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ABSTRACT

This thesis describes the design of a three-phase
variable-fregquency thyristor invertor with single D.C-
side impulse commutation, and the me asurecment and prediction
of the performance of an invertor-fed induction motor. The
motor performances when invertor fed and when fed from a
sinusoidal source are compared.

The circuit configuration of the invertar is well
known, but equations allowing design and parame ter
optimization have not heen @ eviously published. Such
equations are derived and given in normalized form. The
step-by-step design of an invertor according to a given
specification is included.

Conventional nc~-load and locked-rotor tests were
performed to enable evaluation of the induction motor
equivalent circuit parameters which were used to predict the
performance of the invertor-fed motor. The parameters were
checked by performing load test with a variable~frequency
sinuscidal excitation.

The induction motor losses under fixed-frequency
sinusoidal e..citation, calculated by known methods, are
discussed, and extended to include the effects of airgap

space harmonics on motor performance.



wi

A known modification to the fixed-frequency
conventional equivalent circuit enabling prediction of motor
performance under variable-frequency fixed maximum torque
operation, is given.

Because no prediction method for the motor performance
including the effect of space harmonics under conditions of
varisable-frequency sinusoidal excitation had been published,
the known variable frequency equivalent circuit was extended
to account for space harmonics.

This equivalent circuit was further extended to
include the effects of the time harmonics of the invertor
supply. The effect of the invertor supply on the main flux
path Iron loss of the machine is also examined.

An original snalysis, in the time domain, of the
invertor-fed machine was carried out and the results are used

for the invertor design.
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SYMBOLS

Symbols are listed as they appear in the text.

CHAPTER 2

Thl, Thz, Th3 cese Th6 arc the six bridge thyristors

Th7 and Th8 are the two commutation thyristors

Dys Dyy Dy wvee Dy are the six bridge diodes

D7 and D8 are the two D.C. line diodes

Ll and L2 are the two D.C. line chokes

CA and CB arc the two main supply reservoir
capacitors

CC and CD are the two auxiliary supply
reservolr capacitors

C3 is the commutating capacitor

Vl is the main D.C. supply voliage

V2 is the auxiliary D.C. supply
voltage

Io is the currcent flowing in the
thyristor bridge at the instant of
commutation

to is the bridge thyristor reverse bias
time

tc is the total commutation timc

Ip is the peak current attained in the
D.C. line chokes during commutation

Ty and T, arc the resistance of the D.C. line

chokes



o? - o
and il

X and k

f2 (x,

f3 (x,

f4 (XS
f5 (x,

f6 (x,

Irus

f7 (x,

15
is the natural angulay frequcncy of
the commutation cizcuit

is the damping constent of the
commutation circuit
is the damped angular freguency of

the invertor at the instant of
commutation

arc the two commutation circuit
time constants

are the invertor commutation circuit
independent variobles

instantancous voltage across the
commutation capacitor

instantancous voltage of point X
with respect to neutral n

bridge thyristor reversc bias time
function

comnutation energy loss function

D.C. line choke peak flux linkage
function

D.C. line choke inductance fanction
commutating capacity function

2

commutating thyristor 1"t function

r.m.s. value of commutating
thyristor current

frequency of invertor output voltage

commutating thyristor rm.s. current
function



LV

f8 (x, k)

GA
f9 (x, k)

CM

flO (x, k)

AV

£, (%, k)

Qq

AV
v

CHAPTER 3

L:\
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PyaTw
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Tu
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CHAPTER 1

INTRODUCTION

In recent years there has been a rapid increase in
demand for variable spced electrical drives in almost all
industrics and public scrvices. Llthough many diffecrent
arrangements utilizing various types of machine have been
deviscd in order fto obtain variablec spced drive, most arc
based on a few fundamental principles of clecctro-mechanical
cnergy conversion,

It is considered appropriate, thercfore, that a
brief review of the methods by which spced control may be
achieved with electrical machines should be given.

1.1 Basic Eleetro-magnectic F&inciples
behind Variablc Spced Drives

The basic principles on which the spced variation of
electrical machines depend arc

(a) The voltage appliecd to any machine winding
must balance both the active and the passive
voltage of the winding.

(b) The active voltage generated in a rotor
winding is proportional to the flux penctrating
the winding and the relative speced of the

winding to the flux.
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This active voltage is popularly termed the back
enf.

Back emf = machine constant x flux x reclative specd.

The machine constant contains the design fterms such
as number of poles, number of rotor conductors, cte.

(The only exception is the pole-change motor.)

The above cquation indicates that specd variation can
bce obtained by controlling individually or by any sultable
combination the following three quantities :

1) Machine constant. |

2) PFlux.

3) Back cmf.

1.2 Mcthods of Speed Control

The various well known methods of specd control will
now be reviewed in light of the basic elcctro-magnetic
principles stated in section 1.1.

1l.2.1 Control of Speed by Variation of
Active Voltage induced in a Rotor

Winding

There are two basic methods of varying the voltage

induced in a rotor winding, (a) resistance rcguiation, and
(b) rcgulation of the voltage appliecd to the rotor from an

external source of supply.
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(a) Resistance regulation

In this method cxtcrnal resistonce is introduced in
the rotor circuit so that flow of currcnt through this
resistance creates a passive voltage drop and hencce brings
about a change in the voltage inducced in the rotor. This
method of spced control as applicd to o D.C. and an A;C.
motor is shown in figures 1.1 and 1.2. The specd-torque
characteristics for this method of speed control arc shown
in figure 1.14.

Although simple this method suffers from certain
disadvantages. A power loss proportional to the reduction
of spced occurs in the resistance. iny chahge in current
causcs a change in the passive voltage drop in the
rcesistance, amounting to the change in speed. This mcthod
thercfore suffers from large spced variation with load.

Resistance rcgulation has limited application. It
is uscd intermittently for cranc motors and for tractionm.
It also finds application in controlling currcnts and
torques, wherce high cfficiency is not of primec importance.

(b) Regulation of voltage applicd to
the rotor from an cxternal source

of supply

In this mocthod an extcernal voltage, nearly

independent of current, is applied to the rotor. it



Armature

Armafure
Regulating
Resistance

3-Phase Main: Stator Slip Rings Regulofi\pg

- Resistors
A.C. Slip Ring Machine

Figurel.2 . Speed Variation By Rotor Resistance:- A.C. Slip Ring Machine.



machine controlled this way cxhibits a constant torque-
speed characteristic. Once the specd of operation has
been selceted loading has 1little cffcet on spced.

Four schemes, two for D.C. machines and two for A.C.
machincs, -in which this method is applicd arc shown in
figures 1.3 to 1.6.

Figure 1.3 shows the popular Ward-Leconard system
using threc phasc as the main supply. The A.C. driving
motor is mechanically coupled to a D.C. cexciter and a D.C.
generator. The D.C. gencrator output voltage is varied
by control of field currcnt. The variable output voltage
of the gencrator is fed to the armature of the variable
specd D.C. motor.

"Pigurc 1.4 shows a variation of the Ward-Lconard
system where the main supply voltage is unidircctional.
This system cmploys positive and negative booster so
connected that it either adds or subtracts its voltage from
the main D.C. supply and the resultant variable D.C.
voltage is applicd across the variable specd D.C. motor
armaturc.

Figure 1.5 shows the application of this mcthod to
a threc-phasc slip ring machine. Since the voltage at the
slip rings has, (in general), a frequency differcent from

that of the main supply, a variablc frequency convertor



36

3-Phase A.C.
Mains
[ ] .
. ,"‘ * » )
A.C. Drive Exciter Ward-Leonard
Motor ) :
Generator Variable Speed

D.C, Motor

‘Figure 1.3  Ward-Leonard Voriable Speed Drive:- Main Power Supply A.C.

Booster Driving -
Motor

Booster With Reversible

Field Regulator Variable Speed D.C. Motor

D.C. Mains
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and a variaeble voltage source arc required to impart
variable speed to the slip ring machine. imong several
other alternatives, a Scherbius machine may be uscd for
the frequency convertor.

The requirement of an additional rotating machine
has caused the decline of this method for speed control
which in practice is restricted to very large sets.

Replacement of slip rings by a commutator converts
the variable rotor frequency to the supply frequency.
Speed control of /(.C. machines with commutators can be
achieved by feeding the brushes with variable voltage of
supply frequency.

This system, as shown in figure 1.6, has a shunt
torque-speed characteristic and is widely used.

The speecd~torgque characteristics of this method of
speed control are shown in figure 1.15.

l1.2.2. Variable speed drive by
Tield flux control

Application of this principle to series field (D.C.
and A.C. motors) and shunt field (D.C. and A.C. motors)

will be discussed.

(2) Series field motors

Figure 1.7 shows a simple D.C. series motor with a

variable resistance connected in shunt with the field
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winding. Adjustment of this resistance, popularly known
as diverter resistance, causes the field flux to decrease
and the speed to increasec.

Pigure 1.8 shows another mcthod of speed control
where arrangements are made for connecting the field coils,
in series, for low speeds, and in parallel, for high spceds.

The armaturc winding of a D.C. serics motor is
usually designed to allow the full supply voltage to be
applied to it. In the case of A.C. motors (Bigurc 1.9) it
is in general nccessary to couple the stator and the rotor
winding through a transformer. Tor a given turns ratio
of the transformer the currents in the rotor and the stator
is always proportional.

Specd control is obtained by adjustment of phase
position between stator and rotor current which is
achieved by the brush gear shift.

If the intermediate transformer is replaccd by an
induction regulator, it is possible to obtain spced control
without resorting to brush shift.

The specd-torque characteristics of such methods of

specd control are shown in figure 1.16.

(b) Shunt motors

Adjustment of the field current of a D.C. shunt
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machine for imparting variable speed is well known
(Figure 1.10).

Spced control ofan L.C. shunt motor can be
similarly attained but control is effective only if the
machine operates at a speed different from the synchronous
specd of the machine.

Spced control of 4.C, shunt motors by stator volitage
regulation is carricd out in conjunction with a rotor
voltage regulation (Figurc 1.11). This is similar to the
Ward-Leonard control scheme with field control of the main
variable speed D.C. motor.

It can be scen from figure 1.11 that it is possible
to reduce the flux of the motor with rcducing spced by
introducing a bucking voltage in the stator circuit. By
this mcans a uscful improvement of the performance,
cfficicnecy and power factor can be obtained in conncction
with drives which rcquire low torques at low specds, as in
fans and pumps, for cxamplec.

The speed-torque characteristics of field-controlled
shunt motors arec shown in figurc 1.17.

1.2.3. Spced control through change

of rotational spced of stator
field

This ﬁcthod of spced control is only applicable to

A.C. motors. The speed of rotation of the stator ficld
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is directly proportional to the number of poles and the
frequency of the stator supply. Variation of either the
numbcr of poles or supply frequency can give a variable

speed drive.

(a) Pole change motor

Motors of this type are usually constructed by
providing the stator with two or more sceparate windings
corresponding to two or more differcnt number of pole
pairs. These windings can be individually connected to
the supply causing the rotor to rotatec at different speeds.

A single winding could be used to provide differcnt
nunbers of pole pairs by a suitable switching schemec.

Combination of the abo%c two methods con be uscd to
obtain more than two spceds. The system suffers from the
disadvantage that only a limited number of fixed speceds
can be obtained and infinitely variable speed control
cannot be achicved.

(b) Spced control by supply
frocquency variation

This method is perhaps the most flexible of all
other methods and has the advantage that it cen be used in
machines with cagc rotors.

There arc various schemes which give variable

frequency supplics.
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Perhaps the most direet method is to drive an
alternator at a variable specd so that a variable-frequency
voltage is generated in the alternator A.C. windings.

If only a fixed frequency threc-phasc A.C. supply is
available a variable speed frequency changer set, drivan
by a variable specd 4.C. commutator motor, can be used'to
supply variable freoquency voltage to the induction motor or
motors as shown in figure 1.l12.

In alternative but more cfficicnt and cconomical
mcthod of obtaining variable frequency is to usc a three-
phasc¢ variable spced L.C. commutator machine with slip
rings (Figure 1.13). This results in a self-propelled
frequency convertor as opposed to the externally propelled
frequency changer montioned above. This systcm, dis-
regarding the induction motors connected to its slip rings,
functions cxactly as a light running commutator machinc.
The adjustment of speed is carried out by means of an
induction recgulator connccted to the commutator brushces.
The frecguecncy obtainable at the slip rings depends on the
diffcrence betwecn the actual and synchronous speeds.

The advantage of the system is that the slip ring
and commutator currcnts tend to cancel onc another as in
a rotary convertor. The system posscsses high cfficicncy

and small sizec. The spced-torque characteristics of this
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method of speed control are shown in figure 1.18.

This and similar arrangements have found their
applications in cases wherc high specds arc recquired at the
final motor shaft, as at high spceds it is easicr to
construct a cage-rotor machine than a commutator machine.

iny number of induction motors can be connected to
the system and this creates the possibility of obtaining
simultancous spced control of cage-rotor machincs over 2
wide speed rangec.

amongst the various systems, the arrangement
involving the self-propelled frequency convertor, is
frequently adopted where variable-speed group drives arc
recquirced.

The greatest weakness of the spced control systems
described above lies in the presence of a commutator some-
where in the link. The commutator with its associated
brush gear requires considerable maintainance. Conditions
of maximum specd, voltage and temperature rise are imposed
on the machine by the commutator.

With the advent of high power thyristors, static
variable frequency invertors and cyclo-convertors are
rapidly cntering the field of variasble speed drives.
Efficient and compact invertors and cyclo-convertors can be

constructed. Invertor-driven motors with suitable feed-
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back control systems have flexibility and can produce any
desired torque-speced characteristic within the limits of
the machine. Llthough scmi~-conductor devices used in
invertors arc susceptible to over-loads, invertors can be
designed and constructed so that external failurcs do not
cause intcrnal damagc.

Invertors with sinuscidal output voltage are
available, but arc seldom usecd for variasble spced motor
drives on cconomic grounds.

Invertors used for variablce specd motor drives arc
comparatively cheaper than those with sinusoidal output
but deliver non-sinusoidal output voltages.

1.3. The Object of the Investigation
and the Lay-out of the Thesis

The projcct undertaken involved the design of an
invertor and the mecasurcment and prediction of the
performance of an induction motor when invertor-fed.

The gencral description and the design cquations of
an invertor are given in chapter 2. Chaptcr 3 decals with
the design of an invertor to a given specification.

Details of the experimental determination of an induction
motor cquivalent circuit paramecters arc given in chapter 4.
The naturc of variation of these parameters with frequency

is also cxaminecd. Chapter 5 is devoted to induction motor



losses under fixed and variable frcecquency sinusoidal
excitation. The effects of the space harmonics of the
mochine air-gap mmf arc also discusscd. The contribution
of the time-harmonics of the invertor supply to induction
motor performance is coxamined in chapter 6. Chapter 7
deals with the prediction of current wave-form and
instantancous torgue of an invertor-fed machine. The
prediction of the stator line current wave-form bears o
direct rclation te the invertor design. The measurcd
motor performance undcer ginusoidal cxcitation and when fed
from the invertor is described in chapter 8. The general

conclusions from the investigation arc given in chapter 9.



52

CHLPTER 2

THE INVERTOR

Threc-phase thyristor invertors may be classified
according to the method of commutation which may be carried
out on the D.C. side or the (.C. side. D.C. sidc
commutation may be furthcer subdivided into singlc or
double side commutated invertor since the thyristor
connected to either or both the D.C. lines may'be switched
off during commutation. An invertor employing single
D.C. side commutation was used on grounds of simplicity
and cost.

2.1. Singlc D.C. Side Impulse
Commutated Invertor

Figure 2.1. is the circuit diagram of a single
D.C. side commutated invertor which was built from six
thyristors Thl to Th6 # used in bridge configuration to
switch the D.C. supply to the load in a pre-dctermincd
fashion, so as to producc thrcecec-phase alternating voltage
wave-form at the load terminals. The commutation circuit
consists of two chokes Ll and L2 in the positi#e and
negative D.C. lines, two D.C. linc diodes D7 and D8 and
the commutating capacitor 03. Capacitor CA’ CB’ Cc and
CD arc the D.C. supply reservoir capacitors. V1 is the

main D.C. supply and V2 the auxiliary D.C. supply voltaoge
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for commutation. Diodes D, to D6 in the bridge arrange-

1
ment are provided for encrgy stored in the load to be fed

back to the main D.C. supply.

2.2. Operation of the Invertor

The gating sequence of the thyristors and the line
to line output voltage of the invertor is shown in figure
2.2, The main bridge thyristors were gatcd for 180°
conduction, but the actual angle of conduction of these
thyristors depcnded on load conditions. The sum of
conduction angles of any bridge thyristor and its
complementary diode (c.g. Th5 and D5) is always 180°.

The operation of the invertor is as follows.
Referring to figures 2.1 and 2.2, and starting from the

instant when thyristors Ths, Thl and Th, arc conducting,

2
current flows into the R terminal and out of the Y and B
terminals of the load. The commutating capacitor C3 is
charged to %(V1¥V2) volts with the point m (Figurc 2.1)
pogitive with rcspect to the ncutral n. L11 potentiais
rcferred to hereafter arc with respect to the ncutral point
n. Thyristor Th8 is then fired which causcs the negative
rail of the thyristor bridge to risc to a voltage (& V1+V2)
volts. The negative D.C. rail of the thyristor bridge is

now morc positive than that of the positive terminal of the

rnain D.C., supply. Since the diodes D6 and D2 clamps the anodes
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of thyristors Thg and Th, at a potential of %Vl volts, the
two thyristors are reversced biascd by V2 (auxil%ary supply
voltage) volts and hence ceases to conduct. The
commutation circuit constants are chosen so that the
thyristors arc recversed biased for sufficient time to
rccover the forward blocking capability. For an inductive
load the currents from the Y and B terminals now flows to
the positive terminal of the main D.C. supply, via diodes

D6 and D2.

During the commutation process the terminal m of the-
commutating capacitor 03 becomes negative and the current
IO flowing in thelchoke LZ’ at the instant of commutation,
incrcascs. The potential of the point U (Figure 2.1) on
the negative D.C. rail of the thyristor bridge falls from
%Vlfvz) volts, and when the potential of this point becomes
%Vl, the thyristors Thy and Th, loosc their reverse bias
and then on they progressively reccive positive voltage.
The rate of increasec of forward voltage across the
thyristors must be less than their "dv" capebility.  The
time interval between the gating of iﬁyristor Th8 and the
instant when thyristors Th6 and Th2 becomes forward biascd
is denoted by to and this time should be greater than the
ratced turn-off time of the thyristors. After a time tc

the potential of point U becomes —%Vl and the current
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through the choke L2 reaches its peak value Ip, As this
current cannot suddenly cease to flow, the capacitor 03
tends to charge to a higher potential difference. This
causes the potential of the point U to fall below 4%V1 but
the fall is limited by the diode D8° The current Ip now
ceases to flow through the cemmutating thyristor Th8 and
diverts through diode D8° During this process the
commutating capacitor 03 is charged to the correct
potential and polarity to ensure the next commutation of
the positive rail thyristors.

Thyristors Thl, and and Th3 are now gated. As
thyristor Thl was not affected during the negative rail
commutation, current readily flows into the R terminal of
the load. As current was flowing out of B terminal of
the load thyristor Th2 readily takes up this current.

But thyristor Th3 cannot readily build up the current
since it flows out of Y phase into the positive terminal
of the main D.C. supply through diode D6‘ It may be
noted that this Y phase current is in a decaying mode and
sooner or later falls to =zero. A build up of current in
Y phase then takes place through thyristor Th3° The
current reversal in Y phase is thus achieved. A similer
process takes place for the other two phases, causing a

three-phase alternating current to flow into the load.
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2.3 Analysis of Commutation Circuit

From the instant when the top commutating thyristor
Th7 is firecd, to the instant when it switches off the
conmutating circuit configuration is as shown in figurc 2.3.
It is assumed that at the instant when fthyristor Th7 is
fired the current flowing through the choke Ll is Io“ The
time interval between the switching "on'" of thyristor Th7
and its switching "off", decnoted by ”tc", is the total
commutation interval. The voltage to which the capacitor
C3 is charged initially is %(V1+V2) volts.

The Laplacc cquivalent of the commutation circuit
(Figurc 2.3) is shown in figurc 2.4. The currcnt rcsponse

of the circuit is given by

I(s) = (Va#V5)/s 411, (2.1)
SLll—rl‘i’g'C—'
. 3
Invcrting.
i(t) = iYI*VZ) eV gin wt - I, fg o~XE sin (wt-8)
Wl W ,
1
(2.2)
where
.
wo o= (W )
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60

tan 4 = w/x (2.4)
Wy o= 1/(5y05)® (2.5)
% = rl/QLl (2.6)

With realistic wvalucs of rl/QLl the response computed
for a quarter cycle from equation 2.2 is hardly any
different from that computed from the same cquation with

ol = O

(With T = 0.5 Ll = 123/(.-_H, 03 = QO)HF,
Vy = 160V and V, = 120 V (Chapter 3), the
current i(t) at the end of guarter cycle from
cquation 2.2 is 109.4 A ond that from ecquaticn

2.8 is 114 1)
Hence with the assumptiongl= 0
w o= W (2.7)

and

sin woto- IO sin(woto-—g)
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VI+V2 -
w.I; sin w,t - I cos(Wot) (2.8)
Substituting
IP sin 6 = (Vlffvz)/(ya L, (2.9)
‘ Ip cos & = I : (2.10)

it can be derived that

i(t) = Ip cos(wot - 9) (2.11)
where
— r 2 b9 3 2 %‘
1y =o +{EVI"V2)/6’0L1§ J
- [14{(1 ) 1/(1()‘:01,}3 _T (2.12)
and
\E
tan © = (l*VI) VlAIOWOLl) ‘ (2.13)
At the instant of commutation the current flowing
v
from the supply was I0 and as such the quantity T; mey be
0

treated as dynamic D.C. input resistance of the invertor

at the instant of commutation.



R. = Vl/I

in 0

Substituting equation 2.14 in equation 2.12
2314
/T = [1efRy, (Lev,/v))/ (1) |

%
[h{(frc/ﬁi)%’ (1+V2/Vl)}2]%

where

To = Rin 03

71

I’]_/Rin
Further substituting

k = l/(li'vz/vl)
in equation 2.15

/1, = [ 'rc/rrl>%‘/k}ﬂ%

Defining

i

X

[ay/100% - 1

a variable,it can be obtained from equation 2.19

Wl

~r

L

i

(/7))
From equation 2.1%

tan ©

Vl(l-fV2/Vl)/(WOLIIO)

62

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)
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Ry (03/L1)%/

H

(/)
= x . (2.22)

The quantity "k" is a measure of the ratio of the
auxiliary supply voltage V2 to the main supply voltage and
may be treated as an independent design variable. The
quantity x is a measure of the current rise due to
commutation and may also be treated as another indepcndent
design variable. Equation 2.21 is a measure of the
'réguired‘ratib of Cs and Li for given valucs of x and k.

2.3.1. Bridge thyristor reverse
bias time

The voltage across the commutating capacitor is

given by
VCS(S) = —%(V1+V2)/s + i(s)/(sca)
(V,4V,)/(sD,Cx) + I_/C
= —2(V{+7,)/s + 12 2 15 o’ 3
s° + rl/Ll + l/(LlCS)
Inverting
Vc3(t) = %(V1+V2) - Ey(vl+vz)/wqj Xt sin(wt-g)

+ {io/(wc3)] ™% gin wt
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With r/Ll £ 1
VCB(t) = %(V1+V2) - (V1+V2)Sin(wot-r7"/2)”.."‘?
+ IO/(W009 sin w_ b
= 2(Vy#V,) = (V+V,)cos w t

+ Io/(woCB) sin w1 (2.23)

The voltage of the point X with respect to the neutral n

(Figures 2.1 and 2.5)

ot
e
1l

1-
.vXn( VCB(t) -V,

= %Vl - (VerZ)cos wot o+ IO/(WOCB\ sin w_t
(2.24)
At the instant of commutation
_ (X
v (0) = =(3V,47,) (2.25)

Reverse bias on the top bridge thyristor ends when the

potential of the point X reaches the value —%Vl

—%Vl = %Vl - (Vlfvz)cos w b+ IO/(WOQQ sin w_t

( P T x -
Vlwoqyﬂo—.1V1w003(1+V2/Vl)/IO£cos w t o+ sin woto—.O

2
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Substituting in the above equation

Vl/I o = Ry, (Equation 2.14)
and
1/(1fv2/v1) = k (Equation 2.18)
- NE ' +
Rin(CB/Ll)~ - {?in(CB/Ll)z/%fcos W ot + sin v g
= 0
/
Ex - xcos w t + sinw t =0 (2.26)
because
i L
— (o — 2
xk = (”rc/!l) - Rln(CE/Ll>

(Equations 2.21, 2.16, 2.17)

Equation 2.26 is now rewritten as x cos Woto - sin woto= kx
{2.27)
Substituting
X = R sin ©
and
1 = R cos &

i
R = (X2+l)2 and tan & = x
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Therefore equation 2.27 becomes
2 _\F
(x+1)® sin(e-w t) = kx

.y
sin(6-w t ) = kx/(x%¢1)%

L
2

it

N
tan(9~woto) Kk4},x (1-k 8

-1 ¢ iy -1
wotb, = —tan E{X/?~1+X2(1‘k2)j“]+ fan~ Ly
% -1 -1 0.2 20%
td%%TNN = tan "x - tan ijgﬁx(14iﬁ"}

The above equation gives the product of the time of
reverse bias 1y and the natural angular frequency W, of the
commutation circuit as a function of the independent
variables x and k. kb A dependent design variable fl(x, k)

be defined as

fl(x, k) f Woto

Wl

il

o/ (5,7

tan™lx - tan ™t [kx/‘ili-xz( 1—}{2)§ %}

2.3.2. Total commutation time t (2.28)

Total commutation time to is defined ag the time
required for the point X to reach a potential of %Vl

(Figures 2.1 and 2.5).
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Substituting t = tc in equation 2.24
iV = %Vl - (Vlfvz)cos Wb, + 10/(WOC3)sin wot,
- tan wit, = Vl(lfVZ/Vl)wOCB/Ioi

Subeituting equations 2314 and 2,18 in the above equation

1
Lo o _ . - z
tan W t, = Riﬁ(CB/Ll) /k
.
= x | , (Equation 2.22)
Sowot = tan~lix (2.29)
'+ Toe , |

The expression of current during commutation interval is

given by

i(t) = Ip cos(wot—e) (Equation 2.11)

At the end of the commutation inverval tc, the
current has risen from its initial value IO to Ip, The
current through the commutating capacitor 03 and the
voltage of point X during the commutation of a positive
rail thyristor is shown in figure 2.5.

2.3.%3. Commutation circuit
inductance and capacitance

The commutation circuit inductance Ll, and L2
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(Ll = Lz) and capacitance 03 are expressed in non-
dimensional form as function of x and k, in order to derive
a set of curves applicable to all invertors of the type
considered.

Rewriting equations 2.21 and 2.2% for convenience

L
2

Xk = (/T

£ (x, k)

it

1
. z
1 LYASACY

it can be shown that

£z, K) = T/t
= 1/ fkty (%, x)} (2.30)
and
f5(x, k) = T/t
= Xk/fl(X, k) (2.31)

where f4(x, k) and f5(x, k) are inductance and capacitance

functions respectively.

2.3.4. IEnergy loss in the
commutating line chokes

The energy gained by the commutation choke during

the commutation inverval
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— 4 2 2
f;c = (1,7 - 1.9 (2.32)

The commutation energy required per joule of

diverted D.C. rail energy

£,(x, k) = %LlIOQ{fIP/IO)Q - %%/Nlloto)
= L x7/(Rypt,)
= Ryxr, - (2.33)
But |
T/t = 1/{;kfl(x, k)} (Equation 2.30)

So that commutation energy loss function, defined as

f2(x, k)

?Eé/(vlloto)

Ba/§it (x, K)§ (2.34)

2.3.5. Peak flux linkage of
commutation chckes

The peak flux-linkage produced is an imporians
factor concerning the cost of the commutation chokes. It
will be shown that minimum flux-linkage and maximum
commutation efficiency are conflicting requirements. The
peak flux~linkage is given by Lle. The D.C. main supply
voltage Vl is fixed by the A.C. output voltage consideration.

U
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The reverse bias time to of the bridge thyristors is
fixed by the manufacturer. The peak flux-linkage

function f3(x, k) is given by

f3(x, k) Lllp/(Vlto)

1
LI, (1ex)%/(V 8 )

Ll(1+x2)%/(Rinto)

]

-

2\%
1(1*X ) /tO

Substituting equation 2.30 in the above equation

]

f3(x, k) Lllp/(Vlto)

(1fx2)%/{;kfl(x, ki§ (2.35)

2.3.6. Commutating thyristor i%t rating

This rating is important for the choice of the
commutating thyristors which carry heavy current pulses of
very short duration t, (about‘loojusec).

The commutating thyristors carry current for an
inverval tc (time for commutation), with initial current

IO and the final current Ip, according to the relation

i(t) = Ip cos(w t-9) (Equation 2.11)



where

FProm equation 2.29

commutation WOtC =
tc
+ e 5 124t =
0

From equation 2.22

s8inG cosb =

il

A S 14t
0

EN
L (1+X2)2 (Equation

i
1/(1,C5)% (Equation

173
~1 , ]
tan “x {Equation
WOtC (Equation
tC
2 2r..
j‘ Ip cos (wot-@) dt
0
o

1. 2 15-. . _ .
EIP {Erg?ln 2(w b Q}/wéﬁ
. 0

when t = tc, i.e. at the end of

)

1T 2Ct Ags .7
2Ip {“tc—%—sua 29)/\10_5

1

%ng(tan_ X-5ine cose)/wO

x/ (14%°)

1+ 2€ -1 _ 2.3
2Ip (fan x-x/(14x zg/wo

72

2.20)

2.5)

2.22)

2.29)
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Substituting the value of w_ from equation 2.28 in the
above equation

tc
J( i%at = 41 2
0

b tO

%?an—lx—x/(l+x22§/fl(x, k)

Replacing Ip in terms of IO from equation 2.20

j 123t = %Iozto(lfx2){can—lx—x/(l+x2)}/fl(x, X)
0 N ” .
i 2 2 -1
= gIO to{}X +1)tan x—‘}/fl(x, k)
Commutating thyristor 1%% function defined as

t

C
£e(x, k) = ‘( i%at/(1,%%,)
0
= %{szfl)tan"lx~%§/fl(x, k) | (2.36)

This equation gives the ratio of i2t flowing through

2

the commutation thyristor to IO to during commutation

process.

