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IOS T AC T 

Steady state and stability analysis of a constant 

power type slip energy recovery drive is presented in this 

work. The system equations are written in s'mchronously•

rotating reference frame. Complete performance under steady 

state is investigated_. For stability study a set of non-linear 

differential equations describing the dynamics of the system 

is linearized about an operating point using small displacement 

theory. Using the characteristic equation of the linearized 

model and Routh Hurwitz criterion, instability regions in the 

torque slip plane have been established from the results 

of a digital computer study. Two subroutines for steady state 

analysis and stability analysis respectively have been deve-

loped.. The latter directly gives the instability contour 

data to be plotted on CALCO plotter or to give a visual 

presentation on TEKTRONICS graphic terminal. Effects of 

various parameters of the system upon the instability region 

h atw been investigated and conclusions drawn. 
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LIST OF SYMBOT 

V 	= instantaneous value of voltage 

I 	= instant:uleous value of current 

Vsnl  
~ pe<ak value of stator phase voltage 

Rs5,  `err 	stator and rotor resistance, per phase 

Ra 	= resistance of, armature winding 

resistance of smoothening inductor 

Z 	= i3a -t• 

= inductances of smoothening inductor 

La 	self inductance of d. c. motor armature 

L 	= La  4 LL  

L12  = mutual inductance between stator and rotor 

LM  = a L12  

a  stator to rotor turns ratio 

Lss' Xss  self inductance and reactance, respectively of 

stator 

Lrr?  Xrr.= self inductances and reactance, respectively of 

rotor 

s  = per unit slip 

p  differential operator, d/dt 

P  = number of poles on motor 

= electrical angular speed corresponding to fundamental 

component of the applied voltage, electrical rad/sec 

a 2i ', Supply frequency in Hz. 



wr 	electrical rangulo.r. speed of the drive, electrical 

rad/secs = (1 w s)w 

Te 	electromagnetic torque 

TL 	load torque 

Fl 	; inertia constant of drive in sec. 

firing angle of. the controlled rectifier 

i f 	= field current in amperes 

Subscripts 

a,b,c ' = phase quantities 

d 	= direct axis quantities 

q 	= quadrature axis quantities 

s 	= stator quantities 

r 	= rotor quantities 

R 	= d.c. link quantities 

Prefix 

A 	 - small deviation 



CH ER I 

INTRODUCTION 

There is a growing demand for precise and reliable 

variable speed drive. The induction motor is a very 

attractive type of a.c-. drive, because of its simple -

eonstruction, rtj;gedne.ss, low capital cost and absence 

of commutator problems. The speed control of induction 
motor may be accomplished by several methods, such as pole 

changing, pole amplitude modulation, stator voltage control, 

frequency control and rotor resistance control, Al]. of - 

those methods suffer from such disadvantages, as excessive 

power loss in control, complicated control circuitry, 

higher capital cost, lack of continuous variation in 

speed etc. 

As a result of advances in solid state technology 

and with the availability of high power reliable and 

efficient thyristor converters, the use of schemes which 

employ stator voltage control, frequency changing, rotor 

resistance control and slip energy recovery are becoming 

more popular. 

The slip energy recovery scheme utilizesthe 

slip energy available at the slip rings instead of 

dissipating it in external rotor resistances. The reco-

vered slip energy is either added to the main motor shaft 

itself or returned to the supply, thus resulting in 
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constant power and constant torque drives. In a constant 

power drive the slip energy is supplied to an auxil:i.ry 

rotating machine which produces a reinforcing torque on 

the induction motor shaft. The speed of the drive is 

controlled by varying the excitation of the auxiliary 
cur n 

machine and varying the d.c. link/r(i-,~). The power handling 

capacity of the drive remains same at all speeds of operation. 

In a constant torque, drive the slip frequency of the rec-

overed energy is first converted to supply frequency and 

then the recovered energy is returned to the supply: Speed 

control is achieved by controlling the firing angle of the 

line commutated inverter (3-5). 

The, concept of constant power slip energy recovery 

drive is realised in the well known Kramer drive. It 

consists of a wound rotor induction motor fed from, three 

phase balanced supply of fixed frequency.and coupled on 

the same shaft to a separately excited d.c. motor. Slip 

ring voltage is fed to the armature of d. c. motor through 

a three phase uncontrolled rectifier and filter circuit. 

Speed of this drive is controlled in sub-synchronous region 

by varying field current settings. The sped range is 

limited.on account of saturation of the d.c. motor magnetic 

circuit. 

Speed range of the drive may be increased further 

by employing a controlled bridge rectifier instead of 



uncontrolled one and controlling the firing angle of this 

rectifier. The efficiency of this system is good because 

most of the slip power is utilized by d.c. motor to provide 

additional torque to the shaft. However a good efficiency 

is achieved, at the cost of power factor, which becomes 

poor under firing angle control. This drive canbe used 

where large amount of power is to be handled and it is 

required to run the drive at very low speeds for short 

time intervals. The theoretical investigations.of the 

steady state performance on the concept of equivalent circuit 

have been given by Hori (6). These studies deal with the 

various performance characteristics of a three phase bridge 

rectifier and the speed control system. 

Gupta, and Verma (7) have discussed the steady 

state performance of a modified Kramer drive employing an 

electronic chopper in the rotor circuit. Speed is reduced 

further when field current control has been exhausted by 

varying the chopper duty cyclej8);tt has been brought out 

that the presence of the rectifier bridge in the rotor 

circuit causes harmonic currents in the rotor and the 

stator, which produce harmonic torques. However, it is 

shown that rotor current harmonics do ntY,t significantly 

influence the overall performance. Experimental results 

are also tallied with theorti.tical results. 
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The development of static drives with controlled 

thyristors in the circuit has led to the problem of system 

instability, depending upon the parametrs of the system. 

Induction machines which are perfectly stable on an infinite -

bus may be000c unstable with controlled thyristors in the 

circuit. 

The stability analysis of variablu frequency static 

drives have been carried out by many authors (9-i6), "'hev 

have concluded that the system exhibits a large region of 

instability at low supply frequencies even with normal 
parameters. A static slip energy recovery drive having a 
controlled rectifier in rotor circuit may exhibit instability 

with certain combination of firing angle  of. the controlled 

rectifier and the slip of the drive. 

CONTRIBUTION BY THE AUTHOR 

A rigorous mathematical model has been developed 

for analyzing the steady state and dynamli.c behaviour of the 

system. In order to derive the above, the system is 

analyzed in a synchronously rotating reference frame. 

Steady state equations for the system have been 

derived. The performance characteristics under steady state 

conditions have been computed and got plotted by CALCOMP 

plotter. A subroutine for steady state analysis is developed 
which gives directly the steady state performance of a 
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drive whose parameters are fed into it-. 

The perturbation equations are derived to investigate 

the stability of the drive. The characteristic equation 
has been obtained from the perturbation equations: These 

perturbation equations are simulated on a digital computer 

for which a program in FORTRAN language is developed which 

gives directly the points of stability contour for onward 
plotting by CALCOI"P plotter. Unstable: regions have been•  

plotted in the torque firing angle plane. Effect of. various 

system parameters upon the regions of instability has been 

studied and conclusions drawn. 



CHAPTER II 

DEVELOPMENT OF MATHSATICAL MOLEL 

Generalised equations describing the behaviour of 

slip'-energy recovery drive. employing controlled rectifier 

are developed in this chapter, using the concept of direct 

and quadrature axis components. The system has been analyzed 

in a synchronously rotating reference f:t ame . Basic equations 

for.the idealized induction motor are developed. Expressions 

for the average value of controlled bridge rectifier are 

established. The equations of the overall system are established 

from the equations of induction machine, d.c. machine and. from 

the equations which predict the average values of the converter 

variables. The equations have been so simplified that the 

electrical characteristics can be represented by a set of four 

simultaneous differential equations of the first order, i\n 

equation of the electromagnetic torque completes the set of 

system equations used in the study. 

2.1 INTRODUCTION 

Schematic diagram of slip energy recovery drive under 

investigation is shown in fig. 2.1. This drive is a modified 

form of Kramer drive. .4 Kramer drive consists of a wound 

rotor induction motor fed from three phase balanced supply 

Of fixed frequency and coupled on the same shaft to a separa~ 
tely excited d.c. 'motor. The voltage across slip rings of 

the induction motor is fed to the armature of d.c. motor 
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through  a static three phase, uncontrolled bridge rectifier 

and a smoothening inductor. Speed is controlled in sub-. 

synchronous region by controlling the field current of d.c. 

motor. The lowest speed is limited to about half the synchro-

nous speed in a normally designed set in which rating of 

induction motor is equal - o the rating of d.c. motor. This 

lowest speed is obtained on account of saturation of the d;c, 

motor magnetic circuit. 

Speed range of the drive can be increased bye mploy,ng I 

controlled bridge rectifier instead of uncontrolled one and 
controlling the firing angle o

this
f/rectifier. Firing angle control 

is used after speed has been reduced to its lowest by field 
current control. 

A mathematical model of the slip energy recovery drive 

is developed by the circuit equations derived in per unit in 	. 

this chapter, neglecting' saturation, hysteresis and eddy current 
ef.!~cts in induction motor, voltage Ll-ops in rectifier and 
induction motor rotor current harmonics. 

2.2 ESTABLISHMENT OF BASIC EQUATIONS FO.. TI-L SYSTEM 

2.2.1 EQUATIONS FOR INDUCTION MOTOR 

The generalised equations describing the behaviour 

of inducti.on motor under transient and steady state condition 

are established by considering it as an elementary two pole 
(17-la) 

idealised machinV. The effect of number of poles is taken 

into account by multiplying the expression for torque by the 

number of pole pairs. 



Schematic diagram of an. ideal 3•- -phase induction motor 

is shown in fig. 2.2(a), wherein it is regarded as a group of 

linear coupled circuits. !distributed stator and rotor windings 

have been shown by concentrated coils. The connections and 

current conventions for the stator and rotor phases are shown 

in fig. 2.2(b). 

Equations for induction motor are established from the 

concept of generalized th..°:ory of machines.. For the analysis 
of electromechanical devices, it is necessary to establish 

equations for both electrical and mechanical systems. Thus a 

mathematical formulation will have 

(i) a set of voltage - current equations, relating the 

applied voltages to winding currents, using various 

circuit parameters. 

(ii) an equation of motia a. 

Above two sets of equations are related by a third 

expression which gives electromagnetic torque developed in 

terms of winding currents and circuit parameters. 

The induction motor voltage current equations expre-

ssed in synchronously rotating d• -q reference frame are (17) 

vds~ 	~~as+Lssp} 	"wLss 	L12p 	`wL12 1d5 
~j 	wL 	 ~ p j wL 	 i qs 	ss 	( ss : ss 	12 	L 12p 	I qs 
Vdri ~... L12p 	

_swL12 	(.err-4•Lrrp) _swLrr 	L~'dr 

~qr i 	swL 	 L p 	swL  
_l 	12 	12 	rr  

..... (2.1) 
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The electromagnetic torque developed by the induction 

motor in N-LL:' is given by 

Te1.1 .., 2 2 L12 ('ds 1qr - ' qs Cdr' • .... (2.2! 

;•:h?re P is the no. of poles of induction. motor. 

In writing above euations, conventional direction of 

power flow in the machine has been considered i.e. power 
flows into the motor at stator terminals and out of it at 

rotor terminals. Fig. 2,.3 depicts the angular relationship 

of various axes of stator and rotor phases and those of synch-
ronously rotating d-q reference frame, at any time t. Resolving 
phase voltages along d-q frame, the d--q voltage can be expressed 
as 

Itator 
Vds 	[Vas Cos'., 	V

bs Cos (~1- ~) + V 	Cos (g Z~) ?33 	cs 	3 

Vq5 " .4[Vas Sing. + Vbs Sin (O - 2~) + Vcs Sin (Q 3) j .... (2.4) 

Rotor 

Vdr 3 Var Cos + Vbr •Cos (( - `3) '~ Vcr Cos ( ° X3) 11 ..... (2.5 ) 

Vqr 	- 3 [Var  Sin + Vbr Sin(A-.-27.) + Vcr Sin('' +?A 	... (2.6) 

where 0 = it, 	Angle of advancement of d-•axis w. r. t. axis 
of phase a of rotor. 

