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A LLI_L G T 

The closed--loop solid state resistance controller for 

a three phase slip ring induction motor has been designed 

fabricated and tasted, The contrtillcr consists of two banks 

of three phase resistors, in the rotor circuit, one of them 

connected in series with the thyristors and another one in 

parallel with thyristors. The speed variation is obtained by 

varying the rotor resistance between Rai and R0 by using 

integral cyclo control. The various fdnctional blocks which 

govern the behaviour of the system for small variations about 

the operating point are described. The responses For load and 

reference speed perturbations are obtained analytically. The 

analytical results are compared with the experimental values. 

The same solid-state resistance controller has been modified 

to obtain optimum dc dynamic braking. The braking with slip-ring 

shorted, optimum resistance In the rotor circuit and with solid_ 

state resistance controller are investigated. The braking perPor-

mance characteristics have been obtained analytically for each 

of the above methods and compared with experimental results. 
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LIST t3F 	SYP SOLS USEL 
awn Yit ~M~11111I w'iMl 	~f'w#~FMI 

61MBOLS DESCRIPTION 

a Stator rosietance/qi 

XI a Stator reactance/q 

i2 Rotor reoistanco/q 

X2 a Rotor reactance/ 

Ria a Resistance in parallel with the tt yristors/ 

RS a Resistance in series with the thyristors/ 

Rn, 	ftp a 1agnetis1n9 branch components of the machine. 

Rt, a £ uivalent rotor resistance 	speed control 
Scheme/o 

Otte Equivalent rotor resistance plus rotor reals- 
tance for do dynamic braking/p 

p..u. 	firing control delay. 

VR a dc reference voltage 

VC a Output Voltage of controller 

fl a Slope of ramp voltage generated by ramp generator. 

Ur a rotor speed in red/sec. 

V Voltage applied to the Stator of machin% 
(speed control scheme ) 

f a Frequency of the voltage applied to the stator, 

wro a Steady state rotor speed in rad/sec„ 

O(C a p.0 firing delay at steady state speed. 

Is = Stator currant/ 



(v) 

Ir rotor currentjc 

Es Stator applied voltage of theven :n's equiva- 
lent circuit.of machine. 

speed 
Sr Slip for closed loop 	control. 

We Synchc'cnous speed of the machine. 

Id Stator excitation for dc dynamic braking. 

E X2 Air gap em?. at synchoonaus speed. 

Sd Slip for dc dynamic braking condition. 

Ian Resultant alternating curren ofor brakkng, 

Ero rotor em? at at synch speed for do dymamic 
braking, 

Er Rotor em? at other than synch speed. 

~► Angle between Er and It. 

5cr Slip for which torque Is maximum. 

K1 combined gainc conatant of techogenerator, 
rectifier and filter. 

`- Effective time constant of filter. 

Kr Proportional gain constant of controller. 

KC/ 7C 

 

Integral gain constant of controller, 

Kf • Gain constant of firing control circuit. 



If a 	Time constant of firing control circuit. 

Td Torque developed by the machine N •►m, 

ROKS 	_ Constants for the machine. 

Keg 	M Gain of constant, of the mechanical system. 

TO 	a Time constant of the mechanical system. 

F 	• Prictional constant of the rotating system In 
%-m/rad/sec.. 

J 	a Moment of Inertia of the rotating system In K g.•..m2  

Tb 	erksking torque in N--m. 

Sill 	a Slip when braking starts. 

Spit - final value of slip upto which braking resistance 
is effective. 

(VL) 

A 	a small variation„ 
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I NIRO n U C T 1 ON 

Induction motor is generally used as electric drive In 

many industry applications.  The induction machine, often 

the best choice among ac machines for many industrial task&, 

is simple, robust in construction, requires lees maintenance 

and is the most suitable one in hostile environments. Its cost 

per KV t Is much less then the dc machines. Conventionally, it 

could only be used as a constant speed drive. In some appli. 

cations, it is desired to have a variable speed drive. The 

variable speed drive can also be achieved from Induction machines. 

The basic well-town techniques through which efforts are made 

to obtain a suitable variable speed drive system are; stator 

voltage control method, stator voltage/current and frequency 

control method, rotor power control method and rotor resistance 

control method,. With the advent of power remi-conductor techno.-

logy, all these speed control techniques can be obtained electro-

nically. For low and medium power slip-ring Induction motors, 

the rotor resistance control method is simple and economical 

one. The rotor resistance control technique can provide high 

starting torque with low starting current, The speed of the 

motor can be varied over a wide range below synchronous speed. 

The power factor is generally improved by this method. Thus, 

this method of speed control .is'extenaively used where a high 
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starting current may cause serious line disturbances or where 

intermittent starting is required which may require high start- 

ing torque. 

In conventional methods, the rotor resistance may be varied 

manually in descrste steps. This mechanical operation for speed 

control is undesirable due to discontinuous speed variation and 

slow response. With the recent development in power semiconductor 

technology:  these undesirable features of the conventional rheo-

static control scheme can be eleminated and the smooth variation 

of speed is obtained. Attempts have been made recently to use 

SCR's ( silicon controlled rectifiers ) in different configurations 

in the rotor circuit f2f  5, 13 15,E  18,20J. from which the conti-

nuous and contectloss variation of rotor resistance is obtained, 

Most of these techniques uses SCR' a in the rotor circuit, in 

phase controlled or chopper controlled mods. In phase controlled 

mode L2, 13, 14, 15,7 SCR's used in the rotor circuit, operates 

at slip frequency. The instant at which the current flow beelines 

(in each half cycle ) Is obtained by controlling the angle of 

firing pulses to each SCR,, Since the torque is developed only. 

when the current flows through the rotor circuit,, the control 

of the firing angle of SCR' a controls the torque developed.. 

Thus the average torave developed Le controlled by controlling 

the firing angle of SCR' a, and at a constant speed,, the motor 

torque can be varied from minimum to maximum limit. But this 

scheme has certain limitations. It requires a complicated con.. 

trot circuitsry as the rotor frequency changes with the change 

in rotor speed. 
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In chopper controlled mode tS- . 18, 2010, a three phase 

rectifier bridge is used in the rotor circuit. The rectified 

dc voltage is fed to the thyristor-chopper-controlled resistance. 

The effective rotor resistance is controlled by varying the 

duty cycle of the chopper. This scheme has limitations at low 

values of slip and employs forced commutation which involve 

additional commutating circuf tery and an auxiliary voltage 

source. Thus both the schemes are uneconomical and donot fit 

for industrial. drives. 

Here a solid state resistance controller using inverse-

parallel thyristors ( or triacs ) in the rotor circuit has 

been developed, The speed of the rotor can be varied at a fixed 

load torque, Lik*rwise, the developed torque of the motor can be 

varied between a minimum to maximum value, at a constant value 

of speed. In the present scheme of speed control, the total 

effective resistance in the rotor circuit remains substantially 

high when the SCR's not in conducting made and when the SCR's 

are in conducting mode„ the effective rotor resistance becomes 

marginal. By controlling the ON time of SCR's in a closed loop 

manner a atepless control of rotor resistance is obtained and 

the speed of the motor can be controlled. The rotor speed is 

highest at minimum value of rotor, resistance and varies to the 

lower value as the rotor resistance is increased.. For brakigg 

mode of operation, the effective rotor resistance is varied in 

such a way that the peak braking torque is maintained through-

out the speed range. This has been achieved by using the solid 

state resistance controller. 



The dynamic behaviour t14_7 of the closed loop control 

scheme with solid state resistance controller in the rotor is 

investigated. The various functional block's governing the behavi-

our of the system about the operating point has been described. 

The change in rotor speed with load and reference speed pertur-

bations are obtained analytically. The analytical results are 

compared with the experimental observations. The steady state 

analysis of braking mals of operation (do dynamic braking )LTJ 
has been investigated. The investigation in this thesis deals 

with the braking .performance of the slip ring induction motor 

In three operating modes .-(i ) with rotor slip rings short 

circuited (ii ) with optimum resistance in the rotor circuit 

and (iii ) with solid state resistance controller in the rotor 

circuit. 

The braking performance is obtained in three different 

operating modes.. With the present scald state controller, 

the braking performance is improved remarkably, in terms of 

stopping time as well as energy losses compared to the slip- 
{and 

ring shorted condition/with optimum resistance in the rotor 

circuit, 
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CHAPTER-2 
y.IMMF_ __ 1_M Ir_____i►_ 

p L Q P C S L p` S C H 	t L- 
~ ~~~w- wlMw.!~wrYr M~~Mw~iw~RM ~: nr+lM a.wi~~IP 

The first part of this chapter deals with the operating 

principle of the proposed scheme. Second part of this chapter 

gives description of the system. At last the design and Fabri. 

cation of the system is investigated. 

