . .
T =T-w—-(/1 iy = Al ) (210)

e ds“qs
b
II) Another important mixed flux linkages-currents state-space variables model

T, . . . :
x= [), ol e T i'dr} is that expressed in rotor quantities. This model represents the optimum

solution for rotor flux oriented control strategy in a drive system with an induction machine.
However, as it is impossible to measure the rotor currents if the machine is equipped with cage
rotor, there are limitations in using this model for vector control strategies. The state-space
variables system is detailed below:

o -

0 f ', 0 ) )

@, 0 0 10
2"qr _ wr 0 0 —I’" /,L'qr O 0 0 uqs
LMl O . Velel g g of{ ™
wb lqr i x_s.(l)r _rsxr+rrxs 0 lqr D uqr
i'dr D D a]b D l'dr 0 _x_m 00 u'dr

xs wr rs 0 _V;X'r'i'l"'r Xs - -

| D o, D D i

(211)
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The electromagnetic torque expression depends only on the magnitude of the output vector
components:

3P 1
T,=— — (A "= Ay i, (212)
4 o, ( v e )
1II) The most used alternative model for rotor flux oriented control strategies is that which
. . 1 .
comprises the stator current and rotor flux linkage x = [), PR/ ANY lds:| as state-space variables. It

contains the advantages of measurable output quantities (stator currents) and acceptable
computational burden. The matrix equation and the electromagnetic torque relation are presented
below:

_rsx'f+r'rxf1 0 r'ox. Xy O
x''D x''D D o,
los 0 _rs)c'f+r'r X Xy O r'ox. Iy
ﬁ ids _ x'rD D (l)b X'rD . ids n
w, l'qr r'r X, 0 _r'r (OX )"qr
Al x' x' w Al
dr r r b dr
0 ' X e ol (213)
x'l’ a)b x'l’
o Ao
D D Ugs
do B m|l%
D D u'qr
0 0 1 0 u',
| 0 0 0 1|
and
3P x . .
7;:7. (i A =i A ) (214)
xra)b

1V) A theoretical mathematical model is that with mixed rotor currents space vector and stator

. . . T
flux linkages space vector as state-space variables x = [/lqs,lds,z . z'dr] . It should be noted that

the advantage of this model is that only the stator winding parameter is necessary and as such the
influence of rotor parameters is minimised. This model can be used for an unconventional stator
flux oriented control with rotor current components producing the torque and the flux. The
expressions for implementing this model are:
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X H1 XS @, KXy Xy O

- x.D w, x.D D w, ER X, 7
iy o, B X 41X X L iy D 0 D 0 Uy
pli's ) x,D D  xD i'g X, x, || g
A X, _x_s A 0 0 0 u',

. . . T L0 1 0 0]

L xs XS _
and
T, =¥-£—;b-(lqsi'dr—l$i'¢) (216)

. . . . T
V) The mixed stator current space vector and air-gap flux space vector x = [lqm s A L » sz as

state-space variables belongs to one of the most complex types of models. It preserves information
regarding both stator and rotor parameters. This mathematical model is the suitable choice for the
air-gap flux orientation control strategy. The greatest advantage of this model is that by using Hall
sensors or tapped stator windings, all the output vector components are measurable. Due to its
versatility, this model is widely used in controllers implementation, especially for medium speed
applications. It permits also the simulation or modelling of the saturation effect. By comparison to
the previous mixed models, the state-space matrix contains only non-zero elements, which leads to
greater computational effort.

lgs —rx'.—r'. x, XX (@, /0y) r' -x'(w,/m) s
Pl iy 1 x,x' (o /o) —rx'—r' x, x' (v, /w,) r' | s
, lqm D | x (r'x —-rx') —-xxx\ (0 /o) —x, 7', xx' (0. /0,) ﬂ,qm
A -x.x x'" (o /o) x (' x,—-rx') -xx' (0 /0,) —x, 7" A
x', 0 -X, 0 Uy,
. 1 0 x' 0 -X,, Uy,
X', x, 0 X X, 0 u'y
0 X'\, x, 0 xx,||u'y
(217)
The electromagnetic torque is computed as:
T, = %P w%, (i A = s A ) (218)

VI) Another theoretical model, similar in form to the precedent one, is the mixed rotor current
. . 0o T .
space vector and air-gap flux space vector as state-space variables x = I:/lqm ,)Ldm,z'qr, i’ dr} Its main

shortcoming is the presence of the unmeasurable rotor currents among the state-space variables.
The matrix equation of the system is given below:



50

i’y —Xx, —r'. X, xx' (o, /w,)
y g | 1 -x X' (0, /o) —rX, — 1, X,
o, lqm D |rx x', —-r' x x, xx.x\ (0 /o)
Agn -x,xx\ (0 /o) rx x'\ —r' x x,
—X,, 0 X, 0 Uy
1 0 - X, 0 X, U g
D X X'y 0 X Xig 0o | u'y
0 XXy 0 XX | | u'y

The electromagnetic torque relation becomes:
3P 1 . .
T, ZT'w—'(ldr/Iqm iy )
b

s xs(a)r/wb) i'qr
_'xs(wr/wb) r§ i'dr +
_rsx Ir xm xls (a)r /a)b ) )'qm

_xmxls(wr /wb) _rsx'lr A’dm
(219)
(220)

VII) If the magnetising current space vector is selected as state-space variable together with one

. . . o T .
of the flux linkages space vectors (i.e. stator flux linkages) x = [zqm,zdm,lqs,ldsj , the computation

of the state matrix elements gives several null results. This choice for a set of state-space variables
presents only theoretical importance, as the output vector components are unmeasurable. Also the
computational demand of the model does not make it a practical option for vector control

implementation.
_st'k xm _r'r xsxls wr r'r xls _r;x'lr x']: wr
%D @, x.D D a,
lqn _ﬂ }/s'xmxvlr _rjfxsxls x'lr . ﬂ r'rxls —I’;X'h_
ﬁ ldn — a)b xlsD D (q) xlSD
Ads xls xls
0 fsXm 0 5
L Xis Xis
og &
D D U
Jo Mo Nl
D D u'qr
1 0 0 ©0 ',
|0 1 0 0]

The electromagnetic torque relation:

3P

oy
A (221)
(222)

VIII) One other model analysed for theoretical reasons, is the mixed current-flux linkages space
vector model which realises a the connection between the magnetising current space-vector and the

. . . . T
rotor flux linkage space vector, selected as state-space variables x= [lqm,ldm,),'qr A 'dr] As the

output vector components cannot be measured, this model, like the previous one, is prohibitive for
implementation in vector control strategies. However, from computational effort, the state matrix
contains the same number of zero elements (four) and the instantaneous electromagnetic torque is
determined in a suitable form comparable to the classical vector control implementations.
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_r'r x]sxm _rsx'rx']r 0 rsx'lr_r'r xls xls wr ]
x'\. D x', D D w,
iqm O rvr xlsxm - r;x'rx'lr xls wr r;x'lr_ r’r 'Xis iqm
P lm | x'\, D D w, x', D Iy N
a)b A'CII‘ r'r xm 0 r'r wr i'qr
Ay X X', @, Ay
0 r'r ‘xm a)r r'l” (223)
L X' @, Xy
Yog &
D D Uy
+ 0 i 0 Xis . Uas
D Dilu',
0O 0 1 0 u',
0 0 0 1]
The electromagnetic torque is determined as follows:
3P x
To=— (i Ay =iy Ay ) (224)
4 wx',

2.9. Vector control startegies for three-phase induction machine

The aim of vector control is usually to decouple the stator current i into its flux producing and
torque producing components (ig;, igs respectively) in order to obtain a decoupled control of the flux
and the electromagnetic torque. For this reason a special reference frame is selected fixed to
different space vector variables. The reference frame has to be synchronous, as all the space vectors
have the same angular velocity given by the supply voltage frequency (Vas - 1990, 1992), (Slemon
- 1994), (Kelemen and Imecs - 1987).

Generally, the term of vector control is associated with field orientation control. This means that
the special synchronous reference frame is linked to one of the flux linkages space vectors. The
original field orientation sheme, developed more than twenty five years ago, was based on the
alignement of the reference frame to the rotor flux. After 1985, (DeDoncker and Nowotny - 1988),
(Erdman and Hoft - 1990) this control strategy was extented to the air-gap flux and to the stator flux
alignement of the synchronuous reference frame. However, for vector control schemes there are two
more possibilities, related to the currents space vectors: stator and rotor currents. All of these
control strategies are investigated in this chapter, according to the modelling point of view of the
induction machine. An easy to follow steps algorithm for implementing vector oriented control
systems is obtained as follows (Lai - 1999):

1. A complete mathematical model of the three-phase induction machine is developed in stationary
reference frame, according to the chosen set of state-space variables;

2. The rotor based variables are completely expressed in the new state-variable system;

3. The rotor angular velocity @, term is substituted with (@ , - ® ;) where @ , is the angular
velocity of the synchronous frame;

4. The synchronous reference frame is selected linked to one of the space vectors, which means
that the g-axis component of the reference space vector is null;

5. The torque equation is computed according to the selected flux or current space vector in the
synchronous reference frame.

The transformation of reference frames for the induction motor vector control can be summarised as

shown in Fig. 2.18.
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Synchronuous reference frame Stationary reference frame

Two-axis co-ordinate system Three-phase system

Drive Inverse 2/3 Clark/ Park Induction

Controller

motor

Transformation

Transformation

3/2 Clark/ Park F

Fig. 2.18. Block diagram of transformation of frames and co-ordinate systems
for induction motor vector control

2.9.1. Stator flux field orientation (SFO)

For this vector control strategy, the set of state-space variables formed by stator flux linkage and

T, . L .
current space vectors Xx = [/lqs,lds,iqs,ids] is selected. The mathematical model is given in the

chapter dedicated to d-g models of the three-phase induction machine.
The rotor based variables expressed in state-space variables terms are:

i® = Ry (ls e )

qr

1
18 s .S
l dr .......... (A’ds — xslds)
X

| (225-228)
lv(slr:; ...... (x'rl;S_D'i;s)
2{ vz‘r — xl ..... ( 'r A,;S -D l(is)

To obtain the machine equations in the synchronuous stator flux reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the g component of the
stator flux to be zero. The stator voltages equations remain unchanged. If a cage rotor is considered,
the resultant equations are as follows:

o, )" o "o, *
° ° ° (229-230)
o, o,
[’”'r X+ D...f.’....};s — D = [ Faxt pJ Ay —tx' A
a)b a)b a)b a)b

where the definition used for the slip speed is: o, =w, —,.

If the special reference frame is fixed to the stator flux linkage vector, the g-component of this
flux vector is defined equal to zero:

AL =0
A =2

From stator flux linkage equations, the g-current components are given by:

(231)
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o (232)

The electromagnetic torque relation and slip speed can be derived in stator field orientation control
as:

=2
(0]
b (233-234)
(a)br'r x,+Dp )i;s
a)S = .g
x'l’ Adss _D ‘l(;s

The second dynamic equation of the machine, shows that there is a coupling between the stator
current components. Consequently, any change in the torque producing component i;s without

changing i accordingly will cause a transient in the stator flux. A decoupler is necessary to

overcome this disadvantage. Therefore the command current of the d-axis component of the stator
current can be calculated as follows:

K.
i3 =(Kp + ?j My, + i3

(235-236)
oD - l}js

.5
ldq =

w7 X, +D-p
where K, and K; are proportional, respectively integral coefficients of the flux controller. This

controller can be PI type or soft computing technique type (fuzzy, neural-network) as demonstrated
by Xu and Nowotny (1988).

Steady-state perfomance of a stator flux oriented system

Letting the derivative operator p = 0, one can obtain the steady-state voltage equations of the
induction machine. After several manipulations of the system equations, the d current components
are given by:

' ' ' 2
s Za)brr_xs S +xr(xsxr_'me @, i

lds 2 gs
, (237)

] 2
s XsX v = X O
Iy = — ' Iys
X w,r,

it yields the slip speed equation:

i, D* —0,0,r, X, A+ (@,r',) x7i, =0 (238)
The solutions of the above equations have to be real, for a given stator flux linkage. This means that
the determinant of the second order equation satisfy the condition:

A=(x2o, 2) —4D (o, %) (i2) 20 (239)

qs
The maximum values for the ¢ component of the stator current, the slip speed and the
electromagnetic torque (pull-out torque) are:
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. s
(lqs )max = ;E

1

(0,) = "X (240-242)
S Jmax D
2
r), - 2]
©/mx 4 2@, Dx,
If the angular slip velocity is larger than (coS )max static instability will arise. This maximum

value depends only on machine parameters and not on stator flux level. Neveretheless, the pull-out
torque depends on the square of the flux magnitude. The pull-out torque determines the limit for the
system stability operation zone, when the stator flux oriented control is employed. It is possible to
limit the torque command not to exceed the pull out torque for a given stator flux. Some important
conclusions cand be drawn for this vector control strategy:
e The electromagnetic torque and stator flux producing components of the stator current are not
decoupled;
A parameter dependent decoupling network has to be included;
Torque and flux control does not require speed feed back;
e For operation at low speed it is difficult to estimate the stator flux;
e [t is a good alternative for medium performance drive.

2.9.2. Rotor flux field orientation (RFO)

For this vector control strategy, the set of state-space variables formed by rotor flux linkage and
T, . . . .
stator current space vectors x = [/1 "o dr,iqs,ids} is selected. If the induction motor is equipped

with wound rotor, as the rotor currents are also measurable, the rotor current space vector can be
also selected as state-space variables together with the rotor flux linkage space vector

x= [A /U I A T. The mathematical model is given in the chapter dedicated to d-q models

of the three-phase induction machine. The first case will be analysed, for the second one the

algoritm is similar.
The stator flux linkage and rotor current space vectors components expressed as functions in
terms of state-space variables are:

AL :%(xml';r+D~igs)

T

A =—-(x, A%+ D 1)

: (243-246)

1
o [y .r
i =— (l qr—xmlqs)
x T

1

. _ 3 .r

1 dr = (2’ dr_xmlds)
X

T

The voltage equations re-written in terms of the state-space variables become:
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D p o, D p [0)
T _ T S Dy [y S i
U =| T t——— |ig + -—'ld§+xm—/1qr+xm A%,
X @, w, X, , @,
D p o, D p [0)
ro_ .r . r s
U =| I +_,'_ lgs — . ._,lqs+xm_2‘ dr_xm_bz’ qr
X, @, W, X, , @,
| | (247-250)
u'gr: Z—Xm&l'r,-i- r_r+£ AT +&)~'S
1 as [] qr r
'xr X r wb a)b

T r ' o1 r' T a) T
u'dr:0:—xm 'r lds+ 'r +£ )‘“dr__sﬂ"qr

x x| o, o,
If the special reference frame is fixed to the rotor flux linkage vector, the g-component of this

flux vector is defined equal to zero:

T

Ay =0
(251)
A=Y
From stator flux linkage equations, the g-current components are given by:
=i
. X, . (252)
Ly = _Ilqs
The flux producing component of the stator current is determined as follows:
[1+x: ijw;
or r r wb
iy = (253)

xm

The above relation shows that there is no need of a current decoupler in rotor field orientation
scheme. Both stator current components (torque and flux producing) can be controlled

independently.

Steady-state perfomance of a rotor flux oriented system
Letting the derivative operator p =0, one can obtain the steady-state voltage equations of the
induction machine. After several manipulations of the system equations, the d current components

are given by:

i ' /v
Ay _ o1, Ly

jgs = =
Xin o, x', (254)
i, =0
It yields the slip speed equation:
oA "Ar—x—'? oy g =0 (255)
X

which for a given rotor flux has always real solution. Thus the resulting current controlled slip
speed and the electromagnetic torque are:

xmr'r wbi;s
ws = ] A«'r

xr dr (256'257)
3P % .. 3P x '

2 r
_m __._m(,r ) o
e ' dr “gs 2 qs
4 xra)b 4 (x'r) (0]

S

The most important features of rotor field oriented (RFO) vector control are:
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e As it is the original vector control strategy developed by Blashke (1971), the RFO represents the
most popular approach in vector control strategies;

e [t provides complete decoupling of the torque and flux producing components of the stator
current;

e There are possible direct vector control strategy (the usage of sensors or model to provide
feedback of the flux magnitude and orientation) and indirect vector control strategy (the usage
of assumed slip frequency relationship to achieve field orientation);

e The direct vector control strategy is the optimum choice for medium and high-speed
applications;

e The indirect vector control strategy is the optimum choice for low-speed applications;

2.9.3. Air-gap flux field orientation (AFO)

For this vector control strategy, the set of state-space variables formed by air-gap flux linkage
and stator current space vectors x = [lqm s A B » zds} is selected. If the induction motor is equipped

with wound rotor, as the rotor currents are also measurable, the rotor current space vector can be
also selected as state-space variables together with the air-gap flux linkage space vector

[A /S A ]T . The mathematical model is given in the chapter dedicated to d-q models of

the three-phase induction machine. As both cases are similar to analyse, only the first case will be
detailed.

The stator and rotor flux linkages and rotor current space vectors components expressed as
functions in terms of state-space variables are:

Ay = Ao+ (X, —x ) )i
A =D+ (%, =x )i
=L gn (v —x, )i (258-261)

qs

- lm 'm
xm (262-263)

o m .m
iy = Z’m_lds
m

The voltage equations of the machine expressed in state-variables terms, are readily deductible
now:

m _ P lm, P gm
uqs—(ig+(xs—xm)w—jlqs+w—b/lqm

O, .
(A + 0 =3Iy )

b

m m ws .m
uds:( +('x - X )ajlds Ofbﬂ’ a)b( qm+('x )lqs)

(264-267)

uv;ﬂr :O:_(r'r_i_(xvr_xm)iji:;+£”'r +xr ﬁ]l;nn_i_a)s (Xr )‘drlnn _(xvr_xm)l-;lle
a)b xm )@n wb a)b 'xm

u'"y :O:—(r'r+(x'r—xm)£ji$ +(r LS a: .ﬁl/ldm _e ( lq‘ﬁl —(x'r—xm)ig;j
a)b xm 'X;n ng wb m
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If the special reference frame is fixed to the air-gap flux linkage vector, the g-component of this
flux vector is defined equal to zero:

Am =0
(268)
A = A
From air-gap flux linkage equations, the q-current components are given by:
l-m — im
o = lgs (269)
iy =~y
The flux producing component of the stator current is determined as follows:
' ' w
[r'r+(x'r—xm ﬁ]i;: = (r R ﬁ]/ﬁ; +(x' = x,) — iy (270)
@, X X @y @,

One can note that the d-axis component of stator current for AFO is not only controllled by the d-
axis air-gap flux componennt, but also by the g-axis (torque producing) component of the stator
current. It is necessary to decouple the stator current components, in order to achieve a linear
control. For this reason, the command of current of the d-axis component is computed as follows:

K.
i = LKP +71in$“ +i§3

O, (X', =X, ) dgg

@7+ (X' = X,) - p
The electromagnetic torque relation and slip speed can be derived in air-gap field orientation
control as:
3P 1
T A{m -m

e dm?qs
4 q

(271-272)

.m
ldq =

_ [wbr (= x,) - plin (273-274)

X'
m +.m
- ldm _(x'r_xm).lds

m

Steady-state perfomance of an air-gap flux oriented system

Letting the derivative operator p =0, the steady-state voltage equations of the induction machine
are readily determined. After several manipulations of the system equations, the d current
components are given by:

! '

A S I
x, O, X, o, 275)
-m (xm - x'!‘ )i;: a)S
by == "
T ,
It yields the slip speed equation:
> Emx) " @ AR+ " =0 (276)
r' o,

The solutions of the above equations have to be real, for a given stator flux linkage. This means that
the determinant of the second order equation satisfy the condition:

=(An) —4(x=x,) (i) 20 Q77)

The maximum Values for the q component of the stator current, the slip speed and the
electromagnetic torque (pull-out torque) are:
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m
(lm) — dm
I~ 2(xt - x,,)

'

(@,) __ " (278-280)
max x'r_xm
2
3P (Aim
(”?u

When the angular slip velocity is larger than (a)s )max instability will occur. One should note that

the maximum (pull-out) angular slip velocity depends only on the rotor parameters and does not
depends on the air-gap flux. However, the maximum (pull-out) torque is proportional to the square
of the air-gap flux magnitude and thus a small increment of air-gap flux will detetmine a significant
increment of the electromagnetic torque.

Some important conclusions cand be drawn for the air-gap field orientation (AFO) control
strategy:
e The electromagnetic torque and air-gap flux producing components of the stator current are not
decoupled;
A parameter dependent decoupling network has to be included,
Torque and flux control does not require speed feed back;
No sophisticated parameter estimation methods or model based observers is required;
It is a good alternative for low and medium performance drives as the air-gap flux can be
measured directly;

2.9.4. Stator current orientation (SCO)

If the field orientation control is well established with multiple practical solutions for different
industrial applications, an unconventional method of controlling the speed and torque for the
induction machine, is given by the selection of currents space vectors as linking basis for the
synchronuous reference frame. The set of state-space variables is identical with the stator flux field

. . . . T
orientation control (SFO): the stator flux and current space vectors x = [lqs,ﬂ,ds,lqs,lds] . The

mathematical model is identical to that used in SFO case.