The choice of factor I is arbitrary. 
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If t = 0 instant be so cho; o:.z. that at this instant 

C~ = 0 = 0, d•--axis will be coinciding with axes as and ar, 

as is clear from equation(2.3) and ecuation(2.5) respectively. 

Stator and rotor terminal voltages at any instant, 

may be expressed as 

Stator 

Vas = Vsm Cos s 

Vbs = Vsm Cos(ID 

Vcs — Vsm Cos(G + 3~' ........ (2.7) 

2otor 

ar = V Cos( + 

2r Vbr = V Cos(; a ;3 ) 

V 	- V 	Cos (p - a ; a _  
cr 	MI 	1 	......(2.a) 

where ar is an arbitrary phase angle, which is equal to the 
phase difference between stator and rotor phase voltages of 

any phase at time zero. 

Substituting from equations (2.7) and (2.) in 

equation (2.3) to(2.6). 

V  ds = 2 I,V 	Cos9 + Vb Cos(€ 	2n} ., V 	Cos(~~ + 2 ) 7 as 	s 	`~ 3 	cs 	3 
or, 
V -V 	....... (2.;a'~. ds 	sin 



V s ~. 0 	....... (2.10 ) q 

V 	IV~ar Cos p -- Vb r 
Cos( ._: 2 ~ ~T V 	~_cr Cos(  

3, 	 3 

V Cosa - 

and 

y = V,1 Sig r qr 	n 	r 

.....(2.11) 

...... (2.12) 

2.2.2 EQUATIONS FOR. CONTROLLED B,11DGE RECTIFIER 

Assuming negligible ripple in the d.c. current at the 

rectifier output and neglecting voltage drop due to overlap, 

the average output voltage of a 3--phase , full wave, controlled 

rectifier bridge is given by (l9-21) 

V ;-t " Yi Vrm Cosa ....... (2.13) 

where V 	is the peak value of fu:'idoanental phase voltage at 

rectifier input and a is firing angle. 

Under the conditions, assumed above, the phase current 

at input to the rectifier is in the form of rectangular 

pulses of 23 duration, alternating at rotor . frequency and 

having an amplitude of average d.c. current at the output 

The reek value of the fundamental component of phase 

current is therefore given by 

i = i rm 	it 	R 	.......(2.14). 
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Fundamental power input to the rectifier is 

Pin = 3 Vph iph CosO 

Cos 3VrM ice' 	t~ --~»  ....(2.15) 
/z 

where 0 is the phase angle between fundamental voltage and 
current of the rotor phase. 

The power output from rectifier is give; by 

pout = VR `R 	......(2.16) 

Substituting equation (2.13) and (2.14) In equation (2.16) 

V i 

Pout 	Cosa .....(2.17) 

Since, the rectifier losses have been neglected, por 

input to the rectifier, should be equal to power output 

v i 	 V or 3 rm -Coscb= 3?~? 1rMCosa 

or Coscf = Cosa 

So,  - a. .......(2.18). 

It shows that fundamental power factor angle is equal 

to the firing angle of bridge rectifier. It implies that 

fundamental component of rotor phase current lags the funda-

mental rotor phase voltage by an angle ao. 



Therefore, the rotor phase currents ccen be expressed 
in accordance with the expression (2.'), as 

a.ar =i__Cos (p ma r.- -a) 
ibr = i Cos (B Y a;r - a - 23) 

2i) icr 	i 	Cos (p 	a r -~ a 	r ,,,,(2.19). 
V 

The transformation equation for rotor current may 

be written as 

idr f ar Cos p ' br Cos (p ... 21c) + I• COS( 2- ) 

	

3 	 3 

iqr .. -. J1ar  Sine + a.br Sin( R - 't) 	1cr Sin(P 

.....(2.20') 

Substituting expression (2.1{)) in expression (2.20), 

1dr ` irr Cos (a1 	a) 

iqr - il„m Sin (ar - a) ......... (2.21) 

2.2.3 EQUATIONS F0d TIC O.C. MOTOR 

The voltage balance equation of the d.c. motor 

armature circuit is given by 

VR 2 

	

(R 	Lp) iR - K . s if wr + 	 ... , .. , (2.22) 
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Since 	_ (1 - s)w r 	 23 )  

2 VR =- (R + Lp) i.~ ~' K if P w (1 _. s) ......(2.24) 
A 

where R and L are total resistance and inductance of the 
armature circuit including smoothening inductor, Kf is 

rotational voltage coefficient (volts/rad/sec/field amp). 

The.electromagnetic torque developed by the d.c. motor is. 

given by 

T DC w K f i f iR N-m 	•..... (2.25 ) 

Substituting for i? from equation (2.14) 

T X = T1 _ Kf if irm 	......(2.26). 

2.2.4 EQUATION OF TNT:. DRIVE 

Equations (2.1) can be rewrit Len now by directly 

substituting for Vas and V,I s as Vam and 0 respectively. 
4 

Substitution .for Vdr and ' 	is done in f oilowing manner, 

Substituting equation (2.13) in equation (2.11) 

V 	r 	 Cos„ c'rr t~ 	..... (2.27) 
3/3.. 	

Cos a 

Combining equation (2.24), equation (2.14) and 

equation (2.27) 

Vdr 	Cosc~r L (R+Ip)2 3 inn + K. i f 	- s)1.. 
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Substituting for i from equation (2.21) in above 
equation 

  _1L Cosa [-z- 	~dr_ _ Vdr 	Cosar(x2  Lp) drx 	`;- Kf if P w(1 - s} r 

or 

V 	C-- r 	R + L 	n C o r. 
dr 	18 Cosa os r- ; 	Lp) i drCosa 

Kf if Pr w(1 -s) 	
I ...... (2.29) 

Similarly, 

2 ,... 	s i 	.~ 
V: r ~" 18 Cosa Sin.ar- a~ (R + LP ) ir .; 	. 

llJ 

n Sinar 	2  
t M Asap Kf if Pw (1 	s) ,,,.,.(2.5O) 

Substituting for Vas, Vas, Var and Vqr in 

equations (2.1) the final voltage current equations of the 

drive are oT;tained as 

V 	ass" Lssp 

0 	 wLs 

I{Z (1-~s )Cosa i 	L12P t 
K (1-s'c6sa 	swL12 Z 	Cosa 

--wLs s 	L12 n 	-wL1 2  

(R 	;: w  ss+L ssp 	La_2 	L 12p 	qs 

-s!•;L12 (RCq'.L0 -swLrr 

L72p 	swL 
 rr 
qr 

......(2:31) 
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where 

K1 3/- Kf i  f P w 

Re 1 ° Rrr r ~1B CosarCos'(ar q 

~2b 
L 	L egl rr + 18 

Re2 =7c2R q 	
:err 

+ 

~2L 
Leg2 Lrr t lg 

Cosar 
Cos osr-a1 

Sin+_Ir 
osa Sin(4 r-~x8 

Sin-CLr ._ 
Cosa SinT :r T 

The expression for electromagnetic torque developed 
by the system is obtained by adding the torque developed by 

the induction motor and that by the d.c. motor. 

T = Te IM + T DC 	......(2.32) 

Substituting from equation (2.2) and equation (2,26) 

re `_ 2 2 L12 (ids j.qr - iqs i'dr ) ` ? .., K f if irm 
r 	.....(2.33) 

Equations (2.31) contain five unknown variables 

i . e• 'ds' 1qs' 1dr' iqr and al . They can be reduced to four 
by expressing idr and iqr in terms of irm and cr from 
equations (2.21). 

Generally the machine parameters are measured with 
.respect to stator windings. Therefore it is more convenient 
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to refer all the quantities to the st.tor windings. Hence 

referring all quantities to the sL'atol winding, the final 

equations of the system are, 

Vsm 	T 	,{ ~3ss+L,8Sp) .~,,~LGS 	L„ p 	rL 	j 	las 

M 

Cosa aKlt1•-s ~ ....~.,.. r 
Cosa 

"LaS 	(~.sa';-Lssp) wL1;7 	LnT?? 

'NI 	14 	e c~ 	--swLrr 
+ Lip) 

iqs 

-i Cosar 

aKZ (l—s &`nar 
Cosa 

s vwLM L`jP 	sWL.rr ( 'eq2 + 

Leg2p) 

where 

x1.12 
~  2 e ql 	e ql 

Legl a2 Legl 

lrm 	 ...... (2.34 i a 

A prime is affixed to . all referred. quantities. 

Electromagnetic torque equation for th.e system may be expressed 

as 

T 	2 2°Z 	ds qr 	c, s dr 	f f rm 

....(2.35). 
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2-.3 EQUATIONS IN PER UNIT SYSTEM 

Equations. are presented in per unit form because 

it has numerous advantages -- 

(i) A simple inspection of the per unit parameters 

immediately reveals much more about the basic 

nature of the machine than may be observed from the 

ordinary parameters.. 

(ii) The numerical range of per unit parameters is small, 

therefore easy to solve on digital computer. 

(iii) Arbitrary numerical factors which may appoar in the 

ordinary equations in d-q axes transformations are 

avoided. 

The choice of the base values for various quantities 

are made so that computational effort is reduced. The base 
values chosen (Appendix-I) are as follows: 

Unit Voltage = Vbase = Peak value of rated phase voltage 

in volts (Vsm) 

Unit Current = IbaSe Peak value of rated phase current 

in Amps ( ism) 

Unit Impedance 	a 	Vb 	, ohms ~b s
e 	

base 

UnitUnit Power = Pbase = Rated apparent power = I Vsm~ Ism, 

Watts 



- la 

Unit Frequency = Fbase "' Rated frequency in Hertz 

Unit Mechanical Speed = base ' p wb, rad/sec, 

Unit Torque._ T e = Pbase 9 N-:a baste 	 base 

Equations Equations (2.34) can be (converted in per unit form 

by dividing each quantity with their base value. Prime affixed 

to all referred quantities may be withdrawn for simplification 

in handling the equations. First equation of equations (2.34) 

is given by 

V = (R 	L p) i 	i 	i +w i sm 	ss + 	- wL  ss qs 	1P- dr 	L,I qr 

Dividing throughout by Vbase 

V 	(Rss +Lssp)ids 	w,wLss i 	LMp i ar 	wI ;7 sm 	qs 
vb 

V 
 b  b V .  V .  Vb 

 
V 	=

w 
(Rss w L p) ids b. w wb Lss i ;s w ss sm(p.ui) r . 	- 	.....— 	...~' ~. 
Vb  Vb 

ib ib 	 Ib b 

~ 	 w w-1 LMp ldr b wb LM iqr 

V 	' 	V 
b~ ib 	bib 1b 

b 
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{i~ss + Rs n ) 
V 	-- 	Wb 	ids FR* 	, Z.b 	 Ib 	Zb ib 

p  F M R X  ,,e 1 c1r 	x 	1 r 
Wb Zb ib 	Zb ib 

or 

Vsm(p.u.) 	 Rss(p u• ) + yss(p.u,) 	lds(p.u) -. 

FR Xss (p.u.) ~` s tp.u.) - Xl (p.u.) W idr 

	

b 	{P•u• ) 

+ FR XM(p.u. ) lgr(p.u. ) '..... (2.6) 

:There FR = W = 	is frequency ratio. It may also be 
b 	b 

interpreted as the applied frequency expressed in per unit. 

It simply predicts the behaviour of an induction motor at any 

operating frequency. 

Remaining stator and rotor voltage equations can be 

converted to per-unit form in a similar way. 

