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Abstract

DC motors were popularily used for variable speed applications until the advances in power
electronics devices and digital electronics technology, as they require simple power processing
unit and simple control algorithm and offer good dynamic performence. But conventional dc
motor has problems related to mechanical commutation, while induction motor has low cost,
less maintenance requirement, very rugged and reliable. So now induction motor drives run
by voltage source inverters are replacing conventional dc motor drives in all variable speed
applications.

In this project, attention is towards implementation of an induction motor drive suitable
for traction application. As traction is a very high power application, switching losses will
amount to a high value which can be minimized by using low switching frequency for the
PWM inverter. Secondly traction system has very large inertia, so torque required during
acceleration is many times higher the torque required during steady state full speed operation,
because in steady state motor has to work only against air resistance and friction. So rather
than using a very high power rating motor that can develope peak accelerating torque up to
top speed, a smaller power rating motor can be used, which accelerates at limited constant
power level, employing field weakening scheme.

Higher the voltage that can be applied to the motor, higher will be the flux in the core
during field weakening operation and higher will be the torque capability. So inverter should
be operated in over-modulation mode as well, extending to six step mode, to utilize dc
bus voltage fully. Also for closed loop control, speed sensor is required which makes the
motor costly, less reliable and less rugged, as it requires periodic maintenance. So position
sensorless control is used, which uses the motor voltages and currents for speed and position

synthesis.
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Nomenclature

Symbols : Definitions

Vie : DC bus voltage

Vg1, Vg2, Us3 . 3-phase voltages applied on the induction motor
1% : Voltage space phasor

Vsas Ush . a-axis and b-axis components of V'

Usd, Usq . d-axis and g-axis voltage components of V'

g1, Ls2, Ls3 : 3-phase line currents

i : Stator current phasor

=S

Tsas Lsb : a~axis and b-axis components of i
Usds Usq . d-axis and g-axis components of i
Loy : Rotor magnetizing current
Y, : Stator flux vector
Vsa, sp . a-axis and b-axis components of %s
(O : Rotor flux phasor referred to stator coordinates
N Vieth : a-axis and b-axis components of 1
P : Position of the rotor flux phasor
Win : Mechanical speed of the rotor in rad/sec
w : Electrical speed of the rotor in rad/sec
w1 : Speed of the rotor flux vector ¢ or Stator frequency in rad /sec
Walip . Slip frequency in rad/sec
w* : Speed reference in rad/sec
i : Magnetizing current reference which corresponds to flux in the machine
Usds Usq : d-axis current and g-axis current references
v, v, Vi ¢ 3-phase reference modulating waves



NOMENCLATURE

V*

* *

Vsqr Usp

* *
Vsd» Usq

P
L,
L, or o,L,

L, or o,L,

~
» =

S

< 3™

Ky

Ty
K.
T
Kr
T
K,
T,
G

Ty
Vmaw
I max
Z.modeQ

Iharm

. Reference voltage phasor

. a-axis and b-axis components of V*

. d-axis and g-axis voltage components of V'*
: number of poles

: mutual inductance between stator and rotor windings
: rotor leakage inductance

. stator leakage inductance

: rotor inductance

: stator inductance

: rotor resistance

: stator resistance

: moment of inertia of the motor

: proportional gain of the speed controller

. time constant of the speed controller

: proportional gain of the current controller
: time constant of the current controller

: flux controller gain constant

: flux controller time constant

. voltage controller gain constant

: voltage controller time constant

: gain of the converter

: delay of the converter

:voltage limit

. current limit

: field current’s mode-2 condition value

: harmonic motor current

: load torque(per unit)

. field time constant

: speed filter time constant

: voltage filter time constant



Chapter 1

Introduction

The fact that the torque and speed in DC motor can be controlled independently by control-
ling armature current and field current respectively ensures that dc motor has good dynamic
performance. The objective of vector control is to find two such components of currents from
the available information of line currents of induction motor, by controlling which torque
and speed can be controlled independently. This is the basic underlying principle of vector

control which is most popular for induction motor drives.

1.1 Vector control

In case of induction motor, rotor flux rotates at the same speed as air gap flux separated
by certain angle. By transforming the current space phasor in a synchronously rotating
frame aligning rotor flux space phasor, we get two independent dc current components of
the actual three phase current [4]. So vector control makes the control as simple and reliable

as dc motor control. This is shown with equation 1.1, 1.2, 1.3, 1.4 and 1.5 here.

Aty (1 . .
g e ) (1) = isa (1) (1.1)
dt
dp isq (1)
wy (t) = Y (t) + #((t) (1.2)
2P Lo . )
_ 2P 1.
= ) 13
dieg . Aty
Ryisq (t) + 0 Ly—— = vsq + 0 Lswyisy (t) — (1 — 0) Ly—— (1.4)
dt dt
Rsisq (t> + oL d:i;q = Usq — o Lswiisq (t) - (1 - U) Lgwrtmy (t) (15)
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1.2. Special requirements of induction motor traction drive 3

For the purpose of the control, the d-axis and g-axis currents must be controlled indepen-
dently. The presence of the terms containing i, in vsq equation 1.4 and %4 in v, equation
1.5 indicates cross coupling. Hence we need to add the following decoupling terms in the

control circuit.

O—stlisq (t) n (1 — J)L i

Vsds = — o o ® di (1.6)
LS .s t 1— Ls 'mr
Vegs = o wg d( ) + ( U) Gwll (t) (1‘7)

where G is the gain of the inverter.
After adding the above mentioned components in the control circuit, the currents i,y and
isq, are completely decoupled and entirely depend upon the voltages vsq and vy, respectively

as shown in equations 1.8 and 1.9.

Rsisd (t) + O-Lsﬁ = Vsd (18)
di
Ryis, (t) + oL, ;tq Vsq (1.9)

This is shown in the block diagraml.1.

1.2 Special requirements of induction motor traction
drive

1. Switching losses are directly proportional to switching frequency. So in traction appli-
cation(MW power level), low switching frequency(less than 1 KHz) inverter operation

is required to reduce switching device heating.

2. Traction system has large inertia, so torque required during acceleration is very high
compared to steady state operation. If field weakening mode of operation is followed,

motor power rating can be saved.

3. Overmodulation operation leading to six step mode operation of the inverter, produces
maximum possible stator voltage out of limited DC bus voltage which is required for

maximum torque production.

4. Position sensor(optical or magnetic) makes induction motor expensive and less reliable,

so a position sensorless vector control is preferable.



Chapter 1. Introduction

1.3 Problems associated with vector control of induc-

tion motor traction drive

. Low switching frequency PWM operation and over modulation operation will result
in high stator current ripple. So d-q frame currents required by vector control will be
distorted and good control can not be possible. If one puts a heavy filter it will slow
the current loop too much. So some suitable current extraction algorithm has to be

followed.

. DC bus voltage has to be utilized for maximum torque production, but as the reference
goes above traingle carrier peak, pulse dropping occurs and linearity between input

reference and output voltage is lost. So suitable compensation has to be applied.

