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SEEX1016 ELECTRIC DRIVES AND CONTROL L | T | P | Credits | Total Marks
(Common to EEE and E&C) 3]0f0 3 100
UNIT | CHARACTERISTICS OF ELECTRIC DRIVES 10 hrs.

Electric drives — Advantages — Classes of duty. Speed — Torque Characteristics of various types of loads and
drive motors — selection of power rating for drive motors with regard to thermal. Overloading and load variation factors
- load equalization — Starting, braking and reversing operations.

UNIT II DC DRIVE 10 hrs.

Speed control of DC motors — Ward Leonard scheme — Drawbacks — Thyristor converter fed DC Drives: single
and four quadrant operations. Chopper fed DC Drives: Time ratio control and current limit control — single, two and
four quadrant operation.

UNIT Il THREE PHASE INDUCTION MOTOR DRIVES 12 hrs.

Speed control of three phase induction motors: Stator control — Stator voltage and frequency control — AC
Chopper and Cycloconverter fed induction motor drives. Rotor control — Rotor resistance control and slip power recovery
schemes — Static control of rotor resistance using DC Chopper — Static and Scherbius drives — Introduction to vector
control based drives, Direct and Indirect Vector Control.

UNIT IV THREE PHASE SYNCHRONOUS MOTOR DRIVES 10 hrs.

Speed control of three phase synchronous motors — Voltage source and current source converter fed
synhchronous motors — Commutatorless DC motor- Cycloconverter fed synchronous motors — Effects of harmonics on
the performance of AC motors — Closed loop control of drive motors, Marginal angle control and power factor control.

UNIT V DIGITAL CONTROL AND DRIVE APPLICATIONS 8 hrs.

Digital techniques in speed control — Advantages and limitations — DSP based control of drives — Selection of
drives and control schemes for steel rolling mills. Paper mills, lifts and cranes.

TEXT BOOKS:

1. Gopal K. Dubey, “ Power Semiconductor Controlled Drives”, Prentice Hall, 1989.
2. Gopal K. Dubey, “Fundamentals of Electrical Drives”, Alpha Science International Ltd, 2001.

REFERENCE BOOKS:

1. Vedam Subramanyam, “Thyristor control of Electric Drives”, Tata Mc Graw Hill, New Delhi 1991.

2. SXK.Pillai, “ A First Course on Electrical Drives”, New age international Publishers Pvt Ltd,1989,Reprint 2004.
3. P.C.Sen, “Thyristor DC Drives”, John Wiley & Sons New York 1981.

4. B.K.Bose, “Power Electronic & AC drives”, Prentice Hall, 2006.

UNIVERSITY EXAM QUESTION PAPER PATTERN

Max. Marks : 80 Exam Duration : 3 Hrs
PART A : 2 Questions from each unit, each carrying 2 marks 20 marks
PART B : 2 Questions from each unit with internal choice, each carrying 12 marks 60 marks
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Vector Control

. CHAPTER-3 |
VYECTOR CONTROL

3.1) INTRODUCTION: -

The various control strategies for the control of the inverter-fed

induction moior have provided good steady state but poor d%am:c response. From the
traces of the dynamic responses, the cause of such poor dynamic response is found o be

that their air gap flux linkages deviate from their set values. The deviation is not only in.

magnitude bul also in phase. The variations in the flux linkage have to be controlled b)f
the magnitude and (requency of the stator and rotor phase currents and 1nstantaneous
phases. '

The oscillations in the air gap flux linkages result in. osc:llanons m

electromagnetic torque and, il left unchecked, reflect as speed osclllanons. Thas :s
undesirable in many high-performance appltcanons. Air gap flux variations result in la.rge

excursions of stator currents, requiring large peak converter and inverter ratings to meet

the dynamics. An enhancement of peak inverter rating increases cost and rcduccs the _

competitive edge of ac drives over dc drives.

Scparately-excited dc drives are simpler “in con&él' bec'a'us‘c thcy
1ndcpcndcul control flux, which, when maintained consists, contributes to an. mdependent
control of torque, This is made possible with separate control of fi cld and armatm'e

currents which, in tum, control the field flux and the torque mdcpcndcntly Moreover, the

de motor control requires only the control of the field or armaturc currcnt magmtudes.




Vector Control

The control is achieved inficld co-ordinates (hence the names of this
control strategy, ficld-oriented control); sometimes it is known as vector control. Vector

’ . s ivalent dc drives in the independent control of flux and
control madé the ac dri:ves equiva p

iy g ol i g i ance.
r) g torque and superior to them in their dynantic performan

" 3,2) DCDRIVE ANALOGY: -

i§ . Ideally, a vector contro! induction motor drive operates like a separately
B - . excepted dc motor drive. Fig3.] shows the separately excited de motor. In adc machine,

hellghi\ﬁcti'n'g'.thc armature reaction effect and field saturation,
-by.

the dcvelopccf torque is given

T‘,=K,"Pf"l’a =X,l'aif (3.1)
Where i, = armature cumrent & ir= field current F

The construction of a de machine is such that the field flux v,

Produced by the current I, is perpendiculiar to the armature flux ‘¥,,

which is produced by
- armature current i,. These space vectors,

which are stationary in space, are orthogonal or

e r——— .
e )

Fig 3.1 Separately exci ted-molor

et

_ This means th:;,r when torque is controlled by controlling the current L,
the flux ¥,

tis not affected and we get the fast transient response and high torque/ ampere
!:atio wizh the rated W, Because of decoupling,
s ﬂ'ect the field flux W ony,

¥ "Problem,

when the field current ir is controlled, it

but not the ¥, flux. Because of the inherent coupling
an induction motor cannot generally give such fast response. [2]

. 14
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Vector Contro] |
i
DC machine like performance can also be extended to an induction - I
. . : ; , : |
motor of the machine control is considered in a synchronously rotating reference fra.mc.m r
(d°-g%), where the sinusoidal variables appear as dc quantities in steady state, - T O
In this figure 3.2 shows the induction motor with the inverter and vector ' }
|
control in the front end is shown with two control current inputs , iy,” and [ |
— |
iy ————s| INVERTER y
In ' AND ¥ IM B f
synchronously £
rotating frame CONTROL |
i
|
I
F'ig 3.2 Vector controlied induction motor T {I

These current are the direct axis component and q'uadraturc"'axis
\ component of the stator current, respectively, in a synchroho.usly rotating refet_'cncc ’
frame, With vector control, iy is analogous to field current Irand I is analogoug’ to-

armaturc current I, of a de machine, Therefore, the lorque can be expressed as ] L R

_T‘,':K,LV,I'Q: ' . S fl

g3 “ds

or _ Tesz'i I o ‘ _' .(3'-2)'_

Where i, = torque component & iy = field component.

