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6.6 INVERTER - MACHINE INTERFACE

In the first experimental machine, the use of pole
amplitude modulation windings with just the 10 pole MMF con-
figuration was crucial in that a multi-polar design proved
most successful, although the stepped-speed changing capability
of the original winding was not a major concern. The creation
of the proper transient conditions in the machine must occur
at large slip-pole number products, no /l-o¢ but obviously
efficiency considerations demand that the slip be maintained as
small as possible by the inverter in addition to constant
volts/Hz control. The inverter interfacing has the following
constraints: |

a) The machine always runs at a N-pole shaft speed
characteristic of a conventional cage motor although the
actual number of motoring poles is less than N. To.determine
the exaét inverter frequency for a given load, the SCIM air-
gap field speed is first determined as us=21plf and thus the

shaft speed is accurately given by
lZO?pl £f (1-0)

W, = R.P.M. : (6.27)
™D

'fn general, the effect of having not only an unsymmet-
rical airgap flux distribution but odd or fractional number of
motoring poles per repeatable section will not cause any severe
differences between the speed calculated in (6, 27) and the
conventional design equation for shaft speed; i.e., the

apparent field speed discrepancy

120 £

= - 0L (6.28)

is negligible for SCIM traction motors in single axle drive

systems but this implies that the effective motoring pole
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pitch in (6.27) be either measured with airgap flux coils or
else numerically calculated using a finite element magnetic
field analysis of the airgap region. However, the quantity ¢
may be an advantage for SCIM motors employed in a multiple axle
drive system.

b) The real and reactive power flow between the inverter
and the two stator windings of the SCIM traction motor is only
optimum over a narrow range of slip. High speed is depicted
in Figure 6.11 a. With the use of a constant-current DC
link, obviously only real power is able to flow through the
link, yet the inverter has the equivalent of a reactive re-
quirement at the output, Qinv since the current wave must be
leading at this point to permit natural commutation with the
non—ideai thyristor devices. The novel feature of this‘
system is that the reactive power generated by the ASC

windings allows the junction point balance
Qasc - Qmotor + Qinv

in the case of a leading power factor motor. The real power
supplied to the ASC is used exclusively for the additional
2

-R loss, while P

stator I motor

accounts for all of the major
stator copper loss, all of the rotor copper loss and the
mechanical power. However, the designer has a choice over the
direction of Pasc‘for this may be zero (or negative if the
slip is too high) in which case both the real and reactive
ASC losses are entirely rotor supplied. The directions in-
dicated in Figure 6.11a are specific to the motoring mode
immediately following the transition to natural commutation
at 15 Hz.

The first column of Table 6.1 lists the component real

and reactive power flow in the 150 H.P. laboratory traction

éystem at the transition frequeﬁcy of 15 Hz. 1In the run mode,
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Figure 6.11b Control scheme for the variable speed, constant slip
propulsion system with frequency dependent carry-over
flux stator short- circuiting coils and closed control loop.
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the PDR firing is delayed to an angle o=170° and the ripple
component of the DC link current is under 15% in the actual
system hardware. Most notably, while the induction machine
power factor is leading, the use of a 6-6 thyristor device
input-PDR, output-CSI conversion equipment has resulted in a
0.18 per unit power factor on the 50 Hz mains due to the input
phase chopping action. For comparison, the second columm of
Table 6.1 lists the 150 H.P. DC rotor field synchronous motor
propulsion system with natural commutation to show the differ-
ences in efficiency and VAR transfer with the same input con-

ditions and PDR firing angle delay.
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Table 6.1

Comparison of Naturally Commutated Single-Machine PDR-CSI
3P Drive Systems at Base Frequency 50 Hz

Asynchronous Synchronous

Output Power (kW) 112 112
Rotor Power (kW) 2.4 4.2
Direct Axis Reactance () 3.35
Quadrature Reactance () 2.21
Subtransient Reactance (Q) 0.55
Asynchronous Reactance (Q) 0.025

Shaft Speed (r/min) 735 750
Rotor Reactive Loss (kVAR) 5.24

Airgap Magnetization (kVAR) 36.

Exciter Weight (kg) 200
Machine Weight (kg) _ 1660 1800
Specific Power/Wt (kW/kg) 0.068 0.056
Inverter Overlap Angle 18° 15°

Machine Efficiency (%) 85 92
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6.7 COMMUTATION LIMIT

To express the machine quantities in terms of the DC

link current, Idc' the normalized DC current is

2X" 1
I* = _~7 “de (6.29)
V6 E_"
q
From conventional phase controlled rectifier theory, the
ratio of the link voltage to the r.m.s. subtransient voltage,
Eq" (line-neutral) is [11]
Vie = 3VF
— — [ cos(u +6) + 0.5I%] (6.30)

q
The effect of the commutating overlap u on the voltage regu-

lation may be expressed as

cosu =1 - I* (6.31)
It can be assumed that the commutating margin will always be
small so that the approximation sin §=~§ may be used for & in

radians as

s o -sin(w) +3/ 1 + cos(uw) [1-2r vy /3/6 Eq"]'

(6.32
cos(u)

Figure 6.12is a plot of & wversus the ratio Vdc/Eq" for dif-
ferent families of normalized DC-link current, I*. For a
value I* = 0.4, it is seen that the converter: machine vol-
tage ratio is 1.75 at a commutating margin of 50us which cor-
responds to 6=0.063 radians at 200 Hz. This represents a
practical commutation limit for a 150 H.P. SCIM machine with
the parameter shown in Figure 6.13 which graphs (6.30).
Figure 6.11 defines the real and reactive power flow
directions in the complete propulsion system with a mains
feed phase delay rectifier (PDR) and a current source in-

verter. Until the inverter frequency reaches at least 15 Hz,

the magnitude of qu is insufficient to effect natural vol-
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Figure 6.12 Thyristor commutating margin under natural commutation
as a function of ASC winding effective counter-emf for dif-

ferent families of normalized DC link current, I*.
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tage-commutation and consequently the CSI thyristors are cur-
rent commutated from the input side'by allowing the PDR to
blank the DC link at 60° intervals on a 6 device CSI. A
typical waveform of this sequence is shown in Figure 6. 14 for
a 150 H.P. cage rotor induction machine in a pulsing mode
at 12 Hz. In addition to the increase in Eq" with frequency,
Figures 6.15 and 6. 16 depict the phase change in Eq" as the
PDR-CSI~ 8 -Pinch system transfers from the limit of the
startup sequence to the run mode at full rated load and
speed. In this latter mode, the inverter reactive require-
ment 1s 117- of the compbnent reactive power supplied to just
the motoring section of the 0-Pinch machine and this is based
on device turn off times of tq = 30us.

Since the SCIM drive system préfers units with a large
number of poles to satisfy the electromagnetic conditions,
the system designer is ultimately concerned with the highest
possible frequency that still ensures natural commutation.
Obviously a restriction of the motor to say 8, 10, or 12
poles or multiples thereof does not put any specific res-
triction on the speed capability until-the upper limit on
the inverter frequency is established. In general, this
frequency, £* which occufs when the machine is said to be
at exactly unity power factor is not a constant, but in a
limited range of traction motor sizes is approximately pro-
portional to the ratio Lm/R2 where L is the magnetizing
inductance and R, the rotor resistance.

The exact determination of f* is heavily dependent on
the stator leakage reactance and to a lesser degree the
rotor leakage reactance; these have been taken into account

in Figure 6. 17which plots the commutating margin for a CSI

using the specific reactances of the 150 H.P. cage rotor



Figure 6. 14 Experimentally obtained link, inverter and machine current waveforms during the

start-mode current blanking thyristor commutation at 6 Hz with the SCIM -Mk. II.
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Figure 6.15 Phasor diagram of machine voltages and system currents during start-mode.
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Figure 6.16 Phasor diagram of machine voltages and system currents in high-speed mode.
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SCIM detailed in Chapter V. The details of this machine are
included in Table 6.2. It is also important to note from
Figure 6.17that the optimum slip is a strong function of
the upper inverter frequency, although from efficiency con-
siderations alone the lowest frequency is best as the smallest
slip is preferred. These curves are specific for an 8
pole traction motor consisting of about 3% poles of motoring
winding per repeatable section. If the motoring sector were
to be extended in the 35 H.P. design with 10 poles, all of
the curves would generally be shifted to the right assuming

an equivalent G/f ratio.
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Table 6.2

Parameters used in Computer Simulation of Figures 6.17 and 6.18
Natural Commutation Mode - Constant Current 8 Pole SCIM Unit.

Maximum Torque Command (N-m)

Full Load Constant-Slip, ¢ (p.u.)

Goodness Factor (50 Hz base) :

ASC Counter-EMF/Rotor Current Ratio, Eq/IZ(V/A)
Time Increment, At (ms)

Mechanical Output at 100 Hz (kW)

Mechanical Speed, 8 (rad/sec) at 100 Hz
Maximum Electrical Frequency, gy (Hz)

Minimum Electrical Frequency, Wy (Hz)

Primary Resistance (Q)

Secondary Resistance (Q)

Primary + Secondary Leakage Reactance at 200 Hz (Q)
Magnetizing Reactance at 200 Hz (Q)

Tertiary Reactance (Q)

Tertiary Resistance (9)

Max. Gap Flux/Pole (Wb.)

Max. Terminal Voltage (Vll r.m.s.) at 200 Hz
Minimum Commutating Margin, § (deg)

Maximum Overlap Angle, u (deg)

Normalized DC Link Current, I¥*

: 1]
Ratio Vdc/Eq
Commutating Reactance at 200 Hz, X" (@)
Effective Commutating Resistance, R" (Q)
Ratio Commutating Voltage/ASC EMF, Eq"/E

q
Ratio DC Link Voltage/ASC EMF, Vdc/Eq

5000
0.035
200
1.80
0.25
224
151.5
200
25

0.062
0.071
2.42
64 .

0.10
0.015
0.026
1600
3.61°
16.4°

.056

.265

.0922

.0139

.959 < 0.22°
172

N O O O N O
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Figure 6.17 Computer simulation summary of SCIM drive system

to determine frequency limit on natural commutation.
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Figure 6.18 Flow Diagram of SCIM Drive System Computer Simulation
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6.8 DUPLEX CURRENT SOURCE INTERACTION

Since the major impetus for ad&ocating naturally com-
mutated induction drives is simply based on eliminating
the need for any type of electrostatic energy storage ele-
ments at very high powers, the only area of concern is the
startup mode. The torque pulsations experienced in the pulsing
sequence are often objectionable albeit at low speed; how-
ever this is only a consequence of controlling the link cur-
rent in a '"digital" fashion rather than limiting the rate
of rise and decay of Ije to 2 value less than e.g. 2 A/ms.

One novel method of entirely eliminating start-up
torque pulsations is to incorporate two identical PDR-CSI
systems with both the inputs and outputs in parallel. By
gating the PDRs in a push-pull type fashion so that the DC-
link current of PDR #1 is slowly ramged at a constant + d Idc/
dt and PDR #2 is similarly ramped but at - d Idc/dt, the
combined CSI output current Waveform is nearly a perfect
sinusoid at e.g. 10 Hz with the exception of the 120 Hz
ripple that amounts to less than 57. This is a practical
configuration, for despite the use of a total of 24 devices,
the weight and cost savings still are ahead of a similarly
rated drive with static capacitor banks. A duplex CSI

arfangement is shown in Figures 6.19 and 6.20.
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Figure 6,20 Theoretical DC~link and AC-output waveforms for duplex
system in the current pulsing start mode at 2 Hz output.
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6.9 THE APPLICATION OF CONDENSER WINDINGS AS A HARMONIC
CURRENT FILTER

The asynchronous condenser concept may be extended to
either propulsion or power generation systems to neutralize
the large harmonic waveforms introduced by square wave out-
put thyristor inverters connected to either an'isolated
machine or an active AC-DC grid network respectively. 1In
the case of the former, this usually takes the form of wvaria=
ble-voltage, variable frequencycombination phase delay rec-
tifier-load commutated inverter. Constant volts/Hz control
is adhered to but the asynchronous condenser (or separately
excited synchronous condenser in conventional systems to date)
must be designed for the dual purpose of rejecting fundamental
currents from about 25 to 400 Hz and yet absorbing a whole
spectrum of frequencies starting with the lowest frequency
of 125 to a 2000 Hz fifth harmonic. At first though, this
requirement appears to be difficult to implement since
there is a broad overlapping of fundamental and harmonic
frequencies. The purpose of this section is to give some
mathematical proof behind the harmonic filter application
and show, with test results, that indeed the active condenser
approach (whether synchronous or asynchronous) is superior

over the use of static capacitors.

The first area of concern, in reference to adjustable
speed drive systems, is how does the machine (or condenser
wiqdings) know to either reject or absorb any particular
frequency since there is, obviously, no direct line of

communication between the control system firing the thy- -
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ristors (i.e. establishing the systems fundamental frequency)
and the electrical machine. Typically, classical propulsion
systems have to incorporate either a shaft position sensor
on the rotating synchronous condenser or else a zero crossing
detector to guard against high current switching, negative
sequence operation, etc. Yet this is phase control and not
frequency control. The basic concept is that the back e.m.f.
of the condenser winding is always a nearly perfect sinusoid
(certainly in comparison with the inverter output) and this
is what the electrical machine as a whole understands as

the system fundamental frequency, whereby it now has a re-
ference by which to reject higher frequencies. This is
nothing new to the machines world, but the point to empha-
size is that in having the shaft speed of the machine es-
tablish the fundamental frequency for filtering purposes,

the filtering capacity of the machine is a direct function
of the stored rotor inertia, which is obviously independent
of speed. Thus, to a large measure, a constant filtering
characteristic is obtained, passively, over the range of
variable frequency. The only complication to contend with
is the effect of the stator leakage ' inductance which tends
to counteract the equivalent capacitance as offered by the
emf of the condenser windings, but fortunately, as machines
get larger, the ratio of leakage reactance to rotor inertia
decreases as the inverse of the fourth power of the rotor
diameter. 1In the example to follow the mathematical analysis,
which uses data specific to a 26 KW machine, the filtering
effect afforded by the rotor inertia significantly outweighs

the VARs consumed by the condenser winding leakage flux.
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The initial mathematical treatment of the principle
underlying an active harmonic current filter is based on
the simplification that the rotary machine may be regarded

as a ""linear" system, by which the equations of motion are:

o0

[o]
JO+F ©=B Al (6. 33)

oo o]

LT+ RI+3B AG=TV, (6. 34)

where J = moment of inertia

8 = rotor angular displacement

F_= friction (speed damping) coefficient

Bp= in-phase airgap flux density

B_= quadrature flux density

A = coil axial length/turn x winding factors x 2
V.= harmonic terminal wvoltage of an ASC coil

I = r.m.s. phase current x number of turmns/coil
Z = ASC coil terminal, harmonic impedance

Rl= ASC coil winding resistance

L= ASC coil leakage inductance

w_= angular frequency of natural resonance

w = angular frequency of fundamental or harmonic
voltage

The solution of equations 6.33 and 6.34 for steady state
response (still permitting space transients to exist) in
terms of an equivalent impedance looking into an ASC coil

at the terminals yields
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K 2
B_B_A
Ve . . P_9d
z::T—R1+J(uLl+J(JJ ijr_sz (6. 35)
The last term in 6.35 is however, the form of impedance for
a parallel RC circuit, i.e. the total impedance can be ex-
pressed as

R,
— L) 2
Z =Ry + jul + = TaR,C (6. 36)

and thus the harmonic model of the condenser coil(s) as a

current filter is shown in Figure 6.21.

R, L,
J ‘L n - B_B_A2
Bp BqA l 2 22
o~

Figure 6.21. Electromechanical filter analogue for either
J-Jump or 6-Pinch windings for frequencies
not equal .to (poles)x(r.p.m.)/120.

The main point is that the quivalent capacitance, C,
offered by the windings will be constant over as wide
speed range as the airgap flux density remains constant
and this is consistent with all modern control schemes
responsible for high power-to-weight ratings. This capa-

citance is

C = ——_E———Z Farads (6. 37)
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Conversely, the equivalent resistance, R2, which will wvary
with changes in speed due to possible load torque variation,

is
R = —R—L—F Ohms (6.38)

As with any type of tuned circuit, the single most im--

portant parameter is the natural frequency, which is given

by
2
“n T /L [T+WR,0)7Z]
| —
B_B_A°J
N 5 (6. 39)
Lq[F "+ ?]

In general, the electrical machine designer has relatively
little freedom in choosing the natural frequency under the
assumption, that for economic reasons, variables such as
rotor intertia or friction torque should be kept to a mi-
nimum. The application of the electromechanical filter

is such that it should offer maximum impedance to the
fundamental frequency and its lowest impedance (occurring
at wn) to the strongest higher harmonic, which invariably
with thyristor inverters will be the harmonic with the
lowest frequency. The waveform considered for example is
a standard current-source 6-thyristor bridge, 3 phase

square-wave output with a 120° symmetrical conduction angle
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per half cycle. This contains no even harmonics but odd
harmonics, n, of order 5, 7, 11, 13, ... and of amplitude
1/n the fundamental. The optimum scheme for using the
asynchronous condenser is to have the 5th harmonic coincide
with the natural frequency, and the reduced filtering
action of the ASC at higher frequencies is nearly perfectly
compensated by the fact that the harmonic content drops off
linearly with frequency rise. The one critical character-
istic to be controlled is the rate of impedance decrement
between the fundamental and the natural frequency, and in
practice this will establish a limit on the lowest machine
speed tolerable for this mode of operation. Fourier ana-
lyses of the two modes are given in Figures 6.22 & 6.23,
For harmonic frequency w, the condenser section will
appear capacitive under the criterion that the ASC winding

leakage inductance be limited as a value

B. B A2 J

P q

P 2
- + (wl)

(6. 40)

Llii

Thus the absolute practical limit on the lower frequency'

to be filtered is given by

N
[ ]

(6.41)

For the 26 kW 6e-Pinch lab motor under test, the above

variables would have the values (supposing the entire
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machine was hypothetically wound as an asynchronous con-

denser)
J =7.98 N-m—sec2
Bp= 0.6 T
Bq= 0.6 T

A=90x 0.756 x 2 x 0.235
= 31.9 m for 90 coils

L1= 90 x 0.238 mH/coil
= 00,0214 H

The Bode plot of the input impedance versus frequency
is given in Figure 6.24 for the case that the load torque

damping, F_ is zero; corresponding to the assymptotically

T
best performance attainable for the lab motor. With the
above constants, the lower limit on the frequency of the
fifth harmonic to be filtered as a function of load torque

damping is, by evaluating (6. 41),

wy 1, = 0.1253'v/1.366 x 10° - Fr2 = 46.3 rad/sec.