. Flux position is estimated by integration of applied stator excitation voltage. Pure
integration leads to saturation so first order filter is used instead, but at low speed
this creates problem because of relatively wrong position estimate. So this needs to be

improved.

. Field weakening has to be done in such a manner that accelerating torque follows
maximum torque trajectory without violating either current limit or voltage limit. So

suitable algorithm is needed here as well.

In the next chapter, proposed solutions to the above discussed problems are presented.



Chapter 2

Schemes proposed for induction
motor traction drive

2.1 Harmonic current extraction

As mentioned ealier we are operating the inverter at low switching frequency and in over-
modulation mode as well as normal mode. This is adopted to make switching losses small
and utilize the available DC bus voltage fully,. PWM output voltage is pure sine wave if
switching frequency is infinite and inverter operates in normal mode. As we are violating
both constraints, actual PWM output voltage has considerable harmonics which will pro-
duce larger harmonic current, since for harmonics, the induction motor behaves as leakage
inductance load only. This distorted current has to be used by speed estimation block and
current controller. So system has a very high risk of instability. If we put a low pass filter
to correct the problem, it becomes worse because of the delay introduced by the filter. In

this chapter we present a different approach to extract fundamental current [2, 7].

2.1.1 Harmonic model of Induction motor

We have voltage and flux equations as follows

dy®
S = Ry’ 4+ —= 2.1
Ug Lt (2.1)
dy*
S = Ry 4 —r 2.2
vy Lt (2.2)
Y% = Lgis + Loty (2.3)
U = Lyie’® + Loi; (2.4)

5



6 Chapter 2. Schemes proposed for induction motor traction drive

Virtually no current flows through magnetizing inductance for harmonic frequency and leak-
age inductance being small, we can neglect rotor flux linkage term in equation 2.2. From

equations 2.1, 2.2, 2.3 and 2.4, we derive

, dis di; -
vy = Rgii + Lsd;tS + Lo[d—‘tejE + jwiy] (2.5)
d S
vW=0=Ri + L, — jwip?® (2.6)
dt -
And from equations 2.5 and 2.6, we get
LAt Lo dif
vl = Ry + LSE - L—T[RTQTeJ6 + LO%] (2.7)
Neglecting rotor flux in equation from 2.4, we get i%e/® = —f—fz‘;. By substituting this
expression in equation 2.7, we get
Lo .. dii
vl = [Ba+ R (7)%)is + 0 L2 (2.8)
or
dip,

Vp — Rhih -+ Lh (29)

dt

Here Ly = oL, and R, = [R,+ R,($)?] . This equation 2.9 describes the harmonic model

L,
of induction motor.

2.1.2 Extraction of fundamental current

First we calculate the harmonic voltage by subtracting weighted reference voltage(pure sine
wave) from actual PWM output voltage. Now this harmonic voltage is applied as input to the
induction motor harmonic model which produces harmonic current as output. This harmonic
current has to be subtracted from actual induction motor current to get fundamental motor
current. This is shown with block diagram 2.1. Also it is to be noted that at low switching
frequency, fundamental inverter output voltage is lower than what it is expected to be. So
after deduction of weighted reference from it, the assumed harmonic voltage, actually has
some negative fundamental voltage also. This produces large negative fundamental current
from the harmonic model which presents low impedance to fundamental voltage. After
deduction of it from actual motor current, fundamental current estimated is actually higher
than the real fundamental current. This causes the current limit to over-act and hence motor

can not accelerate at the maximum possible rate. For compensation, estimated harmonic



2.1. Harmonic current extraction

Vsa(PWM)

Vsa(REF) :

Vsb(PWM)

Vsb(REF)

Vah

Vbh

Leakage model of IM

1

qo Ls)

Rs + (Lo/Lr)2 Rr

1

Ibh

o Ls)

Rs + (Lo/Lr)2Rr

N
J

Isa(motor)

lah
»@ |
Isa(extracted)

,@

Isb(motor)

Figure 2.1: Block diagram for fundamental current extraction

|
Isb(extracted)
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All values in per—unit

Vref, Vrn

Vrh

Isr

Irh

Isr(extracted)

0.95 0.96 0.97 0.98 0.99 1 1.01 1.02
Time in seconds

Figure 2.2: Simulation result(fundamental current extraction)

current should be converted into d-q components, which should be passed through high pass
filters to remove the dc component (fundamental current in a-b-c), then converted back to
stator frame and subtracted from the motor current to get the fundamental current. A

simulation output is shown in figure 2.2.

2.1.3 Conclusion

This algorithm has been tested on Simulink/Matlab and also verified on experimental set up.
Here we avoid use of a heavy filter, so there is no danger to stability of the system. Extracted
current is pure sinusoidal, however it depends on correctness of the machine parameters. So
d — q components are pure DC quantities which are fed to current controller. Extracted
fundamental current and sinusoidal reference voltage are fed to flux position estimator which

produces p and sinp, cosp as output.



2.2.  Quermodulation scheme 9

2.2 Overmodulation scheme

DC bus voltage is limited to lower value in traction application due to economical constraints,
for example cost of bus insulators and cost of switching devices and motor. The maximum
fundamental three phase ac voltage that can be generated from it occurs when inverter
operates in six step mode. But in any PWM technique, when reference voltage exceeds the
triangular carrier amplitude (modulation index > 1.0 for sine-triangle PWM and modulation
index > % for Space-vector PWM and triplen harmonics injection PWM), the output gets
saturated and the linearity between output voltage and reference voltage is lost. This causes
the actual gain of the inverter to be lower than that expected by closed loop controller, so
overall drive performs poorly. To compensate for drop in gain in over-modulation region,
some methods have been in practice. In one of the methods, reference is modified by clamping
it at high or low depending on polarity and maintaining quarter wave symmetry, at certain
angle which is decided by modulation index of the reference [1]. The angle is calculated such
that the modified reference (fundamental magnitude) becomes equal to actual reference

magnitude.

2.2.1 Pulse dropping and Loss of volt-seconds

In a PWM algorithm, input reference voltage is compared to triangular switching frequency
wave; when the reference exceeds triangle wave value, output pulse is high, otherwise low. At
the maximum, high can occur for full sampling duration when the input reference magnitude
is equal or greater than the triangle peak magnitude. So the reference magnitude greater
than the triangle peak magnitude, produces saturated average output. So there is a loss of
volt-seconds in the pulse dropping region. Below it is shown with help of figures 2.3, 2.4
and 2.5

2.2.2 Redistributing commanded volt-seconds

In order to maintain linearity between reference voltage and inverter output voltage, volt-
seconds lost due to PWM saturation is compensated by adding extra volt-seconds in reference
voltage itself [1]. This is done by clamping the original command to 4+lor—1 per unit for
a portion of the cycle. The duration for which this clamping takes place is calculated such

that per unit reference fundamental voltage becomes equal to per unit output fundamental
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1 T T T T T T T T T
- Reference voltage
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Figure 2.3: Sine-Triangle PWM (Over-modulation)

voltage. This is shown with figures 2.3, 2.4 and 2.5. For sine-triangle we have following
relations:
Hy = Vysin(a,) (2.10)
Vin ,
Vin = cos(as) + —[2as — sin(2as)] (2.11)
T

Equations 2.10 and 2.11 are valid for full over-modulation range(1 =< M; =< %) For space
vector PWM, there are two modes of operation in over-modulation region. In the first mode,
clamping has to be done at two peaks per half cycle because of the wave shape and in second
mode clamping is done once per half cycle as reference gets more saturated and clamping

requirement is more. The equations for first mode are 2.12 and 2.13.
Vin o .
Hg, = T[&sm(asy) + V/3cos(ag,)] (2.12)

1
Vin = ;[—vasm@asy) + 3V, — BT\/EVmcos(Qasv) + 3%rcos(ozsv) - \/ggsm(asv)] (2.13)

And for second mode of operation, the equations are 2.14 and 2.15.

