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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, n a /l-a 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 exact inverter frequency for a given load, the SCIM air-

gap field speed is first determined as u s = 2 t ^f and thus the 

shaft speed is accurately given by 

120r p l f (1-a) 

<V = R.P.M. (6.27) 
r 7T D 

In 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 f „ 
C = w r j-j ( 6 . Z d j 

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 ox 

else numerically calculated using a finite element magnetic 

field analysis of the airgap region. However, the quantity 5 

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, Q ^ n v since the current wave must be 

leading at this point to permit natural commutation with the 

non-ideal thyristor devices. The novel feature of this 

system is that the reactive power generated by the ASC 

windings allows the junction point balance 

^asc ^motor + ^inv 

in the case of a leading power factor motor. The real power 

supplied to the ASC is used exclusively for the additional 
0 

stator I -R loss, while P m o t o r 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 P Q 'for this may be zero (or negative if the as c 

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 

system at the transition frequency of 15 Hz. In the run mode, 
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Q as c 

F i g u r e 6. 11a B a s i c p o w e r f l o w d i r e c t i o n s with natural commutat ion, 

3 <t> 
50 H z Flux Advance Loop 

UAUAJ — 

POR C S I 
. iTrnrr> - -Dfc 

A c j 

Torque— 
Command 

Flux Level 
C o n t r o l l e r 

F i g u r e 6. l i b Control s c h e m e f o r the v a r i a b l e speed, constant s l ip 
p r o p u l s i o n s y s t e m w i t h f r e q u e n c y dependent c a r r y - o v e r 
f lux s tator s h o r t - c i r c u i t i n g c o i l s and c l o s e d control loop. 
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the PDR firing is delayed to an angle a = 1 7 0 ° and the ripple 

component of the DC link current is under 157o 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 column 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 

30 Drive Systems at Base Frequency 50 Hz 

Output Power (kW) 

Rotor Power (kW) 

Direct Axis Reactance (ft) 

Quadrature Reactance (ft) 

Subtransient Reactance (ft) 

Asynchronous Reactance (ft) 

Shaft Speed (r/min) 

Rotor Reactive Loss (kVAR) 

Airgap Magnetization (kVAR) 

Exciter Weight (kg) 

Machine Weight (kg) 

Specific Power/Wt (kW/kg) 

Inverter Overlap Angle 

Machine Efficiency (%) 

Asynchronous 

112 
2.4 

0.025 

735 

5.24 

36. 

1660 

0.068 

18° 
85 

Synchronous 

112 
4.2 

3.35 

2.21 

0.55 

750 

200 

1800 
0.056 

15° 

92 
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6.7 COMMUTATION LIMIT 

To express the machine quantities in terms of the DC 

link current, the normalized DC current is 

I* = 2 X " I d c (6.29) 

V6 1 E " 
q 

From conventional phase controlled rectifier theory, the 

ratio of the link voltage to the r.m.s. subtransient voltage, 

E " (line-neutral) is [11] 

V d c , 3 V 6 ^ 
E M — [ cos(u + 6 ) + 0.51*] (6.30) 

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

lation may be expressed as 

cos u = 1 - I* (6.31) 

It can be assumed that the commutating margin will always be 

small so that the approximation sin 6«<5 may be used for 6 in 

radians as 

5 „ -sin(u) + V 1 + cos(u) [1-2tt E q
n ] ' 

c o i T u 5 

Figure 6. 12 is a plot of 5 versus the ratio V ^ / E " 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 50ys 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 E " is insufficient to effect natural vol-
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R a t i o V d c / E q " 

F i g u r e 6. 12 Thyristor commutating marg in under natural commutation 

as a function of ASC winding ef fect ive counter-emf for dif-
$ ferent f a m i l i e s of normal i zed DC link current, I . 
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F i g u r e 6 . 1 3 Inver ter c o u n t e r - e m f r e q u i r e m e n t a s a function of load 
f o r d i f f e r e n t v a l u e s of o v e r l a p and commutat ing m a r g i n . 
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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 E 11 with frequency, 

Figures 6.15 and 6. 16 depict the phase change in E M as the 

PDR-CSI- 9 -Pinch system transfers from the limit of the 

startup sequence to the run mode at full rated load and 

speed. In this latter m o d e , the inverter reactive require-

ment is 11%- of the component reactive power supplied to just 

the motoring section of the 9-Pinch machine and this is based 

on device turn off times of t = 30ys. 
q 

Since the SCIM drive system prefers 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, f* which occurs 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 w ^ e r e i-s the magnetizing 

inductance and R2 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. 17 which plots the commutating margin for a CSI 

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



F i g u r e 6. 14 Exper imenta l ly obtained link, inver ter and machine current w a v e f o r m s during the 

s tar t -mode current blanking thyris tor commutation at 6 H z with the SCIM-Mk. II. 
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Figure 6. 15 Phasor diagram of machine voltages and sys t em currents during s tart -mode . 
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Figure 6. 16 Phasor diagram of machine voltages and s y s t e m currents in h igh-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. 17 that 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) 5000 

Full Load Const ant-Slip, a (p.u.) 0.035 

Goodness Factor (50 Hz base) 200 

ASC Counter-EMF/Rotor Current Ratio, E /I 2(V/A) 1.80 

Time Increment, At (ms) 0.25 

Mechanical Output at 100 Hz (kW) 224 

Mechanical Speed, 9 (rad/sec) at 100 Hz 151.5 

Maximum Electrical Frequency, u> (Hz) 200 

Minimum Electrical Frequency, u (Hz) 25 

Primary Resistance (ft) 0.062 

Secondary Resistance (ft) 0.071 

Primary + Secondary Leakage Reactance at 200 Hz (ft) 2.42 

Magnetizing Reactance at 200 Hz (ft) 64. 

Tertiary Reactance (ft) 0.10 

Tertiary Resistance (ft) 0.015 

Max. Gap Flux/Pole (Wb.) 0.026 

Max. Terminal Voltage (V-^ r.m.s.) at 200 Hz 1600 

Minimum Commutating Margin, <5 (deg) 3.61° 

Maximum Overlap Angle, u (deg) 16.4° 

Normalized DC Link Current, I* 0.056 

Ratio V d c / E q " 2.265 

Commutating Reactance at 200 Hz, X" (ft) 0.0922 

Effective Commutating Resistance, R" (ft) 0.0139 

Ratio Commutating Voltage/ASC EMF, E "/E 0.959 < 0.22° 

Ratio DC Link Voltage/ASC EMF, V , /E n 2.172 
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F i g u r e 6. 17 Computer s imulat ion s u m m a r y of SCIM drive s y s t e m 

to d e t e r m i n e f requency l i m i t on natural commutat ion. 
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F i g u r e 6.18 F l o w D i a g r a m of S C I M D r i v e S y s t e m C o m p u t e r S i m u l a t i o n 
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6.8 DUPLEX CURRENT SOURCE INTERACTION 

Since the major impetus for advocating 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 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. By 

gating the PDRs in a push-pull type fashion so that the DC-

link current of PDR #1 is slowly ramped at a constant + d 

dt and PDR #2 is similarly ramped but at - d I ^ / d t , 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 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 Figures 6.19 and 6. 20 . 
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50 H z 

M r n r U - f 
I d c 2 

F i g u r e 6. 19 A conceptual duplex i n v e r t e r s y s t e m for torque smoothing, 

PDR 2 
Output 

Motor «r 
P h a s e 0 
Currents 

F igure 6. 20 Theoret ica l DC- l ink and AC-output wave forms for duplex 
s y s t e m in the current puls ing start mode at 2 Hz output. 
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6 . 9 THE A P P L I C A T I O N OF CONDENSER WINDINGS AS A HARMONIC 
CURRENT F I L T E R 

T h e a s y n c h r o n o u s c o n d e n s e r c o n c e p t m a y b e e x t e n d e d t o 

e i t h e r p r o p u l s i o n o r p o w e r g e n e r a t i o n s y s t e m s t o n e u t r a l i z e 

t h e l a r g e h a r m o n i c w a v e f o r m s i n t r o d u c e d b y s q u a r e w a v e o u t -

p u t t h y r i s t o r i n v e r t e r s c o n n e c t e d t o e i t h e r a n i s o l a t e d 

m a c h i n e o r a n a c t i v e A C - D C g r i d n e t w o r k r e s p e c t i v e l y . I n 

t h e c a s e o f t h e f o r m e r , t h i s u s u a l l y t a k e s t h e f o r m o f v a r i a -

b l e - v o l t a g e , v a r i a b l e f r e q u e n c y c o m b i n a t i o n p h a s e d e l a y r e c -

t i f i e r - l o a d c o m m u t a t e d i n v e r t e r . C o n s t a n t v o l t s / H z c o n t r o l 

i s a d h e r e d t o b u t t h e a s y n c h r o n o u s c o n d e n s e r ( o r s e p a r a t e l y 

e x c i t e d s y n c h r o n o u s c o n d e n s e r i n c o n v e n t i o n a l s y s t e m s t o d a t e ) 

m u s t b e d e s i g n e d f o r t h e d u a l p u r p o s e o f r e j e c t i n g f u n d a m e n t a l 

c u r r e n t s f r o m a b o u t 2 5 t o 4 0 0 H z a n d y e t a b s o r b i n g a w h o l e 

s p e c t r u m o f f r e q u e n c i e s s t a r t i n g w i t h t h e l o w e s t f r e q u e n c y 

o f 1 2 5 t o a 2 0 0 0 H z f i f t h h a r m o n i c . A t f i r s t t h o u g h , t h i s 

r e q u i r e m e n t a p p e a r s t o b e d i f f i c u l t t o i m p l e m e n t s i n c e 

t h e r e i s a b r o a d o v e r l a p p i n g o f f u n d a m e n t a l a n d h a r m o n i c 

f r e q u e n c i e s . T h e p u r p o s e o f t h i s s e c t i o n i s t o g i v e s o m e 

m a t h e m a t i c a l p r o o f b e h i n d t h e h a r m o n i c f i l t e r a p p l i c a t i o n 

a n d s h o w , w i t h t e s t r e s u l t s , t h a t i n d e e d t h e a c t i v e c o n d e n s e r 

a p p r o a c h ( w h e t h e r s y n c h r o n o u s o r a s y n c h r o n o u s ) i s s u p e r i o r 

o v e r t h e u s e o f s t a t i c c a p a c i t o r s . 

T h e f i r s t a r e a o f c o n c e r n , i n r e f e r e n c e t o a d j u s t a b l e 

s p e e d d r i v e s y s t e m s , i s h o w d o e s t h e m a c h i n e ( o r c o n d e n s e r 

w i n d i n g s ) k n o w t o e i t h e r r e j e c t o r a b s o r b a n y p a r t i c u l a r 

f r e q u e n c y s i n c e t h e r e i s , o b v i o u s l y , n o d i r e c t l i n e o f 

c o m m u n i c a t i o n b e t w e e n t h e c o n t r o l s y s t e m f i r i n g t h e t h y - -
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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. In 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: 

j°0°+ F r 9 = B p A I (6. 33) 

0 0 0 

L X I + Rjl + B q A 9 = V t (6. 34) 

where J = moment of inertia 

9 = rotor angular displacement 

F r = friction (speed damping) coefficient 

B 53 in-phase airgap flux density 
IT 

B^55 quadrature flux density 

A = coil axial length/turn x winding factors x 2 

Vt=» harmonic terminal voltage of an ASC coil 

I = r.m.s. phase current x number of turns/coil 

Z = ASC coil terminal, harmonic impedance 

ASC coil winding resistance 

ASC coil leakage inductance 

a) =» angular frequency of natural resonance 

a) = 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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14 

= R, + jiuL-j + jw 

B B A' 

joiF - a)" J j r 
(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 / 

Z = R , + j OlL1 + •=!—-r—5—p n 
1 J X 1 + J W R 2 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 , 

c = J i 

B p B q A * 

1 

T F r 

Figure 6.21. Electromechanical filter analogue for either 
J-Jump or 9-Pinch windings for frequencies 
not equal to (poles)*(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 = 
B B A' 
p q 

Farads (6.37) 
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Conversely, the equivalent resistance, I^, which will vary 

with changes in speed due to possible load torque variation, 

is 

B B A 2 

R = P
F
 q Ohms (6. 38) 

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

portant parameter is the natural frequency, which is given 

by 

w n " a ,
A / L 1 [ I + ( o ) R 2 C ) 2 ] 

R 2 C 

= uj 
r z 2 i 3 9 ) 

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 w ) 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 oj, the condenser section will 

appear capacitive under the criterion that the ASC winding 

leakage inductance be limited as a value 

B^ B A 2 J 
p ^ , ^ < — * T ( 6 . 4 0 ) 

1 F r
Z + u j r 

Thus the absolute practical limit on the lower frequency 

to be filtered is given by 

^ 1 
WL.L.— J 

2 1 
B_ B A J P q 2 

- F z 

L n r 

2 

( 6 . 4 1 ) 

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

variables would have the values (supposing the entire 
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F i g u r e 6. 22 F o u r i e r ana lys i s of inver ter output current in the l o w - s p e e d puls ing mode at 10. 4 Hz. 
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Figure 6. 23 F o u r i e r ana lys i s of inverter output current in the h igh-speed run-mode at 15. 0 Hz 
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m a c h i n e w a s h y p o t h e t i c a l l y w o u n d a s a n a s y n c h r o n o u s c o n 

d e n s e r ) 

J = 7 . 9 8 N - m - s e c 2 

B p = 0 . 6 T 

B q = 0 . 6 T 

A 3 9 0 x 0 . 7 5 6 x 2 x 0 . 2 3 5 

= 3 1 . 9 m f o r 9 0 c o i l s 

L - p 9 0 x 0 . 2 3 8 m H / c o i l 

= 0 . 0 2 1 4 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 r is zero; corresponding to the assymptotically 

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), 

0) L . L . : > 0 . 1 2 5 3 V 1 . 3 6 6 x l C - F = 4 6 . 3 r a d / s e c . 

