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. ABSTRACT

Steady state and stability analysis of a constant
power type slip energy recovery drive is presented in this
work, The system equations are written_inlsynchronously
rotating reference frame, Complete performance under steady
state is(investigateq; For stability study a set of non~11near'
differential equations describing fhe dynamics of the system
is linearized about an operating point using small displacement
theory. Using the characteristic equation of the linearized
model aﬁd Routh Hurwitz criferion, instability regions in the
torque slip plane have been establisbed from the results
of a digital computer study. Two subroutines for steady state
analysis and stability analysis respectively have been deve-
loped, The latter directly gives the instability contour
data to be plotted on CALCOMP plotter or to give a visual‘
presentation on TEKTRONICS graphic terminal.liEffects of
various parameters'bf the system upon the instability region

hawe been investigated and conclusions drawn.
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instantaneous value of voltege
instantaneous value of current
peak value of stator phase voltage

stator and rotor resistance, per phase

resistance of armature winding

resistonce of smeothening inductor
Ra -KRF
inductances of smoothening inductor

self inductance of d,c¢, motor armature

La +LL

‘mutual inductance between stotor and rotor

aly

stator to rotor turns ratio
self inductance and reactance, respectively of
stator

self inductances and reactance, respectively of

rotor
per unit slip

differential operator, d/dt

qnumber of poles on motor

electrical angular speed corresponding to fundamental

component of the applied volfage, electrical rad/sec

= 2%, Supply frequency in Hz,
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W = electrical angulor speed of the drive, eclectrical

rad/sec, = (1 - s)w

.
it

é | electquagnetic torque
TL 2 lqad torque
H = inertia constant of drivevin'sec;
o - = firing angle of.the'cohtrélled rectifier
if = ficld current in amperes
Subscripts
‘Aybyc = phasé.quantities
d = direct axis quantities
q = quadrature axis quantities
s = stator quantities
r = rotor quantitieé
R = d.c. link quantities
Prefix
A = small deviation



CHAPTER I
INTRODUCTION

There is a growing demand for precise and reliable
variable speed_drive._.The'induction,motor is a very
attractive type of a,c, drive, because of its simple_v
construction, ryggedness, low capital cost and absence,
of commutator problems, The speed control of induction
mbtor may be accomplished by several metheds, such as pole
changing, pole amplitude modulation, stator voltage eontrol,
frequency control and rotor resistance control, Al of -
these methods suffer from such disadvantages, as»éxcessive
power loss in control, complicated cdntrol circuitry, |
higher capital cost, lack of continucus variation in |

speed etc,

As a result of advances in solid state technology
and with the availability of high power reliablé and
efficient thyristor converters, the use of schemes which
employ-stator Qoltagé control, frequency changing, rotor
resistance control and slip energy recovery are becoming

more popular,

The sliﬁ energy recovery scheme utilizesthe
.slip energy available at the slip rings instead of
dissipating it in external rator resistances, The reco-
vered slip enérgy is either added to the main motor shaft

itself or returned to the supply, thus resulting in
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cbnsfant power and constant torque dfives. In‘a constant
power drive the slip energy is supplied to an auxilisry -
rotating machine which produces a réinforcing torque on

the induction motor shaft., The speed of the drive is
controlled by varying the,excitation of the auxiliary

machine and varying the d.c, liﬁﬁ??i?g}. The power handling
capacify of the drive remains same at all speeds of operation,
In a constant torque drive the slip frequency of the réc—
overed energy is first converted to supply frequency and
then the recovered energy is returned to the supplys Speed
control is achieved by controlling the firing angle of the

line commutated inverter (3-5),

The concept of constant power slip energy recovery
drive is realised in the well known Kramer drive. It
consists of a wound rotor induction motor fed from.three
phase balanced supply of fixed freguency and coupled on
the same shaft to a separately excited d.c. motor, Slip
ring voltage is fed to the armature of d,c¢, motor through
a three phase uncontrolled rectifier and filter circuit,
Speed of this drive is controlled in sub-synchronous region
by varying field current settings. The specd range is
limited on accountvof saturation of the d.c. motor magnetic

circuit.

Speed range of the drive may be increased further

by employing a controlled bridge rectifier instead of
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uncontrolled one and controlling the firing angle of this
rectifier, The efficiency of this system is good because
most of the slip power is uti1ized by d.c. moﬁor to provide
additiocnal torque to the shaft, However a good efficiency
is achieved at the cost of power factor, which becomes

poor under firing angle control, This drive can be used
where large amount of power is to be handled and it ié
required to run the drive at very low speeds for short

time intervals. The theoretical investigations of the
steady state performance on the concept of equivalent circuit
have been given by Hori (6), These studies deal with the
various ﬁérfofﬁance characteristics of a three phase bridge

rectifier and the speed control system,

Gupta, and Verma (7) have discussed the steady
state performance of a medified Kramer drive employing an
electronic chopper in the rotor circuit. Speed is reduced
further when field current control has been exhausted by
varying the chopper duty cycleéaxit has been brought out
that the presence of the rectifier bridge in the rotor
circuit causes harmonic currents in the rotor and the
stator, which produce harmonic torques, However, it is
shown that rotor current harmonics do not significantly
influence the overall performance., Zxperimental results

are also tallied with theorétical results.
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The development of static drives with controlled
thyristors in the circuit haé led to the problem of system _
instability, depending upon the parametors of the system. |
Induction machines which are perfectly stable on an infinite-
bus may besowmc unstable with controlled»thyristors in the

circuit.

| The stability analysis of variable frequency static
drives have been carried out by many authors (9-16}, ?héy
have concluded that the system exhibits a large region of
instability at low supply frequencies even with normal
parameters., A static slip energy recovery drive having a
controlled rectifier in rotof circult may exhibit instability
with certain cdmbination of firing angle of the contrslled

rectifier and the slip of the drive,

CONTRIBUTION BY THE AUTHOR

A rigorous mathematical model has been developed
for analyzing the steady state and dynamic behaviocur cf the
system, In order to derive the above, the system is

analyzed in a synchronously rotating reference frame,

. Steady state equations for the system have been
derived, = The performance characteristics under steady state
condltions have been computed and got plotted by CALCOMP
plotter. A subroutine for steady state analysis is developed

which gives directly the steady state performance of a
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drive whose parameters are fed into it,

The pefturbation eguations are derived to investigate

the stability of the drive. The characteristic equation

has been obtained from the perturbation equations. These

. perturbation equations are simulated on a digital computer
for which a program in FORTRAN language is developed which
gives directly the points of stability contour for onward
plotting by CALCOMP plotter., Unstable regions have been
plotted in the torque firing angle plane. Effect of various

system parameters upon the regions of instability has been

studied and conclusions drawn.



CHAPTER II
JEVELOPMENT OF MATHEMATTCAL MOIEL

Generalised equations’describing the behaviour of
Slip~energy recovery‘drive,employing controlled rectifier
'are developed in this chapter,,using the concept 6f direct‘
and quadrature axis components, The system has been analyzed
in é synchronously rotating referencé frame, Basic equations
for the idealized induction motor are developed. Expressions
for the average value of controlled bridge rectifier are
estqblished. The equations of the overall systém are establishéd
from the equations of induotion'machine; d.c. machine and from
the equatioh3>which predict the average values of the converter
variables, The equations have been sovsimplified that the
~ electrical characteristics can be represented by a set of four
simultaheous differential equations of the first order, An
'_ equation of the electromagnetic torque completes the‘set of

system equations used in the study.
2,1 INTRODUCTION

Schematic diagram of slip energy recovery drive under
investigation is shown in fig. 2,1. This drive is a modified
form of Kramer drive. A Kramer drive consists of a wound
rqtor induction motor fed from three phase balanced supply .
of fixed frequéhcy and coupled on the same shaft to a separa-
tely excited d.c. mofor. The voltage across slip rings'of

the induction mdtor is fed to the armature of Jd.¢. motor



3 PHASE SUPPLY

-
d

i é: i‘f

e———————p ==

INDUCTOR
La+ L, Ra+RL
FREE
VR WHEELING Ep
[ DIODE '

SMOOTHENING A

4 ,
INDUCTION MOTOR  CONTROLLED
| RECTIFIER -

we

LOAD

F1G.2.1: SCHEMATIC OF SLIP ENERGY RECOVERY DRIVE



-7 -
through a static three phase, uncontrolled bridge rectifier
and a smoothening inductor, Speed is controlled in sub-.
synchronous region by controlling the field_current of d.c.
motor. The lowest speed is limited to about half the synchro-
nous speed in a normally de31gned set in which rating of
1nductlon motor is equal to the rating of_d.c, motor, Thls

lowest speed is ohtained on account of saturation of the d.c.

motor magnetic circuit.

Speed range of the drive can be increased b? éﬁpioying
controlled bridge rectlfler 1nsteaa of uncontrolled one and
controlling the firing angle OA/PeCtlleP. Firing angle contrbi 
is used after speed has been reduced to its'idwest by field

current control.

A mathematical mcdel of the slip energy recoﬁery drive
is developed by the circuit equations derived in pér wnit in

this chapter, neglecting saturation, hysteresis and eddy current
effects in induction motor, voltage drops in rectlfler and
inducticn motor rotor current harmonics.,

2.2 ESTABLISHMENT OF BASIC EQUATIONS FOR THE SYSTEM

2.2,1 EQUATIONS FOR INDUCTION MOTOR

The generalised equations describing the behaviour
of induction motor under transient and steady state condition
are established by considering it as an elementary two pole
idealised machin%%%é%%g effect of number of poles is taken

into account by multiplying the expression for torque by the

number of pole pairs,
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Schematic diagram of

an ideal 3-phase induction motor

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

linear -coupled circuits,

have been shown by concentrated coils.

Distributed stator and rotor windings

The comnections and

current conventions for the stator and rotor phases are shown

in fig. 2.2(b),

Equations for induction motor are established from the

concept of generalized thaory
of electromechanical devices,
equations for both electrical

" mathematical formulation will

of machines, For the analysis

it is necessary to establish
and mechanical systems. Thus a

have

(1} a set of voltage ~ current equations, relating the
applied voltages to winding currents, using various
circuit paramcters,

(ii)

an eguation of motion.

