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Abstract:

The interest in electrical machines is spread in
a large area of applications.

For this reason the purpose of this project
is to investigate the nonlinear phenomenon
in buried permanent magnet synchronous ma-
chine.

There is a difference in the direct and quadra-
ture inductance of the machines. The induc-
tance variation is investigated to observe the
saliency which is based on the inductance in
the d and q axis of machine. The d-axis in-
ductance and g-axis inductance and torque are
determined from a static test.

A model of the IPMSM whitch include satura-
tion is done. The model is based on laboratory
data. Field Oriented Control was implemented
and tested on the IPMSM.

For validating the control, the laboratory and
simulations results are compared.
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M-files, and simulation
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e Matlab and Simulink are used for all the simulations.

e Literature references are mentioned in square brackets by numbers.

e Detailed information about literature is presented in the bibliography.

e Appendixes are assigned with letters.
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Summary

This project studies the control of a saturated permanent magnet synchronous machine and the present
report is structured in five chapters.

Introductory chapter include information about the motor and the working principle. The main objec-
tives and limitations are also presented.

In order to obtain the desired control, it is necessary to know the mathematically system which can be
implemented. Therefore, the second chapter includes the equations and the reference frame transformation,
implemented in simulations. In the last part of the chapter tests at different condition are made.

In the third chapter different control strategies and control properties are described. Maximum Torque
Per Ampere and Field Oriented Control were chosen to be used in simulation. Here the controllers design
and the control performances are shown.

In chapter four the laboratory work is presented. It starts with the description of the test and the setup
used and further on the results obtained are shown and commented in comparison with the ones obtained
from simulation. In the last chapter the conclusions are presented and also ideas for future work are shown.

All the abbreviations used in the report are included in the Nomenclature and Acronyms. The report
ends with the bibliography and the M-files used for the results obtained.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Nowadays, two of the main research objectives are regarding the energy savings and proper management
of the energy resources.

In energy savings, the apparatus are designed and manufactured in order to reduce the energy consump-
tion. For this purpose the efficiency was increased, i.e. the equipment that provides maximum performance
while using minimum energy.

In electrical machine the efficiency has been improved also, by changing the machine type, structure
or improving the control of the machine. Electrical machines started to become simpler, reliable and less
expensive in order to improve the selling capability. Variable speed drives has increased, being used in
application like: robotics, electric cars and air conditioning.

Synchronous machines are used now for application ranging from high power to low power. From this class
of machines Permanent Magnet Synchronous Machines (PMSM) are very advantageous and challenging.

The advantage consists due to the reluctance torque and to several features like high efficiency, high
power factor, and high controllability on an extended speed range. Also since the rare earth PM material
and technology has reduced the price of the magnets, PMSM are available on the market at low cost[1].
Weight and seize have been reduced, keeping the same output power. Lower the mass the rotor inertia will
decrease resulting in better dynamic response.

In permanent magnet machines if the magnets are placed in the interior of the rotor the motor is called
Interior Permanent Magnet Synchronous Motor (IPMSM).
An important disadvantage of the IPMSM is represented by the effect of magnetic saturation. Magnetic
saturation affects the motor performance and also its control within the drive system. The effect of magnetic
saturation has been investigated by many researchers, but assumptions were done in all the cases.
For example in some models the cross saturation phenomenon is not included or Lg and L, inductance are
considered equal. There are also models where only a single saturation factor approach is included or models
used to estimate the q axis inductance while d axis inductance was constant. More information about this
work can be found in [4],[5],[6].

In this project an investigation for the effect of magnetic saturation for an IPMSM is done in order to
represent the saturation effects on L4, Ly who are functions of saturation level. Because of the magnetic
saturation, the flux cannot be expressed as functions of inductances. Each flux is a nonlinear function of the
currents.

In the next section additional information and classification about the PMSM is given.
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1.1 Permanent Magnet Motors

Permanent Magnet Synchronus Motors (PMSM) are attractive growing for a wide range of industrial
drives and servo applications.

A permanent magnet synchronous electrical machine (PMSM) is a rotating electric machine used to
convert electrical energy into mechanical energy. First, the electrical energy is converted in magnetic energy
and finally the magnetic energy is converted into mechanical energy.

The most common materials used to manufacture the rotor are the ferrite and rare earth magnets. The
ferrite is cheap and generates a weak magnetic flux while the rare earth magnets are expensive and generate
a strong magnetic flux [7].

Using rare magnets a high torque to weight ratio and high efficiency can be achieved. The power of the
PMSM is defined as:
P =wnm - Te (1.1)

where P, is the mechanical power generated by the motor, w,, is the mechanical speed of the shaft (rotor)
[rad/s], T. is the generated torque [Nm|. The mechanical power will always be smaller than the electrical
power used by the motor.

1.1.1 Classification of PM Motors
A simple classification can be seen in Fig 1.1. PM motors can be divided in two groups: AC and DC

machines. The only difference between PMDC and conventional DC machines is the use of permanent
magnets in the place of field windings.

PM Electric Machines

7N

PMDC Electric Machines PMAC Machines
Trapezoidal Type Sinusoidal Type
(BLDCM) PMSM

s

Surface Magnets Type  Interior Magnets Type
(SPMSM) (IPMSM)

Figure 1.1: Classification of PM electric machines [1]

The PMAC are very simple since the comutator and brushes don’t exist. The field is generated by the
magnets placed in the rotor. The PMAC machines are grouped in trapezoidal and sinusoidal type. They are
called like this in function of the back-EMF voltage waveform induced in each stator phase [1].

The sinusoidal PMAC machines started to be more used due to the superior power density, high torque
to inertia ratio, efficiency, and availability of high density permanent magnet material at relatively low cost
(1].

The distribution of air gap flux density in permanent magnet synchronous machine, with load, has a
distorted waveform caused by the saturation effect on the rotor. The extent of saturation along d and q axes
also varies according to the type of rotor configuration [3].
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In function on how are the magnets placed in the rotor, two main types can be distinguish in Fig 1.2: a)
surface magnet type b)interior magnet type.
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Figure 1.2: PMSM rotor types [7]

The surface mounted permanent magnet is a non salient machine since the permeability of the magnet
material is similar with air permeability.
This configuration presents a high reluctance path to magnetizing flux that does not vary much with position
around the rotor causing the d and q axes inductance difference to be insignificant [3].

The IPMSM are more robust and can operate at higher speed. When the magnets are buried inside the
rotor, saliency effect appears where saliency can be defined as the nonuniformity of the air gap between rotor
and stator. Because of the rotor magnets and saliency, cogging torque also arise in IPMSM, where cogging
torque represents the parasitic tendency of the rotor to align in connections with action of the magnet at
discrete positions [2].

For this machine, direct axis reactance is bigger than quadrature axis reactance X, < X4. The reason for
this is that in the magnetic circuit of the quadrature axis is only iron but a part of the magnetic circuit in
the direct axis of the rotor consists of the magnet whose permeability is almost equal to air permeability [2].
Thus the d axis reluctance is increased and its reactance is decreased.

1.1.2 Working principle

The PMSM stator is similar to an induction machine or switched reluctance machine stator, with the main
difference the rotor. The induction machine has wound or squirrel cage rotor, the switched reluctance machine
has an iron core rotor and the PMSM rotor is mainly made of permanent magnets and ion laminations.

The three stator windings are placed 120°apart with respect to each other. In the figure below the
placement of the stator winding for a three phase machine with two poles per phase can be seen.
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Coil € ~———Coil A

Figure 1.3: PMSM with 2 poles [8]

In Fig 1.4 can be seen how the magnetic field generated by electromagnets interacts with the magnetic
field generated by the permanent magnet, resulting in rotational movement of the magnet. Two magnetic
poles of the same sign will always push against each other while two magnetic poles of different sign will
always attract each other.
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Figure 1.4: Working principle [8]

The principle behind the operation of the PMSM is the interaction between the rotating magnetic field
generated by the stator and the magnetic field generated by the rotor.

An advantage of the PMSM is the generation of the rotor flux by the permanent magnets without needing
the use of electrical energy.

By supplying the stator windings with voltage the resultant magnetic field generated by the stator will
rotate. The rotating speed of the resultant magnetic field is proportional to the frequency of the supply
voltages and is called the synchronous speed [8].

The synchronous speed is calculated using the following formula:

120 f
ne=— (1.2)

where n; is the synchronous speed [rad/s], { is the frequency of the supply voltage [Hz], n is the number of
poles per phase.
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From the above equation it can be seen that synchronous speed is dependent on the frequency and the
number of poles per phase. The synchronous speed will decrease if the number of poles increase. The rotor
of a PMSM is rotating with synchronous speed. For this reason the PMSM is used where precise control of
the speed is necessary.

The mechanical speed depends on the number of pole pairs per phase and synchronous speed. The formula
used to calculate the mechanical speed is the following:

We = W " Npp (1.3)

where w, is the electrical speed of the rotor [rad/s|, wy, is the mechanical speed of the rotor [rad/s|, n,, is
the number of pole pairs per phase.