~.
= ‘e

‘1;, = absolute ;/T is the peak value of the sinusoidal space vector,

This dc machine Jike performance is only possible if ig,.is oriented (or
aligned) in the direction of flux ‘I:, and g is established perpendicular to ft, &s shown b}.',. 5
the space-vecior diagram on the right éf figure 3.2. (4

controlied; it controls the lux only and does not affect the I, c_omp'q'ncnt of cqr;crit

Vector or field orientation of currents is essential under al] operating corig.iition&
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Vector Contro)

Equivalent circuit and phasor Diagram:
Ry Ly (}m ke
Figd.3 Complex (qds) cquivalent circuit in steady state
* N | ' o Figure 3.3 shows the ;':omplcx form of d°-q° equivalent circuit in steady
‘. | state condition, where rms values V, and I, are replaced by corresponding peak values

(Sinusoidal vector variables), as shown (2]. The rotor leakage inductance L, has been

neglectd for simplicity, which makes the rotor flux ¥, the same as the air gap fluxy,_ .

The stator current i, can be expressed as

L= fig? +ig,? (3.3)

thrc l4s = magnetizing component of stator current flowing through the mductancc Lm.

and = frequency component of stator current ﬂowmg in the rotor circuit,

(2) (b)
Fig 3.4stady state phasors (in terms of peak values)

Fa) ncrease of torque component of current, ( b ) Increase of flux component of current

L e e AL S R, ) BB e -"--'.‘51'-'-#-"'4:1:=h o T
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¥ Vector Control

N

3 . Figure 3.4 shows the phasor diagrams in d°- q° frame with peak values of

sinus—oids and air gap voltage Vi, aligned on the q° axis [2). The phase position of the

A
T

'pcdancc drop, The in-phase or torque component of current iqs contribules active

=gy, g

'L only reactive power. Figure 3.4(a) indicates an increase of the ig, componcnt of‘the stator -
N3
}gjs current to increase the torque whilc maintainiog the yr constant, whcrcas (b) mdlcatcs a
Tli weakening of the ﬂux by reducing the i lgs cOmponent.

ta

e e A 10

3.3) PRINCIPI.E OF VECTOR CONTROL: -

The fundamentals of vector control implementation can be explamcd '

ix

with the help of figure 3.5, where the machine model is rcprescntcd - a stanonary'

:-a.. Ead

.  reference frame. Assuming that inverter has units current gain, that is, it generates
R currents iy, iy and i as dictated by the corresponding command curcents i,.iyand i; :from
the controller. A machine mode! with internal conversions is shown on the' right. The

-machmc terminal phase currents i, iy and i. are converted o ;* aand if, componcnts by 34}- 2

¥ 24 transformation. These are converted to synchronously stationary frame. i _' 1

g Control Macbme
o, K [r———— '
b - - < =
I 1 .
8 it 4’ a' it di.at H N i a-b-¢ [
S0 44 rd 9 D . N 9 L v o e L Mlcth
it to o e E to dq’
; [N b ' 5
- a-b-c » . .
. d-q . R d'4q | ia' | moder
l g . le T
. far' > E le
I ——— L R . &
Y —3
UNITY W
o= cosd, sind, . GAIN ' .
Inverse transformation Transformation

Fig 3.5 Basic block diagram of vector control
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]

currents and flux as shown in figure, and the corresponding developed torque expression . .

is given by equation 3.2. The terminal voltage V, is slightly lea'ding‘becau_sc,oft.he.stator'.

péwcr across the air gap, whereas the reactive or flux component of current igs contnbutes ‘

ST J-fﬂml gt ot

T e ——

B o
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Vector Control

e Vector control implementation principle with machine d*-q* mode] as
éh'own The controller makes two stages of inverse transformation, as shown, so that the

control currents iy and i, correspond to the machine currents ig and ig, respectively. In-

addition. the unit vector ussures correct alignment of iy current with the flux vector
»

\ﬁ'a.nd iqs perpendicular to it, as shown. It can be noted that the transformation and

inverse transformation including the inverter ideally do not mcorporatc any dynamics,
and therefore, the rcspdmsc to lgs and iy is instantaneous (neglecting computational and
sa@phng delays).