2-1 	
2 

ip
Q

o~f]e princ ~ration: 
ri ncrXI _MriMtY~n ~i1M~~11l^ 

The operating princ4ple for both closed-loop speed control 
scheme and dc dynamic braking are as follows; 

2.1..1 Closed-Loop Speed Control Operation: 

The proposed solid-state rotor resistance controller corn.. 

prises two sets of three identical registers Fig.2.1.1 ). 

Four SCRs s Th 1, TH2, TH3,& THS, are connected in two phases 

(using back to back connections ) in one of the two sets of 

resisters. The resistance per phase, in series with SCR's is 

represented by RS and in parallel with SCR's is represented 

by #gyp . 

Thyristors are triggered by incorporating triggering pulses 
Y^, 

at the gates. The periodic wavy form of triggering pulses used in 

the present scheme are shown in Fig.2. i.2.Thase wave forms are 

generated by a suitable controller circuit to trigger the thy•. 

ristors. The triggering pulses gets thyristors in ON state for 

both positive and negative half cycles in each of the two phases 

as these are used in pair for each phase with reverse connections„ 

Third phase is directly connected to form star connection. The 

period T is the ON plus JIrF period of thyristors and is represan- 
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ted by one cycle. The time period T is chosen on mechanical 

considerations of the test machine. The parameters of the 

mechanical system of the machine are to be such that the 

effect on the speed due to torque pulsations of frequency 

1/T could be sufficiently damped. T is roughly chosen about 

four times the period corresponding to the lowest slip fre. 

quency and at the same time about +th of the mechanical time 

constant of the rotating system. The flip period TON can be varied 

from zero to T. Uhen thyristors are in Orf state, the affective 

rotor circuit resistance per phase may be represented as - 

Rerr - Rp 
	 ---a 	(2.2.1 ) 

and when thyristors are in ON state, the effective rotor 

resistance per phase Will be — 

RON 	 ww...► 	 (2.1.2 
Rp + RS  

Thus, the effective rotor resistance can be varied between 

RoN and torr by varying the ON period of thyrietors. 

The typical. torque Eva ) speed characteristics of the 

test machine with rotor resistance per phase RUFF and RON, 

are given in 'ig.2.1.3. it is clear that for a certain load 

torque Ti, the steady state operating point is either at A; 

when thyristors are in OFT state or at 13; when thyristors are 

in ON state. Thus by varying the ON state of thyristore„ any 

intermediate value between A and B can be obtained. Therefore„ 

for a constant load torque, the speed of the motor may be varied 



w 

TL 

THREC 
PHAyg 

SUPPLY 

FIG. 2.1.1 Schematic Diagram Of The Scheme 

TIME 	
- 

FIG.2,1.2 Gate Triggerin Pulses_ 

SP  

FIG. 213 Typical Torque VS Speed Charactristics Of The Set 
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Gat Ween A and R, by varying the rotor resistance between RorF 

and RRR rem values. 

The values Rp and RS depends upon the speed range required. 

The minimum operating speed depends upon the maximum value of 

ROFF  and the maximum operating speed may be obtained from the 

value of RON. The value of current flowing through the thyristors 

dapend3upon the relative values of Rp and R. The thyristors are 

switched OFF at the current zero by natural commutation. 

2.1.2 F.0 t.,ynamic 8rakInq Operation: 

For dynamic or rheostatic braking, the stator winding is 

used as a dc field winding and the rotor winding as an armature 

winding. With the present slip-ring machine, external resistance 

may be connected into the rotor circuit, to provide a resistive 

load. The stator winding of the machine is excited with dc supply 

voltage, in a number of ways. 

r 

 

The present solid state controller for dc dynamic braking 

also comprises two sets of three phase resistors bank as shown 

in Fig,2.1..4. Some firing control circuit is used except the 

controller design. The typical braking tnrc a (VS ) rotor speed 

curves are g.ivenhonlFig.2.1.5. From which .it is clear that for 

getting "peak braking torque, thyristors should be in OFF state 

at starting the braking.. It is also clear that the braking time 

is optimum with solid state controller compared with slip-ring 

shorted and optimum resistance conditions. 

During dynamic braking#  the machine operates as a non_ 

salient pole synchronous generator, loaded on to a bank of 
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THREE PHASE SUPPLY 

10.2.1,4 SCHEMATIC DIAGRAM FOR DC DYNAMIC ARAKINQ 
. WITH SOLID STATE CONTROLLER: 

$ 

3 

RQTaR CO~r21IIIN. 

	

A 	• 	NL Ip-RIS $wo*t[O 

x  FIXED OPTIMUM RCSISTAN *_1 

SOLID $TAT( CONTPOULCR 

4 

F : 	 _ 

• 4•« 	N•o 	!te• 	!i•s 	t••. 	g4.. 	L ee Sees 
SPEED IN rpw. 	1 

Fig 2i 5 	IUArUov OF (I 	TORQ )E VV/'TH . SPE 1 FC 	S'LIP••R/Nc. 

9POPrE0 1 F1) Ei op r,p7U n1 	 11ivD SCt.1b 9 ,Tr9 r6 
Cc1 rRoLL&R CASES, IS'= o 4pr~ 



three phase resisters in the rotor. Rlthnugh its speed chargee, 

(decrease ) with time,, the frequency OP the generated power 

also chat)gas in proportion. The operating flux will vary widely 

with speed,, e.g. at stand still, the whole of the exciting current 

is magnetising in nature, since there is no armature current at 

standstill. 

2,2 Oascriet n t~of System 

The syatam considered hare consists a slip ring induction 

motor. The two sets of three phase external resistors are connected 

through slip-rings of the test machine (Fig.2.1.1 ) . Four thyristors 

are conneLtad In two phases in series with one bank of resistors. 

A permanent magnet techogenerator is mounted on the shaft of the 

motor. The techogenerator generates an ac signal which is directly 

proportional to the speed of the rotor. The block diagram of the 

proposed scheme using feed back loop is shown in Fig.2„2.1. 

The ac signal voltage obtained from the tachogenerator output 

terminals is rectified to oat a proportional do voltage, using 

bridge rectifier. This do voltage signal is first compared with 

a fixed reference voltage and than is applied to the controller, 

The error signal voltage Is amplified in a desired manner by the 

controller. The stator terminals of the test machine are connected 

to the constant voltage and constant frequency three-phase supply. 

The rotor speed is adjusted with the variation of ON period of 

thyristors. The ON period of the thyristora may be represented 

in terms of p.u, firing delay (o) and now instead of using TON 



We will use oL where.-ever necessary. The p,u.fixing delay ( o ) 

may be defined as follous, 

oc-= 
TorF 

+ TQFF T 3N 
 .._- 	(2.2.1) 

where TOFF;  is the OFF period of thyristors. 

and Tom is the UN period of thyristors. 

The do reference voltage VR compared with rectified techo•. 

generator output voltage represents a sat speed of the mactimne. 

The controller amplifieDD the so produced error voltage in a 

desired manner, The controller used may be mainly of three types% 

( a) 	Proportional (P) Controller. 

(b) Proportional plus integral (P1) controller. 

(c) Proportional plus integral plus derivative 
(pig' ) Controller. 

P and pI controllers are considered for the present study. 

The function of controller is to give the required control 

voltage level in a desired manner, which in tern adjusts the 

firing duration (a) to a suitable value. 

The dc dynamic braking (Chapter-I ) may be obtained with 

rotor slip-rings short circuited and exciting the stator wind- 
+S 

ing with d.c,supply. The stopping time of rotorAimproved than 

the normal stopping of the motor.. I? we connect xt arnal resis-

tance in the rotor circuit and adjust It to such a value so 

that the stopping time of the rotor gets minimum - is called 

braking with optimum resistance connected to the rotor. In 



it 

braking with opossum resistance} the stopping time is improved than 

with rotor short-circuited. For achieving further improvement 
In stopping tirfle, the solid agate resistance controller is used. 
The value of Rp is kept su iiiciently high when the braking is 
started (at highest possible speed of the rotor ), so that the 

peak braking torque is obtained at highest speed. To do acs, the 

thyrietors are kept in Off` state when the braking is started. 
Again, as the motor speed slows down, the thyriators start can-

ducting with gradually increased ON time and the effective 

rotor resistance dac ei ea,. The reduction in the rotor resi.a~-
tance is such that the peak braking torque is maintained through-
out the speed range. The thyriatora will be in ON state ( oC w a) 
before the speed gats to be zero. This is because that the 

rotor resistance cannot be decreased ?+ rther then #SON. Ofcourse 
RON is marginal due to the parallel combinations of Rp and R5. 