1.2 Project Objectives

The main goal of this project is to determine and test an IPMSM considering the saturation effect.

The main requirements of the project are:

e Analysis and determination of IPMSM parameters.

Investigation on saturation effects.
e Test results on a lab setup with verification of analysis and design work.
e Choosing the matematichal model for IPMSM.

Control of IPMSM in order to determine the corectness of the model.

1.3 Project Limitations

During project development, several limitations had to be imposed. This project will be focus on laboratory
measurements and modeling of the saturated IPMSM. The dynamic control of the motor using D-space
platform will not be implemented.

The main limitations of the project are:
e Only the IPMSM model will be consider.
e Measurements are done only under static tests.

e Real system dynamic control will not be implemented




Chapter 2

Mathematical model

In this chapter the equations of the motor are presented in order to understand the physics and to have
the necessary knowledge to design the control of the electrical machine. The mathematical model will be
further tested using these equations.

2.1 Voltage equations in the stationary a,b,c reference frame

The stator voltage equations of the PMSM in natural a,b,c reference frame can be expressed in matrix
form as below [1]:

. ) d
Vabes = Tslabes T+ labes T aAabcs (21)

where, 1 is the the stator winding resistance per phase, igpcs is the stator phase current matrix, vqpes is the
stator phase voltage matrix and Agpes is the stator flux linkage matrix. All the matrix the can be seen in 2.2.

U(IS ias >\a5
Vabes = | Ubs | j%abes = |Tbs | 5 Aabes = | Abs (22)
UCS cS ACS

The flux linkage matrix Agpes include the stator currents and rotor permanent magnet flux in below
matrix.

Aabes = Aabcs(s) + )‘abcs('r‘) (23)
where Agpes(s)y and Agpes(r) are defined as:
Laas Labs Lacs szn(@r)
Aabcs(s) = Lbas Lbbs Lbcs iabcs y )‘abcs(r) = )\m Sln( r = 2?‘”) (24)
Leas Levs  Lees Sin(er + 2?‘”)

In equation 2.4, 8, is the rotor position angle, Lyqs, Lpps, Lees are the self inductance of phase a, b, ¢, A\,
represent the amplitude of the flux linkage and Lgps, Lacs are the mutual inductances between two phases.
Because of the rotor saliency in IPMSM the air gap is not uniform and therefore the self and mutual
inductances of stator windings are a function of the rotor position [1].

The self and mutual inductances can be seen in equations below .

Loas = Lis + La — Lpcos26, (2.5)

21

Lyps = Ljs + Lag— LBCOS(QQT + ?) (2.6)
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2
Lccs = Lls +La— LBCOS(207‘ - ?ﬂ-) (27)
1 2
Laps = Lpas = _§LA - LBCOS(ZQT‘ - ?ﬂ-) (28)
1 2
Lacs = Lcas = *§LA - LBCOS(297“ + ?ﬂ—) (29)
1
Lbcs = chs = —§LA — LBCOS29T (210)

Finally the flux linkage matrix Aqpcs can be expressed as in equation 2.11

Aas las sin(0,.)
Xos | =L |ivs | + |sin(6, — Z) | A (2.11)
Aes Qs sin(f, + 3F)

2.2 Voltage equations in rotor d,q reference frame

The voltage equations expressed in a,b,c reference frame can be written in a compact form by using the
space vectors. The space vector approach is still not a simple model but mathematical simplification can be
made if the space vector model referred to a rotating reference frame. All the reference frame transformation
are described in Section 2.5.

Finally the rotor reference frame voltage vector is given as in equation 2.12, where superscript r is used
for quantities of rotor reference frame [1]. The rotor position dependent terms are eliminated by transforming
the flux linkage vector to the rotor dq reference frame. This is the main advantage for equations in rotor

reference frame. i
Q;qd = Tsiqu + %A;‘qd + jwegzqd (212)

The flux linkage vector in rotor reference frame is obtained from equation 2.13.
— 30,
—qu = Asqde / (213)
In equation 2.14 the flux linkage vector is written using the magnetizing inductances L,,q and Ly, [1].

Lmd + Lmq
2

Lna~+ Ling . _jz
ingy — —2d—md i Ligga * FAme 72 (2.14)

Noga = (Lis + > I,

The expresions for magnetizing inductances are defined in equation 2.15.

3 3
Lmdzi(LA‘FLB);Lmq: §(LA—LB) (215)
Ly, Ly, Ly, Ly,
La dtLmg p d g (2.16)
3 3
ngd = U;q - jvgd; Z.qu = qu - ]Z£d7 A:qd = )‘gq - j)‘gd (217)

Substituting the expressions from 2.17 to 2.12 and 2.14 and equating the real and imaginary parts in
both sides of the equations the scalar form of the machine equations is obtained as in 2.18 and 2.19.

) d
Vgg = Tslgg + %A:q + WeAly (2.18)
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T -7 d T T
iy = Tslhg + %)‘sd — WeAy, (2.19)
The flux linkage used in the above equations are defined as in 2.20.

2.3 The electromagnetic torque

The electromagnetic torque can be obtained from the power balace equation of the machine. The instan-
taneous power p. flowing into the machine can be written from rotor dq frame variables as in 2.21[1]:

3
De = §(U§di£d + vgqi§q> (221)

Substituting the equations 2.19 and 2.18 into 2.21 the new expression for the instantaneous power p, is
obtained. The first term from 2.22 represent the power loss in the conductors, the second term is the time
rate of change of stored energy in the magnetic field and the last term represent the energy conversion. [1]

3 2 2 3.d iZdQ d ing 3 o ror
Pe = i[rslsd + TSqu ] + 5[% d 9 + %Ld ) ] + §[w€Asdzsq - wCAqusd] (222)

The last term is the p.,, and represent the electromechanical power.

Pem = §[w€)‘sdzsq - WE)\SQZSd} (223)

Multiplying the mechanical speed w,, and the torque T, produced from the machine, the electromechani-
cal power can be written like in 2.24. The relationsheep between mechanical and electrical speed is also given
in equation 2.24.

3 . .
wmTe = f[we)\gdzgq — we)\;qz’;d]; We = =Wy, (2.24)

n
2 2

Finally substituting the flux linkage from 2.20 the torque expression is obtained as below.

3n roer o
T, = §§[Asd7’sq - sqzsd] (225)

2.4 Mechanical equation of the machine

The mechanical equation express the relationship between the electromagnetic torque T, load torque T}
and electrical speed we, where J is the rotor inertia and B, is the viscous friction coefficient.

2d 2
T, =J—— B,,— T, 2.2
. Jndtwe—i— mnwe+ 1 (2.26)

The equations presented in this section are used in the simulation part in order to see the behavior of
the machine under different condition.
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2.5 Reference frame transformation

The dq transformation is done from the three phase stationary coordinate system to rotating dq coordinate
system. In order to make the transformation in a easier manner it is necessary to work in two steps:

e The three phase stationary abc system is transformed in two phase stationary system a3 also known
as Clarke Transformation.

e The two phase stationary coordinate system is transformed in dq rotating system also known as Park

Transformation.

2.5.1 Clarke Transformation, from abc to af

B - axis

Ve

A - axis

L

C - axis

Figure 2.1: The current space vector in o B

In Fig 2.1 can be observed how the magnetic axes of the three phase machine are separated by angle
*yz%. Phase A is arbitrary chosen to coincide with « from the new coordinate system and ( leads a with
90°. In order to obtain the phase currents is necessary to project the current space vector on the phase axis.
The transformation is given in the following matrix:

2 1 cos(y) cos(2y) ?A(t) Ta(t)

= . . . = .7 2.27

3 |0 sin(y) sin(2y) LB(®) i8(t) (2.27)
LC(t)

For voltage and flux linkage the transformations are the same. The equation 2.27 can be written in
compact way as below:

) 2 . .
Laf(t) = g[zA(t) +ipw) -0+ iow) -az] (2.28)

where a= cos(y)+jsin(y) is a vector operator that make the vector rotation [1].




2.6. SIMULATION OF THE IPMSM

In 2.29 the current space vector is defined in complex coordinates:

LaB(t) = ta(t) T J18() (2.29)

2.5.2 Park Transformation(from af to dq)

For electric machines it is necessary to adopt a common reference frame for both rotor and stator. Thus
it is necessary to define the vector rotation where the space vectors are rotated through a known angle [11].

In Fig 2.2 the current is drawn in stationary coordinates. If the current is rotating in anti clockwise
direction , then the dq reference frame will rotate in the same direction with the current space vector and
with the same speed. The current space vector in rotating reference frame is shown below:

Stationary
Imaginary Axis
4
B
IC
Rotating Rotating
Imaginary Axis Real Axis
[ w N
19 d
Stationary
Real Axis
A-axis (L

Figure 2.2: The current space vector in rotating reference frame

The quadrature axes and the current space vector are rotating at a speed w, but from rotating point of
view the current space vector is stationary. The current space vector in rotating reference frame is given in

2.30.
cos(0)  sin(0)| |ia| _ |ia

[—sin(@) cos(0) ig| |1 (2.30)
and can also be writen like as:

igq = iaq + jig = ie 10 (2.31)

Wwhere 6 is the angle between the real axis of the rotating reference frame and the real axis of the stationary
reference frame.