F_=0
E (6.42)
It should be emphasized that the lower limit frequency
of 46.3 rad/sec (or 7.38 Hz) for absorbing harmonic currents,
is by no means definite because, for example, the values of

p
CSI-rotating machine application, wy, 1. would have to be

B_ and Bq were rather arbitrarily chosen. For an actual

larger than 125 Hz for say, operation of a 4 pole propulsion

motor to commence at 75 r.p.m. and increase in speed. The
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point is that, at this time the harmonic current filtering
principle appears feasible for medium size machines such
as 35 H.P. with enough design margin to allow an integral
motor and asynchronous condenser windings on one frame
(without recourse to demonstrating the concept on 500

H.P. size machines).

An interesting electromechanical filter used to suppress
harmonics generated in AC-DC power transmission systems
and to supply the reactive demand of the converter stations
has been under investigation since 1973 in the power systems
lab of Imperial College, but this is a moving coil actuator

rather than a rotating machine. [15]
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VII. TRANSTIENT SIMULATION

7.1 A DERIVATION FROM PARK'S SYNCHRONOUS MACHINE

Without considering saturation or hysterisis effects,
suppose that both the secondary and primary machine wind-
ings have only one circuit in each axis of the two-axis
system and that the per-unit total flux linkages will de-

pend linearly on their respective currents as
¥ = Ig - Dbrig (7.1)

where i, is the per unit instantaneous direct-axis, pri-
mary current for which the term b can be evaluated by
initiating a primary terminal linkage vq with zero initial

current and an Open‘CirCUitEd Secondar-y
. = - U}
ld _d.__ (7.2)

where the negative sign indicates an armature reaction flux
and Xd' is defined to be the transient reactance. In the
steady-state it is clear that b is the direct-axis synchro-
nous reactance, under the condition that the only component
of ¥ which is represented is by the primary terminél flux

linkage and therefore

Id = zpd + Xd‘ g——'- (7.3)
- d

The initial conditions demand that the total flux linkage

is zero but vy #0
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. X
v= 0 = uy |-y -p (7.4)
Xq X4

'. b = Xd - Xd' (7.5)
The normalized secondary EMF must be
Eog =Kpv+ I, (7.6)

for which K2 may. be evaluated by opening the primary cir-

cuit (id = 0) and short-circuiting the secondary

0= szq:+ 12 (7.7)

and by (7.1)
0= sz I2 + 12 (7.8)

and constant KZ’ referred to in the literature as the open-
circuit field time constant, T, is with respect to the po-
lyphase induction machine equivalent circuit

X3"X

T = m A G ' (7.9
o w
RZ w

which is henceforth referred to as the modified Goodness
factor since G"=G = Xm/R2 in all practical applicationms.
These concepts were well established before the advent of
generalized machine theory, but in 1929 Park introduced
the convenience of operational terms which greatly sim-
plified the understanding of the synchronous machine in

a two-axis representation and made the analysis applicable
to asynchronous electromagnetic machinery. A basic ad-

vance of this approach was that the direct axis MMF could
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be expressed in the form [1]
Iy = F<p)-E2 + H(p) 14 (7.10)

where F( ) and H(p) are laplacian operators, for which

P
three of the four boundary conditions at initiation

(p=d/dt=o00) and steady-state (p = 0) are obvious

F(o) = 1
H(o) = 0
Flm)= 0

H(om )= Xd - Xd"
Xd" is the subtransient reactance. For the analytic ex-

pressions, Park assumed that the primary reactance opera-

tor will always take the form of

H(p) = Xd - Xd<P) (7.11)

In the most basic case of only one d-axis secondary circuit

using (7.1), (7.5) and (7.6)

H

Ey = Ty'P [Ig - (Xg - Xy")ig ] + 14 (7.12)

by (7.10)

g = F(p)[IZ[Top 1] = G = XD 1g )+ [Kg - Xg®)] 1

(7.13)
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To evaluate F(p), id = 0 and therefore Id = I2

1
F = — (7.14)
(p) Top 4+ 1

To derive H(p), I2 and Id are set to zero leaving

<Xd - xd’)TO p
T0 p+1

- [% - %] =0 (7.15)

1
Xd To P + Xd

H =X, - X =X, - (7.16)
@ " F T R TR T T

Equation (7.16) is universal because it is still general

enough to represent induction machines as

Ll G" p + w(Ll + M)

H( =L +M- (7.17)

P) an'+m

where Lq and M are the per unit primary leakage and magne-
tizing reactances.

Park's original equations may be summarized as

e =7p wq -r iq + ygq P (23 (7.18)

= -ri
€ P ¥, o
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vy = G(P-E, - Xy(p)-iy
by = Iq - Xgig T - Xg(P) g (7.19)
wo = . Xo.lo

where & is the electrical space angle in radians
between the secondary direct axis and the axis of phase
a of the primary. Consequently, the per unit instanta-
neous electrical torque is

2 2 (7.20)

o . . 2.2, .
T=eqig+ equq-+ e, i +r [ld +1 "+ 1]

q

Pe

But suppose that the machine is fed at constant current for
the mains two-axis currents as well as the total currents
Id and Iq. Consequently (7.20) may be reduced by assuming
that the rate of change of magnetic energy in each axis is
negligible or p-wd, pP-v
fication. of (7.18)

q and p-v, =0 which allows by modi-

T = iq' vq - ig .wq (7.21)
which is simply the phasor product of the flux linkages
with primary MMF.

The analysis readily handles the transient starting

of a cage machine from locked rotor with symmetrical three

phase closing which results in the transformation
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ey = ~Vesin (ut - B))  t> o (7.22)
eq = V-cos (wt - (bo) t > o0

%@ =X (7.23)
pé = 0 (7.24)

where Qo is the initial phase angle of switch-on and (7.22)
is zero for t = 0. 1In addition to (7.21) the system of

equations 1is

. (7.25)
eq = P'lpq - T lq
vg = = (L +M] 5y iy
_ (7.26)
bq = - LTy + 1] )i

where it is assumed that Ll + M is the same in both direct
and quadrature axes. The simultaneous solution of the

above nine equations yields the instantaneous torque as

' 2 “Aqt ALt
T = - OJV 2 2 [l + e 1 e 2 :'
(@ +W']-6" (" + 1X0G," + D)
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where

1
Ay =
Lo +ma, -

[(11+M>r2+(1'2‘mr1‘

Y R R

1
Ay =
220, 410y - M

[a1+mr2+a2-mrl+

V[ +0my + @y - 205 - by WAy + M’rl”;] 7.27)

As can be expected from the particular set of differential
equations initially chosen, the solution contains two com-
plimentary decay rates the most prominent being the Ao

term while the Aq term is only significant with low Goodness
factor machines for which the term M is relatively small.

In an analysis performed by Kilgore on the same subject and
using the same initial conditions, only one decay rate 1is

indicated, the k2‘ [2]
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A, Induction Simulation During Stért-Up Sequence

Three different types of variations have been simulated
on the digital computer according to:

1. Load torque which is specifically assumed to be
linearly proportional to rotor speed

a) No-load

b) Light-load

c) Abnormally heavy load

2. Excitation closing sequence three-phase

a) Synchronous closing of contactor

b) Non-synchronous closing, two-phase at voltage
zero (30, 90° later).

c) Non-synchronous closing, two-phase at voltage
maximum (30, 90° later).

3. A range of inertia constants from H=l sec. to H=l0
sec. are used to model different classes of induction motor
design. The bulk of the programming utilizes a standard
industrial design value of inertia constant equal to 2 sec.

The simulation is divided into two major sections for
analysis purposes.

1. The machine matrix equations are derived in terms
of the stator and rotor direct and quadrature-axis currents.
It has been necessary to include the speed-torque relation-
ship with respect to these currents to fully simulate the
machine. It is essential that all ﬁachine phenomenon is
linearized.

A modified unified-machine theory approach is used to
linearize the SCIM unit. As shown, the output indicates
cases where the machine torque at start-up will approach
5 per unit. In a real machine, such torques can be expected
but in practice the inductances are a function of current,
which is not accounted for in the unified theory. Physically,

this one effect is best explained by the larger stator and

rotor currents than predicted with constant inductances and
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no saturation of stator teeth.

2. The machine equations are érranged in the form
x=Ax + Bu (7.28)
where "x" 1s a column matrix of D-Q currents and rotor speed,
"y'" is the colum matrix describing the three different types
of voltage inputs for synchronous and non-synchronous on-
line connection.

The "B" matrix, a 5x2, is constant. The "A" matrix,
5x5, must be continually updated at each time step because
it contains speed terms and also current terms (due to
relationship between the time derivative of rotor speed and
current products). Also, the frictional load torque rela-
tionship is included in "A",

A numerical solution of the '"'state" equation for linear
systems is developed and adapted to fit the peculiar require-

ments of transient overspeeding phenomena.

B. A Derivation From Generalized Machine Theory

By applying the C1 phase transformation and the C, com-
mutator transformation to a symmetrical 3§ induction motor,

and the familiar impedance matrix is obtained [ 3].

‘R, + Lgp 0 0 Mp
A 0 R, + Lp Mp 0
My,  Mp R +L.p ~Lu
Mp Ma_ Lo, R.+L_p
- - (7. 29)
in the system
[Vas | [ ias
[v'] =|v =z | = 1zl ™M
v bs lbs ' 1
Vqr 1qr
v 1
d dr
L O ] i _ (7. 30)
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Specifically, [21] can be broken down into

(z11 = (R] + [Llp +u_[6] (7. 31)
R 0 0 0 |
S
[R] = 0 Rg 0 0
0 0 R, 0
" 0 0 0 Ry R (7. 32)
_ _
(L] = | L, M
Ls M
M Lr |
-M Lr i (7.33)
(¢l = {o 0 0 0
0 0 0 0
M 0 0 -
| 0 ML 0 _ (7. 34)

The inverse inductance matrix 1is

-1 1 r
(L] = ———0
Ler'M L -M

| M Ly 1 (7.39)
To simulate transient phenomena, it is necessary to

solve the system equation:

dé}"] =[z-1][+]- »-! [[R] o, [Gﬂ[i"] (7. 36)

This may be accomplished in two-stages, the first re-

presenting the applied excitation. Since only cage rotors
are considered rather than wound or commutator rotors, an
important simplication is allowed even in the transient mode

in that the d and q-axis voltages are short-circuited or



vqr = 0
and
Lr
"1 1] —
(L ~1(v"] = 0
0
L
where Y = L—Ll-ﬁ—
r s
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as

bs

(7.37)

The power transfer matrix may now be expressed although

no special modifications for cage rotors are included

(L7 1R+ w01 =

S
L Ly~

LSLr-M

|1 0 0
"l o 1, M
0 -M L
M 0 0
LR - u M
wer LrRS
~w LM MR
MR w ML

Before combining (7.37) and (7.38) into one state-equa-

tion, the torque formulation is now included as

Electrical Torque = Frictional-Load Torque +

Accelerating Torque

Telec

= Tl + J

d‘“r
dt

(7. 39)

In the interests of maintaining a linear systems model, the

load torque is simulated as




467

Where ft is a viscous friction constant in N-m-sec/rad and
ranges from zero through 0.10, indicated as
Case a) No-load, ft =0
b) Light load, ft = 0.01
c) Normal load, ft = 0.033
d) Heavy load, ft = 0.10

The moment of inertia is represented as
8 +H S - N2 )
J = /) P 5 N-m-sec™ (7. 40)
“y (9.807 kg-m")

where S is the machine VA rating, Np the number of pole-pairs,
g, the base excitation frequency in radians and the standard
inertia constant is for
Case a) Aircraft type, H = 1.0s
b) High-speed industrial design, H = 2.0s
c) Multipolar design (e.g. 0.02 kW/kg power-
weight), H = 10.0s
Fundamentally, the electric torque is always related to the

current and mutual coupling matrices as

T = [1."1[GILLi "]
elec t - T . -
0O 0 0 O [ las
= [ias ibs iqr idr] © 000 1bs
-M 0 O -L. | iqr
i 0O-M L.O ] ] 1dr .
= Mgy 'bs - ‘qr Ias] | (7.41)

Therefore, assuming a speed dependent load torque completely,

we have in the form X =B u + A x
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- 1T - - -
i,q LY 0
iy 0o L_Y
) i Vas .
i = 0 -MY x
qr Vos
1:11_ -MY 0
Lwr i L 0 0 i
B 2 7 . 1
-LR Y w.M4 Y WML, Y R._MY 0 i
2 .
-w MY  -L_.R.Y MR_Y -0 L. MY 0 ips
WL MY MR_,Y -L_R.Y WL L Y 0 |x|in,
MRgY - MLY -wL L Y -L.R.Y 0 ig,
0 0 My /T -Miy [T -£ /7 W,
S 4L
(7. 42)

The terms containing w, must be updated for each time step.
Note that two terms in the "A'" matrix contain currents.
This poses no special problem for the currents from the
previous time-step are used; the change in currents between

successive time-steps is always small enough to allow this.
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C. Solution of the State Equation

The matrix system will be converted to discrete mecha-
nics with the input excitation represented by a linear

approximation. The exact solution of
X = AX + BU

is known to be [4]

t
X(t) = eAtf e At Bu(ryar  + eP(E-t)x(to)

t, (7.43)

where the gothic terms are matrices.

For use in the computer, a difference equation similar
to the exact solution can be utilized, as it is only possi-
ble to calculate X(t) for some discrete values of time.

Let k = integer, T = At = time inﬁerval

The equivalent difference equation is

| (+1)T
X[(k+1)T] = ePT (kT) + RAK*1IT e
K

BU(t)dr

T
(7.44)

The above integral can be evaluated exactly if the input
can be exactly matched to a discrete representation. How-
ever, even if a sinusoidal input is approximated by a
pliecewise-linear function, the integral is still evaluated
quite accurately.

The stator voltages are approximated as

(o4 uep=ukn+ AT = UKT) (ry7) (7 45
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The piece-wise linear input differénce equation solution is

X[(k+1)T] = F-X(kT) + E-U(KT) + D-U(k+1)T (7. 46)
where F = ePt = % E]T (AT)" (7.47)
n=o0 '

E =[eAT(-1+aT)+1] (A272) " TBT
S A (AT)" BT (7. 48)

D

[

[eAT 7-aT] (A272)"Tg7

(n}fTs,(AT)nBT (7. 49)

si18
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D. Phase Transformation

A conventional three-phase to two-phase tranformation

is necessary for the preferred state-variable solution but

symmetrical and two types of asymmetrical mains excitation

are exactly simulated.

case 1i.)

Symmetrical closing assumes positive sequence
phasor rotation with zero voltage crossing ar-
bitrarily established at t=o for phase number 1
represented by a=o. Since this is a balanced

excitation system

and

vy = V2 Vcos (wt)
Vo =2 Vcos (wt-271/3)
vg = V2 Veos (ut+27/3)

Applying the C1 transformation

as

+
v =2/3 [ul- EJ%ZEQ] (7.50)

UbS =V2/3 [T (v 2‘U3) ] (7.51)
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case ii.) Asymmetrical closing represented by a=n/2 and
B=n/2.

The a=7/2 implies that the phase voltages will be sinusoidal
rather than co-sinusoidal as above, i.e. the mains excita-
tion is initiated when phase number 1 is at its maximum.
The 8=7/2 condition means that only two phases are connected

at t=o, but v/2 radians later, the third phase is connected.

In this condition, the three-phase currents are defined as

which after applying the 013’ combination phase and symme-

trical components, tranformation

I =0, I,=3I, I = -3jI

I, V_=-jz2_1

With application of the Ci3 matrix again, the phase

voltages are

V. -‘53 3(z,-2 )1 (7.52)
V) = Fr 1a%2 ez )T (7.53)

Vy = Syiaz,-a’z )1 (7. 54)
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where a=-%+1] Ygi (7.55)
2
a=_;5_j~/7§ (7. 56)

Surprisingly enough, the voltage of the unexcited phase
is almost equal to that (with a phase shift) of an excited

phase.

2

aVy = %? j(a32+-a Z_)1I

2

=V_ +7p J2.1- A5 ia’z.I

V3.

=Vr+:,-L3~J'Z_(1%+j —2§>I (7.57)

However, in both symmetrical and Theta-Pinch type machines,
it can be assumed that Z >> Z_
V] = 17|

Reverting to the standard Cq transformation

V273 v - <12—;3>]

Ua S

and using a standard balanced positive sequence system

v, =VZ Vsin (wt), uv,=VZV sin(wt-2n/3), v,=v2 Vsin(wt+27/3)
1 2 3

L v,g =V3V sin (wt) (7.58)

_ Y7
bs = 7 (vp7v3)

= -2 V sin(27/3) cos (wt)

Ue -V V3 cos (wt) (7. 59)

However, to consider the effect of zero stator current in one

phase it is necessary to give explicit expressions for the
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transformed currents, since the input voltages,UaS and v

bs
are unchanged.
i = U_l.
L
V7
= Y20 sin(ut) (7. 60)
Z
where
Z = Rs + ijSS
and LSS is a three-phase coupled inductance wvalue.
i, =‘ZZ¥ sin(wt-27/3)
Z
i3 = 0 due to the s8=v/2 condition
i =273 |1 -(iz+i3)]
as 1 Z
= J%%ET [1.25 sin(wt-9) +‘%? cos(wt-0) (7.61)
P = tan_l(wL /R.)
ss’ s
_VZ ,,
iy = 7 (Lp*iy)
= T-‘Zil- sin(ut-2m/3-0) (7.62)

The rotor currents at very low speeds (for example in the
first 90° degrees of operation) are dependent just on trans-
former terms rather than both transformer and speed terms,
i.e.

1=~ ias/Ka (7. 64)

where K, and K, are coupling coefficients found from pre-

vious programs on synchronous closing.
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where ¢ = tan-l(%? .

These values are imputed to the [X] matrix to calculate
ér during the interval (5 ms) of two-phase excitation. For
wt>n/2, the numerical solution of the state equation is
used to simulate iqr and 14p independent of ib and i

s as
from the relationship shown above.
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E. Machine Simulation Parameters

The 112 kW cage rotor induction machine is first used to
illustrate the state variable solution of the transient rotor
and stator currents during the start-up mode with a symmetrical
stator winding in all 90 slots. The Theta-Pinch mechanism is
not simulated directly in this example because the primary
interest is in the transient DC component of conventional in-
duction machinery which exists at switch-on, both asymmetrical
and symmetrical, as well as during run-up and possible transient
overspéeding above synchronous speed. The parameters used in

the digital simulation are given in Table 7.1.
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Table 7.1

Characteristics of the 112 kW Rotary Machine
Prior to Modification

Base Quantities (Delta Connected)

Apparent Power (kVA) 134

Voltage (V r.m.s.) 420,

Current (A r.m.s.) 202.

Frequency (Hz) 50.

Time (ms) 20.