2.3.7. R.M.S. current of
commutation thyristor

At an invertor output frequency of f Hz, the
interval between commutations of either positive line or

negative D.C. line thyristor is given by %f. The r.m.s.
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commutation thyristor current is given by

. % 1
o are® o
S (gf)~B i dtJ
0
Prom equation 2.%6
. , 5
CIRMS = (%)% [;%Iozto{fxz*l)tan lx-;ﬁ,/fluc, k)}~

and we can define, for future use.

£,(x, k) = CIRMS/{(3f1:0)’%10‘?S

i

[%{}X2¢l)tan_lx-%}/fl(x, kd]%' (2.37)

2.%.8. Average current of
commutation thyristor -

The commutation thyristor current during the

commutation interval tc is given by

i = Ip cos(wot-g) (2.11)
' tc tc
‘.- ‘g idt = Ip sin(wot—é)/wo
0 {0
when
t = b, Wt = © (Equations 2.29 and 2.22)

t
<o j i dt = Ip sin@/wo
0
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Substituting equation 2.22 in the above equation

tC

tl

i dt Ip X/%WO(X2+1%§

IOX/WO (From equation 2.20)

¢
J
0

1t

Iotox/fl(x, k) (From equation 2.28)
Therefore average commutation thyristor current

by
C1 - 3f§ i as
AV =
d

3fIOtOX/fl(x, k)

We define another quantity, for future use.

£q(x, k) O1, /(361 5 )

X/fl(X, k) (2.39)

1l

2.3.9. Power rating of auxiliary
commutating supply

The power rating of the centre-tapped auxiliaory
supply is given by (for each half section)

_C
Pea = TIuyVy/2
Substituting the value of CIAV from equation 2.39

Pap = 3ftOIOV2X/Z?fl(X, k)j
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The power supplied by the main D.C. supply at the instant

of commutation is Vllo

CA _ o :
T = 3%,V x/§7;2f; (x, k)
But
V2/V1 = (1-k)/k from equation 2.18

o PCA/VlIo Bftox(l—k)/§?kfl(x, kl}

and we define auxiliary commutating supply power function
(for each section)
fo(x, k) = Pg,/(3£6. VI )

= Ex(1-k)/§KE (x, K} (2.40)

2.3.10 Commutation power supplied
by the main D.C. supply

The commutation power supplied by the main D.C.

supply is given by

31, v

Pa av1

CM

Substituting the value of CIAV from equation 2.39

Pen = 3T%,IVyx/§28 (%, k)

The power supplied by the main D.C. power source at

the instant of commutation is VOIO

- < £
PCM/leO = 3ftox/1gfl(x, k)
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and we define

f10(xs k) = Poy/ (38t V41.)

it

5/, (x, k) (2.41)

2.5.11 D.C. line clamping
diode average current

The D.C. line clamping diodes carry the peak
current (Ip) at the end of the commutation intexrval. As
soén as the bridge thyristors are fired this current falls
to (IprO) and decays to zero when next commutation on the
same‘side is due.

Assuming a linear decay from (IP—IO) to zero, the

average diode current

D

= A(T _
IAV - 2(I]p Io)
= 3 (x%e1)F - &1
T B\t ¥ %o
we define
£ (s, %) = D1 /1
11+ AV ~o
o A 2 4 \E 7
= aifx +1)% _ %} (2.42)

2.4. Choice of Commutation
Circuit Parameters

The two design independent variables for the

commutation circuit are
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o
I

2 15 )
{glp/xo) - 143 (Equation 2.20)
and

k

1/(14V,/77) (Equation 2.18)

" The commutation energy loss function f2(x, k) and
the peak flux-linkage function fB(X, k) are dependent on
the two independent variables x and k. The commutation
supply voltage V2, the capacitor 03, the inductances Ll,
L2; for given main D.C. supply voltage Vl’ current to be
commutated IO, and reverse bias time to’ should be chosen
so that the commutation energy loss and peak flux-linkage
of the D.C. line chokes be a minima.

2.4.1. Optimization for minimum
commutation 5@ for a given

value of’T1 and‘fc

The reverse bias time function has previously been

defined

i

£ (x, k) 6 /(w7)*

tan_lx - tan_l(Xk/{lfxz(l—kz)i%i

(Equation 2.28)
For a given value of Y, and ﬁi

L
xk = (72/Q1)2 (Equation 2.21)



= a constant Cl

1
Let (7311)2 be another constant C,

Equation 2.28 can therefore be written as

£, (k) /0o

I

tan_l(Cl/k)— tan_l[?l/{}+(cl/k)2
' | 'Glég%] (2.43)

Commutation energy function f2(x, k), rewritten for

convenience
fz(x, k) = f;/leoté
= dx/§kiq (%, x)} (Equation 2.34)
Tor given values of T, and'Ti,fz(x, k) reduces to
£,(k) = 30, /§x%8; (1)} (2.44)

For the commutation energy to be a minimum Xk

should be so chosen that

il o
=

%fz(kygshould be zero.
-

Therefore differentiating fz(k) with respect be<kband

equating to zero

79
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, — — 1
%cl[;zfl(k)k 3 e x 201&}-* 012/(k2+012-012k2)%}/

(012+k2ﬂ/}l(k) 2 - 0

o DT 2400 2.2 2 20F 2 .2 -3

T k7T 500, 7/ (0) S0y Tk )ﬁ}/(cl %) = 2k7’f (k)

" 2.2 2, 2\%2 /¢ 2

a0 = k0 §1e0; Y/ (k +0, 2, “x®) % /52(0 +k22% |
.45

The above relation gives the value of the reverse bias
time-function for minimum commutation energy involved.

Substituting this wvalue of fl(k) in equation 2.42
the minimum value of commutation energy function is

obtained

= 2,,2 3o e 202 25 2+ 2E
min = (cl +k )/[k _{}.cl /(k rC, S “Cy )fi}

(2.46)

£,(k)/

The value of k was not calculated from equation
2.45 because the equation is of the transcendental type
and because as shown inlséction 2.5‘.2° that the mihiﬁu@
values of commutation energy and commutation chokes peak
flux-linkage do not occur at the same value of k.
Equation 2.44 was evaluated for a range of values of k for
various constant values of Cl. This is shown in
graphical form in figure 2.6. The region of interest is
plotted to a larger scale in figure 2.7. The value of k

for minimum commutation energy lies, for realizable values
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of T, within the range of 0.55% to 0.7. The "high"
values of k correspond to low values of commutation line
choke inductance.

For a given value of k, minimum commutation energy
occurs when Cl = 0 indicating that the D.C. line choke
inductance is infinite. This can be verified by
differentiating equation 2.46 with respect to Cqs equating
the result to zero and evaluating the value of Cl’ The

value of k which results in a further minima can be found

as follows

Under the condltlon of minimum commutation cnergy

eguations 2.43 and 2.45 can be wyien as

fl(k) tan— (ol/k)- tan~ iCl/{}*(Cl/k)Z - 012§%]

]

N 1 ~
= 30 {140 2/(C129P-01%%) B4 /(07 %47

or
3oy /x - cl/£1+(c /k) %

%]
k{?lz + (k Cq 3
2

= ke ?{T'La-c 2/(c x2-0, %k?) }/(012 12)

tan

when Cl—-50

Cli(kz*clg"clgkg)% - kgj/[k{012+(k +012—012k2)%3]

2.2« 2, 2\F 2,12
= 3k0 {140, 2/(0) P4k®-0; "x%) T/ (0, 245)
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or
1/(2k) = (1-k)/k or Xk = 0.5

Complete minimum of commutation energy occurs when
C1 = 0, or the line choke inductance is infinity and k is

0.5.

2.4.2. Minimization of commutation
choke flux-linkage

It has been shown that the commutation choke peak

flux-linkage is given by

f3(x, k) (1+X2)%/{kal(x, k)} (Equation 2.35)

Since

L
2

Xk

(T./77) (Equation 2.21)
Tor given value of T; and'Ti

xk = a constant Cl
Equation 2.35 can be written as

£3(k) = {1+(Cl/k)2}%/{clfl(k)} (2.47)

Minimum peak flux-linkage occurs when

s} = o
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Therefore for a minima
(1/0)) [2, () 31+ (01/10% %0, 22(=2) - {10y /0%

e 0f] /2,00 - o

or |
.Clzfl(k)/[ksglf(cl‘/k)2}%‘]
= {1e(0/10%3 o, /o, 2P 1ec, 2/
(clszz-clzkz)%j
or
£(x) = k{_uc 2/(0) %4k 2—0121«:2)7%3/()1 (2.48)

The minimum value of peak flux-linkage of
commutation line chokes can be found by substituting

equation 2,48 in equation 2.47
f£5(k) | = (x%4C 2)2/[1: ik-}-('} 2/(cl +1c2 -cl 2) }]
fmin
(2749)
Equation 2.48 is of transcendental type, and there-
fore the value of k, for minimum peak flux-linkage of

commutation chokes, could not be evaluated from it directly.

Equation 2.47 was evaluated for a range of values of k for
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various constant values of Cl. These are shown in
graphical form in figures 2.6 and 2.7. It may be seen
from these graphs that for realizable values of T,, the
value of k for minimum peak flux-linkage of commutation
chokes, lies within the range of 0.4 to 0.5, and that the
upper values of k correspond to lower values of Ti.

When Gl can be freely chosen the wvalue of k for
minimum commutation choke peak flux-linkage is of interest.

Expressing fB(X, k), (Equation 2.35), as a function
of Cy (k becomes a fixed parameter), and differentiating
the function with respect to Cl and equating to zero,
yields, for a given k, the wvalue of C1 for which the peak
flux-linkage of the commutation chokes is a minimum.
This value of C; is infinity meaning 11 = 0 or the
inductance of the D.C. line chokes is zero. This result

is what could be deduced intuitively. Equation 2.48 is

rewritten for minimum flux-linkage

wh=

anl 008 (/0 )% 1 - KFRF - 1P

k{c12+cl{(kl/cl)2 £ 1 - 1{2§“}

1l

£, (x)

i

K EfC12/£k2+C1—Cl2k2)} :%/Cl
or

1 0 fee? v 1 - kBE - (w/0))?

ran kCl2 {1+il—k2-t-(k/cl) 2}%/c1]
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= k[l-t-Cl/{(k/Cl)z +1 - k%%]/c1
when Cl-——aexn

tan_l{(l-kg)%/k} x/(1-k2)%

il

or
tanik/ (1-k2)%‘3 = (1-1:2)%/1{

The solution of the above transcendental equation
yields that for optimum condition the value of k should be

0.657 when the D.C. line c¢hoke inductance is ZeT0 .

2.4.3. Choice of design variables

It is shown in sections 2.4.1l. and 2.4.3%. that for
a given value of Cl the value of k for minimum commutation
energy and for minimum peak flux-linkage in the commutation
chokes are not the same. Farther, minimum peak flux-
linkage in the commutation chokes occurs when k = 0.657
and Cy =eoo (zero inductance for line chokes). O the
contrary minimum commutation energy occurs when K= 0.5
and C; = 0 (infinite inductance of line chokes). ilore-
over, as Cl is increased (i.e. line choke inductance is
decreased) I_ is increased. This means that large
capacity main and auxiliary D.C. supply reservolr capacitors

Cp» Cgy» Cy and Cy (Figure 2.1) are required since a large
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variation of the D.C. supply voltage is unwanted.
Further, large values of Ip are to be avaoided because
each capacitor has a definite current capability and, if
exceeded, the capacitor bank may fail. Increase of Cl
has further derogatory aspects in that it causes the
ratings of the commutation thyristor and the auxiliary
supply to be increased.

The value of Cl may be chosen after giving due
consideration to the economics involved. As this involves
market research no attempt is made here to determine the
optimal value of ¢, and k. Graphs (Figures 2.6 and 2.7)
are given so that designers can have a wide range of C

1

and k here available and can decide on the wvalue of C1

and k by engineering judgement.

2.5. Capacity of Supply ReServoir

The reservoir capacitors CA’ CB and CC, CD are
required to supply the high current pulse during the
commutation interval tc. Inherent supply inductience
renders the D.C. supplies unable to provide the current
pulses. The capacity of these capacitors is best
calculated from the amount of charge consumed during the
commutation interval tc and the acceptable voltage drop.

Finally, the size of the capacitor should be such that it
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can safely supply the peak current Ip at the end of the
commutation interval.
The total charge required by the invertor during

the commutation interval tc is

tC
@ = j iat
0
= It x/f (x, k) (Equation 2.38)

If the acceptable voltage change is AV

CAY = Qg

c(av/v) = Qu/V
¢ = (QO/V) (V/AV) where -%TV- is the per unit

voltage drop.

Substituting the value of QC from equation 2.38 in the

above equation
C = IOtOX(V/AV)/inl(X, k)} (2.50)

The main supply reservoir capacitors CA and CB nast
be determined under worst case conditions, that is wﬁen the
main supply voltage V1 and the invertor frequency arc low,

On the contrary, the commutation circuit components

must be calculated for the highest supply voltage V, at the



highest operating fregquency.
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CHAPTER 3

DESIGN OF THE INVERTOR

The design of the invertor may be classified as

illustrated below. Vith reference to figure 2.1.

i)

The design of the commutation circuit involving

the determination of :

(a)

(b)

(c)

(d)

(e)

(£)

(g)

the inductance of the D.C. line chokes, L1 and
L2;

the commutation capacitor 03 and its voltage
rating;

the main and auxiliary supply voltages Vl and
V2 and their ratings;

the current and voltage ratings of the D.C.
line clamping diodes D.7 and D8;

the current and voltage ratings of the coumutating
thyristors Th7 and Th8;

the capacitance values and the voltage ratings
of D.C. supply rescrvoir capacitors CA’ CB’ CC
and CD;

the design of the thyristor bridge involving
the determination of the voltage and current

ratings of the thyristors Thl to Th6;
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(h) the design of the diode bridge involving the
choice of the voltage and current ratings of the

diodes D, to D

1 67
(i) the protection against over-valtage and over~curznat,
The design equations derived in chapter 2 are listed

in table 3.1 for convenience.

3.1. Speqiﬁiggtiqn

The specification usually provides sufficient
constraints for circuit design to be possible, In this
project an invertor was required to supply a 110 volt (at
50 Hz), 4 pole, 3 phase, 5 H.P. induction motor, with a

frequency ranging from 10 Hz to 55 Hz.

2.2. Design of the Commutation Cirquit

3.2,1. Choice of the main
supply "voltage

Considering the air-gap flux of the motor to be
constant, the time fundamental component of supply voltage

af‘55 Hz, the highest fféqﬁency of operation, must be

[y}

5 .

O

110 x 5 = 121 volts r.m.s.

From appendix II, section AII-4, the amplitude of
the idealized line to line output voltage of the invertor

A
LVINV ig related to the r.m.s. value of its time fundamental
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Punctions of
Desgign
Variables x& k

Physical Quantity
Represented by
the Function

Functions in Terms
of Design
Variables x & k

Equation
Nunmber

cantom.

Current
Function x

Voltage
Paorameter k

Reverse Bias

Time

Function
fl(x, k) -

Commutation
Energy
Function

f (x, k)

Flux-linkage
Function
fB(x, k)

Inductance
Function
f4(x, k)

Capacitance
Function
fS(X, k)

Comnutating
thyristor
Repetative

12+ Function
f6(x, k)

Commutating
Thyristor
R.M.S.
Current
f7(x, k)

{(IP/IO)2 - ;}%

1/(14V,/V,)

€4/<Vlloto)

LI/ (V%)

1l

T/t = LI/ (Vy8,)

1l

1./t

c VlCB/(Ioto)

0

t

(§ i%as)/(1,%5,)
0

s

CIRMS/{ﬁBfto)gl

S

e

p:S

1

tan ~x

-1 2 S
~tan {1+X2(l~1{2>} =

“gX/{lel (=, k)}
(L4x2) %/ et (=, 13}

l/{;kf(x, k%

Xk/fl(x? k)

%{(X2+l)tan_lx - x%

fl(x9 k)

2.20

2.18

2.28

2.34

2.35

2.30

2.31

2036

2.37
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Punctions of
Design
Variables x & k

Physical Quantity
Represented by
the Function

Punections in Texrms
of Design
Variables x & k

Lquation
Number

Commutating
Thyristor
Bverage
Current
fB(X, k)

fuxiliary
Comnutating
supply Powver -
Rating

fg(x, k)

Main D.C. Supply
Supply
Commutation
Power Function
%D(x, k)

D.C. Line
Clamping Diode
Average Current
Punction

fll(:c, k)
Total
Commutation
Time Function

flg(X, k)

Rescrvoilr
Capacitance
C

c -
IAV/(Bfloto),

Poy/ (3EV1I %)

Poy 3TV %)

X/fl(X9 k)

%X(l—k)/{?fl(x,lzﬁ

%x/fl(x, k)

, 1
%T{(Xafl)s - l}

tan~lx
Iotox(v/zsv)
VL lﬁ , k)

2.39

2.40

2.41

2.42

2.29

2.50




TA . /i eyE L RMS
Vigy = /(6)F TV Ty

Therefore the required amplitude of the invertor

output voltage is

Jo

L

Vigy = ®x121/(6) = 150 volts.

e

Allowing for thyristor and line voltage drop, a supply

voltage of 160 V would be suitable.
Hence
vy = 160 V D.C., was assumed.

As the losses in the invertor are unknown, the power
rating of the main D.C. supply PMAIN was determined by
estimating the invertor efficiency.

Aséuhing invertor cfficicney Q(INV to be @3% and the
motor efficiency 4(M to be 80% the output power of the main
D.C. supply should be

Pyarw = 0-746 x H.P./( My 2 otgyy)

0.746 x 5/(0.9 x 0.8) = 5.18 KV

3.2.2. Choicc of auxiliary
supply voltage

The auxiliary supply voltage V, dcpends on the choice

2
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of the design variable k. Referring to figures 2.6 and 2.7,
the value of k was chogen to be 0.57.

Substituting this velue of k in equation 2.18 gave a
value of 0.755 for the ratio of Vs, to V5.
160 volts (Section 3.2.1.) the auxiliary supply voltage Vs

Since Vl is

should be 120V,

The power rating of the auxiliary commutating supply
for a given value of frequency £, bridge thyristor reverse
bias time to gnd main D.C. supply power at the instent of
commutation zilb, devends on the choice of the design variable x
(Equation 2.40). The auxiliary commutating supply delivers
maximum power when the operating frequency is high.

Choosing the value of % to be 1.25/0.57 from figures
2.6 and 2.7, the value of PCA/\'GftOVlIC) calculated from
equation 2.40 was 1.38. The highest operating frequency
required was 55 Hz (Section 3.1.), the recommended bridge
thyristor reverse bias time is 30 msec (quoted by the
thyristor manufacturer) and the power supplied by the main
supply at the instant of commutation was Vllo = 8,320 watts
(IO is the D.C. link current during commutation, 52A from
figure 3.1.). Using the above mentioned valucs the power
rating of the auxiliary commutating supply was calculated

from equation 2.40 to be 57 watts.
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3.2.3 Commutation Efficiency

| The total commutation power consists of that supplied
by the auxiliary commutating supply PCA (3Sec. 3.2.2,), ond
that supplied by the main D.C. supply, PCM’ The valuesg of x, k,
Vl’ Io, f and to as given in section %.2.2. when subgtituted

in egquation 2.41. provide the value of P of 75 Watt,

CH
The total commutation vower is therefore 132 wdtt.
D.C. power supplied to the thyristor bridge at the instant
of commutation is 8,320 watt. (= VI, = 160 x 52).
If the commutation efficiency is defined as the ratio
of the power to be diverted from the thyristor bridge to the

total power involved at the instant of commutation, then

the commutation efficiency in this design is 98.2%.

3.2.4 Inductance of D.C. Line Chokes

AThe inductance required for the D.C. line chokes was
calculated by first finding the value of T,, for a given
value of to, x and k from cquation 2.30. Since the "worst
case" for the commutation inductance occurs when the invertor
is operating at highest voltage and frequency, using the
values of x, k and to as given in section 3.2.2., the wvalue
of T& was calculated to be 39.9 x 1070 sec .

’Tl is the ratio of the D.C. line choké inductance L

1

to the dynamic input resistance R. . (Bquation 2.17). R,

is the ratio of the main supply voltage V1 to the D.C. 1link
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current I, at the instant of commutation (Equation 2.14).

With voltage vy equal to 160 volt and I, equal to
522Amrnre; Ll was calculatcd to be lZB,uH, By symmetry of
the commutation circuit L2 and Ll are equal.

The chokes were rated to carry a direct current of
52 Amp (Io) and at the end of commutation period t,r a peak
current of 126 Amp (Ip from equation 2.20).

The peak flux-linkage Lle at the end of the period
tc was determined from equation 2.35. Substituting the
values of x, k, Vl and to, Lle so calculated was 15.45

mi7b-turn «

3.2.5. Choice of commutating capacitance

Thé commutating capacitance required can be detcrmined
for a given value of x and k from the capacitance function
f5(x, k) (Equation 2.31). Since the capacitance function
f5(x, k) gives the ratio ofr"“ 'T; to t_, then knowing t_,

q; can be calculated. ﬂé iz the product of the commutating
capacitance 03 and the dynamic input resistance Rin at the
instance of commutation (Equation 2.16), and Rin is the ratio
of the main supply voltage Vl to the D.C. link currcnt at
the instant of commutation IO (BEquation 2.14). The"worst
case" occurs when the invertor is delivering full power at
the highest frequency of operation. Using the valuecs of x,

k, V I t_  wadcer such operoting conditionz, and cauations
b 17 09 o) BS O -
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2.31, 2.16 and 2.14, the value of 03 was calculated to be
20.3/u.F.

The maximum voltage applied to the capacitor is
%(V1+V2) Volt The capacitor voltage rating should there-
fore excecd 140 volt . It should also have a peak currcnt
rating of 126 Amp (Ip at the cnd of commutation).

3.2.6. Choice of sizec of supply
reservolir capacitors

The supply rescrvoir capacitors Cﬂ, Cng Cg and C, can
3 -4 e

be determined from equation 2.48, rewritten for convenicnce.

N X \ARY2! (Equation 2.48)
¢ = Itae ey (P

"Worst case" for CA and CB occurs when the main supply
voltage is a minimum. Assuming that thc minimum main supply
voltage is 10 volts at a minimum invertor frcquency of 10 Hz,

the new value of k calculated from equation 2.18 was 0.0769,

Farther
xk = (T/%)% (Equation 2.21)
W; = Ry Csq (Equation 2.16)
T, = CB/Rin (Equation 2.17)
R.p = Vl/Io (BEquation 2.14)
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N
k= Vy(C5/1,)%/1,
Since 03, Ll and IO have been already fixed
xk e V1
xk for lowest frequency

V4, at low-frequency
= xk for highest frequency.v

, at high-frequency

The new value of xk so calculated was 0.078. : Since
the new value of k calculated earlier was 0.0769, the new
value of x is 1.015.

Substituting these new values of x and k in equation
2.28, the new value of fl(x, k) was obtained to be 0.715.

In the limit when the main supply voltage V1 tends to zero,
x tends to unity and fl(X’ k) tends to45O or 0.785 radians.

Substituting the new values of x, k, fl(x, k), vy
together with the values of IO, to (Section 3.2.2.) in
equation 2.50, the worst case capacity required for the main
supply, can be determined provided the ratio of (Vl/zsvl)
can be decided upon. Taking the allowable percentage change
of.the main supply voltage 100 (stl/Vl) as 5%, the main
supply reservolir capacitance wasg calculated to he 4,440/QF.
Since the main supply reservoir capacitor consists of two

capacitors CA and CB in series, then CA = 0y = l0,000/ﬂF were

B
uged.
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The main supply voltage vy is impressed. across these
two equal valued capacitors in series and therefore the
voltage rating of each of them should exceed half of the main
supply voltage. The "worst case® from the voltage and
current rating point of wview occurs when the invertor is
operating at the highest voltage and frequency. The wvoltage
rating of these capacitors should therefore exceed 80 volts
bh.C. These capacitors should also be able to supply peak
currentsg of lZéﬂAmperefﬁat the highest frequency of operation.

For the auxiliary supply reservoir capacitors CO and
CD’ the worst case occurs when the main supply voltage is at
its highest corresponding to the highest frequency of
operation. Using the values of x, k, IO, to, V2 given in
section 3.2.2. and the allowable percentage variation of
commutating supply voltage of 5%, the capacitance of the
commutating supply capacitors CC and CD was calculated from
equation 2.50 to be 1,900 uF each. Two capacitor banks
each of 2,000 4F capacity were used.

The voltage rating of each bank should be greater than
V2/2 or 60 volts and should also be able to deliver the peak

current of 126 Ampere_%at the highest frequency of operation.
I "i_.‘:'

3.2.7. Total commuitation tinme

The total commutation time tc was obtained from

equations 2.29 and 2.5
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where

5, -1
t, = (L103)~tan x

From section %.25, x at the highest frequency of
operation is 2.19, and for the lowest frequency of operation
it is 1.015. L4 and 05 are, from sections 3.2.4. and
3.2.5., 123 JHH and ZO,BA/H?.

Substituting these values in the above equation the
total commutation time for the highest voltage and frequency
was found as 51.3 ASCC, vhereas that for the minimum veltage
and frequency was 39.7 peec.

The total commutation time is lower for low voltage
and low frequency operation, as compared to that for high
voltage and high frequency operation, if the auxiliary supply
voltage and the current to be cormutated remains constont.

3.2.8. Bridge thyristor roverse
bias time

Itwas advisable at this stage to check that the
reverse blas times to for both highest frequency-highest
voltage, and lowest frequency-lowest voltage operation vicre
accepbtable.

The reverse bias time to from equations 2.28 aond 2.5

1
b, = (LICB)?fl(x, k)
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In section 3.2564%t has been shown that fl(x, k) is
0.6 at the highest voltage and frequency, and that at the
lowest voltage and freqguency it is 0.715.

For highest frequency of operation,to is therefore
30/usec, and for the lowest fregquency of operation is 35.8

AAsec.

Unlike the total commutation time tc, the reverse

bias time to increases as the voltage and fregquency

decreases, if all other conditions remained the sanme.

3.2.9, Choice of commutating thyristors

The cdmmutafiﬁg thyristors, Th7 énd Th8 , undergo
the "worst case" condition when the invertor is operating
with full main supply voltage at the highest operating
frequency.

The r.m.s., and average current of thesc thyristors
can be determined from equation 2.37 and equation 2.39.
The 12t value of the thyristors can be also determined from
equation 2.3%6.

Substituting the values of x, k, IO, £ and to given
in section %.2.2. in the above equations, the various
ratings pertaining to current flow were calculated and are

listed below :-

T

LG, current = 7.08 Ampere



104

Average current 0.942 Ampere

i2t value = 0,302 Az-sec

Peak current Ip 126 Ampere

Conduction time t, = 57.3 Msec.

The voltage rating of the commutating thyristors was
determined as follows. Referring to figure 2.1, immediately
prior to the end of commutation period, with thyristor Th7
in conduction, the potential of the point X becomes %Vl
volt, causing the potential of the point m to be %(V1+V2)
volt.

During this period the diodes D1 and DB’ along with
thyristor Thz,are in conduction, causing the voltage across
the R & B, and Y & B terminals of the load to appear
across the choke L2. Due to the highly inductive nature of
the induction motor-load this voltage is very nearly egual to
the main D.C. supply V1 {(a condition set during the period
when Thq, Th2 and Th3 are conducting).

The potential of the point U is then at 1.5 Vl volt.

The forward voltage which the thyristor Th8 has to block is
(2V,+V,) volt.

Taking a safety factor of 20% bo allow for unpredictable

transient over-voltage, the forward blocking voltage rating

of the commutation thyristors Th7 and Th8 should be 530 volt.
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From figure 2.1 it can be seen that no significant

reverse voliage is applied to the commutation thyristors,

3.2.10 Choice of D.C. linc diodes

The reverse voltage rating of the D.C. line diodes
D7 and D8 was determined from the cmsideration that at the
instant, say, of positive line commutation the point X drops
to a potential of —(%V1+V2) volt. The cathode of D7 being
held at %Vl volt, the diode D7 is reversed biased by (V1+V2)
volt,

Substituting numerical values of Vl and V2 the D.C.
line diodes D7 and DB are reverse biased by 280 volt at the
instant of commutation. TUsing a 20% factor of safety against
any unpredictable transient over voltage, the reverse voltage
rating of the D.C. line diodes D7 andl%ashould therefore be
equal or exceed 3%3%6 volt.

The avefage current through the diodes D7 and Dg can
be calculated from equation 2.42. Substituting the value
of the design variable x(=2.19) chosen in section %.2.2. in
the equation 2.42 the ratio of average value of the diode
current DIAV to the current at the instant of commutation
IO(= 52 Ampere, section 3.2.2.) was calculated to be 0.71.
FProm this average current rating of the diodes D7 and DS was
determined as 37 Ampere. The peak current through the

diodes is the difference between the peak current reached in
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the D.C. line chokes at the end of commutation Ip(: 126
Ampere) and IO° This yielded the peak diode current as T4

Ampere.

3.3, Design of Thyristor Bridge

The design of the thyristor bridge involves the
determination of the volitage ratings and current ratings of

the bridge thyristors Th, to Th6.

3.%.1. Voltage ratings of bridge thyristors

The reverse voltage rating of the thyristors must be
determined for the instant of commutation as explained below.
Supposing thyristors 1, 2, and 3% are conducting (Pigure 2.1)
then triggering of thyristor Th7 would cause the potential of
the point X to fall to —(%Vlfvz) volt as showm in figure 2.5.
The complementary diodes Dl and D3 would start conducting to
maintain current continuity in the R and Y lines of the output.
This would cause the cathodes of thyristors Thl and Th3 to be
clamped at —%Vl volt, thereby causing the above thyristors to
be reversed biased by —(%V1+V2) - (—%Vl) = -V, volt.

The forward blocking voltage rating of the bridge
thyristors is determined by considering the interval during

which the thyristors Thl, Th and ’l‘h.5 are conducting.

29
Thyristors Th4, *h6 and Th5 would then block the forward

voltage of v, volt.
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Since the main supply voltage Vl is 160 volt, the
bridge thyristors would nced to block a forward voltage of
160 volt., Allowing a factor of safety of 20% the forward
voltage blocking capability of the bridge thyristors should

therefore equal or excced 192 volt.