Above two sets of egquations are related by a third
expression which gives electromagna2tic torque developed in

terms of winding currents and circuit parameters,

The induction motor veoltage current equations expre-

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

wead

B L -
' Vds \RSS+LSSp ) «\.-/LS.S lep -'WL]_Z | .] igg
% Vas wl o (Rgg#Lggpd Wl L, P 1gs
T r ! ";
o o2 F12P sulp, (Rpptlppp) ity

-

veee (2.1
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The'electromagnetic torque developed by the induction

motor in N-r: is given by

: e 2 E 3 3 — 3 : \ kY
TeIII N 2 2 112 (lds lql" “",Cis ldr\/ .CO00(2'2)

whare P is the no.of poles of induction motor,

In writing above euations, conventional direction of

power flow in the machine has been considered i.e. power

flows into the motor at stator terminals and out of it at

rotor terminals, Fig., 2,7 depicts the angular relationship

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

Stator

V, =8 ( ag COSu Vo Cos(gmé%) +V, Cos(0+~—) ...(2.3)

ds 31

L.. -_._I

!

- éiﬁ - . 27 . 2Ty | -
\ = -2 Vas Sing + Vbs Sin(é - ~§? + VCs Sln(@vmg)g ool (2.4)

i
i

2
CO;.)(@.A ’m%/ s e e e (2 5}

——

7
Var_ Cosp + Vbr-Cos([_J;, o S} 4 Y

Yar =73 {Var Sin + Vyp Sin(3-F) + v, Sin(z 2% ) ...(2.6)

[

where © = wt, 3 = Angle of advancement of d-axis w.r.t. axis

of phase a of rotor.

b

The choice of factor % is arbitrary,
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If t = 0 instant be so chogen. that at this instant
8 =8 =0, d-axis will be coinciding with axes as and ar,
as is clear from equation(3) and equation(n5) respectively.

Stator and rotor terminal voltages at any iastant,

may be expressed as

v

Stator
as = Vsm COSP
- o . 2%
Voo = Ve Cos( 3
- V__ Cos(e + 2ny '
cs ~ sm Ze e (2,7)
Rotor
Vop = Vo Cos(p + ar}
- (n 5o 3 ...g.IE.
Vbr - Vrm Cosi2 o 3)
V.=V _ Cos(g + ag; + ely
cr T 'rm rT 30 ... (2.8) .

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

any phase at time zero,

Substituting from equations (2,7} and (2.3) in

equation (2,3) to{2.6).

7l
Cos(® - gLy . v 5 Cos(f = g%”

2 .

s 5 i as bs

i
-

.or,

Vdszvsm ‘Qooc'oa(zﬁg})'
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and

Vqs = O -0.0009(2010)

< - _2_ r a2 . af SN I'n 4 g..T.E
Tar = 5 %Var Cosp + Vi, Cos{B ~ = + V. Cos{? 4 3)
a‘ Vrm Cosar, rooct(zlllz"

and

'=V = V .l R . ‘

qr Sina,, (2.12)

2,2,2 EQUATIOUS FOR CONTROLLED RAILGE RECTIFIER

Assuming negligible ripple in the d.c. current at the.
rectifier output and neglecting voltage drop due to overlap,
the average output voltage of a 3-phase, full wave, controlled

rectifier bridge is given by (19~21}

VR-::: é‘nﬁvrm COSa .0'0100(2015)

where V is the peak value of fundamental phase voltage at

m
rectifier input and o is firing angle.

Under the conditions, .assumed above, the phase current
at input to the rectifier is in the form of rectangular
pulses of %% duration, alternating at rotor.frequency and
having an amplitude of average d.c. current at the output
i,e, iR‘ The peak value of the fundsmental component of phase
current is therefore given by

i o= 23

rm._ T R uooloco(zlll‘}‘)o
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Fundamental power input to the rectifier is

P, =3 Vph ion Cos®
V. i :

=3 .M LII Cosg ceee(2.15)
/Z T

where ¢ is the phase angle between fundamental voltage and

‘current of the rotor phase,

The power output from rectifier is given by
Pout = VR lR “s e ey (2. 16}

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

| v_o1i
POUt = 3 “'MI_'?IT. ”f"}?‘ Cosa L (2017)
/2 /2

Since, the rectifier losses have been neglected, power

input to the rectifier, shculd be equal to power output

°T 3 B IW Cogg = 3 _rm em o,

or Cosp = Cogg

SO’ ¢ = Oi'. --;-0-0(2'18}0

It shuws that fundamental power factor angle isvequal
to the firing angle of bridge rectifier, It implies that
fundamental component of rotor phase current lags the funda-

mental rotor phase voltage by an angle o’
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Therefore, the rotor phase currents can he expressed

oy

in accordance with the expression (2.8), as

S W Co; (8 g~ a)

. . . 2L
iyp = dpy COS ‘3 I

. | 2T .
igp = dpy Cos (B + oy ~a + &%) ... (2.09).

-

The transformation equation for rotor current may

be written as

r -
. -2“5. ( . '..‘2422..‘ ) . ) 27
ir % lar Cosf + ipr Cos(8 - 3) 1., Cos(p « j}!
lqr_" =35 dar Sinf 4 Loy Sin(8 - 3 ) s ler Sin(8 « 32

LECRE A (ZQZO}

Substituting expression (2.1%) in expression (2,20},

i i C -
igp = ipm os(aP o)

i

i = il"m Sin(O_’,r - a) ‘....'..‘(2.21}

2.2,3 EQUATIONS FO{ THE D,C. MOTOR

The voltage balance equation of the d.c, motor

armature circuit is given by

VR = ‘»R + Lp)lR "‘-K'f . lf WT" P .,,,..,(2".22)



- 1 -
. ° ‘ |
Since v, = (L -s)w | (2,23)

w (]_ b S) ......(2.2[4')

oine.

Vg = (R + Lp) iy * Kp dp

where R and L are total resistance and inductance of the
armature circuit‘including smoothening inductor, Kf>13
rotational voltage coefficient (volts/rad/sec/field amp).

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

given by
Te m = Kf lf lz‘-{ I“]"‘m ~oanco(2025}
Substituting for i, from equation (2.14)

|1 s 3

—— K l 1 000000(2026).
f

2/3 f *rm

I3
"

2.2,4 EQUATION OF THEZ DRIVE

Equations(2,1) can be rewritten now by directly
substituting for Vd and V yg 08 Vém and O respectively,

»J

Substitution for Vg, . and V is done in fcllowing manner,

Substituting equation (2.13) in egquation (2.11)

Vg s - SBER oy (227)
3/3 Cos «

Combining equation (2,24), equ~tion (2.14) and

equation (2.2?)

e}
e
| S )

v, = —3-;-_;_ %.g (R+I.p)'£‘2'~;- i vEK i 8w (1~ s)

oo (2,28)
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Substituting for i from equation (2.21) in above

™m
equation
Cosar 5
)4 . f~ww{3 b LD) s eame— - K w(l - s)
ar ~© 3/% Cosa 23 5's(d o) £ir B
or
V 2 COSC‘I' (q + L ) X ._..,,.... 9;.0. - - @
ar * 18 Cosq Eoszm -y M PJ 1gp * 3/3 Cosa
.2 \
Kf.lf Fw(l-—s) L aan)
Similarly,
= -Em Sing'r‘ .. e o o ‘.
V 18 Cosa Sinla,-a) (R v Ip) tgr ° -2§~
BT ki &0 (- s) (20300
Substituting for VcLS" Vcs’ Var and Vqr in

equations (2.1) the final voltage current equations of the

drive are ottained as

- — P
Vem ‘Rss*Lsép) ~wLgs LyoP Wl o dgs
Cosar ] . B} .
1
’ Sll’lx iy :
Ko (1-s)m==X | swl Lsp swl__ -
1 Cosa 12 12k rr R+ B,
L“ SR cq2 2 q2' :lqr—

cenne (2021
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where

K, = wiem K

' . R Cos&r o
Reql = R+ lé Cosa Cos (op~r)

nzé- Cosar '
eql rr © 18 Cose Cos{0r~q)

R 5 = Rrr + nZR Sintr

€qs 18 Cosg Sln(@ruaf
: 2 .

L = L e L Sin gr

eg2 ~ rr 18 Cosq Sin( 1= )

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

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

= 3
To = To o * Ty oo ceee. (2,32)
Substituting from equation {2.2) ond equation (2,26)
T =2 E Lo (i, 3 =i i)+ B Kp i d
- = - S - f lf lm
e 22 12 ds “gr gqs —dr 2/3 ..,..(2.33)
Equations (2,31} contain five unknown variebles
i.e. lds’ lqs’ ldr, lqr and gp. They can be reduced to four

ressing i ; i 2rms of i and
by exp ing ar and qu in terms of i @nd ap from

equations (2.21).

Generally the machine parameters are measured with

regpect to stator windings. Therefore it is more convenient
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to refer all the quantities to the stator windings. Hence

referring 2ll quantities to the stator winding, the final
g q ! o

equations of the system are,

aKl(lms)QSiﬁz
Cosa

aKl(l—s)E}nar

Cosa
where
Ly = alyp
/ 2 .
e q1 a Req.l
,
eqy = A Loy
irm = I
a

A prime is affixed to all referred quantities.

—

R +L py -yl
(‘ss LegP?  ~wheg

.-]LSS (R‘SS‘%LS
swLM LMpU¢

Lyp
gpd Wy Ly
q / . ./
’ (Reql -»serf*
/N
ok L
eqlp’
Ll R’
SWhpp Veqs +
! 5

.,..wLM )

wwad

Blectromagnetic torque equation for the system may be expressed

as

= tus tar )

+ Eere g K
2/3

. ./
£ Lf trm

e (22350
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2,3 EQUATIONS IN PER UNIT SYSTEM

Equations are presented in per unit form because

it has numerous advantages -

(1)

(ii)

(iii)

A simple inspection of the per unit parameters
immediately reveals much more about the basic

nature of the machine than may be observed from the

ordinary parameters.

The numerical range of per unit parameters is small,
therefore easy to solve on digital computer.
Arbitrary numerical factors which may appear in the
ordinary equations in d-q axes transformations are

avoided,

The choice of the base values for various quantities

are made so that computational effort is reduced. The bhase

values chosen (Appsndix-~I) are as followss

Unit Voltage

Unit Current

v

1t

hase = Peak value of rated phase voltage

in volts (Vgp)

t

Ibase = Peak value of rated phase current
in Amps ( ;sm)

Vbase

Unit Impedance = Z‘base = T ohms

Unit Power = P

base

base = Ratea apparent power = % Vsmn Ism

?

Watts
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Unit Frequency = F = Rated frequency in Hertz

base

: . e 2 .
Unit Mechanical Speecd = Y;ase =F Wy rad/sec.