2.6 Simulation of the IPMSM

The IPMSM mathematical model is implemented in Simulink to validate the machine model at different
torque levels. The structure model can be seen in Fig 2.3 and the Simulink model is included in Appendix

A.
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MATHEMATICAL MODEL

Ua
i Uds lds
b| abctodqg i (furlretrjt - caTgL:ﬁaL;iE::)n Te Mechanical | wm
| calculation ; >
block equation
Uc Y8 block 95 | | block i
—
A A
A Tl
wm [Wq¥d
2] J J
Flux
calculation
block

E—
A

Figure 2.3: Scheme of IPMSM simulated model

The inputs of the first block from Fig 2.3 are the phase voltages. Using the transformation presented
in Section 2.5 the dq voltages are obtained. The stator current in reference frame coordinates are derived
from the measured stator voltage and from the dq fluxes. The electrical speed used in the calculation of the
currents is taken from the output of the mechanical equation block.

Next the d and ¢ currents are used as inputs for the electromagnetic torque calculation block, based on
the equation 2.25. Finally the mechanical speed is obtained as output of the machine model by using the
electromagnetic torque and load torque as inputs in equation 2.26.

Integrating the mechanical speed , the rotor position is found necessary in the voltage transformation
block. Next the blocks used in simulation are presented. In Fig 2.4 the current calculation block is presented.

fluz_d

Figure 2.4: Model of the currents calculation blocks implemented in Simulink

In Fig 2.5 the flux linkage calculation block can be seen.

11
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i b flux_q

Figure 2.5: Model of the flux linkage calculation block implemented in Simulink

In Fig 2.6 the electromagnetic torque calculation block is presented.

Figure 2.6: Model of the electromagnetic torque calculation block implemented in Simulink

Finally in Fig 2.7 the mechanical equation block is shown.

Figure 2.7: Model of the mechanical equation calculation block implemented in Simulink

The motor tested in the laboratory is a IPMSM. All the motor parameters used for the simulation are
included in Table 2.1.

12
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Table 2.1: IPMSM electric parameters

’ Parameter Simbol | Value ‘ Unit ‘
Stator resistance Rs 0.11 [ohm]
D-axis inductance Lg 3.2 [mH]
Q-axis inductance L, 4.1 [mH]
Number of pole pairs npp 3 -
PM flux linkage Ym 0.08 [Wb]
Nominal speed W 4200 [rpm]
Line to line voltage \% 193.5 V]
Line to line peak voltage \Y% 41 [V]
Nominal torque T 15 [Nm]
Nominal power P 6597 (W]
Moment of inertia J 0,00032 | [kegm?]

2.6.1 Simulation results

The IPMSM was tested for a reference speed of 4200[rpm] with a load torque equal with zero. At 0.4
seconds a step to rated load torque(T1=15Nm) is applied to the machine. In Fig 2.8 at nominal speed can be
observed how the measured speed is following the reference speed. When the load torque is applied a small
perturbation of the speed can be observed.

Reference speed ; measured speed [rpm)

Figure 2.8: Measured and reference speed response at full load

4500
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3600 H
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_____ Lowomes M
. 4200 : : : . :

Time [sec)

In Fig 2.9 can be seen that I and I, currents are zero when the load torque is zero. After 0.4 sec,when

the machine is driven at rated speed, rated load torque, the value of I, current is equal with 41.66[A].

13
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w10 IPMSh Id current from zero tarque to nominal targue

1 T T T T T T T T T

Id current [A]

“n o1 02 03 0.4 ns 0& 07 n.a ng 1
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(a) Id current response
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45 T T T T T T T

oo 04832 bococee [ [ [ 4
¥ 4167 :

I current [A]

o 01 0z 03 0.4 05 06 07 0.8 09 1
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(b) Iq current response

Figure 2.9: I; and I; currents response at rated speed, rated load torgue

In Fig 2.10 the stator current and voltages are shown. When machine is running at rated speed and zero
load torque, the current is zero as expected. When the machine is working at rated load torque the amplitude
of the current has the value 41.6[A]. The stator voltage at rated speed and zero load torque has the value
100[V] and at rated speed, rated torque it has the value 246[V], as shown also in the datasheet. Using the
rated current the torque can be calculated as in equation 2.25. Calculating the torque which is equal with
T =3/2-3-0.08-41.6 = 15[Nm], shows the corectness of the simulation.
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IPMSM voltages from zero torgue to nominal torgue
IPMSM currents from zero torque to nominal torgue 300 T T T T T T T T
T T T T T : : : : : ¥ 05818
H X 05734 : :

; ; : : : : : V2459
v 416 : : : : : . a

Phase currents [A]
Fhase voltages [V]

o1 0.2 03 0.4 [1%-1 0B a7 08 o9 1
Time [sec]

Time [sec]

(a) Current response (b) Voltage response

Figure 2.10: Currents, voltages response from zero to mominal load torque

In this chapter the mathematical model of IPMSM and reference frame transformation were presented.
To test the performances of the machine the model was implemented in Matlab/Simulink software. Using

this simulation, the machine was validated at rated speed, rated load torque, and the results are showing
the validation of the model.

Next chapter will describe and implement the control of the machine in simulation.
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Chapter 3

Motor Control

Control techniques for permanent magnet motor are presented in this chapter. These techniques are
grouped in two sections: scalar and vector control. In the scalar control amplitude and frequency are con-
trolled. In vector control position of space vector and amplitude are considered.

There are two commonly used control methods for PMSM: Direct Torque Control(DTC) and Field
Oriented Control(FOC). The two control strategies works based on different principles but with the same
purpose: the control of the torque and flux in order to have the motor fallowing the command trajectory.
The control should be robust for different disturbances or load parameters changes.

Variable frequency

control
Scalar based Vector based
| /\
Volts / Herts FOC DTC

Figure 3.1: Control method used for PMSM

3.1 Volt/frequency control

Volt/frequency control, known as scalar control is one of the most simples methods used to control the
motors. The simplicity is coming from the fact that the control is made in open loop scheme and is not using
any feedback loop. The open loop is used in order to avoid changes in speed command and in case if load is
being changed losses of synchronization can appear in PMSM.

Current and torque are not controlled, instead voltage and frequency are becoming the controlled vari-
ables. The principle is based on keeping the stator flux constant at rated value for the motor to develop
rated torque/ampere ratio over entire speed range. A sinusoidal voltage PWM algorithm is implemented to
increase the amplitude of fundamental voltage [1].

Therefore the dynamic performance is poor, with high overshoot. The signal used in feedback loop is the
rotor position needed to control the synchronization between the rotor and the field. The block diagram of
V/f control can be seen in Fig 3.2.
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CHAPTER 3. MOTOR CONTROL

Speed Control _ /

reference PWM > Inverter > IPMSM |

3= ——;\\,, ] /

Rotor #
position 8

Figure 3.2: Block diagram of V/f control

The back EMF voltage is increased and the resistive drop can be ignored at high speed. At lower speeds to
compensate the resistive drops the voltage is increased. If flux is constant the voltage becomes proportional
with rotor angular frequency [1].

The advantages of using this method are: low cost, simple control, only feedback for position. There
are disadvantages like: torque is not controlled directly, unsatisfactory dynamics. This strategy is not stable
because does not guarantee the synchronization of the rotor with the excitation frequency [1].

3.2 Field oriented control

This strategy is implemented in synchronous machine in order to have an easier control. The algorithm is
done in the rotating dq rotor reference frame, in which the currents and voltages are considered as constant
values. There are 2 control loops:

e Speed loop, that controls the speed of the motor.

e Current loop for izq and is4 currents who controls the torque of the motor.

Proportional integrators (PI controllers) are used because the steady state error becomes zero due to
integrator term. The overall control structure is presented in Fig 3.3.

VM-h =
. QQIPC! F Park t. . 1
fm‘ em‘ p vm‘ Va,

0 + PI —_>( —{ dq » SVM VSI

)
L
+lz
R3]
h“-(
£
A £
fﬁ
)
L1
u | €
-
Q9
[
]
-
"\_Q*
L A
YTYVYVYVYY y

.
PI = PI -
_“(om 4 f:q‘ 'Y

. "9111

1 !

1 af /e abc

2. 1y, 1g
da [

1 q
P Park t. Clarke t.
-~

Figure 3.3: Field Oriented Control structure block [1]
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The acquisition of the three phase stator currents, the DC link voltage and the rotor position are required.
Only two current sensors are needed because the sum of the three phase currents is always zero. The d axis is
aligned with the flux-linkage of the permanent magnet vector, therefore the position of PM flux is obtained
by measuring the rotor speed. Integrating the rotor speed the rotor position can be found.

Using Clarke’s transformation shown in Section 2.5 the currents from the abc reference frame are trans-
formed into two dimensional stationary reference frame. Appling the Park transformation described in section
2.5 to the stator currents and knowing the rotor position the currents i;q and isq are obtained.