%2.3%3.2. Current ratings of bridge thyristors

The calculation of the current ratings of the bridge
thyristors is rather involved. Time domain analysis given
in chapter 7 shows that although the sum of the conduction
angleg of the bridge thyristor and their complementary diode
is always 1800, the conduction angles of the thyristors and
that for the complementary diodes vary individually in
accordance with the loading of the motor. With higher motor
slip the angle of conduction of the bridge thyristor is also
greater,

The worst case, from a currcnt conduction point of
view, occurs when the machine is at standstill with the supply
voltage and frequency adjusted to maintain the fundamental
component of air-gap flux at its rated value. Digital
computer analysis under these conditions give the following

results.
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Machine terminal condition :-

Invertor-fed stator line to linc pealk voltage

La _
Vv = 15,3 volt

Invertor-fed stator linc to line time fundamental

r.m.s. voltage

L RS _ .
Vi Ty < 11.9 volt
Invertor-fed supply frecquency = 4 Hz

Invertor~fed r.nn.s. value of stator line currcnt

= 33,8 Amnpcre
Bridge thyristor condition :-

Average bridge thyristor current 14.9 Anmpere

i

R.II.S5. bridge thyristor current = 24.0 Aaopere

Pecak bridge thyristor current

52.0 Ampcre
Bridge thyristor conduction angle= 167.45°

Bridge thyristor ict = 143.45 2°- sce.

Complcementary diode conditions ¢=

Bridge diode average currcnt 0.486 Ampcre

|

Bridge diode r.m.s. current = 3.3 Ampere
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Bridge diode pcak current 31 .9 Ampere

2.8 Az—scc

Bridge diode igt

12.55°

Bridge diode conduction angle

The wave-form of the stator R-phase line current uander
these conditions was calculated and shown in figure 3.1(a).
The thyristors used in the bridge werc chosen to be of higher

current rating than required as the invertor was ecxperimental.

5.4 Design of Diode Bridge

In o similar manner to the design of thyristor bridge,
the design of the complementary diode bridge consists of
determination of voltage rating and current rating of the

diodes.,

3.4.1 Voltage rating of bridge diodes

The rceverse voltage rating of the complementary diodes
was ecstablished in the following manner.

Considering that the bridge thyristors Thl, Th2 and
Th,

p
gated in order to switch off the thyristors Thl and Tng, the

arce conducting, and the instant when thyristor Th7 is

potential of point X fallg to —(%V1+V2) volt. The thyristor
Th7 then diverts the current from flowing through thyristors

Th-. and Th. .

1 b
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Thig currcnt starvation does not causc thesc bridge
thyristors to be switched off at once. Only when the charge
storcd in thesc thyristors is removed (accelerated by reverse
biasing) will the off condition be attained. Hence, as
soon as thyristor Th7 is gated the potential of the cathodes
of thyristors Thl and ThB’ and hence anodes of the dicdes D4
and Dg becomes -(%Vy+V,) volt.  The continuity of current
in the R and Y lecads of the load demends an immediatc flow of
current through the diodes Dl and DB' This demand of current
is initially met by the flow of charge in the diodes Dy, DB%
Since the cathodes of the diodes D4 and D6 arc at a potential
of-%Vl -and the anodes of the diodes Dl and D3 are at a
potential of -%Vl, the diodes D4 and D6 arc reversed biascd by
(V1+V2) volt, whercas the diodes D1 and D3 arc forward biascd

by V, volt. This forward biasing of diodes Dl and D5 causcs

2
accelecrated injection of charge and rapidly switches them
into the conduction mode, thereby making the currcnts through
the R and Y terminals of the load to be of conduction typc.
Once the diodes Dl and D3 arc in conduction the
cathodes of thyristors Th, ond Th3 are clamped at “%Vl volt.
Sincr the point X is at a potential of —(%Vlfvz) volt, thesc
thyristors Thl and Th2 arc reversed biascd by Vs volt and
switch off. Under this condition, neglecting the forward

voltage drops in the diodes, Dl and D5 have no voltage across

their terminals, whercas diodes D4 and D6 arc recversed biascd
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by V., Volt.

1
Since the main supply voltage vy is 160 Volt and the

auxiliary supply voltage V2 is 120 Volt, the complementary

bridge diodes are reversed -blased by 280 Volt, Using a

safety factor of 20% the reverse voltage rating of these

diodes should therefore be equal to or exceed 336 Volt.

3.4.2 OCurrent ratings of bridge diodes

The worst cese, for the bridge diodes, from current
conduction point of view is considered to occur when the
machine 1is running at super-synchronous speed with unity
slip, the supply voltage and frequency adjusted to maintain
the fundamental component of air-gap flux at its rated value.

Analysis on a digital computer based on the theory

developed in chapter 7 yielded the follewing results.
Machine conditions ;-

Invertor-fed stator line to line peak voltage

Li\
Vv 5.7% Volt

Tnvertor—fed stator line to line time fundamental

r.m.3. voltage

LV§M§NV = 4.47 Volt

R.M.S5. value of stator line current

= 3%.% Ampere



Supply Ifreguency

Bridge thyristor conditions :~-

Average bridge thyristor current

R.M.S. bridge thyristor current

Peak bridge thyristor current

Bridge thyristor conduction angle

2

Bridge thyristor it

Bridge diode conditions :-

Bridge diode
Bridge diode
Bridge diode
Bridge diode

Bridge diode

average current
r.m.s. current
peak current

2

i~ %

conduction angle

i
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4 Hertz

4.6 Ampere
2%,6 Ampere
49.3 Ampere
69,068

139,287 A%-sec.

10.3% Ampere
20.20 Ampere
A9.3 Ampere
101.6 4°-sec.

110.932°

The wave~form of the stator R-phase line current

under these conditions was calculated and shown in figure

3.1(b).
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2.5 Protection of Invertor 2.3.4

Since the semi-conductor switches used in the invertor
are very susceptible to over-voltage and over-current, even
of very short duration, any protection scheme used should be
extremely fast acting.

It is possible to make an invertor "fail safe® by
monitering currents and voltages at various strategic points
in the circuit and feeding the signal to an electronic
controller wwhich in turn controls the gating signals.

Since such fail safe® systems are complex, time
consuming to design, costly and not required for an experi-~

mental invertor, simple protective schemes were used.

3.5.1 Tronsient over-voltage protection

Transient over-voltage protection was achieved by
shunting each thyristor with a series circuit consisting of
a 2 AMF capacitor and a 5 S& resistor. The capacitor
limits the short duration voltage transients at the thyristor
and the 5 SL resistor limits the capacitor discharge current

when the thyristor turns on.

%.5.2 Qver—-current protection

High-gspeed fuses were used to protect the thyristor
from over-current, the i2t rating of fuse and thyristor

being correctly matched.
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To By-poss
Thyristor Guate
To
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i
: , To lInvertor Diode Bridge
3
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Jd To tavertor

w’jf‘ 7 Thyristor

‘[‘”’Hl . Bridge
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|
Cg  — lCD To invertor
T
- : [ Thyristor
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\: Thy Bridge
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To Invertor Diode Bridge
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Legend:-

1. Over-current Detector Unit (Figure 3.3)
2. Shum

3. Crow-bar Actudating Coil -

4. Crow-bar

Figure 3.2 Inverior Overcurrent Proiection By Electronic Crow-bar.
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Figure 3.3 Electronic Circuit For Invertor Over-Current Protection.
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o protection other than over-voltage protection was
used for the diodes. Fuses were not used in series with
the diodes. This is because, if due to any reason these
diode fuses blow, excessive voltage would develop across the
thyristors due to lack of feed-back path of energy stored in
the load,

High-speed fuses were used in series with the D.C.
supplice as well as at the three-phase output of the invertor
t0 provide overall protection. These fuses were properly
co-ordinated with the individual cell fuses.

Additional over-current protection by means of
electronic 'crow-bar' and by-pass thyristors was also used
(Figure 3.2). The electronic circuit (Figure 3.%) monitors
the invertor supply current and triggzers the by-pass
thyristor when a pre-set current level is exceeded. The
by-pass thyristor places a short circuit across the invertor
main supply terminals and diverits the short circuit current
away from the invertor, Under such conditions the whole
main supply voltage arpcars across the low impedsnce “crow-
bar® actuating coil, causing a rapid build-up of current in
it. This rapid current build--up causes fast opening of the
switch. Since the by-pass thyristor is normelly in the

non—-conducting state, when called uponican handle a hecavy

surge current without dcomage.
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CHAPTER 4

THE INDUCTICH MOTOR AND
EXPERIMENTAL DLTERMINAT LON
OF' EQUIVALENT CIRCUIT
PARANETERS

4.1 Design Details of
the Induction Motor

The induction motor used throughout the investigation

had the fellowing design details :-

B.T.H. motor M.Z2. %519
Serial Number 48929-H
5 I.P., 4 Pole, 110 Volt, 50 Hz, %-Phasce

STATOR . Rotor
Type of winding Double layer lap Double layer lap
Number of slots 36 24
Pitch of the windings % 77.8 66.7
Pitch of the windings 1 -5
slots 1 -8
- Number of coils 36 24
Turns per coil (Total) 3% 26
Wires in parallel 1 2
Turns per coil (effective) 33 13
Wire diameter (bare) 0.048 inch 0.056 inch
nooooon " (covered) | 0.051 inch 0.059 inch

i insulation Lewmex Lewnex



Mean length of turn 2% inch 18 inch
Circuits in parallel 1 i
Turns in series per phase 99 104
Connection of phascs A Y
Insulation class A A
Resistance at 20° 0.215 € . 0.260 -

Centigrade per phase

Slot gize 0.86 x 0.46 x 0.31" 1

_4 /E::ocm”

Stator slot

4.2 Conventional Constant
Preguency Equivalent Circuit

A conventional equivalent circuit_representation of an
asynchronous machine under fixed freguency sinusoidal
excitation is shown in figure 4.1  This equivalentvcircu;t
refers to one phase of a star connected (or an equivaléﬁ% éfar
connected machine; the voltages shown are line to ndutral
voltages, and the currents are line current. The various

parameters of the equivalent circuit are

R

1 Stator resistance

R2 = Rotor resistance referred to stator
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Rq€0.0815.2) X2¢E 0.2750)

— W /EEE

X4(=0.275 )

e & 4~—~———oa>

Flgure 4.1 Simple Equivalent Circuit Of Induction Motor Supplied From
Fixed Frequency Sinusoidal Source.
(Values In The Parenthesis Refer To Normal Volfcge, Normal
Frequency Operation)
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le = OStator leakage rcecactance at frequency £

ng = Rotor leakage reactance, referred to stator,
at frequency £

in = lagnetizing rcactance for gpace fundamental
- of air-gap mmf at frequency f

Rye = Iron loss, (in the main flux path) simulating
) resistance at frequency f
Except for Rl, thie above parameters are not constant
even over the full range of operation for a given supply
voltage and frequency. The licakage rcactances le and
X2f depend on the leakege path gaturation and are functions
of load currecnt. The magnetizing rcactance XMf depends on
main flux path saturstion.
With varying supply voltages the magnitude of the
main flux varies and also the stator lealkage impedance drop, so

that X . depends on the stator current, but to a smaliler

il
degree than do le and X2f . The rotor regsistance, 32,

may undecrgo skin effect changes with the freguency of
induced rotor emf, and hence depends on rotor specd. Undexr

normal operating conditions the rotor speed does unot vary

appreciably, so that the variation of R, 1s onall. - The

depends on the cmount of

"v'-" .'- ! » 3 )
core-loss sinulating resigtance wa
core-loss and thercfore on the air-gap voltage Egﬁ. The

"J;

stator leakage impedance is small compared to the maognetizing
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mpedance  so that the air-gap voltage does not vary
appreciably with load and T_f ray be considered constant
over the range of normal opcration.
Variable frequency (sinusoidal) no load test, with
various supply voltages, and freguencies, werc carried out

in order to detcermine the variation of R

LT and X

15F with
supply voltage and frecquency.

Variable frequency (sinusoidal) locked rotor test
were carried out for several values of stator linc current
and supply freguency. This yieclded the variation of (le

- X2f) and R, as a function of load currcnt for diffcroent

2
supply frequencies.
R, was dctermined by passing dircct current through

the stator winding and measuring the voltage drop across it

(Figure 4.2).

4.% Variable Frequency No-load Test

The experimental sct-up was as shown in figure 4.3%.
For accurate determination of supply frequency a digital
tachometer was used to moniter the alternator specd from which
the supply fregquency was computed from the formula £ = %%5
vhere T is the supply frequency, P the number of altcirnator
poles, and N the spced of the alternator rotor in R.P.H.
Since truce no-load condition demandcd that the slip of the

induction motor rotor be zcro, the induction motor rotor wag

driven by a D.C. machinc which, under this condition, would
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To
— A8  Digital
—— Counter
¢ | —
B Y R o HA
¥ +
1 1 2 (j) I == = R
L - -
At ol A &
;o g > D.C.
L - " ] - Mains
{ 1
% I R
Lragame "\j'\ "‘TW‘W
{ — w4 hr_u_‘
vy 5 6 7 8
To R Y B —10 - o
fnvertor _J T
N
To
Digital Counter 3-Phase
Legend:- Mains

1. Induction Motor Under Test

3. D.C. Generator

5. Alternator

7. D.C. Generator

9.  Photo-Electric Probe

11. Change-Over Switch

D.C. Loading Motor
Induction Motor

2
4.
6. D.C, Driving Motor
8

Induction Motor

10. Photo-Electric Probe

iigure 4.3. Experimental Set-Up Used In The investigation.
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supply the windage and friction of the induction and D.C.
mctor combination including the rotational iron lossecs
occurring in the teeth and on the surface of the stators and
rotors. (Pull details arc given in Chapter 5.) In order
to ascertain wvhethcr the induction motor was running at
syrnchronous speed, the rotor specd was also monitcred by
anothor digital tachometer. These digital tachometcers had
an accuracy of ¥ 1 rR.p.. It was found that the D.C. machine
was unable to maintain the synchronous specd within 1"1
R.P.Il. continuously and so rcadings for the threce stator-
linc currents and for the stator power input were taken Jjust
above synchronous speced and just bclow synchronous specd,
The input current and the input power to the stator for the
true no-load condition at synchronous specced were then inter-
polated from thesc scets of rcadings.

At synchronism, the 9lip S of the rotor is szero.
From the simple equivalent circuit of figurec 4.1 it can be

R
gseen that under this condition FE = o, and the rotor may be

et .
considered to bo’open circuit. The power input to the
stator winding consists of the main flux path iron loss and
stator copper loss. The rotational iron loss is supplied by
the D.C. machine and not by the alternating supply to the

induction motor. The D.C. machine also guppiiced the windage
23

and frictionn logssces of the induction and D.C. motor combination.
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Net power input Pin to the stator under no-load

condition is given by

NL

P. =% TI.__2R

in uL + P

1 h+e (4.1)

wvhere IHL is the stator-line currcnt at synchronous gpecd

thc is the hysteresis and eddy current loss in the
main flux path
The stator rcsistonce Rl being knovwn, Ph+o vicre
determined from the above cquation 4.1.
The line to ncutrel air-gap voltage ng at frequency
f induced in the stator winding by the main flux at no-load

is given by

B = V.

of vt ~ Iy (Rp#dZqe)

= Typ - TrXir (4.2)

wherc VNL is the no-load line to ncutral voltage of the
Zuator supply.
The stator lecakage reactance le wag detcrmincd from

the locked rotor test for a rotor current of I.

e Ampere.

Knowing ng, the magnetizing I1mpedance clements,
Xye ond By. of the cquivalent circuit (Pigurc 4.1) were
determined as follows

2
3B
By = ‘f‘gi‘ (4.3)
) hye
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and -
E .

T
Gy = Tsinp (4.4)
HE & Iypsingyy,

vhere ﬁﬁL is the anglc by which the no-lod currcent lags the
alr-gap voltage ng. This is very ncarly cqual to the angle
by which the no-load currcnt IHL lags behind the stator supply
voltage Vf because the stator lezkage impedance is small
comparcd with the magnetizging impedance.

A family of curves for RM and me os functions of the
supply voltage Vf for wvarious constont supply frequencics
arc shown in figurcs 4.4 and 4.5. In order to cxamine the
bchaviour of RMf and XMf as functiong of supply frequency
another two graphs were drovm to the basce of frequency for
various constant valuesof V./f  (Figurcs 4.6 and 4.7 . For
the frequency range considered and for any fixed air-gap
fiux, both XMf ond RMf arc lincar functions of frequency.
The lincar voariation of RMf with frequency, indicates theat
thie iron loss in the main flux-path was mainly due to
hysteresis, For an air-gap flux corresponding to 2 volt/Hz
(taken to be the working alr-gop flux in this investigation),
the volue of Ry, ond X at 50 Hz werc 46 L oagna 6.14 £
respectively. These values were taken for the cequivaleont
circulit "constants'. The variation of magnetizing rcactance

2t 50 Hz with main fluxipath saturation is shown in figure

4‘.80
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4.4 Variable Frcquency
Locked Rotor Tcssg

The same cxperimental set-up as usced for no-load test
(Figurc 4.%) was uscd in this test. The rotor was locked in
such a position thot the three stator-line currcnts were
almost cqual. Reduced voltages were applied to the stator
at various constant frequencies in order to circulate
currents in the stator from an almost negligible vealue up to
10% in excess of rated full load current. Simultoncous
recordings of stator linc to line voltages, stator-linc
currents and pewver input were made,

At stondstill the slip S of the rotor is unity and
hence the input impedance (linc to ncutral) of the motor
consisted of o parallel combinotion of the stator-rcflccted

rotor leakage impedance (R2+jX2P) and the shunt magnetizing

impedance 1/( L + j?l ) in scrics with the stator leakage
Bge * “Ayr

impedance (H1+lef). Since the shuné magnetizing impedonce

is very high comparcd to the rotor leakage impedance

(R2+jX2f), the input impedance of the motor may be considered

to be approximately egual to (Rl+R2) + j(le+X2f) .

Further, since the air-gap voltage ng is very small, about

half of the locked rotor supply voltage to the stator (for

wound rotor machine) the air-gep flux is corrcspondingly

small, and hence the losses in the main flux-~path are also

small., lorcover, since the rotor is stationory the losses
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associated with the rotor rotation, viz friction and windage,
teceth and surface losscs of the rotor and stator are zcro.
Thercefore, with the assunption of negligible iron loss in
the moir flux—~path the equivalent circuit undcr such
condition is as given in figurc 4.1 with Ruf omitted. The
input impedance for locked rotor condition is obtained from

the cguivaicnt circuit as

oL o, L {R i KpeRp(KpptRs) - R2X2fXI:If}
R I Rl 5 oo 1D
bl Ry™ + (AMffAzf)

2

o TurFor(yevXos) — TyelRo
e R,% ¢ (Xyp#E,s)°
2 MET2f

= Ryjp + X0 ‘ (4.5)

For motors of normal design X2? and R2 are very small
compared to ka

XMf has the unsaturated value.

nuncrically. Under the locked rotor condition

Therefore
- 2
R..= R, +R it (4.6)
blf 1 2(_.‘- o )2 .
Lufteor
and
2
X qn= Xao X “us (4.7)
blf 1f “Zf(X 3 )2 :
ueteor

F'rom test data of the locked rotor gstator linc current

Ibl’ the locked rotor stator power inpul Pbl and the locked
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rotor linec to necutral supply voltage Vbl’ Rblf and Xblf were

calculated as follows :-

P
: - __bl_
“p1e = " (4.8)
bl
and
v,
r1
g = b (4.9)
blf Ibl
. 2 2%

Although it is legitimate to nceglect the corc-loss
under locked rotor conditions, it is not quite so for locked
rotor magnetizing currcnt duc to the prescnce of a finite
agir-gap in the flux path. Thercfore a suitable corrcction

factor should be appliecd to Rblf and X in order to detcor-

blf

minc the precise valuc of R, and X2f' Since the leakage

2
rcactances of stator and rotor could not be determincd
individually from thesc tcests, the stator and rotor leakage
rcactances were cmpirically taken to be cqual to cach other
following the usual text-book procedurolo. Further, from
cquation 4.7 it can be scen that if XMf is wvery high Xblf =
le ¥ X2f. No attempt was made to apply o corrcction to
Xb]f for the non-infinite valuc of XMf becausc of two rcasons.

The first was that an cmpirical distribution of leakage

rcactances had becen assumed and second was the fact that
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unzder normal operating conditions RQ/S:>X2f and as such it
is R2 whichh primorily detcrmines the rotor currcent and hencce
the stator current and the tcrgue developed under normal
opcratiag conditions. Therefore R2 requircd morc accurate

determination than sz. Henee it was assumed that

X
< _ _ blf
le - 4L2f - "2'-"‘"‘ ( 4-0 11)

The value of le at the no-load valuce of the stotor
current was uscd in the no-load test to determince XMf mmd

Byre o The unsaturated velue of X, . obtaincd from figurc

i
4.8 wes used to calculate the actual value of R, from cquation
4‘06 °
" 2
e X
_ “uettor
RZ - (Rblf_Rl ) (T%E_) (4"'12)

It was noticed that the rotor frequency had 2
negligible effcet on R2 as should the casc be for wounl rotor
cunstruction. The variation of R2 vith stator current is
shown in figure 4.9, and is perhaps duc to the ciffective
resistance of the carbon brushes on the slip-rings. As the
cquivalent circult was reguired to simulotce the bchaviour of
the induction motor from no-load to fullnload“.(BO Ampere),

the valuc of R, at 30 Ampere + (0.13 S&) was taken.

2
The valuc of the locked rotor rcactaonce Xblf =
(X1P+X9f) wos plotied as a function of stator current for

various constant valuecs of supply Lrequency os showmn in






figure 4.10. From this another groph, figure 4.11, was
plotted to depict the variation of Kblf as a function of
supply frequency for wvarious constant valucs of stator
currcent. Variation of locked rotor inductance (ll+12) with
stator currcent was determined from this graph and plotted
in figurc 4.12. The leakage inductaonce was found to have a
rother wide variation with stator currcent duc to saturation
of the iron in the leakage flux-path, which is usually morc
pronounced in a wound rotor machine than in on cquivalent
cage machine., The value of Xblf = (lethf) was taken as
0.55 L2 at 50 Hz for a stator current of 32 Ampere, bccausc
at thesce higher valuces of stator current Xzf tends to have
an effcect on the rotor circuit. At low values of slip,
ng is swamped out by a much higher value of the cffective

rotor resistance R2/S.












A2
CIAPTER 5
INDUCTION MOTQOR LOSSES

UNDER TIXDD AND VARIABLE
FREQUENCY SINUSOIDAL SUPPLY

In the process of energy conversion, from elcecctrical
to mechanical form in an induction motor five different

kinds of loss occur. The

[&)]
O

are :-—
i) stator copper loss due to load current flowing
through the stator winding;

ii) diron loss due to the main flux. This iron loss
is mainly confined to the stator iron, as under normal
operation the rotor is subjected to o very low slip-
frequency flux reversal;

iii) rotor copper loss due to current flowing through
the rotor winding. The rotor current consists of a sliip-
frequency current induced by the fundamental component of
stepped space distribution of air-gap flux and various other
currents of higher slip-frequency contributed by the higher
order space harmonics of the air-gap mmf;

iv) losses associated with the rotation of rotor
which includes, apart from the friction and windage, the
losses due to slot openings and stator and rotor surface
losses.

The above-mentioned losses occur in any induction

motor, i.e. either wound or cage rotor machine, but in the
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latter type a further loss of energy occurs due to :-

v) cross~currents flowing between the uninsulated
rotor bars via rotor iron.

Losses of types (i) and (ii) and a major part of (iii)
contributed by the space fundamental of air-gap mmf can be
token into account by the conventional simple cquivalent
circuit of figure 4.1. The rcst of the losses under type
(iii) created by the harmonics of the air-gap mmf can also
be token into account by extending the simple equivalent
circuit into a chain network shovm in figure 5.1, the details
of which will be presented in section 5.%.2. The paramcters
of these space harmonic branches could be calculated by
assuming that the iron is unsaturated. Bven 1f the main
flux-poth is unsaturated the tooth tips of the stator and the
rotor are heavily saturated and€ as such the calculated

values assuming unsaturated iron are, of doubtful valuc.

Various authors7’ll have suggested the use of various recduction

actors empirically to counteract the effect of such heavy

}.1)

turation. Losses of typec (iv) arc the most difficult to

6]
)

account for. Christofi’esll has shown how these losses
could be accounted, but no attempt is made here fto account
for these logses. The losscs due to interbar currents (v)
arc peculiar to squirrel-cage induction movor withh cast

aluminiun rotors. Since the machine usced throughout the

investigation was of the wound rotor type, no aticnpt was



made to investigatc these types of losses.

5.1 Losses Due to Main Fiux

The main flux (space fundamental) of the air-gap
rotates a2t synchronous speced with respect to ths stator
and at slip-spced, given by SNS, with respcct toH the rotor.
As the slip of the rotor S under normal operating
conditions is very small (about 0.07 per unit) losses occur
mainly in the stator core, and very little loss occurs in
the rotor corc. These stator losses arc hysteresis and
cddy currenf losses, the former being an inherent propcriy
of the ferro-magnetic core and the latter duc to emf

induced in the core duc to the changing magnetic field.

5.1.1 Hystercesis loss

Since the main flux moves with respect to the stator
corc at synchronous speed the iron is subjoéted to an
alternating magnetization. This leads to hystercsis loss
in the iron which depends on the arca of the hysteresis
loop, the number of flux alternation per sccond and the
gquality and quantity of iron.

According to Steinmetz the hystercesis loss per unit

weight is given by

W, o= ’.V( men (5.1)

(2%
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where

Bm = thec maximwn value of flux density

hid = frequency of flux altecrnation

*Zh = a constant depcnding on the gquality of iron

n = an cxpoancnt which varies from 1.5 to 2.0.

Steinmetz used 1l.6.

Richtcrlo proposcd a morc accurate equation as
follows

W, = afB_ + DbEfB 2 (5.2)

h m m A

where a and b arc constants independent of the nature of

flux variation as thce hystecresis loss depends on the arca

of the B-H loop, and the arca being indcpedent of the way

in which the flux varies with time. The arca depends only

on the maximum valuc of the flux density cncountered.
Equation 5.2 as proposed by Richter is cssentially

a polynomial fit of the hystecrcsis loss versus flux density

9

curve. For flux density greatcer than 1.2 Wb/m2 Litchwiz

2

showed that the term ame <L bem and as such proposcd

the following cquation

; _ 2
Vi = bem

n (5.3)



b
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Litchwiz's cquation 5.3 and Steinmetz cquation 5.1 arc
similar. Litchwiz takes the cxponcent n of the Steinmetz
cquation as 2. No wvaluc will be assigned to cxponcnt n

at this stageoe.

If thce hystercesis loss is represcented by the loss
occurring in a rcsistor shunting the air-gap voltage in
the stator, such that the power absorbed by this resistor

cquals the hysteresis loss then,

2 2
B E
h (thm

where ng is the r.m.s. value of the linec %o ncutral

voltage induced in the stator winding at freguency f.

Ang Wh is onc-third of the total hystcresis loss for a

3-phasc machine.

Wow the peak valuc of the main flux ﬁm is given by
Bgp
by = 4Kff§1Kw (5.5)

vihere Kf is the form factor of the induccd voltagozﬁlel is

the cffective number of stator turns pexr phasc.

le is the stator winding factor for spacc funda-

mental of air-gap mmf.

Therefore flux density B, is given by



1=

fe

B = 44 = “af
m A - 4K?31Kw1fA

(5.6)

By substituting cquation 5.6 in cquation 5.4 wc can obtain
the value of the hystercsis loss simulating rcsistor as

i n
(4K N K  8)7 B o (2—:an

= O
(4B, kv A N B_o (o

In the above cquation 5.7,;§i, Kwy; and A arc constants
for a given motor,ﬂ’{n is almost conétant (Equation 5.1),
the form factox'Kf depends on the wave-form of the line to
ncutral induccd voltagc of the stator. Negleceting the
lcakage impedance drop of the stator, the voltage applied
is very ncarly equal to the induced stator voltage.
Further, under sinusoidal operation, the wave-form of the
induced voltage rcmains the samc and as such Kf equals
1.11. Therefore, under the above-mentioned constraints
the iron loss duc to hysteresis for a given (ng/f) ratio
can bc rcpresented by a variablc resistance Rh which is a
lincar function of frcguency. The validity of cquation
5.7 can be scen from figurc 4.6. (Figurc 4.6 gives the
variation of RMf’ the resistance simulating both the
hysteresis and eddy current losscs. It will be shown in
scection 5.1.2 that cddy current losses arc negligible, and

Ryp cquals Rh).



If the hystcresis loss simulating resistance Rh
under sinusoidal 50 Hz oncrating condition Rﬂﬂ3 is known
for a givon ng/f ratio, then the value of R, for a
different value of frequeney but the same (ng/f) (under

sinusoidal supply) can be determined from

b

Rll = RhSO 50 {5.8)

The cffecet of frequency £ and (ng/f) ratio on
hystercesis loss can be found by substituting cquation 5.6

into cquation 5.1 yiclding

411 B
w, = - Kf—n(_%i)nf (5.9)
(4N1leA)n

The hysteresis loss at 50 Hz sinusoidal operation

is given by

47 __E n
(4H1leA)n 50

The ratio of hystceresis loss at any frequoncy to

that at 50 Hz sinusoidal opcrating condition is given by

E_o/T .

W _ £ n f =
A = (E—Ls—‘ 5) =5 (5.11)
\l{hEO 850/

Induction motor rumning uwnder "fixced meximum torgue"
operating condition rcquires that Bgf/f = EgBO/BD = a

constant. Honece, under such a condition



=50

W,

- (5.12)
W50

\nlr—h
O

Hewing described the naturc of hystercsis less the
valuc of the cxponent n will be determined. Throughout
the investigation the ng/f ratio was maintained at
2 Volt/Hertz. Referring to figurc 4.6, Rp5q has two
valucs at BOI?nﬁzdcpending on Eg/f ratio.

48 Sk

RBiso (at 1.8 Volt/Hertz)
By 50 (at 2.2 Volt/Hertz) = 45 L&
Thercforc from cquation 5.7
18 o (1.8
45 o (2.2)89
Solving the above two proportionalitics we obtain

n = 1.674, so that Rh for this particular motor is given by

+ oo 11.674 ;
5 (4H1KdlA) ( )1,674 (ng)O,BZG 7
h T M, = i

(5.1%)

5.1.2 Eddy currcnt loss

The eddy current loss Wo in a given pla?o of thickncss

s L I .
& and resistivity fjo is given by



. _ s f'zr)/ 2 = 7
W, = Fue kame) (5.14)

If the eddy currcnt loss 1s rcpresented by a resistor
shunting the stator induccd voltage Ey e such that the

O
power absorbed by this resistance cquals the cddy current

loss, then

2 n 2
gf “of

R - » = (5'15)
' 2, 202, 2

e P, &K B

Substituting the valuc of Bm from equation 5.6 in cquation

5.15 gives the cddy current loss as
. 2
16(I K A)

c = FZ%}Q

R

(5.16)

For a given machine the valuc of the resistor
simulating the cddy currcnt loss is indepcendent of the
frequency and the wave-form of the linc to ncutral voltage

induced in the stator Winding.