The schematic diagram for do dynamic braking with solid state 
resistance controller is given in Fi.g.2.1.4. The typical brak-
ing torque (vs ) speed characteristicsfor all the three can-
diti.ona, viz; with slip-ring short circuited, with optimum 

resistance In the rotor circuit and with solid state resistance 

controller are shown in Fig..2..1.5,. The stator excitation is 

taken 0.8 p.u.of the rated capacity. 



L 2n and Fabrication: 

3 solid state resistance controller hss been designed 

riceted for the proposed clawed loop-operation. Also the 

ter for do dynamic braking has been developed. The trans. 

ctiohs for the various functional blocks of the feed-

5t 3m are given in the follow• ng sections; 

schogensrator,, Rectifier and Fitter. 

permanent magnet techogenerator is mounted an the some 

r the test machine. The output voltage of techogenerator 

a proportional to the shaft speed Is ac in nature and 
s rectification and filtaration before comparing with 

-Branca voltage #6R.. Bridge rectifier using tour semi-
or diodes is used for full wave rectification. The fun•r 
block diagram of techogenarator, rectifier and filter 

in as block Bi  (Fig.. 2.3. 1 ) . The transfer function of the 
represented as - 

1+STT ) 

sere VT is the combined gain constant of tachoganerator 

.er and filter,, and TT is the effective time constant 

filter. The circuit configuration of rectifier with 
is gbv-en in fig. 2.3.2. 

11 
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2.3.2 Controller: 

Controller is a device consisting of an amplifier and e 

power stage. The error signal voltage in given to the invert-

ing terminal of an UP AMP.. The non-inverting terminal is 

grounded through a high resistance. A feedback signal Is given 

to the same inverting point via an impedance. The nature of the 

impedance depends upon the manner desired by the controller, 

e.g.; it consieta a pure resistance in the feedback loop for 

proportional amplification and combination of resistance and 

capacitance for proportional plus integral operations  The con-

troller output voltage is corrected in accordance with the in 

put change in voltage (error signal voltage ). The controller is 

represented by Block 82 in flg. 2.3,1. The output voltage of 

controller is denoted by V o, In the present cork proportional 

(P) and proportional plus integral (P1) controllers haYebeen 

considered. The transfer functions for both the controllers are 

represented as follows; 

(a) Proportional (P) Controller; 

The transfer function of proportion controlher is represen-
ted ae; 

12 

Ce(S) 	a c 	 »......r. 	(2.3.2 ) 

where KC is the proportional gait► constant of the controller. 
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(b) Proportional plus intogrel (P1 ) Controller; 

The transfer function a? P1 controller is represented 
as, 

where Kc  is the proportional gain constant and Kc/Tc 
is the integral gain constant of the controller. 

The circuit configurations of those two controllers are 
given In Fi.g.2.3.3.. 

The controller used for dc dynernic braking Is a propor-

tional one and the same is given in Fig.2.3.3. 

2.3.3 Firing Control Scheme; 

Firing pulses are required to turn ON the thyrf stare 

for a time duration TOM. Thyristors remains in OFF state for 

the duration TOFF i.e.(i - TON ). TON may be varied from zero 

to T. When TON is equal to 1#  t.hyristors are in ON state for 

full duration To  and when TBN is equal to zero, thyristors are 

in OFF state, The ON period of thyrietors may be varied smoothly 

and linearly by varying a control voltage UR from .zero to Its 

peak designed value. The complete firing control scheme is 

given in Fig. 2.3.4, Block 83  in rig.22.1rspresents the functional 

block of firing control scheme. The change in firing duration 

(oG) takes place in accordance with the change in control voltage 

V. The main parts of the firing control scheme are as follows; 
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( a) Lou frequency oscillator 

(b) Romp generator 

c) Voltage comparator 

d) High frequency oscillator 

(a) ANC gating 

(P) Pulse amplifiers. 

The save-forms at the various points of the firing cr ntrol 

diagram are given in F19.2.3.5. 

For a small change in Y0, the change in p.u. firing delay 
may be given as 

Ao a 	Vc 	 _.~... 	(2.3.4 ) 

where in is the silpe of the ramp voltage generated by 

ramp generator. All the parts of complete firing control scheme 

represented by blocks In F 8.2.3.4 are discussed In detail In 

the following paragraphs; 
0 

( a) Low Frequency Oscillator: 

Thecircuit diagram for the low frequency oscillator is 

given in Fig.2.3.6. A 555 IC timer generates approximately 

square wave of law frequency. The timer is used here as an 

astable multivibrator. The frequency of the generated wave 

may be calculated by using the 00 equation given below; 

P4+ 2Rp ) CT 

14 
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From the design values of RR, Rg and CT, the frequency oP 

Oscillation is calculated as 2HZ (approximately ). Vac may be 

varied from 5 to 15 volts, but here Vcc is fixed at 14 volts. 

The low frequency (2H2 ) square wave is differentiated by 

using f . C circuit, shown in Fig.2.3,6 capacitor Ci charges 

and discharges through RI from the input signal and forms both 

positive and negative pulses in each cycle of input wave. 

(b) Ramp Generator: 

The circuit configuration of a simple ramp generator is 

given in Fig,20.7,, Were the principle of constant current source 

is user. The capacitor C2 is allowed to charge through a constant 

current source, comprising of T1 r RI, R2, R3 and R4. The constant 

current flows through C2 and charges it linearly and Isolates 
e'nitt~r 

from the timing circuit through an 	follower buffer stage 

T2. The differentiated (low frequency ) pulses are given at the 

gate of n-p-n transistor 12. The transistor turns ON only for 

positive input pulses. Initially C2 charges through constant 

current sourca 1a positive pulse appears at the gate of trans* 

i stor 12. it gets ON and C2 gets discharged through it. Thus, a 

ramp voltage is obtained across the capacitor C2 which is of the 

same frequency as the low frequency pulse input to it. From the 

design vraluea,height of the ramp Is about + 12 volt. 

15 



(c) Voltage Comparator; 

The operational amplie?ier 741 I.C.ie used as a voltage 

comparator. It is shorn In Fig.. 2.3.8. The ramp voltage signal 

is given at the inverting terminal and the control vottage Vc 

(the output of controller ) is ghuen at the non-inverting termi-

nal of the OP-AMP. A dual supply * If volt do is given at pin 

No.7 and 4; shown In Fig, 2.3,8. The comparator compares the 

ramp voltage with the control vottage Uo continuously. As the 

controller output voltage Vc varies from zero to its maximum 

limit (12 volt for the present case ), the width of the com- 

parator's output wave varies from zero to T. 

(d) High Frequency Oscillator* 

The 555 IC timer is used as a high frequency Oscillator. 

It is as shown in Flg.2.3.9. The desfjgn parameters of RAs  RB, 

and CT gives the high frequency of ocillation (10 KHZ  approxi-

mately ). The output waveform is approximately a square wave. 

(a) And Gating with High Frequency pulses; 

The control voltage signal (output. of the voltage, comparator) 

is ANC GATEC with the high frequency pulses obtained from the high 

frequency oscillator. A simple AND GATING cfecuit diagram Is 

shown in Fig. 2.3.10. 

There are certain advantages of AND GATING the control 

signet with the high frequency waves. Few of them are as 

16 
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foll.aws:.- 

1) Only one aetnble multivibretor may be used for ANti GATING 
with different cnntrol signals, 

2) The scheme is suitable for sustained tltggsrin4 of SCR's for 
a longer duration. 

3) The size of the required pulse transformer is small. 

4) The power dissipation in the SCR's gate is 1.e99 compared 
with continuous sustained triggering and It may be adjusted 
to a ttzinimutn value. 

5) (Wide variation of the gate resistance does not affect the 
turning ON Operation of SCR' a. 

(r) Pulse Amplifier; 

A two stage transistor amplifier has been used to amplify 

the pulse height obtainable from the AND GATING stage, Circuit 

configuration for the same is given in flg.2.3.11. 

Here power transistor SL-100 has been used for the first 

stage amplification. The transistor 13 turns ON when an Input 

positive pulse appears at the bass of it (after AND GATING 

The *emitter currant of 13 is the first stage amplified gain. 

This esmitter current of 13 Is applied at the base of transis. 

for 14 to turn ON the same, which in turn 4Lves the amplified 

current pulse appearing at the aemitter of power transistor 14. 

These amplified pulses are applied to the primary winding of 

a pulse transformer. Secondary voltage of the pulse transformer 
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is applied (through the protecting circuit ) to the gate of 

SCR's. The use of pulse transformer is to got isolate the con. 

trot circuit from the power circuit.. fliode C6 has been used 

to protect the transistor T4 from the reverse biasing. Diodes 

C and fg has been used. to prevent the damage of the gates of 

SCR's due to negative spikeai The complete firing control cD-

cuit configuration is given in Fig. 2.3.12. 