Inertia Constant with dynamometer, 3.68
H (sec)

Torque (N-m) 1425,

Three~Phase Parameters (Locked Rotor)

Stator Resistance, RS (p.u.) 0.0172
Stator Reactance, X; (p.u.) 0.0783
Rotor Resistance, R2 (p.u.) 0.0383
Rotor Reactance, X, (p.u.) 0.0752
Magnetizing Reactance, X (p.u.) 3.6670
Base Impedance, Z () 3.6012
Two-Phase Parameters
Stator Resistance, Rs (p.u.) 0.0172
Positive-Sequence Stator Reactance, 5.5788
wLS (p.u.)
Rotor Resistance, Rr (p.u.) 0.0383
Positive-Sequence Rotor Reactance, 5.5757
L. (p.u.)
Mutual Coupling, «M (p.u.) : 5.5005

Coupling Factor, Kc (%) 98.6
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Table 7.2

Characteristics of the 26 kW Rotary Machine

Prior to Modification

Base Quantities (Y-Connected)

Apparent Power (kVA) 37.76
Voltage (Vy; r.m.s.) 400
Current (A r.m.s.) 54.5
Frequency (Hz) 50.
Time (ms) 20.
Inertia Constant with dynamometer, 4.08
H (sec)
Torque (N-m) 416.

Three-Phase Parameters

Stator Resistance, RS (p.u.) 0.0566
Stator Reactance, X; (p.u.) 0.2590
Rotor Resistance, R. (p.u.) 0.0307
Rotor Reactance, X2 (p.u.) 0.1320
Magnetizing Reactance, X (p.u.) 3.3960
Base Impedance Z (@) 4.2400
Two-Phase Parameters
Stator Resistance, RS (p.u.) 0.0566
Positive-Sequence Stator Reactance, 5.3530
mLS (p.u.)
Rotor Resistance, Rr (p.u.) 0.0307
Positive-Sequence Rotor Reactance, 5.2260
oL (p.u.)
Mutual Coupling, wM (p.u.) 5.0940

Coupling Factor, K, (%) 96.3
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Table 7.3

Characteristics of a Commercial Cage-Rotor Induction Machine

for Transient Overspeeding Simulation.

Base Quantities (Y-Connected)

Apparent Power (kVA) 2.52
Voltage (V11 r.m.s.) 208
Curfent (A r.m.s.) 7.0
Frequency (Hz) 60
Time (ms) 16.6
Inertia Constant (sec) 2.0
Torque (N-m) 20

Three-Phase Parameters

Stator Resistance, Rs(p.u.) 0.0642
Stator Reactance, X; (p.u.) 0.095
Rotor Resistance, Rr (p.u.) 0.0637
Rotor Reactance, X2 (p.u.) 0.095
Magnetizing Reactance, Xm (p.u.) 1.65
Base Impedance Z () 17.2
Two -Phase Parameters
Stator Resistance, R (p.u.) 0.0642
Pos.-Seq. Stator Reactance,u)LS (p.u.) 2.57
Rotor Resistance, R (p.u.) 0.0637
Pos.-Seq. Rotor Reactance,uerl(p.u.) 2.57
Mutual Coupling, oM (p.u.) 2.475

Coupling Factor, Kc %) 96.2
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F. Simulation Results

To depict the nature of torque oscullations on start-up,
the parameters of the 112 kW laboratory machine have been used
in Figure 7.1 without the pole-amplitude modulation feature.

The purpose of this series of simulations is the evaluation of
the constant components of d and q axis rotor currents rather
than harmonic phenomena. As predicted by the analytic expression
(7.21) or the matrix approach (7.41), the torque is seen to

peak at 0.013 seconds after the initiation of the transient at

a 3-phase symmetrical breaker closing at locked-rotor. The only
unusual parameter is that a very low friction constant (ft = (0.001)
is used so that the speed increase is noticeable. The torque
peaks at the same instant that the positive d-axis rotor current
and negative d-axis stator current (ia) peaks but note that

this is not coincident with the zero crossing of the iq and i,
currenté for clearly then the instantaneous torque is zero.
Rather, a significant phase shift less than 90° exists between
axis currents and for example, before the first cycle is com-
plete, the q axis currents are lagging the d-axis currents by
77° based on zero crossing measurements (or this may be calcu-
lated by the rotor phase angle 9 = tan~1(0.079/0.0194) = 76.29).
Despite this time-varying phase shift, rotor and stator currents
will always be mirror images since the manetization current is
negligible in the first simulations. 1In Figure 7.1 the Good-
ness factor is 206 due to a high mutual coupling, M. The im-
portant conclusion to be drawn from this figure is that rotor
leakage inductance must not be excessively large or else the
g~axis phase-shift so described will approach 90° with zero
instantaneous torque. Second, the most prominent transient phe-

nomena will always occur in the g-axis current since switching
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demands iq(t=0)=0 whereas the d-axis transient is much less
severe, In the first cycle, the iq and ib responses exhibit
a + 35% deviation in peak values, while the id and i, types
show + 137%. This is a direct representation of the dc-compo-
nent in the rotor, which decays at equal rates for both d and
q axis due to the use of a cylindrical rotor model, e.g. qu
=L.4- Figure 7.2 shows a machine for similar parameters
(except G = 160) as in the Figure 7.1 simulation and five com-
plete cycles are simulated using time increments of 0.8 ms.

The gq-axis oscillations in magnitude have reduced to + 17.6%
after 0.10 seconds indicating an exponential decay time cons-
tant of approximately [-Ln (17.6/35)]'1 (0.1s) = 0.145 seconds.
This time constant may also be calculated by the inverse of

the decay rate, Xy given in (7.27).

In Figures 7.2 and 7.3, the friction constant has been
changed to ft = 0.01, the 1attér plot extending the simulation
to ten cycles and removing the id and iq traces. This clearly
shows that:

(i) damping of the torque oscillations demands at least

ten cycles in the 112 kW machine,

(ii) peak torques during the first or second cycle after
breaker closing will exceed the steady-state torque by
over 2007 of the steady-state value, |

(iii) the transition from an oscillation-dominated torque
characteristic to a steady value is entirely explained
by the decay of the dc-component in the iq and ib
currents (and to a smaller extent the id and ia de-
component decay) rather than a significant change in

the phase angle of the iq alternating component.
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In Figure 7.3 this transition region is from t = 0.12 to
t = 0.18. The sharp peaks on the current and torques are a
result of having a time increment of 0.0016 s or larger. Figure
7.4 considers the same basic 112 kW cage machine design but with
twice the rotor resistance as used for the Figure 7.3 simulation.
In comparisen, the peak torques are higher by 497 using 174 N-m/
pole as a base and retaining the X2 = 0.0907 value.

To show the effects of magnetization, the original 112
kW parameters are used in the Figure 7.5 simulation with the
exception that the mutual coupling is reduced by a factor of
ten with a consequent G = 16 characteristic. The reduction in
magnitude between id and ia or between iq and ib is apparent
but note that the overall effect is to reduce the variations
.in peak torque as well as causing the constant-component of
torque to increase at a faster rate, at least during the first
five cycles, This plot should be compared with Figure 7.2 as
both use the same time steps and an unusually low constant ft =
0.001s. Figure 7.6 goes one stage further by reducing the
coupling to M = 0.30L @ (oxr G = 1.6) and as seen, secondary
currents are typically only 32.8% of the primary currents. The
net result is the effective phase shift so introduced among
all four currents damps the torque to the extent that four cycles
after an o« = 0, 8 = 0 mains closing, oscillations are clearly
less than 50% of the steady?state value; after two cycles the
instantaneous torque does not exhibit any negative excursions.
It is worth noting the slight phase shift (7% present between
similar-axis primary and secondary currents which was not appa-

rent in Figures 7.1-7.5
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7.3 TRANSIENT OVERSPEEDING SIMULATIO&

The speed locus of lightly-loaded induction machines when
subject to sudden full excitation and a low rotor inertia has
been explained graphically [5] by showing that supersynchronous
operation can be estimated by superimposing a series of steady-
state torque-speed curves, each shifted along the speed axis
by a particular speed (or time) lag. The basis of this tech-
nique is that in short it simulates some of the physical pheno-
mena underlying transient overspeeding on fixed frequency
supplies for it is clear that with considerable rotor induc-
tance, rapid accelerations in rotor speed do not allow enough
time for the transient (or dc) component of rotor current to
decay and consequently the total rotor current pattern is only
appropriate to that which would exist in steady-state but at
a lower speed. The same phenomena persists in both the normal
inductance limited and resistance-limited regions of operation;
it is this latter mode which is responsible for the supersyn-
chronous operation.

This phenomena may be explained analytically by either
the adaptation of Park's equations for the generalized machine
as presented in section 7.1 or by a simpler analysis by Ager
[6] which was verified by some in-depth experimental work
with a 4-pole, 11 kW cage motor. However, modern analysis ex-
plains transient overspeeding by a different mechanism than
Ager, for in his particular expérimental apparatus, there was
apparently some frequency modulation of the power supply caused
by the rapid variation of the power taken from the line. 1In
summary, the machine was instrumented with a digital, strobos-

copic tachometer (with 500 pulses per revolution) and the first
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supersynchronous oscillation occurred 35.5 cycles after mains
closing. This overswing rose to two per cent above synchronism
followed by two more swings; the first swing developing full
load torque at .

The test results are summarized in Figure 7.7 for the Ager
machine as well as his analytical solution which was derived
from the second-order ordinary linear differential equation in

terms of the slip,

K éf_% + w90 +-f§lff ¢ =0 (7.65)
WR2 .
where K1 = —— W, evaluated at full-load steady-state
K2=0./U
for WR2 = moment of inertia
o = electrical angle between an infinite-bus voltage and

the voltage across the magnetizing reactance.

n = number of poles

Unfortunately, these Kl and K2 constants were not derived
from general principles but had to be taken from experimental
evidence; the values used by Ager were K, = 2,250 and Ky, = 10.
The solution of (7.65) is

o' = - 0.0315 e~18.8t

sin (57.2 t) (7.66)
which shows a damped oscillation of 9.1 Hz with t = o chosen
at the instant the machine passes through synchronism. Figure

7.7. plots the quantity 100 (1 -o' ). 1In general, oscillations
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will occur when

Tfl a n Ll)sz

WR__Z__._Z. >T (7.67)
9f1

where Tgy and opp are the full load torque and slip. From this
one concludes that machines with small full-load slips (high
Goodness) are more prone to supersynchronous operation than
high~slip types.

Rather than improve upon Ager's combination analytical
and experimental approach, the method undertaken in this sec-
tion has been to extend the numerical state-variable solution
of d~ and g-axis rotor currents up to synchronous speed. It
is felt that this is one area for which general closed-form
analytic solutions are impractical to obtain considering that
a "time-hysterisis" effect is evident. Considerable computa-
tional experience with the parameters of the 112 kW SCIM unit
revealed that due to a combination of an 8 pole design and the
large inertia, transient overspeeding would not occur on
light-load. However, a 2 kW, 6 pole, 3phase cage machine design
was found which transiently oversped on a 60 Hz sudden exci-
tation. The parameters of this machine are listed in Table 7.3;
unlike the previous simulations, these numerical simulations
will only be changing the load torque and the inertia constant
rather than the magnetization requirement or R,. Additionally,
three different starting sequences (as fully described in
section 7.2-D) are simulated;

(1) «=0, B=0; (ii) a=n/2, B=1/2; (iii) «=0, B=w/2, It is
seen that the differences between non-synchronous and synchro-

nous breaker closing are noticeable even at high speed.

Figure 7.8 shows synchronous closing for values of fric-
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tion load ranging from ft=0.0l to 0.10 N-m-sec/rad., for which
it is seen that ft=0.0l and ft=0'033 yield transient overspeed-
ing starting around 25 ms and then reverting back to subsynchro-
nous operation at t=47 ms and 37 ms respectively. Figure 7.9
plots torque and speed for the case of zero load torque and
synchronous closing for different values of inertia constant
ranging from H=1.5 through H=10 seconds. 1In particular, the
H=1.5 case yields two overspeeds, the first up to 1260 RPM
(105%) and the second to 1240 RPM (l03%). Yet, even near
synchronism, the torque has a negative slope and then a nega-
tive value after the first swing; a peculiarity that only
exists for a ft=0 condition. Figure 7.10 is similar to

Figure 7.8 except that an H constant of 2.0 sec. is wused and
now it is seen that at 60 ms after a synchronous closing, a
zero load-torque case causes overspeeding up to 1220 RPM to
occur whereas this was not evident in the traces of Figure

7.9 up to 50 ms. Two non-synchronous closing conditions are
simulated in Figure 7.11 and compared against a symmetrical
excitation; all three cases utilizing the same inertia (H=2)

and load torque constant (ft = 0.033).
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VIII. CONCLUSIONS

The introduction of space-transients in the primary excita-
tion of brushless induction machines with cage or sheet secon-
daries has demonstrated several characteristics common to both
rotary and linear types which are as follows.

1. Two general mechanisms of generating reactive VA exist.

a. The first and most adaptable to distributed VAR gen-
eration schemes is based on the natural oscillation of the air-
gap flux waves that occurs for a relatively large number of pri-
mary poles or else for unusually large slip values. In general,
this accrues relatively small reduction in torque/thrust capa-
city but the capability to produce a leading power factor design
for the entire machine is very heavily dependent on having un-
usually low magnetization and leakage flux losses since the nega-
tive quadrature flux is not maximized with this scheme. This ap-
proach does not require any specific amount of rotor leakage.

b. The second type and most adaptable to lumped VAR gen-
eration exclusively designates various peripheral regions of the
airgap to distinct roles of either torque (primary) or VAR (ter-
tiary) functions and is the approach pursued throughout the bulk
of the thesis. This necessarily prefers a significant value of
rotor leakage inductance and most important is able to generate
a larger amount of reactive VA than the first scheme since the
negative quadrature flux is based on the phasor sum of the in-
phase and quadrature flux components at the distinct transition
boundary. This effect more than compensates for the extra rotor
leakage flux reactive loss and the leading power factor capabil-
ity of the machine is less dependent on having unusually low
magnetization or primary leakage requirements. This particular

arrangement is considered advantageous because the tertiary also
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comprises a harmonic current filter (thch is not generally pos-
sible with the distributed winding approach) especially suited
for state-of-the-art semiconductor frequency conversion equip-
ment with quasi-square wave output current characteristics.

2. The exit-edge real power loss characteristic of a short-
primary machine has been reproduced in a continuous primary mem-
ber with a uniform airgap but with the benefit that the power
transfer has manifested itself as a reactive power generation
rather than as a loss.

3. In comparison with experimental evidence on two large
linear machines and two large rotary machines exhibiting the
second reactive generation scheme, the classical analytical
theory explaining the short-stator exit-edge effect very ac-
curately predicts the principal slip at which this loss or
transfer characteristic (proportional to Bt2) starts to occur
and moderately well predicts the general shape of the reactive
power versus slip curve. The major discrepancies occur in the
exact location of the peak reactive power point near zero slip.
It should be stressed that the previous analytical work on the
short-stator effect explained a single exit-edge phenomenon
whereas the machines under discussion have a multitude of edges
as for example under one complete pole-pitch surface.

4. The second reactive scheme is self-compensating and
necessarily prefers as large a rotor power dissipation as possi-
ble in that the greater the torque-producing rotor current, the
greater the reactive compensation current on a linear basis for
the machine may be described simply as a rotating, variable-phase
polyphase current transformer. It exhibits excess rotor loss for
leading power factor operation (above that for an overexcited
synchronous motor) but this excess rotor loss is entirely a rotor

slip loss rather than a stray loss. In the developments to follow
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this thesis it is expected that this rotor loss will progressively
diminish to the point where the SCIM unit will have exactly the
same losses as an overexcited synchronous motor of the same size.

With respect to rotating self-compensating induction machines
(SCIM) incorporating the second generation scheme the following
conclusions are relavent.

1. Based upon the test results of the 26 kW unit, the power
to weight and efficiency are too adversely effected for total
power factor correction even if new stator laminations with the
requisite change in pole-pitch are specified.

2. Based upon the test results of the 112 kW unit, the power
to weight ratio and efficiency have not been adversely effected at
high or unity power factors and if new laminations of reduced slot
depth and change in slot-pitch would be incorporated, then this
basic lumped winding scheme could represent a viable commercial
machine design.

3. Even with magnetic power factor correction at the 112 kW
level and efficiencies in excess of 90%, modern electrostatic
power factor control is very competitive in terms of power to
weight ratio and total capital expenditure at a unity power factor
base, assuming that a single frequency is specified.

4. However,between 100 kW and 1000 kW, design studies clear-
ly indicate that magnetic power factor correction integral to the
SCIM unit is far advantageous over the conventional electrostatic
capacitor control methods in power to weight and capital expen-
diture on a 50 or 60 Hz base frequency and no external switchgear.

5. The main advantage of the SCIM design in the range from
100 kW to 1000 kW is in adjustable-frequency propulsion systems
for which the alternative induction, brushless drives must rely

on the use of high-power electrostatic capacitors in parallel to
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the power semiconductor conversion apparatus, whereas the des-
cribed one-machine system avoids the frequency impedance-matching
problem due to its magnétic self-compensation characteristic
which is slip dependent rather than frequency dependent.

6. Since both reactive generation schemes rely on maintain-
ing a very small band of slip values over all frequency excursions,
power conversion apparatus must incorporate a constant-slip con-
troller and it is concluded this is most effectively implemented
in the "current-source" thyristor inverter without any type of
pulse-width modulation control. Natural commutation has been
shown to be a viable and preferred method of operating current-
controlled devices such as thyristors far beyond the power range
feasible for dissipative semiconductor devices such as field-
effect or bipolar junction tranmsistors. It is concluded that the
most general approach to interfacing the SCIM unit with state-
of-the-art power conditioning equipment for use in widely wvary-
ing loads and variable speeds is to always maintain constant fun-
damental slip to the SCIM unit by wvirtue of the inverter or cyclo-
converter controller scheme. It is in this respect that the brush-
less SCIM technology is seen to be far advantageous over existing
electronic armature-controlled direct-current commutator drive
systems in efficiency, power-to-weight and capital investment at

the 112 kW level and above.
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Appendix T
Table Al

Specifications of the Datron Electronic Scanning Unit

General

Power Supply 205-255 or 105-127 volts, 48440 Hz.
Consumption approximately 12VA.

Operating Temperature 0°C to 50°C.

Storage Temperature ~25°C to +70°C.

Dimensions 1200 Scanner Height 132mm (5.2™)
Width 433mm (17™)
Depth 327mm (12.9")

1210 Extension — as above.

Weight 1200 Mainframe (unloaded) 6kg (13 1b)
1201 Relay Module 850gm (3002)
1219 Extension (unloaded) 4.5kg (10 ib)

Rack Mounting *“Ears”’ mounted on side of instrument.

Clock Accuracy 10ppm @ 23°C.
Temperature Coefficient lOpmeOC.