Prase

, N-m
Ybase ’

Unit Torque. = Thase =

Equatidns (2,34) can be «converted in per unit form
by dividing each qﬁantity with their base value, PrimeAaffixed
~to all referred quantifies may be withdrawn for'simplificafion
' in handling the equations, First cquation of equations (2.34)

is given by

Vem = (Rss_ + Lggp) 1gg = wlgg Lis = bp Lgp * vy gp

Dividing throughout by Vbasé

Vem = (RSS+LSSP'%Q§ - "ss lgs P lar i
v | - | ar
5 Vb Vb Vb Vb

(R +=2 L. p) i ?NVL“ Wy Lag Igs
Vonp.us) = osly esP) Las o B 080

—L i Y;Q i

ib - +b i, b
b

w
-—h ' 3 MW- J
Eb LMP L4r Wy wb‘LM lqr
Vy Vy i
i b
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= W i - i
Vem(p.u.) - e rafasles
Z, b b

X p i 3 i

b b b 4y iy

or

I~ -
' IR e 21 |

smlpew) = 178 0yt S8 (piu) Vb | Spiul) T

- -

P i :
ROT8S(p0.) Bpau) - XM(p.u. - Twy idr( )
- Tp.u.

. B |
» R M(p,u.) qr(p‘u'}ﬂ......(z.%)

where FR = %“ = ?L is frequency ratio. It may also be
b b ~ :

’interpreted_as the appliéd frequency expressed in per unit.
It simply predicts the behaviour of an induction motor at any

operating frequency,

Remaining stator and rotor voltage cquations can be

converted to per-unit form in a similar way.

Final voltage currcnt equation for the system can be

expressed in matrix form as,

B TR R , ) R
sm (Ryg X =8 Wy ) TrXss Ay '»pi;; ~Fr &y | igs
0 Fpp Xgq (Rq "'Xss%.;) Fp Xy Xy %g ie
K Fo(1-s)|
Losap Xy s - =s Fp Ay (R eqy’ eql " ) -5 Fo ™m
COSO‘ “rr Cos (opmo
Ppil-s) D. : N
s 2'R S Fp XM Wy S Fp Xpn (: eq2_t [Mtrm
>inlar X L -R) <y \
Cosq ; eqaw, Pinlar-o/
! (o F7) -
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where

Electromagnetic torque equation (2.35) for the system

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

3P g . L
Te 5% Lyligs igp = igs tar

m,g

base

. . T .
a Kf ie i

te3 M

T ; e e
b Tb Tb
| 35 Ly am e i
T ) = 2.2 Ly (ids tar ~ 1gs ld_z;)+ 273 aKe Ip iy
2 Yo . fvgmu
Y T T T
i 2 S §
e Sw, Ko i, “rm B

T | = X \ ! i :
e(p.u.) M(pu), ids(pu) l‘-’Lr(pu) - lqs(pu) 1dr(pu)

X irm(pu) eeneese(2.38)

Under dynamic condition, the developed clectromagnatic

torque is balanced by load torque and accelerating torque. The

torque balance equation in p.u. form can be expressed as
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or

L Q.L.W..r . | an
T =T *+J = eeere(2.39)
where
T, = Accelerating Torque

Rotational Moment of Inertia

<
]

wp = Mechanical speed of rotor.
‘Moreover from eauation (2.33)

Wr = Ws(]-“'S} = YD(]'_S) FR “"'(2‘[‘0)

Now
Kinetic Encrgy gtoredat synchronous speed

(Base Mechanical Speed)
Intertia Constt H =

- o7 84

Base Power

Seconds

1 2
Jd¥p
= ,e_?_,P_,,_Y_,_. Seconds
L
Q.T,.,,...b. Seconds
b.

or J.28 T

7, e (2.82)

Combining equations no, (24.39), (2.40) and (2.41)

o

Te =Ty + 20Ty &y



- 23 -

or ES = Tp 42 p(1 - s) Fr
o

T Cm :
r e(pu) = Ty (o) +2Hp( 1 - s) Fy

Equations (2.37) and (2,42} in per unit form, completely

~describe the behaviour of the drive,

2,4 CONCLUSION

The idealized model developed on the concépt of
coupled circuit approach is well suited for determining the
dominant features of this system. ‘The assumptions made in
developing the model are quite justified for most of the
préctical purposes, Tha parameters involved in the model
are such that they can be easily mecasured at the terminals
of the machine, The model is extremcly useful for carrying
out steady state and stability studies of the slip energy

recovery drive under investigation.



CHAPTER IIT

STEADY STATE ANALYSIS

3,1 INTRODUCTION
| ' This chapter deals with the steady stote analysis of
the slip energy recovery drive presented in the previcus
chapter, Expressions of torque, supply cur'rehty power factor,
efficiehcy, fundamental rotor phasec current and d.c. link
current are derived using the mathematical model developed
earlier, Steady state performance has been investigated at
different field current settings and different firing angle
settings, Performance characteristics over a wide range of ‘

~ speed have been obtained.

3.2 SYSTEM EQUATIONS UNDER STEADY STATE

During steady state, the different phase voltages
and phase currents attain a steady value and appear d.c, in
nature, when referred to a synchroncusly rotaoting frame.

Hence their time derivatives would fall to zero, Thus éteady
state equations of the system are obtained from the equations
(2.37) by replacing all the terms associated with b by zeros..

Hence final steady state equations can be expressed as

Vem Rss Triss O fFR Ay laso

0 ' FR Xss Rss Fq XM 0 iqSO'

KF (1“‘8)- n . o

02 r Y= 0 =So' R X Reql “SoF R Lpp “trm Cos
CSarg . N

1o}, ma : (ocro-woc;

KJF,(1-s). , , )

:? R ) SoFr X 0 SoF R Xpp Reqz “'rm Sin

Sinapg | | (ar = a)

Cosa - | A : = — O =

T -7 - cveea (3010
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| /’o— | . N =
Vv 0" = (RSS + JFg KSS/l
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where steady state quantities are identified by subscript
O,

For given values of slip Vg, if, o and FR

. : . ]

above equation may he simultaneously solved to calculate the

alues lds y 1 _Substituting these values

9s,, 1., and afo.(
in equation(2,21), values of i4p, and i ¢an be obtained,

. - ars :
Torque developed by the drive may be calculated using equation

(2.38).

SOLUTION OF STEADY STATE EQUATIONS

Equation (3.1) can be solved by combining first two

and last two equation together, as shown below:

Xy iqro_ ] Sin(aro-a)

i -F., X__ i & T
s “dsy, R8s TQSgy R

| E . o
* J[FR $s dsb * Res lqso - Fr ¥y lrmo Cos (arg—a)]

o _ ; . . V Y & .
Vam 0 = qss(ldso tligg s T IS Fr %4 (ldso * Jiqso)

=g Xy i o, [Cos(aroua} + 3 Sin(“rO"“)J

A

smo

- F, X, i " |
4{ IV[ rmo [ar‘-a «aveors (302)

where ism is the peak value of stator phase current under
O .

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

K2 FR(I-SO) COsaro K‘Z FR (1‘_.50) Slﬂtxo .
; + J - . w e SO FR X s
Cosa Cosq M as,
3 3 -.«L { ] i ,...
- Reql i Cos(rxr ~a) + s  Fp X 1 S:Ln(ar, a) +

l¢] -0 o] 0

ils, Fp Xy idso = Sy 'R ¥pp irmo COS(O‘TO"'o£> -

R i Sin(a, -a)]

_ eqy M, 0

Substltutmg for R,, and Req. from equation (2.31)

b A . 2
in above equation and simplifying
‘)[;(' Q"‘/’/rek . C
Tt . . s P : 1
=3 s FoX.(i +3i ) =-R__ i tCos(oc ~) + 3§ Sin(a,. -a))
o R ™M dsO a8, re Trmg L T,
= &i&— 1 {Cose. =3 Sino | } - 3s Fo X {Cos(‘ ' .)
= 18 Cose¢ “rm " *r, J O‘1"0 J 59 "R “rp rm PRy T
+3 Sin(ar. )}
o
N / 2

i

R .
3 e v ] - P_ ] y-x e A -
J 8q FR M “sm rr lrmof r, 18 Cosg, "‘rm /ar 0

j s Fo X 1 /x -0t
o R "rr rm, /7T, r,
K,y Fr(l-s ) 2,
2 R E.s‘-Rm oo =
i/\ . Cosa * i rm_-16. Cosa * Rpapt3(So Fr rr) Av ,
S, T | T “r
J s Fr &y S S
uo..()')’
Substituting equation (3.3) in equation (3.2) and
simplifying | | \ g
. KZ- P(l SOI ’, 2
V fa = (g E, x| Cosa T er T B i
s [ = Bgetd Fp KXo | ~OSe My
J 8 Fr &y L +3 sgfn Xpp Z’:ﬁ‘] :
/' ot
-3Fg XM 1 [

r.mo,
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or,
/ ) . .
Vsr___f.gm_f‘it Ay /g -, - tan™t F_,_l;m%ss 2 1‘1"8 )
TS 2 2 2 ‘o i = “Cos &
Rss +Fa Xss —— SS
+i_ [R Cosv-'~?d smen, 8o P X, Sina + e ??? XMZ f
Trm Mpp @ ¥ I8 Cosq " S0 "R 110 2, p 2y 2
o} ] .= X
38 1 SS
(2 4 Cosa ~ Fpy X X s Sinal} - 3 lrm {d.n Sina'~ s Fy X Cosq +
So FR2 XM2“ / | L
= > 5 \E‘R Xss Cosg + L-{s Slnou]
R + F X
Ss R Tss
or,
i - - y
Zo—-fE « 4 < tan L Fr Xoq . :
17/ 270 = 1 B2 7 o4i 7, -3i 2
/ ) Ao = 73 rm _l+ rng ~5

ceene (3

where
7 = sm io FR XM
1 2 2 2
R + FR XSS
2 v 2
7. = f&gf;imjﬁﬁmWﬁwmw_
2 5 2 . 2 2
Y5 T PR Xgg
, Ko Fp (1-s,)
3 w2

Cosq
\

R_,. Cosa *"8 C YR Fa X r Sing + ZZ(Rss Cosq -

it

Fr Xgg Sina)]

25 = Rrr Sing - s, Ty er Cosq + ZZ(FR XSS Cosq + Req Sing)
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Equating the magnitudes on both sides in equation (3.4)

|z,] = |z, + i
1 3 o B

Im

2 .
or 2. = (Z, + i " 22 .
1 3 o, Zh)‘ 4 (Z5 i J

2. . 2,2 ., . '
= 2,7+ i 2, + 22, Z, i 2. 2
3 rm, 4 3 %h T o+ 25 lrmo

2 (15 2, 5 25 . L (n 2 2

or Zg irﬁ’z + 27 irm. *+ 2y = 0 _
‘O o ’ e oocooc_(ﬁ‘.5)
wherc
6——h—0uS5_

2 2

28 = Z3 - Zl
Equation (3.5) is a quadratic equation in i
: o)
which can be solved to obtain two values for i . =
0
The positive value gives the magnitude of irr"
. ;LO
2
; ~Z7 +~/%7 - 426 Zq
My 22
° 6 '-.--.(3'6)
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Equating the angle of cquation (3,4) ¢p is obtained as

. ' i »
a. =5 - tand FpXge o g™l Tho ,,Z,_iw.,__} L
T R S ) -
SS j ‘O 'C-QD(BU'?}
Having detepmlned arovand ;rmo, phasorrlsmo can-

be determined from equation (3,3), which in turn gives the

and .
values}of 145 and iqso, as its real /imaginary part, respectively.

