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ABSTRACT

KEYWORDS: Field Oriented Control; Field weakening scheme; Overmodulation

The Field Oriented Control (FOC) of induction machine is a control scheme which
enables independent control of torque and speed, similar to that of a DC machine. In
FOC based induction machine drive, the operation above base speed is achieved by
reducing the flux component of the current. The maximum torque capability of the
drive reduces as the speed increases beyond the base speed. In field weakening regions,
the developed torque capability of the induction machine mainly depends on control
strategy. So the control strategy must ensure that the maximum torque generation is

possible in the entire field weakening region.

The PWM signals to the switches of the inverter are generated using space vector
modulation. In lower speed operation of the drive, inverter will be operating in the lin-
ear region. At higher speeds, in order to maximize the DC- bus utilisation, the inverter
should be operated in the overmodulation region. The control algorithm for overmod-
ulation is designed to ensure the linearity between the reference voltage and the output
fundamental voltage. A fundamental current estimation algorithm is used for improving

the performance of the drive during overmodulation.

The main focus of this project is towards implementing an induction machine drive
suitable for traction application. High inertia is the main feature of traction drive, so the
required torque during starting is much higher that the steady state full load torque. So
an induction machine drive with field weakening scheme is preferred choice for high

speed applications.

The simulation studies are done for a 630 kW machine using MATLAB/SIMULINK
to verify the control algorithm for field weakening operation and SVPWM based over-
modulation scheme of the drive. The TMS320F28335 based DSP board is used for
implementing the control algorithm in hardware test set-up. The field weakening algo-

rithm is experimentally validated on a laboratory model of 30 kW induction machine.
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4.74 Hardware result: iz, — limit, @ and phase current waveforms for a grad-
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Induction Motor
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Va; Vb, Ve
Vsors Vsﬁ
VsdsVsq
ia ) ib ’ ic
Isats isﬁ
isd; isq
Vinax

max

~

NOTATIONS

Instantaneous stator voltages in abc frame, V
Instantaneous stator voltages in af3 frame, V
Instantaneous stator voltages in dq frame, V
Instantaneous stator current in abc frame, V
Instantaneous stator currents in o3 frame, A
Instantaneous stator currents in dg frame, A
Maximum stator voltage vector in stationary reference frame, V
Maximum stator current vector in stationary reference frame, A
Stator inductance, H

Rotor inductance, H

Magnetising inductance, H

Stator leakage inductance, H

Rotor leakage inductance, H

Stator resistance,

Rotor resistance, 2

Rotor time constant, s

Inverter DC bus voltage, V

Rotor flux speed, elect.rad/s

Position of rotor flux phasor, rad

Rated rotor magnetising current, A
Reference speed, rad /s

Base speed, elect.rad /s

Transition speed between field weakening regions, elect.rad /s
Torque constant , Nm /A2

Generated torque, Nm

Reference voltage space vector, V

Applied voltage space vector, V

Sampling time, s

Total leakage factor

Stator leakage factor

Rotor leakage factor
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CHAPTER 1

INTRODUCTION

DC motors were widely used for variable speed drive applications in industry owing
to simple speed control algorithm and fairly good dynamic response over wide speed
range. The flux producing current and the torque producing current exist mutually or-
thogonal in two separate windings in a DC machine. Because of this arrangement flux
and torque can be independently controlled making the speed control of DC machine
fairly simple over wide speed ranges. This advantage is not available in an induction
machine drive, where there is only a three phase winding supplied by a three phase
source. Field Oriented Control (FOC) of induction machine is a control methodology
which enable the induction machine be controlled like a DC machine. In FOC of in-
duction machine, the flux producing component and the torque producing component
are identified and controlled separately. This is achieved by transforming the instanta-
neous stator currents to a rotating frame of reference aligned with the rotor flux axis
(Rotor flux oriented FOC). The direction along the rotor flux is taken as d-axis and the
direction in quadrature to the rotor flux taken as g-axis. The development of field ori-
ented control makes the induction machine drives a preferable choice in industry for

high performance applications like traction drive.

A traction drive system is used for the propulsion of vehicles, in which the driving
force is obtained from various drives such as diesel engine drives, steam engine drives,
electrical motors etc. The traction system is generally classified as non electric and
electric system. The non electric traction system does not use electrical energy for the
movement of vehicle at any stage. The steam engine drive and the IC engine drive
come under this catagory . The electric traction involves the use of electricity at some
stages or all the stages of locomotive movement. Straight electric drives, diesel electric
and battery operated electric vehicle are typical examples of electric drive system. The
electric traction system offers several benefits over other systems, including quick start
and stop, high efficiency, pollution free operation and simple speed control. Due to

these features, the electric traction system become the best choice for traction drives.



Control of an electric motor in a wide speed range is very important in traction appli-
cation. Traction system has very large inertia, so the torque required during acceleration
is much higher than the torque required during steady state rated speed operation. So
it is preferred to use a smaller power rating motor which accelerates at limited constant
power level, employing field weakening scheme. The field- oriented induction machine
drive is a good choice for this application since the field of the machine is controlled

easily by controlling the flux component current at higher speed.

The main focus of this project is towards the development of an induction mo-
tor drive for traction application. The power structure of a traction drive is shown in
Fig. 1.1. A diesel engine is used to drive the prime mover whose excitation is sepa-
rately controlled by an exciter. The alternator output is fed to a diode bridge rectifier
which provides the required DC-link voltage for VSI. The DC-link voltage is controlled
by controlling the excitation system of the alternator. This project mainly focuses on
controlling the VSI to drive the induction machine above the base speed through field
weakening. Since the system has a limited DC bus, in order to completely utilize the

available DC-link voltage, overmodulation scheme is used.

Area of interest

engine rectifier .
J inverter

I
|
. . . Voltage
Diesel
1ese Alternator Diode bridge = : source @
I
I

Exciter

Figure 1.1: Power structure of traction drive

Field weakening

The maximum current flow through the stator winding of an induction machine drive is
limited by the thermal rating of the machine and the current rating of inverter switches.
The maximum voltage that can be applied to machine is limited by the class of insula-
tion provided and the available DC-link voltage of VSI. For an induction machine drive

running at low speeds, the voltage applied to the machine from the VSI will also be low.
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As the speed of the machine increases, the machine demands more voltage to reach the
required speed. Similarly the current flowing through the winding depends on the load
condition of the machine. At light load conditions, the current flowing will be small and
as the load increases, current will also increases. At the base speed of the machine, if
rated load is applied, the applied voltage to the machine and the current flowing through
the winding of the machine will be at maximum allowable values. The machine gener-
ate maximum possible torque at this operating condition. For the speed variation from
zero to base speed, the flux of the machine is left at rated value. In Field Oriented Con-
trol (FOC) of induction machine, this is achieved by keeping the flux component of the
current (i) constant in below the base speed region. The g-axis current will depends
on the load on the machine and the machine can operate from no load to rated load in

this speed range.

In the DC machine, operation above the base speed is achieved by reducing the flux
of the machine. Similarly in FOC based induction machine drive, the flux component
of the current (iy,,) is reduced in order to achieve above base speed operation. In the
field weakening region, it should be ensured that the voltage applied to the machine and
the current flowing through the winding of the machine are within the rated value of the
machine. Since the flux of the machine is reducing, the maximum torque capability will
also reduces as the speed increases beyond the base speed. In the field weakening region
the developed torque capability of the induction machine mainly depends on the control
strategy. Therefore it is desirable to use a control scheme considering the voltage and
current limit conditions, which can yield the maximum torque over the entire speed

range.

In conventional field weakening method, the rotor flux reference of the machine
varies inversely with respect to the speed of the machine . The voltage limit and the
current limit constraints are not considered in conventional field weakening, so it is
impossible to obtain the maximum possible developed torque by this method. A field
weakening approach considering both the voltage limit constraint and the current limit
constraint, ensuring maximum possible developed torque in the entire speed range is

presented in [1].

Based on the speed of the induction machine drive, the whole operating range can

be divided in to three regions as specified below.
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e Below base speed region
o Field weakening region I

o Field weakening region Il

In Below base speed region, the conventional rotor flux oriented vector control is
used for speed control. The flux reference is constant in this operating region. In Field
weakening region I, flux of the machine is reduced considering both the voltage limit
constraint and the current limit constraint such that the maximum torque development
is possible. As the speed increases further, the operating point depends only on the
voltage limit constraint, then the Field weakening region II starts. In Field weakening
region II, the flux of the machine is reduced considering the voltage constraint alone,
such that the maximum torque development is possible. The base speed of the machine
is a critical parameter in the field weakening operation. The base speed is calculated
according to the flux level at rated condition and the voltage and current limits. Any

miscalculation of base speed will lead to undesired drop in the developed torque.

Linear and overmodulation PWM scheme

The basic function of any pulse width modulation approach, is to generate the 3 phase
stator voltages of required fundamental amplitude and frequency for driving the mo-
tor. At low speed operation, since the applied voltage is low, the inverter is operated
in its linear modulation region. In this region the line side fundamental voltage is pro-
portional to the reference voltage. The number of switchings per fundamental period
is constant in the linear operating region. As the speed of the machine increases, the
required fundamental amplitude and frequency increases. From a particular value of
fundamental voltage onwards it become impossible to maintain the linearity between
the reference voltage and the output voltage, which forces the VSI to operate in over-
modulation zone. In overmodulation region the number of switchings per fundamental
period will decrease and the DC-bus utilisation increases as the fundamental reference
increases. If the reference voltage increases further, the VSI will finally enter into the
six step operating mode where the highest possible line side voltage can be generated

from a given DC bus voltage (V;.). At the six step mode of operation the inverter
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switches only 6 times per fundamental time period, so the switching loss will be very

less.

The major problem with overmodulation is that the non-linearity in output voltage
will cause flow of higher order harmonic rich currents in the machine, since the inverter
moves to overmodulation zone at that speed. Stator and rotor leakage inductance con-
trols the harmonic current flow at higher speed. They are relatively higher in magnitude
at higher frequency of operation. Hence during high speed operation of the drive, the

inverter is operated at six step mode so that maximum DC- link utilisation is possible.

The linearity between the average value of reference voltage and the output volt-
age is lost in overmodulation region of operation. Therefore a proper compensation
algorithm must be used in overmodulation zones to achieve linearity. Based on this

compensation algorithm Overmodulation region is classified as given below

e Overmodulation region |
e Overmodulation region Il

o Six step mode

At six step mode of operation, DC-bus utilisation is maximum and switching losses
are minimum. So at a higher speeds of operation, six step mode of operation is pre-

ferred.

PWM output voltage will be a pure sine wave if switching frequency is very high
and inverter operates in linear modulation. In overmodulation region, since switching
frequency is low and the inverter operates in non-linear region of modulation, actual
PWM output voltage will have considerable harmonics which will produce larger har-
monic current. This distorted current has to be used by the speed estimation block and
the current controller. The harmonic current corrupts the actual rotor position informa-
tion which is essential for rotor flux oriented FOC based induction machine drive. So
the system has a very high risk of instability. So the estimation of lower order current
ripple is essential in overmodulation region of operation. In this project, lower order

current harmonics are estimated to calculate the fundamental component of the current.
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Organisation of Thesis

Chapter2 presents a detailed description of field weakening and overmodulation opera-
tion with SVPWM in induction machine. The conventional and proposed field weaken-
ing methods are compared. The detailed derivation of all the relevant equations in field
weakening regions are included in this chapter. Detailed theory of SVPWM in linear
modulation and overmodulation zones are also presented. All the equations required
for calculation of duty ratios of switches in different modulation zones are derived. The

fundamental current estimation algorithm is also explained.