F = 0 
r (6.42) 

I t s h o u l d b e e m p h a s i z e d t h a t t h e l o w e r l i m i t f r e q u e n c y 

o f 4 6 . 3 r a d / s e c ( o r 7 . 3 8 H z ) f o r a b s o r b i n g h a r m o n i c c u r r e n t s , 

i s b y n o m e a n s d e f i n i t e b e c a u s e , f o r e x a m p l e , t h e v a l u e s o f 

Bp a n d B q w e r e r a t h e r a r b i t r a r i l y c h o s e n . F o r a n a c t u a l 

C S I - r o t a t i n g m a c h i n e a p p l i c a t i o n , ^ w o u l d h a v e t o b e 

l a r g e r t h a n 1 2 5 H z f o r s a y , o p e r a t i o n o f a 4 p o l e p r o p u l s i o n 

m o t o r t o c o m m e n c e a t 7 5 r . p . m . a n d i n c r e a s e i n s p e e d . T h e 
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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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V I I . T R A N S I E N T SIMULATION 

7. 1 A DERIVATION FROM P A R K ' 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 

V - I f - b - i d (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 ip̂  with zero initial 

current and an open-circuited secondary 

where the negative sign indicates an armature reaction flux 

and X^' 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 Hf which is represented is lp̂  the primary terminal flux 

linkage and therefore 

X d = ^d + X d ' 

The initial conditions demand that the total flux linkage 

is zero but \|>, f 0 

V 
(7.3) 
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7 = 0 

X
H l 

( 1 - — ) - b ' ( — ) 

V X d ' 

(7.4) 

/ . b = x d - x d » (7.5) 

The normalized secondary EMF must be 

E 2 = K 2 p $ + I 2 (7.6) 

for which K 2 may. be evaluated by opening the primary cir-

cuit (i^ = 0) and short-circuiting the secondary 

0 = K 2 p + I 2 (7.7) 

and by (7.1) 
0 - K 2 P I 2 U + I , (7.8) 

and constant K 2 , referred to in the literature as the open-

circuit field time constant, T q is with respect to the po-

lyphase induction machine equivalent circuit 

T o -

x
3 ~ ^ m a G " ( 7 . 9 ) 

R 2 « OJ 

which is henceforth referred to as the modified Goodness 

factor since G" « G = X m / R 2
 a ^ P r a c t i c a l applications. 

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 [l] 

Xd - F ( p ) E 2 + H < P ) ' i d < 7 - 1 0 ) 

where F ( p ) a n c* H(p) are laplacian operators, for which 

three of the four boundary conditions at initiation 

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

F(o) = 1 

H(o) = 0 

F(ao )= 0 

H(qd )= X d - X d " 

X d
u 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) = X d - X d ( p ) (7.11) 

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

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

e 2 - V p [ x d - < Xd " V ^ d ] + J d < 7 ' 1 2 > 

by (7.10) 

. X d = + " < X
d " W M ] + [ Xd " W ^ d 

(7.13) 
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To evaluate F(p) , =» 0 and therefore I d = I 2 

F , * - (7.14) 
W T p + 1 

o 

To derive H ^ , I 2 and are set to zero leaving 

< xd - X d ' ) T o P 

T 0 P + 1 
- [ X d - X d(p)] = 0 (7.15) 

X,' T p + X , 
H ( p ) = X d " X d ( p ) = X d " ^ ° , < 7 " 1 6 > 

O H 

Equation (7.16) is universal because it is still general 

enough to represent induction machines as 

L-, G" p + OJ(L-. + M ) 

H ( p ) = L i + M - G - P + / ( 7 " 1 7 ) 

where L^ and M are the per unit primary leakage and magne-

tizing reactances. 

Park*s original equations may be summarized as 

e d = p - r i d - p 0 

e q = P "" r i
q
 + ^d P ^ (7.18) 
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= G(p)-E 2 - X d ( p ) - i d 

•q = x q " v ^ = • x q ( p ) , i q ( 7 - 1 9 ) 

- - V S 

where 9- 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 

T - e d i d + e a i q + e Q i o + r [ M 2 + iq2 + ip 2] ^ 

P& 

But suppose that the machine is fed at constant current for 

the mains two-axis currents as well as the total currents 

and I q . Consequently (7.20) may be reduced by assuming 

that the rate of change of magnetic energy in each axis is 

negligible or p - ^ , P'^q a n c* ~ 0 which allows by modi-

fication, of (7.18) 

T - V *<! " '*q ( 7 " 2 1 ) 

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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e
d

 =
 " *

v
*

s i n
 ~ 0O) t > o (7.22) 

e q = V-cos (ut - 0 Q ) t > o 

X
d ( p ) -

 X
q ( p ) (7.23) 

p - 0 = 0 (7.24) 

where 0 Q is the initial phase angle of switch-on and (7.22) 

is zero for t s 0. In addition to (7.21) the system of 

equations is 

e q 3 P ^ q " r , i q 

(7.25) 

= - t L l + 

% - - [ L 1 + M ] 

(p) ,2*d 

<P)' Xq 

(7.26) 

where it is assumed that L^ + M is the same in both direct 

and quadrature axes. The simultaneous solution of the 

above nine equations yields the instantaneous torque as 

T = -
[(Lx + M)

 1 ] • G n ( + + 1 } 

- x n t - x 0 t 
1 + e 1 e z 

- [ • • 1 4- e Z 
X 1X« + 1 r -X-,t -x0ti 

cos Cat) - — le 1 - e Z 

x2 - x x 

sln(uty 
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where 

X, = - [OU + M)r« + O o - M)r, -
1 2(L1 + M ) ( L 2 - M )

L i 

V [ ( ^ + M)r 2 + C 4 - M ) r J 2 - 4(1^ - M) + M ) ^ 

x 2 = [ C ^ + M)r 2 + 0 2 - M)r x + 
2(L^ + M) O 2 -

[ C ^ + M)r 2 + O 2 " K ) ^ ]
2 - 4 ( L 2 - M) + M ) ^ ' j (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 X 2 

term while the X^ 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 is 

indicated, the X 0 . [ 2 ] 



7.2 NUMERICAL SOLUTION OF ROTOR CURRENTS 4 6 3 

A. Induction Simulation During Start-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=1 sec. to H=10 

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 machine 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 



no saturation of stator teeth. 

2. The machine equations are arranged in the form 

x = A x + B u (7. 28} 

where "x" is a column matrix of D-Q currents and rotor speed, 

"u" is the colum matrix describing the three different types 

of voltage inputs for synchronous and non-synchronous on-

line connection. 

The 11B" 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 "state11 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 C^ phase transformation and the C 2 com-

mutator transformation to a symmetrical 30 induction motor, 

and the familiar impedance matrix is obtained [ 3 ] . 
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Z 1 = 

R s + L 

0 

-M 

sP 

u>r 

M p 

0 

R s + L 

Mu)_ 

sP 

0 

Mp 

R r + L r P 

L ro) r 

Mr 

- L r w r 

R r + L r P 

in the system 

[v"] -

(7.29) 

as 

bs 

qr 

dr 

[Z 1] 

as 

lbs 

i 
q r 

1 dr 

[Z 1] [\"] 

(7. 30) 
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Specifically, [Z^] can be broken down into 

[Z 1] = [R] + [L]p 4w r[G] (7.31) 

[ R ] = 

[L] = 

[G] = 

R s 
0 0 0 

0 R s 0 0 

0 0 R r 0 

0 0 0 R 
r 

L s 
3 

r«
 

CO M 

L r 

M 

M L r 

0 0 0 0 

0 0 0 0 

-M 0 0 -L. 
r 

0 -M K 0 

The inverse inductance matrix is 

[L x ] = 
L s V M 

r 

-M 

-M 

-M 

L 

(7. 32) 

(7. 33) 

(7. 34) 

-M 

. (7. 35) 

To simulate transient phenomena, it is necessary to 

solve the system equation: 

i l H . [ L - » ] [ V ] - ^ J } * ] * « r [ G ] ] [ V ] (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 
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and 

v = 0 
qr 

V d r " 0 

[L" 1]tv , ,l = 

where Y = 

V Y 0 

0 L Y 0 r 

0 -M-Y 

-M'Y 0 

L L - M 
r s 

as 

bs ( 7 . 37 ) 

The power transfer matrix may now be expressed although 

no special modifications for cage rotors are included 

[ L ^ H R + ^ G ] 
L s V M 

L r 0 0 -M 

0 Lr -M 0 

0 -M L 0 
s 

-M 0 0 L 

R. 

0 

0 0 

R s 0 

0 R r 

0 

0 

0 o)rM a) rL r 

L L -H 
s r 

L R 
s s 

00 M' 
r 

•w L M 
r s 

-MR 

- a) M' 

L r R s 

-MR 

co ML r s 

- u r M L r 

-MR 
r 

L R 
s r 

a) L L 
r r s 

(7. 38) 

-R M 
r 

-<*r Lr M 

- o) L L 
r r s 

s r 

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 
d oj r 

(7.39) 
T = T-. + J 
elec 1 

In the interests of maintaining a linear systems model, the 

load torque is simulated as 
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T 1 " f 

t 

Where f is a viscous friction constant in N-m-sec/rad and 

ranges from zero through 0.10, indicated as 

Case 

b) Light load, f = 0.01 

a) No-load, f = 0 

c) Normal load, f = 0.033 

d) Heavy load, f = 0.10 

.a 

8 
The moment of inertia is represented as 

2 
H N 

J = 
(9.807 kg-m 2) 

N-m-sec ( 7 . 4 0 ) 

where S is the machine VA rating, N^ the number of pole-pairs, 

oĵ  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 e l e c - ti t"][G][i "] 

" C las lbs *qr M r 1 

0 0 0 0 

0 0 0 0 

-M 0 0 -L. 

0 -M L r 0 

1 as 
i 
bs 

. 1 qr 

= M[ I, i, 
dr bs - i { ] 

qr as ( 7 . 4 1 ) 

Therefore, assuming a speed dependent load torque completely, 

we have in the form x = B u + A x 
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- - -

L r Y 0 

i b s 0 L Y r 
V a s 

• 

i qr — 0 - M Y X 

^ b s 

M r - M Y 0 

0 0 

r s ^ . M 2 Y o^ M L r Y R MY r 0 xas 

- CO M 2 Y r - L R Y r s M R r Y • u r L r M Y 0 lbs 

(J r L s MY M R S Y - L R Y s r (J L L Y r r s 0 X 

M R S Y - CJ r ML g Y - C o r L s L r Y - L R Y s r 0 *dr 

0 0 - M i a s / J - M i / J bs - f t / J 

( 7 . 4 2 ) 

The terms containing w r must b e 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. 



469 

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 

e ~ A t
 BU(T)C1T + e A ( t " t o ) X ( t o ) 

(7 .43 ) 

where the gothie 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 55 At = time interval 

The equivalent difference equation is 

J(k + 1)T « T e 

KT 

( 7 . 4 4 ) 

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 

piecewise-linear function, the integral is still evaluated 

quite accurately. 

The stator voltages are approximated as 

U(t)=U(kT)+ + - "(XT) ( t_ k T ) ( ? > 4 5 ) 

is known to be 14] 

t 

X(t) = e A t / 
to 
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The piece-wise linear input difference equation solution is 

X [(k + 1 ) T ] = F - X ( k T ) + E - U ( k T ) + D - U ( k + 1)T (7.46) 

where F = e A t = £ X (AT) n (7.47) 
n = o 

E = [ e A T ( - U A T ) + l] ( A ^ T ^ ) BT 

0 0 l 

- S f w t ( a t ) b t ( 7 - 4 8 > 

D =[eAT-1-Al](A2T2)-1BT 

= 2 T T f W ( A T ) " B T < 7 - 4 9 ) 
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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 i.) 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 

v 
os 

0 

and 

o ̂  = V ? V cos (at) 

_ _ « / 3 ) 

Oo = V ? V c o s (<0t+2ir/3) 

Applying the C-, transformation 

(7. 50) 

~ V T * c o s ( w t ) ~(cosut cos 2tt/3) 

= V 3 V cos(u>t) 

cosut COS 

- V273 1 (o 2-u 3) ( 7 . 5 1 ) 

=V3 V sin(wt) 
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case ii.) Asymmetrical closing represented by and 

6=^/2. 

The a=iT/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 6=tt/2 condition means that only two phases are connected 

at t^o, but it/2 radians later, the third phase is connected. 

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

I r = 0, I y = + 1 , I b = - I 

which after applying the C ^ , combination phase and symme-

trical components, tranformation 

I Q = 0 , I + - jl, = -jl 

The sequence voltages are 

V 0 = 0 , V + = j Z + X, V_ = -jZ. I 

With application of the C ^ matrix again, the phase 

voltages are 

V r j ( Z + - Z j I (7.52) 

V y j(a 2Z +-aZ_)I (7.53) 

V b = fa j(aZ +-a
2Z_)I (7.54) 
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. s/T where a = - % + j (7. 55) 

2 ^ 
a = - % - j (7. 56) 

Surprisingly enough, the voltage of the unexcited phase 

is almost equal to that (with a phase shift) of an excited 

phase. 

a V y = A j ( a 3 Z + - a
2 Z _ ) I 

= V r j Z _ I - ^ , j a 2 Z . I 

= V r + ^ j Z _ ( l % + j (7.57) 

However, in both symmetrical and Theta-Pinch type machines, 

it can be assumed that Z +>> Z_ 

••• | V r | a | V y | 

Reverting to the standard C^ transformation 

uas~ 
_V2/3 

i>0+u« 

and using a standard balanced positive sequence system 

u ^ V f V s i n (ut), u2=v
/2'Vsin(a)t-2TT/3) , u3=\/2 Vsin(a)t+2Tr/3) 

u as s i n ( u t ) (7.58) 

v T 
^s = T ( u 2 " u 3 } 

= -2 V sin(2Tr/3) cos (u>t) 

°bs " '
V
 ^

 c o s
 (

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 v o l t a g e s , u and u 
as D s 

are unchanged. 

X 1 = 

= sm(o)t) 
Z 

( 7 . 6 0 ) 

where 

Z = R + jwL „ 
s J ss 

and L g s is a three-phase coupled inductance value. 

i 9 = sin(ajt-2Tr/3) 
z Z 

i^ = 0 due to the 3=tt/2 condition 

• VjJzl [ L - 2 5 sin(ojt-0) + ^ c o s ( a ) t - 0 ) ( 7 . 6 l ) 

0 

bs 

tan" 1(o)L s s/R s) 

T " ( 1 2 + 1 3 } 

V 
sin(o)t-27r/3-0) ( 7 . 6 2 ) 

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. 

V s - h s ' h > 

"dr 

( 7 . 6 3 ) 

(7. 64) 

where K a and K. are coupling coefficients found from pre-

vious programs on synchronous closing. 
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.1 V3 

where i|> = tan (-y) . 

These values are imputed to theCXl matrix to calculate 

<1 during the interval (5 ms) of two-phase excitation. For 

cot>tt/2, the numerical solution of the state equation is 

used to simulate and independent of and i a g 

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 

overspeeding 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, R (p.u.) 0.0172 b 
Stator Reactance, X 1 (p.u.) 0.0783 

Rotor Resistance, R 2 (p.u.) 0.0383 

Rotor Reactance, X 2 (p.u.) 0.0752 

Magnetizing Reactance, X m (p.u.) 3.6670 

Base Impedance, Z (n) 3.6012 

Two-Phase Parameters 

Stator Resistance, R (p.u.) 0.0172 s 
Positive-Sequence Stator Reactance, 5.5788 

o)Lg (p.u.) 