Substituting cquation 5.6 in cquation 5.14 gives the cddy

currcnt logs as

E .2
. 2 2 of
W= P, 5(KL) s
e c & i 180 202 . 2
47Kp°F (NlelA)
s 2
!._‘J ;":}
- ¢ 5 Byp” (5.17)
16(N1leA)



The cddy currcent l1oss at 50 Hertz and under normal
sinusoidal opcrating ccndition is given by

D5
Wy = o0 5 Boen” (5.18)
2 16(1,Kwy4) g2

Then the ratio of cddy current loss at any

frequency to that at 50 Hertz is given by

i o
¢ _ gf

i = 7 2
e50 (EgBO)

and since for fixed maximum torgque opcration Eg/f = E050/50=
o

cons tant
LS ) - ng/f-gf £2
Y50 Bg50/°0)  50°
_ £ (5.19)
\ 502

The cddy current loss is proportional to the square

of frequency.

Prom the no-load and locked rotor tests described
in chapter 4 and figurc 4.6 it can be scen that the
resistance simulating the combined iron loss for a constant
air—-gap flux density is a linear function of frcquency.
The iron loss causcd by the variation of main flux in the

stator consists mainly hystcresis loss.



5.2 Stator Coppexr Toss

The stator phase cuarrcnt flowing through the stator
winding produces an 12R loss in each phase. These losses
are the simplest to evaluate and are given by the product
of the square of the r.m.s. stator current and the stator
phase resistance. Cross-fluxes in the slot may produce
additional copper loss due to skin effect. Skin effect is
proportional to the square root of frequency and has little

effect (5% - 15%) on copper loss.

5.% Rotor Copper Loss

It is Well known that due to the concentration of
stator windings in slots the mmf distribution of air-gap in
space produced by the flow of current in a balanced threc-
phase winding is stepped. Such stepped space distribution
of mm.f can be resolved into a Fourier series giving a space
fundamental and an infinite series of space harmonics.

With the assumption of linearity of the mgnetic circuit,
the space fundamental mmf is considered to produce the main
spacec fundamental flux, the space harmonic mmfs producing
parasitic fluxes which travel with different speeds (some
in the opposite direction) to the main flux. The
strengths of these fluxes are proportional to the current
in the winding and inversely proportional to the air-gap

length.
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Tor a givern rotor speed the space fundamental and
space harmonic fluxes pass the rotor at definite spceds
and currents of various freguencicz flow in the rotor
winding. The space fundamental component of flux
produces a rotor current of frequency S5Sf, the slip fregquency,
which compriscs the major part of the total rotor current
and decvelops the useful torque, but produces rotor winding
copper loss. Since the space harmonic fluxes rotatc at
lower speeds, they give risc to extra copper loss. At no-
load the stator current is small (and hence the strength
of the harmonic componcnts of mmf) and so the harmonic
fluxes arc small. As the motor is loaded the strength of
these harmonic fluxes increasc and so doecs the extra rotor
copper loss. These extra losscs in a well designed motor
are about 0.03% to 0.05% of the output and morc pronounced
in a cage motor than in a wound rotor machine becausc all
the space harmonics arc slot harmonics which have the same
winding factor as the fundamcntal.

Tnec conventional text-book equivalent circuit
(Figurc 4.1) takes into account only ‘he space fundamental
of air~gap flux and as such the cquivalent circuit fails
to account for the extra copper loss in the rotor winding,
as well as to predict the parasitic torqucs arising due to

the space harmenic fluxes.



The same system used for the rcalization of the
simple equivalent circuit c~m he extended to derive a more
complete cquivalent circuit taking inte account the space
harmonics and is shovm in figurc 5.1. The quantitative
analysis of ficld harmonics and harmonic cguivalent circuit
paramcters are given in the next section.

5.3.1 Field harmonics in the
air-gap of induction motors

5, 6

The spacc fundamcental mmf rotates at a speed
depending on the frequency of supply £ and the number of
poles of the machine P and is given by N, = 2% r.p.s.

The amplitude of this space fundamental mmf is given

by, for three-phase stator,

s
oo 3(2)°F ,
Po= 5 NiKw I (5.20)

Where Nl is the number of stator turns pcr=phaso,KWl =
Kdlel is the winding cocfficicnt for the spacce fundamental
and is cqual to the product of coefficicnts for the

distribution and thec shortening of winding pitch.

The winding distribution cocfficient for spacc
Tundamental is given by

o .Y
K. . _sin?%/6 (5,21)

alr - S
qlSIHEEE
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where g, = number of slots per pole per phasc of the stator.

The pitch factor fcir spacc. fundamental is given by

= g3 _E.. 7
K:yl = Blin 5 v K5°22)

whore y is the winding pitch expressced as a fraction of

the full pitch.

Thc general cxpression for harmonics of the mamf for
integral number of slots per polc per phase duc to
sinusoidal excitation is given by

—

F(x, t) = I sin(2Rft -Lf‘r--x
- _ 2% _
+ F551n(27¢ft = x)
+ » o 5 O
)) .
= ‘é__—_F)jsin(ZKft - %G— x) (5.23)

yo1
where M is the order of space harmonic
T spacc fundamental pole pitch

x distance along the contre linc of the air-gap

The number of poles of the }fh gpacc harmonic is a
yth multiple of the spacce fundamental, but its speed of
rotation is less by thce same proportion. Thercfore the

ygﬁﬁiinduced by the yﬁh spacc harmonic ofm.afiis equal to
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the frequency of supply.
For balanced windings with g as an integer, the
ordcrs of harmonics presentigfegiven by, for three—phése

stator,

Y= 1%ex (5.24)

1

where Kl =0, 1, 2, 3, ... etc.

For Kl = 0, we obtain the space fundamcntal Y= 1.
Pegitive values of % indicate: forward rotation whereas
negative valuesof YWindicate backward rotation of the;yth

harmonic.

For K, = K

17 %1z

where Klz =1, 2, 3, 4 ctc. slot harmonic ordcrs arc

obtained.
= T
vz o 1 6Klqu
‘ S
= 1t x 5 (5.25)

where Sl is the total number of stator slots

A1l other harmonics are called belt harmonics,fyb,

beccausc they are duc to definite phase sprcads.

(5.26)



where Kl = 0, 1. 2, 3 ctc.

# Klzgl

The distinction is drawn between slot and belt

harmonics for the following reasons

i) The secondary voltages induced by the slot
harmonics arc effectively open-circuitcd by the rotor,whereas
that due to the belt harmonics are substantially short-
circuited.

ii) The slot harmonic magnetizing rcactances arc
independent of winding pitch, but vary with the number of
slots, whereas those due to the belt harmonics arc nearly
indepcendent of the number of slots, but vary with the
pitch and distribution of the windings.

The magnitude of the'y%th space harmonicgyigf. can be

found from the relation

E K,
p, = 2227y
¥, P 1y, 1
X .
Ly

th

where wa% is the winding factor for Yy belt harmonic

and is given by

= K. X .28
Kwyb dx% IV, (5 )
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h harmonic distribution factor

] sinfy = /6)
“ay, T apsing, /64y
_sin %/6 (5.29)

A )'b
6ql

where the Vbt

qlsin
th . .
and the Y, harmonic pitch factor
_ qiny A
X = siny %y (5.30)

¥

For slot harmonics

Kdvz - Kdl (5031)
and ny% = Kyl (5.32)

The rotor currentis create their own harmonics.
The ordecrs of the rotor space harmonics can be determined
as follows. The space-fundamental stator ¥iela narmonic
induces a slip frequency current in the rotor which

producecs a scrics of harmonics given by, for three-phase rotor

.’.
/AL = 1= 6K2

where K2 0, 1, 2, 3 ectc.

i

which may again be split up into belt and slot harmonics



wherao K2 = 0. 1, 2, 3 ctc.
A Ky (5.%3)
where KZZ = 1, 2, 3 cte.
Mg = 1F 2K2z‘s'% (5.34)

where 82 is the total number of rotor slots.

For a cage motor//ib is absecnt. Substituting K2 = 0 in
cquation 5.3%% we obtain /ﬁ&: 1, the first m.m.f. harmonic
in the rotor.

The cquations 5.33 and 5.3%4 give the order of rotor
harmonics produced by the stator fundamental m.m.f. only.

Also, cvery other stator harmonic induces its own harmonics

in the rotor. Hence, in gencral, for three-phase machine

Moo= YTk, (5.35)

The pole number of/béh harmonic of the rotor is a}/A
multiple of the poles of the stator space fundamental. Now
the spced of the )ﬁh stator field harmonic with respcct to
the stator is NS/)L The spced of the /uﬁh rotor harmonic,

produccd by the )fh stator harmonic with respect to the
SN

rotor, is —%jéo Sincce the rotor speed is (1-S)N¥_, the
o S

th

speced of tho'/a rotor harmonic with rcspect to the stator

is given by
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1
JJ‘-’ D} L\ST(l S)N /L(,}
Ny
sl 4 (18) "”j (5.36)
/”“L.

“ fa K]
Since the slip of the rotor with respect to ) stator ficld

harmonic

cquation 5.3%36 can be written as

/A’{L -Y(1-8) +/u<1 S)2
/“ﬁ + (1- S)E/U-V)j (5.37)

From the above cquation 5.37 it can be scen that

when 41 ]) the spced of thq//ﬂth rotor harmonic with
N
rcspect to the stator 15{44 = —= for all rotor spceds.
The stator harmonic is rotatlng with rcspect to the stator
N

at a spced of Sg, henee the relative speed botwoonu/béh

and lfh harmonic is zcro when )}=/Ll.

Under this condition an asynchronous torque is
produced in the machinec. When )h:/LLz.l, the asyn-
chronous torque produccd is a uscful onc and for all othcer
highcr harmonics ij/pL;>l,the torques, arc of no use as
their spceds arce very different from that of the spacc

fundamental. These torques are therefore called the
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agsynchronous parasitic torqucs.

Quitc apart from the asynchronous torques which arc
produced in an induction motor, synchronous torques can
cxist as a result of rotor sub-harmonics. A synchronous
torquc.is produccd when a stator harmonic‘y% produccs a
rotor hanmanic/}(a which has the samc order as another

. . _+ . .

stator harmonic })b (1.0./(_la = )/‘b) which at a singlc rotor
speed is at standstill with respecet to this sccond
harmonic )%f In such a casc‘pg.is the source of
excitation for the rotor and w% is the source of power of
the stator.
5.%.2 Extengion of conventional

fixced frequency cquivalcnt

circult to include the
cffects of space harmonics

Currents induccd in the rotor by the spacce harmonic
ficlds producc parasitic torques which modify the ideal
machine (a machine whose air-gap flux contains the space
fundamental component only) output torque. The effecet may
be considered to cqual that produced by an idcal machine
and a set of small machines with a common shaft and with
gerics-connccted stators. Each small machinec produccs the
cffcct of onc spacc harmonic and has ) times the number of
polces of the ideal space fundamental machinc.

At spccds above their respective synchronous values

the forward harmonics produce braking torque, as do the
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backward rotatine harmonics at all forward specds. These
spacc harmonic fields give rise to stray load losscs and
parasitic torques.

In order to depict the bchaviour of thesc ficld
harmonics on the performance of the induction motor, the
simple cequivalent circuit of figurc 4.1 has to be cxpadnded
to a chain nctwork as shown in figure 5.1, where cach

sccetion depicts the contribution of a particular spacc

harmonic. The cquivalent circuit now consists of

Rl = pure resistance of stator

Xl = purc rcactance equal to thc leakage
rcactance of the stator due to all the

fluxes that do not link the rotor winding

X2 1 = bpure rcactance equal to the lcakage
rcactancce of the rotor due to all the

fluxes that do not link the stator winding

R, = purc resistance analoguc of main flux path
iron loss at normal frcquency and normal

flux conditions

XM 79 = 2 transformcr whose magnctizing rcactance
X & is equal to the rcactance corrcsponding to
2.1°
& the fundamental air-gap flux density wave
R
2.1

and whose sccondary impedance is the
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Figure 5.1

Normal Frequency Sinusoidally Excited Induction Motor Equivalent Circuit
Taking Space Fundamental And Space Harmonics In Account.



impedance of the rotor winding for

currcnts of slip-frequency Sf.

XM‘v’ = a scrics of smallcr transformers cach
& . -
v N having a magnctizing rcactance
27
& corresponding to the air-gap flux density
Rs <y
2 wave of a particular space harmonic with

a stator-referred sccondary impcdance of
the rotor winding of the same number of

harmonic poles.

The spacc harmonic equivalent circuit paramcters

are calculated according to the methods given by various
8, 9, 10, 11

authors
The values of Ly for belt and slot harmonics arc
given by Liwsohitzlo as
S
Sy o By g
For belt harmonics X y, = (S ) —5 (5.38)
b KWl yb ,
Ey.1
For slot harmonics X = el (5.39)
. ].‘I'I ‘))Z v
z
(As mentioned ecarlier for Y, K = le)

Ty,
Since the order of slot harmonics arce such that
their magnitudes are increascd by the stator slot per-
mearice variations the value of XM y (Equation 5.38) would
¥y

~

{

be low, Alger' showed that the cffect of the air-gap
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permcance variations can be taken into account by multi-

plying cquation 5.38 by a factor (1 + ?@E) where P _ is
)

the average value of the air-gap permcance and Py half
the amplitude of pulsation. The magnetizing rcactance for
the slot harmonic is thercfore

Py
2po

) XM.l(l .

XI..:IO))Z v 2 (5°4-O)
Z

Since the teeth arc usually saturatced under normal
opcrating conditions it was considered that in the above
Y
cquation 5.40 the terms (1 # ?%_) can be eliminated and the
o)

unsaturated value of X

.1 be used (Figure 4.8) tc sompute

X .
M,)%

The rotor lcakagc reactance for the yﬁh

harmonic
Xz))comprises differcntial harmonic lcakage, skew leakage
and the rotor slot leakage.

The differential harmonic lecekage as given by

Richterll is

Zogy = Ky (5.41)
. _ CYXRP?P YAP)2
where Ky, = { /si n282 S (5.42)

The value of differcential lecakage calculated from
cquation 5.41 yiclds too high a value and hcnce parasitic

<

torquecs and lossecomputed are corrcespondingly low.
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12 Guggested that a value of 2/3 of that given by

Agarval
cquation 5.41 should bc used on the ground that cddy
currcents induced in the rotor iron help to damp the
differential harmonic flux,and hence reduce the lcalkage

rcactance. Therefore, with Agarwal's empirical correction

the differential harmonic leakage becomes

- 2 T
Logy = Fuy'uy (5.43)

The damping action of the eddy currcnts induccd in
the rotor iron would depend on the frequency of the eddy
currents induced in the rotor laminations and hence on the
rotor speced. Since the stator and rotor tooth tips are
heavily saturated duc to the combincd effects of the
differential and slot lecakage fluxes, this reduces the
value of XZdy below that calculated from equation 5.43.
Alger and Agarwal8 takes into account the effect of
saturation by introducing a corrcction factor stl and the

expression for X2d now becomecs

Y

- 2
Xoay = FFsar®wuy (5.44)

stl was not calculated beccause of the complexity
involved with doubtful accuracy of X2dV’ but an attempt
was made in a rather crudc way to take into account

saturation by computing XM),from the saturated value of
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XM.l (Figure 4.8).

The skew lcakage rcactance for the yth harmonic is
given by Alger7 as

ye = (—2

Ksky

where Ksk is the skew factor calculatcd from the geco-

Y
metrical skew of the rotor slots. This is given by

Ky = sin2 W2)/ (25 B (5.46)
where fr'= pitch of the fundamental poles in terms
of rotor slots
é = pitch of the rotor slot skew with respect

to stator slots.

ILumping the differential and skew lcakage rcactance

together, we get

- 2r s I S
Zoap t Loy = Fpfuy * (K 5~ 1)y,
sky ‘
_ 4 2 14
= }‘I\WEBKMV v } (5.47)
“sky :

For space harmonics, rotor slot lcakages arec

usually smaller than (XZdv + X ) by a factor of 10 and the

sky
calculation of (Xde + Xskv) using the cquation 5.47 yiclds

a high value since saturation is not taken completely into



169

account. Neglecting rotor slot leakage reactance, X2)’

is given by

Loy = %o t+ Egp

2 1 '
XMII{—B'KMN Yoo }) (5.48)
; sky |

The sitator referred rotor resistance for space

harmonics can be calculated as follows. The rotor

resistance for belt harmonics is given by9
Sy 2
_§ By RKWl Eskal w (5.49)
oy ") R s .. °t
b { KW)% le skyLL

as the wound rotor resistance referred to stator depends

on the effective turns-ratio of stator and rotor windings.

Since for slot harmonics le = Kwy,

%; skl '
sk}, .1 (5.50)

The final term required for evaluation is 5, which

is the slip of the rotor for )Fh harmonic of ficld m.m.f.
For the );h forward rotating space harmonic, the per unit
synchronous speed is lAV° If the slipmgf the rotor with
reapect to the fundamental poles is S, then per unit rotor

specd is (1-9).
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.‘. g — 1/" - (1"8)
Y - 1/)}
= 1 - Y(1-8) (5.51)

Prom the above cguation 5.51 it can be scen that
S},z 0 when 8 = VY-l and S},is a negative quantity for

Y
S-<,2§%. Therefore the torque produced by the forward
rotating space harmonic adds to the fundamental torque for

slip S between the values 1 and ¥l and subtracts from it

M

for all smaller valucs of slip. The backward rotating

harmonics do so at all forward spceds.

For backward rotating space harmonics Y has a negative

valug, and hence

Sy = 1 +)M1-8) (5.52)

5.4 Losses Due to Slot Openings7’ 12, 13, 14

Considering the iron to be unsaturated and the air-
gap m.m.f. to have a sinusoidal spacc distribution, the
slotting of the stator and thce rotor mskes the spacc
distribution of the resultant flux density wave depart
from the sinusoidal. The distribution of flux density
under such conditions can be considered to consist of
three componcnts :-

i) fundamental sinusoidal flux distribution having

an amplitude determincd by the effective air-gap length
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(Carter's Coefficicnt);

ii) flux density ripple having a wave-length cqual
to that of a stator slot pitch caused by a stator slot,
the rotor being considered smooth;

iii) flux density ripple having a wave-length cqual
to that of a rotor slot pitch, the stator being considered
smooth.

These harmonics of air-gap flux density distribution
arc duc to the variation of air-gap permcance and arc not
slot harmonics.

If the stator and thc rotor surfaces werc smooth, and
the air-gap m.m.f. was sinusoidally distributed, saturation
would cause the flux density distribution around the
machine air-gap to be non-sinusoidal (flattcned top) so
that a fourth sourcc of flux density spacc harmonics is
present.

These space harmonic components give rise to two
different kinds of loss :-

i) stator and rotor surfacc loss;

ii) stator and rotor tooth pulsation loss.

Rotor surface losses arise from the movement of
stator slot ripplc with respect to the rotor. The rotor
slot ripple moves with respeet to the stator and causes

stator surfacc loss. Surfacc losses are larger in
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machines with open slots.

The stator and the rotor tooth pulsation lossecs
arise due to the flux penctration of the teceth themselves,
and pulsation due to the relative motion between the stator
and the rotor which results in eddy currents and hystercsis
losses in the teeth. The frequency of these pulsations
is the same as that for the tooth surface losses, i.c. for
statox“ﬁst/BO (for this motor 720 Hertz) and for thc rotor
SiNS/SO (for this motor 1,080 Hertz). The magnitude of
the variation of the flux density in the tecth depends upon
the saturation of the teeth, the greater the saturation the
greater is the hysteresis and eddy current losscs in the
teeth. Hence it can be scen that the teeth losscs are
related in a rather complex way to the speed of the rotor,
and to the load currcnt.

The permeance variation gave risc to thesc ripples
of flux density distribution due to the sinusoidal space
distribution of m.m.f. The situation becomes further
complicated when there are higher order m.m.f. space
harmonics present. The flux density distribution produced
by these higher m.m.f. space harmonics are also cffeccted
by the non-uniformity of the air-gap and by saturation.
Tach spacc harmonic m.m.f. component (ncglecting saturation)

gives rise to two more ripples of flux density apart from
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that which would be produced by the harmonic m.m.f. itself
if the air-gap surfaces wcre smooth. The total losscs
duec to slot openings are larger in induction machinecs than
in D.C. machincs and synchronous machines because of the
rclatively smaller air-gap. These lossces, as a per-
centage of iron losscs due to main flux, arc approximately
80% to 120% in squirrcl cage motors with scmi-open slots
in stator and rotor, 150% to 200% in squirrcl cagec motor
with open slots in stator and semi-open slots in rotor and
180% to 220% in wound rotor machines.

The flux density ripples produced by slot opcnings
induce parasitic currcnts not only in the iron but alsc in
the bars of a squirrel cage rotor. The currents induced
in thecse bars may become considerable and give rise to
extra copper losscs, which may be high, if the slot pitch
of the cage is very different from the stator slot pitch.
A differcncce of up to 30% betwecn the slot pitches kcceps
the losses at a low lcovel. Equal stator and rotor slot
pitches cannot be usced because this would produCe locking
torques which may prevent starting of the motor.

5.5 Variable Frcquency Eguivalent
Circuit.Opcration Accounting For

Space Fundamcntal M.M.F. Only15

The performance of an induction motor when supplicd

from a variable frequency source of frequency I can be
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prcdicted from the simple equivalent circuit shown in
figure 4.1, if the equivalent circuit reactances applicable
to that frequency are used. This meant in this cxperiment
that for cach different supply freguency the cecquivalcnt
circuit parametcrs had to be rccalculated and the
performance precdicted. Unfortunately, the salient effccts
of the wvariable frequency on the motor performance cannot
be visualized from such a method. Therefore it was
desired to find an equivalent circuit with constant para-
meters which would be applicable to any frequency.

The seguence of development of the variable frequency
cquivalent circuit is as follows. Referring to figure 5.2

a supply of normal frequency T for which the motor has

n?
been designed to operate, is frequency translated to a
frequency f. A voltage Yf of this frequency is applicd
to the stator of the induction motor, the stator circuit of
which is represented by the stator lecakage impedance
(Rl + lef) in serics with the magnetizing impedance
1/(1/3Mf ~‘jl/XMf). The rotor translatcs this frequency
f to Bf, the slip frequency, and a rotor voltoge EZSf of
this frequency is applied across the rotor leakage
impedance (R2 + szsf).

For the meximum torque to remein fixed, Vp should

be so adjusted that the air-gap mutval flux ﬂm (space
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simple equivalent circuit of an induction motor under sinusoidal excitation.



176

fundamental) remains constant for any particular value of
the stator current, i.e.
Ber

g, =kK-8 =K

E
-8B
t

n = constant (5.5%)
f;

where ng is the air-gap voltage at any frequency £

and ng is the air-gap voltage at normal frequency fn’
: n

The rotor currcnt as viewed from the output
terminals of the "black box 2“)termed the "frequency

translation device 2", is

Iy
2af
. = X (5.54)
2 R2 + JXZSf

It hos been shown in chapter 4 and figure 4.11 that
the lcakage recactances, for a given stator current, arc
directly proportional to the frequency. Therefore the slip-
frequency stator reflected rotor lcakage reactance X?Sf can

be written as

where X2f is the stator reflected rotor lcakage rcactance

at supply frequency f.

The term EZSf is the stator reflected rotor induced

voltage (wivh a rotoxr slip of S) and is of
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frequency Sf. If E2f is the value of EZSf when the rotor

is at standstill then

Exge = BSBpp (5.56)

Sng (since Eyp = E )

gf

Substituting cquations 5.55 and 5.56 in equation 5.54, the
stator—-reflected rotor currcent becomes

SE

£
I = & (5.57)
2 R, + 5%,

The rotor current 12 given by equation 5.57 is of
the slip-frequency Sf.
Dividing the numcrator and denominator of cquation
5.57 by the slip 8, the rotor currcnt as viewed from the
input end of the frequency translation device 2 (figurc 5.2)
which is at the variable frequency f, is obtained.
Bor

2 .
5§ * Mg
Thercefore the rotor circuit as viewed by the air-gap
voltage ng looks as if its resistance has increascd from

R
R, to —é and the rcactancce has also incrcecased from the slip-

Z
frequoncy value XZSf to the wvaluc Xz? at the variable
frequency f.

The nc-load current of frequency f is given by
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Inp = Ber(MBye - 3M/Eye) = Iy (5.59)

where RMf is the corc loss simulating rcsistor

and X

ME is thec magnctizing rcactance at frequency £

both for the magnetizing air-gap flux which is

proportional to ng/f.

The stator current of variable frequency f as viewced
from the output terminals of the“froquency translation

device 1"is given by
I, = (Vg - ng)/(Rl r iXqe) (5.60)

In order to transfcr the thrce currents 12, IE and
Il as given by cquations 5.58, 5.59 and 5.60 respectively
to the input terminals of the%frequency translation device
l“so that they arc of normal froquoncg fn a term CC::f/fn

is introduccd. Dividing the numerators and denominators

of cquations 5.58, 5.59 and 5.60 by & we obtain

T, = (Bgekt )/fRy/ (56 ) % 3Epe/kf
- Egn/{Rz/(Sot) ¥ sz} (5.61)
Iy = (ng/x){( */Ryp = 3%/ Tye)}

]

Egn(l/RM - /%) (5.62)
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—
l

1= (Ve/h = (Bgp/ek )/ (Ryfk = 35, plex )

Il

(Vefor = Bp)/(Ryf = §X) (5.63)

The following equalities in the above equations
5.61l, 5.62 and 5.63% should be observed :

i) Egn = ngﬁui.v..This means that the air-gsap
voltage at the variable frequency f when frequency trans-
lated by the ratio & to the normal frequency fn hag its
mggnitude changed from ng to Egn’ related by the above
equality;

ii) X, = X,p/cK. This means that since for a
given stator current the rotor leakage reactance is
proportional to the frequency (Figure 4.11), the reactance
X, at the normal frequency £, (50 ¢/s) is equal to the
product bf”fn/f and the reaéfénée at the variable
frequency £, X2f;

iii) X, = leﬂsg. The reason for this equality is
exactly the same as that for Xj = Xzféxgiven in ii).

iv) o(/RMf = l/RM. This means that since for a
given air-gap flux defined by ng/f, the core loss
analogue resistance is proportional to frequency (Figure
4.6), the resistance Ry at normzl frequency fn(50 c/s) is
equal to the product of fn/f and Ryp,the resistance at the

variable frequency f.
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V) ot/XMf = l/XM. With the same reasoning as in
iv) and with reference to figure 4.7, the given equality
holds good.

Now the stator current is also given by

This current when viewed from the terminals of the

normal freqguency source 1is
I, = Egn'{(‘l/RM - jl/KM) + 1/{R2/(S¢x) £ szﬂ
Bep = T/[(/By - i/xp) + /Ry (5% + 0]
| (

gn
5.64)
Equation 5.63% can be re-written as

Vf/gg=. E, ., + I (Rt + JX;)

gn

Substituting the value of Egn from equation 5.64 in the

above equation

Ve/K = Il[(Rl/c(\ + J%;)

1 .
* (l/RM - Jl/Xm) + l/{sz(SD() + JXQ‘}]
(5.65)

The;?olt/émpere relation given by equation 5.65 is

identical to that of a passive bilateral network shown in
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figure 5.3, and hence it could be treated as the equivalent
circuit of the inducticn motor with variable frequency
supply.

However, it must be emphasised that this equivalent
circuit holds true only when the supply voltage Vf and -the
frequency is so adjusted that the equality ng/f = Egn/fn
is maintained‘ for a given stator current, so that the
air—gab flux remains constant. Otherwise equations 5.61,
5.62 and 5.63 will not be valid.

5.6 MNodification of the Variable

Frequency Eguivalent Circuit
for Constant Maximum Torqgue

Operation

The equivalent circuit of the induction motor,

figure 5.3, depicts performance under variable frequency
supply, but it yet remains to be slightly modified for
constant maximum torque operation to ensure that the
equality ng/f = Egn/fn is always maintained.

The air-gap voltage from figure 5.3 is

Egn

1l

Vf/b( - Il(Rl/o( + jX]_)

(5.66)

When the induction motor is operated at normal

frequency, £f = £ Vf = Vn and o = 1, then from equation

1’



|
I

\L/oo R é Egn %’ XM R% Rz/sOQ
|

SO

Figure 5.3 Variable Frequency Simple Equivalent Circuit Of An Induction Motor Under
Sinusoidal Excitation And Fixed Maximum Torque Operation.

R X X
Ry(1f-1) 1 1 2
A ~ W %
Vi /o Va RM% X K L\é\Rz/SOC
gn

Figure 5.4 Variable Frequency Simple Equivalent Circuit Of An Induction Motor Under
Sinusoidal Excitation Modified For Determination Of Supply Voltage
Regulation,
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5.66

Egn = V, - I;(Ry + jXq) (5.67)

Substituting equation 5.67 in equation 5.66 gives
Ve/k = Vo + IR (1&X - 1) (5.68)

If the variable frequency equivalent circuit figure
5.% is modified to figure 5.4 such that the condition
given by equation 5.68 is satisfied, then for a given stator
current the equality ng/f = Egn/ﬁlfor constant air-gap
flux, and hence constant maximum torque operating condition

will always be ensured.

The equivalent circuit of figure 5.4 shows that
under variable frequency constant maximum torque operation,
the stator resistance, if viewed from the output terminals
of the normal frequency source (Figure 5.2), would appear
as if it was increased by a value Rl(l/bi -1). Purther,
to keep the air-gap flux constant at its normal operating
value (for a given stator current) the variable frequency
stator voltage V. should be boosted by Rlc((lﬂx. -1)I, Volt
above oV, Volt. It may be noted that if R, was
negligibly small, then the variable frequency voltage Vf
required would have been simply {V, Volt.
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The voltages in the stator circuit are ©f times the
analogue voltages for that part of the circuit, and those
for the rotor circuit are Sok times the analogue voltages-
of the equivalent unity effective turns-ratio rotor, where-
as the actual machine currents and the analogue currents
are invariant.

5.7 Variable Freqguency Supply
Voltage Regulation

It has been shown in section 5.6 that variable
frequency constant maximum torque operation is obtainable
if the analogue stator supply voltage Vf/bg is so adjusted
that equation 5.66 is satisfied.

The phasor diagram of the equation 5.66 is shown in
figure 5.5. Trom the diagram it can be seen that V./6<
is the phasor sum of V_ and IiRl(l/b{ ~1), and the latter
must be compensated by raising the analogue supply voltage
Vf/ac by the same amount, so as to maintain Egn constant
for a particular value of stator current Il and for any
supply frequency f.

If the power factor is known then Vf/bc could be
calculated for various loads at any given variable

frequency f from equation 5.68 or from figure 5.5. The

power factor angle & is given by the following equation



Figure 5.5 Stator Voltage Phasor Diagram Of Simple Variable Frequency Equivalent
Circuit OFf An Induction Motor Under Sinusoidal Excitation And Fixed
Maximum Torque Operation.



