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ABS TRACT 

This r epor t  examines s e v e r a l  a r e a s  important  t o  the design of 
var iable  speed induction moto r  sys t ems  with var iab le  voltage, var iab le  
frequency dr ive.  These  sys t ems  are  composed of the induction motor ,  
the DC-AC inver te r ,  and an  ove ra l l  control  scheme.  

The AC induction motor  is  analyzed t o  de te rmine  its inherent  
capabili t ies in these  systems. 
mine its impedance and torque cha rac t e r i s t i c s  with non-sinus oidal 
excitation. 
minimize ro to r  r e s i s t ance  in  o r d e r  to maximize efficiency and t o  reduce 
spurious torques due t o  non-sinusoidal excitation. 

Also,  the motor  is analyzed t o  de t e r -  

I t  is shown that  the design of t he  induction motor  should 

The var ious  DC-AC inve r t e r s  a r e  reduced to  t h r e e  bas ic  fo rms :  

1) The  base  band inve r t e r .  (That  is, an inver te r  whose switch- 
ing frequency is equal to  the output frequency. ) 

2) The cycloconverter ,  and 

3 )  The pulse  modulator.  

These  i n v e r t e r s  a r e  analyzed to determine inherent  per formance  capa-  
bi l i t ies  and l imitations with var ious  applicable modulation schemes .  
Design considerations of power process ing  s tages  a r e  discussed includ- 
ing a n  analysis  of some thyr i s tor  forced  commutation schemes .  Specific 
per formance  requi rements  for  i nve r t e r s  a r e  d iscussed  in t e r m s  of motor  
requi rements  

The  var ious means  of controll ing the motor  p a r a m e t e r s  (e .  g. open 
loop and c losed  loop sys t ems  fo r  cont ro l  of torque, flux, speed, e t c . )  
a r e  d iscussed .  
capability a r e  presented .  

The trade-offs between complexity and per formance  

The integration of the  components into a sys t em is d iscussed  and 
recommendations a r e  given for  future work. 

.. - 11 - 



FORWARD 
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1. INTRODUCTION 

The combination of the AC induction motor  with a solid s ta te  in- 
v e r t e r  dr ive  r ep resen t s  an  a t t rac t ive  solution to  the problem of design 
of an  efficient and re l iab le  s e r v o  sys tem.  
inherently s imple and rel iable:  with one moving p a r t  and fr ic t ion at b e a r -  
ing su r faces  only, it is par t icu lar ly  suited to  the requi rements  of space  
applications. 

The AC induction mDtor is 

The  DC-AC inver te r  portion of the var iab le  speed induction moto r  
(VSIM) sys t em mus t  be a source  of controlled var iab le  frequency-variable 
voltage excitation to exploit the ful l  per formance  and efficiency capability 
of the motor .  While AC induction motor  technology has advanced t o  the 
point where l a rge  moto r s  of suitable design a r e  available,  the design of 
solid s ta te  i nve r t e r s  to  dr ive induction motors  of even modera te  power 
(10  KVA) r ep resen t s  a ve ry  recent  advance in the state-of-the-art .  The  
detailed theory of operat ion of these  units is not ye t  wel l  understood. A s  
might be  expected, it is  in  the inver te r  and par t icu lar ly  in  the power out- 
put s tage  where  m o s t  of the design effort  mus t  be expended. 
the c r u x  of the VSIM dr ive  problem l ies  in the successfu l  real izat ion of 
the inve r t e r  power output s tage.  

Therefore ,  

Intimately associated with the design of the power process ing  s tages  
of the inve r t e r  a r e  th ree  a reas :  
the moto r  p re sen t s  to  the inver te r ;  
is achieved in the inve r t e r ;  and 
v e r t e r  to  the motor .  
considerations of the  power process ing  s t ages ,  are the subject of this r epor t .  

1) The nature of the load requi rements  

3 )  the control  scheme that couples the in- 
2) the manner  in which control  of power 

These  th ree  aspects ,  in addition to  the  bas i c  design 

Bas i c  to the understanding of the manner  in which the power to  the  
motor  m u s t  bz controlled (i. e . ,  the choice of voltage o r  cu r ren t  and the 
choice of frequency) is a complete understanding of the dr ive the moto r  
r equ i r e s  to achieve ful l  utilization of its per formance  capability. 
2.1 and 2.2 p re sen t  the bas ic  cha rac t e r i s t i c s  of the AC induction motor  
and apply them t o  an  analysis  of the moto r  
It is shown that  t he  minimization of the ro tor  r e s i s t ance  is e s sen t i a l  f o r  
maximxm efficiency and performance.  This is followed by a discussion 
and analysis  of the problems of coupling the inver te r  and motor .  
2 . 4  provides  a character izat ion of the motor  impedance as a function of 
the motor  speed. 
excitation is discussed in  Section 2 . 5 .  I t  is shown that  the minimization 
of ro to r  res i s tance  a l so  minimizes  spurious torques.  