Chapter3 deals with the hardware organisation for the implementation of field weaken-
ing method on a 30 kW laboratory prototype. A brief description about Digital Signal
Controller (DSC), used for control implementation is included in this chapter. The volt-
age and current sensors used in the setup and Protection and Delay card (PD card),

which act as the interface between the controller and the inverter are also discussed.
Chapter4 discusses the results obtained from the simulation of the 630 kW and 30
kW induction motor drive as well as that from the actual hardware implementation on

the 30 kW induction motor.

ChapterS presents the summary of the work done and the future scope for improving

the work.
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CHAPTER 2

FIELD WEAKENING AND OVERMODULATION
SCHEME

2.1 Introduction

In this chapter the detailed theory of field weakening scheme for a field oriented control
based induction machine drive is presented. All the relevant equations for the control
are derived and the basic control scheme is presented. The details explanation of linear
and overmodulation zone operation of SVPWM inverter is included in this chapter.
The control strategy in different operating zones is explained with the diagrams. The

fundamental current extraction algorithm is discussed with relevant equations.

2.2 Field Oriented Control of induction machine

The independent control of speed and torque in an induction machine is achieved by
separately controlling d-axis component of current (i) and g-axis component of cur-
rent (igzy). The control over torque is achieved by controlling the magnitude of iy,.
The rotor flux control is achieved by controlling the magnitude of iy;, which in turn
is achieved by controlling the magnitude of flux component of the current ( iy,). The
structure of a Field Oriented Control based induction machine drive is shown in Fig.

2.1.

The reference value of g-axis current, iy, is generated by the torque loop and refer-
ence value of d-axis current, i}, is generated by the flux loop. The reference values are
compared with the actual values and the error values are fed to the respective PI con-
trollers. The d-axis and g-axis current controllers generate the corresponding voltage
references, vy r and vy, r which are realised using PWM based voltage source inverter.
The emf terms, eyq and e, can be fed forward to improve the transient response of iy

and igz,, where eyrq and ez, are the d-axis fed forward voltage and g-axis fed forward
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voltage respectively. The sensed line currents undergo abc to a8 transformation and
af to dg transformation to obtain the i;; and is, values. In a sensor less FOC scheme,
the speed and the flux position need to be estimated. The angular speed estimation

module will estimate these values using feedback line current signals.

2.3 Voltage limit and current limit constraint

The voltage and current limits are critical parameters in the above base speed of op-
eration. The maximum possible voltage that can be applied to an induction machine
depends on the class of insulation provided in the machine and the available DC-link
voltage. The steady state stator voltage equations of a rotor flux oriented induction

machine in d-q frame is given as

Vsd = Rsisd - weL; isq (21)
Vsq — Rsl‘sq + ®Ls isq (2.2)
2
where L. =ocL;and o =1— —"
LL,

Vinax 1s the maximum possible voltage that can be applied to the machine according

to the voltage limit constraint.

The safe operation is ensured when vy, and vy, satisfy the following relation in
Eq.(2.3)

Vg sy < Vi (2.3)

If vgy and vy, satisfy this condition, the applied voltage to the machine will be well
within the safe limit. In high speed operation, w, will be quite high and hence the

motional emf terms will be much higher compared to resistive drop.

Then the Eq.(2.1) and Eq.(2.2) can be approximated as
Vsg = — 0L isq (2.4)

Vsqg = WeLs I5q (2.5)
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Substituting the expression for vy, and vy, from Eq.(2.4) and Eq.(2.5) in the voltage

constraint equation, Eq.(2.3)

(@eLsisa)* + (@, Llisg)* < V2o (2.6)
i2 i2
ot s <1 2.7
(o) (G17)

Where 0 < 1

Fig. 2.2 shows the locus of equation Eq(2.7). Eq.(2.7) is an equation of an ellipse,
which is a function of the operating frequency. The major axis of the ellipse is along g-
axis since L is less than L. The radius of the ellipse becomes smaller and smaller as the
operating frequency (w,) increases. In order to satisfy the voltage limit constraint, the
d-axis current, ig; and g-axis current, iy, should remain inside the voltage limit ellipse.
Any point within the voltage limiting ellipse will there be a feasible point of operation
considering the voltage limit constraint alone. Since the radius of the ellipse reduces
as the frequency increases, the boundary of iy; and i, reduces with increase in speed.

This variation is shown in Fig. 2.2.

The thermal rating of the machine and the inverter current rating determine the
maximum stator current .. Under this limitation, the iy and iy, are related as
2 02 2
lyg t lsq < Imax (2.8)
From Eq.(2.8) the current limiting boundary will be a circle with centre at the origin.
Also the current limit is independent of the speed of operation. For satisfying the current
constraint iy, and is; must lie within the current limit circle. All the values of iy, and iy,

which are inside the current limit circle are feasible points considering the current limit

constraint alone.

While determining the operating point of the machine, both voltage limit boundary
and current limit boundary must be considered. Then the feasible operating points will
be the overlapping region between the current limit circle and voltage limit ellipse.

Since voltage limit ellipse is a function of operating speed, as speed increases the size
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Figure 2.2: Voltage limit boundary at different operating speeds

of the ellipse gradually shrinks as observed from Fig. 2.2. For example the ellipse
size at W, = w3 is smaller compared to that of @, = @, (®, < @s3). Hence the feasible
operating points also change according to the speed of operation. The feasible points of

isq and iz, are the dashed portion of Fig. 2.3.

2.4 The control scheme for maximum torque capability

In order to satisfy both the voltage and current limit constraints, the currents iz; and iy,
must remain inside the overlapping area of current limit circle and voltage limit ellipse
at each operating speed. Numerous combinations of iy, and is, can be feasible operat-
ing points. However, among all the feasible points, the one which gives the maximum
generated torque will be the optimum choice of iy, and iy,. Calculation of this optimum
values of iy, and iy, will differ in different speed range of operation. The whole oper-
ating region is divided into following sections based on the choice of optimal values of

isq and ig,.

e Below base speed region
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Figure 2.3: Overlapping region of voltage and current limit

o Field weakening region I

o Field weakening region Il

2.4.1 Below base speed region

In this operating region, the speed of the machine varies from 0 to @5, Where . 1S
the base speed of the machine. The flux of the machine will be at the rated maximum
value in this operating region, the rotor flux component of current, i,,, of the machine

is held constant at its rated value.

The value of i, is determined by the load on the machine. the expression for gener-

ated torque in the machine is given as

T, = Krimrisg (2.9)

where K; is torque constant of the machine.

Since the i, value is held at maximum, the machine will generate maximum pos-
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sible torque, T;uqc When iz, is maximum. At full load condition, the maximum current
flow through the stator winding and the corresponding iy, value will be maximum. The
isq can vary from O to izguqy according to the load in the machine such that the current
limit is not violated. Then the value of iy qy is given as

isgmax = \/ Doax — 124 (2.10)

max

At steady state, value of i, and iy; are same. Since i, 1s constant, from the Eq.(2.10),
Isgmax 18 also constant in this operating zone. So the machine can generate the maximum
possible torque at any speed in this operating region. The Fig. 2.4 shows the trajectory

of igq from no load to full load in this operating region.

Voltage limit
e/lhpse
-
-
/
The trajectory of

is

2 q

P
current, limit circle
/
-~
-
-
* -
isd kil

Figure 2.4: The trajectory of iy, from no load to full load condition in below base speed
region

At the base speed (W) and at the rated load condition, the voltage applied to
the machine and the current flowing through the stator winding of the machine are at its
boundary values. This operating point is the intersection between the current limit circle

and voltage limit ellipse at the base speed. The base speed is the boundary between the
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below base speed operation and the field weakening operation. If the traction drive
demands speed higher than the base speed, it is mandatory to drive the machine in field

weakening region.

2.4.2 Field weakening region I

Similar to a DC machine, the operation above the base speed is achieved by reducing
the flux of the machine in FOC based induction machine drive. In field weakening
region, it should be ensured that the voltage applied to the machine and the current
through the stator winding of the machine is within the safe limit. From the equation of
voltage limiting ellipse, Eq.(2.7), it is clear that the voltage limit boundary dynamically
changes with the speed of operation. Hence the overlapping area between the current
limit circle and the voltage limit ellipse reduces as the speed of operation increases.
Since the flux in the machine reduces in field weakening region, i, also reduces. So
according to Eq.(2.9), the maximum torque capability will be reduced in this region.
The developed torque capability of induction machine mainly depends on the control
strategy in the field weakening region. So the control strategy should ensure that the
maximum torque generation is possible over the entire speed range, without violating

the voltage and current limit constraint.

Fig. 2.5 shows the variation of voltage limiting ellipse according to the speed of
operation in field weakening region I. From Fig. 2.5, it is obvious that the optimum
current vector ( igy and iy, ) which ensures maximum developed torque will be the
intersection of current limit circle and voltage limit ellipse at that speed of operation. So
the optimum operating point will move along the circumference of the current limiting
circle as the speed of operation increases. The trajectory of optimal current vector is

shown in Fig. 2.5.
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Figure 2.5: The trajectory of optimal current vector in field weakening region I

The iy and i, for maximum torque capability at various speed of operation are
calculated by finding the intersection of current limiting circle and voltage limiting

ellipse.

The voltage limiting equation is given as

Vg Ve = Vi 2.11)

and the current limit equation is given as

i?d + i?q = Ir%zax (2 12)
From Eq.(2.12)
l?d = Ir%zax - i?q (2.13)

Substituting the value of iy; from Eq.(2.13) in Eq.(2.11) and solving for iy,

33



l-sd — \/szax — (DEL%II%%{X (2' 14)

12172

Substituting the value of is; in Eq.(2.12)

Lg= /30— 1% (2.15)

Since the value of iy, is decreased with increasing in speed in field weakening region,
according to Eq.(2.15) the maximum possible value of iy, slightly increases. However
the drop in iy, is more significant compared with slight rise in is;. So in effect the the

maximum torque capability will reduce as the speed increases.

The expression for slip speed in the machine is

I
Ogip = — (2.16)

Trlmr

As iy, increases and iy, decreases in field weakening region I, from the Eq.(2.16),
slip speed of the machine will increase in this operating region. So the losses of the

machine increase and efficiency of the system reduce in field weakening region I.

As the speed of the machine increases further, a major portion of the ellipse become
included in the circle. At a particular speed, the optimum current vector for maximum
torque development considering the voltage limit constraint alone lie on the circumfer-
ence of the current limit circle. The slip speed of the machine will be maximum at this
operating speed. If the speed increases further, this point moves in to the region inside
the circle and then the current limit will not be an active constraint. From this point

onwards field weakening region Il will start.

2.4.3 Field weakening region II

In the field weakening region I1, the optimum current vector for maximum torque devel-
opment considering the voltage limit constraint alone always lie inside the current limit
circle. So this current vector, ig; and iy, will always satisfy Eq.(2.8). The current limit
will not be a constraint for calculating the optimum values of ig; and iy, . So in the field

weakening region 11, the optimum current vector for the maximum torque generation is
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calculated just considering the voltage limit constraint alone.

The maximizing function F is defined as

. . .
F= E = isgisg (2.17)

Where K; is the torque constant of the machine.

From Eq.(2.17)

F
Isg = — (2.18)
Lsd
The voltage limit boundary is
(@eLsisq)* + (@cLyisg)* = Viags (2.19)

Substituting the value of iy, from Eq.(2.18) in Eq.(2.19)

. F?
(@eLgisa)® + (0L} 5 = Vo, (2.20)
lsd
Then
2 Ve — O7L3i
F?= — (2.21)
a)e LS

for maximizing the function F, the first derivative of the function with respect to iy

must be zero and second derivative of the function with respect to is; must be less than

Zero.
dF

=0 2.22

di (2.22)
d’F

—5 <0 (2.23)
dic,

Finding the jl.—g from Eq.(2.21) and equating to zero and solve for iz and iz,

: 2 27123
dr 1 2iqVpar — 407LST, _ 0 (2.24)
/ 2712 - :
digq 2 Vnzwxifd—a)ezL%i?d w; Ls
w2L12

e’—s
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V2. — 202, =0 (2.25)

Vinax

ffd = —F=—— 2.26
Lsd \/ECOQLS ( )

Vmax

sg= —F——— 2.27

The Eq.(2.26) and Eq.(2.27) represents the optimal current vector, isq and iy, in field

weakening region II. The optimum current vector will satisfy the Eq.(2.23). From these

equations, it is clear that i;; and iy, inversely proportional to the speed of operation

in this region. Since both the currents are reducing, the reduction rate in torque with

respect to speed will be higher compared to the field weakening region I. The optimal

current vector considering voltage limit constraint is a straight line passing through the

origin. Fig. 2.6 shows the trajectory of the optimal current vector in Field weakening

region II.