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

and: values of lds , lqs s “rm. and a,, are‘qbtained.‘ Varying

o - e
the slip, entire operating range can be investigated.

5.2,2 EQUATION = OF NO LOAD SLIP

Under ideal .no load condltlon, the torque developed
by the drlve is zero, Ideal no load slip s p1 ©F the drive
1s calculated therefore by conolderlng rotor currents to be
zero,

Referring flv.\z 13

i dip =0

VR=5% ... (5.8)

where E (l—s ) g K g (FR wb} is the back enf in d.c.

motor

- Substituting V; from equation(2.13) in eguation (3.8)

3/3 (1 .
T Vo C°S°‘A (1-s,) F;z Yy & p Ko ig
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where £, is induced emf in rotor phase under stand still

condition (r.m.s. value).

N

or 33 (5 E1 o (s .
| ~ (fg.AsnlE_,)CoSa‘-sl Snl) Fpw, §Kp ip

or 3/3 So - (1 2 x
e (Snl - ) Cosy = (2 Snl) Fow X

¢ 1p
- .es(3,9)

as ¢2 El am ‘

Dividing equatlon (3.9) with Vbase to convert it in per unlt
(s, im ) CQSa (1«5 1) W, Kf i
Vb Vb

or
S \' Cosq = a
nl sm %v" Kf ir ¥ E . (1-s_)

b = © ... (3.10)

Substituting for K2 from equation (2.37)

snl < Cosa = K (1-s 1) Fr
or s, = Kz‘ R '
nl K2 FR - Vsm Cosa

weeee(3.11)
3,245 EXPRESSIONS OF SUPPLY CURRENT AND POWER FACTOR
If phase currents are lagging the phase voltages

by ¢°, ‘then referring to equation (2,8), expressions for

phase currents may be written as’



i = i Cos{6-0}
a8, S
- . 27
i = i Cos (S-p—~z
bs SIm, | 3.
i = 1 COS(G~¢+&1‘C‘)
cs sm 3 :
o v o
’ 0.6’(301—2)
desolving these along d axis, 14 may be expressed
o)
as
L2 . 25,y . 4 21 1
ldso =3 [133 Cos © =+ lps Cos(e - =5 ) + i Cos(® + 3 )]
) 7.--.(3.-13)

Substituting equation (3.,12) in equation (3,13} and simplifying

i . = i A Cas ¢ : R (3014)
dsO sm * _

Similarly

i = i . Sin ¢ ‘.-010-(3915)
qs, sm »

Combining eguation (3,14) and equation (3.15)

. /e 2 . 2
lsmO "y/ldso y lqso
or o
_ .2 L. 2 -
I 7-/%"¢/ldso ¥ 1qso vooa (3,167

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

From equatidn (3,14}, power factor is obtained as,

~ ¢ ids
T eenees(3,17)

smo
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3,2,4 EXPRESSION FOR D,C, LINK CURRENT

Combining equationsg(2.21)

/
i “*/(idr 2 + 1 2
: © © Jcbouo(Bals)

Substituting equation (3.18) in equation (2,14)

i = // 2

2/3 ar, p.u.

oo (3.29)

3.2,5 EXPRESSIONS FOR POWER INPUT, POWER QUTPUT AND EFFICIENCY

P, = givsm i_ Cosp Watts

Dividing by Pb to convert it in per unit

2 v 3 '
; - 3 Vsm o Cos & _Z VSm l%@ Cos ¢
(pouo) Pb ‘ 5 Vb b

Cos ¢

Tpou.) poul)
Substituting equation (3.14) 'in above equation

Pi = Vsm ids p.u. 0.00'000(3020)

. . 2
Power output, Po_= T, (1—50) wy By & Watts

Dividing by P, to convert it in per unit
: 2
To(1-s,) W, P2 B

O =
(p.u.) Py

T, (1-s,)

= M".rﬂ *.9-
2
3

2
F2 B

b

o =
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3 =T
°(p.u. ) €(p.u.)
ceeese(3,21)

percentage Efficiency = pg-x 100 :
i ‘ '--0.000(3022)

3.2.6 EXPRESSION FOX LOSSES
- In the ideal drive;'mechanical losses chh_as friction
and windage and iron losses i,e. hysteresis and eddy current
losses are neglected. Only following copper losses are there-
fore present in the drive:
(1) Stator copper losses
(ii) Hotor copper losses
(iii)  Armature copper losses in d.c, motor,

‘Stator copper losses By ©.'= 3 I Watts
' ' 2 2y
2 "(.ld_sO * tqs ) Rss
P ounst (pp) = )
cu-st(ppd - g. s > _
b %
P ( | R
= {i + i Roof. . :
cu=st (p.u.) 45 (p.u. ) o (p.u. ) ss(pyus)
' voes(3.23)
Similarly . | p
; ' . 2 . . 2\ o
Rotor copper losses P ., = (ldro * lqro ) Rpp o
'00'0(3024)
Armature losses = iDL 23 = ( e § )2 R
Yo 5 Ty



%; i %R
cu.Arm(p u.) s
1b
e | ‘
= 18 m, &uudhﬁ““) or
2" R : g
) %g 1 i (pou.) ' qroin u. ) ] R(p w) o

......(3.25)

343 QNALYTICAL SULTS AND DISCUSSlON

Performance of the systenm has_been computed by
simulating the steady state equations on a digital computeﬁ;
Flow chart and listing of the program developed in FORTRAN
language is presented in Appendix 3, Various pe rformancbs
characteristics viz, Torque-Slip, Supply Current-Slip,
Fundamental rotor phase current.slip, Armature current slip,
Power factor-slip and Efficiency slip are obtained using

CALCOMP Plotter,

Various measured parameters in p.u. of the drive

are given in Appendix 2,

In this drive speed is lowered first by field current
control and then by firing angle eontrol of controlled
bridge rectifier. This is done to achieve optimum system

efficiency, as shown later in this chapter.,
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3.3.1 VARIATION OF IDEAL NO LOAD SLIP

Ideal no load slip.is computed by equation (2.13).
Variation of no load slip by field current control and by
firing angle control is shown in fig.(3,1). Tt clearly
indicates that the speed of the dfive can be lowered cnly
to about 507 by field current control, By controlling firing
angle, speed can be reduced further upto about‘lSZJ. Thus

the system gives a wide speed range in subsynchroncus region,
3.32 SUPPLY CURRENT-SLIP CHARACTERISTICS

Supﬁly current drawn by the system has been computed
using equation (2,5),Fig. 3.2 (a) and Fig. 3,2(b) show the
supply current vs slip characteristics at different field
current settings and different firing angle settings respecti~
'vely. Both the curves show that supply current is same at no
load slip. It is nothing but magnetizing current., Both the
curves show that supply current increases on ihoréasing‘the
load, Fig. 3.2(a) shows that current,ﬁnder standstill is
constant under field current control, Fig..3.2(b) depicts
roughly parallel characteristics on changing the fifing angle
settings., Starting current decreases on incréasing the firing
angle, This indicates that the drive may be started by setting
field current at maximum and firing angle decreased from 90°

Xill the drive develops sufficient starting torque.

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

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

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

Since peak value of rated current is‘coﬁsidered ns
1 p.u,, the r.m.s. value of rated current is 0.707 p,u, as

shown in Fig, 3.2(a).

3,3,35 OUTPUT POWER -SLIP CHARACTERISTICS

- Power output given by the system has been:computed
using equation (3.21), Fig. 3.3(a) and Fig. 3.3(b) dépiCt thé
output power vs siip_curve at different ficld current settings
and different firing angle settings,;espectiVely. Both the
curves show that output power is zero at no load slip and
slip = 1. Maximun powér output and power output at full load
~ under field current control is fairly constant_[Fig;>3.3(a)]'
but decreases significantly under firing angle control

3,3.,4 INPUT POWER.SLIP CHARACTZRISTICS

Power input to the system is determined using
equation (3,20). Fig. 3.4(a) and Fig. 3.4(p) show the
input power vs slip characteristics under field current control
and firing angle control respeotively; Input power increases
from zero as load increases and becomes constant at standstill
condition [Fig, 3.4(a)] under field current control but .
decreases at standstill under firing angle control [Fig., 3.4(b)].
Input power at full load remains fairly constant at increased
field current settings but decreases at increased firing |

angle settings.
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3.3.5 TORQUE-SLIP-CHARACTERISTICS

Electromagnetic torque developed by the system is
computed by equation (1.41). The torque vs slip characteris-
tics at different field current settings and different
settings of firing angle are depicted in Fig. 3,5(a) and
Fig. 3.5(b) respectively. At zero field current setting, the
drive offers fomiliar induction motor torque slip curve.