Rotor Resistance, R r (p.u.) 0.0383 

Positive-Sequence Rotor Reactance, 5.5757 
oaLr (p.u.) 

Mutual Coupling, wM (p.u.) 5.5005 

Coupling Factor, K (%) 98.6 
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Table 7.1 

Characteristics of the 26 kW Rotary Machine 

Prior to Modification 

Base Quantities (Y-Connected) 

Apparent Power (kVA) 37.76 

Voltage (V1]L 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, R (p.u.) 0.0566 
3 

Stator Reactance, X 1 (p.u.) 0.2590 

Rotor Resistance, R r (p.u.) 0.0307 

Rotor Reactance, X 2 (p.u.) 0.1320 

Magnetizing Reactance, X m (p.u.) 3.3960 

Base Impedance Z (ft) 4.2400 

Two-Phase Parameters 

Stator Resistance, R (p.u.) 0.0566 
s 

Positive-Sequence Stator Reactance, 5.3530 
oiLs (p.u.) 

Rotor Resistance, R r (p.u.) 0.0307 

Positive-Sequence Rotor Reactance, 5.2260 
wL r (p.u.) 

Mutual Coupling, u>M (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 ( V X 1 r.m.s.) 208 

Current (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, R (p.u.) 0.0642 o 

Stator Reactance, X-̂  (p.u.) 0.095 

Rotor Resistance, R r (p.u.) 0.0637 

Rotor Reactance, X 2 (p.u.) 0.095 

Magnetizing Reactance, X m (p.u.) 1.65 

Base Impedance Z (n) 17.2 

Two -Phase Parameters 

Stator Resistance, R (p.u.) 0.0642 O 

Pos.-Seq. Stator Reactance, aiL (p.u.) 2.57 s 

Rotor Resistance, R r (p.u.) 0.0637 

Pos.-Seq. Rotor Reactance, GO L r (p.u.) 2.57 

Mutual Coupling, OJM (p.u.) 2.475 

Coupling Factor, K Q (7o) 96.2 



480 

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 (f t = 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 (i &) peaks but note that 

this is not coincident with the zero crossing of the i and i^ 

currents 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 0 = tan" 1(0.079/0.0194) = 76.2°). 

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. In 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 

q-axis phase-shift so described will approach 90° with zero 

instantaneous torque. Second, the most prominent transient phe-

• nomena will always occur in the q-axis current since switching 
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demands i (t=30)-0 whereas the d-axis transient is much less q 
severe. In the first cycle, the i and i^ responses exhibit 

a + 35% deviation in peak values, while the i^ and i types 

show + 13%. 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. 

= 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 q-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, g i v e n in (7.27). 

In Figures 7.2 and 7.3, the friction constant has been 

changed to f t =» 0.01, the latter plot extending the simulation 

to ten cycles and removing the i^ and i 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 200% 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 i and i^ 

currents (and to a smaller extent the i^ and i dc-

component decay) rather than a significant change in 

the phase angle of the i 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 comparison, the peak torques are higher by 4970 using 174 N-m/ 

pole as a base and retaining the X 2 = 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 i^ and i a or between i and i^ 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 f^ = 

0.001s. Figure 7.6 goes one stage further by reducing the 

coupling to M a 0.301 n (or G = 1.6) and as seen, secondary 

currents are typically only 32.870 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 a = 0, 6 = 0 mains closing, oscillations are clearly 

less than 507o 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 SIMULATION 

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 experimental apparatus, there was 

apparently some frequency modulation of the power supply caused 

by the rapid variation of the power taken from the line. In 

summary, the machine was instrumented with a digital, strobos-

c o p e 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 w . 

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, 

a2 ^ J _ K n n 
K o V - T + T 1 + 9 a = 0 (7.65) 

2 Y s 2 W R 2 

T T p 2 
where Ki = evaluated at full-load steady-state 1 a r y 

K 2 - ct / a 

2 
for WR = moment of inertia 

a = electrical angle between an infinite-bus voltage and 

the voltage across the magnetizing reactance, 

n = number of poles 

Unfortunately, these K^ 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 K2 = 10. 

The solution of (7.65) is 

' - - 0.0315 e " 1 8 ' 8 t 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 - a ' ). In general, oscillations 
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T f l a n 

W R 2 a 
(7.67) 

where T ^ and a ^ a r e 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 q-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, 3-phase 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 R2. Additionally, 

three different starting sequences (as fully described in 

section 7.2-D) are simulated; 

(i) a=0, 6=0; (ii) a-ir/2, 6=^/2; (iii) a=0, 6=ir/2. It is 

seen that the differences between non-sjnichronous 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 f t=0.01 to 0.10 N-m-sec/rad., for which 

it is seen that f t=0.01 and ^ = 0 . 0 3 3 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 ^ 1 . 5 through H=10 seconds. In particular, the 

H=1.5 case yields two overspeeds, the first up to 1260 RPM 

(1057o) and the second to 1240 RPM (103%). 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 f ^ O condition. Figure 7.10 is similar to 

Figure 7.8 except that an H constant of 2.0 sec. is used 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 (f. 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 (which 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 B^.2) 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 

(SCI"M) 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 magnetic 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 transistors. 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 vary-

ing loads and variable speeds is to always maintain constant fun-

damental slip to the SCIM unit by virtue 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. 



503 

Appendix I 

Table A1 

Specifications of the Datron Electronic Scanning Unit 

General 

Power Supply 205-255 or 105-1 27 volts, 4 8 ^ 4 0 Hz. 
Consumption approximately 12VA. 

Operating Temperature 0°C to 50°C. 

Storage Temperature - 2 5 ° C to +70°C. 

Dimensions 1200 Scanner Height 
Width 
Depth 

1210 Extension - as above. 

Weight 1200 Mainframe (unloaded) 
1201 Relay Module 
1219 Extension (unloaded) 

132mm (5.2") 
433mm (17") 
327mm (12.9") 

6kg (13 lb) 
850gm (30oz) 
4.5kg (10 lb) 

Rack Mounting 

Cock Accuracy 

Inputs 

Channel Capacity 

"Ears" mounted on side of instrument. 

lOppm @ 23°C. 
Temperature Coefficient 10ppm/°C. 

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 1 0 x 4 pole channels ) per module 

Channel Switching Time < 20mS 

Thermal emf error - < 2fiV 

Maximum voltages: 
Between any 2 poles of one channel or 

between channels 
Between any signal input and guard 
Between guard and earth (case) 

250V rms 
250V rms 
250V rms 

Minimum switching operations 10 

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 

OverTange 

Accuracy 

Temperature Coefficient 

Stability 

Common Mode Rejection 
(1 k£2 Source Unbalance) 

Series Mode Rejection 

Settling Time 
(to 0.01%) 

Read Rate 

205 - 255 or 105 - 127 volts, 48 - 440Hz. 
Specify line frequency and voltage when ordering. 
Consumption is approximately 12 V A. 

0 ° C to 50°C. 

- 2 5 ° C to + 7 0 ° C . 

H = 90mm (3 .5") , W = 4 4 0 m m (17.25") , D - 343mm (13.5"). 

5.5kg (12 lbs). 

"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 t 1 microvolt. 
N.B. Use of SF1 option adds 0.05% to full scale accuracy. 

t 1/10 (of above accuracy rating)/°C t 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 

FILTER IN 

NOTCH REJECTION 

FILTER OUT -
(OPTION F01) 

FILTER OUT 
FILTER OUT (F01) 
FILTER IN 

> 20 dB @ 50 Hz increasing at 
30 dB per octave + NOTCH REJECTION 

> 57 dB @ 50 Hz increasing at 
18 dB per octave + NOTCH REJECTION 

> 50 dB @ Line Frequency ± 0 . 1 5 % 
36 dB @ Line Frequency ± 1% 

NOTCH REJECTION alone. 

78 milliseconds ) ADD 30 milliseconds 
5 milliseconds ) if changing into or out 

350 milliseconds ) of 100 V, I kV ranges. 

Normal internally triggered read rate 2.5 readings/sec. 
Maximum externally triggered read rates: 
FILTER OUT 10 readings/sec. 

FILTER OUT (F01) 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 
£1 
DT 

E 2 
INPUT 

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

Appendix I 
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Appendix I 

Table A3 

Specifications of the Electronic Digital Phase Meter 

Frequency Range: 

Input Signal Range: 

Accuracy: 

With equal inputs: 

With 60 dB ratio 
between inputs: 

DC Output: 

Input Impedance: 

Output Impedance: 

Resolution: 

Input Power: 

Size: 

Weight: 

1 Hz - 100 kHz 

Two overlapping ranges: 
10 mv-10 v rms 

100 mv-100 v rms 
(front panel selectable) 

1 kHz 10 kHz 100 kHz 

±0.3° 

±0.5° 

±0 .7° 

±1 .5° 

±1.5° 

±3° 

0-3 . 6 v (10 mv/degree) 

1 Megohm shunted by 30 pf 

1 ohm max (5 ma drive capability) 

0 . 1 ° 

115 or 230 v ac, 50-60 Hz, 20 watts 

19" wide x 3 - 1 / 2 " high x 11" deep 

13 lbs. 
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Disc Speed (IRPII) 
H -H 1 h— 
O.SO 0,25 0 -0.50 

tf, Motor Slip at 0.2466m Pole-Pitch (p.u.) 

Appendix II 

Figure A.2 LIM test-rig high-speed friction and windage losses 



Figure A.3 Quadrature Flux Density for primary from 0 to 7 poles and tertiary from 4 to 7 pol 
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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 j,g3=-0.85 J 
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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 

o)T2 A 3 ( l - c r ) B g + X 2 ( l + j w T 2 ) B g - G A ( l - a ) B - j G B g 

= -jG P rJ s (1 + jawT 2)e (A.l) 
u s 

where X=Tp/ir and B g is the radial airgap field density represented 

by a complex function in time and varies in space with respect to 

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

iliary equation 

u)T2A
3 (1-a) a 3 + \ 2 (1+j WT2) a

2 - GA(l-cr)a - jG - 0 (A.2) 

and for the case of l+jcoT2 =: jcoT2 the principal root is determined 

from the one factor of 

(l-a)a-^ + j = 0 

1 a = I (A.3) 
j d - a ) 

and the minor roots from the other factor 

a2,3 2 - 1 = 0 

a '= -{G/a)T9 (A.4) 
2 ^ 

a 3 = ^ T 2 } > 1 (A. 5) 

To consider the most general case for which the rotor leakage time 

constant,T 2 may approach the value 1/w, it is convenient to express 

the roots as a first-order series function based on the upper val-
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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 a 2 = a'jd+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 = ^ 3 X 3 {1+3^)^2 (1 -a)/G + a; 2 X 2 {1+2^}[i + j ^ j - ajxdn,} <l-a) - j 

o s YxX ( 3^2 " 2 + } - 1 

Y = \{-2 + j [ 0 J T 2 + ( 1 - a ) 2 G ] } 

j (1-a) -2j(l-a) - { ( O T 2(1 -or) + ( l - A ) 3 G } J (A.7) 

and this may be compared to equation (3.49) which neglects the 

the -2j(1-a) term. The tertiary (or secondary) solution may be 

found as 

a 3 = a'3{l+Y3} 

and substituting this into (A.2) with the use of (A.5) yields 

0={G/aiT 2}
3/ 2 A 3{l+3Y 3}u)T 2.(l-a)/G + A 2 { 1 + 2 Y 3 H ^ + j } 

-X [G/wT^ l 2{l+Y 3)(l-a ) - j (A. 8) 

This reduces to 

0= y 3X {g/wt2}
j2 ^2(1-a) +2{l/a)T 2 + j}}+ 1 / U T 2 

The tertiary attenuation coefficient is thus 

A 3 = _ * - { G / « „ T 2 } * {x - 2 { V G o j T . . ( J _ a ) + 1 + }J ( A . 9 ) 
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Figure A . 7 Stator current loading of 1^0 II.P. Machine in reconnection tecting at full rated voltage c.ntf current. 
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Appendix VIII. AC Dynamometer Loss Characteristics 

• J j LAURENCE, SCOTT & ELECTROMOTORS LTD 
I | -.„, •/ •;:_ .1 P.O. Box No.25, NORWICH, NR1 1JD 

Mr. S.B. Kuznetsov, 
Research Assistant, 
Dept. of Electrical Engineering, KEG/RM 
Imperial College of Science & 
Technology, 

Exhibition Road, 
LONDON. SW7 2BT 8th August, 1980. 

Dear Mr. Kuznetsov, 

Thank you for your letter of Ikth 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 BS^999 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. 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 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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Appendix IX 
to pulse generator boards for gates 2,3,4,5,6 

Figure A-9 G a t e P u l s e C o n t r o l S c h e m a t i c f o r 2 - Q u a d r a n t V a r i a b l e F r e q u e n c y I n v e r t e r 
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Figure A.io- Gate Sequencing and Main Thyristor Circuit for Current Source Inverter supplying Leading P . F , 
Induction Machine in Natural Commutation Mode. 
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APPENDIX X 

. Set up an arbitrary reference frame to decouple induction 

machine equations for a 30, 3 wire symmetrical winding. 

Objective: Transform, by the C^ and C 2 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, oa^, with respect to the stationary frame 

of the stator winding; this justifies applying the C 2~ 

commutator matrix to the stator. 

dQ-r 1. =(1) — 03 
at e r 

UtT = 0) 

x 
/ ' Stator Winding as Reference 

S 

CL =9- - 9-
I s r 

a 2 = a l + 1 2 0 < 

a 3 = a l " 1 2 0 

Initially 

[U] - [Z ] [i] where [z] = [R] + [L] p 

Inductance Matrix 

w -

L s 
M
s 

M
s L coscu sr 1 

L s rcosa 2 sr j 

M 
s 

L s M s L cosou 
sr j 

L s rcosa 1 L c o s a 0 sr z. 

M 
s 

M
s 

L
s 

L cosa0 sr L L cosa0 sr J 
Lcosa-, 
sr 1 

L _coscu 
sr i 

L s rcosa 3 L
s r

c o s a
2 \ 

L cosa0 sr Z L_cosa q sr L L cosa0 sr J 
M r M r 

L „cosa0 sr j 
L coaa0 sr Z 

L s rcosa 1 M r L
r 
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[u] -

u. 1 s S s 
U2S 
U 3 S S s 
Uir W = iir 
u2r i2r 
u 3 r i3r 

Instead of applying the C^ transformation to the stator 

and Rotor impedances to find the 6 x 6 matrix Z 1 , since 

both the stator and rotor are transformed into the D-Q 

axis , there is only interest in [Z"] , [u "] and [i M 
J. 