W3>02>00

The trajectory of optimal

-
.~ current vector
-~

_~Voltage limit ellipse

current limit circle
-~

> isq

Figure 2.6: The trajectory of optimal current vector in field weakening region I1

Since both iy, and iy, are decreasing in the same proportion, the slip speed of the

machine is constant at its maximum value during the operation in this region, so this re-

gion is also known as constant slip region. As the speed increases further, the maximum

torque capability reduces to a very small value and after some speed, maximum pos-
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sible torque become less than the no load torque of the machine. At that point further

increase in speed becomes impossible.

2.4.4 Base speed estimation

The base speed is the transition speed between normal and field weakening operation.
Since the field weakening operation starts from @, onwards, any miscalculation in
calculation of base speed will result in an unwanted reduction in torque. Calculation of

base speed (Wpqse) 18 very critical in field weakening operation.

The applied voltage to the machine will hit the voltage limit boundary at base speed.
At base speed and rated load condition, the current vector (izz and iyz,) will be at the
intersection of both voltage limit ellipse and current limit circle. Let I; and I, be the

value of iy, and iy, at this rated condition, where

Iy=\/I20c— 15

Since the base speed is the intersection between current limit circle and voltage limit
ellipse, the current vector (I, 1;) will satisfy the voltage limit equation, Eq.(2.19) at @

equals Wpge-

2 2
[L?Iq + Lfvzld]wl%ase + ZRSIqu (L; - Ls)wbase + (RSIQ)Z + (Rsld)z - szax =0 (2.28)

Eq.(2.28) is a quadratic equation in Wy, Solving this quadratic equation, @, 1S

obtained as

(1203 + L212) + [Rylaly (Ly — L) = Rolaly[Ly — L]
L205+ L2212

max

\/V2 (2.29)

Wpase =

This is the speed from which the proposed method in [1] should start the field weaken-

ing operation.
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2.4.5 Transition speed between field weakening region I and region

II

The speed at which transition from field weakening region I and field weakening region
I occur is an important factor to be determined because the control strategy in the
region I and region II are different. Therefore the exact calculation of this transition
point is very critical for smooth operation of the drive in the field weakening region. The
transition from field weakening region I to field weakening region Il occurs when the
optimum current vector considering the voltage limit constraint alone is on the current
limit circle. So at transition speed (@), equation in region I and region II are valid. The

optimal current vector equation in region II is

. Vmax

l = —-—— 2 . 3 O

Rl (2.30)
. Vmax

log = 2.31

V2.l (2.31)

Substituting this expression of iy; and iy, in current limit circle equation, Eq.(2.8) at

®, equals w; will give
2 2
Vmax Vmax _72
202 20712 "™

(2.32)

Simplifying the Eq.(2.32), the expression for transition speed @ is obtained as

1%
o = K22 (2.33)

[L2+L7?

The span of field weakening region I is depends on @;, which depends on machine

where

parameters. The field weakening region I will be extended in the machine with a lower
value of 0. The machines with higher value of o, the field weakening region II will
be dominant. If @; value is high, the speed at which the maximum slip occur will be

higher.
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2.4.6 Analysis of conventional field weakening scheme

In conventional field weakening method, the rotor flux reference of the machine varies
inversely with respect to the speed of the machine . The voltage limit and the current
limit constraints are not considered in a conventional field weakening. So it is impossi-
ble to obtain the maximum possible developed torque by this method. Fig. 2.7 shows
the comparison of conventional field weakening method and the proposed field weak-

ening method [1] based on the maximum torque capability over a wide speed range.

A
Torque vs Speed

Proposed method [1]

Conventional method

-~
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Figure 2.7: Maximum torque capability vs speed in conventional field weakening
scheme and proposed field weakening scheme [1]

From Fig. 2.7 it is obvious that the proposed method [1] has higher maximum
torque capability. Even though the conventional method has more developed torque
after a certain higher speed, the corresponding values of i;; and igz, will not be feasible
while considering the voltage and current limits. Then the proposed method [1] will

ensure the maximum possible torque capability in entire speed range.

2.4.7 Field weakening control strategy in Field Oriented Control

based induction machine drive

From the previous discussions, it is clear that the d-axis component of the current, iy,
and the g-axis component of the current, iy, are dynamically varied with the speed
in field weakening regions. Since iy and iy, changes dynamically, the component of

voltage in d-q axis (vs4 and v,,) will also change in the field weakening region. So PI
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controller limits of FOC based induction machine drive must be dynamically changed
according to the speed of operation in field weakening region. Fig. 2.8 shows the block

diagram of FOC based induction machine drive with field weakening scheme.

From 0 to @y, operation, all the limits of PI controllers held at rated maximum
value. As the drive moves to field weakening region I, the flux reference i}, is updated
based on Eq.(2.14), where the steady state value of i, and i, are same. The output lim-
its of flux controller and speed controller are updated based on Eq.(2.14) and Eq.(2.15)
respectively. The voltage limits of d-axis and g-axis current controllers are updated with

respect to Eq.(2.1) and Eq.(2.2).

In field weakening region II, the flux component of the current, i;,. is changes based
on Eq.(2.26). Steady state value of i, and i;; are same in this operating condition.
The flux and speed controller limits are calculated using Eq.(2.26) and Eq.(2.27) re-
spectively. The current controller limits are calculated using Eq.(2.1) and Eq.(2.2). The
calculation of base speed, @y, and transition speed, ®; must be accurate since the
equations for calculation of i}, and PI controller limits are different in these two speed
range. Hence by dynamically varying the flux reference and PI controller limits, field
weakening operation with maximum torque capability can be achieved in FOC based

induction machine drive.

2.5 Linear and overmodulation zone of operation of

SVPWM scheme

The pulse width modulated (PWM) inverter is usually operated in linear modulation
zone, where the line side fundamental voltage is proportional to the reference voltage.
The operation of the PWM inverter can be extended to overmodulation region till the six

step mode to obtain the highest possible line side voltage from a given DC bus voltage

(Vdc)-

40



uonerado Suruayeam p[oy J0J SALIP QUIYILW UondNpur paseq DO Jo weidelp yoo[q :8°¢ 2In3rf

M) —

o_VﬂU

oqge

o

o4

Joye|npouw
Jeuenu]  [<—7F— <—g—

99-19 Whd

uonewns3y —=m
q, paads Jejnbuy
’ pue
_ Xn|4 1010y =0

>

41

|d

13]]01U02 XN|4

|d




-
17 [+
=
S~ |
Ny

145 ]
= o/
|
i
W
=
i
/

Figure 2.9: 2-level VSI

2.5.1 The linear operation scheme in SVPWM

The power circuit topology for a 2-level VSIis shown in Fig. 2.9. For this inverter, there
are 8 switching combinations possible. Each of the switching combinations corresponds
to particular space vector locations. These are called basic vectors. Two of the basic
vectors are inactive vectors (zero vectors) corresponding to all top switches or all bottom

switches ON. The other six active vectors are directed along the vertices of a regular

hexagon giving six sectors S; — S¢ as shown in Fig. 2.10.

=t

: v,
14 d-°
S
5 8,

_ Vo _
V- -V,
S, v, S,

8.

_r )
V. kY3

Figure 2.10: Space vector orientation for the 2-level VSI
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The ideal trajectory for the voltage space vector is a circle described with uniform
angular velocity, which results only when the motor is fed from a balanced three phase
sinusoidal voltage source. The objective of SVPWM is to approximate this ideal tra-
jectory of the voltage space vector by switching the eight standard positions. The refer-
ence voltage vector is obtained by mapping the desired 3-ph output voltage to the oc — 3
frame. It is realised by using the vectors that form the boundary of the sector in which
the reference lies. Fig. 2.11 illustrates this technique for a vector that lies in sector
1. The angle o represents the position of reference space vector, V,.y with respect to
the beginning of the sector. The reference vector is realised by switching the inverter
to create the vectors Vi, V;,Vy, V7 in some sequence. Selecting any of the other vectors
would result in a greater deviation of the actual vector from the desired reference and

would thus contribute to harmonics.

Figure 2.11: Reference vector in sector 1

The sampling time, 7 is divided into three subintervals namely 77, 75> and 7. The
reference space vector is realised by switching the vector V) for T; seconds, V5 for T
seconds and ‘70 or \77 for Ty seconds. In order to realise the reference space vector V:e f
using basic vectors, the volt seconds produced by these basic vectors along o and f3

axis must be same as volt second produced by the reference vector. Therefore,

equating volt seconds along o axis

Vyer|Tscosae = Ti|Vi| + Ta|Va|cos60° (2.35)
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Equating volt seconds along f axis
Vies|Tysino = T|Va|sin60° (2.36)

Defining modulation index as a = % and solving the Eq.(2.35) and Eq.(2.36) for T}

and 7, gives

sin(60° — )

T, = aTsW (2.37)
Sin &

T = aTssin( 50°) (2.38)

o = T,-T1—D (2.39)

Since these equations are identical in all sectors, a 60° sine lookup table is enough for
calculating Ty, 77 and 75. Both the zero vectors are applied for equal time in a sampling
period in order to obtain symmetrical switching signals. The switching signals used for

realising a reference vector lying in sector 1 is shown in Fig. 2.12.

Vo \21 V, Vy Vg vV, Vi Vo
| 1 ‘ ‘ 1 1 ‘ |
I I I I I I I
I I I I I I I
I I I I I I I
: | | | 2Ta | | :
— | | | | | —
| | | | | | | | |
I I I | | | | I I
I I 1 I I I 1 I I
| ] | ] |
I I 1 I I I 1 I I
] e 1 »l ]
| | [ | P 2Ty [ | |
I I 1 I I I 1 I I
F + 1 I I I F + 1
I I I I I I I I I
I I I I I I I I I
| | | 1 ‘ | | |
I I I I I I I
I I I I I I I
I I I I I I I
I I I U I I I
| | | | 2Te | | |
L 1 ] 1 L
I I I I I I

Figure 2.12: Switching pattern when reference vector is in sector 1

From the Fig. 2.12 it can be seen that

T, = T()/2
T, = T]—I—To/Z

T. = T,—Ty/2
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Similarly, the relation between the time duration of each basic vector and the duty
ratio of the switches in each leg can be obtained. The relationship between the vector

duration and the duty ratios of the switches in different sectors are given in Table. 2.1

Table 2.1: Switching signal relationship in linear modulation zone

Sector | S1 S2 S3 S4 S5 S6

T, TS—T()/Z T1—|—T0/2 T0/2 T0/2 T2+TQ/2 TS—T()/z
T T2—|—To/2 TS—TQ/Z Y}—To/z Tl—I—T()/Z T0/2 To/2

T; T0/2 To/2 T2—|—T0/2 TS—T()/z TS—T()/2 T1+T0/2

The magnitude of the reference vector, ]V;; 7| will increase with speed of operation.
As the V:e  magnitude increases, The time duration of zero vector, Ty will reduce. When
the reference vector become the inscribed circle of the hexagon, the value of 7 become
zero. This is the boundary of linear modulation. Further increase in the magnitude of
Vye r will result in, the locus of reference vector lying partially inside and partially out-
side the hexagon. The portion outside the hexagon cannot be realised by time averaging
of basic vectors, so linearity is not achieved when inverter moves to overmodulation.

