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MEMORANDUM

The accompanying thesis, '"Low-variable-speed, continuous-
circulating current, cycloconverter-induction-motor drives"
is submitted in support of an application for the degree of Ph.D.
in the University of Leicester.

This work has not been submitted for another Degree in this
University, nor for the award of a Degree or Diploma of any other
institution. This dissertation is based on studies of the following
points.

1. The problems of direct low-frequency operation of an induction
motor on sinusoidal and mon-sinusoidal supplies.
2. A multi-machine variable-speed drive has been designed in which
the stator of an induction motor serves the dual purpose of setting up
a rotating field and acting as three inter-group reactors to maintain
continuous circulating current in a cycloconverter. The consequent
reduction invharmonic content of the cycloconverter output voltage
has extended the operating frequency range and permitted regenerative
braking without gate pulse circuit modification.
3. Tﬁe reactive power requirements of the system in regenerative
braking have been computed and the effect on cycloconverter design
discussed.
4. A small signal perturbation study has been carried out. The system
has been shown to be conditionally stable and a method of achieving
inherent stability has been suggested.

A.X.S. Hamad,

University of Leicester,

Department of Engineering.
1977,
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LIST OF PRINCIPAL SYMBOLS

magnetic flux density, (T).

r.m.s. stator current, A.

magnetising current, A.

r.m.s. rotor current referred to stator, A.

direct stator excitation current, A.
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self-inductance of the rotor.

mutual inductance.
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stator resistance, Q/ph of educational machine.

rotor resistance referred to stator, Q/ph of educational machine.
iron loss component of magnetising circuit referred to stator

Q/ph of educational machine.

(synchronous speed-actual speed)
synchronous speed

slip =

slip of divided winding machine.

slip of standard machine.

gross torque, Nm.

torque of divided winding machine, Nm.

torque of standard machine, Nm.

applied stator phase voltage, V.

primary air-gap voltage, V.

maximum value of input voltage, V.

r.m.s. value of fundamental component of cycloconverter

output voltage, V.



positive thyristor group voltage output to load.

negative thyristor group voltage output to load.

stator leakage reactance, Q/ph, 50 Hz value of educational
machine.

rotor leakage reactance referred to stator, Q/ph, 50 Hz value
of educational machine.

magnetising reactance referred to stator, Q/ph, 50 Hz value
of educational machine.

the combined magnetising reactance of the two machines.

admittance of educational machine.

impedance of educational machine, Q/ph.

impedance of induction generator, /ph.

conjugate of induction generator impedance.
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The inverter output voltage.

stator frequency, Hz.

output ffequency, Hz.

frequency of output voltage harmonic, Hz.

divided winding machine stator current, A.

divided winding machine rotor current referred to stator, A.

standard machine stator current, A.

harmonic order.

number of phases.

machine speed, rev/sec.

synchronous speed, rev/sec.

number of pole pairs.

stator resistance, Q/ph, of the standard squirrel-cage mofor.

rotor resistance referred to stator, Q/ph, of the standard
squirrel-cage motor.

the Laplace operator.

stator leakage reactance, Q/ph, 50 Hz value of the standard
squirrel-cage motor.

rotor leakage reactance referred to stator, Q/ph, 50 Hz value
of the standard squirrel-cage motor.

magnetising reactance referred to stator, @/ph, 50 Hz value

of the standard squirrel-cage motor.
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displaced thyristor firing angle.

positive thyristor group‘firing angle, radians.
negative thyristor group firing angle, radians.
efficiency.

thyristor firing angle.

thyristor extinction angle.

fundamental load current displacement angle.
magnetic flux-linkage.

input angular frequency rad/sec.
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ABSTRACT

The cycloconverter as a direct frequency converter without a
d.c. link is well known as a power amplifier in low speed a.c. drives.
If continuous circulating current operation can be maintained, reversible
energy flow and regenerative braking can be achieved in an induction
motor drive without a change in the gate pulse sequence. Continuous
circulating current operation also reduces the output harmonic content
of the cycloconverter and increases the speed range of the drive.

This dissertation describes the use of an induction motor
stator as an inter-group reactor maintaining continuous ciréulating
current in the cycloconverter. The same stator winding sets up the
conventional rotating air gap-flux and the reactor machine has standard
torque-speed characteristics.

In the multi-machine drive designed and constructed in this
work, one machine requires a special stator winding. Conventional
squirrel-cage machines can then be added for tandem speed control and
fhe utilisation of copper improved. Closed-loop speed control and air
gap flux control are incorporated on the reactor machine. The standard
induction motors added in addition to the reactor machine are shown
to be essentially operating under open-loop conditions but a

"hard supply'" is maintained by closed-loop control.



CHAPTER 1

INTRODUCTION

The simplicity and robustness of the squirrel-cage induction
motor together with the absence of sliding contacts and slip rings makes
it an ideal machine for an a.c. variable-speed drive if stable control can
be achieved. A variable-speed drive must be able to operate stably
at near constant speed when subjected to step and shock loading. It
must also be.able to accelerate or brake rapidly. At low speeds, any
machine with salient poles will produce a torque which varies in
amplitude around the circumference of the machine. This causes the
torque to vary as a function of motor speed and rotor position.

A system designer faced with this problem may choose a higher
speed of rotation and subsequently reduce the speed to the desired
level with a gear box. Direct low-speed dri?es using synchronous motors
with small pole numbers or d.c. motors are rarely used because of torque
variation with rotor position.

A squirrel-cage motor with a single low-impedance cage will
give good near-synchronous-speed operation, but the starting torque
and acceleration are poor if the supply frequency is constant. This
problem may be overcome at the expense of efficiency by the use of a
double-cage rotor, but even here the torque availability will not be
constant at all speeds. For ideal variable-speed operation of a squirrel-
cage induction motor, a variable-frequency stator supply which produces
a constant air-gap flux at all speeds is required. This is approximately
obtained by the use of a variable-frequency supply in which the amplitude
of the voltage varies in proportion to the frequency. At low frequencies
(<SHz), the stator voltage will have to be boosted due to the dominant
effect of the stator impedance if constant air gap flux is to be

maintained.



In a simple frequency converter the non-sinusoidal output
introduces time-dependent, harmonics into the motor supply. Each time-
harmonic so introduced will generate a further series of space harmonics
which will be reduced to an acceptable level by the machine designer.
The harmonics introduced into the air-gap flux by the converter will
modify the torque characteristic and introduce additional heating and
noise in the machine.

A stable motor drive requires a supply free of sub-harmonics
and a low-harmonic-content link inverter can approach this performance
if pulse-width-modulation or stepped amplitude modulation is used.

In general, the d.c. link inverter is a uni-directional energy converter.
Regenerative braking in an induction motor drive is only possible if

a reverse link is incorporated. The link capacitance tends to make the
system oscillatory when sudden changes of load occur.

Reversibility and stability are natural properties of the
phase-controlled cyclocon?erter. Most commercial cycloconverters of
any size have operated in the circulating-current-free mode. At least
six thyristors per group are used to reduce the output harmonic content
and regeneration is achieved by reversing the gate pulse sequence. Even
so, the output frequency range is usually limited to about a third of the
input frequency.

It is well known that if continuous circulating current
operation can be maintained that the harmonic content of the output
voltage is reduced and that the number of thyristors per group can be
reduced while the same operating frequency range is maintained. Usually
continuous circulating current can only be obtained by the use of an
inter-group reactor rated for full-load current in each output phase.

These reactors are costly and bulky.
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In this work the stator of an induction motor is used both to
carry out the function of the inter-group reactors and to set up the
conventional rotating air-gap field. A double-layer stator winding
formed into identical electrically separate thyristor-group circuits,
magnetically coupled in the stator slots serves this dual purpose.

| The electrically-separate, magnetically-coupled stator

windings also prevent line to line short-circuits caused by spurious
thyristor firing. They do, however, effectively double the stator
impedance and result in a poor utilisation of copper. However, standard
squirrel-cage machines can be added to the system for tandem operation
and the utilisation improved. Closed-loop speed control with electronic
current clamping is incorporated in the experimental system.

Applications of cycloconverter-induction motor drives include
crane and hoist drives, mine winders and lifts. For these operations
electrical braking is an essential feature. Three types of braking
are possible, plugging, d.c. dynamic braking and low-frequency a.c.
braking, which may be dynamic or regenerative. Plugging can be dis-
counted because of the excessive currents required and the tendency to
run up in the opposite direction of rotation although it is the only
way of holding a dead-load stationary. D.c. dynamic braking and low-
frequency regenerative a.c. braking were investigated. This d.c.
excitation turns the machine into an alternator and the kinetic energy
of the system is dissipated in the squirrel-cage rotor causing excessive
heating. It is preferable to return the kinetic energy of the rotating
machine to the supply by regenerative braking. This is possible in the
closed-loop cycloconverter-induction motor system if the velocity feedback
system demands the appropriate frequency from the cycloconverter. A

selected control signal commands peak braking torque at any speed.



However, regenerative braking can only occur if the lagging vars
demanded by the motor are provided externally. This study investigates
the var demand on the cycloconverter during regeneration.

The stability of the closed-loop system is investigated
qualitatively using a small-signal perturbation model. This indicates
that the most.stable system may be a velocity feedback system with a
feed forward differentiator immediately after cycloconverter reference
generator.

Overall, the system proposed is claimed to be simple and
relatively ecdnomic if a speed range from zero to about a third of
50Hz synchronous speed is required. It is also claimed to be safe if
spurious firing occurs and stable. However, if in applications such as
diesel-electric traction, a higher-frequency source is used, the output
frequency range will be correspondingly increased. The experimental
cycloconverter used in this system was fed from a 400 Hz source, giving
an output frequency range from zero to‘133 Hz. This output range was
limited by the maximum available output voltage of 115 V r.m.s. as far

as induction motor drive was concerned.
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CHAPTER 2

Low-frequency Performance on a Sinusoidal Supply

2.1 INTRODUCTION

A variable speed drive must be able to operate stably at
near constant speed when subjected to step and shock loading. At low
speeds, any machine with salient poles will produce a torque which
varies in amplitude around the circumference of the machine. This may
cause jerky motion and cogging which may induce a system designer to
choose a higher speed of rotatien and to subsequently reduce the speed to
the desired level with a gear box. Drives using synchronous motors or
d.c. motors are rarely used directly in low speed applications for
this reason.

If the effect of the space and time harmonics is insignificant,
an induction motor can produce a uniform torque at any rotor position.
The speed of rotation will depend directly on the frequency and inversely
on the number of poles. If a sinusoidal three-phase, variable-
frequency supply is available, a squirrel-cage induction motor can
provide a gearless drive at low speeds.

Electronic inverters and frequency converters have inherent
problems such as the introduction of harmonics into the motor field
and restrictions in reversibility of energy flow. In this study, these
problems will be considered in later chapters. First, a study of the
problems of induction motor operation on an ideal sinusoidal supply will
be made. Open-loop, steady-state performance in a fixed parameter
system will be considered first, then the effect 'of motor parameter
variation and finally, the steady state stability at low stator

frequencies.



2.2 A variable-frequency equivalent circuit

The advantage of using digital computers to compute the
performance of electrical machines has long been established.
Computation in this context, simply implies the prediction of machine

ey

performance. Much present day analysis is in terms of generalized theory s

(2) (3), but this

matrix analysis and eigen value stability determination
approach is generally used in a linear system analysis, when machines are
operating in large systems. This study is mainly concerned with the
general effects of parameter variation and the stability of a single

(4)

machine. Equivalent circuit parameters are easy to measure under
variable-frequency conditions over a range of current and voltage
)variations. The equivalent circuit of the inductipn motor upon which

the theory of this chapter is based, is shown in Fig. (2.1la,b). If
certain well-known assumptions are made the parameters of this equivalent
circuit can be calculated from the results of standard locked-rotor and
running-1light tests. Inevitably the values of these parameters can

only be approximate. If there is a significant current-displacement

(5)

effect in the secondary , the so-called "proximity" effect, the
secondary parameters may not be considered to be constant for large

slip and rotor frequency variations. Brown and Grantham's investigation
is concerned with wide frequency variations in the rotor, i.e. large
slip changes. This thesis is mainly concerned with stator-frequency
change, i.e. small slip operation at all speeds under closed-loop
conditions. This means that the rotor frequencies are always small,

and changes in rotor parameters ha?e less significance. Hence the total
change of parameters are investigated. In the equivalent circuit

shown in Fig. (2.1a), there are six parameters to be determined. The
primary resistance (Rl), primary leakage reactance (Xl), resistance
representing core loss (Ro) and the magnetisation reactance (Xo) all

produce reactions at supply frequency and are considered to be constant at

any single frequency. Rl was determined from a separate test (see



Fig21a Induction motor equivalent circuit

R, i Xy
i A TGO e
—-Io
Y, Ro% Xs

Fig21b. Equivalent circuit of induction motor at
synchronous speed.
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Appendix A-1), while Ry Xin X

(6)

RL Ro and XO were calculated from a running-

light and locked-rotor test. The standard assumption that the

leakage reactance is distributed equally between the primary and

secondary i.e. (X1 = Xz) was adopted for the purpose of this investigation.
The induction motor equivalent circuit of Fig. (2.2) allows

for parameter variation with frequency. This equivalent circuit can

be simplified by the use of Thevenin's theorem. Ro >> Xo and hence Ro

has been neglected in this analysis. The equivalent circuit of Fig. (2.2)

is then simplified to Fig. (2.3). \Y the equivalent source voltage, is

1A°

the voltage that would appear across terminals A and B with the rotor

circuit open. Hence,

iX,
V., =V, e——m——e V, (2.1)
1A 1 R1 + 3X11
where X11 = X1 + Xo, and is the self-reactance of one stator phase.

The Thevenin equivalent stator impedance is the impedance between
terminals A and B viewed toward the source with the source voltage
short-circuited. (R” + jX“) represents this impedance which is
(R1 + le) in parallel with on. The iron loss parameter, Ro’ has been
neglected for first order torque calculation.

The torque for a machine with (m) stator phases is,

R

1.2 ™2
Te—m 512 'S—‘ > . (2.2)

where w 1s the synchronous speed in rad/sec. From the Thevenin equivalent

circuit, Fig. (2.3), the current 12 referred to stator at a supply

frequency of 50 Hz is

I, = , A (2.3)




Fig.2-2 Variable-frequency equivalent circuit of induction
motor with mechanical power parameter

R gx¥o . R, jx,'s0
AN e GO O —AAM
R,1-S
V1A
O cB

Fig 2-:3 Variable -frequency equivalent circuit

of induction motor simplified by the
use of Thevenin theorem.
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From the torque expression given by equation (2.2), substituting for IZ’

from equation (2.3),
2
mVlA (RZ/S)

=1 -
Te ™3 R, 2
‘R* + == + (X7 + X2)2

(2.4)

S

Equations (2.3) and (2.4) are used for the computation of steady-state

characteristics in section (2.3).

2.3 Steady-state performance with parameters assumed constant

(50Hz parameters)

Motor performance was investigated at frequencies from 5 to
SO0Hz. The machine used in this experimental investigation was a

(9

Mawdsley Educational Induction Motor with a three-phase, two-pole,
full-pitch stator winding in two identical layers with 36 slots, and a
squirrel-cage rotor, the determination of the parameters of which is
given in Appendix 1. To enable the performance characteristics of

the induction motor to be measured, the machine was constrained to
rotate at various speeds by means of a d.c. work motor. The work

motor was separately excited and supplied from a Ward-Leonard

generator as shown in Fig. (2.4). Using the d.c. work motor to control
the speed of the induction motor, current and torque measurements were
taken over the slip range, 0 < S < 2. Reduced voltages were used

to avoid excessive currents, at high slips and to prevent saturation.
The S0Hz parameters were determined by supplying the stator from the
mains through a variable transformer. Characteristics at frequencies
below 50Hz were obtained with the Experimental Induction Motor fed from
a 5KVA variable-frequency alternator as shown in Fig. (2.5). Fig. (2.6)
shows measured results contrasted with-results predicted from

equation (2.3). Considering the assumptions made in deriving the
equation, the predicted and measured results correlate well in the

motoring region of small slip, although the experimental peak torques

are less than the calculated values due to saturation. Large differences



Test machine

D)
3..

ac.supply

d.c.supply
dc.supply

Fig. 24 Loading system

Test machine

Half

controlled o)
thyristor pP—o

bridge '—'Of

l—— Alternator

Fixed voltage
d.c. supply

Fig.2-5 Variable-frequency supply system
from S5KVA alternator
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Fig. 2-6 Torque/_speed characteristics at 50Hz and 45Hz.




10.

do occur, particularly in the reverse-rotation region. The differences

(7), caused by high-

are due to slot-harmonics and stray-load torques
frequency rotor currents at large slips. Stray-load losses make "plugging"
a more acceptable form of braking than the theory suggests, but this can
only be achieved at the expense of excessive current and energy
dissipation.

For constant peak-torque operation of an induction motor with
a variable frequency supply, a constant air-gap flux must be maintained
at all frequencies. A constant air-gap flux would be obtained in an
ideal system with négligible stator impedance when‘¥ is constant.
However, as the frequency falls, the values of leakage reactance fall,
but the resistive parameters relating to the machine windings are
essentially constant. The ratio of stator impedance voltage drop to
the applied voltage increases and the air-gap flux decreases as the
stator frequency is reduced. To maintain a constant flux the stator
voltage must be increased beyond the value demanded by a simple
proportionality with frequency.

The fall in peak torque with frequency when operating with a
voltage proportional to frequency is illustrated experimentally
and theoretically in Fig. (2.7). Here the 50Hz characteristic was
obtained at 100V, just less than half the rated value, to maintain the
steady state current at an acceptable level. The lower frequency,
chosen as 10 Hz because a stable output from the variable-frequency
supply was possible at this frequency, was maintained at a constant
voltage of (10/50 100 = 20V. It can be seen that the dominant
effect of the stator resistance causes the peak torque to fall by about
two-thirds. If the load torque remains at the 50 Hz value, the machine
is operating too near to pull-out torque for stable operation. The

problem will be worse at lower frequencies. Theoretical results were computed




Computed results f=50Hz

o) Measured results f=50Hz

— — — Computed results f=10Hz
9 Measured results f=10Hz

Torque
Nm

!
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— | . —— - — L

2400 1800 1200 600 O 600 1200 1800 2400 3000
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e

Fig.2.7 Torque/speed characteristics at 50Hz and 10H=z
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from equation (2.3). Fig. (2.8) and Fig. (2.9) show calculated and
measured torques and currents at SHz and 10Hz indicating that equations
(2.3) and (2.4) give acceptable first order results. It can also be
seen that the increased effect of stator resistance can be useful in’
limiting current at high slips.