Sections 

per formance  in  the VSIM sys tem.  

Section 

The generation of spurious torques with non-sinusoidal 

- 1 -  



The discussion and analysis  of Chapter  2 shows that  f o r  highest 
per formance  and complete flexibility of operation (four quadrant torque-  
speed capability) the dr ive  mus t  possess the following charac te r i s t ics :  

1) Sufficient voltage capability to  fully flux the motor  at the 
highest s t a to r  dr ive frequency. 
opt imal  dynamic response  wil l  be available under all operating conditions. 

This  i n su res  that  maximum torque for 

2) Sufficient peak  cu r ren t  capabili ty t o  rea l ize  the maximum 
available torque under all motor  operating conditions and in  the p re sence  
of harmonic cu r ren t s .  

3 )  
This  fea ture  provides  opt imal  response  during braking o r  when driving 
active loads.  

A capabili ty f o r  regenerat ing as wel l  as supplying AC power.  

4) A capabili ty fo r  providing controlled dr ive down t o  z e r o  
During motor  revers ing  speed  changes o r  when driving an frequency. 

active load at low speeds,  DC dr ive  is requi red  to  rea l ize  optimal motor  
torque capability. 

5) Low harmonic content i n  the AC dr ive  waveform, par t icu lar ly  
at low dr ive  frequencies,  is r equ i r ed  to  minimize harmonic and pulsating 
torques.  At  high frequencies ,  low harmonic and spurious frequency 
content is requi red  to  minimize excess  c o r e  losses and l a rge  s ta tor  
cu r ren t s  at f requencies  other  than the dr ive frequency. 

6 )  The dr ive m u s t  be responsive t o  var ia t ions in  the load. F o r  
the highest level  of performance,  the dr ive to  the motor  mus t  be adjusted 
by feedback means  to  compensate fo r  load changes and to  provide opt imal  
t rans ien t  response.  

The  study of i nve r t e r s  in  Chapter 3 proceeds  by reducing the many 
inve r t e r s  descr ibed  in the l i t e r a tu re  to the fewest  s imple fo rms  and analyz- 
ing the i r  inherent  capabili t ies and l imitations.  P a r t i c u l a r  attention is given 
to  var ious fo rms  of the 1) base band sys t em (switching is at the output 
frequency);  2) the squa re  wave cycloconverter ;  and 3 )  the  pulse modu- 
l a to r .  The design problems cen te r  on those of the output power stage.  
necessi ty  f o r  DC'output r equ i r e s  that  the power s tage  output switches be 
connected by a d i r ec t  path to the t e rmina l s  and prec ludes  the use of t r a n s -  
f o r m e r  cospled output s tages .  

The 

The discussion of Section 3 .  3 cen te r s  on control  concepts (i. e . ,  the  

- 2 -  



manner  in  which switching t i m e s  and switching frequency are chosen 
in o r d e r  to  cont ro l  the flow of power).  The r e su l t s  indicate that to  insure  
a small harmonic content at low frequencies ,  a s ine  wave approximation 
method, using samples  at a relat ively high frequency, should be employed. 

Section 3.4 d i scusses  the choice of the output stage switch and the 
choice of the switch configuration. A.t the power levels  of the sys t ems  
under study ( g r e a t e r  than 2 KW) and the supply voltage levels  considered 
(200 to  500 volts), the  use  of t hy r i s to r  switching elements  is mandatory.  
A l l  the  inve r t e r  sys t ems  considered in  this study r equ i r e  forced commu- 
tation of at least  s o m e  of the thy r i s to r s ,  
forced  commutation output s t ages  indicates that  t he  McMurray circui t ,  
with a theore t ica l  commutation efficiency of nea r ly  100% is an a t t rac t ive  
choice. Exper imenta l  s tudies  per formed outside the scope of this con- 
tract indicate that this configuration can,  in fact ,  commutate at high effi- 
ciency and, with some modification, can  be made to operate  with high 
reliability. It has  been found, however, that instantaneous cu r ren t  con- 
t ro l ,  o r  at leas t  instantaneous c u r r e n t  l imiting, is necessa ry  to  prevent  
commutation fai lure  ,, 