The rotor based variables expressed in state-space variables terms are:
. 1 +SC
i :—(l:;: — X )

ar as
xm

1
c18C SC .. sSC
l dr = ¥ ()‘ds xslds)

" (281-284)
A =xi(x; Az -D-i%)

qgs
m

25 == (¥, A2 - D-if)

To obtain the machine equations in the synchronuous stator current reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the g component of the
stator current to be zero. The stator voltages equations remain unchanged. If a cage rotor is
considered, the resultant equations are as follows:
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w
(r'r X, + Di}‘;g - = (xn A —D'ijz)—[r'r+x’r L]A;; =0

@ @y @ (285-286)
rox DL i 2 Dep e e £ e D a2
@y, Wy, @, @,

If the special reference frame is fixed to the stator current space vector, the g-component of this
current vector is defined equal to zero:
i =0
(287)
P =i
Different from the SFO case, we have to express the g-flux components, by considering the flux
linkages equations:
Ay = Ay
1sc X 'r sc (288)
)« ar = x—)uqs

m

The electromagnetic torque relation and slip speed can be derived in stator current orientation
control as:

L
w
b (289-290)
(oobr'r X, +x 'r-p)/l;c
W, =
D A

From the second dynamic equation of the machine, a relation between the d-axis component of the
stator current and stator flux linkage space vector components can be deduced:

(r'r xS+D£Jij§—(r'r+x'r£jftjz+&x'r Ay =0 (291)
w, W, W,

The previous dynamic equation of the machine, shows that there is a coupling between the stator

flux linkage components. Consequently, any change in the torque producing component A;

without changing A accordingly will cause a trensient in the stator flux. A decoupler is necessary

to overcome this disadvantage. Therefore the command current of the d-axis component of the
stator current can be calculated as follows:

AL = (Kp + 5} A + A
p
Oy Pa (291-292)
sc o
Ay u

(r',er'r LJ
a)b

where K, and K; are proportional, respectively integral coefficients of the current controller. This
controller can be PI type or soft computing technique type (fuzzy, neural-network).

Steady-state perfomance of a stator current oriented system
Letting the derivative operator p =0, one can obtain the steady-state voltage equations of the
induction machine. After several manipulations of the system equations, the d current components

are given by:
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' D o . oxr' oo
;:—_AS;: .xr._. s_/ls;: s r b
q r ' x2 ) q x2 )
T m b m s (293)
"o
G I
'xm a)s
it yields the slip speed equation:
2
, x' 1 , 1 1
: — A | = | ikt Al =0 (294)
@, r'. ) x, o, ) r, X

The solutions of the above equations have to be real, for a given stator current. This means that the
determinant of the second order equation satisfy the condition:

se \2 ' \2 A5 2
A:(:ij -4(%} [xq;j >0 (295)

The maximum values for the q component of the stator flux linkage, the slip speed and the
electromagnetic torque (pull-out torque) are:

2 »sc

sc _ xmlds
(A‘qs )max o 2x'r
(@,),.. == (296-299)
X

(1) —ﬁ.xi(iz)z
Shmax T4 2@

If the angular slip velocity is larger than (a)S )max static instability will arise. This maximum value

r

depends only on machine parameters and not on stator current or flux level. Nevertheless, the pull-
out torque depends on the square of the stator current magnitude. The pull-out torque determines
the limit for the system stability operation zone, when the stator current space vector oriented
control is employed. It is possible to limit the torque command not to exceed the pull out torque for
a given stator current. Some important conclusions can be drawn for the stator current orientation
(SCO) vector control strategy:

e The electromagnetic torque and stator current related components of the stator flux linkage are
not decoupled;

A parameter dependent decoupling network has to be included;

Torque and flux control does not require speed feed back;

An operation at low speed is easy to realise as there is no need to estimate the stator flux;

It is a good alternative for wide range speed drives.

2.9.5. Rotor current orientation (RCO)

Another unconventional vector control strategy is the one wich comprises a synchronuous
reference frame linked to the rotor current space vector. The rotor current orientation control
strategy (RCO) is analysed for a cage rotor induction motor. The selected set of state-space
variables is given by two options if we consider the criteria of direct measurable quantities:

. . . T
I) The stator flux linkage and rotor current space vectors: x = [/lqs s Ags o8 g z'dr} ;

When the stator flux and and the rotor current are selected as state-space variables, one can derive
the rotor flux and stator current functions in terms of state variables as follows:
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1
-IC — Ic - 1C
g ——(lqs —X, 1 qr)
xS
rc i Arc _ - 1rC
lds - ds xml dr
xS
D (300-304)
X
ine. m 1Cc - 11C
Ay =—As +—1i'y
xS xS
X D
ine m (Y 1"e
VNS Ay +—i'y

X

To obtain the machine equations in the synchronuous rotor current reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the ¢ component of the rotor
current to be zero. The stator voltages equations are re-written also. The resultant equations have

the following form:

(305-308)

,
oz(rvr+2.£}-vrc+2. Ojre  Yn P g Fn @ i
X, O, X, o, X, @,

Yxe T oot o

If the special reference frame is fixed to the rotor current space vector, the g-component of this
current vector is defined equal to zero:

i'y =0

(309)

i =iy
Different from the RFO case, we have to express the g-flux components, by considering the flux
linkages equations:

rc __ grc
Ay = A

D P e D o e | X P oo Xy O i
Oz(rvr_'_x___ [ AL —-N r+_m._z’d'__m._sﬂ’qs
s

e Xs sc (3 10)
)’ qr = _)’qs

X

m

The electromagnetic torque relation and slip speed can be derived in stator current orientation
control as:

P
T —34 S i
@,
*s " (311-312)
a)§
| Dz';3+x

From the second dynamic equation of the machine, a relation between the d-axis component of the
rotor current and stator flux linkage space vector components can be deduced:
D 1Y a) Ic
0= ”'r"‘_'ﬁ +_m —7L _m._s;tqs (313)
xs a)b xs a)b X s wb
A coupling between the stator flux linkage components appears, as can be deduced from the
previous dynamic equation of the machine. Consequently, any change in the torque producing
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component A without changing /"L;SC accordingly, will cause a transient in the stator flux. The

command current of the d-axis component of the stator current can be calculated in order to
overcome this disadvantage:

Ay = (Kp + ﬁ]m ot A
p (314-315)

Ic 1 SC
)’dq = ; : (Dslqs
where K, and K; are proportional, respectively integral coefficients of the current controller. This

controller can be PI type or soft computing technique type (fuzzy, neural-network).

Steady-state perfomance of a rotor current oriented system
After several manipulations of the system equations if we let the derivative operator p = 0, the d
current components are obtained from the steady-state voltage equations of the induction machine:

1c D O)S Ic

A’ds == ' : qs
o, (316)
A% =0
It yields the slip angular velocity equation:
<I'C D me wS Ic
e A =0 (317)
xs xs r r a)b

which for a given rotor flux has always real solution. Thus the slip speed and the electromagnetic
torque are:

m /g (318-319)
T

The most important features of rotor current oriented (RCO) vector control with mixed flux and

current state-space variables are:

e The electromagnetic torque and rotor current related components of the stator flux linkage are

not decoupled;

e The decoupling network that has to be included is parameter independent and easy to

implement;

Torque and flux control require speed feed back;

There is no stability limit as there is no pull-out slip speed or electromagnetic torque,

An operation at low speed is easy to realise as there is no need to estimate the stator flux;

It is a good alternative for wide range speed drives.

T
II) The stator and rotor currents x = [iqs, Iy >l 'dr} . When the stator and the rotor current are

selected as state-space variables, one can derive the stator and rotor flux as functions in terms of
state variables from the classical flux linkage equations.

To obtain the machine equations in the synchronuous rotor current reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the q component of the rotor
current to be zero. The stator voltages equations are re-written also. The resultant equations have
the following form:
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s qs m qr s s
@, @, b b
(320-323)
— p -1C 1 ' p +1IC a)s -IC 1 a)s - 1rc
O—xm—zqs+ rlAxl — i+ x, iy +x' 1"y
a)b wb wb
., . Q. . . .
0=—x, =iy —x'| —i'y+x, ﬁzgg J{r‘rjtx'r ijl';i
, @, , @,

If the special reference frame is fixed to the rotor current space vector, the g-component of this
current vector is defined equal to zero:

i =0
(324)

SIC - IC
=iy

T

Different from the (/) case of RCO control strategy, for the (/) case we have to express the stator
flux linkage g-components, by considering the flux linkages equations:
A = Xg
1e «SC xm Ic (325)
Al =X = x—/lqs

From the second dynamic equation of the machine, a relation between the d-axis component of the
rotor current and stator current space vector components can be deduced:

. , . .
S Y M —[mx; ﬁ}'zi (326)
b wb a)b
The electromagnetic torque relation and slip speed can be derived in stator current orientation
control as:
_ 3P xm .IC .+ yIC
e _T' E'lqsl dr
*IC
xm : plqs

= 1rc

.rc '
xmlds +X r l dr

(327-328)
o, =-

A coupling between the d-axis and g-axis stator current components appears, as can be deduced
from the previous dynamic equation of the machine. Consequently, any change in the torque

producing component g without changing i accordingly, will cause a transient in the stator flux.
The command current of the d-axis component of the stator current can be calculated in order to
overcome this disadvantage:
K.
iy = (Kp +—‘in e

p (329-330)

.rc 1 . sC
ldq - ; ' wsas
where K, and K; are proportional, respectively integral coefficients of the current controller. This

controller can be PI type or soft computing technique type (fuzzy, neural-network).

Steady-state perfomance of a rotor current oriented system
After several manipulations of the system equations if we let the derivative operator p = 0, the d
flux components are obtained from the steady-state voltage equations of the induction machine:
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Ic D a)S -1C
/’Lds = __, : qs
e @y (331)
A% =0
It yields the slip angular velocity equation:
D D o
e B ) (332)

X, X.r 0)

s s’ or b
which for a given rotor flux has always real solution. Thus the slip speed and the electromagnetic
torque are:

' - 1rC
_ r rwbl dr

I'C

X
s (333-334)
3P «x

_ m IC «yIC

e qs” dr
4 w,

The rotor current oriented (RCO) vector control with currents state-space variables presents the
same features as the mixed flux-current state variables model. However the current model is easier
to be implemented as it provides directly the estimated values for the two-axis co-ordinate stator
current. Thus the command for a current PWM inverter is readily obtainable. Also, as feedback
measurements, the stator currents sensors are more reliable and cheaper than the flux sensors.
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3. CONTINUOS-TIME DOMAIN LINEAR MODELS OF THE
SINGLE- PHASE INDUCTION MACHINE

3.1. Introduction

The induction machine is used in a wide range of applications as an electrical to mechanical
energy converter. The single-phase induction machine is the most used converter in home
appliances.

The analysis of the induction machine is essentially the same for a three-phase, two-phase or
single-phase machine. An accurate mathematical model for the induction machine is necessary to
be determined in vector control operation. This model has to be suitable for the analysis of both the
steady-state operation and the dynamic operation of the system. If the double-revolving field
(Veinott - 1959), or the symmetrical component theories (Fortescue - 1918) permit a detailed
simulation and modelling of the single-phase induction machine in steady-state operation, for the
dynamic analysis of the machine a different mathematical approach has to be found.. Starting from
the reference frame theory, with voltages, currents and fluxes referred to a two-axis quadrature co-
ordinates system, a general model for the single-phase induction machine is developed according to
Krause (1965) and Krause et al (1995). Different from the three-phase induction machine, where
two approaches are valid (d-g axes and space vector theory), the single-phase induction machine is
completely described only by a two-axis quadrature axis.

3.2. Voltage and flux-current equations of the single-phase induction machine

In Fig. 3.1 is illustrated a single-phase induction machine. The following assumptions have been
made:

a) electrically orthogonal stator windings with sinusoidal distribution;

b) only the fundamental-space-harmonic-component of the air-gap flux distribution will be
considered;

c) magnetic-saturation effects, core loss and stray load losses are negligible;

d) magnetic-diffusion (i.e. deep-bar) effects in the rotor will be ignored. This assumption is
typically valid in small induction machine. It is further justified by the fact that under most
operating conditions, the single-phase induction motor will be operating at low slips and hence
the rotor currents will be at frequencies sufficiently low that magnetic-diffusion effects are
insignificant.

e) temperature effect on windings resistance and reactance value is negligible;

f) the lamination magnetic permeability is considered infinite;

g) in steady-state operation, the voltages and currents are sinusoidal.
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bs axis

ar axis

- rotor

L far
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T . I .
Ibs T Ior T
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Fig.3.1. The real model of the symmetrical single-phase induction machine with
squirrel-cage rotor represented by two identical windings

The machine rotor is described by two identical magnetically orthogonal windings. Considering
an arbitrarily reference frame, the spatial position of the stator winding is characterised by the
electrical angle @  and the spatial position of the rotor winding is characterised by the electrical
angle @ .. The angular speed of the rotor is @ , and the displacement between stator and rotor
windings is 6,. These angles are linked through the relation:

D =D +0, (335)
The voltage equations related to the machine from Fig.3.1, can be expressed as follows:

u, =V, \/Ecos wt

(336-337)
u, =V, \/Ecos(a)t + Q)
dA,
uas = ’g las -
dt
d
ubs ’g ibs + d_ﬂlbs
t (338-342)
dA,
O=ri, +—%
dt
d
O=ri, + ﬁ
dt

As the machine is magnetically linear, the fluxes are easily determined from the currents and
inductance values. Particularly, it can be written:
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)‘ asas as +Masbs ibs +M asar ar +M asbr lbr
)"bs bsas as Lbsbs lbs +Mbsar ar +M bsbrlbr (343-346)
)‘ = aras las arbs los +Larar ar +M arbrlbr

)"br =M bras las +M brbs Lns +M brar lar + Lbrbr lbr
The mutual inductances given in the above relations are defined by the subscripts. Applying the

reciprocity principle, the following identities are valid:
M, =M, M, =M

asbs bsas asar aras
For further development of the model, the terms from the previously equations are grouped in a
matrix form:
)’ Ls labs + Lsr labr
(347-348)
br = (Lsr) labs + Lrlabr
The indexes denote stator fluxes (as, bs), respectively rotor fluxes (ar, br). The self-inductance can
be written by including a leakage inductance caused by the leakage flux and a magnetisation
(mutual) inductance caused by the magnetic flux which links the stator and rotor core:
Lss :L Is + Lms
L =L, +L,_
where the first term stands for the leakage inductance, and the second one for the mutual inductance
between stator and rotor windings. The mutual inductance can be determined:

N 2 s(r)
L, ,=—— 351
ss(rr) m ( )

where: Ny is the turns number and R, the magnetic reluctance depending on the air-gap value and
on the magnetic core dimensions.

As the magnetic axis of the stator, respectively rotor windings are orthogonal, it results in null
mutual inductance between the stator and rotor windings. This is one of the main differences from
the three-phase induction machine where the stator (rotor) windings are placed at 120° electrical
space angle, which determines mutual linkage among the same armature windings.

Due to the relative movement between stator and rotor windings a magnetic linkage will appear.
The following defining relations for the mutual inductance can be expressed:

M, =L, cosO.

(349-350)

M., =-L, sin0,
My, = L, sinb, (352)
Lbsbs = Ls:r Cos er
NN,
LSI‘ = ;
R

m

The electromagnetic torque of the single-phase induction machine can be determined from the
generalised forces law:

. P OW,(i,6,
T.(1,6,) =5-% (353)

where W, represents the conenergy which is equal to the magnetic energy of the linkage field as
follows:
1
= — (L“l.zas + Lgsl.zbs + L'n, 12 ar+ L'n_ i'zbr) + Lmsla sl ar COSQr -
b ‘ (354)
LmszaS b SINO. +L i sin@ + L, .0, cos6,

‘ms bs ar
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In the above relation, the superscript (’) stands for referred rotor windings to the stator according to
the expressions:

y N, .
l abr = NS labr
' Ns
2’ abr N A’abr (356-357)

The electromagnetic torque relation can be simplified and presented in the following form:
P .
T = -3 Lo [ (id'y+ iy ) sin®, +(i 'y —iyi",, ) cos, | (358)

€

This relation shows that there are two components of the instantaneous electromagnetic torque:
an average component with constant value for a given value of the rotor speed and a pulsating
component with a frequency double of the currents frequency (@ ). The pulsating torque
component determines an important magnetic noise for the single-phase induction machine
compared to the three-phase induction machine. The mechanical equation that links the torque and
the rotor speed is:

d
2 4o, +Bm%a; ‘T (359)

P dt
where J is the rotor inertia, B is the viscous friction coefficient associated to the rotational system of
the machine and with the mechanical load, and P represents the number of poles for the analysed
machine.

3.3. Analysis of the single-phase induction machine in stationary reference frame

In order to eliminate the time dependence of the voltage and flux equations terms, a variables
transformation into a new reference frame is necessary. This transformation is given by the
following relations (Krause et al - 1995):

fqu = Kssfalbs (360)
f'qdr = Ksrf'abr (361)
cos® sinf
Kss =
Lin@ —cos@} (362)

r =

sin@-0) —cos®—8) (363)
where f'can be fluxes, voltages, currents in new co-ordinates (d-g) or in classical co-ordinates (a-b).
Index (s) stands for statoric terms and index (r) stands for the rotoric terms. One should note that the
two transformation matrixes depend on the generalised co-ordinate 6@ which expresses the
periferical displacement of the chosen reference frame.

Reference frames linked to stator, rotor or arbitrarily can be chosen for the polyphase induction
machine. As for the single-phase induction machine, the stator windings are not identical, the only
transformation that maintains the windings parameters (resistance, inductance) unchanged is the
stationary reference frame transformation (6 =0).

The voltage and linkage flux equations are expressed for the previous assumptions made at the
beginning of this chapter.

{cos(@ -6) sin(@-6) }
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Note: For compactness, the flux linkages will be further described by flux linkage units per
second or volts, and the inductance equivalent circuit elements will be transformed in reactance
elements.

. V4
u s = rsl S + _2' S
qs stgs wb s
Ugg = Tlys + ilds
o, (364-367)
(0]
Ozrvrlvqr_i_il'qr_ rlvdr
, b
w
O = I"'r i'dr+ il’dr*' _ra"qr
, ,
. . ]
/’qu = Xy + X, (lClS +1 qr)
Ags = Xlgg + %y (i +1'y) (368-371)
A'qr = x'r l.'qr‘i‘xm (iqs +i'qr)
)"dr = x'r i'dr+xm (ids +i'dr)
P x, 6 . . .
T; zz'w_'(lqsl & last qr) (372)

b

In the reference frame systems theory we have to note that the parameters do not depend on the
relative position between the stator and the rotor. The time derivative (d/dt) in the above equations
is denoted as p, and @ » andw . represent the angular base speed given by the supply frequency,
respectively the electrical rotor speed. The gr terms are referred to the gs winding and the dr terms
are referred to the ds winding. It is important to observe that stator windings of the single-phase
induction machine physically represent the d-g co-ordinates windings, different from the three-
phase induction machine where the two-axis co-ordinate equivalent windings are fictive.

The dynamic analysis of the symmetrical single-phase induction machine can be accomplished
by using the equivalent circuit from Fig. 3.2. The only modification that has to be done in order to
obtain the real value of the terminal quantities (voltage, current) is the multiplication by (-1) factor
for the auxiliary (ds) winding parameters.

Iy X X’r ((’01/ 0‘)b) 7\"dr

X ’r (O)r/wb)x" QR

Iy Xq
— Hill O
/
+ - +
—_ —
ids Xm v dr r r
Ugs

Fig. 3.2. Equivalent circuit of the symmetrical single-phase induction machine
conform to reference frame system theory
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3.4. Analysis of the steady-state operation for the symmetrical single-phase induction machine

In a wide range of applications the single-phase induction machine is equipped with a cage rotor.
During the steady-state operation, the stator parameters are variable with the stator voltage
frequency @ , and the rotor parameters are variable with the slip frequency @ - @ ;. From the
stationary reference frame equations, by letting the differential operator p be replaced by the
complex operator j@ , the following matrix relation is established (Krause and Thomas - 1965):

Lt jex, 0 jx, 0
. b b
Ugs 1) I
e 0 T+ J—X 0 j—x, {qs
Uas | _ b @, ds (373)
0 . @ N , . I [
J - xm - xm r T + -] —X T - X 1T ""qr
0 , , w, w, &
- ‘xm j - 'xm - x'rr r'r+j_x'rr
L wb b a)b a)b _
where
X, =X, + X,
' ' (374-375)
x' . o=x"+x,
A symmetrical two-phase system is defined by the identities:
Fog =—jF
»®oo» (376-377)
F or — —J For

where F represents a complex variable with current or voltage significance. The four equations
from the above matrix relation are interdependent. If it is used, the variable slip s is defined as:
0-o,

)
and also through the inverse transformation from the stationary reference frame (d-q) to the

physical one (a-b), the relations for the steady-state operation analysis of the symmetrical single-
phase induction machine can be written:

Ua = (1, + jx)I, +jx, (I, +1,)

N

(378)

(379-380)

o[ ]jz s+ 1)

The above equations suggest the equivalent circuit from Fig. 3.3.

r, jx, jx’ r’ls
+ _— «—
. r
Iplq ]x ar
U m

Fig. 3.3. Equivalent circuit of the symmetrical single-phase induction machine
for the steady-state operation analysis
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With slight modifications (x,, becomes 3/2xy,) it can be observed that the equivalent circuit from
Fig. 3.3 can be used also for the three-phase induction machine performance in steady-state
operation.