The stator current isq is maintained at zero, for producing maximum torque. Iy, current is calculated
from the reference torque obtained at the output of the speed PI controller. The outputs of the PI controllers
together with the DC link voltage are the command values for PWM generation in Space Vector Modulator
(SVM) block.

The advantages of FOC are: mechanical position, good torque response, accurate speed control, full
torque at zero speed. The disadvantages are current feedback, many equations and transformations need to
be implemented [1].

3.3 Direct Torque Control

In Direct Torque Control (DTC), the controlled variables are the flux linkage and torque. It can be
implemented using hysteresis flux and torque control together with a switching tables or using space vector
modulation (SVM) and PI controllers. Another method can be implemented by using a parallel cascade
structure as seen in Fig 3.4.

VDC
BH
|\P b | e T: # L.'sg%: y
;@1?_5’ PI 5! Reference —  Space 5j4 >
A- Voltage N Setot Sz - PWM
: Vector r : S Inverter
L™ e U * U.n* c nverter
en i/\ T -..: PI sq » Calculation 38 .;I\/I(Jdlllatl()l'l -
k- i
O
s
Motor
Tem NIOd@l

A

encoder

Figure 3.4: Direct Torque Control structure block [1]

The reference value of the stator flux ¥¥ is compared with the estimated value of the stator flux ¥, and
the flux error ey who is the input of the flux PI controller. In the case of the torque PI controller the torque
eror et is obtained by comparing the torque reference value 7}, with the estimated value Tk, .

From the outputs of the PI, the new voltages obtained Usq and U, are delivered to the space vector
modulator. Finally the signals S,, S, and S; used to control the PWM converter are obtained.
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CHAPTER 3. MOTOR CONTROL

DTC presents features like simple structure and a very good dynamic behavior. The main disadvantages
are regarding the variable switching frequency, high torque pulsation and fast sampling time requirements.

From all the control methods presented FOC was choosen to be implemented in simulation due to the
good performance obtained.

3.4 Control Property

In this section different control properties are shortly presented. These controls have different advantages
and disadvantages, which result in different motor performance. The most important control properties are
listed below:

e Constant torque angle
e Unity power factor
e Constant Stator Flux Control

e Maximum torque per ampere control

3.4.1 Constant torque angle

In this method the torque angle is kept constant at 90° as seen in Fig 3.5. The torque angle is defined as
the angle between stator current space vector and d-axis of the rotor. Using constant torque angle strategy,
the reluctance torque can not be used. This control can be achieved by controlling the d-axis current.

g-axis

a ) d-axis
Id

Figure 3.5: Torque angle Alfa

Where ig = |is| cos(a) and i, = |is| sin(a). Starting from torque equation presented in mathematical
model chapter and including the new expression for i4 and 4, torque equation can be obtained.

Where iqg = 0 = |is| = 4.

3n., .
Te = 55)\qu (31)
This method is one of the easiest control strategies. The most important advantage is the direct pro-
portionality between torque and current. A drawback of this method is reluctance torque, which is not

used.
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3.4.2 Unity power factor
With this method the power factor in maintained at unity, by keeping the power factor angle ¢ = 0.

The volt-ampere rating is minimized but the maximum torque and efficiency are smaller. The power factor
expression is shown below:

PF = cos(¢) = cos(Lis — Lvg) (3.2)
where I is the current vector and vy is the voltage vector.

g-axis

£

Ns
o =
> g _axi
\ = ™ b5 d-axis

Figure 3.6: Diagram of vectors and vectors angle

From Fig 3.6, current vector iy and stator flux linkage A; are perpendicular and the current expression
can be derived.

iqg = — |is| sin(ds) (3.3)

is = |is| cos(ds) (3.4)
_sin(0s) g

= tan(ds) = cos(0s) ~ i (3.5)

Where §; is the angle of stator flux linkage vector. Starting from the above equations, unity power factor
expression is found as:

Lqid + Lgiz 4 iaAm =0 (3.6)

3.4.3 Constant Stator Flux Control

Using this strategy, voltage is maintained low by limiting the magnitude of the flux linkage A, in the stator.
By limiting the flux below the saturation point stator, iron saturation will not appear [1]. The magnitude of
stator flux linkage vector A; is expressed below:

As = \/)‘id T = \/(Ldid + Am)? + (Lqiq)? (3.7)
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Where Agq is the d component of the stator flux linkage vector, A4, is the q axis of the stator flux linkage
vector. From all the control properties presented above constant stator flux control has better steady state
performance characteristic. The drawback appears when the torque capability is limited as a reaction of
stator flux linkage limitation

3.4.4 Maximum torque per ampere control

In this control property iq and i, current are controlled and reluctance torque is used. For a certain
electromagnetic torque the amplitude of the current reaches a minimum, and the efficiency of the motor can
be increased.

Using the torque equation and differentiating in concordance to the torque angle o , a new expression
for iq and i, can be found. The equations 3.8, 3.9, 3.10 are taken from [12], [13] and used to generate the
MTPA waveforms and also the relationship between d and q currents and the corresponding torque.

3 . 3 .
T, = §npp (Y, 'qu) + §npp (La — Lq) " ldslqs (38)
W U2 1+ 8(Ly— L,)? - I2
T VU2 +8(La — Ly)? - I (3.9)

4(Ld - Lq)

igs = £/ 12 — 12, (3.10)

This control property is complex but an important advantage of this control is the use of reluctance
torques. For this purpose this control property is used in the simulation of the machine.

From above equations can be observed that flux linkage and the d and q axis inductances have an
important influence on the MPTA curve. An M-file which can be seen in Appendix B.4 was created to obtain
the above mentioned waveforms , which is similar from the work done in [13]. The parameters used are taken
from table 2.1 and the current magnitude of I, is set to 30[A].

In Fig 3.7 Ly and L, are constant. This can influence the machine control since the parameters are varying
when saturation effects are taken into consideration.

MTRA curve for lg=f{ld)
A ' ' ! ! ! ! ' !

L T T oo

I (4]
o
;

Figure 3.7: MTPA curve for fized Lqg and Lq values
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In Fig 3.8 and Fig 3.9 the influence of the parameters can be seen when MPTA curve is plotted , by
varying the Ly and L, inductances.

Ld inductance variation

] SR ———— 2A%LA [ mem e -
—— E0%ld | :
+25%Ld | !
I I
15 -10 5 o

Id [A]

Figure 3.8: MTPA curve for different Lq values

Ly inductance varation

30
] R S
e
Toggl b T
=
O NP W
—Ldlq : : : : : :
L T e
+25%Lg ; ; ; ; ;
———-15%Ly
0 i i i i i
-16 -14 -2 -10 g -B -4 -2 u]

Id-[A]

Figure 3.9: MTPA curve for different Ly values

In Fig 3.8 the Ly inductance is varied to -50%, -25% and +25% of the actual value. It can be noticed
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that slope of the MPTA curve is decreasing by decreasing the Ly inductance. Regarding the currents , can
be seen that Iy current is increasing and I, current is decreasing . When the Ly inductance is increased the
slope of MPTA curve is increasing. This means that I; becomes smaller and the I, is increased.

In conclusion the variation of L; inductance is direct proportional with the slope of MPTA curve and I, and
inverse proportional to 1.

In Fig 3.9 the Ly inductance is varied to +50%, +25% and -15% of the actual value. It can be observed
that the slope of the curve is increased when L, inductance is decreased. Al so it can be observed that
I, current is increasing while I current is decreasing. The slope of the curve is decreasing When the L,
inductance is increased. Regarding the currents the I, current is decreasing while I; current is increasing.

This means that L, inductance variation is direct proportional with I and inverse proportional with
slope of MPTA curve and I,.

3.5 FOC Controlers design

In this section, the implementation of the currents and the speed controllers is presented. Two current
controllers are used for the inner loop and one speed controller is used for the outer loop. The speed controller
is slower than current controllers because the electrical system is faster than mechanical system.

The overall structure of the d and g-axis control loops is shown in Fig 3.10

Gy =Pl oy, Py %Usq*
- _- + we"Fd

Wr Isq

decoupling

we¥q

| Sdi current -

errar P I

Usd*

isd

Figure 3.10: Structure of FOC controllers [1]

In the voltage equations presented in mathematical model, the dg-axis voltages are cross coupled. Due to
this coupling the ig and i, currents cannot be controlled independently. The solution is to add and substract
the decoupling terms to the current controllers in order to simplify and to improve the control accuracy.