1) [„«] = r i* 
[ c 2 t ] [«'] - [ c 2 tl * [c It]" & 

_ 1//2 Vi/? x//2 0 0 0 Uls 

1 -% 0 0 0 u2s 

[ e g * M -
f? 

0 N/3/2 0 0 0 u3s 
[ e g * M - 0 0 0 Vv/2 ulr 

0 0 0 1 -% u2r 

u 0 0 0 0 v^/2 -vT/2 _u3r_ 

l/vT(uls + u 2 s + u 3 s ) 

V^/n/3(U1s - %(u 2 s + J ) 

X / / 2 0 

Is 2 V"2s ' 3sv 

°2s " 3s' 

Ir r °2r 

2r ' 3rJ 

l / ^ O '2r " u3r> 
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0 0 0 0 0 

0 sinG-s cos©-s 0 0 0 

0 cos9-s s 0 0 0 

[C 2 tf
C[C l tf

f[u] = 0 0 0 1 

0 0 0 0 sin0r cos&r 

0 0 0 0 cos£r -sinQv r_ 

A /3'(,ls + u2s 

- % ( u 2 s 

vT7?(u 2 s - u 3 s) 

vSTIcu^ 

VT72(u 

ulr + u2r + u3r> 

" + u3r ) ) 

2r - u3r> 

+ «2, + o3s) 

v^C^f siu0g) + U 2 s ( ^ cos£g - fe sii*y + u 3 s(-^ 

ulg(v
/T7T coses) + u2s(.^» sin©s -^cos&s) + u 3 s(^ 

u 

lsN V2 ^ S Siligs) 

•ulr + u2r + u3p 

cos© ) s 

'3<ulr + u2r + u3p 
slu&p + u^dA/2 cosGr - 1/^ sinop + "3r( -^T cos»r - l/v/6 sinO^ 

0 ^ 2 / 3 cosOJ + û C-I/n/2 sin&r - 1/̂ 6 cosep + u3r(l/v/2 sin&r - l/v'e cosOp _ 

+ u2s 
+ u3s> 

sinG-
s 

+ 
°2s s i n ( & s + 120°) + u3s sin(9-s 

- 120°)) 

l s cosQ-s 
+ u2s c o s ( % + 120°) + u3s cos (9 s - 120°)) 

[u»] = + u2r 
+ u3r> 

a±cBr + u2r s i n ( 9 r + 120°) + u3r sin(0r - 120°)) 

COSGr + u2r c o s ( & r + 120°) + u3r cos (Q-r - 120°)) 
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Similarly, [ i,f] is exactly the same form as [u M], 

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 [ Z" ] first use the [z'] result found from 

applying the C-̂  transformation to both stator and rotor 

impedances, M-3/2 g r 

as 

bs 

ar 

br 

Z11 Z'l2 

z' 2 1 z' 2 2 

as 
i 

bs 

iar 

*br 

R g + pL^s 0 pM cosa^ -pM sina^ 

0 R g 4- pL^s pM sina^ pM cosa^ 

pM cosa^ pM sina^ Rr>4pL^r q 

-pM sina^ pM cosa^ 0 R^ + pL^. 

Note that a-, = &_ - 0- is used exclusively in the [z'] matrix alone, 
ii O L 

[Z"] = 

* 
C4t 0 

* 
'4t 

€L 

Z'll Z12 

Z21 Z22 

[ C 4 0 * . C4t Z11 C4 
JU 

C4t Z12 C4 

9-s — 

0 C
4 

&
r . 

>
 Z

21
C
4 

* , C4t Z22 C4 

Note positions of 9- and 0 r 

where the C^ matrix is used Instead of the C 2 matrix 

C
4 "

 C
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Collecting the 4 impedences, the complete transformation to 
d-q variables is: 

u qs OJ Lr, Mp 0) H e " V 
uds -^eHs R s ^ P h s -a) M e Mp ids 
u qr 

=2 Mjp (o)e - w^M I^ + PHr o» e - V H r qr 
-(we - c«Jr)M Mj? - < V ^hr V + PLlX /dr_ 

which defines [uM] = [ Z"] [iM] 
Note that coe in the above equations is completely arbitrary 
and can be replaced by any frequency other than supply fre-
quency including u = 0. 



CO/L 
2 5 -10 45 20 25 30 35 40 46 

A p p e n d i x X I . 

Figure A.11 Winding layout for a 26 kW rotary machine with thyrsitor control of the 
re-entry flux between motoring and condenser sections. 



Ln 
N> 
CO 

Figure A.11 Continued 



2422 11 £ I £ I Transaclions on Power Apparatus and Systems, Vol. J'AS-99, No. 6 Nov/Dee 1980 

THE ASYNCHRONOUS CONDENSER: A BRUSIILESS, ADJUSTABLE 
POWER FACTOR INDUCTION MACHINE 

P r o f e s s o r E . R , Laithwaitc , F e l l o w IEEE Stephen B . Kuznetsov, Member IEEE 

Department of E l e c t r i c a l Engineer ing 
Imper ia l Co l l ege of S c i e n c e and Technology 

Exhibit ion Road, London SW7 England 

A b s t r a c t - A new m e c h a n i s m of cont inuously g e n -
erating r e a c t i v e kVA f r o m the s tator of a b r u s l i l c s s 
induction mach ine i s formulated and t e s t ed on 10 kW 
and 35 H . P . laboratory m a c h i n e s . A s p a c e - t r a n s i e n t 
magnet ic wave , trave l l ing at rotor speed must be a r t i -
f i c ia l ly c rea ted and at l e a s t two d is t inct windings of 
d i f ferent p o l e - p i t c h must be incorporated . The per unit 
kvar generat ion e f f e c t i n c r e a s e s with machine rat ing, 
and leading power factor operat ion of the ent ire machine 
i s v iable for l a r g e industr ia l m o t o r s and power s y s t e m 
induction g e n e r a t o r s . 

INTRODUCTION 

In 1957 W i l l i a m s et al [ l ] made a s i m p l e a n a l y s i s 
of an induction motor in which the p r i m a r y ( s t a t o r ) 
was not continuous around the per iphery of a cage rotor 
but c o n s i s t e d of a s e c t o r cover ing a l imi t ed arc of the 
rotor . In such a s i tuation unmagnet ized r o t o r t e e t h , 
each surrounded by i t s own shor t - c i rcu i tedloop c o n s i s -
ting of a pair of rotor bars and their a p p r o p r i a t e 
b i t s of end conductor, enter the a c t i v e zone of the 
stator at high speed . The teeth are unable to accept 
ful l f lux dens i ty ins tantaneous ly b e c a u s e such a change 
would demand an infinite emf and current in the rotor 
b a r s . 

When the c o i l s of the s ec tor of s tator are s e r i e s -
connected (as they invariably are in m o s t rotary induc-
tion m a c h i n e s ) rotor current tends to oppose the s tator 
mmf at the entry point, reducing the f lux dens i ty just 
ins ide that end of the stator v ir tual ly to z e r o . T h e 
e f f ec t i s en t i re ly due to the high speed entry of rotor 
bars and to the abil i ty of the rotor to " r e m e m b e r " 
t h e p a t t e r n o f current printed on to it by the entry 
edge t rans i en t . In this context , a l o n g " m e m o r y " i s 
e a s i l y ident i f i ed as corresponding with a machine of 
high Goodness F a c t o r [ 2 ] . 

W i l l i a m s ' ana lys i s t reated the phenomenon as 
being comparab le with the "beats" e f f e c t of two sound 
waves of n e a r l y the s a m e f requency . He saw a t r a n s -
ient rotor current pattern, printed by the s tator c o i l s 
at the entry edge , trave l l ing at rotor speed U)r= tos (1-a) 
where ° i s the frac t iona l s l ip and ws i s t h e s t a t o r 
f i e ld speed or synchronous speed . This wave t h e r e f o r e 
dr i f t s in and out of phase repeated ly with the s t a t o r 
mmf wave proper and the resu l t ing modulat ion of the 

a irgap f lux density can be r e p r e s e n t e d as F i g . 1 shows. 
On this graph the f lux wave has been r e s o l v e d into 

two component s , Bp and B^. The f i r s t of these i s a f lux 
wave in phase with the stator current loading wave j s = 
J s sin(cot-7T s/r) whi ls t the second i s in quadrature with 
i t . The convenience of. such a reso lut ion i s that the in-
t e g r a l / B p J s i s the mechanica l power developed, and 
f B q J s r e p r e s e n t s the reac t ive power circulating in the 

m a c h i n e . The total length of the machine can be m e a -
s u r e d along the a b s c i s s a of F i g . 1, and the number of 
w a v e s under the act ive zone depends on the relationship 
b e t w e e n the fract ional s l ip a > and the number of s tator 
p o l e s in the s e c t o r , n. Thus for O = i / ( n + {-) the stator 
ends a t A. F o r a = l / ( n + l ) the end of the block i s at 
B . The points C and D correspond to s l ip v a l u e s of 
l\!{ n + 1^) and 2 / (n + Z), r e s p e c t i v e l y , and so on. 

Now a conventional rotary machine r e c o g n i z e s no 
such behav ior . If i ts p e r f o r m a n c e w e r e to be shown on 
a d i a g r a m such as F i g . 1, i t i s understood that such a 
c o m p a r i s o n i s made between machines of the s a m e pcle 
pitch, ac t ive length of per iphery , f e d w i t h the s a m e 
c u r r e n t loading J s . (Such a machine i s r e f e r r e d to as 
an'equivalent conventional m a c h i n e 1 . ) In such a compar-
i s o n the straight l ine PQ r e p r e s e n t s the Bp c u r v e , and 
the b a s e l i n e OR i s the B^ c u r v e . This c o m p a r i s o n a l so 
a s s u m e s that neither machine r e q u i r e s magnetizing cur -
rent ( inf ini te Goodness) and neither has magnetic leakage 

S e v e r a l in teres t ing points e m e r g e from this analysis. 
(i) For va lues of a and n such that cr < l / ( n +1 ) 

/ B ds i s l e s s for the arc machine than the r e c t a n g l e 
PB'TBO, i . e . rotor l o s s e s above those in the equivalent 
convent ional machine w i l l o c c u r . At p r e c i s e l y a = 
l / ( n + l ) there wi l l be no d i f f erence in output. 

( i i ) For va lues such that l / ( n + l ) < cr < l | / ( n + i f ) 
m o r e output per unit current wi l l be obtainable f r o m 
the t r a n s i e n t - r i d d e n arc motor than in the equivalent 
c o n v e n t i o n a l m a c h i n c . This i s not a f a l s e c l a i m f o r 
e f f i c i e n c y exceeding 100%. Rather , in the t r a n s i e n t 
m o d e an induction motor may have a higher e f f i c i ency 
than pred ic ted by the re la t ion cr = rotor l o s s / r o t o r input. 

( i i i ) At ° = 2 / ( n + 2) the two mach ines are ex terna l ly 
ind i s t ingu i shab le , but internal ly the arc machine incurs 
a penal ty (as it does for al l va lues of s l ip between a = 
i / ( n + - | ) and l f / ( n + 1-f) ) in that both the core f lux and 
the tooth f lux in the centra l reg ions of the arc e x c e e d 
t h o s e i n the equivalent conventional mach ine . 
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(iv) F o r a l l va lues of s l ip other than a = 2/(n+2) , 

4 / (n+4) , 6 / ( n + 6 ) e tc , the va lue of f B q d s > 0 . 

It i s th i s l a s t phenomenon that g ive s r i s e to the 
technique that i s the subject mat ter of this paper . F o r 
what i s i m p l i e d by (iv) above i s that there i s a t h i r d 
s o u r c e of r e a c t i v e VA that can be ident i f ied (the f i r s t 
two being convent iona l magnet i z ing current and l eakage 
f lux) . This th ird method i s s e e n to operate when e v e r y 
part of the m a c h i n e i s working under trans ient condi -
t ions , as i f e a c h bit had jus t been switched on. 

Now it i s r a r e in m a c h i n e s , indeed in the whole of 
s c i e n c e , that a p o s i t i v e e f f e c t o c c u r s without the p o s -
s ib i l i ty of a s i m i l i a r negat ive e f f e c t . In this c a s e what 
would be r e q u i r e d for a n e g a t i v e e f f e c t would be a 
m e c h a n i s m to hold the f lux va lues at point C in F i g u r e 
1, and to cont inue supplying Bp at the conventional rate 
ye t to a c c u m u l a t e s imul taneous ly an e v e r i n c r e a s i n g 
a m o u n t o f negat ive B q . 

The b i r t h of G e n e r a l i z e d Machine theory i s r e c o g -
n ized as be ing contained in c l a s s i c papers by R . H . F k r k 
in 1929 and 1933 [ 3 ] . It w a s subsequent ly r e a l i z e d 
that there w a s b a s i c a l l y no d i f f e r e n c e b e t w e e n t h e 
synchronous m a c h i n e s and the asynchronous mach ines 
(induction m o t o r , a. c . commutator m o t o r , etc ) . It i s 
i m p o s s i b l e t o know, f r o m m e a s u r e m e n t s made at the 
p r i m a r y t e r m i n a l s of an a . c . m a c h i n e , whether what 
spins ins ide it and d e l i v e r s m e c h a n i c a l power f r o m i t s 
shaft i s a c a g e ro tor , a s e t of d . c . e n e r g i z e d m a g n e t s , 
a se t of p e r m a n e n t m a g n e t s , a commutated w i n d i n g , 
a so l id i ron rotor with s a l i e n c y or a thin cy l inder of 
high h y s t e r e t i c m a t e r i a l (although one could o f t e n 
hazard a s h r e w d g u e s s , b a s e d on the s i z e of the machine 
so t e s t ed ) . E v e r y phenomenon of the s y n c h r o n o u s 
mach ine , e . g . hunting, can be ident i f i ed in the induc-
tion m a c h i n e ( in this e x a m p l e , t rans ient overspeeding). 
There i s t h e r e f o r e no r e a s o n why the equivalent e f f ec t 
to that obtained by overr-exc i t ing a synchronous motor 
(unity or l e a d i n g power factor) should not be p o s s i b l e 
in an induct ion m a c h i n e . The menta l block that tended 
to prec lude i t w a s that nothing phys i ca l ( as o p p o s e d 
to things l i k e f lux that are c r e a t i o n s of the mind) ro ta -
ted at s y n c h r o n i s m in the induction m o t o r . 

