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A B S T RAC T 

The dissertation describes the design, analysis and 

experimental studies of a 4—quadrant, variable — speed d.c. 

drive fed from a single phase dual converter -the d.c. motor 

field is seperately excited. 

The various conventional schemes of adjustable speed 

d.c. drive are given in introduction. Different types of 

converters available are also described in the same chapter. 

Chapter 2 concerns the literature review in which the present 

status specifically in the field of dual converter controlled 

d.c. drive has been described. The basic dual converter and 

its types are discussed in chapter 3. The necessity of closed -

loop control and description of the system designed in the 

present work are given in chapter 4. Chapter 5 deals with 

the mathematical model of the drive system and the state model 

of the system. The system design has been described in chap-

ter 6. Experimental and theoretical results are compared in 

chapter 7. Conclusion and scope for further work are given 

in chapter 8. In appendix 'A', the parameter plane synthesis 

method and frequency scanning technique have been discussed. 

The measurement of d.c. motor constants and transducers 

gain have been given in appendix 'B'. The appendix 'C' deals 

with the discription of various chips. A listing of all 

computer programmes has been given in appendix !D', 



(iv) 

N 0 1vi E N C L A T U 'R E 

The detailed list of the symbols used in the present 

work is given below. Lower-case letters have been used for 

instantaneous values of the quantities, and upper-case letters 

are used for constant, direct, average or rms values. 

is  Motor armature current 

ea  Motor armature voltage 

eb  Motor generated voltage (or back emf.) 

cam  Motor speed (rad/sec) 

Ia  Average motor armature current 

Ea  Average motor armature voltage 

Eb  Average motor back emf. 

Average flux per pole 

V  3- mains voltage (r.m.s. value) 

Ra  Armature resistance (ohms) 

La  Armature inductance (henrys) 

Kb  Back emf constant 

J  Moment of inertia of motor and loading generator 

3  Viscous friction constant (including that of load 

on the motor) 

T  Torque developed by the motor 

TL  Load torque 

Mechanical time constant (JRa /K2) 



Ta 

if  

Kf 

VR  

Vc l 

c2 

Kl  

Kp  

Tcl 

Tc2 

Ed l 

cl 

c 2 

vc2 

Vc  

A 

Tc a 

Wr 

wf 

Hi  

V. 1  

H C) 

(v) 

Electrical time constant of the motor armature circuit 

Field current 

Field constant 

Speed reference voltage 

Current controller output voltage 

Speed controller output voltage 

Current controller gain 

Speed controller gain 

Current controller time constant 

Speed controller time constant 

Current error voltage 

Voltage output of current error integrator 

Speed error voltage 

Voltage output of speed error integrator 

Control voltage 

Thyristor converter gain 

Converter delay time 

Reference speed 

Speed feedback 

Current transducer gain 

Current feedback voltage 

Tachogenerator gain 



NO 

If 
 Tachogenerator filter time constant 

V  Speed feedback voltage 

is  Circulating current 

I  max rlaximum circulating current 
c  

Ic  Average circulating current 

,x  Firing angle 

s Complex frequency 

a Relative stability  constant 

Damping ratio 

G,H,F Functions of s 

x State variable 

t Time in second 

L Reactor coil inductance 

Vcc  Supply voltage to firing circuit 

wS  Supply frequency (rad/sec) 

'j  Efficiency 

wd  Damping frequency 

• 
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Chapter - 1 

INTRODUCTION 

The growth of electric drives has closely paralleled 

the growth of automation in industry. In early periods, 

electric motors were operated directly from supply line under 

their own inherent torque - speed characteristics and at 

operating conditions determined by the mechanical load. Now, 

in most applications, motors are provided with control equip- 

ment by which their operating conditions are varied with rese-

ct to the mechanical load to suit the particular drive require-

ments. Electric drive systems provide a convenient means for 

controlling the operation of industrial machinery. In size, 

electric drives range all the way from fraction of one h.p. 

upto thousands 4f h.p. Speeds range from stalled positioning 

systems upto 15000 rev min and higher [2], 

D.C. motors are easily controllable and have dominated 

the adjustable speed drive field. A.C. motors are more expen-

sive to control and are used in drive systems when special 

features of the a.c. motors, such as absence of commutators and 

brushes, must be utilized [1]. A.C. motors stall at loads 

above about twice their rated torque and can not start on loads 

above 150/ of the rated torque. On the other hand, d.c. motors 

can start at higher loads and also can take up over loads upto 

300 to 400 / of rated load for a short period. Regenerative 

or dynamic braking is easily obtainable with the d.c. motors 

for applications requiring quick stopping or speed reversal 1241. 
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The basic equation of speed of d.c. motor is given by 

E — I R 
W  _ a  a a  

The speed of the separately excited d.c. 

motor can be controlled by following three methods: 

(i) Varying resistance in the armature circuit 

(ii) Varying motor excitation current 

(iii) Varying the armature voltage. 

Using the first method, the speed of the motor can be 

controlled in the downward direction from the rated speed at 

the expense of power loss in the armature circuit resistance. 

The second method is used for varying the speed above rated 

speed. This, in turn, produces severe problems of sparking 

at commutator and the consequent limitations on the life of 

brushes and commutators. Also, in this method torque decreases 

with increase in speed, therefore h.p. output above the rated 

speed remains constant. Smooth variation of speed over a wide 

range can be achieved by using the third method i.e. armature 

voltage control. In this method the flux of the motor is keet 

constant and h.p. is directly proportional to sped. 

Ward Leonard speed control, first introduced about 

85 years back, is the most familiar method of obtaining 

adjustable voltage for.speed control of d.c. motor using the 

third method. It makes use of the motor — generator set and 

provides a smooth speed control over a wide range down to a 

very low value, which is limited by the residual magnetism 

of the generator. At lower speed, the stability of operation 

is affected by a demagnetization of the armature reaction. In 
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this method, the power is automatically regenerated to the a.c. 

line through the M—G set when speed is reduced. The short time 

overload capacity is also large. The main disadvantages are 

(i) capital cost is high because of extra M—G set, 

(ii) overall efficiency is less than 80 /, 

(iii) large amount of space is required for the setup,and 

(iv) periodic inspection and lubrication are necessary 

due to number of rotating machines [26]. 

Electricity is now a days distributed exclusively by 

3 —  network at constant voltage and frequency. Therefore, 

controlled electric drive always requires an additional power 

supply device in which the 3 — 0 supply is converted to d.c. 

of variable voltage. Conversion is achieved either with rotary 

converters or static devices, which include magnetic amlifiers, 

and mercury arc and semiconductor converters. 

The heart of semiconductor converter is the thyristor, 

which was first introduced by General Electric Company, U.S.A. 

in 1957. It works on a similar principle of the gas — filled 

tube and thyratron. Once triggered, the thyristor must be res--- 

tored to the blocking condition by some external means. In 

practice, this is done by natural or forced commutation. If 

we compare the most important types of power supply equipment 

for use with controlled drives, semiconductor: converters are 

found in many respect to have significant and often' decisive 

advantages. 
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In contrast to the rotary converters the semiconductor 

converter has no parts subjected to mechanical wear. Also 

efficiency is higher, response is better and cost of foundation 

is not considerable. 

The semiconductor converter is far superior to the 

magnetic amplifier es regards speed of response. Its efficiency 

is usually higher, it weighs less and with the appropriate 

circuitry permits power reversal. 

Mercury.are converters are of equal merit as far as 

response is concerned, but require various ancilliary devices 

for triggering and excitation etc. which are not needed `A./ith 

semiconductor equipment. Semiconductor converter works over a 

wider range of temperature. In addition, they are immediately 

ready for use, insensitive to vibration, have a higher overall 

efficiency and hence a small coolant requirement, they require 

less space and are easily replaced and stored [3]. 

Therefore,thyristor converters are the mostly used con-

verters and provide variable armature voltage for.the drive 

motor. The three basic methods: phase control, integral cycle 

control and chopper control for obtaining a variable d.c. volta•-

ge output from a fixed supply voltage (a.c. or d.c.) are 

illustrated in Fig. 1.1. 

In all these methods, SCR connects the supply current 

to and disconnects it from the motor terminals. The frequency 

of switching is rapid, therefore, the motor responds to the 

average voltage output and not to the individual voltage pulses. 
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In both phase control and integral cycle control schemes, 

the conversion from a.c. to d.c. is achieved by rectification. 

In phase control, the SCR connects the supply to the motor during 

certain period in each half cycle and disconnects the motor from 

the supply for the remainder of each half cycle. In such con-

verters, thyristor commutation (i.e. transfer of current from 

oneSCR to the other) is easily achieved by a process referred 

to as natural or line commutation. '/t!hen an incoming thyristor 

is turned ON, it immediately reverse biases the outgoing thyris-

tor and turns it OFF. Therefore, no commutation circuit is 

necessary. These schemes arc, therefore, simple and inexpensive, 

and hence widely used, 

In the integral cycle control the 3CR connects the 

supply to the motor for few half cycles and disconnects the 

motor for several half cycles. This scheme is satisfactory if 

the supply frequency is high and motor inertia is large, otherY- 

wise the motor will oscillate about its moan speed. This scheme 

has not been found satisfactory for speed control of motors. 

If the supply is d.c., then chopper control sLheme is 

used, in which SCR switches ON or OFF rapidly and provides a 

chopped voltage for the drive motor. The average value of the 

chopped voltage can be controlled by the ratio of the conduction 

time tON  to the blocking time t
OFF 

 of the thyristor. This 

scheme requires auxiliary circuits to turn off the SCRs. Choppers 

are operated at higher switching frequency to reduce the ripple 

content in the motor current. High speed switching requires 

special SCRs of 1cm turn off time i.e of inverter grade. 
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Therefore, chopper control is relatively complex, but neverthe-  

less it is widely used [26, 27]. 

Now, since the dissertation concerns with phase controller 

converters, therefore, these converters arc discussed in great 

detail. Various alternative drive systems for d.c. machine 

using thyristor converter to control the applied armature 

voltage are illustrated in Fig. 1.2. The field winding of the 

machine is separately excited and steady state field current 

is fixed. Thus, by continuously controlling the armature voltage 

the speed of the motor is veried smoothly with a constant—torque 

characteristic. 

In Fig. 1.2(3), a single quadrant converter is used to 

provide a unidirectional speed control of the motor. Due to 

incapability of converter to operate in inverting Zone ?  'it is 

not possible for energy to be returned from the motor to the 

supply and hence, the drive system does not have the facility 

of regenerative braking. 

In Fig. 1.2(b), a 2—quadrant (fully controlled) conver-

ter is connected to the armature of the d.c. motor in which the 

voltage polarity can reverse, but currant remains unidirectional 

because of the unidirection thyristors, Regeneration of power 

is possible with fully controlled converter. In these two 

methods, 'it is not possible to control the speed in both 

directions, 

In Fig. 1.2(c), a 2—quadrant converter is connected 

to the armature of a d.c. motor through a r,.,versing switch, 



D.C. 	Field Winding 
Motor 

() 1 -Quadrant Converter 

2-Quadrant Converter 
	

(b) 

D.C. 
Motor 

2-Quadrant Converter 
	

(c) 

2-Quadrant Converter 
	

4—Quadrant Converter 

D.C. 
Motor 

4-Quadrant Converter 	(e) 

FIG .I.2. PHASE CONTROLLED CONVERTERS 
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Thus, by reversing the switch it is possible to control the 

speed in both directions, with the facility for regenerative 

braking. This method is satisfactory if the time delay associa-

ted with the mechanical change over of the reversing switch is 

small and acceptable. During this time, the machine coasts 

freely and is not under the control of converter. 

In Fig. 1.2(d), a 2—quadrant converter is connected to 

the armature of d.c. motor and relatively low power 4—quadrant 

dual converter is connected to the field winding. Thus, by 

suitable control of dual converter the field current can be 

made to flow in either direction. Therefore, a full 4—quadrant 

operation is possible and speed of the motor can be controlled 

in both forward and reverse directions, with the facility for 

regenerative braking. The control circuit and the time response 

for current reversal cannot be as fast as that in the armature 

current reversal system because field winding is highly inductive. 

In Fig. 1.2(e), a 4—quadrant dual converter is connected 

to the armature of d.c. motor. This system provides a fully 

reversing drive with regenerative braking without changing the 

armature circuit connections or field current polarity. Thus, 

by means of suitable control circuit it is possible to achieve 

very Tepid reversal of speed and torque with little or no time 

lag [22, 27]. 

The author has used single phase dual converter for 

speed control of d.c. motor in the present work. 
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Chapter — 2 

LITERATURE REVIEW 

A rapid growth of thyristor controlled d.c. drive appli-

cations has resulted from the many benefits derived by these 

equipments and replaced the conventional :lard Leonard M—G set. 

3CR drives are not exact equivalents of .--G sets and require 

special considerations regarding their successful utilization. 

Jacobs and Walsh [4] discuss some of them. The first apart of 

the paper describes the static power conversion equipment, their 

characteristics and benefits as well as the effect on the d.c. 

drive motor. According to them, the pulsating voltage and 

current waveforms generated by an SCR power supply adversely 

affects the heating and commutation of a d.c. motor. The effect 

of SCR power conversion equipment on the power distribution 

system is described in the second part. The undesirable side 

effects of SCR drives are also described by Robinson [5]. 

According to him, these effects are due to high ripele content 

in the rectified voltage output of the converters, which causes 

increased heat generation in the d.c. drive motor and adversely 

affects its ability to commutate armature currents without 

sparking at the brushes. These effects are described and analy-

sed for several basic configurations of converter power circuits. 

He has suggested' that electrical design features of low sparking 

factor, sufficient inductance to minimize ripple currents, lari_— 

nated interpole and frame structures along with large interpole 

airgaps, unsaturated interpole and frame magnetic circuit , high 

grade electrographitic brushes and smooth commutators contribute 
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to good transient characteristic necessary to operate on 

rectified power and provide good transient response. 

The degree of controllability provided by static con-

verters is mostly determined by the speed and accuracy of infor-

mation available from the transducers. This is the subject 

matter of research by Arrilage and Hisha [6]. The effect of 

providing fast ON/OFF detection of SCR is also discussed and 

a method based on continuous monitoring of gate to cathode vol-

tage is suggested which provide sufficiently reliable fast ON/ 

OFF information for the purpose of direct digital control of 

the converter plant. 

Operating diagrams are developed for 1 — q~ as well as 

3 —  half controlled thyristor converters connected to :a gene— 

ral resistive, inductive and emf load in the paper by Pa.leni- 

c.hamy •and Subbiah [7]. 'Vljith the help of circuit equations, 

the mode of operation of such converters are identified and 

analyzed. Minimum inductance necessary in the load circuit for 

continuous current operations is also evaluated. 

Simard and Raj Gopalan describe a simple equidistant 

pulse firing scheme [8] which is found quite economical for 

industrial application but its disadvantage is the minimum 

delay of at least a period necessary to provide any firing 

angle corrections; this is in contrast to the delay of one -

sixth of a period in all the other schemes. 

The theoretical relations between currents, fluxes 

and pulse duration in a d.c. motor eneraized by onwer ni l c 
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are described by Franklin [9]. From their values the average 

torque, speed, and their instantanceous variations are calcula- 

ted. The non—linearity of the magnetic circuit is considered 

by a suitable approximation of the magnetization curve and the 

resulting error evaluated. 

Rectifier performance with the low inductance counter_ 

emf load of a large d.c. motor is different from that of the 

performance resulting from a highly inductive load. The effect 

of rectifier discontinuous current on-motor performance is 

discussed by K.G, Black [10]. If s  at low average values the 

current is not continuous but flow in pulses, both the static 

and dynamic characteristics of the rectifier motor system are 

affected. He has suggested that addition of a series saturat-

ing reactor to the armature circuit overcomes these effects. 

Farag and others [11] describe their analytical and 

experimental studies on a variable speed d.c. shunt motor drivan 

by a single phase full wave rectified power supply using SCRs. 

They recommend that as motor current may be continuous or dis-

continuous the use of laminated stator is a must to reduce 

losses due to harmonic effect. Mathematical model expressions 

for the torque speed characteristics a.ro derived for these 

two modes of ooeration. Experimental studies show that the 

calculated characteristics coincide v_ry well with the measured 

characteristics over a wide range of speed. System stability 

has also been discussed by the second method of Liapunov. The 

calculated stability limits compare favourably with the ,.;xperi— 

m3ntal results. 
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3rill and Rairmamorthy in part I of their paper [12] 

describe a reversible drive control for elevator doors, using 

a d.c. motor with phase—controlled power.suaply. The speed 

reversal is obtained by changing the polarity of the field vol-

tage. Due to the large inductance of the field circuit the 

the complete reversal requires 4••cycle of the input line freque-

ncy. This tends to make the dynamic response of the motor a 

bit sluggish. The performance could have been improved by con-

trolling the polarity of the armature voltage for speed rever-

sal. The motor also hunts due to large gain in the feed back 

path and therefore has limited stable operating region. The 

problem, could have been removed if the speed control is opera-

ted in open loop and feedback is used to limit the armature 

current in the extreme operating region. 

in part II, the same authors [13] have described a 

modified control scheme using a d.c. shunt motor with armature 

control scheme for reversible operation and feedback control 

for current limits. This control provides a soft start during 

opening of door and dynamic braking reduces the door speed at 

the limit. Adjustable torque limit control the door force 

speed reversal is fairly instantaneous. 

Krishnan and Ramaswami [14] in their paper describe a 

practical speed control system for a d.c. motor using a 1 — 0 
controlled thyristor amplifier. The non—linear system is appro-

ximated by a low—order linear model as a good approximation. 

The main feature of their scheme is the inner current loop which 

protects the thyristor from over current and also provides 
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fast response against disturbances such as variation in supply 

voltage. The speed control scheme discussed in their paper 

is useful for one direction of rotation. 

The design, construction and operation of a 4—quadrant 

speed control scheme for  separately excited d.c. motor fed 

from a dual converter has been discussed by the same author's [15]. 

The have used only one firing circuit and the firing pulses are 

directed to the appropriate converter by a master controller 

i.e. the dual converter is operating in discontinuous mode. 

PI controllers have been used to achieve good dyn-mic and 

steady state response. The main disadvantage of this scheme 

is the delay time between the switching over the controllers. 

Sen and ,.,achnald [16] presented a systematic procedure 

for analysis, design and testing of a SO controlled separately 

excited d.c. motor drive system, The closed loop control 

scheme is analyzed using transfer function technique and the 

necessity of an inner current control loop is demonstrated. 