3 4) TYPES OF VECTOR CONTROL: -

DI There are essentially two general methods of vector control. They are;
: '. (1) Direct or Feedback method, which was developed by F. Blaschke and
@ Il‘ldll‘ccl or Feed forward method, which was developed by K. Hasse,

These inethods are differentjated on how the unit vector signals are
generated from stator, rotor or air-

direct method of Vector Control.
BLOCK DIAGRAM OF DIRECT VECTOR CONTROL METHOD:—

gap flux signals. In our project we are concentrated on

I G, * Rotating to g B ' >
Two phase - . v
. Stationary to Three | —ile
fo G & phase loverter
2 Frame | Transform-
ation »
3@ |
Unit Vector Flux - - o

Generator |+

Estimator

3Dt
2-Q

W, 4

Fig 3.6 Direct Vector Contro|



VYector Control

=

BLOCK DIAGRAM OF INDIRECT VECTOR CONTROL METHOD;-

fe=:
A : Roiating (o * Two phase > T
) e -G | * to Three ¢
Stationary phase Inverter Ve :
o Transform ’ ’ : ' R
' o G2 Frame * .aticn > ' :
Unit Vector . 2
r '
- Generator { ;
o Shp :
Calculation
[ Speed L
. » &
-1z T Position
Wsi : w, Sensors
Fig 3.7 Indirect Vector Control. ' | : :

3.5) DIRECT (or) FEEDBACK VECTOR CONTROL: -

The direct vector control depends on the generation of unit vector :imls’
~ from the stator or air-gap flux signals. The basic schcmc of duect vectnr mntmi cf

induction motor is shown in Fig. 3.8 ' . - IR il B =
. - Flux comp. of , - e B -__-.
Flux ¥, stator current’ , vd B .
command - L . e - L ;
"-h/ — b . l .
+ . . L N “M.,
. G2 | d™q 2.0 et I : . '
b d 5 / . to —— to I i m‘-' il Firsglin 5 s 2
. . e o 1.0 5 ["_ BN s -, ] . s N
+ 4 4 ‘
Speed cod, sirf . .
command Unit vector
. wr Hux <7} - . . s
Torque comp.of 7Y < Estimation - ‘
stator current “ * ' '

@r 5 : Motor

Fig 3.8 Direct vector control block diagram with rotor flux orienthtion

19

L] .II. '..I
s 1r __,,....-1, “'l:...
o G.. fid

e



_"H"'l"!m L '_‘_ [ 9

.oom:rnands for the

B 33

Vector Control

The basic block diagram of the direct vector contro) method for a voltage

s :ve is shown in fig 3.8. The principle vector control parameters, igandi,,,

feal inverter dri
"\;av:h:ich are dc values inI synchronously rotating frame, are converted to statienary [rame

with the help of 2 unit vector (cos9. and sinG,.) generated from flux vector signals

w, and ¥, The resulting stationary frame signals are then converted to phase cwrent

inverter. The flux signals ¥, " and ¥, *are generated from the machine

tcrrnmais voltages and currents with the help of the flux estimator. A flux control loop

has been added for precision control of flux. The torque component of current i, is

'gcncratcd from the specd control loop through a bipolar limiter. The torque proportional

10 iqs, can be bipolar. It is negative with negative iy, and correspondingly, the phase
1 .

position of ig becomes negative. An additional torque control loop can be added within
the spccd loop, if desired. Fig 3.4(b) can be extended to field-weakening mode by

.progmmmlng the flux command as a function of speed so that the inverter remains in

PWM mode. Vector control by current regulation is lost if the inverter attains the square-

wave mode of operation [2).

The comrect alignment of current isx in the direction of flux¥, and

current i, perpendicular to it are crucial in vector control.- This alignment, with the

help of stationary frame rotor flux vectors ¥,*and ¥,* , is explained in figure 3.9.

i [} ¢
s = lgs
“o sin 8,
s
"V‘?’ = ——pwqr
-
e _ : - q
1 : \"ds?’&s
’ 1
4’d,.: 9:
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.ﬁpcct to stationary frame d’-q",

Vector Control

e S

i In this Hgure, the d‘q frame is rofaung 2t synchronous speed  wilh
and at any mstam the angular position of the d* "axis

»mh rcgpcct to the d"-axns is 9 . From thc ﬁgu.rc wc can write the fo]Jowmg equations:

‘P;, = ‘ffr qos 8, . e . i . ) . (3.9)
Yy = sing, | (3.5,
In other words
Lt g $
T AT cos 8, =_-‘f—d'—_ . (3.6)
LA Yo
s B, '-‘-—\PE- . (3.7

LIJ \E’ ..l" B \P..‘J, . f
R (4.8,

Where vector [ rcp'rcscmcd-by magnitudew,. The unjp vector

sjgaa]s _(‘chsze and si.nee), when used for vccror rotation in fig, (3.8), give u ride of curren

.14, on thg d'-ax.xs (du-cct:ou of'P J and current dgi on rhcq -axis. Al this condilion ¥, =0

and \P, -\P, , A% md:cated 4in :hc ﬁgurc and the correspondmg torque expression is gi veh
: by equauon (3. 2) like g de mncl:une Wheﬁ the 1.,. polar‘ry IS reversed 'by the speed loop,

thc 1q, position also revqrsc's, giving negative ‘_'torquc..Thc gencration of a unit vector

35. 1} FLUX VECTOR ESTIMATOR -

Thef au--gap sngnals tan be measu.red ducctly or estimated from the stator
voltage or current signals. The srator ﬂux components can be directly computed from

Stator guantmes It is nccessary to ¢stimate the rotor flux tomponents ¥, 'and™y ' g

| that the unit vector and rotor flux can be calculated by equations (3.63-(3.8) Inthe jow

e R

2]
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Vector Control

In this figure, the d°-q° frame is rotating at synchronous speed with
%pocl to stationary frame d*-q", and at any instant, the angular position of the d®axis
N S_axis i . From the figure, we can write the following equations:
with respect to the d*-axis is 0, g HoWIng eq

~

gyt = cosO, (3.4).
¥, =T sing, 3.5y
In other words .
. 05
cosf, = ‘}:1: (3.6)".
sin 8, =%—- S X))
¥ o=,y 7 IR
r or qr . . . ..