Fig. 3.5(a) clearly shows that hardness of the curve improves
ag field current is increased resulting in improved speed
regulation but remains unchanged ﬁnder firing angle control,
Starting torque as well as full load torque developed by the
drive improves with increase in field current. This is due
to the fact that d.c, motor provides additional torque, as
shown later in this chapter. However the full load”torQue as
well as starting torque fall with increase in firing angle

settings.
3.3,6 POWER FACTOR-SLIP CH.ARACTERISTICS

- Power factor vs slip characteristics for different
field current settings_and_different firing angle settings
are shown in Fig, 3.6(a) and Fig. 3.6(b) respectively,

Power factor is very poor under ne load condition,

Fig. 3.6(a) shows that power factor is fairly constant at
full load at all $ettings of the field current. Full load
power factor, however, decreases as expected on ilncreasing
the firing angle Fig. 3.6(b)]. This was noted earlier in

equation(l.lS).
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3,3,7 EFFICIENCY SLIP-CHARACTERISTICS

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

fairly constant at different settings of the field current,
however, it decreases on ihcreasing the firing anglevsettihgs
[Fig. 3.7(b)]. .It is for this reason that such drive be.
operated with as low a value of firing angle as possible. This
evidently leads to the conclusion that for;theApurpose of
lowering drive’s speed, field control be used with firing

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

only when field current control has exhausted,

3.3.8 FUNDAMENTAL ROTOR PHASE CURRENT-SLIP CH@RACTERISTICS

- Fig. 3.8{a) and Fig, 3.8(b)} show the fundamental
rotor phase current vs slip‘curvés for field current control
and firing angle control respectively, Under standstill cond-
ition, current is constant in field current control but decreases
with increased firing angle settings. Full load currént rema~-
ins fairly constant under field current control but decreases

under firing angle control,

343.9 ARMATURE CURRENT e~ SLIP CHARACTERISTICS

Armature current;slip characteristics shown in
Fig, 3.9(a) and Fig. 3,9(b) under ficld current control and
firing angle control respectively are similar to fundameﬁtal
rotor phase current-slip characteristics., It is evident
from eduation 2.14) also that armature gurrent and fundomental

rotor phase current are proportional.
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3,4 FULL LOAD PERFORMANCE OF THE DRIVE

Full load performance of the drive is shown in
Fig, 3.10 to Fig. 3,16, for different settings of field current
and firing angle. The drive is considered to be at full load
when peak value of supply current equals its rated value
(1 p.u,) and the supply voltage is also equal to its rated value
(1 p,u.). It is aimed to determine drive’s performapce under

rated input V4, when speed control is exercised.

Fig., 3.10 shows the variation of p.,u. supply éurrent}
and'p.ﬁ. fundamental rotor phase current for entire control
range., Supply current is constant dt 1 p.u., Fundamental
rotor phase current remains fairly constant in field current
control region but progressively decreases as firing angle
is increased. Power input and power cutput are fairiy_constant
under field current control region but decrease sharply under
firing angle control region (Fig. 3.11). It is to be noted
here that at « = 80°, output power is zero. This is due to
the fact that drive’s speed under this condition falls to zero,
Fig. 3.12 shows that under field current control region, power
factor remains substantially constant since power input from the mai.-
ns ‘isconstant but decreases sharply under firing angle control,
Stator copper losses, rotor copper losses and armature copper
losses remain fairly constant in field current control since
supply current, fundamental rotor phase current and hence armature
current also remain fairly unchanged. This is shown in Fig. 3.13.

Armature copper losses and rotor copper losses decrease under
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firing angle control but stator copper losses reamin fairly
constantaFig. 3,14 indicates a sharp fall in efficiency'cf
the drive under firing anglc coantrol, However efficiency
at full load remains fairly constant under field current
control, It reveals that field current control is always
. superior than firing angle control and therefcre latter should

be adopted only in case of absolute necessity,

Fig. 3.15 shows that torque developed by induction

motor remain fairly constant but decreases under firing
angle control as\it is proportional tec air gap power which

~is again proportional to power input.. Torque developed by
d.c, motor incCreases linearly being proportional to field
current under field current control bhut decreases under firing
angle control as armature current decreases. Fig. 3.16 depicts
variation of full load slip in entire range; Tt shows that
drive comes to standstill at g = 80° confirming once again
that output power is zero ot ¢ = SOO, under rated input Vi

condition,

3.5 CONCLUSION

Expressions have been.deVeloped for predetermining
the steady state performance of a slip énergy recovery drive
employing a controlled rectifier, System equitions presented
predict the operating characteristics.accurately. It is
observed that field current control is undoubtedly superior
than firing angle control but latter has its own ﬁerits as

mentioned below:
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(i) To reduce the speed further when field current control

has exhausted,

(ii) The necessity of a starting device like a 3-phase
starting . rheostat connected across slip ring
to start the drive is eliminated as the drive can be

"started at high firing angle settings.'

It is further ncted from the study of performance at
full input (VSm =i = 1.00 p.u.) that firing angle control .

should be adopted only when it is absolutely necessary,



CH.LPTER IV

STABILITY ANALYSIS

This chapter deals with the determination of the
instability regions of a static slip emergy recovery syétem;
Pertﬁrbation equatioﬁs are developed by linearising the'
dynamic equations of the system about an operating point.
Using the characteristic equation of the linearized model
and Routh~Hurwitz criterion, instability regions haveﬂbeen'
plo_tte_d.E The effect of system parameters upon the unstable -

regions have been investigated,

4.1 INTRODUCTION

- Performance of a drive can not be judged by its
steady state behaviour alone, Induction machines which are
perfeotly étable on an infinite bus may become unstable with
controlled thyristors in the circuit, Static slip power
recovery drive may display system instability in a particular

operating condition with certain combinétions of firing angle
of the controlled rectifier and other paraméfers of the drive.
It is hecessary to ideﬁtify these combinations to ensure

stable operation.

The stability analysis Qf'a symmetrical induction
machine has been carried out by Nelson, Lipo and Crause (10 ).
Their investigation revealsvthat a symmetrical induction
motor may become unstable at low speeds (low frequencies)

even though balanced, constant amplitude, sinusoidal
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voltages are applied to the stator terminals, Theainfluence.
of variocus parameters of the system on stability has also
been investigated and the following are some of their

conclusionss

(i) The region of instability increases with an increase

in the applied stator voltage.

(ii) n increase in the stator and rotor resistances

promote system stability.

(1ii) Instability region is depleted on increasing the
magnetizing reactance,

(iv) A decrease in system Inertia results in an increase

in the region of instability.

Other researchers have also arrived at similar
conclusions for the case of induction motor ( 11-16).

Like induction motor drive, one may expect the regions
of .instability in the present slip energy recovery drive as
well, Apparently, although the presence of d.c. motor shculd
promote syétem’s stability, since it makes the drive’s

characteristics harder,

. Non linear differential equations expressing the
dynamic behaviour of system have been linearised by the method
of small oscillations., The perturbation equations of the
system have been developed, The2 characteristic equation of

the linearised model is obtained from the perturbation
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eQuations of the system, The effects of system inertia,
applied voltage to the stator, stator and rbtor leakage
reactance, magnetizing reactance, stator and rotor resistance,
filter inductance, field currentland,firinguangie upon the

stability of the system have been investigated.

4,2 APPLICATION OF SMALL DISPL.CEMENT THEORY

Nenlinear equations (2,37 and 2,42) of the system
are difficult to solve for a closed form solution, Therefore
these equations are linearized about an Operatiﬁg point by
the agplication of small displacement theory, and the
important information about the system stability is obtained

by investigating the resulting perturbation equations,

Derivation of perturbation equations of Ist and
IIIrd equation of equaticn (2,37 and equation (2,42) are shown

as typical cases,
4,2,1 PERTURBATION EQUATION OF Ist EQUATION OF EQUATION(2,37)

From equations(2,37), Ist equation is written as

X o X B
Vom = (Rt 88 p) fag = Fr %as l4s = WP imm Cosa,
3 .

‘EXI\’[ Sinar ® o ¢ 0 06000 (L"t]-)
Under steady state, above equation reduces to
Vem = fs idso - Fa L5 iqs * P Xy i

'oooo (402

Sing
0 To

o



Now if the variables are allowed to change by a

small amount about an initial Operating point, then

X o . .
= (R 4 28 i - i i
Vsm - (Rss+ Wy p) (ldso * Aids) "R Xss (lqso * A""qs)
- (i + AL -) Cos(a | + Ax)
Wy p rm, rm’ ro b
Fp XM(irmo - Airm) Sin(ocro + A(xr)
. aboove (40 3}

In ebove equation substituting p iy, = 0,
. » ' 0

pi, =0 and equation (4.2}, the final perturbation equation

reduces to

M

0 = (RSS + ’1/-\;.;“ D) Alds - Fl‘ XSS A;qu 4

1%

X i (F, Cos(Fy Cosq. + e Sing_ ) A%,
MSrm CRUUTVR r,o oW r,
. . n .
4 XM(FR slnaro - ?,,COSar )'ﬁlrm
. Wb _ e} .
L BN B 2N ) \4 L")

_ Similarly, perturbation equation for IInd equation

of equation (2,37) can be written as

X
= i I ol “"'ss i’ i
0 = FR Xss Algg * ({ss * Wy, p) Alqs *
P /
XM m (F‘ Slnaro - Cosaro) A,

w X (F, Cosa? + Sina ~B~ )Al
MR T To My veees(4,5)
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4,2,2 PERTURBATION EQUATION OF IITrd EQUATION OF EQUATION(2,37).

Cosa Jg 1 o _
2 Frli-s) CO'“" =y w tds THR i igs T
P
(R ) Cosfa,, = o)
+ S F? er rm Sin(ar - /)
- K,
Substituting K3 = T and qp - o = a in above eguation
K, F(los)Cosq. = X, Be i, ~ s F. % i _ - (R #%_ 21 COSQ'
3 RVTEPROe T M as R “m,tqs eqy”eqy W, r

/

+ 8P X iy Sinog ceeed(t,6)
. For steady state conditions, above eguation becomes,

™ . : /
K3 FR(1~§) Cosa, = ~s, 'y Xy ;qso Reql 1rmo COSarO +

s FoX i Sing }
O R- rl mo r‘o .-00000010(4‘7)

. Now with small displacement of variables the resulting

equation bhecomes, .