Although the comparator adjusts the QN period of thyristore 

to the new value as the change in tic occurs, but the thyristors 

may not respond immediately. Here all the thyristore are triggered 

simultaneously. Thus atlesat two separate units are required for 

triggering all the four thyristors from the isolation point of 

view. 

The functional block for the firing control system is given 

in f ig.2.3. 1,, as block 83.. It is assumed that block 83 is a first 

order system with gain constant K equal to 1/0 and the time cons-

tent T. The transfer function of block 83 may now be written as; 

K f 	 (2.3.6)  
I + S1r) 

2.3.4 Induction Motor; 

The torque developed by the test machine at a given operet- 

i ng point is a function of speed of the machines  p,.u. Pi. ring delay oC 
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of thyristors, voltage and frequency of the power supplied to 

the stator of the machine. The difference between developed 

torque and the load torque of the machine is the effective torque 

working on the rotating system. The developed torque dependent on 

the above variables may be represented in equation form- 

Td = r(wr,o #v, r 	 --~--► 	(2.3.?) 

where yr w rotor speed in red/sec, 

and 	of a per unit firing delay of thy tors. 

To study the dynamic behaviour of the machbne about its 

operating point, the reference voltage and developed torque 

has been perturbed. The small variation in developed torque may 

be expressed in terms of the small change in rotor speed and 

the firing delay eo follows; 

LTd s 	e d .Vur 	_,...... 	2. .8 Aof I = 	Wr oC a Conat. W,r ~m oSr. 

This can be further expressed as, 

d Td = rcq.Aa + S.ow,. Up 	__` 	(2.3.9 ) 

Uhere K4 and K5 are treated as constants for the machine 

which depend upon the operating point and may be obtained from 

the steady-state characteristics of the machine. The speed 

torque characteristics for different values of firing delay, 



has been obtained from the equivalent circuit model of the slip 

ring induction motor (Chapter- 3) . The variation of the developed 

torque with firing delay (o(.) for different values of rotor speed 

has also been plotted, The torque (V3 ) firing delay curves @t 

different values of speed are obtained and are shown in Fig.(2.3.13} 

Also the same are tabulated in Table No.l. The torque (U3 ) rotor 

speed curves are shown in f ig.2.3, U and are tabulated in Table 

No.II. 

• The sf)eady state values of firing delay and the rotor speed 

may be taken as o'0  rand wro respectively. The constant K4 which 

is defined as the ratio of 6Td and dao( wtth speed constant(egn. .3) 

is the eloper of torque (Vs ) firing delay curve at the operating 

point (oro: oCp ). This has been obtained from the curves given 

in Fig.2.3.13. Also the constant K which is defined as the 

ratio of & TdP wr4 t1h.the constant value of cc, is the slope of 

torque (V5  ) slip graph at the same operating point. Constant 

KS has been obtained ftom the curves given in Fick.(2.3. i.4 

Now the values of K4 and Kg have been obtained from the 

results of steady state analysis and these values have been 

used for the present perturbation study. The resultant change 

in the developed torque may be expressed, as the summation of 

K4.Aocand K. A ur  which are the outputs of blocks 84 and 8S res-

pectively (Fig.2.3. i ). The change in the developed torque is 

compared with the change in load torque. The resultant torque 



IA St Ce-I 

TORQUE' VS FIRING P RATION 	~ oR rI FE ENT 

Rt TOR SP EEr: 

r IR1NG 	 TURQUC (N i! 	FOR 
CURJ4TION SLIP= 1.0 SLIP .9 SL. IP*'.S SL tPa• .3 SLIP=0.2 ISLIP. 0.1 

0.0 15.0? 13.69 11.63 6.91 4.85 2.54 

0.1 14.68 13.22 11.13 6.52 4.56 2.38 
0,2 14.20 12.67 10.56 6.10 4.25 2.21 

0.3 13.60 12,01 9,60 5.64 3.91 2.03 
0.4 12.86 11.23 9.15 5.13 3.54 1.83 

¶1.93 10.29 QT'S 8.29 4,5? 3,14  1161 
0.6 10.76 9. 16 7.29 3.96 2.70 1.38 

0,7 930 7,81 6.14 3.27 2.22 1.13 

0.8 7.45 6,10 4.79 2.51 1.70 0.86 

0.9 5.14 4.20 3.22 1.65 1.11 0.56 

0.97 3.23 2.67 2.02 1.03 0.69 0.35 
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T A 8 L E U 

TORQUE ye SPEED OR DIFFERENT VALUES OF a 

SLIP 
a ~. 0.0 	j o(= tt. 3 	I° 0.5 	1 a= [3.72 I o(= 0.85 

0.1 2.54 2:03 7.61 1,09 0.71 

0.2 4.85 3..91 3.14 .2.14 1.41 

0.3 6.91 5.64 4.57 3.15 2.09 

0.4 8.72 7,22 5.91 4.12 2.76 

0.5 10.29 8.64 7.15 5.04 3.41 

0.6 11.63 9190 8.29 5.55 4.03 

0.? 12,76 11.03 .9.34 6.80 4.64. 

0.8 13.69 12.01 10.29 . 	7,60 5.23 

0.9 14.46 12.8? 11.15 8.30 5.81 

1.0 15.07 13,60 11,93 9..02 6.36 
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Is the effective torque to drive the mechanical system. The 

transfer function of the mechanical system may be expressed 

as follows; 

where KM is the gain constant of the mechanical system, 

and TM is the time constant of the mechanical system. 

KM - 	 (2.3.11) 

and TM 	 (2.3.12) 

where V is the frtctionaai constant of the rotating system, 

expressed in N-m/rad/Sec. 3 is the moment of inertia of the 

rotating system expressed in Kg _ m2., r'ig.2.3.1 shows the various 

Functional blocks which has been considered for the present study. 

The various gain and the time constants are given in. Table-Ill., 

at two different speeds ie.. at 2laorpm and 2400 rpt. 
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TA8L E «- III 

VARIOUS GAIN AND TIME CONSTANT US EP OR PERTURBATION 
55 S55ai err 

9.78 	( series resistance ) 
Rp - 148.0 	( Parrallel reaiatnnce ) 

Spend 	 2100 rpm 	 2400 rpm 

Kj 0.0319 0.0319 

11 0.1 0.1 

t~ 2 14.24 (Pt Controller) 14.24 (P1 Controller) 
60.0 	(P Controller 	) 60..0 (P Contro ler) 

12 0.47 (PI Controller D ..47 (PI Controller) 

#f 3 - 	0.1087 	- 0,1013? 

T3 0.0055 0,,0055 

K 4 - 	8.333 5,12 

K5 - 	0.02135 -- d 03) c4 

KM 104.72 104.72 

16,19 16.19 

At 2100 rpm 	--.. 	a i 0.85 
2400 rpm 	-- 	~C 0.72 
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C H # P T E R- 3 

ANALYSIS OF THE SC4EME- SPEEC CONTROL OPERATION 

For analysis, a simple Thevienin equivalent circuit of the 
system has been developed. The effect of Iran losses, stray load 
losses and losses due to harmonics are neglected. The rotor 
current Ir, stator current Is and the developed torque Td have 
been developed in terms of the p.u.firing delay ( ) and the 
rotor speed wr. These are computed using the standard techniques. 
Dynamic performance of the system has been studied at two different 
values of speed, Both P and PI controllers are considered. Analy-
tical results are obtained considering the various functional 
blocks of Fig.2.3.1. The various differential and algebraic equ&-
tiona which govern the small variations about the operating point 
are solved using the standard numerical method. 

3.1 Thar r 

The equivalent circuit diagram of the slip-ring induction 
vac t'amces 

motor is given in Fiq.3,1.1,.The various resistances and a~idl~ 
are referred to the stator side. Mere V represents per phase 

supply voltage to the stator of the machine. R and j7 are the 
magnetising branch components, The parallel combinations of RM 
and jX{ gives; 

R0+ j~ 	R J 

(Rr+3Xj.) 



i.Rp.Xp(RM jXp 
2 ~ 

Ru1 ` X2   	3. i . 't 
RM-X 2 	Rp 2 4 

Now applying Thevenin'e Theorem across points A and B 
(Fig. 3.1. I) . The Thevenin' a equivalent model has been obtained 

shown in Fig. 3.1.2 ): 

(R1 + Rb )+3(x1+x0 ) 

and Ze =Rd+ jXe 	(Rl+jxl) (RO+Jxc) 	~,,.,.. 	3.1. 
(R 1+R0 ) + (x 1+x ) 

p.u.tiring delay o! # has been defined in equation 2.2.1 
and for convenience, it is given here; 

TQR `TQfv 

There are two extreme cases for conducting the thyristcrs; 
(a) Thyristors Ir conducting state; 

In the case when thyristore are in conducting state# the 
equivalent rotor resistance per phase (referred to the stator 
side) will be as follows; 

26 



'
Rp. Rs  

t " -c LR  # (Rp+ R$ 

1 	
-`.' 	(3. 1.4)  

The value cf o< will be zero in this case. 