The electromagnetic torque equation is:

2P, ), I ||

P\x ~
T =2| = |==Re| jl. I, |= 381
e (ZJQ)GEJ%m] sy +x" (381)

xPQxﬁJwQ@pﬁﬁg

|2

(382)

€

(rr' + s(xi —x.x' )+ (rx, + SI’SX'H)Z
It is important to highlight that the positive values of the torque are obtainable when the slip s is
positive (motor operation) and the negative values when the slip s is negative (generator operation).
By setting the torque/slip derivative equal to zero, the relation for the critical slip can be obtained:
s, =r'".G

G-+t rl+xl (383-384)
N

] 2 2.2
_xSSx rr) +rsxrr

The positive value corresponds to motor operation, and the negative one to generator operation.
If at start-up (s = 1) the torque is directly dependent to the variation of rotor resistance, as the
magnetisation reactance value is considered to be much higher than the stator or rotor resistance
value, the maximum torque value is not dependent to the rotor resistance value:

~ 12
2P 2)(x, /)G |
T

e,max

(385)
[+ GG2 —xx') | + (@, +Grx', )’

3.5. Analysis of the unsymmetrical single-phase induction machine

A new equations set and a new equivalent circuit for the unsymmetrical single-phase induction
machine can be obtained by eliminating from the initial assumptions the one referring to identical
stator windings (Krause - 1965):

Voltage equations:

. p
Ugg = Ty = A

Wy,
Z/lds = ra ids + L;Lds
@, (386-389)
1
0=r i +Lpr ——.Bepr
w, k o,
O,

OZkZF'ri'dr+i;L'd,+k' A«Vdr
(0]

b b
Flux equations:

A = Ximlye +X,, (g +i')
Ay = Xuip +Kx, (i +1') (390-393)
A'qr =x'g 't X, (i i)
Ay = kX i Koxy (g + 1)
The electromagnetic torque equation is:
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P x
T, =— —k-(ijg',—i',) (394)
2 (l)b qs” d ds” qr
The mathematical model presented in Fig. 3.4 permits the analysis of steady state as well as
dynamic operation of the unsymmetrical single-phase induction machine. This model is also
suitable for implementing non-linearities effects such as: core loss or saturation of the main or

leakage inductance.

r X, x’ (1/k) (o, o)A,

m Ny

Fig. 3.4. Equivalent circuit of the unsymmetrical single-phase induction machine
3.6. Linear models for single-phase induction motors

The analysis of the induction machine-drives is generally made using a conventional linear
mathematical machine model, either in the form of self and mutual inductances, or the familiar T-
form of equivalent circuit. This type of model has been developed in the previous paragraph,
dedicated to symmetrical and single-phase induction machines.

When the vector control of these machines is implemented, such kind of models is adequate for
many situations, especially for air-gap flux orientation control strategy. However, they are more
complex than necessary for the analysis of most linear machines.

If for the polyphased induction machine two approaches are valid related to vector control
analysis, i.e. the space vector notation and the two-axis co-ordinates reference frame, the single-
phase induction machine can be completely described only by the latter approach in stationary
reference frame. As for the polyphased induction machines, the single-phase version can be
controlled with a scheme which maintains correct angular relationship between the stator current
vector and one flux vector (stator, air-gap or rotor flux), by either direct or indirect methods. All the
field-oriented methods suffer from specific theoretical and practical problems. The indirect methods
are highly dependent on the machine rotor parameters (varying with load and temperature), and
have good speed control performance only if precise shat encoders are used to calculate the
electrical frequency. The direct methods present minor dependency on rotor parameters, but are not
able to measure the selected flux vector at low speed, i.e. zero frequency. This is why only
estimations of the selected flux vector can make possible the total control of the speed in direct
methods. For estimation, usually the terminal quantities are measured and a mathematical model
with related parameters is used. Thus, the correct estimation of the machine parameters is essential
for all types of field oriented control schemes.
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The original field orientation scheme, developed for the three-phase induction machine, was
based on the alignment of the rotor flux linkage because the torque and the rotor flux are related to
each other in a straightforward manner, without any de-coupling circuit. To calculate the rotor flux,
the stator and rotor leakage inductance and the main inductance are necessary. If some other
equivalent circuits are implemented, it can be obtained a I' model like that one illustrated by
Slemon (1989), where the stator and rotor leakage inductance are viewed as a total measurable
inductance.

3.6.1. Linear I' model of the symmetrical single-phase induction machine

The classical T-form circuit model can be transformed into simpler models with no loss of
information or accuracy. Since rotor variables can be seen from the stator reference frame as
referred variables depending on the transformation turn ratio, we can choose a value such that the
magnetisation inductance is equal to the total stator inductance. This would give the following set
of rotor variables related to those from the T-form equivalent circuit:

]
lqR

14
A '® Y
AV
B qR — i . |:Z’ vdr Z’ vqr l-vdr i |qr :' (395)
Lar 14
1
14

where y =x_ /(x,+x,). The above relation combined with the voltage equations gives the

equivalent d-q modified model for the symmetrical single-phase induction machine presented in
Fig. 3.5. This configuration has been denoted as the I' form model due to its inductance structure.
The parameters of this equivalent circuit are related to those of the T-form d-q mathematical model
through the relations:

Xm ='J/')Cm= X +Xm

x,=(x +x,) 7 —(x,+x,)=x-7+x, -y’ (396)

9
rs XL (wr/('ob)}\' dR
] O
I— —
. b 9
1qs XM 1 qR r R
| |
9
rs XL (('or/wb)}\' qR
+ - +
I— +—
. b 9
Las XM LR I'r
- | |

Fig. 3.5. Equivalent linear d-g I" form circuit for the
symmetrical single-phase induction machine
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These parameters can be derived directly from the usual no load and standstill measurements on the
machine.

This I' model represents an appropriate solution for the analysis of scalar control and vector
control (stator flux oriented) single-phase induction machine (Slemon - 1994). The following
equations describe the complete operation of the system:

Stator and rotor voltage:

. p
Uy = iy + w—/lqs

qs

Ugg = Tlg + les
, (397-400)
M 1 a)r 1
0=r'yi'y +quk— A
W, w,

. ),
0= r'y iy +-2 A g+ A

qR
wb wb

Stator and rotor flux linkage:
)“qs = xMiqM = xM (iqs +i 'qR )

Ag = Xylgy = Xy (g +1'ir)

' , ‘ ‘ , (401-404)
A ® = X g Xy = Xylg + (0 + X)),
Al =X g+ Xyl = Xdgg T (5, Xy ) g
Electromagnetic torque:
P xy (.. .. P . .
Té: = 5 w_M ' (lqsl drR ldsl qR ) = 5 : (lqs/lds - lds)"qs ) (405)
b
In the steady-state (p = 0) the torque expression becomes:
2 2
P (;“QS + )‘ﬂs ) r R Sa%
L=23 |~ ¢ (406)
r'y+ (st )

where the slip s is given by: s=(@), —®,)/ ®,
3.6.2. Linear inverse I' model of the symmetrical single-phase induction machine

If the arbitrarily turns ratio of referring the rotor parameters to the stator is chosen such that the
magnetisation inductance is equal to the total rotor inductance, a new set of variables is obtainable:

!

Y
A'"dR y,
A{"
= DA Ay i 0] (407)
4R Y
l'”qR i
L7

where: y"=x,_ /(x,+ x,). Using the voltage equations given for T-form equivalent circuit, it will
result a new configuration denoted as inverse I form model shown in Fig.3.6 in which:
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2
_ (o, +x )(x, +x,)—x,
(x, +x,)

(I [
Xy =X +Y X,

Xy =yhx, =770 +xy,) (408)

"o a2 0
rR_y rr

The inverse I' form mathematical model of the single-phase induction machine is particularly
appropriate to analyse the vector-controlled machine in rotor field oriented systems.

I XL ((GHOM VR
— il O
+ +u -
E— —
T b 122 29
1qs X M 1 qR r R
uqs
9 29
Iy XL (mr/wb)}\‘ qR
+ - +
e —
lds X,M i”dR r”R

Uy |

Fig. 3.6. Equivalent linear d-q inverse I" form circuit for the symmetrical
single-phase induction machine

The following equations can be written to describe the operation of the machine:
Stator and rotor voltage:

. p
Uy = Ky +—— Ay
b

= rslds + i lds
o, (409-412)

p n wr
+ =1 R — A"
Wy, @y,

Uy

S

— " s
0=r"gi ®

0]
O — rHRl'"dR + il"dR + _rl”qR
wb b
Stator and rotor flux linkage:
lqs = X' i + Xy (g 1" )= (X' + X' i + X'y 7'
Mg = Xpdg + X'\ (g +1 ") = (' + X" iy + X'y i (413-416)
A’"qR =X 'M i'qM = x'M(lx'ls + i”qR)
AV =y 1 = X (g +1"4R)
Electromagnetic torque:
P (x' P P
7; = (5] ' (w_M)(lqel ”dR - idsi ”qR ) = (Ej : (iqsz’"dR - idsz’"qR ) = (Ej ’ (l."dRA’ ”qR - l."qR/,L"dR ) (417)
b
In steady-state operation the torque becomes:
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A ).
Tezz.[fj.( i+ A5 ) s, 418)
2 r”R

where s denotes the slip for the analysed machine.
3.6.3. Universal model of the symmetrical single-phase induction machine

The modern theory of the vector controlled induction machine demonstrates that several
reference flux vectors can be chosen for an independent control of the torque and flux in the
machine (DeDoncker et al - 1995). A unified theory simplifies and unifies the calculations of the
machine parameters and makes a change of the reference vector flux more flexible. The idea is to
link the stationary reference frame (the only valid option for single-phase induction machine) to an

arbitrary flux vector A which can be derived from the flux linkage equations given at the previous
analysed models (T-form, I'-form, inverse I'-form) by means of a turn ratio transformation.

An arbitrary turn ratio y is used to multiply the real rotor vector flux A, =4, + -4, and
defining the flux linkage equations as:

)"ds =(xs +'x£n) l(‘ls +xmidr_y.xmids +’y'xmids

(419-420)

)’qs = (xs + 'Xi:’n) ' l(']s + xmiqr _7/ xmiqs + }/.xmiqs
M =7 Ay =7 X0y 7 (X, + X, ) 0, =X, 05 + X,

dR y dr }/ m~ds y ( T Xin) dr m “dr m~dr (421_423)
)"qu = y )"qr = ’y.xmiqs +y.(xr + xm). l;qr _xmiqr +xmiqr

The transformed rotor current 7'y, equals:
i i'dr i i'qf
ldR =, lqR = (423)

14 Y
The flux linkage equations reduce to:

A A
A = (3 +(1=7) )i+ 7oy (i +i'g ) = (3 +
Ko =7 A7 % +(r= 1), ) T 4750 (i 4 )=

) Y
Mg =7 .(y x, +(y- 1)-xm)-i'qR +y-x, -(iqs +i'qR)= 'qyﬂ/-(y-xr +(y- 1)-xm)-i'qR
(424-427)

&
+
[a—

|
=<
~
=
=]

This flux linkage can be represented by the equivalent circuit given in Fig. 3.7.
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x + (- v )x Y@y x+y-1) X )
S m T m

x+  (I-y) x 1y X+p’—1) X)

Fig. 3.7. Flux linkage equivalent circuit with arbitrary turn ratio

The rotor quantities are now calculated with the equations:

0= r'y iy LA g+ A
a)b a)b

0=rpilg + L2 -2, (428-430)
wb wb

"V A2
'y _y T

Through variation of the arbitrary turn ratio “y” the appropriate reference vector flux for controlling
the machine can be selected. Table 3.1 summarise the choices that have to be made:

TABLE 3.1 . Specific choices of the turn ratio “%y”

Turn ratio Mathematical model Aacqy Flux selected
y = X, Inverse I'-form Ad(gyr Rotor flux
X + X,
y =1 T-form Adgm Air-gap flux
- X, + X, I'-form Adg)s Stator flux
xm

The universal mathematical model given in Fig. 3.7 permits a choice between different flux vectors
by selecting only one parameter % , denoted the arbitrary turn ratio. All other basic machine
parameters remain unaffected.

3.6.4. Linear I' model of the unsymmetrical single-phase induction machine

Usually the single-phase induction machine is equipped with non-identical sinusoidally
distributed windings arranged in space quadrature. From the T-form equivalent circuit developed
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for this type of machine in previous paragraphs, it can be developed a linear I'-form equivalent
circuit as shown in Fig. 3.8.

Since rotor variables can be seen from the stator reference frame as referred variables depending
on the transformation turn ratio, we can choose a value such that the magnetisation inductance is
equal to the total stator inductance on each of the two-axis co-ordinates. This would give the
following set of rotor variables related to those from the T-form equivalent circuit:

Ya
Al Y4
l '
i'df ) ')/l_d . [2’ w A 'qr P 1 'qr:l (43 1)
l'qR L
L Va
where
Yo = %n (Fin + %) (432-433)

v, =k*x, N(x, +k’x,)
For an identical distribution of the windings, we have with a good approximation x, =k’x, , and

this gives equal turn ratio for each axis (7, =7v,)-

The above relations combined with the voltage equations give the equivalent d-¢ modified model
for the unsymmetrical single-phase induction machine. The parameters of the I'-form model are
related to those of the T-form d-q mathematical model through the relations:

qu = /J/q .xm = ‘xlm +xm

qu = (xr +xm)' yqz _(‘xlm + xi-n) :xlm 'Yq + xr ' ’Yqz

re=v T (434-438)

_ 2 _ 2 ~ 1.2
Xmd _Yd k Xm = Xga +k mek qu

2 2 2 2 2 42
de:k (xr+xm)',)/d _(x1a+k xm):xla'yd+er'Yq =k qu

Tsm XLq (O‘)r/kmb)}\”dR
e B O
e —
iqs XMq i’qR I'r
o | |
Tsa XLd (kmr/mb)x’qR
+ - +
D -«
: iy 2
lds XMd 1’dr k” r'R

Ugs |

Fig. 3.8. Equivalent linear d-g I" form circuit for the
unsymmetrical single-phase induction machine

It results an equations system as follows:
Stator and rotor voltage:
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uqs = rsmiqs +w_bqu
uds = l;al.ds + iﬁ‘ds
. (439-442)
. P @
O=r'pi'g+—A  ———LA'
R * qR ) qR k a)b dR
Q)
0= K27y iyt L A + == 2
a)b b
Flux linkage:
Ay = Xygq +(igs +i'3x)
Ay = Xy '(ids +ivdR) = kzqu '(ids +i'dR)
' ; . (443-447)
A ® = Xug s +(qu+ qu)- '
A = Xy s +(de+ Xiq ) 'R =k’ ~[qu Iy +(qu+ qu)~ i'dR]
Electromagnetic torque:
P qu .o .o P (1 . . j
T =—-k-—(ii'g—i'w)=—"|— i A —k-i A 448
e 2 wb(qs drR ds qR) 2 k qs “'ds ds“*gs ( )

This I'-form model represents an appropriate solution for the analysis of scalar control and vector
control (stator flux oriented) of the unsymmetrical single-phase induction machine drives.

3.6.5. Linear inverse I model of the unsymmetrical single-phase induction machine

Another possible approach on analysing the unsymmetrical single-phase induction machine is
the one when an arbitrary turn ratio is used such that the magnetisation inductance in each axis is
equal to the correspondent total rotor inductance. The following set of variables is readily
obtainable:

Ya
2’ "dR ,J/q ]
A" 1
qR ' ) T .
=|—- A A i i (449)
i"dR ,J/d ' [ dr qr dr qr ]
L "qR L
| Ya '
where:
X k*x
' m ' m — [ 450
Ya X, + X, Ta k*(x, +x,) Ya (450)

The linear inverse I'-form model of the unsymmetrical single-phase induction machine is
presented in Fig. 3.9. This configuration is deductible from the T-form model using the above
expressions and new equivalent machine parameters defined as follows:



80

Xig =X Yo" X, (451-455)

b 29
T, X' (o /kO A’
— il O
+ +u -
E— +—
b 9 29
qs X Mq 1 qR r R
| |
b 2
rsa X La (kmr/wb)k qR
+ - +
— +—
. ] 199 2 100
Lgs X Md U ar k21

- | |

Fig.3.9. Equivalent linear d-q inverse I" form circuit for the
unsymmetrical single-phase induction machine

The complete equations system is detailed below:
Stator and rotor voltage:

— p
uqs - ’;‘.mlqs +— ;{’qs

,
uds = rsaids +£)‘ds
° o (456-459)
1 -1 p 1 T 1
O=r R LR +El qR_E'_AdR
0=k ri' ot LA+ k- i A'w
@, b

Flux linkage:
— 1 . 1 . -1 — |l ' . 1 .1
lqs = X" g FX g (s +1'r ) = (O g+ XL s +X gl

N ' . . ) ' . ' .y _
Ay = X" Lqlgy +X g Ggg +i'g ) = (g + X" )igg +X "yg @ 'gp =
2 . .
= 1 (g X0 i + Xy i) (460-463)
' o . o . .
A‘qR_qulqM_qu(lqs-i_lqR)

[ -1 o . .1 _ 1.2 . ]
A’dR_deldM_de(lds_FldR)_kqu(l(is+ldR)

Electromagnetic torque:
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P X'y D P | .o
Te :(Ejkw—bq (lqsl dR ldslqR):[E]'(;‘l%ldR _k'lds/lqu:

P .1 1 1 -1 1
:(Ej'(k'l dR A qR_;'lqR;L de

The circuit model from Fig. 3.9, is particularly suitable for analysis and understanding the vector
control systems with single-phase induction machine when the rotor flux vector is chosen as
reference.

(464)

3.6.6. Universal model of the unsymmetrical single-phase induction machine

All the developed mathematical models for the unsymmetrical induction machine can be
generically presented with a universal model that preserves the characteristics for each of the
equivalent form circuits.

The basic idea is to calculate in the stationary reference frame (the only valid option for single-
phase induction machine that maintains constant parameters) an arbitrary flux vector. The flux
vector is determined from the flux linkage equations given in various forms of equivalent circuits
(T-form, I'-form, inverse I'-form) by using an arbitrary turn ratio transformation.

This turn ratio, that characterises the two-axis reference frame, has two values: yq and yq. By
multiplying the real rotor vector flux A, = A, +j- A, with the turn ratio we can define the flux
linkage equations as:

B ) o
/lqs —(xlm +xm)-zqs+xml a Yo Xmlgs T Vg Xy

, (465-466)
Ag = (x,a +k xm)- RS ANEE Y S NI ARy SR
Mg =V Ay =Yoo Koxpig 7 kK (x+x,) 'y — K x, i+ K ox i
'dR yd 'dr Yd m“ds ’)/d ( J; 'vxgn) dr.' m ‘ :lr m” dr (467-468)
Aqu,yq.)‘qrz’}/q mqs+,J/q (xr+XEn)'lqr_‘xmlqr+xml qr
The transformed rotor current ', . equals:
.y _ i'dl‘ . . _ .'qr
ldR = Z, lqR = ')/q (469)
The flux linkage equations reduce to:
(‘xla+k2 )'xm).ids—i_’)/d.kz‘xm.(ids+i'dR):
= (xla +k*(1-7,) xm)-idS +',,
:(xlm + xm)~iqs Yy X ~(iqs+i'qR)=
=x,+(1-7,)x, )i, +A"
( 1 ( q) ) e (470-473)

Mg =Ya ko (vax+ (e =1) %, ) i+ Vo Ky (i +i'y ) =
=Ny Ve K (Ve X+ (Ve =1) X0 ) i e
)UqR =7, ~(7/q - X, +(yq—l)'xm)~i'qR+yq X ~(iqs +i'qR)=
=y Y (yq-xr+(}/q—1)-xm)-i'qR

This flux linkage can be represented by the equivalent circuit given in Fig. 3.10. The rotor
quantities are now calculated with the equations:
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O=r'yi'n +£l'dk+k : &)UqR
, ,
l o
0= kzr'Ri'qR‘*'iﬂ"qR__'_r”dR (474-476)
, k

2
e =V
Through variation of the arbitrary turn ratios ‘44" and 4" there are several options to select the

appropriate reference vector flux for controlling the single-phase induction machine. Table 3.II
summarises the available choices:

x +(l-y x Yy (v x+(y-1) X )
sm q m q q T q m

2
+ 1— k k +(y — 1
Xsa (= )dxm Yéy er(y <)i X)m

—Hl— .

i 1qR
qs 2
k ydx . .o
m lqs IqR

Fig. 3.10. Flux linkage equivalent circuit with arbitrary turn ratio
for unsymmetrical single-phase induction machine

TABLE 3.11
Specific choices of the turn ratio “y,” and “y4”
Turn ratio Mathematical Ay Flux selected
model
X, Inverse I'-form Aaggyr Rotor flux
Vo= X, + X,
kx
Yo = K (x, +x,) — T
Ye =74 =1 T-form }\'d(q)m Air-gap flux
X, X I'-form ld(q)s Stator flux
Q= X,
B k’x, +x, N
Yd kzxm = Yq
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The universal mathematical model given in Fig. 3.10 permits a choice between different flux
vectors by selecting only two parameters 9, and “yq” that have practically equal values, and
denote the arbitrary turn ratio for each axis of the system. As in the symmetrical single-phase
induction machine case, all other basic machine parameters remain unaffected.