It i s no-w s e e n however that there i s such a p h y s i -
ca l thing - the rotor current pattern - "printed" on 
to the rotor f r o m the s ta tor , and we sha l l show h o w 
this can be a u g m e n t e d so as to c a u s e i t to act ( o v e r a 
part of the a r c ) in the manner of a s e c o n d p r i m a r y 
induct ive ly f e d f r o m the f i r s t , capable , when the phase 
i s c o r r e c t , of de l iver ing magnet iz ing current f r o m the 
rotor s i d e . In this i t r e s e m b l e s the a c t i o n o f t h e 
m o v i n g - c o i l r eg u la t or , w h o s e act ion w a s d e s c r i b e d in 
p r e c i s e l y t h e s e t e r m s by R a w c l i f f e and Smith in 1957 
[ 4 ] , 

Sec t ion 1 
3 P o l e s , T p i = 0. 2025 m 

EXPERIMENTAL, INDUCTION CONDENSER 

The f i r s t machine built to demons tra te the concept 
of r e a c t i v e power generat ion i s a 10 kW s i z e , axial f lux 
induct ion motor with 8 p o l e s , but of the shor t - p r i m a r y 
type in which the stator c o r e i s only a 90° arc s e g m e n t 
rather than being cont inuous . In contras t to a rotor cag3 
cons truct ion , the s econdary i s an a lumin ium disc 2 . 1 m 
in d i a m e t e r , 9 . 5 m m thick supported by a so l id m a g n e -
t i c s t e e l d i sc 19 m m thick. The a luminium i s a continu-
ous d i s c to prevent rotor induced t rans i en t s and the air 
gap can be adjusted f r o m 1 m m to 5 m m . The s t a t or 
b lock has an arc length of 1 . 4 6 m with 54 s l o t s , 14 m m 
wide by 3 8 . 1 m m deep on a 27 m m pitch. F o r t y - e ight 
c o i l s with 12 t u r n s / c o i l are wound on to the stator and 
connected as shown in F i g u r e 2 . The connect ions p r o -
v ide three d i f ferent f i e ld speeds when e n e r g i z e d with a 
s i n g l e f requency , 3 phase supply. In the winding, c o i l s 
1 to 22, s e c t i o n 1 provide three po les at pole pitch 
= 0 . 2 0 2 5 m , c o i l s 23 through 40, s ec t ion2 a l s o provide 
t h r e e p o l e s but at a pitch ^ ^ 0 . 162 m , and c o i l s 41 
to 48 provide two po le s at a pitchTpg = 0 . 1 0 8 m . 

A s the s l ip v a r i e s , the e f f e c t of s e c t i o n s 2 and 3 
c h a n g e s . F o r example , at a s l ip of 0 . 5 per unit f o r 
s e c t i o n 1 , this construct ion produces a s l ip of 0 . 3 7 5 
f o r s e c t i o n 2 and 0 . 0 6 2 for s e c t i o n 3, al l three s e c t i o n s 
giving s o m e forward thrus t to the ro tor . H o we ve r , at 
high speed , s ec t ions 2 and 3 can be c o n s i d e r e d as f o r m 
ing a genera tor of r e a c t i v e VA which opera te s without 
s ign i f i cant braking thrust , whi le s e c t i o n 1 prov ides the 
propul s ive thrust , drawing power f r o m the supply at a 
lagging power factor typica l of a short p r i m a r y induct -
ion m o t o r . At a s l ip of 0 . 2 5 for s e c t i o n 1, the s l ip of 
s e c t i o n 2 i s apparently + 0 . 0 6 2 and for s e c t i o n 3 i s 
apparent ly - 0 . 4 0 6 . It m u s t be r e m e m b e r e d that the 
whole of the pole sur face i s operat ing under t rans i ent 
condit ions , and provided that s e c t i o n s 2 and 3 are phase 
advanced with r e s p e c t to s e c t i o n 1 e i ther by winding 
layout or by the use of an ex terna l phase s h i f t e r , both 
the l a s t two s e c t i o n s are r e a c t i v e g e n e r a t o r s in both the 
negat ive and pos i t ive s l ip m o d e s of operat ion . The s i n -
g le m o s t important operat ional a s p e c t of this VAR g e n -
erat ion i s that the s l ip for the propuls ion s e c t i o n m u s t 
be s m a l l e r than about 0 . 2 5 per unit . 

To c o n f i r m that the output p e r f o r m a n c e can be 
c o r r e l a t e d with the p r e c i s e e l e c t r o m a g n e t i c condit ions 
in the a irgap, each stator tooth i s f i t ted with a s e a r c h 
c o i l to p e r m i t tooth f lux m e a s u r e m e n t s to be m a d e at 
s l o t pi tch reso lut ion without a not iceable contribut ion of 
s l o t l eakage f lux . The t r a n s v e r s e running s e a r c h co i l 
w i r e s are mounted in 0 . 5 m m deep g r o v e s mach ined in 
the center of each tooth face ; with such ins trumentat ion 

Sect ion 2 Sec t ion 3 
3 P o l e s , - ^ 2 = 0 . 1 6 2 m 2 P o l e s , T p 3 = 0 . 1 0 8 m 

a a a - c - c b b b - a - a c c c - b - b a a a - c - c b b - a - a c c - b - b a a - c - c b b - a - a c c - b - b a a - c b - a c c - b 

F i g . 2 S ta tor winding layout for the f i r s t exper imenta l in tegra l induction m o t o r - a s y n c h r o n o u s c o n d e n s e r . 
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i t i s p o s s i b l e to de termine the Maxwel l atreaa v e c t o r at 
any point in the airgap for use in calculat ing rotor t o r -
q u e s . A magnitude plot of the total, normal component 
of a irgap f lux dens i ty , I3j. in the exper imenta l m a c h i n e 
i s g iven in F i g u r e 3 for high speed and s u p e r a y n c h r o n -
ous operat ion (with r e s p e c t to tho 3oction 1 winding ) , 
In this macl i ino , tho tangential component o f a i r g n p f l u x 
i s ins ign i f i cant . Tho f igure dcpicts two 3cts of p lo t s 
w h e r e b y the asynchronous condcnocr (ASC) windings 
are e i ther o p e n - c i r c u i t e d or on l i n e . The current load-
ing of the s tator has been e s tab l i shed at 34,6 00 A / m 
per iphery throughout t h e s e run3 and the ASC s e c t i o n 
current loading i s maintained at 14, 500 A / m . The i m -
portant conc lus ion i s that the f lux bui ld-up of s e c t i o n 1 
i s nil a f f ec ted by the loading of the ASC as long as the 
la t ter i s operated in phase -quadra ture . This has b e e n 
c o n f i r m e d by the output c h a r a c t e r i s t i c s which have 
shown that power fac tor control takes p lace wi th the 
propul s ion windings remaining at constant e f f i c i e n c y ; 
the I^R l o s s e s for the ASC stator windings being s u p -
pl ied by the ma ins rather than rotor suppl ied. 
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F i g . 3. Total a irgap f lux densi ty as a funct ion of b lock 
loca t ion at high speed and super synchronous . 

Secondly , f r o m F i g u r e 3, the demagnet i z ing effect 
of the ASC loading on the a irgap f lux , equivalent to the 
armature reac t ion in a conventional synchronous c o n -
d e n s e r , i s apparent and this i s independent of the rotor 
current d e c r e m e n t which w i l l be d e s c r i b e d by a s ing l e 
exponent ia l decay in the a n a l y s i s . 

Init ial ly the ASC sec t ions 2 and 3 w e r e i s o l a t e d 
f r o m the propuls ion windings and connected to a bank of 
h igh-Q, a ir c o r e inductors . Individual phase m e a s u r e -
m e n t s of the ASC s e c t i o n c o i l s indicated that near ly a l l 
of the s e c t i o n 2 c o i l s w e r e operating as ant ic ipated 
along the quadrature axis but the l a s t 1 / 3 pole of s e c t -
ion 2 and the two p o l e s of s e c t i o n 3 w e r e absorbing r e -
ac t ive p o w e r . Mo s t important , independent of the s e c t -
ions 2 / 3 s l ip , the rotor current d e c r e m e n t w a s p a r t i a l -
l y r e s p o n s i b l e for this l o s s in output although F i g u r e 3 
ind ica tes that the rotor current t ime constant w a s long 
enough to mainta in su f f i c i en t exc i tat ion over 5 p o l e s of 
the s tator s u r f a c e . In e f f e c t , the so lut ion i s to in i t iate 
a second current jump in the ASC sect ion; subsequent ly 
the l a s t 9 c o i l s of the f i r s t machine w e r e rewound with 
36 turns / c o i l . 

Although a graduated change in the ASC current 
loading i s p r e f e r a b l e , further t e s t s c o n f i r m e d that the 
s t ep change in co i l r e a c t a n c e so d e s c r i b e d proved to 

y i e l d an asynchronous condenser s ec t ion with a l l coils 
opera t ing at phase ang les between 78° and 110° when 
c o n n e c t e d o n - l i n e . The output p e r f o r m a n c e o f this 
" t w o - s t a g e j - jump" asynchronous condenser i s shown 
in F i g u r e 4 . 

ANALYSIS 

Over a l i m i t e d range of high speed condit ions , it 
i s p o s s i b l e to r e p r e s e n t the combinat ion induction motor 
- y a r generator by the s impl i f i ed equivalent c i rcu i t of 
F i g u r e 5 . However , the f i r s t r e s e r v a t i o n that m u s t be 
no ted i s that whi le s tator p a r a m e t e r s X j , Rj_, X^ and 
R 3 are the s a m e f r o m pole to pole , the ma in magnet i -
z ing r e a c t a n c e or the quadrature magnet iz ing re -
a n c e as s e e n by the rotor X m 2» are not the s a m e on a 
p e r pole b a s i s . Rather , these magnet iz ing reactances 
r a n g e f r o m being near ly a s h o r t - c i r c u i t at the f i r s t pole 
to a va lue at the l a s t pole of the main winding •wall above 
the o v e r a l l magnet iz ing reac tance m e a s u r e d at the t er -
m i n a l s ; a s i m i l i a r condition holds for the R^ parameter 
i n t ry ing to ma ke a convent ional- type steady state equi-
v a l e n t c i rcu i t adaptable for a machine with a continuous-
l y o c c u r i n g space trans ient . The rat io of the magnet i -
z ing reac tance to rotor r e s i s t a n c e has been found to be 
e s s e n t i a l l y constant over the ent ire m a c h i n e . Therefore 
a s a m a t t e r of convenience to avoid spec i fy ing different 

F i g . 5. Equivalent c ircui t of integral induc t ion-motor / 
asynchronous condenser mach ine . 
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c i rcu i t p a r a m e t e r s f o r each pole or co i l , this rat io i s 
a s s u m e d to be constant and e x p r e s s a b l e as [ 2 ] 

a = 2 TP Mo f 6 _ 2 TTf T (1) 
p r ir g 

w h e r e T r i s def ined as the rotor - magnet i za t ion t i m e 
constant and G i s r e f e r r e d to a s the mach ine "Goodness 
F a c t o r " . The major advantage of using a f i g u r e of m e r -
it such a s G i s that analyt ica l e x p r e s s i o n s f o r both the 
t r a n s i e n t and s t e a d y - s t a t e f lux dens i ty at any point along 
the a i r g a p , or r e a l and r e a c t i v e power thereo f , can be 
e x p r e s s e d in a c l o s e d - f o r m solut ion. 

The total instantaneous f lux dens i ty in the a i r - g a p 
of a s h o r t - s t a t o r mach ine m a y be r e p r e s e n t e d as 

bs = B„ s in at + B q co s wt (2) 

to the motor ing p o l e - p i t c h f o l l o w s the rat io o f r o t o r 
s p e e d : s y n c h r o n o u s speed rather than being re la ted by 
t h e f a c t o r ( l - o ) / a as might be deduced f r o m (3). 

b ) t h e e l e c t r i c a l f r e q u e n c y i n d u c e d i n t h e 
c o n d e n s e r windings i s a lways at the s a m e frequency 
that e x c i t e s the motor ing winding independent of r o t o r 
sp e e d . 

To apprec iate t h e s e two gu ide l ines , (3) a n d ( 4 ) 
m u s t be subst i tuted in (2) to y i e l d the total ins tantane-
ous f lux dens i ty 

b ( s , t ) W o " . + ( I / O f { s i n u ) t + t a n - 1 ( o J 5 ) } -

r - s tt | s J 
e x P [ T p ( i_a )Gj { s i n u t - T d . q ) + t a r f - l ( - ^ ) } (5) 

w h e r e B p and Bq are the n o r m a l - f l u x dens i ty c o m p o n -
ents at p o s i t i o n s f r o m the e n t r y - e d g e of the s ta tor , in 
t i m e - p h a s e and quadrature with the s tator current , j s 

at s in the c a s e of z e r o entry edge f l u x . Their b a s i c 
r e l a t i o n s h i p i s shown in F i g u r e lbut to inc lude the a i r -
gap m a g n e t i z a t i o n t h e s e components are [ 5 ] 

Bp = fn^g* 
(a u B f + ( u s / G ) 2 

{ 1 - exp[-sTT / y i - a )g] 

s cos X, 
it a 
^uay 1 . sir o 

—~ s in a G t ( 1 - a ) ]} (3) 

Js P, B = 's ̂  V G 

q ( (TUg) + (us /G) 

s it a c o s tp(1 -a) 

^ { 1 - exp[-sTr/Tp( l_ 0) g] 

- a G s in 
s tt a 
Tp ( l-a) ]} (4) 

The resu l tant trave l l ing wave attributable to the 
Bp and B ^ components m a y be regarded as due to s e p -
arate s t e a d y - s t a t e and trans ient phenomena, for in the 
c a s e of the f o r m e r both the phase and quadrature c o m -
ponents a r e due to s tator current interact ing with the 
component of rotor current that i s maintained indef in -
ate ly by t h e agency of s l i p . This i s the f ina l s teady s tate 
f lux at po ints distant f r o m the entry - e d g e and c o r r e -
sponds t o the f lux in a conventional ; mach ine of e q u a l 
c o n s t r u c t i o n labe led the ECM l e v e l in F i g u r e 1 f o r Bp, 
The s m a l l e l e m e n t of B i s attributable only to the e x -
c i tat ion winding magnet iz ing current and the l a r g e value 
Bp c o r r e s p o n d s with the r e a l power load c u r r e n t . 