Inputs

Channel Capacity 1200 Scanner Up to 3 modules (2 or 4 pole switching)
1210 Extension Up to 7 modules (2 or 4 pole switching)

4.1.2.1 1201 Relay Modules

Capability 20 x 2 pole channels ) + guard
or 10 x 4 pole channels ) per module

Channel Switching Time << 20mS
Thermal emf error << 2uV

Maximum voltages:
Between any 2 poles of one channel or

between channels 250V ms

Between any signal input and guard 250V rms

Between guard and earth (case) 250V rms
Minimum switching operations 108

Cold Junction Compensation : See 1241/1251 Operating Manual.
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Appendix I
Table A2

Specifications of the Digital Voltmeter and Filter

General

Power Supply

Operating Temperature
Storage Temperature
Dimensions

Weight

Rack Mounting
Specification Validity
1041 only

DC Voltage measurement
Ranges

Overrange

Accuracy

Temperature Coefficient
Stability

Common Mode Rejection

(1 X Source Unbalance)

Series Mode Rejection

Settling Time
(to 0.01%)

Read Rate

205 - 255 or 105 - 127 volts, 48 - 440H 2,

Specify line frequency and voltage when ordering.
Consumption is approximately 12 VA,

0°C to 50°C.

~25°C to +70°C.

H=90mm (3.5"), W=440mm (17.25"), D=343mm (13.5").
5.5kg (12 1bs).

**Ears’ mounted on side of instrument,

For 6 months over 18 — 28°C or as described.

10.000 mV, 100.00 mV, 1.0000 V, 10.000 V, 100.00 V, 1000.0 V Automatic.
100% i.e. 19999 full scale (FS) on all ranges except 1000.0 V.

After mV offset adjustment, all ranges.

* +0.01% reading £ 0.005% FS ¥ 1 microvolt.

N.B. Use of SF1 option adds 0.05% to full scale accuracy.
* 1/10 (of above accuracy rating)/°C % 0.2 microvolts/°C.

After six months use better than above accuracy rating per year plus
microvolt offset of typically less than 2 microvolts per month.

DC > 140 dB
AC > 80 dB + SERIES MODE up to 174 dB (1 Hz to 60Hz).

FILTER OUT > 20 dB @ 50 Hz increasing at
30 dB per octave + NOTCH REJECTION
FILTERIN > 57 dB @ 50 Hz increasing at

18 dB per octave + NOTCH REJECTION
NOTCH REJECTION = 50 dB @ Line Frequency * 0.15%
36 dB @ Line Frequency % 1%

FILTER OUT ~

{OPTION FoO1) NOTCH REJECTION alone.

FILTER OUT 78 miiliseconds ) ADD 30 milliseconds
FILTER OUT (F01) 5 milliseconds ) if changing into or out
FILTER IN 350 milliseconds ) of 100 V, | kV ranges,

Normal internally triggered read rate ~ 2.5 readings/sec.

Maximum externally triggered read rates:

FILTER OUT 10 readings/sec.
FILTER QUT (FO1) 20 readings/sec.
FILTER OUT (SF1) 150 readings/sec. (at full range), 120 readings/sec (at full scale).
FILTER IN 2.5 readings/sec.



INPUT
ATTENUATOR

El FIRST
INPUT FOLLOWER

INPUT
ATTENUATOR
€2
INPUT

OVERRANGE

FIRST

INDICATOR
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Figure A. 1 Block diagram of the digital electronic phase meter used for both linear and rotary unit measurements.
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Appendix I
Table A3

Specifications of the Electronic Digital Phase Meter

Frequency Range: 1 Hz - 100 kHz

Input Signal Range: Two overlapping ranges:
10 mv-10 v rms
100 mv-100 v rms
(front panel selectable)

Accuracy: 1 kHz | 10 kHz 100 kHz
With equal inputs: £0,3° | 20.7° £1.5°
With 60 dB ratio
between inputs: $0.5° | £1.5° +3°
DC Output: 0-3.6 v {10 mv/degree)
Input Impedance: 1 Megohm shunted by 30 pf
Output Impedance: 1 ohm max (5 ma drive capability)
Resolution: 0.1°
Input Power: 115 or 230 v ac, 50-60 Hz, 20 watts
Size: 19" wide x 3-1/2" high x 11" deep

Weight: 13 1bs.
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Normalized Total Airgap Flux Density

509
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Figure A.4 Total airgap flux density for primary winding from 0
to 7 poles and tertiary from 4 to 7 poles with current
loading Jg3=-0.85 Jg1-
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Appendix IV

Determination of the Attenuation Coefficients of the Airgap

Flux Density for the Surface Layer Rotor Model

The characteristic equation for the excitation section airgap

magnetic field density was derived in Section 3.1 as

3 sve 2 \ e » _ .
wTy A (l-c)Bg + A (l+3wT2)Bg - GA(l--O)Bg JGBg

= =36 Px 3o (1 + jouTy)e 38 A.1)
Ug

where A=Tp/ﬁ and Bg is the radial airgap field density represented
by a complex function in time and varies in space with respect to

6 only. The roots of this system may be found by solving the aux-

iliary equation
wIpA?(1-0)a’+ A2 (1+juwTy)a? - GA(l-o)a - jG = 0 (A.2)

and for the case of l+jwTp = jwT, the principal root is determined

from the one factor of

(l—c)ai + 3 =0

Cl.l= 1

_— (A3
j(l-a)
and the minor roots from the other factor
a,st wTy | 1 o g
G
a’'=-{G/wT,}" A.4)
5 2 : (
r_ : 3
ay = {G/wTy} (A.5)

To consider the most general case for which the rotor leakage time
constant,T, may approach the value 1l/w, it is convenient to express

the roots as a first-order series function based on the upper wval-
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ues of the roots expressed in (A.3),(A.4), and (A.5), where the
term y is now introduced and will be negative and less than one in

magnitude.

Let @, = o) {l+y} (A.6)

by substituting this into (A.2) and retaining a linear systems
model by ignoring second and third order terms of y,we have

0 = o A* {143y uT,(1-0)G + of 2A% {Le2y}[3 + jﬁgg_] - Al A{14y} (1) - 3

o=y1A{ij2-2 + j(1—0)2G } -1

1
= -2 + j[wT2 + (1-0) %G1}

= 1|2 - 1
% A [j(i—o) -23(1~0) - {wr,(1-0) + (1-0)3 G} ] A.7)

and this may be compared to equation (3.49) which neglects the
the -2j(l-og) term. The tertiary (or secondary) solution may be

found as

ay = o {1+y,}

and substituting this into (A.2) with the use of (A.5) yields
0={Ghs T5}3/2 A3 {143y }uT,- (1-0)/C + A2{l+2y_}{—2— + 3§}
2 Y3iwia Y, wTo J

-2 [6/6T) {14y, K1) - (A.8)
This reduces to

0= y,& {a/ur, ¥ {2(1-0) + 2{1/uTy + 33} + 1/uT,

The tertiary attenuation coefficient is thus

! 4 - 1
&L= —X—{G/MTZ} {l 2{VGw T2+(1-0) +1 + ijz}} (A.9)
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Appendix V
Table 24

Characteristics of the Prototype Lintrol SLIM with Power Factor Correction

Motoring Section

Number of slots 36
Pole-pitch, mm 120
Core length, cm 72
Core depth, mm 16
Overall depth, mm 56
Core width, cm 14
Tooth top-surface length, mm 11.9
Slot opening, mm 8.1
Total slot cross section incl.wedge space,mmz 494
Slots/pole/phase 2
Number of coils 36
Number of poles 6
Lamination thickness, mm 1.626
Asynchronous Condenser Section (ASC)

Number of slots 12
Pole-pitch, mm 112
Core length, cm 24.3
Overall depth, mm 56
Core depth, mm 29
Core width, cm 14
Tooth top surface length, mm 6
Slot opening, mm 13
Slot cross section incl. wedge space, mm? ' 345
Slots/pole/phase 2
Number of coils 12

Number of poles
Liamination thickness, mm 0.762
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Fig.a5 Profiles of the two Lintrol laminations to be used for the prototype LIM-ASC machine
with depth modifications to the "A'" type as indicated by dashed lines.
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2R aY 28
ASC 13 t,\o', L] 3 1,146,285 3 q;|3, 22 Motoring Coils
Coils X 3-,',‘5'53- 70 43,5 6} o1 40‘,41,50- in series

29 2,11, 20 35 g, I'I-, 26 3.‘2' 5,14,23"

¢ 19,47,5¢ n 44,53 62 8 Q150,59

Ty 312,21 3 9,18, 27 1 ¢, 15,24 .
66 3,48,67 72 45,59,63 ¢q 43,51,60°

Without ASC: 3 slots/pole/phase

With ASC: 1 slot/pole/phase

Figure A.6 Suggested Coil Arrangement for Near Unity Power Factor Operation of
20 H.P. Induction Machine to run at an 8 Pole Speed, 415 V1.1, 50 Hz,
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Appendix VIII. AC Dynamometer Loss Characteristics

LAURENCE, SCOTT& ELECTROMOTORS LTD
T e el Lely Tes 7l P.O. Box No.25, NORWICH, NR1 1JD

Mr. S.B. Kuznetsov,

Research Assistant,

Dept. of Electrical Engineering,
Imperial College of Science &
Technology,

Exhibition Road,

LONDON.  SW?7 2BT 8th August, 1980.

KEG/RM

Dear Mr. Kuznetsov,

Thank you for your letter of 14th July from which I was grateful to note that
one of our equipments manufactured about 30 years ago is still giving useful service,
Regarding the efficiency determination of NS motors, we always use the summation of
losses method based on BS4999 Pt, 33 1977. The fixed loss and most of the copper loss
for various speeds and loads can be obtained in the normal manner by operating the
equipment on no load and load , but there are three losses which cannot be obtained
from normal tests. These are the brush contact loss, the rotor copper loss and the
load dependent stray losses. These are calculated as follows:-

Brush Contact Loss

We always use the value of one volt specified in BS for D.C. machines and multiply
by the secondary current and the number of secondary phase ends.

Rotor Copper Loss

Owing to the configuration of the rotor winding its effective resistance cannot be
obtained from direct measurements and a calculated value of resistance per phase is
used based on the known copper area and the known length of turn.

Stray Losses

Again we use the values given in BS4999 i.e. .5% of the input to the equipment at
full load.

In our experience this gives reasonably accurate values of total losses and in
general we would expect the loss obtained in this way to be within 10% accuracy.

If you would like further information regarding NS equipment or indeed other
equipments of our manufacture, we would be pleased to help you, but suggest that it
would be better for you to pay us a visit at a mutually convenient time.

Yours sincerely

R. Mederer
Chief Electrical Engineer
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Characteristics of the AC Commutator dynamometer with SCIM unit-motoring winding on 80 Vln,SO Hz.

LTS



lator (30)

Osc[l

Adjustable~Frequency

Ve

50 VA Gating Control Transformer (50 V, ) ®
N o

- e o |-

&

Inhibit Line

+38v @

18«

2w

27K+ 2,.2¢
_AA

K

46K
3=
<

A

to
ramp-function
generator
-10v+»+3vdc

-

IsK

toak

-3 2.4} )

On

to Diode Chain

¢ Gube Pudze Thyristor
Teang Formees

((. 0“‘\‘?“1'5 Tf"ﬂ\)

}e——20 wvS —>|

v I; H .
> k04 ms te

T 90T of rise

0

iy

Appendix IX

PRy

W L"'

AA
Vv
3
Ladl
b4 x b4 >
223 22
9 oL
“ sex v L
] -r
" ol
[CL ]

to pulse generator boards for gates 2,3,4,5,6

=l e e w e em A e e e e o e = e am e = em em m] - -

Figure A.9 Gate Pulse Control Schematic for 2-Quadrant Variable Frequency Inverter

8T6S



1D ' 40 © 120
B d LY,
L —M—— oy w3 o £ <] R ¥ D 4 2 4
° Ve W Red #3 ory%3 kel Qrn*s flu%6
Ben - Red oe el Gea 3lu
K .
feom 'f- " "3 &4 as P
gate pulse “ £ - ” _ i ” HF
enecator . )l 'I’-
3 : I | | e

-3

15

Inverter ; Tl.‘ '\,]z T6 12
T1 ?‘

ViI(max) = Vaem | Input Vy
C

o y "-—-*foh_'——f At

§0

WM

to 8-Pinch Machine

Appendix IX

Figure A.10° Gate Sequencing and Main Thyristor Circuit for Current Source Inverter supplying Leading P.F,
Induction Machine in Natural Commutation Mode.

JUSU——

616



520

APPENDIX X

. Set up an arbitrary reference frame to decouple induction

machine equations for a 3¢, 3 wire symmetrical winding.

Objective: Transform, by the C, and C, matrices, the vol-

tages and currents of both the rotor and stator to a common
and arbitrary frame of reference - the D-Q set. In parti-

cular to make the D-Q reference arbitrary, set it rotating

at a velocity,tne, with respect to the stationary frame

of the stator winding; this justifies applying the Cy-

commutator matrix to the stator.

def

Tt Ve %
dGS s

dt e
Initially

[v] =[z1[i] where[z] = [R] + 1] »p

Inductance Matrix

L, M, M Lcosey  L_.cosa, LsrCOSa3'

Mg LS Mg Lsrcosa3 Lsrcosal Lsrcosa2

(L= N% Mg LS Lsrcosa2 Lbrc05a3 Lsrcosa1
LsrCOSal Lsrc03a3 Lsrcosa2 Lr M. M
LsrCOSaz Lsrcosal Lsrc03a3 M% Lr M%
LsrCOSa3 Lsrcoaa2 Lsrcosal M. M. LT
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Vis %ls

Vs %zs

38 . t3s

I=tv, . (4] = %1r
2r %zr

| Var REE

Instead of applying the Cl transformation to the stator
and Rotor impedances to find the 6 x 6 matrix Z' , since
both the stator and rotor are transformed into the D-Q

axis, there is only interest in [2"], [v "] and [i"].

*

1 [l = Loy T ] =leyd ™ [eg]° [
7 Yg Ys 0 0 o |
1 -3 % 0 0 0
0 V372 -V3)/2 0 0 0
% 2
ol * 11 =¥3] o o Ui Ya Yn
0 0 0 1 -3 -%
L o 0 0 0 V372 V372

Fl/@(uls + Uog + V35)

2s ~ U3s)
1/@(ulr + vy + Ug)

V27301, - 5oy + U3 )

R
S

U3r> _
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1 0 0 e 0 0
0 sing A cosOS 0 0 0
0 coseS -sinQS 0 0 0
X
* * 0 0 0 1
(e [ ) [v] =
0 0 0 0 s:.ner cosGr
LO 0] 0 0 c‘;oser -sin@r

~‘/]‘_/—?"(U].s +ugg Hzg)
WE V1g = EVgg H3g))
m("Zs - V3¢)

VI/3{vy, + ug, + vg))

V2 7300y, - Bvp, + vg))

v1l/ 2(u2r - U3r) ]

[1//300;, + vgq + vy

v (B sinB) + up (A 06 - Fr sinB) + uy (- cos0_ - Fe sin0)
uls(»/m cos8) + uzs(-‘,'l-z—- sind -%coses) + u3s(% sing, - 1/V6 cos6,)
1N3(uyp + gy + vg)

0 (273 siB) + uy (IVZ cos8, - L/VE sird) + vy ( - i cosd - L/VE sine)
v1(V2 73 c0s0) + v, (<12 sinB, - 1/V6 cos8) + v, (1/VZ sind_ - 1/V6 cose,) |

r-l/\/§(uls + Vog + UBS) -~
120%))
120%)

Jz/sculs sind_ + v, sin(e, + 120°) + vy sin(e,

V2/3(Uls cosGS + Vog cos(eS + 1200) + Vag cos(Gs

..' [U"] = 1/E(U].r + Uzr + U3r)
V2/3(vq,. sin8, + vy, sin(@, + 120°) + vy sin(e,

120°))
120°))

\/2/3(ulr cosb L+ o cos(er + 1200) + U3, cos(er
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Similarly, [i"] is exactly the same form as [v"].

Since the zero sequence voltages only are dependent on one

voltage, they are decoupled and are not utilized any fur-

ther in the analysis.

2)

To find [ 2" ] first use the [Z'] result found from

applying the Cl transformation to both stator and rotor

impedances, M23/2

sT
z]'.l zulz ia,s RS + leS 0 M COSal -pM sj_rnl
ibs 0 R, +ply, pPM sine; pM cosay
2'21 2'22 igp || PM cosa; PM sinoy R 4ply,. 0
i | _ibr J _-pM sinal pM cosay 0 p\: + ler~

Note that ay = &, - €, is used exclusively in the (2] matrix alone.

[z =

-

0 Z'll

Z21

Z19 |t C4
9'S
Zp, || ©
5
- L

Note positions of OS and & 2

where the C, matrix is used instead of the C, matrix

*
= A
CA Cat =

- 3in® cos S

cos © sin e

I *' *l
Cor 2118, Cur 2190,

oy *_,
Cue 221%  Cur zzzca_
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Rs + leS 0 ~-sin GS cos GS

(z1,][c, 1= .
es 0 Rs + les cos Gs sin Gs

-(RS + leS)'sin A (RS + leS)-cos <A

(RS + leS)-cos 9, (Rs + leS) -sin =2

-sin 8_ cos es

* or_, s
[C4 ] [le] [c,] = X
t .
cos GS sin GS
-gin GS(Rs + pL]_s) - ésLls cos es cos GS(RS + les) - ésLls sin es
cos GS(RS + les) - esLls Sin Gs sin GS (RS + les) + ésLls cos GS

Ry Pl “elis
- welig Rs + les

o -sina -si c
cos:L s:l.nl smer oser

[2i,llc, 1=m

Oy sina;  cosa; || cos @ sin 6.
-sin Gsp - es cos es cos esp - es sin GS
=M
cos esp - GS sin GS sin Gsp + es ccis ?S
i (sin2 8, + c052 Qs) P é's (sin2 8, + c052 98) Mp wM
ey 17 Cille, 1= ), ) ) =
s 3 B,(sin” 0, + c05° 0) (sin® O+ cos® 8) p| |-up 1
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cose ¢ sinxl -sin GS cos GS

(zydlc, 1 = o
° im cosa cos & in &
S -S 1 l S S sSin S

—si.nerp - Gr cos er cos erp - Gr smer

coserp-ersmer s1n9rp-ercoser

Mp (we - u)r) M
(G 17 [23][C, T =
(5] e
T s -(we - wr) M Mp
Rr + ler o -sin Gr cos Gr
[Zéz] [04 1= '
er: e Rr + ler cos er sin Gr

—-aT e.
smGr cos -

[Cucl [ 2l[0] = X

r r cos Gr sin er

-sin 6_(R_ + pLy,) - 6L, .cos 6. cos & (R +pLy) - éth_ sin &_
cos Gr(Rr + pLh_) - GrLlrsin e. sin er(Rr + ler) + esLlr cos 8.
R. + Py, (g = o) Ly

-(“’e - “’r)Llr R, + 7Ly,



526

Collecting the 4 impedences, the complete transformation to

d-q variables is:

vgs| [Re TPl et ¥ gt HED

Vds 0l g Ry +plyg  ~uM Mp Tds

Yqr ) Mp (wg = w)IM R +ply, (0g = 0Ly, Tor
] Udr_ I —(me - (ur)M Mp -(me- wr)Llr Rr'+ ler 11 idr_

which defines [v"] = [ 2"] [i"]

Note that w, in the above equations is completely arbitrary

and can be replaced by any frequency other than supply fre-

quency including wge = 0.
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Figure A.ll Winding layout for a 26 kW rotary machine with thyrsitor control of the

re-entry flux between motoring and condenser sections.