Do
K3 Fl(l's ~As) Cos(a +A“ )= A Wy (ldsov A;ds) -
(sO +2é§, Fr xMﬁiqso + Aiqs)
2 ,,,E_' s | s 3 ,’*‘/-\(X)
- (Aeq1+Xeql Wb) (1rmo+A1rm) Cos(aro r
, .
+ (s + AS) F1 rr(l + Alrm) Sln(aro +ﬂAar)

cones (4.8)
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Substituting p(ids } =0, p(irm ) = 0, equation (4.7)
in above equation and neglecting the product of two very small

quantities, the perturbation equation is,

X : Xoq P ‘
MP . , . : - L cosq !
0 = Wb AldS - ER"M SQ Alqs + A;rm [ - (meql 4+ Wb ro
. ] .. 4
+ FR er S, Sin aro]
(K. F.(1-s ) S ( Keq'lp) Sing
+ O ~(1-s in + (R g -] i +
o+ Doy 3 “p\-8, .mro \eql s lrmo naro
Fo X i Cosa. ]
, ﬁFR o So R S, osa., |
: o) 0
i | w . s » . . ,
t asiKg Fp Cosq, ~Fp Ay tgs ¥ FR Xpp 3pp Sina, ]
0 o , o} 0
'00000(409)

Similarly perturbation equation for IVth equation of equation

(2.37) con be written as,

. , B . ‘
0 =Fp Xy 5, bigg + Xy W, Mlgs T [F2 Zr 56 Cosaro +
B - ‘ p . | ‘ 1
(Rqu N Xeq2 wb) Slnaro“irm
-[X, F,{(1~s )Cosy -Fo X s i Sin ! +
3 TR 0 ro R "rr "o rm, ‘aro

é
COSar ]Aar
0 0

(3. “+

D .
qu Xeq2 W. ) L

b m

s [ - Fo Xy i, - i /
* ~K3 Fa Slnqro +Fa Xy ldso Fo X lrmo COSqro]AS

oo (4,10)
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4,2,%3 PERTURBATION EQUATION FOR TORQUE

Equation (2,42) is written as

.4 '
Sing! = i Cosq. ) + K

s (s !
Ty = Xy T igs r 7 *gs r

> oo (qtll} "
For steady state conditions, above equatiocn reduces to

. / VAN
S s - d \ . .
= Xy i (1ds ing, i, Cosa, s +K, i

0 e} o Ty

o (612)
- Now, if a small displacement is given to all the

variables, the above equation becomes

. 7/ .
* AT = Xl\’[(lrmo * Ay (lds + 8igg) Sind r, " acy) -

TLo

(s e A4 Yo
‘lqso + Al ) Cos(q O+ sa ]+ K (1 m, . ﬁ;rm, a

0 v 2HFgp (s * As)

ceees (4,13)

Substituting p(s, ) = O, equation (4,12} in above
equation and neglecting the product of two very small gquantities,

the pérturbation equation becomes,

- s . ’ \ s s . Z . '
ATy = XMLlrmo Slnaro IS lrmo Cosaro alog (ldso Slnaro
/
i Cosa ) Al + 1 (1 Cosg, +
Gs, T, Xg | “rm ttds ry
' ' s
i Sinar ) Ay ] + 2H F D As

ceees. (4014)
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4,2,4 FINAL PERTURBATION EQU..TIONS
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Final perturbations equations (4.4}, (4.5)
4

(4.9), (4,10) and (4,14} con be written in matrix form as,

-

Zl+22p 13 -24*259
28 A 29+Zlop le+212p
215D 16 2yqtlygP
222 Zosp Iy tZpsp
Z29 230 %31
ss
S5
Wb
- B
1% SS
XR“I Sin“r/
.0
X
- ;gL=Cosa /
b 0
XM irm F., Cosa
0 0
X
M . . ’
e Sing
wb I‘mo 0
FR Xss
s = %

o 'faid:
0 Aiés
2, | et
Z28 2

Zszpl 13

.'.0...(4.15}
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Zv == F_ X
24 R rr 0 d2 0
X
Z 2 _Singi =z
25 iy ey 15
- C (1-s) ._ - g ! -
Zog Ky Fp (1-s,) Cosaro *Fy Xr S lrmo Sina,
- . : ’
neqz lrmo Cosaro
X
7 €dy o /
' R Ir OSa
27 W, Trmg ro
- as ) . R . | /
Z28 K3 FR Slnaro * FR XM *ds FK er *rm Cos“r
o} o) o}
Zb = i Sinot/
29 Xy ipp P
. 0 o)
VA -e- X1 COSC(‘
30 M rm r,
Z | = X (i B Sina. ~ i i Cosa _ K%)
31 M dso r, SEN r, Xﬁ

: i
Z = X, (i Cosq.! i . Sing. ) i
32 MM ds r, SEN r,’ “rmg

233 = 2H FR

4,3 CHARACTERISTIC EQUATION

It is assumed that change in load torque is
negligible for small deviation in speed, therefore
substituting ATL = 0 in equation (4..1%), dynamic equations

are represented as,
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of [z+z,p | Z Z4ls0  Zgilpp O M -Aid;
0 28 29+210p 211+212p Z1 +Zlhp 0 Aiqs
O] = |%5P “16° 217%0F igthoP P S
O % Zo3P Zoy+2o50 Zagtlogp  Lag || day
OF 12 %50 x5 255 Zyzm|As |

- . !

cevna (4.216)

Characteristic equation of the system is obtained by
putting the 5 x 5 determinant formed by equaticn (4.16) to
zero,

For sinplicity five equations'represented by equation

(4,16) are reduced to three by eliminating any two variables,

. may be

From Ist equation of equationg(4.16}, 8ig
expressed as,
Mg = = E« [(z +Zzp)A1dS + (Za*zsijl *.(Z6+Z7p)Aar]~
5 ‘ . .I!.-..(L"'l?)

From IIIrd equation of equationg (4.16), As may be
expressed as, |

A = e o |
AS = zz; ZlSP AL+ Zog S (217 13P>A1 *

(Z)5+Z0p)oay,]

cereeesnees (4,18)
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Substituting for iqs in equation (4.18}.from equation (4.17}

(2, 2 12,2 Zoet | V2.2, Zoss
16 1% %8 A5 o hAe A7
b8 = 44 mBng il bp | ol ol rlut o
123 71 1% %1 T T MJ ds 17 ey 2y By
(216 %5 220 | %5 2% Iy
YT T T (P Al T T T
%1% ;) 120757 Zoy
(Zo. Zo Zom! |
| &6 20 |
PNy XA P Ay
5 T T

ceeeed(4,19]

Now, substituting for Ai as and As from equation(4,17)
and equatlon (4.19) in the remaining second, fourth and fifth

solution is expressed as,

equations of equations(4,16), the

€11
c
21

c

31

Al

Al

Al

where

11
12
13
21

22

it

i

da

gs * C1p A% Ci3 Aa

+ C

as t Cop Ay, +Ch3 A

+ C

ds Al

5p A, + Cz3 8

W Z

2
2y 1%+ Zygp + Zg

4

Zs7 BT * LagP ¥ Z3g

ZAO p2 + Zhlp + 242
2, P° + 2. p+ 2
43 4P * fys

2

ceeeo (.20)
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Z 7. _ 7 7
27 3 22 43 Loy 4y
'z
nw-jg i
Zeo = - Z Zg 235

Characteristic equation of the system can be obtained
by equating the 3 x 3 determinant formed by cocfficient of

equation (t.20) to zero.

1 Cio 13
Cx Coo Co31 = o
e 32 1N co(B21)

Simplifying equation (4.21), it becomes a sixth order
equation but the coefficient of sixth power term is found to
be always zero, It is not unexpected as 5 x 5 determinant of
equation (4,16) clearly indicates that the order of the
characteristic equation nmust be five. Thus the characteristic

equation may be expressed as,

Dy p” + D, p° = Dyp” +Dyp 4+ D p+Dy = O
.0"0.'(14'22)

where various coefficients, D5 to Do’ are expressed as,
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)

o+ Z
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Z35 248 258 + 236'246 259 - 236 247 258}

= (234 256 51 * Zzy Zgy 2o * P35 L5 P51 ¥ 235 Zog Zsg

+ Z.

*235 Zsy 249 * Zug Zgs Zgo * Z3g Zsg Zyg)

* Z3g Zyg Zog ¥ Z3g Zy3 Loy v 230 2y Zog)
+ (Z3g 253 257 + 239 25, Zog * Z3q Loy Zgy * Z3g Zsz 2

233 %54 249 * Z3g Zsp Zso * Z3g Zs3 Zyg)
* (Zh0 Zuy Zoy * 240 Zys Zog t Ly Zyz Zsg * Zyy Zyy Zsg
* Ly s 255t Zyp Ly Z56 * Zyp Ly Po5)

(Zuo Zs3 Zug * Zuo Zsy Zup * Ly Zep Zug * Zyy 53 Zyg

* 2y Loy Zue t Zup Zop Zug t Bup 23 Lug)

236 Zug Zeo * g Zuy Zegtlag Zug Zsg)
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A

35 256 25 1

-

235 YA

57 %50

e KR \
* 236 Zg5 Loy * 236 Z5g L0 * Z3g 257 Zyg

= (235 245 Zgo * 23g 2y, 250 * Zag Zys Zsg

* 239 T3 250 * Z3g Ty Zsg + g Zus Tsg)

* (235 2oy Zgy + Z3g Zgz Loy + Z3g Lgy Z5p

“+

239 Z5p 25y * Z3g Zg3 Zgg + Zzg Zgy Zyg)

* 2y Ly Zoo * Zup Zyy Zog Ly Zyg Zgg)

= (2o Zgy Zug Ty Zs3 Aug t By Zsy 2y

* Zyp Zop Zyg * Zyp Loz Lym 2y Loy Zygl

(255 245 Zg0 +

- (Z
Y735

257 25y

s %45 %60

251, 253
Zys Lo

Zs1y Zug

Z

36 “u7 %60 *

¥ 230 Zog 25y * Z3g

* 235 2y, Zgo * Zag

Z

+

* 2yn 2y, 2o

39 253 251 * 239

+ 242 .253 248 + Z42

Z3g Zug Zsg)

%57 Z50)
Zs5 Z59)
Zos, Zsg)
Z5 Zsg?

2oty Zuy)
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A

Do = 236 Zg %0 * P36 P57 Fs1 * F3y Pus Yo

+ Z59 254 251 4 242 245 257 - 242 25/Jr 248

Equation (4.22) may be normalised to minimize the
variation between the minimum and maximum value of the

coefficients,

Dividing equation{4 22} kv D5

D D D ] D
5 . b L33 2 2. 0
D o=t o+ pT D e p ot a= 0 . :
S %0 5 D5 B 7 % |
' QOQQOIOOQDI'.([{'QZB)
Do 5 _
Let 5=V , Where y is a constant equéetion (4,23) becomes,
5 ‘ :
D D b ’
D4 D3 b 24 o
stvﬁ‘—p.n}--ﬁ“p:-’r*ﬁ“p ""‘5“1’“}’5*0 .
5 2 2 2 RN (%19

5

Dividing by y~ and defining another differnetial operator

q = §Rvequation (4.24) becones,

D, D |
5 b b 3.3, 2.2, . .

