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Abstract

This thesis focused on the control of PMSM using vector control(FOC) method with field
weakening Techniques for Three Wheel electric vehicle (EV) application .A PMSM mo-
tor model has been Studied and analyzed to control the motor both in the constant-torque
(constant flux) and in the constant power (flux weakening) regions. The objective of the
field weakening technique is then to controliq and i, current in such way that the motor
can develop constant power and achieved wide speed range operation.Surface mounted
PMSM have been used in this thesis that is Ly = Lq so that reluctance torque due to in-
ductance considered as zero. The analysis of Vector controled flur weakening techniques
PMSM drive system shows that the armature current is controlled to have a field com-
ponent that weakens the air gap field, and therefore opposes the back emf. However, the
armature current vector must satisfy the voltage and current constraints. Due to the
upper limit set on the available dc link voltage and current ratings of a given inverter are
limited. The voltage and current limit affect both the maximum speed and rated torque
operation.So that inorder to achieved those constraint flux weakening have been applied
in constan power operation region. The simulation result have been showed that the speed
range improved from 3900RPM (base speed) to 5000Rpm(Mazimum speed). Therefor the
result showed that using flux weakining method we could increased the speed range with

in desired power rating of the motor.

Keywords:- PMSM, Vector Control, FOC,Field Weakening, EV.
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CHAPTER 1:

INTRODUCTION

1.1 Background

Electric vehicles (EVs) have become more and more attractive in recent years, as they
are considered as the most viable solution to help protect the environment and to
achieve high energy efficiency for transportation[2].In EVs, traction motors are the key
component for propulsion which requires high torque and power density, wide speed
range, high efficiency, high reliability,low noise, and reasonable cost.Hence Permanent
Magnet Synchronous Motors (PMSM) are attracting growing attention for a wide va-
riety of industrial applications, from simple applications like pumps or fans to high
performance drives like Electric vehicles(EV’s) . This is due to their main character-
istics: high power density, high torque to inertia ratio and high efficiency. Permanent
magnet motors are double excited electric machines. The first source of excitation is
the field of the permanent magnet situated in the rotor, while the second source is the
field produced by the stator winding when supplied with a 3-phased voltage system[1].
Induction motor have been the most prevalent electric motor in the twentieth century.
As of late, attributable to the quick advancement made in the field of power electronics
and control innovation, the applications of induction motors to electrical drives have
expanded. The principle focal points of induction motors are their easier construction,
simple maintenance, no commutator or slip rings, low cost and high reliability. The
weaknesses are their lower efficiency and poorer power factor than PM motor. The
utilization of PM motors in electrical drives has turned into progressively attractive
choice than induction motors. The enhancements made in the field of semiconductor
drives imply that the control of PM motors has turned out to be easier and cost ef-

fective with the likelihood of working the motor over a wide speed range and as yet



keeping up a good efficiency and power factor.

Electric Motor

'

\

AC Motor DC Motor
Asynchronous Synchronous
Motor Motor
|
L i i +

Induction Synchronous Switched

Motor PMSM : Reluctance Stepper Motor

Motor
Motor

Figure 1.1: General Classifications of Electric Motors

1.2 Classification of Permanent Magnet Motors

PM motors are classified on the basis of the flux density distribution and the shape
of current excitation. They are Permanent Magnet Synchronous Motors (PMSM) and
Permanent Magnet Brushless DC Motors (BLDC). The PMSM has a sinusoidal-shaped
back EMF and is designed to develop sinusoidal back EMF waveforms. They have the

following features:
e Sinusoidal distribution of magnet flux in the air gap
e Sinusoidal current waveforms

BLDC has a trapezoidal-shaped back EMF and is designed to develop trapezoidal back

EMF waveforms. They have the following features:
e Rectangular distribution of magnet flux in the air gap
e Rectangular current waveform

This thesis is focused on the Permanent Magnet Synchronous Motors (PMSM).



1.3 Classification of Permanent Magnet Synchronous

Motor (PMSM)

The PMSM consists of a three phase stator similar to that of an induction motor and
a rotor with permanent magnets. Most of the PMSM drives arc fed from inverters.
The motor characteristics depend on the type of the magnets used and the way they
are located on the rotor. The magnets are either mounted on the surface of the rotor

or buried in the interior of the rotor. Accordingly PMSMs are classified as
1. Surface mounted PMSMs

2. Buried or interior PMSMs

Stator Core and
Windings

Rotor Core > \
Permanent K \ & ,

Magnets

(a)Surface mounted magnet (b)Interior mounted magnet

Figure 1.2: Rotor configuration of PMSM (a) surface mounted (b) interior mounted[9]

1. Surface mounted PMSMs

Surface mounted PM motors have each of the permanent magnets mounted on the
surface of the rotor, making it easy to build.This configuration is used for medium
speed applications because of the limitation that the magnets will fly apart during
high-speed operations. These motors are considered to have insignificant saliency, thus
having practically equal inductances in both the q and d axes [3]. The ratio between
the quadrature and direct axis inductances is close to one i.e.,L, = Lg . The rotor has
an iron core that may be solid or may be made of punched laminations for simplicity

in manufacturing[3,6].Thin permanent magnets are mounted on the surface of this core

3



using adhesives. Alternating magnets of the opposite magnetization direction produce
radially directed flux density across the air gap. This flux density then interacts with

currents in windings placed in slots on the inner surface of the stator to produce torque.

2. Interior PMSMs

Interior PM motors, on the other hand, have interior mounted permanent magnet rotor
as shown in figure 1.1(b).Permanent magnet is mounted inside the rotor.Because of
the internal positioning of the rotor magnets, it is good for high-speed operation.These
motors are considered to have saliency with g-axis inductance greater than the d-axis
inductance, L, > L;. The magnets are very well protected against centrifugal forces
[6].The high ratio between the quadrature and direct axis inductances in the interior

PMSM is a boost for the electromagnetic torque by bringing in the reluctance torque.

1.4 Statement of the Problem

In Ethiopia almost all three-wheel vehicles are internal combustion engine(ICE) and
this ICE consumes petroleum and our dependency on petroleum venerable us for price
spike and supply disruption.So in thesis thesis I have changed ICE engines by electric

motor(PMSM) for three wheels vehicles which uses domestically produced electricity .



1.5 (General and Specific Objective

General Objective

The general objective of this thesis is speed control of PMSM using vector control
method which is suitable for wide speed range operation using field-weakening approach

for electric vehicle application.

Specific Objectives are To:

e Study and develop vector control algorithm for PMSM speed control
e Model and simulate PMSM.

e Achive wide speed range operation using flux weakening approach

1.6 Scope of Study

The scope of this thesis includes mathematical modeling,simulation and analysis of
three phase permanent magnet synchronous motor(Surface mounted PMSM) for small

electric vehicle.

1.7 Significant of study

Almost all vehicle in Ethiopia are IC Engines vehicle which consumes petroleum and our
reliance on petroleum makes us vulnerable to price spikes and supply disruptions.EVs
help reduce this threat because almost all electricity is generated from domestic sources,
including hydro power,and renewable sources.EVs can also reduce the emissions that
contribute to climate change and improving public health and reducing ecological dam-
age. So electric vehicle will be a grate option for our future development.Therefore, this
study is focused on speed control of PMSM using vector control for EV’S application

which is replaced the petrol drive IC engines.



CHAPTER 2:

LITERATURE REVIEW

PMSM’s control can be performed in several forms. The most common types can be
gathered in two main groups: scalar control and vector control. In permanent mag-
nets motors, the most used scalar control is constant V/f(volt per frequency control).
However, due to the poor results obtained in transient state, control imprecisions and
phase control limitations, this type of control is becoming less used.To overcome the
obstacles imposed by the scalar control and achieve higher performances, vector control
is adopted. Here, two main approaches are known: Direct Torque and Flux Control
(DTFC), also called Direct Torque Control (DTC), and Field-Oriented Control (FOC).
Both DTC and FOC are strategies that allow torque and flux to be decoupled and con-
trolled independently[3].Unlike FOC, in DTC there is no current loop in the control
Instead, torque and flux are measured or estimated and the control loop is closed by
the inverters control signals from this data [4].Field-Oriented Control can be direct or
indirect. Since there is no common agreement in the literature in how to distinguish
between them, it is assumed that indirect FOC is based on the estimation of the flux
position through stator currents and voltages and motors parameters, whereas direct
FOC measures the rotor flux position, usually by Hall sensors[21]. There are also cur-
rent control strategies called Trapezoidal (Six-Step) Current Control and Sinusoidal
Current Control. These differ by the form of the current injected in the motor: the
first one tries to inject rectangular current waveforms and is usually implemented in
BLDC(Brush-less DC Motor) motors. The goal is to feed the appropriate phase of the
stator in order to maintain a rotating field. The phase shift between stator and rotor
fluxes must be controlled in order to produce the required torque. Sinusoidal Current
Control is similar to the previous, except the currents generated are sinusoidal instead

of rectangular[10].



Variable Frequency Drive

Vector Control |-=

FOC Control =

Scalar Contmol
(Volts/Hertz Control)

» DTC Control

Figure 2.1: Motor control classification.