3
H,, = évmsm(asv) (2.14)

1. 3
Vm = ;[—ivaZn(ZOésy) -+ Svmasv + WCOS(QSU)] (215)
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Based on these equations lookup table can be constructed which takes modulation index
M; as input and gives H, or H,, value as output. It is shown with graphs 2.6 and 2.7. A
comparator clamps input reference command to + 1 or — 1 per unit with input polarity,

if its magnitude exceeds H, or Hy, value. The algorithm is here
Vewark = Vewar, [when  — Hpwyr =< Vewy =< Hpw] (2.16)

= sign(Vpw), [otherwise]

2.2.3 Conclusion

Space vector is better than sine-triangle PWM as it remains linear upto modulation index
of % In fact in space vector PWM, triplen harmonics( third harmonics = %, maximum,

ninth harmonics = %,mam’mum ) are injected to increase output fundamental voltage,
which are inherently canceled by balanced three phase system. But to increase fundamental
volatge further one has to inject 5,7,11,13.. harmonics also, all the way upto six step or

square wave mode. That’s what we are doing here indirectly [1].

2.3 Position sensorless scheme

In field oriented control, a rotational transducer such as tachometer, or an encoder or a
resolver, is mounted on the induction motor shaft. However, a speed sensor can not be
mounted on a shaft in some cases, such as motor drives in hostile environment or high
speed motor drives. Further, these sensors suffer from low reliability, high cost and noise.
Therefore, sensorless drives are increasingly employed in modern industrial applications.
The advantages of speed sensorless induction motor drives are lower cost, elimination of
sensor cable (which is prone to noise signals) and increased reliability. In this section, the
principle of sensorless operation, the algorithm employed to estimate the rotor flux position
and the speed, and the practical problems and constraints involved, and their solution are

presented [5].

2.3.1 Sensorless Principle

The rotor speed in elec-rad/sec(w) , rotor flux speed (wy) and the slip frequency(ws;,) can
be related as follows,

W = W1 — Wslip
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In this section the equations required for the determination of the rotor flux speed(w;) are
developed and as explained in previous chapters, slip frequency (wgp) is given by wgy, =

0 Thus the rotor speed (w) is estimated which is used as feed back quantity in the speed

T’rim’r

loop.
The stator and rotor flux linkages in terms of the stator and rotor currents can be expressed
as follows,
Y = Lii + Loije’* (2.17)
Y = Lyi; + Loije™* (2.18)

Referring the rotor flux in stationary coordinate system,

Y = yle’® = Lije’® + Loi; (2.19)
From equations (2.17), (2.19) the rotor current referred to the stator can be expressed as in

equation (2.20) v L
: — Loz

reit = =0 2.20

e I (2.:20)

Substituting this value from equation 2.20 in equation 2.17 we get

s L .

W= (Lo + 7 (¥ — Loi?))
S Lr S S

V= — (¥ — oLsiy) (2.21)
Lr LO Ls

L3
LsLy
Therefore rotor flux referred to the stator can be written as shown in Eqn. 2.21.

where 0 =1 —

The stator voltage equation in space phasor form can be written as follows which can be

used for the calculation of the stator flux.

di®
vy = Ry + % (2.22)
From the above equation (2.22) the stator flux linkages can be expressed as,
v, = / (v — Ryig)dt (2.23)
From equations (2.23), (2.21), the rotor flux is calculated
¥, = i—;[( / (vs = Rgig)dt) — o L] (2.24)
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Figure 2.8: Phasor diagram for rotor flux estimation

The relationship between the stator flux and rotor flux can be shown in a phasor diagram

as shown in Fig. 2.8. The rotor flux phasor is expressed in stationary coordinates as,
ﬂi = wﬁa + jw:b

The rotor flux linkage phasor is normalized to get sine and cosine of the rotor flux angle,
which is used for resolving stator reference frame phasors to rotor flux reference frame or
vice versa. The following equations show the normalization to obtain the unit vectors cosp

and sinp. This is shown in Fig. 2.9 in the form of a block diagram.

S
ra

cosp =
47
: Urp
sinp = (2.25)
¥

where |2 = 1/1s,? +15,> The rotor flux speed with respect to stationary reference frame

is estimated using the relation,

dp
= — 2.26
w1 dt ( )

By simple mathematics, it can be seen that
de d

: . d
pri 0039% (sinf) — smeﬁ (cosb)

Hence the speed of the rotor flux can be expressed as follows,
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Figure 2.9: Block diagram for derivation of unit vectors cosp and sinp

L
S8

_ 92 _ osp L (sinp) — sinp
Wi = = cosp (sinp) smpdt(cosp) (2.27)

Therefore, the rotor speed(w) in elec-rad/sec is,

W= W — Wgip (2.28)

isq
Trimr

where wg;), =

2.3.2 Stator Voltage Integration Problem

Flux estimation is an important task in implementing sensorless algorithm, because of the
fact, that the unit vectors, used for transforming the quantities from stationary coordinate
system to rotating frame of reference depend on the flux estimation. Integrating back emf
in the machine leads to the flux estimation. The only parameter required is stator winding
resistance, which can be easily obtained in most cases and in most of the cases can be
considered constant. Hence this method is much preferred than estimation of stator flux
from stator currents.

However there are practical problems involved in the realization of a pure integrator.

Hence motor flux estimation is no easy task. A pure integrator has a dc drift and initial



2.8. Position sensorless scheme 17

value problems. A dc component in measured motor back emf is inevitable in practice.
This dc component, no matter how small it is, can finally drive the pure integrator into
saturation. If initial value is not selected properly, a constant dc offset will appear at the
output. This offset, representing a constant dc flux in a motor, does not exist during motor
normal operation. A common solution to these problems is to replace the pure integrator

with a first order low pass filter [6].

1
8 = 5 2.29
2’” S +wogs ( )

where wy is the filter cut off frequency. By choosing wq to be very small, the integrator well
approximates to a pure integrator. Therefore it can be seen that small amount of negative
feedback is required to maintain the stability of the integrator in the presence of noise or
offset errors.

This wy can’t be selected too small otherwise dc offset will decrease slowly during transients
and drive might become unstable. So the drive performs satisfactorily at higher speed but

it becomes unstable at lower speed because of inaccurate position and speed estimation.