Armature reconnection is used to enable regenerative braking 

and speed reversal. Design of both proportional and propor-

tional integral controller is outlined, and experimental results 

are given.  Jhi1e designing the controllers the system 4yn.a— 

mic model is considerably simpified. This requires neglecting 

some smaller time constants, 

us- \wvaramma and others [17] present a closed—loop cont-

rol scheme of d.c. motor using dual converter operating in 

circulating current mode. The dual converter incorporates 
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cosine firing circuit using integrated circutry. The method 

of speed control is found to be more economical. The fast 

reversal of speed is feasible because of the dual converter 

operating in circulating current mode. Circulating current•

is found more in 1 - 0 converter but can be reduced if 3 - 
dual converter is used.,  

Duff and Ludbork [18] describe a technique for the 

design of reversible armature power supplies which results in 

a very high performance system and retains the high conversion 

efficiency of a single converter bridge. A unique firing cir-

cuit and regulator design allows the transfer characteristics 

of the two converter bridges to be coincident. Logic circuit 

is used to select the operating bridge dependent on system 

requirements, 

Revanker and aubnis [19] analyse the dual converter 

system feeding separately excited d.c. motor load for both 

steady state an.d transient performance characteristics, Both 

the circulating current mode and circulating current free 

mode of operation are considered. Further, normalized circuit 

equations are derived and solved on digital com:outer for typi-

cal values of circuit parameters. They have concluded that 

circulating current free mode of operation is superior from 

the point of view of better Power factor, efficiency and cost 

but the main drawback is the discontinuous conduction and 

consequent drop in the speed regulation characteristics,:: 
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Also, a dead zone, is inevitable during the reversal of motor. 

Good speed regulation characteristics are possible with circu-

lating current mode of operation and also fast reversal of 

load current is possible because of natural freedom for the 

load current to flow in either direction. However, if large 

circulating current is allowed, the p,f. and efficiency are 

poor. The improvement in transient response cif the dual con-

verter system in circulating current mode of operation is possi-

ble by using magnetically coupled reactors only If the armature 

inductance is very small. 

In 1981, Mittal and Chatterjee [20] have described 

a simple method for the calculation of circulating current 

in a dual converter operating on no load. They have also 

shown that the injection of d.c. offset voltage,in the gate 

circuit of dual converter reduces circulating current very 

much between positive and negative converters. The study of 

computed results shows that with this method it is possible 

to reduce the size of circulating current reactor by 66/ 

for same level of circulating current between the converters. 

Another method of controlling the circulating current 

between two reverse parallel connected converters (i.e. dual 

converter) is described by Srivastava and Davies [21]. 

According to the;  completely suppressing the gate firing 

pulses of one converter to reduce circulating current often 

l%ads to failure of commutation on inversion due to inevitobla 

difference in the instants of reappearance of these pulses 
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on all bridge arms. The circulating current flows for the 

duration when successive phases are short — circuited during 

recurrent cycle of operation. This duration is reduced by 

biasing both the bridges in inverter region by an angle N. 

The duration of short circuit is eliminated for  = 600. In 

this arrangement, the regenerative braking is not possible 

until the back emf of motor is more than motor terminal vol-

tage and therefore greater firing pulse movement is necessary. 

Author's Contribution 

The author has developed a thyristorized single-phase 

dual converter operating in circulating current mode for closed 

loop speed control of a separately excited d.c. motor for 

4—quadrant motor operation. The dual converter incorporates 

cosine firing technique using integrated circuitry. A speed 

loop with ?i controller maintains the desired speed irres-

pective of the load variation on the motor. An inner current 

control loop, again incorporating a .PI controller, protects 

the thyristors from over cur.r_ents. This loop also provides 

fast response overcoming the effects of disturbances such as 

variation in supply voltage. This system has the advantage of 

simple circuit controllability and smooth variations of speed 

control over a wide range by merely varying a single parameter 

in both the directions. The circulating current mode of 

operation gives fast response of s~eaad. The method effectively 

replaces the Ward -- Leonard system. The oarameters of the 



16 

P1 controllers are designed on the basis of system stability 

and response of the drive system. D—decomposition technique 

is used for finding the region of parameters for stable drive 

system and this is checked using Mikhilov 	criterion. Runga 

Kutta fourth order method is used for solving simultaneous 

differential equations to see the response of the drive. The, 

dual converter is tested at resistive, inductive and motor 

loads, 
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Chapter - 3 

DUAL CONVERTER 

The principle and operation of single phase dual con-

verter is described in this chapter. The circulating current 

and non-circulating mode of operation of dual converter with 

their advantages and disadvantages are considered in detail. 

The basic principle of obtaining cosine firing scheme is deve-

loped. The waveforms of various voltages and currents are 

discussed, Finally, the expressions for circulating current 

are developed. 

3.1 Introduction 

A dual converter consists of two similar fully-contra--

lied phase converters which are connected in antiparallel as 

shown in Fig. 3.1, With this arrangement current can flow in 

either direction at the d.c. terminals, positive load current 

being carried by positive converter and negative load current 

by negative converter. 

The converters are assumed ideal and they produce 

pure d.c, output voltage i.e. there is no rip.-ile at the d.c. 

output terminals. The magnitude of the d.c. voltage varies as 

the cosine of the firing angles of the converters. The average 

voltage output at d.c. terminals of the 1 - 0 converter is 
given by. 
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Ea  =  V Cos a 

= Lmax 
Cos a  ..(3.1) 

where, 

V = r.m.s. value of supply voltage 

a = firing angle of the converter.. 

The converters can be replaced as shown in Fig. 3.2 

by a d.c. voltage source in series with diodes that represent 

unidirectional current flow characteristic of the converters. 

The firing angle of both the converters are regulated 

by a control voltage V so that treird.c. voltage outputs are 

equal and of the same polarity. Therefore 9  

Eap  = Emax  CosaI  

Ean — Emax Cos a2  ...(3.2) 

Vlhere Eap  and Ean  are the average d.c. voltage outputs 

of positive and negative converters respectively, and al  and 

a2  are their firing angles. 

In an ideal dual converter, 

Eap = — Ean = Ea  
...,(3.3) 

From equations (3.2) and (3.3), 

"max Cos al  = — Emax Cos a
2  

or Cos al  + Cos a2  = 0 

a1  + a2  = 180°  
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Therefore, if the firing angle of one converter is 

less than 900 
 then, the firing angle of other converter will 

be more than 90°. Thus, both converters produce the same t r-

minal voltage, one operating as rectifier (firing angle less 

than 90°) and other operating as inverter (firing angle more 

than 90°). Fig. 3.3 shows the terminal voltage as a function 

of firing angle for the two converters. The firing angle con- 

trol circuit can be designed such that as the control voltage 

V 	changes, al  and a2  change in such a way as to maintain 

a1  + a2  = 1800 . 

In practice, with the firing angles of the converters 

controlled in this manner, only the mean d.c. terminal voltages 

of the two converters equal to one another, there are, however., 

inevitable instantaneous inequalities between the ripple vol-

tages appearing at the d.c. terminals of the two converters. 

These ripple voltages are almost out of phase. if solid conne-

ction is made between the two converters, there would result 

theoretically an infinite circulating current that will not 

flow through the load. Therefore, circulating current bet-

ween the converters must be controlled. 

The first method for the above airn is to inhibit 

con'pletely the flow of current through appropriate automatic 

control of the firing pulses, so that only that converter 

which carries the load current is in conduction and the other 

temporarily 'idles converter is blocked. This is the so 

called circulating current free mode of operation. In 
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circuilating current free mode of operation, the various con-

trol strategies used are as mentioned below: 

(a) Control signal polarity selects the converter. 

(b) Load current selects the converter. 

(c) ,Both control voltage and load current select 
the converter. 

In the second method, the circulating current is 

limited to an acceptable level by means of the two reactors, 

This is the so celled circulating current mode of operation 

and is shown in Fig. 3.4. The circulating current keeps both 

the converters in continuous conduction over entire control 

range in the loaded condition. However, in the no--load condi--

tion, the current is discontinuous except at a = a2  = 900 . 

Table 3.1 gives merits and demerits of the circulating current 

and circulating current fre,,: mode of operation of a dual 

converter. 

Table 3.1 Advantages and Disadvantages of Dual 

Converter with and without Circulating 

Current 

C.No.  Consideration  ith Circulating  \without Circulating 
current  Current 

1.  Current Mode  Converters operate  Converters operate 

in continuous curre- in discontinuous 

nt mode.  current mode, 
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Table 3.1 (Contd.). 

S,No. . Consideration With Circulating  Without Circulating 
Current  Current 

2. Transfer charac- Linear transfer  i'Jon--linear transfer 

teristic  characteristics  characteristics due 

are obtained with  to discontinuous 

constant yin.  
current with redu- 

g= 
ced gain, 

3. Regulator  Response is fast.  Response is slugg- 

response  ish 

4. Cross over  It is simple.  It is complex. 

technique 

5, Fault suscep. (a)Since one conver (a)Inversion takes 

tibility  ter is always inver- place only during 

ting, there is high- regenerative brain-- 

er probability of  ing and hence f au..>> t 

..inverter faults.  susceptibility is 

less. 

(b)Fault current bet-(b)Faults between 

ween converters  converters caused 

caused by spuri-  by spurious firing 

ous firing are res- results in dead 

tricted by presence short circuit con- 

of reactors,  ditione 

6, Converter  The converter load- The converter load- 

loading  ing is higher than  ing is same as the 

the output load -  output load 

7.  Cost  Reactors are needed Reactors may be 

to limit circulat-  needed to make 

ing current.. These  load current con- 

reactors are costly. tinuous and to 

reduce ripple 

current. 
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Table 3.1 (Contd.) 

S.No.  Consideration VJith Circulating  Without Circulating 
Current  Current 

8.  Efficiency  Circulating current Efficiency is 

increases losses and higher. 

hence, decreases 

efficiency. 

Single—phase dual converter is used upto 20 h.p. and 

above 20 h.p.  three—phase dual converter is  used. The uthor 

has developed single—phase dual converter for speed control 

of a d.c. motor of 2 h.p. rating. The control circuitry is 

easy to fabricate in this case. 

3.2 Basic Control Schemes 

The basic principle of the firing control scheme is 

shown in Fig. 3.5. For single—phase dual converter the refe— 

rences for the triggering pulses of the SCRs are the zero 

voltage point of the a.c. line voltage. For SCR THI and 

TI-{4 (Fig. 3.4) the reference for triggering pulses is the 

instant tl, If the 1 — 0 dual converter is supplied with 

VRY (line to line voltage of a 3—phase supply), and V N is 

used as synchronizing signal for firing circuit; this results 

in cosine firing scheme. The peak of V81V coincides with the 

instant t1. A control voltage Vc can be used to produce 

triggering pulses for TH1 at the crossing point with 

Similarly, reverse volt ge of V lr i.e. Vl,t~ can be used to 
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generate triggering pulses for TH7 and TH6. If Vc is varied, 

the relationship al + a2 = 1800 will be maintained. In case 

3-phase supply is not available, single phase supply is direc-

tly given to the converter and the same voltage is advanced by 

90° using a phase-shift circuit for firing circuit to get 

cosine firing shceme, 

Let 
V8N 	= I< Cosa 

Vlv~  _ -K Cosa ...(3.5) 

There 
V 	_ K Cosa 

and  also, 

V  _ -K  osa2 .,.(3,6) 

K Cosa1 _ 	-K Cosa2 

Cos cal + Cos a2 = 0 

or 
a1 + a2 	= 	1800 

Lap 	J • 
_ 

Emax Cosa 	= 
F. 	V ( x°-K°- ) 	c ... (3.7). 

E  = 
an 

E  Cosa 2 	
= 

max 
Am 

-(
ax

~) 	
V
0 

o .. (3.8) 

8= r: 	_ 	-E 	= 
8 

( K 	 ) Vc • a Lap an 

Thus the d.c. terminal voltige is directly proportional 

to the control voltage Vc as shown in Fig. 3.6. 

3.3 Operation and Waveforms 

The operation of dual converter with circulating curr'-,nt 
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is described below. The •following assumptions are made: 

(i) The reactors are lossless. 

(ii) The firing angle of the two converters are contro-
lled so that their sure is 1800 (i.e. a1+a2=180) . 

The waveforms for ai = 600 and _'.2 = 1200 are shown 

in Fig. 3.7. Because of the circulating current both the 

converters are in a state of continuous conduction under loaded 

condition. Fence, the waveforms are well defined. The ins--

tantaneous d.c. terminal voltage is the average of the instan-

taneous convertor voltage. The instantaneous voltage across 

the reactors is the difference between the instantaneous 

converter voltages, 

3.4 Circulating Current 

The circulating current is obtained from the time 

integral of the voltage across the reactors. 

Voltage applied to the converters = ,F2 V Sinwst 

Instantaneous voltage across the reactors = 22 V Sin;3st 

There are two operating conditions - ;. 

Case 1. When xl is less than 900, the voltage across the 

reactors varies from a2 to ~+ l 

Case 2 	-then rxl is more than 900 , the voltage across the 
reactors varies from a to ~t+a2 ' 

Let the inductance of each reactor be L and the 

circulating current be ic` 
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di. 
2L dt = 2~(2 V Sinwst 

or  
di 

dt _ 
L 
2.v . Sinws t —  

In case 1, 

i = LL ft oinw t dt c L a2/ws s 

_ w2LSJ (Cosa2 — Cosws t) 
s 

In case 2, 

is = L2_ f ft Sinwst dt 
xI/ws 

w2LV (Cosa1 — Coswst) 
S 

Maximum value of circulating current occurs at wst = n 

with a1 = a2 = 90° and is given by 

Icmax — wsL 

The average ,;.value of the circulating current for th~~ 

case l,when al < 90
0
, can be calculated as follows: 

Average value of is =Ic = n f R+al icd(ws t) 
a9 

1 f  
a  l w2LV (Cos a2 — Coswst) d(wst) 
2  s 

_ 	L 	[— a1 Cos,:c + Sinal ] 

Similarly, when. a1 > 900 
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_ 1+a 
Average value of is = 

Ic — 	f 	2i d w t) cyl  c ( 

_ f2 V-2 V 
(Cosxl  — Cose t) d(wt) 

1  s 

= ?  2LU  2 Cosa2  + Si_na2] 
s 

The circulating current thus depends upon firing angles 

and is limited by the value of r1lactorso The variation of 

average value of circulating current with the firing angle xl  

is shown in Fig. 3.8, 

Without the load current the converter current is the 

same as the circulating current. and is due to the ripple 

voltages. The overall conduction of current is discontinuous. 

With the load current in positive direction, the load 

current flows through positive converter for some portion in 

each half cycle and for the remaining portion in each half 

cycle circulating current flows. Thus, positive converter 

is in continuous conduction state. The negative converter 

carries only the circulating current and therefore, in 

discontinuous conduction state. 

3.5 Conclusion 

The principle of du=ll converter is described. The 

firing angle of both the converters are varied in such a 

manner so that their sum is always 1800 . inc converter 
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operates in rectification mode and other operates in inver-

sion mode. The advantages and disadvantages are discussed, 

In circulating current mode of operation, the circulating 

current is limited to an acceptable value using reactors, 

The cosine firing scheme is such that the d.c. terminal vol-

tage is directly proportional to the control voltage. Cir-

culating current keeps both the converters in continuous 

conduction under loaded conditions The circulating current 

is maximum at firing angles equal to 9000 



Chapter — 4 

CLOSED—LOOP CONTROL SCHEME 

In this chapter, the closed-loop control scheme for 

speed control of a separately excitd d.c. motor is descri- 

bed.5peed controller and current controller are discussed 

in great detail. The basic components of cosine firing 

circuit and the waveforms at each point arc described. The 

dv/dt protection of thyristor is considered. The operation 

of experimental setup is also described. 

4.1 Introduction 

The open loop operation of a d.c. motor may not be 

satisfactory in many applications. If the firing angle is 

kept constant and the torque applied to the motor is increa--

sed, the speed changes. If the drive requires constant 

speed operation, the firing angle of the converter must be 

changed to maintain a constant speed. This can be achie-

ved in a closed—loon control system. The basic block dia-

gram of such a system is shown in Fig. 4.1. 

If the motor speed decreases due to application of 

the additional load torque, the speed error rc2  increases 
which increases the control voltage signal Vc. This, 

inturn, changes the firing angle of the converter and in-

creases the motor armature voltage E. and hence, restore 

the speed of the system. The system passes through a 
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transient Period until the developed torque matches the a pl 

ied torque, .-z closed—loop control has the advantages of 

greater speed accuracy, improved dynamic response and reduce 

effects of disturbances such• as loading, suupoly voltage varia-

tion etc. When the drive requires rapid acceleration and 

deceleration s  closed — loop control is a must. 

4.2 Description of System 

The basic scheme is shown schematically in Fig. 4.2. 

%` separately ... exicited d.c. motor driving a separately-

excited d.c. generator is the plant, the speed of which is 

to be controlled. The armature of the d.c. motor is fed froi:. 

a single — phase fully controlled dual converter. Four inte-

grated firing circuits are fabricated for firing the th.yris. 

tors and the firing angle is controlled by Vci  the output of 

the current controller. The armature current is sensed by 

means of a low resistance in the armature circuit. The speed 

is sensed by means of a tacho -• generator mounted on the 

motor shaft. 

4.3 Control Scheme 

The control scheme consists of 

4.3.1 Speed and current controllers 

4.3.2 Cosine firing circuit 

4.3.3 Dual converter 

4.3.4 Field circuit rectifier 

3 
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4.3.1 Speed and Current Controllers 

(a) Reference Speed Setting 

It is provided through a centre-tapped poten-

tiometer and can vary from positive reference speed 

to negative reference --peed. 

(b) Speed Controller 

The speed loop is required to provide zero 

steady-state error and fast response. Therefor; 

a proportional plus integral controller (T'I) is 

used for speed control. The reference speed set 

by the potentiometer (VR) and the tachogenerator 

output voltage (Vu) are compared 5  and error 

(VR  -  is amplified in the P1 controller. 

The speed-controller output Vc2  automatically 

sets the current reference such that the desired 

speed is maintained independent of the load on 

the motor. The saturation feature in the speed 

controller is used for providing the current limi-

ting in both the directions. 