Final voltage current equation for the system can be 
expressed in matrix form as, 

(Rss+X ;2)F_s ...~ 
b 

FI; Xss 

p 

XM Wb 

	

'.FR ~`ss "M W b 	- FR XMI 	1 ds 

(Rss+xs$WWb 	FR XM 	XM b 
	

lqs 

-'s FR XM Oae ql+XXe ql"5s F R, 	 rm 
rr 	(Cos (a r 

S FR Xrr (Rog2 + ,-irm 
xeg2wwb 	in(ar-a) 

L. (9.V) 

V sm 

10 

KZF R(1-s) 
Cosar 
Cosa 

K2FR(1-s) 
Sinr 
Cosa 

s FR XM 	XM vb 
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where 

K2 =K1 a V7 
Electromagnetic torque equation (2.35) for the system 

can also be converted to per unit form by dividing with Tbase 

Te 	 L14 ('ds 'qr - ~qs idr~ 	a {f if — a rm 
bT 	 ~.....,a,. ........... , 

2 	
..~a...._._..~.,,.... ~~. 

Tb 	Tb 

T 	2 	M (ids r los ldr~ - 2 ,a Kf If P 	 b ib 	 b ib 
2 	l 	 2  

2 	p wb C  
-

Zb  ~• ib 	lb lb  ib ; 

Ki lrm a 3/3 P b f f ib Vb 

Te(p.u.) w XM(pu) i (pu) igr(pu) - 1gs(pu ) idr(pu ) 

+ K2 1r(pu) 7. ...... (2.38) 

Under dynamic condition, the developed electromagnetic 

torque is balanced by load torque and accelerating torque. The 

torque balance equation in p.u. form can be expressed as 
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Te :TL 4.Ta 

or 

Te 	TL + 	......(2.39 
 dt 

where 
Ta : Accelerating Torque 

J = Rotational Moment of Inertia 

wr = Mechanical speed of rotor. 

Moreover from equation (2.33) 

wr = w5(1-s) Yh (1-s; FR 	..... (2.40; 

Now 

Kinetic Energy stored at synchronous speed 

(Base Mechanical Speed) 
Intertia Constt H =    

Base Power 

Seconds 

a 	Seconds 
Pb 

T~- D Seconds 
b 

or J 2H Tb 

Yb 

Combining equations no. (2.39), (2.40) and (2.41.) 

Te TL + ? Tk dt Yb (1-s) FR 
Tb 
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or Te ^ TL+ 2Hp(l -. $)FR 
Tb 	b 

orTe(pu) zTL  (u) +2I--s)FR 
p 

Equations (2.37) and (2.42) in per unit form, completely 

describe the behaviour of the drive. 

2.4 CONCLUSION 

The idealized model developed on the concept of 

coupled circuit approach is well suited for determining the 

dominant features of this system. The assumptions made in 

developing tho .model are quite justified for most of the 

practical purposes. Thu parameters involved in the model 

are such that they can be easily measured at the terminals 

of the machine. The model As oxtremo.ly useful for carrying 

out steady state and stability studies of the slip energy 

recovery drive under investigation. 
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sm 
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KZFr Cl--s)-~ 
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K2FR(l_s j.. 
Sinaro 
Cosa 

CM.`~PTER III 

STEADY STATE ANALYSIS 

3,1 INTRO.0UCTION 

This chapter deals with the steady state analysis of 

the slip energy recovery drive presented in the previous 

chapter. Expressions of torque, supply current, power factor, 

efficiency, fundamental rotor phase current rand d.c. link 

current are derived using the mathematical model developed 

earlier. Steady state performance has been investigated at 

different field current settings and different firing angle 

settings. Performance characteristics over a wide range of 

speed have been obtained. 

3-.2 SYSTEM EQUATIONS UNDER STEADY STATE 

During steady state, the different phase voltages 

and phase currents attain a steady value and appear d.c. in 

nature, when referred to a synchronously rotating frame. 

Hence their time derivatives would fall to zero. Thus steady 

state equations of the system are obtained from the equations 

(2.37) by replacing all the terms associated with p by zeros.. 

Hence final steady state equations can be expressed as 

Rss 	FR Xss 	0 	 .̀FR yM 1 	~'dso 

F. X 	R 	F X 	0 	i R ss 	M 	 ~ 	f qso 

0 	 s̀o ~R XM Regl -so ~ Krr ' 	rmo os 

' ro 

S0 1 XM 	0 	s0FR Xrr eq2 	-1rm Sin 

	

` 	(ar - a) 
._, 	--oo _...• 

.....X3.1) 
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where steady state quantities are identified by subscript 

o. 

For given values of slip V'sm, j, a and FR
, 

above equation may be simultaneously solved.to calculate the 

values idso 1gso, i 	and ar 	Su5stituting these values 
0 	0. 

in equation(2.21), values of idr andigo r ran be obtained. 

Torque developed by the drive may be calculated using equation 

(2.38). 

3.2.1 SOLUTION OF STEADY STATE EQUATIONS 

Equation (3.1) can be solved by combining first two 

and last two equation together, as shown below*. 

Vsm + jO = Rss 1ds-0 - F;) Xss igso + FR xM igro , '~ Sin(aro-a ) 

+ j[FR x ss idsa + Rss igso FR XM irriio Cos(aro-a)] 

Vsm 00 	Rss (idso + j1 qso ) ~+~ FR Xss (idso + 

—jFg XM i 	[Cos( 	--a) + j Sin (a, -x)]  
• 0 	0 	 0 

V ~ O = (Rss + F Xss'ism 
0 

- ~ F _~ XP4 i 0 ~ar"`a 	..... (3.2 

where ism is the peak value of stator phase current under 
0 

steady state. 
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Similarly, last two equations can be combined. 

K2 FR (1-so) Cosaro 	K F (1-so) Sinao 
. 	,,..~:...~ -.... 	+ j 	.. 	_... _.., .~.y .,. -.. s 	FR X * ' qs 

Cosa Cosa 	c 	
o 

 

- Re 	i 	Cos(ar -- cc) -,- s F Xrr a. 

	

ql 	
0 R 	rm Sin(ar -a) + 

3[so FR X14 I ds0 - so FR Xrr Irmo Cos (aro._a ) .~ 

R I Sin(a -a)] eq2 rmo 	ro 

Substituting for R 	and R 	from equation (2.31) •Re 	Re 

in above equation and simplifying 
l-!y~ 

J so FR XM(ids + .7 iqs ) 
_ 

Rrr lrm0 
iCos(ar 

0
--a) + j  

	

0 	0 	0 

~2_R 
18 Cosa 1rn, {Cosar j Sinar } - j so F R Xrr irm {Cos (ar -a ) 

0 	0 	0 	 0 	0 

j Sin(ar c )? 
0 

/ 	~2R 
o FR M sm0 Prr 1rm0 r 	18Cosa rm0 ~ar 	-  

j 
0   

so FR Xrr Irmo ~aro "a 

	

K2 FR(1-»so ) 	~2 
A 	,.. .~.:.. r..... + i 	[ 	+ R,.. 	~ 	~ Cosa 	rm :8. Cosa 	rr - (so F X 	a  rr)  ism -- . 	 w... _- 	a o ~ FRxM 	 r so p_ 

Substituting equation (3.3) in equation (3.2) and 

simplifying K F(1-s 
-~- ° + r 	/+~c2R 

V 	- (R +j F X . ). f Cosa 	'r 	18 Cosa 1rm sm 	ss 	H ss ,I 	 o 
+j so 	 L) ) 

FR XIII Irmo 	_ 
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or, 

Vs_ so F:~ XM 	_ «1 	tan-1 F Z_Kss ^ r120.F~ (1 -sod 
F

.:1 

 

2 	 0 F ̀~2 xM2 
+ i 	Liz rmo rr Cosa + n. 	•++ s

O F-, X 	Since + ° 	----~2-- 1~ Ccsa  IL rr  A 2 F 2 r 2 
ss a ss 

(ass Cosa - F Xss Sinai) - j irro! rr Sine - so F11 Yrr Cosa + 

2 2 s° F~ XM 	
~~, X Cosa + ~A Since; jt 2 + 2 X 2 `` t ss 	ss 

ss ft ss 

or, 

7t 	 -1 N
? Y 1 2_.._ar=tan 	ss 

1rn0 Z5 ss 

.....(3.4) 

where 

Vsn so FR X Z M 

j  S s 

2 2 
 X 
2 

s F ? IVI 
A.~.~..~.x-,.«.a. r..,~.w.. 2 	i-) 2:.. 	2 	

2 
ss +F £L xss 

= 	 22 
3 	Cosa 

2 
Z 	Z Cosa ~- 	+ s F- X Sires + Z (i1 Cosa - 4  rr  l~ Cosa  o 11 rr  2 ss 

F" Xss sina)] 

Z5 y A~rr Since - so Fit Xrr Cosa + Z2 (F 1 Xss Cosa + 'ass Since) 



Equating the magnitudes on both sides in equation (3.4) 

1z11 = I z + i 	z1+ - ~ 	 Z5 
0 	 0 

or Z12 ; (Z3 + irno z4)2 ~ (Z 	2 

	

5 i 	)  

0 

z32+ i 	2 z42 + 2 Z3 Z4 irri ~. Z 2 i 2 rim 

orire 2 (Z42 .;. Z52) + 2Z3Z4 	1 . (Z32 - Z12) 	0 
0 	 0 

or z6 i 2 +Z i 	+ 	0  M,0 	7 rmo 

where 
2 	2 

Z6 —4-- + ZS---- -- 

Z7 2Z3 Z4 

z8 = Z32 z12 

Equation (3.5) is a quadratic equation in i 
0 

which can be solved to obtain two values for i 
0 

The positive value gives the magnitude of i. 

Z +h 2 4Z Z„ 
...~..~ ~.....,a 6 

l~l° 1 
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Equating the angle of equation (3.4) ar is obtained as 

cc 	- tan F ' Xs _ tan-1 lrno Z5 

Having determined ar and 1m , phasor isn can - 
o c 	 o 

be determined from equation (3.3), which in turn gives the 

values of Ids and i .s , as its real maginary part, respectively. 
o qa 

Thus equation (3.1) is solved for given, value of slip, 

and values of i 	, i s s i .,l and ar are obtained. Varying 
o 

 q0 	0 	0 
the slip, entire operating range can be investigated. 

3.2.2 EQUATION OF NO LOAD SLIP 

Under.ideal,no load condition, the torque developed 

by the drive is zero. Ideal no load slip snl of the drive 

is calculated therefore by considering rotor currents to be 

zero. 

deferring fig.  (2.1) 

if -Z 
VR -Bb .......(3.8) 

where Eb = (1-s0) Y K f , i f (F-. wb ) is the back eraf in d. c. 
motor 

Substituting V1 from equation(2.13) in equation (3.8) 

~Y V Cosa 	(1-se ) F. wb 2 	
if it 	i'm  

P f  
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or 	(I snl. E2) Cosa = (1 - so3 f ti w-b 2 P F f 

where x~~~ .s. induced emf in rotor phase under stand still 

condition (r.m.s, value).. 

or 	{ 2. snl E1 ) Cosa, =(1-s) FR wb P Kf if a 

or 	(snl 	.) Cosa = (1_s) F.- wb K f i f 

as %1 E~ V sm 

Dividing equation (3.9) with Vbase to convert it in per unit 

( snl Vsm ) Cosa 	(l~snl) Tb P Kf if 
Vb 	Vb 

or 
n a 

sn1Vsm  Cos oc= 	 Kf _f 1 Fi-ZWb (l-s ) 
b 	.....(3.10) 

Substituting for K2 from equation (2.37) 

an1~IM. Casa = K2 (1-snl) FR 
K2 F 

or snl K2 Fib -~Vsm 6sa ,.. 
.....(3.11) 

3.2. 3 EXPRESSIONS OF SUPPLY CUNT AND POWEL3 FACTOR 

If phase currents are lagging the phase voltages 

by 0°, 'then referring to equation (2.8), expressions for 
phase currents may be written as' 
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ias a.sm Cos (O.4) 

	

0 	0 

	

1bs0 	
ism0 Cos(6..-0?3) 

ics 	i, 	Cos (6-O t 23 ) 

	

0 	0 
....(3.12) 

A~esolving these along d axis, ids may be expressed 
0 

as 

	

idso 	as 	bs 2 [i 	Cos e ~- i 	Cos (e - 2 	) r j 	Cos (a. -~ 2 ); 3 	 3 	cs 	3 

.... X3.133 
Substituting equation (3.12) in equation (3.13) and simplifying 

ids = i 	Cos ¢ 
0 	0 

Similarly 

iqs = ism Sin 0 
0 	0 

1......(3.14) 

•.....(3.15) 

Combining equation (3.14) and equation (3.15) 

1sm0 = / ids0 + 1 qso 

or 

J 2 	2 
+ lqs0 	...(3.16.' 

where IS is the r.m.s. value of ismo. 