Table 2.1: Comparison of Vector control

DTC

FOC

Dynamic response

Excellent

Excellent

Torque ripple

- Indirectly controlled

by stator currents

- High dynamics

- Directly controlled
- High dynamics

- Controlled torque rip-

- Torque ripple ple
Average torque controlled | No Yes(indirect)
Complexity of architecture | Low Medium
Current distortion and har- | High Medium
monics
Fixed switching frequency | No Yes

Flux control

Indirectly controlled by sta-

Directly controlled - Fast

tor currents and Slow dy- | dynamics
namics
Parameter sensitivity Low Medium




Lastly, with respect to methods of electric motoring control used nowadays, five
vector control methods commonly applied to drive PMSMs are exposed, with a brief

explanation of each [3].
1. Constant Torque angle control

e Torque angle is maintained at 90° turning if current component into zero.
e It is used to speeds below rated speed.

e Power factor decreases with the increase of rotors speed and stator currents.
2. Unit power factor control[10]
e Unit power factor control implies that the VA ratio of the inverter is com-

pletely used to inject real power in the motor..

e This type of control is applied controlling the torque angle as a function of
motors variables and is independent of motors speed. used to inject real

power in the motor.

e The torque angle has to be higher than 90°.
3. Constant air-gap flux linkage control[3]

e The flux that results of stator current dq components and rotor flux, known
as mutual or air-gap flux, is kept constant, usually in a value that is equal

to the rotor flux.
e The stator voltage requirements are kept low.

e [t is a simple method to apply flux-weakening, allowing the motor to operate

with speeds above the base speed.

e Torque angle has to be higher than 90°.
4. Maximum Torque per Ampere control[3]

e Precious control method from machine and inverter usage point of view.
e [t is done controlling the torque angle.

e Better performance than constant torque angle control, at the expense of

higher stator voltages.



5. Flux-Weakening control[3]

e Voltage and current limits imposed by DC bus before the inverter make the
motors feeding also limited. This makes the speed and torque produced by
the motor also limited. In some applications is necessary to have higher
speeds than the maxim speed permitted by the voltage and current fed to

the motor.

e In order to increase the speed, air-gap fluxes are weakened making the elec-

tromotive force produced by the rotor inferior to the voltage applied.

e Flux-weakening is made to be inversely proportional to the stator frequency.

In addition to high torque requirements at low speeds, traction applications require
drive systems that provide constant power at high speeds.The drive must be able to
maintain the constant power over a wide speed range [9].The speed of the motor in-
creases with the terminal voltage up until the base speed. At base speed the terminal
voltage saturates to its maximum value. The speed of the motor cannot be increased
any further unless a proper control strategy is implemented to reduce the stator flux.
If a demagnetizing magnetomotive force (MMF') generated by manipulation of stator
currents is applied, the apparent MMF generated by PMs could be reduced and the
motor speed will increase. The strategy is known as field-weakening (FW). Since high
power density, high efficiency PM motors have become the best replacements of in-
ternal combustion engines, the control of PM motors for EV applications has drawn
much attention in recent publications [12]. It is necessary for Evs as well as many other
applications, to operate over both a wide speed range and high efficiency. Therefore,
a control strategy, which uses FW control at high speed, was demonstrated in [11].

R. Krishnan [32] reviewed the operation of the Permanent Magnet Synchronous Mo-
tor Drives when they are constrained to be within the permissible envelope of maximum
inverter voltage and current to produce the rated power and to provide this with the
highest attainable rotor speed. The rated power is for steady state operation and mul-
tiple times that is preferred for fast accelerations and decelerations during transient
operation. Effective current control during the field weakening operation with tran-
sient capability was seen as preferable compared to the saturation of the current loop

resulting in higher peak currents and hence higher copper losses. The paper addressed



the steady state operation, transient operation, and control techniques for the PMSM
drives in the field weakening region.

Zordan, Vas, Rashed, Bolognani, and Zigliotto [33] performed a comparative
analysis of field-weakening (FW) in vector controlled and DTC permanent magnet syn-
chronous motor drives. The possibility of unstable operation in the highspeed region
using DTC was emphasised. The paper also highlighted some important differences
between DTC and FOC drives in FW, such as quickness of torque response and torque,

flux, current ripple content and implementation aspects.

Fw

Y YL

»
r d

@y se @, .. Speed

ma.

Figure 2.2: I|deal torque vs. speed characteristics for variable speed drives[36].

Generally, as shown in Figure 2.2, MTPA control is achieved with full field current
throughout the speed range up to the base speed, which is the maximum speed that
can be achieved without FW control [13].Then, in FW control,by injecting negative
stator current the armature MMF is re-oriented to a position that opposes the MMF of
the PM, and hence reduces the total resultant flux in the airgap. This is the basic idea
of the so-called FW control in such machines. The weaker the net resultant air-gap
flux the higher the motor speed. That is, in FW control the resultant air-gap flux is in
inverse proportion to the motor speed.The principle of FW control in PMSMs is that
the air-gap flux can only be weakened by applying a demagnetizing armature current
component along the d-axis of the permanent magnets. Since the output torque is
proportional to product of air-gap flux and g-axis current component, such torque can

be reduced with FW control.
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2.1 Comparison of Electric Motor used for EV’s
Propulsion

There are several types of electric motors can be used in vehicle propulsion systems: DC
motors, synchronous motors with permanent magnets or electromagnetic excitation,

switched reluctance synchronous motors, squirrel cage induction motors.

Table 2.2: Systems Evaluation of Electric Propulsion[5].

Propulsion
System | DC | IM | PM | SRM

Characteristics

Power Density 25|35 5 3.5
Efficiency 25 135 | b 3.5
Controllability 5 5 4 3
Reliability 5 5 4 3
Technological maturity 5 ) 4 3
>~ Total 22 | 27 | 25 23

For the same output power, Permanent Magnet Synchronous Motors (PMSM) offer
performance enhancement over the induction and synchronous motors in terms of power

factor, efficiency, power density and torque-to-inertia ratio [1,2,3].

2.2 PMSM have the following advantages over DC

motors

Higher power density and smaller size

Sparkless operation (used in hazardous environment)

Higher speed

Less audible noise

Longer life

Better heat transfer

11



2.3 PMSM have the following advantages over in-

duction motors

Higher power density , resulting in smaller size

Higher efficiency

Better heat transfer

Higher power factor

2.4 Demerits of PMSM

Complex control.

Demagnetization of the rotor magnet due to ageing.

Reduction of torque production due to demagnetization of rotor magnet.

Maintenance is often required for rotor magnet.

2.5 Demand for Three Wheeler Vehicles in Ethiopia

In 2012, Ethiopia imported over 6,920 three wheel vehicles worth 267 million Br, ex-
cluding tax. Three years later, imports reached 15,600 vehicles worth 641.2 million
Br. In 2016 with in 10 months alone, the country has imported 73,805 three wheel
vehicles, which are worth over 817.8 million Br. Their demand is increasing for many
reasons, Their affordability in terms of price in comparison to other means of transport
and low fuel consumption are some of the reasons behind the rising demand[21].

Data from the Ministry of Transportation indicates that as of last fiscal year 14,793
Bajaj are legally working in Amahara, Afar, Harar, SNNP and Ormia. Of the legally
registered vehicles 2,132 are working in Amahara 2,302 in Afar, 536 in Harar,4,671 in
SNNP and 5,152 in Oromia. If all of the unlicensed bajaj are included the number
could be as high as 200,000[34]. The average import price, excluding local transporta-

tion cost, has increased over the years. On average, the price of a three wheel vehicle

12



in 2012 was around 66,900 birr. In 2016 costs was around 73,805[21]. It now costs over
120,000 birr in 2019.
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CHAPTER 3:

MODELING OF PMSM

This chapter deals with the detailed Mathematical modeling of a permanent magnet
synchronous motor.As well as Field oriented control of the motor in constant torque

and flux-weakening regions are discussed.

3.1 D-Q Modelling of PMSM using Two Phase Ma-
chine

The d-q model of Permanent Magnet Synchronous Machine (PMSM) is derived using
a two-phase machine in the direct and quadrature axes ( dq axes). This approach
is desirable because of the conceptual simplicity obtained with only one set of two
windings on the stator.The rotor has no winding, only magnets. The magnets are
modelled as a flux linkage source concentrating all its flux linkages along only one axis.
The physical model of the machine is developed from which the circuit model is derived.
The derived model in the stator frame is not suitable for use in analysis as the winding
inductances are dependent on the rotor position. Constant inductances for windings
are obtained by a transformation to the rotor by replacing the stator windings with a
set of fictitious dq windings rotating at arbitrary speed such as the electrical speed of
the rotor. The equivalence between the three phase machine and its model using a set
of two-phase windings is derived from a simple observation and graphical projection.

The following simplifying assumptions are made to derive the dynamic model of the

two-phase PMSM.

i. The stator windings are balanced with sinusoidally distributed magnetomotive

force (mmf).
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ii. The inductance versus rotor position is sinusoidal.

iii. The saturation and parameter changes are neglected

A two-phase PMSM is shown in Figure 3.1 below. The windings are displaced 90
electrical degrees and the rotor field direction is at an angle r from the stator d -axis
winding. The winding current directions and the voltage polarities are shown in detail.

A pair of poles is assumed but it is applicable to any number of pair of poles.

Stator ¢—axis

—c i
[~
NT§> Vqs

Figure 3.1: Permanent Magnet Synchronous Motor two phase model[3]

The d and g-axis stator voltages are derived as the sum of the resistive voltage

drops and the derivatives of the flux linkages in the respective windings as
Vis = Ryigs + pAgs (3.1)
Vas = Ratas + pAas (3.2)
where

p is the differential operator,d/dt

Vgsand Vg are voltage in the - and d-axis windings
igsand igs are the g-and d-axis stator currents
Rjand Ry are the stator g- and d-axis resistances

Ags and Mg, are the stator g- and d-axis sator flux linkages
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The stator flux linkage can be written as the sum of the flux linkages due to its self
excitation and the mutual flux linkage resulting from other windings and the magnetic

sources. Therefore, the q and d axis stator flux linkages are written as:
/\qs = quiqs + quids + /\af sin(Qr) (33)

)\ds = qu’iqs + deids + >\af COS(@T) (34)

Since the windings are assumed to be balanced, therefore, their resistances are equal
and denoted as

Rs =R, = Ry (3.5)

Substituting equations 3.3, 3.4, and 3.5 into equations 3.1 and 3.2
‘/qs = Rsiqs + Z.qsquq + qupiqs + qupids + Z‘dsqud + /\afp Sin(er) (36)

Vis = Rslas + igspLga + Lyapiqs + Laapias + taspLaa + Aasp cos(6,) (3.7)

L,, and L4 are the self inductances of the q and d axes windings respectively.
Lgq is the mutual inductance between ¢ and d axes winding measured on the gaxis.