The study of switching lo s ses  i n  

The completion of the VSIM sys tem requ i r e s  some  f o r m  of overa l l  
sys t em control  t o  couple the inver te r  to  the motor .  The var ious  p a r a -  
m e t e r  control  schemes  a r e  d iscussed  in Chapter  4. Al l  of the methods 
of voltage, cur ren t ,  flux, torque and speed control,  when proper ly  im- 
plemented, wil l  operate  the motor .  The m o r e  sophisticated methods 
wil l  yield high per formance .  Seve ra l  fac tors  that  govern the choice of 
pa rame te r  control  techniques a r e  evident: 1) Instantaneous cu r ren t  
control  or l imiting must  b e  employed to pro tec t  the  inve r t e r  switching 
devices under dynamic load and fault conditions; 2) F o r  opt imal  flux con- 
t rol ,  e i ther  f lux  feedback o r  some method of flux dr ive compensation 
with load var ia t ions m u s t  be employed; 3 )  The method of s l ip  control  
employed m u s t  be  studied fo r  the par t icu lar  motor ,  i nve r t e r ,  and mis- 
sion requi rements  t o  optimize the  per formance  p a r a m e t e r s .  

In general  it is found tha t  the c ruc ia l  p roblems l ie  in  minimization 
of power loss  in the inver te r .  Recommendations a r e  given f o r  exper i -  
menta l  investigation of s imple  vers ions  of t h r e e  inve r t e r s  to determine 
the optimum sys tem.  In pa r t i cu la r ,  the squa re  wave cycloconverter ,  
the pulse  modulator,  and the s e r i e s  i nve r t e r  should be investigated.  



2. INDUCTION MOTOR CHARACTERISTICS 

2.1 BASIC TORQUE AND POWER RELATIONS 

To proceed with an outline of the basic relations governing the motor 
performance, consider the per phase equivalent circuit shown in Figure 2.1. 
Power flow to the right through terminals a - a’ represents power flowing 
from the stator of the motor into the air  gap. We shall denote this power 
by the symbol Pg. In terms of the parameters of Figure 2.1, the real part  

of this power can be expressed per phase as 

S P = E 2  
g 1  (F)” + ( L2w s)2 

The internal mechanical torque, T, of any induction motor is related to 
Pg by the equation 

Hence, the torque, per phase, can be expressed 

We now define the slip frequency 

w r = w s - w m  (2.4) 

where o 
is also the electrical frequency seen in the rotor. The rotor electrical time 
constant is defined as  

is the line frequency and wm the motor speed. The quantity o 
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L2 

terminals 

r 2  - 
s 

a' 

r1 - Resistance of Stntor Winding 

r:- - Resistance of rtotor V\7inding as Seen From the Stator 

g, ~ Conductance to Account for Core Losses, (In general 

this will be a function of the terminal voltage and 
frequency. ) 

L1 Leakage Inductance of Stator Winding 

LAL - Le:ikagc Inductance of Rotor Winding as Seen From the Stator 

L g  = Magnetizing Inductance 

s fl ip - (as - w,) / where us = Line Frequency 

and w, = Mechaiical Angular Velocity 

of Rotor 

E, = RMS Value of Stator Terminal Voltage 

El = RMS Value of Back EMF 

FIGURE 2 .1  

PER PHASE EQUIVALENT CIRCUIT FOR INDUCTION MOTOR 
(Valid for two pole motor. ) 
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Thus,  we can  wr i te  Eqn.  2. 3 i n  the f o r m  

2 
E 1  7 '"r 

2 2 '  
T =  

L p s 2  1 + 7 w r  

constant and v a r y  w we find that the maximum torque If we now hold= r 
fo r  a given f l u x  i n  the moto r  is given by 

E1 

2 E i  

and i t  occu r s  at a r o t o r  e l ec t r i ca l  frequency given by  

r 2  - 1 - -  
' m a x T  r Lz 

-- - w 

( 2 . 7 )  

which cor responds  to a slip 

Eqns.  2 .6  and 2. 7 c a n  be used to define a single normalized torque 
cha rac t e r i s t i c  tha t  is applicable to  a11 induction motors .  
relation is 

This gene ra l  

T 7 or 

max l f r  wr 
- -  - 2--- 

2 2  

where  r again is the ro to r  t ime constant ,L2/rz ,and 0, is the electrical 

f requency seen  i n  the  r o t o r .  
2. 3 .  