(b) Thyri sto rs In Non-conducting State; 

In the case when thyristors are in OFF state, the equlva-- 

rent rotor resistance per phase will be; 

Rt 	 ER 2  * Rp] 

In this case the value of of will be unity. 

Using equations (3.1.4) and (3.1.5 ) the equivalent rotor circuit 

resistance per phase may be expressed generally as follows; 

3 r 	Rp . R5 

Now the equivalent circuit model considering the effect 

of solid state resistance controller may be represented as shown 

in F1g.3. t.3. 

Applying Kirchoff's current Thoorm for the circuit shown 

In Fi.g.3.1.3,, 

Es --= (Re + Rt ) + j(xe + X2 ) Ir 



R2/R 

FIG.3.1.1 EQUIVALENT CIRCUIT DIAGRAM Cr THE SLIP RIMQ 
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[RO} _f_[ 2 + p •fi 	.. +J(x+x2) 

2 	 2 	2
- 	+ j32+ (DRp+R 	 + 

Rearranging equation (3.1.?) we get; 

R2 + 	Rp. RS 

s * 	(i.. o) Rp"RS 	 .. 	( 3. 1.-8) 

{f 	( Xo X2 2 —Rg 

Al sot 

g r 
R0+ Rt)+5(x2+ Xe ) 

a. 	 Ee 	 ..... (3. 1.9) 

[R*rRz+ R5 lrI4. j(x2+ x 

From Fi g.3. 1. 1, the value of' i S may be expressed as follows; 

s Ir 	(RR+ 	} 2 ~ + X2 )2
] 	

-- (3.1.10)  
.A /12+21 



The torque developed by the machine may be expressed as 
folloeje: 

3 r r 2. Rt 	..,~.,. 	. 1. 'i 9 
us 

Now substituting the values of I r and Rt from equations 

(3.'x.3) and (3.1.6) respectively into equation (3.1.11) we 

get: 

flp.R5 

T 	- 	 (E0) 	 .r 
ii 	 +e { 	RP• R 	 r 	of 	-~.R 

Sr 	( 1-00 psR5 	2 	 (3.',12) 

Using the test machine parameters (4ppendix-A ) and equations 

(3.1.9), 1.' 	(3.1.10) and (3.1.12) the rotor current Iry stator current 

Is and the developed torque may be expressed in terms of •firing 

delay and rotor speed gar (u 	(15r )Uø ). Using equation 

(3.1..12), the variation of torque developed with the firing 

delay of and the rotor sped wr is computed. The curves thus 

obtained are as follow; 

(a) Torque (Vs) rotor spend for different fixed values of firing 
delay A. These are shown In Fig.2.3.13. 

(b) Torque (ve ) firing delay for different fixed values of rotor 
speed (Slip ) . These are shown in Fig. 2.3.14. 
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3.2 Cyto Performance; 

The present study investigates the variations of rotor 

speed due to perturbations in reference voltage and load torgrue. 

The various functional blocks are shown in riq.2.3.1. The differ. 

ant input and output variables of the various blocks are denoted 

	

by Y'is "Y2* Y3+ Y+ * Ys. 	and Y7. These variables may be defined 

as follows: 

	

A T d '' 4 Tt. 	 (3.2,1) 

(difference between the -dsvnloped torque and the load 
torque variations ) . 

Y 2 = 4 wr 

(variation in rotor speed. red/sac ).. 

Y3 = 6 V 

(Variation in techogenarator output voltage 3 

y4 # 4Vc 

3,2.2) 

(3.2.3) 

3.2.4) 

( difference between reference voltage variation VR and Y3) 

ys • L6 o~ 
	

(3«2.S ) 

(Variation in p.u,firing delay ) 

Y8 = K4.4o( 	 (3.2.6) 

(Variation of developed torque Td with small change in 
with *r constant.). 

Y7 a* K S. g Wr 	_.... 	(3.2.7 ) 

(Variation of Td with small change in rotor speed Ur with 
of constant.). 

30 
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ATd = ys+y7 
	 (3.2.8) 

These variables are also given In Fig..2.3.1. for the present 

perturbation study, the differential and algebraic equations which 

govern the small veriatfnns about the operating point are first 

c3aveioped in terms of the shove vari bl9s. Than these equations 

are solved simultaneously using standard fourth order Runge « Kutta 

numerical method. The various differential and algebraic equations 

are given below. These equations are applicable when PI controller 

is used; 

Yl  

dt  

~ —1-.Y2  "-- 
Ii 	tx 

as _.~Kc ,... 4 V R y 3) - KC. 
Te 

(3.2.9) 

(3.2.ic) 

OW 	(3.2.11) 

(3.2.12) 

dy3 
t 

dy4 

t 

dy5 
dt 

Also y6= K4.y5 	 (3.2.14) 
and y3= K 5„ y2 	 -00 	- 	(3.2.15) 



32 

When proportional controller is used all the equations 

(3.2,.9) to (3.2,15) are as such, except equation No.(3.2.12). 

For p controller eaouation (3.2.12 ) is replaced by the foTlow-

Ing equations; 

Y 4 	I( (L V R 	Y3 ) 	 (3..i6)  

and  dY4  ,. -KC 	 A-- 	 3.2.1' 
dt 	dt.  

Initially, the system is in steady state, therefore,, the 

initial values of the above variables are taken as zero.. 

The values of various gain and time constants, used fa the 

present dynamic study have been find out and bbe tabulated In 

Table (111). The above mentioned various algebraic and differential 
equations are solved by using by using standard numerical methods. 

The various variables are computed by using standard computer 

programmes for the fourth order Runge- tutta method. The Flow 

chart used for the same is given in `ig.3.2.1. Also the developed 

computer programme for the above Is given in Appendix .» 'S'. 

The dynamic performance is carried out at two different 

operatino points!. one at No. 2100 rpm, civ 	0.85 and another 

one at No a 2400 rpm., 	oho  = 

4 



r1G3.2.1(c MAIN FLOW CHART (to study the dynamic 
performance for sp d control) 



START 

1' 	1 

UU(I)~X I 
~•I~i 

VE 	IS 
CNE 

LALL $ue.rT. 

- 
X(I)-uu(I)*YI ( I)/2 

N~ /fs4 rE~ 

IT•T+DT/2.0 I 

C#LL SUB.FT N 

',(I)- F(I)*nT, 
x(1)-UU(I)+Y3{ :'2.o 

♦1 
VCS IS 'ga 

CNCO 

CRL1 SUB.P 

~

l
YR (I) .r( I) DT*  
c(l). #1iiI+YK() 

01S YES 
EQ 

#T+DT/2.0 

LL Sl!R.FTN 

Yi(I) F(I)*DT 
XC I) • UU(I)+(iI(I)+2.0!► 
YJ(I)+2.O*YK(I) +YL(I))/6.D 

t,I+1 

	

YES 11C NCQ 	NO 

RETIJRN 

YI4. ISOFLOW-CHART OF SUBROUTINE RUNGE 



( START 

BEAD AK1,T1,AK2, T2,AK3, T3, AK* 
KS ,AK? , TM DTL., DVR. 

F( 1)- (X(1)*(AK~i+AKS-1.0)+AKM*AK4~► 
X(4)-AK(1* DTL)/TM 

!F(2) • (AK,*X(1)-X(2))/T1 	I 

F(3) _AK 2*((DVR-X.( 2))/T2-r( 2) fl  

I F(4) i(AK3*X(3) -X(4) )/T 3 

RETURN 

F1G.32.1(c)FLOW-CHART OF SUBROi) NE ITN 

(STAR;- 

READ ANS, RI, R2,XI,X2, RE,XE, 
E,RM,XI1, RP,RS. 