(c) Current Controller 

A PI controller is again used as current 

controller to regulate the current, l'Jhile start-

ing the motor, or reversing its direction of rota-

tion, the converter putput is maximum as the control 

input to the firing circuit is at its maximum 

value. This causes a very heavy current to floe, 
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after the drop in speed is integrated out by the speed (t-I) 

controller to give a new firing angle a. Hence, for the correc-

tive action to take place, a change in sped has to accompany 

a change in the supply voltage and the response is ;poor on 

account of the large mechanical time constant involved. :;ith 

a current loop present, a fal_1 in armature current itself 

results in a new firing angle a and fall in supply voltage is 

counter - acted by correcting the armature current at -a fast 

rate.  This results in a fast response with zero steady -• 

state error, 

4.3.2 Cosine Firing Circuit 

The block diagram of cosine firing circuit and the 

output waveforms at each stage of the circuit are shown in 

Fig. 4.3. 

The circuit uses the principle of cosine wave crossing 

control which determines the firing point of each SC ri from the 

crossing point of synchronizing signal with the analog refere-

nce signal or control voltage Vcl> The firing angle is made 

to respond to this control voltage Vcl  such that the cosine 

of firing angle a is proportional to control voltage Vcl  i.e. 

Cosa M: Vcl, 

The circuit consists of a comparator, differentiator, 

monostable (pulse stretcher), oscillator and output stages. 

The control signal and the cosine time wave (synchronizing 

signal) are compared in a comparator. The output of compare-

tor is differentiated. A pulse stretching circuit which is 
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4.3.1 Speed and Current Controllers 

(a) Reference Speed Setting 

It is provided through a centre—tapped poten-

tiometer and can vary from positive reference speed 

to negative reference ^peed. 

(b) Speed Controller 

The speed loop is required to provide zero 

steady-state error and fast response. Therefore, 

a proportional plus integral controller (T'i) is 

used for speed control. The reference speed set 

by the potentiometer (VR) and the tachogenerator 

output voltage (Vw) are compared, and error 

(VR  — V) is amplif ied in the 21 controller. 

The speed—controller output Vc2  automatically 

sets the current reference such that the desired 

speed is maintained independent of the load on 

the motor. The saturation feature in the speed 

controller is used for providing the current limi-

ting in both the directions. 

(c) Current Controller 

A 21 controller is again used as current 

controller to regulate the current. While start-

ing the motor, or reversing its direction of rota-

tion, the converter putput is maximum as the control 

input to the firing circuit is at its maximum 

value. This causes a very heavy current to flow 
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in the armature which might damage the motor as 

well as the 3CR converter, Also overload will 

result in overcurrents, To avoid these problems, 

a current control boo is orovided to limit the 

armature current to a safe value, and protect the 

converter and motor from overcurrents. This is 

achieved by sensing the armature current using a 

low resistance in series with motor armature and 

feeding voltage dro.j across it to the input of 

PI current controller. The references signal Vcp  

for motor armature current and current feed back 

signal V are compared in this controller. The 

output of current controller Vcl, sets the firing 

angle of the converters. The output Vcl  is limited 

in both directions (+ve and - ve) such that firing 

angle a lies between two limits amin  and amax' 

This can be achieved by providing saturation 

,feature in the current controller output. 

The current controller also provides fast 

response overcoming the effect of disturbances 

such as variation in supply voltage. 

Suppose the supply voltage falls. Since the electric l 

time constant -Ca  of the armature is small compared to the 

mechanical time costant 9  the armature current rather than 

speed drops almost instantaneously. In the absence of the 

current loop, the motor decelerates to cope with the load 

torque. The speed comes back to the original speed only 
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after the drop in speed is integrated out by the speed (PT) 

controller to give a new firing angle a. Hence, for the correc-

tive action to take place, a change in spe=d has to accompany 

a change in the supply voltage and the response is poor on 

account of the large mechanical time constant involved. `?ith 

a current loop present, a faU in .armature current itself 

results in a new firing angle a and fall in supply voltage is 

counter - acted by co.rrpcting the armature current at a fast 

rate.  This results in a fast response with zero steady -- 

state error, 

4.3.2 Cosine Firing Circuit 

The block diagram of cosine firing circuit and the 

output waveforms at each stage of the circuit are shown in 

Fig. 4.3, 

The circuit uses the principle of cosine wave crossing 

control which determines the firing point of each SC from the 

crossing point of synchronizing sian-ll with the analog refere-

nce signal or control voltage Vcl. The firing angle is made 

to respond to this control voltage Vcl  such that the cosine 

of firing angle a is proportional to control voltage Vcl  i.e. 

Cosa cc Vcl. 

The circuit consists of a comparator, differentiator, 

monostable (pulse stretcher), oscillator Ind output stages. 

The control signal and the cosine time wave (synchronizing 

signal) are compared in a comparator. The output of compara-

tor is differentiated. A pulse stretching circuit which is 
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triggered by the output of the differentiator output pulse 

(either positive going or negative going) generates a single 

pulse of constant width irrespective of magnitude of signal 

input. An oscillator is used to a produce a high frequency 

carrier wave. The oscillador output is ANDed with the mono—

stable output and the output pulses arc given to the gate of 

SCRs after amplification. The significance of this circuit 

is that the cosine relationship between the firing angle and 

control voltage is the most natural one for a steady-state d.c. 

output. 

Since the synchronizing signal is taken directly from 

the supply through a step—down transformer, it might be possi-- 

ble that if sup;ly voltage decreases sufficiently, then the 

maximum control voltage Vcl may exceed the peak value of the 

synchronizing signal and hence no output pulse will appear. 

To avoid this situation an end — stop pulse is produced at 

the peak of synchronizing signal as shown in Fig. 4.4. The 

author has developed a simple circuit to achieve it. The phase 

voltages VRI~ and 'V 1 are compared in a comparator and the 

rectangular wave output is differentiated. The stepo?ed--down 

synchronizing signal (`I: ) and differentiator output are added 

directly... The end—stoop pulses are exactly at the peak of 

synchronizing signal because the voltages VRN and -VYIN are 

equal only at the peak of VBN . 

4.3.3 Dual Converter 

The dual converter has been already discussed in 
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chapter - 3 in detail. If the dv/dt (i.e. rate of rise of the 

positive anode to cathode voltage) is very large, the thyris- 

tor will turn on without ap~~lication of the gate signal. This 

may occur even though' the aaplied forward voltage amplitude 

is considerably below the peak anode forward voltage OFB) 

rating of the thyristor. Such an unscheduled turn on usually 

results in excessively large currents which cause thyristor 

fuse to interrupt or may cT~use thyristor to fail. To rotc,ct 

the thyristor against large dv/dt, a snubber circuit (R - C 

series circuit) is used across each thyristor as shown in 

Fig. 4.5. 

4.3.4 Field Circuit Regulator 

The conventional .full-wave uncontrolled bridge rectifier 

is employed for field excitation of the motor. The ripple 

contents in the output of rectifier will not affect the opera-

tion because field winding, being much in-ductive'in nature, 

acts as a filter. 

4.4 Operation of Experimental Speed Control System 

The schematic block diagram of the entire experimental 

system is shown in Fig. 4.6. A potentiometer is calibrated 

in terms of speed and is set to the desired steed. The control. 

signal Vcl is generated in response to the speed error and 

fed to the cosine firing circuit. The synchronizing signal 

is obtained from 3 and !d terminals of a 3 - 0 supply as 
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explained earlier. The required firing pulses for the cosine 

firing circuits are generated. The supply for bridges are taken 

from R—Y terminals of. the 3 — 0 supply through an isolation 
transformer, The bridge circuits are fired from the output 

pulses of cosine firing circuit through pulse transformers, 

The field supply is also obtained from 8 and i\1 terminals, and 

is rectified and regulated. 

4.5 Conclusion 

The necessity of closed—loop operation for speed control 

of d.c. motor is essential.. The P_f s;:need controller gives zero 

steady—state error. The PI current controller gives fast res-

ponse and protects the thyristors from over currents. To. 

protect the thyristors against dv/dt turn Oi\,snubber  cir- 

cuits are used. The operation of, complete system is described, 
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Chapter - 5 

THE MM/iATHEMATICAL i ODEL OF DRIVE .SYSTLM 

The mathematical model of the closed-loop control scheme 

for speed control of d.c. motor is developed in this chapter. 

The transfer functions of various elements are derived sepa•- 

rately. The system state model has been developed in simplest 

possible form. 

5.1 Introduction 

The closed-loop control scheme for speed control of d.c. 

motor has been discussed in the previous chapter To design both 

the PI current controller and speed controller, the mathematical 

model of the drive system is necessary and then only any stabili-

ty criterion can be used. Also, the mathematical model of the 

overall system is necessary to study the effect of load varia-

tion or speed reference changes. The complete schematic block 

diagram of the soeed control system is shown in Fig. 5.1. 

5.2 Transfer Function of Various Elements 

5.2.1 D.C. Motor 

The differential equation of armature circuit of 

a separately-excited d.c. motor, with constant field 

excitation is as follows: 
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e 	e+PLaia+L di a 	o 	
aata 

where Back emf eb = hbwm Volts 

with Kb = rflf = constant  ...(5.l) 

and If = constant field current. 

The torque balance differential equation is 

J d w 
m ._a.t 	= T - TL 

where, Load torque TL = Bw NW- m and electromagnetic 

torque T = b is NW.-m- 	 ... (5.2) 

The coulomb and static frictions are neglected for 

getting a linear model. The visceus friction is included in 

the load torque TL. In a experimental setup, the d.c. motor i 

is loaded by means of a d.c. generator supplying power to a 

resistive load. Neglecting the electrical time constant of 

armature circuit of the d.c. generator, it can be shown that 

the load torque on the d.c. moto' is proportional to speed. 

The viscous friction only increases this proportionality con-

stant.' For the operating condition, this proportionality cons-

tant is determined experimentally. 

Taking Laplace transform• of equations (5..1) and (5.2) 

Ea (s) = Eb (s) + RI(  s) + sLaIa(s) 

E~,(s) = Kbwm(s) 



sJ wrn (s) = T(s) - TL (s) 

TL(s)  =  3 w(s) 

T(s) 	= 	KbIa(s) 

(sJ + B) € (s) 	= T(s) = Kb I (5) 	...(5.3) 

The block diagram of d.c. motor using above equations 

can be drawn as shown in Fig. 5,2. From the block diagram 

the transfer function of the motor is determined as follows: 

W (s) 	G(s) E i.s ) = 
	1 + 

G
, (s)  H(s) 

Kb 
= _.

t
SL

a+; aT (sJ+3) 

1+ 

l/ 
W(s) 	 ~b  

217117 j 

Kb  a 

Now defining, 
L 

a -a = electrical time constant of the motor 
a 

armature circuit 

JR 
7.'m _ -- 2 = mechanical time constant, 

{h 

the transfer function becomes, 

s.1.- 	_ 	~ + ..(_ .+ s 7 
	_.(.s +B'J.).. 



Ea(s) 	 1 	la(s) 	Kb 	wm(s)  

	

s J + B 	i 	1 
Eb(s) 

Kb  

FJG.5.2 BLOCK DIAGRAM OF D.C. MOTOR 

E 
	 (s+ BIJ )rm 	 Kb!J 	I 	wm(s) 

[1+(1+sra)(s+BIJ)rm]Ra  I 	s+BIJ 

FIG.5.3 REDUCED BLOCK DIAGRAM OF D.C. MOTOR 
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Also, 

W Is) 	Kb 	Kb/J m 	_ 	_ 

I~(s)  

1/K5 
(s + 1- 	x 

 

_ (s+B/J) J/"bb 

(s+B/J) T m 
_ 	f1+(1+s r.~..a,..(s+~3%J7 	(55) 

The block diagram of d.c. motor can be redrawn as shown 

in Fig, 5,5.. 

5,1.2 Thyristor Converter 

The output voltage of thyristor converter is given 

by 

is  
a 

_ ~- ' aX 	V 1 	 . e . (5.6) 
~ 

This equation shows thst the firing circuit 

provides a linear relationship of E for variation 

of Vcl, Therefore, the thyristor converter gain (A) is 

constant and is given by 	max )  

Although the output is proportional to Vcl , the 

firing of the bridge is not instantaneous. Once the 

firing occurs, the information in Vcl is of no value until 



the instant next firing occurs. To make the analysis 

simpler, the delay in the firing unit is approximated 

by a simple first order time lag with a time constant 

equal to half the )eriod between consecutive firing 

pulses (T) [14 ] 
c=~ 

Thus, the thyristor power amplifier (consisting 

of the'bridge and the firing unit) is approximated by 

3 linear continuous element although it is a non—linear 

sampled data element in reality. The transfer function 

of the thyristor power amplifier, is given by 

(s 
Vc l(s' 	1+sTc a 

5.2.3 Current Controller 

A PI controller has been choosen for current 

control since this provides quick response with zero 

steady state error. Its transfer function can be written 

as 

Vcl(s) 	Kl (1+Tcls) 
, 	 (5.8) 

5.2.4 Speed Controller 

To provide zero steady state error in speed, PI 

controller has been chosen for speed control. The 

transfer function of speed controller can be written as 

Vc2(s) 	x:2 (1+Tc2s) 

€c2(S) 
 ._, — 	_T 2 S,. 	 0 0 
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5.2.5 Current Transducer 

Since the current signal is directly taken through 

a resistance in the armature of the d.c. motor, therefore, 

the gain of current transducer is constant. Thus; the 

transfer function of current transducer is 

V (s ) 

1 I..  ~.5 j 	H.  .,.(5,10) ..: _ 	1 

5.2.6 Speed Transducer 

The output of the tachogenerator is directly pro- 

portion to speed of the motor. Therefore., the gain of 

the tachogenerator is constant. A filter is used to 

reduce the rip' ;)les in the output voltage. The transfer 

function of sooe: d transducer can be written as 

V (s) 	H 
= 1+sTf 

The complete block diagram is shown in Fig. 5.4., 

5.3 System State i'iodei 

To analyse the response of the drive for a step input, 

the system state model should be established, The block 

diagram of Fig, 5.4 is modified, as shown in Fig. 5.5; so 

that stat: variables are easily identified. 

The state variable set chosen is given below: 

x l = 	vc2 

x 2 = 	vcl 

x 3 = 	E 
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x = Ia 

x = 5 Cm 

x 
'6 —  w  ... (5.12) 

Now, from the block diagram 5.5 
K 

xi 	= c2s ~ c2 

y 	= 2 `J 	— R x6 

= x c2  l+ 

K1 

x2 	c1s € cl 

Cci = Vc2 ° H.x4. 

r 
Vci - x2 + K1Ecl 

A 
x3 = T+sTca Vcl 

X4 = 
	(x3_Kbx5) 

a a 

K x5 =  vT+~ 	
4 

H 
x6 =  ...(5.13) 

On substitution of equation (5.13 b) in equation 

(5.13 a) and equation (5..13 c), 

i<2 xl _ Tc2smz._ (VR 	x6) 

or 	= T--2 (VR xh ) 
c2 



Taking inverse Laplace transform.. 

dx1 
	= 	

K 
	(VA - x6 ) 	 5.,14(x) 

c2 

Vc2 	= x1 + K~ (Vi) - x6 ) 	 5.14(b) 

On substitution of equation (5,12 e) in equation 

(5.13 d) and equation 	(5.13 f), 
. K 

(V 9 -- Hi x.~ ) 
cis 

or 	K1 

sx2. 
	
Tcl (Vc2 - H

i .x4) 

Taking inverse Laplace transform, 
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dx 	K 2 	l 

dt 	= vc2 - _ii x4) 

Vcl = x2 + '2 (Vc2 - Ri x4) 

From equation (5.13 g) 

A 
X.3 = 1+sTc," Vcl 

or 
x.3 + sx 3Tc l = A Vcl 

Vor 	 A' c i - x'3 
ca 

Taking inverse Laplace transform 

dx3 	A Vc 1 -x 

ca 

From equation (5.13 h) 

1 	1''  '4 = s_L, +H  
a a 

(5.14 c) 

(5.14 d) 

(5.14 c) 

S. 



sxL +Rx =x —Kx 4a 	 3 	b5 

x.3 - 	- RaX4 
SX 4  

a 

g inverse Laplace transform, 

dx 
dt 	(x3 	'b5 - RX 4 ),/L 

equation (5.13 i) 

Kb 
x5 	-13 

sx.5J •± 3K5  = 

- 	Kb X
4 
 - Bx 5  

SX5 = 

i inverse Laplace transform, 

dx 5 	Kbx4 - 13X 5  
d  

quation (5.13 j) 
H 

x 6 	 x 5  

x6 + sx6T 	= Ht  

H-x w5 	6 SX 6  = 
f 

inverse Laplace transform, 

e(5o14 f 

(5.14 g) 

dx 	 H 	—x 6 	w5 	6 
d  	T  (5.14 h) 
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The equations (5.14 a) to (5.14 h) describe the st.a.te 

model of the drive system. The identity of Vcl  and Vc2  is 

required to incorporate the saturation characteristic of the 

controllers later. 

5.4 Conclusion 

The closed-loop control scheme has been mathematically 

modelled. The transfer function of all elements of the drive 

are established, Also the system state model is developed, 

These mathematical models will be used later to design the 

system and study its response for particular inputs and 

load variations. 



Chapter — 6 

SYSTEa. DESIGN 

In this chapter, the complete system is designed. This 
includes design of power circuit, reactors, field circuit 

rectifier, firing circuit, and speed and current controllers. 

Controllers are designed on the basis of relative stability 

using the D—decomposition method and the frequency scanning 

technique, 

6.1 Introducti.on 

The earlier chapters describe the various blocks of 

system in their analytical and operational forms. The syste* 

is now designed in complete detail, The d.c. motor selected 

has rating as follows: 

Specification of the motor 

D.C„ motor 

Power = 2 h.p. or 1.592 KW 

Voltage = 220 Volts 

Speed. = 1050 rpm. 

Supply available — 3 0 a.c. 440 V, 50H? 

6.2 Design of Power Circuit 

For 1 — 0 dual converter the voltage at the d.c. 
terminals is given by 

Era 	22 V Cosa  (6.1) 
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where , 

V = r.m,s. value of supply voltage 

For a = 0°  s  
E = 22  x 440 
a 	it 

_ 396 volts 

The theoretical maximum output volta, e is above the 

maximum motor voltage rating and therefore, the full range 

speed control is possible. 

The minimum firing angle is fixed by limiting the value 

of control voltage Vcl  in both directions at + 9V such that 

the minimum firing angle is 100  and maximum firing angle is 

170°. Beyond the firing angle 170°, there is danger of 

commutation failure in inversion mode. Therefore, from 100  

to 170°  the output of dual converter is directly proportional 

to control voltage Vc1. 