‘fc‘wg(s - KX z)j/{_ o * )

R R R,
+ %;I\-&-(S%?- - X X,) + X (R, 3‘5{‘3{1‘)}]
(5.69)

Prom figure 5.5.the variable frequency analogue voltage

requiredl)
)
Ve/X = {/’n" + IR (LAK - D)2 & 2V IR (1K = 1)
X
cos?}g (5.70)

O changes with slip (Equation 5.69) so that this
method of finding VQJE& is tedious and a simple graphical
method is therefore used. Bquation 5.66 in terms of

magnitudes can be rewritten as

;Egn] égyf/oc -1 Rlé*; (Ile)f}

If the variable frequency analogue voltage Vf/b( is

Wl

(5.71)

kept constant at Vn’ then the air-gap analogue voltage Egn

would vary according to

tEgnl B {Evn 1/°<)2 1X1)i§% (5.72)
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Plotting the value of IEgn" for various constant
values of O, against stator current Il gives a family of
curves AB, AC, AD, AE, etc. as shown in figure 5.6. At
normal frequency ¢ = 1, the air-gap voltage {Egnt varies
according to the curve AB. For other frequencies ocgfn,
OCBfn’Cx:4fn’ etc. the variation of ,Egn! is represented
by AC, AD, AE, etc., when the analogue stator is impressed
with a constant voltage of V. In order to ensure that
constant'air—gap flux for a given stator current is main-
tained irrespective of variation of frequency, the variable
frequency analogue supply voltages sz/bCQ’ VfBA%;B’
Vfdr/gc,4 are boosted above the value V_, such that the
variable frequency air-gap analogue voltages represented by
AB, AC, AD, AE, etc. coincide. The boost required, above

v

n? Say for a frequency oCBfn in terms of analogue voltage,

is the difference between the ordinates of the curve AB and
AF, When this analogue voltage boost is added to Vn we
obtain the analogue supply voltage VfSA‘S shown by the curve
AG. This voltage, when multiplied by 065, results in the
actual stator supply voltage Vf5 required when the machine

is operating at a frequency f = o¢5fnv(Figure 5.6).

Calculation was carried out using an I.B.M. 7090
digital computer from which the variable frequency supply

voltage Vf was obtained and plotted in figure 5.6.
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5.8 Performance Calculations
Tfrom Variable Frequency
Simple Equivalent Circuit

The impedances viewed by the analogue voltage Vn

are given by (Figure 5.4)

Analogue stator impedance Zl

!

Ry + JX (5.73)

" " rotor M "oz, = RZASuQ + JX, (5.74)
" " magnetizing admittance Yy = l/RM + jl/XM
(5.75)

STy o= Egy 4 Ip2g

= E,, + (I, + )7

gn 1

M)

!

Egn + ZlEgn(l/Z2 + YM)

= Egn(zl + 7, + zlzzyﬁyzz

.o Egn = zzvn/(zl * Zy t zlzgxm) (5.76)

(Equation 5.77 is given in table 5.2)

Iy = Bgnly = VpYyZo/lq + 25 + 2925%)  (5.79)
I, = I2 + IM (5.80)
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Table 5.2 VARIABLE FREQUENCY

PERFORMANCE EQUATIONS FOR SPACE

FUNDAMENTAL AND SINUSOIDAL EXCITATION

Items Analogue Actual
A:‘L]Jé'-gap voltage zzvn/(zlfzzalezzYM) o(’zzvn/(zl+22"le2Y1\.T)
&n - (5.76) - (5.77)
Ro’Icor current Vn/(Zl-rZQ«erZzYM) vn/(zl*z?zlzzYM)

; - (5.78) ~ (5.78)
Magnetizing V, Y2 2/ ( 7 t2,40q 2 oY) | VY2 2/ (2147 ,4212,Y,)
current IM :
' - (5079) - (5n79)
St%tor current I2 + IM I, + IM
' - (5.80) - (5.80)
Rotor input m2122R2/(Sec) m2I2232/S'
power PQin _
- (5581) - (j¢82)
Rotor copper mzlzszAu; mzlzzi2
loss P
cu2 - (5.8%) - (5.84)
2 ¢
{ Rotor power m2I2232(1~S)/(Soc) m,I, Rz(l»w)/s
output P, - (5.85) - (5.86)
2 2
Core loss Ppp mlEgn /RM X018 /RM
- (5.87) - (5.88)
2
Stator copper mlli R, /ot my I;°Rq
loss P -
cul - (5.89) - (5.90)
Line to neutral | Ve®K =V, +I1F (1 ~1) | Vi = o4V, +I1R, (2-0C)
stator supply ’
voltage - (5.68) - (5.91)
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Items Analogue Actual
Input Volt- m {v +I-R, (1 -1)3 | mSocV_+I.R (1-0()}
Ampere 13 ' n 7171 <} li n “171

Normal frequency
synchronous
Speed

Torgque, electro-
magnetic in
lb—fto To

X conj.(Il)

X conj.(Il)

- (5.92) - (5.9%)

N, = 120f /P N, = 120&f /P
- (5.94) - (5.95)
133,000 M2 . 2% | 33,0000 1,2%
(S RKT4ET N, 28K [ZRXTH T ° 5K
- (5.96) - (5.96)
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The various performance equations are given in
table 5.2, The power and voltages are not invariant in
the variable frequency simple analogue figure 5.4 and the
actual machine, because of the frequency translation from
variable frequency f to normal frequency fn' The actual
power and voltages (referred to the stator) are obtained
by multiplying those from the analogue by ol .

By introducing equivalent circuit parameters in the
various performance equations, various interesting
conclusions can be derived. The rotor current given by
equation 5.78 rewritten for convenience

v
I, = e
2 Zz-l-ZleZZlYM

R.R
Vn/[{%%&‘ + Rl) M(s%xZ X1 %)

1
+ -X—I\E(Rllz Soc )j-l- J{(Xl + X,

R X R R,
1, .1
+ %M( RiX, + geg) * (s X5 ]
| (5.97)

The scalar value of the rotor current is given by

Ry RiRy
112] = Vn/[{fs:x + Ry) o+ R e - $1%5)
R2Xl > )
+ X—(Xgle giifii + gFXl + X2) (5.98)
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so that

v, /()% (5.99)

n
|

where

R R2
[i}g—— + Ry) + g— (ze = %1%5)
R X
N X—(Xleq- 3'_23 ‘{(Xl + X,)

R.X R-R
A 1 BBy -
(R X% 55 .o (&&= - Xllefj

(5.100)

b
|

1
R

04

The electromagnetic torque given by, equation 5.96

(Table 5,2) is

7 i—33 ooo/(2x746}%2/(mns)} ]12‘ Ry (S )

(5.96)
where an = normal frequency synchronous speed

Substituting equation 5.99 in equation 5.96 gives

T = {53 ,000/ (2 7(7468‘{m2/(an )} Vnz%z/(SOQ.)}/A
(5.101)

The equation 5.101 is large and requires simplifi-

cation. The terms containing R M and XM are small compared
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with the others and may be neglected, so that

o v 2R,/ (5 )
toT {33’000/(“746)} (m2/an)@2/(S«n)+;l}2+(xl¢X278
- {33,000/(27:746)} (my/N, ) (V 2/R,)
So(/{(l + Kls:=<:)2 + K22(S0()2} (5.102)
where K, = R;/R, (5.103)
and K, = (Xl +X2)/R2 (5.104)

For small slips S -0
(1 + K Sex)%> 4
and
K2282o(2 —_— 0
o» From equation 5.100
T . " {33,000/(2ﬁ746)} (mZ/NnS)(VnZ/RZ)SoC
(5.105)

Equation 5.10% shows that the torque is a
linear function of frequency for a fixed value of slip,

when the slip 1s low.
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At standstill 5 = 1. The starting torque is

therefore

2
g L C {33,000/(2:&7462} (my/M, ) (V,“/RS)
[o(/ {(1 + KX )2 4 (Kzoc)zﬂ (5.106)

The frequency at which maximum torque occurs during
starting can be obtained from~%§r = 0 where T is given by

equaﬁion 5.106.,

This yields

K=t e v x5} E

fn[Rz/iZ(Rli- Xy + X2)§]% (5.107)

il

i

or hid

Equation 5.107 shows that if a machine has to be
designed to start at low frequency against full-load
torque, the stator resistance and reactance should he high.
A compromise with the normal running performance and

stator copper loss is necessary.

For large slips S - OO

(1 + £50)° ~> (Ky5)2

Therefore torgue at large slips from equation 5.102

is given by

T = {33,-000/(2x746)} (mz/NnS)(Vnz/Rz)/{

S->0¢
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SK(K,2 + K22)} (5.108)

The torque for the same value of slip is less at
high frequency than at low frequency and the relationship
between torque and slip (constant o), and between torque
and frequency (constant S)‘are both rectangular hyberbolae.

The slip at which maximum torgue occurs can be
determined by differentiating the expression for torque
given by equation 5.101 with respect to slip and equating

it to zero, and then eliminating the terms containing EM’

This yields the slip for meximum torque as

(14X, /%)% 4 (Rq/%,)° ¥
5 = AR/ {—5— 1.}%\5 —
1By (1t&2/XM) + (KlezleXz/KM)

(5.109)

The positive sign indicates motor action, and the
negative sign indicates generator action. The maximum
torgque is obtained by substituting equation 5.109 in

equation 5.101 giving

H
I

{(33,000/ (27 746)j (my/W, ) (V, /R ) /K,
(5.110)

o aay)? e (Ry)® s
= {R 214X /%)% # (K ¥ 9% X,/ )2} o
17 (/)T (K K X/ Xy -

where
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and
K, = {{1/1{5 + Rl) + (Rl/KB-- Xl)i.z)/RM
+ (RyX, + xl/l'%)/xl'ﬂj2 + {(Xl ¥ X,)
- %
+ (RyXp + X1/K3)/By = (Rg/Eg - X1X2>/1§X
(5.112)

The maximum torque is independent of frequency but
the slip at which it occurs is inversely proportional to

frequency (Equation 5.109).

Equations 5.105, 5.108 and 5409 contain the term
SK . '
Now 8 = (N, - N)/Ns = (NS - N) /(120£/P)

and

A = f/fn

Therefore SOk = {P/(l20fn)§(Ns - N), or in other
words the term S is proportional to the decrement &N of
the roﬁox speed from the sjnchronous speed. Hence
eéuatiohs 5.105 and 5.108 indicate that at low and high
slips, the torque developed is reééectively, directly and
inversely proportional to this decrement AN of rotor

speed, irrespective of rotor
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slip S and supply freguency f. Similarly equation 5.109
indicates that maximum torque occurs at a definite decre-

ment AN irrespective of rotor slip and supply frequency.

5.9 Variable Preguency Bguivalent
Circuit for Constant Maximum
Torgque Operation Accounting for
Space Pundamental and Space
Harrmonic M.M.Fs. ' :

The method by which the variable frequency simple
analogue shown.n figure 5.4 for the induction motor
(Section 5.5) was derived, may be applied to figure 5.1.
This results in figure 5.7 which is a passive circuit
analogue of an induction motor under variable frequency
operation, taking into account the space fundamental air-
gap m.m.f. as well as space harmonics. The space
fundamental part of figure 5.7 is identical to figure
5.4, and figure 5.7 is an extension of figure 5.4 to
include the harmonic rotor branches.

5.10 Performance Calculations from

a Variable Prequency Extended
Bquivalent Circuit

Referring to figure 5.7
The rotorx >§h space harmonic analogue impedance

Zoy Rop/S %0 + 3%, (5.113) ¢
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Ve/ex. V 9n

X
X é 2 2.9,
M.Vb R
|
\ |
I &%,
M, € Re /s
B Ry />

Figure 5.7 Variable Frequency Sinusoidally Excited Induction Motor Equivglent Circuit
Taking Space Fundamental And Space Harmonics In Account. Supply Voltage
Regulated For Fixed Maximum Torque Operation.
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where R2p’ Xz),and Sy are given by equations (5.49, 5.50),
(5.48) and (5.51 and 5.52) respectively.
The analogue impedance of the )fh space harmonic

link is

Zay = {’szxmv + 3y, Rog/ (5% )f/ {Rz /(8,%)

+ j(Xz.]) 3 XI};IY).} (50114)

where XM)JiS given by equations 5.38 and 5.39.

Total impedance of the harmonic chain is

Z, = ZzAv (5.115)

3

Impedance including the core loss analogue RM is

Zg = RyZy/(Ry +Z,) | (5.116)

The analogue impedance viewed by Vn is

The analogue input impedance referred to the

variable frequency analogue voltage Vf/bc is

Zy = Rl(l/oc - 1) + Z4 (5.118)

The wvarious performance equations are given in table
5.3. The performance as predicted by these means and as

measured is compared in chapter 8.
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Table 5.3 VARIABLE FREQUENCY

SINUSOIDALLY EXCITED INDUCTION

TMOTOR PBRFOLMANCOE LUATIONS

AC i 1 oLally : NT AL
AND SPACE HARMONICS
Items Analogue Actual
St%‘cor current Vn/zc Vn/zc
* - (5.119) - (5.119)
Aig—gap voltage vnzB/ZC e.cVnZB/JC
gn - (5.120) - (5.121)
Chain current I, Egn/zA Egn/zA
- (5.122) - (5.122)
J .
Rotor current I, § My = 1y
th 2 2¥
due to ¥ S—Z- + H{XowtErg) T ¥ (X )
space harmonic Y& 2y Ty p & 2”1}2{1\“’
12)) h (50123) - (5' 3)
2 2
space m,I, R oL) Ro.y/S
harmonic rotor 2m oy '2)/(8)" ;)/ ),_
power input - (5.124) - (5.125)
P2inv
th 2 2
space m,1 Ryl R,
harmonic rotor i 2V 2}’/ 2 2y "2y
copper loss - (5.126) - (5.127)
PcuZ'))
R
th 2 T2y 2 Koy
Y space w—2—(1.=S.y) ===(1-S;)
harmonic rotor mot 2y SyX Y Y 2)’ S)’ v
power output - (5.128) - (5.129)
PZO')) |
NeJF rogo]x?' power Z};ﬁl’lv 2}2inv
npu . :
TEPEY Fain Y _ (5.130) Y. (5.131)
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Items Analogue Actual -
Nef rotlo)r copper ZPcuz %Pcuz
oss
ouz ¥ _ (5.132) - (5.133)
Net rotor P P
power output E,,' 20¥ §20}J
Py - (5.13%4) - (5.135)
0
. 2 , 2
Core loss Ppg mlEgn /RM o(mlEgn /RM
- (5.13%6) - (5.137)
2 25
Stiﬁcor gopper m Iy Rl/g( my I;“Rq
oss
eul - (5.138) - (5.139)
Line to neutral 4 v IRy (1) | Vo= AV, + I;R{-%
supply PP N B A £ n ¥ 4170
voltage - (5.140) - (5,141)
Voltzampere in- (Vf/o()conj.(ll) (Vf)conjo(ll)
buv
- (5.142) - (5.143)
R m R
: 33,000 M2 2 "2y 133,000 72 2 "oy
Electromagnetic = YL : Yoy T
torque in lb- | 2N (46 Npg®72Y Sy |2 RT46 g 2? Sy
£t pgﬁduced ~ (5.144) - (5.144)
by Y space
harmonic T-},
Net electro- ZTV Z-Ty
magnetic Py
torque T Y. (5.145) 2 (5.145)
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CHAPTER 6

TIME HARWONIC ANALYSIS OF THE
INVERTOR-FED INDUCTION .MCTOR -

Machine torques and losses are dependent upon
supply wave-form. Iron losses increase if the wave-form
of the air-gap voltage is flat topped and decrease if it
is peaky. Copper losses increase whenever time harmonics
are pfesent. Analysis of the idealized voltage wave-form
at the output of the thyristor invertor shows (Appendix II)

the presence of time harmonics of the order

¥ = (1% ex) (6.1)
where

X = 0, i, 2, 3 .... etc.

Those harmonics which have positive values of'zrviz
7 15th 19th, etc, have the same phase sequence:as that

of the time fundamental, and as such they produce'forward
torques by reacting with the space fundamental flux
produced by them.

On the contrary, those harmonics which have negative

values of ¥ , viz -5°%, -11%R, _17%8

, have an opposite
phase sequence to that of the time fundamental and as such

they produce backward torques by reacting with the space
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fundamental flux produced by them. Since the amplitudes
of the harmonics of negative phase sequence are in
general greater than that of the positive phase sequence,
slight decrement of torque produced by the motor, as
compared to equivalent sinusoidal operation, is expected.
Those time harmonics 7 which have the same numerical
value as that of the space harmonic ), always produce
forward torques irrespective of their phase sequence.
Moreover, this combination produces fluxes which have the
sane speed as that produced by the {time fundamental
voltage and space fundamental m.m.f. The relative syn-
chronous speeds and the direction of rotation of the
various combinations of }f and))are shown in table 6.1,

6.1 Iron Loss in the
Main Flux Path

The increaée(of iron loss occuring when the
induction motor is fed from the invertor is due to the
increase of the magnitude of the air-gap flux ﬁm in the
machine. This increase of the air-gap flux ﬁm is due to
two reasons:

i) since the air-gap flux ﬁm = ng(nonnv)/(4Kfle%ﬂ)
(Equation 5.5), for a given frequency f and air-gap r.m.s.
voltage ng, the flux ﬁm depends inversely on the form

g 'v)

factor Kf of the air-gap voltage. For sinusoidal operation
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Table 6.1 SYNCHRONOUS SPEEDS

(IN PER UNIT) OF HACHINE AIR-GAP

FIELD HARMONICS FOR VARIOUS TIWE
HARMONICS OF INVERTOR SUPPLY

i 7111 {13 17 |19 L23 | 25 |29 | %1 =35 | 37
1 7411413 17119 +23% ] 25 29 | 31 (-351 37
=Ly 9 =21 3L 317 =191 23 25129 |31t 351-37
5 B B Bl - - -8 B - S
Li-2 | AL 13 17419 23§25 -291 31 =35 % 37
717 At id i i i i i i By
“1f 5 |=7 1 F23 127429823 F25 29 -3 | 35]-37
11 111 (11 _ 11411 11 f011 11 11 11 11nt 1
o2 Ll g AT 11925 1 25 29 ) 2L 35t 37
1% 11% (1%t 13 154133151 1% § 1 1341 1%] 13
Y S o AL FLl3 | F19 ) 23 25 1 29 =31 | 351-37
7 T7 |37 T T il v vl va vl Revd Iy
LoD | AL P13 FAT ) 23125 129t 2L 351 37
5 |15 |T9! I5| 5| I9 5191519l 19 19
=1y D =7 AL 13 P17 =19 4 =25 | 29 |-21 | 32|-37
55 125 1331531 55| 531 53 53153 531 55| 53
Lozl |71l A3 =17 19231 4 =294 31 =35 37
25 175 {251 251 251 25 1 55| 55 75| 551 55( 55
LV S |Zrp L1317 =191 238251 1 (=31} 35¢-31
29129 (2929|765 29|29 29| 25 53 | 29| 79
i |z f Tl 13 =171 19 =231 25 4-291 4 =321 37
AL 13l 131 314 31 % 311 31 .31 311 31 ALY 31
b Lz Al -13 17 191231 -5 1 291-31 1-37
1351 7351353535 35|35| 7|35 %5 55
L= ALl A3 -l f 19 =230 25 =29 31 1-351
37 137 137|374 37 (373737 | 37| 37] 37| 57
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K, = 1.11. As the air-gap voltage becomes more flat-topped

£
K, decreases and hence qnincreases. Since the stator

£

leakage impedance is very much smaller than the magnetizing
impedance (Figure 4.1) it can be assumed that the wave-
form of the line to ncutral ai:—gap voltage 1s almost
identical to that of the idealized line to neutral voltage
supplied by the invertor. It can be seen from appendix
IT that Kf for such a wave-form is 1.06. Therefore for a
given frequency and r;m.s. air—gapbvoltage, the invertor
supply would cause 100(1-1.11/1.06)= 4.8% increase of the
main fluxs

ii) in order to produce identical tdrque at a
given slip the r.m.s., value of the fundamental componcnt
of the air-gap voltage should be equal to its r.m.s. value
with sinusoidal supply. This requires an increase in the
r.m.s. value of the non-sinusoidal oir-gap voltage by a
factor A/%3 = 1.048 or 104.8%, thereby causing a furthef
increase of the air-gap flux by the same factor.

Por equivalent operation the invertor supply'causes
the air-gap flux to increase to a total of (1.048 x 1.048) x
100 = 109.9%. This inqrease of flux ﬂm causes an increase

in jiron loss.

6.1.1 Hysteresis 1loss

It has been shown, in equation 5.6, that for s
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given r.m.,s. line to neutral voltage ng, of form factor
Kf, and frequency f, the air-gap flux density in a given

machine is
B, = ng(non,u)/(4KlelefA) (Equation 5.6)

Writing the r.m.s. value of the non-sinusoidal air-

gap voltage as B

gi{nonema) and expressing it as a constant
C times the r.m.s. value of its time fundamental Egl
Be(nonm) = ©Bg1 (6.2)

Substituting equation 6.2 in equation 5.6 gives

By = OEgl/(4KleKW1fA) (6.3)

Substituting equation 6.3 in the Steinmetz's hysteresis
loss equation 5.1 we obtain the hysteresis lossgs due to

non-gsinusoidal wave-form

U - 11 1 ,¢ ; . n n.n
"h(nones) = 4, £C Eg1 /{f4HlelA) K fmg

- 1 - .
4(hanganf np( n)/(4N1£WlA)n

ﬂhﬁﬁfﬂu%yﬁﬂﬁdﬂhmhmn( |
6.4

Hysteresis loss simulating resistance under non-sinusoidal

supply condition is given by
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= B 2 /W .
h(non~s) =~ “g(non~9) /"h(nonav)

= By 074N Ky )N (B /) T (0"Ky M)

- ALY, ng (2-n)
= (40K A) /l[l%Kf 10Bg/t £

(6.5)

It can be seen from appendix II that the factor C
for the idealized line to neutral voltage wave-form of the
invertor ocutput is 1.048 and that Kp 1is 1.06, In section
5.1.1 Steinmetz exponent n has been shown to be 1.674;

Since the leakage impedance of the stator is very
small compared to the magnetizing impedance (Pigure 4.1),
it may be assumed that the wave-form of the induced stator
voltage is almost the same as that impressed on it. A
further assumption will be made at this stage thaﬁ the
output voltage of the invaﬁor has always.the'wavé—form of
the idealized voltage. With these assumptions the

hysteresis loss when the motor is fed from the invertor is

Wy (mwvy = {ﬂh/(4Nle'llA)l'674}(1.048/1.06)1.674
. ey1.674 (6.6)
(Dgl/f) £

Now hysteresis loss under sinusoidal supply is, from

equation 5.9,
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T (av) -{fZH/LANIleA)1-67i§(1/1i11)1.674

\ 1.674
(Dgf/f) £ (6.7)
Dividing equation 6.6 by equation 6.7 gives

(1.11 x 1.048/1.06)1-074

%; i}l 674 (6.8)

When an induction motor is yunning from a non-

Yo (17 ) V() =

sinusoidal supply '"constant maximum torque" operation
demands that the ratio of the fundamental component of the
air-gap voltage to the operating frequency should remain

constant. Therefore Egl/f = Eggf. Hence

1.674

Wh(INv)/Wn(nu) = (1.11 x 1.048/1.06) =1.191

It could, therefore, be chcludedﬂthat for Yconstmt
maximum torque" operation, sﬁpply'from the tHyristor
invertor causes hysteresis loss to increase by 19.1% over
similar operation fromfsinusoidal source.

In order to determine the hysteresis lcss simulating
resistance for invertor operation Rh(INV) the following
procedure is adopted. It will be assumed that the value
of this resistance under 50 Hertz sinusoidal operation

RhSO(ﬂu) is known. Prom equation 5.7
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Rpso(as) = i(‘ﬂerleA}l'674/?11.1}(1'11)1.674

(Egso(nq/5o)o°326 x 50
(6.9)

Rh(INV) for invertor operation is, from equation 6.5, .

C€r e g 1.674 1.674
Bo(mv) = {(‘leWlA) /Ry (1-06)
(1-048)1'674(Eg1/f)0'526f

(6.10)

Therefore

Ry (v )/ Rnso(ny) = (1.06/1.11)1-674(1.048)0- 326
E /T
(g £ /'50)
g50(~)
= 0.954(£/50) (6.11)

since (Egl/f = EgBO(ﬁJ)/BO)

Rh(INV) at 50 Hertz will be taken as 95.4% of its
equivalent value at 50 Hertz sinusoidal operation (Equation
6.11). Under sinusoidal 50 Hertz operation with ng/f

ratio of 2 Volt/Hertz, the value of Rygy i~y = 465

M
Rh(INV)at 50 eis should be 46 x 0.954 = 43.8%L

6.1.2 Eddy current loss

From cQuation 5.16 it can be scon that for a given

machine the resistance simulating the eddy current loss is
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independent of frequencyzgxlwave—form of line to neutral
voltage induced in the stator winding.

From equation 5.17 eddy current lcsses do not
depend on thec wave-form of the stator induced line to
neutral voltage. Rewriting equatibn 5.17 for a non-

ginug oidal wave-form gives

Va(nonemy) = f% SZEg%nonau)/{}s(NlelA)%f (6.12)

Replacing the r..a.s. value of the non-sinusoidal
air-gap voltage Ew(nonru) in terms of the r.m.s. value of

the time fundamental Egl gives

Vs (non ) = /?eSZCZEgIZ/{?6(N1K"”1A)2_} (6.13)

The eddy current loss at 50 Hertz sinusoidal

operation is given by

2. 2 ' Y
Wosony = Fe Egso(m)/i}G(NlelA)j
(Equation 5.17)
[ ] b - 2 2
. We(norm«')/WeSO('w) = 0 (Egl/EgSO(N))
> Egl{f
Eg50(~r)/?

2 2 2
5) (£ /50 )
(6014‘)

Hence, at "constant maximum torque" we get
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2 2 2
rx — (6315)
We(nonhu)/NeSO(ﬁu) = 0 £ /50

For invertor operation C = 1.048 for the idealized
output voltage of the invertor, and hence the ratio of eddy
current loss under invertor operation to similar operation

under sinusoidal condition is given by

- -
Voso(1nv)/ Tes0(ar) = (1-048)° = 1.099

The invertor operation causes 9.9% increase in eddy
current loss.

Since in section 5.1.2 if has been shown that in the
particular machine!ﬁ§ed the eddy current logs under
Sinuéoidal operation.is negligibly small, and hemee the
' total 1oss 1s 51mulated by that 1n Rh’ no attempt 1s made
" to-determine the resistance 51mulat1ng the eddy current
loss unuer. 1nvertor operatlon.

6.2 Effect of Stator Connectlon
on Iron Losses

Until now it has béen assumed fhat thetstator
windings are star connected and the,iron logses are :
calculated on *the basis of line to nedtial voltage. With
sinusoidal excitation the line to line and line to neutral
voltage wave-forms dgre sinusoidal and connection of'étatof~
windings (star or delt&) do not make any difference in

loss calculation.- ,On.thé'ﬁuntrary; the line to line and
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the line to neutral voltage wave-form of the invertor out-
put are very different produvucing in general a completely
different value for the form factor Ky ond the constant ¢
which relates the r.m.s. value of the non-sinusoidal wave-
form to the r.m.s. value of the time fundamental. If the
machine was delta-connected it seems logical to base the
iron loss computation on the line to line voltage wave-
form. From appendix II for line to line voltage wave-form,
Ke = (1.5)% and C remains unchanged at A/3. From
equation 6.8, basing calculations on line to line voltage

wave-form for a delta-connected machine results in

g % 1.674
Yo (1wv) i (ar) 1.11 x 1.048/(1.5)%

0.9095

which implies that a delta-connected machine under invertor
operation results in about 9% less hysteresis loss
comparcd to equivalent sinusoidal operation. |

Since C is the samc for line to line and line to
neutral voltage wave-forms, it can be seen fronm equatibn
6.15 that there is no apparent change in eddy current loss
due to delta connection of the stator winding.

Measurements (Figure 8.51) indicate that in practice
the above statements regarding hysteresis and eddy

current loss are not true. The anomaliesg occurring are
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due to the fact that when calculations are based on line to
tc - line voltage wave-form, the rcfercnce axes which are
automatically chosen thereby arc non-existent as far as the
machine magnetic circuit is concerned. The concept of
reference axes is dealt with in chapter 7.

The difference not only ariscs when the machinc
magnetic circuit is connected in star or in delta, but also
when series or parallel connections arc made in machines

with assymetric magnetic circait19.

6.3 Variable Frequency Equivalent
Circuit Reprecsenting the
Contribution of Arbitrary Time
Harmonics on Motor Performance
taking into account the Space
Fundamental H.M.F. only

The offect of Y" time harmonic of the fundamental
variable frequency £ on the performance of an induction
motor can bec determined as follows. Referring to figure
5.2, the stator of the induction motor is at a frequcncy of
“¥f Hertz considering the 75th time harmonic only. Since
the input of the "frequency translation device 1" is at
the normel frequency fn’ the net frequency translated by
this hypothetical device is reduced by the factor oLy -

The process of reasoning which led to the development of
figure 5.3 from figure 5.2 can now be applied for this case.

If the r.m.s. value of the jgth time harmonic voltage is
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Vfb' then the aneloguec input should be Vf1r4?af) Volt.

The stator resistance would then be R14$°§> whereas the
rotor resistance would be RZ/(SBJXX) (S?f is the slip for
the rotor for the -b’Eh time harmonic). All other para-
meters would be unchanged. This analoguc taking into
account the 'E?# time harmonic is shovm in figure 6.1.
Sincc there is a hypothetical frequency translation factor
of o\, the analogue voltage, impedance and power as viewed
from the stator side should be multiplied by ¢ to derive
the actual wvalues. Currents and power-factor remain
unchanged. This treatment dcmands that the leakage
reactances for a particular value of stator and rotor
current be directly proportional to the harmonic frequency
considecred. For a particular value of air-gap flux
density the magnetizing reactence should also be directly
proportional to the harmonic frecquency. In perfornming
experiments it was found that time harmonic voltages
higher than 19th were very small and as such all harmonic
voltages of orders higher than 19th were neglected.

At a fundamental frequency of 50 Hertz (top
frequency of test) the 19th harmonic has a frequency of
950 Hertz. It is doubtful whether the parameters Xl,
X2 and XM vary linecarly with frequency up to 950 Hertz.