The magnitude of Vye  become 0.866V;, at the boundary of linear modulation. This

situation is shown in Fig. 2.13.

Vo
V7

Figure 2.13: The reference vector at boundary between linear and overmodulation

45



2.5.2 The overmodulation scheme in SVPWM

The reference space vector Vye ¢ can be realised with the basic vectors, only when it lies
inside the hexagon. At lower speed of operation, the voltage required for the induction
machine is low and hence the reference space vector magnitude will be less. As speed
demanded by the machine increases the length of the reference vector, V:ef increases
and moves outside the hexagon, then the portion of space vector trajectory outside the
hexagon cannot be realised and hence considerable volt seconds unbalance will occur.
So a proper compensation algorithm must be used to maintain the linearity between the
reference and applied vectors. Based on the compensation algorithm used, the whole

overmodulation region is further divided into 3 operating zones.

o Overmodulation zone [
o Overmodulation zone 11

e Six step mode

2.5.2.1 Overmodulation zone I

When the magnitude of the reference vector, V:e ¢ increases beyond 0.866V,, it is not
possible to maintain the linearity between the reference and the applied vector since
some portion of the reference space vector trajectory lies outside the hexagon. Proper
compensation method should be adopted such that average values of reference vector
and the applied vector are the same to obtain the linearity. In the linear modulating
region, the reference vector, V:e r and the applied vector, ‘7], coincide in all the switch-
ing time intervals. But in the overmodulating zones, these two vectors cannot always
coincide since we modify the path of applied vector in order to achieve the linearity

between the reference and applied vectors.

In order to develop the compensation algorithm, the applied vector ‘71, is resolved
along the synchronously revolving reference frame ( d-q frame). The g-axis is aligned
along the direction of reference vector, Vye ¢ and the d-axis is 90° lagging the g-axis.
Fig. 2.14 shows the reference vector, Vye r and applied vector, \7,, in d-q reference frame,
where o, represents the position of the applied vector \71, with respect to the beginning

of the sector.
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p-axis

\
d-axis

Figure 2.14: Reference vector and applied vector in d-q frame

Resolving the applied vector, \71, along the d-axis and g-axis,

Vogs = |Vylcos(Ger — ) (2.40)

Voas = |Vplsin(oter — otp) (2.41)

where V)4 and V)4, are the components of ‘7p along g-axis and d-axis respectively.

Since the reference vector lies along g-axis, the component of reference vector along

the d-axis will be zero. The compensation algorithm must ensure that the average value

47



of reference vector V,, r and the applied vector \7p along the d-axis and g-axis are equal.

T
3
3
qus(AV) = E/(qus) daref = [Vrer| (2.42)
0
T
3 3
Vids(av) po / (Vpds) dQer = 0 (2.43)
0

Now to maintain linearity, the average g-axis voltage, V,

pas(AV) should be equal to the

magnitude of reference voltage vector as given by Eq.(2.42). In overmodulation zone
I, and sector 1 operation, the applied vector will move in a circular trajectory till it hits
the edge of the hexagon, after that it moves along the edge of the hexagon. When the
applied vector moves in the circular trajectory, the magnitude of ‘7p is kept higher than
the magnitude of Vye r to compensate for the volt seconds losses which would occur in
the portion outside the hexagon. The Fig. 2.15 shows the trajectory of \71, and Vr_;f in
overmodulation zone 1. The V,; and o, are the magnitude and angle of ‘7[, when the

circular trajectory touches the edge of the hexagon.

Figure 2.15: Reference vector and applied vector in Overmodulation zone I

The magnitude of Vp in this zone is given as
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0.866V,, . T
|‘7p| _ sin(g——i—gcp) if Oleir < aref < (g - acir) (244)
Veir otherwise

The angle o, and «, are equal in the entire overmodulation zone I.

substituting |‘7p| from Eq.(2.44) in Eq.(2.42) and Eq.(2.43)

. Veir Ocir 333 T O

Vsl = “%” + ln|c0t(€—|— ;‘)| (2.45)
V3 T

Veir = TCoseC(ngam) (2.46)

The Eq.(2.45) and Eq.(2.46) are used to develop a lookup table between V,;- and
|Vye|. This lookup table provides the value of |V,;,| for the corresponding value of

|Vyef| so that the proper compensation is made.

The circular trajectory of the vector ‘7,, is realised by volt seconds balance method
similar to linear modulation region. All the equations of the linear zone used to cal-
culate Ty, Ty, T, T,, T, and T, are also valid in this overmodulation zone. When the
space vector moves along the edge of the hexagon, the value of T become zero and the
switching time of vector 171 , Tl’ and switching time of vector \72, T2’ are calculated based

on volt seconds equal criterion.

T;
T, = 2.47
! I+ 1 ( )

T, = T, — T| (2.48)

Table. 2.2 elaborates the expression for the switching signal when the space vector

is moving along the edge of the hexagon in different sectors.

Table 2.2: Switching signal relationship in overmodulation zone I

Sector [ ST [ S2 [S3[S4[S5[S6
7, T, [T/ [0 [0 |1 T,
T, 7T, [T, |7/ [0 [0
7. 0 [0 || [T, | T}
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When the magnitude of reference space vector is more than 0.9085V,,, the value of
V.ir become V. and a; become and 30°. This is the boundary between overmodulation
zone I and overmodulation zone II. Further increase in the magnitude of the reference

vector will lead the inverter to operate in overmodulation zone II.

2.5.2.2 Overmodulation zone II

The overmodulation zone I cannot keep the linearity between the reference and applied
vectors when the reference space vector magnitude is more than 0.9085V,.. Keeping
the magnitude of \7[, higher than Ve 7 1n the circular region will not give enough com-
pensation in this condition. In overmodulation zone II the applied vector ‘7,, is held at
the vertices of the hexagon for a calculated time duration so that the linearity in the
average voltage is achieved. The calculation of hold angle, ¢, is based on equating the
average voltage of reference and applied vectors along d-axis and g-axis. The applied
vector is held at each vertex of the hexagon for a calculated time, then moves along the
edge of the hexagon to the next vertex and so on. The angle ¢, and \‘71,| of applied

vector is given as.

(

0 if0<06ref<06h

Qp = ey if oy, < et < (%—O{h) (2.49)

wIY

if (5—on) < Gy < 5

.

Vac if 0 < Oref < o
|VP| = 51(7)1(8%6% if o < Oyef < (% - ah) (250)
Ve if (% - ah) < Oef < %

\

By equating the average value of the of reference and applied vector along d-axis

Vyes| and hold

and g-axis, the relationship between the magnitude of reference vector,

angle oy, can be obtained as

33 T«
1 t(——+— 2.51
+ - n|c0(6—|— 2)! (2.51)
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using Eq.(2.51), it is possible to create a lookup table which gives the value of hold an-
gle, oy, according to the reference space vector magnitude, |V, s| such that the linearity
is maintained. The trajectory of reference vector and applied vector in overmodulation

zone 11 is shown in Fig. 2.16

Figure 2.16: Reference vector and applied vector in overmodulation zone Il

As the reference space vector magnitude increases further, the hold angle, oy will
increase and the portion of space vector trajectory which moves along the edge of the
hexagon will reduce. When |V:e 7| become 0.9549V;,, the hold angle becomes 30° and
the applied space vector hold at each vertex of hexagon for 60°. This is the time in-
verter entered into the six step mode. At six step mode of operation maximum DC-bus
utilization is possible. The switching signal for sixstep mode of operation is given in

Table. 2.3

Table 2.3: Switching signal relationship in six step mode

Oer | 330°-30° | 30°-90° | 90°-150° | 150°-210° | 210°-270° | 270°-330°
a T T 0 0 0 T
T, 10 T, T T 0 0
1. 0 0 0 T T T

The highest possible line side voltage can be generated from a given DC bus voltage
(V) 1n six step mode of operation. The inverter switches only 6 times per fundamental
time period, so the switching loss will be very less in this operating mode. So at high
speed operating regions, the induction machine drive prefers to operate in near to six

step mode.
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2.5.3 The fundamental current estimation in overmodulation re-

gions

When the inverter operates in the linear modulating region and the switching frequency
is considerably high, the output voltage will be a pure sine wave. In overmodulation
regions, as the switching frequency reduces and the relationship between the reference
voltage vector and the applied voltage vector is nonlinear, the output voltage will have
considerable amount of lower order harmonics. Then the stator current will also consist
of lower order harmonics in addition to the fundamental and high frequency compo-
nents. The current harmonics of orders 5,7,11,13 etc, will be dominant in this condi-
tion. The frequency of the lower order current harmonics are close to the controller
bandwidth of the FOC based induction machine drive. So these components also get
amplified by the controller. Hence the voltage reference produced by the current con-
troller will have a considerable amount of low frequency component which degrades the
performance of the drive. The lower order harmonics also affect the proper sensorless
operation of the drive. So it is important to estimate the fundamental component current
from the distorted phase currents. This is achieved by estimating the current ripple and

subtracting this quantity from the actual current.

In overmodulation zone, the applied voltage vector, realised by switching the in-
verter switches is not same in magnitude as well as in phase at all the instant of time

with respect to the reference vector.

The average error in the voltage vector, V/ in a subinterval is given as

— —

V' =V, — Vs

The error voltage resolved along g-axis is given as

v, = Vigs —Vies| (2.52)
Vie = Vs (2.53)
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Resolving the average error in to o — 3 axis is given as

Vo = Vygsin(ot) + Vy, cos(ot) (2.54)

Vé = —Vy,cos(@r) + V,q sin(ot) (2.55)

The relationship between harmonic voltage and harmonic current is given as

-/
di,

(cﬁoﬁLoE + (Ry + Ry, = V] (2.56)
di ; :

The solution of these differential equation will give the harmonic current. This cur-

rent is subtrated from sensed current to extract the fundamental component of current.

2.6 Conclusion

This chapter presented the design of control strategy for field weakening region opera-
tion of an FOC based induction machine drive. The basic idea of field oriented control
is explained with the help of control block diagram. The equations required for up-
dating the limits of the controller in field weakening region is derived and variation of
slip speed in different operating regions is discussed in this chapter. The derivation of
the base speed and the transition speed between region I and region II is included. The
detailed theory of SVPWM in linear and overmodulation zones are discussed and the
relevant equation used for generating the switching signals are derived. The fundamen-

tal current extraction principle explained with relevant equations.
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CHAPTER 3

HARDWARE ORGANISATION FOR FIELD
WEAKENING STRATEGY FOR FOC BASED
INDUCTION MACHINE DRIVE

3.1 Introduction

This chapter features about the hardware organisation for the field weakening strategy of
FOC based induction machine drive. In this project the field weakening control strategy
has been implemented on TMS320F28335, 32-bit digital signal controller from Texas
instruments. In this chapter we will have a brief overview about Digital Signal Con-
trol board and the hardware organization that helps in implementing field weakening

strategy of FOC based induction machine drive.

3.2 Brief overview of the TMS320F28335

TMS320F28335 has a 32-bit DSP core with modified Harvard architecture, and also
includes a single precision IEEE754 floating point unit. The floating point unit enables
floating point computations to be performed in hardware. The C/C++ engine of device
supports the user to implement the control algorithm in high level languages. The mem-
ory bus architecture has Program read bus, Data read and write bus. Real-time JTAG
of the device supports the user for real time debugging alone with Code Composer Stu-
dio(CCS) from Texas instruments. The memory space contains individual sections of
flash memory, Single access RAM(SRAM), One Time Programmable(OTP) memory
and Boot ROM. The Boot ROM is factory programmed memory space with boot load-
ing software. It also has 88 GPIO pins multiplexed with other peripherals like PWM,
capture unit, ADC etc. The standard communications interface like [2C and CAN are

supported by the controller.