At Vcl  = 9V, a = 10°  

E 	_ 	440 Cosl0°  
a 	it 

= 390.12 volts 

Gain of the dual converter = A = 39012 
9 

= 43.34 

The supply frequency is 50 Hz. Therefore, time period 

of the supply voltage is 20 cosec, In each cycle two firing 

pulses are required to trigger the positive/negative con— 

verter.. Therefore, time lag Tca  between two consecutive 



firing pulses will be 2(20) = 5 cosec. 

Thyristors Voltage Rating 

The supply voltage available to the power amplifier 

is 440 volts, a.c.,therefore. the peak inverse voltage (PIV) 

across each arm of the thyristor bridge will be given by 

PIV = 2 x V = 2 x 440 
= 691.15 volts 

Allowing a safety factor of about 2 0  so that the 

thyristor can easily take a reasonable transient over voltage 

a thyristor with 1200 PIV rating are used. 

Thyristors Current Rating 

The full - load d.c. motor armature current is 

determined as below: 

D.C. motor armature current  
x volts 

2.0 x 746 
0.,90x 220 

= 	7.53 amps. 

Efficiency is assumed to be 90 /o 

SCRs of rating 10 amps. can easily take the motor 

full load current. The_ thyristors 'available are of 

16 amps, current rating. 

The thyristors used has following specifications: 



Thyristor Type SS1012 

Current Rating 	16 amps. 

Maximum Reverse Repetitive Voltage  1200 V 

The SCR must be mounted on a heat sink. It will 

enable the heat generated within the thyristor to be trans-

ferred from the cathode junction to the surrounding atmos-

phere without allowing the cathode junction temperature to 

rise above the maximum allowable value for the thyristor 

used. 

To protect the thyristor againt at turn ON, a 

snubber circuit which is a R-C series circuit is used across 

each thyr.istor. The accepted value of R and C available 

are 50 ohms 9 5 watts and 0.25 µf, 1800 volts respectively. 

6.3 Design of Reactors 

The maximum circulating current is given by 

T 	_ ~2V 
lcmax - wL s 

The maximum circulating current allowed is assumed 

to be 1.5 Amps. 

COsIcmax 

L2 x 440 
2xicx50x1. 5 

1.32H 



Therefore, two reactor coils of 1.32 H each are 

required. 

6.4 Design of Field Circuit Rectifier 

For field circuit 3Y126 .rectifier diodes are selected 

because their current rating is 3.0 Amps0 which is sufficient 

to meet the field current requirement. They arc connected 

in bridge form. 

6.5 Design of Firing Circuit 

The firing circuit consists of end—stop pulse generator, 

comparator, differentiator, pulse stretcher (monoslable 

multivibrator), oscillator, AND gate and the output stage. 

The design of these como)onents is described below, 

f7839 
6.5.1 End Stop Pulse Generator  

The. phase to neutral voltages VRN  and VYN  are stepped 

down using 220V/3-0•-3 V transformers and the outputs are 

compared in an O?AI',4? IC741 through 10K resistance as shown 

in Fig. 6.1. The description of IC741 is given in Appendix 

'C'. The output wave is differentiated using a capacitor 

of 0.01 µf in series with output. The pulse outputs are 

directly in synchronism with the stepped—down voltage V 

at the peak points and are added to the same voltage through 

10 K resistances directly. 'Thus, the required synchronizing 

signal is obtained. Two such circuit are developed, one,  

for V  synchronizing voltage and another for V  synchronizing 



OK 

12V 

10 

12V 

12V 

Synchronizing 
Signal 

FIG.6.1 END STOP PULSE GENERATOR 

FJG.6.2 COMPARATOR 

I 

FIG.6.3 DIFFERENTIATOR 
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voltage. 

6.5.2 Comparator 

The comparator circuit is made with the help of 

operational amplifier 10741 as shown in Fig. 6.2. The output 

of current controller (Vcl) is given to the inverting terminal 

(pin 2), and the synchronizing signal is given at non—inverting 

terminal (pin 3) through 10 K resistance, :'s Vcl  varies from 

+9V to —9V, the firing angle changes from 100  to 170°. Two 

such comparators are used, In one synchronizing signal 

voltage Vary  and in other voltage VN3  is used. 

6.5.3 Differentiator 

A R —C differentiator is used for differentiation as 

shown in Fig. 6.3. The RdCd  time constant is assumed as 

1 msec. Therefore, Rd  and Cd  values selected are 10 < ohm 

and 0.01 4f respectively. Both the positive and negative 

going pulses are used to trigger two monostable multivibrators, 

•and therefore, these pulses aresent through diodes IN4001 

resulting in blocking either the positive pulses or negative 

pulses. 

6.5.4 i.. onostable i kultivibrator 

The monostable is an electronic circuit which has 
a 

a stable state and a quasi — stable state.. The circuit 

remains in its stable state until an externally applied 

triggering signal switches it to a quasi — stable state. 
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The R — C time constant within the circuit determines the 

interval during which the circuit remains in the quasi — stable 

state, Upon completion of the time constant interval the 

circuit reverts to its original stable state and reamins in 

this.state until another externally initiated triggering pulse 

is applied. The circuit is frquently called a one — shot 

multivibrator [32]. 

The author has used IC74121 which is a monostable 

chip. The details of IC74121 are given in ppendix 'C?, In 

order to trigger the monostable at negative going pulse out-

put from the differentiator, both Al  and A2  inputs at pin 3 

and 4 of the monostable IC are grounded and the positive 

going pulse is applied at input 3 (pin 5) as shown in 

Fig. 6.4(a). To trigger the monostable at positive going 

pulse output from the differentiator, both A2  and B inputs 

are kept high and positive going pulse is applied at input 

Al  as shown in Fig. 6.4(b). The duration of the output pulse 

is determined by the timing resister Rex  connected between 

pin 14 and 11. The timing resistance Rex  must be in the range 

of 1.4 K ohm to 43 K ohm. The maximum allowable value of 

timing capacitor is 1000 pf. The duration of the output 

pulse is seconds is given by 

TON  = 0.7 RexCex 

Top  is assumed as 2.5 msec (approximately) so  that 

reliable firing of thyristor is assured. 
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FIG.6.4 PULSE STRETCHER 
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Hence, 
--3 

C
ex Rex—  

2°50x7
10 _ _ 3.57 x 10-3sec 

= 3°57 cosec 

Values of Rex and Cex selected are 33 C ohm and 0°1 µf 

respectively to achieve the desired T01,~ time. 

6.5.5 Oscillator 

IC555 is used as an oscillator. The details of IC555 

are given in Appendix — 'C'. 

The circuit is connected as shown in Fig, 6°5o It will 

trigger itself and free run as a multivibrator° The external 

capacitor CT charges through RA and RB and discharges through 

RB only. Thus the duty cycle may be set precisely by the ratio 

of these two resistances ' [35]° 

In this mode of operation the capacitor charges and 

discharges between 3 Vcc and  3 V. The charging and 

discharging time and hence, the frequency is independent of 

the supply voltage. The charging time (output high) is 

given by 

t1 = 0.693 (RA + R3) CT 

The discharging time (output low) is given by 

t2 = 0.693 R3CT 

Thus the total time period is given by 

T = t1 +t2 =0..693 (RA +2RB) CT 
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and frequency of oscillation is therefore; 

f __ 1 _  1.44 
T —  

Duty cycle D is given by 

	

t2 	rl ~̀ 
D — T s = RA +2R8 

Oscillator frequency is selected as 750 H. High 

frequency of gating pulses reduce the gate losses sufficiently. 

Duty cycle is selected nearly equal to 0.5. 

1.44  
— 750 +2RB - 

R~ + 2I1} 
Ftg 

005 

CT is selected as 0.01 4f . 

• R + 2RB = --~.~ m .1_, 44 	—6 ohms 
750 x 0.01 x 10 

= 192 K ohm 

	

also RA + 2R8 	--' 2R8 

Therefore, RA is taken as 1 K ohm, and 100 K ohm 

 

present is used for R  to adjust the desired frequency 

accurately., 

6,5.6 AND Gate 

The output of monostable muitivibrator and oscillator 

are AINDed in an AND gate to get high frequency pulses 

during each monostable output pulse I07408 (2—input AND gate) 
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is used for ANDing operation. The details of IC7408 are 

given in Appendix 'C'. 

6.5.7 Output Stage 

The pulse output from AND gate may not be strong enough 

to turn ON and SCR. Therefore, the output of AND gate is 

amplified through an amplifier as shown in Fig. 6.6. A 

transistor SK100 is used for this purpose. The load resis-

tance Rc  is taken as 33 ohm and base resistance 
Rbase 

 as 

4,7 Kto achieve the desired amplification. The gate and cathode 

terminals are at higher potentials of the power circuit, 

therefore the control circuit should not be directly connected 

to the power circuit. A pulse transformer is used for physical 

isolation between control circuit and power circuit. A diode 

IN4001 is connected across Rc  and pulse transformer primary 

winding to avoid the saturation of pulse transformer core. 

A diode IN4001 is connected in series with secondary of pulse 

transformer to block the negative pulses. Gate should also 

be protected against over voltages. This is achieved by 

connecting a diode I:N4001 across gate—to—cathode. 

A common problem encountered in the .SCR circuitry is 

spurious (or noise) firing of the device. Trigger pulses may 

be induced at the gates due to turn ON or turn OFF of a 

neighbouring SCR or transients in the power circuit. These 

undesirable pulses may turn ON the SCR, thus causing improper 

operation of the circuit. Gates are protected against such 
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spurious signals by connecting a capacitor (0.1 µf) and a 

resistance (100 ohm) across the gate—to—cathode to by pass 

the noise pulses [349 26]. The waveforms at each point of 

the firing circuit are shown in Fig. 6.7. 

6.6 Design of Controllers 

6.6.1 Current Controller 

A PI controller is used as a current controller to 

limit the armature current and foer fast system response. The 

transfer function of the durrent controller is given by 

K1(1 + Tcls) 

1------S 	Therefore, the gain Kl and time constant Tcl 
cl 

of the controller are to be designed. The current control 

loop is shown in Fig. 6.8. 

The gain and time constant are selected on the basis 

of relative stability as well as the response of the current 

loop for a step current reference input. The parameter values 

for a certain relative stability is determined using the 

D—decomposition method as described in Appendix 'A'. 

The characteristic equation of the current loop is 

given by 

1 	A Hi (s+B/J ) ? /R 
1+K1 l+ Tcls 	 ) — 0  

K +(l+ 1 ) 	
0 

A Hi (s+3/J) TP~ m/a 	
.. 	_ _ 	° ( 6 .2) 

1 	T cl

s 

	[1+(l+s ta) (s+8/J) m](l+sTca) 
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Putting a = Kl and 
1 

be written as 

P =. 1 — , the equation (6.2) can 
cl 

A H ( s+3/J )T /R 
( 	) 	~.__._ 	__,.~_ _- 	m 	a _ .. 	_ ,. __..~_.~__,.... 	= 0 	.. (6.3) w+l+ s 

[l+(1+s•Za) (s+B/J) m] (l+sTca) 

Writing 	Fl (s) = A Hi (s+B/J) ,C"m/Ra9 

and  F2(s) = [l+(l+s ) (s+3/J)'-m] (1+sTca) the 

equation (6.3) can be rewritten as 

a sF2(s) + N Fl(s) + sFl(s) = 0  ...(6.4) 

Since 's' is a complex frequency, equation (6.4) can 

be expressed by following two equations, after equating real 

and imaginary terms separately to zero for any value of s. 

a Re[sF2(s)] +  Re[Fl(s)] + Re[sF 1 (s)] = 0  ...(6.5) 

a Im[sF2(s)] + 0 Im[F1(s)] + Im[sF1(s)] = 0  ....(6.6) 

Where 'Re' stands for real value and 'Im' stands for 

imaginary value of the bracketed quantities. 

So'ving equation (6.5) and (6.6), the values of a and 

3 can be given by: 

Re[F1(s)]. Im[sF1(s)] — Re[sF1(s)]. I•n[F1(s)] 

Im[F1(s)]. Ae[sF2(s)] — Im[sF2(s)]. Re[Fl(s)] 

Im[sF2(s)]. Re[sFl(s)] — Im[sFl(s)]. Re[sF 2(s) 

Im F s  Re sF s  Im sF s  Re[F (s)] 



Putting s =  d  or S. - _ (n  + jwni —  two 

different sets of D--partition boundaries are obtained as shown 

in Figs,6.9, 6.10, 6.11. To ensure maximum relative stability, 

o 

 

and are increased from minimum value of zero. It is 

found that the region with higher degree of relative stability 

goes on decreasing as o and'' are increased. Computer 

programmes are given in .=p endix ID' for obtaining the 

U—partition boundaries. Thus, regions with highest possible 

6 and values are obtained. The stability of the probable 

most stable region is checked by frequency scanning technique 

as shown in Fig. 6.12 qnd 6.13. After ensuring stability 

of the probable most stable region the final selection is 

made by comparing the time response of the current loop for 

a step current reference input at different points (i.e. 

different gain and time constants) in this stable region,. 

For this purpose, the state model of the current loop is 

required. 

The model of system is modified slightly for the 

transient response of the current loop. The back emf Eb  

will remain constant for a step current reference input 

because (i) the current loop is fast, and (ii) the motor 

has sufficient inertia. The modified current -loon is shown 

in Fig. 6.14. 

The selected state variables are: 

vc2  = x1 
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FIG.6.14 BLOCK DIAGRAM OF CURRENT CONTROL 

LOOP WITH ALL STATE VARIABLES 



Me 

E = x ra 	2  

Ia  = x3  

The reference current input is taken as 

Vc2 = 1.0 

From the block diagram of Fig. 6.14 

K1  
xl  Tcls  Ecl 

E-c1  = Vc2  - H x3  

K 
sxl  = T 1 	(Vc2 - rii  x3)  ..:(6.7) 

Taking inverse Laplace transform of equation (6.7) 

dxl  Kl  
-dt 	- T °-- (Vc2  - Hi  x3) 	 , .. (6.8) 

cl 
JAlso, 

x2 - l+sTca- Vc1 

Hence, 
sx2Tca  = a Vcl  - x2  ... (6.9) 

Taking inverse Laplace transform of equation (6.9) 

dx2 	a Vck  - x2  
  .. • (6.10 ) 

ca 

Further, 
1 

x3  = SL;_- X2  
a  a 

sLax3  = x2  - Hax3  ...(6.11) 

Taking inverse Laplace transform of equation (6.11) 



Also, 

dx3 	x2 — Rx3 

Vcl = x1 + Kl (Vc2 — Hix3 ) 

The limiting values of Vc1 are + 9V. 

i.e. +9V < Vcl 	9V 

...(6.12) 

...(6.13) 

.,~(6.1Ll) 

Using equations (6.8), (6.9), (6.12), (6.13), and 

condition 	(6.14) the transient response of the current loop 

for a step current reference input are calculated using Runga-

Kutta Fourth order method and the current (l) as a function 

of time (t) is plotted on CALCOi,,'ir plotter of DEC-20 Computer_ 

for different values of gain and time constants as shown in 

Fig. 6.15. It will be noted that for gain ::l = 0.25 and time 

constant Tcl = 0.083 sec, the response is fast and the sett-

ling time is nearly 0.4 sec. Therefore 

Gain of the controller K1 = 0.25 

Time constant of the controller (Tcl) = 0.083 sec 

The transfer function of the current controller is 

now given by 0,25 1 + 0.o83 s 	o 
0.083 s 

The realization of current controller is shown in 

Fig. 6.16. 0PAi,iP 741 is used for this purpose. The non—

inverting terminal (pin 3) is grounded through lK resistance 

and error between reference and feedback signals is given 

at inverting terminal (pin 3). The output of the amplifier 
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is taken from pin 6 and also fed back to the inverting termi••- 

nal though Ri  C series circuit, The feedback capacitor Ci  

is chosen as 0.66 if and from the values of K1  and Tcl  the 

values selected for Ri  and Rif  awe; 

R. = 125 K ohm I 

R1 f  = 510 K ohm 

The value of. I  is selected from the relation 

Vc 2  Vi_ 

Rif 

For a maximum armature current, the feedback voltage 

is 4V (=Vi) a Limiting the value of Vc2  to 4V in both direc-

tion the values of R1  is choosen as 510 K ohm. 

The output of current controller is limited to + 9V 

using 9 volt zeners connected back to back in parallel with 

R.-C. series circuit. 
1 1 

6.6.2 Speed Controller 

A PI controller is also used for the speed controller. 

The transfer function of speed controller is given by 

K2(1+Tc2s) 
Tcc Here, the gain (1(9) and time constant (Tc2) are 

to be designed, These values are selected on the basis of 

relative stability as in the case of current controller. The 

complete speed loop is shown in Fig. 5.4. 
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The inner current loop is reduced to a single block, 

the transfer function of which is given as follows: 

• T•F. of current loop  
1 + a(s)H(s) 

where;:1 (̂1+Tcl
s) 

G(s) 
	• 	Aa_~_~ 

Tc1s 	I+sTCa 

F1(s) 
_ F2(s) 

H(s) = Hi 

(s+B/J)  
m' a  

[1+(l+sia) (s+B/J) C m ] 

F1(s) 

T,F, of current loop = 	F277 

•1 + F2rr 

F1(s) 
Fs)+HlF' (s 

The characteristic equation of the complete system with 

this speed loop is then, given by 

	

P 	f 

1 + G (s)H(s) = 0 

	

iiQhere, G(s) _ K2 (1+Tc2s) 	 F1(s) 
	Kb/J~.._ 

Tc2s 	F2 (s)+!-IiF1 (s) 	s+B/J 

H 
H(s) _ 	— 

1+sT f 

Therefore, the system characteristic equation is 



63 

F (s)  Kb/J  H_  (  ) 1+1(2(1+ 	---~) ~__ 	_.__s__ _R 	 ._. 	e 	= 0 	. 6.15 
Tc2s F2(s)+HiFl(s) s+B/J 1+sTf 

Now defining, 

F3(s) = F1(s)KbHw/J 

F4(s) = (F2 (s)+HiF1(s))(s+B/J)(l+sTf ) 

the equation (6.15) can be written as 

1  F3(s) 
1+1(2(1+ T

2 s ) F s 	= 0 c 	4~~ 	 - 

or 	1 + (1+~1 --)3(S°) = 0 	... (6.16) 
K2  Tc9s  F4(s) 

Again defining, 1 = a v , Tl— = 	, the equation 
K2  c2 

(6.16) become 

a'sF4(s) +  F3(s) + sF3(s) = 0  .,, (6.17) 

As before, substituting s = -o+jwd and s =  

two sets of D-decomposition boundaries are plotted and the 

most stable region is found for both sets as shown in Fig. 6.17, 

6.18, and 6.19. For checking the relative stability, a and => 

are increased from minilaum values. The resion with highest 

possible values of a and  are obtained. The stability of 

this region is checked using frequency scanning technique as 

shown in Fig. 6.20 and 6.21. For finding the most suitable 

parameter set, the response of the speed loop for step 

speed reference input for different parameter sets from 

the most stable region are calculated using equations (5.14a) 
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to (5.14h) and the fourth order , Runga—Kutta method. The 

response of the speed loop (speed w as a function of time t) 

is plotted for p.u. reference speed input on CALCOi:4P plotter 

for various sets of gain and time constant as shown in Fig. 