LTS



co/L

46 30 T 60 65 70 75 80 85 90 1
OISO
R R RRIIIILARLLKXRRILRIIAK RS

03 IRLRIRALRRLIARLLLK

Figure A.1ll Continued

8cs



2422 IEEE

Transactions on Power Apparatus and Systems, Vol PAS-99, No. 6 Nov/Dece 1980

THIL ASYNCIHRONOUS CONDENSER: A BRUSILESS, ADJUSTABLE
POWER FACTOR INDUCTION MACIHINE

Professor IL,R, Laithwaite, Fellow IICINL

Stephen B, Kuznetsov, Member IEELE

Department of Electrical Engincering
Imperial College of Science and Technology

Exhibition Road,

Abstract- A new mechanism of continuously gen-
erating reactive kVA from the stator of a brushless
induction machine is formulated and tested on 10 kW
and 35 H.P. laboratory machines. A space-transient
magnetic wave, travelling at rotor spceed must be arti-
ficially created and at least two distinct windings of
different pole-pitch must be incorporated. The per unit
kvar genecration cffect increases with machine rating,
and leading power factor operationofthe entire machine
is viable for large industrial motors and power system
induction generators,

INTRODUCTION

In 1957 Williams et al [1] made a simple analysis
of an induction motor in which the primary (stator)
was not continuous around the periphery of a cage rotor
but consisted of a sector covering a limited arc of the
rotor. In such a situation unmagnetized rotor teceth,
each surrounded by its own short-circuitedloop consis-
ting of a pair of rotor bars and their appropriate
bits of end conductor, enter the active zone of the
stator at high speed. The tecth are unable to accept
full flux density instantancously because such a change
would demand an infinite emf and current in the rotor
bars.

When the coils of the sector of stator are series-
connected (as they invariably are in most rotaryinduc-
tion machines) rotor current tends to oppose the stator

mmf at the entry point, reducing the flux density just
inside that end of the stator virtually to zero. The
effect is entirely due to the high spced entry of rotor

bars and to the ability of the rotor to "remember"
the pattern of current printed on to it by the entry
edge transient. In this context, a long "memoxry" is

easily identified as corresponding with a machine of
high Goodness Factor [2].
Williams' analysis treated the phenomenon as

being comparable with the "beats'" effect of two sound
waves of nearly the same frequency. He saw a trans-
ient rotor current pattern, printed by the stator coils
at the entry edge, travelling at rotor speed wr=wg(1-0)

where O is the fractional slip and wg is the stator
field speed or synchronous speed., This wave therefore
drifts in and out of phase repeatedly with the stator
mmf{ wave proper and the resulting modulation of the

F 80 273-3 4 paper recommended and approved by the
IEEE Rotating Machinery Committee of the IEEE Power
Engineering Society for presentation at the IEEE PES
Winter Meetln% New York, NY, Februar 3~

Manuscript submitted September s '/y made avallable
for printing November 20, 1979.

London SW7 ZIngland

airgap flux density can be represented as Fig., 1 slows,

On this graph the flux wave has been resolved into
two components, B_ and B,. The first of these isa flux
wave in phase with the stator current loading wave jg=
J ¢ sin(wt-m s/7) whilst the sccond is in quadrature with
it. The convenience of such a resolution is that the in-
tegral prJS is the mechanical power developed, and
J B,Jg represents the reactive power ciraulating in the
machine. The total length of the machine can be mea-
sured along the abscissa of Fig. 1, and the number of
waves under the active zone depends on the relationship
between the fractional slipo , and the number of stator
poles in the sector,n. Thus for 0 =1/(n+%) the stator
ends at A. For 0 = 1/(n + 1) the end of the block is at
B. The points C and D correspond to slip values of
13/(n + 1%) and 2/(n + 2), respectively, and so on.

Now a conventional rotary machine recognizes no
such behavior. If its performance were to be shown on
a diagram such as Fig. 1, it is understood that such a
comparison is made between machines of the same pde
pitch, active length of periphery, fed with the same
current loading Jg. (Such a machine is referred to as
an'equivalent conventional machine'.) In such a compar-
ison the straight line PQ represents the B_ curve, and
the baseline OR is the B, curve, This comparison also
assumes that neither machine requires magnetizing cur-
rent (infinite Goodness) and neither has magnetic leakage

Several interesting points emerge from this aalysis,

(i) For values of 0 and n such that 0 < 1/(n +1)
J B ds is less for the arc machine than the rectangle
PB"J)BO, i.e, rotor losses above those in the equivalent
conventional machine will occur. At precisely o =
1/(n+ 1) there will be no difference in output.

(ii) For values such that 1/(n+1) <0 < 13/(n +13)
more output per unit current will be obtainable from
the transient-ridden arc motor than in the equivalent
conventional machinc, This is not a false claim for
efficiency exceeding 100%, Rather, inthe transient
mode an induction motor may have a higher efficiency

than predicted by the relation 0 =rotor loss/rotor input.

(iii) At 0=2/(n+2) the two machines are externally
indistinguishable, but internally the arc machine incurs
a penalty (as it does for all values of slip between ¢ =
L/(n+3) and 1%/(n+ 1%) ) in that both the core flux and
the tooth flux in the central regions of the arc exceed
those in the equivalent conventional machine.
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Fig. 1 Theoretical flux distribution in an arc machine.
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(iv) For all values of slip other than 0 = 2/(n+2},
4/(n+4) , / Bq

It is this last phenomenon that gives rise to the
technique that is the subject matter of this paper. For
what is implied by (iv) above is that there is 2 third
source of reactive VA that can be identified (the first
two being conventional magnetizing current andleakage
flux), This third method is seen to operate when every
part of the machine is working under transient condi-
tions , as if each bit had just been switched on.

Now it is rare in machines, indeed in the whole of
science, that a positive effect occurs without the pos-
sibility of a similiar negative effect, In this case what
would be required for a negative effect would be a
mechanism to hold the flux values at point C in Figure
1, and to continue supplying Bp at the conventional rate
yet to accumulate simultaneously an ever increasing
amount of negative B,.

The birth of Genera‘iized Machine theory is recog-
nized as being contained in classic papers by R.H,Park
in 1929 and 1933 [3] . It was subsequently realized
that there was basically no difference between the
synchronous machines and the asynchronous machines
(induction motor, a.c. commutator motor, etc ), It is
impossible to know, from measurements made at the
primary terminals of an a.c, machine, whether what
spins inside it and delivers mechanical power from its
shaft is a cage rotor, a set of d.c. energized magnets,
a set of permanent magnets, a commutated winding,
a solid iron rotor with saliency or a thin cylinder of
high hysteretic material (although one could often
hazard a shrewd guess, based onthe size of the machine
so tested). Every phenomenon of the synchronous
machine, e, g. hunting, can be identified in the induc-
tion machine (in this example, transient overspeeding).
There is therefore no reason why the equivalent effect
to that obtained by overs«exciting a synchronous motor
(unity or leading power factor) should not be possible
in an induction machine, The mental block that tended
to preclude it was that nothing physical (as opposed
to things like flux that are creations of the mind) rota=-
ted at synchronism in the induction motor, i

It is now seen however that there is such a physi-
cal thing - the rotor current pattern - "printed" on
to the rotor from the stator, and we shall show how
this can be augmented so as to cause it to act {over a

6/(n+6) ctc, the value of ds >0,

part of the arc) in the manner of a second primary:

inductively fed from the first, capable, when the phase
is correct, of delivering magnetizing current from the
rotor side. In this it resembles the action of the
moving=-coil regulator, whose action was described in
precisely these terms by Rawcliffe and Smith in 1957
[ 4 ]O

Section 1
3 Poles, T'pl =0,2025m
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EXPERIMENTAL INDUCTION CONDENSER

The first machine built to demonstrate the concept
of reactive power generation is a 10 kW size, axial flux
induction motor with 8 poles, but of the short-primary
type in which the stator core is only a 90° arc segment
rather than being continuous. In contrasttoa rotor cage
construction, the secondary is analuminium disc 2.lm
in diameter, 9.5 mm thick supported by a solid magne=-
tic steel disc 19 mm thick, The aluminium is a continu-
ous disc to prevent rotor induced transients and the air
gap can be adjusted from 1 mm to 5 mm, The stator
block has an arc length of 1,46 m with 54 slots, 14 mm
wide by 38.1 mm deep on a 27 mm pitch, Forty- eight
coils with 12 turns/coil are wound on to the stator and
connected as shown in Figure 2, The connections pro=-
vide three different field speeds when energized with a
single frequency, 3 phase supply. In the winding, coils
1 to 22, section 1 provide three poles at pole pitch 1)
=0.,2025 m, coils 23 through 40, section2 also provige
three poles but at a pitch T, of 0.162 m, and coils 41
to 48 provide two poles ata pitcht 3 = 0,108 m,

As the slip varies, the effect of sections 2 and 3
changes. For example, at a slip of 0.5 per unit for
section 1, this construction produces a slip of 0,375
for section 2 and 0,062 for section 3, all three sections
giving some forward thrust to the rotor. However, at
high speed, sections 2 and 3 can be considered as form
ing a generator of reactive VA which operates - without
significant braking thrust, while section 1 provides the
propulsive thrust, drawing power from the supply at a
lagging power factor typical of a short primary induct-
ion motor. At a slip of 0.25 for section 1, the slip of
section 2 is apparently +0.062 and for section 3 is
apparently -0,406, It must be remembered that the
whole of the pole surface is operating under transient
conditions, and provided that sections 2 and 3 are phase
advanced with respect to section 1 either by winding
layout or by the use of an external phase shifter, both
the last two sections are reactive generators in boththe
negative and positive slip modes of operation., The sin-
gle most important operational aspect of this VAR gen-
eration is that the slip for the propulsion section must
be smaller than about 0,25 per unit,

To confirm that the output performance can be
correlated with the precise electromagnetic conditions
in the airgap, each stator tooth is fitted with a search
coil to permit tooth flux measurements to be made at
slot pitch resolution without a noticeable contribution of
slot leakage flux, The transverse running search coil
wires are mounted in 0,5 mm deep groves machined in
the center of each tooth face; with such instrumentation

’

Section 2 Section 3
3 Poles,‘rpz=0. 162m 2 Poles,“rp3=0. 108m

aaa-c=cbbbe-a~accceb=baaa-c-cbbl-a~acc~b=baa~cecbb-aw~acc¢c~b-blaa-cb=-acc-b

Coil l
Coil 23

Coil 41

Fig.2 Stator winding layout for the first experimental integral induction motor~asynchronous condenser.
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it is possible to determine the Maxwell stress vector at
any point in the airgap for usec in calculating rotor toxe
ques, A magnitude plot of the total, normal component
of airgap flux density, By in the experimental machine

is given in Figure 3 for high speed and supersynchrone-
ous operation {with respect to the section 1 winding ),
In this machine, the tangential component of airgop flux
is insignificant, The figurec depicts two sets of plots

whereby the asynchronous condenser (ASC) windings

are cither open-circuited or on line, The current load-
ing of the stator has bcen cstablished at 34,600 A/ m

periphery throughout these runs and the ASC sgection
current loading is maintained at 14,500 A/m, The im=

portant conclusion is that the flux build-up of section 1
is nil affected by the loading of the ASC as long as the

latter is operated in phasc-quadrature, This has been
confirmed by the output characteristics which have
shown that power factor control takes place with the

propulsion windings remaining at constant efficiency;

the IR losscs for the ASC stator windings being sup-

plied by the mains rather than rotor supplied.

907

50 He
Jg % 34,600 A/m

457

~—= Tg2,340
—— Jyz,3 = 14,500

Normal Flux Density, Bt (mT)
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’
Search Coil Number

1 2 3 4 s 3
8/Tp1
Fig., 3. Total airgap flux density as a function of block
location at high speed and supersynchronous.

Secondly, from Figure 3, the demagnetizing effect
of the ASC loading on the airgap flux, equivalent to the
armature reaction in a conventional synchronous con-
denser, is apparent and this is independent of the rotor
current decrement which will be described by a single
exponential decay in the analysis,

Initially the ASC sections 2 and 3 were isolated
from the propulsion windings and connected toabank of
high-Q, air core inductors. Individual phase measure~
ments of the ASC section coils indicated that nearly all
of the section 2 coils were operating as anticipated
along the quadrature axis but the last 1/3 pole of sect-
ion 2 and the two poles of section 3 were absorbing re=~
active power, Most important, independent of the sect-
ions 2/3 slip, the rotor current decrement was partial=-
ly responsible for this loss in output although Figure 3
indicates that the rotor current time constant was long
enough to maintain sufficient excitation over 5 poles of
the stator surface. In effect, the solution is to initiate
a second current jump in the ASC section; subsequently
the last 9 coils of the first machine were rewound with
36 turns/coil,

Although a graduated change in the ASC current
loading is preferable, further tests confirmed that the
step change in coil reactance so described proved to
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Fig. 4, Asynchronous condenser terminal oufput and
current loading.

yvield an asynchronous condenser section with all coils
operating at phase angles between 78° and 110° when
connected on~line, The output performance of this
""two-stage j=jump' asynchronous condenser is shown
in Figure 4.

ANALYSIS

Over a limited range of high speed conditions, it
is possible to represent the combination induction motor
~var generator by the simplified equivalent circuit of
Figure 5. However, the first reservation that must be
noted is that while stator parameters Xj, Ry, X5 and
R3 are the same from pole to pole, the main magneti-
zing reactance X,,) or the quadrature magnetizing re=
ance as seen by the rotor Xm3’ are not the same on 2a
per pole basis, Rather, these magnetizing reactances
range from being nearly a short-circuit at the firstpole
to a value at the last pole of the main windingwell cbhove
the overall magnetizing reactance measured atthe ter-
minals; a similiar condition holds for the R, parameter
in trying to make a conventional-type steady state equi-
valent circuit adaptable for a machine with a continuous-
ly occuring space transient, The ratio of the magneti-
zing reactance to rotor resistance has been found to be
essentially constant over the entire machine, Therefore
as a matter of convenience to avoid specifying different

Fig. 5. Equivalent circuit of integral induction -motor/
asynchronous condenser machine.



circuit parameters for each pole or coil, this ratio is

assumed to be constant and expressable as [2]

2

G=2TpUofd -pmsT, (1)
Py T B

where T, is defined as the rotor - magnetization time
constant and G is referred to as the machine "Goodness
Factor', The major advantage of using a figure of mer-
it such as G is that analytical expressions for both the
transient and steady-state flux density atany point along
the airgap, or real and reactive power thereof, can be
expressed in a closed =form solution.

The total instantaneous flux density in the air-gap
of a short-stator machine may be represented as

bs = (2)

Bp sinpt + Bq cos wt

where By, and Bg are the normal-flux density compon=
ents at position s from the entry-edge of the stator, in

time-phase and quadrature with the stator current, jg

at 8 in the case of zero entry edge flux, Their basic
relationship is shown in Figure lbut to include the air-
gap magnetization these components are [5}

_ JepPpug g
B. = s Op Ug {1 = exp|-sT [ T,(1-0 )G
P70 ug? +(us/G) 2 bor i ]
[eos eyt 7oy 1 O
Jg Pp u /G
B = ! ) o) @
. (Gus)z " (us/G)z { exp[ sTT/'l‘P( -0) ]

.[cos—"(—‘")"s ﬂf - (IGsi.n—(—_ySﬂcr ]} (4)
Tpl o TP.I-U

The resultant travelling wave attributable to the
Bp and B, components may be regarded as due to sep-
arate steady~state and transient phenomena, for in the
case of the former both the phase and quadrature com=
ponents are due to stator current interacting with the
component of rotor current that is maintained indefin-
ately by the agency of slip, This is the final steady state
flux at points distant from the entry -edge and corre-
sponds to the flux in a conventional : machine of egqual
construction labeled the ECM level in Figure 1 for B_,
The small element of B_ is attributable only to the eXx-
citation winding magnet].gzing current and the large value
B, corresponds with the real power load current,

The transient component of the total flux is equal
and opposite to the steady=state value at the entry point
but is due to the excess currents induced in the rotor
whichdecay with the time constant T,, Moreover, the
transient airgap flux wave not only differs from the
first component in terms of a decay in magnitude, but
travels at rotor speed u, whereas the steady state
component travels at ug. The basis of effecting
reactive power generation is centered on exploiting
this slightly slower rotor transient wave, which by
itself is a harmonic ~ free sinusoid. Consequently, the
reduced pole=pitch for the special asynchronous con-
denser windings is theoretically linearly proportional
tothe rotor speed. ‘

To utilize the transient traveling wave effectively,
the two most basic considerations are that :

a) the ratio of the asynchronous condenser pole pitch
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to the motoring pole-pitch follows the ratio of rotox
speed:synchronous speed rather than being related by
the factor (1-¢0}/ o as might be deduced from (3).
b) the electrical frequency induced in the

condenser windings is always at the same frequency
that excites the motoring winding independent of rotor
speed,

To appreciate these two guidelines, (3) and (4)
must be substituted in (2) to yield the total instantane~
ous flux density

Prds 1L
Bsit) =0 JoTs (1/G)E Lsinwt -f;— +tan"}(5G)} -

-5 T
exp[ Tp(1-0 jc,] { sinwt =- %fﬂ + tan"l(B'lc)} (5)

The total peak value of b(s,t) at any location is B,
=(B_2 + qu)i. Therefore, to maximize the utiliza=-
tion of the condenser windings the pole=~pitch of section
2 or 3 must be

sz. 3= Tpl (1-0’) (6)

In the first experimental machine, the section (3)
pole~pitch was further reduced from that of the first in
the interest that possibly the electromagnetic interact-
ion between the two asynchronous condenser sections
would require a two-stage pole reduction since the sec=-
tion 2 might initiate a strong and new rotor transient. @
However, it was found that the rotor current pattern
initiated by section 1 was stiff enough to dominate any
subsequent demagnetization occuring at a smaller wave-
length, Thus in general, if both sections 2 and 3 are
used exclusively as reactive power generators, then
they must be the same pole-pitch but of different re=~
actance levels. In the event that an application would
call for section 2 to be a var generator while section
3 might be used in isolation as a real power machine
then there would be an advantage to using three distinct
wavelengths on the stator. Alternatively, the experi=
mental machine in lieu of including pole-changing wind-
ings in the ASC section, has two maxima of reactive
performance interms of coil utilization.