After the decoupling has been performed, the voltage equations have the fallowing expresion:

. dis

Usq = Ryisg + La dtd (3.11)
‘ dis

Usqg = Rgisqg + Lg dtq (3.12)

In time domain, the equation for the PI controller used, applied to an error signal e(t) is:

t

w(t) = K, - e(t) + ki - / e(r)dr (3.13)
t0

where u(t) is the output signal, and k,, k; are the proportionality and the integration gains. The transfer
function for the PI controller is the ratio between the output signal and error signal, as seen in below equation:
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ki S+li
:kp( T)

S S

G(s) = =k, +

where T; is the ratio between k, and k;: T;= ]Z—P

In Fig 3.11 a general PI controller scheme can be seen:

I
-~

7\
-

-
+

™ I

\

Figure 3.11: PI block diagram

3.5.1 (g-axis current controller design

The isq loop is presented in Fig 3.12. The blocks in the current loop are:

e The PI current controller.

(3.14)

e Digital calculation delay. This has the form of a first order transfer function with the time constant T

= 1/ fs[ms], where f; = 5[kHz] is the sampling frequency.

e The plant block.

e Digital to analog conversion delay. This is a first order transfer function with the time constant 0.5 Ty

= 0.1[ms].
f - Current . F
Sq* ., error 1 1 5q
— — P - - .
+\, I;S‘"]. Lg's+RS
- ISG’ Control
algorithm Plant
1
0.5T.s+1
Sampling

Figure 3.12: Structure of gq-axis current loop

The transfer function of the plant is presented in equation 3.15.

isq(s) 1 11 K

Usq(s) - Ry + 5L, - El+51€i - 1+ sT,

Gp(s) =

(3.15)
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where K=5#- and 7, = IL%" = 0.0373[sec]. The open loop transfer function found can be seen in below
equation: &
1+Ts &k 1 1 1
GOL<S> = k‘pi . (316)

Tis  Tes+1 Tos+1 14 05T 05T+ 1

The zero of the controller is used to cancel the slowest pole of the transfer function, giving the equality:

L
T,=71,= R—q =0.0373 (3.17)

S

An equivalent time constant can be defined to simplify the transfer function:

Ts; = 1.5T5 = 0.4[ms] (3.18)
The new open loop transfer function becomes :

ki 1

Gor(s) = 7o K73

(3.19)

In Fig 3.13 the root locus of the designed g-axis current controller can be seen.

w10 Root Locus

Imaginary &xis

i '
Real Axis w10

Figure 3.13: g¢-axis current controller root locus

The proportional gain of the PI controller, Kj,; is calculated using the optimal modulus criterion, with

the damping factor set to be ¢ = @ [14]. The transfer function of a second order system is given in the
following equation:

1

Gomls) = 5rims v 1)

(3.20)

From the equation 3.20 and equation 3.19 results that : k,; = g’—:ﬁ’s = 5.1250. The PI transfer function in
s domain has the fallowing form: G.(s) = 5.1250 + 1372

The Bode diagram of designed current controller is shown in Fig 3.14.
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Bode Diagram
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Figure 3.14: q-axis current controller bode diagram

The design of the I, PI controller leads to a gain margin of GM=15.2(dB) and a phase margin,
PM=62,9(deg). As seen in the above figure the closed loop system is stable. To implement the control
in real time, the controller is implemented also in z domain, as in equation 3.21.

135

Fig 3.15 presents the step response of the designed g-axis current controller in z domain. The settling time
of the controller is ty= 3.37[ms]. It can be seen while reaching steady state no overshoot occurs.

Step Response

Amplitude

1] s 1 15 2 25 3 358 4 45
Time (zec) w1

Figure 3.15: g-axis current controller step response
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3.5.2 d-axis current controller design

The design steps made for q current controller are the same as for d current controller, in the continuous
domain. All the delays are also the same, the only difference from the q current loop is the transfer function
of the plant, which is different due to the Lg, L, inductances difference.

In this case as seen in Fig 3.16 the plant transfer function is changed because T; = 75 = ’I:%d = 0.0291[sec]

Z' Current : i
Sﬂ'i/ ~, error 1 1 sd
(> PI - _ - >

+ 4 Iis+1 Lis+R

I-S‘L'-’r Control
algorithm Plant

1
0.5T,s +1

Sampling

Figure 3.16: Structure of d-axis current loop

w10t Root Locus

Imaginary Lxis

Real Axis w10

Figure 3.17: d-azis current controller root locus

From the open loop transfer function the proportional gain is obtained k,; = ETR = 4. The root locus

of d axis controller can be seen in Fig 3.17. The Bode diagram of designed current controller is shown in Fig
3.18, with gain margin of GM=15.2(dB) and a phase margin, PM=62,9(deg).
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Figure 3.19
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3.5.3 Speed controller

The structure of speed loop is presented in Fig 3.20, where T is the electromagnetic torque; Ty, is the load
torque; ny,;, is the number of poles; wy, is the mechanical speed.

) Speed ; :
- error H & 1 & TN ] ~m
m B P| f.* 1 F. e - T- — or @)
+ el 7,5 + 1 2 A 4 Js+B|}
a -

= i Control Current Plant I

algorithm loop
1 1

(sl 075 et
Sampling Filter

Figure 3.20: Speed controller loop structure

The blocks used in the above figure are :

e The PI current controller.

Digital calculation delay. This has the form of a first order transfer function with the time constant T
= 1/ fs[ms], where f; = 5[kHz] is the sampling frequency.

The delay introduced by the current controller.

The plant block.

Digital to analog conversion delay. This is a first order transfer function with the time constant 0.5 T
= 0.1[ms].

e The filter with the time constant T,,, = 1/ w.= 0.796[ms]

The transfer function of the PI speed controller is:

14+T,s
T,s

PI, = ky( ) (3.23)

where k,, is the proportional gain and T, is the integrator time constant. From the mechanical equation
the electrical speed is calculated. The viscous friction coefficient can be neglected since it has a small value.
The electrical speed becomes:

npp
= —=—=(T, -1 3.24
Wel JS( e l) ( )

The open loop transfer function found is given in the below equation:

1 1 T,s+1 1 1 3NV, Ny

G p— . . . . .
oL(s) 14+05Tes Tos+1 P " Tos Tws+1 ms+1 2 Js

(3.25)

An equivalent time constant is found in order to simplify the transfer function :
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3.5. FOC CONTROLERS DESIGN

Ty = 1.5T, + 7 + Toe = 0.0019 (3.26)

From the open loop transfer function of the speed controller, presented in equation 3.27, the gains of the
regulator can be found with the help of the optimum symmetric method.

s2(TsTs +T,)

Gor(s) = (3.27)

where K; is the time constant of the current controllers: K; = (Tj; * R,)/Kp; = 8[ms]

The proportional and integral gains of speed controller found are shown in equation 3.28 and equation
3.29:

1 1
- = = 0.0781 3.28
P leTl Q%Tsw ( )
T, = AT, = AT, = 7.6 (3.29)

The bode diagram can be seen in Fig 3.21, with gain margin of GM= 22.6(dB) and a phase margin,
PM= 30.1(deg).

Bode Diagram
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Figure 3.21: speed controller bode diagram
The speed controller is implemented also in z domain, as in equation 3.30.

10.5
PI(z) =0.07812 + P (3.30)
”—
In Fig 3.22 the step response of the designed d-axis current controller in z domain with settling time
of ts= 0.0314[ms]| is presented. In order to reduce the overshoot for the step response an antiwindup is
introduced.
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Step Responsze
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Figure 3.22: speed controller step response

3.5.4 Antiwindup structure

The voltages and currents represent the outputs of the designed controllers and are limited in order to
prevent the appearance of overcurrent or overvoltage. Because of these outputs limitations, an anti-windup
is necessary for the PI controllers, preventing delays in the PI response.

The structure of the PI with antiwind-up, for the current can be seen in the below picture, where K,
represent the antiwindup gain [10].

» Kp
_ Ki 4 ,—| output
——>< \E—P —_— —PQ) > >
error . /
+
- B <
Sy N\

Figure 3.23: Scheme of antiwindup structure

When the signal becomes equal with the saturation level, the supplied error is integrated, increasing the
output of the controller until the feedback of the plant exceeds the reference value and negative error appear
in the PI input.

The effects of this phenomenon can be a large overshoots and if the signal saturation is persistent can
damage the control.

To solve this problem an integrator antiwindup circuit is used to turns off the integral effect when the
saturation occurs. Antiwindup gains are chosen in order to have the input of the integrator small, whenever
the saturation occurs [10].

The gain used for controllers are: k,,,=100 for the speed controller and k,;=r for the current controller.
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3.6 Simulation results

In this section FOC strategy was tested. The values of the PI controllers used are the one calculated in
the previous section. The electrical parameters implemented in the simulation are the one presented in Table
2.1, Section 2.6. All the simulations blocks are included in Apendix 1.

In order to test the simulations in real system all the calculation are done in discrete domain. The tests
done are at no load, 50% loaded and at full load.
e Motor operation at no load and step in speed

In this test the machine is started at no load and half of rated speed (n=2100[rpm]) followed by another
step of 2100[rpm]| supplied after 1.5 seconds.
In the Fig 3.24 can be seen that the measured speed is following the reference speed with good accuracy.