This re la t ion is plotted in  F igu res  2 2 and 
T F igure  2.  3 ,  a plot of - v e r s u s  r wr, wil l  be par t icu lar ly  u s e -  

T max 
f u l  l a t e r  when we d iscuss  torque generation fo r  different d r ive  frequencies  
in  o rde r  to  understand the spur ious  torques produced by  non-sinusoidal 
dr ives  . 
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The significance of Eqns. 2 . 7  and 2. 9 is that they show that the maximum 
torque is independent of the rotor resistance r2 and the rotor frequency 

Also we see that maximum torque is produced at a rotor speed given by the 
relationship 

r. 

w m = o  - -_ 1 . (2.10) 
S T  

This equation shows that maximum torque can be obtained for any desired 
rotor speed 

LL' s. 
late along the frequency axis so that its maximum lies at any desired rotor 
speed. 

i. e.  - = coiistmt, then we can obtain constant torque if or = os - 

maintained constant. 

the family of torque speed curves for indicated values of - , where o so 

is the maximum available line frequency. 
region that is useful for braking or  reversing is also indicated. 
that any torque, T, satisfying the relation -Tmm _c, T 

at any desired speed by properly controlling CL' s. 

including zero by proper adjustment of the drive frequency 

In other words, the curve representing Eqn. 2 , 9  can be made to trans- 

Thus, we see also that if the motor is operated at constxiit flux, 

is 

The graphs of Figure 2 . 4  show several members of 
LL' s 

so 
In  these graphs, the reverse torque 

It is apparent 
T,, can be obtained 

Returning to the power relations, we note that the power transmitted 
to the rotor is given by Eqn. 2 . 2  

P = T U  g S' 

The internal mechanical power is then 

Pm = T o m .  

Thus, the power dissipated in the rotor is 

(2.11) 

P r = T (ws - mm) = T o r .  

- 9 -  
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The rotor efficiency, qr , is the ratio of power output, Pm, to the power trans- 

mitted across the gap. Pg, and is given by 

prn-%-l (2.13) q r r - - - -  
p g  

We note that qr is just the ratio of rotor speed to excitation frequency. 

The total real power transmitted across-the gap has been given as 
P = Tu,. This power must be eyual to that absorbed in  the resistor g 
- r2 . Thus. 

S 

We can, therefore, split the resistor 3 into two parts, 
S 

(2.14) 

(2.15) 

(2.16) 

and identify the rotor dissipation as the power dissipated in r2 and the power 

converted into mechanical energy as that dissipated in  r2 - . This is ex- 
W r  

pressed as 

2 P = T u r  = I2 r2  r 

2 P, = Tu, = Ia r2  - . 
U r  

(2.17) 

(2.18) 
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2 . 2  PERFORMANCE CHARACTERISTICS OF THE VSIM SYSTEM 

Available Internal  Torque 

Let us a s sume  that the maximum allowable dr ive  frequency is oso 
( this  is an a r b i t r a r y  l imitation and is only loosely s e t  by  the motor  design).  

under two conditions of opera-  T "Jm F igure  2 .  5 is a plot of v e r s u s  -- 
u s  0 

tion. 
frequency. 
frequency and two different ro tor  t ime constants.  
these curves  a r e  flat 
the torque cha rac t e r i s t i c .  

Thus,  with a specified maximum 

satisfying this re la t ion and the available torque drops off. We see ,  how- 
e v e r ,  that  significantly m o r e  torque i s  available in  the  var iab le  frequency 
sys tem,  and that  bes t  per formance  is achieved with the l a r g e s t  ro tor  time 
constant.  (Note tha t th i s  r ea l ly  means  reducing the r e s i s t ance ,  r2. and 

not increas ing  L2 since doing s o  would reduce Tmax. ) 

T m a x  

The bottom cu rve  shows the typical s e r v o  moto r  with constant l ine 
The upper two curves  show the moto r  with var iab le  l ine 

In the region where 
os is adjusted to operate  the  motor  at the peak of 

However, at the peak "J, = "J, - um = 1 / 7 .  

os, the  l a rge  values of %do not p e r m i t  

Available Internal  Mechanical Power  
I- 

, we obtain the c o r -  @m By multiplying the curves  of F igu re  2 .  5 b y  - 
U s 0  

responding curves  for  the available in t e rna l  mechanical  power as shown 
in F igure  2 .6 .  
makes  it poss ib le  to ex t rac t  appreciably m o r e  power f rom a given s i ze  
motor  at a given speed. 