L4 is the mutual inductance between q and d axes winding measured on the daxis.

3.1.1 Derivation of Inductances as a function of Rotor Posi-
tion

From figure 3.1, consider the d-axis inductance when the rotor angle 6, = 0 , magnetic
axis is aligned with the d-axis and flux linking d-axis coil is maximum thus resulting in
d-axis maximum inductance L; . When 6, = 90° ;magnetic axis is aligned with g-axis
making flux linking d-axis coil minimum thus resulting in d-axis minimum inductance
L, . Because the windings are distributed to provide the sinusoidal mmf, the self
inductances can be modelled as cosinusoidal functions of twice the rotor position from
the d-axis. Hence the self inductances of the q and d axes windings are written in

terms of the maximum winding inductances at the q and d positions as:

Ly, = = [(Ly+ La) + (L, — L) cos(26,)] (3.8)

N | — N | —

de = [(Lq + Ld) - (Lq - Ld) COS(ZGT)] (39)
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At 0, = 0°, Lgg = Lq while at 6, = 90°, Lyq = L, in accordance with the discussion
above.

In compact form

Ly, = Ly + Lo cos(26,) (3.10)
Lag = Ly — Ly cos(26,) (3.11)
Where L, and Ly are given as
1
L = E(Lq + Lg) (3.12)
1
Ly = §(Lq — Lyg) (3.13)

The mutual inductance between the q and d axis is zero in a cylindrical rotor machine.
In an interior PMSM, there is saliency and because of that a part of the d-axis winding
flux will link the g-axis winding as the uneven reluctance provides a path for flux
through the g-axis. The mutual coupling is zero when rotor position is 0° and 90° and
maximum at —45°. Assuming sinusoidal variation, the mutual inductance between q

and d axes windings is given by:
1
Ly = 3= (Ly — Lq)sin(26,) = — Lo sin(26,.) (3.14)

Substituting the self and mutual inductance (i.e. equations 3.8, 3.19 and 3.14) into the

stator voltage equation (i.e. equations 3.6 and 3.7) and rearranging in compact form

yields
Vs 204 L1+ Ly cos 20, — Ly sin 20, d |igs
g | T T ? = (3.15)
Vds ids —L2 sin 26‘r L1 — L2 COS 26‘r dt ids
—sin20, —cos20,| |igs cos b,
+2WTL2 + )\afwr,n
—cos 26, sin 26, Tds —siné,

The third term as well as the position-dependent elements in the second term exist
because of saliency in Interior Permanent Magnet Synchronous Machines being that
L, # Ly . In surface mounted machines, L, = L, thus Ly = 0. The stator voltage

equations, therefore, minimize to

Vs 245 Li 0] d |igs cos 0,
4 = RS 1 —+ ! - ! + Aaf('d'r’ (3]‘6)

‘/ds ids 0 L1 t ids —sin HT

.
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The inductances in the salient pole machines (interior PMSM) are rotorposition de-
pendent making the voltage equations cumbersome and not providing insight into the
machine steady state and dynamic behaviour. Transformation techniques are used to
eliminate this rotor dependency since it is more popular for steady state and dynamic
studies of the machine to be conducted with inductances independent of rotor position.

The next subsection is devoted to the transformation to rotor reference frame.

3.1.2 Transformation to Rotor Reference Frame

By transforming to the rotor reference frame, the system inductance matrix becomes
independent of the rotor position, thus leading to the simplification and compactness
of system equations. The relationship between the stationary reference frame denoted
as d and g-axes and the rotor reference frame denoted as dr and qr-axes is shown in

figure 3.2 below.

q' —axis

Vd.\ +

Figure 3.2: Relationship between the Stationary and Rotor Reference Frames|3]

The transformation principle is based on the fact that the fictitious stator having
windings on the dr and qr-axis will produce the same mmf as the actual stator on the
q and d- axis. Therefore, applying vector resolution on the figure 3.2.The relationship
between the currents in the stationary reference frames i.e.,the actual winding currents

and the rotor reference frames currents, i.e., the fictitious currents is written as
Nrigs = Nrig, cos 0, + Nrig, sin 0, (3.17)
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In compact form

where

It follows that

[~

Nrigs = NTiZS sin 0, + Nrpi),, cos 0,

lgs cosf@, sinf,| |4

r
qs

. . o
Tds —sinf, cosf,| |,

R

lgds = [T ]qus

. . . t

lgds = [qu st]
cosf, sind,
—sinf, cos0,

ist = [ng Z:ls]

Z-chs = [TT] 712’qu
-1

cosf, sind, cosf, —sinb,

—sinf, cosd, sin 6,

The speed of the rotor reference frame is

Where 6, is the time derivative of the electrical rotor position in rad/s.

0, = w,

cos 0,

(3.18)

(3.19)

(3.20)

(3.21)
(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

like wise, the relationship between the stationary and rotor reference frames voltages

is derived as

Where

Vaas = [T7]

qds

V:;ds - [V;]r V:is]t

as = Vos Vsl

qds

like in the case of current,

r
Vqus

= [T"] WVaas

(3.27)

(3.28)

(3.29)

(3.30)

Substituting equations 3.20 and 3.27 into equation 3.6 and 3.7 simplifying, the PMSM

model in rotor reference frame is obtained as

r
Vis

r
Vds

Ry + Lyp wyrLyg i

—wr Ly Rs+ Lgp| |iy,

wr/\af

(3.31)

19



3.2 Three Phase Permanent Magnet Synchronous

Motor Model

The figure 3.3 below shows the phasor relationship between the three phase windings
and the two phase dq windings.

Stator

ref

Figure 3.3: Equivalence of Three Phase and Two Phase Windings[3]

Assuming that each of the three phase windings have NT turns, then to ensure mmf
equality, the two-phase windings will have 3NT/2 turns per phase. The d and g-axes
mmf are found by resolving the mmfs of the three phase along the d and g-axes just
as we did for the two-phase machine. The g-axis here is assumed to be lagging behind

the a-axis by 6,. The relationship between qd0 and abc currents is

cos®, cos(f, — 2—7T) cos(0, + 2—7T)

iy 3
2 ) )

ih| =5 |sin6, sin(f, — —W) sin(6, + —W) [ias Tbs ics} (3.32)
3 3 3

i 1 1 1

? 2 2 2

The zero sequence current i, represents the imbalance in the abc phases. again equation

3.32 represented as

iZdo - [Tabc]iabc (333)
t

inao = |i7, i, o) (3.34)
t

Labe = [ias ibs ics] (335)
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and the transformation from abc to qdo variables is

cosf, cos(f, — 2%) cos (6, + 2—7T)

2 27 2%?
[Tope) = = |sinf, sin(f, — =) sin(f, + =) (3.36)
3 3 3
1 1 1
2 2 2

The zero sequence current,i, does not produce a resultant magnetic filed. The transfor-

mation from the two-phase stator currents can be obtained as

labe = [Tabc]_ligdo (337)
where
cos b, sin 6, 1
-1 2 . 2
[Tope] ™ = | cos(6, — ?) sin(6, — ?) 1 (3.38)
2 2
cos(6, + ?ﬁ) sin(6, + ?ﬂ) 1

For a balanced system,i, + i, + 7. = 0. It is important to note that for unbalanced
system,i, + i, + 7. # 0. For such an unbalanced system, the zero sequence term is
written as:

Vo = Ryi, + pA, = Rs + Lopi, (3.39)

where
Ao is the zero sequence flux linkages
L, is the zero sequence inductance
i, is the zero sequence current

The PMSM model for a three phase unbalanced system is

Ugs Ry + Lgp wy Ly 0 lys WrAaf
vgs| = | —wrlq Re+Lgp O nl+1 o (3.40)
Vo 0 0 Rs + Lop /L'o 0

But, for a balanced system, where. PMSM model in rotor reference frame 4, +1,+i. = 0

remains
v R, + L wy, L (. Wy Ag
as | _ aP ! = 4 ! (3.41)
Vi —wyLg  Rg+ Lap| |1y, 0
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3.2.1 Development of the PMSM Power and Torque Relation-
ships

The power input to the three-phase machine has to the power input to the two-phase
machine to have meaningful interpretation in the modeling,analysis,and simulation
and Electromagnetic torque is the most important output variable that determines
the mechanical dynamics of the machine such as the rotor position and speed. It is
derived from the machine matrix equation by looking at the input power and its various
components such as resistive loss component, mechanical power and the rate of change
of stored magnetic energy.