Where vector ¥, js represented by magnitudew,. -Thc unit vcctdr

signals (cos€. and sind,,, when used for vector rotahon in fig. (3. 8), gwc a ride of current

i on the d*-axis (direction of‘? ) and current i, on thc q’-axis. At th:s condmon, ‘P '=0

and v, =‘V. , as indicated in the figure, and the correspondmg torque expressuon is gweh
by equation (3.2) like a dc machine. When the § 1qs polarity is revcrsed by the speed\lbop

';:7 : the g, position also reverses, giving negative - torque. . The gcnemﬂon of a umt vector,

A4 signal from feed back flux veclors gives the name “direct vector control" [2] S e, LAl
i N : ' 0 S & 'f’lk:','t !
l . 351) FLUX VECTOR ESTIMATOR:- S '_ : g 3

The air-gap signals can be measuired dlrectly or esnmatcd from the statOr
[ .
f . voltage or current signals. The stator flux componerits - -can. be d:rcctly computed ﬁ'om

T! n' 1: Lo el

'_g + Slator quantities. It is necessary to estimate the rotor ﬂux comporients l!’,, arid ‘P ¥

that the unit vector and rotor flux can be calculated by equatmns @3. 6)—(3 8). In the low e
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SOLID STATE DRIVES a9

and eddy aurrent losses. As the hysteresis loss is propottional 1o frequency and eddy
current ass is proportional te square of the frequency, the equivalent resistancs
decreases with fequency and has high value a1 standgiily coudition and decreases a5
the rotor speed increases. 4s a result, the mator has low staring cuirent angd develops
eanstant torque at subsynchronous speed.

N
Cross-bars
7
Figure 4.8: Rotor of a hysteresis synchronous rotor

Al synchronous speed, the machine operates similar to reluctance motor. Thz
poles are induced aloag the lines of @uss bars. The poles uses formed tock tnto
synelutmisation with rotating stator ficld.

Whea a stationary motor is connected to the source, it accelerates fast and

sinoothl ¢ i iireaches near synchronous speed it
smwothly pull into step, withowr any hunting pscillations.

As the synchrovous speed is reached, the rddylcurn?tl and hysteresis losses
reduce fo zero, as the voltages are not induced in the rotdr.

As the rotor has smooth non-salient censtruction, its operation is smooth and
quiet, Small rating hystereris motors are extensively used in tape tecorders, fans and

‘)gi» tnextia applications.
4.38ynchronous Motor Variable Speed Drives .
Variable frequency control . .

We know that the synchronous speed is directly proportional o frequency.

Si«nilartoinch:lionmotorsmnstamﬂmopmﬁon below basespeedisadnicvql by

T oA~
NV ) gy
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Unlike an induction machine, the synch:ouoyy motor extber run at synchronous

speed (o0) it will not run at all- Hence the variabie frequency control ma

of the following nwo modes (i} T synchronours mode
and (i) Self-controled mode.

y cmploy any
(or) separate controlled mode

s,bl Separate controited mod;
——

I ———
14 {o) 34 ac supply

D

Redlifier

PM (or)

refuciance !
motors '

O O

Figure 49; Open loop voltage/Hz speed conteo

t of multipfe PM symchrunous mo+

')
pply

In tmc Synchronous mode, is 3 open loop mode in which (.. tsor su

S 3TATE DRIVES i1

f* atter passing throngh the delay circuit is applied 1o the voltage source mverti yu
a vultage fed PWM inverter. This is done so that the rofor spezd is able 1c . the
clian ses an {reéquency. A flux control block is used which changes the stator voltage
with lrequency o as o maintain constani flux for speed below base spred uind
con:taal terminal voltage for speed above base speed

The front end of the voltage fed PWM inverter is supplied from utilisy |

through a diode rectifier and LC filter, The machine can be built with damper winding
to prevent oscillations.

4.3.2 Self - Controlled mode
Ln self-controlled mode, the supply frequency is changed so that the synchronous
Speed is same as that of the rotor speed. Hence, rotor cannot pull-out of slip and

wanting oscillations are dliminated. For such a mode of operation the motor does 101
tequire a damper winding. '

'
1
' .
| T
= N posilion encoder
1
t
t

Delay command ~—
t————— Sell controied PMSM ———_,

Figure 4.10: Self coatrolied synchronous motor

ﬁgmeilﬂihslnmasyndump&mmnmhimﬁ:hsdfmml.
The stator winding of the machine is fed by 2o inverter that generates a variable

mnﬁmﬂﬂ,”lﬂtmm}hqhmmﬁm%
seusor’mybed:h)dbydnemhaleomnduﬁji\éminme figure 4.10.
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[n tis kinJ of 2oatrol the machine behaviour is decided b
voluge/curren; ~uch 3 Tachine can be looked u
fommuiator rep! rad by.zc

Y e torque angle and
pon as a dc morar having its
! ancctzd to stator. The self contrelled motor
1un has properti: , of 3 de motor both under Steady state and dynamic cundilions and
therefore, is catjeg commaulator less motor (4L

stabelity behaviag,

Altemats veiy,

the firing pulses for the inverters can also be obtained from the
_ tator voltages in which case the rotor position sensor can bz
dispensed with, Wi synchronous motor are over excited they can supply the reactive
Power required 14,; Commutation thyristors. In such a case the synchronous machine
G0 supply with uiverter works similar to the line commutated inverer where the firing
si_gnals are synchwonised with fine voltages. Here, the firing signals are synchronised
with the machin_c voltages then these voltages cau be used both for control as well

-
|
|

44 Sell Controlled Synchronous Motor Drive Employing LoL'd
Commutated Thyristor Inverter

. Figure (4.11) shows seif coatrolled synchronous motor difve employing a 14
commutated thyristor inverter. Wound field synchronous motor is ‘used -for e
po.wcr drves. Permanem Magnet synchronous motor is used for medium power
d_“"’cs- This drive consists of two converters, i.c., source side converter and Igad
Side converter. The source side eeaverter is a 3 phase 6 pulse line commutateq
controlled rectificr.  When the firiag angle range 0 $ 05 S 90°, itacts 2s 2 fnc
commutated fully controlled rectife During this mode, output voltage v, and
uﬂ'l:‘:ulld,iSp_ositive. When the 'ganglcmngckW§u¢$l80‘, it actq as
#n line commutated inveree;. Dexing this mode, output volfage Vi, is negative
Output cunrent Iy, is posifive, ' ' "L

SOLID STATE DRIVES <13

in the sarme way, as thyristors of a 3% linc commuated canverter Are commutaied by
supply voltages. Load commuiation is defined as comnuitation of thyristors by induced
veltagss of load (here load is synchronous natar,

Tripgeding angle is measure. by companscn .f induced voliages in the sanwe
way 35 by the comparision of supply voltages in a line commutated converier,

Load side converter operates as a recufier when the
0 % ae < 90° I gives positive Vae and 4.

firing angle range is

Ween ihe firing angle range is 90° < ¢ < 180°,
posttive Ig.