3.3 Current and voltage sensing

The feedbacks of line currents and the DC bus voltage are required for the proper oper-
ation of sensor less FOC based induction machine drive. The hall effect based voltage
sensor and current sensors are used for obtaining the feedback signals. Hall Effect
sensors LA100P are used for obtaining the current feedback where Hall Effect sensor
LV25P is used for obtaining the DC-bus voltage. The burden resistors for current sensor
is chosen such that it produces an output voltage of 5V for a 100A current flow in power
circuit. The burden resistors for voltage sensor is chosen such that it produces an output
voltage of 5V for a voltage of 1000V in primary of hall effect sensor. The outputs of
these sensors are also used for providing protection for the inverter against over voltage

and over current.

3.4 Three phase inverter module

A three phase 2-level Voltage Source Inverter(VSI) from Semikron is used in this
project for feeding the 3- phase induction machine. The power switches of each leg
of the inverter is made of 1200V, 100A, IGBT modules. The front end diode bridge
rectifier of the inverter is used for energising the DC bus from an input three phase sup-
ply. A pre-charging circuit consisting of resistors in parallel with relays, is connected
in series with each line to control the flow of inrush currents into the capacitor during
energisation. When the capacitor is charged to an appreciable voltage level, the relay
will bypass the resistors from the charging circuit. The rectifier and the modules are
mounted on the heat sink and connected to the DC bus capacitor by conducting sheets.
Three Gate driver cards are mounted on the module for giving gate drive and proper

isolation for the IGBT gate terminals.

3.5 Protection and Delay card

The main functions of Protection and Delay(PD) card are given below

e Protecting the inverter against under voltage, over voltage and over current faults.

e Generate complementary PWM signals with proper rising edge delay.
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e Shifting the 5V level PWM signals from DSC board to 15V level PWM that is
required to drive the inverter.

e Controlling the pre charging circuit relay.

The PD card has provision to provide protection for six sensed currents and two DC
bus voltages. The current limit and voltage limit for sensing the fault can be changed
using potentiometer provided in PD card. The LEDs provided on board are used for

fault indication.

3.6 Hardware setup

The vector control algorithms discussed are implemented on a 30 kW laboratory proto-
type. Some photographs of the drive setup and the various additional circuitry built for

interfacing will be presented in this section.

Figure 3.1: Machine setup for implementing the field weakening strategy

Figure.3.1 shows the machine setup for implementing the field weakening of FOC

based induction machine drive.
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Figure 3.2: The DSP board which is developed in the lab

Figure.3.2 shows the DSP board, which is used for the digital controller implemen-

tation of FOC based field weakening of induction machine.
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Figure 3.3: Protection and delay card

Figure.3.3 shows the Protection and delay card used in this project.
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Figure 3.4: Voltage sensor

Figure.3.4 shows Hall effect based LV25P voltage sensor used in this project.

Figure 3.5: Current sensor

Figure.3.5 shows the hall effect based LA100P current sensors used in this project.

3.7 Conclusion
This chapter outlined the features of the TMS320F28335 that are used in implementing

the field weakening algorithms. The additional hardware used for sensing the voltages

and currents and interfacing between the various circuits are also discussed.
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CHAPTER 4

RESULTS AND INFERENCES

4.1 Simulation Results

The simulation of the FOC based field weakening method is done in SIMULINK using
the model of 630 kW induction machine. The same simulation is done in 30 kW in-
duction machine used for hardware implementation. The results obtained are presented
in the following sections. The machine rating and parameters of 630 kW machine are
given in Table. 4.1 and Table. 4.2. The base speed value of 129.46 rad/sec(elect) and

transition speed value of 842.12 rad/sec (elect) are calculated using the parameters of

the 630 kW machine.

Table 4.1: Ratings for the 630 kW motor

Parameter | Value

Power 630 kW
Voltage 2028 V
Current 330 A

No of poles | 4

Connection | Star

Speed 600 rpm
Rotor type | Squirrel Cage

Table 4.2: Model parameters of 630 kW machine

R

Lls

Ll r

L

J

0.114 Q

-
0.130 Q

2711 mH

2.033mH

73.51 mH

250 kg —m?




4.1.1 630 kW induction machine

The simulation results of 630 kW induction machine for a speed reference of 3000 rpm

are given below.

3500 T T T

3000 -

2500 - -1

2000 - —

1500 - ]

Speed (rpm)

1000 - -

500 =

0 I I 1 1 1 i I
0 5 10 15 20 25 30 35 40

Time (s)
Figure 4.1: Simulation result: Speed response for a speed reference of 3000 rpm (Scale:

X-axis: 5.0 s/div, Y-axis: 500 rpm/div)

Fig. 4.1 shows the simulated speed response for a speed reference of 3000 rpm. The

motor accelerates after the initial flux build up and settles to the reference speed after

32 seconds.
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Figure 4.2: Simulation result: i;,. and i,,, waveforms for a speed reference of 3000 rpm

(Scale: X-axis: 5.0 s/div, Y-axis: 50 A/div)

Fig. 4.2 shows the reference and actual magnetising component of current (i, —

reference and iy, ) for a speed reference of 3000 rpm. The iy, takes initial flux building
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time to reach i, — re ference. It can be seen that the i, — re ference and i, are constant

below the base speed and are reducing in the field weakening region I.

d-axis current (A)

-100
0

| | | | 1
100 200 300 400 500 600 700
Angular speed (elect. rad/sec)

Figure 4.3: Simulation result: Response of ig; with respect to @ for a speed reference

of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div, Y-axis: 50 A/div)

Fig. 4.3 shows the response of iy, with respect to @ for a speed reference of 3000
rpm. The iz; is constant below the base speed and is decreasing in field weakening
region I. A kink is seen in the simulated i;; waveform at the base speed of the machine

which can be smoothened by fine tuning the PI controllers.

q-axis current (A)

0 1 | 1 1 1 1
1] 100 200 300 400 500 600 700

Angular speed (elect. rad/s)

Figure 4.4: Simulation result: Response of iy, with respect to @ for a speed reference

of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div, Y-axis: 50 A/div)

Fig. 4.4 shows the response of iz, with respect to @ for a speed reference of 3000

rpm. The i, value is constant below the base speed and slightly increasing in field
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weakening region I since iy,-limit is increasing. Here also the dip in the iy, waveform

can be smoothened by fine tuning of the PI controllers.
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Figure 4.5: Simulation result: Variation of Slip speed with respect to @ for a speed
reference of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div, Y-axis: 2

elect. rad/sec/div)

Fig. 4.5 shows the variation of slip speed of the machine with respect to @ for
a speed reference of 3000 rpm. The slip speed of the machine is constant below the
base speed since controller limits are constant. The slip speed is increasing in field
weakening region I due to dynamic nature of controller limits and flux reference in this

region.

d-axis current limit (A)
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Angular speed (elect.rad/s)

Figure 4.6: Simulation result: Variation of ig; — limit with respect to @ for a speed
reference of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div, Y-axis: 50
A/div)

Fig. 4.6 shows the variation of i;; — /imit with respect to @ for a speed reference

62



of 3000 rpm . The iyy — limit is constant below the base speed and decreasing in field

weakening region 1.
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Figure 4.7: Simulation result: Variation of iy, — limit with respect to @ for speed refer-

ence of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div, Y-axis: 10 A/div)

Fig. 4.7 shows the variation of iy, — limit with respect to @ for a speed reference
of 3000 rpm. The isz;, — limit is constant below the base speed and increasing in field
weakening region I. However, it can be noted that the increase in iy, — limit is much

smaller when compared to the decrease in iy — limit in field weakening region I.
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Figure 4.8: Simulation result: Variation of vyy — limit with respect to @ for speed refer-

ence of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div, Y-axis: 200 V/div)

Fig. 4.8 shows the variation of vy — limit with respect to @ for a speed reference of
3000 rpm. The vs; — limit is constant below the base speed and dynamically changes

with respect to speed in field weakening region 1.
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Figure 4.9: Simulation result: Variation of v, — limit with respect to @ for speed refer-

ence of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div, Y-axis: 100 V/div)

Fig. 4.9 shows the variation of vy, — limit with respect to @ for a speed reference of
3000 rpm. The vy, — limit is constant below the base speed and dynamically changes

with speed in field weakening region I.
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Figure 4.10: Simulation result: R-phase current profile for speed reference of 3000 rpm

(Scale: X-axis: 5s/div, Y-axis: 100 A/div)

Fig. 4.10 shows the simulated response of phase current for a speed reference of
3000 rpm. The phase current drawn is very high during the accelaration region and once

the motor reaches the steady state, the current drawn will reduce to a value decided by

the load that is applied.
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Figure 4.11: Simulation result: Response of generated and load torque with respect to

o for speed reference of 3000 rpm (Scale: X-axis: 100 elect. rad/sec/div,
Y-axis: 2000 Nm/div)

Fig. 4.11 shows the simulated response of the generated torque and load torque of

the machine with respect to the angular speed for a speed reference is 3000 rpm. The

generated torque of the machine is reducing in the field weakening region 1. The load

on the machine is very high during starting of the machine since it is a traction load.

4.1.2 30 kW induction machine

The machine rating and parameters of 30 kW machine is given in Table. 4.3 and Table.

4.4

Table 4.3: Ratings for the 30 kW motor

Parameter | Value

Power 30 kW
Voltage 380V
Current 59 A

Power factor | 0.88
Connection | A

Speed 1450 rpm
Rotor type Squirrel Cage
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Table 4.4: Model parameters of 30 kW machine

/

Rr

Lls

Llr

Ly

J

0.127 Q

0.127Q

1.341 mH

1.341 mH

45.219mH

1.631 kg —m?

For studying the performance of the 30 kW induction machine in field weakening
region, the base speed, My, of the machine is kept as 62.83rad /s(elect) by reducing
the DC-bus voltage. The transition speed between field weakening region I and field

weakening region I, @, is 230.57rad /s(elect) at this condition.

4.1.2.1 The step change of speed reference from below base speed region to field

weakening region I

[
h
=

200

s N
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T T

Angular speed (elect. rad/s)
=

Figure 4.12: Simulation result: Angular speed waveform for a step change of speed

1
55

Time (s)

6.5

7.5 8

reference (Scale: X-axis: 0.5 s/div, Y-axis: 50 elect. rad/s/div)

Fig. 4.12 shows the angular speed of the machine for a step change of speed reference.
The motor accelerates from 4 seconds and settles to the reference speed after 6 seconds.

The overshoot in the speed response can be reduced by tuning the parameters of speed

controller.
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Figure 4.13: Simulation result: i}, and i,,, waveforms for a step change of speed refer-

ence (Scale: X-axis: 0.5 s/div, Y-axis: 5 A/div)

Fig. 4.13 shows the reference and actual magnetising component of current (i, —
reference and i) for a step change of speed reference. Both the currents are con-
stant below the base speed and decreases in the field weakening region I. At 5.5 sec, a
mismatch is seen between actual and reference values of i,,,. This is the region where
the motor speed overshoots and settle to the steady state value. Finer tuning of speed

controller will minimize this mismatch.
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Time (s)

Figure 4.14: Simulation result: Response of iy; for a step change of speed reference

(Scale: X-axis: 0.5 s/div, Y-axis: 5 A/div)

Fig. 4.14 shows the response of iy for a step change of speed reference. The
is¢ remains constant below the base speed and decreases in field weakening region I.