2.3.3 Removal of integration problem

So we can’t approximate a pure integrater by a low pass filter because of the reasons discussed
above. But some fast error decaying mechanizm must be employed to ensure that there is no
dc offset. For this we need one more estimate of rotor flux. We know that i,,, represents rotor
flux equivalent current, so Lgi,,, represents magnitude of rotor flux and e’# is its position
with respect to stator. So we can calculate rotor flux error and add it to the integrator input

after multiplying with some gain K. It is shown with equation 2.30 and figure 2.10.

S* . j
Y7 = Loimee’”

v = [l = Roig) + K (" — vt (2.30)

The value of K decides how fast error converges to zero. If we select a very high value of K,
their exists a starting problem though once started drive behaves ideally, and smaller value
of K gives poor steady state performance. So K is selected on trial basis here. This method

promises accurate position and speed estimation, right from 1% to any higher speed.
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2.3.4 Conclusion

This algorithm has been tested on Simulink/Matlab and also verified on experimental set

up. This gives very good performance compared to low pass filter integration method.

2.4 Field weakeneing scheme

As discussed earlier in the report that, a smaller power rating motor which accelerates at
constant power level above rated speed to acheive full speed, can be used in traction appli-
cation for better utilization of resources. This can be acheived by a proper field weakening
algorithm which must also ensure optimum utilization of DC bus voltage. As DC bus volt-
age is the major limiting factor of maximum torque capability in field weakening mode of

operation, in this section, a proper algorithm for field weakening operation is discussed [3, 5].

2.4.1 Voltage, current limits and optimum operating condition

The maximum fundamental phase voltage that can be acheived from the inverter with DC
bus voltage V. is % in six step mode. So we have V.. = % >= V2 + V2

7, as the

voltage limit. Here we can do some approximation as follows in equation 1.4 and 1.5.
Vea = _wlaLsisq (231)

and
‘/sq - wlLsisd (232)

So from above equations we get voltage limit ellipse equation as follows

72 Z'2
d__ 4 (2.33)

Vma.’E 2 Vma.’E 2
w1Ls ow1 Lg

As maximum current is also limited, we have equation of a circle as follows

ZZd + Ziq = Z%’La;t (234)

Now the operating point must always be inside the region limited by both the boundaries.

The equation for torque is given by

2P I

Mg = 32110, [i5d (£) isq (1)) (2.35)
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Figure 2.12: Block diagram for field weakening algorithm

When both current and voltage limit are applied and torque(parabola) is to be maximized,
it can be proved that maximum torque will occur at the common point. From equation
2.33, 2.35, we get maximum torque when <¢,q = 0 45 , which is a line. This can be
allowed only when the operating point is inside the current limit circle. Now putting the
expression i;q = 0 %4 in current limit equation, we get

. o .

lsd = ﬁzmax
When we are inside the current limit, then i,y < ﬁ Imaz - Lhis can be seen in figure
2.11.

(2.36)

2.4.2 Brief theory of the algorithm

Now based on the points discussed above, one simple algorithm is shown in the figure 2.12.
There are two modes of operation in the field weakening region, based on current limit
being active or inactive. In the first mode both voltage and current limits are active and
the trajectory of the operating points is common points of the circle and ellipse. Because

current limit is speed independent, first mode trajectory is the circle’s periphery. When w;
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increases, ellipse radius decreases. After one value of w; ellipse no longer touches the circle,
that means maximum torque is acheived when iy = 0 i5, . This is mode 2. Mode 2 starts
when 1,9 < ﬁ Imae 18 satisfied. As shown in the figure 2.12, one P-I controller is put to
keep voltage error zero, whenever voltage limit is violated above base speed. When volage
limit is violated i,,, reference is reduced from rated value accordingly. In the mean time iy
is monitered, to decide which mode is active. Here 74, limit is decided by current limit in

the first mode and decided by i, in second mode.

2.4.3 Conclusion

In the above algorithm, we are trying to acheive maximum torque so that overall drive
performs very fast. As 4, reference command must not consist any ripple, the voltage
controller loop is made very slow to avoid instability. First mode gives higher limit for 4,
which is quite expected as current limit is the major limiting factor in this mode. In second
mode, voltage limit is major limiting factor, iy, limit keeps decreasing proportionally with

1sq t0 acheive maximum torque on the particular speed.
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Implementation

3.1 Introduction

The algorithms discussed in previous chapter have been implemented together on FPGA

(ALTERA)based controller to make a sensorless induction motor drive capable of working
in field weakening mode as well as at low speeds. These are preriquisite of field weakening
mode operation. Figure 3.1 shows the overall scheme. The present chapter explains the
experimental setup and the implementation of the proposed scheme for a 0.37 KW induc-
tion motor. Firstly, the details of the experimental setup, which includes Induction motor-
DC generator setup, 10 KVA converter, FPGA controller are presented. Then the perunit
system followed, and base values for different quantities are defined, which are necessary
for the implementation. Later on, all the equations are perunitized and are made ready for

implementation.

3.2 Experimental Setup

The experimental setup mainly consists of Induction motor-DC generator setup, 10 KVA
inverter, FPGA controller and a PC for programming FPGA. The block diagram in Fig. 3.2
shows the connection among these different entities. The subsequent sections explain the

experimental setup in detail[8] and later on implementation is explained.

3.2.1 Induction Motor-DC Generator Setup

As shown in Fig. 3.2, the induction motor terminals are connected to a 10 KVA inverter,

which derives power from a DC bus. The DC bus is connected to the output of a 3-phase

23
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Figure 3.2: Experimental setup

™)

bridge rectifier, fed from a 3-phase auto-transformer. DC bus voltage can be adjusted to

a required value by adjusting the auto-transformer. The induction motor is mechanically

belt-coupled to a DC generator, whose field is excited from a separate DC source. This DC

generator with rheostat connected across its armature terminals forms the loading setup for

the induction motor. The details of the induction motor and DC generator are presented in

Table. 3.1, Table. 3.3 respectively. The parameters of the Induction motor determined from
the no-load test and blocked rotor test are shown in the Table 3.2.

VOLTAGE 220 V
CURRENT 1.98 A
POWER 0.37 KW
POLES 4
SPEED 1500 rpm

Table 3.1: Details of the induction motor
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Quantity Value
Ry 7.1Q
Ly 22.6mH
R, 7.002
Ly, 22.6mH
Ly 283.2mH

Table 3.2: Parameters of the induction motor

VOLTAGE 30V
CURRENT 1.5 A
POWER 45 W
SPEED 2000 rpm

Table 3.3: Details of the DC generator

3.2.2 Inverter Setup

The power circuit diagram of the inverter is shown in Fig. 3.2. The power devices used in the
inverter are IGBTs. There are three legs in the inverter with two IGBTs (one module) in each
leg. The IGBTs are mounted on heat sink and are connected to the DC bus voltage via DC-
bus bar.The basic constituents of the inverter apart from the power circuit shown in Fig. 3.2
are PD card, Gate drive card, front panel card, voltage sensing card and current sensing

card. The function of each of the circuit is briefly explained in the following subsections.