From *equa6idn (3.14;-, power factor is obtained as, 

ds o 
....'.(.17) 

ismo 
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3.2.4 EXPRESSION FOR D.C. LINK CURRENT 

Combining equations(2.21) 

I 	22 
Irmo  , ldro + igro 

.. ,...  

Substituting equation (3.18) in equation (2.14) 

iP 2J3 ~dro + igr0  p, U. 
....(3.19)' 

3.2.5 EXPFESSIONNS FOR POWEiI INPUT, POWER OUTPUT AND EFFICIENCY 

Pi 	2 Vsm Ism Coscb Watts 

Dividing by Pb to convert it in per unit 

Pi 	2 ysm ism Cos 	V 2 sm sm Cos 
(p. u.) 	

4 
Pb 	 Vb .. ib .t,..._.. 

Vsm
(p.u.) sm(..) Cos O 

Substituting equation (3.14) :in above equation 

P. v i pu i 	sm ds •5 ........(3.20) 

Power output, Po = Te (1—so) wb F- P Watts 

Dividing by Pb to convert it in per unit 

Te (i—so) wb FEZ P _ ...—._.. 
M 	pb 

b wb 
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or P 	T 	(1-s ) F. 
° (p. u.) 	e (p. u.) 	o  

- 	.......C3.21) 
P 

percentage Efficiency = P° x 100 
z 	....... (x.22 

3.2.6. EXPrtESSION FOAL LOSSES 

In the ideal drive, mechanical losses such as friction 

and windage and iron losses i.e. hysteresis and eddy current 

losses are neglected. Only following copper losses are there--
fore present in the drive: 

(i) Stator copper losses 

(ii) =Zotor copper losses 
(iii) armature copper losses in d.c. motor. 

Stator copper losses ct~-st -= 3 1s :ss Watts 

	

2 .dso2 	~'qs 2) àss 

	

0

Pcu-st (p ,i 	2 
b zb 

_ 	2 	2 
Pcu-st (p. u.) 	('dso (p. u.) + lgsou.)) ass 

....(3.23) 

Similarly 

Rotor copper losses P 	fi 2 + i 2) Rt cu-rt dro qro rr 

....(3.24) 

Armature losses =ill 2 i1 	(° 	lrm )2 1I 
0 	2,/3 	0 
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2 

.p.u. 	2 
lb 2b 

2 

].t3 r 2 o (.0.u.)(p.u.) or 

1S C~dro (p.u.) + 1q r 	,i P(p.u. 

......(3.25) 

3$ ANALYTICAL RESULTS MW DISCUSSION 

Performance of the system has been computed by 

simulating the steady,state equations on , a digital computer, 
Flow chart and listing of the program developed in FOTRP 

language is presented in Appendix 3. Various performances 

characteristics viz, Torque-Slip, Supply Current-Slip, 

Fundamental rotor phase current_slip, Armature current slip, 

Power factor_ slip and Efficiency- slip are obtained using 

CALCOMP Plotter. 

Various measured parameters in p.u. of the drive 

are given in Appendix 2. 

In this drive speed is lowered first by field current 

control and then by firing argle control of controlled 

bridge rectifier. This is done to achieve optimum, system 

efficiency, as shown later in this chapter. 
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3.3.1 Vi RI TION OF IDEAL: NO LO -Z'AD SLIP 

.Ideal no load slip..is computed by equation (2.13). 

Variation of no load slip by field currcnt.control and by 

firing angle control is shown in fig.( .1). It clearly 

indicates that the speed of the drive can be lowered only 

to about 50. %: by field current control. By controlling firing 
angle, speed can be reduced further upto about l5. Thus 

the system gives a wide speed range in subsynchronous region. 

3.3 a SUPPLY CUE  NT- SLIP CH. RACTiiUSTICS 

Supply current drawn by the system has been computed 

using equation (2.5).Fig. 3.2 (a) and Fig. 3.2(b) show the 

supply current vs slip characteristics at different field 
current settings and different firing angle settings respecti-

vely. Both the curves show that supply current is same at no 
load slip. It is. nothing but magnetizing current. . Both. the 

curves show that supply current increases on increasing the 

load. Fig. 3.2(a) shows that current under standstill is 
constant under field current control. Fig. 3.2('t) depicts 

roughly parallel characteristics on changing the firing angle 

settings. Starting current decreases on increasing the firing 
angle. This indicates that the drive may be started by setting 
field current at maximum and firing angle decreased from 900  
till the drive develops sufficient starting torque. 

In Fig. 3.2(a) and Fig. 3.2 (b) , the points marked 

as full load points are the points when supply current reaches 
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the rated current of induction motor. These points should 

not be mistaken as co-,responding to rated output power. 

Since peak value of rated current is considered as 

1 p.u., the r.m.s. value of rated current is 0.707 p.u. as 

shown in Fig. 3.2(a). 

3.3.3 OUTPUT POWER — SLIP CHi 1bICTEISTICS 

Power output given by the system has been computed 

using equation (3.2.1). Fig. 3.3(a) and Fig. 3.3(b) depict the 

output power vs slip. curve at different f icld current settings 

and different firing angle settings respectively. Both the 

curves show that output power is. zero at no load slip and 

slip = 1. Meximuin power output and power_ output at .full load 

under field current control is fairly constant.[Fig. 3.3(a)] 

but decreases.significantly under firing angle control 

[Fig. 3.3(b)], 

3.3.4 INPUT POt^JE1 WSLIP CHCT ~dISTICS 

Power input to.the system is determined using 

equation (3.20). Fig. 3.4(a) and Fig. 3.4(b) show the 

input power vs slip characteristics under field current control 

and firing angle control respectively. Input power increases 

from zero as load increases and becomes constant at standstill 

condition [Fig. 3.4(a)] under field current control but. 

decreases at standstill under firing angle control [Fig. 3.4(b)]. 

Input power at full load remains fairly constant at increased 

field current settings but decreases at increased firing 

angle settings. 
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3.3.5 TORQUE -  -SLIP -CH:u-t,iCTE iISTICS 

Electromagnetic torque developed by the system is . 

computed by equation (1.41).. The torque vs slip characteris-

tics at different field current settings and different 

settings of firing angle are depicted. in Fig. 3.5(a) and 

Fig. 3.5(b) respectively. At zero field current setting, the 

drive offers f omiliar induction motor torque slip curve. 

Fig. 3.5(a) clearly shows that hardness of the curve „improves 

as field current is increased resulting in improved speed 

regulation but remains unchanged under firing angle control. 

Starting torque as well as full load torque developed by the 

drive improves with. increase in field current. This is due 

to the fact that d.c. motor provides additional torque, as 

shown later in this chapter. However the full load torque as 

well as starting torque fall with increase in firing angle 

settings. 

3.3.6 POWER F-`.CTO ~-SLIP CH.'~i2 ,CTE ~ISTICS 

Power factor vs slip characteristics for different 

field current settings and different firing angle settings 

are shown in Fig. 3.6(a) and Fig. 3e6(b) respectively. 

Power factor is very poor under no load condition. 

Fig. 3.6(a) shows that power factor is fairly constant at 

full load at all settings of the field current. Full load 

power factor, however, decreases as expected on increasing 

the firing angle ;,Fig. 3.6(b)]. This was noted earlier in 

equation(1.18). 
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3.3,7 EFFICIENCY SLIP--CHAFUCTERISTICS 

Fig. 3.7(a) shows that efficiency at full load ,is 

fairly constant at different settings of the field current, 

however, it decreases on increasing the firing angle settings 
[Fig. 3.7(b)j. It is for this reason that such drive be 

operated with as low a value of firing angle as possible. This 

evidently leads to the conclusion that for, the purpose of 
lowering drive's speed, field control be used with firing 

angle = zero as far as possible. Firing angle control be used 

only when field current control has exhausted. 

3.3.8 FUNDI MENTAL ROTOR. PHISE Ci IRENT - SLIP CH 'aX TEiIISTICS 

Fig. 3.8 (a) . and Fig. 3.8.(b) show the fundamental 

rotor phase current vs slip curves for field current control 

and firing angle,. control respectively. Under standstill cond-
ition, current is constant in field current control but decreases 

with increased, firing angle settings. Full load current rema-

ins fairly constant under field current control but decreases 

under firing angle control. 

3.3.9 ARMATURE CURRENT - SLIP CHAIRAC TE1LIS TICS 

Armature current-slip characteristics shown in 

Fig. 3.9(a) and Fig. 3.9(b) under field current control and 

firing angle control respectively are similar to fundamental 

rotor phase current-slip characteristics, It is evident 

from equation (2..14) also that armature current and fundamental 

rotor phase current are proportional. 
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3.4 FULL L0.< \]J PE a O u IC OF THE D)UVE 

Full load performance of the drive is shown in 

Fig, 3.10 to Fig. 3.1.6, for different settings of field current 

and firing angle. The drive is considered to be at full load 

tAhen peak value of supply current equals its rated valuo 

(1 p.u..) and the supply voltage is also equal to its rated value 

(1 r.u. ). It is aimed to determine drive's performaice under 

rated input V:?~, when speed control is exercised. 

Fig. 3.10 shows the variation of p.u. supply current 

and p.u. fundamental rotor phase current for entire control 

range. Supply current is constant at 1 p.u. Fundamental 
rotor phase current remains fairly constant in field current 
control region but progressively decreases as firing angle 

is increased. Power input and power output are fairly _constant 

under field current control region but decrease sharply under 

firing angle control region (Fig. 3.11). It is to be noted 

here that at a = e.o°, output power is zero. This is due to 

the fact that drive's speed under this condition falls to zero. 

Fig. 3.12 shows that under field current control region, power 

factor remains substantially constant since power input from the mai 

n~ 'is constant but decreases sharply under firing angle control. 

Stator copper losses, rotor copper losses and armature copper 

losses remain fairly constant in field current control since 

supply current, fundamental rotor phase current and hence armature 

current also remain fairly unchanged. This is shown in Fig. 3.13. 

rmature copper losses and rotor copper losses decrease under 
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f icing angle control but stator copper losses reamin fairly 

const<ant>,Fig. 3.14 indicates a sharp .fall in efficiency of 

the drive under firing angle control. However efficiency 

at full load remains fairly constant under field current,. 

control. It reveals that field current control is always 

superior than firing angle control and therefore latter should 

be adopted only in case of absolute necessity. 

Fig. 3.15 shows that torque developed by induction 

motor remain fairly constant but decreases under firing 

angle control as it is proportional to air gap power which 

is again proportional to power input. Torque developed by 

d.c. motor increases linearly being proportional to field 

current under field current control but decreases under firing 

angle control as armature current decreases. Fig. 3.16 depicts 

variation of full load slip in entire range. It shows that 

drive comes to standstill at a = 80o  confirming once again 

that output power is zero at a - 200, under rated input V..% 

condition. 