3.7. D-Q axes models of the single-phase induction machine

The single-phase induction machine can be modelled by using different state-space variables,
keeping as inputs the stator voltages and the load torque, and as outputs the electromagnetic torque
and rotor angular velocity. Let us define the possible set of currents and flux linkages per second
space vectors as follows:

is = és+j'iqs
T . .y
L _ldr+.].l s

A=A A (477-482)
s T Mds ' qs

&'r :A"dr-i_j.ﬂ"qr

&mzz’dm+j.)“qm

[x]=[i. 7 i A A AT (483)

Two-space vectors have to be selected from the six available vectors. Let the selected pair of
state-space variables be denoted as x,,x,. It is possible to express the set of six state-space
variables in terms of the two selected state-space variables as follows:

a, a, |
ay Ay
=l & in & &% 4,0 =" “ |k 5] (484)
4 Ay
ds;  dsy
L %61 Y62

where the coefficients aj;, depend on the chosen set of state-space variables.

Out of fifteen possible state-space versions obtained from combining two space vectors from the
total of six, only fourteen represent valid mathematical models for the single-phase induction
machine. Please note that the pair of state-space variables that comprise the airgap flux linkage
space vector and the magnetising current space vector cannot be selected as these vectors have the
same direction. These models can be classified in three types: currents space vectors, flux linkages
space vectors and mixed currents-flux linkages space vectors models.

In conjunction with the mechanical equation:

P
pwr=2—J-(7;—TL) (485)

we obtain a complete version of the single-phase induction machine model, viewed as the key for a
motion control system.

For an unitary approach on all the possible models, and considering that the magnetising
reactance has generally much greater value than the leakage reactance, the following approximation
is made without altering the final results:

x, +Kx, =kP(x, +x,)=kx, (486)
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The starting point for the state-variable models is given by voltage equations system written in
stationary reference frame:

u=L-px+R-x (487)
where: x is the selected set of state-variables and represent also the output of the model, u is the
input vector (stator voltages), L is the coefficients matrix (it can be formed by reactance values, or
non-dimensional elements) for multiplying the time derivative of the state-variables, R is the
coefficients matrix (it can be formed by resistances and reactances values or non-dimensional
elements) for multiplying the state-variables and p stand for the differential operator (d/dt). It results
the general form of the state-variables system:

px=A-x+B-u (488)
where:
N
A= Ll R (489-490)
B=1L

All the following mathematical models can theoretically be discretised and used for
implementation of controllers in the drive systems with single-phase induction machines. However,
practically only few of them are suitable for this purpose as the computational effort, and implicitly
the cost of the hardware, is a decisive factor to be considered.

When the vector control strategy has to be chosen, each of the six space vectors that can be
selected as state-space variables represents a possible basis for a reference frame. The algorithm for
implementing field oriented control systems is obtained as follows:

1. The rotor flux space vector is expressed as function of state-variables;

2. The rotor angular velocity @ , term is substituted with (o - ® ) where @ ; is the angular
velocity of the synchronous frame;

3. The dynamic equations that relates the rotor angular velocity to rotor flux linkages and voltages
are deduced in the new state-variable system;

4. The synchronous reference frame is selected linked to one of the space vectors, which means
that the g-axis component of the reference space vector is null;

5. The torque equation is computed according to the selected flux or current space vector in the
synchronous reference frame.

3.7.1. Models with currents space vectors as state-space variables

I) The most used model of the single-phase induction machine is the currents space vectors state-

T
space variables x:[iqs,icb,i'qr,i'er . An important feature of this model is that the stator and

leakage reactance, arbitrarily considered equal in many implementations, are now included in the
stator and self-reactance values. As the stator currents are easily measurable quantities, a controller
based on these state variables gives good performance accuracy. The model is readily available
from the equations of voltages and flux linkages per second, and it can be expressed in a matrix
form as follows:
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I x'r, x2 ko, x, 1 x X' ko,
D D o, D D o,
s X2 o rx' 1 x x'. o x r' g
P |is| | D ko D k¥ D ko, D i |,
®, |1y Xt x,x, ko, x, 7', xx'. ko, [
Iyr D D o, D D o, iy,
Xx, O X, 1 xx'| o xr'
D . ko, D k¥ D ko, D ]
xD'r 0 = 0
0 1 1 Ugs
k*x'. D K*x, D | | uy
_Xm 0 X 0 Uy
D D u'y
1 1
0 _kzme 0 k’x D (491)
where:
D=xx'—x
The electromagnetic torque can be computed as:
T =§-k -z)—m-(iqsi'dr—idsi'qr) (492)

b

As it can be observed, a shortcoming for this model is the full system matrix, with all 16 elements

non-zero values.

II) Another mathematical d-q axis model based on currents space vectors is the one which
comprises the stator and the magnetising space vector currents as state-space variables

T . e .
x= [iqs, s 5 fm > zdm} . The state matrix elements are all non-zero, which implies a computational

effort similar to the previously analysed model.
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__ r.x' +r' x, x x' ko, x r x x'. ko, ]
Al Al ‘ a)b Al - Al ‘ wb
Iy CXn Xy ko, x|+ K*r' x,  x,x', ko, K*r' x, Iy
P lgs _ 4, , 4, 4, , 4, . lgs "
Oy | g rlox,, —r, X', X Xy k& X X, X', .ka)r lym
L 4, 4, oy 4, 4, o, L
X, X", Lo, r'ox, —rx', B x, x' o, B r' X,
L 4 ko, 4, 4, ko, 4, i
Lo ZIn
4, 4,
0 i o _fn ||
+ 4, 4, Uy
- S I
4, 4, u'ye
O 'x'lr O xla
i 4, k4, |
(493)
where:
A =x,x"+x x|, =D
A4, =kx x'\ +x,x. =kD
The instantaneous electromagnetic torque may be expressed in terms of the state-space variables:
T =§-k.z)—m‘(z’qsim iy ) (494)

b

III) The third possible combination of current space vectors as state-space variables is obtained
. . . . . . . T
by selecting magnetising and rotor currents x = [z ol 'dr,zqm,zdm} . When compared to the other

current space vector models, the similar computing burden for obtaining the outputs of the system is
obvious. The main difference between them is the presence of the global parameters (self-
reactances) in the first model, while in the other two models an accurate determination of the
leakage reactance is necessary. A complete description of the state-variables in matrix notation is
given below:
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 TaXa t r'ox, x.x', .ka)r r.oX, x.x, ko,
Al Al wb Al Al wb
A x,x', ko, rox, + kr', x, X, x, ko, 7y X iy
P iy _ 4, @, 4, 4, w, A4, iy N
Oy | igm rox',—r'x, Xim X'y . ko, rox', Xin X, ko, .
iy A, A, w, A, A, W, .
X, X' @ rx' =kt ox xxy o, rox',
i A, ko, A4, , ko, A4, ]
__ );_m ; Zs ) -
1 1
0o -Z= o I ||
A A u
" x' 2 X 2 u ?S
L L ar
A, A, u'y,
0 X 0 Xia
I 4, k*4, |
(495)
where:
A =x,x,+x', x =D
A, =x,x, +k’x', x, =k’D
The instantaneous electromagnetic torque is expressed as follows:
T =£-k-x—"‘-(z"dr =il i) (496)

€ 2 a)b
3.7.2. Models with flux linkages as state-space variables

I) In this case the flux linkages space vectors, x = [/l Aig> A s Ay T are used for describing the

(O
mathematical model of the machine. The matrix equations for this system are as follows:

_rmx'r 0 Tin Xm 0
A’qs 0 _rax'r 0 TaXm )’qs uqs
2 2
L. Ads = , ep l FD : /’Lds + Has (497)
o, /l'qr 7 Xy 0 — X ), /ft'qr u'qr
l 'dr D D kwb A"dr u 'dr
0 r'.x, ko, —r'x
D , D |

where D has the same significance as in the previous cases.
The electromagnetic torque is determined with the equivalent relation:
P Xm , ,
e T ? kwb .D ’ (;qu/,L dr — 2’ds/,L qr) (498)
As opposed to the current models, it can be observed that the computational burden is substantially
lower. Due to this important feature, this model is the most suitable for discretisation in motion
control strategies.
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II) An alternative to model the single-phase induction machine with flux space vectors as state-
variable system, is the selection of air-gap flux space vector among the set of independent variables.
A first approach is given by the stator and air-gap flux space vectors selected as state-space

Mis Degn P | -

variables x = [lqs,

_rl 0 m 0
x]m x]m
Aqs 0 _h 0 5 2‘qs
|| X, %, &,
a, )’qm rmx’llrxm + r'r Xin _ xlmxmx'lr m rmxmx'lr _ r'r X Xnr¥in a)r [l + kzx'lr X5 j )"qm
/ldm xlm 141 Al 'xla Al (q) x]m‘Ai Al Al kal) xla 'xm A’dm
xlaxmx']r @ ra kzx'lr xm + k2 }/’r xm _ xlaxm @ (1 + X 'lr xs ] ’;1 kzx'lr xm k 2],- 'r ‘xs
L xlmAZ a)t) x]a 142 A2 A2 CQJ xlm xm xla AZ AZ
! 0 0 0 |
0 1 0 0 |[u,
+ x'lr xm O xlmxm 0 ufls
141 141 u qr
kzx']r Xin 0 KXaXm u 'dr
i 4 4]
(499)
where:

— ' —
A4 =x,x,+x', x, =D

_ 2.0 ~ 1.2
A =x,x, +k'x'. x, =k’D

The electromagnetic torque expression shows that this model is prohibitive for implementation for
modelling the single-phase induction machine in a vector control system and becomes:

P 1 1 k k 1
I.=——- Z’Sls' e +_;Ls m - 5 m/lm 500
’ 2 wb |: e (kxlm ‘xla j x]a ! Aﬂ kxlm A‘d ! ( )
which can be simplified only if the approximation x, = k”x, is reasonable to be made:
P 1
=—- | Agham = AamA 501
e 2 kxlm COb |: qs” ¥dm dm”~qm ] ( )

IIl) The third option of selecting flux space vectors as state-space variables is the one which
T
Aim> 2 s Ad . By

comparison to the previously analysed model, this one presumes the same computational effort, but
the electromagnetic torque is determined in a suitable form for vector control, without any
supplementary approximations.

comprises the air-gap (magnetising) flux and rotor flux space vectors x = [ﬂ,

qm 2
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rmx'r r 'rxm xlm O rm xm r 'rxm xlm xmxlm wr
4 x'y A 4 x'y A 4 ka,
A’qm 0 _ r x'r r rxm xla _ xm xla kwr ra xm r 'rxmxla A’qm
P A | _ A, X'y A 4, o, 4, X'y A ‘ A +
@, A 'qr r'r 0 r 'r o, A 'qf
Ay X'y X ka, Ay
0 r', ko, 3 r',
L X ’1r a)b X '1r a
xmx'lr 0 'xm 'x'lr O
A, 4 Uy
+ 0 xmx'lr 0 M . Z"ds
A, A, u'y,
0 0 1 0 u'y,
| 0 0 0 I
(502)
where:
A4 =x,x' +x,x". =D
A =kxx' +x x'. =k’D
The resulting relation for computing instantaneous electromagnetic torque is as follows:
P 1
L= . /lm)L'r—). /l'r (503)
2 k', ( e Tan T )

3.7.3. Models with mixed currents — flux space vectors state-space variables

1) If the stator variables are chosen for modelling the single-phase induction machine system,

. : . LT
then a mixed flux linkages-currents state-space variables model x = [)»qs s s »lgs ,lds:l is developed.

The matrix equations and the electromagnetic torque relation are:

0 0 =T, 0 i B 1 0 0 O_
),qs 0 0 0 - lqs 0 1 0 0| Uy
P | Ads r' X' o rox' 4+ X, ko, As ' Uy,
oli ||l D D ke, ~ D o IR
b qs b b qs qr
Iy X\ o r' o _rm)c'r+k2r’r X, || s 0 x', 0 0 u'y,
| D ka, k*D ko, KD | L kD ]
(504)
T :ga)ib(% A, —qusidsj (505)

II) Another important mixed flux linkages-currents state-space variables model

T, . . . .
x= [)L PRV AN | qr,i'dr] 1s that expressed in rotor quantities. This model can be easily used for the
rotor flux oriented control of the machine. We can describe the system as follows:



0 O - 0 ) )
ka, 0 0 00

A’ 'qr _ kwr 0 0 _kzr. l 'qr 0 0 O 0 qu
vALL . o Molel s g g of|™
o, |1, T X 0 nX X 0 i D u'y
i 'dr D D a)b D , l ’dr 0 _ 'X;m 0 0 u 'd.r

X, o, r 0 rx' +kTr' x, L k*D ]

| D ko, Kk'D k*D
(5006)
The electromagnetic torque relation is given below:
P 1 1 -1 1 1 .

Te :30)—13(](1 qudr_;l drlqrj (507)

III) A similar model to the previous one is that with stator current and rotor flux linkage
T . .
xX= [)L v dr,iqs,idsj as state-space variables. It represents an alternative model for rotor flux

oriented control strategies. The matrix equation and electromagnetic torque relation are presented
below:

I rmx'f—i_ r'l’ xl’%\ O 'r xm _x_m a)l' |
x'.D x'.D D ko,
Iy 0 X 'f s " xi x, ko, r'.x, as
p| e | k’x' D D o, k*x'. D o |,
w, | A", B r'ox, 0 r'. o, Ay
/’L 'dr X 'r X 'r ka)b 2’ 'dr
0 k*r' x,, ko, r', (508)
L X 'l‘ a)b x'r i
il S R S
D D Uy
0 'x;'r 0 _ 'x;m uds
k*D k°D u's
0 0 ',
0 0 0 1]
and torque expression is:
P x 1
T, :E.ﬁ-(z-iqsl'dr—k-ids/l'qrj (509)
r b

1V) A rarely used mathematical model is that with mixed rotor currents space vector and stator

flux linkages space vector as state-space variables x = [/lqs i/

s Uy T. However, the advantage
of this model is that merely only stator winding parameters are necessary, so the influence of rotor
parameters is minimised. It can be used for an unconventional stator flux oriented control with rotor
current components producing the torque and the flux. The expressions for implementing this

model are:
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I rxs+r' X ko, rxX. X, O ]
x.D , xD D ko, [ X 7
. , - 0 = 0
- o, B nxe +kr x? X 7Xp, Ly D D Uys
Pl _ ko, k’x D D  k'Dx, | o )im 0 )2@ Uy,
a)b lqs rm 'xm 0 7 m 0 lqs k D k D u' qr
A . X A 10 0 0 ||y,
0 1 0 0
0 ’21 xm O _ ra - =
| X, k*x, |
(510)
where the significance of D was already stated.
The main system output, the electromagnetic torque, can be computed as:
P xm =1 1 =1
Te:E'xSa)b.(k'lqsldr_z'ldslqr (511)

J) The mixed stator current space vector and air-gap flux space vector as state-space variables

X = [lqm,l i,y ]T belongs to one of the more complex model types. It preserves information

dm > “gs °
regarding both stator and rotor parameters. Different from the previous mixed models, the state-
space matrix contains only non-zero elements, which leads to greater computational effort.

rax' 4+ ox, X, X\ ko, r', x'. o,
4, 4, , 4, A ko,
Iy x, x', ' ko, _nx'+ k*r "X, x' . ko, r' Iy
P Ly _ Az @, Az Az @, Az ) g +
o, /lqm x, (r' x, —r,x') XX X ' ko, X X, X", o, lqm
g A, A, , A, 4 kw, Agan
X, X, X', . ko, x, k*(—x', r,+x,r') x,x', _ ko, x,r'
L AZ a)b A2 A2 a)b AZ |
x, 0 “Im
Al Al
0 u 0 T ||
4 | Az 2 U?s
x'x, 0 XX, 0 u'y,
Al Al u 'dr
0 kzx'lr Xm 0 Xa X
L 4, 4, |
(512)
where:

— ' ' —
A =x,x" . +x"\ . x, =D
.20 Vo~ L2
A =k"x" x +x,x". =k D

The electromagnetic torque is computed as:



92

T, :g-a%(%-iqsldm—k-ids/lqm] (513)
b

V1) A similar model to the precedent one, is the mixed rotor current space vector and air-gap flux
. 0o T . . )
space vector as state-space variables x = [ﬂ,qm /SN A dr] . The matrix equation of the system is

given below:

i P X + 7' X, x,x', ko, P X, O,
B 4 T , A_1 A_l ko,
'y _ﬂ‘kwr _raxm+k2r'r X, _x_s.kcor o n "
P Iy _ 4, @, 4, 4, o, szz ] lgs +
O, | Agm x (=r' x, +r,x') XXXy KO, Xl XX O, Agm
2’dm Al Al o‘)b Al Al ka)b 2’dm
X, XX, ko, X, (K2 xn =K x, ') x,x, ko, X, 7,
L A, Wy, A, A, @y, A,
_ a . . . ;
1 Al
R e
+ 4, 4, | Has
Fudn g Xm¥a g V J
4 4 u'y,
0 kix' x_ 0 X, X,
L 4, 4, ]
(514)
where:
A4 =x,x +x'\ x, =D
A =x,x,, +k’x,x, =k’D
The electromagnetic torque relation becomes:
T =§-wib- (k-i'dr /lqm—%-i'qr xdmj (515)

VII) If the magnetising current space vector is selected as state-space variable together with one

: . T . : .
of flux linkages space vectors x = [lqm,ldm,),qs,ﬂ,dsj , the state matrix computation gives several
null elements. Nevertheless, the torque expression is more complicated and the final relation can be

written in the same form as in previous cases only through some new assumptions,.
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roX X, — X X X, A, @ Pl Xy T X XX ‘ ko,
x4, R O XA XA @y
lim _ x4 o, k*(ryx x' . —r' x.x,) x,x", L, r'ox, —rx', am
P | | _ Xm 4, ko, X 4, Xim4, ko, X, Ay ‘ iy N
@y Aqs T X 0 I 0 ’lqs
Aus Kim Xim Aas
0 A 0 _h
i X, X J
Yoo Sm
A, A, Uy
+ 0 X 0 ‘fla Uygs
A, k™4, u'y
1 0 0 0 u'y
| 0 1 0 0 |
(516)
where:

— LI
A4 =xx,+xx'", =D

_ 2 ' )
A, =x,x, +kxx'| . =k"D

The electromagnetic torque relation, with the approximation: x, = k’x,, can be written as:

3
r P 1. xm("—-idqus—L-iqmadsjmqsxds[L—i]
, Xa kx,, kx,, X, (517)

= 2 .
P x, . 1 .
= '(k'ldm)“qs_;'lqmz‘ds)

2 X,
The presence of oscillating terms given by the product between flux linkages, makes this model
prohibitive for implementing in vector control strategies.

VIII) The last mixed current-flux linkages space vector model realises the connection between
the magnetising current space-vector and the rotor flux linkage space vector

T . . .
X = [iqm,idm,l'qr A 'dr] , selected as state-space variables. The state matrix contains the same

number of zero elements (four) and the instantaneous electromagnetic torque is determined in a
suitable form for vector control implementation.
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71 ko,

'
rax Ir xlar

. [} ' '
rrx]mxm _rmxrxlr 0 rmxlr_rrx]m
' '
x4 X' 4
. ' '
lqm O rrxlaxm_}/;ix'rxlr _xla . @
. '
P | lm | _ x4, 4, ko,
1 ' '
w, [ A, r'.ox, 0 .
' '
A"dr X X e
2
0 k°r', x, i@
'
L x', o,
- -
X X
Ir O Im 0
Al Al Z'lqs
'
+ O X Ir O xla Z'lds
2 '
4, KA, | |u,
'
0o 0 1 0 | |u',
0 0 0 1
where:

A =x x' +xx' =D
m” Ir Is™ r
A, =k’x x' +x, x' 2k’D
m” Ir la”> r

The electromagnetic torque is determined as follows:

P x, | A
Te:_.—.(z'lqmz’dr_k'ldmz’qrj

3.8. Vector control strategies for single-phase induction machine

The aim of vector control is usually to decouple the stator current i into its flux producing and
torque producing components (igs, iys respectively) in order to obtain a decoupled control of the flux
and the electromagnetic torque. For this reason a special reference frame is selected fixed to
different space vector variables. The reference frame has to be synchronous, as all the space vectors
have the same angular velocity given by the supply voltage frequency.

As the stator windings of the single-phase induction motor are usually unsymmetrical, the vector
control principles have to be implemented in a special way. The machine parameters differ from
axis d to axis g. The waveform of the electromagnetic torque demonstrates the unbalance of the
system. Even for equal amplitude, orthogonal stator currents iqs and igs, the torque contains AC
terms. A new torque relation has to be developed for each case of vector control strategy of single-

phase induction machine (Correa et al. - 1998, 1999).