The three-phase instantaneous power input is

las
Py = Uhnciabe = [vas Uhs Vea| |y | = Vastas + Uhsig + Vesic (3.42)
Ues
From Equation 3.33 and 3.37
iabe = [Tave] gy (3.43)
Ugbe = [Tabc]*lv;”do (3.44)

Substituting Equation 3.43 and 3.44 in to Equation 3.42

3
Py = —[(vlil, + v, — 20,0,) (3.45)

2 qs-gqs

For a balanced system, the zero sequence current i, does not exist.hence

3 T T
P = E[quzqs + Udslds] (346)

From equation 3.41, the dynamic equation of the PMSM can be written as
V = [R]i + [L]|pi + [G|w,i (3.47)
Where:
[R] matrix consist of resistive elements
[L] matrix consists of the derivatives of the operator p
[G] matrix has elements that are the coefficients of the electrical speed w;.
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Multiplying both sides of equation 4.47 with the transpose of the vector current
P, ="'V =4"[R]i + i'[L]pi + i*|Glw,i (3.48)
Where:

i*[R]i is stator and rotor resistive losses
i*[L]pi is the rate of change of stored magnetic energy. This is zero at steady state.
i'[G]w,i is the mechanical power

From the fundamentals ,it is known that the air gap torque has to be associated with
the rotor speed.The air gap power is the product of the mechanical rotor speed and air

gap or electromagnetic torque that is

wnT, = P, = i'[G)i x w, = it[G]igwm (3.49)

where p is the number of pole.dividing both side by w,, leads to an electromagnetic

torque i.e.,

Do
Te =5 (Gl (3.50)

Substituting for G in equation 3.50, the electromagnetic torque is obtained as

_3p

T, = 55D + (Lo — La)igliy,  (Nom) (3.51)

When Lg = Ly i.e..for Surface mounted PMSM the electromagnetic torque is obtained

as
_3p
292

Here we can formulate our input power interms of rotor reference stator current and

T.=PDgir)  (Nam) (3.52)

voltage that is
3
P = —[vral. + v (3.53)

2 qs-qs

3.2.2 Steady State Torque Characteristics

It is important to examine the steady state torque characteristics of the motor to
highlight the relationship between the torque angle and the various torque components.
Assume the following set of balanced polyphase current as the input to the stator of a
salient pole PMSM:

Is = Iy, sin(w,t + 9) (3.54)
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1y = I, cos(w,t + 9) (3.55)

0 is the angle between the rotor field flux A,y and stator current phasor and known
as the torque angle since it determines the steady state torque. Using the inverse

transformation ratio [T%]~!

1 cosf, —sinb,
[T = (3.56)

sinf, cos0,

g" —axis

af d’" —axis

Stator Reference Frame

Figure 3.4: Stator Input Current Phasor Diagram[3]

The steady state stator current components in the rotor reference frame as shown

in figure 3.4 are
Ii, = I,sind (3.57)
I, = I,,cosd (3.58)

And substituting these into the torque expression(i.e., in Equation 3.51),the air gap

torque is obtained as
3p ) 1 9 .
T, = §§[Aaffm sind + §(Ld — L,)I; sin 26| (3.59)

The torque angle § directly influences the airgap torque 7, . The torque expression
contains two components; the synchronous torque T, (excitation torque) which is due
to the interaction of the rotor magnetic field and the q axis stator current and the

reluctance torque T, due to reluctance variation.
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They are related as:
3p

T., = 5 2)\affm sin 0 (3.60)

7, = 3P 0, = L2 sin 2 (3.61)
er — 9915 d — tq)ltm ’

T.=T,+1T, (3.62)

3.2.3 Equivalent Circuit Representation of PMSM

The dynamic equation of the PMSM in rotor reference frames can be represented using

flux linkages as a variables.

Ay = Lyit, (3.63)
N = Lail, + Aoy (3.64)

From the above Equations,the stator currents in the rotor reference frames can be
represented in terms of flux linkages and inductance.
Then the q and d axis stator voltages in terms of these flux linkages in the rotor

reference frames as follows:

Vgs = Rlpg + pAig + wr i (3.65)

qs

vhe = Rl + DAy, — WAL (3.66)

qs

Flux linkage are defined as follows:

Ay = Ly, (3.67)
Aoy = Laih, + N (3.68)

The airgap torque is also obtained in terms of the flux linkages by substituting equations

3.63 and 3.64 into equation 3.51 as shown below

3p 1
T, =202 1— )AL N .
e 29 Lq [p)\af + ( p>)\ds]>\qs (3 69)
Sp ror T
T€ §§[Ads qs >\ st] (37())

where the saliency ratio is defined as

Ly

P=7

i’ (3.71)

Since surface mounted PMSM L, = Ly therefore p = 1.
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L(lmrrds

(a) g-axis equivalent circuit

(b) d-axis equivalent circuit

Figure 3.5: d-q equivalent circuit in synchronously rotating frame [3]

3.3 Vector Control of PMSM

Vector control, by field orientation, is used to decouple the stator current of the PMSM
into equivalent flux and torque producing current components for independent and
precise control of torque and flux like in DC machine as shown in the phasor diagram

of Fig. 3.6. The resolution of the stator current phasor on the rotating direct and

T

quadrature axes (known as rotor reference frames) gives iy, and iy,

respectively.and
they related as:

T

) sin ¢

®| =i, (3.72)
0 cos §
Note that they are constants for agiven stator current phasor and torque angle. The
stator current component along the rotor flux axis,i.e, along rotating d-axis, can only
produce a flux and hence can be named as the flux-producing component of stator
current and denoted as i;.This current only partially contributes to the d-axis and the

remaining part of the rotor flux is contributed by the PMs.The component that is in

quadrature to the rotor flux can produce a torque in interaction withe the rotor flux

26



and hence named as torque-producing current.ir very similar to the armature current

of the separately excited dc motor.
Iys = I (3.73)

i =i (3.74)

Stator Reference

Frame

Figure 3.6: Phasor diagram of vector control by FOC for PMSM

As shown in Fig. 3.6, the rotor flux linkage revolves at a rotor speed w, and is
positioned away from a stationary reference by the rotor angle 6, . The stator current
phasor is at angle § from the rotor flux linkages phasor. Field orientation control is

achieved by making d = 90° thereby making the stator flux current component zero.

if =1y =1sc080 =0 (3.75)
Therefore,
3 . .
T, = §§Aafzs = Ky, (3.76)

3
where K; = §§Aaf is the torque constant. Under this condition, the PMSM behaves
exactly as the separately excited dc motor [8] as seen from the torque expression where

the torque is produced by the interaction of the rotor flux and the stator current.
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3.4 Per Unit Model

The normalizing model of the PMSM is derived by defining the base variables both in
the abc and dqo variables.in the abc frame, let the rms value of rated phase voltages

and currents in abe frame result in
Basepower = P, = 3Vj313 (3.77)

Where v,3 and I3 are the three-phase voltage and current, respectively.Selecting the
base quantities in the dq frames denoted by V;, and I, to be equal to the peak value of

the phase voltage and current in abc frames result in
Vi, = V2V (3.78)

I, = V21 (3.79)
Therefor,the base power is defined as

W I 3
3—=—7= = =WI 3.80
Vaiva 't 350

The rotor reference frame model begin with considering the g-axis stator voltage,which

Py = 3Vizlps =

is given in the following:
Vs = (Rs + Ly P)ip, + wp(Laig + Aay) (3.81)

It is normalized by dividing it with the base voltage,V} as

r ’U;S 165 T Lq -7 (‘L‘T<LQZ'23 )\af)
o =T, lgs T przqs v, (p.u) ( )

()

Base voltage in terms of base current, I, , and base impedance ,Z, or base speed and

base flux linkage as

% = Ibe = wb)\b = WbLb[b (V) (383)
Substituting V; in to Equation 3.80 yields

vr:&@ L Lay o ﬁ[(Ldirﬁ Aaf

—d . 3.84
o= () + (7 e o Lb)(Ib) Ab] (p.u) (3.84)
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Defining the normalized parameters and variables in the following manner:

Rs L Ld Wy
Rep = =2 (pu), Loy = “L(pau), Lgn = —(p.u), m = —(p. 3.85
Zb (p u) q Lb (p u) d Lb (p u) w Wh (p u) ( )
v las v las T r o _ Vas
qun - Ib (pu>7 Ldsn ]b (pu)7 qun ‘/b (pu)7 Udsn ‘/b (pu)
Similarly, the d-axis stator voltage equation is normalized
r r Ldn .r
Vgsn = —WenLgntgsn, + (Lsn + o Pligs, (p-w) (3.86)
b
B, PP, P3V,, 3P
Thy=—=——=—=-—==-=M1[, (N. 3.87
T T 2w 22w gl (Nem) (3.87)

From which the normalized electromagnetic torque(for surface mounted PMSM) is

obtained as

T. .
T., = 7 = lggnlafn (D) (3.88)
Where
A
Aapn = =L (pou) (3.89)

b

The electromechanical dynamic equation is given by

T. = JCZJ—tm + 1, + Bw,, (3.90)
Where
wy, is the mechanical rotor speed
J is the moment of inertia of the load and machine combined

B is the friction coefficient of the load and the machine,

T; is the load torque

3.5 Pulse Width Modulation

The control of harmonics and variation of the fundamental component can be achieved
by varying the duration of applied input voltage to the machine.It is realized by chang-
ing the pulse width to gate signals of the inverter and it is known as PWM schemes,In

general aim to maximize the fundamental harmonics. Figure 3.7 shows sample wave

29



form of phase a and its mid point voltage for the inverter given in Figure 3.8 .The inter-

section of carrier signal v.(abidirectional triangular wave form) provide the switching

signals to the base drive of the inverter switches. The switching logic for one phase is

given as:

1
Van = 5‘/dc> Ve < U:
1 *
Van = _5‘/;167 Ve > U,

m

(3.91)

T F

Phase A % Van Phase B % "Ibn Phase C % 'it'rl

+

n

Figure 3.7: Three-phase inverter[3]

1 1 I L 1 .
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Time (ms)
pdc T T T T T T T T
2
0r N
_Ptk ]
‘2 L 1 - i L L I L - I
34 36 38 40 42 44 46 48 50
Time (ms)

Figure 3.8: Sinsoidal PWM][3]
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The fundamental of this midpoint voltage is

Vdc V¥
aml — = 3.92
Vam1 2 Ve ( )

where
vy is the peak value of the phase reference or command signal
Up is the peak value of the triangular carrier signal

The resulting output follows the frequency and phase of the reference signal. The mod-

ulation index or ratio is defined by

,U*
= -2 3.93
m= (3.93)
which substituted in Equation 3.92 gives
Ve
Va1 = M —2 (3.94)
2
The line to line rms voltage is derived from the mid point voltage v,.,1 as
V3
Vi = —=vVam 3.95
0= 75 em (3.95)
where
m is the modulation ratio
Vi is the dc link voltage or input voltage to the inverter
The modulation ratio from Equation 3.93 can be written as
V3
—V,
57 vy,
m = = = (3.96)
() (e
2 2 2

where V), is the peak phase voltage.From this equation ,it is seen that the modulation
ratio between fundamental peak phase voltage and the midpont voltage with respect
to dc source midpoint input.It is seen by this definition that the mpdulation ratio
is normalized with respect to mid point of dc source input.The line to line voltage
output is linear for the modulation ratio from zero to one.Beyond that range,the out
put voltage increases but not linearly and it is known as over modulation region.This

region from this value to maximum line to line voltage is divided into two sub regions.In
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the subregion where the modulation ratio is between 1 and 1.154,and the line to line

rms voltage at m=1.154 is derived as[4].