To maintain constant peak torque at low frequencies, the terminal
voltage must be increased considerably above its frequency-proportional
value. It was not possible to achieve this electromechanically due to the
effect of the alternator armature resistance, but it presented no problem
when a cycloconverter which allowed independent adjustment of output voltage
and frequency was used as described in chapters 4 and 5. It is necessary
to form a new relationship between the supply voltage and frequency other
than proportionality with frequency such that the peak torques are equal at
all frequencies. This relation between voltage and frequency may be defined
as,

V = F(f) . (2.5)

A simple approximate solution to the problem of defining F(f)
was obtained from the relationship of torque as proportional to (rotor
current)z, and hence to the (induced voltage)z, i.e. T = aVz, where a 1is
a constant, (magnetic circuit has been neglected).

If stator impedance can be ignored, this statement will be true
when V is the applied voltage. However, the stator impedance may not be
neglected as.indicated in Fig. (2.7), but it may be compensated for
as follows;

T the peak torque at 50Hz, is taken as the torque value to

M1’

which other torque values must be raised and V, the corresponding applied

1

stator voltage. At a lower frequency, f, a voltage v, = [éﬁ} V., produces

1
a peak torque, TMZ’ then,
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Fig.2-8 Torque/speed characteristics at 10Hz and SHz,.-
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Fig. 2.9 Stator current speed at 10Hz and 5SHz.




_ 2 . _ T
TM2 = aV2 gives a = _Mg 12.
2
Vo
T
M2
Hence TM1 = (VEQJ Vf , and
T
v, = T’i xV, (2.6)
M2 '

which indicates the required voltage at frequency f. Fig. (2.10) shows the
result of this approximation: An improved acceleration performance will

be achieved if this voltage adjustment can be made in a control system.

The actual voltage required as a function of frequency determined from

equation (2.6) is shown in Fig. (2.11).

2.4 Machine parameter variation with frecuency

The steady-state characteristics obtained in section 2.3
calculated on the assumption that the equivalent circuit parameters
obtained at 50Hz are constant at all frequencies. This assumption
is known to be incorrect from a knowledge of the behaviour of lamination
steel under conditions of magnetisation. Also the a.c. resistance of the
machine windings is known to vary with freauency. An investigation was
carried out to assess the degree of error introduced by the constant parameter
assumption. Running light and locked rotor tests were carried out over a
frequency range of 5 to 50Hz (see Appendix 1).

2.4a Magnetising parameters

The magnetising circuit parameters RO and X0 were determined from
the open-circuit test with the unloaded machine rotating freely for each
constant input frequency. Values of RO and Xo were obtained over a
frequency range 5 < f < 50, Fig. (2.12) shows that Xo varies linearly
with frequency indicating a constant inductance (LO). Ro, representing the
total iron loss, can be seen to be frequency dependent.

The total iron loss consists of two frequency dependent terms

representing hysteresis and eddy current losses expressed empirically by



Torque
Nm

-2400-1800 -1200 600 O 600 1200 1800 2400 3000
Speed rev/min

Fig._2.10 Torque/speed characteristic at 50,10, and S5Hz
with voltage adjusted such that V=F (f).
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(8)

Steinmetz as,

_ 1.6 2 .2
W= K £B 0 + KB £, \ (2.7)

where Kh and Ke are constants relating the hysteresis and eddy current
components respectively and 1.6 is an index relating to soft iron
laminations. B is the maximum value of flux density. The flux density
B will be proportional to the applied voltage, which is, in turn,

2

proportional to the applied frequency. Since Wi + %—
o

, substituting

for W. from equation (2.7) gives,

I
2
Ry = —— o (2.8)
K.f + K _f2
h e
where C o= 81'6 and K‘B2 for a constant flux machine, V « f
Kl'l Kh e b 3 )
i.e. V = af where a = constant. Equation (2.8) can be re-written as,
2
R = __affF E_l'— , (2.9)
K £ + K £2 ., .,
© F 2
where the constants are a, = Kﬁ/a?, a, = Ké/a?. "~ Equation (2.9)

represents the variation of the iron loss parameter (Ro) with frequency.
This means that the iron losses increase with frequency. Fig. (2.12)
shows that equation (2.9) can be considered to be valid at frequencies
above 25 Hz. Below 25 Hz, the measured value of Ro is substantially
less than the predicted values and so the Steinmetz equation is invalid
at low frequencies. However at low frequencies above approximately

3 Hz, RO is substantially greater than Xo and the assumption made in
section 2.2 that RO may be neglected in the calculation of the steady
state characteristic is still valid as a first order approximation.

Fig. (2.13) shows the variation of input current with frequency
when rﬁnning light with volts proportional to frequency. Here the magnetising
current forms a substantial part of the total current and since the rate of
increase of RO with frequency falls with increasing frequency, the input
current can be expected to fall at low frequencies. This input current
reduction will be increased due to the reduction of friction torque (= speed)

and windage torque (= speed?) as the frequency falls.
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- Fig. 213 _Running_light input current against frequency.
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Ro will have a substantial effect on the motor efficiency as the
frequency increases. Fig. (2.14) shows a separation of losses into
hysteresis, eddy current and mechanical losses. The mechanical loss was
obtained by externally driving the unexcited induction machine and
subtracting the known loss of the drive motor. At low frequencies,

Fig. (2.14) shows that the hysteresis loss forms practically the whole of
the total iron loss. Thus, at these frequencies, the iron loss can be said
to increase linearly with frequency as predicted in equation (2.7).

2.4b Parameters from the locked-rotor test

Locked rotor tests were carried out over a range of frequencies
between SHz and 50Hz. The sinusoidal variable-frequency supply was obtained
from an alternator driven at a range of speeds. A rated current of 14A
was used in each case, the voltage being appropriately adjusted. Fig.
(2.15) shows the values of total effective resistance and reactance
referred to the stator. Each parameter has a non-linear relationship
with frequency.

The effective resistance, Re increases with frequency, an
expected effect accounted for by "a.c.'" resistance and the 'skin-effect".
Leakage reactance, Xe has a lower rate of increase with frequency at the
higher frequencies. This indicates that the magnetic coupling is better
at high frequencies and that low-frequency operation of a machine
designed to operate on 50Hz can only be achieved at the expense
of poor coupling and increased leakage inductance.

Each characteristic can be approximated to two straight lines,
the changeover point occurring at 20Hz for Re and 30Hz for Xe. This
linearisation has been carried out in Fig. (2.15) giving the following

approximate expressions for Re and Xe s
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Fig. 2-14 Running_ light losses/frequency




Rea Xe

LI 1 l

_Fig.2’-15 Locked rotor test parameters against frequency



15.

R, = af + b f < 20Hz (2.10)
Re =cf +d 'f > 20Hz (2.11)
X, = ef f < 30Hz (2.12)
X = Lf + g f > 30Hz . (2.13)
The stator resistance R1 was measured under d.c. conditions and hence
R2 = Re - Rl' Under locked rotor conditions the frequency of both

rotor and stator was that of the supply, and hence a.c. resistance effects

will provide the same rate of increase of Ry and R, with frequency.

R, and R, are now obtainable in frequency dependent terms.

1 2

2.5 Effect of Parameter Variation on Steady-State Performance

The characteristics obtained in section 2.2 are all computed
from SOHz parameters, i.e. by using equations (2.11) and (2.13) where
f = 50. [To investigate the effect of the parameter variation shown in
Figs. (2.12) and (2.15) at low frequency, torque/speed and current/speed
characteristics have been computed at frequencies of 5 and 10Hz, using
equations (2.10) and (2.12). Fig. (2.16) shows the comparison between
the torque/speed characteristics obtained with S50Hz parameters and
parameters obtained from equations t2.10 and 2.12). This shows that
the use of constant 50Hz parameters is a reasonable first order
approximation and that parameter variation has little effect on performance

although its effect on efficiency may be greater.

2.6 Efficiency at Low Frequency

Motor efficiency can be estimated from input and loss considerations
as follows:

Motor input = input power = sum of two wattmeter readings, Wl and Wz.

Losses = 3 (copper loss/ph + 3 (iron loss/ph) + mechanical loss obtained

from Fig. (2.14).
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(Input - losses)
Input

Hence, the motor efficiency = x 100%.

Fig. (2.17) shows the efficiency obtained at full-load torque over a range
of frequency when Re and Ro vary with frequency. The overall efficiency

(9)

of the experimental induction motor is very low due to the comparatively
high resistance of its gramme-ring winding. Efficiencies in an industrial
machine would be about 10% higher at all frequencies.

It can be seen however that an induction motor designed for
SOHz operation will be very inefficient at much lower frequencies. This

may necessitate forced cooling or an increased frame size for continuous

operation.

2.7 Steady-state stability on a low-frequency sinusoidal supply

One of the basic problems of operating an induction motor in
an open-loop system on variable low-frequency supplies is the tendency
to oscillate about a mean operating point. If the torque-slip characteristic
shown in Fig. (2.18) is considered, it can be seen that the maximum
permitted range of slip variation will be the range between peak motoring
and peak braking torque. If the load torque demand exceeds the maximum

available motoring torque, the motor will stall and probably be damaged

by excessive current. The slip range between peaks defined by gg- = 0 is,
+R, | -R,
7 3. %S %731 (2.11)
[R] + X 17 [R] + X 12

As the supply frequency is reduced, equation (2.11) defines a much smaller
range of speed within these slip limits. Consequently the rate of change
of torque with respect to speed increases and the machine becomes much
"stiffer" i.e. the restoring torque opposing a change of speed increases

or decreases more rapidly and stability is reduced.
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Various authors (10,11) have illustrated this instability
for an induction motor operating on a "stiff" sinusoidal supply, while
others (12,13) discuss the instability in the context of an inverter-fed
drive. Here the link capacitance is a dominant feature in the oscillatory
behaviour. In this part of the current work, the inherent instability of
the machine operating on a '"merfect'" low-frequency supply is the present
problem.

Bowler and Nir in reference (11) use the equivalent circuit of
Fig. (2.1a) to study the stability of the drive. They use an impedance
diagram based on the equivalent circuit and its small signal derivative
to define a stability criterion in terms of equivalent circuit parameters.

This was presented in terms of the equivalent circuit of Fig. (2.1) as,
R2 * JerZ

. , 9 (2.12)
R, * Ju_ Ly + L)

Z = R1 + jw Ll + jw Lo

where w, = slip frequency rad/sec. and Xo =w Lo, Xl =w L1 and X2 = erz,
Ii merch)R2

and Ty= s N.M. (2.13)
[Ry*jw (L +L,)]

If the system is considered to be responding to small changes about a
steady-state operating point, the change in impedance,
Ry - Jugly

Ry = Ju (L, +Ly)

dZ = R, + ju L

1 > S0 (2.14)

1 + Ju Lo

The inversion of equation (2.14) gives the small signal admittance

iy - Ry - JupAL, . g} (2.15)
S - - —— .
(~*2 JwI‘ALO) (Rl + Jw Ll) * Jw LO(RZ Jerz)
Equation (2.15) has a real part of
RlRé + Rw®SL (AL +L)) - w L SA(R,B-R,SA)
_ o~ "1 "2 o 27 1 -1
RedY = 5 5 55 3 0 0, (2.16)
[R R +w SL (AL +L,)]% + w“L] (R, B-R,SA)
L2 L1
where A=1+ i and B = 1 + — .
L
o) o
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The bound for stability is that R_|dY| is negative and so applying this
to equation (2.16),

2,2 2 2 '
wLISA(R,B -R;SA) > RR5 + Rw SL (AL + L,) . (2.17)

Under conditions of heavy load, the damping effect of the load
will stabilise the system and so the case of greatest interest is that
of light loading, where S is small. The term RISA in equation (2.17)
becomes negligible and a single value of 'S' defines the stability boundary,
R.R
12 (2.18)

S.. . —_—
limit (wLo)z

The parameters of the machine obtained at 50Hz were then used
in this expression over the frequency range (1-10Hz).

Fig. (2.19) shows the limiting value of slip related to
frequency. However the very large values of slip shown at low frequencies
do not represent a large permissible speed variation. Fig. (2.20) shows
the permissible speed limit plotted against frequency from the relation

w (1-S ).

Mimit T2 limit

This means that the constant ratio of limit speed/frequency
can be seen to be applicable at frequencies above 2Hz for the experimental
machine. At low frequencies, this restriction of stable speed operation
will reduce the permissible shock loading of the machine.

The importance of maintaining constant flux at all speeds is
illustrated in Fig. (2.21) and (2.22). If a control system operates with
voltage proportional to frequency, the stator regulation reduces the
maximum or peak torque, defined here as the limit torque. Fig. (2.21)
shows the limit torque plotted against limit slip and Fig. (2.22)

shows the limit torque plotted against the maximum speed deviation

from synchronous speed. If low speed stalling is to be avoided, a
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constant limit torque value is required. This can only be increased
by an increased stator voltage as shown in section 2.3,

Figs. (2.19) and (2.22) indicate the limits of operation beyond
which stalling or catastrophic failure can occur in an open-loop,
sinusoidal control system. Even when operating inside these limits
low frequency operation tends to result in an oscillation of the rotor
about a mean operating speed. This oscillation occurs when the stator
supplylfrequency approaches the natural frequency of the rotor. Fig. (2.23)
illustrates this oscillation related to a éhange of load.

In the upper pen recording, a 3Hz oscillation about the steady
state operating speed is continually present and a change in load with
the consequent speed reduction of about 10% seems to give a slightly
increased stability. The lower pen recording taken at a frequency of
4.5Hz and the same stator voltage indicates that operation before loading
can be stable and that the shock of the applied load sets up a
sustained oscillation. This tendency to oscillate about a steady-
state speed puts the open-loop drive at a severe disadvantage when
contrasted with a high motor speed geared drive. Greater stability

can be achieved by closed-loop control. This is discussed in Chapter 5.

2.8 Conclusions from Chapter 2

The work described in chapter 2 shows that there are a number
of problems associated with the low speed operation of induction motors
even when sinusoidal supplies are available. These are:

1) Parameter variation with frequency. Effective resistances

have been shown to vary with frequency and the "a.c.'" resistance

values correspond with '"d.c.'" resistance moée closely as the

stator frequency becomes smaller. Magnetic coupling at low

frequency is worse than the coupling at 50Hz and the leakage

inductances are greater at low frequency. Iron losses are
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frequency dependent and at low frequency the magnetising
current is large relative to the torque producing current
term. This ratio of magnetising current to torque producing

current reduces the efficiency of the system at low frequencies.

Steady-state operatioﬁ and characteristics are affected by
parameter variation, but the variation is very much a second
order effect. The difference between machine characteristics
obtained from parameters measured at SOHz and characteristics
determined from parameters which allow frequency variation is
always less than 5% of the torque or current concerned. It may
be concluded therefore that parameter variation with frequency
is important in.efficiency calculations, but that the error
introduced by a constant parameter assumption is less than
that introduced by the approximation of the equivalent
circuit. Thus a single set of parameters may be used for all

first order performance calculations.

Constant flux operation is essential at all frequencies if
stalling is to be avoided under acceleration or step torque
increase conditions. At low frequencies, the stator resistance
causes excessive voltage regulation and voltage-proportional-
to- frequency operation is no longer adequate. The stator
voltage must be increased by a proportion which increases

as the frequency decreases to give constant peak torque

operation.

The permissible speed variation about a steady-state operating
condition before stalling occurs falls with frequency. This

reduced speed range and the increased machine stiffness can
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cause oscillations about a steady-state operating point to
occur. Thus an open-loop drive may be unstable at low
frequencies. In a closed-ldop system a compensating network

can be introduced and stable operation provided.

It may be concluded therefore, that a low-frequency direct
induction motor drive is feasible and that high-speed operation through
a gear box may not be necessary. Parameter variation with frequency is
not significant but any control system, even with a sinusoidal supply,
must be a closed-loop system incorporating stator voltage adjustment for

a constant flux operation.
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CHAPTER 3

The Effect of Harmonics on the Low-frequency

Operation of an Induction Motor

3.1 INTRODUCTION

The stator winding of an induction motor must be distributed in
equally spaced slots around the circumference. This means that the
induced emf's in the stator conductors are displaced in space. The
resultant mmf will contain multiples and submultiples of the stator
frequency even if the stator supply is sinusoidal. Suitable chording
in a double-layer winding can eliminate a harmonic (say 3rd) and its
multiples. Any machine operating from a sinusoidal supply can therefore
accelerate without '"cogging'.

The variable-frequency supply used in an induction motor drive
will generally be obtained by direct or indirect frequency conversion in
a cycloconverter or a d.c. link inverter. The wave forms of these
supplies are bound to be non-sinusoidal and consequently time-dependent
harmonics will be introduced to the stator. Each time-harmonic so
introduced will generate a further series of space harmonics, which
can be reduced to an acceptable level by design features in the machine.
However, the time harmonics in the air-gap flux directly will modify
the torque characteristic and introduce additional heating and noise in
the machine. The work described in this chapter attempts to investigate.
the effect of non-sinusoidal supplies on the motor performance and fo

define suitable operating limits.
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3.2 Harmonic Analysis of the Non-sinusoidal Waveform

The operation of induction motor on a variable-frequency supply
involves the use of static frequency converters. At any signifiéant |
power level, the frequency converter will generate an output voltage waveform
with significant harmonic content. In chapter 2, the operation of induction
motor with a purely sinusoidal supply was discussed, and investigated
experimentally by feeding the induction machine from an alternator. In
order to investigate the operation of an induction motor on a non-sinusoidal
supply, the voltage can be analysed and expressed as a series of sinusoidal
voltages known as a Fourier Series. Each separate frequency will produce
its own rotating field in the machine air-gap at a harmonic synchronous
speed. Additional losses, heating and modification of the torque
characteristic will be caused by the time harmonics produced by a non-
sinusoidal supply. Additional space harmonics may be introduced by the
added time harmonics, but it is assumed that the winding design will
eliminate all first order effects as it does for the fundamental. This
study concentrates on the effects of time harmonics.