For the section 3 condenser winding , the
reactive energy maximum occurs near a slip corre-
sponding to the first discernible peak of the exit- edge
product VA *ur energy which corresponds to the case
of m=1 in the general expression

=2m t 1 _o,50
n + 2m + 1

(0

where m is an integer value and n is the number of pales
of the motoring winding. The section 2 utilization peaks
at 0=0,20 which is significantly less than the experi-
mentally obtained kVAR~build~up slip of 0,25 as per
Figure 4 but exactly at the theoretical maximum
airgap-efficiency slip, In commercial applications,
either the ASC would consist of a single pole-pitch dis-
tinct fr om the main pole-pitch, or in the case of two
f requently used machine speeds, two pale pitches closer
in wavelength than the "two=-stage, j=jump" laboratory
machine,

L 3
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The upper limit on the reactive power available
per unit of exit-cdge stator width beyond the main wind-~
ing section 1 for rccovery is

n, Tp2

oy 2 5=
Q = Siq(us-z u,. f‘e- '(Tp_l()l'-cr')G A(5-5) (8)
0 o

where the value of B_ is obtained by cvaluating (4) at
g* = nj Thye The rotor current decrement in the asyn-
chronous condenser scctions are included by the inte-
gration in (8) for the casc of zero armature reaction.
To include this demagnetizing cffcct, under the con-
straint that the ASC is supplying a purecly reactive load
and that the rotor leakage flux is negligible, the
p eak value of the quadrature flux density for valucs of

Tes e .
stator position s>sg" , is

Xasc JIs1 [1 - cxp(—s"“yr/Tpl(l-o—) G)]

(9
0 ug cot[(s-s“‘)rr/sz] - Xasc 8/4 T Ay

Bq =

where X, ;. is the total reactance of the winding leak-
age flux and the equivalent rcactance offered by the
mains when referred to the airgap and is given by

+ Qoutput/ 3
J'521

X = Xleakage

asc = (10)

series turns/phase

Figure 6 shows the general shape of the generated
r eactive VA characteristic normalized with respect
to the real power absorbed as rotor loss in a conven=
tional machine (which is % 0., .]'52 nj T,3) as a function
of slipand ignoring the effects of the natural rotordec=-
rement and ASC armature reaction, for the specific
case of 4 poles of motoring winding.
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THE THETA~ PINCII ROTARY MNACHINE

With a view towards cxtending the induction con-
denser principle to large squirrel-cage induction mot-
ors, a commercial 35 I, P, 10/12~pole machine with
pole-amplitude=-modulation (PAM) windings was chosen
for modification. The speed changing capability itself s
not a major concern, however the choice of a multi-
polar is crucial, The creation of the proper transient
conditions in the machine must occur at large slip.pole
number products but obviously cfficiency consider a~
tions demand that the slip be small. In contrast to the
discontinuous core of the two-stage, j} jump axial flux
machine, the new design constraints on the cylindrical
motor arc as follows, '

a) To minimize the effects of unbalanced magnetic
pull on the rotor, the stator must have at least 2 re=-
peatable sections (i,e. 180° mechanical magnetic sym~
metry ) or multiples therecof.

b) Since the Goodness Factor, G is nearly an order
of magnitude better than for the first experimental ma-
chine (due primarily to the cage construction ), the
effects of the rotor current natural decrement are neg-
ligible in comparison to the armature reaction,

c) A continuous, conventional stator core with uni-
form slot-pitch is permissible and the rewound
machine runs at a 10-pole speed although the actual
number of poles is less than 10,

d) Itis convenient for manufacturing reasons
to have a form of lumped ASC winding although a dis-
tributed reactive winding mixed with the main winding
along the entire periphery has some theoretical advan-
tages. The former approach necessitating that specific
segments of the stator be allocated exclusively to power
factor correction is henceforth referred to as the
" Theta-Pinch'' technique,

Figure 7 shows a possible distribution of the
winding portions in a cylindrical machine with symmet-
rically -=spaced slots of equal width, Stator and rotor

STDP

rotor\*

rotation

4 poles

4 pales

Fig. 7. General location of stator winding sectors in the
©=-Pinch machine with two repeatable sections,



details are given in Table I, Each repeatable section
of the power winding, STDP is (without pole amplitude
modulation) a conventional 4-pole, 3~phase winding of
3 slots/polefphase. The reactive recovery stator
winding, STDR has "1 plus'' poles of high impedance,
i,e, 28 turns/coil instead of 6 for the power winding,
The total pole layout is 4-17 «4-1%,  The "1 plus"
indicates that there is greater than 1 ASC pole in the
original one pole space due to the reduced wavelength
of the ASC, These windings are connected directly to
the power winding without the use of an external phase
shifter.

Table I

Characteristics of the 8=Pinch Rotary Machine

Stator

Bore diameter, mm 316
Number of slots 90

C opper cross section, mm? 5.25

Coil throw slots 1-11 incl,
Core length, mm 235

Slot depth, mm 34

Slot width, mm 6.0

Slot pitch, mm 11,1
Coil span, m 0,111
Pole~pitch, m 0.0989
Turns per coil variable
Pole=-pitch: airgap ratio > 150
Winding factor 0,756
Airgap'flux density on load, T 0,62
Maximum current loading, A/m 29, 700
Rotor

Number of bronze bars 80

Bar width, mm 5.0

Bar depth,mm 8.0
Copper end ring, mm 6.5 x 25.4
Slot pitch at bottom of slot, mm 10.9
Tooth top width, mm 10,0
Ratio slot opening:airgap 1.5

The appropriate phase offset between power and
condenser windings has been built into the machine by
winding design, This means that a particular layout is
only exactly appropriate for one supply frequency, one
voltage, one load and one slip value at which nil brak-
ing torque exists despite recovery of reactive power,
Semiconductor devices could be included in selected
windings to extend the passive operating mode by pro-
viding automatic variation of phase to maximize reac~
tive output during load changes,

The one simplification introduced in the first
e xperimental 6-Pinch machine was that all of the orig-
inal coils with uniform span were utilized in both
power and condenser windings., This was permissible
in the first 1ab machine because the full load slip was
less than 5%, However, if there is o phase error of
rotor induced voltage in the first stator coil at
the entry-edge of the ASC section, successive coils
have progressively larger phase errors, unlike conven-
tional machinery which have a constant value of phase
error/coil. Techniques such as fractional slot wind-
ings for the ASC only, or greater than two ASC  arcs
along the stator may be incorporated so that the accu~
mulative phase error is always small, but in general
two distinct wavelengths are vital,
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The major advantage of the ©-Pinch method
over the two-stage, j=jump type is that the space dis=~
tribution of the airgap flux at the entry-edge of the pow-
er winding in the former will never start at zero., The
time that any rotor bar passes under the transition
r egion between power windings of adjacent repeatable
sections is relaively small in comparison to the time
spent under the power winding proper, Consequently,
for all practical ©-Pinch machines with N poles of con-
denser winding, the maximum deviation of the total air
gap flux is approximately

AB, = X {l - exp[—N‘n'/(l-O)G]} (11)

Thus when running light at 50 Hz, the experimental
machine has about a 24% variation in Bt based on
a Goodness Factor of 70 or greater. Under optimal
experimental conditions, the current loading of the ASC
has been operated up to the value

Is(asc) = Is1 = 2 Jg(magnetization) (12)
for which it was found that the maximum value of ABg
is under 8%,

Figure 8 depicts the distribution envelope of total
airgap flux density for the ©-Pinch machine of Figure
7. T, is the notional pitch of a recovery pole which is
less than that of a propulsive pole Tpe Line Bylecm) is
the total nominal level of flux in the airgap for a con~
ventional induction motor using the same  rotor and
core size, The range of slip for which the plot is valid
is from zero to 0,20 per unit,

The asynchronous condenser so described can
be operated in an adjustable power factor mode either
by thyristor switching of winding connections to effect
a different phase shift, or alternatively, a continuously
variable method can be used whereby the phase of the
rotor flux can be advanced, The latter is accomplished
by including one or more short-cicuiting coils in the
stator slots between the exit-end of the recovery wind-
ing and the start of the propulsive winding, labeled
STSC in Figure 7. With this arrangement, phase control
is simply performed by regulating the magnitude of the
short~circuiting-loop current according a specific load
/ slip profile; additionally the connection of these loops
from diametrically opposite poles in series aiding then
allows superior compensation of fluxes initiating
an unbalanced magnetic pull condition,

For reference purposes, the in-phase and quad-
rature flux densities for the two-stage, j-jumpmachine
are shown in Figures 9a and 9b for an extended motor
sector of 9 poles.
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Fig, 8 Distribution envelope of total airgap flux dénsity
for a general ©-Pinch machine,
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Fig.9a Quadrature airgap flux density in motoring sec=
tor of the two~stage, j=jump arc machine,

These two plots represent the minimum condition
for which the rotor-current decrement is no longer
characterised as being prominent, i,e. the value of
G(l-0)/n>W at the transition point between motoring
and condenser sections for the near-optimum, full-
power slip of 5%.

HARMONIC CURRENT FILTER

As an alternative to power factor improvement,
the ©-Pinch concept may be applied as a harmonic cur=-
rent filter to suppress incoming line transients, By
winding design only, the pitch of the ASC section can
be so designated that the reactance it offers to anyone
specific line harmonic is equivalent on a per-unitbasis
to the transient reactance of a synchronous machine
thereby allowing the propulsive winding to receive a
substantially ~sinusoidal current waveform, As with
conventional synchronous condensers, the ASC winding
in absorbing a whole spectrum of line-transients im-
poses additional thermal loading on the rotor cage. The
scheme is generally valid for rotors of high inertia
and thus again the multipolar machine is favorable.
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Fig. 9b. In-phase flux density in motoring secctoxr of
the two-stage, j~jump machine at high speed.

In context to variable~-speedpropulsionsystems
whereby variable frequency is generated by a square
wave, current-source inverter and fedtoa ©~Pinch
cage motor, the ASC winding in addition to providing
the commutation margin for the inverter, also can be
designed to have its reactance minimum at the 5th har-
monic of the main travelling wave in order to best sup=
press the dominant harmonic of the inverter,

Implicit in the ©-Pinch propulsion system, the in-
verter firing angle is advanced in response to the value
of the By decrement directly sensed by airgap coils, in
addition to the conventional method of torque control in
a closed=loop regulator with slip and mains current
feedback, As has been suggested by Lipo[6], the proper
regulation of brushless induction drives under time-
transient conditions should be accomplished by the use
of flux coils (typically 3 per axis) along the statorslots;
a similiar case applies to the space-transient AsCcC
system. However, the classical '"field orientor' method
of separating the magnetizing flux from the B, flux in a
symmetrical machine has to be modified in accoxd ance
with (3) and (4), since the d- and q-axes of the ©-Pinch
machine are always changing during run-up. Undoubt-
edly, two practical requirements are that the stator
search coils must have at least slot-pitch-r es olution
and, further, these coils must be centered directly
over the slot rather than surrounding a tooth [1] Funda-
mentally, this latter approach reduces the third har-
monic saturation problem mentioned in [6]and consider-
ably simplifies the case for a series of interconnected



electronic integrators. Slot harmonics are invariably
the major source of concern when using flux coils for
closed=-loop control, but fortunately in the two-stage j-
jump machine, there are no prominent slot harmonics
due to the use of an inductanced=-limited, sheet rotor,

Figure 12 shows the ©-Pinch propulsion syste m
presently under construction, where both the
phase delay rectifier (PDR) and current source in verter
(CSI) are rated at 20 kVA, The three basic quantities
being controlled are the DC link current, the inverter=-
firing angle and the short-circuiting loop current inter=-
nal to the induction machine for advancing the phase of
the rotor flux. The control scheme, anticipating line~
commutation of the inverter by the ASC winding at very
high speed, incorporates the PDR for zero-blanking of
the DC link current until the transition to self-commu-
tation occurs at about 0-=0,08 p.u.

The field - decomposition circuitry utilizes 12 air-
gap search coils spaced at distances of

m(1-2¢ * 1

[1.5 +mll-2g® 4 L

s =
18 ]Tpl

1+

(13)

where m=0 through 5 and o * is the operating slip,

FUTURE DEVELOPMENTS

Based on the most promising correlation between
the space~transient theory of brushless, induction
machines and the two laboratory machines built to
date, it is anticipated that leading power factor opera-
tionwill be attained on a slightly larger ©-Pinch unit
which will incorporate two distinct wavelengths., Since
the key to attaining unity power factor operation at the
terminals is primarily a matter of neutralizing the gen=-
erated kvar against the stator slot and zig-zag leakage
reactive requirements, it is felt that ina 200 B,H,P.
cage machine, these reactances are low enough on a
per unit basis to demonstrate the full potential of the
©-Pinch mechanism, For this purpose, a 200 H.P., 8
pole unit is to be rewound in early 1980 using the prin-
ciples underlying the first ©-Pinch machine, tested on
fullload and results presented detailing the maximum
power/weight ratio available with this technology.,

CONCLUSIONS

A new mechanism of continuously generating
reactive kVA from the stator of a brushless induction
machine has been described and tested on a 10 kW and
a 35 H, P, laboratory machine, The concept is indepen~
dent of the usual magnetizing or leakage flux reactive
power requirements common to all induction machines,
Fundamentally, a space-transient magnetic wave, tra-
wlling at rotor speed must be artificially created a=nd
atleast two distinct windings of different pole=- pitch
must be incorporated for full utilization, Calculations
and experimental results seem to confirm that the per-
unit kvar generation effect increases with machine size
and rating, and that leading power factor operation of
the entire machine is viable for large industrial motors
and power system induction generators.
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NOMENCLA TURE
B = airgap flux density, peak
Eq = rotor induced transient voltage in stator winding
f = mains frequency
g = iron-iron electrical airgap
G = Goodness Factor
n = number of poles
m = mode number
R 3 = condenser winding phase resistance of stator
s = distance along airgap periphery from entry -edge
t = time
T, = rotor magnetization time constant
ug = synchronous field speed (m/s)
u, = rotor speed

Xasc = reflected surface reactance of condenser wdg.
X, = rotor leakage reactance referred to stator

X3 = stator leakage reactance of condenser winding
J4 = stator current loading, peak (A/m)
§ = rotor conducting-sheet thickness

Wg radian frequency

Py = rotor conductor resistivity
o = per unit slip
T, = pole-pitch

o = free-space permeability
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Discussion

L. T. Rosenberg (Turbogenerator Consultant, Wauwatosa, WI): Elimi-
nation of collector rings and brushes from the motor or generator that
operates at unity or a leading power factor, is indeed a worthwhile
development. The Consolidated Edison Co. of New York could have
saved several million dollars on the million kilowatt Ravenswood unit
3, had it not been necessary to rate it at 80% power factor in order to
supply the reactive kVA taken by the thousands of induction motors
on the Con Ed system. The energy savings through the years since 1965
involved in transmitting all that reactive current would have been worth
even more than the initial cost saving.

Apparently two or more sets of windings are required in the stator
and 8, 10, or 12-pole arrangements are possible, judging from the 10
kW and 35 hp examples described. Establishing a rotating flux pattern
that remains at rotor speed, evidently permits separating the direct and
quadrature axis currents in the normal driving circuit into direct and
quadrature axis components, thus producing the output curves of Fig. 4.

I would like to ask the authors whether the design could be
applied to two or four-pole, 60 Hz machines, and whether the fields
created by the respective windings would not induce unwanted voltages
and currents in eachother? Also, how does the torque vary with speed?
Is the usual speed-torque curve of the cage motor still applicable? In
other words, will the motor be suitable for widely varying load service?

Manuscript receved February 19, 1980.

S. B. Kuznetsov and E. R. Laithwaite: In agreement with Mr. Rosen-
berg’s concern about the savings in energy and capital investment at
the generator site, the proper application of the asynchronous condenser
concept is as an integral winding with the main induction motor wind-
ing as it solves the high reactive current problem at the source, wherc-
as present central power-factor correction using synchronous compen-
sators or static capacitor banks still have to contend with the additional
transmission losses associated with low power factor loads. It should be
emphasized that in normal applications, two operating modes for the
asynchronous condenser windings are apparent. First, the machine’s
terminal power factor may be raised to unity at the rated load and
slightly above since the motoring section power factor alone is usually
above 90% in large machines. Altemately, the ASC winding may be
designed to peak at a slip value very close to or at zero, whereby the
motor is running lightly loaded and the motoring winding power factor
could be as low as 30%. Although it would be impractical to raise the
terminal power factor to unity in the latter case, the option of main-
taining a reasonable power factor such as 80% under light load is very
attractive on a systems basis considering the extraordinary number of
lightly loaded machines on the grid at any one time.

The rotary machine with 10 poles (denoted 4—1+—4~1+) followed
as a natural development of the first linear machine of 8 poles with
power factor correction windings. The choice of the number of motor-
ing polesfrepeatable section is a crucial parameter because the rate of
rise or demagnetization of the airgap magnetic field for a given rotor
time constant, is dependent on the combination of slip, ¢ and the excit-
ing pole numbers. The concept of using space transients to affect
appreciable reactive power generation at the exit-edge of the excited
section is restricted to pole number-slip value products lying in the range

% ’, n*(f
n R'Z < T—o-:- < 1.0

'
where R} is the per unit referred rotor resistance. The basis of this
general guideline is that appreciable reactive power generation, Q de-
notes that the exit-edge power is greater than 0.25 per unit of the
equivalent conventional machine rotor copper loss, %PrJs2n7p. This
value of Q will have a limiting value of 0.50 per unit for machines with
a large Goodness factor when the rotor speed is at or near synchronous,
as exemplified in Figure 6. However, prior to building up the maximum
exit-edge energy, efficiency constraints demand, that such a small slip
never be used and hence, the inclusion of R in (14). If the total
number of poles around the periphery in the equivalent rotary machine
is n, the effective number of motoring poles n* never exceeds n/k since
an even number of repeatable sections, k are mandatory so as to neu-
tralize the effects of unbalanced magnetic pull. Therefore, it would be
possible to produce an efficient unity-power-factor 4 pole machine at

14
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a low slip if only one repeatable section is attempted, but should two
repeatable sections be used in practice, then the high-power-factor slip
would have to be greater than 33% for which excess rotor losses would
be incurred. Conversely, if the total number of poles is greater than 8,
then operating slip values can always be between 20% (the latter being
a typical per unit value of R2) because of the greater freedom in choos-
ing repeatable section lengths.

Should the question of the lowest feasible number of poles be
readdressed to asking if shaft speeds in the region of 3600 RPM are
practical at unity power factor, the answer is yes. For example, the
use of the 10-pole “@-Pinch” machine in combination with a current
source inverter operating at ideally 312 Hz would give an exact shaft
speed of 3600 RPM. It should be emphasized that while this approach
uses 6 power thyristors, it does not require any capacitor or forced
commutation circuits since the induction machine naturally commut-
ates the 6-component inverter; the rotor efficiency of this machine is
96%. The extent to which the inverter can operate below 312 Hz in this
mode is dependent on the combination of leakage and magnetizing
reactance requirements versus the thyristor turn-off time; in general
the changes in Goodness factor with frequency are more crucial than
the associated reactance changes. At this time, the theoretical problems
involved with extending the asynchronous condenscr concept to 2 pole
and 4 pole machines are being investigated, although it is clear that the
“©-Pinch,” lumped ASC layout will not be used.