= ﬁdec = 6(1.154‘/;0

V22 2

and it corresponds to a peak phase voltage given by

v, ) = 0.707V,e (3.97)

2 Vie
Vami = 5 Vaesin 60° = & — 0.577Ve (3.98)

&
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CHAPTER 4:

FIELD WEAKENING TECHNIQUE FOR
PMSM

Due to the upper limit placed on the available dc link voltage and current ratings of a
given inverter, the motor input voltage and current ratings are limited. The voltage and
current rating are limits impact the maximum speed with rated torque capability and
the maximum torque producing capability of the motor drive system, respectively. It is
required and desirable to produce the rated power with the highest attainable speed for
many applications such as electric vehicles, people carriers in airport lobbies, forklifts,
machine tool spindle drives, etc. corresponding to the maximum dc link voltage and
hence the maximum input machine attains a speed known as the rated (base) speed.
Above this speed, the induced emf will exceed the maximum input voltage, making
the flow of current into machine phases impractical. To overcome this situation, the
induced emf is constrained to be less than the applied voltage by weakening the air
gap flux linkages. The flux weakening is made to be inversely proportional to the
stator frequency so that the induced emf is a constant and will not increase with the

increasing speed.

| Flux-weakening schemes |
y
I Model-free control schemes Maodel-based control schemes

|

Direct contraol Indirect control
of flux of flux

[ Adaptive control | i Six-step control I

Figure 4.1: classification of flux-weakening control schemes
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4.1 Indirect Control Scheme

The scheme does not request a specific air gap flux request directly in its controller but
implements the flux weakening in an indirect manner. It is achieved by only considering
the rotor speed request, and accordingly the d-axis current for that speed is computed.
This, together with the stator g-axis current that is allowed within the maximum
allowable stator current magnitude, determines the torque generation and indirectly
the air gap flux. Schematically the control scheme is shown in figure 4.2. Assuming
a speed controlled drive system, the torque command 7T.., is generated by the speed
error. Depending on the mode of operation, the torque command is processed by block
1 or 2. Block 1 corresponds to the constant torque mode controller whereas block 2
corresponds to the flux-weakening mode controller. The outputs of the controllers are
stator current magnitude command and the torque angle command. They, together
with the electrical rotor position, provide the phase current commands through the
stator reference transformation block. Then the resulting stator current commands
in stator reference frames are enforced with an inverter by current feedback control,
with any one of the current control schemes available. The rotor position and the
rotor speed are assumed to be obtained with an encoder and a signal conditioner,

respectively. induced emf is a constant and will not increase with the increasing speed.

Block 1
T = Constant| | .0
T 7™ torque | i .
| [ ™ controller| ? i Tl T 1P B
I —— |k | INVERteR |.oocecn ¢
o Speed | “™Processing, P 1 and | i \
@ OBy P —e !l oLt “bi Transfor- : 7o  PMSM |
m - controller. ~m{ circuit | ; - control © 1 | j
i i il - mation | j* bode R, /
R B s Lol logie TTTTN
O G ' L -‘ Flux- ; ( ' ‘ [ \y
! 3 P - . i
8% {Max) et wcal\'cmng’i""'ljﬂ 5 [ Foad 3
H H \ /
"” controller 1‘ sn, i, oy
H it 11 \
| Absolute /7
e encoder 7

icunditinningr

Figure 4.2: Schematic of the PMSM Control Strategy [3]
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4.2 Maximum Speed

To understand the scope of the flux weakening of the pmsm drive,it is essential to
deterermine the maximum speed.The maximum speed for a given set of stator volt-
ages and currents is obtained analytically for the purpose of design calculations. The
maximum operating speed with zero torque is calculated from the steady state sta-
tor voltage equation as follows.The normalized stator voltage equations in the rotor

reference frames are given as

vgsn = (Rsn + anp)igsn + wTﬂ(LdSHiZSn + 1) (41)
Ugsn = _wrnanZ‘an + (Rsn + Ldnp)lgsn (42)

where the abc to dq transformation valid for voltages,currents,and flux linkage is used

to obtain the voltages in rotor reference frames as.

2 2 Van
Vgan 9 |cos, cos(6, — —W) cos(6, — —;)
Udsn s oy s1n( = E) Sln( . — ?) ‘/Cn

The steady state stator voltage equations are obtained by putting the derivative of the

current variable to zero in Equation 4.1 as
Ugsn = Rsnigsn + Wrn(Ldsnigsn _I— 1) (44)

T - -7
Vdsn = _ananqun + Rsn?’dsn (45)

The maximum speed is attained by letting the air gap flux reduce drastically and all
the stator current is utilized for that purpose only. That means the q axis current is

T

zero,l.e., ig.,=0.The stator voltage phasor then obtained as

From which the maximum speed for a given stator current magnitude of ¢}, is

SR
n — sn S’n/' SN 4.7
Wrn(Mmazx) (& Lani’) (4.7)

35



4.3 Flux-Weakening Algorithm

Consdering steady state and by neglecting the resistive terms, the voltage phasor is
written as

vzn = anu + Ldn?’.ZSn)Q + (anizsn)Q (pU) (48)

Where the voltage phasor vy, is defined as

Vi =\ W) + (U7 (p0) (4.9)

r

gsn Can be written in terms of the stator current phasor and

The quadrature current ¢

stator direct-axis current as

iron =\ (152 = (i%,)? (4.10)

4.4 Voltage and current limits

First, consider the current ratings of the inverter switches at maximum allowed machine
stator current I,,,,. The maximum allowed current can then be represented in the
synchronously rotating frame ig-id plane as a circle centered at the origin and with
radius [,,4.. Normalizing the maximum current to unity, the circle is then centered
at zero with radius 1.The interior of this circle represents the locus where current
regulators can generate any normalized current phasor without exceeding the current
limits of the drive system. Figure 4.3 shows the current limit as well as a typical
armature current phasor I operating within this limit.

The other operation limit that must be considered is the maximum output voltage
provided by the inverter. The output voltage of the inverter is a function of the DC
link voltage. In VC, the ability to control the stator current is critical. This ability to
control the current is given by the PWM operation of the inverter, and it is lost if the
inverter switches saturate. Therefore, the inverter must operate within the so-called

undermodulation region of the PWM.
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Current
limit circle
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Figure 4.3: Normalized current limit circle in the synchronously rotating reference frame[36]

The condition for current constraint obtained as

V2 + (05)? < L (4.11)

For VC(Vector Control) of PMSM, the maximum peak value of the inverter output

voltage as function of the DC link voltage is:

V3Vae

Vmax =
3

(4.12)

The voltage constraint can also be written in the (id - iq) plane. To make the working

easier, assume a non-salient machine and neglect stator resistance i.e, L = Ly =
LsandR =0

Vgsn = TganBsn + Wrn Ligenien + WrnAagn (4.13)

Vgsn = WrnLigeniaen + WrnAapn (4.14)

Vgsn = Wrn(Lisniaen + Mafn) = WrnAgsn (4.15)
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roo_ 7 7
Vdsn = stnRsn o anquansn (416)

Vgsn = —WrnLgsnlps, = —WrnAgen (4.17)

From Equation (4.9) we can obtained current constraint as:
Ven = (Wen LiganTgen + WrnAapn)® + (@WrnLgsn) (igen)? (4.18)
(G = G+ L2+ (4.9
Equation (4.19) is equation of a circle with center is offset at i, = %" and radius of
(wr:‘zlqsn)Z The operation limit established by the DC link voltage Cail be determined

by substituting the applied armature voltage vy, in equation 4.18 by maximum peak

value of the inverter output voltage from equation 4.12. This limit is given by:

\/gvdc

. )‘afn 2 . 2
= (i}, r 4.20
o L) = T2+ (1) (4.20)

gsn
qun

Equation 4.16 represents the family of circles that limit the operation of the PMSM
due to the DC link voltage constraint. In other words, for each speed there will be a
voltage limit circle. Notice that as the speed increases, the circle shrinks. Figure 4.4
shows three examples of the voltage circle limit for speeds w,1, w2, andw,3. Where w,3

is bigger than w,s and w,s is bigger than w,.

Voltage
limit circles

Wr1

Figure 4.4: Voltage limit circles in the synchronously rotating reference frame[36]
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The two constraints discussed above must be combined in order to define the drive
operation limits. Notice that since the two constraints must be satisfied, the drive
operation limit will then be defined by the intersection of the two circles defined by
the current and voltage limits.

Figure 4.4 shows the two constraints for PMSM drive system. The current limit circle
and the voltage limit circle are given. In this figure, the shaded area represents the
operation region where the machine can operate at speed w,o, i. e., any armature
current vector can be generated by the controller within this area and therefore any
torque/speed associated with this current can be provided. The voltage limit circle in

continuous line is the voltage limit circle for base speed (w1 = wysp).