An abrupt dip in iy, is seen at 5.5 sec which can be attributed to the speed overshoot

mentioned above.
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Figure 4.15: Simulation result: Response of iy, for a step change of speed reference

(Scale: X-axis: 0.5 s/div, Y-axis: 20 A/div )

Fig. 4.15 shows the response of iy, for a step change of speed reference. Here also
the dip in the iy, waveform can be smoothened by fine tuning of the PI controller. The

isq become very small at steady state since load applied to the machine is low.
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Time (s)
Figure 4.16: Simulation result: Variation in Slip speed of the machine for a step change

of speed reference (Scale: X-axis: 1 s/div, Y-axis: 10 elect. rad/s/div)

Fig. 4.16 shows the variation in slip speed of the machine for a step change of
speed reference. The slip speed of the machine is constant below the base speed since
controller limits are constant. The slip speed is increasing in field weakening region [

due to dynamic nature of controller limits and iy, — reference in this region.
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Figure 4.17: Simulation result: Variation in igz; — limit for a step change of speed refer-

ence (Scale: X-axis: 0.5 s/div, Y-axis: 5 A/div)

Fig. 4.17 shows the variation in iy; — limit for a step change of speed reference.
The i;; — limit remains constant below base the speed and decreases in field weakening

region I. The steady state value of iy; — limit is determined by the steady state angular

speed of the drive.
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Figure 4.18: Simulation result: Variation in iy, — [imit for a step change of speed refer-

ence (Scale: X-axis: 0.5 s/div, Y-axis: 1 A/div)

Fig. 4.18 shows the variation in iz, — limit for a step change of speed reference.
The i5, — limit is remains constant below the base speed and slightly increases in field
weakening region I. However it can be noted that the increase in iy, is much smaller
when compared to decrease in iy in field weakening region I. Here also a kink is ob-
served in the waveform at 5.5 sec where the speed overshoot happens. Finer tuning of

PI controller will smoothen this kink.
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Figure 4.19: Simulation result: Variation in vy, — limit for a step change of speed refer-

ence (Scale: X-axis: 0.5 s/div, Y-axis: 10 V/div)

Fig. 4.19 shows the variation in vy, — limit for a step change of speed reference.
The vy; — limit remains constant below the base speed and dynamically varies in field
weakening region I. The steady state value of vy; — limit determined by the steady state

angular speed of the drive.

120 T T

mit (V)
% 2

-

=3

o
T

q- axis voltage li
(=] o w
(4] (=] o
T T T
| | |

=]

o
T

|

~
(4]

3.5 4 45 5 55 6 6.5 7 7.5 8
Time (s)

w

Figure 4.20: Simulation result: Variation in vy, — limit for a step change of speed refer-

ence (Scale: X-axis: 0.5 s/div, Y-axis: 5 V/div)

Fig. 4.20 shows the variation in vy, — [imit for a step change of speed reference. The
Vvsq — limif remains constant in below base speed region and dynamically varies in field
weakening region I. The steady state value of vy, — [imit determined my steady state

angular speed of the drive.
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Figure 4.21: Simulation result: R- phase current waveform for a step change of speed

reference (Scale: X-axis: 0.5 s/div, Y-axis: 50 A/div)

Fig. 4.21 shows the R- phase current waveform for a step change of speed reference.
The phase current drawn is very high during the acceleration region and once the motor
reaches the steady state, the current drawn will reduced to small value since the machine

operates at no load.

4.1.2.2 The step change of speed reference from field weakening region I to field

weakening region II
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100 I 1 1 1 1 I I
6
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Figure 4.22: Simulation result: Angular speed waveform for a step change of speed

reference (Scale: X-axis: 1 s/div, Y-axis: 50 elect. rad/s/div)

Fig. 4.22 shows the angular speed response of the machine for a step change of speed

reference. Transition of speed from 0.4 pu to 0.9 pu will result in switching of the drive
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from field weakening region I to field weakening region II. The overshoot in the speed

response can be reduced by tuning the speed controller.
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Figure 4.23: Simulation result: i},. and i,,, for a step change of speed reference (Scale:

X-axis: 1 s/div, Y-axis: 2 A/div)

Fig. 4.23 show the reference and actual magnetising component of current (i, —
reference and iy, ) for a step change of speed reference. The i, — reference and i,
are reduce in the field weakening region I and field weakening region II. At 10.5 sec,
a mismatch is seen between the actual and reference values of i,,.. This is the region

where the motor speed overshoots and settles to the steady state value. Finer tuning of

speed controller will minimize this mismatch.

d- axis current (A)
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Figure 4.24: Simulation result: Response of iy; for a step change of speed reference

(Scale: X-axis: 1 s/div, Y-axis: 5 A/div)

Fig. 4.24 shows the response of i, for a step change of speed reference. The iy, is
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decreasing in field weakening region I and field weakening region II. An abrupt dip in

isq 1s seen at 10.5 sec which can be attributed to the speed overshoot mentioned above.
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Figure 4.25: Simulation result: Response of iy, for a step change of speed reference

(Scale: X-axis: 1 s/div, Y-axis: 20 A/div )

Fig. 4.25 shows the response of iy, for a step change of speed reference The iy,

becomes very small at steady state since load applied to the machine is low.
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Figure 4.26: Simulation result: Variation of slip speed of the machine for a step change

of speed reference (Scale: X-axis: 1 s/div, Y-axis: 10/div)

Fig. 4.26 shows the response of slip speed of the machine for a step change of speed
reference. The slip speed is increasing in field weakening region I due to dynamic
nature of controller limits and i,,, in this region. At the transition speed where field
weakening region I to field weakening region II occur, the slip speed becomes maximum

and remains there in field weakening region II. When the speed of the machine settles
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to the reference speed, the slip speed of the machine reduces to a small value since i,

is very small in no load condition.
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Figure 4.27: Simulation result: Variation in igz; — limit for a step change of speed refer-

ence (Scale: X-axis: 1 s/div, Y-axis: 5 A/div)

Fig. 4.27 shows the variation in iy; — limit for a step change of speed reference.
The iyq — limit decreases in field weakening region I and field weakening region II at
different rates. The steady state value of i;; — limit is decided by the steady state angular

speed of the machine.
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Figure 4.28: Simulation result: Variation in iy, — [imit for a step change of speed refer-

ence from 0.4 pu to 0.9 pu (Scale: X-axis: 1 s/div, Y-axis: 5 A/div )

Fig. 4.28 shows the variation in iz, — limit for a step change of speed reference.
The is; — limit is slightly increasing in field weakening region I and decreasing in field

weakening region II. The increase in iy, — limit in field weakening region I is very small
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compared with decrease in iyy — limit in that region. The steady state value of iy, — limit

is decided by steady state angular speed of the drive.
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Figure 4.29: Simulation result: Variation in vy; — limit for a step change of speed refer-

ence (Scale: X-axis: 1 s/div, Y-axis: 5 V/div)

Fig. 4.29 shows the variation in vy, — limit for a step change of speed reference.
The vyq — limit is dynamically varying in field weakening region I and field weakening

region I1. The steady state value of vy; — limit is decided by steady state angular speed
of the drive.

95

q- axis voltage limit (V)

o
wn

o
=

Time (s)

Figure 4.30: Simulation result: Variation in vy, — limit for a step change of speed refer-

ence (Scale: X-axis: 1 s/div, Y-axis: 5 V/div)

Fig. 4.40 shows the variation in vy, — limit for a step change of speed reference.
The vy, — limit is dynamically varying in field weakening region I and field weakening
region region I1.The steady state value of vy, — limit is decided by steady state angular

speed of the drive.
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Figure 4.31: Simulation result: R- phase current waveform for a step change of speed

reference from 0.4 pu to 0.9 pu (Scale: X-axis: 1 s/div, Y-axis: 20 A/div)

Fig. 4.31 shows the R- phase current waveform for a step change of speed reference.
The phase current drawn is very high during the acceleration region and once the motor
reaches the steady state, the current drawn will reduced to small value since the machine

operates at no load.

4.1.2.3 Gradual change of speed reference from below base speed region to field

weakening region II
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Figure 4.32: Simulation result: Angular speed waveform for a gradual change of speed

reference (Scale: X-axis: 2 s/div, Y-axis: 50 elect. rad/s/div )

Fig. 4.32 shows the angular speed of the machine for a gradual change of speed refer-

ence. The motor accelerates after the initial flux build up and settles to the reference
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speed after 13.5 seconds.
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Figure 4.33: Simulation result: i), and i,, for a gradual change of speed reference

(Scale: X-axis: 2 s/div, Y-axis: 5 A/div)

Fig. 4.33 shows the reference and actual magnetising component of current (i, —
re ference and iy, for a gradual change of speed reference. The i, — re ference and i,
are constant below the base speed and reducing in the field weakening region I andfield
weakening region II. The rate of decrease is different in field weakening region I and

field weakening region II.
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Figure 4.34: Simulation result: Response of iy for a gradual change of speed reference

(Scale: X-axis: 2 s/div, Y-axis: 5 A/div)

Fig. 4.34 shows the response of iy; for a gradual change of speed reference. The iy
is constant below the base speed and decreasing in field weakening region I and field
weakening region II. The rate of decrease is different in field weakening region I and

field weakening region I1. The steady state value of i;; and i, are same.
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Figure 4.35: Simulation result: Response of is, for a gradual change of speed reference

(Scale: X-axis: 2 s/div, Y-axis: 5 A/div )

Fig. 4.35 shows the response of iy, for a gradual change of speed reference. Here

also the dip in the iy, waveform can be smoothened by fine tuning of the PI controller.
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Figure 4.36: Simulation result: Variation in slip speed of the machine for a gradual

change of speed reference (Scale: X-axis: 2 s/div, Y-axis: 10/div )

Fig. 4.36 shows the variation in slip speed of the machine for a gradual change
of speed reference. Slip speed of the machine is constant below the base speed, since
controller limits are constant. The slip speed increases in field weakening region I due to
dynamic nature of controller limits and i, — re ference in this region. At the transition
speed, @; the slip speed become maximum and remains there in field weakening region
I1. When the speed of the machine settles to the reference speed, the slip speed of the

machine reduces to a small value, since iy, is very small in no load condition.
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Figure 4.37: Simulation result: Variation in iy; — limit for a gradual change of speed

reference (Scale: X-axis: 2 s/div, Y-axis: 5 A/div)

Fig. 4.37 shows the variation in iy; — limit for a gradual change of speed reference.
The iz — limit is constant below the base speed region and decreases in field weakening
region I and field weakening region Il at different rates. The steady state value of

isq — limit is decided by steady state angular speed of the drive.
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Figure 4.38: Simulation result: Variation in iy, — limit for a gradual change of speed

reference (Scale: X-axis: 2 s/div, Y-axis: 5 A/div)

Fig. 4.38 shows the variation in iy, — limit for a gradual change of speed reference.
The is, — limit is slightly increases in field weakening region I and decreases in field
weakening region Il. It can be noted that the increase in iz, — limit is much smaller
when compared to decrease in iy — limit in field weakening region I. The steady state

value of iy, — limit is decided by steady state angular speed of the drive.
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Figure 4.39: Simulation result: Variation in vy — limit for a gradual change of speed

reference (Scale: X-axis: 2 s/div, Y-axis: 10 V/div )

Fig. 4.39 shows the variation in vy; — limit for a gradual change of speed reference.
The vy; — limit is constant below the base speed and dynamically varying in field weak-
ening region I and field weakening region II. The steady state value of vg; — limit is

decided by steady state angular speed of the drive.
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Figure 4.40: Simulation result: Variation vz, — [imit for an gradual change of speed

reference (Scale: X-axis: 2 s/div, Y-axis: 5 V/div )

Fig. 4.40 shows the variation in vy, — limit for a gradual change of speed from zero
to 0.953 pu. The vy, — limit is constant below the base speed and dynamically varying
in field weakening region I and field weakening region II. The steady state value of

vsq — limit is decided by steady state angular speed of the drive.
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Figure 4.41: Simulation result: R- phase current waveform for a gradual change of

speed reference (Scale: X-axis: 2 s/div, Y-axis: 20 A/div )

Fig. 4.41 shows the R- phase current waveform for a gradual change of speed refer-
ence. The phase current drawn is very high during the acceleration region and once the
motor reaches the steady state, the current drawn will reduced to small value since the

machine operates at no load.