~1-AN/ANS 

*1R23 RP*RS/((( 1-AIPHAA)*RP+RS)*S) 

_(RE+RT)**2+(X2+X£)** 2 

I 	AIR+. E/(Z**.5) 

PZP'.(RM+R2/S)**2+(x, +X2)*. 2 	1 

I ZN aRP1**2+XM** 2 	~ 

AIS*AIR*(ZM/ZN)**.S  .1 

I TD*180*AIRr *2*RT/(2.* . 14*ANS) 

RETURN 

`IG.3 2.iC )FLOW-CHART OF SUBROUTINE SALK 
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CHAPTER 54 

ANALYSIS OF THE SC1EM1E - P.C. PYN(11IC BRAKING 
a_s_r a_5 syrss sY'A 55s5s 5555iia*M►M 5* 5~M^15 5 

For the do dynamic braking the stator winding is excited 
as a ffild winding. The winding configuration has been choosecd 

as shown in Fig. .4The rotor slip rings are connected to a 
high resistance bank. Thus, for dc dynamic braking on eiip~-
r.ing induction motor, the rotor winding works as an armature 
winding. The two mnts.; both due to armature current and stator 
direct current, together with their resultant must be referred 

to a common baseb not only in respect of their number of turns 
but also of the type of current. The equivalent alternating and 

direct currents produce the equal fundamental inn? a.,when flow. 
ing in a three phase winding. 

4.1 Theorvo. 

A simple equivale~+t circuit configuration of the system 
including the effect of thyristor cootro]led external resistance 

in the rotor circuit has been developed (rig.4.1.1 ). The effect 

of stray load lasses, Iron losses and losses due to harmonics 
and saturation are neglected. The controller has been designed 
in such a way that the firing delay oC becomes a desired function 
of per unit speed as shown in Fig.4.1.2. 

The stator is excited by the direct currant Id which will 
produce the some magnitude of fundamental mmf as the alternating 
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Fig.4.1.1 Per-Phase Equivalent Circuit Under X. Dynamic 

Braking With Variable Rotor Resistance 
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current of magnitude (rms value ) as; 
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where Is  is the alternating current which is equivalent 

to the direct current in the stator winding referred to the 

rotor side. 

The field winding is stationary and the relative speed 

of the rotor (armature ) and the field is simply the rotor speed. 

Speed is taken in place of slip. Here slip is defined as linear-

ly proportional to the rotor speed. Let the armature emf. (air. 

rte+ emf.) at synchronous speed is E, the actual em# at any 

other speed of the rotor,, for the eame flux will be Sd.L., 

where ; 

Sd • 	Actual rotor speed 
Synchronous speed 

An equivalent circuit of the system per phase has been 

developed. A simple equivalent circuit of the system includ-

ing the effect of thyristor controlled external resistance 

is given in rigs4.1.1. The same firing circuit except some 

miner changes in controller, has been used for do dynamic 

braking also. Here proportional type of controller i s used 

so that the firing delay of becomes a desired function of speed 

(characteristic curve between p.u.firing delay and rotor speed 



given in Fig.4. i.22, From rig.4.,t,it is clear that; 

 (I + I,) 	 (4,1.3) 

taking the magnitude of each quantity. 

1%2  = I r2 + 1m2 +21r-1m. Sin 1V  	 (4.1.4) 

where 1r  is the rotor current (armature ) alternating in nature, 

and iM is the resultant alternating current referred to rotor 

winding. Thus .. 

Era. Sd 

t,. +(X2. Sd  

where Rtb is the equivalent rotor resistance plus •external 

resistance connected in the rotor circuit (referred to rotor 

side ) Rtt may be defined as follows; 

Rtt a [R.2 + RP. RS 
a .R R5  

RpIt  and R5; all resistances are referred to rotor side. 

Also Era Is defined as the referred rotor em? corresponding 

to the synchronous speed of the machine and K is the angle 

between Cr and 1r. 

Xe is the magnetisation reactance 	ETe  Ips 

35 
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Considering equations (4.1.4) an (4.1.5) together, we got 
the expression for rotor current,, .Thus,; 

I. Xp 
(4.1.7) 

(-Rt-) f( 	+ X2 Sd 

The electromagnetic torque developed by the machine may be 
defjned. as •- 

us 

Substituting the values Of Ir and Rt' from equations 
(4.1.?) and (4.1.6) Into equation (4,,1.8) , we get the expression 

for the developed torque as; 

T ,r~ .»..3 	1 S 2, XN 2. Rt / S.r 	..—.. 	(4.9.9) 
tie 	[(Rtt/Sd ) ( +Xz 

The value of Rp is selected in such a manner that the peak 
braking torque is obtained at the highest possible speed (say 
synchronous speed o.), for which; 

Rt: 	X11 + 	4.1. tt? 

substituting these condition in equation (4.1.9 ) the maximum 



value or the braking torque will be:- 

3 I $20 YtilrZ 

Amax " 	 ..... 	(4.1.12) 

With regard to the value of Rp, the three conditions 
as studied here: 

(a) t C Cynamic Braking with Slip-Ring shorted; 

With the slip-ring shorted, the effective rotor resistance 
per phase will be: 

Rte 	 ....., 	(4,1..13) 

Now putting the value of Rt.* from equation (4, 1.13) into 

equations (4,1.1) and (4.1.8) the expressions for rotor current 

and the bring torque will be as follows; 

....... 	(4,,. 1'. 14) 
S;)2+( +X2) 

1- 
	3I 2  .R2 	 ."*." (4.i 	) 

U$. Sd 

The condition,  for maximum braking torque will be that 

R2 a  Scr• (X9 + X2 ) 
	

-.Ok- (4-1-16 ) 
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where Set,  is the slip for which the torque Is maximum... 



(b) tC Dynamic Braking With Optimum Resistancee in the 
Rotor Circuit: 

With an optima resistance in the rotor circuit, the 

braking period is ijproved. Writing equation (4.1.9) for 

c onvani erica; 

Rt# T 	M 	3I2. l • -t 	 ....,. 	(4.1.9) 
WS 	( 	) +( 	+ 

The developed torque will be maximum at the slip defined 
est 

Scr „t 	.~........4., 
XM+ XZ 

..,..r 	(4.1.17)  

Putting the value of Sor from equation (4.1.11) Into equation 
(4.1.9) for maximum torque; 

312 . x 2 
Tmaxa 	.1. '[8 

2w( XM+X2 ) 

The braking torque (3) may be defined as followa; 

Tb * 2xn 
+ r 	

~~.. 	(4.1.19) 
Scr 5d 

Assuming load torque to be zero; 

i , a.1 . 8 	 M,..9. 	(4.1.20) 

• 
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Alsolb 	T 	--_- 	(4.1.21) 

Now the dynamic torque equation may be written se; 

	

T d 	• 	(T-TL) 	,. 	3 	` 	...w. 	(4..1.22) 

Uhera 3 is the moment of inertia of the rotating system. Putting 
the condttions from equation (4.1.20) and (4.1.21) into equation 
(4.1.22) , 

d~rr 

	

d 	.► 'b, 	r _...~ 	+ 4.1..23) 

Considering the equations (4.1.19) an (4.1.23) togathar: 

" 	... 

 

210 * 	~► ZI 	 -- 	(4.1.24) 
dt 

5Cr Sd 

F roe equation (4.1.2) it La clear that 

	

wr 	• 1We- S 

Differentiating the above equation with respect to t; 

....,. 	( 4.1.25) 
dt 

Considering tha equations (4.1.24) and (4..1.25) together; 

Sd 	cr 	 "'"" 	(4.3.26) 



Rearranging equation (4.1.26 ) ; we get; 

Jit$
r 'Cr - + 	w.... 	(d„ 1.27) dt = 2T"' ma%' 	Sd 	SC r 

If Sin is they Initial value of slip the valua of alp when 

braking starts and Sin is the final value of Slip. Now taking 

the integeretion of both sides ol! equation (4:1.27); 

	

 
awe 	SCr + 	(4.1..28) 

td 2Tm Sd Scr 
Spin 

Assuming Sin : 	ur _ 1.0 
We 

and assuming 3f jn 	a 13.05 

2 1.0 
tdb 	awe 

	Lscr  3n Sd + 2 

2 
Jus 	5cr in ~= Q- + (1__ .0 —0.052  

2Tm 	0.05 	2Sc r 

12 
JWe 	'i. a 	t~5 ,c 	+ --- 5 	(#. 4.29) 

for getting improved value of tdb; 

dt r. 	a 	8 	 ...._ 	(4. i, 3Q) 
d5cr 
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. 	
Imax C 	5Cr 
 1 	- 

$Cr 	0.400 	 .. 	 (4.1.31 

Therefore the condition for optimum resistance in the rotor 

may be obtained by putting the value of Scr from equation(+. 1.31) 

into equation (4.1.17). 