The fields created by the two sets of stator windings do not induce
any significant transformer voltages in each other by virtue of their
particular space separation. These windings are ideally, exclusively rotor
motion coupled (as evidenced by the Js(asc) curve in Figure 4) and thus
no stray voltages will be induced provided that the ASC winding com-
prises a speed-dependent pole-pitch which obviously has to be fixed
depending on whether power factor correction is to be employed at
cither full load or running light.

The torque varies with speed as in a conventional cage rotor mac-
hine with low resistance bars. Using the conventional steady-state equi-
valent circuit’and neglecting the stator resistance and the magnetizing
reactance, the torque of the “©-Pinch” machine may be described under
constant voltage excitation, Vt as

T, 3Vl (6-0.)
~

15
X; +X; &2+ (o-0,)° 13
where a=R2/(X1 + X2). The only departure of this from an equivalent
machine -is the introduction of the quantity o, which is the per unit
difference in slip from zero at which zero torque occurs. The effect of
producing torque either above or below synchronism has been well
documented for linear and spherical induction machines [7, 8] and
with respect to the ©-Pinch machine the functional relationship of this
slip offset is

o, = £(G, T5 /T 055¢))

In general if the Goodness is low or if the ratio of the main stator
current loading to the ASC stator loading is near unity, the magnitude
of a4 will be negligible and zero torque occurs at synchronism.

The only important consideration during startup under constant
voltage is that asynchronous crawling can occur and this is dependent
on the exact division between motoring and ASC poles. There is one
significant harmonic synchronous speed in the ©-Pinch configuration
which can occur at a slip

o = ]~ kmE o+ (n -~ k n¥)/1-0*
n + 2

(16)

This is usually a problem in small machines unless pole-amplitude-
modulation is used on just the motoring winding. Nevertheless, in the
150 H.P., 8 pole cage machine currently under test in a 8-Pinch recon-
nection, no torque pulsations are evident which is due in part to the
use of deep rotor bars.

Subsequent to submitting the main paper, the 35 H.P. laboratory
machine was reconnected internally to extend the number of ASC coils
from 18 to 24 at the expense of the motoring section length. A 50 Hz
test was conducted with the recovery winding feeding an isolated in-
ductive load (due to the low coil impedance) and the same cage rotor
as before, with a rotor coupled time constant of 250 ms, was used. A
stable slip value near 1% was maintained such that the reactive power
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Fig. 13. Experimentally obtained reactive power generated and absorbed
by machine scctions.

generated by the recovery windings exceeded the reactive powersupplied
by the mains to the motoring winding, i.e. the machine consumed a net
negative kVAR as shown in Fipure 13, The total power input to the
machine was 17,2 kW and the shaft was loaded to 12.6 kW, thus in-
dicating an overall efficiency at unity power factor of 73%. The drop in
efficiency from that of a standard cage motor is attributed to the use of
an overchorded winding by 11/9 for alt coils and a uniform slot-pitch
around the entire periphery. The core loss of this machine is0.34 kW
and the stray load loss is 0.19 kW; other details of construction and
analysis are give in {9].
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REACTIVE

POWER GENERATION IN HIGH SPEED INDUCTION

MACHINES BY CONTINUOUSLY OCCURRING SPACE-TRANSIENTS 741

Professor ELR.

Abstract -~ A new technique of continuously generating
reactive power from the stator of a brushless induction
machine is conceived and tested on a 10 kW linecar ma-
chine and on 35 H.P. and 150 H.P. rotary cage motors.
An auxiliary magnetic wave, travelling at rotor spced
is artificially crcated by the space-transient attri-
butable to the asymmetrical stator winding. At least
two distinct windings of different pole-pitch must be
incorporated. This rotor wave drifts in and out of
phase repeatedly with the stator MMF wave proper and
the resulting modulation of the airgap flux is used to
generate reactive VA apart from that required for mag-
netization or lecakage flux. The VAR generation effect
increases with machine size, and leading power factor
operation of the entire machine is viable for large in-
dustrial motors and power system induction generators.

EXPERIMENTAL INDUCTION CONDENSER

Figure 1 shows the distribution of the windings in
the 35 H.P. rotary machine with symmetrically spaced
slots of a conventional 10-pole frame. Each repeatable
section of power winding, STDP is a 4-pole, 3-phase,
overchorded winding with pole-amplitude-modulation coil
connections. The recactive recovery stator section, STDR
has "1+" poles of high impedance coils with respect to
STDP to effect changes in current loading and phase.
The "1+4" indicates that there is greater than 1 asyn-
chronous condenser pole in the original one-pole space
due to the former's reduced wavelength, which is pro-
portional to rotor speed. Thus a particular stator
layout is only exactly appropriate for one load and
slip value at which nil braking torque exists despite
recovery of recactive power. The details are included
in Table 1.

Fig. 1. Layout of the integral motor/induction condenser.
RESULTS

The first 50 Hz tests of this rotary induction
condenser were conducted with the recovery windings
feeding an isolated inductive load, and with a rotor

Manuscript received March 8, 1980.
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magnetization time constant of 250 ms. A slip value
near 1% was found such that the recactive power genera-

ted by the recovery winding exceeded the reactive power
supplicd by the mains to the motoring section, i.e. the

machine consumed a net negative kVAR as indicated In
Fig. 2. This was substantiated on both an electronic
phase meter and an electrodynamic VAR meter on all
three phases.,

Table 1

Characteristics of the 0-Pinch Mk I Rotary Machine

Condenser Section (24 coils)

Motoring Section (66 coils)

Pole-pitch, Tp (m) 0.0989 Induced pole-pitch (m) 0.097
Core length (m) 0.222 slot depth (mm) 34
Airgap (mm) R 0.65 Airgap (rm) 0.65
Current loading, Jq (A/m) 33,400 Current loading (A/m) 29,750
Airgap flux density (T) 0.62 Slot pitch (mm) 11.1
Winding Factor 0.756 Chording Factor 0.95
Core loss (kW) 0.34 Total rotor bars 80
Copper loss (kW) 2,76 BASC copper loss (kW) 0.78
Stray load loss (kW) 0.19 Turns/coil 6
Reactive input, 1%slip(kVAR) 22 Reactive output (kVAR) 23
Power input, total (kW) 17.2 Core ocuter diameter (m) 0.42
Shaft output power (kW) 12.6 COverall efficiency at U.B.F. 73%
90}
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ted and absorbed by machine sections.

ANALYSIS

The approach is one-dimensional in that only the

radial component of airgap magnetic flux is considered.

The cage rotor is modelled as having an equivalent
sheet layer of conducting material of surface resisti-
vity, Dp/t sandwiched between the rotor magnetic coxe

and a magnetically anisotropic outer shell of thickness

§ with an infinite radial permeability and a finite

permeability, M, in the tangential direction to estab-
lish the rotor leakage flux path.
ful nature of the rotor leakage flux to be represented
as in rotary machines with small airgaps, g, while the
analysis presented in [1] on the linear version of the
induction condenser assumed no rotor leakage flux.

The rotor flux is separated into two radial compo-

nents, the main airgap flux and the rotor leakage flux;
the other independent variable is the rotor current
density. These apply to the excitation region, but

IEEE Magnetics, Vole MAG-16, No. 5, 1980, pp. 716-718

Experimentally obtained reactive power genera-

This allows the use-



when the ASC field is determined, the induced stator
current density Js(asc) as well as its stator leakage
flux are included. The stator leakage path of the ex-
citation winding is not considered basic to the elec-
tromagnetics of VAR generation.

The characteristic equation for the excitation
section airgap magnetic field density is
) 2, ot -
WT, A (1—0)13g + A (1A+,;,wcr2)13g - c;k(i—o)lag - iGBg

Pris
Ug

= -j¢ (1 + jchZ)e_]e (1)
where A is the principal pole-pitch/7 of region STDP
and By is the airgap field density represented by a
complex function in time and varies in space with res-
pect to 6 only. The rate of rise of the airgap field
with peripheral distance is controlled by the product
of the rotor magnetization time constant and the supply
frequency (W = 27f) which yields a non-dimensional

: 2
2.Tp uo ft

G = —— 2
et (2)

The ratio of the leakage inductance in an axial-tan-
gential cross-section of the magnetic shell to the sur-
face resistivity of the conducting layer is termed the
rotor leakage time constant

[V
r
T, = (3)
2 P/t
The general solution of (1) is, for Bg separated

into the in-phase and time-gquadrature components

~
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vhere € = (1+wT2/G)2 + (1/0G)%?  and ug
chronous speed.

is the syn-

The expressions to the L.H.S. of (4) and (5) rep-
resent the airgap for an equivalent conventional ma-
chine with 360° of excitation in the steady-state.
Bowever, the introduction of the abrupt edge in the
excitation has introduced the two transients in the
airgap flux as well as in rotor current and leakage
flux.

For these space transients to be of use, their
attenuation must be in the same direction as the main
travelling field. Physically, the ag type follows
this criterion and is attributable to the entry edge
of the excitation section, i.e. the transition from
the ASC to the STDP regions as located by 05 in Fig. 1.
The 0, type occurs here and also as rotor bars exit
from the excitation region to the condenser region as
located by 91. Fundamentally, both components of the
02 are equal in magnitude but they propagate in oppos-—
ing directions at much greater than rotor speed (e.g.
30 times for rotary machines). Since this type is
attenuated quickly it is of minor importance, but the
aj transient has a wavelength longer than any conceiv-
able peripheral length of the condenser region,

(8, ~9,) /™. It travels at exactly rotor speed in

1 .
the hypothetical case of zero airgap and slightly

slower (2%) than rotor speed, u, in the case of airgaps
typical of rotary induction machines.

The a1 is the subject of exploitation. If

1 Ry
—g)2 = 2
G(1l-0) + LUT2 Xm(l o) + X2

<< 1 (6)

holds, which is generally true when close to synchro-
nous speed, the (3 transient may be approximated as [2]

- -1 1 .1
S N [G(i—c)3 +wT, (1-0) *3 1-0} D

- Jw/u,
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Under these conditions, such that G >> 1 and G > wT,,
the a, effective wavelength is too large at normal op-
erating speeds to affect the power or var transfer ac-
ross the airgap or the induced condenser voltage.
Rather, they are confined to the 4 transition regions
of the machine (with 2 repeatable sections) and thus
only function to match boundary requirements.

The condenser winding as seen by the rotor current
is acting in a similar manner as the rotor is seen to
behave by the main stator excitation. Thus, over a
limited airgap angle, the rotor is acting as a second
primary, inductively fed from the first (STDP). To com-
plete the analogy, the equivalent of the rotor leakage
layer as applied to the condenser winding is merely the
sum of the internal leakage fluxes (due to slot, end-
winding and zig-zag components) with the external re-
active load placed on the ASC winding (as referred to
the airgap). Similarly, the equivalent surface resi- ®
stivity of the ASC section is the total of the windings
and the real component of the ASC load; this also
allows p;(asc) to be a negative resistance. Conse-
quently, the condenser leakage time constant has been
defined as

2
u363 + Qasc/3 Js w L
T3 = 5 = - (8)
pa/ts + Py /30, Ps

Since the stator is the reference frame, no speed term
is introduced in describing the induced voltage in the
condenser winding. The ASC current is represented as

s 2 .
A sz(l—O)Js + A (1+3w1'2)J

(asc)

s (asc)
G/p,. .. ¢
p;+ij3)Js(asc)-JG(1+'p'3+ij3

.

)J =0

-GA(1-0) (143 s (asc)

(9)

The result is that the airgap flux over the ASC section
may be expressed (neglecting the a, transient):

pyT(1-0) [ 1
B = et —————

9= " Tp uT'f‘;— - w’I‘a]sin (ae)—[l + Ta/Tz :lcos(oze)

+ 5 ([1 +T3/T;J sin (one) +[w—;,;- - urrs] cos (ae)) K,
(10)

where K; is a complex number, a function of the phase
and loading of the ASC electric circuit and on the
relative length of the ASC winding in terms of main
wave-lengths. To determine Ky, six independent boun-
dary values and one integral condition must be satis-
fied for each repeatable section. At both the 64 and
65 transitions, the rotor current demnsity, J,, the airj‘
gap flux density, Bg‘ﬁnd the total rotor sheet flux
density must be continuous. The excitation field is



described by a third-order system while the ASC requires
a fourth-order representation as in (9); a total of 7
integration constants arc necessary. The last inte-—
gration constant can be met by the inteqgral of the in-
duced ASC current which is always finite, and assuming
a balanced polyphase load on the ASC

2 8, -0, R
1 = cos{———)| J_

5 (asc) N 1-0 (1)

This implics that the constants of integration for all
airgap and rotor field parameters are jointly depen-
dent on the proportion of a rotor wavelength(s) occu-
pied by one condenser winding, as obviously odd or
fractional number of poles are possible.

Irrespective of the value obtained in (11), the
integral of Bg or J, around the entire machine must al-
ways be zero based on a l-dimensional analysis. Nor-
mally, a double layer polyphase excitation winding with
balanced currents will have a zero net surface current
around the periphery, however should the value of (11)
be significant then the result is that while JSJ, a8
will remain zero, the condenser section will initiate
a large zero-sequence component of current in the other
stator winding STDP by way of the coupled rotor
currents.

For machines with a high Goodness factor, G but
not necessarily a small slip, it is generally true that
when rotor current experiences an increase in amplitude
(without large phase changes) this occurs in inverse-
proportion to the ratio of the inductances into which
the rotor currents must establish flux in the regions
surrounding the "artificial" edges of the stator.
Moreover, if the amplitude of J, is increased at the
boundary, then it follows that its decay rate will be
similarly increased. The converse is also valid, and
this was demonstrated on the first linear version of
the induction condenser principle as described in [1]
whereby an abrupt change in stator current loading
between motoring and condenser sections was practical
because of the low G value.

VAR GENERATICN

To characterize the rotor current when it is being
maintained by the agency of slip, it is only marginally
"stiff" despite its inductance-limited impedance; Jy
will exhibit sharp changes in both the in-phase and
quadrature components so as to maintain gradual phase
and magnitude changes in the airgap flux. However,
over the ASC section, the added stator-inductance cou-
pled to the rotor circuit as well as a possible reduc-
tion in the apparent rotor resistance mean that the
rotor current is less susceptible to sharp changes.

In contrast, the airgap flux has a strong depen-
dence on rotor velocity; principally the in-phase
component will tend toward zero as synchronous speed is
approached while the quadrature component rises in con-
cert with the rotor speed for the excitation section.
The exact division between By and Bg in the condenser
section is strictly dependent on the ASC load phase
angle rather than on speed. Pig. 3 is a contour plot
of the By distribution in the condenser section airgap
for different values of rotor plus ASC-coupled leakage
time constant.

The single most important criterion for the gen-
eration of reactive volt-amps by maintaining a large
value of negative B, is to ensure that at the transi-
tion from excitation to ASC windings, the total airgap
flux density, Bt==(Bz~+Bé)5 is as large as possible.
The maximum volt-amps available at the "exit edge" is

<

VI

=

~0

Rotor + ASC Time Constant(sec.)
3

0.002

Q.10

ASC Poles at 2% Slip 6.12

Fig.3 Lines of Constant Bq(ez)/Bq(Gl) Ratio in 5% steps.
: 2
ge Bt ur
4 By
If there are no sharp changes in airgap length at this

boundary, then in practice the maximum reactive power
available at this edge is Qmqayx ~ Smax assuming the

phase angle of the ASC load current is 2 80°.

S =

Commensurate with the desired VAR characteristics
of both stator windings in a high speed mode of opera-
tion, the quadrature flux density is always decreasing
gradually from its peak at §;. Should B, peak at a
location other than this, such as midway along the ex-
citation section, it is clear that the slip-excitation-
pole-number product is above the value

ng
1-0

(13)

Conversely, if By peaks at a location greater than
84 (in the direction of rotor travel), then clearly the
ASC winding is consuming positive reactive power beyond
that required for the leakage flux fileld.

FUTURE DEVELOPMENTS

Based on this theory of the space-transient effects
in brushless induction machines and the two laboratory
machines built to date, leading power factor operation
of the entire machine will be attained over a less re-
stricted range of slip and load for units which have a
lower per unit slot and zig-zag leakage flux require-
ment. For this purpose a 150 H.P., 8 pole squirrel-
cage machine is currently being retrofitted with two
distinct wavelength windings, tested on full load and
results will be available detailing the maximum power-
to-weight characterizing this technology.
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Abstract-A new type of brushless, cage-rotor
induction machine has recently been developed [1-3]
which is capable of providing enough counter-emf
when interfaced with a current-source inverter (CSI)
to naturally commutate the thyristors in a high-
voltage DC-link, adjustable frequency converter. The
basis of this system is that by stator electromag-
netic design the induction motor may have the ter-
minal characteristics of a DC-field synchronous
machine yet still retain the torque and construc-
tional features of a conventional induction machine.
Four quadrant operation has been demonstrated on 35
and 150 H.P. cage motors and most important, leading
power factor operation of the entire unit at full
load is compatible with high power natural commuta-
tion of thyristor inverters. The single rotating
machine has two distinct and different stator pole-
pitches which must be excited from a common CSI.

The analysis determines the magnitude of the cemf
available from the asynchronous condenser winding
and the consequent operation of the machine in both
natural commutation and in a DC-1ink current pulsing
mode for startup.

I.INTRODUCTION

In the art of variable speed ac drive systems,
the use of either permanent magnet or overexcited,
wound field synchronous motors to naturally commu-
tate DC-Tink thyristor inverters has been well ad-
vanced. [4-5] Whether the magnitude of the cemf is
adjustable at a given shaft speed is not of prime
concern because the preferred propulsion arrange-
ments generally allow constant volts/Hz control.
Consequently, the ability of the synchronous machine
to naturally commutate is fairly constant over large
speed ranges. In this arrangement, the high voltage
DC-Tink is adjustable by the use of a mains fed
phase-delay-rectifier {PDR); the entire converter
system comprises a total of 12 thyristor devices
and a link smoothing inductor. It is apparent that
unlike forced commutation schemes, no power capaci-
tors or diodes are necessary. Synchronous drives
provide continuously adjustable torque during motor-
ing and braking modes; these schemes have been mod-
ified to include induction motors as the prime movers
but with a synchronous compensator to effectinverter
commutation. For the latter system, specific power
densities as high as 0.436 kW/kg have been obtained
for the entire 2 machine plus 2 converter unit pro-
pulsion system with water cooling [6].
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The development of an induction machine commu-
tated inverter started with assessing state-of-the-
art CSI induction motor drives with synchronous
compensators. Fundamentally, there is no reason
why it is not possible to combine the most desirable
electromagnetic features of a cage-rotor induction
motor with the airgap fields of a synchronous con-
denser to use a common stator core and share the
same airgap field, in contrast to present drives
which have one machine entirely dedicated to torque
production and the second concerned only with VAR
generation. Generalized machine theory has always
indicated that fundamentally the asynchronous-induc-
tion and the synchronous-wound field motor produce

torque and cansume VARs by exactly the same mechanism.