IPMSH reference and measured speed
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= : : : :
a
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W : : : :
T 2B00 f--eeeeeeee beesemenna deseees Frooooooonaes beeeeanaa -
5 : : : :
o
o
£ ' ' : :
111 S .
z 2ef ] e e ] ]
a
Q
= ' ' ' ' '
E ' ' ' ' '
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o ' ' ' ' '
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Figure 3.24: The reference and measured speed response at no load

In Fig 3.25 the d and q currents are presented. Because of the control strategy I; current is zero. When
the speed step is applied at 1.5 seconds the I, current increases until the limited value of 43[A].

Since the load torque is zero and the machine is running in speed mode the dq currents are stabilized
to zero.
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Id current [A]
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Figure 3.25: Reference and measured currents at no load

Stator currents and voltages are shown in Fig 3.26. The voltage amplitude at half of the rated speed is
50[V] and 105[V] after 1.5 seconds when the rated speed is reached. From Fig 3.26a can be seen that
the stator current is zero since the load torque is 0. At 1.5 seconds in transient period it is observed
that the current is increased to the limited value due to the increase in speed.

Stator current IPMSM woltages

50 .
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(a) Current
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Phase vaoltages [¥]

Time [sec]

(b) Voltage response

Figure 3.26: Stator current and voltage at no load and step in speed
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e Motor operation at 50% rated torque and step in speed until nominal speed

Id current [A]

For this test the same procedure as for the test one was followed. The machine was loaded with 7.5[Nm]
and started at a reference speed of 2100[rpm]. At second 1.5 another speed step of 2100[rpm] is supplied
to the machine. Reaching the nominal speed, the measured speed follows the reference speed with a
good accuracy and without overshoots. The response of the speed when a load is applied is slower than
in the case were the load is zero.

IPMSM reference and measured speed
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Figure 3.27: The reference and measured speed response loaded at 7.5 [Nm]
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Figure 3.28: Reference and measured currents loaded at 7.5[Nm]
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In Fig 3.28 the dq currents and the reference currents are presented, where I4 is zero and I, is limited

to 45[A]. The stator current and voltages are shown in Fig 3.29, with values of 20[A] for the current
and 155[V] for the voltage at half of the rated speed.

IPMSM phase current
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Phase currents [4]
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(a) Current response

IPMSM voltages

Phase voltages [v]

0 05 1 15 2 25 3
Time [sec]

(b) Voltage response

Figure 3.29: Stator current and voltage loaded at 7.5[Nm]

e Motor operation at full rated torque and step in speed until nominal speed
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In the last test the machine is running at nominal speed and also loaded at nominal torque. In Fig 3.30
the reference and measured speed is presented. The machine is started at 2100[rpm] which is half of the rated
speed as mentioned above. At 0.5 seconds a load torque of 7.5[Nm] is applied , followed by a step to rated
speed and at 2 seconds a step to nominal load torque.

IPMEM reference and measured speed
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Figure 3.30: The reference and measured speed increases until nominal speed and load torque are reached

In Fig 3.31 the dq currents are presented. It can be observed that the measured currents are fallowing
with good accuracy the reference currents for the changes made in the system.. The I, value obtained is
almost 42[A] while I is zero.
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Figure 3.31: Reference and measured currents from zero to mominal load torque
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Fig 3.32 shows the stator current and voltage waveform for the same conditions explained above. At rated
speed and load torque the values obtained for the current is almost 42[A] and for voltages is 250[V].
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Figure 3.32: Stator current and voltage from zero to mominal load torque, starting from half to nominal rated speed

In Fig 3.33 the electromagnetic torque can be seen. The electromagnetic torque shows good behavior
at the steps in speed and in load torque. When the rated torque and nominal speed is applied the value
obtained for the electromagnetic torque is 15[Nm] as given in Table 2.1.
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Figure 3.33: FElectromagnetic torque response at nominal speed and load torque
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3.7 Steady-State simulation

The steady state simulation of IPMSM with inductances variations was made since all the inductance
measurements are done under static tests.

There are different ways to include the saturation effect in simulation, by FEM simulation or by using
mathematical approach . One method, is to obtain the desired inductance values by knowing the slope and
the maximum and minimum values for current and inductance.

Firstly, an inductance saturation level is defined as in equation 3.31 which is the weight of a saturated
inductance L and the minimal inductance value L,,;,.

Lmin
IndSatLevel = 7 e[0,1] (3.31)

S

If the maximum and minimum currents L4, Inin and the maximum and minimum inductance L, 4z,
Linin are known the inductance saturation profile slope m can be calculated as in equation 3.33.

Lmam - Lmzn
m = Smer _ min (3.32)

Ima:r - Imzn

If the slope and current amplitude are known the inductance value may be calculated as follows:

Lx = Lmax - m(Imzn - Im) (333)

Where L, can be Ly or Ly and I, is the actual current value.

Another mathematical approach is done by using two saturation factors S; and S4. The saturated values of
the machine mutual reactance in d and q axes Sy,q4s and Syqs can be obtained by modifying their unsaturated
values S,,q and Sy, like in equations 3.34 and 3.35. More information can be found in [16].

des = Sd ' de (334)

Xngs = Sg+ Xomg (3.35)

A single saturation factor approach can also be used as in [17] using a saliency factor. The drawback
is that the saturation factor is considered constant and in this case the d and q axis saturate to the same
degree.

Another way for including saturation in IPMSM is to use look up tables as in [18]. In linear case the
currents are deduced from the flux. For saturated case a high coupling between the two axis appear so the
flux or the inductances are determined with contribution of I; and I,. In this way the cross saturation is
included.

In Fig 3.34 a steady state model with saturation included is made using two look up tables as in [18].
Using Matlab commands poly fit and polyval the inductances are solved offline for different currents value,
and the look-up-tables are populated with the obtained data.
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Figure 3.34: Steady state simulation with inductance variation included

In Fig 3.35 the Ly variation in function of I; and I, currents can be seen. It can be observed that for
I,=0 the Ly has the maximum value as in Table 2.1. It can be stated that Ly inductance is decreasing if I,
is increased. For maximum I, the Ly inductance has a minimum value because of the cross saturation effect.

Figure 3.35: Ly variation in function of I; and I

In Fig 3.33 a 3D plot is made in order to see the saturation level. It can be seen that for higher current
the inductace is lower.
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Figure 3.36: L, saturation in function of Iy and I

In Fig 3.37 the L, variation in function of I and I, currents can be observed. Because of the cross
saturation effect the L, inductance is decreasing if I is increased. For maximum Ig current the Lg has the
lowest value.

Lgy [H]

[ ) S

Figure 3.37: L, variation in function of Iy and I,

In Fig 3.38 a 3D plot was done to see the saturation level for L, inductance. The same behavior as for Lg
inductance can be observed , the only difference is the current which affect the L, inductance. In this case
the saturation effect appear when 1 is incresed.
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lq [A]
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Figure 3.38: L, saturation in function of Iy and I,

41



Chapter 4

Experimental tests and results

4.1 Torque calibration

The purpose of this chapter is to present the laboratory work. The chapter begins with a presentation of
the torque and inductance measurements procedures, followed by a description of the main components of
the test setup. At the end of each measurement, the laboratory results are presented and commented.

In order to make a proper measurement, a calibration of torque was done because deformation of the
shaft can appear during experiments.

The setup used for this experiment can be seen in Fig 4.1. In the setup an IPMSM and step motor are
used. The experiment was done in steady state and as seen in the figure below an arm length was added to
the shaft.

Weights were added in different steps from 0 to 3.9 [Kg] on the each side of the arm length. Knowing the
weights added, the arm length and the gravitational force (G=9.8]Nmy]), the torque can be calculated and
compared with the measured one.

Figure 4.1: Setup used for torque calibration
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In Fig 4.2 the calculated and measured torque as a function of the weights added can be seen. The two
waveforms are linear and almost identical. Also it can be observed that the torque is direct proportional with
the weight.

Calculated and measured torgque function of weight
P Tt T T prrmeees oo T Tt :

Calculated & Measured Torgque

Ll b Pommeeeees pomeeeeees pooeeeeees boomeeeees Calculated Torque |-

i| — Measured Torque | ;

.25 | | | I I I I |

-4 -3 2 -1 1] 1 2 3 4
Wieight [ki]

Figure 4.2: Calculated and measured torque in function of weight

4.2 Torque measurement

In this experiment the torque was measured using a mathematical approach. First different values for
d and q currents are chosen. This means that the current on phase a (I,) and rotor position 6, can be
calculated for each d and q currents pair.
In equations 4.1 and 4.2 the abc and dq current formula in vector form is expressed.

_ 2 o 2m
fabe = 5 (ia +ibe’ T +ice™ ) (4.1)
idg = (ig + jiq)ejer (4.2)

In equation 4.3 dq currents are expressed as a function of abc current and rotor angle 6, in vector form.

qu = Tube - e 90" (4.3)

Next a detailed expression for d and q currents is presented in equation 4.4 and 4.5.

iq = %(za - cos(0,) + iy - cos(0, — 2%) + ic - cos(0, + 2%)) (4.4)
ig = %(—ia - sin(0,) — iy - sin(6, — 2%) —ic - sin(6, + 2?W)) (4.5)

In Fig 4.3 it can be seen that two phases are short-circuited in order to make the following assumption:
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ig= -2ip= -2i,
By using this approach the current on phase a ( i,) is used to determine individually the iz and iy currents.
Also only a DC source is needed for the experiment.

d
Br Y\

a

Figure 4.3: IPMSM windings conections

This leads to a new formula for d and q currents which depends only on the current of phase a (I,) and
rotor angle.