3.5 CONCLUSION 

Expressions have been developed for predetermining 

the steady state performance of a slip energy recovery drive 

employing a controlled rectifier. System equ:.tions presented 

predict the operating characteristics accurately. It is 

observed that field current control is undoubtedly superior 

than firing angle control but latter has its own merits as 

mentioned below: 



Li 
2 w 
U 
a U. w 

1G. 3.14 

2. 

 

1 

INDUCTION MOTOR TORQUE  

FIG. a.15 
0,4 

0.0 

t } ------~r. 	If 	20' 	40° 	00' 	so° 

PERFORMANCE UNDER RATED VA INPUT 



20' 	40" 	60' 	dC 

M 

Q 
W 
W a 
N 

°FIG.3.16: VARIATION OF FULL LOAD SLIP 



- 41 - 

(i) To reduce the speed further when field current control 
has exhausted. 

(ii) The necessity of a starting device like a 3-phase 

starting.. rheostat connected across slip ring 
to start the drive is eliminated as the drive can be 

started at high firing angle settings. 

It is further noted from the study of performance at 

full input (V rr s = i sm = 1.00 p.u.) that firing angle control 

should be adopted only when it is absolutely necessary. 



CI-LPTER IV 

S1'.BILITY 2N LYSIS 

This chapter deals with the determination of the 

instability regions of a static slip energy recovery system. 

Perturbation equations are developed by linearising the 

dynamic equations of the system about an operating point. 

Using the characteristic equation of the linearized model 

and Routh.-Hurwitz criterion, instability regions have been 

plotted. The effect of system parameters upon the unstable 

regions have been investigated. 

4.1 INTRODUCTION 

Performance of a,drive can not be .judged by. its 

steady state behaviour alone. Induction machines which are 

perfectly stable on an infinite bus may become unstable with 

controlled thyristors in the circuit. Static slip power 

recovery drive may display system instability in a particular 

operating condition with certain combinations of firing angle 

of the controlled rectifier and other parameters of the drive. 

It is necessary to identify these combinations to ensure 

stable operation. 

The stability analysis of a symmetrical induction 

machine has been carried out by Nelson, Lipo and Crause(10, ). 

Their investigation reveals that a symmetrical induction 

motor may become unstable at low speeds (low frequencies) 

even though balanced, constant amplitude, sinusoidal 



— 4~ - 

voltages are applied to the stator terminals. The influence 

of various parameters of the system on stability . has also 

been investigated and the following are some of their 

conclusions: 

(i) The region of instability increases with an increase 

in the applied stator voltage. 

(ii) •,n increase in the stator and rotor resistances 

promote system stability. 

(iii) Instability region is depleted on increasing the 

magnetizing reactance. 

(iv) decrease in system inertia results in an increase 

in the region of instability. 

Other researchers have also arrived at similar 

conclusions for the case of induction motor ( 11-16). 

Like induction motor drive, one may expect the regions 

of_instability in the present slip energy recovery drive_ as 

well. Apparently, although the presence of d.c. motor should 

promote system's stability, since it makes the drive's 

characteristics harder. 

Non linear differential equations expressing the 

dynamic behaviour of system have been linearised by the method 

of small oscillations. The perturbation equations of the 

system have been developed. The characteristic equation of 

the linearised model is o')taine d from the perturbation 
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equations of the system. The effects of system inertia, 

applied voltage to the stator, stator and rotor leakage 

reactance, magnetizing reactance, stator and rotor resistance, 

filter inductance, field current and firing angle upon the 

stability of the system have been investigated. 

4.2 APPLICATION OF SM\LL DISPLACEMENT THEORY 

NQQnli: ear equations (2.37 and 2.42) of the system 

are difficult to solve for a closed form solution. Therefore 

these equations are linearized about an operating point by 

the application of small displacement theory, and the 

important information about the system stability is obtained 

by investigating the resulting perturbation equations. 

- 	Derivation of perturbation equations of Ist and 

IIIrd equation of equation (2.37 and. equation (2.42) „re shown 

as typical cases. 

4.2.1 PERTURBATION EQUATION OF Ist EQU iTTON 070 EQUi~TION(2.37) 

From equations (2.37) Ist equation is written as 

) i 	. ~ F, Y> 	i 	--p i 	osa sm 	ss W~-' " p 	ds 	L~ ss qs 	M rm C r 
b 

+ F11 XM irm Sinar 	......... (4.1) 

Under steady state, above equation reduces to 

Vsm i~. = ss idso — Fit X53 igso + F1xM lrilzo Sinaro 
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Now if the variables are allowed to change by a 

small amount about an initial operating point, then 

X 

Vsm - (Rss+ wss p) (idso + Aids) - F Xss (i 	+ Qigs) 

	

-Lp (ice +Ai) Cos(cc 	+ga) -c- 
b 	o 	'o 

FR X1K(irm W Airm) Sin(ar + oar) 
4 	 O 

.....(4.~ 

In above equation substituting p ids = 0, 
o 

pir = 0 and equation (4.2), the final perturbation equation 
o.. 

reduces to 

X 

0 = (Ras + wb p) -Aids - Fib. X 	~t ss 4igs 

XM Irmo 
(F Cos (FR Cosar

o 
+ w- Sinar ) 

- 	b 	o 

	

+ XM(FI Sirar - ..,J . Cosa) 	,-,m 
o wb 	.....(4.4) 

Similarly, perturbation equation for Ilnd equation 

of equation (2.37) can be written as 

XS 
0 = F X ss Lids + (ltss + .,..a. p) pits + 

XM i (FR Sing/ - w.r Cosar) r 
0 	o b o 

XM(F Cosa' + Sina - -)©irm 
0 	o b 	.....(4.5) 
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4.2.2 PERTURBATION SQUTI0N OF Ilird EQU .TION, OF EQUATION(2, 57) 

Cosa 
K2 Fj(1-s) Cosa 	xP~I 	lds -~ s F XM yt 	- 

b 

(ire + Xeq, w ) it Cos (ar - a) 
ql 	b 

+SFZ Xrr i Sin(ar -a'! 

K. 
Substituting K3 Co 	and ar - a = a. in above equation 

K3 Fit (1_s)Cosar = XM Wb s -- s F j, Xm, qs 	(aegl+Xeal wb)irn  Cosa  r 

+ s F~~ Xrr irm Sjnaf 	.....(4.6) 

For steady state conditions, above equation becomes, 

K3 FR(1-:: 1 Cosao " `so F XPMxqso `- `fie q1 
Inn 

0 
Cosar' + 
 0 

so Fib Xr~^ i 	Sinai 

Now with small displacement of variables the resulting 
equation becomes, 

3 K F 7- (1-so -A~s) Cos( a +A) XM 	(i clso 	äs  -  ~ 	 ro r wb  

(so +: As) F:~ YIM tlgso 'r Aigs ) 

- ( eql Xegl w ) (lrm +AiM) Cos (c 0 	r 
b 	o 

+ (so + As) F Z Xrr(lrm + Ai 	sin(aro « _r) 0 
.....\4.8) 
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Substituting p(ids ) - 0, p(i  ) = 0, equation (4.7) 
0 	 0 

in above equation and neglecting the product of two very small 

quantities, the perturbation equation is,, 

X  Xo P 
0 = 	

ds  ~ 
Mp 	- F., XM so ,i + &ii ( - (~t 	+ nil ) Cosar. 
wb  t  qs  rm  eql  b  o 

, ;- Fib xrr so Sin a ] 
r 
0 

Xealp 

+ aar[K~ F (1-so 	r) Sjra 	+ (R 	+ -~ .. -~-) i 	Sira " + 

	

o 	e ql 	
rm 

b 	o 	ra 

+F" Xrr so i. 	Cosa ' ] na 
0  o 

+ As K3 F1 Cosar - F { XM ios '- F Xrr 1rm Sir 3 
-0 

0  0  
0 

•e•••(4.9) 

Similarly perturbation equation for IVth equation of equation 
(2.37) can be written as, 

p 0 = F1 XM so Aids + XM w i q,~ s - [F ., X so Cosa ro' + b 	 LL rr  
P  ~ e + Xe W) Sina i ]4'rm qz  q2 b  o 

r -[K3 F ~(1_so )Cosaro -- FiZ Xrr so 1 o Sinaro + 
nm 

(J. 	+ x 	- p -) i 	Cosa ' ]oar q2 q2 b o 4 

r Fit Sinar " F' XM ds - FEZ Xrr i 	Cosar ]As 
0  0  0  0 

• ... 

 

(4,10) 



4.2.3 PERTURBATION EQUATION IO,: TO ZQUJ 

Equation (2.42) is written as 

TL = XM irm'1ds Si.,- — iqs Cos) K2  rm ~ 2H F. ps 

......:4.11) 
For steady state conditions, above equation reduces to 

TLo-^_Nl~'rmi(ldsSiiuicro - ir,soCosaro) rK21x710 

..(4.12) 

Now, if a small displacement is given to all the 

variables, the above equation becomes 

T 	.-ATL XM(.iro + a.~. } (ids0 T Aids) Sjn (ara ~ 

	

(iqs + .Nigs) Cos(ar + . 	 )3 + K2(1i'p ~' 	+ 
0 	 0 	 0 

2H F p (so - As ) 

Substituting p (so ) = 0, equation (4q 12) jji above 

equation and neglecting the product of two very small quantities, 

the perturbation equation becomes, 

ATL X1~irLirm Sin' Aidsirm Cos' ar 	qs + (lds Sing p 	O 	 L 	O 	 0 	0 

K 	 , 
1q50 Cosc~r + ) oirm + irm (ias Cosar + 

	

 o 	r7 	 0 	0 	0 

q 	Sinaro ) .,ar 

so 
	+ 2H F ` p AS 

 ......(4.14) 
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4.2.4 FINAL PERTURBATION EQU.-_TI01~1S 

Final perturbations equations (4.4.), (4.5) 

(4.9), (4.10)..and (4.14) can be ti•.Titten in Yiatrix form 
9 

as, 

3 Z1~-ZZp 	Z3 	Z~+-~Z J , 	Z6-. Z7p 	0 i yids 

Za- 	Z 0+Z10p 	Z11+Z12p 	Z~.3 Z1~Fp 	0  

D r Z15P 	Z16 	z17+Z1 P 	1 1 •+Z 20p 	Z21 .01 ► of ` 	rm 

Z 	Z 	,, 	5p 	, 	+ 
22 	23

p 	Z 24 Z 2 	Z
26 Z 27„p 	Z28 

I 	r 
NT1 j I Z29 	Z30 	Z31 	Z72 	Z gip; 

I 
L5 

.......(4.15) 
where,, 

Z1 	
Res 
Xss Z2 	n. Ufb 

Z3 	~~ i -' 	 s xs 14 

Z4 	X F;.2 	r 
.o 

Z~ — XM Cosar~ 
b 	o 

Z6 	XI I rm F.Pi Coscxr 
o 	0. 