The t r a n s i e n t component of the total f lux i s equal 
and oppos i t e to the s t e a d y - s t a t e value at the entry point 
but i s due to the e x c e s s current s induced in the r o t o r 
which d e c a y with the t i m e constant T r . M o r e o v e r , the 
t r a n s i e n t a irgap f lux wave not only d i f f er s f r o m t h e 
f i r s t c o m p o n e n t in t e r m s of a decay in magnitude, but 
t r a v e l s at ro tor s p e e d u r w h e r e a s the s t e a d y s t a t e 
c o m p o n e n t t r a v e l s at u s . The b a s i s o f e f fec t ing 
r e a c t i v e power generat ion i s c e n t e r e d on exploit ing 
this s l i g h t l y s l o w e r rotor t rans ient wave , w h i c h b y 
i t s e l f i s a h a r m o n i c - f r e e s inuso id . Consequent ly , the 
reduced p o l e - p i t c h f o r the s p e c i a l asynchronous c o n -
d e n s e r wind ings i s t h e o r e t i c a l l y l i n e a r l y proport ional 
to the r o t o r s p e e d . 

To u t i l i z e the trans ient trave l ing wave e f f e c t i v e l y , 
the two m o s t b a s i c cons iderat ions are that : 

a) the ra t io of the asynchronous condenser pole pitch 

The total jpeak value of b ( s , t ) at any loca t ion i s B .̂ 
= (Bp2 + Bq 2 )2 . T h e r e f o r e , to m a x i m i z e the u t i l i z a -
t ion of the condenser windings the p o l e - p i t c h of s e c t i o n 
2 or 3 m u s t be 

tp2,3 = Tpi U-o) (6) 

In the f i r s t e x p e r i m e n t a l m a c h i n e , the s e c t i o n (3) 
p o l e - p i t c h w a s further reduced f r o m that of the f i r s t in 
the i n t e r e s t that p o s s i b l y the e l e c t r o m a g n e t i c i n t e r a c t -
i o n b e t w e e n the two asynchronous condenser s e c t i o n s 
would requ ire a t w o - s t a g e po le reduct ion s i n c e the s e c -
t ion 2 might init iate a strong and new rotor t r a n s i e n t . # 
H o w e v e r , i t w a s found that the rotor current p a t t e r n 
in i t ia ted by s e c t i o n 1 w a s stiff enough to dominate any 
subsequent demagnet izat ion occur ing at a s m a l l e r w a v e -
l ength . Thus in genera l , if both s e c t i o n s 2 and 3 are 
u s e d e x c l u s i v e l y as r e a c t i v e power g e n e r a t o r s , t h e n 
t h e y m u s t be the s a m e p o l e - p i t c h but of d i f f erent r e -
ac tance l e v e l s . In the event that an appl icat ion would 
c a l l for s e c t i o n 2 to be a var genera tor whi l e s e c t i o n 
3 might be used in i s o l a t i o n a s a r e a l power m a c h i n e 
then there would be an advantage to us ing three d is t inct 
wave l engths on the s ta tor . A l t ernat ive ly , the e x p e r i -
m e n t a l machine in l i e u of including po le -changing wind-
i n g s in the ASC sec t ion , has two m a x i m a of r e a c t i v e 
p e r f o r m a n c e i n t e r m s of co i l ut i l i zat ion . 

F o r t h e s e c t i o n 3 condenser winding , t h e 
r e a c t i v e energy m a x i m u m occurs near a s l ip c o r r e -
sponding to the f i r s t d i s c e r n i b l e peak of the e x i t - edge 
product VA * u r energy which c o r r e s p o n d s to the c a s e 
of m = l in the genera l e x p r e s s i o n 

a = 2m + 1 + 2m + 1 
= 0 . 5 0 (7) 

w h e r e m i s an in teger value and n i s the number of petes 
of the motor ing winding. The s e c t i o n 2 ut i l i za t ion peaks 
a t o =0. 20 which i s s ign i f i cant ly l e s s than, the e x p e r i -
m e n t a l l y obtained kVAR-bui ld-up s l ip of 0 . 2 5 as p e r 
F i g u r e 4 b u t exact ly at the t h e o r e t i c a l m a x i m u m 
a i rgap-e f f i c i ency s l i p . In c o m m e r c i a l a p p l i c a t i o n s , 
e i ther the ASC would c o n s i s t of a s ing l e p o l e - p i t c h d i s -
t inct f r o m t h e m a i n po l e -p i t ch , or in the c a s e of two 
f r e q u e n t l y used mach ine s p e e d s , two pale p i t ches c loser 
i n wave length than the " t w o - s t a g e , j - jump" labora tory 
m a c h i n e . 
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The upper l imi t 011 tho reac t ive power avai lable 
per unit of e x i t - e d g e utator width beyond tho main wind-
ing s e c t i o n 1 for r e c o v e r y i s 

-> n2TP2 / 
Q = (8) 

w h e r e the value of D^ i3 obtained by evaluat ing ( 4 ) at 
s v = n i Tp^. The rotor currcnt d e c r e m e n t in the a s y n -
chronous c o n d e n s e r s e c t i o n s arc included by the i n t e -
grat ion in (8) for the c a s e of z e r o a r m a t u r e r e a c t i o n . 
To include thi3 demagnet iz ing e f f ec t , under the c o n -
s tra int that the ASC i3 supplying a pure ly reactive load 
a n d t h a t t h e rotor leakage f lux i s neg l ig ib l e , t h e 
p e a k value of the quadrature f lux dens i ty for values of 
s tator pos i t ion s>s>,< , i s 

Bo = Xasc Jal [l- cxp(-s*7r/Tpi(l-<r) G)] 
crug c o t [ ( s - s * ) j r / T p 2 ] " X a g c g / 4 T p 2 ^ 0 

(9) 

w h e r e X a s c i s the total reac tance of the winding l e a k -
age f lux and the equivalent reac tance o f f ered b y t h e 
m a i n s when referred to the a irgap and i s g iven by 

X. = l̂eakage 
s e r i e s t u r n s / p h a s e 

+ ôutput/3 
jT? 

(10) 

F i g u r e 6 shows the genera l shape of the g e n e r a t e d 
r e a c t i v e VA c h a r a c t e r i s t i c n o r m a l i z e d with r e s p e c t 
to the r e a l power absorbed as rotor l o s s in a conven-
t ional mach ine (which i s \ Pr n^ Tpi) as a funct ion 
of s l ip and ignoring the e f f e c t s of tho natural rotor d e c -
r e m e n t and ASC armature react ion , for the s p e c i f i c 
c a s e of 4 po le s of motor ing winding. 

a 
u o * 
o 
0« 

a <u 
Pi 
<D 00 T3 
H 

0. 5 

0 . 4 
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0. 1 

G=oo 
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THE TIIETA- PINCII ROTARY MACHINE 

With a view towards extending the induction c o n -
d e n s e r principle to l arge 3 q u i r r c l - c a g c induction m o t -
o r s , a c o m m e r c i a l 35 H . P , 1 0 / 1 2 - p o l e machino with 
p o l e - a m p l i t u d e - m o d u l a t i o n (PAM) windings was c h o s e n 
for modi f i ca t ion . The speed changing capabil i ty i t se l f io 
not a major concern , however the cho ice of a m u l t i -
polar i s c r u c i a l . The creat ion of the proper trans ient 
condit ions in the machine m u s t occur at l arge s l ip-pole 
number products but obvious ly e f f i c i e n c y c o n s i d e r a -
t i o n s demand that the s l ip be s m a l l . In contras t to the 
d i scont inuous c o r e of the t w o - s t a g e , j - j u m p axia l f lux 
m a c h i n e , the new d e s i g n constra ints on the cy l indr ica l 
m o t o r are as f o l l o w s . 

a) To m i n i m i z e the e f f e c t s of unbalanced magnet i c 
pul l on the rotor , the stator m u s t have at l e a s t 2 r e -
pea tab le s ec t ions ( i . e . 180° m e c h a n i c a l magnet i c sym-
m e t r y ) or mult ip les thereo f . 

b) Since the Goodness F a c t o r , G i s n e a r l y an order 
of magni tude better than f o r the f i r s t exper imenta l m a -
chine (due pr imar i ly to the cage construct ion ) , t h e 
e f f e c t s of the rotor current natural d e c r e m e n t are neg-
l i g i b l e in c o m p a r i s o n to the armature reac t ion . 

c) A continuous, conventional stator core with uni-
f o r m s l o t - p i t c h i s p e r m i s s i b l e a n d t h e r e w o u n d 
m a c h i n e runs at a 10-po le speed although t h e a c t u a l 
n u m b e r o f p o l e s i s l e s s t h a n 1 0 . 

d ) I t i s convenient f o r manufacturing r e a s o n s 
to h a v e a f o r m of lumped ASC winding although a d i s -
tr ibuted reac t ive winding mixed with the main winding 
along the ent ire per iphery has s o m e theore t i ca l advan-
t a g e s . The f o r m e r approach neces s i ta t ing that s p e c i f i c 
s e g m e n t s of the stator be a l located e x c l u s i v e l y to power 
f a c t o r c o r r e c t i o n i s henceforth r e f e r r e d to a s the 
11 The ta -P inch" technique. 

F i g u r e 7 shows a p o s s i b l e dis tr ibut ion of the 
winding port ions in a cy l indr ica l mach ine with s y m m e t -
r i c a l l y - s p a c e d s lo t s of equal width. Stator and rotor 

U poles 

Slip, a 

I poles 

F i g . 6. E f f e c t of magnet iz ing current on e x i t - e d g e F i g . 7 . Genera l locat ion of stator winding s e c t o r s in the 
react ive power . © - P i n c h machine with two repeatable s e c t i o n s . 



deta i l s a r e g i v e n in Table I . E a c h repeatable s e c t i o n 
of the p o w e r winding, STDP i s (without pole amplitude 
modulat ion) a convent ional 4 - p o l e , 3 - p h a s e winding of 
3 s l o t s / p o l e / p h a s e . The r e a c t i v e r e c o v e r y stator 
winding, STDR has "1 plus" p o l e s of high impedance , 
i . e . 28 t u r n s / c o i l ins tead of 6 f o r the power winding. 
The total p o l e layout i s 4 - l + - 4 - l + , The "1 plus" 

indicates that t h e r e i s g r e a t e r than 1 ASC pole in the 
or ig ina l one po le space due to the reduced wave length 
of the ASC. T h e s e windings are connected d irec t ly to 
the power winding without the u s e of an external phase 
s h i f t e r . 

Table I 

C h a r a c t e r i s t i c s of the 0 - P i n c h Rotary Machine 

Stator 

B o r e d i a m e t e r , m m 316 
Number of s l o t s 90 
C o p p e r c r o s s s ec t ion , m m 2 5 . 2 5 
Coi l throw s l o t s 1 - 1 1 i n c l . 
Core l e n g t h , m m 235 
Slot depth, m m 34 
Slot width, m m 6 . 0 
Slot pitch, m m 1 1 . 1 
C o i l span, m 0 . 1 1 1 
P o l e - p i t c h , m 0 . 0 9 8 9 
Turns per c o i l var iab le 
P o l e - p i t c h : a irgap rat io > 1 5 0 
Winding f a c t o r 0. 756 
A i r g a p ' f l u x dens i ty on load, T 0 . 6 2 
M a x i m u m c u r r e n t loading, A / m 29, 700 

Rotor 

Number of bronze bars 80 
B ar width, m m 5 . 0 
B a r depth, m m 8 . 0 
Copper end r ing , m m 6 . 5 x 25.4 
Slot pi tch at bot tom of s l o t , m m 1 0 . 9 
Tooth top width , m m 1 0 . 0 
Rat io s lo t opening:a irgap 1 . 5 

The appropr ia te phase o f f s e t between power and 
c o n d e n s e r wind ings has been bui l t into the mach ine by 
winding d e s i g n . This m e a n s that a part icu lar layout i s 
only e x a c t l y appropriate for one supply f requency , one 
vo l tage , one load and one s l ip va lue at which ni l brak-
ing torque e x i s t s desp i te r e c o v e r y of r e a c t i v e power . 
S e m i c o n d u c t o r d e v i c e s could be inc luded in s e l e c t e d 
windings to extend the p a s s i v e operat ing mode by p r o -
viding automat ic var ia t ion of phase to m a x i m i z e r e a c * 
t ive output during load c h a n g e s . 

The one s i m p l i f i c a t i o n introduced i n t h e f i r s t 
e x p e r i m e n t a l © - P i n c h mach ine w a s that a l l of the orig-
inal c o i l s w i t h un i form span w e r e u t i l i z e d i n b o t h 
power and. c o n d e n s e r windings . This w a s p e r m i s s i b l e 
in the f i r s t l a b mach ine b e c a u s e the fu l l l oad s l ip was 
l e s s than 5%, H o w e v e r , if there i s a phase e r r o r of 
r o t o r i n d u c e d v o l t a g e in the f i r s t s tator c o i l a t 
the e n t r y - e d g e of the ASC sec t ion , s u c c e s s i v e c o i l s 
have p r o g r e s s i v e l y l a r g e r phase e r r o r s , unlike conven-
t ional m a c h i n e r y which have a constant value of phase 
e r r o r / c o i l . Techniques such as f rac t iona l s lo t w i n d -
i n g s for the ASC only, or g r e a t e r than two ASC a r c s 
along the s t a t o r m a y be incorporated so that the a c c u -
mulat ive p h a s e e r r o r i s a lways s m a l l , but in g e n e r a l 
two d is t inct w a v e l e n g t h s are v i t a l . 
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T h e m a j o r advantage of the © - P i n c h m e t h o d 
o v e r the t w o - s t a g e , j - j u m p type i s that the space d i s -
tr ibut ion of the a irgap f lux at the entry—edge of the pow-
er winding in the f o r m e r w i l l n e v e r s tar t at z e r o . The 
t i m e that any rotor bar p a s s e s under the t r a n s i t i o n 
r eg ion between power windings of adjacent repeatable 
s e c t i o n s i s r e l d i v e l y s m a l l in c o m p a r i s o n to the t i m e 
spent under the power winding p r o p e r . Consequent ly , 
f o r a l l prac t i ca l © - P i n c h m a c h i n e s with N p o l e s of con-
d e n s e r winding, the m a x i m u m deviat ion of the total a ir 
gap f lux i s approximate ly 

A B t s | | l - e x P [ - N 7 r / ( l - a ) G ] | (11) 

Thus when running l ight at 50 Hz , the e x p e r i m e n t a l 
m a c h i n e h a s about a 2^% var ia t ion in Bt based on 
a Goodness F a c t o r of 70 or g r e a t e r . U n d e r opt imal 
e x p e r i m e n t a l condit ions , the current loading of the ASC 
has been operated up to the value 

J s ( a s c ) = J s l " 2 J s ( m a g n e t i z a t i o n ) ( 1 2 ) 

for w h i c h i t w a s found that the m a x i m u m value of AB^ 
i s under 8%. 