2 1 27 1 27
= 2. B S il W S = 4.
id 3(za cos(0,) 5la cos(, 3 ) 5la cos(0, + 3 ) (4.6)
. 2,. 1 2.3 .
lqg = §(Z“ -cos(0,) — 5 “igc0s(0y) = gzaicos(&) = iq - cos(0y) (4.7

Similar procedure is applyed for I, and the final expresion is:

ig = *%(ia - sin(6,) + %ia -sin(0y)) = —iq - sin(6,) (4.8)

If the d and g currents are known, the rotor angle and the phase current can be obtained as in equations
4.9 and 4.10.

iq = /13 + 42 (4.9)

0, = tg—l(%q) (4.10)

In Fig 4.4 the setup used for this measurement can be seen. Using the PC program, the step motor is
controlled in order to rotate the shaft with a desired angle calculated like as in equation 4.10. The DC source
is used to supply the IPMSM motor with the desired current value as in equation 4.9.
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Figure 4.4: IPMSM windings conections

Since the right values for current and angle are set in this manner for all the measurements, the torque
can be measured using a torque transducer. All the data measured are included in a mat file included in the
CD and attached to the report.

The calculated torque presented as in equation 4.11 expressed as a function of I and I, current can be
seen in Fig 4.5. It can be observed that for negative values of the I; current the torque is increasing and for
positive values of I current the torque is decreasing. All the equations used for calculating the torque are
included in Apendix B.2.

3
Lot = 5 (g + (La = L) 1,14) (a.11)

Calculated Torgque [MM]

Figure 4.5: Calculated Torque for different Iy and I,
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In Fig 4.6 the measured torque as a function of I and I, currents can be observed. The behavior of the
measured torque is similar with the calculated one, the only difference is between -10 and 0 Ampere when
torque is starting to increase. This phenomenon may be a consequence of the cross-coupling.

Measured Torgue [Mm]

Figure 4.6: Measured Torque for different 1y and I,

The calculated torque in function of I; and I currents is presented in Fig 4.7. When I, has smaller values
the torque reaches high values, and when I, increases the torque starts to decrease.

Calculated Taorgue [Mm]

Figure 4.7: Calculated Torque for different I; and I4
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The measured torque as a function of I, and Iz current can be observed in Fig 4.8. From Fig 4.6 it can
be observed that until the current reaches almost 10[A] the electromagnetic torque has the same value as in
calculated torque. From 10[A] to 20[A] an increase in torque is observed. This may be a consequence of the
crosscoupling.

Measured Torgque [MNm]

D 5 10 15 20 25 30
I [A]

Figure 4.8: Measured Torque for different 1, and I4

In order to see if the calculated and measured torque are correct, a comparison between the results
obtained above and the torque expressed as a function of Iy and I, currents is done. The data that are used
for the comparision are presented in Fig 4.9 and are taken from [15] where a similar topic was studied for a
PHD Thesis. It can be observed that a high torque appears for negative values of I, and for positive values
of I; due to cross saturation apearence.
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Figure 4.9: Torque function of 1y, I,

In Fig 4.10 and Fig 4.11 the calculated and measured torque are plotted in a 3D waveform as a function
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of Iz and I,. It can be stated that for positive I; values and lower I, values the torque is maximum for the
results presented in Fig 4.9.

Calculated Torque

d [A] 20 Iy [A]

Figure 4.10: Calculated torque function of Iq, I,

Weasured Torgue [Rm]

Id [A] 20

Figure 4.11: Measured torque function of i, Iy
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4.3 Inductance measurement

In this section the procedure for inductance measurement is presented. First the mathematical approach
is described. Starting from Fig 4.12 the reference frame transformation from dq to abc and from abc to dq
can be found as in equation 4.12 and 4.13.

Using the following mathematical approach presented below only a DC source is used for the experiment.
Since Iy and I, currents are substituted in the current on phase a (i), the Ly L, inductance can be determined
individualy.

a-axis

Figure 4.12: Reference frame diagram

fa 9 cos(f)  cos(0— %) cos(+ %) fa

fo| =5 |-sin0) —sin(@ %) —sin(@+ %) | f (4.12)
fo 3 3 3 fe
fa 9 cos () —sin(6) 1 fa
fol == |cos(0—2) —sin(@—28) 1|-|f, (4.13)
fe cos(0 + 3F) —sin(0+ ) 1 fo

Shortcircuiting two phases of the machine as presented in Fig 4.13 and using the neutral point the line to
line voltage can be formulated as V= Von- Vpn, which must satisfy Vony+ Ven+Veny= 0 and Voy=Vn.
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Cc

Figure 4.13: Reference frame diagram

Therefore the assumption seen in equations 4.14 and 4.15 can be stated.

Von = —2Viy = —2Vin (4.14)
V. 3
Vb = Van — (_ (; ) = §VGN (415)

Using the above equation new expressions for d and q voltages are found as in equation 4.16 and 4.17.

2 2 2
Va = —g[cos(G)VaN — cos(0 — g)VbN — cos(0 + éT)VC ) = Van - cos(0) (4.16)

Vg = —Van - sin(0) (4.17)

From the voltage equations 4.18 of machine at zero speed the expression for d and q current are found
as in equations 4.19 and 4.20.

dig

di
Vd:Rid—ded—:;V}]:Riq—quE (4.18)
. V, _t
iq = ﬁd(l —e “d) (4.19)
) V. _t
iq = ﬁq(l —e ) (4.20)

_ L _ Ly
where 0 = 7 and 04 = ¢

Using the expression for the current on phase a (i,) like in equation 4.21 and because i,+ip+i.=ip results
that 10:0 .

iq = cos(0)iqg — sin(0)iy + o (4.21)

Substituting the d and q currents in equation 4.22 the new expression for i, is found.
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CHAPTER 4. EXPERIMENTAL TESTS AND RESULTS

2 . t in2 . t
o= OO Van oy SO Van (g oty (4.22)

In Fig 4.15 the components used for inductance measurement are presented. The computer is used to
control the step motor with the desired angle, while the DC source is used to apply the IPMSM with voltage.

The torque transducer and the fluke are used to measure the torque and voltage, while the current can
be read from the DC source. The high values resistor and the variable resistors are used to limit the current
when the Ampere switch is turned on.

The purpose of this measurement is to register the transient period for a step current and voltage. This
is done using the oscilloscope. For example if the current is set to 10 [A], the oscilloscope should register the
data only for the step current from 10[A] to 9[A].

If the transient period is obtained the inductance Ly and L, can be found using the mathematical
approach described above and implemented in the program from Apendix B.3.

In Fig 4.14 the data for a step current is stored using the oscilloscope. The transient period begin form
4.4[A] and is terminated until 3.4[A]. If the values for inductance are obtained then currents I and I, in
function of flux or the other way around can be seen.

4.8

4.5

b
=

Current [A]
i
(]

I

3.8

36

3.4 i
002 005 001 -0.005 a ooos oo oms 002 0025
Time [s]

Figure 4.14: Current transient period from 4.4[A] to 3.4[A]
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4.3. INDUCTANCE MEASUREMENT

Tarque
transducer
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Current :
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EE';' -"b
S‘Ib-f'.g

Figure 4.15: Scheme of components used for inductance measurement

In Fig 4.16 the laboratory setup used in the experiment can be seen.
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CHAPTER 4. EXPERIMENTAL TESTS AND RESULTS

Figure 4.16: Test setup used for inductance measurement

Because of time constraints the inductance measurement data couldn’t be processed. The data from [15]
was used instead. The figures obtained are for different data than the ones obtained in laboratory but the
waveform shapes and principle should be the same.

In Fig 4.17 and 4.18 the flux ¥4 and 1), are in function of I and I,. Figure 4.17 show a high coupling
between 14 and I, especially for negative high values of I . Figure 4.18 show a low coupling between 1, and
I4. Therefore the cross saturation phenomenon is fundamental for modeling IPMSM.
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4.3. INDUCTANCE MEASUREMENT

0.055
0.05
; F +0.045
=
=
[T
F -0.04
0.035
|C| [A] -400 -100 1d [.-"-‘\]
Figure 4.17: Flux 14 function of currents Ia, I,
I A 0.04
- : S
0.05 0.03
0.04
0.03 L lom
£ 00
=
L 001
= FH0.01
[T
0
-0.0m
]
002,
100
-0.01

Id [A] 400" 400 Iy [A]

Figure 4.18: Flux v, function of currents 1, I,
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CHAPTER 5. CONCLUSION

Chapter 5

Conclusion

The main objective of this project was the investigation of saturation effect of an IPMSM motor by
measuring the torque and inductances. The report is divided in five main chapters.