If the positive and negative voltage envelopes are of equal size
and symmetry about the zero voltage axis, all time harmonics in the
supply will be of a higher frequency than the fundamental, but if asymmetry
is introduced as in the case of an unsynchronised pulse-width modulated
inverter or a circulating current free cycloconverter, harmonic frequencies
lower than the fundamental, known as sub-harmonics, can occur.

Three main effects will occur due to the voltage harmonics
produced by the frequency source.

These are:

a) Modification of the torque characteristic due to harmonic

currents and fluxes.

b) Increased copper losses and heating due to harmonic currents,

and c¢) Increased iron losses with associated vibratory noise and

heating.
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The simplest form of inverter output waveform is the rectangular
pulse as shown in Fig. (3.1a). This rectangular waveform can be expressed
by the series,

WV 1 1 1
e(wt) = —?—-[cos wt + = cos 3wt + = cos Swt + ... = cos nwt] (3.1)

3 S

This harmonic series contains a fundamental frequency w, and a
series of odd multiples of the fundamental which may produce forward,
backward or stationary fields as defined in section (3.3).

If the conduction angle, y, shown in Fig. (3.1b) is reduced and
gaps between positive and negative pulses are introduced, certain harmonics
of the series can be eliminated at the expense of poor utilisation of
the inverter hardware. The harmonic frequencies and their relative
amplitudes will be analysed as a Fourier series. Fig. (3.1b) shows that
the waveform has symmetry about the y-axis which simplifies the analysis
to a Fourier half-range series with only cosines present and no constant
term. This waveform contains the following terms over the period T,

0 <t <ztT fory = ﬁn s
where the amplitude, AK’ for each frequency, X , is given by

+T/6
A = ’I‘/LZ y cos K wt . d(ut). (3.2)
-T/6

If the period, T = 2w, AK becomes,

2V 2 +/3
AK == — sin wt] , which simplifies to
m N
-1/3
Wz

m —
AK Km ° 2
Therefore the series is

4v

/z
e(wt) = —;m-. —%- [cos wt - % cos Swt + %-cos ot - %T-cos 11 wt + ...],

(3.3)
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which may be expressed in a more general form as:

4v

e(w)t=—2 3 l-sin Xn . cos Kuwt . (3.4)
L K 3

The chart given'in Fig.(3.2) uses equations (3.2) to (3.4) to
express the harmonic amplitudes in terms of the conduction angles. It
can be seen that a waveform with discontinuities has a slowly diminishing
spectrunwith fairly strong harmonics which should be considered when
aﬁalysing the motor performance. The following table shows harmonic

amplitudes related to conduction angles:

ion |

Conductlon Yo 300 520 600 720 800 . 1200 1600
angle

Funda-

mental 1 1 1 1 1 1 1
Order of K3 0.24 0.32 0.34 0.32 0.28 0 0.29
Harmonic

Ks 0.19 0.15 0.1 0 0.07 0.17 0.13

K7 0.14 0 0.08 0.13 0.14 0.13 0.05

180°

added to the zero shown

Each harmonic also has a zero value at X
in the table, where K is the order of the harmonic.

Any harmonic and its multiples can be eliminated, but it is most
general practice to eliminate the triplens and zero-sequence effects.
This can be achieved by making y = 120°.

Induction motor operation has been achieved with y = 180° by
McLean and Alwash (14), but at low frequencies the long conduction time
when %% = 0 can cause a flux collapse due to magnetic saturation if the

peak flux is near to saturation level. They achieved stable operation

by incorporating special machine windings which gave, in effect, nine-
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phase operation and triplen-harmonic elimination.

Many small size (<100kw) drives operate satisfactorily on
rectangular pulses with triplern elimination as shown in Fig. (3.1b),
but systéms of a greater size require voltage waveforms nearer to the
sinusoidal. Typical waves are the stepped waveforms of Figs. (3.3a)
and (3.3b) (15) and the pulse-width modulated waveforms of Fig. (3.3c).
These waveforms are much to be preferred for efficient and stable system
operation, but the complexity of electronic logic required to generate
the waveform is considerable and this present study is based on the
simpler rectangular pulse system in which the harmonic effects will be

greater.

3.3 Positive-sequence, negative-sequence and zero-sequence harmonics

The three stator voltages of the induction motor spaced

by 120° are given by Fourier series analysis as:

V, = ¥ A, cos Kwt + £ B, sin Kt , (3.5)
A gl X k=1
® 21 ® . ' 27 .
VB = I AK cos Kwt + 3—-) + & B, sin K (wt + 35 , (3.6)
K 3
K=1 K=1
. 41 © . 4
V. = ¥ A, cos K (wt+==—)+ I B, sinK (@t + . (3.7)
C  x=1 K 3 K=1 K 3

It can be seen from the above equations that if K = 3N + 1, the

phase sequence is V VC which is taken as the positive sequence, the

A’ VB’

fundamental sequence of the rotation of the field. If K = 3N + 2,

the phase-sequence is V,, V., V, which gives resultant fields rotating in

A> C’> 'B
the opposite direction or a negative sequence. When K = 3N + 3, the three
phase voltages are in phase. The resultant field is pulsating, but not

rotating, and it is defined as a zero sequence.
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The orders of harmonic present in the general series are

given in the table below. However the Fourier series of the supply

voltage is an odd harmonic series and even harmonic components cannot

be present in the air-gap flux.

positive-sequence negative-sequence zero-sequence
N K=3N+1 K=3N+2 K=3N+3
0 1 2 3
1 4 5 6
2 7 8 9
3 10 11 12
4 13 14 15
5 16 17 18
6 19 20 21
7 22 23 24
8 25 26 27
9 28 29 30
10 31 32 33
11 34 35 36
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Only odd harmonics need to be considered and from the above table the
harmonics can be classified according to their sequences. The fundamental
frequency is defined by K = 1, and is of positive phase sequence.

The following systems exist for the other harmonics;

a) Positive-sequence 7, 13, 19 .... etc.

b) Negative-sequence 5, 11, 17 .... etc.

¢) Zero-sequence 3, 9, 15 .... etc.
3.4 Motor equivalent ¢ircuit allowing for harmonics

In section 3.3, the non-sinusoidal supply was seen to give
positive, negative and zero sequence harmonic frequencies. This means .
that three equivalent circuits will be necessary, one for each sequence.
All reactive components are assumed to vary linearly with frequency so

that X = KX, etc, where X, is the reactance at fundamental frequency.

1K 1 1

RlK and R2K are the a.c. values of stator and rotor phase resistance for

th . . . . .
the K™ harmonic and Ro is the iron loss energy component at this harmonic

K
frequency. Thus for positive sequence operation the equivalent circuit
of Fig. (2.1) becomes that of Fig. 3.4a) for the Kth harmonic.

The slip, SK’ related to the Kth harmonic is:
S, = —— (3.8)

where w 1s the fundamental synchronous speed and w, is the rotor speed
in radians per second.

If the harmonic field is counter rotating, negative sequence
operation results and the slip term to be used in the equivalent
circuit is 2 - SK‘ The negative sequence equivalent circuit will then

be shown in Fig. (3.4b).
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A zero-sequence voltage component is simply a pulsating or single
phase field. In effect all these phase windings can be considered to
be connected in series to a zero-sequence voltage. The effect of this
is the well-known pole trebling effect used in squirrel-cage pole-change
systems. Thus the zero-sequence voltage may be assumed to consist of
a half-magnitude forward rotating component, and a half-magnitude
reverse rotating component. The forward component will have a slip

term of - -2 +3 SK and the reverse component, a slip of 4 -3 S Both

K
components are incorporated into the zero-sequence equivalent circuit of
Fig. (3.4c).

For torque calculations, the equivalent circuits of Figs. (3.4a,b
and ¢) must be used. This is illustrated in section 3.5. However, the
other effects of harmonics, increased iron and copper losses and
consequent loss of efficiency require a knowledge of the current in the
appropriate equivalent circuit parameters.

If zero-sequence components have been substantially eliminated,
by making the conduction angle y such that all triplens disappear, the
harmonic slip can be represented by the general expression}

Kw th

SK = (3.8b)

where the + sign represents a positive-sequence harmonic and - sign, a
negative-sequence harmonic. Equation (3.8) may now be re-written in

terms of the fundamental slip, S, by the use of the relationship:

wy= (1-8)u , (3.9)
which gives,
_ K+ (1-S) _ (1-8)
SK == = 1+ X . ((3.10)

Iron losses in the machine would normally be determined

experimentally by driving the machine externally at fundamental
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synchronous speed and measuring the input power. For the fundamental,
I2= 0 and the equivalent circuit becomes that of Fig. (3.5a). This is
an approximation, because the harmonic slips are much greater than zero,
and the input power measured in the way includes harmonic copper losses,
but the fundamental copper loss is eliminated and so Fig. (3.5a) is

a good, simple first order approximation. Fig. (3.5a) then enables the
iron loss currents to be calculated independently of machine slip,

and, if the circuit parameters are correct for each harmonic X, the rms

iron loss current will be given by:

- 2 '
I, = /tIK ) (3.11)

Copper loss currents under load conditions will be much
greater than the iron loss components and a first order estimate of
the copper loss current for each harmonic will be given by the
equivalent circuit of Fig. (3.5b) for any high order of harmonic,

R
S, >> 0 and 2K can be replaced by a short-circuit, giving the approxi-

K S
K (16
mation of Jain .

3.5 Harmonic effects on the induction motor steady-state

Eerformance

Additional heating caused by harmonics will be discussed
more fully in section 3.7. At this stage the effect of harmonic currents
on the motor torque will be considered. Equation (3.1) for the fully
conducting rectangular voltage gives a series containing positive,
negative and zero-sequence harmonics. The effect of each is

considered in turn.
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3.5a Positive and negative sequences

It has been shown that the phase sequence of the 7th, 13th
and 19th harmonics is the same as that of the fundamental sequence and
that the amplitude of the harmonic relative to the fundamental is

inversely proportional to the order of the harmonic, i.e.
A =:A:1'. A T —
7 7 ° 13 13

torque is modified by the Kth harmonic. Motoring and plugging torques

etc. Fig. (3.6) shows how the fundamental

are slightly increased, while the supersynchronous braking torque is
slightly reduced. Equations (3.5) to (3.7) show that the phase sequence
of the 5th, 11th and 17th harmonics will be oppositeAto the fundamental

A
sequence, while the amplitudes A5 = =t etc. as before. These

5
negative sequence torques modify the torque characteristic as shown
in Fig. (3.7). Here motoring and plugging torques are slightly
reduced and the supersynchronous braking torque is increased.

However, in practice, the effect of a positive or a negative
time harmonic on the torque is negligible. This can be justified as
follows. At harmonic frequencies, the leakage reactance is much greater
than the machine resistance at substantial slips. The leakage reactance
increases with frequency and the havmonic voltage amplitude falls with
fréqUency. Hence the Kth harmonic current will be approximately (%}2 x the
fundamental current. The motor torque is proportional to the (current)2,
and hence the positive and negative sequence time harmonics have little
effect on steady state performance although they may have an effect on
motor losses which must be considered.

3.5b Zero-sequence harmonic effects

Equations (3.5) to (3.7) show that the harmonic voltages of
the 3rd and all triplen harmonics are of equal magnitude and in phase

in each phase winding of the machine. Effectively the machine phase
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windings have been connected up in series to a single phase supply of
harmonic frequency. The nature of the resultant air-gap flux can be seen
by a consideration of Figs. (3.8) to (3.10). For simplicity a single-layer,
two slots/pole/phase winding has been chosen. When the stator is energised
by a balanced 3-phase supply, at the instant t = 0, the air-gap mmf is
as shown in Fig. (3:9). The resultant flux of constant amplitude moves
around the circumference of the machine at synchronous speed. However,
when the stator coils are connected in series to a single phase supply,

Fig. (3.10) shows that the effective stator pole number has been trebled
and that the resultant air-gap mmf is stationary and pulsating.

The air-gap fluxes were observed experimentally by exciting
the stator with d.c. and rotating the machine at a constant speed of
1000 rev/min. while rotor search coil induced voltages were observed on
an oscilloscope. For this experiment the squirrel-cage rotor was
replaced by a 4-pole wound rotor with open-circuit slip-rings. In each
case, I = 1.0 A d.c. Fig. (3.12a) shows the air-gap flux corresponding
to the condition of Fig. (3.9) and Fig. (3.11a). If time phases are
reversed as shown in Fig. (3.11b), the phase currents correspond to
the same time sequence, but they are of unequal amplitudes and the "W"
shaped flux of Fig. (3.12b) results. Finally, if all three phases are
fed in series with the same supply as shown in Fig. (3.11lc), the triple-pole
air-gap flux of Fig. (3.12c) results. A comparison of Fig. (3.12a) and
Fig. (3.12c) shows that a zero-sequence harmonic gives single-phase operation
at one-third of the harmonic synchronous speed.

This stationary pulsating field may be considered as producing
two half-amplitude, counter-rotating fields producing a
single-phase motor torque. Fig. (3.13a) shows the form of this torque
for a low impedance motor. The resultant torque is the sum of a
positive and a negative sequence torque. Between zero and forward

synchronous speed this produces a net motoring torque with zero torque
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at zero and synchronous speed. When the rotor is of high impedance,
a net braking torque will result as shown in Fig. (3.13b).

The effect of zero sequence torques is shown experimentally
in Figs. (3.14) and (3.15) at 10 Hz and 20 Hz respectively. Predicted
3-phase and zero-sequence torques from equation (2.3) are shown for
the third harmonic. The third harmonic zero-sequence currents produce
a field of fundamental frequency which pulsates but does not rotate.
Méasured zero-sequence results corresponding to this prediction were
obtained with all three stator phases connected in series to a single
phase supply of three times the fuﬁdamental frequency. Each phase was
excited with one-third of the fundamental voltage amplitude. Fundamental
balanced 3-phase torques outside the range of speed between zero and
synchronous speed were obtained with the motor supplied by an alternator
generating a sinusoidal voltage. This alternator also supplied the
single-phase supply.

The experimental results between zero and synchronous speed
were obtained by supplying the stator by a cycloconverter fed with
a square-wave reference giving a mean square output. This cyclo-
converter was unidirectional in conduction and unable to maintain
the required output voltage under motor plugging conditions. However,
it gave a good approximation to a square waveform with a pronounced
third harmonic.

The resultant torque predicted between zero and synchronous
speed is the graphical sum of the 3-phase and zero-sequence characteristics.
Fig. (3.14) shows that at 10 Hz, the machine characteristic is that of a
high resistance rotor machine, an effect becoming more pronounced at
low frequencies. It can be clearly seen that the zero-sequence harmonic

substantially reduces the motoring torque while increasing the total
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rms current. As the fundamental frequency is increased, the high
resistance rotor effect is less pronounced and the relative motoring
torque reduction is less as shown at 20Hz in Fig. (3.15)

It can be :seen however that it is highly desirable to
eliminate all triplen harmonics from the supply. The pulse-width
limited waveform of Fig. (3.3) is highly desirable in order to
achieve this, even at the expense of poor utility of electronic

components.

3.6 Effect of sub-harmonics on motor performance

The previous discussion has been based on the effects of
harmonics of greater frequency than the fundamental. Any symmetrical and
balanced source of supply will only feed this type of harmonic into the
system. However certain types of inverter operating on the pulse-width
modulation principle with free-running non-synchronised thyristor pulse

(17,18) can generate output voltages in which the

reference generators
positive half-cycles are not exact reflections of the negative half-cycles.
In general the variation is cyclic at a frequency lower than the fundamental
and sub-harmonics are introduced into the supply.

This sub-harmonic generation is also very pronounced in a

(19)

circulating current free cycloconverter operating with low input to
output frequency ratios. Here the pulse inhibiting network in the
cycloconverter may cause the positive and negative output half cycles to

vary in size and deviation. Figs. (3.16a) and (3.16b) show how this
asymmetry may occur. The deviation from the symmetrical is cyclic at

a frequency lower than the fundamental. It also depends on the phase
displacement of the load. This means that in an induction motor drive

in which the power factor varies with load, that the sub-harmonic frequencies
will vary with loading. A particular load sub-harmonic content cannot be

(20)

specified. However it can be shown that with input to output cyclo-
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converter frequency ratios less than 3 and fundamental load displacement
angles of 60° that the sub-harmonic amplitude at frequencies between one-
fifth and one-third of the fundamental can approach a quarter of the
fundamental amplitude. The effect of such sub-harmonics was
investigated theoretically and experimentally.

No pulse-width modulated inverter or circulating-current-free
cycloconverter was available for the expérimental work and so the effect
of sub-harmonics on the motor torque characteristic was investigated
by injecting a sub-harmonic into the supply from an external source.

First this was tried by transformer injection, as shown in Fig. (3.17).
This was unsuccessful because the injected S50Hz produced induction
torques in the alternator causing it to accelerate. It was impossible to
load the induction motor in these circumstances.

Harmonic injection was successfully achieved in the system shown
in Fig. (3.18). Here the two layers of the induction motor stator winding
were kept electrically separate. Each frequency was fed into one layer of
the stator winding. The two layers are coupled magnetically but
separated electrically. Some transformer interaction between windings
was experienced but this was not enough to change the speed of the
alternator.

Sub-harmonics of one-fifth and one-third of the fundamental
frequency were chosen to illustrate sub-harmonic effects. The sub-
harmonic effect on the torque was exaggerated by making the sub-harmonic
voltage amplitude large enough to give sub-harmonic currents of similar
magnitude to the fundamental currents.

For the calculation of sub-harmonic torques the equivalent circuit
expressed in terms of leakage reactances shown in Fig. (3.19a) was
redrawn in terms of self and mutual-inductances as shown in Fig. (3.19b).

The machine parameters in these terms are given in Appendix 1.
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Fig319a. Induction motor equivalent circuit in terms of
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Fig3419b: _Induction motor equivalent circuit in terms of
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The equations of the network shown in Fig. (3.19b) are as follows:

V1 = [R1+ij1] I1 + ijo I2 , (3.12)
Ry
and 0 = JmLo I1 + [§— + Ju)Lz] I2 . (3.13)

Equations (3.12) and (3.13) combine to give expressions for stator and

rotor current respectively of,

4 1
R,)? 2.2.2
[[SZ] + W L2] V1

I, = RE, 2, LK 7T (3.14)
[{—E_— - W (Lle—LO)} + s ¢ LZRl} ]
wLon
and I, = S — T T (3.15)
[{s—- -w (LILZ-LO)} +w { s+ LZRI} ]

The slip, S, may be written in general terms as:
wAP
i

s (3.16)
W

where p is the motor speed in rad/sec. and w is the angular frequency
of the supply. The iron loss parameter has been assumed to be of infinite
value because the sub-harmonic iron losses are negligible at fundamental

and lower frequencies.