4.1.3 Fundamental current estimation
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Figure 4.42: Simulation result: R- phase current waveform of induction machine when
the inverter operates in overmodulation zone I (Scale: X-axis: 0.05 s/div,

Y-axis: 100 A/div)

Fig. 4.42 shows the R- phase current waveform when the inverter operates in over-

modulation zone I. The phase current contains harmonics since the inverter operates in
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overmodulation region.
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Figure 4.43: Simulation result: Fundamental component of R- phase current waveform

when the inverter operates in overmodulation zone I (Scale: X-axis: 0.05

s/div, Y-axis: 100 A/div)

Fig. 4.43 shows the fundamental component of R- phase current when the inverter
is operating in overmodulation zone I. The fundamental current estimation algorithm
which is explained in 3¢/ chapter is used for estimating the fundamental component of
current. This current is used for obtaining the feedback values required by FOC and

sensor less operation of the drive.
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Figure 4.44: Simulation result: R- phase current waveform of induction machine when
the inverter operates in overmodulation zone Il (Scale: X-axis: 0.05 s/div,

Y-axis: 100 A/div)

Fig. 4.44 shows the R- phase current of induction machine when the inverter op-

erates in overmodulation zone II. The harmonic content in the phase current is higher
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than that of overmodulation zone I operation.

w
=]
=3

[
=
=1

=

=3
T

1

-100 -

Fundamental component of R- phase current (A)
1

_300 | 1 1 1 1 I 1 1 1
2 205 2.1 115 22 225 23 135 24 245 25

Time (s)

Figure 4.45: Simulation result: Fundamental component of R- phase current waveform

of induction machine when the inverter operates in overmodulation zone

Il (Scale: X-axis: 0.05 s/div, Y-axis: 100 A/div )

The Fig. 4.45 shows the fundamental component of R- phase current when the
inverter is operating in overmodulation zone II. The fundamental current estimation
algorithm which is explained in 3°? chapter is used for estimating the fundamental
component of current. This current is used for obtaining the feedback values required

by FOC and sensor less operation of the drive.
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Figure 4.46: Simulation result: R- phase current waveform of induction machine when
the inverter operates in six step mode.(Scale: X-axis: 0.05 s/div, Y-axis:200
A/div )

The Fig. 4.46 shows the R- phase current waveform of induction machine when the
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inverter operates in six step mode of operation. The phase current contains harmonics

since the inverter is operates in overmodulation region.
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Figure 4.47: Simulation result: Fundamental component of R- phase current waveform
of induction machine during six step made of operation.(Scale: X-axis:

0.05 s/div, Y-axis: 200 A/div )

Fig. 4.47 shows the fundamental component of R- phase current when the inverter
operates in six step mode of operation. The fundamental current estimation algorithm
which is explained in 3¢/ chapter is used for estimating the fundamental component of
current. At six step mode the maximum possible output fundamental voltage is obtained

from a given DC-bus voltage.
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4.2 Hardware Results

For studying the performance of the 30 kW laboratory model induction machine in field
weakening region, the base speed @y, Of the machine is kept as 62.83rad /s(elect) by
reducing the DC-bus voltage. The transition speed between field weakening region I

and field weakening region II, @, is 230.57rad /s(elect) at this condition.

In this project, a Per-Unit (pu) system has been followed for implementing the control
algorithms experimentally. The pu system will make the digital controller implementa-
tion simple and all quantities are brought to the same range of values. The base values

used for the per-unitisation of quantities are given in Table.4.5

Table 4.5: PU base quantities
Voltage(V},) 155.13V
Current(/,) 50 A
Frequency(f,) | 50 Hz
Angle(0) 21 rad

4.2.1 The step change of speed reference from below base speed

region to field weakening region I (0.05 pu to 0.7 pu)

3 B20%/ 4 B20%/ 4.040s 1.000s/ Stop

Ch-1

Figure 4.48: Hardware result: iy, and i,,, waveforms for a step change of speed refer-
ence (Chl-i},., Ch2- iy, Scale: X-axis: 1 s/div, Y-axis: Chl- 0.166 pu/div,

mr»

Ch2- 0.166 pu/div)
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Fig. 4.48 shows the oscilloscope waveforms of the i, and i, for a step change of speed

reference. iy, and iy, are at their rated values below the base speed and start reducing

in field weakening region I. The steady state value of i, is decided by the steady state

operating speed of the drive.

3 1.00v 4 1.00v 3.000s 1.000s/ Stop

Ch-2

Chi

1

,J/mew'“‘“*ﬁ e

Figure 4.49: Hardware result: iz and @ waveforms for a step change of speed reference
(Chl- igq, Ch2 - @, Scale: X-axis: 1 s/div, Y-axis: Chl- 0.2 pu/div, Ch2-
0.2 pu/div)

Fig. 4.49 shows the oscilloscope waveforms of the i;; and @ for a step change of

speed reference. iy, is at its rated values below the base speed and start reducing in field

weakening region I. The steady state value of iy; and i, are same.

3 100V 4 2.00v/ 3.000s 1.000s/ Stop

Ch2

/r"

"\\ —

Ve

/

X;\_h S \\ Cht

Figure 4.50: Hardware result: iy, and @ waveforms for a step change of speed reference

(Chl- isq, Ch2 - @, Scale: X-axis: 1 s/div, Y-axis: Chl- 0.4 pu/div, Ch2-
0.2 pu/div)
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Fig. 4.50 shows the oscilloscope waveforms of the iy, and @ for a step change of
speed reference. iy, value is constant below the base speed and dynamically varying
with respect to speed in field weakening region I. The steady state value of iy, is very
small since drive is operating at no load condition.

3 100v/ 4 2009/ 3.000s 1.000s/ Stop

Ch2

— -

|

g J{MW )_;,1' 4 \ Ch1

Figure 4.51: Hardware result: Slip speed and @ waveforms for a step change of speed
reference (Chl- Slip speed, Ch2 - w, Scale: X-axis: 1 s/div, Y-axis: Chl-
0.04 pu/div, Ch2- 0.2 pu/div)

Fig. 4.51 shows the oscilloscope waveforms of the slip speed and w for step change
of speed reference. The slip speed is constant below the base speed and increases in
field weakening region I. The steady state value of slip speed is very small since drive

is working at no load condition.
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3 200v/ 4 1.00v/ 3.080s 1.000s/ Stop

\ Ch2

Figure 4.52: Hardware result: iz — limit and @ waveforms for a step change of speed
reference (Chl- iyg — limit, Ch2 - , Scale: X-axis: 1 s/div, Y-axis: Chl-
0.2 pu/div, Ch2- 0.4 pu/div)

Fig. 4.52 shows the oscilloscope waveforms of the i;; — limit and @ for a step
change of speed reference. The iy; — [imit is constant below the base speed and de-
creases when speed increases in the field weakening region I. The steady state angular

speed determines the steady state i;z; — limit.

2 32000 4 Zoow 3.020s 1.000s/ Stop

Chl

Ch2

Y

Figure 4.53: Hardware result: iy, — limit and @ waveforms for a step change of speed
reference. (Chl- iy — limit, Ch2 - @, Scale: X-axis: 1 s/div, Y-axis: Chl-
0.4 pu/div, Ch2- 0.4 pu/div)

Fig. 4.53 shows the oscilloscope waveforms of the iy, — limit and @ for a step

change of speed reference. The iy, — limit value is almost constant below the base
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speed and field weakening region I. The increase in iy; — [imit is much smaller when
compared to decrease in iz — limit in field weakening region I. The steady state angular

speed determines the steady state is, — limit.

2 3100V 4 200 30005 10005/ Stop
Ch2
/,v"""rf Ch1
_'_'_'_'__.--—"'_'_'"—
| ———"]
J/f"';

Figure 4.54: Hardware result: vy; — limit and @ waveforms for a step change of speed
reference. (Chl- vy — limit, Ch2 - @, Scale: X-axis: 1 s/div, Y-axis: Chl-
0.4 pu/div, Ch2- 0.2 pu/div)

Fig. 4.54 shows the oscilloscope waveforms of the vg; — limit and ® for a step
change of speed reference. The vy, — limit is constant below the base speed and dynam-
ically varies in field weakening region I. The steady state value of vy, — limit depends
on steady state angular speed of the drive.

2 3100y 4 Z200v/ 3.020s 1.000s/ Stop

Ch2

]

=

iy

Figure 4.55: Hardware result: vy, — limit and @ waveforms for a step change of speed
reference. (Chl- vy, — limit, Ch2 - @, Scale: X-axis: 1 s/div, Y-axis: Chl-
0.4 pu/div, Ch2- 0.2 pu/div)
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Fig. 4.55 shows the oscilloscope waveforms of the vy, — limit and @ for a step
change of speed reference. The vy, — limit is constant below the base speed and dynam-
ically varies in field weakening region I. The steady state value of vy, — limit depends

on steady state angular speed of the machine.

10,047 2 3100y 4 200w 3.000s 1.000s/ Stop

Ch2

q}lchl ]

N

Figure 4.56: Hardware result: iy, — limit, @ and phase current waveforms for a step
change of speed reference. (Chl- iz — limit, Ch-2 - @, Ch3- phase current.
Scale: X-axis: 1 s/div, Y-axis: Chl- 0.4 pu/div, Ch2- 0.2 pu/div, Ch3-
10A/div)

Fig. 4.56 shows the oscilloscope waveforms of the iy, — [imit, ® and phase current
for a step change of speed reference. The phase current drawn is very high during the
acceleration region and once the motor reaches the steady state, the current drawn will

reduced to small value since the machine operates at no load.
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4.2.2 The step change of speed reference from field weakening re-

gion I to field weakening region II (0.4 pu to 0.9 pu)

2 3 820% 4 Bz0%/ 0.140s 1.400s/ Stop

T T

%b.,,__ Chi

ey

Ch2

Figure 4.57: Hardware result: i,,. and i, waveforms for a step change of speed ref-
erence. (Chl- iy,., Ch2- iy, Scale: X-axis: 1.4 s/div, Y-axis: Chl- 0.164
pu/div, Ch2- 0.164 pu/div)

Fig. 4.57 shows the oscilloscope waveforms of the iy, and iy, for a step change of
speed reference. The i, and i), are decreasing in the field weakening region I and field
weakening region II at different rates. The steady state value of i;,, and i,,, depends on

steady state speed of the drive.

2z 3 200w 4 ao0ws 9.140s 1.280s/ Stop

W&(ﬁ_
Tty o e e u GhL.,,

Figure 4.58: Hardware result: iz; and @ waveforms for a step change of speed ref-
erence. (Chl- igzz, Ch2 - ®, Scale: X-axis: 1.28 s/div, Y-axis: Chl- 0.1
pu/div, Ch2- 0.4 pu/div)
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Fig. 4.58 shows the oscilloscope waveforms of the i;; and @ for a step change
of speed reference. The iy; value is reducing in field weakening region I and field
weakening region II. The steady state values of iy; and i, are same.

2 3200V 4 .00 9.140s 1.260s/ Stop

)

h""'/ \\ Ch2

I

] chi

i3

Figure 4.59: Hardware result: iz, and @ waveforms for a step change of speed refer-
ence. (Chi- igy, Ch2 - o, Scale: X-axis: 1.280 s/div, Y-axis: Chl- 0.2
pu/div, Ch2- 0.4 pu/div)

Fig. 4.59 shows the oscilloscope waveforms of the iz, and @ for a step change of
speed reference. The iy, value is high during the acceleration region and once the motor
reaches the steady state, it reduces to a small value since drive is operating at no load
condition..