All the objectives and limitations of the project are stated in the first chapter. The second chapter
presents the mathematical model and of IPMSM and also the simulation which is done in order to validate
the model.

In the third chapter different control strategies and control property are described. Field Oriented Control
was chosen to be implemented in simulation and MTPA as control property. MTPA were simulated for
different inductances values in order to observe the saturation effect.

The PI controllers were designed and simulations were carried out for different step in speed and torque.
Steady state model was also made in order to see the behavior of inductance as a function of current.
Saturation effect was included by using two look up tables.

It can be stated that when the saturation point is reached the inductances are decreasing when current reach
bigger values.

In laboratory chapter torque measurement and inductance measurement were carried out. First the
description of the procedure was explained , followed by the setup used.

From the torque measurement was observed that a cross-coupling phenomenon appears in the measured
torque which in calculated torque cannot be seen. Also the flux 4 and flux 4 in function of I; and I, plots
were done using the data from [15].

It can be stated that a low coupling between I; and flux ; appear while high coupling between I, and flux 4
can be noticed.

In conclusion it can be stated that a cross coupling between d and q axis appears. Thus the two axis
frame model of a saturated machine cannot be handled separately.
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Future work

Because not all the goals of this project were reached, there are several topics which can be analyzed as
future work. The topics which can be investigated are:

e A dynamic simulation with saturation effect included and implemented in laboratory.
e Design of the inductance saturation compensation function.
e Validation of dynamic Simulink model in dynamic tests using a control platform.

e A sensorless control of IPMSM can also be investigated.
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Nomenclature

Usd, Uds D-axis stator voltages V]
Usq, Ugs Q-axis stator voltages V]
Usqd, Usdg DQ-axis stator voltages V]
sds Tds D-axis stator currents [A4]

Gsqs lgs D-axis stator currents [A4]
isdqs sqd dg-axis stator currents [A4]

ia, 18 a3 currents [A4]

Ly, L, D and g-axis stator inductances [H]
Lnd, Ling D and q magnetizing inductances [H]
Laas, Lvps, Lees Stator self inductances [H]
Labs, Lacs Stator mutual inductances [H]
Lynd, Ling D and q magnetizing inductances [H]

R, Stator resistance Q]

Win Mechanical speed of the rotor [rad/s]
We Electrical speed of the rotor [rad/s]
Y Permanent magnet flux linkage [W]
s Stator flux linkage (W]
Y D axis flux linkage (W]
Yq Q axis flux linkage [Wb]
Vabes Stator flux linkage matrix (W]
Tabes Stator phase currents matrix [A4]
Vabe Stator phase voltage matrix [A]

T. Electromagnetical torque [Nm]
P Number poles —

Npp Number of the pole pairs -

N Synchronus speed [rad/s]
f Frequency [Hz]
T Load torque [Nm]
J Moment of inertia (kg - m?]
B,, Viscous friction [Nms]
Tabe Line currents [A]
Vbe DC - voltage V]
Ipc DC - current [A4]

P, Electrical power (W]
P, Electromechanical power (W]
P, Mechanical power (W]

0 Rotor position [rad]
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Damping ratio

Proportional gain

Integrator gain

Integrator time

Pi transfer function

Transfer function of the plant

Open loop transfer function of the plant
Second oreder transfer function

Time constant

Settling time

Sampling frequency

Inverter frequency

Inverter delay time constant

Equivalent time constant

Proportional gain for currents controller
Rise time

Filter time constant for speed controler
Equivalent time constant for speed controler
Integrator time for speed PI controller
Proportional gain for speed controller
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Acronyms

AC

DC

CTA
DTC
Foc
V/Hz
VSI
PMSM
IPMSM
SPMSM
PMDC
PMAC
BLDCM
PI

EMF
PF
SVM
PWM
GM

PM

Alternating Current

Direct Current

Constant Torque Angle

Direct Torque Control

Field Oriented Control

Volt/Hertz

Voltage Source Inverter

Permanent magnet Synchronous Machine
Interior Permanent magnet Synchronous Machine
Surface Permanent magnet Synchronous Machine
Permanent Magnet Direct Current

Permanent Magnet Alternating Current
Brushless Direct Current Motor

Proportional Integral

Electromagnetic force

Power Factor

SPACE Vector Modulation

Wind speed

Gain Margin

Phase Margin
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Simulink Model

Appendix A
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Appendix B

M-File

B.1 Torque Calibration M-file

clear all;

-z,
-0.
2.

52

= T - R e e L
4, LEie 0y 0LE; 0L4, DT, 0ha
R L e A e

-14.98 -13.9 -1Z2.38 -11.35 -9.85

-8.76 -7.21 -6.17 -4.63 -3.59 -2.05 -1 0 1.1 2.15 3.7 4.75 6.29
7.33 8.9 9.9z 11.46 12.5 14.04 15.09 16.62 17.66 19.21 Z20.26]:

ol

Weight = [-3.9, -3.7, -3.4, -3.2,
-l.4, -1.2, -0.9, -0.7,
1.2, 1.4, 1.7, 1.9, 2.2,

ArmLength = LhZe-2:

Eg = 9.8;

T actual = Weight*HEg*ArmLength

T mea = [-20.15 -19.11 -17.58 -16.

% — Lordque

figqure; hold on:

ploc(Weight,
plot (Weight,

T actual, 'ro-')

T mes , 'ba-']

grid on
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APPENDIX B. M-FILE

B.2 Torque Measurement M-file

clear
Id = [-19 -15 -12 -5 -4 0 3 & 10]:
I = [2 4 7 10 15 20 23 27 30]:
for i = 1:length(Id)
for jJ = 1l:lengthi(Iq)
the(i,]j) = —-atan2 (Ig(j),Id(i)):
if abs(absitheii,j)) -pifZ)] > 1le-8
Ia(i,j) = Id(i)/fcos(thei{i,j)1):
el=se
Ia(i,3)=Iq(]):
end
end
end
Id cal = +2/3.*(cos(the).*Iat+cos (the-2*%pi/3).*
(—IafZ)+cosithe+2¥%pi/3) . % (-Ial2));
Ig cal = —2/3%(sin(the) . *Iatsin(the-2*pi/3).*
(—Ia/Z)+sinithe+2*pi/3).* (-Ial2));
OmE Of& = Z2*pi*1000*3/60;
Lncnprn = 41 3qrt (3) fomega;
Trog = 332*3*(Lndmpm*lq_cal+i3.2—4.1L
Fle-3%Ig cal.*Id cal):;
the = the*l130/pi;

step= the/ (0.18%3);
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B.3. LD,LQ MEASUREMENT M-FILE

B.3 Ld,Lq Measurement M-file

-

% To use the transient current waveformm in response Lo

%a step wvoltage change for Ld, Lg estimation.

clear
glokbal
k=

Ld
Lg

% theta = pi/f4
S

Walkh theta EBE=

g.5%1;

Ele-3:
Gle-3:

BRI

A A
Lo T |

save Transient_Ui_lQDSEDlD_l vab_ws ia_ws theta

load Transient_?i_lSDEEDlﬂ_l

t = Vab ws.time;

Vakh = Vab ws.signals.values;

ia = 1la w=s.sSignals.values;

LdLgini = [Ld, Lg]*0.5;

[estimates, wodel] = LdlLg est subfune(t,ia, LdLgini):;

[2ze, FittedCurwve]

tord est
torg Est
Ld est
Lg est

E
ia_est

hold on:
plotit,ia,'x'):

model (estimates) ;

= gstimatesi(1l):
= patimates(2):
= tord est*Rs;

= torg est*Rs;

= 2/3%Vab | length (Vab)):

cos (theta) *2/Rs*E* (1-exp (-t/tord est))
+3in(theta) "Z/Rs*E* (l-expi-t/torg est)):
grid on

plotit,ia est,'g')
disp([Ld Ld est Lg Lg est]]
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APPENDIX B. M-FILE

B.4 MTPA M-file

L MTPL file5 for wvariashle Ld5L5 inductances.

clear all;

cle;

flux m = 0.08;

npp = 3;

Ld = 3.2e-3;

Lg = 4.1e-3;

Isn = 30;

k=1;

for is=0:0.1:Isn

a=[2 flux_mf(Ld—Lq] —-iz*i=s]:
E=roots(a)

if(R{1)<R(2)), id=R(1):

else

id=R (2] :

end

ig=sgrt(is*is-id+*id) ;
te=1.53%npp¥ (flux m+ (Ld-Log) *id) *ig:

Id(k)=1id:
Igik)=1q:
Te (k) =te;
1=15;
k=k+1;

end

x=[Te; Id];
v=[Te:Iqg] -

plot (Te, Iq)
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Appendix C

Contents of CD-ROM

Articles:

This folder contains all the articles used as references in the bibliography.

Laboratory results:

This folder contains all the data measured in the laboratory.

Report files:

This folder contains a pdf version of the project and all the Latex files.

Simulation files:

This folder contains all Matlab and Simulink files used in the report.
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