The motor torque can be expressed as,

2
3I2R2(1-S)

Te= ——(;2—8——-—— > (3.17)

which combines with equation (3.16) to give,

SI§R2P
T_.

e (w-Pu,) ) (3.18)
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Resultant torques were computed from equation (3.18) after the current
I2 had been computed from equation (3.15) with S substituted from
equation (3.16). The torque for each frequency was computed separately
and the resultant formed from the sum of the individual frequency torques.
This addition is shown graphically for positive-sequence sub-harmonics
in Fig. (3.20) and negative-sequence sub-harmonics in Fig. (3.21).
Cogging at sub-synchronous speeds may occur at a speed near to the sub-
harmonic synchronous speed. A negative sequence sub-harmonic will
drastically reduce starting torque and reduce motoring torques at
higher speeds.

Fig. (3.22) shows the effect of a positive-sequence sub-harmonic
in theory and practice with injected frequencies of 50 Hz and 16 %—Hz.
With this amplitude of sub-harmonic, the machine cannot run on load at a
speed beyond the sub-harmonic crawling speed. With a lower sub-harmonic
of 10 Hz, Fig. (3.23) shows a similar effect, although the fundamental
peak motoring torque is doubled in this case.

Fig. (3.24) shows that a 10 Hz negative-sequence harmonic halves
the motoring torque throughout the range compared with a 50 Hz torque.
Plug-braking torques are increased. Overheating will result due to the
added sub-harmonic currents.

These results show that the sub-harmonic content of a variable-
frequency supply must be kept to absolute minimum if Satisfactory motor
operation is to be achieved. Low-speed crawling will inevitably result
if the forward sub-harmonic amplitude approaches (K) x fundamental.

(K = order of harmonic = 1/3, 1/5 etc.). A reverse sub-harmonic will

probably prevent starting at all.
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3.7 Effect of harmonics on harmonic torque response

When an impulse load is applied to an induction motor in an open-
loop system, it will cause the slip to increase and the speed to fall.
The behaviour of the system when an impulse torque is applied is generally
as shown in Fig. (3.25). An impact load such as that produced by a punching
mechanism or printing press will demand a torque from the motor roughly
as shown in Fig. (3.25a). For analysis, this torque can be considered to
be an impulse of infinite height and zero width as shown in Fig. (3.25b).
For analytical purposes the impact can be considered to instantaneously

reduce the speed from the steady state speed w by sz as shown in

2.0
Fig. (3.25c), and a corresponding increase of stator current as shown in
Fig. (3.25d) will result. Recovery to the steady state will consist of an
exponential rise in speed and an exponential fall in current as shown in
Figs. (3.25c¢ and d).

White and Woodson (21) have derived equations representing the
recovery from an impact torque. This analysis, however, depends on
assumed linearity and small slip operation. The previous experimental work
in this study has shown that in this case neither assumption can be made if
an accurate solution is to be derived. In this study, the effect of
harmonics on recovery from an impulse torque was examined experimentally
under known harmonic cnditions produced by harmonic injection.

Figs. (3.26a and c) show the effect of a one-third sub-harmonic
of forward rotation on the system response. The current recovery in
sinusoidal 50 Hz operation without a harmonic shows the exponential
current response. An exponential rise of current contrasts in
Fig. (3.26a) with the instantaneous rise is shown in Fig. (3.25d).

This is because the field time-constants of the Ward-Leonard loading
system prevents the application of a time impulse torque. Torques were
applied by manual adjustment of a field rheostat in the Ward-Leonard

loading system. Fig. (3.26b) shows the effect of an added one-third

sub-harmonic (16 %-Hz) in steady state conditions. The current profile
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shows distinct amplitude modulation of period 60 ms, or sub-harmonic frequency.
This profile gives a torque amplitude modulation of sub-harmonic frequency shown
in the lower trace of Fig. (3.26b). It is known from communication theory that
beat-frequencies will result, but here their amplitudes will not be significant.
Shepherd and Munoz (22) have used this modulation principle in an inverter

drive to give variable-speed, beat-frequency operation.

Fig. (3.26c) shows the impulse response when the one-third sub-
harmonic is present. Current amplitudes are approximately doubled and the
recovery torque halved. It was, of course, impossible to stall the motor when
Ward-Leonard loading was used, but the same torque impulse applied to the un-
loaded motor might stall it. The recovery time for the exponential current
amplitude transient is approximately trebled when compared with the fundamental
response. It is also interesting to note that the current and torque amplitude
modulation is not so pronounced when the impulse torque is present. This may be
due to magnetic saturation at high current levels. Figs. (3.27a,b and c) show
impulse torque and currént response to single-frequency supplies of 5, 10 and 20 Hz.
It can be seen from Fig. (3.27a and b) that third harmonic distortion of the
fundamental occurs when the impulse torque is applied. This is a saturation
effect showing that the machine may well introduce its own harmonics into the
stator current under low-frequency operating conditions. This effect would be
seen at 20 Hz if the time scale was increased. The machine winding was designed
to minimize third harmonic saturation effects and externally introduced third
harmonic effects will be similarly reduced.

It can be concluded therefore that a higher than fundamental frequency
harmonic has little effect on transient response, but that a substantial sub-
harmonic may cause stalling under impulse load conditions. It will, in any case,

substantially increase the recovery time.
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3.8 Effect of harmonics on run-up

The preferred method of accelerating an induction motor from
standstill is to increase the stator frequency from a low value until full
speed is reached. If fixed-frequency starting is unavoidable, then the
acceleration time to the required speed will depend on the motor parameters.
Fig. (3.28) shows measured times for acceleration from standstill to near
synchronous speed for éhe experimental machine operating at a number of
applied frequencies. The applied voltage was the voltage necessary to give a
peak torque equal to the peak torque developed when the machine was fed from
a 50 Hz supply of rated voltage. It can be seen that the relationship between
acceleration time and frequency is not a constant, the acceleration
performance falling as the applied frequency increases. The acceleration
performance with additionally injected harmonics was investigated
experimentally.

Fig. (3.29a) shows a 10 Hz run-up characteristic corresponding
to Fig. (3.28). A 20% fifth harmonic will only add or subtract 1/25th
of the fundamental torque. This makes negligible difference to the
acceleration time as shown in Figs. (3.29b) and (3.29c). Acceleration
times are measured on the torque characteristic in each case.

A forward one-third sub-harmonic will add to the fundamental
torque at speeds below sub-harmonic synchronous speed and subtract

from it beyond this point. Hence the initial torque will be increased
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and stiction overcome. Beyond the sub-harmonic synchronous speed, the
output torque will bevreduced. A one-third sub-harmonic is the most
likeiy sub-harmonic to be encountered in a rectangular pulse inverter
with a mark-space ratio of unity. The effect of such a sub-harmonic

is shown in Fig. (3.30a,b and ¢). Here a S0Hz, direct-on-line start

at 240V, gives an acceleration time of approximately 1 second.

This is a smaller time than that predicted in Fig. (3.28), but here
1.0p.u torque at 10Hz was taken as 48V. The effect of stator resistance
in reducing the air-gap flui is much less at 50Hz on a volts proportional
to frequency supply. Fig. (3.30b) shows that the acceleratioﬁ time is
practically unchanged when a one-third sub-harmonic of lp.u amplitude is
superimposed on the fundamental. The amplitude modulation of the
current waveform in Fig. (3.30b) seems to be dependent on the speed

of the machine during acceleration reaching a steady value as shown

in Fig. (3.29¢). The application of full-load torque to the nachine

at rated speed with the positive-sequence sub-harmcnic present stalled

the motor. A reverse sub-harmonic gave a failure to start.

3.9 Harmonic effects on losses and efficiency

The presence of harmonics in the applied voltage results in
currents at the harmonic frequencies. These currents increase the copper
and iron losses, and generate heat in the winding which will cause over-
heating of the motor at low speeds and it becomes necessary to provide the
machine with forced-cooling under these conditions.

The losses due to harmonics can be classified as follows:

a) Copper losses

The copper loss of the machine can be estimated from the
expression:

W, =1I7. R, + IR ’ (3_12)
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where IlH is the rms value of the total stator current (fundamental and
harmonics) and similarly IZH is the rms value of the rotor current
referred in stator terms. These currents can be computed from the
equivalent circuit given in Fig. (2.1). Copper losses can only be
estimated because they are impossible to measure in isolation from

the total machine losses. Fig. (3.31) shows the computed co?per losses
over frequency range from 0 to S0Hz for a rectangular input voltage.

The harmonics present in a rectangular input pulse increase the

machine copper losses by 10% at S0Hz and up to 20% at SHz.

b) Iron loss

Another important loss factor is the increase of machine
iron losses due to the high-frequency harmonics. This iron loss
consists of two components, hysteresis loss and induced eddy current
losses in the iron. An estimate of these losses in frequency terms was
given in Chapter 2, section (2.4a) as:

W= k808 vk g% (3.13).
If a ratio of harmonic frequency to fundamental frequency, A and a

ratio of harmonic amplitude to fundamentél amplitude, p are defined,

equation (3.43) can be rewritten as:

1.6 22
= < * 4 . 3.14).
W Khxo + K A% ( )-

Where Kg and K; are further hysteresis and eddy current loss constants
obtained by experiment at 25Hz and 50Hz respectively as Kﬁ = 2,69 and
K; = 96. The iron loss was estimated from equation (3.44). Fig. (3.32)

shows a comparison between the iron losses of a sinusoidal supply and

that of rectangular supply voltage. Experimental measurements of iron

losses were made using an electronic integrating wattmeter with the
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machine driven at the synchronous speed related to each fundamental
frequency. In each case the measured values exceed the computed loss
powers. Hence only the fundamental component of rotor current will be
zero at synchronous speed and the harmonic voltages will produce additional
copper losses. It can be seen that the predicted and measured results
correlate when a sinusoidal input is applied because the rotor coppér
losses will be zero in this case. Fig. (3.33) shows that at low
frequencies (<10Hz) harmonics have almost doubled the iron losses.

The efficiency,

N = Input power - losses

Input power (3.15)

where the losses may be defined as the sum of the copper losses, mechanical
losses and iron losses. Estimates of iron loss and copper loss can be

made, While the mechanical losses for the

experimental machine as a function of speed can be obtained from, Fig. (2.14).

Fig. (3.33) shows computed estimates of efficiency for the experimental

machine. Full-load torque is assumed to be exerted in each éase, and

a rectangular wave supplied to the stator of the motor. This shows

that the efficiency of the experimental machine falls to 38% at 10Hz;

this is compared with 47% efficiency when operating on a sinusoidal supply.
The power losses due to harmonics must be dissipated within

the windings and laminations of the machine as heat. At low frequencies,

the speed of the machine will be insufficient to circulate natural

currents of sufficient velocity to cool the machine.

The double-layer experimental machine is fitted with external fan cooling

and so thermal equilibrium can be maintained even when operating at

full load with frequency at 5Hz as shown in Fig. (3.34). 60°C is

specified as the maximum stator iron temperature by the manufacturer.
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Some estimate of the potential of the machine in a larger system

can be made from a consideration of the established thermal

(24)

ratings of induction motors Fig. (3.35) shows the efficiency

of an induction motor operating on a sinusoidal supply related to

its maximum output as specified by a typical manufacturer (25).

3.10 Conclusions from Chapter 3

The operation of an induction motor with its stator terminals
connected to non-sinusoidal supplies has been investigated. It has been
seen that any particular harmonic and its multiples can be eliminated by
the use of a specific controlled pulse-width, but that it is most general
practice to eliminate the triplens and zero-sequenceveffects. Fourier
analysis expresses the rectangular waveform as a fundamental frequency
and a series of harmonics. The harmonic voltages present were then classified
into positive-sequence, negative-sequence or zero-sequence harmonics
according to the phase rotation of the resultant field. An equivalent
circuit has then been used to predict the stator current and electrical
troque produced by each particular harmonic. The main effects of
harmonics on the performance of the motor can be summarized as follows;

1) Harmonics of greater than fundamental frequency

(a) Effect on torques: In practice, the effect of positive

and negative-sequence harmonics at frequencies higher than the fundamental
on torque is negligible, since the leakage reactance is much greater than
the machine resistance at high frequencies. Since the leakage reactance
increases with frequency, the Kth harmonic aurrent will be [%)2 x the
fundamental. This means that positive and negative-sequence harmonics
have little effect on steady-state performance. Zero-sequence harmonics

substantially reduce the motoring torque and increases the total rms

current as the fundamental frequency is decreased. Triplen harmonics
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cause zero-sequence operation, and then must be eliminated from the supply.
The pulse-width limited waveform of Fig. (3.2) is highly desirable in

order to achieve this, but this would be at the expense of poor utilisation
of electronic components.

(b) Effect on losses: The harmonics increase the copper and

iron losses. This additional loss power will be dissipated as heat in
the windings of the machine and its laminations. Hence additional cooling
may be required, especially in low-speed operation.

(c) Effect on acceleration and impulse response: A higher

than fundamental frequency harmonic has little effect on acceleration
or transient response.

2) Sub-harmonics

(a) Effect on torques: A positive-sequence sub-harmonic can

cause a machine accelerating from standstill at fixed fundamental_frequency
to '"'cog" at a speed near to the sub-harmonic synchronous speed. A
negative-sequence sub-harmonic drastically reduces starting torque and
reduces all motoring torques at higher speed. Plug-braking torques are
increased. Low-speed crawling will inevitably result if the forward sub-
harmonic amplitude approaches (K) x fundamental. A substantial reverse
sub-harmonic will probably prevent starting.

(b) Effect on losses: Overheating will result due to increased

copper loss caused by sub-harmonic currents, although the low sub-harmonic
frequencies will have very little effect on the total iron loss.

(c) Effect on acceleration and impulse response: The no-load

acceleration time was not noticably affected by the presence of a positive
sub-harmonic in the supply voltage, but the application of full-load
torque to the machine to the motor running at full speed caused stalling.

A reverse sub-harmonic gave a failure to start.
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The sub-harmonic will increase the recovery time of speed from
an impulse load. Hence it must be concluded that a variable-frequency
supply for an induction motor drive should be free of sub-harmonics and

triplens. Other harmonics can be accepted at the expense of efficiency.
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CHAPTER 4

A Phase-controlled circulating current cycloconverter-

induction-motor drive using a rotating machine as an

inter-group reactor

4.1 INTRODUCTION

It can be seen from Chapter 3 that a variable frequency supply
free of sub-harmonics and with a minimum harmonic content is required for
a stable motor drive. A cycloconverter can achieve this, but the limited
input to output frequency ratio restricts the available speed range of the
drive. This range can be extended by the harmonic cancellation
achieved when a continuous circulating current can be maintained in the
cycloconverter. Usually continuous circulating current can only Be
obtained by the use of an inter-group reactor rated for full-load current.
The static reactors are expensive and a system in which the machine
stator performs the reactor operation and still gives torque may be a

(26) (27) as a direct frequency

(28)

better proposition . The cycloconverter

converter without a dc link is well known as a power amplifier employing
phase-controlled thyristors. In an ac variable speed drive the reversibility
of the cycloconverter permits regenerative braking, but the output
frequency is limited by the acceptable harmonic content of the output
voltage.

This chapter describes the use of an induction-motor stator as
an inter-group reactor in a circulating current cycloconverter. A double-
layer stator winding formed into electrically separate thyristor group
circuits, magnetically coupled in the stator provides a conventional
rotating field in the air-gap. This enables the double-wound stator

machine to act as a reactor maintaining continuous circulating current

operation in the cycloconverter and as a torque producing motor.
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A closed-loop speed control system including electronic
current clampingis incorporated to maintain constant speed independent

of load on the divided-winding reactor machine.

4.2 Cycloconverter output voltage

The basic three thyristor per group cycloconverter element is
shown in Fig. (4.1). Multiples of these elements can form polyphase
frequency converters of which Fig (4.2) shows a half-wave converter.
Further elements of thyristor groups can be added to give full-wave or
multi-phase operation. The simplé three thyristor group, half-wave,
cycloconverter is studied here as the worst case of harmonic generation
and to minimise the hardware cost. If the thyristor gate pulse positions
are modulated and an inter-group reactor as shown in Fig. (4.1) is provided
for inductive energy storage to ensure regenerative operation, the voltage
and current profiles shown for unity load power-factor in Figs. (4.3a)
and (4.3b) will be generated. Fig. (4.3) and the results given in this
chapter are based on the traditional cosine-crossing method of pulse
timing shown in Fig. (4.4) with the constraint relative group firing
angles of

ap tog =T, (4.1)
where ap and ay are the positive and negative thyristor group firing
angles respectively. This method of pulse timing gi?es the best quazi-sine
wave of output voltage available by natural sampling, although the output
profile can be improved considerably by the use of communication sampling

techniques (29).

The divided-winding stator system described in this
chapter is equally applicable to either method of pulse timing.
If the voltage profiles of Figs. (4.3a) and (4.3b) are super-

imposed as shown in Fig. (4.5a), an instantaneous voltage difference will

be observed. This voltage difference shown in Fig. (4.5b), must be
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limited by an inter-group reactor. The mean output will now be as shown
in Fig. (4.5c¢).
Some commercial cycloconverters dispense with the reactors by

(30)

the use of integral circuit blanking to prevent the simultaneous
conduction of positive and negative thyristor groups. Each group will
conduct for w radians of output voltage, buf the part of the output cycle
over which conduction takes place varies with the fundamental displacement
angle of the load current as shown in Fig. (4.6). The harmonic content
of the output voltage now depends on,

(a) the input to output frequency ratio,

(b) the ratio of the input voltage amplitude to the control

reference signal amplitude, and
(c) the angle of displacement between the fundamental output

voltage and current.