1. PD Card
The PD (Protection and Delay) card receives three PWM signals from FPGA board
via interface card. The circuit on the card generates the complimentary signals with a
dead time of 5 pusec. These six PWM pulses are given as inputs to the gate drive cards.
Apart from the delay circuit mentioned above, there is a protection circuit which allows

the inverter to trip under faulty conditions such as overcurrent, over-voltage, fault on
IGBT.
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2. Gate drive Card
A PWM signal received from the PD card is electrically isolated and given as input to
the gate of an IGBT with the help of gate drive card. The circuit on the card takes
care of the gate current requirement. One gate drive card has two gate drive circuits
and hence is used to switch two complimentary IGBT’s (i.e., one module) in a leg.
Therefore a total of three cards are mounted in the inverter for switching six IGBTs.
The circuit gives a low status signal to PD card in case of fault in IGBT for tripping

the inverter.

3. Front Panel Card
This card receives the signals from the PD card. The circuit on the card is designed is
such a way that the corresponding LEDs glow in case of faults on IGBTs, overvoltage

and overcurrent.

4. Voltage Sensing Card
This circuit basically serves the purpose of sensing the DC bus voltage. The output of
this card is routed to PD card so that it can trip the inverter and send a signal to the
indicator card in case of over voltage in DC-bus. This output is also used for tripping
the contactor used in the DC bus charging circuit after the DC-bus voltage reaches the

set value.

5. Current Sensing Card
The line currents drawn by the induction motor are sensed by Hall current sensors
mounted on this card. The output of this card is 3.348 V/A. This output is fed to
ADC on FPGA board via the interface card. This information is further processed in

the FPGA, for the implementation of the proposed scheme.

3.2.3 FPGA Controller

The digital platform consists of FPGA device and other devices interfaced to FPGA as
shown in Fig. 3.3 [8]. The devices interfaced include configuration device (EEPROM), ADC
and DAC; dedicated I/O pins are also provided. The FPGA has logic elements arranged in
rows and columns. Each logic element has certain hardware resources which will be utilized
to realize the user logic. The vertical and horizontal interconnects of varying speeds provide

signal interconnects to implement the custom logic. The choice of an FPGA device for a
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given application is based on the size required (number of logic elements), clock speed and
number of I/O pins. ALTERA EP1C12Q240C8 is found to be suitable for the given platform.

The resources available in this device are listed in Table. 3.4

PC with
Quartus tool
Digital I/O
Configuration
device ] CYCLONE C ] 12 bit DAC
EEPROM — FPGA device |\ ./ DPAC7625U
EPCS41N bipolar type
EP1C12Q240C8
Analog output
from DAC
Clock
20 MHz 12 bit ADC
YR G
bipolar type Sensed analog
signal input
to ADC

Figure 3.3: Block diagram of FPGA board

1. Configuration Device
The configuration device is an EEPROM (EPCS4IN) which is connected to a PC
through a parallel port or USB port using ByteblaserIl or USB blaster cable. The
digital design for the implementation of the proposed scheme is done using Quartus-I1
(Altera’s design tool for FPGA) and the output file after compilation is downloaded
to EEPROM through Byteblaster-II or USB blaster cable .The arrangement for con-
figuring the FPGA is shown in Fig. 3.4.

2. On-board Clock

In an FPGA, different blocks of logic elements can operate at different clock frequencies.
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Part No EP1C12Q240C8
Manufacturer Altera

No of pins 240

No of I/O pins 173

Total internal memory bits 2,39,616
Package PQFP

No of logic elements 12,060

No of PLL 2
Maximum clock frequency using PLL 275 MHz

Table 3.4: ALTERA FPGA device data

ByteBlaster Cable

wih —\ EEPROM
— V]
Quartus tool (EPCS4IN)
CYCLONE
FPGA
DEVICE

Figure 3.4: Configuration of FPGA device
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The board consists of two crystal oscillators both of 20 MHz frequency as shown in
Fig. 3.5. Even though two crystal clocks are provided on the board, only one clock is

used in the implementation.

CLKO ALTERA CLK2
Pin 28 FPGA Pin152)
20 Mz DEVICE 20 MHz
Clock Clock
CLK1  EP1C12Q240C8 CLK3
Pin 29 Pin 153

Figure 3.5: Block diagram of on-board clock network

3. Digital to Analog Converter

DAC on the board, DAC-7625U, is used to output the digital variables in the controller
in analog form. The DAC is a TTL device working with +5V and -5V power supply.
This SOIC packaged 12-bit, 28-pin DAC of TEXAS has 4 channels with conversion

time of 10usec.

Analog to Digital Converter

ADC on the board, AD7864AS-1 of Analog devices, is used to convert the analog input
signals from the system to digital signals, which are used for further processing. This
MQFP packaged, 12-bit, 44-pin simultaneous ADC has 4 channels with a conversion
time of 1.6 usec per channel. There are two such ADCs on the board and hence the
board can take 8-analog inputs. It is operated from a 45V power supply but it is
bipolar adc.

. Digital I/Os

Dedicated digital 1/Os are necessary to interface to ADC, DAC etc which are present
on the board. Apart from that 56 1/O pins are provided for the user to interface

application specific hardware.

. Power Supply Requirements

The cyclone FPGA device requires 1.5V (VCCINT) for its core and 1/O voltage (VC-
CIO) can vary from 1.5V to 3.3V. In this board 3.3V is chosen as I/O voltage for FPGA
because most of the interfacing devices on board operated at 3.3V level or above. ADC

requires single +5V for its operation. DAC requires 45V, -5V, 2.5V, -2.5V for its op-
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eration. On the basis of these requirements 5V and -5V is given as power supply to

the board and other levels needed are derived on the board.

3.3 Implementation

The implementation can be divided into two major parts viz.,
(a) Estimation and calculation of different quantities and
(b) Controller design and realization.

These are explained in the following sections.

3.4 Estimation and calculation of different quantities

Implementation of the algorithms has been done in 16-bit, 2’s complement representation
on the FPGA platform. But ADC and DAC are 12-bit, so 4 LSB bits are added as zero
and then properly scaled. 1FFF has been chosen as 1 pu, so we have used 16-bit to 16-bit,
32-bit output multipliers and then output is shifted 3-bits left and 16 MSB bits are taken as
result. As FPGA chosen has 12K LUTs(Logic units) and a multiplier and a devider cover
approximately 3 and 7 percent LUTs respectively. Multiplexing of signals has been done and
per algorithm block, one multiplier has been used. FPGA clock is 20 MHz, so all calculation
and sampling time will be in 2’s multiple of 50 ns. This table shows digital equivalent of its

corresponding pu value.

pu value | Equivalent digital Value | Equivalent decimal value
4 pu TFFFy 327674

2 pu 3FFFy 16383,

1 pu 1FFFy 81914

0 pu 0000 04

-1 pu E000 57344,

-2 pu C000gy 49152,

-4 pu 8000y 32768,

Table 3.5: PU values
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3.4.1 Base Values for Different Quantities