2 3200 40 z200%/ 3.840¢ 1.400s/ Stop

Ch2

e

ey
f‘"ﬂl s e

S

Figure 4.60: Hardware result: Slip speed and @ waveforms for a step change of speed
reference. (Chl- Slip speed, Ch2 - @, Scale: X-axis: 1.4 s/div, Y-axis:
Chl- 0.04 pu/div, Ch2- 0.4 pu/div)
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Fig. 4.60 shows the oscilloscope waveforms of the slip speed and @ for a step
change of speed reference. The slip speed of the machine increases in field weakening
region I and reaches its maximum possible value at boundary between field weakening
region I and field weakening region Il and remain at that value in field weakening region
I1. The steady state value of slip speed is determined by how much load is applied to
the machine.

2 320080 4 310%/ 9.140s 1.400s¢ Stop

\L“m Ch2
- -F.f

— Chl

Figure 4.61: Hardware result: iz — limit and @ waveforms for a step change of speed
reference (Chl- iy — limit, Ch2 - @, Scale: X-axis: 1.4 s/div, Y-axis: Chl-
0.04 pu/div, Ch2- 0.4 pu/div)

Fig. 4.61 shows the oscilloscope waveforms of the iy — limit and @ for a step
change of speed reference. The iy; — limit is reducing in both field weakening region 1
and field weakening region II. The steady state value of iy — limit depends on angular

speed of the drive.
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2 3200w 40 200% 5.980s 1.400s/ Stop

Chl

Ch2

ey

Figure 4.62: Hardware result: iy, — limit and @ waveforms for a step change of speed
reference (Chl- iy, — limit, Ch2 - @, Scale: X-axis: 1.4 s/div, Y-axis: Chl-
0.04 pu/div, Ch2- 0.4 pu/div)

Fig. 4.62 shows the oscilloscope waveforms of the iy, — limit and @ for a step
change of speed reference. The variation in igz; — limit is very small compared with the

variation in iz; — limit with respect to speed.

2 S oUEBV/ 4 104w 51405 1400s/  Stop
ChZ
,/f (-
7

I

Figure 4.63: Hardware result: vy; — limit and @ waveforms for a step change of speed
reference (Chl- vy — limit, Ch2 - @, Scale: X-axis: 1.4 s/div, Y-axis: Chl-
0.208 pu/div, Ch2- 0.336 pu/div)

Fig. 4.63 shows the oscilloscope waveforms of the vy; — limit and ® for a step
change of speed reference. The vy, — limit dynamically varies in field weakening region

I and field weakening region II. The steady state value of vy; — limit is decided by steady
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state angular speed of the drive.

2 3o200¥f 4 BEOW/ 5.140s 1.400s/ Stop

v

Chl

Figure 4.64: Hardware result: vy, — limit and @ waveforms for a step change of speed
reference. (Chl- vyy — limit, Ch2 - @, Scale: X-axis: 1.4 s/div, Y-axis:

Chl- 0.112 pu/div, Ch2- 0.4 pu/div)

Fig. 4.64 shows the oscilloscope waveforms of the vy, — limit and @ for a step
change of speed reference. The Variation in vy, — limit is very small in field weakening
region I and field weakening region I1.

2008 2 30200v0 4 1.00W 9.140s 1.280s/ Stop

Al:hl

h,-—/ \ Ch2

Figure 4.65: Hardware result: iz, — limit, @ and phase current waveforms for a step
change of speed reference. (Chl- iy, — limit, Ch-2 - @, Ch3- phase current.
Scale: X-axis: 1.280 s/div, Y-axis: Chl- 0.2/div, Ch2- 0.4 pu/div, Ch3-
20A/div)

Fig. 4.65 shows the oscilloscope waveforms of the iy, — [imit, @ and phase current
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for a step change of speed reference. The phase current drawn is very high during the
acceleration region and once the motor reaches the steady state, the current drawn will

reduced to small value since the machine operates at no load.

4.2.3 Gradual change of speed reference from zero to 0.953 pu

2 3 1.48Y/ 4 5EOY/ 11.70s 3.500s/ Stop

ik 1
\ [—

\ ]
>{f
T T N

q
N

LY
)

Figure 4.66: Hardware result: i, and ® waveforms for a gradual change of speed ref-
erence from zero to 0.953 pu . (Chl- iy, Ch2- @, Scale: X-axis: 3.5 s/div,
Y-axis: Chl-.112 pu/div, Ch2- 0.296 pu/div)

Fig. 4.66 shows the oscilloscope waveforms of the i,,, and @ for a gradual change of
speed reference from zero to 0.953 pu. The iy, is at rated value below the base speed
and starts reducing in field weakening region I and field weakening region II at different
rates. The steady state value of i, is decided by the steady state angular speed of the

drive.
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Figure 4.67: Hardware result: i;; and @ waveforms for a gradual change of speed ref-
erence from zero to 0.953 pu. (Chl- iy, Ch2 - @, Scale: X-axis: 3.5 s/div,
Y-axis: Chl-.112 pu/div, Ch2- 0.296 pu/div)

Fig. 4.67 shows the oscilloscope waveforms of the ig; and @ for a gradual change
of speed reference from zero to 0.953 pu. The iy, is constant below the base speed and
decreases in the field weakening region I and field weakening region II at different rates.

At steady state, iy and i,,, are equal.

2 31480 4 BBOY/ 11.70s 3.500s¢ Stop
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Figure 4.68: Hardware result: iy, and @ waveforms for a gradual change of speed ref-
erence from zero to 0.953 pu. (Chl- iy, Ch2 - @, Scale: X-axis: 3.5 s/div,
Y-axis: Chl-.112 pu/div, Ch2- 0.296 pu/div)

Fig. 4.68 shows the oscilloscope waveforms of the iz, and @ for a gradual change

of speed reference from zero to 0.953 pu. The value of iy, is high during acceleration
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and it settled to a small value since the machine operates at no load.

2 31.32y0 40 2009/ 12.15s 2.500s/ Stop

ch2
el 1
__ﬂ,ﬂ" -~ _}‘/ chl -
// ,,_.--""f{

ey

Figure 4.69: Hardware result: Slip speed and @ waveforms when a gradual change of
speed reference from zero to 0.953 pu. (Chl- Slip speed, Ch2 - @, Scale:
X-axis: 2.5 s/div, Y-axis: Chl- 0.04 pu/div, Ch2- 0.264 pu/div)

Fig. 4.69 shows the oscilloscope waveforms of the slip speed and @ for a gradual
change of speed reference from zero to 0.953 pu. Slip speed of the machine is constant
in below base speed region and increases in field weakening region I due to dynamic
nature of controller limits and i,,, — reference in this region. At the transition speed,
@ the slip speed become maximum and maintain that value in field weakening region
I1. When the speed of the machine is settled to the reference speed, the slip speed of the

machine is reduces to a small value, since iy, is very small in no load condition.
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Figure 4.70: Hardware result: i,; — limit and @ waveforms for a gradual change of
speed reference from zero to 0.953 pu (Chl- iyq — limit, Ch2 - w, Scale:

X-axis: 2.5 s/div, Y-axis: Chl- 0.368 pu/div, Ch2- 0.1 pu/div)

Fig. 4.70 shows the oscilloscope waveforms of the i;; — /imit and ® for a gradual
change of speed reference from zero to 0.953 pu. The iy; — limit is constant below the
base speed and decreases with speed in field weakening region I and field weakening

region II at different rate.

2 3184y 4 320w 12.18s 2.500s/ Stop
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Figure 4.71: Hardware result: iz, — limit and @ waveforms for a gradual change of
speed reference from zero to 0.953 pu (Chl- iy, — limit, Ch2 - o, Scale:
X-axis: 2.5 s/div, Y-axis: Chl- 0.368 pu/div, Ch2- 0.062 pu/div)

Fig. 4.71 shows the oscilloscope waveforms of the iy, — limit and @ for a gradual

change of speed reference from zero to 0.953 pu. The iz, — limit is constant below the
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base speed, increases slightly in the field weakening region I and decreases in the field

weakening region I1.

2 31844 ooV

10.10s

2.500s/
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Figure 4.72: Hardware result: vyq — limit and @ waveforms for a gradual change of

speed reference from zero to 0.953 pu (Chl- vy — limit, Ch2 - w, Scale:
X-axis: 2.5 s/div, Y-axis: Chl- 0.368 pu/div, Ch2- 0.2 pu/div)

Fig. 4.72 shows the oscilloscope waveforms of the vy, — limit and @ for a gradual

change of speed reference from zero to 0.953 pu. The vy — limit is constant below the

base speed and dynamically varies in field weakening regions. The steady state value

of vyg — limit 1s determined by steady state angular speed of the drive.

2 3184y 4 100w

11.10s
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g

Figure 4.73: Hardware result. vy, — limit and @ waveforms for a gradual change of

speed reference from zero to 0.953 pu (Chl- vy, — limit, Ch2 - @, Scale:
X-axis: 2.5 s/div, Y-axis: Chl- 0.368 pu/div, Ch2- 0.2 pu/div )
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Fig. 4.73 shows the oscilloscope waveforms of the vy, — [imit and @ for a gradual
change of speed reference from zero to 0.953 pu. The vy, — limit is constant below the

base speed. The variation of vy, — limit is very small in field weakening regions.

10,080 2 3148/ 4 BBOW/ 11.70s 3.500s¢ Stop

/\ Ch2
y "
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Figure 4.74: Hardware result: iz, — limit, @ and phase current waveforms for a gradual
change of speed reference from zero to 0.953 pu. (Chli- is, — limit, Ch-2
- ®, Ch3- phase current. Scale: X-axis: 3.5 s/div, Y-axis: Chl- 0.1192
pu/div, Ch2- 0.296 V/div, Ch3- 10A/div )

Fig. 4.74 shows the oscilloscope waveforms of the iy, — [imit, ® and phase current
for a gradual change of speed reference from zero to 0.953 pu. The phase current drawn
is very high during the acceleration region and once the motor reaches the steady state,

the current drawn will reduced to small value since the machine operates at no load.

4.3 Conclusion

The simulated waveform results of field weakening method for 630 kW and 30 kW
FOC based induction machine drive and the experimental results from the actual imple-
mentation on the 30 kW motor were presented in this chapter. The experimental results
are in close agreement with 30 kW induction machine’s simulated results, thus vali-
dating the control strategy. The fundamental current estimation of a 630 kW induction
machine is presented in this chapter. The harmonic content in estimated fundamental
component of current is very less which validates the algorithm of fundamental current

estimation.
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CHAPTER 5

CONCLUSION

5.1 Summary of the Present Work

The FOC based field weakening scheme was successfully implemented in a 30 KW
induction machine. The performance of the drive in the above base speed regions was
evaluated up to 5 times the base speed at no load, and satisfactory results were obtained.
The transition between the below base speed region and the field weakening region I (
at Wpase ), field weakening region I and field weakening region II (at ;) occurred in a
smooth manner. Variation of controller limits and flux reference in the field weakening
regions were observed as expected. Simulation of field weakening algorithm and over-
modulation scheme of the inverter was done with 630 KW induction machine and 30
KW induction machine. All the test cases taken for the simulation of 30 KW machine
were verified experimentally in the 30 KW laboratory model machine. The fundamen-
tal current estimation algorithm was simulated on a 630 KW induction machine and the
results were satisfactory. The hardware implementation of overmodulation scheme of
the inverter and the fundamental current estimation algorithm were not done owing to

time constraints.

5.2 Future Scope of Work

In this project the performance of the drive in field weakening region was analysed in
no load condition only. The load performance of the drive in field weakening region
can be analysed in future. The overmodulation operation of the inverter at high speed
regions of the drive can be implemented in hardware for maximum dc-bus utilisation.
An FPGA based system can be used for implementing the fundamental current estima-
tion algorithm for faster response. The stability of the drive can be improved by online

adaptation of sensorless control parameters at higher speed of operation.
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