Voltage
limit circles

Current
limit circle

Imax

ia

Figure 4.5: Current circle limit and voltage limit circle for PMSM drive system|[36]

In order to understand the operation of VC of PMSM drive system and its operation
limits, the analysis will be divided into two parts, the constant torque region and the
constant power region. Analysis of the best armature current vector trajectory will

also be given.
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4.5 Constant Torque Operation Region

In a PMSM, the magnetic field is provided by the permanent magnets, and therefore
optimum torque/ampere ratio is obtained if the armature current is composed only of
its torque component. In other words, the controller should control the machine in such
a way that the iy component of the armature current is zero, while the 7, component
is proportional to the desired torque.This principle can be graphically observed by
looking at Figure 4.5. The condition of maximum torque/ampere ratio will be achieved
by having the armature current trajectory along the iq axis, as shown in the figure.
Figure 4.5 shows examples of armature current vector. The current [; is in the q-
axis,and therefore id is zero. [I; then represents a typical operation point where the
voltage applied to the machine is Vi, which is smaller than V,,,,,. The armature current
I, is smaller than Imax, and the machine is providing a torque 7} at speed w,;. Notice
that the same torque T can be provided by the same current i, but with different

combinations of V; and wy, i.e. lower or higher speeds can be reached by varying V;.

Voltage A
. ey i
limit circle q
1 Current
limit circle
I2
A
[] lmax
L -
A b
L gsn
b

Figure 4.6: Armature current trajectory for vector control of PMSM operating in CTOR[36]

In the operating point Iy, the machine is operating at maximum or rated torque.

At this point any combination of the applied voltage V5 and speed w,s can be used.
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However, there will be a speed that will allow the voltage limit circle to pass through the
point where the current limit circle crosses the g-axis. This is the maximum speed where
the rated torque can be developed. This speed is the aforementioned base speed w,s.
The base speed is the limit of the constant torque operation range. Below this speed,
the machine can provide the rated torque at any speed, but beyond this speed, the
rated torque cannot be provided any longer, and this is the beginning of the constant
power operation region. It is important to notice that in general the base speed is
defined as the speed where the maximum circle voltage is provided by square-wave
operation of the inverter. However, as mentioned before, at square-wave operation the
inverter loses its ability to control the current, which is a requirement for VC and fast
dynamic response of the system. Therefore, for vector control, the maximum voltage

circle is defined in the limit of the undermodulation operation region of the inverter.

4.6 Constant Power Operation Region

As the speed increases beyond the maximum speed, the voltage limit circle passes
through a point where the maximum current circle crosses the 7, axis, the voltage limit
circle shrinks and the maximum torque can no longer be provided. It is important
to emphasize that before this point the current command id was zero and the current
command ¢, was proportional to the desired torque. However, from this point on,
although the current limit may not be violated, the controller cannot control the current
in a way that the rated torque is provided, and the command currents iy and 7, must
be changed.

There are many different ways to control the id and iq currents. For instance, consider
that the current command will be controlled to be in the limit of the voltage limit
circle, and inside the current limit circle; however, optimum torque/ampere ratio is
desired and therefore id will be controlled to be zero. Figure 4.6 shows three operation
points for speeds w1, w2, and w,3 with this control strategy. Notice that as the speed
increases from rl to r2, and from r2 to w,3, and the voltage limit circle shrinks, and
therefore the maximum torque that can be developed also decreases. At speed w3,
the voltage limit circle is tangent to the 7, axis and the machine cannot provide any

torque at this speed or higher. Therefore, if the current command trajectory is along
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the i, axis, the range above base speed in which the machine can provide torque is very

narrow.

Current
limit circle

@ 1 L
i
s ‘
qu_sn_

Voltage
limit circle

Figure 4.7: Armature current trajectory for vector control of PMSM operating in CPOR with
iq = 0[36]

Consider as an alternative for the previous current command trajectory, the tra-
jectory that does not keep the id component of the command current zero. A possible
current trajectory as the speed increases is along the current limit circle. Figure 4.7
shows this trajectory. In this trajectory, the 7y component of the current command
increases negatively. In order to stay within the current limit circle, the 7, component
must decrease, which causes the developed torque to decrease. However,in this way
the decreasing rate of the torque as the speed increases is smaller,meaning that the
range that the machine can operate above base speed is wider. The armature current
vectors I, Is, and I3 are examples of the currents in this trajectory. Notice that they
have nonzero iq and i, components, unlike the previous trajectory. In this case the
optimum torque/ampere is not achieved anymore. However torque can be developed

at higher speeds.
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Figure 4.8: Armature current trajectory for vector control of PMSM operating in CPOR with

field weakening

For instance, as shown in Figure 4.7, if the machine is required to operate at speed
wy3, by using the trajectory along the g-axis,there would not be any 4, current, and
therefore the machine would not be able to develop any torque. On the other hand,
if the trajectory along the current limit circle is used, as shown in Figure 4.7, the I,
current would be I3 and a considerable amount of torque would be developed.The
objective of the field weakening technique is then to control iq and 7, current in such

way that the machine can develop constant power.

4.7 Selection of Power Rating of an Electric Motor

for Electric Vehicles

The electric vehicle has many components like charging module, converters,controllers,
batteries, electric motor and the block diagram of power flow in an electric vehicle is

shown in Figure-4.9.
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AC SUPPLY
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POWERTO <
WHEEL

Figure 4.9: Block diagram of power flow in an electric vehicle

From the Figure-4.9, the AC power supply can be obtained externally by using solar
panels to generate electricity or from domestic AC supply in chagrining station.This
power is then rectified using converter and is made available to the battery through
charging module. The battery supplies electric power to the motor through a motor
controller, which helps in controlling the input and output parameters of the mo-
tor.The output mechanical power from the motor is given to the wheel through a drive
shaft. Therefore, it is clear that an electric motor determines the output characteristics
of vehicle as a whole in terms of power, torque, speed, etc. The electric motor selected
for driving a vehicle must have the ability to provide sufficient power and torque to

overcome the force due to load and other opposing forces acting on the vehicle.

4.7.1 Power Rating Based on Vehicle Dynamics

For deciding the power rating of a vehicle, the vehicle dynamics like rolling resistance,
gradient resistance, aerodynamic drag, etc. has to be considered. For illustration pro-
cedure for selecting motor rating for an electric car of gross weight 348 kg is considered.

The force required for driving a vehicle is calculated belowl]

Ftotal - Frolling + Fgradient + Faerodynamiedrag (421)
Where:
Fiotar =Total force

F,ouing=Force due to Rolling Resistance
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F,ouing=Force due to Gradient Resistance
Foerodynamicarag=Force due to aerodynamics drag

Fioiar 1s the total tractive force that the output of motor must overcome.

A.Rolling Resistance

Rolling resistance is the resistance offered to the vehicle due to the contact of tires with

road. The formula for calculating force due to rolling resistance is given by equation

(2):
Frolling = C’M, * M % g (422)

Where:
C,, = Coefficient of rolling resistance
M=mass in kg
g= acceleration due to gravity=9.81m/s?

For the application considered, C,., = 0.015 and M = 310kg(Maximum payload) There
fore,

Froting = 0.015 % 310 * 9.81 =45.6 N
Power required to over come the rolling resistance of 45.6 N is:
Prolling = L'rolling * V(kmph) (423)

Protting = 45.6 % 65km /hr % 1/3600hr /sec x 1000m/km = 0.82kw

Where V=velocity in Kmph

B.Gradient Resistance

Gradient resistance of the vehicle is the resistance offered to the vehicle while climbing
a hill or flyover or while travelling in a downward slope. The angle between the ground

and slope of the path is represented as , which is shown in Figure-4,10.
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Figure 4.10: Forces Acting on a Vehicle[31]

The formula for calculating the gradient resistance is given by equation :
Fgradientresistance =M * g * sin «v (424)

In this illustration, let us consider the electric car runs on a flat road. Therefore, the
angle sina = 0° .

Fyragient = 348 ¥ 9.81 ¥sin0’ =0 N

In this case, the power required to overcome gradient resistance is also zero.

C.Aerodynamic Drag

Aerodynamic drag is the resistive force offered due to viscous force acting on the vehicle.

1
F,i= ip*A*C'd*VQ (4.25)
1 40000
Fad = 5 * 1.225 % 2.09 * 044 * (m) = 6954 N

Where V' is the average speed of aerodynamic drag.

1000

Py = 69.54 % 65 1925 K
d * 02 3600 v
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It is largely determined by the shape of the vehicle. The formula for calculating the
aerodynamic drag and decelerating the effect of force due to inertia also acts. In this
illustration, let us consider the power required to overcome Aerodynamic drag and
other resistive forces to be around 1.3 kW.

Therefore, the total tractive power required to move the vehicle is
Pt = 0.82Kw + 1.3Kw = 2.12Kw

But electric motor wit h output power rating of 1.92 kW should not be selected.
The losses due transmission of power to the wheel must be included. Therefore, the

mechanical power output (M qeive) Tequired to drive the vehicle is obtained as

M o Ptotal
tractive —
n

(4.26)

Where,n =efficiency of the transmission gear system Let us consider the efficiency of
the transmission system to be 0.85. Therefore the mechanical power output required
is:

2.12

Mtractive = @ =249~ 25Kw

For the selection of power rating for an electric car of 310 kg maximum payload capacity,
a motor with output power rating of 2.5 kW selected. power rating required to drive

an electric vehicle of particular load is calculated.