As the implementation is digitally realized, there arises the need for following a pu system for
simple understanding. For perunitization of different quantities, the base values are required,
which can be chosen as per convenience. The Table. 3.6 shows the base values for voltage
(chosen as per phase peak of the rated voltage of IM), current (chosen as peak of the rated
line current of IM) and frequency (chosen as rated frequency of IM). The other bases are
calculated from the above mentioned base quantities. Relation between base quantities are
given as,
Vo = Rply = wythy = wp L1y

Yy = wKZ = Lyl
Py = SVil,
my = g
P

Voltage (V) 150 % Y2 = 122,47V
Current (1) 1.98 x /2 =2.84
Frequency (f3) 50H =
Frequency in rad/sec (wyp) | 27 * f, = 314.16rad/sec
Resistance(R) ‘I/—Z = 43.74Q
Flux linkages(v) ik = 0.3898 wb — turns
Inductance(Ly) % =0.1392 H

Table 3.6: Base values

3.4.2 DC Bus Voltage Calculation

Maximum line to line rms voltage(six step mode) will be 150 V. So we have,

T |2
Voo = 21/ =150V
DC 4\/; 50

Vpe = 192.38V (3.1)
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3.4.3 Sensed Voltage scaling

Rated DC bus voltage 192.38 V produces 5.25 V at the input of ADC(12 bit). It has to give
0.7854 pu as % (16 bit). So we have to add 4 LSB as zero and then multiply with 3066, .

3.4.4 Sensed current scaling

One pu current 1.98v/2A produces 9.3748 V at the input of ADC(12 bit). It has to give 1
pu as [,(16 bit). So we have to add 4 LSB as zero and then multiply with 2188, .

3.4.5 Harmonic current extraction

Recalling equations, di
1
v = Rpip + Lh—d: (32)

Here L; = oL, and Rj, = [Rs+ Rr(f—S)Q] .

dip, 1
2y — Rei
dt Ly [vn nin]
Deviding by [, = wzfzb to both sides of the equations, we get
dih(pu) Wh .
- Uh(pu) — Rh w)Uh(pu
0 Lh(pu)[ () ~ Bipu)thou)]

ih(n -+ 1) — zh(n) Wp

[vn(n) — R puytn (n)]

T's B L pu)
or
. . % .
in(n+1)=1ip(n) + TsL (b ) [Vn(n) = Rppuyin(n)] (3.3)
h(pu

Calculation time T's has been selected as 1.6usec on the basis of trial on experimental set

up. So we get final equation as

3.4.6 Estimation of speed and position

In the proposed control scheme, basically the quantities that need to be estimated are cosp,

sinp and speed. From the information of cosp and sinp, the speed of the rotor ﬂux%f is

calculated. isq,tsq, %mr are also calculated from the information of i, 75, cosp, sinp. Slip



34

Chapter 3. Implementation

isq

frequency can be calculated as =%—. Thus the rotor electrical speed is found by subtracting

Trimr

slip frequency from stator frequency %. All the equations necessary for the above calculations

are presented in Chapters 2 and 3. These equations are perunitized and are presented here.

3

Isa(pu) = 5ls1(pw)

This equation in digital domain can be written as,

isa (n) = 15,4151 (1)

V3

Isb(pu) = 5~ (ds200) — 3
isp (1) = 0.866,, (is2 (n) —is3 (n))
€sa(pu) = Usa(pu) — Lsa(pu) Ls(pu)

€sq (N) = Vsq (n) — 0.1623,,154 (1)
Csb(pu) = Vsb(pu) ~ Lsb(pu) s(pu)
esp (n) = vgp, (n) — 0.1623,,i (n)
Recalling the equation for determining the flux linkages,

v = [l = Rait) + K" = w)lar

In time domain, above equation can be written as,

dpsa
- Verms
dt !
Dividing the above equation by V},
1 d¢sa(pu)
- - Verms
Wy dt ! (pU)

wsa (n + 1) - wsa (77,) + ‘/terms (n) was
Choosing the value of Ty = 12.8usec

33

wsa (n + 1) - wsa (n) + ﬁ‘/terms

(n)

(3.9)

Similarly, the equation for 14 (n) is obtained, Recalling the equation for rotor flux linkages,

L, .
:a - L_()[wsa - JLSZSCL]
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This is same in per unit as well. The equations for cosp,sinp in pu can be written as follows,

ra (1)
cosp (n) = —* (3.10)
¢ (n)|
Similarly,
: s (1)
sinp (n) = —2 L (3.11)
47 (n) |
Recalling the equation for rotor flux speed, w,
] dp d (sinp) . d ( )
wl = — = cosp— (sinp) — sinp— (cos
dt Pag > P\

Dividing the equation with wy,

1 d, . . d
wl (pu) = o (cosp@ (sinp) — sinp— (cosp))

wl (n) = wblTs lcosp (n) (sinp (n + 1) — sinp (n)) — sinp (n) (cosp (n+ 1) — cosp (n))]
w1 (n) = 7.7, [cosp (n) sinp (n+ 1) — sinp (n) cosp (n + 1)] (3.12)
isa (n) = isa (n) cosp (n) +ig, (n) sinp (n) (3.13)
isq (n) = is (n) cosp (n) — isa () sinp (n) (3.14)

The equation for i,,, in frequency domain is,

. 1 .
lir = ls
14 sT, d

In time domain it can be written as

Dividing the equation with I,

imr(pu) = Tir/ (isd(pu) - Zmr(pu)) dt

b (N4 1) = Gy (1) + % lisq (1) = mr (0)]

T

Here sampling time 7T's = 204.8usec , so we get,

38

+ E [isd (n) - imr (n)] (315)

b (N + 1) = 4y (1)
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Recalling the equation for slip frequency, wgp,
isq
Trimr

Wslip =

Dividing with frequency base, wy,

1 Lsq
i = o (72)

isq ()
; =0. 1
wsiip (N) = 0.073,, (imr (n)) (3.16)
The machine electrical speed, w, is given by
w(n) =wl(n) — wup (n) (3.17)

Except these mentioned equations, other equations do not change while perunitization. The
digital realization for all equations requires adders, subtractors, multipliers and dividers. All
these entities are available in the library of Quartus-II tool. Apart from these arithimetic
logic entities, D-Flip Flops are also needed for storing previous data values, in the case of

performing integration.

3.4.7 Selection of K in flux position estimator block

As explained earlier, K is selected on trial basis. Here we have picked up a value K =
0.75pu, which is suitable to overall model. Value of K is sensitive to controller and machine

parameters.

3.4.8 Decoupling Circuit

As discussed in the second chapter, the decoupling terms are,

O—stlisq (t) n (1 — J) L, G

Vsde = — G G —d
o OLswnisa(?) N (1 — o) Lswiime ()
sqr —

G G

While perunitizing the above equations, G is considered as 1 pu because it is assumed that
for a 1 pu peak modulating wave, the average output pole voltage of the inverter is the rated
per phase peak voltage of the induction motor, which is chosen as base value.