Z? M 	w- i 	Sincc 
b o rd 

Z8 = 	FZ xss 

Z _ :~ _7 9 	5S 1 
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x 	zz 

Z10 	wv 
i 

zii = ` F XM Cosax,0 

zl2 •, « t~~a Si utr0 

z 	= 	Xfi i po Fib Sinaz+
o 

x 
Z 	

_ M i 	Cosa' 
 - wb rmo 	0 

xM 
Zi5 	wb 

116 	 ' F XN so 

z17 	F 	rr so Sinai .. {fie Cosar~ 

z r, 	o 

Zug = K 'C, (1-so)) Sinaro + eqi irr0 Sinaro + 

' 	f 
F x s i Cosa Tt rr o rno 	ro 

X eq 

	

120 	 i 

	

20 	wb rm0 	0 

121 = K3 F1Z Cosa 	- F y'T~ lgso. 0 
F Z err I rmo S ro 

122 = Fib XM so ' - 116 

KM 
123 * Wb = z15 wnu u1 Umflarr of 

aw~u 



224 = - F Xrr so Cosar'~e 
q2 
Si' 

o 	0 

Xe 
q2 z25 	-- 	=Sit Z15 

X26 	K3 Fa (1-so) Cosaro + FEZ Xrr So jrrno Sinaro - 

iie i Cosa 
q2 o ro 

Xeq  

Z27 	rm .= -- i Cosar 
b 	o 	0 

K F. Sina 	+ F- X i 	* F. X 	i 	Cosa I X28 	3 It 	ro 	a. M dso 	it rr rmo 	ro 

Z29 = XM 'arm Sinar 
0  0 

z30 

 

-- XM irm Cosa 
0  0 

K 
z 	- 	X (icl 	Sina 	i 	Cosa f ~• 	2 
3I 	M so 	~t ro 	so 	ro 	M 

X32 = XM (id Cosaro 	'.s0 Sinaro) irm0 

z33 ^ 2H F1 

4,3  CH, CTi ISTIC EQUATION 

It is assumed that change in load torque is 

negligible for small deviation in speed, therefore 

substituting ATL = 0 in equation (4..15), dynamic equations 

are represented as, 
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0 Z1+Z2p 	Z3 	Z4•+Z5p 	Z6+Z7p 	0 l ,ids 
Ì 

° z8 	Z9`~Z3.On 	Z11+ Z12p 	Z17 Z11 p 	0 ' oigsi 

° — Z15p 	Z16' 	Z17+Z1, p 	Zl{,,4Z20r. 	Z21 ~irml 

0 Z22 • 	Z~3p 	Z24TZ~5p 	Z26";-Z27p 	L20 j mar 

; z2° 	Z30 	Z31 	Z~2 	Z33P As 

Characteristic equation of the system is obtained by 

putting the 5 x 5 determinant formed by equation (4.16). to 

zero. 

For simplicity five equations rep resented by equation 

(4.16) are reduced to three by eliminating any two variables. 

From 1st equation of equations (4.161), of ,; may be qs 
expressed as, 

Aigs 	L (Zl}Z2p)©ids .~' (Z4-: Z5p )oirm ~ (Z6+Z7p )Ar] 
3 
	 ......~4.17~ 

From IIIrd equation of equations(4.16), vs may be 

expressed as, 

As 	[ Z15p Aids +' Z16 Ai +gs 	(Z~7+Z13p)Airm + 

(Zlo,+z20p )mar] 

...........(4.18) 
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Substituting for i in equation (4.18) from equation (4.17)

rZi  

qs 

z  z z z Z2 16  16 4  1 As = 
Ic;-1 	2Z 	- 	 cis 	 -21  21 

f ( - -J'J p  Ai  
rm 

z16Z7 Z201 1 
72~ 3  21f i r 

......(4.19) 

Now, substituting for Ai and s from aquation(4.17)as 
and equation (4.19) in the remaining second, fourth and fifth 

equations of equation s(4.16), the solution is expressed as, 

C1 i + C  im + 	 C
13 1 ds 	12 i' 

C
21 Ai ds + C22 Ai 	+ 023  0

Im 

C3 Al
s 
+C  i m 	z ~0  0 

1 d 32 i 33 r 

where 

C11 	Z p2 + Z35p Z36 

z37 2 
Z38p + .39 12 

C13 
= Z40 p2 + Z41p 1- 

C 
21 = Z43P2 + Z44p + Z45 

C22 = Z46 p2 + Zp + 

. . . . . . (4.20) 
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023 = Z p2 Z50p 

2 
031 	 p + Z53p 

+ 754 

032 	Z 5 p2 z 56 ~ Z57 

0 	. Z 2 ~ Z 33 	58 p 	5 p •I Z60 

z2 z10 
z3/4 

3 

z35 	!Z_(Zlo Z1 + Z2 z9) 

z Zr, 
36 

z37 	10 

: 	

= 	 —(z9 :~ z10 z) 12 

3 

39 22 - ç 

Z40 

Z41 
= 	 (z9 z7 + z10 z6) - 

Z42.  

Z 	
z2 

43 = - 	2

z 16 Z2  
z 

zz 
 

z 	•.' 	
S. 

44 	- 	1 	28 	 -;' 
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45 
z 	+ 22 z 28 

Z1(- 	Z 
(9__) 
'Z3  21  

z46  - 

47 	= 
2 

4 
i15 

-  + Z25 	2832 
18 

721)  1 

48 z24  + Z28 - 

- 

= 
50 zi  26 + 	+ z28  (i 	- 20) 

z 51 z 26 z 28 
z 	z 
(JL 
Z3  Z 21 

z J2) 
z 21 

252 = 233  ( 
73 21 	21 z 

z c  z2 	zi  z16  
z53  = - 	'{ z33  

254 	Z29  - 
3 

255  z ( 6ç 	) 

56
= - 	2-_ z5 

 + 33 	z 3 	 3 21 	21 

z57 	- 	z4  + z31 



0 

— 56 

Z 	Z 	(z16  - 	-» Z20 

	

58 	33 3 z2121 

	

5 ' 	3 	 3 21 21 

	

z60 	z

Zo 
 Z6 '` Z3z 

Characteristic equation of the system can be obtained 

by equating the 3 x 3 determinant formed by coefficient of 
equation (4.20) to zero. 

C11 C12 	C13 

C21 C22 	C23 

C31 C32 	C33 

Simplifying equation (4.21), it becomes a sixth order 

equation but the coefficient of sixth power term is found to 

be always zero. It is not unexpected as 5 x 5 determinant of 

equation (4.16) clearly indicates that the order of the 

characteristic equation must be five. Thus the characteristic 

equation may be expressed as, 

D5 p5 +D4 p4 	D3 pj 4- D2 p2 +! p+ Da  - 0 

....... (4.22) 

where various coefficients, D5  to 00, are expressed as, 



05 	(54 146 Z59 
~ Z Z7 58 

Z35 z 6 z53)
34 

- (134 155 Z50 + Z 34 156 z + z 5 z Z49)
49 

- (57 43 
Z59 + 137 Z Z53 + ± z 3 z58)

38 

+ (57 Z52 50 + 57 153 149 
+ Z38 

Z52 z49 ) 

+ (Z40 Z43 Z56 
-'- Z40 Z44 Z55 + Z41 Z4

3 z55) 

- (z40 152 Z47 + Z 0 153 z + z41 z52 z46)
46, 

'4  
(z34 Z46 Z60 + Z34 

Z47 
Z5 

+ Z34 Z43 Z + 
 58 

135 Z46 59 + Z35 
Z47 150 + Z 6 z46 z58) 

- (Z34 155 151 + Z34 Z55 Z50 ~ Z34 Z57 Z
4 

+ Z35 Z55 50 + 
Z 5 Z56 49 

+ 56 Z55 z9) 

-(z37 Z43 160 + 137 Z Z5 	57 Z45 Z58 + Z Z13 2 

+ 5, Z44 Z53 
+ Z30 Z43 Z5,) 

+(Z37 152 Z51 + 137 53 Z50 
+ 
Z Z54 Z49 

Z38 
Z52 Z50

37 

~ 58 Z53 Z4 + 139 152 z49) 

+(14Q Z43 Z
.57 
 + 140 Z44 56 + Z40 Z45 5 	Z41 Z43 Z56  

+ z41 Z44 Z55 
+ 

¼2 Z43 Z55 



- (Z40 Z52 Z48 
+ Z40 

Z53 
Z47 

+ Z40 Z54 Z
46 ~ Z41 

Z52 
Z47 

 

+ Z41 Z Z46 + Z12 Z52 Z461 

D3 
	(z34 z z60 + 3

4 
z 8 z5, + z 5 z 6 z60 + z35 z z59 

~ z35 Z48 z58 + z36 Z46 5!,'J) 
+ z6 Z47 z53) 

- (z34 Z56 z51 + z z57 z50 + Z,5 Z55 Z51 + Z35 Z56 Z5034 

+Z 
35 57 49 	6 55 

Z Z ~z z Z 
50

i-z36 z56 z4 ) 

(Z37 Z z 	z37 z 5 z ~ z, z 3 z60 + z, 44 z5 

+ z38 z45 z58 + z39 z43 z59 + z z44 Z58)
39 

+ (Z37 Z53 Z ~ Z37 Z Z50 ~ Z Z52 Z51 + Z Z53 Z50
51 

+ Z 	Z 4 Z49 ~ Z. Z 	Z50 ~ Z 	Z53 z4 ,) 

+ (Z40 Z44 Z57 + z 
	z 5 z 6 jI. z 1 z z57 + 

Z41 Z44 z6 

+ Z Z5 Z55 
+ Z Z Z56 + Z z Z55) 

- (z40 z53 z48 + z40 z54 ¼7 Z41 Z52 Z 8 
+ Z41 Z53 Z47 

 

+ 
Z41- 

	Z46 + Z42 Z52 Z47 + Z Z53 Z46) 

D2 = I (Z34 Z48 Z60 + Z35 Z47 Z60 + z35 Z48 Z59 

+ z36 z, z60 •F Z36 z47 z 9+z36 z4 z58) 
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(Z34 z57 z51 '1- z 5 z56 z + Z 
35 Z57 Z50 

51  

+ z36 z5 z5 .. z3 z56 z 0 ~ z 	z57 z4,) 

- (z37 Z, 5 Z60 + Z 8 2 Z60 ~ 38 Z45 Z59 

+ 
39 Z43 z60 + Z391 Z44 Z59 + 

z3, Z45 z58) 

+(z 2 Z +Z Z Z 
37 54 51 	38 53 51 + Z33 Z54 Z50 

+ z39 z52 z51 + z39 z53 z50 + z39 z54 Z49) 

+ (Z40 Z45 Z57 + Z Z 	 57 Z41 Z 5 Z6 

+ Z42 Z43 257 + Z2 z 44 z 
+ '42 Z45 z55)56 

(24 0 z z + z41 z53 z48 ~ z41 54 z47)
54 

+ z42 252 z 4a + 
z42 z53 Z47 + z42 z54 z46) 

35 Z48 Z60  + Z36 Z47 z60 + 
z36 z48 z59) 

-z z z 
35 57 51 + 36 56 Sl + Z36 	z50) 

- (Z30 Z45 Z60 + Z39 Z44 z60 
+ 

z39 z45 z50) 

+ (232 Z54 Z5 ~ Z39 Z5 251 + Z39 Z54 z50) 

(Z41 Z45 Z57 + Z42 Z44 Z57 
+ Z42 Z45 Z56) 

- (Z41 z54 z + z42 z53 z + z42 z54 z47) 



Do = 	Z36 Z48 Z60 +r Z36 Z57 Z51 + Z3-- Z45 Z60 

+ Z
39 Z54 Z51 4 Z42 Z45 Z57 "" Z42 Z54+ Z48 

Equation (4.22) may be normalised to minimize the 

variation between the minimum and maximum value of the 

coefficients. 

Dividing equation(42) by D5 

'f' 	p2 + D p 
5 	5 	5 	5 	5 

...........(4.23) 

Let •~ = y5, where y is a constant equation (4.23) becomes, 
5 

T)5 `" ,k P4 + D3 p3  + v p2 ' 	Y5 ... 0 
5 	5 	5 	5 	...........(4.24) 

Dividing by y5 and defining another differnetial operator 

q = Yp equation (4.24) becomes, 

q5 	4 + 	j z 3 + D5 3< 2 ' D 	q y 1- 0 

........(4.25) 

The various Z terms appearing in the characteristic 

equation (4.25) are functions of the Z'a (Z1 to Z33) appearing 

in perturbation equation (4.16), which in turn are expressed 

in terms of drive paraneters, the steady state currents ids , 0 

' arm and ar corresponding to steady state operating 
0 	0 

s'ip s o at a given d. c. motor field current If and given 

firing angle a of the controlled rectifier.. 
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4,4 STABILITY STUDIES 

Numerical values of various coefficients of 

characteristic equation (4.23) can be determined and therefore 

stability test can now be applied; These coefficients are.. . 

arranged in Routh array. Stability of the system is investi-

gated by determining change of sign of the elements appearing 

in first column of Routh array ( 22) 

The computer program isFORTAN language for the 

stability analysis is so written that the logic involved 

can determine directly whether the system is stable or not 

for given system parameters. Flow chart and listing of the 

program used, are given in Appendix 14. 