L " Fomia i b . e 1 o= O
1 5y 1 B, % ¢ byt oy e

ceeneses(B,25)

The various Z terms appearing in the characteristic
equation (4.25) are functions of the Z’a(Z1 to 233) anpearing
in perturbation equation (4.16), which in turn are expressed

in terms of drive parameters, the steady state currents ida',
. ! b )
o

s

as and a, corresponding to steady state operating

0
0 O

0
S.ip 89 at a given d.c, motor field current -%3 and given

firing angle o of the controlled rectificr.
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4,4 STABILITY STUDIE

Numerical values of various coefficients of
characteristic equation (4,25) can be determined and therefore
stability test can now be applied, These coefficients are
arranged in Routh array., Stability of the system is investi-
gated by determining change of sign of the elements appearing

in first column of Routh array ( 22)

The computer program is FORTRAN language for the

stabiiity analysis is so written that the logic involved
can determine directly whether the system is stable or not
for given system parameters. Flow chart and listing of the
progran used, are given in Appendix 4.

' Present drive has an induction motor as its main
motor, It is well known that induction motor offers stable
operation when supplied from a 3 phase source of rated voltage and
- of rated frequency., However, it may show region of insfability
when supply frequency is considerably reduced, The present
drive has a controlled rectifier and a d.c, motor directly
coupled to the induction motor, These compdnents should
logically influence the stability behavicur of the drive,
In order to systematically establish the contribution of d,c.
motor and the controlled rectifier in influencing the stability
of the induction motor, present study takes up first the
base of induction motor alone, establish its stability behavim
The effect of other components is gradually introduced next

and change in stability behaviour is noted.,
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Stability behaviour of induction motor has been .
reported by several researchers (9-13 ) in torque-frequency
ratio plane, The same representation is used here although it
may be noted that the slip energy,recdvery drive, consideréd
here, operates from a rated voltage rated frequency séurce
and hence freqﬁency ratio is always unity for the drive. The
variable " frequency ratio is introduced cnly to faci-
litate the study‘of stability behaviour of induction motor |

‘alone.

.In variable speed induction motor fed from a variable

frequehcy source the émplitude of the applied voltage is
typically decreased as frequency decreases in order to- avoid
saturation of the machine. However, if the voltage is
decreased in proportion to the frequency, the breakdown torque
is depleted significgntly at low frequencies since an increased
percentage of the applied voltage is dropped across the stator
resistance as frequency is reduced. In this study, as a

single means of iR conpensation the voltage required to produce
rated flux linkage at rated load (T; = 1.0 p.u.) and rated
Spéedv(FR = 1.0) has been predetermined. Wnhen system is
operating from a variable frequency source, the terminal

voltage has been adjusted so that for any frequency,

Vsm = VK + FR Vm (. 26)

where VK = 0,025 and Vm = 1.0 p,u,
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From equation (4.26}, it is evident that the constant
factor VK serves to compensate for the stator iz drop at

very low frequencies,

~Regions of instability can be determined in torque-
frequency ratio plane for the induction motor. A'particular
value of frequency ratio and motor parameters give.. a point
on the instability contour if slip is varied from no load slip
to'unity in small intervals, say .0l. This precess is again
repeated aﬁter giving a very small increment to frequency
ratio.A Thus a number of points are determined on the iﬁsta%
bility contour. Finally all these points are joined together
to demarcdte the regions of instabilify in torgue-frequency
ratio plane, The effect of changing the various parameters

on the instability region are then investigated

4,5 STABILITY RESULTS OF INDUCTION MOTOR

The per unit parameters of the induction motor are
given in Appendix II.‘ It is observed that this‘ﬁofor shows
absolute stability at all frequencies, when fed from a
variable frequency supply., The motor does not‘depict‘inst~
-ability even if one of its parameters is varied by # 20percent
However motor “ecomes unstable, if its inertia constant is
taken as low as ,05 sec and its rotor resistance in p,u. as
0,015+ . . The unstable region under these parameters is
depicted by the area enclosed by curve 1T of Fig. 4.1, It
may be noted that instability occurs in freguency ratio range

of 0,5 to 0.74,
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In the present drive the supply to induction motof
is of constant voltage and constant frequency, both fixed at
rated values. Thus frequency ratio is always unity. In order
to see the effect of additional components of the dfive.on'
stability behaviour of the induction motor at unity frequency
ratio;vit}is necessary to first note the behaviour of induction
motor alcone at unity freg,ratio, This is done by further .
reducing the values of RrréndH to .01 and .03, respectively.
The resulting stability contour is shuwn by curvé (I) of -
Fig. 4.1, It méy_be noted that under these parameters, a
large unstable region is present and the motor is unstable
even at unity‘frequéncy ratio up to a load torque of 1.2 p.u.
Considering this as our base curve, the effect of varying

other parameters may now be studied.

The values of parameters and the quantities varied

in each case are given in table 4.1

Figure Inertia Applied Voltage Stator Retor

Constant Vm ﬁesistance Resistance
e s Yrr
4,2 Varied 1.0 0,058 0,010
h.3 0,03 Varied 0,058 0,010
4, b 0.03 1,0 Varied 0,010

4.5 0.03 1.0 0,058 Varied

Table 4.1 Per Unit parameters of induction motor



- 65

4.5.1 EFFECT OF INERTIA CONSTANT

'Regions,of_instabilityvfor H = 0,03, 0,04 and

, 0,05 second are shown in Fig, 4,2, It is observed that

H = 0,03 se?ond produces the largest area of instability aé
compared to other-two value of Inertia Constant, Stability.

contours also show that the stability is improwed with increased

inertia contant.
4,5,2 EFFECT OF APPLIED VOLTAGE

_ Reglons of instability for Vm_: 0.9, 1.0 and 1.1
are shownAin'Fig;‘h.B. For Vm = 0,9 instability region
present is smallest. This indicates that the region of

instability increases with an increase in terminal voltage.

4,5,3 EFFECT OF STATOR RESISTANCE

The contours shown in Fig. 4.4 depict the effect of
| stétor resistance on the instability region, RegionsJof
instability are shown for R, = 0,45, 0,050 and 0.058, It
is noted that region of instability increases on decreasing

the stator resistance,

4,5,4  EFFECT OF ROTOR RESISTANCE

Variation in the region of instability due to
change in rotor resistance is shown in Fig. 4,5, vCQﬁtours
for nrr = 0,008, 0,010 and 0,012 are shown, It reveals..

“that increasing rotor resistance tends to stabilize the

machine, -
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The inducfidn motor parameters in present case:
are such that it does not become unstable even at low fregu-
encies, However by considering reduced values of rotor
resistance and inertia constant, it has been possible to
find instability contours on parametric variation, The
conclusions drawn tally with those feported,by Nelson Lipo
Krause ( 10 ), . although some parameters have been greatly
reduced to observe ﬁnstable region, This approach will now
be extended to study the effect of other components of the
drive. | |
4,6 STABILITY RESULTS OF THE COMPLETE DRIVE -
k76,1 EFFECT OF D,C, LINK RESISTANCE AND REACTANCE

Stability of the drive is now investigated., In the
process; the first step chosen is to see the influence of
D.C., link resistance (R) and reactance (X) on the stability
behaviour of induction motor at unity frequency ratio, already
obtained in the form of curve (r) of Fig. 4.1. fThe values
of field current and firing angle are kept as 0,0 amp and 00
respectively, so that their effect is eliminated while studying

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

It is observed that the unstable region decreases
as values of R and X are increased, It is noted that motor
‘becomes stable at unity frequency ratio when R and X are
007 and ,05 fespectively. Therefore, to investigate the

stability behaviour of drive at unity frequency ratio as
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mentioned in section 4,5, values of R and X are chosen as

.005 and .01 respectively, for further study.

4,6,2 EFFECT OF FIELD CURRENT

The effect of field current on stability of the
drive is now studied, For this purpose, the firing angle is
set at 0° and the effect of increasing field current is noted
on stability cur#e (I} of Fig. 4,6, The values of field
current chosén are 0,05 and 0,1 amp and the results are shown
in Pig. 4.7(a). |

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

Fig, 4,7(b) shows the unstable region at unity frequency
ratib when field eurrent is increased from O to O.4A with
other parameters of the drive remaining unchanged. The level
of torque beyond whiqh the drive will work under stable
condition increases with increase in field current., The
nature of this curve is found to be similar to the one
reported by Venkatesan (16 ) for a similar drive with

uncontrolled rectifier,

4.6,3 EFFECT OF FIRING ANGLE OF CONTROLLABLE RECTIFIER

In order to study.the effect of firing angle,
the field current of the d.c. motor is sét at zero and
firing angle setting is increased. Fig. 4.8(aj shows the
results for g = 0°, 20° and 40°, It is noted that as

firing angle increases, the unstable region goes on reducing.
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Fig, 4.8(b) shows the unstable region when freguency ratio
is unity. The unstable region is seen to be limited in this

case for operation with ¢ = 0° to 28°.

4,7 CONCLUSION

From stability point of view, the drive is found
to be highly stable. A variation of + 20 percent in its
parameters too does not bring instability in the entire operatw
ing range of the drive, However if some parameters are excep-
tionally reduced, unstable regions appear, With these low
values of some parameters, the effect of other parameters on

stability is studied and following conclusions are drawn:

(i) Increasing stator resistance inproves stability.
(1i) Increasing rotor resistance improves stability.
(iii) Increasing inertia constant improves stability.
(iv) Increasing applied voltage deteriorates stability.
(v) Increasing d,c. link resistance and reactance

improve stability.
(vi) As field current setting is increased from zero to
maximum value, the minimum torque for stable

operation goes on increasing.

(vii) In firing angle control, unstable region is
limited in the present drive upto 28°, This
suggests that operation at higher firing angle

is more stable:,



CHAPTER V
CONCLUSIONS

The aim of this dissertation has been to study the
steady state and stability behaviour of a constant power type
slip energy recovery system employing a confrolled rectifier
in rotor circuit of induction motor. A rigorous mathematical
model has been developed based on coupled circuit approaéh.
The model has been used to investigate thé steady state and

stability behaviour of the system,

Expressions have been developed for determining the
steady state performance of the system. Full load performance
of the system has been investigated which reveals that field

current control is superior than firing angle control and

latter be adopted when it is absolutely necessary.

Stability analysis has been carried out using the
linearised equations aroﬁnd an operating point, It is
observed that the drive is highly stable, A variation of

‘% 20/ in its parameters fails to produce instability in the
entire operating range of the drive., However if some param-
eters are reduced exceptionally, unstable region appears,
With these low values of some parameters, the effects of
systém inertia, stator resistance, rotor resistance, applied
voltage, d,c. link resistance and reactance, field current

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

(1)
(i1)
(iii)
(iv)
(v)

(vi)

(vii)

Increasing stator resistance improves stability.
Increasing rotor resistance improves stability,
Increasing inertia cdnstant improves stability.
Increasing applied voltage detériorates stability.
Iﬁcreasing d,c. link resistance and reactance
improve stability.