4.8 Current and Speed controller

4.8.1 Current Controller

The design of the current for PMSM drives becomes crucial in high-performance appli-
cations. The design procedure to synthesize and implement current controllers is very
similar to the high-performance current controllers in induction motor drives. Before
moving on to further details, the process of the current control in the PMSM is first
examined to gain an understanding of the interaction of the machine, the inverter, and
the current controller. Consider the gain of the inverter to be K, and its time constant
to be T,., which is equal to half of the time period of the PWM carrier frequency. If the

desired performance of the current control loop is to resemble a first-order lag system
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given by
s K
it 14T,

(4.27)

where
K is the feedback gain of the current sensor
T; is the desired lag

i, and 7 are d-axis winding current in rotor reference frames and their refer-

ences, respectively

The current loop transfer function from Figure 4.11 as

igs(s) - [(a[(t(1 + Tms) (4 28)
irt(s)  H KoK (1+8Ty) + (14 sT,) { KoKy + (14 sT,) (1 4 sT,,) } '
where
1 L ? J
K, = —; Ta:_q' Kn=—; Th=—; Ky=KK\ 4.29
I R, B, 27 (4.29)
The following approximations are valid near the vicinity of crossover frequency:
1+sTr=1 (4.30)
1+ 8T, = 5T, (4.31)
(1+sT,)(1+sT,) =1+ s(T,+T,) =1+ 5T, (4.32)
j:JI..|.'~
Figure 4.11: Current Controller [3]
where
T, =T,+1T, (4.33)
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with this the current loop transfer function is approximated as

i25(8> o (KaKtTm)S (4 34)
inx(s) Kol + (T + KoK T He)s + (T Top)s? '
T.K, s
= 4.35
( Kb ) (1+ST1)(1+8T2) ( )

It is found that 77 < Ty < T,, and hence ,on further approximation that, (1 + s75) =

sT,. The approximation current loop transfer function is then given by

i;s(s) ~_ K;
ir(s) (Lt (4:36)

Where
B T,.K,

K; =
Tk,

T, =T, (4.37)

4.8.2 Speed Controller

The speed loop is shown in Figure 4.12. Near the vicinity of Cross over frequency, the
following approximation are valid: H, = 0.05 V/V and H, = 0.8 V/A

Maximum control voltage V., 10 v

(1+ sT,,) = sT,, (4.38)
(14 8T3)(1 4 sT,) = 1+ 5T, (4.39)
1+ 5T, =1 (4.40)
Where
Twi=Tw+T; (4.41)

The speed loop transfer function is given by

| KK, Hy K, (14 sT,)

GH 2 4.42
(s) T Ts 52(1+ 5Tw;) (442)
From which the closed loop transfer function is obtained as
K
K,—(1 + sT,
wrls) o L ga | (4.43)
=} K .
Wra(s)  Hu $3 T + 82 + Kg?(l + sT%)
where
K,K,,K:H,
K, = T—t (4.44)
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' sT, 1+5T; 1+s7T, .
ml'.'l.
H,
1+sT,,

Figure 4.12: Simplified Speed Controller[3]

wy(s) 1 (14 sTy)
: H, 3 1
wils) Hey )y (ng) 82+ (1—6T3> s

Equating the cofficients of Equation 4.43 and 4.45 and solving the constants, yields the

(4.45)

time and gain constants of the speed controller as

T, =6T,; andK,= (4.46)

Hence,the proportional gain, K,s, and integral gain K,,,. of the speed controller are

derived as
4
K,s = K, = 4.47
p gKgTwi ( )
Kis = ! (4.48)
TR, T2, ‘
. Ve
Inverter: Gain,K, = 0.65 = 18.525V/V
Time constant, T, = 57 = 0.000025s
K, 18.525
G.(s)

T 14T, 1+ 0.0000255

1 L
Motor(electrical):Gain, K, = = 0.7143; Time Constant , T, = ﬁq = 0.0064s
K, 0.7143

Ga pu— p—
() = T 5T, ~ @+ 0.0061s)

3
Torque constant, K; = 3 (g) Aaf = 2.087N.m/A
J
Mechanical gain, K, = B = 100rad/s/N.m
KK, \, 32.26

(1+sT,,)  (1+0.6s)
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where the mechanical time constant is

J
T, =2 —=0.12
B, °
K, K, 208.7

Motor (Mechanical)G,,(s) = 0+ 5T, = 150129) From Equation 4.34 and 4.35

we can drive TiandTs as

T K, T, H.
+

Ty +1T, =
2+ 11 KK, %,

(4.49)
TmTar

Tl*T2:KK
at)b

(4.50)

Solving for 17 and T5, gives
Ty = 0.00923s

Ty = 3.01s
K;

The simplified current loop transfer function: G;y = —————
P P (1+ sT})
T, =T, = 0.00923s

= 7K -

K; 2.4

Speed controller:

Hy

m

Ty =T+ T, =0.01235

T, = 6T,; = 0.0738s

ks = 4 =22
P9k Ty
1
kis = = 12
2Tk Ty
The base value Calculated as:
]b = 12A, Pb = 25kw, Tb =6N.m
P 2500
Base voltage,V}, = 3—;; =372 %
P 2500
Base speed w, = — = ——— = 416.6rad/s
T, V6
70
Base impedance, Z;, = = 580
I, 12
Z, 5.8
Base inductance, L, = w_: = 1066~ 0.014
1.4
Normalized Stator resistance R, = R—Z = T = 0.24p.u
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Stator phasor voltage , V is equal to the peak value of the stator phase voltage ,and
it is calculated as:

V, = 0.55V;, = 0.55(285) = 156.75

Vi  156.75
vV, 70

Its normalized value ,V,, = = 2.23p.u.
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4.9 Simulation Results of Vector Control of PMSM

with Field Weakening Operation

4.9.1 Simulation Result and Discussion

This section deals with the simulation results of PMSM drive system. The parameters
of the motor that are used in the simulation are shown in table 1(APP-I) . The system
built in Matlab for a PMSM drive system has been simulated at the constant torque
and fluxweakening regions of operation.

In the simulation of the surface mounted PMSM both constant torque and fluxweak-
ening region have been showed using the software packageMATLAB for wide speed
range operation of pmsm for electric vehicle application. The motor is operated with
constant torque up to its base speed and beyond the base speed flux-weakening mode

is initialized.
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Figure 4.13: Rotor Speed of SPMSM
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Figure 4.14: Developed Torque

A flux weakening operation is shown in Figure-4.17.Above 0.3 p.u.,flux weakening
is initiated using the algorithm.The d-axis current reference is reduced during flux
weakening, resulting in a reduction of air gap flux linkages.During flux weakening ,the

torque command is reduced to maintain the constant air gap power.
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Figure 4.15: Stator current
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Figure 4.16: Torque producing current(g-axis current)
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Figure 4.17: Flux producing current(d-axis current)

As the speed increases and reaches at base speed ,at this point the current command
14 is not longer zero and becomes negative due to air gab flux weakened . ‘The current
command 4, proportional to the desired(rated) torque have started deceased as well

because of the current constraint must be satisfied.Due to this the developed torque
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decrased as

1.5

well since torque is entirely produced by %, current.
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Figure 4.18: Reference stator current
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Figure 4.19: Actual stator current input to the PMSM
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Figure 4.20: Air gab(mutual flux linkage) flux
Due to negative stator current injected the air gab flux as the result is weakened as
shown from figure 4.20.This weakened air gap flux control the back emf induced due

to rotor flux and maintained constant as the speed increased beyond base speed.
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CHAPTER 5:

CONCLUSIONS AND RECOMMENDATION

5.1 Conclusion

The objective of this work is to explain and analyze Vector control of field weakening
for wide speed range application of PMSM drive system for Electric vehicle (EV).Field
weakening control has been developed and operation below and above rated speed has
been studied. The dynamic performance of flux/field weakening control of PMSM
motors has been studied. The demagnetizing effect of the negative direct current to
weaken the air gap flux was presented in detail. Vector control of PMSM with field
weakening was discussed and Analysis of the operation limits of the system have been
completed. This analysis considers the voltage and current limits. The result of this
analysis showed that the constant power operation range of the PMSM when using
VC with field weakening technique the toque reduced from rated value while the speed
increased beyond base speed and air gap flux reduced and becomes negative due to
negative d-axis current.The torque producing current was decreased in flux weakening
region and at the result torque reduced from rated value at base speed. The field
weakening has not been implemented using DSP due to time constraint and some

technical problems on the DSP used.
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5.2 Recommendation

The main recommendations for this Thesis are summarized as:

e The main drawbacks of using speed/position sensor are high cost, lower system
reliability and special attention to noise. Such problems make sensorless drives

popular.So sensor less control scheme recommended in future work.

e Due to unavailability of different device component(DSP,sensor,...) locally It was

a challenge to analysis the system experimentally.

e Using space vector technique it is possible to develop farther for multilevel inverter
just like three level, five level, seven level and etc. To get smooth steady state

speed of PMSM.
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APPENDIX I

Table 1 Three-tiyer Vehicle Specification used|[14]

Overall length (mm) 2625
Overall width (mm) 1300
Overall height (mm) 1710
Wheel base (mm) 2000
Ground Clearance (mm) 180
Turning radius (m) 2.88
Tyres 4.00-8,4PR
Roll resistance, fi,. 0.015
Air drag coefficient,Cy 0.44
Frontal Surface Area,A | 2.09
(m?)