Present drive has an induction motor as its main 

motor. It is well kn.cw,.ri that induction motor offers stable 

operation when supplied from a 3 phase source of rated voltage and 

of rated frequency. However, it may show region of instability 

when supply frequency is considerably reduced. The present 

drive has a controlled rectifier and a d.c. motor directly 

coupled to the induction motor. These components should 

logically influence the stability behavior of the drive. 

In order to systematically establish the contribution of d.c. 

motor and the controlled rectifier in influencing the stability 

of the induction motor, present study takes up first the 

case of induction motor alone, establish its stability behavi "r 

The effect of other components is gradually introduced next 

and change in stability behaviour is noted. 



-- 62 - 

Stability behaviour of induction motor has been ... 

reported by several researchers (9-13 ) in torque -requency 

ratio plane. The same representation is used here although it 

may be noted that the slip energy recovery drive, Considered 

here, operates from a rated voltage rated frequency source 

and hence frequency ratio is always unity for the drive. The 

variable 	'frequency ratio ' is introduced only to faci- 

litate the study of stability behaviour of induction motor 

alone. 

In variable speed induction motor fed.from.a variable 

frequency source the amplitude of the applied voltage is 

typically decreased as frequency decreases in order to avoid 

saturation of the machine. However, if the voltage is 

decreased in proportion to the frequency, the breakdown torque 

is depleted significantly at low frequencies since an increased 

percentage of the applied voltage is dropped across the stator 

resistance as frequency is reduced. In this study, as a 

single means of 1) compensation the voltage required to produce 

rated flux linkage at rated load (TL = 1.0 p.u.) and rated 

speed (FR M 1.0) has. been predetermined. When system is 

operating from a variable frequency source, the terminal 

voltage has been adjusted so that for any frequency, 

V = VK + F.~ V sm 	 in ......,(4.26) 
where VK = 0.025 and V. = 1.0 P.U. 
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From equation (4.26), it is evident that the constant 

factor V serves to compensate for the stator iR  drop at 

very low frequencies. 

i1egions of instability can be determined in torque—. 

frequency ratio plane for the induction motor. 	particular 

value of frequency ratio and motor parameters give., a point 
on the instability contour if slip is varied from no load slip 

to unity in small intervals, say .01. This process is again 

repeated after giving a very small increment to frequency 

ratio. Thus a number of points are determined on the insta-

bility contour. Finally all these points are joined together 

to demarcate the regions of instability in torque-frequency 

ratio plane. The effect of changing the various parameters 

on the instability region are then investigated 

4,5 STABILITY FESULTS OF INDUCTION NOTO d 

The per unit parameters of the induction motor are 

given in Appendix II. It is observed that this motor shows 

absolute stability at all frequencies, when fed from' a 

variable frequency supply. The motor does not depict inst-

ability even if one of its parameters is varied by ± 20percent 

However motor Thecomes unstable, if its inertia constant is 

taken as low as .05 sec and its rotor resistance in p.u. as 
0.015•. 	The unstable region under these parameters is 

depicted by the area enclosed by curve II of Fig. 4.1. It 

may be noted that instability occurs in frequency ratio range 

of 0.5 to 0.74. 



FREQUENCY RATIO —•-----to 

FIG.4.1:INSTABILITY REGION FOR INDUCTION 
MOTOR 
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In the present drive the supply to induction motor 

is o. constant voltage and constant frequency, both fixed at 

rated values. Thus frequency ratio is always unity. In order 

to see the- effect of additional components of the drive on 

stability behaviour of the induction motor at unity frequency 

ratio, it is necessary to.  first, note the behaviour of induction 
motor alone at unity fret... ratio. This is done by further 

reducing the values of RrrandH to .01 and .03, respectively. 

The resulting stability contour is shuwn by curve (I), of 

Fig. 4.1. It may be noted that under .these parameters, a 

large unstable region is present and the motor is unstable 

even at unity frequency ratio up.to a load torque of 1.2 p.u. 

Considering this as our base curve, the effect of varying 

other parameters may now be studied. 

The values of parameters and the quantities varied 

in each case are given in table 4.1 

Figure Inertia 	Applied Voltage Stator 	Rotor 
Constant 	V 	2esistance Resistance 
H 	m 	L 	1 a.. _ .. s  s 	rr..,. _....+..._ 

4.2 Varied 1.0 0.058 0.010 

4.3 0:.03 Varied 0,058 0..010 

4.4 0.03 1.0 Varied 0.010 

4.5 	0.03 	1.0 	0.058 	Varied 

Table 4.1 Per Unit parameters of induction motor 
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4.5.1 EFFECT OF INERTIA CONSTANT 

Regions of instability. for H = 0.03, 0.04 and 

0.05 second are shown in Fig. 4.2. It is observed that 

H .= 0.03 second produces the largest area of instability as 

compared to other two value of Inertia Constant. Stability 

contours also show that the stability is inproved.with increased 

inertia contant. - 
4-.5.2 EFFECT OF APPLIED VOLTAGE 

Regions of instability for Vm = 0.9, 1,0 and 1.1 

are shown in Fig. 4.3. For Vm = 0.9 instability, region 

present is smallest. This indicates that the region of 

instability increases with an increase in terminal voltage. 

4.5-.3 EFFECT OF STATOR RESISTANCE 

The contours shown in Fig. 4-.4.depict the effect of 

stator resistance on the instability region. Regions of 

instability are shown for ass - 0.45, 0.050 and 0.058. It 

is noted that region oI instability increases on decreasing 

the stator resistance. 

4.5.4 EFFECT OF ROTOR RESISTANCE 

Variation in the region of instability due to 

change in rotor resistance is shown in Fig. 4.5. Contours 

for rr = 0.008, 0.010 and 0.012 are shown. It reveals 

that increasing rotor resistance tends to stabilize the 

machine. 
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Rss- 0.058 	 1 
Vm - 1.0 

II 
Plot H 
I 	0.03 	 III 
II 	0.04 
III 	o.jj  

m 0,8 

0.4 

0. 
FREQUENCY RATIO ----•-0 

FIG.4.2:REGIONS OF INSTABILITY FOR INCREASE 
IN INERTIA CONSTANT 

1.6 R0.058 
Rrr =0.010 
H=Q030 

1.2 Plot Vm 

I 1.0 

II 0.9 

W 0.8 

a 
0 e 

,4 	0.6 	0.8 	L 
FREQUENCY RATIO -- ----b- 

1, 2 

a 

II 

FIG.4.3: REGIONS OF INSTABILITY FOR DIFFERENT 
VALUES OF APPLIED STATOR VOLTAGE 



FREQUENCY RATIO  ---0  

FIG.4.4. REGIONS OF INSTABILITY FOR DIFFERENT 
VALUES OF STATOR RESISTANCE 

FREQUENCY RATIO  

FLG.4.5: REGIONS OF (NSTABrL(TY FOR CHANGES 
IN ROTOR RESISTANCE 
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The induction motor parameters in present case 
are such that it does not beco:e unstable even at low frequ-

encies. However by considering reduced values of rotor 

resistance and inertia constant, it has been possible to 

find instability contours on parametric variation. The 

conclusions drawn tally with those reported by Nelson Lipp 
Krause ( 10 )y  although some parameters have been greatly., 

reduced to observe unstable region. This approach, will now 

be extended to study the effect of other components of the 

drive. 

4.6 STABILITY RESULTS OF TIE COMPLETE DRIV 

4.6.1' EFFECT OF D.C. LINK RESISTANCE AND REACTANCE 

Stability of the drive is now investigated. In the 

process, the first step chosen is to see the influence of 
D.C. link resistance (R) and reactance (X) on the stability 

behaviour of induction motor at unity frequency ratio, already 

obtained in the form of curve.  (i) of Fig. 4.1. The values 

of field current and firing angle are kept as 0.0 amp and 00  

respectively, so that their effect is eliminated while studying_ 

the effect of R and X. The results are shown in Fig. 4.6. 

It is observed that the unstable region decreases 

as values of R and X are increased. It is noted that motor 

becomes stable at unity frequency ratio when R and X are 

.007 and .05 respectively. Therefore, to investigate the 

stability behaviour of drive at unity frequency ratio as 



D 
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FREQUENCY RATIO -------~ 

FfG.4.6:INSTABLITY REGIONS OF SLIP--ENERGY 
RECOVERY DRIVE 
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mentioned in section 4.5, values of R and X are chosen as 

.005 and .01 respectively, for further study. 

4.6.2 EFFECT OF FIELD CURRENT 

The effect of field current on stability of the 

drive is now studied. For this purpose, the firing angle is 

set at 0°  and the effect of increasing field current is noted 

on stability curve (I of Fig. 4.6. The values of field 

current chosen are 0.05 and 0.1 amp and the results are shorn 

in Fig. 4.7(a). 

It is noted that area enclosed by the stability 
curve goes on increasing as field current is increased. 

Fig. 4.7(b) shows the unstable region at unity frequency 
ratio when field current is increased from 0 to 0.4A with 

other parameters of the drive remaining unchanged. The level 

of torque beyond which the drive will work under stable 

condition increases with increase in field current. The 

nature of this curve is found to be similar to the one 

reported by Venkatesan (16 ) for a similar drive with 
uncontrolled rectifier. 

4.6.3 EFFECT OF FIRING ANGLE OF CONTROLLABLE RECTIFIER 

In order to study the effect_ of firing angle, 
the field current of the d. c.motor is set at zero and 

firing angle setting is increased. Fig. 4.8(a) shows the 

results for a = 0°, 20°  and 40°. It is noted that as 

firing angle increases, the unstable region goes on reducing. 
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Fig. 4.8(b) shows the unstable region when frequency ratio 

is unit!. The unstable region is seen to be limited in this 

case for operation with a = 00 to 280. 

4.7 CONCLUSION 

From stability point of view, the drive is found 

to be highly stable, i variation of -- 20 percent in its 

parameters too does not bring instability in the entire operat- 

ing range of the drive. However if some parameters are excep-

tionally reduced, unstable regions appear. With these low 

values of some parameters, the effect of other parameters on 

stability is studied and following conclusions are drawn: 

(i) Increasing stator resistance ;r proves stability. 

(ii) Increasing rotor resistance improves stability. 

(iii) Increasing inertia constant improves stability. 

(iv) Increasing applied voltage deteriorates stability. 

(v) Increasing d. c. link resistance and reactance 

improve stability. 

(vi) As field current setting is increased from zero to 

maximum value, the minimum torque for stable 

operation goes on increasing. 

(vii) In firing angle control, unstable region is 

limited in the present drive upto 28°. This 

suggests that operation at higher firing angle 

is more stable-. 



CHAPTER V 

CONCLUSIONS 

The aim of this dissertation has been to study the 

steady state and stability behaviour of a constant power type 

slip energy recovery system employing a controlled rectifier' 
in rotor circuit of induction motor. A rigorous mathematical 
model has been developed based on coupled circuit approach. 
The model has been used to investigate the steady state and 
stability behaviour of the system. 

Expressions have been developed for determining the 
steady state performance of the system. Full load performance 

of the system has been investigated which reveals that field 
current control is. superior than firing angle control and 

latter be adopted when it is absolutely necessary. 