Generally, the considerations made for the three-phase induction machine when the vector
control sheme has to be developed, are valid. An easy to follow steps algorithm for implementing

vector oriented control systems is obtained as follows:

1. A complete mathematical model of the single-phase induction machine is developed in
stationary reference frame, the only reference frame that maintains constant parameters,

according to the chosen set of state-space variables;

Ir 72

(518)

(519)

2. A suitable torque expression is determined, in order to eliminate the influence of AC terms;

(O8]

The rotor based variables are completely expressed in the new state-variable system,;
4. The rotor angular velocity @, term is substituted with @, = (@, - @) where @y and @, are the

angular velocity of the synchronous frame, respectively the slip angular velocity;
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5. The synchronous reference frame is selected linked to one of the space vectors, which means
that the g-axis component of the reference space vector is null;

6. The torque equation is computed according to the selected flux or current space vector in the
synchronous reference frame.

The transformation of reference frames for the induction motor vector control can be summarised as

shown in Fig. 3.11.

Synchronuous reference frame Stationary reference frame

Two-axis co-ordinate system Single-phase system

Drive
Controller

Inverse 2/2 Clark/ Park Induction

Transformation

motor

Transformation

2/2 Clark/ Park F

Fig. 3.11. Block diagram of transformation of frames and co-ordinate systems
for single-phase induction motor vector control

3.8.1. Stator field orientation (SFO)

For this vector control strategy, the set of state-space variables formed by stator flux linkage and

T, : . .
current space vectors Xx = [Z.qs,),ds,iqs,ids} is selected. The mathematical model is given in the

chapter dedicated to d-g models of the single-phase induction machine.
The rotor based variables expressed in state-space variables terms are:
1
it = A —xi
(2 - i)

stqs
m

l'VS ZI;S xSlZS
A S
k lxm *in (520-523)
A" = o (x5 —D-ii,)
1

A%, = -;C-;-(x'rlis ~K'D-i},)
To obtain the machine equations in the synchronuous stator flux reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the q component of the
stator flux to be zero. The stator voltages equations remain unchanged. If a cage rotor is considered,
the resultant equations are as follows:

[,, ' x4 D"'R"ji;s _ wS(llcxvrAds& —k-D 'iftsj _[’”'r + X' pj A, =0
@ @ @ (524-525)
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where the definition used for the slip speed is: @, =, —®, . The electromagnetic torque expression
has to be re-written:

P 11

=3 (Z Aisi =k lqssiisj (526)
b

If we make the notation: i :kzics1S1

symmetrical induction machine:

P k S S S »S
]; = E . a)_()“dslqsl — /’quldS ) (527)
b
If the special reference frame is fixed to the stator flux linkage vector, the g-component of this flux
vector is defined equal to zero:

the above torque relation may be expressed as for the

Ae =0
(528)
2=
From stator flux linkage equations, the g-current components are given by:
Z.(jsl = i(jsl
k*x (529)
i'(slr = - - i(jsl
X

The electromagnetic torque relation and slip speed can be derived in stator field orientation control
as:

T, :ﬁ.i/l;sgsl
2 o,
) k2 (wbr'rxs +D P )i:sl (530-531)
T 1 s .S
;x'r Aas = k- D i

The second dynamic equation of the machine, shows that there is a coupling between the stator

current components. Consequently, any change in the torque producing component i, without

qgsl
changing i accordingly will cause a transient in the stator flux. A decoupler is necessary to
overcome this disadvantage. Therefore the command current of the d-axis component of the stator

current can be calculated as follows:

K
iy, = (Kp + ?‘] My, + iy,

koD -i;

qsl

@7, x, +D-p

where K, and K; are proportional, respectively integral coefficients of the flux controller. This
controller can be PI type or soft computing technique type (fuzzy, neural-network).

(532-533)

s
ldq =

Steady-state perfomance of a stator flux oriented system

Letting the derivative operator p = 0, one can obtain the steady-state voltage equations of the
induction machine. After several manipulation of the system equations, the d current components
are given by:
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. kD o, Ag,
s = X 'a) ® 2y

rs b s (534-535)
=18 ;L;s xs -S

1
dr 2 ds
kix, X,

it yields the slip speed equation:

2 22 2
[0} D [0
( J I LD 9 2 A+ krx s, =0 (536)
w, r'x, @ kx

The solutions of the above equations have to be real, for a given stator flux linkage. This means that
the determinant of the second order equation satisfy the condition:

2
A= (xi’ls j ~4k'D? (i2,) 2 0

kx

The maximum values for the ¢ component of the stator current, the slip speed and the
electromagnetic torque (pull-out torque) are:

(), = ot

! ma 2k D,

(0,) =lc% (537-539)
max kD

\2
(1), - L )
Smax k2 2w, Dx,

The problems related to static stability of the single-phase induction machine when this vector
control strategy is applied, are similar to the polyphase machine case. It has to pointed out that the
critical values for current g-component, slip angular velocity and electromagnetic torque depend
also on the turns ratio £ of the unsymmetrical stator windings. If we detail this consideration, it can
be observed that having a motor equipped with a main stator winding with fixed parameters
(resistance, reactance) the pull out torque and critical rotor speed are such that (Popescu -2000):

e A maximum torque value and minimum rotor speed are obtained if the turns ratio £ < 1, which
is the case of the usual split-phase motors configuration;

e The medium values are obtained if the turns ratio £ = 1, which is the case of the symmetrical
motors configuration;

¢ A minimum torque value and maximum rotor speed are obtained if the turns ratio £ > 1, which
is the case of the capacitor run motors configuration;

Some important conclusions can be drawn for this vector control strategy, besides those ones
valid for the polyphase motor:

e The estimated equivalent value for the torque component of the stator current has to be
corrected by dividing to the square of the turns ratio value;

e There is no need for changing the number of co-ordinates from the real machine system to the
control system.

3.8.2. Rotor flux orientation (RFO)

For this vector control strategy, the set of state-space variables formed by rotor flux linkage and
T, . . :
stator current space vectors x = [/'L v dr,iqs,idS] is selected. The mathematical model is given in

the chapter dedicated to d-q models of the single-phase induction machine.
The stator flux linkage and rotor current space vectors components expressed as functions in
terms of state-space variables are:
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T
)'qs m

(x /'L';r+D-i(;S)

/ (540-543)
= (i)

\r
i" _ L ;Ldr—x it
dr — m“ds
x' K

The rotor voltage equations re-written in terms of the state-space variables become:

1 ! w
W' =0=—x lrg J{r Jl’r +l ~ A%
X, o, k o,

' '
T _ 2 r .r r p "
u'y =0=—k"x, —“i +| =+ A% —
X',

(544-545)

(DS .
l'qr
b
The electromagnetic torque expression has to be re-written:

P X [ ¢ [Ty
7:: = 2 x (l) ( A’dr qs kz’ qr lds) (546)

If we make the notation: iy —kzzc:Sl

symmetrical induction machine:
P x,
n-lky
2 x' o,
If the special reference frame is fixed to the rotor flux linkage vector, the g-component of this
flux vector is defined equal to zero:

the above torque relation may be expressed as for the

)’ ':ir 'cr;sl - A‘ '(:r lc;s ) (547)

Ay =0
(548)
A=A
From rotor flux linkage equations, the q-current components are given by:
i(:sl = lqsl
. Kx. (549)
l q — -, lqsl
x T
The flux producing component of the stator current is determined as follows:
[ - i}ﬂ !
r r r a)b
ih = (550)

k*x_
The above relation shows that there is no need of a current decoupler in rotor field orientation
scheme. Both stator current components (torque and flux producing) can be controlled

independently.

Steady-state perfomance of a rotor flux oriented system

Letting the derivative operator p =0, one can obtain the steady-state voltage equations of the
induction machine. After several manipulation of the system equations, the d current components
are given by:
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P Ay o kerlig
*kx o, X (551)
i" =0

It yields the slip speed equation:

r
COSA/ dr xm ) o.r
T—k'x—,'wbrrlqsl

T

=0 (552)

which for a given rotor flux has always real solution. Thus the resulting current controlled slip
speed and the electromagnetic torque are:

3 ] .r ] o
kox,r' oy kex, o

W, = =
{ " ' "

Tl Teleo i (553-554)

4 4 2.0

T =£-k-x—m/l’f,ri;ﬂ _ ﬁ(x_mj (l'ésl)z K :£[x_mJ (l-crls)z K
2 x', 2 \x', 0} 2\ x' ,

By comparison with the three-phase induction motor, for the rotor field orientation control

strategy, three differences have been highlighted by Popescu and Navrapescu (2000):

e The stady-state values for the slip angular velocity and torque are proportional with the turns
ratio value, respectively the square of turns ratio &£ which determines the option for k£ > 1, as the
torque response is the determinant factor in an electrical drive system,;

e The estimated equivalent value for the torque component of the stator current has to be
corrected by dividing to the square of the turns ratio value;

e There is no need for changing the number of co-ordinates from the real machine system to the
control system;

e The problem of the stator windings asymmetrical configuration is overcome by using the value
of turns ratio & in computing the estimated value for the torque and flux producing components
of the stator current.

3.8.3. Air-gap flux field orientation (AFO)

For this vector control strategy, the set of state-space variables formed by air-gap flux linkage

T. . o
and stator current space vectors x = [l Agim o1 ids] is selected. The mathematical model is given

qm > “*dm > “gs »
in the chapter dedicated to d-¢g models of the single-phase induction machine.

The stator and rotor flux linkages and rotor current space vectors components expressed as
functions in terms of state-space variables are:

AT :lq“;n+ (xS —xm)i;:

qs
m m 2 . m
Ap =M +k (xs —xm)lCls

m X'r m ' .m )
Ay == A —(x', = x,, )igy (555-558)

xv
m __ m 2 (] -m
A"dr_xrﬂ’qm_k (xr_xm)lds

m

I 1 1 m -m

Por = x_)Lqm g
" (559-560)

- T 1 m +m

Lar = m Agm — I
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The voltage equations of the machine expressed in state-variables terms, are readily deductible
now:

u'y =0 —(r’r+(x'r—xm)£]i:;+[r—r+x j/lm —(1 at Ag —k-(x'r—xm)id“;]
wb Xm Xin wb wb k Xm

m 0= k2| (o —x ) i | e T B D e i
a)b xm ‘xm a)b wb ‘xm

u d = =
(561-562)
The electromagnetic torque expression has to be re-written:
P m -m m -m
T, = @_b( Aimias —k A zdsJ (563)

If we make the notation: i =k,

symmetrical induction machine:

Pk —(Amin = Amir) (564)

‘dm qsl

the above torque relation may be expressed as for the

T, =

b
If the special reference frame is fixed to the air-gap flux linkage vector, the g-component of this

flux vector is defined equal to zero:

Agn =0
(565)
Agr = A
From the air-gap flux linkage equations, the g-current components are given by:
w1 = (566)
i o=—k? i,
The flux producing component of the stator current is determined as follows:
K [r'r+(x'r—xm)£]i§; :[“ TR j i (567)
@, X X a)b

When an air-gap field orientation control is employed, it is necessary to decouple the stator
current components, in order to achieve a linear control. For this reason, the command of current of
the d-axis component is computed as follows:

K.
in = (K +—jA/1m +igy
p

(568-569)
k CO(X _xm) lqsl

.m
ldq

wbrr +(xr _xm)p
The electromagnetic torque relation and slip speed can be derived in air-gap field orientation
control as:

P k
Te 2 ’ a) dm qs
[0+ (x', = x,)p] ki (570-571)
w
s xv N
L =k (= x,,)
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Steady-state perfomance of a air-gap flux oriented system

Letting the derivative operator p = 0, the steady-state voltage equations of the induction machine
are readily determined. After several manipulation of the system equations, the d current
components are given by:

k o, X' (0]
mo o v v b sm r v . s ;m
lyg = r, lqsl + ' (‘x r 'xm) lqsl
r wb

X O r (572)
m k(xm - x'r )l:;l o,
Lo =——
r T wb
It yields the slip speed equation:
2
o, ) k(x'-x, ) o, A
( j FOX)” @ Ain g (573)
, r', o, k

The solutions of the above equations have to be real, for a given stator flux linkage. This means that
the determinant of the second order equation satisfy the condition:

2
A =[t‘—f} — 4 (x' - x,) (i) )2 > () (574)

The maximum values for the q component of the stator current, the slip speed and the
electromagnetic torque (pull-out torque) are:

N Am
) A v
(@), = xrfxm (575-577)
)
(I;)max P 1 ( dm

2 2w, k*(x'-x,)
For the air-gap field orientation control strategy, there have to be pointed out several important
features:

e The turns ratio k£ determines the effects on the critical value of the electromagnetic torque of the
single-phase machine: lower torque for £ > 1, and higher torque for £ < 1, when the main stator
winding parameters are kept constant;

e The pull-out value of the slip speed does not depend on the unsymetrical configuration of the
stator windings, and it is expressed with an identical relation to that deduced for the three-phase
induction machine;

e The estimated equivalent value for the torque component of the stator current has to be
corrected by dividing to the square of the turns ratio value;

e There is no need for changing the number of co-ordinates from the real machine system to the
control system;

e The problem of the stator windings asymmetrical configuration is overcome by using the value
of turns ratio £ in computing the estimated value for the torque and flux producing components
of the stator current.

3.8.4. Stator current orientation control (SCO)
For a complete comparison to the vector control strategies applied to three-phase induction

motor, the current orientation control shemes have to be analysed as well. One option is if the set of
state-space variables is identical with the stator flux field orientation control (SFO): the stator flux
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and current space vectors x = [lqv A

ds > qv’
SFO case.
The rotor based variables expressed in state-space variables terms are:

e (/1“ i)

qr s qs

] The mathematical model is identical to that used in

m

" kzxm e, (B HAE) 578-581
A =2 D) R
N /s s

m

A% =xi(x'r/1;§ —K’D-iy)

m

To obtain the machine equations in the synchronuous stator current reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the q component of the
stator current to be zero. The stator voltages equations remain unchanged. If a cage rotor is
considered, the resultant equations are as follows:

o, (1
(r x,+ DL J i ——S(;x'r AZ —k-D -ijf) —(r'r +x, L]A;g =0
Dy @ @y (582-583)
k2 (r; x, +DL}'§§ —kZp.g = [r’r+x’r P ]A;g kD a
Wy y oy Wy
The electromagnetic torque expression has to be re-written:
P
T, =——| —Agiss —kAjis 584
e 2 a)b ( ds qs dsj ( )
If we make the notation: Ay = ),::1 the above torque relation may be expressed as for the

symmetrical induction machine.

P 1 SC -SC SC -SC
Te :Ew(lds qs 2’qsllds) (585)
b
If the special reference frame is fixed to the stator current space vector, the g-component of this
current vector is defined equal to zero:
iy =0
(586)
=i
Different from the SFO case, we have to express the g-flux components, by considering the flux
linkages equations:
Aot = Aga
SC ' scC (587)
2’ qr = k )Cm lqsl

The electromagnetic torque relation and slip speed can be derived in stator current orientation
control as:

P 1
T —_ . A«SC .SC
2 ko, ast s

(a)br'rxS +x' - )?L;:l

k(KD —x, AY)

(588-589)
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The relation between the d-axis component of the stator current and stator flux linkage space vector
components can be deduced as follows:

K (r; X, + DiJ i —[r; +x, ﬁj P T L (590)
, W, k o,

Similarly to the SFO case, there is a coupling, but between the stator flux linkage components
used as control variables. Consequently, any change in the torque producing component A
without changing l;: accordingly, will cause a transient in the stator flux. A decoupler is necessary
to overcome this disadvantage:

[Kp + ﬁ] Aig + Aj;
p

sc
2'ds

% B, (591-592)
sc wb

dq —
r'r+x'r£
a)b

where K, and K; are proportional, respectively integral coefficients of the current controller. This
controller can be PI type or soft computing technique type (fuzzy, neural-network).

Steady-state perfomance of a stator current oriented system
Letting the derivative operator p = 0, one can obtain the steady-state voltage equations of the
induction machine:

]
ASC _ ASC x'r D ws lsc xsrr wb
g = — qsl.k'._z.w _qsl.kz.w
Fy Xm Wy Xm s (593)
, r'. @, .,
sc __ r b sc
i

m S

it yields the slip speed equation:

2 2
, x' 1 0] r'
S r . lsc + s _k2-sc + r lsc :O 594
(wbj (xm] k-r' o ((Db) o k-x2 % (594)

m

The solutions of the above equations have to be real, for a given stator current. This means that the
determinant of the second order equation satisfy the condition:

5 ¥ 2 A5 2
A:(kzi;;‘) —4(er [H;J >0 (595)

The maximum values for the ¢ component of the stator flux linkage, the slip speed and the
electromagnetic torque (pull-out torque) are:

N9 kzxinig‘s:
(lqsl )max = 2xvrd
(,),, =L (596-598)
max xlr
p ke (i)
(7)o =5 2o
br

The analysis of this vector control strategy leads to the same conclusions as for the three-phase
induction machine case, but with the differences imposed by the asymmetrical motor configuration
and the number of phases for the supply voltage:
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e The turns ratio k£ determines different effects on the critical values of the rotor speed and
electromagnetic torque response of the single-phase machine: the electromagnetic torque critical
values reaches a maximum for k£ > 1, while the rotor speed reaches a maximum for £ < 1, when
the main stator winding parameters are kept constant;

e The estimated equivalent value for the torque component of the stator flux has to be corrected
by multypling with the square of the turns ratio value &;

e There is no need for changing the number of co-ordinates from the real machine system to the
control system;

3.8.5. Rotor current orientation control (RCO)

If the synchronuous reference frame is linked to the rotor current space vector it results another
unconventional vector control strategy. The rotor current orientation control strategy (RCO) is
analysed for a cage rotor induction motor. There are two options in selecting the set of state-space
variables, if we consider the criteria of direct measurable quantities:

I The state-space variables are the stator flux linkage and rotor current space vectors:

T
x= [/’qu,lds,i'qr,i'dr:l . When the stator flux and and the rotor current are selected as state-space

variables, one can derive the rotor flux and stator current functions in terms of state variables as
follows:

l'l'C — i(er _x l‘H’C )

qs xs qs m= qr

Ic
l-rc _ i()‘ds —x iuch
ds 2 m” dr
x, \ k

(599-602)

To obtain the machine equations in the synchronuous rotor current reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the q component of the rotor
current to be zero:

D D o X 1 x, @
():[r'rJr_.ﬁ},ﬁJrk_. S,ﬂgcr+_m.£;tg:+_._m. AR
xs a)b 'xs wb xs wb k xs a)b (603—604)
D kD
0=k>|r +—=- L2 l’f;__.ws i';j+x_m.£1§:__m .9 A
'xs wb xs a)b xs wb xs wb

The electromagnetic torque expression has to be re-written:

P Y TC H1IC 1 TC -11C
]; :E '(U X (k)’qsldr _Eldslqrj (605)
b™s

If we make the notation: Ay = kl—Zlm

1 the above torque relation may be expressed as for the

symmetrical induction machine:

P X, (
- . m A(I‘C l‘er _ erier ) (606)
e qsl” dr ds © qr
2 ko, x,
If the special reference frame is fixed to the rotor current space vector, the g-component of this
current vector is defined equal to zero:
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i" =0
(607)

cgrc __ eirc

l dr — Ly
Different from the RFO case, we have to express the g-flux components, by considering the flux
linkages equations:

ll’c — ll’c

gsl gsl
X (608)
Ry =23

The electromagnetic torque relation and slip speed can be derived in stator current orientation
control as:

P x

7=
2 kxo,

ey e 609-610

I (605-610)

W =

S

. yrc 1 e
k-D-i'y+ ;xm/lds

A relation between the d-axis component of the rotor current and stator flux linkage space vector
components can be deduced:

D X X, @

2 .

0=k [r'r+—-—p i+ A Aig = — A
X, o, X, O, kx, o,

S

(611)

Due to the coupling between the stator flux linkage components, any change in the torque
producing component A, without changing /”tqf accordingly, will cause a trensient in the stator
flux. To overcome this disadvantage, the command current of the d-axis component of the stator
current is expressed as follows:

rc Ki - 1rC rc
Ay = LKP + 7]& e+ Adq

(612-613)
A{SC
AL = 1 o, =L
p k

where K, and K are proportional, respectively integral coefficients of the current controller. This
controller can be PI type or soft computing technique type (fuzzy, neural-network).

Steady-state perfomance
After several manipulation of the system equations if we let the derivative operator p = 0, the d
current components are obtained from the steady-state voltage equations of the induction machine:
D o

rco__ s qrc
Al =

ke, @, (614)
Ay =0
It yields the slip angular velocity equation:

2
(0]
,k_D_;;nT’?._s,g; ~0 (615)
X rooo,

S s’ r

which for a given rotor flux has always real solution. Thus the slip speed and the electromagnetic
torque are:
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3 ' -1C ' -1
o = k Xsl" rwbldr — k’)grra)bldr

: xm/lr:l xmlr:
b s qu (616-617)
P
T x—mer l.,rc _ ‘_m/lrcl-,rc

2 ko, Y2 xo, ©
The rotor current oriented (RCO) vector control with mixed flux and current state-space

variables differs from the variant applied to the three-phase induction machine by the following:

e The transformation between the reference frames (stationary to synchronous and vice-versa) is
easier as there is no need of changing the number of variables;

e The asymmetry of the stator windings is modeled only by using a supplementary parameter, the
turns ratio k;

¢ In steady-state operation, the torque and slip speed response are influenced by the unsymmetrical
configuration of the motor: higher torque and slip speed for £ < 1.