For 0 < a; €90°, 90 < ¢ S 180° and with Vg, > Vg, the source side
Converter works as a line commutated rectifer and load side converter, éausing power
flow frem ac source to the motor, thus giving moloring operztion. When firing angles
are changed such that 90° < q < 180%:and 0° < o, < 90°, the load side converler
operates as a rectifier and source side converter operates as an inverter I this
condition, the power flow reverses and machine operates in regencntive braking.

il gives negative Vic and

-~—-The magnitude of torque value depends oa (Vg - Vo). Synchronous motor speed

can be changed by contro! of Yine side converter firing angles. '

= When wurkigg as an inverter, the firigp angle has o be less than 180° (o ke

care of commutation ovedap and tam off of thyristocs. The commutation lead angle
for load side converter is

;};-—-.180' - oy

If commutation overlap is neglected, the input ac current of the converter will
lag Sehind input ac voltage by angle «,. Hcmsynciuuuou_s motor input current has
anopposilcphascmeonvmcrinpuzqmmﬁnmmtmmwﬂ]hdiumﬁnal
va!tagcbyaeonumﬂaﬁonk:adanglc[}g. 'lhutfme,thcsynchroumsmomropuats
al « leading power factoc. 'Ihccomxmmaﬁonindaglcislowvalugdmhﬂ:isbigha
the mo!nrpoutrﬁdnrandlowulheiqmnﬁng.

lnasir_ﬁ:kmhnlsche:ne,lhedr_inisopuated alaconslamvalut_:of
camquﬁoulndmgkpafordwloaﬁdcmv&mworkingaﬁnem)mumed
inverter and Be= 120" or o, =0'wd\mﬁntt_in¢asaregifec Wh:ngoodpov.ver
fworkmﬁdhm&mmnvqhmﬁngﬂnkdg&mmbwhn%ng
asalimqumika!dinmaiséperamdwiﬂwgnsﬁ}n:margineuglcmnml If
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commutation overlap of the thyristor under conunutauon s subjected t revarse bids
after cument throuzh it has fallen 1o zero is gives by l

Y= 40-u

For suceesstul commutation (um - of) o1 1hyristor

Y=\u(q

where ;=" rum off time of thyristor

© = frequency of motor voltage in rad / sec.

i Y

Load side converter

4.5 Constant Marginal Angle Control

24 inner current loop.

_:;:dm ltgigulhe‘aaml\rdu;ofgmdm.,. 'Ihissignalisfedlomecorﬁpmum_

e
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It 1, fed 10 the controtled rectifer circuit. bn addition, it has an aTangement to
produce constant flux operation and constant ma-gin angle control.

From the value of dc link current command ld-. I; and 0.5 u are produced by
blocks £238:(2) respectively. The signal ¢ is gencrated from yomin and 0.5u in aduer {51,
tn blozk () 1 is caleulated from the known values of Iy, ¢ and I,,. Note that ihe:
magnetizing current by, is held constant at s rated value I, 10 keep the flux constat

[; sets reference for the closed ioop control of the ficld current le. Block (i)

caliulates 8'* from known, values of ¢ and [;.

i
JOE_
S:I;T—* — |, wg'l:d-‘gualdaled
T merter .
¢} lg-. { o e .%.""—""E PP .E
i Rotor ?"“’“"’
Phase ard | H
Ol getay
1, I 5 ]
¥ —L® B B
EHam
@ 0.5u -
S
O]
1 -—4_1 I[l'- Ll‘
* ¢
Ly J‘ I Fieid | F
ooty siog e
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H -‘.:! .
Y3 The phase delivs —ircon; suitably shifis the pulscs preduced by the encoder 1)
produce the desired value of 8. This signal is frd 1o the 'oad commutated inverter,

The load comnnsisy mverter drives are used
and very high pewsr tirves, and hugh 5
induced and farced Js 3t fans,
mills, large ship propu,|

a1 mzdium power, high - pouer
peed drives such as compressors, extructers,
blowers, conveyers. airerati test facilities, sieel tolling
3100, main line (racti!\n_ flywheel energy storagz and 5o on.

This drive als:. 1:3ed for the starting of lar

_ ge synchronous machines in gas
turbine and pumped

sturage plants

High power drivys cmiploy rectiticrs with higher pulse fumbers, to reduce torque

pulsations. The converter voltage ratings are slso high so that efficient high voliage
10rs can be employed. .

A.6 Voltage Source Inverter (VSI) fed Synchronous Motor

Now a days more attention is being paid towards understanding the behaviour
of the synchronous motor fed from a VSI

. These drives as said earlier can be developed to have iy Self control made
£5i0g a-ioior position_sensor (or) from phase position . of stator voliags.

1) Sepamate conugl shode, where the speed of the motaris deteomined_hy the

T ':.:;;&Mmmmﬁnmmmcjumis is the open loop controf

As discussed earlier, when the motor is @Mmmrmm

less motor mode (CLM) and has better stability characteristics (both steady state and

dynamic). While it is. separate control, the motor has instability problems and huating
 and behavmuimiJauLa_mnmﬁmaLmdmngu_Santgn A normal VST with180°

conduction of thyristors cequires forced commutation and load commutation is nat
possible.