Stability analysis has been carried out using the 

linearised equations around an operating point. It is 

observed that the drive is highly stable. A variation of 

209 in its parameters fails to produce instability in the 

entire operating range of the drive. However if some param-

eters are reduced exceptionally, unstable region appears. 

With these low values of some parameters, the effects of 
system inertia, stator resistance, rotor resistance, applied 

voltage, d.c. link resistance and reactance, field current 

and firing angle of controlled rectifier on stability have 
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been investigated and following conclusions are drawn: 

(i) Increasing stator resistance improves stability. 

(ii) Increasing rotor resistance improves stability. 

(iii) Increasing inertia constant improves stability. 

(iv) Increasing applied voltage deteriorates stability. 

(v) Increasing d.c. link resistance and reactance 
improve stability. 

(vi) Minimum torque for stable condition increases on 

increasing field current settings. 

(vii) Instability region decreases on increasing the 
firing angle. 
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APPENDIX 1 

SPECIFICATION OF INDUCTION MOTOR aND BASE V-ALUES 

	

1. 	Detailed specification of induction motor - P.S.G. 

Industrial Institute Coimbatore 

IN JJCTION MOTOR 

Made in India 

MACH NO, 40876 	 Frame 	MS5W 

Volts 	230/400 V, PH .3, 	CY 50, 	CON o/Y 

KW 	5.75 	H.P. 5, R.P.M. 	1440 
mps 	7.5 Rotor volts 140, Rotor amps. 22 

Rating CONT, Class of Insulation A 

	

2, 	Base values for various quantities 

Unit current = Peak value of rated current =.10,6. A 

Unit voltage Peak value of phase rated voltage = 325 V 

Unit impedance - Unit .Volta,& = 30.66 ohms Unit current. .. 

Unit power = rated apparent power = 2 x 230„/2 x 7.5 fl 

5.1751 
Unit frequency = Rated frequency = 50 Hz 

Unit electrical angular speed = 2nf b = 100n radians/sec.. 
Unit mechanical speed = nf b = 50it radians/sec 

Unit torque = Uni ower 	,~  
Unit mechanical speed 	50n 

39.23 N-m 
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APPENDIX  2 

PAil'filETE, RS OF DIVE 

1. ACTUAL PARA1€TER VALUES 

The values of measured parameters of the three phase 

induction motor are as follows: 

1.8 ohms 

Rrr 0.28 ohms 

a 2.85 ohms 

' R'rr 2.21 ohms 

R = 	1.3 ohms 

R / = 	10.56 ohms 

X = 	24.3 ohms 

201.4 ohms 

Xss = 92.1 ohms 
X rr = 11.3 ohms 
X12 + 31.0 ohms 

X ! = 92.1 ohms rr 

XT1 = X12 = 88.57 ohms 

2. PEA.--UNIT VALUES OF PAS ail'! TERS 

Parameters when expressed in per-unit form are 

X 	= 3.0, 	Xrr = 3.0, 	XM =~ 2.9 

;ss = 0.058, 	R rrr _ 0.072, 	R = 0.344, 

X = 6.57 

Kf = 3.5 Volts (rad/sec)/field ampere 

H = 1.4 sec 
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rl1 	 D..1.1a 

/ +Start r' j 

!lead drive parameters Rss , R , `'ss, Xrr , XM, Vsm, R, FR 

Read values of if, a and slip 

interval 

n 

to approximate no load slip s 

uation (3.11) 

Uompute exact no load slip correspo--j 

nding to drive torque = 0  

Compute steady state values of 

iqs ' irm ' ar ' O, Ia , Pi, Po 0 

 

o.  o  0 

and efficiency 

• Slip = Slip v 	 _ 
Print steady state values computed ~ ,}._interval 

	

above 	 _.-----s 

computation over for 

all values of 

slip 

Yes 

Stop 

Flow chart for steady state calculations 



$ 	PROGRAM FOR STEADY STATE FF.RF uRAr.CF; OF A SLIF t i;Y K.r,Co V E R Y 

$ 	ALL PARAFTE.RS ARC; FED IN PER U.,11.. 

$ 	1'H1S PROGRAM DIRECTLY GIVE'S• TURUUE,SUPPLY CuRl t.T,t'U L)A 	4TAL 

$ 	ROTOR PHASt, CURRE:NT,POWER FAC'TOK,PUAJJR INfrUT' POnl,K uur'uT 

$ 	DC LINK CURRENT HND k. f'FICIH r3C( LN' TI DRIVi.. AT STLAi)Y 

S 	STATE FUR A GTV-.`! VALfJL OC SLIP,FIELD CUkth..;'IT ALL) AL@'A 

nT"1aSXU KF(5) . 	 RUTATiO1 L VUL'TAGt. CO 'Fr IC;tl 

CO41PLEX X, C, D, F, F 
R.:.At, IFt)i K , IRf , IS,ILS, IS, Tti4t, I h, KE, IA 

iJ=1UO; W=100 TO Ujvi• AN 1NChr:M W'1' OF .01 TO Tie. SLIP 

KF(1.)~•4.05;KF (2)=.i. l5;KF(3)=3.3 ;$.F'C4)=3. 

R65=.O55 J 

L24! 	MAX LIMIT Leh f• I~,LU CUKRk.N'1' 

xss=.3. 
xxx=3. 

V 511=I. 
RKR=.072 
R=.344 

Fps=1. 
PY=3.14 5921 
DO 100=0,RU,20! VARiAT.UN OF tIKI.G AtGI 
ALFA= J4PY/ 1 ~3O. FIRIN(. At LE IN KA.DIA4S 
DO 1OK=L1,L2! 	VARIATION OF r'ILLU CURPLlif 

I1 ; I23 
IF(K.EQ.L2)L1L2 

IFD=K/1O. 
K2=().8287401*KF(.K) *IFL) 
SuL=K2 k'R/(K2*FR+VSMI~CUS(ALE'A) ) 

$ 	•APPROX NO LOAD SLIP IS CALCUl' ATt.L) 

TPL1,0,IFD,StaL 
Do 1OI=1,N! 	VARIATION O.JC S(.LP 
AI=.0 

18 	 : ~►1/„ 
$ 	SLIP IS VARIED AT A REGULAK INTERVAL UEPE-'NDIric; UPON 

Sri=S 

IVC8:4L.GT.S)GOTLIQ 
Ik^'(I1.GE.1)G0TO16 

$ 	EXACT U LOAD SLIP .IS UI TAINE1) by SF. NS1NG TUROUr, 

LL1.L* 1+', 0Oti 
L! _WL+1br 
I1=~. 

iE 	Du2 tSJ=LL, LM 



t: }5 IF ( t2.2(U.1)(,0T017 

v t7 IF(a.Eu.U.).5=t;,01 
=)48 $ STSADY STATE 	SOLUr'IUt, 	EQUATIONS 	04 VE:LUPLD 	AKE. Fr:U 
iqg 17 L1(VS*'. 	S*FKX)/,i(1K!'(k5S*KStE'K'~rK*1 5 	Xis) 

'S4 Z2=( S*F8l9FR*X ,1*X;-,) / (S*RSS+FK*r'R 4 XS5*XIS ) 

x,51 Zi=K2 	FH 	C1.-S)/CUS(ALK) 

-., 52 7.4=kkR*COS(ALFA)t~'Y 	PY*x/Glii.*C~15(ALFA))tS#E'4t'~Xr~K+Sif~(AUh'A) 

:S3 

 

I+Z2*(RS&*COS(ALFA)*~FR*XSSIP (A[ ?'A) ) 

z5=Y,kR4SI 	(ALFA)-S 	E'tt 	XKK'C~)S(ALiFk)+ 

55 1Z2#tE'P*XSS*Ct7S(ALFA)+K.`i,S*SIt►(ALFA) ) 

S6 Zia=G44Z4+Z5 Zb 

Z7=7.*Z.3 	Z4 

58 Z8=Z3*Z, -Zl4 Zl 

.'59  

QfQ FLFR-PY/ 	.~AIA,N(Fci*XSS/XS.b)-AlAN(("I 	.'441 Z5)/1L3+1Kr-*L4)) 

b1 B=A(.F R-Ai FA 

. C-CMPI,X(COS(ALFA) I -SLI (ALt°A)) 

:.'63 D-C 	PLXtCOS(r1LFP.),SXJr(ALFK) ) 

ECt4P ,XCu. 	F 	) 

05 F=Ci PLX(RRR r S+FR#XRH) 

b6 $ PHASOK 	ISN 	IS CALC1JLATEI) 

>L7 Y=((f  

t)9 ASMCABS ( Y)  

do P=I x;1/1.4142! 	RS 	VALUE. 	OF 	LS 
PHIA.iAf(AID 	 G(Y)/REAL (Y)) 

('72 IDS=ISM 	CQS(PH'i.I) 

;!73  

74 IDR 	iR ~ 	CO5(i3) 

075 IORglRM*SINN 3) 

IJ76- OR' OQIFl 	X ,kl* (.ADS*1QK-1US*JD) 

5.77 T'CRQ[)C=K2*I 	t 
i~78 TCR =TGRc1MtTURQDC 

079 	' XF(r'oRO.L.J)GOTO2G 
80 1F (TORO.t,T.Q. 	1)GOTO15 

O31. 20 CUWTItl;UE 

• 83 

 

I21 
!.U4 PF=IL)S/ISM 

..85 IA=.9t+69UIR""; 	ARMATURE 	Cl3RftNT 

PI 	YSM*1DS 
"b7 PQ=TOR0w(1.~S) 	FR 
~b8 S1.=CIUS*Yf~S+IQ5*IUS)*K~a> 



R1i 	(ILDRw1DR+IDR*IUR) 

91 FFF 	PC*1t')./PI 

L92 AI.SN K 	AN 	L)N Gkz  

93 Q 	JKi-/1. ,1142! 	IRM 	Ir 	hMb 

t.94  

9 TYPL2 ? S I C I ALFD I P I IDSIIWb,IDR, 	0K) 	Ial',Pl f PQ,:.,I.,,IZI~,At, ,'1'G~t~W,~:ht',!A 

96 IF(S.L7.S3)Gf3)L716 

L97 	10 CUNIINUE 

U 98 	2 FORMAT (16F8. 3, F5, 4" ) 

099 	1 FURt!AT (//,4X, 'FIRJNG ANGLL=',13,' D :GR E'IPXjF1LLD cw.tt 

G!} 1 	NT=',F6.2, lGX,'N0 	bCJAL) 	;,LIP=',E b.4,/, 

1' 	SLIP 	IRM 	A1,k k 	ism  

024 1'ICis 	JUR 	IUn 	QWEK 	FOv°ik.k 	PUWFR',7X, 
•X13} 1'CUPPER 	I,USSF S', 7X,'TUf QUE 	EtF 	IA',/, lOX,' (tkMS) 	1) 

4'4= )EGREE 	(RMS)', 

05. 135X,'F'ACTOR 	INPUT 	OUTPUT 	STAOR 	1GTUR 	AkiN 	TUR ;',//) 

06 STOP 

07 r. f) 

4. 
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APPENDIX 4 

Start / 

Read drive parameters ss, Xssi 	R, X, H,Fb,rrO 
I, K, , V, Xm 

Reà value f slip interval and frequencyitio 
interval 

ornpüè steady state values o  rm  
andtorque at no load slip 	° 	° 
0 

te characteristic equation coefficients D5  D4,I 
D3,D2,and Do  and normalize them 

se normalized coefficients in a 
array 

s  of first column 6'r  
Routi-i array is 	le 

lYas 
-_IS 

_&nputation over 
----al,l values of 

H ..--..-.... 

+intervall 	Yes  

print all characteristic . '  
quation cdefibients, 

Itorquo slip and'freqiiéncy 
lratio 

'IL 
1S.1p= lip 

N.. 	interval 

N 	__-eutation over for all 
of frequency rats 

es 

1rT
s
top7 

Flow chart for stability analysis of the drive 
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