Determination of these parameters involves no-load and
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Figure 6.1 Variable Frequency Simple Equivalent Circuit Of Induction Motor
For Arbitrary Time Harmonics Under Non-Sinusoidal Excitation.
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locked rotor tests and no attempt was made to conduct
these tests at such high freguencics. The value of actual
corc loss simulating resistance RMf(nonrv) at a fundamental
frequency f, however, uwnaffected by the time harmonics
because it is determined from equation 6.11 which already
takes into account the contribution to iron loss by the
time harmonics. The iron loss in terms of actual air-gap

line to neutral r.m.s. voltage E nev) at fundamental

gf(no
frequency £, is

2
"ot (nonev) = ng(nonfu)/ Byg (nonav) (6.16)

h

In terms of the r.m.s. value of ?Yt time harmonic

air-gap line to neutral voltages E of fundamental

gty
frequency f, the iron loss is

3]

. 2

Tyt (nonms) = :EziFgfzr/ RMf(nonr»Q} (6.17)
T=1

Since the actual iron loss is ok ¥ times the
analogue iron loss, and also the actual volbage is X
times the analogue voltage, then for the zyth time harmonic

s % " time harmonic analogue %2
air-gap line to neutral voltage

¥

th . .
¥ " time harmonic analogue
core loss simulating resistance

= Actual contribution to core loss by

2Ph time hsrmonic a:x»-gap linec to
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to neutral voltage.

or

/(¥ )$° ,
By = ary /Pyt (nonew) (6.18)

ok iec,

vhere RHQY is the analogue iron loss simulating resistance

for -zﬁh time harmonic.
*Therefore

A¥Byy = Ryr(nonn)

or

By = Byg(non ~y (K8 = By(non~y/% (6.19)

where R (nonﬂu) the analogue iron loss simulating
resistance at normal frequency and non-sinusoidal cxcitation.
For inverto? operation at normal frecguency RM(nonrv)
denoted by‘RMGNw)and is given by equation 6.11. It nmust
be emphasized at this point that all the iron loss is

wholly due to hysteresis and has no contribution from cddy

currents as was shown in gection 5.1.2.

6.4 Performance Calculation for

B ™ pime Harmonic and Space
Fundamental M.M.F.

Referring to the passive circuit analogue of figure 6.1:-

The analogue stator impedance er e Rl/(ﬁc&b’) + JX
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(Equation 6.21 is given in table 6.2)

The analoguc rotor impedance
7, = Ry/(S4008) + iX, | (6.22)
(Equation 6.23 is given in table 6.2)

The slip of the rotor with resvect to the space

fundamental m.m.f. producecd by the ‘gth time harmonic is
SF' = 1 - (1 - S)/ﬁf (6.24)

where S is the slip of the rotor with respect to the space
fundamental m.m.f. produced by the time fundamental of the

invertor supply.
The analogue admittance of the magnetizing branch
My = 'W/RM(INV) - i1/%y (6.25)

(Equation 6.26 is given in table 6.2)

If the r.m.s. valuc of th time harmonic (fundamental
frequency f Hertz) of invertor supply to the machine is

fo-, then when referred to the analoguce (figure 6.2) it is

I

Vo /(XE ) Eg * T1g 1%

= Doy (Zyy Loy # Doy Ty Ty )/ %0
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The 1fh'timo harmonic r.m.s. value of air-gap linc to

ncutral analogue voltage is

B = ivfx/(o(zj )jizzx/(zn, t Ty
+ Lig Dow Yy (6.27)

The rest of the performance equations arc given in

table 6.2.

The clcectro-magnetic torgue developed by the Xﬁh

timec harmonic is given by cquation 6.44 as
‘ 2
Ty = $55,000/(2RTAER (my/ N, 0) Tope Ry/ (S XE)
(Equation 6.44)

IQB' is given by cquation 6.29 and is

Veg 1
2% XY Z1y -t-uzx % Z2B’YMK

v R,
= fa’ .
= /{ oy T ) v g %é, + JX5)

Ry . Ry .
*'(C(TY + JXl)(S;FEFEr + JX5)
b3 1
Ry(nv) 33—%)
Ry 5

o(z{ io(z{ s ‘XT g (1av)
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R, R R.X R,X
x(____l__g___ z{X)-}l "2 | 2*1.)}
syoliy? 1P ‘)CMRO(K ZX‘XT
L Zf 150 o1

1 RlRZ
__.( 5 - X;X,) (6.49)
Xy 0( ‘6 1 23
is

The scalar value of 12

23\ {75 @K)_Vwr | (6.63)

where

R R , R.R
1 2 h:s 170
D = =
[E(o(*o’ + S XY )+ RM(INV)(SXOG ¥°
r.%,) (Rlxgv R,X, )2
B ¥ XM oY * ‘o‘o( ?f
. K R1X2 RoXy
* E(Xl *4p) P‘M(IW)( o5 ¥ {5 )
1, Rby
XM(S 0426’2 - leg)} (6.64)

The electro-magnetic torque can now be determined by

substituting equation 6.63 in equation 6.44

- _ {337000/(27(74_6)}(1112/an) Vf 2/(53'“ KB}/D

where D is given by equation 6.064.

The terms countaining RM(INV) and X, may be neglected
as they are small compared to the others (implying infinite

magnetizing impedance), then
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o Ve BBy X7¥7)
s , By R, 2 (x X)Z
(TF Sy Tt
> 3
3%,000 2 fo 2/’Szr°< X%

T 2KT46 N
5 (o dK){(lfsx Tl

Xy 4—X
(= sot?f)j

~  _ 33,000 P2
Y T 2AT746 i

Substituting
Ky = Ry/Ry
and
Ky = {5 v XYRy

T, = {33,000/(27(7463}(mZ/NnSV)ﬁTf%;Sb«Z/(’Rg«X&
1/{(1 + Sy K, F + (Kzsxo(z’)zj

(6.65)
For high values of time harmonics (Bth, Yth, llth, 13th, etc)
S = 1 =11 1 -9 Equation 6.22
. La]a -9 (2q )
Y ->c0
-~ 1

Ty = {33,000/(2K746§(m2/an) (Vfif/Rz)

¥ —>o0 ’ |
{1/(1{220(3 ‘63)} (6.66)
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From the above discussion it may be concluded that
the higher time harmonics reacting with the space funda-
mental air-gap flux produce a small torque which is
independent of slip S and is inversely proportional to the
cube of the order of the time harmonics. This could be
either a motoring or braking torque depending on the phase
gsequence of the {time harmonics.

6.5 Equivalent Circuit Representing
the Contribution of Tine
Harmonics on Motor Performance
taking into account the

Fundamental and Higher Space
Harmonics

In order to take into account space harmonics, the
equivalent circuit of figure 6.1 has to be expanded to that
gshown in figure 6.2. It may be noted that figure 6.2 is
identical to figure 6.1 except for the addition of the
;M)) and 22)) representing the space harmonics in the air-
gap of the machine.

6.6 Performance Calculations taking
into account the Time Fundamental
and Time Harmonics of Supply, and

Space Fundamental and Space
Harmonics of Machine Air-Gap M.M.F.

Referring t0 figure 6.2:-

The analogue rotor )Ph space harmonic to *}Ph time harmonic
is

Zogy = Royp/Syy  + iEpy (6.67)
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Figure 6.2 Variable Frequency Equivalent Circuit Of An Induction Motor For Arbitrary
Time Harmonics Under Non=Sinusoidal Excitation Taking Space Fundamental
And Space Harmonics [n Account.
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(Equation 6.68 is given in table 6.3%)

The analogue impedance of the );h space harmonic link to

z;h time harmonic 1is

“hgy T 'Z_XM)JXZ}’ t Xy Rop/ (Syy 0(8)}/{32»/
(Syy X¥) + 3%y, + Xpy)f  (6.69)
(Bquation 6.70 is given in table 6.3)

Total analogue impedance of the space harmonic chain to

Kth time harmonic is
Zry < ZZAX}‘ - (6.71)
by

(Equation 6.72 is given in table 6.3%)

Analogue impedance including the core loss resistance to

Xﬁh time harmonic is

‘T iRM(INV)ZAz /Kj/{ﬁm(mv)/b”‘ t ZA;(6'73)
(Equation 6.74 is given in table 6.3%)

Input impedance of the analogue 1o }yth time harmonic is
Iy = R/ + 3§ ¢ Do (6.75)

(Equation 6.76 is given in table 6.3)
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R th . th
51ip of the rotor to space harmonic produced by ¥

time harmonic is

SZ,V = 1-Y(1 -38)/y (6.77)

The various other performance equationé"are given in
table 6.3. A digital programme was written for an IBM
7090 computer to take into account up to 37th gpace and l9th
time harmonic and was used to predict the performance of the

induction motor when supplied by the thyristor invertor.
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Table 6.2 VARIABLE FREQUENCY
INVERTOR~FED INDUCTLON MOTOR.
PERFORMANCE EQUATIONS ACCOUNTING
~ TOR OPACE PUNDAMENTAL ONLY

Items

‘Analogue = ' Actual

Stator impedance

for Bth Time

s 7
harmonic Z1%

Rotor impedance

for z{th time
harmonic % 2%

Slip of the
rotor w.r.t.
the space
Tundamental
m.m.f. produced
by a’th time
harmonic S

Admittence of
magnetizing

branch for }{th
time harmonic

Yy

B ¢ ime

R /(4 ) # JEy Ry + ¥
~ (6.20) - (6.21)
Ry/ (S XY ) + 3y Ry + SyX¥ X,
- (6.22) - (6.23)
1 - 1(1 - 8)/g 1 - 101 - 8)/g
- (6.24) - (6.24)

/By (rwy) ~ I8y V(X By gy = 3/(AE Xyp)
- (6.25) | - - (6.26)

Vey : Goy s

xharmonic
r.m.s, value of
air-gap line to
neutral voltage

Egu’

: 7 o V.
KY Pry thog tirgloylyy | E¥ Ty oy ay Doy Ty
- (6.27) - (6.28)
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Items

‘Analogue

Actual

xxh

zﬁh time
harmonic rotor
current I?K

time
harmonic
magnetizing
current IMK

th time
harmonic stator
current Il?f

th time
harmonic rotor
power input
Poiny
yjh time
harmonic rotor
copper loss
Pcu27§'

th time

harmonic rotor

power outputb
Poox

th .
K time
harmonic iron

loss PE‘F‘K

3¢h time

harmonic stator
copper loss

Pcul'a'

l

|

Ve I

Vey 1

KX L1y tiog ti1g Loy Yuw
~ (6.29)

Vew Zow Ty

¥ 1y *téoy iy Zog Twy

- (6.29)
Ve Zog Tz

AY 1y *2ow ti1y Low Tuy

~ (6.30) -

I + I

2% MY

- (6.31)
- (6.3%2)

mol 23 Ry/(RE)
~ (6.34)

mzlzg{fzz/(sxogx E}(l = 5)
~ (6.36)

- (6.38)

mi;lé R, /(X Y)
' - (6.40)

- (6.30)
12‘6' + IMB‘
- (6.31)

szzi’ Ro/(Sy )
- (6.33)

no
o
)
n
::
[@2]
o
(A
=
!
62}
9%
-




ey

stetual

Items inalogide
bR L. . _ - -
Tinme v j . ., Vo ;

Kharmonj_c ml fx xecony (Ilb’ )/(‘X‘a’ ) ml \rff XCOKJ.(II‘ )
Volt-ampere - (6.42 - (6.
input VAK ( : (6-43)

I 33,000 2 - 2 o 33,000 %2 - 2 Mo
harmonic electrow 2R 746 1\’ris 2 ¥ XY 2R740 NHS 2t qu L3
magnetic torque _ , -

Ty Lb.-ft. (6.44) (6.44)
h. 2 i {‘ '.: 2 i

R.m.s. value of E 2 (XBE )‘}2
air-gap line to {% g?f_2§ g gy
neutral voltage - (6.45) =(6.46)
Eg(nonw)
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R.m.s. value of T I1.2.4%=

rotor current 12 {Z 26} %.Z 2753
(6.47) - (6.47)

B.m.s. value of 2
magnetizing {5 = US JI K}
current I - (6.48) - (6.48)
. S, 2)% o J1

R.m.s., value of T 2 I 2
stator current I, {Zg lx} {_é lkj

) - (6-4—9) - (6.4-9)

Net rotor W P . :

% rotor pover 2 Foin ) K% Porg i
: L - (6.50) ' - (6.51)

Nett rotor copper ZP

loss P, v cu2’y C"(.X Pc:v.22§
¥ - (6.52) - - (6.53)

Nett rotor power 5’9 P

output P - 2oy Z"X T2oy
20
Y - (6.54) ¥ - (6.55)
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Items Analcgue Actual
Nett iron 10ss Ppg > py EEKPB‘E?('
-1 ~ (6.56) ¥ - (8,57)
Nett stator copper ZP P
loss P, q culy Z_&K culy
k 4 - (6.59) X ~ (6.59)
Nett Volt-~ampere Z\TAB, ZE(X VA
input VA v ¥
- (6.60) ¥ ~ (6.61)
Nett electro- Z]J ZT
nagnetic torgue T = ¥ ¥
- (6.62) ¥ - (6.62)
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Table 5.3

VARTABLE FREQUELCY

TNVERLIOR FED INLUCTION MOTOR

PERF ORMANCE EQUATIONS TAKING TIME

“AND _SPACE HARMONICS INTO ACCOUNT

Items " Analogue .Ac’cual
th PN
Rotor ¥ space 2 o o~ o
harmonic impedance (Sb')} AY ) T oy Rg)i + 3'32;'))0{‘\5'1‘2)}
to ¥ time - (6.67) - (6.68)
harmonic RZ}S))
th R R
Impedance of P space + T2y vy : 24
S J.A. - e d + % —
nermonte Link b m‘*zy MY Sxuel ¥ ;{Mz oy’ Y Fyy 5355
time harmonic 2 2 - -
Aygy ""3(.1\.1 +£ ) T (Xt i oy)
SX}J“\X My "2y Sb,y,x} My =2y
- (6.69) | ~ (6.70)
Total impedance of the Z E{ Z
space harmonic chain > A¥Y : 35 ¥ A%y
to B’th time harmonic = (B.71) - (6.72)
DAE' P
, th | . M(INV) . :
Impedance to ¥ time —_— L, 3 Z
harmonic air-gap ¥ AF At (v) “Ay
voltage Zo B (1wv) By (ray)
i Ty " ot Dy
¥
- (6.73) - (6.74)
In:Eut :Lilpedance to K ( Rl ) OC‘PLM(INV)ZA
ime harmonic % — 4 jX + 7 R 44 - . X
Dy .1 1 By ( 144 O(XJC]_) + (1)
—tieel 4 DA
Al
¥
- (6-75) - (6,76)
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Items Analogue Actual
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e
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Nett rotor power input
due to _‘(th time

- (6.77)
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- (6.84)
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Y - (6.86)
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harmonic PFE K-

Items Analogue Actual
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. _ 2 2y
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P
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, 2 2V
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1‘ | 2 2.2
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0.4 time - (6.101) - (6.102)
i
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Items Analogu.e Letual
Gross iron 1oss Ppp Z( XE 3')/ M(I‘W) z( ORXZEgzg)/RM(INV)
- (6.103) X - (6.104)
Stator copper loss 128 R,/ () 1162, Ry
due to ¥ time :
harmonic Pculy ~ (6.105) - (6.106)
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CHAPTER 7

TIME DOMAIN AWALYSIS OF
INVERTOR-FED INDUCTION IMOTOR

The two methods of analysis are:-

i) Harmonic analysis (Chapter 6)
and ii) Time domain analysis (to be presented in this
chapter.

The first method takes into account the extra losses
and parasitic torques occurring due to the non-sinusoidal
distribution of air-gap m.m.f., by taking large numbers of
space harmonics into account. Wthen the motor is fed from
a non-sinusoidal source, effects on losses and torqgues of
various time harmonics can also be calculated by taking
into account a sufficient number of these time harmonics.

The harmonic analysis cannot directly predict the
instantaneous variation of stator line current which is
vital for invertor commutation circuit design and
determination of the rating of the semi-conductors used in
the invertor. Harmonic analysis can only predict the
steady mean torque developed and gives no indication of the
nature of torque fluctuations of the invertor-fed machine.

fnalysis directly in the time domain with certain
assumptions yields a fairly accurate prediction of
instantantous stator line current and torque of the invertor-

fed machine. It fails, however, in predicting the
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parasitic torques and extra losses occurring due to the

space harmonics of the air-gap m.m.f.

7.1 Assumptions

The analysis of the invertor-fed machine starts with
certain basic assumptions, as otherwise the mathematics
involved becomes too difficult. The assumptions are

i) The two iron surfaces of the air-gap are smooth.
This eliminates the slot harmonics of the air-gap m.m.f.
and also the permeance variation arising due to the
relative motion between stator and rotor.

ii) Vindings are sinusoidally distributed over the
stator and rotor surfaces. This eliminates the belt
harmonics of the air-gap m.m.f.

Assumptions i) and ii) make the mutual inductance
between stator and rotor windings to be a purely
sinusoidal function of rotor position with respect to the
stator windings.

iii) The magnetic circuit of the machine is in an
unsaturated condition. This assumption makes it possible
to use linear trarsformation and super-position of
voltages, currents, fluxes, impedances, etc.

iv) Main flux path iron loss simulating resistance
is assumed to be shunting the supply voltage., This reduces

the order of the differential equation involved.



v) The voltage fed to the motor is idealized to
rectangular wave-form. This is the most drastic
approximation of all.

vi) The rotor is rotating at a constant angular
velocity W

7.2 Representation of Machine
16, 17, 18

and lachine Bguations

With the above assumptions the machine can be

represented by a group of linear coupled circuits. By

237

a

tensor analysis the basic equations of the machine differ

depending on the axes of reference. Starting with the
physically existing spatially distributed three-phase

reference axes on stator and rotor with relative motion

between them, two other transformations are now introduced,

based on two new hypothetical reference axes, both relatively

stationary. This is done in order to simplify the basic

machine equations.

7.2.1 Reprcecsentation of machine along
the three phase spatial rotor
and stator holonomic refercnce
frames. (X frames RYB and rypb)

Stator and rotor quantities are denoted by subscripts

which give the particular phase. Upper case lectters
denote stator quantities and lower case letters denote

rotor quantities.
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The machine representation is shown in figure 7.1.
The performence cguations along the above-mentioned
physically existing reference axes result in 2 set of six
complicated stmultaneous differential equations with time-
varying co-efficients. These time-vorying co-efficients are
introduced by stator-rotor mutual inductances, which are
sinusoidal functions of the angle between stator and rotor
axes. These angles for contant rotor speed are linear
functions of time.
7.2.2 Representation of machine

along stator DIQO and rotor
dgo axes - fraome

The above-mentioned set of six differential equations
with time-varying co-efficients con be reduced to o set of
six linear differential equations with constant co-efficients
by splitting the air-gep m.m.f. into components along two
verpendicular =xes. Since there are no two axes of symmetry
(i.e. no brushes or salient poles) to dictate any perticular
choice of position for the reference axes, the DQO axes of
stator and dqo axes of rotor are orientated such that D and
d axes coincide with the R axes of the stator. This makes

the D axis to be the physically existing reference axis.
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Figure 7.2 Hypothetical o | Figure 7.1 Physically Existing « Reference
Reference Frame .Stafor axes Frame. Stator Axes RYB Stationary
DQO And Rotor Axes dqo In Space And Rotor Axes ryb
Stationary In Space With Axes ~ Rotating With Rotor. ;

D And d Coincident With R Axis.
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This transformation results in non-holonomic
reference frame, rotor dqo coils carrying currents at supply
frequency given By £ and stator DQO coils carrying currents
also at supply frequency f. It may be noted that the
cx,coils of stator and rotor are stationary in space.
Such representation of the maghine is shown in figure 7.2.
The transformation teﬁéors which transform the holo-
nomic three spatial axes RYB and ryb quantities to non-
holonomic DQO and dgo axes gquantities are given in figures
7.3 and 7.4 in terms of currents. If time is so measwred
that at time zero the rotor r axis is coincident with
stator R axis then the stator and rotor transformation
tensors given by figures 7.3 and 7.4 become identical at
instant t = O. The same transformation is applied to the
stator voltages. Pigure 7.5 shows the idealized line to
line and line to neutral voltage wave-form at the stator
terminals, whereas figure 7.6 shows the stator line to
neutral voltage when transformed to DQ axes voltages. It
may be noted that no voltage can exist along 0 axis for
the line to line and line %o neutral voltage wave-forms
shown, and hence no current can exist along that axis.
The stator D axis voltage wave-form is identical to stator
R axis voltage wave-form because the D axis was taken to be
coincident with R axis. Table 7.1 is a summary of line

to neutral and DQ axes voltages.
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Figure 7.3 Stator DQO Quantities Expressed In Terms Of Stator RYB Quantities.
D Axis Stationary In Space And Coincident With The Stationdry R Axis.
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Table 7.1 CONVERSION OF
PHASE VOLTAGES LNTO DIRECT
AND QUADRATURE AXTS VOLTAGES

Time/Period in Degrees B.)NVINV YN—VZ{NV BNWIN\T
0° - 60° P |-V Pl
60° - 120° 1P$INV - %’P{}'nw - "%'P%mv

120° - 180° 7y S -
180° - 240° - Py | Py |-
240° - 300° A% | e | F oy
3007 - 360° - 0y |- o] Ty
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Table 7.1 CONVERSION OF
PHAS. VOITAGES IHTO DIRLCT
AND QUADRATURE AXIS VOLTAGES

In terms of peak
phase voltage
Time/Period in Degrees
¥ v
D ),
0 0 1 _\3)TF
0" - 80 = Vowy T Viyy
£ O o) P
60° - 120 1y 0
1.
A 2 PR
120° - 180° %PVINV t (—3-%— Vany
1
o o 1 28 (3)% g
1807 - 240 - iy |+ B Ty
0 o) P4
2407 - 300 -1 VIHV 0
A (3)% 2
0 o) 1P . 3)% P
5007 - 360 ~F Vg | T Vo
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Tarle 7.1 CONVERSION OF

PTESH VOLTAYES INTO DIRECT

AN OUAIRATU X8 AXLS VOLTAGES

" In teitas
lin= to 13

of crest
ne voltage

In terms of time fundamental
r.m.s. line to line voltage

Pimo/Teriod in Degreco
.0 0 alé 1 Th N I,RuS 1 L RUS
0 60 & iy (B)jg-LVINV S (6)F ERET A S(o)F Y1
o o 2 LN | 2R L RMS
40 1an0 118 VA AL RUS 1 L.RHS
1207 - 180 Slmv Y UNE fmv| SE Yimv | *+ ‘3”(’2“)‘{‘71 Ny
- - T 1 5 X 1 RIS
1800 OO - ‘;}‘ _ _.,1_._— RI'MS l _L RDIIS
24 Sy - V| T ooy | Y3
(3)% 3657 3(2)%
0 LAn0 2 T4 - .3 RMS
A - . -
240° - 300 - M 0 ;‘vl S 0
| 3(6)>
U 2An0 Lm0 L 1 1h A 1. RMS 1 L RMS
300 560 Vo Vv T3 1 omwv] 7 "1
(3)" 3(6)% 3(2)°
U b et e
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The impedance tensor %ﬂ?@l along the stator DQO
and rotor dgo axes can be obtained by inspection of
figure 7.2 and is showm in figure 7.7. Since the rotor
is short-circuited no external voltage can exist in the
rotor dgo axes. The impressed voltage and the response
current along c&!reference frame is shown in figure 7.8.
7.2.3%3 Representation of machine

along non-holonomic forward

and backward revolving FBO
and fbo axes - oK% frame

These are the Forstescue symmetrical components
except that they are now applied directly in time domain in
place of frequency domain. Transformation to this
reference frame is introduced for three purposes viz:-

i) in order to reduce the number of terms of the
impedance tensor Zo(,gl 3

ii) the relatively easier elimination of rotor axes
(since no impressed voltages are present in the rotor),
resulting in a matrix which is diagonal and hence evaluation
of the admittance tensor Y'sudﬂ is greatly simplified;

iii) the resulting equations of response are similar,
for the machine at standstill, to that of a short-circuited
transformer. This makes possible the direct useof

familiar equivalent circuit parameters.

The representation of the machine along these new
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Figure 7.8 Impressed DQO And dqo Voltages And Response Currents.
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reference axes is shown in figure 7.9. The transformation
o ’ _ v
tensors C . which relates £ quantities to & quantities
is shown in figure 7.10. The FBO and fbo axes voltages

can be derived from DQO and dqo axes voltages from the

relation
7
+ K
T W =

’

where the matrix representing é:,, is the conjugate of the
transpose of the matrix representing q\; and is shovwn in
figure 7.11.

The impedance tensor ZO('{S, along the previous
reference frame of’ can be transformed to fit into the new
reference frame g(” by

o’ ﬂ/

€K$6”:: ékfg 2(0 g{5”

ZO(”,«‘%” is evaluated in steps shown in figures 7.12

(7.2)

and 7.13%,
The performance equation for this reference frame
is
"

v = Tyt i~ (7.3)

7.% FElimination of Rotof Axes

Since there is no impressed voltage along the rotor

axes, it is convenient to eliminate thesc axes. Let the



Figure 7.9 Hypothetical Forward And Backward Rotating o Reference Frame.
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is 0 because the phase voltages are such that no zero sequence voltage can exist.

Figure 7.11 Voltages OfX Reference Frame Expressed In Terms Of Voltages Of o'

Reference Frame.
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Figure 7.13 Induction Motor Impedance Tensors Along o(” Reference Frame.



voltage, current and impedance of the motor along €4

o)
wi
[6)}

¥

reference axes be cach split into two sets, onec set

representing the stator axes and the other set represcenting

the rotor axes. Hence voltages, currents and impedances

can be written as

(24
.Q‘” .ds -4 -

Z =z % p°
VI S

-

" ’
O(I’ /31’

(7.4)
(7.5)

(7.6)

s
where the subscripts CKS denote the stator refcrence axes

(FBO) and CK; the same for ro

Hence,
u
vy = B o Lol
s Ay f3s
/4
lt.o‘(S
v0<0 = %uf a1 ¥
r ri~s
Lguation 7.8 can be rewritten
q’l
SNT
Z e 7i = v 7 -
X . (2 o
r)ﬁr 4 4 T
XK &
L J
L i r = Y r r(V ”
Ay

Substituting cquation 7.10 in

”
1y 10( S

+

tor (£bo).

+ Z ¥ /{i T (7°7)
(XS ;gr
4
7 j’i T (7.8)
O<rfcr
as
“
p) O<S
VA /4 ,i (7"9)
"
»
K g
- Zo('; J;l ) (7.10)
equation 7.7 gives
TR 4
B
LA 4
s Pr r /s
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7
A s # ﬁr"x‘r
= Z_ % Ji + 2 n Y v_
ms,Bs ‘xsﬁr X r
“w _” ”
X
-z 4 ”Yﬂr vy a pi®s
oL o
_ ﬂu ” T Sﬁ"o(”
- . s W * I'o(l‘ _ 4 /[ ‘UI' r 7
LY v ’ . Zm Y v 4 = Z‘x/ 16 Y v 7.
x5 sf’r K r s Mr oLy
+ (2,7 g*
% By
s Ll
g X
-7 /;Y r I'Z “ .‘.4)
I:’(‘s ’Gr 'xr"es
2 1y
ok
x i ° (7.11)
Since v‘x” = 0, equation 7.11 reduces to
r .
V. 12 = v I
1o(s A
7] I/ "
Pr Ry S

= (2" ”_an v
&sﬁs Xg By

»
&
= 7. @ Vi7" (7.12)
1"(8 ’Bs
where
is #H
it @Y = Pt g~ I B % 3”
Rg g sﬁs Ay Pr Xy Py
(7.13)
and
o
v. . Y = v ou -7 4 ”Yﬁr‘er%ﬁ (7.14)
lD(S D‘s “sfsr *
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7.4 ILvaluation of Stator and
Rotor Currents along
Frame

Equation 7.13 is evaluated by first determining
7

”

B oy, .

Y and then post-multiplying it with Z2 .« ¥ shown in
o(rjﬁs

figure 7.14. The result is then pre-multiplied by

# as shown in figure 7.15. Finally, this triple
‘o B

product is subtracted from ZO( ',3 to yield Zlo( ﬁ’
given in flgure 7.16. It may be noted that the matrix

ABLx?

representing Z is diagonal and hence Y TOT 4g

ol /3
simply evaluated by allowing its elements to be the

reciprocal of those in the matrix representing Z," 7.
r

T
Having evaluated lex” jj} 1 % can be evaluated from
g
4 LY 4
187
LIl (7.15)
Xg
as shown in figure 7.17. Since the matrix representing

the impedance tensor lexf’/gh'is diagonal, the admittance
S

“ »
Boeky | | "
tensor Y is simple to evaluate. Since Vet = 0,
72 r
the rotor current io(r from equation 7.8 is
7" i # tr
‘ 4 OK p p
XL R T, Fhal (7.16)
v By
4
oks

Substituting i from equation 7.15 to equation 7.16 the

rotor currents are obtained

1L r7 p7] 7

Ky /grcir 19{5130
i = =Y Z oy “v., (7.17)
O(I’J/SS {XS
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The quantity ¥ T rZ“” 19“ has already evaluated
r s
and is shown in figure 7.1l4. The evaluation of
ﬁ” ” lo(’ﬂ L4

S

Yy Tz e Sy S and the equations for the rotor
",

currents are shown in figures 7.18 and 7.19 respectively.

7.5 The Differential
Equations for Currents

Equations 7.15 and 7.17 give the forward and back-
ward rotating currents of the stator and the rotor.
These currents are also given in matrix form in figures
7.17 and 7.19, Since there is no zero-sequence forcing
function Vo and v,y 1O Zero-sequence currents can exist in
the stator and rotor. Rewriting the equations,the

forward rotating stator current iF is given by

I
i

I

v/ [(Rg + 7L,) - 2 (p - ;jp9r)/iRr + 5,
(p - jpo) %]
) %FVD . ij)/(Ef?V{}Bg + pL ) - pH°(p - jp0.)/
{Rr + T(p - g0, %] (7.18)
where

p = d4/dt
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The backward rotating stator current iB is given by

-B
i

i

V'B/[(RS + pL) - PMz(P + jpgr)/{RT * Iy

(p + jro,)3]

Il

i(vD - ij)/(Z)%f/[}RS + pLy) - e (p + ine.,)/
th + I (p + jp@r)i] (7.19)

The forward rotating rotor current if is given by

£ {M(P - jp@r)VF§/[(RS . pLS){Rr + L.(p - 300,

12 :
- o (p - Zl}?@r)]

i

1
. . R s .
iM(p - 3p6,) (vp + JVQ)/(Q)Q}/@M (p - Jpo.)
“ (Ry e 0B )R, + I(p ~ jpo,)}) (7.20)
The backward rotating rotor current ib is given by

. D
i

1

(e 4 jp@rm%/{(% + PLg) R, + I.(p + ip6..)