6.22. The response of the speed loop shows that for gain 

= 1.428, and time constant = 1.428, the response is fast and 

settling time is nearly 4 secs. Also, the overshoot in speed 

is less. Therefore, the gain of the speed controller is 

chosen as 1.42.8 and time constant of the speed controller is 

chos n as 1.428. The transfer function of speed controller 

is given by1°428 ~11,428s— ..— ,~ao 
428s 

,~.__.. 

The realization of speed controller is shown in Fig. 

6.23. OPA1P 741 is used for this realization, Non inverting 

input is grounded through 1K ohm resistance. The error 

between reference speed signal VR and feedback signal V is 

given at inverting terminal (pin 2). The output is taken from 

pin 6 and it is fed back to the inverting terminal through R 

and C series circuit. The feedback capacitor Cm is chosen 

as 1.88 µf and from the values of K2 and Tc2 the values selected 

for R2f and R  are given by: 

R = 760 K ohm w 

R2f = 530 K ohm 

The input resistance R2 is chosen from the relation, 

VR 	Vw 
R2 	R2f 
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For the maximum speed the feedback voltage is 12V 

and also the corresponding reference speed voltage is 12V.. 

Therefore, R2  = R2f  = 530 K ohm 

The output of speed controller is limited to + 4 volts 

using 4 volts zeners connected back to back in feedback 

circuit across R_  C series circuit. 

The complete control circuit is shown in Fig. 6.24. 

6.7 Conclusion 

The power circuit is designed for speed control of 

2 h.p. D.C. motor. The thyristor protections are considered 

while designing the control circuit. The firing circuit is 

designed carefully. The end—stop pulse generator is developed 

by author. The speed and current controllers are designed 

on the basis of relative stability. The response of the 

system for various gain and time constants are considered 

while selecting final values of gain and time constants of 

controllers. The chosen. parameters ensure a very fast 

response current loop (with .4 sec settling time for unit 

step current reference input) together with a sufficiently 

fast speed loop response (with a settling time of about 4 sec 

for a p.ua reference speed setting). Saturation characteristic 

is provided to both the speed and current controllers to 

ensure safe operation under starting, sudden change in speed 

reference setting and sudden loading of the motor. 
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. 	Chapter - 7 

DRIVE PERFORMANCE 

The performance of d.c.  motor drive, fed from the 

dual converter is investigated experimentally in this chapter. 

The experimental results are compared with the analytical. 

results. Typical waveforms, of d.c. output voltage and currant 

are also given for various operating conditions. 

7.1 Introduction 

In an earlier chapter, the various components of the 

dual converter have been designed and experimental results 

in form`" of waveforms of the firing circuit have been given. 

The experimental and analytical performance of the d.c. drive, 

fed from the earlier designed dual converter, is determined 

now. Ir:order to extensively test the designed converter, its 

performance both as a single converter and a dual converter 

under resistive and inductive load conditions is also doter --

mined experimentally. 

7.2 Performance as a Single Converter 

First, botri the converters are tested separately on 

resistive and inductive loads to ensure that both the conver-

ter . are operating well. 3ince there is no speed back in 

these cases, the speed controller output will always be under 

saturation. Therefore, an external variable voltage is used 

as a control voltage to fix. any firing angle. The photographs 
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of d.c. voltage output and load current at this firing angle 

are shown in Fig. 7.1. The waveforms seem to be satisfactory. 

The converters are now tested separately on the motor 

load in closed loop mode with both current and. speed feedbacks. 

Table - 7.1 gives the variation of spe,~d of the motor as a 

function of speed reference voltage. 

Table 7.1 D.C. Motor Speed Control With Single Convert-:_. 

 

S,No. Speed reference  Speed 

 

Voltage (volts)  (rpm) 

1 3.5 430 

2 4.5 510 

3 5.5 570 

4 6,0 610 

5 6.5 650 

6 7.0 680 

7 7.5 740 

8 8.5 830 

A curve is plotted bety#een speed and speed reference 

voltage as shown in Fig. 7.2. The curve shows that the speed 

varies almost linearly with reference voltage. 

7.3 Performance as a Dual Converter 

Now, the converters are connected in dual mode. The 

dual converter is first tested on resistive load. The 



Fig 7,1(a) Voltage Output 
	F'ig,7.1 (b) Load Current 

rJith Resisti\Te Load 
	.fith Resistive Load 

(Single Converter) 
	

(Single Converter) 

Fig.7.1(c) Voltage Output 

,Vith Inductive Load 

(Single Converter) 

Fig.7.1(d) Load Current 

4ith Inductive Load 

(Single Converter) 



photographs of d.c. output voltage, and current with a con-

verter operating either in rectification or inversion mode 

are given in Fig. 7.3. The firing angle is fixed to any desired 

value using a variable voltage as a control voltage input. 

The waveforms again seem to be satisfactory. The variation 

of load voltage as a function of load current is determined. 

Table 7.2 gives the performance with positive group convertor 

under rectification mode and negative group converter under 

inversion anode whereas Table 7.3 gives the performance with 

the positive .group converter under inversion mode and negative 

group converter under rectification mode. 

Table 7.2 Dual. Converter Performance with Positive 

Converter in Rectification Mode 

S.No. Input Input Input Load Load 
Voltage Current Power voltage Current 

1 250 0.8 200 228 0.8 

2 250 1.6 360 226 1.6 

3 250 3.0 680 226 3.0 

4 250 4.6 1060 224 4.6 

5 250 5.7 1200 222 5.3 

6 250 6,7 1480 220 6.7 



Fig.7.3(a) Voltage Output 

ith Resistive Load 

(Positive Converter as 
Rectifier) 

Fig.7.5(h) Load Current 
With Resistive Load 

(Positive Converter as• 
rectifier) 

Fig.7.3(c) Voltage Output 

•)ith Resistive Load 

(Positive Converter as 
Inverter) 

Fig.703(d) Load Current 

:kith Resistive Load 

(positive Converter as 
Inverter) 



a 

Table 7.3 Dual Converter Performance With Positive 

Converter in Inversion Mode 

S.No. Input Input Input Load Load 
Voltage Current Power Voltage Current 

1 200 0.5 140 178 0.5 

2 200 1.3 240 177 1.3 

3 200 1.95 360 176 1.95 

4 200 3.2 600 176 3.2 

5 200 4.5 860 175 4.5 

6 200 5.7 1060 174 5.7 

7 200 6.8 1240 174 6.8 

Since no feedback is present, both the controller 

outputs are in saturation and hence, the firing anglo is fixed 

to minimum value for converter operating in rectifier mode 

and at maximum value for converter operating in inverter mode. 

The circulating current is nearly zero and not measurable. 

The converter is capable of supplying rated converter load. 

Lastly, the dual converter is tested on the motor load in 

closed loop. Tue photographs of motor terminal voltage and 
currer..., 	and voltage across the reactor with a converter 

working in either rectif_ic,tion or inversion mode are shown 

in Fig. 7.4. The waveforms seem to be satisfactory. Table '7.4 

gives the variation of speed as a function of speed reference 

voltage. 



Fig.7,4(c) Motor Voltage 

(Positive Converter as 
Inverter) 

F
ig 7.4 (Q) Motor Armature 

Current (Positive Converter 
as Inverter) 

Fig.7.4(a) Motor Voltage 

(Positive Converter as 

Rectifier) 

Fig.7i+('-)) iiotor Armature 

Current (Positive Converter 

as rectifier) 



Fig 7.4(e) 	Volta_7e Across 
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Photograph of the Control Circuit 
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Table 7.4 Dual Converter Fed D.C. Motor 
Speed Control 

	

S.No. Speed Reference 	Speed 

	

Voltage (Volts) 	(rpm) 

1 	4.5 400 

2 	5.5  500 

3 	6.0 600 

4 	7.0 670 

5 	8.0 750 

6 	9.25 850 

7 	10.0 900 

A curve is plotted, between speed and speed reference 

voltage as shown in Fig. 7.5. The curve shows that the speed 

varies almost linearly with speed reference voltage. 

The response of the drive for step speed reference 

input is plotted on a dual channel recorder and is shown in 

Fig. 7.6. The response shows that the controllers gain and 

time constant determined in an earlier chapters - are well 

suited to the drive. The drive takes nearly 5 secs to 

readh the steady  state speed of 480 rpm. 

Now, the motor reference speed is fixed at a particular 

value and the load on the d.c. generator is varied. Table 7.5 

gives the variation of speed as a function of load. 
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Table 7.6 Speed 'Regulation of D.C. Motor With 
Load Variation 

S.No. Input Input Input Motor Motor Speed Load Load 
Voltage Current Power Armature Armature Volt Current 

Voltage Current acre 
___ Volts .mps } ~rn~atts 	Volts) rpn) (Volt) 	zm  

1 300 4.6 880 268 4.6 946 196 2.6 

2 300 4.8 920 266 4.8 943 192 2.7 

3 300 5.0 1000 262 5.0 940 186 3.3 

4 300 5.4 1060 260 5.4 938 164 4.1 

5 300 6.2 1120 258 6.2 935 150 4.8 

The speed is found to drop by small amount as the load 

is varied from low value to high value. The speed regulationi 

is found to be 1,16 %. 

The transient response of drive system shW 	the 

effect of load variations are plotted theoretically and experi-

mentally as shown in Fig. 7.7 and Fig. 7.8 respectively for 

25 % and 50 % step decrease 'in load. The initial speed of the 

motor is held at 480 rpm. to obtain the plot. Thj point 'A' 

shows the instant of loud variation 	The initial spe,_:d 

of try.:_ motor is hold at 480. rnm, to obtain th'.: plot. The 

results shows that such a step variation in load causes negli-

gible variation in drive speed and the drive settles extremely 

fast. 

The transient response of the drive system for step change 

in speed reference voltage is plotted both theoretically and 
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experimentally as shown in Fig. 7.9 and 7.10. The initial 

speed of the motor is held at 480 rpm and the speed is reduced 

to 300 rpm. It takes nearly 4 sacs for the drive to settle 

to the new speed. 

The transient response of the motor for change in 

speed reference voltage from full forward to full backward' 

and full forward to half the backward are calculated theora- 

tically and plotted as shown in Fig. 7.11 and Fig. 7.12. The  

author could not plot these responses experimentally because 

the tachogenerator available is a.c. tachogenerator, the 

output of which is to be rectified to get d.c. voltage and 

therefore, the change in direction of rotation will not change 

the direction of tachogenerator output voltage. The author 

could run the motor in open loop in both directions and found 

that by reversing the direction of speed reference voltage, 

motor chafges its direction of rotation. 

7.L Conclusion 

The performance of d.c.  motor drive fed from the 

1 - phase dual converter is investigated. The performance 

of converter both as a single converter and as dual converter 

is tested on resistive, inductive and motor load. The analyti-

cal and experimental results are compared. The motor takes 

nearly 5 secs at step reference speed input to reach 480 rPm, 

The speed of motor drops by a small amount with load varia-

tion and speed regulation is found to be 2 %order. The dual 
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converter is capable of taking rated load. The motor takes 

nearly 4 secs f or step change in speed reference voltage 

to change the speed from 480 r ;;r_. to 300 rpm. The dual con-

verter is able to run the motor in both directions by rever-

sing the speed reference voltage. 
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Chapter - 8 

CONCLUS ION 

The design, fabrication and performance investigation 

of a 4-quadrant speed control of a dual converter fed separa-

tely excited d.c. motor has .•.:been discussed in this disserta-

tion. 

A dual converter consists of two similar fully controlled 

converters connected in anti;-)arallel and the firing angles 

o±. both the converters are varied such that the •sumofboth angles 

is equal to 1800. If one converter operates as a rectifier, 

then the other operates as. inverter. The circulating current 

is limited to an accepted level using two reactor coils between 

two converters. 

The cosine firing circuit consists of end stop pulse 

generator, comparator, diff erentiator, monostable multivibrator, 

oscillator and output comrlifiers to fire the thyristors. A 

ferrite core pulse transformer with two secondaries, is used 

for isolation between power and firing circuit. 

Two proportional plus integral (PI) controllers are 

used, one as speed controller and other as current controller 

to, provide a fast response. The inner current loop protects 

the thyristors and d.c. motor from over currents and also 

provides fast response. It also takes care of supply voltage 

variations. The current is sensed by means of a low resistance 

in series with the motor armature circuit. The speed is 

sensed by means of a tachogenerator mounted on the motor shaft. 
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In operation, the error between speed reference voltage and 

speed feedback voltage (VR  - VG,) is integrated in speed (PI) 

controller. This automatically sets the current reference vol-

tage and is compared with output of current, feedback )voltage 

Vi. The resulting error is integrated in current (PI) con-

troller which is used as a control voltage and sets the firing 

angles of both the converters. Thr firing angle is controlled 

by controlling Vc1 , the output voltage of current controller. 

For design of controllers (gains and time constants), 

a mathematical model is made from the transfer functions of 

different elements i:e.d.c, motor, thyristor dual converter' 

current controller, speed controller and feedback. transducers. 

First, the inner current loom is considered and the characteri-

stic equation is derived. The current controller has a trans-

fer function K1  (I + Tc1  s)/Tc1  s • Its parameters gain K1  and 

time constant Tci  are found out with the help of D-partition 

method and checked by frequency scanning technique for varia- 

tion in 	and % to obtain the most stable region. The final 

selection of parameters are done after checking the response 

of the current loon at various points in the stable region 

using Ranga - Kutta method. For this, the state model of the 

current loop is derived. After determining, the value of K1  

and :Tc19  a suitable current controller., is designed and 

fabricated. 

Next, the characteristic equation of the complete 

system is derived. The parameters of speed controller gain 
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K2  and time constant Tc2  having the transfer function 

K2(1+r,c2s)  are determined in a manner same as for the current 
T02  

controller gain and time constant. The state model of the 

complete system is also determined. 

The complete fabrication of firing circuit, thyristorized 

dual converter ,current controller 'and speed controller are 

done and the performance of the drive is investigated. The 

experiments are performed at resistive, inductive and motor 

load with converter working as a single connerter or dual 

converter. 

It is evident from the experimental and analytical 

studies 	that the closed loop control provides good speed 

regulation. The speed of motor can be varied by varying the 

speed reference voltage and it can. also run in both direction 

by reversing the speed reference voltage. 

Scope For Further work 

Further work can be done on the following topics: 

(i) While deriving the transfer function of thyristor 

converter the time .delay in the firing current is 

approximated by a simple first order time lag to make 

the analysis simpler. It can be taken in transdental 

form which is more accurate. 

(ii) A .d,c, tachogenerator can be used to study the 

4-quadrant speed control of the d.c. drive. 
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(iii) The performance can be improved if the single-phase 

dual converter is re?laced by three-phase converter 

because of various advantages hu cir uul ting curr..:nt is 

less in case of 3 - 0 dual converter and also both 

the converters are in continuous conduction both at 

no load and loaded condition. 
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APPENDIX - A 

PARMETER PLAN SYNTHESIS METHOD 

A process is said to be stable if for any small initial 

deviations, the equilibrium is restored to the control system 

as a result of the action of the controller, and the process 

is said to be unstable if the controller does not restore 

operating state which existed in the system before the appear-

ance of these initial deviations, In the case of linear model, 

if it is stable for small disturbances then it is stable with 

respect to any other disturbance. The necessary and sufficient 

condition for the stability of the control  process in its 

linear approximation (i.e. in the case when the process is 

described by a set of linear differential equations) is that 

all the real roots of the characteristic equation be negative 

and all complex roots have a negative real part. 

Usually the techniques employed for studying the 

stability have been the Routh - Hurwitz's criterion, Nyquist 

method and Root locus method. These methods have been 

successfully used to study the effect of only one parameter of 

the control system on the system performance. An improvement 

over the above methods is the D-partition method. This method 

was present:1-d first by Neimark in 1948. This method can be 
used to study the effect of two parameters of the control 

system on stability and transient performance. 

`!gith regard to stability analysis, the method provides 

a possibility of defining the relative stability of control 
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system as the numbers of roots of characteristic equation 

relative to a specified s—plane contour of a general shape, 

The plane with the two adjustable parameters as coordinate 

axes is termed as 'Parameter Plane'. The parameter plane 

method can also be extended in case of non—linear and sample 

data system., 

Parameter mapping 

The idea of system design is to obtain a simple correla-

tion between the system parameters and the characteristic roots 

so that the roots can be set at a desired location by adjusting 

the system parameters. This can be done by parameter plane 

synthesis method. 

The parameter plane method is based on a mapping 

procedure that transform points from the complex s(o, w) 

plane on to the parameter a— 3 plane. In the general case, the 

mapping function is an nth  degree algebric equation 

( )  
F s  =  E a,ksk  = 0 

k=0 

where s is the complex variable defined by 

s =  

and ak  are the coefficients that are functions of two real 

parameters a and ;3 i.e. 

ak  = ak(a, J),  k = 0, 1, 2, ......,n 



If to a given pair of number (ol, 
Wdl) there corres-

ponds a pair of number (ai, P1) so that mapping equation 

F(s) = 0 is satisfied, then for 	and ~l , the equation has 

a root pair.  
sl = —ol ± jwdl  

Therefore, the defined mapping 

can be regarded as a transformation of the points (o, wd ) for 

the complex s—plane, which represents root values of the 

algebraic equation F(s) = 0, to certain points of -)arameter 

a —  plane. This is referred to as parameter mapping. The 

same theory is also applicable for s = —'w + jwnll 	? 2 

in ( , wn ) plane. 

Now, considering the case when two parameters ':, and p 

enter into the characteristic equation linearly so that the 

characteristic equation can be reduced to the form, 

F(s) = aS(s) +' 3Q(s) + R(s) = 0 	 ..o(A.1) 

:substituting s = —cs+jwd in equation (:==,.1) and 

separating real and imaginary parts, results in following 

equation. 

aS(—ar+jwd )+ JQ(-6+jwd )+rt(—o+,jWd ) = 

or 	u(6, Wd, a, i3) + jv(6, wd9 a, N) = 0 	.. e (A ,2) 

In order to construct the boundary of the D—partition 

it is necessary to determine a and  for each wd by solving 

simultaneously the two equations: 

u(6, Wd9 a,  )  = 0  •. (A.3) 

v (CY, Wd , a, ;3•) 	= 	0 	 ... (A.4) 



Separating terms containing a and  results in following 

two equations: 

u(69Wd9a,a) = aSl (a,wd ) + PQl (o,wd ) + R1(a,wd ) =  

v(C,wd ,aj3 ) — 	+ 	22 (6,Wd ) + R2 (o,wd ) = 	... 