Three combinations are passible to provide a variable voltage variable trequeacy
supply to synchronous motor fed from VSI '
a) Square wave inverters
b) PWM inverters /
<) Chopper with square ware inverters -‘I
In all the cases the syachronous motor can be m&ﬂﬂ'iﬂm(‘)ﬂ

self controlled mode, All the abave scheines are deputed in the figurc 4.13 (a), (b),
(c) and (d). : . ' '

2
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ta) Square wave inverfers

Here thz de link voltage 1s vanabie i ¢ the voliage control is ubtained to the
inverter using phase controlled rectificr figure 4.13 (a) and (). The disadvantage of
this metlod is that the commutatica is difficult at very low speeds. Hence is applicable
since for medivin to high speed application. Since the cutput voltage is a square wave,
the snverter 15 called vanable voltage invenier {or) square wave inverter.

(h) PIAL inverter

The second method is to have voltage control within the inverter itself using the
principlzs of PWM figure 4.13 (b) and (d). Here Cie de link voltage is constant. Here
drode rectilier is used on the line side. It doess't have difficulties in commutation at
low sp:eds. It has wide range of speed applications (even 11l zero speeds).

(c) Chopper with square wave inverier

The thrid method is to include a de chopper in batween the diode rectifier and
the invérter figure 4.14. It has many advantages though it seem 10 the complex
circuitry. Here 3 simple converters are used end is possible 10 reduce the fink inductance
by having synchronous control of the chopper.

The output voltage of the inverter is moninuscidal_hence the behaviour of the

maciine will be different from its conventional methods. We must know the steady
state pertotmance 6 detenme-t £ inusoidal wave froms on torque
devcloped and machine losses. When the syrichronous motor is fed from square wav

inverter the stator curres has sharp peaks and is fich in ham_m \4 N \@3:

cause pulsating lorque, which are completely objectionable especially at low s :
There will be additional heating and the performance 15 reduced.

e

When a PWM inverter is used there hannanic effects are reduced. The stator
current are ks peaky and have reduced hanmonic current and hence additional losses
due 1o harmonic and consequent motor heating and torque pulsations are decreased.

Braking V351 fed synctmmusn':otormmlkknom_!n the square wave inverter,
phiase coditrolled rectifier i used in the line side 50 dynamic braking can be employed.
For regencrative braking we have to provide additional phase controfled rectifier on
the line side. Wi PWM inverter is used two cases may arise. The inverter can be
cither fed ficm a constent dc source (or) from diode rectifier. In former case fegencrative
braking is sraighs forward, wher as for tuser, » sdditional ghase controfied convertes
is required oa the line side. ' o

Ji
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The power facior of the system has 10 be pajd at{mﬁon.M mﬁ ey é_o i
wave inverter due 1o the p%ﬂﬂﬂw@m@ 34 AC contoled o L Wvartas | Stator ) S pe |
N . . - 1Y) 1 d i
Power factor_is low. While in the PWM inverter since the diode rectifier is present pets rectiier Synchironous |
on the line side th line p-f iy, {n both the cases the if can be molor !
changed by inproving the tield control. In order 5 reduce the size of the invener and _Contral eaner fron: rr:.\r
alsd 10 reduce the osses in the inverter it is prefeirable 1o operate the moior at unity . R ; ser::;;;:”s;f.::fe
power factor, et speed ——
Geaerally a V31 fed synchmqous motor drive has (€} 3¢If control of synchronous motor fed from square wave im-:ncr\
*+ Reasonable efficiency, o
Con - = ] ~
¢ Lonveler cost is ki O——o| Redtif —’WWLI—
B gh. ::p:l(y:' [ o SE— { m; C== Invener
¢ Multi motor Opcration is possible. - e
¢ Open loop (separate ) control may pose stability problems ag low spmdi. ! ’"_°‘°‘
CLM mode ic very stable. Set speed
+ PWM drive has better dynamic response than square wave drive. Actual speed |
* Find application as general purpose drive for low and medium power]. {(d) Self control of synchronous motor fed from a PWM inverter
Figure 4.13
 ——
[ — Phase -
34 AC controlled ——
supply g; cectifier o1 He MI\KL
BAC o F
Diode ‘ e
- - o | o [ e
H Speed fron a d y |
a T i hd Synchmnous
—-' sensing aystal oscillator I Chopper 1 o
- ' Fi 4.14: Three simple converter to feed varaible voltage and variable
(a) Separate control of SM fed from square wave inverier H y ;:umcy © synd motor
e o \/(‘kﬁ‘ummt Source Inverter (CST) fed Synchronous Motor Drive
c tnvester | : : ) i
L / As discussed earlier, synchronous motor draws k3
= s - - -
Oc bk wotage' | ',"/‘ Aindependent of stalor when Vif and E/f itatned constant and the
. e ! Speed bom a .- | annature pesi B motoc _ t Aux and Sob
: ' o L : - i -3 . . ¢ : . flax and torqué control. A nous
. ‘ = ST U -0 ol
(b) Separate coutrol of SM fog from PWM inverter | " motor Mhuammmncinmm . j]?\eatherssrg.__ﬁ
. atrot. Dez 1o stabili control is mpre pref Yy using ¢
. | Fgweans 0l Du o more Pl S mpre prefered

e ———
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y Totor position sensing «: induced voltage sensing. The motor then operates in CLM
mode. When fed from «'S1. the synchronous motor can be operated at leading power

factor 5o that de machin : “oltage can be used for cotrunutation. Ths a load comunutated
CSI fed synchronous 1:-tor is knovm a5 converier 1niaior and has good stability

charactenistics.

Since machine cotunutation is employed the working speed start typically above
10% of base speed. by using froced commutation the lower speed can be extended
till zero

When load comimutation employed the machine is over exciled, the power
factor is leading and the rrachine is less utilized.