. . . T
1I. The state-space variables are stator and rotor currents x = I:lqs’ s Lo l’er . When the stator

and the rotor current are selected as state-space variables, one can derive the stator and rotor flux as
functions in terms of state variables from the classical flux linkage equations.

To obtain the machine equations in the synchronuous rotor current reference frame, one has to
eliminate the rotor flux from the rotor voltage equations and then force the ¢ component of the rotor
current to be zero. The stator voltages equations are re-written also. The resultant equations have
the following form:

@, . Q; .
0=xm£i;+ r'r+x'r£ "+ kx, — iy 4+ kx' —i"
w,

qr m

w w o,
° ° ° (618-619)
@, .rC { (DS . y1rC .1C .1C
0=—hkx, —i —kx', —i', + k’x, des + Kk [r'r+ x' ijz'dr
, @, @, ,
The electromagnetic torque expression has the expression:
P kx
T =—. m (l'rclwrc _ l-rcl-vrc ) (620)
e qs” dr ds” qr
2 o,
It can be observed that the above relation is readily available for implementing a vector control
strategy.

When linking the special synchronuous reference frame to the rotor current space vector, the g-
component of this current vector is defined equal to zero:

i =0
(621)

* 11C ~11C

l dr — l r
Different from the (/) case of RCO control strategy, for the (/ ) case we have to express the stator
flux linkage g-components, by considering the flux linkages equations:

co_ .rC
/lqs - xslqs

1rc -SC 'xm rc (622)
A = X = x—/lqs

S

The electromagnetic torque relation and slip speed can be derived in this type of rotor current
orientation control as:
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kx
TEZE._'“.,';:,":;
2 o,
o (623-624)
o =— xm'plqs

S

<1C L 1 (Y
k(xmlds +x r 1 dr)
From the second dynamic equation of the machine, a relation between the d-axis component of the
rotor current and stator current space vector components can be expressed as:

[0

kzxm.lljg::kxn__agj-kz(r;-Fx;.flJfg (625)
b a)b a)b

A coupling between the d-axis and g-axis stator current components appears, and consequently,

any change in the torque producing component g without changing iy accordingly, will cause a

transient in the stator flux. To overcome this disadvantage the command current of the d-axis
component of the stator current has to be expressed in the following form:

K.
arc i -1rC rC
iy —(Kp +? Al'§ + iy

1 I
TC qs
ldq —_ a)s Pp———

(626-627)

where K, and K; are proportional, respectively integral coefficients of the current controller. This
controller can be PI type or soft computing technique type (fuzzy, neural-network).

Steady-state perfomance
By letting the derivative operator p = 0, the d flux components are obtained from the steady-state
voltage equations of the induction machine:

lrc __kﬁ_ws irc
S w (628)
AT =0

It yields the slip angular velocity equation:

g ————"——i =0 (629)

xS xSr T wb

which for a given rotor flux has always real solution. Thus the slip speed and the electromagnetic
torque are:

_ kr’ra)bi';i

S .IC

X 1 .
mas (630-631)
_ P kxm .I'C 4IC

e 2 a)b qs” dr
A comparison with the rotor current orientation control detailed for the three-phase induction
machine permits to highlight the same conclusions. However, there has to be pointed out the
necessary corrections:

e The transformation between synchronous reference frame and the stationary reference frame is
made without changing the number of variables;

e The influence of the unsymmetrical stator windings configuration can be evidenced by using the
turns ratio k£, and it determines different effect over the rotor speed and torque response of the
motor: higher electromagnetic torque and lower rotor speed for £ > 1, respectively lower torque
and higher rotor speed for £ < 1.

(0)
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4. MATHEMATICAL DISCRETE MODELS FOR THE
THREE-PHASE INDUCTION MACHINE

4.1. Introduction

Advances in very-large-scale integration (VLSI) technology made possible the real-time
modelling for many industrial applications. Real-time simulation is used increasingly in the
automatic control field. One important application is the advanced AC motor control, i.e. vector
control, where the immeasurable quantities, like the cage rotor parameters (flux, current), can be
estimated by a simulator operating in parallel with the real motor. The simulation became an
important alternative against the measurement, as the latter is complex, noise sensitive, and
expensive. It has to be also mentioned that the approximate simulation always introduces some
error between the true dynamic behaviour and the modelled behaviour (Vainio et al - 1992).

The continuous and discrete models of the induction machine are equivalent if their time
response is similar for typical inputs (step or sinusoidal input). However, there are several discrete
mathematical models equivalent to the continuous model. Iron loss and saturation can be omitted if
the stator and rotor fluxes are limited to stay below the wide saturation border of the iron core,
which is the case in most practical applications. For this equivalence, the approximation mode of
the response for two consecutive sampling rates is determinant. Usually, when a time continuous
system is discretized, the designer has to chose the properties of the system that will be maintained:
the zero and pole number, the response characteristics for pulse, step and linear input, the DC
amplify, the frequency response.

In Table 4.1 there are presented several possible discretization methods for the time continuous
systems.

TABLE 4.1
No | Discretization method Continuous—discrete equivalence equation
1 Forward-difference method (Euler) s L= z”!
Tz
2 Backward-difference method 1-z7!
S =
T
3 Bilinear transformation method _21-z"
(Tustin) T 1+:z"
4 Frequency prewarping method 21 z7! ’ o, - 2 @ T
T 1+z7! T 2
5 Pulse invariance method G,(z)=T- Z{L" [G( S)]}
Step invariance method G, ()= (1-=") Z{L‘ [G(s)}}
S
7 Matched zero-pole method Zero/pole from s=-a is placed in discrete to z=¢“" .
Zero/pole from +o is placed in discrete to z=-1

All of the above discretization methods are compared for the induction machine seen as a discrete
system. The assumptions valid for the continuous model are also valid for the discrete systems. The
results of the discretization are analysed from the point of view of computation complexity and the
response stability for a step input signal. The analysis of the different models is essential for the
design of electrical drive system with numerical command. A special attention is given to torque
estimation from the data acquisition process (voltage or current quantities).
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The synchronous reference frame is used for determining the discrete model of the induction
machine. The following parameters can be defined:
W, =0, -0=0,
For an easy to follow analysis, the index £ will be omitted in the machine equations. The general
form equations used to determine the discrete mathematical induction machine in arbitrary
synchronuos reference frames and per unit system are:

d t

gs<z>=rszs<r)+i%—s()+jwsw 0 632)

n t -

dv' (t
0=r 1+ =D v 633)

®, dt -
V(O =100+ by i) (634)
WO =7 I 10+ Dy i, (0) 635)
z'r=£—r; v =yyir. =y n (636)
;}/ —_— —_T

dw 1
(=t 637
dt TM (e 1) ( )

Depending on the synchronuous reference frame the following relations are valid:
a) Stator reference frame:

[

Y= 1_
M (638)

3 .
teZEPIrn{ws ls}
b) Rotor reference frame:

o3[ fmf o

c) Airgap reference frame:
y=I

t, = % le{ﬂm* : z} (640)

(639)

l)l/m = ZM(ZS +£"r)
If the determinant of the flux system equations is noted with 6 and with d its inverse, the voltage
equations are re-written as follows:

, oo1dy ()
U= -1y, =1y Y ) ==t 0,y (0 (641)
du' (t
0=rd -0y —y-ly )+ =T w0 (642)
v - y

n

For zero initial conditions, if the Laplace transformation is applied, it results the matrix system:

—y-rl'.d—jo I, d v U
B I e T R M L2 (643)
a)n K'r ’}/.r'r lMd _r'r lsd_]wr K'r 0




110

or in synthetisized form:
s-Y(s)=A-Y(s)+B-U(s) (644)
One can note that by comparing with the state variable system described by the equations:
s X(s)=A-X)+B-U(s)
{ Y()=C-X(s)+D-Ul(s)
the state variable vector is identical to the output vector (fluxes vector in this case). The input vector
is the voltage vector. Through identification we obtain:

—y-rl' d-jo [, d
A:wn' y }: r J s ’/;M
’y.r‘r ZMd _r'rlsd_jwr

(645)

(646)
B=w

4.2. Bilinear transformation method (Tustin)

The relation (3) from the Table I is known as bilinear transformation or Tustin and it makes the
connection between continuous to discrete domain. This method gives better results than the
trapezoidal approximation, or other discretization method illustrated in Table 4.1I, by considering
first four order of integration operators. The describing system relation becomes:

2 il vy av@)+ B-U) (647)

T z+1
where T is the signal sampling period for continuous domain, and £ is the sampling frequency.

TABLE 4.11
Method 1 1 1 1
s s’ s’ s
Tustin | 7 z+1 T? (z+1) T° (z+])° T* (z+1)°
2 z-1 4 (z-1y 8 (z-1° 16 (z-1?
Boxer- T z+1 T_2.22+lOZ+1 T_3.22+Z £.23+422+Z
Thaler | 5 12 (z-1) 2 (z-1) 6 (z—1)°
Madwed | 7 z+1 T? 22 4+4z+1 7 24112 +11z+] Tzt 4262 16627 +1
2 z-1 6 (z-1) 24 (z—1) 120 (z—1)*
2
F-(z—l)-Y(z)z(z+1)-A-Y(z)+(Z+1)-B-U(z)
%'ZY(Z)—%'Y(Z)ZZ'A-Y(Z)+A~Y(Z)+(Z+ 1)- B-U(z)

(%'I—AJ'Z'Y(Z)=(%'I +AJ'Y(Z)+(Z+ 1)- B-U(z)

2 T (2 2 B (648)
z~Y(z):£F~I—A) ~£F~I+A)-Y(z)+(F-I—Aj ‘B -(z+1)-U(z)

Y(Z)=(%-I—AJ_ -(%-I+AJ'Zl'Y(z)+(%-I—AJ_ “B-(1+z")-U(2)

Y (2) =~

Z~C-Z’1 «Y(z)+%-D-(1+z’1)-U(z)

where A is the matrix determinant: {2 I — A} :
T



111

A=Ag+j-A =Qf +@,-y-rl' d)-Qf +a@, 7' [d)~w, (-1 i & +o0,)+

+j-0, {0 -Qf+a, - y-rl' d+o -2f +o-r' [d)] (649)
c,=Qf —o,-y-rl'd)Qf+o, -r' ld)+o’ (y-rr 1, d +o0,)+

+jo, (o, Qf —oy-rld) -0 -Qf+o,r' [d)]
¢, =4f0,y rl,d
¢, =4fo.r'l,d (650)

c, =Qf+@, 7 -rld)Qf-o, r' ld)+o (v rrld +00,)+
+jo, [~ -Qf+oy-rld)+o, - 2f -, 1d)]
d,=0, -Qf+0,r' Ld)+j 00,

2
d21 = }"r lMd(})n

Observation: dy», and d,> are not calculated as the induction machine is considered to have cage
rotor.

1 1
l//‘(n)Z—' C11'W,(n_1)+c12'wvr(n_1) +_'d11' Qs(n—1)+gs(n)
v, (n)zi-[c21 W (=D +cy -K'r(n—l)}+%-d21 U (=) + U, ()]

where n and n — 1 are two consecutive sampling periods in discrete domain.
The induction machine discrete model is presented in Fig. 4.1. For this model the stator voltage
represents the input vector and the fluxes are the expressed as output vector.

/]°11
N

0,

17 A l z
|

[
12

21

!

~N
/l c
N

lo——
ST e

N2
~N
Fig. 4.1. The induction machine discrete model

The blocks with thicker lines denote complex multipliers. The following matrix relation is
obtained from the separation of the real and the imaginary parts of the flux equations.

l//sR (i’l) l//sR (I’l - 1) |71]51% (l’l - 1) + UsR (I’I)—I

v, (n) _ 1 E. vy (n-1) n 1 F. Uy(n-1)+U (n) (652)
via(n) | A+ A via(n=D1] A’+4° 0

"4 'r[(n) "4 'r1 (I’l - 1) 0

where:
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e =€y =C Ayt A,
e, =€, =C A —c Ay

€13 =€y = Cipply

€, = —€y; =l
€3 =€y = Cyply
€3 = —€y = Cy A

/ (653)

ey3 = ey = Copl g +0y A
€3 = —€y3 = Copl ) — €y Ay
Ju=Jn=d Ay +d Ay
Jio=—fu =d A, —d A
Jo = f =dy Ay
Joo == fu =dayg A
The complete discrete model of the induction machine, based on the bilinear method is given in Fig.

4.2. The electromagnetic torque expressed in relative units is considering different reference frames
for the induction machine:

a) Stator reference frame

3 «+ .1 3 . S 3 . .
Z. :Ephn{ys 'Zs} :EPIHI{(WSR —JWy) (g +J 'lsl)} - EP(WsR Yy 'lsR) -

3 3
=S PV (v 'y =hd -y )= (7l d Y= hyd Y ) = P hid- W Ve Ve ')

(654)
b) Rotor reference frame:

3 . 3 N e 3 . oo
teZEP'Y'Im{ﬂr 'Zs} :EP'}/'Im{(W'rR_]'WrI)'(lsR +J'ls[)}:§P'y'(WrR'ls[ _‘//rl'lsR):
3 3
:EP'Y'('//'rR'(Y'l'r d- Yy _ZMd"//'d)_'//'d'(Y'l'r d- WsR_IMd'I//'rR)) :EP'YZ .l'r d- (l//s[' W'R_ Ve 'l//'f ) =

3
ZEP' 4\/1d'(]‘//s[. l//']R— Vg l//'rl)

(655)
c) Airgap reference frame:

3 . 3 . . .. 3 . .
te=EPIm{l/im 'ls} =5PIm{(WmR_]'Wm[)'(lsR+]'131)}=5P(1//m13'lsf_l//ml'lsR):

P(Wmﬂ (v l'vd-yy =lyd-y'y) =y, - (y-1'.d- WSR_ZMd'W'rR)):
P ZMd'(WsR'7'(l'r_7'lM)+W'rR(Y'ls_ZM))'(Y'Z'rd'Wsl _lMd.W'rI)_ _
_ZMd'(l//sl '7'(l'r_Y'lM)+l//'r1(7/'ls _ZM))'(Y'l'r d'V/sR _lMd'l/f'rR)

A=)+ (A —I)) (I d -y, —ld -y ) -
ZEP'lMd'{(WsR ( r M) l//rR(s M)) ( r l)l/s] M l//rl) :l=§P~lMd-(WSI'l//'R—l//£~l//'ﬂ)
_(l//sl (' =hy) +y 'y (U _ZM)) '(I'r d Wy —lyd 'l//'rR)

|
ND|WwW N w

2 2

(656)

From the torque equations, written in stator, rotor and air-gap reference frames, one can note that

the same general relation can be implemented, though the equivalent rotor flux stands for different
significance, i.e. only in air-gap reference frame it has the real physical rotor flux.
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As it can be observed by studying the block diagram of the discrete model of the induction
machine, for a complete implementation there are necessary 31 multiplier blocks, 23 summing
blocks and 4 delay blocks. However, this model can be simplified further. The total number of
multiplier blocks can vary from one implementation to another, due to the place of this operation in
the block diagram. Also the frequency response is variable according to the implementation version
(Vainio et al - 1992).
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Fig. 4.2. Complete discrete induction machine model based on
bilinear transformation method (Tustin)

4.3. Forward-differences method (Euler)

In this method the continuous-time derivative is approximated by the relation (1) from Table 4.1
or by a scaled difference of two successive samples:

dX X(mn+1)-X(n)

di T
where 7 is the sampling period. The discrete-time model is in this case defined by the following
equations:

(657)

v (n+l)—-y (n+1)
gs<n>=rs-(y-l'rd-ys<n)—lMd-tgz(n))+wi~—s A (658)
0=rb0ﬂﬂwxm—74wfw(m»“i“g¥m+n;£in+n+1ﬂhvfM) (659)

J— —S w —T

n

In matrix form it results:
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1
Syl d—— . Id
v, (n+1) T e v, () U ()
’ . =T - . | +a,T - 0
¥itn+D yrd  rld—e e | O
L a)nT .

(660)
After separating the real and the imaginary components, it will result:

WSR(n+1)+.]Ws[(n+l) :a)nT'(_’}/'rsl'rd-’- _j.ws)'[WsR(n)-’-j'WS[(n)]-i-

o, T (661)
+wnT"}/‘rsIMd '[w'rR(n)—i—j'w'r[(n)]—}_a)nT ‘[USR(n)—i_j'Us[ (”l)]
V'x(n+D+ /-y’ (n+1) :a)nT"y'r'rlMd'[l//sR(n)+j'll/sl(n)]+

(' L == o) [ )+ v, ()] ©o2
(4D | [1-oTyrld  ole oT-rhd 0 [We®] Us()
o+l | | —ala  1-qTyrld 0 QT-rhd ||y, ral Uy (n)
' p(n+1) al-yr.ld 0 l-oT-rIld «ol o Y (n) 0
G2V 0 aTl-yr'ld olo 1-oT-rld||y®) | 0
(663)
or:
y(n+l)=A4A-y(n)+w, T -U(n) (664)
For the current vector is valid the following relation:
i(n) =B -y (n) (665)
or the matrix form equation:
_isR(n)_ _}/-l'rd 0 —,d 0 i _y/sR(n)_
i, (n) 0 y-1'.d 0 —d||wy,(n)
i | |y d 0 Ld 0 ||y (666)
iy(m] | 0 -y-lyd O ld | |y',(n) |

For this case the complete discrete model of the induction machine is described in Fig. 4.3.
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Fig. 4.3. Complete discrete induction machine model based on
forward-differences method (Euler)

4.4. Backward-differences method

This simple method produces a stabile discrete system for a stabile time continuous system.
Even some unstable continuous systems can be transformed to stabile version through this
discretization method. However, a higher sampling frequency has to be adopted in order to avoid
the frequency response distortions of the system. With relation (2) from Table 4.1 the following
equations can be implemented:

-z y _4v+BU
A=A b (667)
(I-A-T)Y=z'"-Y+B-T-U
l+o,Ty-rl' d+ joo,T -, Trl,d
I1-A-T= . (668)
-0, Ty -r'l,d l+o,T7r' Id+ jo,.o,T

AI*AT :AR +jA1 :(1+a)nTy"/;l'rd+jwswnT)'(1+wnTr'r lsd+jwrwn7) —(I)nsz’J/'l"ST"'r ledz =
=(+o Ty -rl'd)-(1+o.T' ld)-o’T* - (oo -y rr' [ d)+
+jo,T-[o,-1+o,Ty rl' d)+o,-1+o,Tr' 1d)]

(669)

(I-A-T)" =

: (670)
Ty -r' l,d l+o,Ty -rl' d+ jo,o,T

By substituting vectors ¥ and U with the flux vector, respectively stator voltage, it follows that:

1— AT

1 {HwnTr'r Ld + jo.oT o Trl,d }
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{‘L(”)} ; {‘ﬂsw-l)} , {gs(m}
=(I-A4-T)"- +(I-A-T) -B-T- =
v y' (n-1

v o) (=) 0
(671)
1 Y (n=1) 1 U,(n)
=G| o T,
A+ A vi(n=-1)| A7 +A4
When the real and the imaginary parts are separated, it results that:
Ve (n) V(n—1) U (n)
1 -1 1 U
v, (n) - . L. l//'sz (n-1) +— . ‘M- o (n) (672)
ll['rR(n) AR +A[ l11/1‘]3(’/1_1) AR +A1 O
W 'rl(n) l11/'rl (n - 1) O
by =15, =84 + 81,4
by ==b) =g — 81tk
113 = lz4 = g,4z
hy =—hs = g4,
Ly=1,=g,4
Ly ==, =g,4 (673)

Ly =ly = gunrdp + €221 4
Ly=—ly = 80nrd + 80
my, =My = hyp Ay + Iy 4
My ==y, =hy A =y Ay

My =My = hypAg
My, ==y =h A
The complete discrete mathematical model of the machine, obtained through the backward-
difference method is presented in Fig. 4.4. A similar analysis was made for the step and pulse
invariance methods by Vainio et al (1992). The results permit some important conclusions to be
drawn:
e The pulse invariance method and backward-difference method determine similar and very
resembling discrete mathematical model for the machine;
e The step invariance method and the forward-difference method determine similar and very
resembling mathematical discrete model for the machine.
Nevertheless, although the methods are very similar in results, the frequency characteristics of the
model differ from one method to another.