The output voltage applied to the load, Vo, is now given by

V. + VN
v o= —PZ— , (4.2)

where Vb and VN are the positive and negative group voltages respectively.
Pelly (19) indicates how a Fourier analysis can be carried out if the
voltages V? and VN are multiplied by unit step-functions of length
corresponding to the thyristor group conduction half-period. Each period

of thyristor conduction is defined by a unit step function, f1 (wt - a),

f2 (wt - a), each taking the value +1 when the associated thyristor is on

and zero at all other times. Vp and VN can be expressed as,

sz{vm sin wt} fl(wt-ap) + {Vm sin(wt - %ﬂa} X fz(wt-ap) + {Vm sin(wt - %EJ}

f3(wt-ap) s and

_ . . 2T . . 4m
VN—{Vm sin @t} fl(wt-aN)+ Vm{51n(wt— E_D}fz‘wt'aN)+ Vm{51n(wt - E—J}

fs(wt-a (4.3)

N
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The conduction limits of thyristor A in Fig. (4.3) are

(ap + gﬂa and (ap + %D, while thyristors B and C have similar limits

displaced forward and back by %1- radians referred to the input frequency

respectively. Each step function is an even function of period 2m which

may be expressed in a Fourier series as,

_ ° 2mt :
f(t) = a, +n51 a  cos —% . (4.4

The basic cycloconverter shown in Fig. (4.1) generates its output voltage
by oscillating the firing angles of the positive and negative thyristor
groups in opposite relative directions about the ap =a = %- quiescent

point. For minimum maximum deviation from the output voltage mean,

a_ =T - . (4.5)

From equations (4.2),(4.3),(4.4) and (4.5), the output voltage may now be
given in terms of a firing angle function f(wot). The output voltage

is now given as,

3»/3‘vm
Vo= E{?n f(mot)+% sin 3 wt cos 2f(mot) + L sin 3 wt cos 4f(wot)
+ %-cos 6 wt sin Sf(mot) + %—cos 6 wt sin 7f(wot) oo et%:]

(4.6)

V0 should have the greatest possible fundamental to harmonic ratio for
satisfactory operation of the motor. Ideally, the cycloconverter is
a linear amplifier in which the output voltage is an amplification of an
input control voltage. The control voltage needed to implement this
for a sinusoidal output is

V.= rVC sin wot , ' (4.7)
where Vc is the peak value of the control voltage and r is a dimensionless

scaling factor between 0 and 1 allowing for amplitude variation. In a

physical system, r is the ratio between the peak control voltage and the
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peak timing voltage. The thyristor firing function is now,

f(ut) = sin"I(r sin 0 t) (4.8)

™

which implies that the firing angle is moved from the >

quiescent
position by the angle sin-l(r sin u t).

An inspection of equation (4.6) shows that the families
of harmonics present in the output voltage can be expressed in

frequency terms by the equations,

£
{1 = 3(2p-1) %- £ 2N, where 2N g 3(2p-1) + 1, (4.9)
(o} (o]
and £y £
= 6p-f—-i (2N + 1), where (2N+1) g (6p+1) . (4.10)
0 (o]

Fig. (4.7) shows the lowest frequency harmonic families present
in the output voltage, i.e. when p =1 and N = 0,1,2 etc. For any
Agiven input to output frequency ratio, f/fo, a vertical projection
intersects the sloping lines to indicate the harmonic frequencies present,

the values of which can be read off the vertical fH/fo scale.

4.3 Voltage output with circulating-current-free operation

The early commercial cycloconverters operated without

(31) considerable difficulty was experienced due to the

circulating current
mal-function of thyristor gate circuits causing line to line short-
circuits. Also if reversibility and regeneration are to be achieved,
the gate pulse sequence of the thyristor groups must be reversed at
the instant of the commencement of induction generation by the load.
Also gaps between the thyristor group conduction periods are usually
introduced as an additional safety factor.

| However, if "ideal' circulating-current-free operation can
be achieved using modern semi-conductor technology, the instant at
which each thyristor group begins to conduct is defined by the

*

fundamental load current displacement angle with respect to the output
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voltage. The output voltage harmonic content will depend on this
instant and the fundamental load current displacement angle ¢0 as
shown in Fig. (4.6), must become an additional parameter in the harmonic
analysis. The positive thyristor group conducts over the interval,

¢ < wot £ (¢o+w), and the negative thyristor group over the interval,

0
(¢,+m™) § ot s (¢ +2m). If two unit functions, fp(mot) and fN(mot)
are used to define the positive and negative conducting periods respectively,

the cycloconverter output voltage will now be,

VO = fop (mot) + VNfN(wot) s (4.11)

where each unit function is defined in a Fourier series as follows,

1.2 [ 1 . 1 .
fb(mot)-§+; 51n(w°t-k¢o)+§ sin 3(mot<+¢o) + ¢ sin 5 (mot+¢o)

1 .
+7 sin 7 (mot+¢o) + ... etc:] , and
£ (w t)=x - 2 |sin(w t+6 ) + £ sin 3(w t+d ) + = sin 5(w_t+é )
N*"o 2 T 0] o 3 (o] o] 5 o] o]
1 .
+5 sin 7(mot+¢o) + ... etg:J . (4.12)

Vp and VN are as previously defined in equation (4.3), the result of

which combines with equation (4.12) to give the output voltage for a

cycloconverter operating free of circulating current as,

VIV~ 1 1
Vb = 5 ‘iln f(wot) + 5 sin 3wt cos 2f (mot) + g sin 3 wt cos 5f (wot)
+ %-sin 6 wt cos 7 f(wot) + ... etc:]
3y T 1 1
—57— |3 cos 3 wt sin 2f(mot) + g cos 3 wt sin 4f(mot) + g sin 6 wt

cos Sf(wot) + %—sin 6 wt cos 7f(mot) + etc.

4 [ 1. 1. 1.
X ;-[E}n(mot+¢o)+3-51n3(wot+¢o)+§-51n 5(m0t+¢o) * 3 sin 7(wot+¢o)

+ ... etc:] . (4.13)
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An inspection of equation (4.13) shows that families of harmonics present
in the output voltage can be expressed in frequency terms by the
equations (4.9) and (4.10) as,

f

H _ £
= 3(2p-1) &= 2 (4.9)
[o] (o]

£

H=6p (e ) (4.10)
(o] o

with the additional equation,

f
_H = 12p f;.t (2N + 1) , (4.14)
f f
0 o
where p is any positive integer and 0 < N < =, f(wot) was defined

in equation (4.8).

Fig. (4.8) gives the complete harmonic families present in the output
voltage for circulating-current-free operation. The thick sloping lines
represent equation (4.9) plotted for the case where p = 1 and the thin
slopipg lines represent equation (4.10) plotted for the case where p = 1.
As no cancelling takes place, all values of N are significant.

Fig. (4.8) can be used to determine the harmonics present in the
output voltage at any fixed fundamental output frequency. In Fig. (4.8)
a vertical line can be drawn through the known value f/fo and the harmonic
frequencies will be indicated by the points of intersection with the
sloping lines. The left hand side vertical scale gives the harmonic
value at the point of intersection.

If Fig. (4.8) is compared with Fig. (4.7), it can be seen that
the main bands of frequencies present in the continuous circulating current
case are still present, although their amplitudes will be different.

Thus the main effect of changing load power factor in a motor drive is to
-alter amplitudes of the harmonics but not their frequencies. It can be

noted from Fig. (4.8) that sub-harmonics will be present in the output
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voltage at all frequencies and that no boundary of sub-harmonic free

operation can be defined for a circulating-current-free cycloconverter.

4.4 Continuous circulating current operation

A compariéon of Figs. (4.7) and (4.8) shows that continuous
circulating current operation is much to be preferred if it can be
achieved. Considerable harmonic cancellation takes place and only the
first bracketed term of equation (4.13) remains forming equation (4.6).
This indicates that if continuous circulating current operation can be
maintained,

(a) the harmonic frequencies present in the cycloconverter output
voltage increase as a linear function of f/fo. Thus operation at highest
possible input to output frequency ratio is desirable, and

(b) sub-harmonics will not be produced if the input to output
frequencyAratio 2 1.66. This defines the lowest operating frequency

if motor ''cogging'" is to be avoided from the applied time-varying field.
For a six-phase input or a three-phase full-wave system, this limit will
be reduced to 1.33.

This harmonic cancellation is shown in the experimental cyclo-
converter in Fig. (4.9). The cycloconverter has been driven into
saturation to exaggerate the harmonic content of the output.

No general harmonic amplitude pattern can be derivéd.

However particular cases can be computed from equation (4.13) with the aid
of Fourier coefficients given in reference (27). Fig. (4.10) shows the
harmonic amplitude variation caused by changing the control ratio, r.

It can be clearly seen that optimum performance will be obtained when

r = 1. Fig. (4.11) shows the correlation between computed and measured
harmonic values. The measured values were obtained frm a Fenlow Spectrum

Analyser connected across a static L-R load.
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A further advantage of a circulating-current-cycloconverter
over the circulating-current-free system is the better voltage
regulation. In the circulating-current-free system, safe operation
without line to line short circuits demands a gap of up to 6 ms duration
between thyristor group currents. The position of this gap on the
voltage wave is load dependent as shown in Fig.(4.12).This
results in poor voltage regulation at low power—factor operation.

The regulation of the output voltage increases with the input frequency.
A continuous circulating current system has no gaps in its output
waveform. It can also naturally commutate at leading or antiphase
fundamental current displacement angles and permits regenerative braking

without pulse-circuit-modification.

4.5 The experimental system

The system constructed was generally as shown in Fig. (4.13)
incorporating a cycloconverter and a divided-winding induction motor, the
stator of which replaced the inter-group reactors of the conventional
system. An existing frame incorporating 18 thyristors in 6 groups
of 3 was used as the basis for the cycloconverter, but all control circuits
and reference sources were completely redesigned and constructed by the
author. A 400Hz, 3-phase, 115V supply source was used to increase the
input to output frequency range to enable a wider range study to be
carried out. The maximum continuous rms rating per device was 10A.

Essentially the cycloconverter is a linear amplifier giving an
output proportional to the reference signal input. This reference
signal input was obtained from a 3-phase, mag-slip generator with
provision for separate excitation driven by a velodyne motor, the speed
of which was controlled by armature voltage variation. Two feedback

loops were provided;
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(a) a velocity-feedback signal from a tachometer which varied
the velodyne speed and mag-slip frequency to give a constant induction
motor speed independent of load variation and,
(b) a current level signal proportional to the rms load current
which operated a current clamping circuit which prevented excessive
output currents from damaging the devices.
Fig. (4.14) shows the reference generator control circuitry schematically.
The adjustable v/f control potentiometer controls the velodyne armature
voltage after amplification thréugh the ramp generator board and speed
sefvo-board. Velocity feedback modifies the speed servo operation to
give constant induction motor speed at any single setting of the
demand potentiometer. The current loop signal controls the mag-slip
field current through the voltage and current shaper servo current
is reduced by a reduction of mag-slip voltage in the first instance.
The operation of the particular parts of the control system is described

in sections 4.6, 4.7, 4.8 and 4.9.

4.6 Ramp generator board and mono-polarity board

The main function of the ramp generator unit-is to limit the
rate of change of frequency and voltage. This means that this unit-will
ensure that, as the speed of the velodyne motor changes the voltage
output of the mag-slip generator will always be proportional to frequency.
The operation is as follows:

If the polarity of the input is negative, then the output is positive and
the output current passes through diode (Dl), as shown in Fig. (4.15)
hence giviné an output signal of negative polarity. The diode, D2,

passes a negative output in a similar way. A second operational amplifier

operating as an integrator delays the rise of current. The purpose
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of the mono-polarity unit is to supply the input of the voltage shaper
amplifier (Al) as shown in Fig. (4.16) with a negative signal whatever
the polarity of the input from the ramp generator. This can be

explained as follows;

if a negative polarity signal voltage is fed from the ramp generator
output to the mono-polarity input, a current passes through the diode D3
to the output. This supplies the voltage shaper amplifier of Fig. (4.16)
with negative input which will always keep its output voltage point below
that of the current loop amplifier output and so maintains the first

one in full control. This negative input will also be maintained even
though mono-polarity input is supplied with positive signal, because, in
this case, diode D3 is switched off. The positive input will then

switch the amplifier on giving a '"megative' output which is blocked by
Dz, and thus passed to the input of the servo amplifier. Hence the

mono-polarity circuit will always supply a negative input to the voltage

shaper amplifier.

4.7 Operation of voltage loop (Fig. 4.16)

Voltage of negative polarity will always be supplied by the
mono-polarity circuit to the input of the voltage shaper amplifier, B,
and this then will be in full control as long as its output voltage point
is lower than the current loop amplifier output. This will then be fed
into the transistor BFY 50 and the output of the BD 203 transistor will
maintain a steady, single polarity excitation to the field of the mag-slip
generator.

An input v/f potentiometer controls the reference amplitude
and frequency. The system operates over a relatively small low-frequency
output range and so a compensating network to maintain constant air-gap
flux in the machine was omitted. Excessive currents are prevented by the

current clamping circuit which operates on the following principle:
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if the load current exceeds the value of the pre-set current limit,
a signal is fed to the current loop amplifier (Az) causing it to
conduct. Amplifier A, then takes control from amplifier A1 and reduces
the field excitation of the reference generator, which in turn reduces

the reference voltage amplitude and so the cycloconverter output current

is limited..

4.8 Speed-servo (Fig. (4.17)

The ramp generator output may be of either polarity according
to the polarity demanded by the v/f potentiometer. It is fed to the
input of the speed-servo amplifier, AS‘

The operational amplifier output is then fed through two single
stages of amplification -and a push-pull amplifier to provide a controlled
armature voltage for the velodyne motor driving the reference generator.
Constant velodyne field excitation means that the frequency of the
reference signal is directly controlled By the v/f potentiometer
between velodyne armature voltage limits of +15 and -15 volts. The
reference frequency is automatically adjusted by closed-loop tachometer
feedback as shown in the lower part of Fig. (4.17). Here the voltage
proportional to velocity is attenuated and smoothed and controlled in

feedback rate, %%-, by the setting of the 2.5K potentiometer.

4.9 Thyristor firing and pulse-boards

For economic reasons, a 3-phase half-wave cycloconverter
was constructed. In terms of output harmonic content, this is the worst
possible case and so any system incorporating more thyristors will
give better results. However the experimental system justifies the
concept. As shown in Fig. (4.18), 18 thyristors in 6 groups of 3 are
required to give a 3-phase output. Each pulse-board is timed by the

phase of the input voltage appearing across the thyristor which it
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controls. Timing signals are applied through timing transformers
connected to the input mains. In this form the timing voltage
amplitude will be cénstant and the amplitude of the output voltage will
be varied by varying the amplitude of the input reference signal. As
explained in section 4.7, these signals are generated by a mag-slip
generator driven by a velodyne, the speed of which was controlled by
the operational ampiifier system described in section 4.8.

The mag-slip armature was delta connected and a star point
for the reference signal was created by three star-connected resistors
of 1K@ . Fig. (4.18) shows that boards 1 - 6 generate the pulses
which cogtrol phase-1 of the output voltage which corresponds in phase
to phase-1 of the reference signal input. Similarly, boards 7 - 12
generate the pulses for phase-2 of the output which will be displaced
from phase-1 by 120°, and boards 13 - 18 geherate the pulses for phase-3
which will be displaced by 240° from phase-1. Phase-2 and phase-3 of the
output voltage correspdnd to phases 2 and 3 of the reference voltage.
Phase-controlled pulse-boards already in use in the laboratory were
modified to accept sinusoidal modulation to time the gate pulses. If
the boards are linear over the operating range, sinusoidal pulse
modulation will be achieved. The pulse-board circuit is shown in
Fig. (4.18a) and it operates as follows.

When the timing voltage > O, Tr is switched on short-circuiting

Co and inhibiting all output pulses. If the timing voltage, V

3

L. <
_ timing
Tr is switched off and CO charges until the voltage across Co reaches
2
the peak level required to fire the programmable unijunction transistor,
D

In turn, D,, drives the switching transistor, Tr hard on giving

13 3

a sharp rise of current through the primary of the pulse transformer

13°

and firing the thyristor. Positive feedback was used by adding a

third winding to the pulse transformer in the base load of T. in order
3

to extend the pulse-width from 40 us to 70 us so that latching problems



¢S Add
g4l

_bujujy pioog

asind jo 1IN2412 jua|pAInby ‘q6L7 bI4

3a - - 00, ww.._>1r
A = 3 %9 O\ y T
AZL+ - et
d }1IN2J12 asind D6y B4
mnnll. 0716 S! Sapolp
4 -9 - —e -
| 3 Acl - —
| i ‘_mEmohmcob
4n= u Ji—- i ] ulwil
£E0 ONNWNN.O 20 2S¢tz an _, _
v009 .m_h_ ......-.oo /0l Qm/_ WZ-Z _
¢ Z 4 . .
| Ind A L \_ 6 6 1oubis
o | S N Jojpieusb aoualajey
s L4 [ ¥4 ME-E *
—4 ¢ N
m =501 ‘a 'y <
4
. MSLS s HEES
%89
& AN ¢ s o ATL+

Uil



62.

are avoided. Firing times are dictated by the rate of charge of

Co. The timing circuit is shown in Fig. (4.19b). The equations of the

first loop of Fig. (4.19b) are as follows,

t t
s 1 . 1 .
Vref = 11R1 t i dt - o i, dt ... , (4.15)
0. o
0 o
t t
woo=-2 | i at+inr, + 1] i a4t (4.16)
DC C 1 22 C 2 2 '
() o
o o
D .
and Vc =T (11 - 12) t, (4.17)
o o :
where VDC is the module power supply voltage.

Equations (4.15), (4.16) and (4.17) combine to give a solution for

VC over the interval 0 £ t & tl, shown in Fig. (4.20), for which
0

the diode conducts, of

Vres R2 * Vg Ry /T
Ve = e (1-e =), (4.18)
1t R
R.R
where T = 12 CO
R1+R2

Fig. (4.20) shows the waveform for the voltage across Cy - Charging

commences at the instant when the timing waveform goes negative.