2 oy
- pi(p + §po,) ]

il

$(p + 398,) (v, - dvg)/(2)5¢/ [0 (o + 390,

- (Rs + pLS) R, + Lr(p + jpéﬁ-)r)j:{a

(7.21)
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It may be noted that the above equations with rotor
at standstill (p@r = 0) are similar to.that of a trans-
former with the secondary short-circuited, hence the
parameters of the conventional equivalent circuit of
figure 4.1 are directly applicable.

The direct axis stator and rotor currents can be
easily evaluated by the connection tensors éz;,(Figure
7.10) which when attached to the gquantities of ¢X” reference

frame, transform them to quantities of CK/ reference frame,

The direct axis stator current iD is therefore

1
2

T LR Ve (7.22)

Since the D axis of cx’,reference-frame is made coincident
on the"physically existing R axis of ¢ reference frame,

then ’
i¥ = i .. - (7.23)
Similarly the direct axis rotg;ﬂcurrent is given by
L S YOk - (7.24)

In this case the rotor r phase current is not the
same as the rotor d axis current. This is because the r
axis of the ¢ reference frame is sweeping past the

s
stationary 4 axis of of vreference frame with the speed



of that of the rotor, To determine the actual

current of the rotor, another transformation,which involves
rotor speed, has to be introduced in order to project id

and 1% along the rotating r axis to derive it Since the
actual rotor current is not of importance in this investi-
gation, no attempt is made to determine it. The rotor
copper loss will, however, be calculated on the basis of
the hypothetical d axis current.

7.6 BEBvaluation of Electro-~
magnetic Torgue

Torgue is produced by the interaction of the currents

¥/
‘xf

i and the air-gap flux density B, #. The flux density
B 5 is given by the product of the torgue tensdﬁ3G'u i
A " o 13

and the current 3% . The torqgue tensors(}o(l,ﬁu contains

only those terms of the impedance tensors 7 ", which
~>

involve rotor velocity pQ%and hence can be establsihed by

inspection of %ﬂf?3ﬂ (Figure 7'13)f

Therefore ,
[
Bo(,, = Gd,,ﬁ,. 3 (7.25)
and
7Y .
T = jw (1% )COHJ'BO(N (7.26)

Equationg7.25 and 7.26 are shown in matrix form in figure

7.20. The above value of torque has to be multiplied by
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3 to obtain the total three-phase torque. Therefore

7 = 3wg(iBiPY - sFiTh) (7.27)
where ;0% .5 sT%00 ghe conjugates of i® ana 1if

and W, is the rotor speed.

7.7 Generalization of the
Differential Equations
giving Stator and Rotor
Sequence Currents

The equations 7.18 to 7.21 are cumbersome, and are
best written in a modified general form so that a general
solution can be formulated. No approximations are made

and two time constants are introduced

For stator’Tg = LS/RS (7.28)
For rotor ’T} = Lr/Rr (7.29)

Another constant, called the leakage factor, is also

introduced as
o™= 1 - /(LI (7.30)

Considering rotor speed comstant, the term p@r(z Wr)

is constant (Equation 7.18).

The forward rotating stator current is therefore
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Inspection of the original differential (Equations

7.18 and 7.19) for the stator sequence currents, shows
that they are conjugates of each other. Therefore, the
backward rotating stator current can.be written down by

inspection of equation 7.3%1 as

1
(v JV ){—— + D + JwW }
B 1 D R r
= EN T ) ,
(2)*L s b rpl 1'3 o Y JWéi+ ,T,S(,f.r +Jv.)
(7.32)

These two equations (7.31 and 7.3%2) are given
similar mathematical forms after defining certain constants

ags follows

B = {V/(eT) + /(ST - gl (7.33)
Bp = V(o) v Ve v g

= By (7.34)
Cp = (/7 - jw.)/(oT,) (7.35)
¢ = (M, + jw,)/(o7T)

= oy (7.36)

Dy = (1/&} - jwr) | (7.37)



by = (/7 + dw)
= o (7.38)
Ky = 1/{(2)%"5Lss-} (7.39)

Substituting equation 7.33 to 7.39 in the equations 7.31
and 7.3%2 the stator sequence currents are obtained in

identical mathematical form as

P +D
iF = (VD + jVQ)KS 5 - E . (7.40)
P +D

b+ pBB * CB
The forward rotating rotor current from equation 7.20 is
if = o - gu) (v + v )/(2)%»&% - )
r D Q T
- (RS + pLS) Rr + Lr(p - jwr2§]
Dividing the numerator and denominatoruby R, + L.(p - jwr)

the following expression is obtained

lf - '-M(p - jWI'){RI' + Lr(p - er).zf

1

(VD + JVQ)/(Z)Z o
Cow(p - dwy)
TR+ LD - Jw..)

(R, + PL,)
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The term in[ ]is, by equation 7.18, equal to i,

Replacing.this term by equation 7.40 gives
it [{4H(p - jwrzf/gRr + L.(p - jwiQ}](vD + ij)
K (p + Dp)/(p° + pBy + Cp)
, [{—M(p - jwr)}/{Lr(l/q‘r + D - jwrz}] (vp + ij)

K (p + Dp)/(p° + 1By + Cp)

]

]

Substituting equation 7.37 in the above equation gives

-

[{—M(p S N DF)}](VD + 3v)

K (p + Dy)/(p° + 1By + Cp)

T
i

{{—M(p - v, /Lr](VD + :]VQ)KS/(p2 + PBp + Cp)

(7.42)
Defining another two constants
D = -—jw, (7.43)
and
K, = -(MKS)/LT

Il

- M/{Lercr(z)%j (7.44)
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gives

15 = (vp v VKD + DMDPH Byp ¢ Cp)  (T.4u)

Since the backward rotating rotor current is the con-

f

jugate of the forward rotating rotor current i~ then

1% = (vp - IvQIEL(D + Dy)/(F + Bgp + Cp)  (7.46)
where
%
Dy = D¢
= tjv, (7.47)

From equations 7.40, 7.41, 7.45 and 7.46 the sequence
currents of both stator and rotor have the same general

form
i = (vp ¥ JvE(» + D)/(® + 1B + ©) (7.18)

A gencral solution of the above equation is derived
in appendix I. Particular currents couldlbe obtained by
giving appropriate values to the constants in equations
7.3 to 7.39, 7.43, T7.44 and 7.47. For backward rotating
currents /o) should be negative.

Knowing the sequence currents,the stator
and rotor direct axis currents can be found from equations

7.22 and 7.24. The instantaneous torque can be
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calculated from equation 7.27 after determining the
instantaneous values of the stator and rotor sequence
currents.

Stator and rotor copper loss can be determined after

D and id

finding the r.m.s. value of i by numerical inte-
gration (Simpson's rule). Iron lossg can be calculated by
connecting the iron loss simulating resistor for invertor
operation right at the stator input end.

Input power can be calculated by first determining the
instantaneous power input, averaging it over cne pefiod,
and then adding the iron loss. Output power can be
calculated by first finding the average torque;and then
multiplying it with a constant and the speed of the rotor.

A digital computer programme was written to predict
the invertor-fed induction motor performance.

7.8 Effect of Stator Comnecction

(Star or Delta) on Iron Loss
Due to Main Flux

The apparent decrease of hysteresis loss in the
induction motor when the stator is connected in delta
(Section 6.2) is due to basing calculations on a
physically non-existing reference frame for the magnetic
circuit of the machine.

Figure 7.21 shows the rceference axes of line to

line and line to neutral thrce-phase supply voltage.
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Figure 7.22 Spatial Configuration Of Figure 7.21 Axes Configuration Of

The Magnetic Circuit Asxes o Balanced Line To Line
Of The Machine. And Line To Neutral
Voltages Fed To The Stator.
P 4
al 7,
/ Q
/
Q J/
&
/
/
- > PD
& D o LD

Figure 7.24 PD & PQ Axes
(Hypothetical)
Of Line To Neutral

Figure 7.23 Machine Magnetie Circuit Supply Voltage

DQ Axes (Hypothatical).

And
(Could be orientated to coincide LD & LQ Axes
with either PD, PQ or LD, Q (Hypothetical)
axes shown in figure 7.24) Of Line To Line

Supply Voltage.
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Figure 7.22 shows the threc-phase stator coils spatially

distributed by 120°. Excitation of these three coils,

say by D.C. would crcate fluxecs in the machine whose
directions would be as shown by the arrows in figure 7.22.
It may be noted that due to the very ﬁature of flux-flow
direction, it could be concluded that the magnetic circuit
of the machine is star connected, although by the very
nature of construction one can hardly visualize this fact.
This is also true for D.C. and synchronous machines.
Therefore it can be argued a star connccted reference framc
for the magnetic circuit of the machine is a physically
existing reference frame. hatever electro—magnétic cause
and effects or phcenomenon takes place along these axes are
rcal and physically existing quantitics.

On the contrary the physically existing refercnce
axes for the stator electric circuit would depend on
whether the coils arc connected in star or delta. If the
coils are connected in delta, and calculations, say, for
currents are bagsed on the cquivalent star, this simply
means that these currents are not the physically existing
coil currents, but they are hypothetical currcnts as vicwed
along the hypothetical star connected reference axes.
Calculations based on the hypothetical star currents would

yield identical results to that which would be obtained
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from the physically existing delta reference frame currents
only if the wave-forms do not contain any third harmonics,
otherwise the effects of third or triplen harmonic
circulating currcnt in the delta, which is absent in the
hypothetical star reference frame (no neutral connection),
would not be taken into account. This fact is further
justified beccause the two reference frame r.m.s. currents
are related by a factor of (5)% only when therec are no
triplen harmonics present, and as such star delta trans-
formation is valid for the currcnts devoid of triplen
harmonics.

Since the magnetic circuit of the machine is star
connected, the physically existing fluxes along thesc axces
(Figure 7.22) would be proportional to the time integral
of the voltage wave-form along thesec axcs. Thercfore,
for magnetic circuit calculations the reference frame for
the voltage should always be star connected and oricntated
to be coincident to that of the magnetic circuit,
irrespective of the nature of the stater coil connection.
This is shown in figures 7.21 and 7.22. This means that
if a search coil is placed in the magnetic circuit, the
voltage induced in it would have the wave-form of the line
to neutral air-gap voltage irrespective of stator coil

connection.
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In figure 7.23 the machine three-phase magnetic
circult axzes are replaced by two mutually perpendicular
axes D and Q for ease of calculation and also to eliminate
the effect of any time varying component of Q axis on D
aﬁis. The D axis is‘arranged to coincide with the
magnetic circuit R axis (denoted by Fp axis), and D axis
phenomena are therefore phyéically existing, whereas PQ,
being a non-existing axis, the phenomena taking place
along this axis have no physical existence. Whatever
sequence of events take place in the R axis of the magnetic

Pp axis.

circuit also identically take place along the
The wave-form of voltage and flux along this axis, due to
a star connected stator coil fed from the invertor, is
shown in figures 7.26 and 7.27 along with the line ‘%o
neutral stator voltages shown in figure 7.25. (This
assumes negligible stator leakage impedance drop so that
the stator-impressed voltage cquals the air-gap voltage.)
The PQ axis being a hypothetical axis the voltage and flux
along this axis as shown in figures 7.28 and 7.29 arc non-
existing. Hence a search coil placed in the magnetic
circuit would register the c¢ffect of the physically
existing flux ag shown in figure 7.27.

When the machine stator coils are connected in delta

the coils or the electric circuit of the stator sees the
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linc to line voltages, fthe axes of which are no longer
coincident with the physically existing star connected
magnetic circuit axes as shown in figures 7.21 and 7.22.
Therefore the magnetic circuit does not recact to these
voltages directly but to their components along the
physically cexisting axces of figure 7.22.

The line to linc voltages shown in figure 7.%0 are
transformed to D, Q axes quantities as shown in figure
7.31. The D axis is made to coincide with that of the
line to line voltage across RY terminals as shown in
figures 7.21 and 7.24 (denoted by D axis). In this case

the T

D axis is the physically non-existing one, whereas
the LQ axis is coincident with the physically cxisting
magnetic circuit B phase axis, but with 180° phase
difference between them. Therefore the magnetic circuit
sees a voltage variation as shown for the LQ axis (Figure
7.31).

The above fact can be further substantiated by

IlDI’Q axes quantitics to that

transforming the line to linec
of the magnetic circuit D,Q axes which arc also coincident
with the PDPQ axes of line to neutral voltages. The
transformed voltage is shown in figure 7.3%2. The magnetic
circuit D axis being physically existing, the magnetic
circuit sees the voltage along'this axis which is exactly

the same as that of the line to ncutral voltage (Figure 7.5).
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The general conclusion is, that since the magnetic

circuit of the machine is star connected, the flux follows
the variation of voltages projected along a star commected
reference frame which is coincident yith that of the
magnetic cireuit.  Therefore the flux produced in the
magnetic circuit follows the line to neutral VOltage of
supply (neglecting statdr léakage impedance drop),
irrespective of whether the statof coils are connected in
star or delta, and hence the magnetic circuit losses do
not depend on the windings being connected in star or
del ta.

If a machine could be so constructed that its
magnetic circuit is delta connected, the iron loss, when
fed from the invertor would be less than that for equi-

valent sinusoidal operation as shown in section 6.2.
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CHAPTER 8

INDUCTION MOTOR LOAD TESTS

In order to verify the performgnce theory so far
developed in chapters 5 to 7 load tests on the induction
motor were carried out.

Load tests under sinusoidal cxcitation were carried
out for two rcasons.

i) To test the accuracy with which the simple
cquivalent circuit "constants! werc determined experiment-
ally.

AND ii) To comparc this mode of operation with that of
the invertor operation.

The experimental system was as shown in figure 4.3.
8.1 Vindage and Friction Loss

of the Induction and D.C.
Loading Motor

In order to determine the cleetro-magnetic power
output of the induction motor 1 from the D.C. power output
of the loading motor 2 (Figure 4.3), mcasurements were made
to determine the windage and friction losses of the
induction D.C. loading motor combination.

The induction motor was uncxcited and driven by the
D.C. loading motor, Rated current was allowed to flow

through the field of the D.C. loading motor and control of
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speed was achieved by varying the armature supply voltage.
The windage and friction losses of the combination were
determined by calculating the power input to the armature
‘and subtracting from it the armature copper loss and the
brush volt-drop loss. The windage and friction loss of

the combination was then

By = VpTy - TRy - T x4 (8.1)
where

VA = D.C. voltage impressed across the armature.

IA = D.C. current flowing through the armature.

The armature resistance RA was determined from the
D.C. Volt drop test on the locked armature (Pigure 8.1).

The windage and friction loss P p as determined from

\YE 2
equation 8.1 is as shown in figure 8.2. The speed of the
combination was determined accurately by a digital tacho-
meter.

8.2 Variable Frequency Load Test
under Sinusoidal Excitation

This test was carried out to verify the theory
developed in chapter 5, which predicts the induction motor
performance under variable frequency sinusoidal operation.

Referring to figure 4.3, variable frequency and
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variable voltage were obtained from an alternator, (5).
Variable voltage was obtained by controlling the field
current of the alternator. Alternator speed was controlled
by variation of the armature supply yoltage of the D.C.
drive motor (6). Adjustment of the field current of this
notor enabled fine control of speed. The variable D.C.
armature supply voltage of motor (6) was obtained from the
field controlled separately excited D.C. generator (7)
driven by the induction motor (8) fed from the three-phase
mains.

The variable voltage of variable frequency from
alternator (5) was fed to the test inductiom motor(l)via'a
three-pole double throw switch. This switch was used to
change over to invertor operation without disturbing or
changing of any leads, so that the test conditions were
identical for both sinusoidal and invertor-fed load tests.

Three moving iron ammeters were inserted in the
stator leads of the test induction motor (1). The power
input to the induction motor was measured by the two
wattmeter method. A moving iron voltmeter was connected
across the supply leads to measure the voltage input to
the induction motor. The freguency of the supply was
measured by monitering the alternator rotor speed by the

digital tachometcr (2). The speed of the induction motor
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was measured by a similar digital tachometer (1).

The test induction motor (1) was loaded by the D.C.
machine (2) which was excited at 2 constant field current
from +200, O,- 200 Volt D.C. mains. TLoading of the
induction motor was achicved by running the D.C. machine
(2) as a generator supplying the scparately excited D.C.
machine (3). This D.C. machine operated as a motor to drive
the induction machine (4), as an asynchronous generator to
feed power to the threc-phase supply mains.

The amount of loading of the test induction motor
(1) was controlled by varying the field excitation of the
D.C. machine (3). A moving coil ammeter and a moving coil
voltmeter was used to measure the power output of the D.C.
loading machine (2).

8.2.1 Variation of stator current

with slip for various constant
values of supply frequency

Tests were performed for various constant operating
frequencies from 10 Hertz to 50 Hertz in Stcps of 10 Hertz.
No measurements were taken above 50 Hertz as at the next
step of 60 Hertz s the alternator set (5) and (6) tended
to scream and vibrate too nmuch and it was felt to be unsafe
to opcrate at that freguency.

Selecting a given frequoency, the test induction

motor (1) was loaded in steps. Simultancous rcadings of
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the three ammeters and the two wattmeters in the stator
leads, as well as the ammecter and voltmeter at the armature
leads of the D.C. loading machine (2) were taken. The
supply frequency and the test induction motor speed was
noted from the digital tachometers (2) and (1).

The stator input current was taken to be the average
of the readings of téélthree ammeters inscerted in the
stator supply lcads. ) The experimental results, together
with the calculated valucs of stator currents from egquation
5.119 are given in figure 8.3. The calculated and
predicted valuecs agrece to within 2% at the rated (= 304)
stator current.

8.2.2 Elecctro-magnetic
power outputb

Knowing the combined windage and friction losses
Py,p Of the machines (1) and (2) (Section 8.1 and Figurc
8.2), and the D.C. clcetrical power output of the loading
machine (2), the power output of the induction motor (1)

under test was determined from

_ 2 a
Poo = Valp® Iy Ryr 41y + Fyyw (8.2)

where

vV, and IA arc the output voltage and currcnt of the

A
D.C. loading machine (2).
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RA is the armature resistance of the same machine.

4IA is the power lost in the brush voltage drop of

the same machine. This voltage drop is empirically

token as 2 Volt per brush.

The measured induction motor electro-magnetic power
output under sinusoidal excitation is calculated from
equation 8.2, The output is also predicted from equation
5.135 (Table 5.3) and both are shown in figure 8.4 for
comparison.

8.2.3 Electro-magnetic
torque developed

The electro-magnetic torque developed by the rotor
of the induction motor was determined from the rotor power
output given by equation 8.2. The electro-magnetic torque

j.n Lbn"'ftu
T o= $33,000/(25746) § (/) (8:3)
where N is the actual speed of the rotor in R.P.I.

A graphical plot of the electro-magnetic torque T
as a function of rotor percentage slip for various constant
values of frequency is given in figure 8.5. The predicted
torque given by equation 5.145 is also given in the same

figure (Figure 8.5) for comparison. The measured and
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predicted torque, as functions of rotor speed for various
constant values of frequency, are given in figure 8.6.

It is seen that all other conditions remaining the same,
torque developed by the motor is the same for a given
decrement of speed from the synchronous speed, irrespective
of frequency. This is in accordance to the theoretical

inference drawn at the end of the section 5.8.

8.2.4 ﬁlggtyical power input

The power input Pliﬁuto the induction motor was
measured using two wattmeters connected at the stator in-
put. The measured and predicted input powers (Equation
5.14%) as a function of percentage slip of the rotor, for

various constant values of frequency, are given in figure

8.7.

Beeb Total electro-magnetic loss

The total loss occurring in the induction motor was
measured by teking the difference between the measured
power input (Section 8.2.4) and the electro-magnetic power
output of the rotor (Section 8.2.2). This loss is the
total electro-magnetic loss occurring and does not include
the windage and friction loss of the machine. The
variation of this loss, with slip for various constant

values of frequency is shown in figure 8.8. This loss 1is
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also predicted by summing the net rotor copper loss
(Equation 5.13%3%), iron loss (Equation 5.13%7) and stator
copper loss (Equation 5.13%9). This predicted loss is also

plotted in figure 8.8.

8.2.6 Electro-magnetic efficiency

Xnowing the power input (Section 8.2.4) and the
total electro-magnetic loss (Section 8.2.5), the efficiency

was calculated from the usuval formula
’1ZM = (1 - Losses/Input)100 (8.4)

Measured and predicted values of efficiency are

shown in figure 8.9.

8.3 Variable Frequency Load Test
under Invertor Operation

To measure the performance of the invertor-fed
induction motor the experimental set-up shown in figure
8.10 was used, together with the test circuit showm in
figure 4.3, The shunts in the stator leads shovm in
figure 8.10 were ommitted in figure 4.3 for clarity.

These shunts, although not required for the no-load,

locked rotor and load tests under variable frequency
sinusoidal excitation, were in the test circuit permonently.
In this way all the above-mentioned tests, including the

invertor-fed motor load tests, were carried out by simple
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switching. No change of circuit comnections or change of
leads were required, so that all the tests were carried
out under the same experimental conditions.

The harmonic analyser was used to measure the
harmonic content of the supply voltage and, in conjunction
with the shunts, the hormonic content of the stator line
current. A simple switching scheme shown in figure 8.10
was used so that a single harmonic analyser could be
conveniently used to measure the harmonic contents of both
line to line voltage and line current. The oscilloscope
monitered the wave-~form of line to line voltage and line
current (in conjunction with the shunts). The supply
frequency was measured by feeding the voltage across the
- invertor commutating capacitor C3 (Pigure 2.1) to = digital'”
counter via a capacitor voltage dividing network.
8.3.1 Variation of stator current

with slip for various constant
valuesg of supply freguency

The test induction motor (1) was fed from the
invertor at various constant frequencies from 10 Hertz to
50 Hertz in steps of 10 Hertz.

A certain test frequency was selected and the
induction motor was gradually loaded, taking due care that
the time fundamental of the supply voltage was in

accordance to the demand of the supply voltage regulation



(Figure 5.6).

The harmonic contents of stator line to line voltage
are shown in figures 8.11 to 8.16. The measured and
predicted (Equation 6.78) fundamental and harmonic content
of stator line currents are shovm in figures 8.17 to 8.21.

The wave~forms of stator line to line voltages and
stator line currents were photographed and predicted
(Equation 7.2%) for various loading and frequencies of 50
Hertz, 40 Hertz and 10 Hertz. These are shown and compared
in figures 8.22 to 8.35.

The measured and predicted peak currents of bridge
thyristors and diodes are shown in figures 8.%6 and 8.37.

The measured and predicted conduction angles of
bridge thyristors and diodes are shown in figures 8.38 and
8.39.

The predicted values of average and r.m.s. values of
bridge thyristors and diodes are given in figures 8.40 to
8.43.

8.3%3.2 Electro-magnetic
torque developed

The average electro-magnetic torque was measured as
in section 7.2.3. The average torque was predicted by
harmonic analysis from equation 6.114. The instantaneous

torque was predicted by time domain analysis from equation
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7.27 (after due conVersion from Synchronous-watt to Lo~ft.)
and shown in figure 8.44. The frequency of torque
pulsation was six times that of the invéftor supply. The
average torqgue was calculated from t@is instantaneous
torque and is shown in the same figure. Figures 8.45 and
8.46 give the predicted invertor-fed induction motor
torque fluctuation as a function of average torque for
various constant values of frequencies. The electro-
magnetic torque as measured and predicted by the two
methods, is shown in figure 8.47.

8.3.3 Electro-magnetic rotor
power output

The electro—magnetic powver output of the induction
motor was measured as in section 8.2.2. This was pre-
dicted by harmonic analysis from equation 6.100 and also

by time domain analysis from the following equaticn
Pyy = (27‘:746/33,000)::NTAV (8.5)

where TAV is the.average torque predicted from the time
domain analysis (Section £.%.2) and N is the actual rotor
speed in R.P.M. The measured and predicted (by the two

methods) rotor power output are shown in figure 8.48.

8.%.4 Electric power input

The power input to the induction motor was measured
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as in section 8.2.4. The input power was predicted by
harmonic analysis from equation 6.111l.. Knowing the
instantaneous stator current from time domain analysis aﬁd
the idealized line to neutral voltage wave-form, the
instantaneous power input to stator was calculated. The
power input was taken as the average of the instantaneous
input power over a cycle. The input calculated in this
way does not contain the iron loss due to the assumptions
made (Section 7.1). Iron loss was separately calculated
from the knowledge of the r.m.s. value of the idealized
line to neutral voltage and the iron loss simulating
resistance under invertor operation (Section 6.3). This
iron loss was then added to the 'input power', so

calculated, to determine the corrected input power(Pigure 8.49)

8.%.5 Total electro-magnetic loss

The total electro-magnetic loss of the induction
motor was measured as in section 8.2.5. It was predicted
by harmonic analysis from equations 6.108, 6.104 and 6.94.
The r.m.s. value of stator and rotor current along c(/
reference frame was calculated from the knowledge of
instantaneous currents along that reference frame
(Equations 7.22 and 7.24). These r.m.s. currents were
used to calculate the stator and rotor copper loss. The

iron loss was calculated as in section 8.3%.4. Summation
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of these three losses is the total electro-magnetic loss as
predicted by time domain analysis. The losses as mcasured
and as predicted by the two methods are shown in figure
8.50. Figure 8.51 is given to compare the meagured losses

under sinusoidal cxcitation and under invertor operation.

8.%3.6 ZElectro-magnetic efficiency

The electro-nagnetic efficiencies were measured as in
section 8.2.6. The measured ond predicted efficiencies
are shown in figure 8.52. The measured efficiencies under
sinusoidal excitation and under invertor operation arc

given in figure 8.5% for comparison.
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CHAPTER 9

GENLRAL COYCLUS IONS
AND DISCUSSIONS

This investigation was directed towards the develop-
ment of design methods for impulse commutated invertors and
the prediction of the behaviour of invertor-fed induction
motors.

9.1 Applicability of the Invertor
Design Bquations to Other

Types of Impulse-—-commutated
Invertors

The invertor designed and built for this investigation
was of the single D.C., side impulse-~commutated type. The
principle of operation and circuit configurations of impulse-
commutated invertors, in general, have been published else~-
wherel.

Single D.C. side impulse-commutated invertors hove high
commutation efficiency and require less commutation circuit
components and auxiliary supply power than other impulse-
commutated invertors. This type of invertor suffers from
high rates of forward voltage rise on the thyristors and is
suit able for supplying low voltage motors.

Compared with single D.C. side invertors double D.C,
side impulse-commutated invertors reqguire, in general, two

additional thyristors and more auxiliary supply power but
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have lower forward voltaze rise on the thyristorsl. Mot ors
of medium voltage rating con be conveniently fed from
invertors of this type.

Individual D.C. side impulse-commutated invertors
require, in general, the highest number of commutation
circuit components (6 D.C. line chokes, 6 commutation
thyristors and 6 D.C. line diodes). The rate of rise cf
forward voltage across the thyristors are well controlledl
and the D.C. line chokes receive commutating pulses once per
cycle. The auxiliary supply has the lowest power rating as
compared with the other two types of impulse-commutated
invertors. It is preferable to use this type of invertor
for supplying high power and high voltage motors.

The invertor design equations of chapter 2 were
developed primarily for single D.C., side impulse-commutated
invertors, but can be used, with minor modifications, for
the design of double D.C. side and individuvual D.C, side-
impulse-commutated invertors. The modification involves
only the freguency of commutation. Por single D.C. side
impulse-commutated invertors the frequency of commutation is
3f, whereas for double D.C. side impulse-commutated invertors
it is 6f, and for individual D.C. side impulse-commutated
invertors it is f. Modification is required for the

evaluation of the following four quantities :-
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i) r.m.s. current of commutation thyristors
(Section 2.3.7).

ii) Averags current of commutation thyristors
(Section 2.3.8).

iii) Power rating of auxiliary commutation supply
(Section 2.3.9).

iv) Commutation power supplied by the main D.C.
supply (Section 2.3.10).

Those impulse-commutated invertors which do not
employ a centre-tapped auxiliary supply are basically similaxr
to invertors which employ centre-tapped moin D.C. sudply
reservoir capacitors and a2 centre-~tapped auxiiiary
commutating supplyl (e.g. Pigure 2.1). The design of the
comnmutation circuit with this variation is best done by
first evaluating the values of the commutation circuit
components of an invertor of Similar type with centre-tapped
auxiliary supply and then changing the star-connected
commutation circuit capacitors (e.g. Cps Cp and C3 of
Pigure 2.1) to delta, the component vealues being evaluated
by appropriate tronsformation (star/delta for single D.C,
side and individual D.C. side invertors, series-—parallel for

double D.C. side versions).
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9,2 Performance Prediction and
Measurement of the Induction
Motor when excited from
Sinusoidal Source

The equivalent circuit parameters, as determined
from no-load and locked rotor tests (Sections 4.3 and 4.4)
were used to predict the induction motor performance under
variable frequency sinusoidal excitation. The grrors
of performance prediction arc given in table 9.1.

There is a large discrepency between the mcasured and
predicted clectro-mgnetic losses. These losses were
mecasured by t-king the differcence between the stator input
power and the rotor output power. The stator input power
was measured by the two-wattmeter method. The rotor
electro-magnetic power was measured by summing the power
output of the D.C. loading machine, the armature copper loss
of the D.C. machinc, and the loss due to brush arc Volt-drop.

This mcthod of measuring the induction motor elcctro-
magnetic power output does not account for the stray load
losscs of the D.C. machine, As such the measured electro-
magnetic losses consist of the true loss and the stray load
loss of the D.C. machine. The loss measurcment by input/
output tests gives a result of poor accuracy.

The wattmeters used to measure the stator input pover

2

had an accuracy of T 249 for a frequency range of 0 Hertz to
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Table 9.1 ERRBORS QF
PERFORIANCE FREDICTTION
(TIOTOR XCI %D FROM
VERLABLL FREGUENCY
SINUSOIDAL SOURCE)

Items Check Points Fig., No. % Trror

32% rotor slip and

 3tator line current | supply freguency 8.3 - 2.30
of 10 Hexrtz

12% rotor slip and !
Rotor output power { supply frequency of] 8.4 + 5.84
of 20 Hertz

20% rotor slip and

E%gifig—magnetlc supply freguency 8.5 4+ 2.97
* of 50 Hertz '
10% rotor slip amd
Stator input power supply frequency 8.7 - 3.36
of 50 Hertz

9.8% rotor slip

E%iggroamagnetic and supply 8.8 - 23.8
{1 frequency 50 Hertz
Torque of 22 Lb.-
Electro-megnetic ft. and supply 6.%
efficiency frequency of 50 8.9 + 6.35

Hertz

Measured - Predictedxloo
Measured

% Brror =
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1,000 Hexrtz. The stray-load loss of the D.C., loading
machine was approximatcly 14 of wthe input2o. With an
induction motor efficicncy of 75% the accuracy of loss
measurement is estimated for the worst case (assuming
accurate measurement of D.C. loading machine power output)

to bes~

(1,025 Pipy - 0.99 P2o)/1?iIl

or

(1.025 Pip = 0.99 x .75 Pin)/(4 loss)
or

(1.025 P,, X 4 loss -~ 0.99 x 4 x .75 loss)/(4 loss)
or

45% higher than true loss.