Fig 1 A three-wheeled Bajaj



Table 2 Physical Specification of Engine

Parameter Value

Type Four stroke,SI,Forced air cool
Weight 45Kg

No. of Cylinder one

Displacement 173.52cc

Maximum Speed 5000Rpm

maximum Torque 12 NM

Maximum Pay load 310kg

Average pay load 100Kg

Table 3 PMSM drive system Parameter

Aaf 0.1546 wb-Turn
L,=Lq 0.0056 H

R 1.4 Q

Rated current 12 A

moment of inertia(J) 0.0012 kg m?
Number of pole(P) 6

Switching (carrier) frequency of inverter (f.) | 20 kHz

Dc link voltage input to the inverter 285 v

Friction coefficient B;

0.01 N.m/rad/s
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APPENDIX II

clear all; close all;
%¥Machine Parameters

B=6; fnumber of pole
Rs=1.4; %¥stator resistance
Ld=0.0056; %3d axis inductance
Lg=0.005&; %g axis inductance
lamaf=.154§; f(rotor flux linkage
B=0.01; %(friction coefficient
J=0.001Z2; fmoment of inertia
wdc=285; %Dc link wvoltage
wr_ref=5213.6; FMAximum speed

Fconverter and controller parameter
Fconverter and controller parameter

fc=20000; %PWM switching fregquency

kpi=12; f(proportional gain of spped controller
=2.2; fproportional gain of spped controller

ki=4; %Integral gain of current controller

%¥Base wvalues
Thb=6;
Ib=1Z;
Vb=T0;
Lb=0.014)

Wb=4l6.6;

%Initial parameters

theta r=0; %Initial position

wr=0; %(Initial speed

t=0; %(Initial time

de=le-6&; iIntegration Time step

tfinal=.07; %(final time

if ref=-le-16&; %fset d axis current to small negative value

igse=0;1ids=0;
wgs=0;vds=0;

T1=0.3*Th; %Fload torgue wvalue
n=1;

x=1;

signe=1;

ramp=-1;

ias=0;ibs=0;ics=0;

tl=0;

vaxl=0;vbxl=0;vcxl=0;
zia=0;zib=0;zic=0;

%tsimulation starts here

? while (t<tfinal),
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while(t<tfinal),

wr_err=wr_ref-wr; %¥speed error
Y=y+wr_err*dt; %speed PI controller
Te_ref=kp*wr_err+ki*y;

if wr<whk/Z,
fwr=1;
end
if wrxwbh/Z,
fwr=(wh/2) /wr;
end
Te_refnew=Te_ref*fwr;
if ref=(fwr-1)*lamaf/Ld;
it refnew=Te_ refnew* (2/3)* (2/p)/ ((Ld-Lg) *if_ ref+lamaf):

:LIMITER

if Te_ref>2*Thb,
Te_ref=2*Tb;

end

if t»0.015,

end
% if Te_ref<2*Tb
% Te_ref=Te_ref*fwr:

end
if Te ref<Z*Th
Te ref=Te_ref*fwr;
end

$calculate reference currents
it_refnew=Te ref* (2/3)* (2/p)/((Ld-Lg) *if ref+lamaf):
is_ref=sgrt(it_refnew"Z+if ref"Z):

if it refnew>=0,
delta ref=pi/2;
elseif it refnew<,
delta ref=-pi/2;
end

if wr<wbh/Z,
fwr=1;
end
if wrxwb/Z2,
fur=(wbh/2) /fwr;
end
Te_refnew=Te ref*fwr;
if ref=(fwr-1)*lamaf/Ld;
it_ref=Te_refmew* (2/3) * (2/p)/ ((Ld-Lq) *if ref+lamaf);:
fcalculate reference phase currents

ias_ref=is ref*sin(theta r+delta ref):;
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ibs_ref=is ref*sin(theta_r+delta_ref-2*%pi/3);
ics_ref=is ref*sin(theta_r+delta ref+2*pi/f3);

fcalculate control voltage to ke applied to pwm control

vax=kpi* (ias_ref-ias):

if wax>l,
wvax=1;

elseif wvax<-1,
vax=-1;

end

vbx=kpi* (ibs_ref-ibs):

if vhbx>1,
vbx=1;

elseif vbx<-1,
vbx=-1;

end

vex=kpl*® (ics_ref-ics);

if wex>xl,
vex=1;

elseif wvex<-1,
wvox=-1;

end

fsample and hold

if tl»1l/fc,
wvaxl=vax;
Vbxr1=vDxA;
woxl=vox;
tl=0;

end

$pwm controller

if waxl>=ramp,
wvao=wdc/2:

elseif wvaxl<ramp,
wvao=-vdc/Z2;

end

if wbxl>=ramp,
wbhbo=wdc/2;

elseif vbxl<ramp,
vho=-vdc/2;

end

if wcxl>=ramp,
weo=wdec/2;

elseif wvexl<ramp,
wvoo=-wdc/2;

end

$compute line wvoltage
wvab=vao-vbo;
vho=vbo-vCo;
VCasvCo-vao;

L [FEpER T L
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vas=|vab-vca) /3;

vhs=(vbc-vab) /3;

wves=(veca-vhe) /3;

%g and d axes wvoltages in rotor reference frames

vgs=(2/3) * (cos (theta_r) *vas+cos (theta_r-2*pi/3) *vbs+cos (theta_r+2*pi/3) *vcs):
vds=t:f3}‘tsinttheta_r}‘vas+sinttheta_r—:‘pif3}‘vbs+sinttheta_r+:‘pif3}‘vcs}:
fmachine eguations to compute currents in rotor reference

%frame,and torgue angle ,torgue

d_igs=(vgs-Rs*igs-wr*Ld*igs-wr*lamaf) *dt/Lg;

igs=igs+d igs:

d_ids=tvds+wr‘Lq‘iqs—Rs‘ids}‘dthd:

ids=ids+d_ids;

is=sgrt(igs~2+ids"2):;

delta=atan(igs/ids); %ftorgue angle

Te=(3/2)* (p/2) *igs* [ (Ld-Lg) *ids+lamaf) ; %calculate torgque

%fcalculate speed and position

d_wr=((p/2)* (Te-T1l)-B*wr) *dt/J;

wr=wr+d wr;

d_theta_r=wr*dt;

theta r=theta_r+d theta_r;

fphase currents
ias=igs*cos(theta_r)+ids*sin(theta_r);

ibs=igs*cos (theta_r-2*pi/3)+ids*sin(theta_r-2*pi/3);

ics=-(ias+ibs);

(PWM RAMP
ramp=signe* (Z/(1/ (2*fc))) *dt4+ramp;
if ramp>1,

zigne=-1;
end

if ramp<-1,
gigne=1;
end
t=t+dt; f(Increament time
tl=tl+de;
$plot variakles
if x>186,
B
tnin)=t;
Terefn(n)=Te xef/Tb;
it _refnewn(n)=it_refnew/Ib:
if refn(n)=if ref/Ib:
is refn(n)=is_ref/Ib:

ias refn(n)=ias_ref/Ib;
ibs_refn(n)=ibks_ref/Ib;
ics refn(n)=ics_ref/Ib:

iasn (n)=ias/Ib;
ibsn(n)=ibs/Ib;
iecsn(n)=ics/Ib;
wasn(n)=vas/Vk:
vksn (n)=vbs/Vk;

vesn (n)=ves/Vi;
igsn (n)=igs/Ib;
idsn (n)=ids/Ib;



isn(n)=is/Ib;
Ten (n)=Te/Th;
wrn (n)=wr/wb;
wrrefn(n)=wr_ref/wb;
lammn (n)=sgrt ( (1+Ld*ids/ (Ib*Lb) ) ~2+ (Lg*igs/ (Ib*Lb) ) ~2);
n=n+l;
x=1;
end
x=x+1;

- end
fplotting
figure(l):;orient tall;
plot (4,2, 3)
plot(tn,Terefn, "'k--',tn,Ten, 'k');axis ([0 .05 -2.1 Z.1]):
set (gca, 'xticklabel', [1):
ylabel ('T**_e n,T e n','Font5ize', 9, 'FontWeight', 'kold', 'Colox’', 'kb')
subplot (4,2,5)
plotitn,is_refn, 'k--',tn,isn, 'k');axis ([0 .05 0 Z1);

o o o ol

=set (goa, "®ticklabel', [1);
vlabel('i®*_ s n,i_s n','Font5ize', 9, 'FontWeight', 'bold', 'Colox’, 'red')
subplot (4,2,1)
plot(tn,wrrefn, 'k—-',tn,wrn, 'k");axis ([0 .05 -1 1]}
set (gca, 'xticklabel', [1):
ylabel ('w**_r n,w r n','Font5ize’, 9, 'FontWeight', 'bold', 'Colox’,'z')
subplot (4,2,7)
plot(tn,it_refnewn, 'k--',tn,igsn, 'k');axis ([0 .05 -2 2]}
ylabel('i"*g s n,i g s n','FontSize', 9, 'FontWeight', 'kold", 'Colox’, 'blue')
subploc(4,2,2)
plot(tn,if refn, "k—-",tn,idsn, "k") ;axis([0 .05 -1 1]}
set (gca, "xticklakel', [1) !
ylabel ("i**f r ¢ f n,i d s n', 'Font5ize", %, "FontWeight', "bold', "Coleor’', "g'))
subplot (4,2,4)
plot(tn,ias_refn,'k’',tn,ibs refn,'k:',tn,ics refn, 'k--");
axis ([0 .05 -1.5 1.5]):
set (gca, "xticklakel', [1) !
ylabel ("i** a = n,i1** b s n,i"* c s n',"FontSize', 9, 'FontWeight', 'bold', "Color’
subplot(4,2,86)
plot(tn,iasn, 'k',tn,ibsn, 'k: ', tn,icsn, "'k--");
axis([0 .05 -1.5 1.5]):
set (gca, "xticklakel', [1) !
ylabel('i a s n,i b 8 n,i c & n*,'Fontsize', 9, 'FontWeight', "kold’, 'Colox’,|'B")
subplot (4,2,8)
ploti(tn,lammn, "k') ;
axis ([0 .05 0 2]):
yvlabel ("lammn', "FontSize', 9, "FontWeighe', 'kold', "Colorx', ")