F i g u r e 8 depicts the d is tr ibut ion envelope of total 
a i rgap f lux dens i ty f o r the © - P i n c h mach ine of F i g u r e 
7. T r i s the notional pitch of a r e c o v e r y pole which i s 
l e s s than that of a propuls ive po le Tp. Line B t ( e c m ) i s 
the tota l nominal l e v e l of f lux in the a irgap for a con-
vent ional induction motor us ing the s a m e r o t o r a n d 
c o r e s i z e . The range of s l ip for which the plot i s va l id 
i s f r o m z e r o to 0 . 2 0 per unit . 

T h e asynchronous c o n d e n s e r so d e s c r i b e d can 
be operated in an adjustable power fac tor mode e i ther 
by thyr i s tor switching of winding connect ions to e f f e c t 
a d i f f erent phase shif t , or a l t ernat ive ly , a cont inuously 
v a r i a b l e method can be used w h e r e b y the phase of the 
ro tor f lux can be advanced. The la t ter i s a c c o m p l i s h e d 
by including one or m o r e s h o r t - c i c u i t i n g c o i l s i n t h e 
s ta tor s l o t s be tween the e x i t - e n d of the r e c o v e r y wind-
ing and the s tart of the propul s ive winding, l a b e l e d 
STSC in F i g u r e 7, With this arrangement , phase control 
i s s i m p l y p e r f o r m e d by regulat ing the magnitude of the 
s h o r t - c i r c u i t i n g - l o o p current accord ing a s p e c i f i c load 
/ s l i p prof i l e ; additionally the connect ion of t h e s e loops 
f r o m d i a m e t r i c a l l y opposite p o l e s in s e r i e s aiding then 
a l l ows super ior c o m p e n s a t i o n o f f l u x e s init iat ing 
an unbalanced magnet ic pull condit ion. 

F o r r e f e r e n c e p u r p o s e s , the i n - p h a s e and quad-
ra ture f lux dens i t i e s for the t w o - s t a g e , j - j u m p machine 
a r e shown in F i g u r e s 9a and 9b f o r an extended m o t o r 
s e c t o r of 9 p o l e s . 

F i g , 8 Dis tr ibut ion envelope of tota l a irgap f l u x dens i ty 
for a genera l © - P i n c h m a c h i n e . 
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Distance along stator periphery, poles 

F ig .9a Quadrature airgap f lux density in motoring s e c -
tor of the two-s tage , j - jump arc machine . 

These two plots represent the minimum condition 
for which the rotor-current decrement is no longer 
character ised as being prominent, i. e.. the value of 
G (1-a*) /n>1lf at the transit ion point between motoring 
and condenser sect ions for the near - optimum , f u l l -
power s l ip of 5%. 

HARMONIC CURRENT FILTER 

As an alternative to power factor improvement , 
the ©-P inch concept may be applied as a harmonic c u r -
rent f i l t er to suppress incoming l ine trans ients . B y 
winding des ign only, the pitch of the ASC sec t ion can 
be so designated that the reactance i t o f f e r s to anyone 
spec i f i c l ine harmonic i s equivalent on a per-unit basis 
to the transient reactance of a synchronous m a c h i n e 
thereby allowing the propuls ive winding to r e c e i v e a 
substant ia l ly - s inuso ida l current wave form. A s w i t h 
conventional synchronous condensers , the ASC winding 
in absorbing a whole spectrum of l ine - trans ients i m -
poses additional thermal loading on the rotor cage . The 
s c h e m e i s general ly valid for rotors of high i n e r t i a 
and thus again the multipolar machine i s favorable . 

Distance along stator periphery, pole a 

F i g . 9b. In-phase f lux density in motoring s e c t o r o f 
the two-s tage , j -jump machine at high speed. 

In context to var iable - speed propulsion s y s t e m s 
•whereby variable frequency i s generated by a s q u a r e 
-wave, current - source inverter and fed to a © - P i n c h 
cage motor , the ASC winding in addition to providing 
the commutation margin for the inverter , a l s o can be 
designed to have its reactance minimum at the 5th h a r -
monic of the main travell ing wave in order to best sup-
p r e s s the dominant harmonic of the inver ter . 

Implicit in the ©-Pinch propulsion s y s t e m , the i n -
v e r t e r f ir ing angle i s advanced in response to the value 
of the Bp decrement direct ly sensed by airgap coi ls , in 
addit ion to t h e conventional method of torque control in 
a c losed- loop regulator with s l ip and mains c u r r e n t 
feedback. As has been suggested by Lipo[6], the proper 
regulation of brushless induction drives tinder t i r n e -
transient conditions should be accomplished by the u s e 
of f lux co i l s (typically 3 per axis) along the stator slots; 
a s imi l iar case applies to the space- trans ient A S C 
s y s t e m . However, the c l a s s i c a l "field orientor" method 
of separating the magnetizing flux f rom the Bp flux: i n a 
symmetr i ca l machine has to be modified in accordance 
with (3) and (4), s i n t e the d - and q -axes of the 9 - P i n c h 
machine are always changing during run-up. Undoubt-
edly , two pract ical requirements are that t h e s t a t o r 
s earch coi l s must have at l e a s t s lo t -p i tch-r e s o l u t i o n 
and, further, these coi l s must be centered d i r e c t l y 
over the s lot rather than surrounding a tooth [ l l F u n d a -
mental ly , this latter approach reduces the third h a r -
monic saturation problem mentioned in [6]and cons ider-
ably s impl i f i e s the c a s e for a s e r i e s of in t erconnec ted 



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 a-Pinch propulsion s y s t e m 
pre sen t I Y un de r con s t r u c t ion, w here 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 cr =0.08 p. u. 

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

s = [1 5 + m(l-2i "'~ 
• 120' + 1 ] -18 

where m=O through 5 and (f * is the operating slip. 

FUTURE DEVELOPMENTS 

(13) 

Based on the most promising correlation between 
the space-transient theory of brushless, induction 
mac h i n e s and the two laboratory machines built to 
date, it is anticipated that leading power factor opera­
tion will be attained on a slightly larger 9-Pinch un i t 
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 in a 200 B. H~ P. 
cage machine, these reactances are low enough on a 
per unit basis to demonstrate' the full potential of the 
a-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 9-Pinch machine, tested on 
full load and results presented de~ailing the max i mum 
power /weight ratio available with this technology. 

CONCLUSIONS 

A new mechanism of continuously g en era tin g 
reactive kV A 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 react iv e 
power requirements common to all induction machines. 
Fundamentally, a space-transient magnetic wave, tra­
velling at rotor speed must be artificially created and 
at least two distinct windings of different pol e- pit c h 
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 
an d power system induction generators. 
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NOMENCLATURE 

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 r = rotor magnetization time constant 
Us = synchronous field speed (ml s) 
u r = rotor speed 
Xasc = reflected surface reactance of condenser wdg. 
X 2 = rotor leakage reactance referred to stator 
X3 stator leakage reactance of condenser winding 
J s = stator current loading, peak (AI m) 

o = rotor conducting-sheet thickness 
Ws = radian frequency 
Pr = rotor conductor resistivity 
a = per unit slip 
T p = pole-pitch 
llo = free-space permeability 
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Discussion 

L. T. Rosenberg (Turbogenera tor Consultant, Wauwatosa, WI): Elimi-
nation of collector rings and brushes f rom 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 sys tem. The energy savings through the years since 1965 
involved in t ransmit t ing all that reactive current would have been worth 
even more than t h e initial cost saving. 

Apparently t w o or more sets of windings are required in the stator 
and 8, 10, or 12-pole arrangements are possible, judging f rom the 10 
kW and 35 hp examples described. Establishing a rotating flux pat tern 
that remains at r o t o r speed, evidently permits separating the direct and 
quadrature axis cur ren ts in the normal driving circuit in to direct and 
quadrature axis componen t s , thus producing the ou tpu t curves of Fig. 4. 

I would like t o 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 t h e m o t o r 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 a b o u t the savings in energy and capital investment at 
the generator site, t h e proper application of the asynchronous condenser 
concept is as an integral winding with the main induction m o t o r wind-
ing as it solves the high reactive current problem at the source, where-
as present central power- fac tor correction using synchronous compen-
sators or static capaci tor 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 f ac to r 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. Alternately, the ASC winding may be 
designed to peak a t 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 f ac to r t o uni ty in the latter case, the opt ion of main-
taining a reasonable power fac tor 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 — 4 - 1 + ) followed 
as a natural development of the first linear machine of 8 poles with 
power factor correct ion windings. The choice of the number of motor-
ing poles/repeatable section is a crucial parameter because the rate of 
rise or demagnetizat ion of the airgap magnetic field for a given rotor 
time constant, is dependen t on the combination of slip, a and the excit-
ing pole numbers. The concept of using space transients t o affect 
appreciable reactive power generation at the exit-edge of the excited 
section is restricted t o pole number-slip value products lying in the range 

n * R - 1.0 (14) 

where R2 is the pe r uni t referred ro tor resistance. The basis of this 
general guideline is tha t appreciable reactive power generation, Q de-
notes that the exit-edge power is greater than 0.25 per unit of the 
equivalent conventional machine ro tor copper loss, J4P rJs2nTp. This 
value of Q will have a limiting value of 0.50 per unit fo r machines with 
a large Goodness f a c t o r when the ro tor speed is at or near synchronous, 
as exemplified in Figure 6. However, prior to building up the maximum 
exit-edge energy, e f f ic iency constraints demand ( tha t such a small slip 
never be used and hence, the inclusion of R2 in (14). If the total 
number of poles a round the periphery in the equivalent rotary machine 
is n, the effective n u m b e r of motoring poles n* never exceeds n / k since 
an even number of repeatable sections, k are mandatory so as t o neu-
tralize the effects o f unbalanced magnetic pull. Therefore, it would be 
possible to produce an eff icient unity-power-factor 4 pole machine at 

a low slip if only one repeatable section is a t tempted , 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 ro tor 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 f reedom 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 "9 -P inch" machine in combinat ion 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 
commuta t ion circuits since the induction machine naturally commut-
ates the 6-component inverter; the ro tor 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 t ime; in general 
the changes in Goodness factor with f requency are more crucial than 
the associated reactance changes. At this t ime, the theoretical problems 
involved with extending the asynchronous condenser concept to 2 pole 
and 4 pole machines are being investigated, al though it is clear tha t the 
"G-Pinch," lumped ASC layout will not be used. 

The fields created by the two sets of stator windings d o no t induce 
any significant t ransformer voltages in each other by virtue of their 
particular space separation. These windings are ideally, exclusively ro tor 
mot ion coupled (as evidenced by the Js(asc) curve in Figure 4) and thus 
no stray voltages will be induced provided tha t the ASC winding com-
prises a speed-dependent pole-pitch which obviously has t o be fixed 
depending on whether power factor correction is to be employed at 
either full load or running light. 

The torque varies with speed as in a conventional cage ro tor 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 "9 -P inch" machine may be described under 
constant voltage excitat ion, Vt as 

3 V t
 2 Cd-cr0)<< 

X 1 + X 2 c<2 + ( 0 - a o )
Z 

(15) 

where a = R 2 / ( X l + X2). The only departure of this f rom an equivalent 
machine is the int roduct ion of the quant i ty o 0 which is the per unit 
difference in slip f rom 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 t o the 9-P inch machine the funct ional relationship of this 
slip offset is 

a-, = f ( G , J s / J s ( a s c ) ) 

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 o0 will be negligible and zero torque occurs at synchronism. 

The only impor tant consideration during s tar tup 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 

<f = 1-k n * + ( n - k n * ) / l - c T 
n + 2 

(16) 

This is usually a problem in small machines unless pole-amplitude-
modulat ion is used on just the motoring winding. Nevertheless, in the 
150 H.P., 8 pole cage machine currently under test in a 9 -P inch recon-
nection, no torque pulsations are evident which is due in par t 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 
f rom 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 ro tor 
as before, with a ro tor coupled time constant of 250 ms, was used. A 
stable slip value near 1% was maintained such tha t the reactive power 
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Fig. 13. Experimentally obtained rcactive power generated and 
by machine sections. 

« 

« 

geneiated by tlie recovery windings exceeded tlie reactive powersupplied 
by the mains to the motoring winding, i.e. the machinc consumed a net 
negative kVAR as shown in Figure 13. The total power input t o the 
machine was 17.2 kW and the shaft was loaded to 12.6 k\V, 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 o f 
an overchorded winding by 11/9 for all coils and a uniform slot-pitch 
around the entire periphery. The core loss of t Ii is machine is 0 .34 k\V 
and the stray load loss is 0.19 k\V; other details of construction and 
analysis are give in (9]. 
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REACTIVE POWER GENERATION IN HIGH SPEED INDUCTION 

MACHINES DY CONTINUOUSLY OCCURRING SPACE-TRANSIENTS 

Professor E.R. Laithwaite and S.B. Kuznetsov 

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 linear ma-
chine and on 35 H.P. and 150 H.P. rotary cage motors. 
An auxiliary magnetic wave, travelling at rotor speed 
is artificially created by the space-transient attri-
butable to the asymmetrical stator winding. At least 
two distinct windings of different pole-pitch must bo 
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 leakage 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 reactive 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+" 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 reactive power. The details are included 
in Table 1. 

A poles 

r 
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. 
Department of Electrical Engineering, 
Imperial College of Science and Technology, 
Exhibition Road, London SW7 2BT, ENGLAND. 

magnetization time constant of 250 ms. A slip value 
near If. was found such that the reactive power genera-
ted by the recovery winding exceeded the reactive power 
supplied 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 

Motoring Section (66 coils) Condenser Section (24 coil3) 
Pole-pitch, Tp (m) 0.0989 Induced pole-pitch (m) 0 1.097 
Core Length (m) 0.222 Slot depth (mm) 34 
Airgap (mm) 0.65 Airgap (mm) 0.65 
Current loading, J 3 (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 ASC copper loss (kW) 0.78 
Stray load los3 (kW) 0.19 Turns/coil 6 
React!ve input, l%slip(kVAR) 22 Reactive output (kVAR) 23 
Power input, total (kW) 17.2 Core outer diameter (m) 0.42 
Shaft output power (kW) 12.6 Overall efficiency at U.P.F. 73% 

STDR ^ 
output''"' V./ 

-30 
Fig. 2. Experimentally obtained reactive power genera-

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, p r / t sandwiched between the rotor magnetic core 
and a magnetically anisotropic outer shell of thickness 
6 with an infinite radial permeability and a finite 
permeability, |ar in the tangential direction to estab-
lish the rotor leakage flux path. This allows the use-
ful nature of the rotor leakage flux to be represented 
as in rotary machines with small airgaps, g e while the 
analysis presented in 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, Vol. MAG-16, No. 1980, pp. 716-718 



when the ASC field is determined, the induced stator 
current density J s ( a s c ) 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 

0)T2A
3 (1 - 0)"b + X 2 (1 +;'jlOT2)B - G X ( 1 - G ) B - j G B g 

= -jG (l + jaovr ) £ j ( 

(1) 

where X is the principal pole-pitch/ir of region STDP 
and Bg 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 (0) = 27Tf) which yields a non-dimensional 

. 2 

G = 
2 Tiu ft P O 

Pr 77 (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 

H 6 
r 

P r / t 
(3) 

The general solution of (1) is, for Bg separated 
into the in-phase and time-quadrature components 

B„ = 

B_ = 

) J r s 
a e 

p J r s 
0 u £ 

s 

cos (6) + aoaTn + 
a (wt2 ) 

xi 
aGj 

sin(9) 

+ Re n * 
L n = l 

a (wt2 )
2 

v -i 

\ , e ] 

k] 

(4) 

cos(6) - sin (6) 

+ Im [2 an 6-1 
] 

e = (1 +OUT 2/G) where 
chronous speed. 