Minimum torque fof stable condition increases on
increasing field current settings.

Instability region decreases on increasing the

firing angle,
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APPENDIX 1

SPECIFICATION OF INDUCTION MOTOR .AND BASE VALUES

1, Detailed,specificatipn of induction motor - P,S.G.
Industrial Institute Coimbatore
INJUCTION MOTOR
Made in India

MACH NO, 40876 Frame MS5W
Volts  230/400 V, PH 3,  CY 50, CON a/Y
KW 3. 75 _ H,P, 5, R,P.M, 1440
Amps 7.5 Rotor volts 140, Rotor amps., 22

Rating CONT, Class of Insulation A

2, ) Base values for various quantities
Unit current = Peak value of rated current = 10,6 A

- Unit voltage = Pezk value of phase rated voltage = 325 V

cr Unit voltage
Unit 1mp§dapchm Uit Surtont ~..30.66 ohms

Unit power = rated apparent power = % x 230,/2 x 7.5 /2

‘ = 5.175 KW
Unit frequency = Rated frequency = 50 Hz

Unit electrical angular speed = enf, = 100n radians/sec.

Unit mechanical speed = nf, = 501 radians/sec

X Unit power L 5175 %107
Unit torque = gy mechanical speed ~ —  50m

Fﬁ 39023 N""m
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APFENDIX 2

PARAMETERS OF DAIVE

1. ACTUAL PARAMETER VALUES

| The values 6f measured parameters of the three phase

induction motor are as follows:?

Xss = 92,1 ohms | Rss = 1.8 ohms

er = 11,3 olms ‘Rrr = 0,28 ohms

X12 = 31,0 ohms a = 2,85 ohms

r — ‘ /

krr = 92,1 ohms _ Rrr =« 2,21 ohms

Xy = X5 =88.57 ohns R/ = 1.3 omms
_R = 10,56 ohms
X = 24,3 ohms
X/ = 201.4 ohms

2, PER-UNIT VALUES OF PARMETERS

Parameters when expressed in per-unit form are

ss = 3003 er v::' 500, XM = 2-9
= - -~/ - | -0
"SS = 00058, Rr.r = 00072, R = 0.3449
X = 6.57
Ke = 35 Volts/(rad/sec)/field'ampere

H = 1,4 sec
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APTENDIE 3
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Flow chart for steady state calculations
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PROGRAM FNOR STFEADY STATH EERFUR&ALCH UF A BLIP EnmxGY nrCOVERY
ALL PARAMETERS AR& FER IN PER uUsll

THIS PRUGRAM DIRECTLY GIVES'TURUUE,SUPPEY CURKELT , FUDANEGTAL
ROTOR PHASE CURRENT,POWER FACYOR,PUWER LNPUL PO#EK UUFPUT
DC LIuK CURRENT AND EFFLCLENCY UF THE DRIVe AT SThAVX
STATE FUR A GIVEN VALUE Ur SL}P,FLELD CURKENT AP ALFA
DIM=dsIun KF(5). RUTATLONAL YOLTAGE UOEFELCLENY
CIIPLEX ¥,C,0,E,F

ReAL 1FD,K2,IRHM, 15K, IDS,I08,10R,Luk, KK, 1A

A=100) H=100 TO QIVE Au %ﬁCR?MEN¥ OF .01 Tu THe SLLlF
KF(1)=4.GS?KF(23=§.{b:KF§§)=3.3?;KF§42=3;

Xi{=2.9

R$8=,058

L2=4i MAX LIMIT OF Flhhg CU@R&NT

Xs5=3.

XRR=3,

VSi=).

RER=.072

R=.344

FR=1.

PY=3.1415820

DO 10U=6,80,20% VARLATIUN OF FIRING AHGLE

ALFA=J*PY/140,.! FIRING ANGLE 1IN RADLIANS

DO 10K=L1,L2!  VARLATLUN OF FILELu CURRRNY

I11=0;12=0

IF(K.EQ.L2)L1=L2

IFD=K/16G,

K2=0.8287401%KF (K) ¥ LFD
§uL=K2%FR/ (K2¥FR4+VSMXCUS (ALFA))

APPROX MO LOAD SLIP IS CALCULATED

PRITL,J,IFD,5HL

TYPEL,J,IFD,SkL

DU 10I=1,8:  VARLATIUN OF SLIP

Al=]

S=AL/N

SLIP IS VARLED AT A REGULAR INTERVAL OEPENDING UPUN w
§5=5 |

IF(SNL,GT.8)GOTO1Y

IF(L1.GE,1)GOT016

FXACT AU LOAD SLIF IS OBTAINEL BY SENSING TUROUE
LL=saL*¥1000u ' v
Li=ul+15s

I1=1

DUZ 1L=LL, L

PRLVE



%5
1
ULy
248
4y
350
whbil
vbh?2
453
U4
US8
“56
157
o8
259
D60
Lol

0672

363
vh4
C65
wbb

vk .
068
b9’

70

071. .

C72
973

075

476.

w717
w78

a79 '
LB

o1
Lwk?
83

W85
V=11
LB7
wbl

IF(12.50,.1)60T017

S=L/1Cvey.

IF(s.EQ.v.)0=0,01

STZADY STATE S0LUTION EGUATIONS DeVELUPED AKE Fb
L1=(VSMASKFR¥XM)/SQRY (RSSARSSHFR¥FRAXESX55)
Z2=(S*FRXFRAXIMKA) / (RSSFROSHFKHFRIASEFX5S)
Z3TK2AFRE(1.=5)/CuS (ALER)
Za=RREFCOS(ALFA)$PYRPY¥K/ (18, #CUS (ALFA) ) +S¥EREXRRASL0 (ALKA)
L+22% (RES¥COS(ALFA) »ERFXSH*SIP (ALFAY)

Z5=RKA4SIN(ALFA) ~S*FREXRR*CIS (ALFA)+

122¥ (FRYXSS5*COS(ALFA)+RSSFSIN(ALFA))

ZoTL4%244Z5%25

Z7=2.%23% 24

LUSLI¥T 3=LL¥1Y

IRM=(=ZT74+5QRT(2T*2T=4 Y403 28) )/ (2. %28)
ALFR=PY/2.'ATAN(Fﬁ*XSS/EShJ-AIANgQ-IRM*ZS)/EZS+£RE*ZQ)J
B=ALFR=ALFA

C=CM?LX§CUS§AhFR),-SIN(RLFA))

' DECHPLX(COS(ALFR) , 5LN(ALFK))

E=CHPLX (0, ,S*¥FR¥XN)

F=CHPLX(RRR, S¥FRYXRK)

PERSOR ISM IS CALCULATED

Y= ((K2¥FR¥(1,=5)/COSTALEA) ) ¥ TRM¥ (PY¥PY#R/ (18, ¥COS(ALFA) )
L4E%C))*D/E |
I5M=CABS(Y) |
P=InM/1.4142)  R«5 VALUE OF LSH
PHIZATAB (AIFAG(Y)/REAL(Y))
108=1SM*CO5(PHI)
IGS=ISH®SIN(PHI)

IDR=IRK*COS(B)

IORSIRM¥SIN(H)

TORQIM=XH4* (IDS*IQH=LUEF ) DK)
TORQDC=K2¥ IRM

TERO=TORGIA+TORADC

IF (TORO.LT.0)GOTO2G
IF(TORQ.LT.0,003)GOTO1Y

CUNTINUE

LL=0N

I2=1

PF=IDS/ISH

IA=,9069%1RM! ARMATURE CLRRENT
PI=VSMX1DS

PUSTORQ¥ (1.=5)¥FR
5L=(IDSXIDS+1Q5%¥IUS) *RbS



089, Rp:gIDR*IDR+IQR*IuRJ*RHR

£Y0. AL=PY*PY¥R¥ (IDRX¥IUR+LQK#LUR) /18,
V91 EFF=PO*1¢G./P1
'L92 RLEV=ALER* 150, /PY ! ALFR LN DEGREES
93 0=IKF/1.41420 IRk I§ KMd
w9q PRINT2,S,0,ALFD,P,TDS, LuS, TDR, IUR, PF,PI,PU, 5], Rl AL, TURU, EF 1A
UET T LYPE2,5,0,ALFD, P, IDS, WS, LDR, IQR, ¥, PL, PO, 8L, RE AL, TUKY  EFE, LA
196 IF(8.L1.86)G0T018 |
LY7. 10 CONTIRUE
¢98 2 FORMAT(16F8.3,F5,2)
G9y 1 FURBAT(//,4X, "FIRIRG ANGLL=",13,7 DEGRERTICX, “FLELD CURK
L0 1ENT=",F6,2,10X, "N0 LOAD sLIP=",F8.4,/,
. 01 1° SLIP IRN  ALFK LSM 1DS”, SX,
C02i 17108 I0R 10k FOWER  PUWER  PUWER®,7X,
03t 1°CUPPER LUSSES®,7X, "TUKGUE  EFF  1R",/,10X,”(KmS) D
R 1EGREE  (RMS) ", |
., 05. 135%,“FACTOR INPUT  UUTPUT STATOR ROTUR  ARMATURE”,//)
,06 - 5T0P
07 END
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APPENDIX 4
/ Start /
r — ~ 3”“”“/ R
; Read drive parameters RSS, Xsé’ Rops R, X? H, Fb'
i I Kf, a, V., X

m m |
Y

Read value of slip interval and frequency ratio

| interval

e

' [Compute steady state values of 1ds y 1

i
qS ! I‘m !
arandtorque at nc load Sllp

;

!

!
¥

Compute characteristic equation coefficients I%, Dan

D3, D2, D& and D and normalize them I

O

’ Arrange these normallzed coefflclents in a Rauth
|

| array
b :
Ig\\ \\; .
fgn of first colum of = —s—NO_
Routh arra{/ig,sam’/' Prlnt all characteristic,
_ T~ Fquatlon cbefflclnnts,
‘ *W Yes gtorqu; sllp and frequency)
Ig
. _—— \\\\‘xratlo o]
»/’Eamputatlon over fgg» I - s
“\all alues of ' L-~lbIlp = Slip +]
[ - : Qi.f% ////,s&ﬁp N ] interval >
Lir. = Fo # interval‘ .~y Yes
R R ; e
/ —

\_“-_ ) .
., _.—eomputation over for all =y
~<—<__values of frequency rati
\ ol
: ~=Vos
A\

' Yes
/““‘”_'""“""'
/ ~<r3t0p | /

L

Flow chart for stability analysis of the drive
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