Thus, optimzm ro to r  design alcng with frequency control  

Rotor Dissipation 

It is interest ing to compare  the ro to r  l o s s e s  for  the two conditions of 
operation. 
f o r  the two modes of operation at the maximum sys t em capaci t ies  indicated 
by the cu rves  of F igu res  2 . 5  and 2 . 6 .  The reduction of the ro to r  l o s s e s  a t  

The graphs of F igure  2 . 7  show the normalized ro tor  l o s ses  

- 12 - 
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star t ing with var iable  frequency operation is  significant not only with 
respec t  t o  efficiency but with respec t  to the p r i m a r y  l imitation of the 
motor  which is  the heat generated in the ro tor .  The curves of F igure  
2 . 7  indicate that l a rge  reduct ions in  rotor  losses  at low speeds a r e  
possible with var iable  frequency operation. In studying the curves  of 
F igure  2.7 it mus t  be r emembered  that  the torque and power delivered 
by the var iable  frequency sys tem a r e  g rea t e r  a t  all speeds than that 
delivered by the  conventional sys tem.  Thus,  the fact that  rotor  l o s ses  
in the var iable  frequency sys tem at high speeds a r e  g r e a t e r  than that  
of the typical servomotor  is only a reflection of the fact  that  the p r o -  
posed sys t em is delivering g rea t e r  power a t  these speeds.  In o rde r  
to i l lustrate  th i s ,  the ro to r  losses  have been replotted in  Figure 2 .8  
for  the condition that both sys tems a r e  delivering the  identical  torque 
and hence power, at all speeds .  
l o s ses  at all speeds is apparent f rom the curves .  

The magnitude of the reduction in ro tor  

W e  m a y  a l so  look at the ro to r  l o s ses  f rom the standpoint of ro tor  
efficiency as a function of the moto r  speed.  

given by Eqn. 2 .13 is plotted in  F igure  2 . 9  for  the sys t em operating 
conditions of F igures  2 .  5 and  2 6 .  It is apparent f rom Figure  2 . 9  that 
var iable  frequency operation significantly enhances the rotor  efficiency 
in the low speed region where  it is mos t  needed. 

The ro tor  efficiency, ?'),, 

I 

Rotor Acceleration 

The curves of F igure  2.10 show the tirnes of accelerat ion of an  
iner t ia l  load to a given speed for  the two modes of operation, under the 
assumption that the s a m e  Tmax holds in  each case .  

we can s e e  that  i t  is possible to obtain as much as a factor  of two r e -  
duction in  the t ime necessary  to r each  0 .95  of synchronous speed.  Also,  
we can take advantage of the reduced ro tor  losses  to inc rease  the avai l -  
able torque fo r  a given s i z e  motor  and possibly gain s t i l l  another factor  of 
t h ree  o r  four  in  accelerat ion time. 

F r o m  these curves 
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2.3 MOTOR VOLTAGES IN THE THREE PHASE CONNECTION 

We shall i l lus t ra te  in  this sect ion the var ious  possible  connections 
of a th ree  phase motor  to a t h r e e  phase  inver te r ,  along with the var ious 
voltage waveforms and spec t r a  for  a squa re  wave dr ive  signal. 

The th ree  possible  connections a r e  i l lus t ra ted  in  F igu re  2.11. We 
sha l l  r e f e r  t o  these  as (a) s t a r  connection with neutral;  (b) s t a r  con- 
nection without neutral ;  and (c )  delta connection. The l ine to neut ra l  
output waveforms of t h e  squa re  wave three  phase inver te r  a r e  shown in 
F igu re  2.12. Figure  2.13 shows line to line waveforms for  the  delta 
connection and f o r  the star connection without neutral .  The relevant  
waveforms fo r  the s t a r  connection with neu t r a l  a r e  the same  as  the line 
to neut ra l  waveforms f o r  the inve r t e r .  

F igu re  2.14 shows the spec t r a  corresponding to the var ious wave- 
f o r m s .  In each case ,  the amplitude of the harmonic is  r e f e r r e d  to the 
amplitude of the fundamental .  
fe ren t  waveforms,  the s p e c t r a  a r e  ident ical  except fo r  the harmonics  
of o r d e r  n = 3k f 3 where k = 0 ,  1, 2,. . . . 
resu l t s  i n  harmonics  of the o r d e r  3k f 3 which a r e  in  phase when measu red  
l ine to l ine.  
a r e  balanced out and no c u r r e n t  f lows. 
cu r ren t s  wil l  flow s ince  the  magnetic fields in  the moto r  cancel  and the 
moto r  impedance becomes near ly  that of the s ta tor  r e s i s t ance .  