0.409 
Xfl+ X2 

J2' Rp 
Xpj - +X2 

Rp 	_ 9.408 	+ X2  ) 	.. R2 	-.. 	(4.1.3* ► 

Putting the values of R2,, X2  and X 	Into equation (4.1.32) 

the value of Rp comes out to be 63.53 Ohm., 

C) DC Dynamic Braking with Solid State Resistance 
Controller In the Rotor Circuit; 

For getting the dc dynamic braking by using Solid State 

resistance controller, the value of resistance Rp Is selected 

such that the peak braking torque occurs at the highest possible 

speed (synchronous speed ), with thyrf.etcrs remaining in OFF state, 

Now as the speed goes down, thyristore start conducting with gredu.. 

ally increased ON time and therefore, the effective rotor raeis-

tanks gets improved. The reduction In the rotor resistance Is 



IN 

such that the peak braking torque is maintained throughout the 
speed range. It continues to decrease till the effective rotor 
reel stance becomes marginal at standstill. 

Braking with the present solid state resistance controller 
has been done by selecting the value of Rp by eaxemising the 
braking torque at the highest possible speed (synchronous speed) 
of the rotor, for which -- 

Ser * I.t .._._ M 1.0 
X+ X2 

Rts 	(xm+X2) 

Rp 	- (. 	-11 x2) .-R2 

,...,W 	(4.1..33) 

~.•- 	(4.1.34) 

• Knowing the values of X, X2 and R2, the perellei reeie-
tance (external) may be computed with the help of equation 

(4,~ 1.34) . The computed value of Rp comes 161,994 ohm. 

The various variables are computed by using standard 
computer programmes for do dynamic braking. The flow chart 
for the above is given in F .8.4.1.,3. `he dynamic braking has 
been carried out at two values of stator excitation viz at 
0.6 p.u. end 6„B p.u., of the rated stator current. The developed 
computer programme for all the three conditions is given in 
App ends x-' C'. 

~e~ 
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Different performance characteristics both for closed 

loop speed control and do dynamic braking are given here. 

Thearitical and experimental results are compared side by aide. 

For closed loop sped control scheme, the change in rotor speed 

to sudden changes in reference voltage end load torque have 

been given. For dc dynamic braking, two different values of 

stator excitation are taken. JUl the three conditions; viz.,. 

slip ring short-circuited, inserting optimum resistance In the 

rotor circuit and the solid state resistance controller used 

in the rotor circuit have been considered, The different, machine 

parameters used are given in Appendix #R.). 

511 
	on of Characteristics and Their Exoeriment 

For dynamic performance of closed loop speed-control 

scheme,, the differential equations given in Chapter-4,( for 

proportiona is and proportional plus integral controllers) are 

all non-linear In nature. Therefore, the standard numerical 

method (fourth order Runge-Kitta Method ) has been used., The 

different parameters viz; rotor speed (ur ), techogenerator 

output voltage (i ), controller generated signal voltage (Vc )-, 

p.u. firing duration (o<), the stator current (Is ) and rotor 

current (Ir ) per phase and tor4qua developed (Td ), are cone- 
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puted at different regular intervals of time starting from 
initial values. The initial conditions are such that the 

values of A rrs 4 U * 4 Uo and 4O( are aero, for both P and 

PI controllers. The dynamic equations giving the derivative 
vector of variables i.e. equations (3, 2.10 ) to (3.2.13 )or 

equations (3.2..10). (3.2.1i), (3.2.16), (3.2.17) and (3.2.13) 
have to be simulated on digital computer. The standard com-
puter programme is obtained for the same. (Appendix..S). The 
Plow charts has been given In rig..3:.2„ 1. This programme com-
putes and lists the speed of the rotor, p.u4firing delay: 

stator current perphase (Is ) , rotor current per phase and 
developed torque. 

For dc dynamic braking„ the performance analysis is governed 

with the equations given In Chapter-4. Here only proportional con-
troller has been considered.. The values of currents„ speed,, torque 
time for braking eto..have been computed For flip-yring short 
Circuited, fixed optimum resistance in the rotor circuit and 
the solid-state resistance controller. The two values of stator 
excitation are taken for each condition. The different variables 
given in equations from (3.2« 1B) to(4,1. 34) have to be simulated 
on digital computer. The computer programme for the same is 
given in App ends t~C', The flow chart for the same is given in 
Fig.d. t.3■ This programme computes and lists the speed of the 
rotor, slip, rotor current, braking torque,p.u..firing angle 
braking time and the total energy losses, 
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The dynamic performance of the system has been carried 

out experimentally at the two sets of speed (2100 rpm and 2400 rpm), 

The response with respect to reference speed has been done for 

the changes In reference voltage and load torque. The same can 

ditione of reference voltage and load torque have been implied 

for both P and P1 controllers. For dc dynamic braking; the perfor- 

mance has been carriod out for all the three conditions experi. 

mentally. Only P controller has been considered here which has 

sli tdi?ferent parameters then the controller considered for 

the speed control scheme. The different results both for speed 

control scheme and dc dynamic braking have been taken with the 

aid of fast X- Y plotter on the special carbonise sheat. These 

are discussed In detail In the following paragraphs: 

5.1.1 Computed Results: 

Performance analysis has been done for getting the results 

both for speed control schema and do dynamic braking. These are 

given in the following paragraphs; 

(a" Speed Control Scheme: 

The various gain and time constants used for the partur-

bation in reference voltage and the load torque are given in 

Table.-IIJ. The analytical results have been obtained with the 

aid of Computer Programmes given in Sec.5.1..These are given 

in Fig.5.i.1. 



"ig. .4.1(a} shows the response curves to load pertur- 

bation at operating speeds No. 2100 rpm and 2400 rpm.with 
tvki.Cc Ro 5'),ICb) )ad' C4teS btu YQjp,4 	Wrves for  Pl 'oml)111ler 
p controller/uith other conditions to be same. Fig.5,1„ 3(c) 

shows the response curves to reference speed perturbation 

at both operating speeds No. m 2100 rpm,. and 2400 rpm.? or 

P Controller, Fig,, S,.1.1. (d) shows the response curves with the 

same operating conditions for PI controller. 

(b) CC fynami,c Braking: 

The braking characteristics of the test machine have been 

obtained in terms of rotor speed, braking torous,, rotor current 

per phase and the time taken for braking. These are compute 

at two different values of stator excitation i.e. at 0,6 and 

0.8 p. u. values of the rated values (Is = 4.62 Amp and 6U6'* Amp. 

respectively), All th© three conditions of braking viz: with 

slip-ring shorted,. Inserting fixed optimum resistance in the 

rotor ciruit and with the solid state resistance controller; 

are considered separately, Stopping time and the energy losses 

for the above three conditions are given in Table -IV; because 

these are considered for the off active braking made as well as 

for the hosting of the windings. 

The braking characteristics of the test machine are obtained 

in terms of braking torqueand rotor current. The relevant curves 

are shown in Fig.2.1.S and Fig..S.1.5..Fig(2.1.5) shows the 

venetian of braking torque with speed while the variation 



* 1  

`. 6t, ■ 

Tint.a SCC. 

r 

a 

d0 

CURVE 
4N + CHANCE IN SPEED 	 A B - 2100 ►~w, 

 

40  A  s0  A 

	

4 au 	 .-- 	 30 

 

x0  g = 20 

	

10 	 10 

	

0 	 0 1 	z 	 — 	 1 	2 	3 	a TIME IN SCC. 	 ----> TIME IN KC. 
FI0.S.1.1(a) 

 
fIO.5.l.t(s)  

RESPONSE TO LOAD PERTURBATION rOI~PCCNTROLLER 

I 

■ 
X 60 I 

I 60 

140  
 

■  

 

20  d 70 

4
\\' 

 

 0 	s 	r 	1 	is 	i 

	

.20 	 TIME IN seC. 	-20 	 TIM Na stC. 

—'fl 
P10. 6.1.1(b) 	 r10.r.1.Ottb) 

RESPONSE TO LOAD PERTURBATIO rOR SPI CONTROLLER 

TIME IN IEC. 

rto.6.1.1(a) 
• RESPONSE TO REFERENCE SPEED PERT' 

100 

■ ~se 

= za 

12  1 
0 

.r._.__., TIME IN ICC. 	 ..—...., TIMC IN REC. 
r10.6.1.2(e) 

RESPONSE TO REr AENCE SPEED PERTURBATION rOR SPY'CONTROLLER 



STOPPING TIME AND ENERGY LOSSCS IN DC DYNAMIC BRAKING 
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CC EXCITATION 0.6 p.Su 
	 DC EXCITATION 0.8 p.u. 
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of rotor current with speed Is shown in ig.(5.1.5) curve A 

represents the performance charscteri stic for 0.8 p.u. excit. 

ation with slip ring shorted condition. Curve 8 represents the 

variation tar the -same excitation with fixe ! optimum r sie ence 

in the rotor circuit.. Similarly curve C shoos the variation 

for the case when the solid state resistance controller Is in 

the rotor circuit and the dc excitation is 0.8 p.u..Tn show the 

effect of the change in the level of excitation on the braking 

performance,  response for 0.6 p.,u.stetcr excitation have been 

computed and the relevant curves for the same are shown in Fig. 