The computational burden for the three described methods is summarised in Table 4.111. As the
DSP-ASIC implementation is an important cost issue, the designer has to choose a compromise
between the complexity and the accuracy of the model. When the comparison is made, one can note
the advantage of the forward-difference method (Euler) for less computing time. When accuracy is
the determining factor, the bilinear transformation method (Tustin) has to be chosen for the
implementation of the mathematical discrete model of the machine. It is also possible to apply a
hybrid approach where the stator equation is discretized using the forward-difference (Euler)
method, whereas the rotor equation is converted using the bilinear transformation (Tustin) or vice-
versa. As one might expect, the resulting response and computational complexity are between those
of the complete methods. This could be exploited when implementing the discretized model with a
programmable signal processor.
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TABLE 4.111

Method \ Real operation Additions Multiplications | Delays
Forward-difference method (Euler) 11 17 6
Backward-difference method 21 27 4
Bilinear transformation method (Tustin) 23 31 4

<‘] 112
111 AW
\|/ d! * sR(n)
)< ~ |
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|7 ~
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1> 122 ri(n)
A L— ~ 1
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T R 123 12 |
~
<‘] 124 ~ | M dA
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12 121 . Torque
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32 [\ <] sl(m)
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-
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<]
144
.
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Fig. 4.4. Complete discrete induction machine model based on
backward-differences method

4.5. Z-domain transfer functions

The general form of a state-variable system using matrix notation in z-domain is:
x,(n+l)=A4-x,(n)+B-u,(n)

y(n)=C-x (n)+D-u (n) (674)
x,(n) = [x1 (n), .., x,, (n)]T

where x;(n) is the vector for the state variables, us () and yy(n) are the input, respectively the output
vectors, and A is the state matrix. The impulse response sequence in terms of the state-variable
description is given by the relation:

D, f k =
h(k)z{ , for 0

675
C-A"", for k>0 (675)
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and the transfer function matrix:
H,(z)=) h(k)-z*=D+C-(zI-A4)"-B (676)
k=0

For the induction machine model case, there are four real outputs (the stator and rotor fluxes)
and two real inputs (stator voltage). Also, the state variables are the outputs directly. We can
establish the notation:

l//sR (7’1)

x, (0= y, () =| 0
V(1)
Y (n)
The state matrix A, the input vector u and the coefficients matrix B, C, and D have different
element according to the transformation method used for implementing the discrete mathematical
machine model.

1) Bilinear transformation method (Tustin):
The state matrix A4 is calculated as follows:

Gl +Cnd, Gl G4y G4y
A=— 1 . R4y G+ 4, —Cordy Gar4y (677)
Ay +A4, Corl Corrdy Coopg +Cpp B Cooply —Coi g
=G4y Curdk o T A Gk 04
where:
A=A+ A =Qf +,-7-rl" d)-Qf +o, -7 Ld)-o, - (v-rr'. I d +0.0,)+ 75)
+)-0, {0, QL+ 0,y 1l )+ 0, Qf +0-r' [ d)
c,=Qf -, -y-rl'd)Qf +o, -r' ld)+o,’ -(y-rr. 1’ d +0o0,)+
+jo, (o Qf-wy-rl\d) -0 Q2f +o,r' ld)]
ch = 4fwny ’;lMd (679)
¢, =4fo,r' d
ch,=Qf+w,-y-rl' d)-Qf —w, -r' Ld)+w, - (y-rr' | d +0.0)+
+j-o, -0, -Qf +o,y-rl'\ d) +o, - 2f —o,r', [d)]
The input vector is determined with the relation:
U +1)-U
= w(n+1)=U,(n) (680)
‘ Usl(n+1)_Us[(n)
The coefficients matrix are:
dygAg +d A diA —d A
B=— 1 . —d g A +dyy A dgMy +dy A (681)
AR +A[ dZIRAI dZIRAI
_dZIRAI dZIRAI
where:

d, =0, -2f +o,r' Ld)+ j-0o0,

_ 2
d21 =r rlden
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By identification, we establish the other coefficients matrix:

1 0 0 0 0 0
01 0 0 0 0

C = - (682)
00 1 0 0 0
00 0 1 0 0

From the transfer function matrix relation, we obtain a 4 X 2 matrix giving the transfer function
from both inputs to the four outputs:

_Z_ Cure + €114 _ G4 _ Cior4, _ o4,
A+ A7 A+ A Al + A A+ A7
R 1 R 1 1 R 4 R 1
CIIRAI z— cl]RAR +CIIIAI chRAI _ CIZRAI
2 2 2 2 2 2 2 2
H,(2) 1 A + 4 A+ 4 A+ 4 A+ 4
Z)=——.
! ARZ +A12 _ CZIRAR _ CZIRAI _ Cone +6221A1 _CZZRAI + 0 A
A+ A7 A+ A A+ A7 AZ+ A
SRy Corde Coopd) —ConiAp . Coorlp + €00/ 4
AN +A] Al + A A+ A A+ A
dllRAR +d11/A/ dlIRAI_dllIAR
_anA/ + 6411AR leAR + dlllAI
dZIRAI dZIRAI
_dz IRAI dZIRAI
(683)
11) Forward-difference method (Euler)
The state matrix A is described by the relation:
l-o,T-y-rl' d o, To, oT- rl,d 0
-0, T -, l-0.T-y-rl' d 0 o,T- rl,d
A= ~ | “ (684)
T -y r' l,d 0 l-o.T-r' ld 0T o
0 oT- v-r'l,d -0.T o -0 T -r' ld
The input vector and the corespondent matrix coefficient are:
ol 0
Ug(n) 0 T
u,(n)y=| " B = " (685-686)
U, n)
0 0

The other matrix C and D have the same value as for the bilinear transformation case. It results the
transfer function matrix as follows:

z-1+aT-v-rl'.d -0, Tw -0 T-rl,d 0 T [ol 0]
Hy(5) aTl a z=1+o I -y-rl}d 0 -aT-rl,d . 0 T
Ty r'l,d 0 z=l+a@T 7' ld o7 o 0 0
i 0 T y-r'ld ol o z-1+qQT-r ld| [ 0 O

(687)
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111) The backward-difference method
The state matrix 4 and coefficients matrix B can be calculated with the expressions:

Curde Y&y &ud — &tk 81 g4
4= 1 “Curd & Gk + & —84, 8tk (688)
Al +47 8udy gx4, 8ot T8€20:18 &0 —8nid
—8x4 814 8o 8 Lol &nid
where:
G:|:g11R +J8u &n :|:(4? i )‘{1+@T’”'rlsd+j@a%T aTihd }:
& &or & olyr'Ld l+a Tyl d+joqT
_{AOﬂmWim+4@QTU@wwﬂl4ﬂ+@ﬂﬂ&m A@Td,d-jAaTdd }
A@Tyr ATy ATy rld +Aaa T+ AnaT-A(+aTy 11, )
(689)
and:
Mip g+l A Ay —hy A
B = 1 . _h’llRAl + hn] A }hRAR + hllIAI (690)
AR2 + A12 { hy Ay hy 4, J
—hy, 4, hy A
where:
e hetihy b | T Qi [d+jQaT aTlihd
by hop iy olyrhd  1+alyrl d+joal (@D

Ui (n)

As the input vector is u, ={
s/ (n )

} and the coefficients matrix C and D are calculated in a similar
way to the previous cases, it results the following transfer function matrix for two inputs (voltage)
and four outputs (fluxes):

- -1

o Zurde + Sudy _ A —&uide _ 8124 _ g4
A+ A7 A+ A7 Al +A° A+ A
_ —8ird + 8 ~_ Zirde + &4 gn4, _ g4
H () Al + A Al + A AL+ A AL+ A
Z)=
v . 814 . 8,4 - 8nrl T804 _ 8or — 80/
A+ A7 A+ A° A+ A A+ A
x4, . 24 _ 20 + 80,4 . Coorr + &1 4
AN+ A+ A° A+ A’ A+ A°
hpAr + A By A —hyAg
) 1 ‘ —h R4+ Iy A RipAg + A
ARZ + A12 hy Ag hy A
_hZIAI hZIAR

(692)



4.6. Stability analysis

121

If the resulting discrete-time system is unstable, it can be transformed in a stable one by
decreasing the sampling rate. It is possible to select the the sampling rate such that the discrete-time
system is always stable, assuming that the pole locations in the continuos s domain are known.
However, this presumes an increased computing burden, as there are processed more sampling rates
in a time unit. Therefore it is important to analyse the value for the minimum sampling rate and to

determine an optimum value as stated by Franklin et al (1997).

The z-domain transfer function is obtained from an analog prototype transfer function by using

the following substitutions according to the approximation method:

s=Z ; ! forward-difference method (Euler)

¢ - 2~ 1 backward-difference method

z-T
s — 2.2~ biliniar transformation method (Tustin)
T z+1

Thus the interdependence between an s-domain pole and the corresponding z-domain pole is:

Zpote = 1 8, forward-difference method (Euler)
Zpote =7 backward-difference method
- Spo]e
2+ SpoleT o1 s . .
Zpole = 5 biliniar transformation method (Tustin)
-S

pole
For a stable s-domain pole (i.e., o < 0):

Spolc =a+ .]ﬁ

A z-domain pole is stable if it is located inside the unit circle, i.e., its modulus is less than the unit

(one in relative units):
<1=(+aT) +(BT) <1

Z pole

1+20T +a’T* + B°T? <1=>T < -

1
|pole <l= = = < 1
\/(1 o) +(BT) backward-difference method
1-20T +o°T* + B*T? >1:>T>%
o +p

1= |@xal)’ +(BT)" _
|Z"°le 2-al)* +(BT) biliniar transformation method (Tustin)
T>0

Expressed in terms of the sampling frequency (fsample =1/7), the above conditions are:
o +p’ |
Seampte > R forward-difference method (Euler)
o’ +B°?

f. < ———— backward-difference method
sample 2 a

fsamp]e >0 biliniar transformation method (Tustin)

200 forward-difference method (Euler)

(693)

(694)

(695)

(696)

(697)

(698)
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These expressions prove that the sampling rate can always be selected such that the discrete-time
system is stable if the original continuos-time system is stable as well.
The poles position may be variable due to three important factors:
e The simplified assumptions for linearity of the continuous-time model,;
e The parameters variation due to environmental effects: temperature, humidity;
e The implementation of the system using fixed-point digital signal processors. The fixed point
determines round errors and scaling or quantification errors.
So, even for poles placed inside the unit circle, there is a possibility of unstable operation of the
system. A pole location very near to the unit location can be problematic, mainly in environments
with short word length of the DSP. Therefore it may be desirable to maximise the distance between
the critical pole and the unit circle and set the sampling rate accordingly.
The derivative of the modulus of the pole gives the relations:

d|Zpole _ 2a+20°T+2B°T

dr _\/1+2ocT+a2T2+ﬂ2T2
d|Zpolc B — 200+ 20°T + 2B°T
dT _J(I—ZaT+a2T2+ﬁ2T2)3

d|Zpole

forward-difference method (Euler) (699)

backward-difference method (700)

= 4[T ot 7)) AT B+ 4(1] biliniar transformation method (Tustin) (701)
T \/(2+aT)2 +(BT)’
(2-al)* +(BT)*
By setting the derivative equal to zero it is obtained an expression for the optimum sampling
frequency:

2 2
o+
.fsample, opt —

forward-difference method (Euler) (702)

2 2
= % backward-difference method (703)

fsample, opt

Sample.opt > 0 biliniar transformation method (Tustin) as the derivative is always positive.  (704)

One should notice that the above sampling rate values do not optimise the resemblance between
time-domain or frequency-domain responses of the continuos-time and the discrete-time system.
The stable methods (forward-differences, backward-differences and biliniar transformation) map
an s-domain point o + ;B into the z domain as follows:
a) Forward-difference method (Euler)
L d-moa - B (705)
o - jp
where m=1 for the “optimum” sampling rate; m=2 for the minimum sampling rate
b) Backward-difference method
r=_Prie (706)
B—j(—-m)e
where m=1 for the “optimum” sampling rate; m=2 for the minimum sampling rate
c¢) Biliniar transformation method (Tustin)
z =1 the unit circle, (707)
1.e. the system is stable for any stable s-domain poles (& < 0)
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5. MATHEMATICAL DISCRETE MODELS FOR
THE SINGLE-PHASE INDUCTION MACHINE

5.1. Introduction

Discrete-time computational models have to be derived for an advanced motor control of
squirrel-cage type single-phase induction machine. The real-time vector control analysis for the
single-phase induction machine can be realised using mathematical discrete models, in a similar
way to the three-phase induction machine. Some differences will appear due to the asymmetry of
the single-phase induction machine stator configuration.

The same general considerations regarding the discretisation process, valid for the three-phase
machine, apply.

The starting point for converting the continuous-time model of the single-phase machine into a

discrete one is the system of voltage and flux linkage equations. However, by comparison with the

three-phase induction machine discretisation two main differences have to be highlighted:

e The reference system is stationary, fixed to the stator;

e The asymmetrical configuration of the stator windings permits only the analysis in two-axis co-
ordinates system. The space vector notation cannot be used.

The complete set of equations for an unsymmetrical single-phase induction machine using the

universal mathematical model, with flux linkage per second units and reactance elements, is as

follows:

Stator voltage equations:

. 1 d
Uy = Tyl +w—-E),qs
b (708-709)
. 1 d
Ugg = Ty +_'_Z’ds
®, dt
Flux linkages equatiOHS'
Ao = (% K (1=70) 2 ) g +¥a ko (g +i' ) =
(xla +k2 xm) I + ',
Ay :(x]m ) Iys +Yq X l +1' )
( H1-7,) “‘) bt A (710-713)
2 , . .
Mg = de(der"'(Vd ) )ldR"‘dex (lds+ldR):
:/l'dyd+7/d ‘k2(7/d X'+ (Yd _1) 'xm) 1
Mg =% ~(yq -x'r+(yq —1)~xm)-i'qR+yq X, ~(iqs +i'qR) =
:;L'qu_i_fyq (/}/q 'xr +('yq _1).xm),l"qR
Rotor voltage equations (cage rotor case):
1 .1 p 1 a)r 1
OerldR+w—bﬂ, dR+k‘a)b &
0= k2t it LA = 2 At (714-716)
w, k w,

Flo= 2'1"'
R _J/q(d) r
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The transformed rotor current 7'y, equals:

] i
=’y—“; =" (717)
d q
The electromagnetic torque equation is:

P x P 1 1 P 1(1
]—;:_'_m'k'(Yd'isi'dR_y 'idsi'R):_'_'[kﬂ“Ri‘dR__)‘"dRi'Rj:_'_(_)‘dsis_kﬂ‘sidsj:
2 o, 4 a ¢ 2 o, d k ¢ 2 o \k ™" !

P 1 1
=7 xm 2 ' _.A’qs)‘"dR__'ﬂ’dsﬂ“qR
2 k(ub'('xsx'r_xm) ’}/d ’J/q

(718)
If the flux linkages are chosen as independent variables, the currents can be deduced from the
expressions:
1

z‘qsx'r__'l'qR X
. _ q
lgs = D
b
)’dsx r__'ﬂ‘ dR xm
iy, = 2
: KD (719-722)
L. Al X, = Ay X,
- _ yq
lqR = v D
q
L.,
_)L dR xs - A’dsxm
l'v — J/d
dR '}’dkzD
where:
Xg = X + X

x| =x' +x,
D =xx',—x,
Recapping from the continuous linear mathematical models for the unsymmetrical single-phase

€, 2 (13 2.

induction machine, there are three specific choices of the turn ratio “y,” and “yy™:
a) The rotor flux is selected as reference (inverse I'-form model):
X,

m

Tin ;f : (723)
xm

T +x) 8

b) The air-gap flux is selected as reference (T-form model):

q

Y4

Yo =Ye=1 (724)
c¢) The stator flux is selected as reference (I'-form model):
_ X T Xim
m (725)
_ kx, +x, _
STy T

If the inverse of D is noted with d, the voltage equations will be re-written in a new form:
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qs m y wb E qs
Uy, = ’”az (x'rd Ads xmd.l.l'de L ilds
¢ 4 @, dt (726-729))
' 1 1 1 1 d ] 1 wl’ '
OZFR (Fxsd )'qR_;xmd')’qu w_b _t/’LqR_k'al drR

For null initial conditions, if the Laplace transformation is applied, it results a matrix system:

Ay 7, x'. d 0 roX.dly 0 Ay Uy
s | Ay 0 —x" d/K 0 rx.di(y-k) || Ay Uy,
@, (A || rexadly 0 exdlV alke) ||| 0] PO
A'w 0 rox.dly  kKaolo) —rexdly || 0
or syntl_letica_lly:_ o S
sY(s)=A4-Y(s)+B-U(s) (731)

By comparing to the general form of a state variable system:
s-X(s)=A-X@)+B-U(s)
{ Y()=C-X(s)+D-U(s)
It can be observed that the state variable vector is identical to the output vector (in this case the flux

linkages per second vector). The inputs vector is the voltages vector (in this case only the stator
voltages, as the rotor is short-circuited). By identification, we obtain:

(732)

-r.x' d 0 rox.d/y 0
Ao . 0 -rx' d/k’ 0 rox.d/(y- k)
e x dly 0 ' xdly’ o, /(ko,) (733-734)
0 r'y x,d/y ko, /o) -r'yxd/y’
B =,

5.2. Bilinear transformation method (Tustin)

Recapping from the mathematical discrete model of three-phase induction machine analysis, the
following relation is the bilinear transformation (Tustin) from continuous to discrete domain:
2 1-z7'
§=—"
T 1+z"
The matrix equation from continuous domain becomes in discrete:
2 z—-1
—- Y(z2)=A-Y(z)+B-U(z 735
I ¥ (D) =AY ()4 B-UG) (735)
which gives the relation for the inputs vector ¥(z):
Y(2)=(2f-T-A) - (2f T+ A)-z" - ¥(2)+ (2f T-A) - B-(1+2")-U(z) (736)

where:
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[2f twrx' d 0 Fo,r.x.d/y 0
0 2+ a)brayg " d 0 _ (obrazxma’
k k™y
2f-IFA= 1a)br'R x,d 0 2fia)br'R2xsd Fo, (737)
14 14 k
0 1a)br'R x,d ko, zfiwbr'szsd
Y 4 i

The expression of the flux linkages per second in the discrete time domain is obtained when using
the bilinear transformation:

Ay (1) Ag(n—1) u (n="1)+u, (n)

Ais(m) | A (n=1) ug (n—=1)+u, (n)

M) A= 0 (738)
Al (1) Al (n=1) 0
C=(2/-A4) -(2f+A) 39)

D=a,-(2f-A4)
The above relations lead to the mathematical discrete model of the single-phase induction
machine from Fig. 5.1.

The electromagnetic torque is computed using the stator and rotor flux linkages as independent
variables:
1

P X 1
L= = = A A g — A A
2 kw, .(xsxvr_xrzn) [Yd qs”" dR 74 ds qRJ
Considering the continuous time domain and using the Laplace transformation, the rotor angular
velocity value is readily available from the torque expression:

_P x,d

T2 kayy (et~ Ad's)

(740)

1P 1
wr:;.[?j(y;_m} (741)
The currents vector can be determined according to the following matrix equation:
Iy x' d 0 -x.d/y 0 Ay
s | _ 0 x'd/k? 0 —x_d /(k*y) . Ay (742)
' X, d /Yy 0 x.d/y’ 0 Ak
i'w 0 —x.d /(k*y) 0 x dI(K*y) | [ A
or in a condensed form:
i(n)=F -A(n) (743)
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A cll
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dl1 cl2
> 1
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P cl3
\1
1 di2 o4
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P c21
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c22
d21 < 2
ds(n)
-1
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Fig.5.1. Complete discrete single-phase induction machine model based on
bilinear transformation method (Tustin)

The analysis of the block diagram given in Fig. 1 shows that for a complete implementation of the
model 27 multipliers, 23 additions operations and 4 delay blocks are necessary. However, this
model can be simplified depending on the type of implementation. The general structure of the
physical implementation depends on the placement of the blocks and the system frequency response
will be modified accordingly.

5.3. Forward-differences method (Euler)

The system will become unstable if the sampling period for a discrete model is incorrectly
chosen. The transformation from the continuous-time to the discrete-time domain can be made
using the Euler method, which by definition is:

dx x(n+1)—x(n)

dt T
where 7' is the sampling period.