Solving equations (A.5) and(A.6) with respect of 

a and R for each d give 

—R11 
a =  - R2 Q2 

S1 Q1 
S2 '2 

S1 — R1 

S2 R2 

S1 L1 

S2 

Q1 R2 	Q2 R 	
...(A.7) 

'1 Q2 	S2 `~l 

2RI _.. 5182 	...(A.8) 
S1Q2 — S2Q1 

The equations (A05) and (A,6) determine one value of 

a and one value f3 as given by equations (A.7) and (A.8) for 

each cad, only when these equations are simultaneous and 

independent. 

If for some value of cad , say Wc , the numerator and 

denominator becomes zero, then for this value of wd, the 

two equations (A.5) and (,.6) are linearly d pendent to each 

other and a straight line is obtained instead of a point in 



the a — }3 plane, known as spatial line. In this case, either 

of the equations (Ae5) or (A,6) is the equation of the straight 

line when this value of wd is substituted, If the coefficient 

of the highest term of the characteristic equation depends on 

the parameter a and 0, then by equating this coefficient to 

zero spatial line at wd =  is obtained, Similarly, a spatial 

line at wd = 0 is obtained by equating the coefficient of the 

lowest (free) term of the characteristic equation to zero. 

In order to find the number of roots in the various 

region obtained in the parameter plane by the plotted bounda-

ries it is necessary to know whether a root is leaving or 

entering the s---plane contour as shown in Figs. (A.1),(A,2), 

(A,3) at the instant that point goes over a boundary in the 

pa.ameter plane. In order to know whether the roots are 

leaving or entering the s--plane contour; the boundary curves 

should be ap)ropriately shaded, The side of the boundary to 

be shaded is determined according to sign of the denominator 

where ~ =  Jl Ql 	Facing the direction in which wd 
S2 2 

is increasing the boundary curves in the a — N plane are 

shaded on the left side if A> 0 and on the right side if 

< Oe Usually, the curve is traversed twice, once when 

w goes from —° to 0 and next when it changes from 0 to +~ 

It is shaded both the times on the same side, as the sign 

of A changes with change in sign of wd ( 	is an odd function 

of wd)• After the complex root boundaries are shaded, the 
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spatial lines (for wd  0 or  are simply oriented in accor- 

dance with the shading of complex boundaries. The shading of 

such a spatial line must be done twice on the same side as 

that on the complex root boundary at their point of inter-

section. The spatial lines at wd  = 0 and wd  = cc are also 

shaded with this rule but they re shaded only once. The root 

leaves the contour if it goes from a shaded region to the 

unshaded region and enters the contour if it goes from unshaded 

to shaded region. After the boundaries are appropriately sh'ded, 

the relative number of roots in each bounded region is easily 

determined. For doing this, firstly the region with maximum 

values of roots on the left side in the s—plane is established 

by inspection of the plot. For ascertaining stable region  a 

point in the region with maximum number of roots is selected 

and the stability of the system is checked, by the Frequency 

Scanning Technique, If the system is stable at this point 

then this entire enclosed region is also a stable region. 

Frequency Scanning Technique (The .ikhailov Criterion 

A system is said stable, provided its characteristic 

equation 

F(s) = a  sn  + a1sn-1  +  ....... + an  = 0  ...(A.9) 

where, s = jw 

satisfies the following conditions: 

(i)  F(jw) L 0 ..at w= 0 -i.e. a 4 0 



(ii)  The locus of the end points of the vector F(jw), when 

w varies from 0 to °,, traverses in succession by 'n' 

quadrants in anti—clock wise manner for an equation of 

th n  order. 

Let the roots of the equation (A.9) be z1, z2, ....z~. 

then provided ao = 1, equation (A.9) can be expressed in the 

form 

F(s) = (s—z1) (s—z2) .... (s—zn) 

Substituting  s = jw 

F(jw) = (jw—z1) (jw—z2) . < U o .. (jw—z n ) 

F(jw) constitutes a vector whose modulus is equal to 

the product of the moduli of all the vectorial factors and 

whose argument is equal to the sum of the arguments of all 

the vectorial factors. 

At w = 0, the vector F(ju) has a. pure real value, F(0) 

with its arguments equql to zero. As w is varied from 0 to 

the angle of term associated with a real root changes by 7/2, 

and for each pair of conjugate roots by it. Consequently for 

an nth order equation, if all the roots lie on the left hand 

side of imaginary axis, the total angle by. which F(jw) changes 

is equal - to n(n/2). 

k 



APPENDIX — 3 

B.1 i!ieasurement of D,C. ;•,.;achine Parameters 

The armature resistance R  of motor is measured by 

D.C. voltmeter—ammeter method and is found to be 6.44 ohms. 

The impedance Za  of the armature_ is measured at a.c, supply 

frequency by voltmeter—ammeter method and is found to be 44.67 

ohms. Therefore, armature inductances is 0.140 H. The back 

emf constant Kb  of the motor is obtained by running the machine 

as a generator at constant field current and is found to be 

1.939 Volts/rad/sec. 

The d.c. motor is loaded by means of a d.c. generator 

(with field excitation constant) supalying a fixed resistor. 

Therefore, the load torque TL  is propotional to the speed him  

and the proportionality constant B is defined by the equation 

TL  = 3 wm  

The viscous friction only increases this proportionality 

constant. For the operating condition used, this proportionality 

constant (viscous friction constant included in load on the 

motor) is determined experimentally and is found  to be 

0.0799 vw—m/rad/sec. 

The moment of inertia of the machine together with 

load generator is determined by the Retardation or Running 

down test method. In this method, the machine is run slightly 

above the rated speed and then supply is cut-off from the 

armature. Consequently the armature slows dov'n and its 
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kinetic energy is used to meet rotational losses i.e. friction, 

windage and iron loss. 

Loss due to rotation P _• at  (K.E.) 
= d (2Jm2) 

dw 

= rn .d  tm 
Since wm  = 2nn/60, n is motor speed in rev/mm. 

and 
dw 
 27z do =  

dt  60 dt 

1= (2Z)2  J n do  = 0.0109 J n do 
60  dt  dt 

For calcufating P, a curve between n and t is 

determined 

Average load current during retardation Ia  = 
 

= 1.75 A 

The time is measured for approximately 5 / drop in 

speed i.e, from 210 V to 200 V variation in the armature vol-

tage at fixed field excitation. The tests give following 

readings: 

(a) Without additional load t = 0.3 sec 

I 
(b) 'u'Jith additional load  t= 0.2 sec 

f 

Rotational losses ? _ ?1  x ttt, 
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where, P = losse due to additional load 

• '  0 2  ' 
. ' =P x  

_ 
0.3-0.2 = 2P 

Average voltage during retsrdation test = 210+200 
2 

= 205 V 

also P _ I V 
a 

= 1.75 x 205 = 358.75 watts 

P  = 2 x 358.75 = 717.5 watts 

For determination of at, a graph is plotted between 

armature voltage (proportionally to speed) as a function of 

time as shown in Fig. 8.1. 

The sped of the motor n = 1050 rpm 

Since 220 V corresponds to 1080 rpm., hence 1 V 

corresponds to 4.909 rpm. 

From graph, 

do 
 — 
_ 4 x 4.909  

196.36 rpm /sec ~d t 	rl a L =  

R 	P 

0.010flf Td7iTY  

717.5  q _ 
0.0109 x 1050 x -'196.36 

= 0.3192 i<g—m2 

JR 
The mechanical time constant  =  ~a m 

__ 0.3192 x 6.44 = 0.546 sec 

(1.939)2. 
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Electrical time constant  is found to to 0.022 sec 

or 22 msec, 

8,2 ie,asurement of Transducers Gain 

(A)  Speed Transducer 

The tachogenerator mounted on the motor 

shaft provides the speed feedback signal. The 

gain VW /w is found experimentally from its 

definition- 

Speed  Tachogenerator voltage 

rpm  red/sec  Volts 

102.0 106.81 1 1 .5 

970 101.58 11.0 

880 92.15 10.0 

815 85.38 9.0 

740 77.49 8.5 

A graph is plotted between speed and 'Tachogenerator 

output voltage as shown in Fig. 3.2. The slope of the curve 

gives the gain H. 

•
H  _ Vc~  = 11.0 - 10,0 V/red/sec 

c~ 	cam 	9.4 

= 0.1060 volts/red/sec 

Filter time constant = 55 cosec 



(3) Current Transducer 

The gain of current transducer is Vi/la. 

is found from an experiment based on the 

definition of the gain: 

Armature Output Voltage of current 
Current 	(amps) Transducer 	(volts) 

1 .45 ,. 	0.75 

2.5 1.45 

4.1 2.15 

5.5 3.0 

6.8 3.6 

8.1 4.4 

9.4 5.0 

A graph is plotted between V and Ia  as 

shown in Fig. B,3, The slope of the curve 

gives the gain Hi. 

Vi 	4.3 H 	= _ . , = 	8-3 	V/,amp  
a 

= 0.54 V/amp 
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APP.EENDIX - C 

DESCRIPTION OF I..C. CHIPS 

0,1 IC741 

It is a 8 pin integrated circuit. Pins 1, 5 and 8 

are used for compensation. Pin 2 is inverting terminal and 

pin 3 is non-inverting terminal. Pins 4 and 7 are for supply. 

'yin 7 is for + ve supply and pin 4 is for -ve supply. Pin 6 

is for output. The pin connection is shown in Fig. C.I. 

0.2 IC74121 

It is a 14 pin integrated circuit. The functional 

diagram and function table of the commonly used one-shot 

TTL IC74121 are given in Fig. 0.2. 

0.3 10555 

The 555 IC timer is a very popular and versatile 

integrated•circuit which can be used as an oscillator, pulse 

generator, ramp generator, voltage controlled-  oscillator, 

frequency divider, etc. The internal structure of the 

timer ° is shown in Fig. C.3 . 

c.4 107408 

It is a 14 pin Quad 2-input AND Gate. The pin 

connection is shown in Fig. 0.4. 
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APPENDIX — D 

)100 C PROGRAM NO.1 

)200 C 

)30G C UET'ERNIRATI(JN OF THE REGION OF RELATIVE STIWILI.TY 

)409 C OF CU)RRtT LOOP IM THE PLANK, OF T O PARAMETERS 

)5001 C 1 LPHA 	AND BETA WITH 	THE 	VARIATXUN 	1N,4 ,JGMMA 

)55t~ C USING D—OECUMPOSIT.[UN METHOD 

)564., C ##er 	a 	# 	## 	# 	4 	#* 	4# 	4 	*44* ## 	x*# 	*# 

3800 C_ VARIABLES USED 

)900 C 

)910 C A 	PHA=IN'V.FR SE OF GAIN K1 

)q30 C BETA=INVERSE OF TIME CL)NSTM4T TC1 

3940 C S=COMPLEX FREQUENCY 

[000 C LR=CUEH F,, OF ALPHA OF REAL EQUAT10 

[100 C Aial =COFFF. 	OF 	A,PRA. OF 	IMAGINARY 	EQC1ATION 

1200 C BTR=CtOEF . 	OF F E'TA OF REA- EQUATION 

1300 C BTI=COFFF. OF BE'T'A OF I AGINARY EQUATION 

[400 C COFFR=Ct3NSTANT 	TERM 	IN 	RRE:A1, 	EQt1AT.r.GGv 

1500 C COEF'I=CONSTANT `PERM 	IN 	11MAG1,'iARY 	EQUATION 

[70G C 444444444 * 4 *  # 	4 *## 	* 	# 	#* k 	*## 	#* 	##4 	zc# 

19u0 CUNPbEA 	S,F"1,F'2,"SF'1,S[2,D 

?000 F1(S)A$TMHI4(S+t3fAJ)/RA 

?.100  

2Q0 i74't~,iv(UNIT=1,FIliE'CUREN'.('.DI\T' ) 

3u0 REAO() 	)A,TCA,b,A, 	 t ,`I'A,f[I 

?400 PRI((T#,A,CA,B,AJ,1i'1,r'A,7'A,HI 

?450  

?475 00 	50 	11CuuNT 	1,8 

x481 PRINT 75,SIGMA 

?487 PRIt T 	35 

?493 (J;4EGA=0. t) 

?30O 20 S=CR1,X(SIGMA,O iEGA) 

?900 SH 2S*F2(S) 

U)CO SF1:5* 	J.(S) 

1Q0 AI,R 	REAhF2) 

32U0 Ai Tr =Ai 	AG(SF2) 

33Jo ~3T'R=RCAb(r 1 tS) ) 



3400 8TI=AI17AG(►~°1 (3) ) 

3500 (,OF',k'R=RFA11(SF1) 

3600 CUF 1 	A1MA(; (5F1) 
3700 DF:V=hTj 'A 	R-BTR*A.T,I 
3800 Ai1U;1-b MOEFI-B`]'1 COEP' 
39VO r wM=AL 	coc;FR-lsTI*COEF 1 
4000 1, "(tlEtd„i E.O. )t.,t.1 	TO 	10 

4100 1r (ANUM. ~1E. u.) GO TO 	200 
4125 C 44444* 	* 	* 	* 4 * 	m 	 4 	* 	4 

41 57 c CALC'[JJ,A'TION 	OF 	SPATIAL, 	LINE 	COORDIPJI\TEt', 

41.7: C # 444 	 * 	 4 	4 	* 	9 	4 

4200 PRIMT 	60,()A1EGA,AI.R,bTR,C(~t FR 
43i)0  

4400 DO 25 K=1,GQ 

4500 BT _(A0AK +COELI R)/B R 

46(0 RRiNT 2b,AL,L3T 
47tu0 25 A1,=ALt2. 
4750 C xc 	# 	c* 	#aka►*a 	# 	*# 	* 	44* 	# 

'1800 GO TO 200 

49u0 10 ALPHA=AM1M/0E;~1 
5000 BET!  
51 )0 PRI"T30, ,OMEGA, ALPHA, M EPA, DEN 
52JO tF(ONE.GA.CF..14;10.) 	GO 	TO 	70 
5300 200 OMEGA=00.EGA+2. 

5400 GO TO 20 

5500 70 _IF'(u,Mi:GA.GE.1.0F5) 	A 	TO 	50 
5600 OMEGA=CO,I E1',A+200. 
5700 CU TO 20 

5750 50 SIG A=SIGMA—, 1 
5R',7U 30 FORMAT(4(5X,E1.2.5)) 
59'10 70 FORMAT (5 X, , $I 	A=' , F5.2/5X, ' _=...~..=..___===' ) 
6000 60 FORMAT(5X,' A PATY.NL, LINE EXIST AT THIS- POINT WHFRF 
610 1 	QMEGA=' •F'94/5X,  ' CO 	FFICEriT 	OF 	ALPHA 	=' E15.3/5X 
6200 2 	,' C(?Ef r ICFNT OF BETA 	=' E15.8/5X, ' CUi' STAt;T TUM 	' 

6300 3 	F15,8) 

6400 26 Ft11 1\T(5x,'A)j=',012.5,5x,'t0T=',.E12.5) 



b4 50 	35 	F(JR;A't'(7X, .' DMEGA 12)( 	ALPHA ' , 13X, BETA' , 14X, ' fliNOMLNATEF 

65i 	 STOP 

66 jo 	 END 



PROGRAM titi.2 

DETERMINATIONl OF THE Xts(tON OF RELATIVE STABILITY 

OF CURRENT i3OOP IN THE PLANE OF TO PARAMETERS 

Ai,PHA ANtiI) BETA WITH THE VARIATION IN DAMPING RATIO 

US,IiN , D'-OECOMPOSITlUN METHOD 

VAR:t ASI.,ES USED 

ZHI=DAMPING RATIO 

/ 1.,PIIA=ltitVFkSE; OF GAIN ICj 

HtA=Ii'JVERSE OF TIME C014STANT TC1 

S=CCJMPI,E X FREQUENCY 

ALLR=CfEFF, OF ALPHA OF REAL! EQUAT,iON 

ALI=COEFF, OF ALPHA OF IMAGINARY EQUUA'T ION 

I3'I.'R=COEE F. OF BETA; OF REAL E QLJA'('IOP4 

BTI=COF k , OF BE'LA OFIMAGINARY EQUATION 

COEF.R=CONSTANT TERM IN REAL EOt1ATiUi' 

CJEF1=CON$TAiJT TERM IN IMAGINARY EQUATION 
*#'***4* **4**4#*#* 4*4*4**4* 4*** ***4***44****44444*4 

COMPLEX S,F'1,F2,SE'1,SF2,f) 

F i(S)=A4TM*H'I*(s+e~/AJ)/RA 

F2(S)=(1.+(i..+S*TA)*(S+B/AJ)*TM)*(1.+S*TCA) 

OPEN ((JNI'r=1 , F Il,E=' CURENT. DAT + ) 
REAL)(1,')A.,TCA,B,AJ,'T'M9.RRA,TA,HI 
PkINT*, A, ̀ I'C'A, t3, AJ, 7►,, RA,'TA, FiI 
ZdI=0.0 
GU 50 ICC[INT=1,8 
PRINT 76,ZHI 
PRINT 35 
OMEGA=0.0 

RR=-ZHI 4OMEGA 
AA=oME(;A*SQh'C(1.-eZtHI*ZHI) 
S=C,4PLX (RR, AA) 

SE'2=S*F'2(S) 

SF1-5* 1(,S) 



ALRREAb (SF2) 

ALIAIMA((SF2) 

RTRREALi(Fi(S)) 

BTIAIMAG(Fi (S)) 

CO EFR R E A LC SF 1) 

COEFiAIMA(SP1) 

N B T J * A I R - B T R * A [I 

i U M = BT R CC) F I - B P 1 CUE FR 

NO AL! *COEFR-BTICOEF1 

jF(DEN.NE.o,)fl TO 10 

.'(PLJM.NE.o,)Gn TO 200 

CALCULATION OF SPATIAL LINE COORDINATES 

PRINT 60 ,OMEGA ,ALR. BTR , COEFR 

A 0. 

DO 25 I1,60 

BT- (ATi4A),R+CUEFR) /BTh 

PRINT 2,AL,3T 

AL AL #2. 