. . R
The first time constant, T = R1 2 Co , operates until the diode is

R,+R

: 12
reverse biased and switched off. Then the circuit shown in Fig. (4.19)

simply becomes a single loop in which VDC charges CO through RZ' At

the instant of diode switch-off, the voltage across CO,Vc , 1s given by
o)
a solution of equation (4.18) at t = tl. Then,
t
. 1 .
VDC = 12R2 + fr-[ i, dt + VC (tl) . (4.19)
o) 0o
t

1
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Equation (4.17) has the solution,

Vg - Vco(tl) -(t-t;)/CR,
i, = e , (4.20)
2
R,

providing tl is small and t >> t,. This assumes that the initial

charging time, ts is within the linear charging range of Co' The P.U.T.

will conduct when Vc reaches the required peak value, Vb, where
)

-t,/C R
Vco(tz) =V, = [V - vcoctl)] (1-e ) . (4.21)

It can be seen from Fig. (4.19b) that the diode will switch off when

V. =V and hence from equation (4.18)
<, ref
R Ry Veest2 * Vpchy
YR St [TV ol (4.22)
1 72 1 DC ref
and from equation (4.21)
Vv -V
DC ref
t, =R 1n | ———= . (4.23)
2 = R¥Eo VocVrer Vp
The firing angle, 61 = q + %— , 1in a 3-phase input system, is then,
o = wlt.et.)= [“Rle } . r etz * Vocéfw N TR
1 172 Ri*R, ° Ry (Wpe- ref)__l vDC-Vref-Vp
(4.24)

Any increase in the value of Vref delays the diode turn-off time

causing most of the charging to occur at the initial faster rate.

Vc reaches the value of Vp sooner and the smaller firing angle shown in
)

the lower diagram of Fig. (4.20) results. Fig. (4.21) shows the

voltage across Co obtained experimentally.
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The linearity of the pulse circuit was then investigated.
Fig. (4.22a) compares the relationship between the firing angle and
the reference voltage obtained experimentally with the computed results.
The non-linearity is more pronounced at high firing angles due to the
longer charging time of Co' This non-linearity affects the cycloconverter
as shown in Figs. (4.22b and c), reducing the regenerative half-cycle
voltage amplitude to 0.85 x the rectified half-cycle peak.

An inspection of Figs. (4.3a and b) indicates that the cyclo-
converter will give zero net output under continuous circulating
current conditions when the firing angle 61 = 120°. Under this condition
equal amounts of power are transmitted frOm.the source to the load
(rectification) and retained from the source to the load (regeneration)
and zero net output results. The pulse-boards need to be offset with
a d.c. voltage to give the appropriate zero output. The reference
voltage then modulates the gate signals 90° on either side of the
quiescent condition for balanced operétion. Ideally, the regeneration
voltage envelope should correspond to the rectification voltage envelope.
Due to the non-linearity of the pulse-boards, the regenerative peak is
only 0.85 of the rectified peak as shown in Fig. (4.22b and c).
Under these circumstances exact continuous circulating current operation
would not occur and complete harmonic cancellation would not be achieved.
This can be compensated for by reducing the positive reference signal
amplitudes to 0.85 of the negative reference signal amplitudes.
A further disadvantage compared with cosine-crossing timing is that a
reduction of referenée amplitude creates gaps between the positive
and negative thyristor group voltage envelopes, thus preventing continuous
circulating current operation over the whole output cycle. However, the
adjustment of reference voltage amplitudes and the maintenance of a

unit ratio of reference to timing voltage amplitude gave satisfactory
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operation. Circulating current operation ceases when the current
clamp operates because of reference amplitude reduction by the clamp
amplifier. Normal operation is all within the range of the current

limit and non-linearities caused by current clamping are removed.

4.10 Inter-group reactance

It has been shown that continuous circulating current
operation gives a preferred output waveform and regulation. This
operation, however requires an inter-group reactor capable of carrying
the output load current. The precise value of the reactance is not
critical as long as sufficient energy can be stored to maintain
continuous current during the inversion or regeneration periods.
However, the reactor also limits the circulating current to an
acceptable value.

The largest volt-second difference between the positive and
negative thyristor groups occurs when the firing angle ap =2,

3

This volt-second difference, AY, is then,

/3 /3
- 2w
AY = Vm cos wt . d wt - I Vm cos (wt- 3—-). d wt

o} w/6

/6
+ V_ cos(wt - ZIT--) d wt (4.25)
om 3 ’ )

o

as shown in Fig. (4.23). Thus,

Y3V
m

AY = -—ZT . (4.26)

If the inter-group reactor has negligible resistance and an inductance
2L, which is large compared with the supply input inductance,
AY = 2LICm , where Icm is the maximum value of the circulating current.

Hence, Y3V
m

Lo = or (4.27)



— positive thyristor

group voltage
- Ot

___ hegative thyristor
group voltage

FIG.4.23 MAXIMUM VOLT-SECOND DIFFERENCE BETWEEN POSITIVE
AND NEGATIVE THYRISTOR GROUP_ OUTPUTS IN_ 3 - PHASE,

HALF WAVE CYCLOCONVERTER




66.

The value of the inductance L is not critical. However, the
reactor must be sufficiently high to enable the stored energy of the peak
circulating current, Icm to be transferred from one thyristor group
circuit to the other without excessive loss. The peak stored energy = %—Izmh,
and the required inductance, L, is seen to be a function of the maximum
permissible circulating current. The conventional arrangement shown
in Fig. (4.1), gives a d.c. polarised reactor and d.c. saturation must
be avoided. Also only half of the reactor carries load current at any
instant. This gives the useful feature that the inductance offered to
the circulating current is four times that offered to the load current
as shown in equation (4.25). The inter-group reactor acts as an

inductive energy store maintaining continuous circulating current for the

whole output range of the cycloconverter.

4.11 The use of a machine stator as a reactor in the cycloconverter

induction motor drive

A static high Q centre-tapped reactor capable of handling both
the energy oscillating between thyristor groups due to circulating current
and the output load current will be costly and bulky. If the machine
windings can be made to perform this function, a considerable saving
of hardware will be made. This can easily be achieved in a double-layer
stator if the layers are electrically separated. In the experimental

(9)

system an experimental induction motor was used with each layer of
the stator winding connected as a conventional two-pole winding. The
upper layer, star-connected, was connected between the positive
thyristor groups and neutral, while the lower layer, identically wound
was connected between the negative thyristor groups and neutral as shown
in Fig. (4.24). In this way each phase of the system represents an
electrically separate, magnetically coupled circuit. The winding acts

as an impedance to circulating currents, while providing an alternating

mmf as in a conventional machine.
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Circulating-current operation may be considered if one phase
of the system as shown in Fig. (4.25a) is represented by the equivalent
circuit of Fig. (4.25b). Here each cycloconverter group is represented
by a voltage generator in series with a diode. Continuous circulating
current operation requires the simultaneous conduction of both diodes.
The neutral point, N, is a zero-potential point and circulating current
cannot be maintained on the principle of the inter-group reactor alone.
However, it can be maintained by transformer action between the windings
if the voltage envelope of the regenerative half-cycle exceeds the size
of the rectification envelope. This can be achieved by attenuation of
the reference voltage positive half-cycles. The instantaneous mutually
induced emf's will exceed the generator emf's and continuous circulating
current operation will be obtained.

The continuous current thyristor group voltages and output
current and voltage have already been presented earlier in this chapter
in Fig. (4.9). This shows that for a relatively small input to output
frequency ratio of 6, i.e. with an output frequency of 66.6Hz for a
400Hz input, that a sinusoidal curreﬁt profile results. Fig. (4.26) shows
the motor stator search coil voltage of the divided winding machine at

frequencies of 25, 15 and 10Hz.

4.12 Conclusions from Chapter 4

It has been shown that if the minimum output harmonic content is
to be achieved in a cycloconverter, then the cycloconverter must operate
with continuous circulating current. The inter-group reactor needed to
maintain this continuous circulating current has been replaced by the

stator of an induction motor. Two stator layers are wound identically
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as balanced 3-phase windings. They are magnetically coupled, but

electrically separate. In this way, the inter-group reactor function is

met, line to line short-circuit faults in the cycloconverter are

prevented and the usual travelling field is set up in the machine air-gap.
An experimental system has been constructed to verify the

proposal. Two electronic feedback servo-loops have been incorporated

for speed control and current clamping. The behaviour and characteristics

of the system can now be studied. This study is described in chapter 5.
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CHAPTER 5

Operation of the cycloconverter-induction motor drive

5.1 INTRODUCTION

It has been shown in Chapter 4 that the inter-group reactor needed
to maintain continuous circulating current can be replaced by the stator of
an induction motor. The experimental machine described in this work is
supplied by a cycloconvgrter, the machine stator having its winding divided
into two electrically separate, magnetically coupled circuits. To improve
the overall utility of the system, standard induction motors have been
connected, effectively in parallel with the divided winding machine rotor.

Possible application of a cycloconverter-induction motor drive
includes crane or hoist drives, mine winders and lifts. For these
operations electrical braking is an essential feature. An investigation
has been carried out to determine the preferred form of braking for the
system. The stability of the closed-loop system has been investigated

using a small-signal perturbation model.

5.2 Single machine operation

The mode of operation using a divided-winding machine with electrically
separate, m#gnetically coupled stator windings has been discussed in
Chapter 4.

It can be seen that this operation increases the stator copper
loss and reduces the overall system efficiency. This is because the stator
resistance is effectively doubled, giving increased stator voltage regulation
and a reduced air-gap flux. This can be compensated by increasing the
cycloconverter output voltage in the feedback loop described in Chapter 4.

The steady-state operation of the divided-winding machine in the

cycloconverter drive is simply the performance of a standard-winding machine
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of the same frame size and rotor, but having twice the stator resistance.

Equations (3.15) and (3.19) then enable the performance to be predicted if

R1 is written as 2R1. Figure (5.1) shows the single machine characteristics

in open- and closed-loop operation over a frequency range, 3.76<f0<8.75 Hz.

This shows that the machine operates throughout the load and speed range

at any frequency within the range of the cycloconverter. Current clamping

in the cycloconverter restricts the current at high slips and a slight

fall in air-gap mmf of the divided-winding machine was observed.
Constant-speed operation‘under varying lead conditions was obtained

by a velocity feedback from the divided-winding machine to the cycloconverter

reference generator giving the characteristics shown in Fig. (5.1). The

increased speed to compensate for a load-dependent fall is produced by a

simultaneous increase of stator volts and frequency.

5.3 Multimachine operation

Standard single-winding squirrel-cage induction motors may be
additionally incorporated into the system as in a conventional cycloconverter
drive. This motor was connected as shown in Fig. (5.2a). This, in effect,
connects the standard machine in parallel with the divided-winding rotor.

An equivalent-circuit representation for one phase is given in Fig. (5.2b).

In Fig. (5.2b), the magnetising reactance of the two machines is

combined as a single term Xoo' The reactance parameters X, X and

1 %2 *1 %2
XOo are all frequency dependent, Vo is the cycloconverter fundamental output
rms voltage and V2 the effective air-gap voltage for both machines. Then

if a rotor and magnetising admittance function is defined as,

1 . 1 N ;7 | (5.1)

Y(5,,8,) = |z - - ,
__E + jx (r + _2)+ . JXOO
5, 2 1S JX,

2
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where Xg = X * X5, the system performance equations are,

1

i,= - , A. (5.2)
1 +(ﬂﬁﬂxﬂ Yﬁlﬁz) _
Vo = Vo - 1;(2R; + jX) , V. : (5.3)
\F
i2 ol s A. (5.4)
2
—— Jx
82 2
Vv
i = 1% , A.
2 . 5.5
(ry + 5, )+ixg -3
mli |2 . R
2 2
= — = , Nm .
Tel Slw m ? (5.6)
|12 s
P —— N
and Tez Szw PR . (5.7)

Computed and experimental results for the two machine combination of
Fig. (5.2a) are given in Figs. (5.3), (5.4) and (5.5a).

These results show that either or both of the machines can operate
throughout the load and speed range at any frequency within the range of the
cycloconverter. It can be seen that in a two machine system where the
second machine has a standard connection, the loss of efficiency can be
halved compared with the single divided-winding machine system. However,
the loss of system efficiency is more than compensated by the use of a
simple 3-thyristor group cycloconverter in the continuous circulating current
mode.

The most satisfactory form of closed-loop control was achieved in
the two-machine combination by velocity feedback from the divided-winding
machine.

This machine was maiﬁtained at constant speed and the speed

regulation of the standard machine which was effectively supplied by the
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divided-winding machine air-gap voltage was minimal as shown in Fig. (5.5b).
Feedback control from the standard machine tended to overvolt the divided-

. winding machine causing saturation.

5.4 Braking

Increased operating speeds in transport systems and rotating drives
which have duty cycles involving frequent acceleration and retardation
impose severe restrictions on the braking system. To avoid the frequent
replacement of brake shoes, mechanical braking should be only an emergency
standby in case of power failure. It is preferable to bring the system
rapidly to rest by an electrical means such as dynamic braking.

Dynamic braking implies that the kinetic energy of the machine
is converted ‘to electrical energy and dissipated as heat in the machine or
its associated equipment. Braking in which the converted kinetic energy
is returned to the supply is known as regenerative braking. One of the
earliest forms of electrical braking used in induction motor drives is
"plugging'". Here a braking torque is produced by the reversal of the stator
phase rotation.  "Plug" braking necessitates the use of input line contactors.
Unless the supply is then removed, the motor will run-up in the opposite
direction. Plugging torques requires currents greater than the normal
starting currents and stator voltage reduction may be necessary. In a
cycloconverter drive, the current clamp incorporated to prevent excessive
current damaging the devices restricts the plug braking torque (*I2?) to a
low level. Plug braking can therefore be discounted in a cycloconverter
drive.

(32)

D.c. dynamic braking is commonly used in induction motor
drives for mine winders and winches. This method of braking effectively
makes the machine operate as an alternator which dissipates the kinetic

energy of the system in the rotor. D.c.dynamic braking of the induction

machine is obtained by disconnecting the three-phase a.c. supply from the
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stator and replacing it by a d.c. supply as shown in Fig. 5.6a or, in

the case of a cycloconverter, by suppressing half of the thyristor groups
and driving the others into saturation. The d.c. current produces a
stationary field in the air-gap, giving a synchronous speed of zero. The
resulting induced voltages and currents caused by movement of the rotor
dissipate the kinetic eneigy as heat in the rotor, and a braking torque
is produced which retards the machine. The equivalent a.c. current to the

d.c. input current ID is ID//f for the connection used.

In a squirrel-cage machine with a low rotor impedance, the peak
braking torque obtained by d.c. dynamic braking will occur at very low
speeds while the braking torque at high speeds will be small. This is
shown in Figl(S.éb) for two levels of constant current, the calculations
being made from Harrison's torque equation given in reference (32). There
are many methods. Two such methods are by increasing the rotor resistance

and adding capacitance (33)

in the rotor circuit. This is clearly
impossible in a squirrel-cage machine and so d.c. dynamic braking is

impractical for a cycloconverter-squirrel-cage, induction motor drive.

5.5 Variable-frequency regenerative braking

If the overall system efficiency is to be improved in a drive
with frequent braking in its duty cycle, the kinetic energy of the
machine must be converted to electrical energy and returned to the supply.
This imposes two conditions on the system, induction generation in the
rotating machine and reversibility in the cycloconverter. Also the stator
frequency must be selected as a function of motor speed if peak torque
braking is to be obtained at all speeds.

Fixed-low-frequency supersynchronous braking has been used for

mine winders and hoists (34).

The aim of this kind of braking system is to
brake rapidly to a slow crawling speed and then to move slowly to the

final, required position.



Fig. 5-6a. Stator _connection for D.C. dynamic braking.
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Low-frequency a.c. braking may, at certain speeds, be regenerative,
and some of the kinetic energy of the rotor and the load may be returned
to the supply. The range of speed over which regeneration is possible is
now investigated.

If the equivalent circuit shown in Fig. (5.7) is considered, it
can be seen that two operating conditions can be obtained for negative slip
operation. The vectér diagrams of these two conditions are shown in
Figs. (5.8a) and (5.8b). In Fig. (5.8a), the phase angle between the stator
voltage V1 and the stator.current I1 is less than 90°. This condition is a
dynamic braking condition where some energy is taken from the supply and
the rotational energy of the motor is dissipated as heat in the rotor.

Fig. (5.8b), shows an input phase angle greater than 90°. The
machine is now an induction generator and energy is now returned to the
supply. Limits for each operating condition can be derived from the vector

diagram of Fig . (5.8). Here a regenerative condition is defined when the

input impedance has a negative real term. In terms of slip the regeneration
R

region can be approximately defined by the slip limits, 0 > S > - ﬁz"
R 1
The system is non-regenerative when S < ﬁz-.
1

In variable-frequency regenerative braking the amount of energy
dissipated as heat and the amount returned to the supply depends on the
relationship of the applied frequency to the motor speed. In order to
recover a maximum amount of kinetic energy the stator frequency must then
be varied to ensure that the motor is rotating just above synchronous speed
at all points of its run-down.

A comparison of the energy dissipation in various forms of braking
is useful for system evaluation. R

2

The output power of the machine = 313 T (1-S) = 2mnT, where n is the

rotor speed in rev/sec.



FIG.57 Equivalent circuit of a.c. low-frequency braking.

I
\\ 2 V2
\_\ttll " Vl I| 'Z|
\\
~\ 1,
(QlS<- Rz (b)O>S>—§|2

R

FIG.5 8 . Induction motor vector diaqrams
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Let U(t) = Energy dissipated as heat in rotor resistance in Joules,
U = Kinetic energy of rotor at synchronous speed, and
w
P . . 2
'J = Polar moment of inertia of load and rotor in Kgm.m",

then QQQEL = 312 R

3t ; Ry » and
2mT = (1§§l-. égéf) . (5.8)

If the motor is running light or braking electrically,

2 _ dn _
T=1J T - 2nJ T where w, = 2t , and
du(t) _ 2mnS dn
T S ) WL M -
= &
dn = n dS where n, = >- and so

du(t) = - (w )2 .J .8d5 , which gives the energy as

S
2
2 o J 2 .2 2, 2 2
U(t) = -w”J [ S.dS = - 5w [s5-8]1 =-U [s5-s]1 . (5.9

Si

If the motor accelerates from standstill to full-speed (assumed to

be synchronous speed for simplicity) on no-load, S,=1 and S,=0. By

1 2
substitution in equation (5.9), the energy in the rotor, U(t) = Um Joules,
i.e. the heat generated in the rotor circuit when running up light, is
equal to the kinetic energy of the machine at synchronous speed. The rotor
copper loss = S.(rotor input) which tends to zero when the slip approaches
zero.