The only major differences between these two are in
the shaft speed and in the method by which the rotor
currents are established. The advent of the adjusta-
ble frequency converter pointed to the fact that not
only is the relation between mains frequency and
shaft speed entirely arbitrary, but that induction
drives would maintain the high efficiency of syn-
chronous drives over a very wide speed range due to
the use of constant slip control.

It was subsequently realized that as long as
constant per unit s1ip could be maintained at a sta-
ble and Tow value in an induction machine, these
same s1ip frequency currents could be used to esta-
blish the equivalent of a DC field pattern in a syn-
chronous machine. It is not strictly necessary to
feed (VAR generating) rotor currents by means of
s1ip rings and brushgear, but that the desired rotor
current pattern can be initiated by simple induction
motor action.

The major criterion underlying the hardware de-
velopment was to show that by induction alone, at
mains or medium inverter frequencies, the equivalent
MMF of an asynchronously operating integral motor/
condenser would appear to be overexcited at the ter-
minals of the entire machine once the conventional
magnetization and leakage flux requirements were
met. This was accomplished by artificially intro-
ducing a space-transient magnetic wave travellingat
rotor speed into the airgap flux distribution of a
conventional induction machine which has a torque
producing synchronously travelling magnetic wave.
Moreover, it was established that as long as the
stator incorporates at least two distinct pole-
pitches fed at the same fundamental frequency, the
rotor suffices in every respect. Thus the power to
weight characteristic of a cage construction can be
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retained and while the overall weight of this lead-
ing or unity P.F. machine is 10%-15% less than a
large lagging P.F. motor, once the additional weight
penalty of either a synchronous condenser or astatic
capacitor bank is considered, the asynchronous con-
denser-motor concept permits a CSI drive specific
power/weight ratio higher than 0.44 kW/kg without
water cooling since only 1 rotating machine is used.
Specific details are given in [7] for a 150 H.P.
cage rotor traction system currently under develop-
ment with natural commutation.

IT. REACTIVE EMF

To establish the 1imits on the machine commu-
tated inverter, the magnitude of the counter-emf
offered by the asynchronous condenser windings will
be derived. The machine geometries presently under
evaluation using the "B-Pinch" technique are speci-
fic to multipolar stator designs of 8, 10, 12 poles
etc. ©-Pinch creates an abrupt transition in the
stator MMF at two diametrically opposite positions
along the periphery. The constructional featuresof
this machine are similar to those in the single-
winding, two-speed pole-amplitude-modulation induc-
tion motor in that the desired characteristics are
achieved exclusively by stator winding design alone
without the need for special laminations, auxiliary
excitation or reluctance effects. In essence, the
8-Pinch machine is operating continuously and stably
in a space-transient mode and with mains frequency
will always have both sinusoidal current and voltage
waveforms for every coil. Only when excited by a
square wave inverter, will the machine be operating
simultaneously in space transient and time transient
modes.

The implication of this space-transient mode is
that every pole (or slot) around the periphery is
subjected to a slightly different airgap flux induc-
tion amplitude whereas in a conventional machine the
rotating field pattern has a uniform amplitude at
all positions. This means that the effective utili-
zation of each tooth is non-uniform but more impor-
tant from the aspect of calculating terminal per-
formance, each pole has a slightly different magne-
tizing reactance, X , coupled rotor resistance, R
and rotor leakage rBactance, X,. The parameters
Xy of stator leakage and R, of stator resistance
r;main constant among the poles.

The conventional induction motor equivalentcir-
cuit is strictly a steady-state diagram and it should
be emphasized that this representation does not in-
dicate the s1lip frequency of rotor currents but con-
veniently interchanges a frequency dependent reac-
tance with a constant resistance; this still permits
the output power to be directly calculated from the
R, parameters but the physical insight is lost. To
a?]ow some simplification in modelling space-tran-
sient machines, a single frequency equivalent cir-
cuit is presented in Figure 2 although several re-
servations are necessary.

a.) The conventional definition of slip,0 as
rotor loss/rotor input is not accurate; thus o only
denotes the per unit difference between rotor and
synchronous speeds.

b.) The parameters R,, X , and X, are average
values of all the poles 1% ealh sectign assuming the
coils of a particular section are series connected.
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c.) The relative magnitudes of the rotational
reactances, X and X, as well as the absolute value
of Eq, the coWnter-e%f are only exactly valid over
a limited range of low per unit slips at a particu-
lar excitation frequency. This frequency dependence
of the inductances decreases as the pole pitch or
frequency is raised.

The per unit values of Figure 2 are specific
to a 150 H.P. unit at 60 Hz and 0=0.016 p.u.

A1l of the commutating criteria will be expres-
sed in terms of a dimensionless factor

G = Xm / R, =w Tr (1)

where T, is the rotor coupled time constant of mag-
netization and this remains substantially constant
over the entire slip range. G can be calculated
from conventional design formula even with a differ-
ing flux amplitude/pole. Although the airgap of the
asynchronous condenser contains both a fundamental
and subharmonic wave, it is possible to separate
their effects and represent this in a closed form
solution under the assumption that the rotor Teakage
is small. The total instantaneous radial flux
density crossing the airgap over the motoring wind-
ing may be expressed

Py Jsg

b(e,t) = L8
mV02+(]/wTr)2

{%in[wt-e+taﬁi(1/chr)]

(2)
-explrrogyar e sinlut- 55 + tan‘1(1/owTr)]}
where 0= angle from transition point of condenser

to motoring windings (electrical radians)
Jg= stator current line density, peak (A/m)

P1_ p.m _ rotor surface resistivityq) .=
T pole pitch {(m)

The first part of (2} is the steady-state component
of the B field while the exponentially attenuated
terms represent the addition of the transient wave.

As revealed by the second term, to maximize the
output of the condenser winding which is magnetized
by this total wave, the pole pitch of the motoring
section, Tp] must be reduced to T =(]-c*)rp]. The
difference between the quantities %1-0*) and (1-5),
where the former is actively controlled by the in-
verter constant slip control loop, in effect gives
a stator type of field control to compensate for
the loss of & rotor exciter with this asynchronous
machine.

3¢
50 Hz Flux Advance Loop
L w5
PDR
Torque ;
Comrs\and 7 Coils

Sample
Flux Levet & Hold
/’L__.._]

Controller

Fig. 1 Naturally-commutated induction drive system.
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Fig. 2 Equivalent circuit of integral induction motor
asynchronous condenser at high specd.

In the design stages, it is imperative that the
space modulation of b(8,t) peak at a position 03
which initiates the change in pitch from Tp1 to Tp2.

. il ]/OMT ) -ﬁ/2
b(g,t)=— P1Js 1_,exp_[wt+tan (1/0uTy }
N+ (1/aT )2 1016

sin[%&%—(mt + tanl(1/owTy) ) - %é%‘]}

(3)

where ¥ =1 and represents the lower 1imit on the per
unit flux density in the entire machine (at angle
82) at high speed. It is specific to a particular
winding sequence and its functional relationship is

v = fcos¢d, G, cos(1Z) ] (4)

where n is the number of poles in section from 8y to
9 and ¢ is the power factor angle of the motoring
winding alone. From the aspect of maximizing the
condenser section cemf, E; the generated reactive
energy maximum occurs at ghe peak of the transitiaon
edge values in the product Iq-Eq-up at a slip given
by
Nocn =

cos(-Tga-) 1 (5)
The commutation voltage, E; is the integration of
b{0,t) over the entire length of the condenser sec-
tion to yield the volts/turn as

F)
Eq = Ur".b(eat)'eXD[v1(62-91)Tp1/“] de (6)
61

where v; is the complex attenuation of the space
transient wave

=T 1 s 1
V1= ?p—z[wTr'('l-cP + wTZ'(1—0)+J 1-0 (7)
Te' = Tp(1 +x) 2 (8)
Te' = To(1 +x) (9)
X2

X T X3 + Qasc/q-132 (10)
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for g=number of phases, I3 = r.m.s. condenser current
per phase, and Qagc is the net output of the conden-
ser winding. At the instant of commutation, this
reactive power is related to the required inverter
reactive power, Qiny as

2 2

) 2
Quse = Qpy + AITX+ 7% + 15Kg) (1)

Oy + 9,208, + cX))] (12)

1

for c=1+Xy/Xy. To find Q; > the solution for E

from (6) is necessary but this is an iterative pro-
cess because this voltage is dependent on the effec-
tive armature reaction of the asynchronous condenscr
which is controlled by the surface impedance of the
stator. Conversely, the maximum reactive power that
can be transmitted across the internal leakage and
resistance of the condenser is a strong function of
Eq and the terminal voltage of the machine, v,

2 X3
R32 1 X32

Qasc Eq

- Eq V¢

't sin[y + tanl(-X /R3)]
'\/R32 + X32 3

(13)

ITI. SUBTRANSIENT REACTANCES

One method commonly employed with CSI motor
drives to determine the terminal voltage of the
synchronous machine is to model the machine's reac-
tance to 1200 square wave current as comprising two
components. The subtansient reactance, X" carries
both fundamental and harmonic currents. The second
"adjusted" reactance, in series with the subtrans-
ient is the difference between the synchronous and
subtransient values or (Xg-X") but the voltage across
this is only attributable to fundamental current.
The values of X" in the d and g axes are generally
assumed to be equal, whereas Xg is allowed to have
a rotational variation. [5]

With respect to thyristor commutation, the
exact reactance of the synchronous machine at the
moment of current transfer is not as important as
the time the inverter is in the overlap mode which
is in effect a line-to-line short circuit on the
machine. The resulting armature reaction MMF dni-
tiated every 600 at commutation appears as a large
negative sequence current and the damper windings
compensate for this. 1In large machines, the per
unit negative sequence reactance and the subtransient
reactance are nearly identical and about 10% of the
synchronous reactance. 1In contrast, the stator
leakage reactance can be as Tow as 5% of X;. Ina
worst case condition, the synchrongus condenser only
maintains zero-sequence currents, Jqq = 1% Jgg where
Jss is the stator current loading at rated load.
However, the damper cage will have a current loading
Jp = Jgs + Jsp = 2% Jgs.

For the asynchronous condenser, the subtrans-
ient response does not closely resemble the charact-
eristics of a cylindrical rotor, DC-field compensator
despite the construction similarities. Although not

ap?qrent, the cage rotor condenser is in essence a
salient pole machine as viewed from the rotor side



due to the non-uniform (stationary) airgap flux dis-
tribution; i.e., theairgap reluctance variation of

a conventional salient pole has been "artificially"
created by an asymmetrical MMF design in a uniform
gap. Yet even so, to a large extent in machines
with G2100, implying very good rotor to stator coup-
ling, the in-phase and quadrature currents in the
main winding of the stator essentially see the same
transient reactance since the rotor MMF so closely
parallels and opposes any unusual stator MMF distri-
butions. This 1is characteristic of a cage rotor de-
sign with a small airgap where the currents are not
series forced as they are in a wound rotor; rather
the amplitude of these currents will have a space
modulation to satisfy the change in pole pitch
boundary conditions that demand semi-abrupt peaks

in Jr(e) at four positions over the stator periphery.

j-axis

‘.\wt

0 100y

Fig. 3 Phasor representation of machine voltages.

To a first order degree, the steady-state equi-
valent circuit of Figure 2 and its associated phasor
diagram of Figure 3 are also valid in a subtransient
mode during commutation. The modifications that
must be made are:

a.) The 120° square wave current should be sep-
arated into fundamental and harmonic components
(h=5,7,11,13,etc.). The high frequency penetration
effects in deep rotor bars can be calculated ateach
harmonic resulting in a higher R, and a lower L
parameter than at the slip frequency of the funga-
mental.

Lo(h)" =1 - 0.00108 d2r(op-fp, - 11.4) (14)
L2
Rp(h)" =1 + 0.00381 d2r(cy,-fh - 9.44) (15)

R2

where d =vrotor bar depth{cm), r=Dbar width:rotor
slot width and o is the effective per unit slip of
the harmonic rotor currents. Formulas (14) and (15)
are specific to rectangular copper rotor bars at
75°C and fp is in Hz.

b.) The condenser internal voltage must be mod-
elled as a single, fundamental frequency source that
is only capable of power transfer at the fundamental
frequency.

A1l of the other reactances Xy, X5 and Xy scale
up linearly with harmonic frequency ang in general
the change in passive parameters in an synchronous
condenser/induction motor for subtransient operation
is a minor effect. The major concern is the har-
monic response of Eq; the magnitude of which remains

Q00

substantially constant during commutation.
IV. COMMUTATION MARGIN

Conventional terminology is used in defining
the CSI natural commutation interval as shown by
Figure 4 for a three phase system of quasi-sinu-
soidal inverter output voltages and finite-rise-
time square wave input current. o is the firing
delay angle, u is the commutation overlap angle and
§ is the commutation margin (or the maximum device-
turn-off angle). Under all circumstances

atu+d=nq radians (16)
To express the commutating margin in terms of the
equivalent circuit parameters of the asynchronous
condenser, the three path (I2,I3,Iy) network of
Figure 2 can be rearranged into a single Thevenin
impedance, X" in front of a single Thevenin source
E ll.
q
Rl + cRy + J(X7 + cX2)

Eu=
9[Ry + Rz + cR, + j{X; + X3 + cXp)

q E

(17)

X" = 2[Ry ¥ +RycXa+cRoXy+c2RyXo]+ X3(Ry+cRp)+R3(X1+cXp)

(R] +R3+CR2)2 + (X] + X3 +CX2)2

To express the machine quantities in terms of the
DC 1ink current, Idc’ the normalized DC current is

(19)

i Sg_ AL
Fig. 4 Definition of thyristor commutating terms.

From conventional phase controlled rectifier theory,
the ratio of the Tink voltage to the r.m.s. sub-
transient voltage, Eq"(line-neutral) is

Vde _ 36
|Eq||l

— [cos(u+a)+0.51*] (20)

m

The effect of the commutating overlap u on the volt-
age regulation may be expressed as [8]
cos u=1-1I* (21)

It can be assumed that the commutating margin will



always be small so that the approximation sins =8
may be used for & in radians as

5 = -sin(u) +y/1 + cos(u) [ l-2ﬂVdc/3V6'Eq”]
cos{u)

(22)

Figure 5 is a plot of & versus the ratio Vdc/Eq" for
different families of normalized DC-1link current, I*
For a value I* = 0.4, it is seen that the converter:
machine voltage ratio is 1l.75at a commutating marg-
in of 50us which corresponds to 6=0.063 radians at
200 Hz. This represents a practical commutation
1imit for a 150 H.P. 8-Pinch machine with the para-
meter shown in Figure 2.
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Fig. 5 Thyristor turn-off margin vs. emf forcing.

V. LINK COMMUTATION

Figure 6 defines the real and reactive power
flow directions in the complete propulsion system
with a mains feed phase delay rectifier (PDR) and a
current source inverter. Until the inverter fre-
quency reaches at least 15 Hz, the magnitude of E_ "
is insufficient to effect natural voltage-commuta
tion and consequently the CSI thyristors are current
commutated from the input side by allowing the PDR
to blank the DC Tink at 60° intervals on a 6 device
CSI. A typical waveform of this sequence is Shown
in Figure 7 for a 150 H.P. cage rotor induction
machine in a pulsing mode at 12 Hz.

8-Pinch

INV Induction

Fig. 6 Power flow in machine~inverter system.

In addition to the increase in Eq" with frequency,
Figures 8a and 8b depict the phase change in E." as
the PDR-CSI- 8 -Pinch system transfers from thglimit
of the startup sequence to the run mode at full
rated load and speed. In this latter mode, the in-

o

verter reactive requirement is 11% of the component
reactive power supplied to just the motoring section
of the 8-Pinch machine and this is based on device
turn off times of tq = 30us.

VI. DUPLEX CST SYSTEM

Since the major impetus for advocating natural-
1y conmutated induction drives is simply based on
eliminating the need for any type of electrostatic
energy storage elements at very high powers, the
only area of concern is the startup mode. The
torque pulsations experienced in the pulsing se-
quence are often objectionable albeit at low speed;
however this is only a consequence of controlling
the 1ink current in a "digital" fashion rather than
Timiting the rate of rise and decay of Igyc to a
value less than e.g. 2 A/ms.

One novel method of entirely eliminating start-
up torque pulsations is to incorporate two identical
PDR-CSI systems with both the inputs and outputs in
parallel. [9] By gating the PDRs in a push-pull type
fashion so that the DC-Tink current of PDR #7 is
slowly ramped at a constant + d Iq./dt and PDR #2
is similarly ramped but at - d Iyc/dt, the combined
CS1 output current waveform is nearly a perfect
sinusoid at e.g. 10 Hz with the exception of the
120 Hz ripple that amounts to less than 5%. This
is a practical configuration, for despite the use
of a total of 24 devices, the weight and cost savings
still are ahead of a similarly rated drive with
static capacitor banks. A duplex CSI arrangement is
shown in Figure 9.

W
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Fig. 7 Machine current waveform in start-mode.
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Fig, 9 Duplex CSI system for torque smoothing.

VIT. SPECTRAL CURRENT FILTER

If the 6-Pinch machine is wound such that the
condenser and motoring windings are connected in
parallel, then the condenser winding(ASC) addition-
ally serves as an electromechanical filter to sup-
press undesired current harmonics or incoming line
transients;permitting the motoring winding proper
to receive substantially fundamental current. For
example, the ASC can be designated to have its re-
actance minimum at the fifth harmonic of the main
travelling wave in order to best suppress the dom-
inant harmonic of the CSI; this energy is absorbed
by the rotor and due to the cage construction the
thermal overloading is acceptable. The ASC input
impedance versus frequency is plotted in Figure 10
for the 150 H.P. machine. The response is similar to
resonant,ac-moving coil EM filters,[10]

v Y T T
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o Q
1Y I

I ————————— - ————— -

3 1 It 2.
0 fb 100 200 300 400
Fregquency Hz
Fig, 10 Condenser harmonic-input impedance.
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VIIT. CONCLUSION

As an alternative to mains power factor im-
provement, the mechanism of continuously generating
reactive kVA from the stator of a brushless induc-
tion machine has been applied to static power con-
verters;specifically where adjustable frequency is
generated by a square-wave current-source thyristor
inverter. By winding design alone, the integral
asynchronous condenser/induction motor terminal po-
wer factor remains in the leading region for slip
values between 0.075 per unit and zero, whereby the
machine provides the commutation margin for the in-

verter(analogous to synchronous machine applications).
This natural voltage-commutation capability of the
described induction machine is only present at high
speed and for machines with rotor magnetization time
constants in excess of about 200 ms.Until the commu-
tating speed is reached,the inverter is commutated
by pulsing the input current. Development of this
system beyond the 150 H.P. level is fully anticipated.
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