The predicted electro-magnetic loss under sinusoidal
excitation is 23%.8% lower than that mcasured and hence the
prediction is well within the accuracy of mcecosurcement. To
investigate the losses a more sophisticated method of
measurement must be used wherc the losses are measurcd

directlyst

and not as the differcnce of two large quantities.
As the intention in this project was to investigote

the performance of an invertor-fed induction motor and the
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development of invertor design methods, no attempt was mode
to investigate the losscs in detuil. Toss mcasurement
involve & multi-maciine system with swinging statorsf| As
time wos limited, it was thought that discreproncies between
the theory developed in this thesis and practical works ok
would provide a bvasis for further work,

In the electro-~magnetic loss prediction, the losses
due to slot openings (discusscd in Section 5.4) have not been
taken into account.

8.3 Performancce Prediction and

Mcasurement of Invertor-fed
Induction Motor

To predict the induction motor performamce when the
machine is fed from the invertor, two methods, harmonic
analysis (Chapter 6) and time domain analysis (Chapter 7),
have been used. The harmonic analyser used to measure the
time harmonic content of stator line to line voltage and
stator line current, had an accuracy of ¥ 5%.  The harmonic
analysis utilized the measurced values of harmonic content of
the invertor susply whereas the time domain analysis utilized
an idealized voltage wave-form, The actual harmonic contents
of the invertor output voltage were in general considerably
higher than that of the idealized voltage, and increased as
the load on the motor increased and the time fundamental

supply frequency decreascd,
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Table 9.2 shows the harmonic content of the actual
(maximum valucs at Selécted operating conditions) and the
idealized invcrtor voltage expressed as a percentage of the
fundamental,

The worst cases of inaccuracy in the performance
prediction by harmonic analysis and time domain analysis are
given in taeble 9.7%,

The harmonic currents predicted by harmonic analysis
are rather inaccurate although their general variation with
rotor-slip agrees with that measured. The harmonic currents
on the other hand were predicted by assuming that the
equivalent circult frequency-dependent parametars were
linearly dependent on frequency.

This assumption of lincar variation of the parameters
has no expecrimental justification ab high harmonic freguencles.
The eddy current losscs which were absent when the motor was
tested under sinusoidal cexcitation over a freguency range of
25 Hertz to 50 Hertz, may be significant at the higher
harmonic freqguencies, The eddy currents could producc
considerable damping effects on the mutual and leakage
fluxes, which has the effect of reducing the magnetizing
reactance, lcakage recactance and core-~loss analogue
resistance below those calculated from 50 Hertz values,
assuming a linear dependénce on freguency.

The experimental determination of the cguivalent



Table 9.2

HARMONIC CONTENT

OF INVERTOR OUTPUT VOLTAGE

(INVERTOR-FED INDUCTION

[OTOR LOAD TEST)

359

Order of Harmonic Content
time Check Points Pig. No, |
harmonics HMeasured | Idealized
% %
th 8% rotor slip and
5 supply frequency 8.11 31.0 20.0
50 Hertz
th 34% rotor slip
I and supply 8.12 25.6 14.29
frequency 10 Hertz -
th 8% rotor slip =nd
11 supply frequency 8.13 18,0 9.09
50 Hertz
th %4% rotor slip aond
13 supply freguency 8.14 12.2 7.69
10 Hertz
" kn 8% rotor slip and
17 supply frequency 8.15 12.8 5.88
50 Hertz
th 8% rotor slip and
19 supply frequency 8.16 13.4 5.26

10 Hertz
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Table 9.3 ERRORS OF
PRRFORNANCE PREDLCTLON

. et —— et ettt

TIJICR LOAD TEST)

M . Joamonic Analyois Time-domain Anzlysis
Item At 1 A8 - Mzastred-Predicted Measured-Predicted
?NO' ) fleasured *100) | ( Mecsured x100)
Stator 8% rotoxr
time slip and. :
funda- supply. 8.1% ~2.92% -
mental frequency ,
current of 50 Hertz
8% rotor )
5th slip ond
harmonic |supply _ s _
stator frequency 8.18 40‘87?
current of 50
Hertz
' 8% rotor
'ZJGh slip and
harmonic [supply A o
stator frequency 8.19 =31.7% -
current of 50
Hertz
th le% rotor
11 slip and
harmonic | supply
stator | frequency b.2C ~35.0% -
current |of 20 '
|Hertz
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Table 9.3 TRRORS OF
PERQQRMAHgEfT@EﬁT@TiUN

(IMVLiiTOR-FED INDUCTION
WMOT Q. LOAD TLST) .

Time~domain Analysis

Fig.. 311 : —q > .
Item At et Mecsured-Predicted Measured-Predicted
: wo. | " zasured x100) | ( lcasured x100)
8% rotor
lBth slip and
harmonicsupply e _
stator frequency 8.21 54'5%
current jof 50
Hertz
Peak 5.% The~Tt
value of [E57.0 % |8 36 - 6.6%
stator 1.5 fHertz T
current
A -8n5 Lbc_ft‘
torque at 8.%97 - -5 ¢945%
10 Heriz
B | 651 Tott _
thyristor O L. =TT - _ of
conductian Frequency =|>*9° 6'56@
angle 10 Hertz 35,38
Torque =
4.2 Tbo=ft.], - o
Prequency =|°°*7~ - 14 ,9%
10 Hertz
. 12% rotor
Torque slip 30 8.: = oo
ey +3. 29
- Hertz i +10.6%
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Table 9.3 TRRORS OF
PEQEGEMAS%E“?FEETETTUN

(AN7ERJOR-FED TNDUCTLON

{CTO1, _LOAD TEST)

‘Herdonic Analysis

Time-domain Analysis

PMig : . .
Item A% et Measured-Predicted Measurci~Fredicted
go. N (= rarured x100) | ( Woagared x100)
Rotor 18% rotor
output slip 20 8.43 +3.8% +15,.1%
power Hertz : _
Stator 8% rotor
input slip at 8.49 -10.,2% -3 .7%
power 50 Hertz . .
Electro- |7% rotor
magnetic |slip at 3.50 ~39 , 4% ~35.2%
power loss| 50 Hertz .
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circuit parameters at higher harmonic frequencies involves
no-load tests at high speeds, and is not feasible.
Theoretical determination of these parameters from the
machine design details should be considered. Correction
factors (as functions of the order of time harmonic and
time fundamental frequency) could be determined and used %o
correct the variable frequency equivalent circuit for
invertor operation (Figure 6.2).

The above-mentioned reasons, together with increased
slot losses at the higher harmonic frequencies, cause a
large discrepancy between the measured and predicted
electro-magnetic loss of the invertor-fed machine. At a
time—fundamental supply frequency of 50 Hertz and a rotor-
slip of 7% the electro-mognetic loss, when invertor-fed, was
around 40% higher than that for egquivalent sinusoidal
operation (Figure 8.51). Harmonic analysis (up to the

th in space and 19th in time are accounted for) predicts

39
only = 4% increment of loss under invertor operation
(Figures 8.8 and 8.50). At large loads the time domain
dnalysis gives a closer prediction of the electro-magnetic
loss compared to that predicted by harmonic analysis
(Figure 8.50). This improved prediction of losses is

mainly due to the increassed iron loss in the equivalent

circuit where the iron loss simulating resistance is
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connected at the stator supply terminals, It can also be
seen (Figure 8.50) thot the measured "zero slip" losses and
those predicted by the harmonic analysis are identical,
whereas those predicted by the ftime domain enalysis are
16% higher compared to the measured values.

When the induction motor was invertor-fed with a time
fundamental frequency of 50 Hertz, and loaded at full-load
torque of 19 Lb.+~ft., the efficiency was measured to be
73,6%. Under the same loading conditions and supply
frequency, but with sinusoidal excitation, the efficiency
was measured to be 79.8% (Figure 8.53%).

Time domain analysis predicted considerably higher
electro-magnetic torque thon that predicted by harmonic
analysis (harmonic analysis gives the closest prediction).
This 1s considered to be due to two reasons. Firstly,
time domain analysis uses an idealized voltage wave-form
whose backward rotating harmonic contents are considerably
lower than those actually present. Secondly, time domain
analysis assumes that the main flux path iron loss does not
absorb a part of clectro-magnetic power flowing across the
machine air-gap.

9.4 Torgue Fluctuation of Invertor-
fed Induction Motor

The torque fluctuation as predicted by time domain
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analysis is shown in figures 8.45 and 8.46. At an average
torque of 20 Lb.-ft. (supply frequency 50 Hertz) the torgue
fluctuation is 17.5% of the average torque. The percentage
torque fluctuation increases as the load torque is decreased.
The net torque fluctuation remains roughly constant over a
certain range of average torgue, and increases at high
average torgues, The torgque fluctuation is independent of
supply time fundamental frequency except at very low
frequencies,

9.5 Bridge Thyristor and Bridge
Diode Conduction Angle

Prom figures 8.3%8 and 8.%9 it is seen that the bridge
thyristor and bridge diode conduction angles at zero
electro~magnetic torque are almost equal (= 900) and then
rapidly change up to a certain value of average torque,
(thyristor conduction angle increasing and that of diode
decreasing), and thereafter remains constant. Variation of
the supply freguency has only a minor effect on the
conduction angles.

9.6 Bridge Thyristor and Bridge
Diode Peak Currents

The variation of the bridge thyristor peak current
(which is the current at the instant of commutation) with

average electro-magnetic torque is shown in figures 8,36
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and 8.37. This peak current remains fairly constant up to
a certain torgque value and then incrcases rather rapidly
with higher torques. For the motor under test the peck
current at full-load torgue of 19 Lb.-ft. was 182% of its
value at zero torque. Variations of supply time fundao-
mental frequency had only a small effect on the peak current.

9.7 Congiderations of Design for
Invertor-fed Induction Motors

In the author's opinion induction motors, for usc
with invertors, should be so designed that the pesk current
remains constant from no-load to full-load. This would
considerably reduce both the capital and running cost of the
invertors. Further, by this means torgque pulsation would
also remain at a low value over the whole operating range.
It secems that there is a particular set of values for the
induction motor equivalent circuit paramcters wihich will
give this optimum condition., The digital computer programme
devised for time domain anolysis is now being modified to
calculate thé optimal wvalues of the induction motor equi-
valent circuit parameters in per unit quantities. It is
hoped to publish details of this at a later date.

Since the invertor supply consists of various time
harmonics, it can be postulated that these time harmonics
react with some of the space harmonics of the motor air-gap

flux to produce locking torques during the run-up period,
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With the supply frequency adjustable the machine was started
at a very low frequency ond then‘run~up to the desired

speed by gradual increase of supply voltage and frequency.
Ho locking or crawling problem was therefore encountered.

In the exverimental work reported no instability
problem was experienced due to the main supply reservoir
capacitors and the induction motor acting as a resonant
L.C. circuit. However, future work on this project might

include a thorough investigation of this possibility.

9.8 Hfurther Discussion

A recent paper22 gave o method for the prediction of

instantaneous stator current and torque. The analysis is
based on Park's 2-axis equations. (ot reference frame,
figures 7.7 and 7.8) To evaluate the instantaneous current
the impedance matrix is inverted and then multiplied by the
impressed (instantaneous) voltage. The impressed voltoges
are then cxpressed as an infinite series of atep voltages.
The instantaneous currents in cach oxis are determined by
firstly cvaluating the response current for each individuel
step by o Laplace transformation technique and then summing
the response current for each individual step for all the
infinite number of past steps.

The paper also gives a shortened method for

arproximnte calculations of the instantancous stator-line
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current and torque. The predicted and measured currents
were compared but no measurements werc recorded for
instantancous torque. An active analogue circuit was also
developed in this paper.

The time domain anclysis carried out in chapter 7
departs considerably in the formulation and solution of the
differential equations for the stator currents from the
method given in the paper22 referred$%arlier.

The Park's 2-axis egustions given in figures 7.7 ond
7.8 were transformed to equations giving h¥ypothetical
forward and backward rot-ting stator and rotor currents
(Figure 7.13). The advanteges arising from this trans-—
lation to " reference frame have becn given in section
T+2.3. Having derived the equations giving stator and rotor
currents along ok ' reference frame, the posrmanently short-
circuited rotor reference axes were climinated. The
resulting impedance matrix being diagonal the admittance
matrix was evaluated by inspection. The currents werce then
determined by a Laplacc transformation technique which did
not require the summation of infinite series (Appendix I).
No attempt was made to find a shortened method for approx-
imate calculation of the instantaneous stator-line currents
and torgues because of the availability of a digital
computer. Time domain analysis was cextended to predict

the complete performance of induction motor under invertor
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operation including the prediction of peak, r.m.s., average
currents of bridge thyristors and bridge diodes. The
conduction angles of the bridge thyristors and diodes were

also predicted and compared with measured values.

9.9 Further Work

The prediction of harmonic stator-line currents and
electro-magnetic losses in section 9.3 were very inaccurate.
A detailed investigation employing an accurate loss
measurenent method should be carried out.

Further analysis of the invertor-motor combination
should be carried out from the D.C. input terminals of the
invertor. This would take into account the effect of the
D.C. line chokes and also predict the wave~form of the
alternating output voltage of the invertor.

Purther refincment of analysis could be directed
towardS'makiné the rotor speed a function of time. Such
analysis would be of use at low speeds where the assumption
of constant rotor speed is not valid.

The behaviour of the induction motor at the instant
of switching on to an invertor supply =nd also for the few
cycles after switching on are also of considerable interest.
The equations for these cases would develop (after piece-
wise linearization for variable rotor speed) as differential

equations, the “initial conditions" of the dependgnt
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variables being determined from another set of difference
egquations employing the number of lapsed cycles as the
independent variable. This has the advantage that the scme
digital computer programme could be used to determine the
induction motor performance during the first few cycles
after switching on, 28 well as the steady-state psrformpance
This could be arranged by assigning to the variable denoting

the number of cycles 2 small number or a very large number.

9.10 Iinal Summary

The invertor comavtation circuit design ecquations and
optimization described in chapter 2 has not been previously
published and is considered to be original work. The design
equations and the commutation circuit design curves (Figures
2.6 and 2.7) allow step-by-step design of single D.C. side
impulse-commutated invertors. Application of the equations
to other types of impulse-commutated invertor is outlined in
section 9.1.

The time domain analysis given in chapter 7 is
original olthough a method of determination of instantoneous
line currents aznd torgues had been previously published.

The difference between the two approaches is outlined in
gection 9.8,
This analysis was used to enable calculation of the

A.C. line currents and hence the bridge thyristor and diode
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average, r.m.s. and peak current, which were reguired in
the invertor design procedure. Time domain analysis was
extended to predict the complete behaviour of the invertor-
fed induction motor.

It was realized that time domain anaolysis would have
limitations in loss prediction (especially for cage-rotor
motors) because it assumes that the stator and rotor are
smoctlyand also that the air-gap flux is sinusoidally
distributed, in idealized stator input voltage wave-form
was used.,

Harmonic analysis, in time and space,lwas developed.
The determination of the main flux path iron loss (Chapter
6)under non~sinusoidal excitation is also considered to he
original work. Although the effect of the form factor of
the air-gap voltage on the magnitude of the main flux is
given in various text books, no equations leading to the
determination of the value of the iron loss analogue
resistance for non-sinusoidal excitation are believed to
exist. The author claims that the effect of non—sinusoidal
excitation on main flux path, eddy current and hysteresis loss,
discussed in sections 6.1.1 and 6.1,2 is a contribution to
the knowledge of main flux path iron losses under conditions
of non~sinusoidal excitation. The effect of non-sinusoidal

excitation on load losses due to slot openings, however, was
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not investigated becouse of shortage of time.

The equivalent circuit (Pigure 6.2) developed for
harmonic anelysis in time and space is on extension of a
published equivalent circuit (Figure 5.4) for an induction
mnotor excited from a voariable frequency sinusoidal source.,
This published equivelent circuit does not take into account
the space harmonics of the machine air-gap m.m.f., which has
a2 pronounced effect on stroy load losses, especially for
cage~rotor machines.

The prediction of the main flux path iron loss based
on the line voltage wr-ve~form showed that an invertor-fed
induction motor has lower main flux path iron loss, Whibh
led the author to look rather closely into the effect of
star/delta connection of the stator coils on the iron loss
(Sections 6.2 and 7.8). It was shown that under non-
sinusoidal excitation the iron loss must be calculated for
line to neutral voltage wave-form and not for line voltoge

wave-form.
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APPENDIX I

SOLUTION OF THE
DIFFERENTIAL EQUATION

Equation 7.48 can be rewritten as
(p? + Bp + €)1 = Tvp(p+ D) 4 jKyy(p + D)
or

(p - R)(p - Ryi = Evp(p + D) + jKvy(p + D)

vhere Ra and Rb are the roots of the quadratic p2 + Bp +
C = 0.
Soodo= K(p + D) « j—K(p + D)
: (p—R)(p—R)D Tp—R)(p—R)O
(AT - 1)

The sequence currents a~2 therefore composed of two
components, one due to the dlrect axis excitation only,
and the other due to quadrature axis excitation only.

The solution can be obtained very neatly by utilizing a
Laplace transformation technigue.

A.T.1 Response Due to Direct
Axis Ixcitation only

The direct axis exciting voltage wave-form is shown

in figure 7.6. Denoting the instantaneous direct axis
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voltage by Vo the Laplace transformation of the wave-form

for one cycle only is
T
VDO(S) = jVD(t)e 8tay
0

where T is the period of the direct axis voltage.

If VEMENV is the r.m.s. value of the time funda-

mental of the idealized invertor output voltage then the
height of each step of the direcct axis voltage is given by

(Figure 7.6 and Appendix II)

Kb

Height of each step

N LVRHS
(6)%3 L 1NV

VDO(S)Hnow has the form

7 7 0 o
v..(s) = K, ={1 PR AP S
Doo — DS + € - ] [¢] - e
- é%s -Ts
+ e + e ]
(AI - 2)

Taking periodicity into account, the Laplace transformation

of the direct axis wave-form VD(S)




where

_ T
TDO(S) = [1 + e 3

375

5

=Is - =g -Ts
3 + € 4+ € ]

(AT - 3)
T T 2 5
=g - s - =Ts - Ts
ER 2e e - e 2 + e 3

—Ts]
(AL - 4)

= g factor which relates to the wave-form

of the direct axis exciting voltage for

one cycle only.

The component of current due to direct axis excitation only

in the complex s domain is from equations AI — 1 and AL - 3

KDK(S + D)

TDO(S)

ID(S) % s{(s - Ra)(s - Rb) . -sT

and in partial fractions is

1 - e

fA ¢ Tn(s)
_ 1 1 DO
ID(S> - KDKi.s Y 5= ﬁ;’* S - Rb] -8T
1 - e
(AL - 5)
where the residues
A D (AL - 6)
1 - RR



R -D
B = ..
1 Ra(Ra - Rb)
Rb - D
and C =
1 Rb(Rb - Ra)

(AT

(AT

The principal terms of the partial fraction (BEquation

AT - 5) about the poles s = R_ and s - R, are

a b
K KB Tpels)g-r
A (s) _ 1 . a
D s=R s - R -R T
a . a 1 - e
cxc. Tpol®)er
A (s) o KpKGy b
p'Sleer = T -R T
b b o, _ o

The sum of the two principal terms is

X..KB K. KC

D1 D1
A(s) = Hex =K
D SfRa’Rb g - Ra D1 8 Fb D2
where
TDO(S)S:Ra
Em = =
1l -e
.-TDO(S)SzR
e _ . b
D1 - -RbT

1l - e

The component of current due to diréot'axis excitation

one cycle is then given by

-sT

IDO(S) : H(S)VDO(S) -(1-e )AD(S)S=Ra,R

(AT

(AI

(AT

(AT

(AT

376

- 10)

- 12)

- 13)

for

- 14)
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where H(s) is the component of current due to direct axis

impulse dirac excitation and is from equation AI - 1.

H(s) = 3573 f(f §(2)~ Y (AT - 15)

Substituting equation AI - 15 in equation AI - 14 we obtain

KDK(S + D) [ - %s - I - I

- 5 _ 2
IDO(S) = S(S — Ra)(s — Rb) 1 + e e Ze
2m .. 5
- ?Td ; B'..S —TS] _ KDK:B].

- € + + € E—:_—-R—l
a

-gT KDKC ~-sT
KDl(l-e ) - R KDZ(l - e )

) KDK(S + D) K KBy KDKgl
-~ s(s - Ra)(s - R

b)"s-—R"‘Dl s =

KpK(s + D) - %s
*Epo + 55— & (s - ;) °©

KDKS+D)
s(s - R )J){s - R )

2K K(s + D) -%-s
g(s - Ra)(s - Rb)

KDK(S + D) - £7s
s(s - Ra)(s - Rb)

KDK(S + D) -Ts
R R (s - I y ©
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K KB -sT KDKCl -

DD |
*s-RKm *s-RbKDz

(AL - 16)

Inverting the component of current due to direct axis

excitation only for one cycle into the time domain gives

' R§ R $ R
Rb’c
T T
R (t - =) R, (t - —)]
a [ b 6
+ Ble + Cle ‘
T
R.(t -~ =)
T = a 3
x Ut - ) - KK [Al ¥ Bye
R (t - L)
b 5
+ Cpe ]U(t - ) - 2K K‘.Al
R, (t - %) R (t - %)
-+ Ble + Cle‘
2.
R_(t - 1)
- a* 3
S (t B BT) 2
5 5
Ra(t "@T) Rb(t -‘6‘1‘.)"
+ Ble | + Cle |
Ra(t - T)

U(t - ET) + KpK [Al + Bye
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R.(t - T
+ Cqe b( )]U(t"— T) + KbKIE 1
R (t - T) R.(t - T)
Ble a + Kchle b( ]
xU(t - T) (AT - 17)

One cycle current response due to direct axis excitation only is

7 Raﬁ Rbﬁ Raﬁ
0 = ¢t é&-gz KDK[Al + Ble + Cle - BlKDle
Rt
b
- C1Kppe ]
7 T r R ¥ - Ra, Ryt
T &t <3 KDK_LZAl + Bje " (1l +e ) % Cqe
T . ,
- t
-~ Ry Ry Ry
x(1 ¢+ e ) - B Kp, € - Clsze
i 7
R_% - =R - =R
T T - a 6ra 38
Bété‘-‘é' IxDI&E&l-g-Ble (1 + e - e )
T T
R. 5 - 3R - =R
+ Cle b (L + e &b _ e 3 b)
RE- R. B
a - b
| T T
R - =R - =R
F &t _,4,%1: KDK[-AI-{-Blea(lfega—eBa
T . i\
- = R, - =R
_ 2¢ 2 2y & C e b (1L + e &b
I. T t
- =Ry, - =R R*
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- ClKDzeRbt]

Lt L 2 KK EgAl . BleRa’e(l . ZR_ ] ;%Ra
- 2 %Ra - e %TRa) + CleRb%(l *
. £ . 3R, . ZRy - %TRb)
- BlKDleRai ) ClKDgeRbt]

2Lt & KDK.E‘A]_ . BleRaﬁ(l o Ir_ - In,
- 2; %Ra - e %I‘Ra s o %TRa>
t CleRgﬁl(l + ;%Rb - e %Rb _ %6 %Rb
- o %PRb + ;%TRb) ~ B]_K])leRat
- ClKDzeRbt}

T £ 1< o0: KDKEBJ_eRat(l . ;%a ;%Ra 2 %Ra
- ; %TR + ; %TRa ; TRa) + CleRt
UL WS L ST

- %TRb - TR Ré?
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-R.T Rt - R.T
x(1 - e 8‘)—ClKDzeb(1--e b)]

Ra‘t - TRa Rb‘t TRb
KDK{Ble (L - e )KDl + Cqe (L -e )

Rt - RT

xKy, = ByKppe 2 (1 - e )
R.& - R.T
- 0 K0 iy L e P

This demonstrates the validity of the expressions.
(AT - 18)

A.I.2 Current Response Due to
Quadrature Axis Excitation

only

Following the procedure given in section A.I.1 the

current response due to quadrature axis excitation only, for
one cycle is

R R,t

T, - a [
0 {_ % é < J.le{ E—{ lKQle + ClKQ2e + Al
Rt Rt
a b’
+ Ble + Cle j]
T D Rt Rbt Ra‘s
Y £t < 7t KOK E—BlKOle - Cquze + Ble (-1

R R:E - Iy
[ CES ezb)]



w3

<

o3

T £

S—

t Log:

Tt < %:

R Y
a _g¢

KQK -BlKQle
-Rat
+ Bqe (-1 +

R, t
- C,e o

18 (-1 -

Same as above. (

w3

R %

-B.K..e & (1 -

KQK 150

- R, T
(L -e °) 4B

- R
e

1KQle

a)_c
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T
K b.

1%02°®

R_T - T 5
- T
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This checks the validity of the equations.

(AT - 19)

Vihere Al, Bl and Cl are given by equations AI - 6, Al -7 and

AT -« 8
KQ = Height of quadrature axis voltage step.
= “‘l*% §M§NV (41 - 20)
3(2)*
-Fe -%s - frs - 21 - T
TQO(S) = [—-l+e + e - e - e + e
(AT - 21)
TQO(S)S=Ra
o1 = =R,T (AT - 22)
1 -e
TQO(S)Ssz
Koo = % (LI - 23)
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APPENDIX IT
HARMONIC ANALYSIS

OF INVERTOR IDEALISED
OUTPUT VOLTAGE

A.IT.1 Harmonic Analysis of Tine to Liane Voltage

The idealised line to line output voltage with axes

axes selected for euntput woltage is shovm in figure 7.5.

The output voltage cexpressed as a function of angle 6 is

given by
£(0) = 0 0o &
- Iy A ¢ og 2R
= Ty 5 € 8 S %
= 0 22 ¢ og ®

The function so described is an odd function and in

accordance with Fourier secries

£(e) = szf sin ¥ eae
b-3

where the amplitude bK' of the Xth harmonic is given by
2 N
= = i d
ba, = f(O)SJ.nXQ e

I

o
_2. 5y cos¥oph
ATy Ty g
k3
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vV -
2 TNV A 5%
= = [coszg—-g- - cos 3’—6—}
Now
cos A - cos,‘if57Y £ al i
5 = - or even va ues o 2{
and
cos K—% = Ccos E-é‘—
= 0 for triplen values of ZS
Further
A ~ 57 i
cosx—g - cos}j-—g-_- = (%)% for all values of

w = (6x % 1)
where X = 0, 1, 2, 3 .... any positive integer.

Therefore the idealised output line to line voltage
of the invertor consists time harmonics of the order K:
(6K ¥ 1) and devoid of any even and triplen harmonics.

The amplitude of the fundamental

1
b _ 23 g
1 - Inv

The amplitude of the gth harmonic

L
2(%)%  1my

*z T TR X

1
2




A.II.2. Harmonic Analysis of
Line to Neubral Voltage

Pigure 7.5 shows the idealised line to

neutral voltage with axes selected for harmonic analysis.

Over a half cycle, the voltage expressed as a function of

angle ©
fe) = %L{;INV S _{5_
= 5 LGINV 53 L£e< ‘2’?‘
= %LGINV 2"375‘ o 7

Since the function is odd it can be written as a Fourier

series
£(8) = %b 25,s:m ¥ ede

where the amplitude b of the ‘Eth time harmonic is given

5

by '
| %
2 .
by = -fjf(e)sm ¥odae
K 25
- 2 _IN D sin J6d6 + 2 | sin ¥ 0do
A ’ 0 V3

~
+ j sin }'@d@]

28
3



LA A 2R/
v Y 3
_ 2 Tmw [_ cos i o} ,cos X0
% - -
A 5 1 ¥ |
3
cos XQ A ]
¥ 2%
3
LA
' g e
_ 2 _'mnv | ¥R 3A o2R
= X Ty cos—5— + 2008-S3 2cos 3]{

-

2 NV : 2
© F Ty [l v 000§ % - cosY - - conyr|

The term

{l + COS X7 - coszgg-%l— - cos?{f(] = 0 for all triplen

3
values of X
/

= _for all even

values of ¥
= 3 for &= (6x%1)
where X = 0, 1, 2, 3, etc.

Therefore

o IA

¥ T ry Viny L

il
g
~
(o))
S

i+

for



i+

= 0O for #£ (6K = 1)

The amplitude of the fundamental component

b - 217

1 ~ R” INV

A.IT.3 R.M.S. Value of the Idealised
Line to Line Voltage in terms
of its Step-height

Referring to figure 7.5, the r.m.s. value of the

idealised line to line invertor output voltage
{
WS - [ ? 25 (P)? 2*’1/1
INV -~ |2A INV 3 mv

. ey

INV)

A.IT.4 R.M.S. Value of the Idealised
Line to Iine Voltage in terms
of the R.M.S. Value of its
Time Fundamental
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From section A.II.1 the amplitude of the time fundamental =

A
2(3)° Ly
% Vv
1
S R.M.S. value of the time fundamental UvRiS — (607
. VAl
L . N LR
v T (F 1 O
/RS A L RuS
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A.IT.5 Average Value of the
Idealised Invertor Line
to Line Voltage in terms
of its Step-~height

Referring to figure 7.5,
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A.IT.6 PForm-factor of Idealised
invertor Line to Line Voltage
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AJITI.7 R.M.S. Value of Invertor
Tdealised bine to Neutral
Voltage in terms of Idealised
Line to Line Voltage Step
Referring to figure 7.5, the r.m.s. value
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9. . E
= Z;ng'(6/9)§ = (2% LVINV

A.IT.8 R.M.S. Value of Invertor
Tdealised Line to Neutral
Voltage in terms of its
Time Fundamental R.M.S.
Value

FProm section A.I1II.2, the amplitude of the time funda-

| . . . _2 1h
mental of idealised line to neutral voltage = 7 VINV'

The r.m.s. value cf the time fundamental is then

X
P /RIS _ ()7 18
1INV T wx
~

oV T 7o % V1 oInv

From section A.II.7,
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A.II.9 Averasge Value of Invertor
Idealised Line to Neutral
Voltage in terms of ldealised
Line to Line Voltage Step

Referring to figure 7.5, the average value
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A.IT1.10 TForm-factor of Tdealised
Invertor Line to MNeutral
Output Voltage
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