To consider the energy returned to the supply in low-frequency a.c.
braking a fixed frequency has been chosen. When this frequency has been fixed,
the limits S1 and 82 may be put into equation (5.9). For example, if the

frequency is 25Hz and the rotor is retarded from 3000 rev/min. to 1500 rev/min.,
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for a 2-pole machine, then S, = -1, S2 = 0 and the energy loss U(t) = Um

1
The original speed of the machine was 2w and hence its kinetic energy
is 4Uw . At w the rotor still has Uw Joules of kinetic energy and only
Uw Joules are dissipated as heat. Thus (ZUw - stator copper. loss) Joules
are returned to the supply. This is illustrated in Fig. (5.9a).

Figure (5.9b) shows the energy dissipated in order to bring the
machine to rest By the method of '"plugging', this is obtained from
=2, 8 |

equation (5.9) by substituting S = 1, which gives U(t) = 3Uw

1 2
Thus the energy wasted as heat in the rotor resistance is three times as
big as the kinetic energy of the machine before braking and so this is a
very wasteful method in which a lot of heat will be generated. Fig. (5.9¢)
shows the energy dissipated in d.c. dynamic braking. No power crosses the
air-gap and the energy dissipated in the rotor is exactly equal to the
kinetic energy of the machine. This analysis and the energy diagrams of

Fig. (5.9) shows that controlled regenerative low-frequency a.c. braking is

preferable to both 'plugging" and d.c. dynamic braking, on energy consideration.

5.5a Peak torque requirements for braking

Fixed low-frequency braking has been used in the past to brake a
slip-ring type induction motor, because of the possibility of controlling
its rotér resistance by connecting external rotor resistance to increase
the torque at large negative slips. In a squirrel-cage induction motor this
is impossible. However, a relationship between frequency and speed related
to peak torques can be derived as follows:

2
3V1 R2

e.
R2 2 (5.10)

ik 2
+ 3 + (Xe) wS

(

tR
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dT

Maximum torque occurs when T - 0 and this gives the relationship
R,
Smax = * - - , (5.11)
(R2 + Xz)
1 e

Since s =1 - %B- and Xe = waLe, a relationship between speed and frequency

for maximum torque can be derived as,

(5.12)

For peak torque braking, the speed n > §-and so equation (5.12) becomes,

| R
n=P£ 1+ 2 . (5.13)

2 202722
(R? + an2£212)

Fig. (5.10) shows the change in the speed at which peak torque
occurs on the experimental machine for open-loop, fixed-frequency operation
with cycloconverter excitation. It can be seen from Fig. (5.10) that peak
torque of the characteristics is not the same. This is due to stator voltage
regulation described in section (2.3) at low-frequencies. To achieve a
constant peak torque at all speeds, a closed-loop system was designed as
shown in Chapter 4, where the stator frequency can be a controlled function
of the regenerative peak speed. It can be seen from equation (5.13), that
the relationship between speed and frequency for maximum regenerative braking
torque is a quartic equation.

In the experimental system, a linearised approximation to the quartic
equation was made as shown in Fig. (5.11). This approximation is also useful
in obtaining near peak torque acceleration. The closed-loop experimental
system would be also applicable to crane and winch applications where a
potentially overhauling load needs to be maintained at constant speed.

Fig. (5.12) shows motor and braking torques obtained at constant speeds. The

relatively small braking peak torque is due to current clamping in the cyclo-



A[ddins A3u2nb2i} moj jo
SIN|DA JU2124}IP Y1IM S2AIND P22ds-2NnDIO) pasnsbaw JO Ajjwb4 QLGOI

(UIW/A2)) P220S g
OQsl O0Z2l OO0l 008 009 OOF = 002
. T L] Y O La( O 0L 0

Bo—

0
(&)

)

(WN)

-k

Ol

anbJyo|



"anbuoy bupipaq yoad Jof -Alddns A5u2nbai) mo| 2|qpLIDA Yiim p22ds jo s}nsaJ p23bjndIp) 11-G Ol
(EH) Aou2nb2. == _
144 cc oc 8l 9l vl cl n.u_ 8 9 14 [4

1 § L ] v L

100¢

1000

(Ut A2Y)

(0]0) 4
p22ds




2uiydpw BulpulM papIAIp
$O11SI42}0D4DYD buiybiq pupb buidojowr doo| p2sO|d pub u2dQ g|'G 614

.E.z
m:vﬂo.r
| 1. 1
_®\® fw\@\ﬁ_ 9
w4 |l
% A o
- I - ’_ T

_ 0 a |
Guiypag Am ‘ m |, _
b

) a
EE\>P_ p22dg —Oo
000l 006 008 00L 009 00G v OOt
— i i

(] L
]

_ [4
,mc_,_BoE “ _ _W’
© o
m__@ m“d ~ m«
— 0| \@\.l
\_ i \
sjuawaansbaul doo| paso;d [ [ _ \@ \@@ 3
sjuawaunsnaw dool-u2d0 ® ® a \_w\ \.ﬂ@u\
© 0 :
LN zHoe 48
NIO—. NI@@.@ z

- 2nbuo|




79.

5.5b Induction generation

Any regenerative braking involves the operation of an induction

(35). The condition for induction generation is that

machine as a generator
the reactive power of the load (in this case the reactive power demanded
from the mains to ensure generation) and the reactive power of the induction

(36),(37) " 14 past practice, capacitors

machine must be supplied externally
have been connected to the generator terminals to provide reactive power,

but the required amount of capacitance varies inversely with the supply
frequency and so capacitive excitation has wide applications in aircraft
systems at 400Hz, but little application at lower frequencies.

It is possible to self-excite an induction generator by a
synchronous machine '"'floating'" on the output terminals, but direct frequency
control is not possible in this case, although voltage amplitude may be
controlled by synchronous machine excitation control. If the induction
generator output frequency is to bé controlled, the excitation source must
be controllable in voltage amplitude and frequency. This can be achieved by an
externally driven vériable—speed synchronous machine with variable excitation,
but it is hardly an economic solution. The ideal excitation source is a
variable-frequency generator of controllable amplitude in which the exciter
cufrent leads the voltage by 90° at all frequencies.

An investigation was carried out to determine the cycloconverter
output requirements necessary to meet the reactive power demand in induction
generation and braking. The possibility of exciting an externally driven
induction generator by a cycloconverter as a means of low frequency power
generation was also investigated and early hopes were found to be unrealisable.
It has been shown in section (5.5) that induction generation can only occur
in a limited slip range when the stator current is more than 90° out of phase
with the appropriate stator phase voltage. If the iron loss component is
neglected, an approximation of increasing validity as the applied frequency

falls, it can be shown that the slip range over which generation can occur
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R
is defined by 0 > S > - T
1

The appropriate phasor diagram is shown in Fig. (5.8b). If the
slip is decreased, generation ceases and the mechanical energy applied to the
machine is dissipated within the machine. Fig. (5.8a) illustrates this

condition. If the slip is defined as a function of speed and frequency by,
S=1-=— , (5.14)

the maximum attainable operating ranges may be stated as follows using the

previously defined approximate slip limits,

nPR1

R1+R2

< f<nP, (5.15)

for constant speed, n, and,

(R1 + Rz)

- b
Ry

f f
'P—<T1<F (5.16)

for constant frequency, f.

The possible operating range of speed will fall with frequency. It may be
extended at the expense of efficiency if a high resistance rotor is used.
Equations (5.15) and (5.16) only define possible operating ranges. If a
practical system is to be implemented it is necessary to investigate the
variation of the reactive power requirement over the possible operating

range.

5.5c Reactive power requirements for induction generation

From a consideration of Fig. (5.7), the generator impedance,

Zg = Rg + Xg may be expressed as,

R

, R
Zg = = (Ry*JX) - g+ 3% 3%,

2.
g i, v X)) . (5.17)
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o 2
(JXO)

—=——————— is added to the first term and subtracted from the
ZJ(X2 + Xo)

1f

second term in equation (5.17), after simplification,

— — —

2 . 2 . .
2, = - Ry - 31(XHK)) - 3 xxix - 2'(;x3; §2/S?E§2:§O; (5.18)
g 0 (X3+%,) FOG*XY) Ry gd (XX
XO X2
Zg can be expressed as Rg + Xg and xl + X2+XO as X3 and equation (5.18)
simplified to give
X, +X +X R, -3 (X +X?W
. 1 70 73 . 2/S 2 %
R +R.+j|X_ + ———| = - j(X +X, -X.) - . (5.19)
g 1 [ g 2 J o173 .E?/S+J(X2+X02J

Rationalising equation (5.19), evaluating the magnitudes and combining terms

results in the equation of a circle,

2 -— .
(Rg+R1) + (Xg+X1+XO) (Xg+X3) =0 . (5.20)

If the real and reactive powers of the induction generator are expressed

as Pg and Qg respectively,

V2

. 1
P +JQ B ——
R_ - jX
& & Rg %

(5.21)

The combination of equations (5.20) and (5.21) (see Appendix 3) show that

the locus of power and var outputs of an induction generator is defined as a

R
circle with centre coordinates, -V2 1 H
L RZ 4+ x) X
1 o] o 3
[X +X,+X.] VZ[X +X,-X.]
VZ o173 . 10 71 73
-V 5 and a radius 5
2[R1+(X0+X1)X3] 2[R1+(XO+X1)X3]

Figure (5.13a) shows the reactive power requirement for power generation

at a constant frequency of 50Hz at various voltages, while Fig. (5.13b)
illustrates the requirement for a range of fixed frequencies. The calculations
have been made using the parameters of the experimental machine given in

Appendix (1). In each case the upper intersection of the circle and the
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vertical ordinate represents synchronous speed operation and the lower
intersection an approximate slip of -RZ/Rl. The range of speed over which
generation is possible can be increased if the stator voltage is increased,
although saturation may result. It can also be seen from Fig. (5.13b)
that this range decreases with frequency.

From a practical point of view, the reactive power needed to permit
power generation at the high speed end of the generating range is prohibitive
and a lower range limit is necessary. If this limit is fixed to give maximum
power availability, the radius of the semicircle defines both the maximum
available power and the required reactive power for unity power factor
operation. Fig. (5.14) shows this reactive power plotted on a frequency base
together with the value of capacitance needed for capacitive self-excitation.
Clearly, as indicated in reference (36), capacitive self-excitation is only
practical at high frequenc¢ies, of which the 400Hz aircraft system frequency
is ideal. Figures (5.13) and (5.14) are conditions relating to a unity power
factor load. For a lagging power-factor load, additional loading reactive

power must be provided.

5.6 Induction generation in the experimental system

It has been seen in section 5.5 that the reactive component of the

stator current in induction generation, I, sin ¢, can be larger than the in-

1

phase component I, cos ¢. Clearly a cycloconverter excited induction

1
generator system is not a practical proposition because the reactive power
transmitted gives as large a current in the cycloconverter as direct frequency

conversion and the cycloconverter would be better utilised as a direct

frequency converter.

However in a cycloconverter-induction motor drive, system efficiencies
may be increased considerably by regenerative braking. A continuous

circulating current cycloconverter can operate with any phase displacement
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between output current and voltage fundamentals without gate pulse sequence
changing, if the inter-group reactor can provide the energy storage capacity.
Fig. (5.15) shows the measured regenerative powers in the experimental system
at a series of fixed speeds with variable frequency contrasted with

computed results obtained from equation (5.21). It can be seen that the
range of frequencies over whiph generation is possible and the peak

generated power increase with motor speed. The motor was driven externally
in each case. Figure (5.16) shows similar results for fixed-frequency,
variable-sﬁeed operation and Fig. (5.17) contrasts open- and closed-loop
fixed frequency results.

The efficiency of an induction generator can approach 90% at a
speed just above synchronous speed. If stator losses are neglected and all
power transferred from the rotor to the stator is assumed to be available
as output power, the generator efficiency will be,

15 R,/S

ne ) (5.22)
I; R,y(1-8)/8

and since the slip

s=% T %
w 3
w
n=— . (5.23)
)

Thus the closed-loop frequency-speed relétionship defined in
equation (5.13) can give efficient generation and the cycloconverter
provides a reversible energy flow frequency converter. If the limited
frequency range of the cycloconverter can be accepted, a single electronic
frequency converter can be used for motoring and braking. This contrasts
favourably with the uni-directional power flow link-inverter system. Here
regenerative braking can only be achieved through another anti-parallel

inverter.
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5.7 Small-signal perturbation model of the closed-loop system

The final stage of this work was to attempt to investigate the
stability of the closed-loop experimental system by means of a small-signal
perturbation model. Such a model requires a transfer-function block
representation of an induction motor. De Carli and Murgo (38) have
represented the induction motor in the block form of Fig. (5.18). Here
torque variations are related to variations of voltage, frequency and speed.
An open-loop representation incorporating the cycloconverter added to the
induction motor is shown in Fig. (5.19). Here the time-constants of the

reference generator field, T , and inertia, Tt are the main cause of time

f.g M?

delays in the cycloconverter transfer function. The motor transfer

functions, Gl, G2 and G3 are now represented in terms of the rotor-time-

constant, t., and the motor polar moment of inertia, J and frictional

2
constant, Fm' Here the term, s, is the Laplace operator, and Y3 is the
angular frequency of the stator voltage before displacement. If the stator
voltage can be considered to be proportional to frequency, the block diagram
is greatly simplified. Suppose a control signal AU is defined so that as

a result of a change in volts proportional to frequency, ABO = KAAU and

AVl = KBAU, the combined transfer function of G, and G2 in Fig. (5.18) can

1

be defined as,

2 2

AT _ Rals +uy5) _ Xa (5.24)

ATy (s v w.)(s%402) (s + 1) '
2 00 2

Equation (5.24) is the linearised transfer-function of a constant-flux,
variable-speed induction motor drive in which the stator parameters are
neglected and the slip is negligibly small, defined by Rogers (39) and Pfaf£(40).
Clearly in the case of the divided-winding machine with an effectively doubled
stator resistance, this is a doubtful assumptién. However the extra stator

resistance may be assumed to simply attenuate the air-gap flux of the motor

with no additional phase shift.
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In the experimental system, the cycloéonverter time constants
are negligible compared with the inertia constant of the motor. Velocity

feedback was implemented by a d.c. tachometer of transfer function

A
—2 = K,- The tachometer output voltage was fed into a feedback
Y
t 1
CRl
amplifier of transfer function-—————f—— . This capacitor C was
S * R
CR,

introduced to smooth out the tachometer commutator ripple. Thus the

block diagram of the closed-loop system becomes that of Fig. (5.20),

which further simplifies to the form shown in Fig. (5.21). The practical
system was as shown in Fig. (5.22). It can be seen that in the form shown
in Fig. (5.21), the linearised block diagram representation does not include
the externally connected standard induction motor or the current clamp
amplifier. Considering the block diagram of Fig. (5.21), the open-loop

transfer-function can be seen to be,

- 1
PA “o0 K2 CR1
G(s).H(s) = T (5.25)
(EA + (s+12)(sJ+Féﬂ[s + Eﬁ;j
where A” is a constant, and the closed-loop transfer-function is,
- 1
i3 PA Yso (s + Eﬁ;j
89 X , (5.26)
AU 1 . . 2
[s + E’R;J [PA“ +(s+1,) (sJ+F )] + PA mooT
which simplifies to the form of,
PA” o (s + —— (5.27)
00 CR2 o )
(t,J +F) (A°P+t,F ) K
1 2 2 m 2'm . 2
J(s ¥ CRZ)E ts J ¥ hj :’ +PAT wg, CR,

Root-locus techniques can be used to provide an accurate solution
of the system performance and also have the advantage of showing the extent

of the system stability. 1In the system under consideration, the transient
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response is of importance rather than the frequency response, because of
the inertia of the rotor and the load.
The root-locus technique is therefore chosen for this analysis.
Derivation of the root-loci of the system'ié given in Appendix 4.
Consider the open-loop transfer function of the system given in

equation (5.25), rearranged as,

b 1
PA Yoo KZ CR2
G(s) .H(s) = . (5.27)
J[s , 1 ] Egz . s (TZJ+Fm) +(Tsz+PA T}
CR J J
2
Constants, a, b and d are now defined as follows,
.- Fm + T, J
= = ,
- T, Fm + AP
= 3 s
1
and d = =
CR2
Then equation (5.27) can be written as,
PA” w_ K L
o0 2 CR2
G(s) .H(s) = 5 (5.28)
AP + J(s + d)[s” + sa + b]
Factorization of the second term in the denominator gives,
- 1
PA™ ©o0 X2 TR;
(5.29)

AP + J(s + d) [g + 22 +/(§2-4b):}[f , -2 -/(;2-4bi]

In the complex plane this has the following poles.

-a + ¢32_4b - a - 1/3.2-41)

> » P3 = 7

poles, P1= - d, po=
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The closed—lodp transfer function of equation (5.26) then becomes,

AE PA Yoo (s + d)

Al J(s + d)[s?+sa+b] +g

s (5.30)

1 )
where d==— and g=PA w_ ——
2 00 CR1

To obtain the poles and zeros, the denominator of equation (5.30),
J(s+d)(sz+sa+b) +g=0 ,
and so J[53+52(a+d) + s(b+da) + (db + %J] =0 . (5.31)

Equation (5.30) can be expressed in the form,

PA moo(s+d)

A -
“ = " J(s+D) (s+A-jB) (s+A+jB) ’

A

(5.32)

(e}

where A, B and D are constants. The roots of the equation are then -D and
-A * jB.
The solution of the equation (5.32) gives the variation in speed,
relative to a steady-state operating point for a given disturbance AU
in the system. Fig. (5.23a) shows the form of root-locus for experimental
system with one induction machine. A full derivation of this root-locus
is given in Appendix 4. This system is only conditionally stable because
the loci approach the imaginary axis when the system gain, K, becomes large.
An inherently stable system could be formed by the addition of an
extra s term in the numerator of the closed-loop transfer function to give
sPA” woo(s+d)

= > . (5.32)
J(s+d) (s +sa+b) + g

> |l>
(o] [

The system root-locus will then be as shown in Fig. (5.23b) with a

stability independent of gain. However, a practical solution to the
problem involves the feeding of the reference generator output to the cyclo-
converter through a differentiator. A practical differentiator built around

an operational amplifier must incorporate a (l+s) term in the numerator
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of equation (5.32), also incorporating a phase-shift. The problem is not then
the inherently stable system of Fig. (5.23b). A differentiator operating on
digital principles might provide a better solution.

In practice, the closed-loop system operated stably with medium
to low gain. In practice, it is preferable to operate with a large
generated reference voltage so that the loop gain can be reduced. This
means operation at high reference generator field currents.