CO TO 200 

ALP I A =A N U t / DE H 

E '11½ f3N U M / OF N 

PRINT3O, 8, OMEGA, ALPHA, BETA, DEN 

IFCOMEGA.C1E.1000.1 GO TO 70 

0  GMEGAUMEGA+2. 

CO TO 20 

IF(IJMEGA,GE.1.0E5) GO TO 50 

OMEGi0MEGA+200. 

GO TO 20 

ZHJZHI+.i 

FUR14AT(1X,2E12.5,4(5X,E12.5)) 

FOIAT(5X,'1F11',F5.215X,-:==') 

FUPAT( 5X , 'A SPATIAL LINE EXIST AT THIS POINT WHERE 

Ui(A',F9.4/5X,'CUEFF10ENT OF ALPHA  'EiS.B/SX 



2 	,' COEF'FICE NT OF BETA =' E15. 8/5X,' CONSTAN'T TERM =' r  

3 x:15.8) 

26 	F1)RPIAT(5X,'AL=',FI,2.5,5X,'1T'=F,r 122.5) 
35 	'flR!AT(l3X r 'S ,22X,'f)MEGA',12X,'WHA',13X,'tiETA',14X f 'DI OT1INATER') 

STOP 

E14D 

0 



00100  C  PROGRAM NO.3 

00200  C 

00300 	C 	FREQUENCY SCANNING TECHNIQUE FOR CURRENT LOOP WITH 

0u40 	C 	THE VARITIOtJ IN SIGMA 

00500 	C 

00600  COMPLEX S,FL,l2,SF1,SF2,U 

007 Jo  4'111 4  

0  0  F2(s)(1.+(1.+SflA)*(S+L3/AJ)*TM)*(1.+;*TCA) 

O09)0  Ot(UtITi ,FLL:zCUHEtiT.OAT') 

01000  REPD (1 , *) A , TCA, 8 , AJ , Tri, RA ,TA ,II 

01108  PRINT*,A,JCA,8,A),J, RA, TA, ill, 

012J0  $JGMA7, 

fl10  ALPHA=4. 

014o)  BETA=12. 

015'()  pRIMT,ArPA,HETA 

0I60fj  OMEGA=% 

01700  PRINT 140 

01800  140  FORMAT-(5X, 9  OMEGA',lSX,'D') 

019uC)  DO iSo I1,200 

020u0  SCtiPLX(SJGMA,DMEGA) 

021U  [):AjPHA*SF'2 çs +HETA*F1 (S)+5*Fi (5) 

022O  PRINT b0,0MGA,D 

02301i  160  F0RMAT(SX,F12.5,1SX,2E13.5) 

024O  150  0MEGAOMEGA+.2 

0251 0  STOP 

02600  END 



00100 c P1ORAi  NO.,4 

00200 C * * ** * 	* * * * ** * * * * * * 	* W * * * * * * * * * * * * * $ * * * * * * 
00300 C FREQUENCY SCANNING TECHNIQUE FOR CURRENT LOOP WITH 

00400 C THE VAR1TION IN DAMPING RATIO 

00500 C 

00600 COMPLEX S,F1,F2,SF1,SF2,D 

00700 F1(S)AT*HI*(S+J/J)/RA 

00800 F2(5):(1.+(1+S*TA)*(S+B/AJ)*TM)*(1.+$*TCA) 

00900 OPEN(UNITI,ILE'C(JRENT,DAT') 

01000 READ(1,A,TCA,1,AJ,TM,RA,TA,NI 

01100 FRINT*,A,TCA,,AJ,TM,,T,HI 

01200 

01300 ALPFiA4.0 

01400 ETA12.0 

01500 PHINT*,ALPiA,BETA 

01600 OWGA(}. 

01700 PRINT 10 

01800 140 FORMAT(SX,'  OMEcA',iSX,'D') 

01900 E0 150  11,200 

02000 RR?HI*OrEGA 

02100 AA:OMEGA*SQRT( 1. -ZHI*ZHI) 

02200 CLX(RRAA) 

02300 DALPHS*F2(S)+ETA*Fi(S)+S*F1() 

02400 PRINT 160,OMEGA,D 

02500 160 FURMAT(5X,€12,5,15X,2F13,5) 

0600 150 0EGA1)MI+2. 

02760 STOP 

02800 EWE) 



C . 	P11(l,;ttr;1+ 	rI{I,, 5 

* 444 44*t.#*4*4.44***4 .*#4##**44 *4*44k#*4#* .4.44*4:F**4444.4****4*4## 
C 	r r, ;,r1;. 'r RrSPIu ,t3 ; or CUF2RE.IT I,(ll,f' . Vril A STEP C1JRRF iv'.t' KEFFRE..Ci 

(' 	7•F' F1 	1 FE;HF,V'A VALUES OF ('tlf?ttF t.T CCHNTRJ EH GAIN AtJ) 

C 	','.r. , f CO.. 	A,.~' 

.a * 	* * 	 * 	* 	* 	 * * 	* * a 	r 	ia: 

r 	\/,W 	(IS fl 

fi 	44 T 	*# 	# •.4###4 	* 4.4# •## k4.4# 4.4 *k #** 	# #* #% * 	#i F 	MK 

C_ 	 h, 	ih 't. • n 	VAH71f,F. 	(`fif'IF:) 

C 	 i.;<r I.1 ^1.1 E STEP '(7R MMIVJHk;RSCAJ IwTECKE\TIUN 

t' 	, 	 t'..i , r I "f% OI' t'SRS`t' tlki)Ef< D1 ''F E Rj NTIAI, is IIJATiUNS. 

(. 	'~+F =, ► ft t'R flF STEPS FOR ) r!'.IEGRATION 

XY.-^,f`tcI.Y t+t Hlrilr,',t3J.( h NEU tIH,ICH CONTAINSTHE CURRENT VAbUES Of, 

V1',KIaJ,;,S Xl,X2,X3 

i 	;..' Uf' %l 	t llli d U Wht ICH CONTAINS THE VAT t1ES OF FUNCT'IO, 
~. 	CG ~1„

+•,,~ c,' '.i.~A F:+ ''' iV AStarBROU{t~Xi.'E FT (XX, ', 	, 

C: 	VS / r,,, Yt;, v►,, i++U 	(Y ARPAXS O' I)'I.t,F:,S1O(. P Fc~  

.4'4 #x# * F d kXr## # 	k~ E;~k~ * 	~%~k# #k # E ## # rF* ~k k 	h~P * F#f##• ###' 

X ' (`i ?U),X(50V,3),XX(3),J"(3),YI(3), 

xv„(3),1'I~ (3),1 (i),Uti(3) 

ct 4 v .##i4#4*44' *.T## ##4•*4#4 4#*~k 	*44*A 4.4*4***#444.4** 

C 	I T t ',, ,i b',%l,t)!.it II 	~ST,iTI, V).R I.A'LES 

	

*t?rX' ;* 	#4 **4** X+*'##****.F*4't SFr•** R4 *SS 	k 	* 	# a >t =RaK 

p z , '.' 33,01' 

33 	FEt) 	(5X,'t?T,=',F'9,7 ) 

T= ( • 0 

PHI 
F O 	f'y'(24,'f lkjlf.T (Jill' ((F' .i ![.,It'F'1DHH '//2X,'STEP',3X,'TTtiiE 

I5x,'X!U ',7X,'X(2)',7X,' X(3)') 



1=.! 

Piuf, t~' 3,J,T,(XX(1),J.,4t;tJ) 

C'IL A±tJr,(II: (9,T,lt ,XX,F,YI,YJ,Y.Yta,1RJ) 

i)1) 2t.1 J: U,uEQ 

L ' 	X(T ► J) XX(J) 

PRI4T 3,I,TTa1F(T), (X(T,0),,1=.I.,iIrQ) 

art 	FU1?,-;i~`:Cf2X,14 `8„6,3i?12.5) 

wRI'.r :(I,1 11) (X(.I, 3),TIF(I),I :I,f4STI;P) 

!fi 	FOR^AT(2F O.2) 

[L)tl .tif,E 3tlitC(`trt~'r,iMH0 r XX,►X)►'Y.+.l,YK,y'l,,l.a(i) 

DIiML1~ TOW YI(tgFo),YJ(~VEo),YK(NEU),Yla(). 

i tJ(Q),XX(llEw),F( !EO) 

i~() 10 :r =,(,NEO 

tita(T)=XX(:(J 

C.LIJ FTiCXX,F,P1f?(3,`P) 

t7i.. 2t, 1=i.,t`:I C) 

YX(z)F( ,)*r ' 

f.rl 3 u 

Y•) (i) t' (.[) 4<rT 

3t  

C' 1.i t` Too(XX,F',tJi;O,T) 

i1I~ 	4~ 	i.=1, vEr~ 

Yrt(I1aH'(xl~t~'.f' 

t, 	 X(I)i IJ(.l)tY (I) 

l.6 

CAI..;, r' '( XX, F, ' Eki, I' ) 
0U 30 T= , AE(4 



Ct.)=FCU*DT 
XX(Il=rIil(I)+ YI(1)+ 2.oYJC1)-+2.o*iK(1)+Yu.(I))/6.0 

ki:TUR.1 

h'..D 

S')f1F~0TSEaF: FTti(X( r E•',I.EQ,`.C) 

jf"EtISIOM XX(NEQ),F(CK'0) 

PF.Ai)(? r )AK r TC) t }!X r ,1,TCA',AL, A 
vC2M1.) 

F(:ii AKi*(VC? 1I*XX(3)),',rc 
N'C1=XX(j)+A ,U*(VC2—til*XX(3)) 

u'(~!~:`I.(; ,Y.9,u) VC1=9.{: 

£F ( VCI a i.1T, -9.0) VC! -9,O 

F (2) ^ tA * VC1- XX(2) )/TCA 

F(3)-CXXC2)-RA*XX13))/Ata 

RE11,1JRP, 

f:0Ci 



PROGRAM NO.6 

C 
	

PLOTTING OF TRANSIENT REAPONSE FUR CUtREJT LOOP YvITH 

C 
	

A STEP CURRENT R ERECE I4P(iT 

4' * #4*4' $44444444444444 * 44*44' * 4.44*44' 44*4.4* * * * *4*4*44*44*4 

DIMENSION CURrNT(502),  TIME (592) 
OP(UNIl,OIALfl(',) 
CALl PLUTS(U.,U..,5) 
REAO(1,10)(CURENT(J),ME(fl,J1,5Q0) 

it) 
	

F C) R i AT (2 F .10 • 6) 

TIME(501)0, 

TIMEC5O?)O. 1 

CtJR)tT(501)Q.0 

CURENT(502)O, 25 

DO 30 11,2 

CALf. AXIS(o,,., 'T11' ,-42i.O,,T)ME(tiu1),TItE(5Q2)) 
CALh  

3 1) 
	

CO 0 TI I U 

CALL, LIl(TIME,CUREfT,500,1 O,0) 

DO 20 J1.3 

CALL  

CAJ1j SYBof,(10.u,3,,0.25, 'GNU(1)  0.250' ,O.,15) 

CALL 5YfiO1(1u.0,2.0,0,25,'TAE CUNST,(TC1)  

2 j 	C 0 N T .t N U F. 

CALL, PiT(Q.,u,,-999) 

ST co P 

END 



3I k) C PROGRAM r1n.7 

2 " 
T T ,n T444* 	* T 	T 44 T*4**4 Y * *4* 4 ^ T T T r T 	4* **T wY 1 	 . TT T 	Y #.+M 	'IS M? 	 ?• 4' 

V 

1 

c pFT R I aA xaN OF THE REGIWJ OF 	RELATIVE STABILITY 

D4~)fo c OF SPEED LOOP INiT-HiE PLANE OF TO PARAMETERS 

D5 J ; C AI,PHA Ai D BETA 	wIT~1 THE 	VARIATILU 	IA 	SxC,t4A 

06 ,.j C IISIkG D—DECOII OSITIO N METHOD) 

r► 	t~,> C VARIABLES USE() 

1.  C ALPHA=INVF;HSF OF GAIN K2 

C B TA=U iVEPcSE OF TIME CONSTANT TC2 

i2L.f3 C S=C0MPI,EX 	FRECi UENC Y 

13,0i; C AI,R =(:CIE' F. 	OF ALPHA OF REAL, EQUATION 

14i. C ALI= CfEFF. 	OF ALPHA [IF IMAGIh ARY EQUATION 

115=1"• C 5TR=COE:F F. 	OF BETA CF 	REAL F.Q1P TIUt 

16) C FiTI COEFF, 	OF BETA OF IMAGINARY EQUATJOf 

17J) C CL)EFRCOt4$TArT TERM 	III 	REAL 	EQUATIUrt' 

: 906 C COFF IZCUfbSTANT TREA4 IN I AGINARY EQLJAi I(fiv 

19 JU {'. K xk7r*k3 **4* 4****4*44 .4 	 Yfyr ? 4* 4**** * * 4 * * * 4 	*4 

CO! PI,FX 	S,F1,F2,,5F3,SF4,F3,F4 
21u3 f'1(S)1*A*Ti`/RA*. (d.+i54 TC1) 4 (S4- B/AJ) 

22;1 ;j F2(3) R* C1*(t(1.+3 *TA)*CS+A/AJ)*TN)*(1.+S*TCA) 

23,.;• F3 CS) =F1(5)*'AKH4H:/ARI 

2• 	„; 4(.S)(F2(S)+H1 	Fi(5))*(S+B/Av')4(1.+S4T') 

2: 	? OP'EPA(U 	IT=I,FII,E='SF'FED.DA7:') 
26 , x, RE:AD(l r ')A,I,'CC,6,AG.I,TM,RA~,TAsN]I, F AKI,TCI ,HW,AKB,I.'F 

27 i RIi'll ' 	i e~~TCA,h 	AJ,'.t,'4,PA,`1'A,H1 ,AKi,TCI~,Hw,AN,b,TF 
28ua, SIGhA~0.0 

29•tir DO 	50 	1COUNIT=9..:1O 

3s. — PRINT 76, 	IGpiA 

31"o PKXa4T 	35 

32.E  

.'s3 	 ) 20 SCi'. 	fX(SIGNA r (3E-FGA) 
~34«r  

35,) Sr3=svF3(S) 
AC,R=Rf•:At,(SF4) 



7  p ALIAJ.!iAG($F4) 

8TIAi1AG(F3(S)) 

C1EFRh'fAL(SN3) 

C1FA1iAG(S1) 

2v DEtk3Ti*A1R-F,TR*ALI 

3 ) i i A 's U M  H TN  C L-i E F I - 8'.V I  * COEFR 

4ç0 FtUMAJ.J  COERFTi*COEFI 

5O IF(flHL.u,)GO  TO  10 

iF(1fJ1.N:.o, )GO 	TO 	2C0 
C 
C CALCULATION OF SPATIAl1 LINE: COOROI0TE3 

PRIOT tO,0EGA,AI1N,BTR,COEFN 

00 25 N1,6O 

STAL*ALR+COEFR)/ITR 

• PIT 26,AL,T 

25 ALAL+l. 

C 

GO TO 20U 

h3  . ,O AJPhIAUN/DEN 

BETA 

65 PHIT3Q, PEGA, ALPHA, bETA, DF 

200 IFCOMF:GA.GE. 1QOC, )U TO  70 

WEGAOkfCA+2,0) 

GO TD 2( 

69  ) 70 1F(OMEGPE.1.05)  GO TO 50 

0 OEGAOPEGA+2OO. 

71) GO TO 2) 

72 5(; 5JGAS1Gfi?.-0,i 

73J 30 FORATC4(5X,E12.5)) 

74. 35 FO-AT(7X, 'OMEGA' ,13X, 'ALPHA 1  ,14X, 'HETA' ,14X, 'DEOMXNATER') 

75'; 76 FON;AT(5X,'  SIGMA= ',N5.2/5X,-=') 

751u 26 FoR1ATC5X,'Ar',EI2.5,5x,T',E12.5) 

7523 60 FORAT(5X, 'A SPATIAL LINE EXIST AT THIS POTJT WHERE 



15 	 1, !J'1EGA=' ,F94/5X,  ' CUB FFICENT (OF ALPHA -'E1,8/5X  
T56 	 2 	,' COE1' F1C:Et!T OF BETA =' i,15. 8J 5X, ' COKSTAICY TERM _' 
753j 	 3 E15.8)  

STOP 
77v 1 

 
END 



C POGKAi NO .8 

C 

Tb11,ATI0  OF  Tt1  REGIO,, OF RE6ATIVE STABILITY 

C OF £PD LOOP I  ir. PLAIJ  OF T'O PARAtTERS 

C ALPHA  AND  BETA  I'11i  THE  vMjFIO  .t  pxc; RAVIO 
JS1G  I.)—[iECOIiPtJSITIU.i  lITHüO 

C VARIBi1S  LJSCL 

C 

C LpIi\xJLrRE  OF  CAi 

C TAiI4fcRS.  'IF  rii; 	COSTA :r 	rc2 
C 5C1IiPiiEX  FttJCY 

C iiRCOEF'F  OF 	 OF  RAb  1'{)JATIu'J 

C •/LCOFF.  i.11F 	ALPHA 	OF 	TiliAkIligAI 	fuUTIU4 

C eTNCUF'. 	Uf' 	TA 	W 	REAj, 	.:wt,'ATIUlq  

C 1COFf. 	OF 	tSETA yr 	IAG4At 	cWATIU 

C COEFRCflSTArIT 	TEi1 	Iii 	1E\L 	 fUUAfXO. 

C CE'XCUNSTAMT 	TERA 	T.j 	trA.ilAIi 	F0ATJU.4 

C 

COMPJJFX 	S,F1 ,F2,F3,S4t,Y3,F4 

F1(S)Ai*A*T/A$(l+S*TC1)4;(S+b/Ai) 

F3(S)FtCS)*AHi/AJ 

f'2()+HIPt (3) ) 4;çs+3/AJ)*( I ,+3*fl) 

j opi (UNIC=1 , 	'sP;ED .DAI  ) 

PRTT,M,TCA,R, AJ,T1, RA,TA,rII , A1  TC1 , H. ,AKb,TF 

rio 	50  lCD  ,tu 
PRIT 	76,ZHI 

PrXJ 	35 

a 

7. RZr1i'JG1 

51 AfrflMGM*SlRT(I ,-ZHlZH1) 

75 C1p6X(r,AA) 

3R4SF'4C.) 