1 diy,,

Vsde(pu) = —0 Ls (o)W1 (pu)tsd(pu) + (1 — 0) Ls@u)w_b dt
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or
. . .
Vsdzx(pu) = _JLs(pu)wl(pu)st(pu) + (1 - J) Ls(pu)wb—T(st(pu) - Zmr(pu))
Usqa(pu) = O Lspu)@1(pu)tspu) + (1 = 0) Lisou) @1 (pu) imr (pu)
In digital domain these equations can be written as,
Vsdz (1) = —0.312,,w1 (1) i5q (n) + 0.1376p, (4sapu) — Tmr(pu)) (3.18)
Vsgz (1) = 0.312,,w1 (n) ig, () + 1.8838,,w1 (1) iy (1) (3.19)

3.5 Design and implementation of Controllers

The closed loop control of induction motor in field weakening mode involves following con-

trollers viz., voltage controller, speed controller, flux controller and two current controllers.

All the controllers are PI controllers. In this subsection, the controller’s design is presented.

All signals are supposed to be in per unit, so controller parameters will be inherently in per

unit.

3.5.1 General digital implementation of a controller

Let’s take z as input(pu) and y as output(pu) of a Pl-controller, K and T are it’s

parameters, T, is calculation time. We have,

y:Kx—l—SETx
Let’s take z:%x,so y=Kr+z.
d K
a - T"

In discrete terms it will become,
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| rof Kc(L+sTc) 1Rs

Figure 3.6: Current loop

And finally we have
y(n) = Kx(n) + z(n)

3.5.2 Design of Current Controller

Speed loop forms the outer loop and current(iy,) loop forms the inner one. Similarly flux
loop is the outer loop and current(isq) loop is the inner loop. Both current loops are similar
and these can be drawn as shown in Fig. 3.6. All the controllers are designed for the per
unit models shown in the figures here.

The current controller time constant(7}) is chosen as the system largest time constant in

the current loop (TC = "RL: = Ta). Practically (7.) is chosen on simulation basis to consider
the effect of D — () to a — b and reverse transformations as the sensorless algorithm is used.

(T. =Ty) and T, =10 T, The transfer funtion for the current loop can be written as,

i) _ () (&)
w1+ () ()

Simplifying and approximating the above equation results in the following transfer function.

i(s) _ 1
i* (s) 1+ s (R;(—F‘CF‘)

(3.20)

By choosing the bandwidth less than carrier frequency, the expression for the gain can be
obtained as,

KC = RsTcwcutoff (321)

Here weytors = 60 radian per seconds .
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Is
Wt Kn(1+sTn) 1 1 ©
@ sTn (1+ sTi) Js
1
1+ sTw)

Figure 3.7: Speed loop

Isd
ref Isd

Kf(1+sTf) 1 1 mr
- sTf (1+ sTi) (1+ sTr)

|
mr ref

Figure 3.8: Flux loop

3.5.3 Design of Speed Controller

Approximating the current loop transfer function by first order system as Z’(fs)) = H%(T) ;

the speed loop can be drawn as shown in Fig. 3.7. Here we use a first order speed filter such
that (Tw = o5 >> Ti) as shown in figure. Now we select a value of (Ty = 4(27; +1),))
on the basis of symmetric optimum method [4]. Hence the gain and time constant for the

speed controller are obtained as follows,

Ty = 42T, +T,,) (3.22)
2.J

Ky = 3.23

NTUK Ty (3.23)

m

Here K, = g(l — 0)Lyinm,(0). And in per unit K, = Ktl—"b :

3.5.4 Design of Flux Controller

The flux loop can be drawn as shown in Fig. 3.8. Choosing the controller time constant as
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Imr Kf(1+sTf) Isdret N Kc(1+sTc) Vsd 1Rs sd
ref e + ,
STf \T sTc (1+ sTa)
Isd
Imr 1
(1+ sTr)
Vmax /‘\ Kv(1+sTv) 0
+ _ sTv
=Ilmax
Imro
1

2 2
m sqrt(Vsd +Vsq )

<—"— Vsg

Figure 3.9: Voltage loop

the largest time constant in the loop (7)), the flux controller time constant is,
Tp =T, = L,/R, (3.24)

The transfer function for the flux loop can be written as,

b () _ (#%) () _ ( K > 1
B () 14 (£2) (ghm)  \TFT/ 2+ 2 + 2k

Choosing the damping coefficient of the loop as 1/4/2, the gain of the flux controller can be

obtained as,
Tr

2T;

Kp = (3.25)

3.5.5 Design of Voltage Controller

The voltage loop can be drawn as shown in Fig. 3.9. Here assuming V., as input and V4

as output and then simplifying the model, we get open loop transfer function as,

(14 sT,) (1 + sTp)

GH = (K.R) sT, (1 + 517;—‘;)

(1 + sT3)

Choosing Ty, = Tp and T, = [T(—i and selecting the smallest bandwidth, as this loop must be

the slowest, we get this expression,(based on trial and run)

K, = 15T, (3.26)
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The controller parameters are tabularized and presented in the Table. 3.7.

Current Controller

Speed Controller

Flux Controller

Voltage Controller

K.

1.

Ky

Tn

Kp

Ty

K,

T,

0.596

61.2 msec

9.83

193 msec

1.09

43.6 msec

1.5

100 msec

3.6 Conclusion

Table 3.7: Controller parameters

The chapter presented the details of the experimental setup and the development of equations

in perunit system. The design of the controllers and their realization are also discussed. The

experimental results in different conditions are presented in the next chapter.




Chapter 4

Experimental Results

4.1 Introduction

The experimental setup is explained in detail in previous chapter. In this chapter, the
experimental results are presented under different conditions. The results under steady
state operation and transient operation are presented. First DC bus is charged to 192.4 V
as calculated in the previous chapter. Then, the program developed for sensorless vector

control in Quartus II tool is burnt into FPGA.

4.2 Current Extraction Waveforms

These results show fundamental current extraction. Refer Figs. 4.1, 4.2, 4.3, 4.4, 4.5, 4.6

4.3 Overmodulation Waveforms

These results show overmodulation waveforms. Refer Figs. 4.7, 4.8, 4.9, 4.10

4.4 Steady State Waveforms

Under steady state operation with a load of 400W, the different cases are discussed and the
corresponding results for these cases are shown. For each of the cases the following wave-
forms are recorded:

Unit vectors cosp and sinp,

42
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S Sogee ) W )| Freawncy )| Period J| Peskpeak]

Figure 4.1: V,,, and i, waveforms for speed command of 0.7pu (35H z)

Figure 4.2: i,y and i (extracted) waveforms for speed command of 0.7pu (35H z)
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Figure 4.3: V,,, and iy, waveforms for speed command of 0.92pu (46H =)

Figure 4.4: i, and i (extracted) waveforms for speed command of 0.92pu (46H z)
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Figure 4.5: V,,, and i, waveforms for speed command of 1.25pu (64H =)

Figure 4.6: i,, and i (extracted) waveforms for speed command of 1.25pu (64H z)
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Figure 4.7: V,y and Viypwm(modified) waveforms for speed command of 0.75pu (36 H z)

Figure 4.8: Vi and Viypwm(modi fied) waveforms for speed command of 0.89pu (44.5H z)



4.4. Steady State Waveforms 47

Figure 4.9: V.. and Viypyum(modi fied) waveforms for speed command of 0.94pu (47H z)

Figure 4.10: V,er and Viypwm(modi fied) waveforms for speed command of 01.02pu (50.6H )
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Freq(;): 4.09Hz Pk—Pk(]1): 5.04V Freqi 2): 4.11Hz
& Source Clear .
2 I v Frequency Period Peak-Peak *

Figure 4.11: sinp and cosp waveforms for speed command of 0.0625pu (3.125H z)

Line currents 41, 240,

Currents in (d,q) coordinate system isq, is,.