5.1.6. Again the variation of braking torque and the rotor current 

r tbh a ase # are shown in F1gs.S.1..6(e') and 5.1.6(b) respectively, 

5.1.2 Expaimsntal Results: 

For the ease to compare with thecriticel curves, the experi-

mental curves are drawn side by side with the theoritical one. 

The different curves have been platted with the aid of feet x. y 

plotter. 

(a) Speed Control Scheme: 

The various response curves for reference speed and load 

torque perturbations are given In Fig,(5.t.2). 	g. S, .: e 

shown the response curves to load perturbation at operating 

speeds No a 2100 rpm and 2400 rpm with P Controller, Fig.5.1, 2(bb 

shows the response curves for PI controller with the same operat- 
ing conditions. The response curves to 	the reference 
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speed perturbation at both the operating speeds with P controller 

are given in f ig.5.1.2(c). Fig.5.1.2(d) shows the response curves 

with the some operating conditions with PI controller. 

The variations of stator current with time are given in 

F' igo 5. t.3 	li '#R.. Pig. 5.1.3(a shows the variation of stator 

currant at 2100 rpm for P controller, while r'i,g. s.1.3(b) shows 

the variation of stator current at the same operating .speed for 

PI controller0  Similarly at 2400 rpm the variations of stator 

current for Pan d& P1 controller are shown in rig.5. i. (c) and 

Fi.g.5.1.3(d) respectively. 

The effect of load on etedoy state operating speed has also 

studied experimentally ('.iq.5. i.4).. r'i,g.s.1.4(a) shows the varia-

tion of steady state speed (2100 rpm.) with load variations for 
P and PI controllers.. Similar variations In steady state operates. 

i ng speed (2400 rpm ) with lead variations for both P and PT 

controllers are shown in F.ig.5..1.4(b). 

(b) IC Dynamic Braking: 

In the braking mode of operation, the variations of rotor 
speed with time have been plotted with the help of fast x-fir 

platter. The relevant curves for the same are shown in Fig.5*  #.7 

Fig.S. 1.7(a) shows the variation of speed with time from maxi-
mum mum rotor speed to zero speed for 0.8 p.u,stator excitation with 

slip -ring shorted. For the same excitation, the variations of 
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speed with time for fixed optimum resistance in the rotor 

circuit and for solid solid state resistance controller (P) 

are shown to Fig.5.1.7(b) and rig.5.1." (c) respectively. 

Similarly,, the variations in the rotor speed with braking 

time for 0.6 p.u.stator excitation., with rotor shorted#  fixed 

optimum resistance in the rotor circuit and with the solid 

state resistance controller are shown in Figs.5.1.5(a).,5.1.8(b) 

and 5.1.8(c) respectively. 

5.2 f iscusaion of Results: 

In speed control the perturbation studies have been parried 

out at the two different operating speeds - one at 2100 rpm., 

O(o  a 0,85 and the another one at 2400 rpm„ cG a 0,7 2. 

The analytical as well as experimental results are glrven in 

r ige.5„ 1. 1 and 5.1.2. Comparing the experimental observations 

with the analytical results, the following observations are 

made; 

(i) For lead perturbation, the system reaches to steady state 
much faster using P controller than with PT controller. 

(ii) For the same load disturbances,, P controller introduces 
a small variation in the steady state speed while the 
steady state error is negligible with PI controller. 

(iii)For the refernece voltage perturbation, the system reaches 
to now steady state value of speed much faster using P con-
troller while PT controller is slower., Also for the some 
variation in reference voltage,P controller introduces some 
error with respect to new value of speed. There is negligi-
ble error using PT controller. 
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iv) There is a alto difference between the analytical and 
experimental results. 

For do dynamic braking, the effectiveness of the braking 

using solid state resistance controller may be seen than with 

the slip-ring shorted as well as with the fixed optimum renis«. 

trance in the rotor circuit. From the curves given in figs„(5.1,3) 

(5.1.4) , (5.1.5) and (5.1.6) and Table IV, the following obser-

vations are made% 

(1) 	With Solid state resistance controller in the rotor circuit, 
the braking torque remains at peak level throughout the 
speed ragge and therefore*  the braking •action is much faster 
than with slip-ring shorted and optimum resistance in the 
rotor circuit condition.. The stopping time thus •obtained is 
the optimum for a particular excitation. 

(ii) The energy lasses in both stator and rotor windings are 
minimum with solid state resistance controller than with 
the other two conditions. 

(iii) There is no jerky effect with solid state controller, while 
much jerks are observed for the other two conditions. Much 
variations in braking torque are observed for slip-ring 
shorted and optimum resistance conditions. 

(iv) The stepping time is reduced with the increase in dc 
excitation. This can be seen from Figs.(2.1.5),,(S.i.5 and 
(5.1.6). 
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C H A P T C R- 6 

CONGLIJSIUNS PN() SUGGESTIONS FOR FURTHER UORK _r___.__e___n'wr..w_ _____r______________ ----- 
ha closed-loop solid state resistance controller for the 

slip ring induction motor (the test machine ) has been designed, 

fabricated and tested. The functional block-diagram with various 

transfer functions has been given in detail. The main parts of 

firing control scheme have boon designed and fabricated. The firing 

control circuit is so designed that it becomes simple, economical, 

and requires lose space. The variation of speed for the fixed value 

of load torque has been obtained by varying the rotor resistance 

continuously between RN and RCF In closed loop manner. The per. 

formance characteristics for the speed control scheme have been 

given analytically and experimentally. Both P and P1 controllers 

have been considered. it is observed that the change in operat-

ing speed due to load perturbation for Pt controller is negli--

gible while with P controller it 3s around 2%. 

The same solid state resistance controller for do dynamic 

braking has been developed. P controller for the firing controls 

scheme is considered. The variations of braking torque, rotor 

current with rotor speed and the energy losses have been studied 

thauritically for all the three conditions viz..with the slip.. 

rbng shorted, wibh optimum resistance in the rotor and with the 

solid state resistance controller,, The braking time has been 
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compared for all the three conditions and observed that the 

braking time with optimum resistance is better than with slip-

ring shorted condition. it is further observed that the brak.. 

ing time with sold state resistance controller is much better 

than with optimum resistance in the rotor circuit. Both analy-

tical and experimental results have been compared and found a 

very small variation in between. The braking has been done at 

two different values of dc excitation. It is also observed that 

the energy losses are minimum wtth the solid state resistance 

controller. 

Thus the Controil circuitary used here for closed loop 

speed control abbeme and dc dynamic braking is much simpler 

and economical in comperieion to other solid state resistance 

control schemes i.e. phase controlled and chopper controlled 

schemes. 

Further, In this scheme, some changes may be done to reduce 

the space and the cost of the scheme. This scheme may be used In 

industries to control the speed of the doives as well as to per. 

form effective braking in curtain applications. The scheme is 

economical for medium size of machines. Further study for the 

variation of stator currant, rotor current with load torque 

can be performed. The affect of harmonics developed due to sudden 

ON and OFF operation of thyristors can also be psrformed.In case 



of do dynamic braking g  the experimental results for the vari-

ations of load torque and the rotor current can be obtained, 

Saturation can be considered for further accurate analysis, 

cepplate control circuit for both the schemes can be developed 

jointly for field applications. 
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SPECIf ICATIONS AN PARAMETERS CF THE TEST PACHINC 

Nie Plate 1`atails cif Genera. iced 
Electrical f achins: ~.._., 
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Make 

Stator 

H. P. 

Phase 

Poles 

Cycles 

RPM 

Insulation .. 

Rater 	W 

Turns ratio *- 

moment of Inertia (3)  

l awdsl ey' a tti.,England 

200/240V, L, connected, 15 A. 

3.0 

3 

2 

50/60 

2860 

Class 'E' 

a connected 

3 

0.1546 Kgn2 

Frictional constant( )*OO95 am/rad/sec. 



Other Electrical Parameters: 

E 191.? Volt 

Ri 2.75 ohm. 

R2 4.33 

1 3.924 Ohm. 

X2 3.924 Ohm. 

R6 • 2.63 Ohm. 

RM 305.0 Q hm. 

XE 5.06 Ohm, 

xM * 162.4 Ohm. 

R© a G3, 83 Q8i► 

R5 •~ 9.?6 Ohm. 

Res M 148.0 Ohm. 
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