(5) 

+ (l/aG) z and u g 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. 
However, 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 04 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 82 in Fig. 1. 
The a 2 type occurs here and also as rotor bars exit 
from the excitation region to the condenser region as 
located by 0j. Fundamentally, both components of the 
C*2 are equal in magnitude but they propagate in oppos-
ing directions a t 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 
04 transient has a wavelength longer than any conceiv-
able peripheral length of the condenser region, 
(02 - ©j)Tp/ir. It travels at exactly rotor speed in 
the hypothetical case of zero airgap and slightly 

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

The 04 is the subject of exploitation. If 

1 
g(1 -0) + o)T x (l-a) + x„ 2 m i. 

« 1 (6) 

holds, which is generally true when close to synchro-
nous speed, the cti transient may be approximated as 

a i = " I [ G T T 

= - jco/u 

a)3 + wt2 (l-a) + j Th] (7) 

Under these conditions, such that G » 1 and G > ojT2, 
the a 2 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 3 ( a s c ) to be a negative resistance. Conse-
quently, the condenser leakage time constant has been 
defined as 

T 3 = 

M a + Q /3 J 2 a) 
asc s 

P 3/
f c3 + P i n /3J C 

3 

Pi 
(8) 

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 

-gX(l-a) (l+j 
G/P. 

)J 
Pg+jwLg s(asc) 

-jG(1+ P'+jwL3 

s(asc) 

) j 
s(asc) 

= 0 

(9) 

The result is that the airgap flux over the ASC section 
may be expressed (neglecting the ct2 transient) : 

B
g = 

+ j 

P'^d-O) fr . -j r "I 
— < L^T ~ W T3j S i n V ' L 1 + T3/T2 J c o s ( a0 ) 

jjsin (a6)+[^-U)T3] i + t 3 / t 2 cos (aQ) K1 
( 1 0 ) 

where Kj 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 Kj, six independent boun-
dary values and one integral condition must be satis-
fied for each repeatable section. At both the 0j and 
02 transitions, the rotor current density, J r , the air-^ 
gap flux density, B g and 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 la3t inte-
gration constant can bo met by the integral of the in-
duced ASC current which is always finite, and assuming 
a balanced polyphase load on the ASC 

0.024 

/ J , , dO -
s (asc) 

1 - cos (-
1 - a ( 1 1 ) 

This impl ics 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 r around the entire machine must al-
ways be zero based on a 1-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 / J r d8 
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 r is increased at the 
boundary, then it follows that its decay rate will b e 
similarly increased. The converse is also valid, and 
this was demonstrated on the first linear version of 
the induction condenser principle as described in 
whereby an abrupt change in stator current loading 
between motoring and condenser sections was practical 
because of the low G value. 

VAR GENERATION 

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; J r 

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. 

0.002 0.10 ASC Poles at 2% Slip 6.12 

Fig.3 Lines of Constant Bq(©2)/BgOj) Ratio in 5% steps. 

g B' u 
^e t r 

4 Mo ( 1 2 ) 

If there are no sharp changes in airgap length at this 
boundary, then in practice the maximum reactive power 
available at this edge is Qmax S ^ x assuming the 
phase angle of the ASC load current is il 80°. 

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 Bq 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 

n g 
1 -a = 2 (13) 

Conversely, if Bq peaks at a location greater than 
(in the direction of rotor travel), then clearly the 

ASC winding is consuming positive reactive power beyond 
that required for the leakage flux field. 

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. 

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 Bp and Bq in the condenser 
section is strictly dependent on the ASC load phase 
angle rather than on speed. Fig. 3 is a contour plot 
of the Bg 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 Bq, is to ensure that at the transi-

4 tion from excitation to ASC windings, the total airgap 
flux density, Bfc = (Bp + Bq)

15 is as large as possible. 
The maximum volt-amps available at the "exit edge" is 
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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-link 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-link 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-link 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 effect inverter 
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]. 

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 consume 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 slip could be maintained at a sta-
ble and low value in an induction machine, these 
same slip 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 
slip 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 travel ling at 
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%-l5% less than a 
large lagging P.F. motor, once the additional weight 
penalty of either a synchronous condenser or a static 
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. 

II. REACTIVE EMF 

To establish the limits 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 "9-Pinch" technique are speci-
fic to multipolar stator designs of 8, 10, 12 poles 
etc. 9-Pinch creates an abrupt transition in the 
stator MMF at two diametrically opposite positions 
along the periphery. The constructional features of 
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 
9-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, R2 
and rotor leakage reactance, ^ The parameters 
X, of stator leakage and R-, of stator resistance 
remain constant among the poles. 

The conventional induction motor equivalent cir-
cuit is strictly a steady-state diagram and it should 
be emphasized that this representation does not in-
dicate the slip 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 2 parameters but the physical insight is lost. To 
aflow 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,a 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 2> X , and X 2 are average 
values of all the poles in eaSh section assuming the 
coils of a particular section are series connected. 

c.) The relative magnitudes of the rotational 
reactances, X and X 2 as well as the absolute value 
of Eq, the counter-emf 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 anda=o.016 p.u. 

All of the commutating criteria will be expres-
sed in terms of a dimension!ess factor 

6 • X, / "z -
 T
r 

where T r 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 leakage 
is small. The total instantaneous radial flux 
density crossing the airgap over the motoring wind-
ing may be expressed 

b(e,t) = pi J s —-(sinrtot-e+tari^n/pfjjTy.)! 
u)Va2+(l/o)Tr)

2' \ 
(2) 

-exp[̂ "̂ T̂ ]'Sin[cot- + tan̂ l/acoTr)]) 

where 9= angle from transition point of condenser 
to motoring windings (electrical radians) 

J s= stator current line density, peak (A/m) 

Pi p.tt _ rotor surface resistivity(fl) • ir 
Tpi ~ 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, xpi must be reduced to T po= (1 -a*)xp-|. The 
difference between the quantities (1-a*) and (1-g), 
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 a rotor exciter with this asynchronous 
machine. 

3 <t> 

Fig. 1 Naturally-commutated induction drive system. 
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R l - 0 . 0 6 2 H 2 = 0 . 0 6 9 R 3 - O . O I 

X ^ - 0 . 2 8 2 X 2 = 0 . 3 2 3 X 3 = 0 . 0 2 5 V * 1 6 - 0 n 

Fig. 2 Equivalent circuit of integral induction m o t o r 

asynchronous condenser at high speed. 

In the design stages, it is imperative that the 
space modulation of b(9,t) peak at a position 9] 
which initiates the change in pitch from tp-j to T p 2 . 

b ( 9 , t ) =—-£ ] = £§=< 1 -i^exp-
uVo 2+(l/uT r)

2| 

jt+tari"1(l/aajTr) -tt/2 
(l-o)G 

sin feg- (ult + tarri(l/oaiTr) ) -

(3) 

wheretsl and represents the lower limit on the per 
unit flux density in the entire machine (at angle 
9;?) at high speed. It is specific to a particular 
winding sequence and its functional relationship is 

t = f [ c o s r 1 , G , cos(nM)] (4) 

where n is the number of poles in section from 92 to 
9-| and <f>is the power factor angle of the motoring 
winding alone. From the aspect of maximizing the 
condenser section cemf, Eq the generated reactive 
energy maximum occurs at the peak of the transition 
edge values in the product Iq-Eq-u r at a slip given 
by 

cos(J2^-) = l ( 5 ) 

The commutation voltage, Eq is the integration of 
b(9,t) over the entire length of the condenser sec-
tion to yield the volts/turn as 

Eq = r u r I b(0,t)-exp[v 1(0 2-0i)r p i/TT] d8 (6) 

where vi is the complex attenuation of the space 
transient wave 

vi 1 
u V ( l - a )

3
 + u>T2'(l-a)

 +
j 1-a 

2 

1 

P2 L 

V = Tr(l +X) 

T2' = T 2(l + x ) 
X2 

x =
 X 3 + Qasc/q-l3

2 

(7) 

(8) 

(9) 

(10) 

for q=number of phases, I3 = r.m.s. condenser current 
per phase, and Q a s c 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, Q-jnv as 

âsc = Qinv + ^ Im 2 xm + I2 2 x2 + Il2xi) > 

= Q i n v + q[I 1
2(X 1 + cX 2)] (12) 

for c=1 + X-J/Xm. To find Q i n v , 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 condenser 
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 t 

âsc " 
R3

2 + X32 

En V l_lt sin[y + tan"1 (-X3/R3) 3 (13) 

VR3^ + X 3
Z 

III. 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 120° 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 (X s-X") but the voltage across 
this is only attributable to fundamental current. 
The values of X" in the d and q axes are generally 
assumed to be equal, whereas X s 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 ini-
tiated every 60° at commutation appears as a large 
negative sequence current and the damper windings 
compensate for this. In large machines, the per 
unit negative sequence reactance and the subtransient 
reactance are nearly identical and about 10% of the 
synchronous reactance. In contrast, the stator 
leakage reactance can be as low as 5% of X s . In a 
worst case condition, the synchronous condenser only 
maintains zero-sequence currents, J s o = 1% J s s where 
J Ss is the stator current loading at rated load. 
However, the damper cage will have a current loading 

r̂ = ŝs + ŝo = Oss» 

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 
apparent, the cage rotor condenser is in essence a 
salient pole machine as viewed from the rotor side 
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due to the non-uniform (stationary) airgap flux dis-
tribution; i. e., the airgap 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 G^lOO, 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 is 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 J r(9) at four positions over the stator periphery. 

j-ax i s 

d-axis 

l2 ^I^/cr 

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, a is the firing 
delay angle, u is the commutation overlap angle and 
6 is the commutation margin (or the maximum device-
turn-off angle). Under all circumstances 

a + U + 6 = radians (16 ) 

To express the commutating margin in terms of the 
equivalent circuit parameters of the asynchronous 
condenser, the three path (I2>l3>lm) network of 
Figure 2 can be rearranged into a single Thevenin 
impedance, X" in front of a single Thevenin source 
En"-

= E, Rl + cR2 + j(X] + cX 2) 

+ R 3 + cR2 + j(X-| + X3 + cX 2) 
(17) 

F i g . 3 Phasor representat ion of machine vo l tages . 

X" = 2[R1Xi +R] cX2+CR2X-, +C2R2X2]+ X3( R] +CR 2)+R 3 (X] +cX 2) 

(R-, + R 3 + cR 2)
2 + ( X 1 + X 3 + c X 2 )

2 

To express the machine quantities in terms of the 
DC link current, , the normalized DC current is 

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,ll,13,etc.). The high frequency penetration 
effects in deep rotor bars can be calculated at each 
harmonic resulting in a higher R 2 and a lower L 2 

parameter than at the slip frequency of the funda-
mental . 

L2(h)" ~1 - 0.00108 d 2r(a h-f h - 11.4) (14) 
r2~ 

R2(h)" ~1 + 0.00381 d2 r(a h-f h - 9.44) (15) 

R2 

where d = rotor bar depth(cm), r=bar width:rotor 
slot width and a^ 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 f h 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. 

All of the other reactances X-j, X-, and X m scale 
up linearly with harmonic frequency ana 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 

r = 2 X" I dc 

v t m 
(19) 

F i g . 4 Definit ion of thyristor commutating t e r m s . 

From conventional phase controlled rectifier theory, 
the ratio of the link voltage to the r.m.s. sub-
transient voltage, Eq"(1ine-neutral) is 

V d c _ 3]/6 

IVI 
cos(u + 6 ) + 0 . 5 1 (20) 

The effect of the commutating overlap u on the volt-
age regulation may be expressed as [8] 

cos u = 1 - I* (21) 

It can be assumed that the commutating margin will 
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always be small so that the approximation sin 6 =5 
may be used for 5 in radians as 

= -sin(u) +/l + cos(u) [ l-27rV d c/3^ E q"] 

cos(u) 

(22) 

Figure 5 is a plot of 5 versus the ratio V ^ / E q " for 
different families of normalized DC-link current, I*. 
For a value I* = 0.4, it is seen that the converter: 
machine voltage ratio is 1.75at a commutating marg-
in of 50us which corresponds to 6=0.063 radians at 
200 Hz. This represents a practical commutation 
limit for a 150 H.P. 9-Pinch machine with the para-
meter shown in Figure 2. 

-? 0.8 

ST 0.6 « 
X 

~ 0.4 
E 
E 

——1—1—1—l-\I 1 »— i i i • 

N. \0.125 

Nv N. \0.25\ 

\0.50 \ 

\0.75 

. i i i i. _ I > ^ 1 \ 1 > \ ' 1 
0 tO 2.0 

Ratio V,jc/Eq* 
F i g . 5 T h y r i s t o r turn-of f m a r g i n v s . emf f o r c i n g . 

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 link 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. 

F i g . 6 P o w e r f l o w in m a c h i n e - i n v e r t e r s y s t e m . 

In addition to the increase in Eq" with frequency, 
Figures 8a and 8b depict the phase change in E q" as 
the PDR-CSI- 9 -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 in-

verter reactive requirement is 11% of the component 
reactive power supplied to just the motoring section 
of the 9-Pinch machine and this is based on device 
turn off times of tr 3 0 n s . 

VI. DUPLEX CSI SYSTEM 

Since the major impetus for advocating natural-
ly commutated 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 link current in a "digital" fashion rather than 
limiting the rate of rise and decay of 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-link current of PDR #1 is 
slowly ramped at a constant + d Ijjp/dt and PDR $2 
is similarly ramped but at - d I<jc/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 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. 

Fig. 7 Machine current waveform in start-mode. 
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60 Hz 

F i g . 9 Duplex CSI s y s t e m for torque smoothing . 

VII. SPECTRAL CURRENT FILTER 

If the 9-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] 

Frequency.Hz 

F i g . 10 Condenser harmonic - input impedance . 

VIII. 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-
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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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