Case 1: Speed command of 0.0625 pu i.e., 3.125 Hz
Refer Figs. 4.11, 4.12, 4.13

Case 2: Speed command of 0.75 pu i.e., 37.5 Hz
Refer Figs. 4.14, 4.15, 4.16

Case 3: Speed command of 1.5 pu i.e., 75 Hz

Refer Figs. 4.17, 4.18, 4.19.

Case 4: Speed command of 2.25 pu i.e., 112.5 Hz
Refer Figs. 4.20, 4.21, 4.22

4.5 Transient Waveforms

Under transients section, the different cases are discussed and the corresponding results for
these cases are shown. For each of the cases the following waveforms are recorded:

Rotor speed w,
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Figure 4.12: i and is waveforms for speed command of 0.0625pu (3.125H z)

Figure 4.13: iy, and isq waveforms for speed command of 0.0625pu (3.125H z)
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Figure 4.14: sinp and cosp waveforms for speed command of 0.75pu (37.5H z)

! i 1
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| 1
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| [
: [
|.-'—.-'— | .

Figure 4.15: i5 and 4 waveforms for speed command of 0.75pu (37.5H z)



4.5. Transient Waveforms 51

i} *F-J

Figure 4.16: iy, and isq waveforms for speed command of 0.75pu (37.5H z)

Figure 4.17: sinp and cosp waveforms for speed command of 1.5pu (75H z)
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Figure 4.18: i and is waveforms for speed command of 1.5pu (75Hz)

Figure 4.19: iy, and isq waveforms for speed command of 1.5pu (75H z)
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Figure 4.20: sinp and cosp waveforms for speed command of 2.25pu (112.5H z)

Figure 4.21: iy and 75 waveforms for speed command of 2.25pu (112.5H z)
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Figure 4.22: iy, and i,q waveforms for speed command of 2.25pu (112.5H z)

Unit vectors cosp and sinp,

Line currents 441, 22,

Currents in (d,q) coordinate system isq, s,

Case 1: Speed command changed from 0.75 pu (i.e., 37.5 Hz) to 1.5 pu (i.e., 75 Hz)

Refer Figs. 4.23, 4.24, 4.25, 4.26, 4.27, 4.28, 4.29

Case 2: Speed reversal from 1.25 pu (i.e., 62.5 Hz) to -1.25pu (i.e., 62.5 Hz in reverse
direction)

Refer Figs. 4.30, 4.31, 4.32, 4.33, 4.34, 4.35, 4.36.
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Figure 4.23: Rotor reference and actual speed during transition from 0.75 pu (37.5Hz) to
1.5 pu (75H z)

Figure 4.24: sinp and cosp during speed transition from 0.75 pu (37.5Hz) to 1.5 pu (75H z)
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Figure 4.25: V4, and Vg, during speed transition from 0.75 pu (37.5Hz) to 1.5 pu (75Hz2)

Figure 4.26: iy, (reference) and i,,, during speed transition from 0.75 pu (37.5Hz) to 1.5
pu (75Hz2)
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Figure 4.27: igy(reference) and isq during speed transition from 0.75 pu (37.5Hz) to 1.5 pu

(75H z)

Figure 4.28: iz, (reference) and iy, during speed transition from 0.75 pu (37.5H2) to 1.5 pu
(ThH=z)
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|
I

J

Figure 4.29: i and is during speed transition from 0.75 pu (37.5Hz) to 1.5 pu (75H z)

Figure 4.30: Rotor reference and actual speed waveform during the speed reversal from 1.25

pu to -1.25 pu
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R

Figure 4.31: sinp and cosp waveform during the speed reversal from 1.25 pu to -1.25 pu

AR AR N At
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Samlisiliril l']'1

Figure 4.32: ig and 4 waveform during the speed reversal from 1.25 pu to -1.25 pu
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Figure 4.33: V4, and Vg, waveform during the speed reversal from 1.25 pu to -1.25 pu

J—\/.\/

(NI |

Figure 4.34: i, (reference) and i,,. waveform during the speed reversal from 1.25 pu to
-1.25 pu
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Figure 4.35: isq(reference) and iy waveform during the speed reversal from 1.25 pu to -1.25

pu

Figure 4.36: i ,(reference) and iy, waveform during the speed reversal from 1.25 pu to -1.25

pu
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VOLTAGE 220 V
CURRENT 2.5 A
POWER 0.55 KW
POLES 4
SPEED 1500 rpm

Table 4.1: Details of the induction motor-2

Freq( ]l J: No edges Pk—Pk(]): 2.363V Freq(2 J: No edges
— sz.r{:e I ml h Frequency I Period Peak-Peak *

Figure 4.37: i g (reference) and iy, for speed command 1.25 pu (62.5 Hz) and load 129.2W

4.6 Machine-2 Loading Waveforms

For loading purpose one IM-DG set has been used. Parameters are given in this table 4.1.

Two transients of unloading and loading are captured in the waveforms 4.37 and 4.38.

4.7 Conclusion

The performance of the proposed scheme under steady state as well as during the transients
are presented. A good dynamic performance of the drive is observed under both load changes

and changes in reference speed. Performance in six-step mode is also very good. In an actual
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Freq(;):l‘h edges Pk-Pk({]12): 216mY Freq( 2 ): No edges
— S"EDE I CI&'II h Frequency I Period Peak-Peak *

Figure 4.38: i,,,(reference) and i, for speed command 1.25 pu (62.5 Hz) and load 129.2W

traction system, most of the time, motor will be operating in field weakening mode. So six-
step steady state performance is required to be good enough. Some important points are

mentioned here.

1. Controller parameters calculated are found to be faster so they have been slowed by

tuning.

2. K value in sensorless algorithm which is found by tuning, is nearly same in simulation

and experimental program.

3. V4 is uncontrolled here and during transients starts fluctuating. This hampers the

transient performance.

4. If algorithms are implemented on 20-bit representation and ADC is of higher bits,

performance will certainly improve.

5. In overmodulation mode prior to six-step, subharmonics get generated as switching
frequency is 770Hz(low) so carrier frequency can be increased for that region but this
requires a hysteresis band for stability and for certain speed range inverter will be

switching at high rate.
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