This small-signal perturbation study has shown that stable,
small-slip operation in a system having negligible stator resistance is
possible. Up to now single machine operation has been considered, but
if the two conditions can be satisfied for the multi-machine system of
Fig. (5.24), multi-machine stability may be possible. Here the second
machine operates at the voltage necessary to maintain constant air-gap
flux in the first machine. This means that the rotor of the divided
winding machine is not affected by the loading of the standard induction
motor. The standard induction motor is constrained by the feedback loop
of the first machine to operate as if it were connected to a '"hard"
low-frequency supply. It then operates under open-loop conditions
subject to the stability criteria discussed in Chapter 2. To achieve this
type of operation completely, the stator of the divided-winding, inter-

group reactor machine might be operated under cryogenic conditions.

5.8 Cycloconverter-divided winding system response

The full potential of the divided winding system can be seen
when its performance is contrasted with the performance of the same
machine with a standard winding operating with the same cycloconverter
in the circulating-current-free mode. Figs. (5.25a) and (5.25b) contrast
the response in each system to a steady increase of torque. Stability
can be achieved in the divided winding system with double the rate of

torque increase.
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Figure (5.26a) shows thaﬁ a 100% step torque increase in the
circulating current free system causes oscillation and eventual pull-out
due to a current requirement in excess of the clamping level, while
Fig. (5.26b) shows that the divided winding system can accept 200% step

torque increases and still operate stably.

5.9 Conclusions from Chapter 5

The performance of a single and a two-machine system has been
investigated. This performance has been attained at the expense of poor
utilisation of copper and loss of system efficiency in the single-machine
system. An improvement in utilisation and efficiency can be seen in the
two-machine system.

Regenerative braking can be achieved without modification to
the thyristor gate circuits because the continuous circulating current
cycloconverter can operate with natural commutation under leading power
factor conditions.

It has been shown that regenerative braking is to be preferred
in a system operating with a rapidly repeated duty cycle such as a crane
or a hoist. However, induction generation imposes severe reactive power
demands on the cycloconverter. Although the continuous-circulating cﬁrrent
cycloconverter is naturally reversible in energy flow, small slip operation
'is vital in braking if the reactive power demand is to be tolerable. The
closed-léop system meets this requirement in braking as well as acceleration.

A qualitative stability study has shown that the closed-loop
- system can operate stably if small-slip operation is maintained and the
stator impedance is small. It has been shown that a differentiator in

the reference generator circuit may improve stability.
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CHAPTER 6

General Conclusions

It has been shown that an induction motor can operate stably
on a sinusoidal supply at frequencies less than 5Hz. ‘A wide range
of speeds can therefore be incorporated into an induction motor
drive without the need for a reduction gear. Parameter variation
with frequency is insignificant, but the reduction in air-gap flui
due to the stator resistance is significant at low frequencies.

Closed-loop stator voltage control to maintain constant air-gap flux
is desirable in a constant-torque, variable-speed drive. At low
frequencies, the magnetising current forms an increasing part of the
total input current and the motor efficiency is greatly reduced. This
has 1little effect on open-loop stability.

The operation of an induction motor with its stator terminals
connected to non-sinusoidal supply has been investigated. It was found that
a variable-frequency source to be used in an induction motor drive must
be free of sub-harmonics and t?iplens if "cogging'" is to be avoided.

The maiﬁ effect of higher order harmonics is to reduce efficiency.

The inter-group reactor needed to maintain continuous circulating
current in a cycloconverter has been replaced by the stator of an
induction motor. This motor then produces torque and maintains continuous
circulating current in the cycloconverter giving a significant reduction
in harmonics compared with conventional circulating-current-free operation.
Two stator layers are wound identically as balanced 3-phase windings.

They are magnetically coupled, but electrically separate. Line to line
short-circuit faults in the cycloconverter are prevented and the usual

rotating field is set up in the machine air-gap.



The most significant part of this work is the design
and construction of an experimental system to verify the proposal.
Two electronic feedback servo-loops have been incorporated for speed
control and current clamping.
A control system incorporating one divided-winding machine
makes poor use of the copper in the machine, although the other
advantages may be significant. In the exper?mental system, standard
squirrel-cagé machines have been added to produce a multi-machine
drive. Better utilisation and overall efficiency result. The
performance of single and two-machine systems have been investigated.
Regenerative braking can be achieved without modification
to the thyristor gate circuits Because the continuous-circulating-current
cycloconverter can operate with natural commutation under leading power
factor conditions. Although the continuous-circulating-current
cycloconverter is naturally reversible in energy flow, small slip operation
is vital in braking if the reactive power demand is to be tolerable.
The closed loop system meets this requirement in braking as well as
acceleration.
The closed-loop system can operate stably if small-slip
operation is maintained and the stator impedance is small. A differentiator

in the reference generator circuit may improve stability.
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CHAPTER 7

Suggestions for Future Work

The advantages of the cycloconverter-induction motor drive
with electrically-separate, magnetically-coupled thyristor group
circuits has been clearly demonstrated in this work. To develop this
system into a more economical industrial drive, further work to
improve its performance and utility should be attempted. Suggestions
that may achieve this are as follows:-
a) A preferred machine combination may consist of the divided-
winding machine énd the standard machine operating with a common shaft.
In this case torque-sharing and closed-loop control are achieved and since
both machines have squirrel-cage rotors, the combination will be cheaper

than a cascaded slip-ring combination of similar size.

b) From the investigations carried out in this work, it has been shown
that stator resistance effect becomes significant in using the divided-
winding machine as inter-group reactor. This will increase the overall
copper loss and dissipate more heat in the windings making extra cooling
necessary. A machine operating with a cryogenic stator winding could be
used in a large divided-winding machine (e.g. 1000 HP), since at cryogenic
temperatures there will be no significant stator resistance.

Several standard machines can then operate from this common
"reactor'" with the cycloconverter maintained in the continuous circulating

current mode of operation.
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c) The experimental laboratory machine used as a divided-winding
machine is inefficient due to the type of gramme-ring winding used which
gives a large copper loss. The nature of the construction used limits
the number of stator slots which impairs the air-gap flux waveform.
Better results would be obtained if a commercial induction motor

stator was modified to act as the reactor machine.
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CHAPTER 10

AEEendix 1

Determination of machine parameters

The machine parameters were determined from a series of locked-
rotor and running-light tests carried out over a range of frequencies from
S to S50Hz. A variable-frequency alternator dri?en by a d.c. shunt motor,
the speed of which is controlled by half-controlled thyristor bridge, shown
in Fig. (2.5 ) provided the three-phase indu;tion motor supply. The
machine used as the main experimental induction motor was a Mawdsley
Educational Induction Motor with a 2-pole double layer stator winding and
a squirrel-cage rotor. A further 4-pole, 3-phase Y-connected, 3 h.p.,
200V, 9.5A squirrel-cage machine was used for the multi-machine system
of Chapter 4.

Figures (2.15) and (2.12) shows the measured values obtained
by a locked-rotor test and a running-light test, of total effective
winding resistance, Re, total effective reactance, Xe, magnetising reactance,
Xo, and iron loss resistance, Ro’ with all values referred in'stator terms.
The value of stator resistance was measured on a Wheatstone Bridge. The

rotor resistance per phase referred in stator terms was then obtained as

R2 = Re -Rl.
It was assumed that the values of stator and rotor leakage
reactance referred to the stator are equal. In a squirrel cage machine,

the stator to rotor turns ratio is an arbitrary constant, taken for convenience

as unit.

X X
. =-£-_c
It can be seen from Fig. (2.15) that the value of Le == 57 F

varies with frequency. The stator to rotor mutual inductance
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fg_, where X  is the value determined by experiment for one phase

, where

Xe is the value determined by experiment for one phase at 50Hz. The 50Hz

values for the two machines used are:

Educational Standard squirrel-
Induction Machine cage Machine
Ry 0.55Q T 0.58Q
R, 1.07Q T, 0.45Q
X=X 0.590 X, =X, 0.129
L1=L2 0.101H
X 31 Q
o)
L. 0.988H ) 15«
L1 = 21 + LO ) L2 = 22 Lo.

All values given are referred to the stator.

Divided winding machine parameters were obtained by similar

tests, but the stator windings of the machine were separated electrically

and coupled magnetically as shown in Fig. (A.1).

at 50Hz are:

Electrically separate stator

windings, Educational Machine
R1 1.1 @
'R, 1.07 @
Xi=X2 0.59 @
Ll-L2 0.101H
X0 31 Q
Lo 0.0988H

The parameters values
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AQEendix 2

Stability dependence on slip analysis

From the equivalent circuit of Fig. (2.1) the impedance per
phase is given by the equation,

R2 +erL

2
Z =R, + juL, + jwL : ,Q (A2.1)
1 1 o} R2 + Jwr(Lo + LZ)
If_umrLng
Te= > s Nm . (A2.2)
[Rz + er(LO + LZ)]
The steady state can be defined as follows;
Let power P, = constant, where
P = VReI , watts , (A2.3)
where V and I are rms quantities. Then,
EICHEID)
e _ P -1
—-—d—v—- = - —2— ’ Q (A.24)
\Y
Or, dv _ P Q
d(R_|I C 2 ’

Equation (A2.4) represents the small signal inphase admittance, and

S _ dv -1
R, |dz| = TR, 11 Kol , (A.25)
These equations show that the steady-state power relationship requires
the small signal inphase admittance or impedance of the machine to be

negative.
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Equations (A2.1) and A2.2) were used by Bowler (11) to

provide the steady-state stability criterion which was achieved as
follows;
Since the voltage to current relation in equation (A2.1) is a function

of three variables,

Vv oV oV

dv = ﬁ' dI + S—u-’-r dwr + .3_(_1)— dw , V. (A2.6)
oV . . .
Z = T at any operating point and for small changes of slip.
8V = 3IZ. Then,
_ 3Z o7
dv = ZdI + I 3;;-dwf + 1 e dw, V. (A2.7)
Similarly, .
aTe STe
oT _ = + — dw_, Nm . (A2.8)

e 3l  dw T
r
Now considering w to be constant,

VvV v
a1 41 * 3~
T

dv = dup V .

At this steady-state operating point the torque variation was assumed to be
zero as torque variation is one of the two variables which determines the
steady-state. The second term in equation (A2.8), the speed, must then
confirm to the bound of stability according to the sign of ReIdZI. Thus

with dT = 0 we have from equation (A2.8),

aT oT

dmr = -dI ET?' sii , rad/sec.
T

Solving equations (A2.7) and (A2.8) results in,

3T 3T
iz = 7 -1 24 S

™ x.éf -5;— , § . (AZ.IO)
T r
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From equations (A2.1) and (A2.2) the partial derivation is,

2
az _ “LoRy

_ . 2
r (R2+erALo)

L
where A=1+ i s
o
2
aTe 2ImPw LOR2
5T = r 5 , (A2.11)
(R2+jerLo)
aTe aTe
T T s (A2.12)
3T 3T R,-jw_AL
e__e_2°7r o
and 30 - m—XW . (AZ.].S)
T r O
Substituting equations (A2.11), (A2.12) and (A2.13) in (A2.10) gives,
az = Ry + july + jul_ Rf ? J?ELEL R (A2.14)
2 79T
Inverting equation (A2.14) gives the small signal admittance,
R, - jw_ AL
2 9 -1 (A2.15)

dy = - - - - N
(Rz-JerLo)(R1+JwL1) + JwLO(RZ-JerZ)

The real part of this equation is:

2 2 2.2
R dy - R1R2+R2w SLO(AL1+L2) - w Lo SA(RZB-RlsA) Q_l
e 2 2 2.2 2’ ’
[R1R2+w SLO(AL1+L2)] + W LO(RZB-RISA)
L1

where B = 1+ i -
o
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ABBendix 3

Derivation of the centre co-ordinates and radius of the power and var

limit circle

The induction generator limit circle is defined in equation (5.20)

as,
(Rg+R1)2 + (XK #X) (X#Xg) = 0 (5.20)
(X + X +X )2
The addition of g i ° to both sides with a transposition of
terms gives, 2
(Rg+R1)2+ Xg Z(LXCS\LES-] = X (XX )+ z(ilxz_‘k)_(i - ﬁ’ﬁé;xi . (A3.1)

A circular impedance locus can now be defined with centre co-ordinates,

(X, +X +X.)) (X,+X _-X,)
-R;5 - —l——%——é- and radius —l——%——i

Equation (A3.1) can now be used to introduce power and var terms as

v
P + jQ = — (AS.Z)
g g Rg'ng
and then,
pgvi
R, =57 > (A3.2)
P+
g Qg
Q, V2
and X = -%——2— (A3.3)
g P +Q
g g

If equations (A3.2) and (A3.3) are substituted into equation (A3.1), the

limit circle equation becomes,
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2 — —
P vi Q vi Q vf :
2g R zg IR R ot Xz| =0 - (A3.4)
P +Q P +Q P_+Q
g g g 8 g 8
Equation (A3.4) expands to give,
2 2 2
-V V. 2R, P VI [X,+X +X,]Q
gt gt ok R+ (X)) Xg = 0 (A3.5)
P +Q P_+Q P +Q
g g g g g g

The terms of equation (A3.5) are multiplied by Pz + Q; and divided by

2 ..
Rl + (Xl + Xo) XS’ giving,

2 2
2 2 4 2
ViR Vi {X1+X0+X3;_] Vl[x1+XO-X3]
Pg |+ g + 3 = > 5 (A3.6)
R1+(X1+X0)X3 2{R1+(XO+X1)X%jJ 4[R1+(X1+X°)X3]

Hence from equation (A3.6) the limit circle has centre co-ordinates,

2

2 2
ViR , Vi XX X . Vi XXy - Xs]
- = ;- > and a radius, 5 .
R1+(XO+X1)X3 2[R1+(X0+X1)X3] 2[R1+(X0+X1)X3]
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ABEendix 4

Derivation of the system root-loci

The root locus is a graph of the roots of the characteristic
equation of a closed-loop system as a function of the gain. It is a relatively
easy method of determining graphically the effect of loop gain adjustment
in the system.
Suppose a simple closed-loop control system has a forward
transfer function, G(s), and a feedback transfer function, H(s). For

non-unity feedback, the open- and closed-loop transfer functions of the system

G(s)

will be given by G(s)H(s), and 1 G(s)H(s) °’

respectively. The system

response is determined by the roots of the characteristic equation,
1 + G(s)H(s) = 0. The root-locus technique is based on the fact that the
poles (the roots of the characteristic equation) of the closed-loop
transfer-function are related to the poles and zeros of the open-loop
transfer-function and the gain.

Consider the open-loop transfer function of the cycloconverter-

induction motor drive represented by Fig. (5.18), then
1

PA”w K, ==
0o 2 CR
G(s)H(s) = 1 (Ad.1)
J(s+d)[sz+sa+b]

The factorisation of the second term in the denominator gives,

. 1

. PA wooKZ C—R]_

G(s)H(s) = (A4.2)

2 - 2
J(s+d) [s + ___—a+/a £4bJ Ls + __-a-/a 54b

In the complex plane, equation (A4.2) has the following poles and zeros;

) _ _ -atv/a?-4b
poles; s = -d ; =
zeros; s =0,
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These poles and zeros are shown an the argand diagram of Fig. (5.23).
They determine the roots of the characteristic equation and of the
closed-loop system defined by 1 + G(s)H(s) = 0. The locus that
describes the roots of the closed-loop characteristic equation can

be obtained by any one of a number of methods. In this work the general
nature of the locus has been determined by a standard text method (42).

The rules of the method are as follows;

(a) The number of branches of the root-locus is equal to the
number of poles of the open-loop transfer-function. This system has
three branches.

(b) A point on the real axis lies on the locus if the total
number of poles and zeros to the right of the point on the real axis is
odd. There is a real axis locus between the real pole and-the real zero.

(¢c) The locus starting points at a gain of 0 are at the open-
loop poles and the locus ending points at a gain of « are at the open-loop
zero and infinity. This completely determines the real axis branch of the
locus. Since there is only one zero, the locus end points for the branch
which start at the complex poles must be at infinity.

(d) The angle which the asymptotes of the root locus make
with the real axis is given by;

(1+2K) 180°

o= number of poles of G(s)H(s) - number of zeros of G(s)H(s)

(A4.3)

For the system under consideration
o (1+2K) 180°

A 1 = (1+2K) 90° .
Hence, for K = 0, A = + 90°

K=+1, x =+ 270°, -90°

K=t%2, A\ =+ 450°, -270°, and

the asymptotes make an angle of +90° with the real axis.



(e) The real axis intercept of the asymptotes is given by,

sum of the real parts| _ sum of the real parts
of all poles of all zeros
9% ~ [number of poles] - [number of zeros]

for the system under consideration,

(f) . The angles by which the locus departs from the complex

poles and zeros is given by,

180° = All the angles of the vectors from all the other
oles and zeros to the pole or zero in question

In the system under consideration the approximate angle of
departure is indicated. This is sufficient to obtain the root-locus
sketches given in Fig. (5.23). The exact location of the locus would
have to be obtained by a numerical solution. However, the root-locus

sketches give a useful qualitative analysis of the system.

109.
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ABEendix 5

Fig. A.2 Side view of cycloconverter and machines

Left to right torque and speed recording pen recorder,
divided winding machine coupled to d.c. load machine (under bench),
cycloconverter (at rear), torque transducer (on bench), Ward-Leonard

loading machine, standard induction machine (rear front).
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ABSTRACT

(ii)

The cycloconverter as a direct frequency converter without a
:.c. link is well known as a power amplifier in low speed a.c. drives.

If continuous circulating current operation can be maintained, reversible
energy flow and regenerative braking can be achieved in an induction
motor drive without a change in the gate pulse sequence. Continuous
circulating current operation also reduces the output harmonic content
of the cycloconverter and increases the speed range of the drive.

This dissertation describes the use of an induction motor
stator as an inter-group reactor maintaining continuous circulating
current in the cycloconverter. The same stator winding sets up the
conventional rotating air gap-flux and the reactor machine has standard
torque-speed characteristics.

In the multi-machine drive designed and constructed,in'this'
work, one @aghineAygggégesgr§E§giglr§;a§o;“yinding. Conventional = __
squirrel-cage machines can then be added for tandem speed control and
the utilisation of copper improved. Closed-loop speed control and air
gap flux control are.incorporated on the reactor machine. The standard
induction motors added in addition to the reactor machine are shown

to be essentially operating under open-loop conditions but a

"hard supply" is maintained by closed-loop control.