Sf'3SF3 (5) 

AL  (SF4) 

Ai1IAAG(Si4) 

R:AL(F3(S)) 

rTIAIMAG(F3(5)) 

CUEFAL (SF3) 

CFIAi:1AG(SF3) 

I) i 	E TI *A L R h TR AL 3. 
U 1 BT R C OrF' I - IT 1* CC)EF R 

d U 1 	1 * CO tF - TI Cii F I 
I(UE:  NE. n.)(;u T;J i 
£F(UMIJE,.)GO TO 2Th 

C  44 * 4 * 4 * * 44 * 4 * * 4 * 444 4*4 * *4 * 4 4 4 * * * *4* #4 * 	4 * 44 

C  CALCUJjATIO OF SPTLAL 1,1t COflRDiiATES 

* * 444 * 44 * * * *4# * * 444 4444*44 * * 44 v. 4*4*44 * 44*4*44 * * *4 

PRI;IT 6,OMEGA,A1Th,BT,COEFR 

DO 25 

iT- (ihJd+CuEFR) /tTR 

?RLT 2n,A13T 
25 	AL 

GO To 

j . 	!\jaPdAA UM/DFfl 

F TA  

PRIhT3/, 3EGh , ALPHA, 1ETA , 

1r'(UOC,A.GE.1u0O,)LO TO 70 

C°LC-AOiECA+2.00 

GO TU 2' 

7, 	IF(UiGA,GE.t,)E5) GLJ TO 50 

U IC,A(Ji4FGA+2JU. 

G11  TO 2u 

ZI4IZiU+O.i 

3;  1 tAT(4(SX,Ej2,)) 

35  FIONrAT(7X, I o;c;' ,13X, 'hbPHA' ,14X, 'bETA' ,14X,  

m 



25 FOR1A'f(5X,'AI',EJ2.5,5X,T,f12.5) 

FiRTC5X, 'A -SPATIAL, 	EXIST ivil  THIS POI(T 4I1ERE 

O1E',E9.4/5X,'CcJ1F'FICIr41 OF ALP1 	'15,s/sX 

crEFFxc:E:T UP €'rA 	Cj5i5X,'CUSr,'T 1 	i 

Ei5.) 

TOf' 

END 



1100 C PROGRAM NO.9 
1200 C TT TT•T TTT 	^+*T 1+T?T TT n, T TTT  T" TT 	TT "'TT Txl•* ^n `$.e *`T *T' TTTTT 

)300 C FREQUENCY SCANNING TECHNIQUE FOR SPEED LOOP i ITN 
p400 C THE VARITIQN IN SIGMA 
500  r  
}600 COMPLEX  S,.F1,F2,SF3,5F4,r3,F4,U 

)610 F1 CS)-AK1*A*TM/RA*(1.+S*TCI)*(S+R /ALT) 

7620 F2(  ) 	TC  11,+(1.a 	TA) 	(a /AJ)*Ti) 	(i. t' * 	C, 1±) 

)630 F3(5)=F1(S)*AKII'HW/AJ 

-1643 F'9 (5)(  2(S)+HX `'i (S))  (S+  /AJ)  (1.t  ' 	) 

650 OPEN(UNITA1,FILE='  PEED.DAT') 

660 REAL?(.,*)A,TCA,t3,4J,Tai,RA,TA,HI,AK1,TC1,f349,AKf3,';F 

)670 PR iNT*, A, TCA, k, AL,1, TM, RA, T.A, HI, AK1. , TC:1, H;W, AKH, TF' 
12x0 SIGf1Az-0. € 

1300 ALPHA=1.0 
1400 BETA=0.5 
3.500 PRIN'f'*,Aj,PHA,BETA 
1600 0MEGA-U, 
1700 PRINT 140 
3.800 140 FORMAT(5X,' 	OMEGA',15X,'D') 
1900 DO 	150 I=1,20D 
2200 S=CM PLX (SIGMA, OMEGA ) 
2300 D=A;,,PuA*S*F4(S)+ 	TA*F3(S)+S*F3(S) 
2400 PRINT 160,OMEGA,D 
2500 160 FORT AT(5X,E),2.5,15X,2F1:3.5) 
2600 150 OMEGA-0MEGA+.2 
2700 STOP 
2800  D 



i C PROGRAM NO.10 

c 

fit? C FREQUENCY SCANNIt4G TECH€iIOUF; FOR 5PFEf) LOOP 	=KITH, 

) C THE VARITION IN DAMPING RATIO 

C o T TT~i+~C1, T T TT `T 	T 	TT t•1̂ T T T, .k. 3Y rT TTTT 	T 7K .' TTT T 	^I`M T'F` T%h' T T T 

COMPLEX S,F1,F2,SF3,SF4,F3,F4,D 
)o F1(S)=AY1*A*T.N/RA* (1.+S*TC1) * (S+B/A.7) 
) o F 2 (S) "S * 1. C Z T (l . + (1 . + 5 * l A) * (S + 	/ A j) ' T M) T ( i . + S .I 	C A ) 

JO F3 (S)=Fi(s) *AKB#.HW/A,J 
){1 f 4CS)CF 	(S)"'HI 	F'1($)) 4 (U'4 R/Au) *(1.+STF) 

OPEN(UNIT=1,FIi, . ='SPF D.DAT') 

DO READ (1 , *) A, TCA,1+, AJ,'Pit, RA, TA, HI, AK 1, T'C 1 , H:', AKB, TF 
00 PRXNT*,A,TCA,E3,AEI,TM,RA,TA,FI,AK1,'TC1, {w,AKB,TF 
00 ZHI=0.7 
00 ALPHA-1. 
00 BETE=0.5 

00 PRINT*,ALJPHA,BFTA 
00 OMEGA=O. 

00 PRINT 140 

00 140 FORMAT(5X,' 	OMEGA',15X,'D') 
00 QO 	15€1 	1=1,200 

00 RR —ZHI t0MFGA 
00 AA=OMEGA*S0R?(1.-ZHI*ZH1,) 
00 S=CMPLX(RR,AA) 
00 D=AI,PHA 	ES*F4(S)+~;3 ;TA*F.3( a)+S*F3(S) 

00 PRINT 	.bO,Of1EGA,D 
00 160 FORtAT(5X,E12.5,15X,2E13.5) 

00 150 O EGA=OMEGA+.2 
1'1? SOP 
00 END 



C 
	PROGRAM NO.11 

C 
	*4*#444*1** 44***4**4*4**** c ***4** '*****************4**4******** 

C 
	

TRANS1E ,IJ RESPONSE F' SPEED LOOP WITH A STEP SPEED REFERENCE 

C 
	

INPUT FOR DIFFERENT VALUES OF SPEED CONTROLLER GAIN AID 

C 
	

TI['F, CO'E TANT 

C 
	*********44*444444*4'**4'4* *4*4*4*'4'****4*.*44***4****4*4'#4**4**4*#** 

C 
	VARIAALFS USED 

C 
	*444******4'* 44**4*****•4*4*********4'* 4..4*444'#T*4*4*4444 4** 44* 44' 

C 
	r=T.!bF.K ;iDE T VARIABLE (TIME) 

F,TrSI .D s"I1 E STEP FOR 'Jii1FRICAL It~TEGRATI O;i 

C 
	 U"1PF:R OF FIRST ORDER DIFFERENTIAL EQUATIONS 

C 
	NS1 EP=,;U,EbER OF STEPS' FC)P I'TEGRATIOU 

C 
	X.X=ARRAY OF DIMENSIONN NEQ WHICH CCThTAINS THE CURRENT VALUES OE+ 

C 
	

STATE VARIABLES Xi,X2,X3 

C 
	

F=AERRAY 0E' DIE EFNSION HEQ WHICH CO1~TAIN S THE VALUES OF' Ft1NCTIO 

C_. 	C;O"+PUTED AT TIME T by ASUBRQUT1 IE FTr (XX.,F,f ED,T) 

C 
	

Y.1, YJ,, YK, YL, t.!U=DlJMNlY ARRAYS OF DI& ENS1C3ii r•F;Q 

C 
	#4'*******4'**#s4**4 ***** 44 F* 4444 4* 4. * 4***44**4**4.******4*4***4*44 

1I F;tvSION '1f?(25UCi),X(25OO,6),XXCb),'(b)►Y.C(6), 

lYLJ(6),YK(6),YL(6),0U(6) 

OPE;' (U1 r=l,FILE 'PA3.UAT' ) 

XX(2)-0. r 
XX(3)=D.:~ 

XX(4)=0.tl 

XX(S)=<0.y 

XX(6)=0. 
ME,0=6 

flT.+ 049 

PRINT 33, DT 

33 
 

F'Uki,ATU X,'1)T=',F9,7) 
T=0.0. 

PRIT 10 

m 	FlhfrA T (2X,' PRT, rJT OUT COF SOLUTIOU '//2X,' STEP' , 3X,' TIME' , 
15X,'X(1)',7X,'X(2)',7X,  X(3)',7X,'X(4)',7X,'X(S)',7X,'X(6)') 



PRINT 3 , (r? r (XX(.I),J1. lE1) 
1)0 40 1=1,WWTEP 

CALL RUE (T,DT,~.EQ,XX,F,YI,YJ,YK,Yl,,IJ1,1) 
TIt'h:(I)T2 
r)u 20 J 1 , t EQ 

2i. 	X(I,J)=XX(J) 
Pf IJ' 30,I,TIMF(I),X(I,5) 

3v 	E'(JRr'AT'(2X,I4,F8.6,EIr~.5) 
4•~ 	r.o:tl1iat~t, 

; 1TF(I, 111) (X( I,5),TINE(I),I=I,r4STFP) 
t i t 	FuFAATC2F.L0.6) 

T 1) 

C 	* * * * * * * 	* 	 * 	* #* 

SUIjROUT1M 	RIJNGE (T, FiT, N',E(:, XX, 1', Yl f YJ, YK, YE.., I1hi ) 
C 	 MKT T * T * T *T T̀.T T TT TT * *.* *eT+ ***"lFedeTT TT T ****4 * T 

fht4ENSI0 i YI (!Y €.,i \;l),YJ(ME A/, SSl (i'' s ), YLCUF,O) 

00 10 l 1,WEQ 

it 	TJU(I)=XX(Z) 

CALL vL T (XX,F, EQ,T) 

CO 50 1=1.,NrQ 

YI(I.)=F(7)*ilk' 

5 	XX(I)=ut(I)tYI(I)/2.) 
T=` tDT/2.0 
CALL FT x (XX, F, N DD, T ) 
OD 3o I i,NL0 
YJ(I.)(I)"T 

3 = 	XX(I)=l)11 (.()+YJ(T)/2.O 

CALL. FTru(XX,F,NEQ,T) 
DO u0 I=7 , I:Q 

Yic(j)»F'(S)*oT 

+ 	XX(S)=U!t(()+YK(I) 
T=T+DT/2. 
CALL Fi , (XX,F,N(?Q,T) 
00 91 L=1, tv~•~{ 



V (I)=F(I)*DT 

~Iu 	XX(I)-LJtJ(I)+(YI(I)+2.O*Y'J(X)*2.0*XK(1)+YL(X))/6.O 
" iJ  

C 	*## 	## 	* m: K 	*# 	*. *#* 

S'JRKUL TIDE TE;(XX,P,NFQ,T) 

I)i:'Sflfl'1 XX(NFQ),F(NE( ) 

OPr— (LATTZ2, f)EV ICI:=' GSK' , FILE=' i=X I . DAT' ) 
fi(2,-)AK1,TCI,ril e A,TCA,AL,RA,Ak),B,AKB,hi ,TF,AK2,1'C2 

1JC1=XX(2)+AK1*('VC2-Hl*XX(4) ) 
I(VC1 	O)VC19.'i 
U (i'Ct,hT.-9.0)VC1--9.+O 
VC2-XX(1)4AK2*CVR-XX(6)) 

2f'(VC2.Iai'*- .{J) VC2--4.f3 

IF(VC2 . j .,l.0) MC2 4.0 

F'(1)=AK /TC_2*(VR—XX(i,)) 
f (2)=AKj/TCi*(VC2—HI 4 XX(r)) 
F'(3)'—(A*vC1—XX(3))/TCA 
F(4)=(XX(3)-?RA*XX(4)-AKF *xX(b))/Aij 

E:dD 



C PkOGP  Uti.12 

C 4 	* 4 * 44 * 4 	4444 * * 4•4: *4* * 4 4 * * * 4444 	4 4: .4 4 * 44: 4$ 4: .4:4*. 444:44444 

C PLQTTIN  OF TRSIiC RESPONSE 13F  3PtED  !jUOP 	JTi1 

C A STEP SPEEO  tUT 

C 

iMSIOJ  3PED(2D(2),, TJME( 2002) 

OPE' (U  J,T1 ,DIAtOG) 

READ  (1,2flCSPED(J),TIE(J),J1,2)00) 

FOR  AT(2F10.6) 

CALL  PJOTS(O.,O.,5) 

TLE(2002)C.4 

SPttj)(2.ifl0.  

SPEED 20U2 =U. 8 

DO  3)  i1,2 

CALL  AXIS (0.,J.,'T.Lr  (L ON,  r)) 	,ii,25.,(j.,J1E(20O1),IlEL4)O2)) 

CALL1  A1S().,0.,'SkrEi)  (RPS),fl ,15.,9u.,P;Ou1),SP1LD(201j2)) 

3'. CO.TJi1iE 

CALL  LIJE(TI1E,SPEED,2u00,i3 O,O) 

DO  24 Ji,3 

CALL SY 

CALL,  (iAIN  (h2)-  C.13  0.  16) 

CALL  SYUL(1b. ,5. ,t',25, 'TIME  C1J45T. (TC2)  2.0o',  ,23) 

4 C(j'jCIUE 

CALL  PLi(ti. ,0. ,-999) 

STOP 



Iuy C PtO(PAM 	rfl,3 

~i 	• + cYFYrx#ikX<>k#OcYr##~Kk~Kk#*`aX*E?skk?xtr#~k#c###~FaF#T 

C CAhCtiI,AI' 	i1r-4 	OF 	AVEk 1.G ; 	CIRCUI.ATi'NG 	CURREr T 	WITH 	VARIT;CON 

E34i_,= C I,k'I 	RIG(i 	R 	Ai like; AT 	PIFFERE'!T REACTOR 	IMDUCTANCE 

(~7 	) C V/ 	TRRI,rs 	1JS 	L) 

C AGPHA 	,AI,YHA2=FIRL;JG ANGLES  IN DEGREE OF CONVERTERS 
i 1.laW C KL1Afl ,ALtW)2 GIR1;iG ANGLES J RADIAL: in 	COt'1UERTER 

12vr; C FQ=8JRpLv FREOUEI CY(HZ) 

3 	(~ C ALzNEACTU 	1? DUCTA~,CH 

14 C AVGIC=AVkRAC;C CIRCUITING CURR1;NT 

2 5( 1 r **c*T Y 1 T * * * 	hR'T T 	Y TT S *ANT 	Ki A * 	** 	I T*T T' '** 	**T TTT* 	R•O TTT TT 	T T . 

16 	t' LAP 	LJ ( JXT 	i,, iflVLCE. ' DSK' / S. IIIE 	' CCC.[, A 	' ) 

J74'O DATA 	V 1, Ft /sIu{?,is ► 	. 
1775 PR T. 	 r 	,Vi,i,Fo 

PI.=3.1415927 
19 AI,-%.t~ 
2t~4,YV DO 	Si 	.1.1 , 3 

71 y.t° Pi!INT 	4,AI, 
22' 	E' PRINT 5 

, 23ii CI~I,Sr=7,.P2P4271 a~U i/(2 .*PT*}at* ',4 	A1i1 

12.0l ALPEt.M O. 
X2500 [)O 	43 	JK-1.,1131 

AJ. A1)j =ALPHA1*PI/1 P0. 
27.H IF(ALPt1A1.GM,9,1.) 	GO 	TO 	30 

12P'.+' t,VGSC,=Ct!r,,ST"C-AI,BADE,*CCS(tAAZ,RAD 	)+SIN(ALPADI)) 
1 2uu0 GO TO VS) 

13"3x3 3 Al,P`lA2'18P 	AI,PHA1 

i31 	at:: ALP PC)2=AI+PHA2*PI/1511. 

,32oo ArlGIC=C()F~ST* (-AI,RAO2*CC,S ( ALRAD2) +$IN' ( AIjRA1)2 ) 

!33iar3 6i, PRI 	T 20,AI,PHAI.AVGIC 

E34vu t;RIT'EC 1, 25) A1PHAI , AVGIC 

05,111, 43 ALPHA 1JPHi 	41.4' 

PRINT 6 



001 C PROGRAM NO. 14 

050 C TTT'nTT 	T 	TT 	TT* 	TT 	T 	q`TTTTT? 	MT T*T .T TTT7`TTTTTT 

100. C PLOTTING OF CIRCULATING CURRENT 

150 C T 	TT 	T T T4'T? TT TTT TT T 	T T I T 	R•~ 	7~TTT 	/ TT T! 	T 	T TTTT T 

200 DIMENSION 	CURENT(i83),DFGRE;E(183) 

300 OPE 	(UNIT-1,DiAh0G) 
400 CALL PLOTSCO. ► U. ►5) 
700 DEGREE (182) =U. 
8 )o DEGREE(193)=9.0 
900 CURENT (182) =0.O 
000 CURE T(183)=0.075 
050 DO  30  1=1,2 

100 CALL AXI 	C0.,'0. # 'FIRING ANGLE ALLPHAI 	(DEGREES)', 
150 1 	-29,21.,0.,[)EGREE(132),DEGRE:E(183)) 
200 CALL AXIS(0„0. ► 'AVERAGE CIRCULATING CURRENT 	(IC)', 
22100 1 	32,20.,9{.,CURENT(182),CURENT(183)) 
250 30 CONTINUE 
275 DO 22 YI=1,3 
287 READ(l r 20)(DEGRFE(U)tCURENT'(J),J=1,18 	) 
293 20 $ORMAT(2F1,0.6) 
300 CALL LI ~E(DEGIREE,CURENT,181,i3O,O) 
350 CALL 	PLOTCO. 	,0.,-3) 
375 22 CONNIINUE 
400 DO 24 J1,3 
500 CALL 	SYMBOL(9.0r2.,0.25,'k'IG.',O.,4) 
but CALL 	 YI43€LC15.,15. r 	.25,'L=1.QH' r 	.r 	) 
700 CALL 	,SYMBOLC15.,14.,0.25,'1.+=1.5r',0.,6) 
750 CALL 	SYMt 	nL(1,5.r13:.,0.25,'L=2.  
800 24 CONTINUE 
900 CALL PLOT(0.,Q.,-999) 
000 STOP 

100 END 
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