The drive has moderate efficiency and is popular as CLM in medium to high
power range. There may be voltage spikes in terminal voltage at the instiant of
commutation, which dupend on subtransient leakage reactance of the machine and
may affect the insulation.So damper windings can be used to limit these voltage
spikes. S0 CSI fed synchwonous motor are always provided with damper windings.

When a synchronous motor is fed from CS1, the motor aurent are quasi-square
wave if the commutation is instantamious. This effect the motor behaviour and also the
harmonic present in stator curent may cause additional heating tosses. They also

A ARV RV Y
e N

¥ J
D 3
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1} A CSI using individual commutation is vay commonly used and is shown in
figure 4.15. The motor may b~ operated at wnity power factor, From the figure
4.13 it cax be seen that A large inductance is present in the dec link which makzs
tite source curent fed to inverter a constart and hence it is a cument source
inverter. Here each main thyristor is providsd with a auxiliary thenstor for

cemmutation purnose.
SUGTIR_
Lo
ZkaZf B0 RVARA
| i : : 11—
4 AC . ' 34 E
supply _ ,___;; T T j_}
| . . s
7 VARV

K5 vy

Fectber  OC lnk  Commatation
Figure 4.15: CSI with individ.al commutation

Cst

2) Forced commutation at low speeds can also be obiained by means of a Awdliary
Thyzistor at the fouwrth leg of the inverier A commutating capacitoc is connected

cause torque pulsations which are imwanted especialy at low speeds.

. “The CS!is inherently capable of regeneration. Four quadrant operation is very
simple and no additiona! converter is required.

4.7.1 Current source inverters with forced commutation circuits

Forced commutation are provided in the iuverter circuit fo extend the speed
range from zero to base speed. The cost of ‘the inverter increases due to forced
commutation circvit. The machine is operated at unity power factor, Efficiency is
improved and the drive canbeused foi low to medium range in CLM mode.

Among all drives possible with syachronous motor, LCI fed synckronous motor
ts popular in CLM mode. At low speeds the commutation should be assisted. We
shall sec some of the methods employed for starting and beinging the ‘motor 10 a
wadem:th:load Commutaion cah take over. As'thé forced commurtation cizcuitry .
Is required oty for fow speed the size of the circuit is ictatively small

across the star point and the commeon point of the two auxiliary thyristors. At
low spe=ds the voltage across the capacitor is used for commutating the main -
thyristors. Once the machine achieves the speed where load commutation can
take place the fourth leg is cut off. This type of inverter is called as third
harmmonic commutaied inverter. It is shown in figure 4.16.

MAC T

AER panx

" Figure 4.16: Third hamonic oommumed ASCSE
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kind of llilicial Quenching is abiajneg 0 de fink curren tiemuption a jou | I : 1stors c erter.

he OUIoINY thyrisio,
“ussition of the {ine sidé converter
. Consequently the de tink current|

Rotor position sansor

Figure 4.18: Cycloconverary ing P i - —

(CLM Mode) J
A cyclocunverter cap also be commulat% ing load voltage if the necessary

ferclive power can be provided for the invener load. The machine can be over

Faur quadurang ¢ tio is simple and straight Acycloconvatergivcshigh
*Mmmmmm
\>

mmcqgnﬂyﬂnc&baofbmmnicummmhnmhwmgandmxpﬂﬂon

powee transfer in both. direction, The efficiency is goog
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PR

; The drawback .+ the cycloconverter is thal o s apure 1wge number of thymistocs
and s control circuit~ 15 complex and the converter cost 15 hich. It is preferable for
fow speed eperation 01 i3 mon: commonly uscd fo: Large law speed reversing mills
requinng rapid aceelsr Cien and deceleration and abse s baghs power pump and blower

type dnves. |
4.9 Motor Power Factor Control

H Fietd

AC rechfiar
Fhase Power factor
coresl calculztor

P et Power factor
Controll .
S @ commanded value

Figure 4.19: Automatic closed loop adjustment of power factar

Figure 4.19 shows the block diagram of automatic closed-loop adjustment of
power factoc. The main aim of adjustmeént of power [actor is the variation of the ficld
current. This is possible in a wound field machine. If the motor is operated at a power
factor of unity, the current doawn by it will have the lowest magnitude for a given
power inpul and therefore the lowest internal copper losses.

From this diagram, the motor Vol'l-agc and current are sensed and fed to the
power factor caleulator. The power factor calculator computes the phase angle between
the two and therefore the power factor, It is the attual powct &étor value. The

compuedpo\?u&uorvalucismmpmedagainadnpouufamréommdadvalm
- by using emor detecior

. The emror is complified by the emor complificr, and its output varies the field
curreat power factor confirm to the commanded value.

T e T T D m
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416 Permanent Magnet Syncronous Metor Drives

Permunent Magnet Synclu;.)hous Motors (PMSM; are now commenly kaown as
permancut magnet ac (PMAC) motors. They arz classified according to the nature of
voltage induced in the stator as sinusoidally excited :nnd trapezoidally excited. These PMAC
motors are corrmonly known as stnusoidal PMAC apd rapezoidal PMAC motors.

A sinucoidal PMAC motor has distibuted winding (similar to wound fictd
synchronous motor} in the stator side. It employs rotor geometries such as inset or interior
shown in figure 4.7. Rotor poles are so shaped that the voltage induced in a stator phase
winding has a sinusoidal waveforn. The stator of a trapezoidal PMAC motor has
concentrated windings and a rotor with a wide polear. The voltage induced in the stator
phase vnding has a trapezoidal waveform. ltemploys rotor geometries such as surface
magrets shovar in figurc 4.7.

The speed ol PMAC motors is controlled by feeding them from variable frequency
voltage and currents: They are operated in self-controlied mode of operation. Rotor
position sensors are used for operation in self~control mode. Altematively induced voluage
also be used o obtain self-control mode of operation.