The voltage equations for the single-phase induction machine with cage rotor are transformed as
follows:

(744)
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' 1., 1 A (m+1D)=A,(n)
uqs(n):i;n-(xrd~lqs(n)—xmd-;lqR(n)j a -
uy (n)= (x d- ds(n)—xmd~ll'dR(n)j 1 l‘“(n +1;_ A (1)
Y “’1 . (745-748)
1 + 1 _ 1
0= (szd Al () = lxmd')“qs(n)J-'_L' — qR(n)_l'&)"dR(”)
4 4 , T k o,
| | 1 L A =A™ o,
0=r'y (FXd /ldk(n) ;xmd')'ds(n)J"‘wb o T = : b)«qR( n)
which gives the matrix relation for the flux linkages per second in discrete representation:
A(n+1) | |, X, daT+1 0 rx daT/y 0 A1) U, (1)
Ag(n+1) | 0 —x' doyT/ I +1 0 rx doT (Ky) || An) e (n)
Apn+) || rox,daTly 0 SxdaTi e Tk || Am | ] o
A p(n+1) 0 ryx. daT/y —kaT ' xdo Ty +1| | X' (n) 0
(749)

or in a condensed form:
A(n+1)=E-An)+ @,T -u(n) (750)

As the flux linkages per second vector is the independent variables vector, the currents are
determined according to the following matrix equation:

g x' d 0 -x.d/y 0 Ay
iy _ 0 x'"d/k’ 0 —x_d /(k*y) ' Ay (751)
' & —Xnd /Yy 0 x.d /v’ 0 A'r
i'w 0 —x.d /(k*y) 0 x d/(K*y?) | [ A
or in a condensed form:
i(n) =F -A(n) (752)

Similar to the bilinear transformation case, the electromagnetic torque is computed with the
relation:

(4

P X, 1 . 1 , P x.d ' ,
2 ko, (xx',-x; ) [Yd hat's Yy o qR] 2 kayy (A u-Adin) O
For the forward-differences method (Euler), the mathematical discrete model of the single-phase

induction machine is described by the block diagram in Fig. 5.2. This model is characterised by the
following number of blocks requested for implementation: 9 additions, 15 multipliers and 6 delay
blocks. By comparison with the previous discretisation method, it is obviously the simpler
implementation structure for the forward-difference method. The computational burden is 1.8 times
greater with the bilinear transformation than it is with the forward-difference method.
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Fig.5.2. Complete discrete single-phase induction machine model based on
forward-difference method (Euler)

5.4. Backward-differences method

This simply to apply discretisation method allows the implementation of a stable discrete system
if the analogue version in continuous time domain is also stable. Using this method, even unstable
continuous models can be transformed in discrete stable systems. Nevertheless, it must be stated
that due to the distortions in the frequency response of the system, a lower sampling period has to
be used. The flux linkages per second vector can be obtained by applying the relation used for the
same transformation type from the three-phase induction machine to the single-phase induction
machine:

1_TZ_l Y (z)=A4-Y(2)+B-U(z) = (I -A-T)-¥Y(z)=z"-Y(2)+B-T-U(z) (754)
or in a matrix form:
A’qs (n) 2’qs (n - 1) uqs (n)
’lj*s(”) —(I-A-T) " ’1;“(”_1) +(I-A-T)" o, s (1) (755)
A (1) A g (n=1)
2 )] | Aty (-1 0
or in a condensed form:
An)=G-A(n-1) +H -u(n) (756)

where:
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i Tr, x,d
1+@.Trx' d 0 DTk d 0
Y
0 lJrcobTrazx'rd 0 _(ObTi”;)Qnd 8n 82 83 8u
G:(I—A-T)_lz | k | k™y _| 82 8» 8xn 8u
_a)bTrrxmd 0 1+warrde _oT &1 8 8n &
Y Y’ k 8a 8n 8u 8u
0 _olr x.d ko T n cz)bTr2r xd
i Y v
(757)
and:
H=G-oT (758)

The matrix elements g; , ij = 1, 2, 3, 4 expressions are not detailed here, due to the space
limitations.

Like in the previous cases, the electromagnetic torque represents the output of the discrete
system:

P X 1 1
L= = | — A = — A A
2 kwb'('xsx'r—xfn) (Yd g’ dR 7. d QRJ

The discrete mathematical model obtained through the backward transformation method is
illustrated in Fig. 5.3. A comparative computational burden for different methods of discretisation is
given in Table 5.1.

_P X, d
2 ko,y

'(%s/'l'da—?ldsi'qlz) (759)

TABLE 5.1
Method \ Real operation Additions Multiplications | Delays
Forward-difference method (Euler) 9 15 6
Backward-difference method 21 27 4
Bilinear transformation method (Tustin) | 23 27 4

The following conclusions can be drawn regarding different implementation options of a discrete

mathematical model for the single-phase induction machine:

e the pulse invariance method and backward-difference method determine similar discrete
mathematical model for the machine;

e the step invariance method and the forward-difference method determine similar mathematical
discrete model for the machine.

e the frequency characteristic of the model differs from one method to another.

e the forward-difference method (Euler) presents the minimum computing time.

e when accuracy is the determining factor, the bilinear transformation method (Tustin) has to be
chosen for the implementation of the mathematical discrete model of the machine.

e it is also possible to apply a hybrid approach where the stator and rotor equations are discretised
using different transformation methods.
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Fig. 5.3. Complete discrete single-phase induction machine model based on
backward-difference method

5.5. Z-domain transfer functions

Recapping some general considerations of linear algebra, a state-variable system using matrix
notation in z-domain is described as:

x,(n+l)=A-x,(n)+ B -u,(n)

y,(n)=C-xn)+D-u(n) (760)

x,(n)=[x,(n), ..., x,(m]
where xg(n) is the vector for the state variables, us (n) and yy(n) are the input and the output vectors
respectively, and A4 is the state matrix. The impulse response sequence in terms of the state-variable
description is given by the relation:

D, for k=0
h(k) = ’ 761
) {C-A“,fork>0 (761)
and the transfer function matrix:
H,(z)= i Wky-z"=D+C-(zI-A4)"-B (762)
k=0

For the analysed system, i.e. single-phase induction machine, there are four real outputs (the
stator and rotor flux linkages per second) and two real inputs (stator voltages). Also, the state
variables are the outputs directly. We can establish the notation:
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Aygs (1)
)“ds(n)
A 'qR (n)
Al (1)
The state matrix A, the input vector u and the coefficients matrix B, C, and D have different

elements according to the transformation method used for implementing the discrete mathematical
model for the single-phase induction machine.

x,(n)=y,(n)= (763)

1) Bilinear transformation method (Tustin):
By comparing the already established relations with the general form of a state-variable description,
for this transformation method we have the notation:
The inputs vector:

Uy (n)+ Uy (n—1

g (n)+uy (n=1)

u,(n)= (764)
0
0
The state matrix:
2f+w,r,x'.d 0 N 0 IR
0 2f+(ubrax'rd 0 _a)braxmd
k* k*y
A= wryx,d 0 2f a)br'R2 x.d -,
y k
0,y x,d o'y xd
i 0 +kw, 2f+—y2 | (765)
2f -, x' d 0 +o,r x . d/y 0 ]
w,rx' d w,r.x, d
0 2f_ ° P 0 ka—}/ a, 4, 4a; 4dy
, , |G Gy Gy Ay
w, 7'y x,d 0 2 w,r'y x,d +o, =1, ; p p
2 31 32 33 34
k
4 4 ay Ay Ay Gy
0 +a)br'R x. d ko 2f - o'y xd
] Y ' Y
The coefficients matrix is:
[2f+w,r,x'. d 0 -0, 7 X, d ]y 0 T
0 2f 4 @i d 0 _ O Xnd b b, b. b
k2 kz}/ 11 12 13 14
_ ' ' b21 b22 b23 b24
B=ow, w,r'y x,.d 0 2f+a)erxsd -, b b b B
’}/ 'J/z k 31 32 33 34
' ! by by by by
or',x.d or', xd
0 - Rm” +kw 2f + 2 R
2
L Y 14 J
(766)

The elements of the matrix 4 and B require too much space to be detailed here.
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1 0 0 0 0 0
c_|0 T oof  too (767)

00 1 0 0 0

00 0 1 0 0

We obtain the transfer function described by the 4 rows, 4 columns non-zero elements matrix:
-1

Z—ay U —a3 —ds by, b, bs by h(2) my(2) hy(2) hy(2)
) ZTa, Ty —Gy ) by by, by b, _ hy(2) hy(2) hy(z) hy(2) (768)
) . 270 Ty by, b, by b, hy(2) hy(2) hy(z) Iy (2)
—dy ) Tty 2y b, b, by b, hy(2) hy(2) hy(2) hy,(2)
where the elements 4;; of the transfer function matrix may be computed through linear algebraic
computation.

The transfer function for the currents vector considered as output in relation to the voltages
vector as input can be determined as well:

H,(z)=

—a

X'k (2) - h31<z> Mz)—’“m Iy (2)
2r Iy (2) = ——hy (2) x; hy (2) — 42
H(=d| " Ky k Ky (769)
()= 2y (2) hﬂ (z) -2 s (@)
Y Y
4] h2l 42 m h22
(k T @) = () (k T e - (z)

The corresponding input vector will be:
Uy =y -(1+z‘1)

u, :{ul} where:
Uy uzzuds-(1+z_')

11) Forward-differences method (Euler)
The state matrix A is described by the relation:

—r.x' . do,T +1 0 rx.da.T/y 0
0 —rx' doT/k*+1 0 rx doI /(*y)
A=| ' X (770)
r'y x, doT/y 0 —r'y x,do,T/y +1 oTlk
0 r'yx. doT/y —ka.T ' xdwo,T/y" +1
The input vector and the corespondent matrix coefficients are:
o, 0
g, (1) 0 o7
u(n)=| "1 B = b (771-772)
uy (n) 0 0
0 0

The other matrix C and D have the same value as for the bilinear transformation case. The transfer
function matrix results as follows:
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-1

[z+rx' daT—-1 0 . x.doT/y 0 Ql 0
H ()= 0 z+rx" dgT /K 1 0 —rx. daT [(k*y) 0 al
' x. d)T/y 0 z+ry xdaT/y -1 -aT/k 0 0
| 0 —'y x.doT/y kaT z+r'  xda Ty’ —1] 0 O
(773)

A detailed expression for each element of the matrix H; (z) with 4 rows, 2 columns of non-zero

elements, is beyond the scope of this work. The transfer function valid for considering currents
vector as outputs, when voltages vector represents the inputs, is identical in symbolic form with the
bilinear transformation method case.

111) Backward-differences method
Similar to the cases previously analysed, the state matrix 4 consists the main computational burden
when determining the transfer function matrix H; By comparing the established relation for the
discrete domain model through this method, we get the following notation:

- -1

T d
1+ @,Trx' d 0 _ Dot d 0
Y
0 1+warax L d 0 _o,Trx,d G Gz 4y
A= K Ky _ |90 Gy Ay Ay
o, Tr' x,d 0 n o, Tr', x,d _oT Ay Ay Ay Ay
14 i k Ay Ay dy3 Ay
Tr' x_d Tr'
0 _oIr' x, ko,T lJr60b rzrxsd
L 4 4 i
(774)
and the input vector us and the coefficients matrix B are:
u, (my=| " M B=4-0,T (775-776)
) 0
0

The matrix C and D are identical to that ones previously determined.
We obtain the transfer function matrix H as 4 rows, 4 columns matrix with non zero elements:

-1

Z—day —d; —dyy ay  dp Gz Gy
a zZ—a — 612 a a a a
21 22 4 21 22 3 24
H, (z)=0,T . (777)
—a U3, Z7 0y Ay sz Q3 4y dy
ay —dy, —a n Ay Ay Ayy Gy

The complete expressions for computing the transfer function matrix elements require intense linear
algebra computation, and therefore it is recommended to determine these values according to the
concrete machine parameters. All the considerations made for the currents vector input case are also
valid.
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6. LINEARISATION OF THE INDUCTION MACHINE MATHEMATICAL
MODEL

6.1. Introduction

An important problem related to the modelling of the induction machine is the non-linearity of
the equations that describe its operation. This phenomenon appears in the voltage equations and the
electromagnetic torque relation as well, due to the products between the state variables. When a
control system with induction machine is designed, it is very useful to linearise the machine
equations.

Basically, the linearised equations are obtainable in two ways (Krause et al - 1995), (Rogers -
1965). Firstly, the most used method is the Taylor series expansion of a particular variable (for
example voltage, current, flux linkage, or torque) around the steady-state operating point and then
by neglecting all second-order terms. Alternatively, it is possible to obtain the linearised equations
by expressing all the variables as the sum of their values in the operating point and their incremental
value, by neglecting the terms which comprise products of incremental values and by eliminating
the steady-state terms. This is called the small-signal form of the machine equations. The result is a
differential linearised equations set which describes the dynamic behaviour of the machine when
small displacements from the operation point are present. The induction machine can be analysed in
this way as a linear system, and it is possible to apply the basic linear system theory in order to
compute the eigenvalues and to establish transfer functions for use in the design of controls for
these machines.

By definition, the initial displacements of the state-variables are considered to be zero. That is,
any machine variable can be written as:

X=X, +Ax (778)
where x, is the value for the variable x in the fixed-operation point, and Ax is an incremental value

from this value.

The equations set for the state-variables are:
px(t)=A-x¢)+B-ut)+E-z(t)
y&)=C-xt)+D-u()

where x is the state-variables vector, u is the inputs vector, z is the perturbations vector, y is the

outputs vector, A the state system matrix, B the inputs matrix, C the outputs matrix, D the input-

output matrix, E the perturbations matrix.
If u is set to zero the general solution of the homogenous or force-free linear differential

equation becomes:

x=e"K (781)
where K is a vector formed by an arbitrary set of initial conditions. The exponential e” represents
the unforced response of the system. It is defined as the state transition matrix. Small-signal
stability is assured if all elements of the transition matrix approach zero asymptotically as time
approaches infinity. For the stability analysis, the characteristic equation of 4, defined as follows, is
used:

det(A-AI)=0 (782)
In the previous equation 7 is the identity matrix and A are the roots of the characteristic equation,
referred as eigenvalues, characteristic roots or latent roots.

The eigenvalues provide a simple means of predicting the behaviour of an induction machine at
any balanced operating conditions. For a real eigenvalue, the induction machine has an exponential
response, and signifies a movement away from the operating point. A real eigenvalue is positive

(779-780)
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over the positive-slope region of the torque-speed curve, and becomes negative after maximum
steady-state torque. When the eigenvalues are complex they occur as conjugate pairs and signify a
mode of oscillation of the state variables. Negative real parts correspond to oscillations, which
decrease exponentially with time, meaning a stable condition, while positive real parts correspond
to an exponential increase with time, an unstable condition.

Usually, the starting point for the machine system analysis is from the voltage equations,
combined with the mechanical equation. So, if the input vector is formed by the stator and rotor
voltages plus the load torque, the matrix equation of the system is written as follows:

u=L-pc+R x=[Lp+R] x (783)
where [Lp + R] is denoted as the motional impedance matrix of the machine.

It is possible to obtain the eigenvalues by substituting the differential operator p with the roots
symbol A, thus the eigen-motional impedance matrix Z, can be formed, and the characteristic
equation will be:

det[Z,(1)]=0 (784)

The design and analysis of controls associated with machines (i.e. vector control) require the
transfer function of the actual electrical machines, viewed as a system. Using the previous state-
variable set of equations, and substituting the differential operator p with the Laplace operator s, the
input-output transfer function can be expressed as follows, considering no perturbations (z = 0):

H(s):M:C{sI—A]_I -B+D (785)
u(s)
If the inputs vector is zero, the output-perturbation transfer function can be computed as:
H_(s) =&=c-[s1—A]“ E (786)
z(s)

6.2. Three-phase induction machine linearisation

In the concrete case of the symmetrical three-phase induction machine, the per unit version is
selected for compactness, and the input vector u is chosen to be the voltages vector. Practically, it
contains two terms for the stator voltages, and two terms for the rotor voltages expressed in two-
axis coordinate system. However, a single input variables or a linear combination of several input
variables can also be selected. In this formulation, we can express u as:

u=G-Au, (787)
where G' is a column matrix and Au; is an input variable such as a linear combination of several
input variables i.e. the amplitude of the terminal voltage.

The perturbations vector is usually given by the variation of the load torque:

2 =AT} (788)

Recapping from the d-g modelling of the three-phase induction machine, there are fourteen
possible sets of state-variables: currents, flux linkages or mixed flux linkages and currents pairs. Let
the selected pair of incremental state-space variables be denoted as Ax,,Ax, and detailed as:

Ax, =Ax, + ijlq

Ax, = Ay, +ij2q

The small-signal expression for electromagnetic torque can be deduced from the large-signal torque
expression:

T, =K'(xquzd _‘xld'x2q) (790)

(789)
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. ) , X
where K denotes a constant corresponding to the selected set of state-variables (i.e. K = 3‘“ for flux

linkages as state-variables).
If we apply the small-displacement approach to the state-variables, it results:

AT, :K'(xlquxzd +x2dOA‘xlq ~Xido Aqu X 2q0 Axld) (791)

For a complete description of the linearised induction machine model, we have to include also the
mechanical equation, expressed in small-signal form:

A0 _ L (a7 -aT) (791)
o, 2H

The starting point for the linearised state-variable models is given by voltage equations system
written in stationary reference frame:

u=L-px+R-x (792)
where: x is the selected set of state-variables and represent also the output of the model, u is the
previously detailed input vector, L is the coefficients matrix (it can be formed by reactance values,
or non-dimensional elements) for multiplying the time derivative of the state-variables, R is the
coefficients matrix (it can be formed by resistances and reactances values or non-dimensional
elements) for multiplying the state-variables.

Finally, the elements for the three-phase induction machine mathematical model in linearised
form will be:

px(t)=A-x¢)+B-ut)+E-z(t)

p

(793-794)
y@)=C-x@t)+D-u(t)
where:
T
X(0) =&y, Moy Mo, A, Ao, (795)
w(t)=[Auy, Auy Auy, Au, AT ] (796)
and:
A=-M".S§
B=M"
L 0@4)) R
M = 1 |3 8= (797-798)
2 o 01,4 0
lzlzK'[xzdo X0 "o xlqO:I
T
"12:[0 0 Ago (X140 5%00) _;Lqro(xlqoaxzqo} ;
‘1.0 0 0 O] 0 0 0 0 O]
01 0 00 0 00 00O
C=/0 0 1 0 O|=1I; D={0 0 0 O 0|=0, (799-800)
000 10 0 00 00O
00 0 0 1] 00 0 0 O]
The perturbations vector can be extracted from the inputs vector as:
z(t) = AT, (801)

and:
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T

E = [0 0 00 —L} (802)

2H

The eigenvalues can be determined from the characteristic equation. The other way of
determining the roots of this equation is by using the motional matrix impedance:

det[Z, (A)] = det| MA+ 8] =0 (803)
In Fig. 6.1 is illustrated the small-signal equivalent circuit of the three-phase induction machine in
stationary reference frame:

8 Lls L Ir o P g r'r —A0 & gy
- + - +
— =)
+
AT
A qr
A u @ bm A
qs qr
T Ly L, —0p Ak qr r —Ao }Lqu
+ + -
— —
- e () )—
AT <—
ds LM A i ar
Au ds A g

Fig. 6.1. Small-signal stationary reference-frame equivalent circuits for a
three-phase, symmetrical induction machine

6.3. Single-phase induction machine linearisation

In the concrete case of the unsymmetrical single-phase induction machine, the flux linkage per
second version is selected for compactness, and the input vector # is chosen to be the voltages
vector. Comparing with the symmetrical three-phase induction machine case, the same general
considerations are valid. The asymmetrical configuration of this induction machine type can be
included readily in the state-variable equations form by using the turns' ratio value k.

The small-signal expression for electromagnetic torque can be deduced from the large-signal
torque expression in two forms, depending on the selected set of state-variables:

I) Flux linkages models or currents models:

T, = K (340 ~ 2%, ) (804)
II) Mixed flux linkages and currents models (; current space vector, x, flux linkage space
vector):

1
I. =K '(leqXZd - kxmxqu (805)
where K denotes a constant corresponding to the selected set of state-variables. For example:
P x,

=—- if the stator and rotor flux linkages are selected as state-variables.
2 koD

If we apply the small-displacement approach to the state-variables, it results:
I) Flux linkages models or currents models:
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AT, =K '(xlquxzd +x2d0Ax1q ~Xido AXZq g0 Axld) (806)

II) Mixed flux linkages and currents models (¢ current space vector, x, flux linkage space
vector):

1 1
AT, =K - (; Xg0AXg + z Xogo AXig — kX149 AXyg —KXq0AX; 4 J (807)

For a complete description of the linearised induction machine model, we have to include also the
mechanical equation, expressed in small-signal form:
Aw P
- =— (AT, - AT, 808
p a)b 2 J ( e L) ( )
Following are the final elements , which describe the linearised model of the single-phase induction
machine:

px(t)=A-x¢)+B-ut)+E-z(t)

y(t)=C-x(t)+D-u() (805-810)
where:
x()=[&, A, My, Ay, Mo (811)
u(t)=[Au, Au, Auy, Au, AT, (812)
A=-M".S§
B=M"
M= ' 0(4;1]) : s{ r”} (813-814)
L, -=1 0(1,4) 0
1 1
lzlzK'[xzdo X  “Xido x1q0:| or I, :K'[;xzdo _kaqo — kx4 ;xlqo:l
_ | T
r,={0 0 %A‘dro(xldo »Xg0) _k)“qro(xlqoaxzqo):| ;
1.0 0 0 O] 0 0 0 0 0]
01 000 000 00
C=/0 01 0 O0|=I, D=|0 0 0 0 O|=0, (815-816)
000 10 000 00
(100 0 0 1] 00 0 0 O]
The perturbations vector can be extracted from the inputs vector as:
z2(t)=AT; and E = {0 0 00 —%T (817-818)

The eigenvalues can be computed either from the characteristic equation or by using the motional
impedance matrix of the machine:

det[Z, (A)] = det| MA+ 8] =0 (819)
In Fig. 6.2 is illustrated the small-signal equivalent circuit of the single-phase induction machine in
stationary reference frame:
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- le L . -m 6&)» dr (1/k) -Ao A dr0 (1/k)
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Fig. 6.2. Small-signal stationary reference-frame equivalent circuits for a
single-phase, unsymmetrical induction machine
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