~ Dillerent types of converters acd inverters are used to drive the PMAC motors.
The current trend is to use MOSFET for low voltags and low power applications and
IGBT for medium power applications. T -

—_

ln the past self-controlled mode of operation variable frequency drives employing a
sinusoidal PMAC motor wese also catled brushless de motor drives. Itis also known as
sinusoidal PMAC motor drives. The self-controlled variable frequency drives employing
a trapczoidal PMAC motor. Itis also calied brushless de motor drives or trapezoidal
PMAC motor drives. :

Sinuseidal PMAC motor drives

Since the voltages produced in the statorof a sinusoidal PMAC motor are sinusoidal,
idealty, the three stator phases snst be supplied with variable frequency sinusoidal voltages
or currents witha phasgdifference of 120° between thaa.

Figure 420 (a) s the Norton's equirvalent of llnPMSMeqmvalmlu:wnof fgured 8.
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voltage source inverter. The inverter is operated 1o supply motor three phase curreats of
the magnitude and phase commanded by reference currents i,.igand i whichare gencratedl

by a refereace cunient generaror.

The actual motor speed @_ is compared with refcrence speed w,  The speed
cror e__ is processed through the speed controller, The output of the speed coatroliler
sets areference for the amplitude and polarity of the stator current I,. The stator current
templates for the three phases are geacrated by the rotor position sensors in such a way
that 5* = x/2. When speed erroris positive value the machine will work as a motor and

the drive will accelerated to reference speed w_ . Ifspeed emor is negative value braking

will decelerate the motor to reference speed @,

Since sinusoidal curent template is to be penerated based on the oior positton, an
absolute rotor position'sensor or resolver is required, which is expensive. Becaust of
featureé like excellent dynamic performance, ard low torque ripple, the drive is wi ely

Ms&vadﬁveshqﬁlcofﬁslaighcosi' !

A servodrive for closed-loop position control is obtained by adding a position foop
aro speedoontroHoop in figure 4.21. e
Trapezoidal PMAC motor drives

The cross section ofa 3-phase 2 pole irape zoidal PMAC smotor is shown in figurs
4.22. Ithas permanent magnet rotor with wide polearc. The statoc has three concentfated
phase windings, which are displaced by 120° and each phase winding spans 60° o bach
side. The voltages induced in three phases are shown in figure 424(a). The 1 for
gctﬁngﬂnuapmichlwavcfomlscanbcexplaimd. '

. Whmmvolvingind:ccomlq—clockwisedimction,uptol20°rolalionﬁo i the
pdsiﬁonslnmm&gmuz?,aﬂwpoﬂhccond}wtomofﬂ\ascAwﬂlbcﬁnﬁngﬂn h
polcSandallbouomoomhamdfphmAwiﬂbclm_khgmcnmhpolcN. H
wmmndhmamuuumdmmwmbn@éneumn ;
lzo'.someeondudouindieloplinknonhpoleNandodmi}ncmthﬁolcS.
bappens with the bottom conductoes also. Hence, the voltage induced in phase wi
lincarly reverses in next 60° rotation, Rest of the WAVCIofm of phase winding
.“m\t_&tmofphasewindhgﬂmlCmbesimﬂadxuphiﬂ

SR ¢

Ia

Brushless de motor drive [Counumomes’s De MoTig

s

Figure 4232 shows S trapezoidal PMAC motor fed from voltage source invertes.
fhe sator windings are connect Totor tchr

E =Ko,
Dmingeaehﬁﬂ'inavalinﬁgmeu4,amunmfbsmphasemdoomoumf
ano(hctphase,lhuefom,powcrmppliedlodnmoloris
P =L +(-E)(-L,) = 28], = Ko,
Torque developed by the motor T

T=‘L=ZK.1";
@

,1..:'3-_: ' -
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Figure 4.23: Trapezoidal PMAC motor fed from a zumrent regulated voltage source
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The waveform of turque is given in figure 4.24(c). According o the torque equation,
torque is proportional to current-[ « DCcurentl, flows in the de fink. Regencrative

When motor speedis reversed, the polzrity of induced voltages also reverse. Witia
current polarity showriin ﬁgum4.24,lhcd:iwgim regencrative braking mode of operation,
mdwiimumudimdidnismmadmouffiéopaaﬁonisobmimd. Theounent waveform

sbowninﬁgmﬂl‘larcpmduoedasfoﬂows - ’
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During ti pesiod of 00 60°, t, =l,andi, =~ Tnecumenti, =niers throuih the
phase winding A and leaves through the phase winding B. |

When p«wer transistors T and T, are 02 stale, terminals A and s are r:spw!i-.'c!)‘
connected 10 y-.sitive and aegative temminals uf tr: 3¢ source V o

Acurrentwali flaw through the path consisting of V.. T.phase A phase Bdnd T,
and rate of change of current i , wilt be pasitiv..

When T, phase winding A, phase winding E and T, are tumned olf this curredit will
flow through a path consistiag of phas- A, phase B, diode D, V_ and diode D,

Since the current has to flow against voltage V., the rate of change of i, Wilt ne
ncgative.

ﬂnmmngonmﬂoET.MTpphm winding A curenst can be made to follow the
reference cumment I, within a hysteresis band as showa in figure 4.23(b). The operatjon for
other 60° intervals can be similacly explained.

For properly connecting the current pulses with respect to induced voltapes, or
idmﬁﬁmﬁmofdmcd:ﬂydcgmhﬂmb,sigﬂsmgmbymlmposi&onslumm
In 2l six rotor angular positions are required to be detected cycle of Hi T Fpes

The Hall effect sensors can detect the magnitude and dirsetion of a magnetic field

Hence three Hall-¢ffoct sensors can be detect the six rotor positions,
'Ihpscmosarcmunmdatﬁﬂ'clc_cuiml interval and aligned suitably with the statoc
wmdmg Cptical sensors are also be used. )
The trapezoidal PMAC drive is mainly used in secvo derives. Sinusoidal PMAC
drive is mainly uscd in high performance drives. -
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