It should be noted that,  despite the dif- 

The th ree  phase connection 

Therefore ,  with the neut ra l  not connected, t h e s e  components 
If the neut ra l  i s  connected, la rge  

In general ,  the magnet ic  fields in  the motor  corresponding to a 
harmonic of o r d e r  n the  inver te r  output behave as follows. 
harmonics  of o r d e r  n = 3k + 1, where  k = 0, 
density ro ta tes  i n  the s a m e  direct ion.  
density is d i rec t ly  proport ional  to the o rde r  of the harmonic.  
harmonics  of o r d e r  n = 3k + 2, the magnetic f l u x  density ro ta tes  in the 
opposite direct ion f rom those of o r d e r  n = 3k + 1 .  These a r e  r e f e r r e d  
to as counter-rotating fields.  F o r  those harmonics  of o r d e r  n = 3k + 3, 
the  magnetic f lux  .density does not rotate ,  leading to the effects descr ibed 
above. 

For those 
1, 2, . . . . the magnetic flux 

F o r  those 
The phase velocity of this f l u x  

- 20 - 



r?l” T h r e e  P h a s e  
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a)  S t a r  Connection with Neutral  

b) S t a r  Connection without  Neutral  

C 

a 

c )  Delta Connection 

FIGURE 2.11  

MOTOR CONNECTIONS TO INVERTER 
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c) Delta Connection (Line to Line Waveform.) 

FIGURE 2.14 

COMPONENT AMPLITUDES RELATIVE TO FUNDAMENTAL IN 
OR WAVEFORMS O F  FIGURES 2 .12  AND-2.13 
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Spurious modulation frequencies  wi l l  not ro ta te  synchronously 
with the fundamental  but m a y  be handled by techniques similar to those  
used to handle harmonics .  

2.4 INDUCTION MOTOR IMPEDANCE CHARACTERISTICS 

The nature  of the load impedance the  motor  p re sen t s  to the in -  
v e r t e r  has  implications for  the inve r t e r  design, pa r t i cu la r ly  in  r e g a r d  
to  the peak voltages and c u r r e n t s  that  the inve r t e r  m u s t  supply fo r  a 
given state of the m o t o r .  We need to cha rac t e r i ze  the  motor  impedance 
for all drive frequencies  and f o r  all speeds, thus including all the modes  
of operation: motoring,  diss ipat ive braking and regenera t ive  braking.  

The following information is des i r ed  f r o m  o u r  analysis :  

1) Limits on the magnitude of driving point impedance f o r  all 
s t a t e s  of the  moto r  and of the  d r ive .  

2) Limi ts  on the angle of driving point impedance fo r  all states 
of the moto r  and of the d r ive .  

3 )  The exis tance of anomalies  i n  the impedance ( such  as a condi- 
tion where  the harmonic frequencies  s e e  impedances lower than the funda- 
menta l ) .  

4) 
designs.  

The change in  impedance cha rac t e r i s t i c s  with different motor  

The  equivalent circuit ,  p e r  phase ,  of the induction moto r  was p r e -  
sented i n  F i g u r e  2 . 1  and is reproduced i n  F i g u r e  2 .15  f o r  re ference ,  with 
the exception of the conductance represent ing  magnetic l o s ses ,  which is 
ne gle ct e d. 

The  meaningful presentat ion of the impedance information m u s t  
take into considerat ion that  the  inductive e lements  have an impedance that  
varies d i rec t ly  with frequency whereas  the r e s i s t ance  r 2 /  s v a r i e s  both 

with the dr ive  frequency and with moto r  speed.  
that  at a given instant of t i m e  the state of the  moto r  is charac te r ized  by  
a speed urn. 

Accordingly, we a s s u m e  

Since urn cannot change instantaneously (due to ro tor  iner t ia )  

- 26 - 
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- - Resis tance of Stator  Winding 
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FIGURE 2 . 1 5  

P E R  P H  iSE EQUIVALENT CIRCUIT O F  INDUCTION MOTOR 
(Model  valid for  two pole moto r .  ) 
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this allows us to p re sen t  the driving point impedance as a function of 
l ine frequency, us,with kkn as a pa rame te r .  

The motor  chosen f o r  analysis  has the following pa rame te r s :  

r l  = 0.  352 

L1 = 0.14  mH 

r2  = 0.1452 

L2 = 0 . 6  mH 

Lg = 3 . 8 m H  

The  motor  has s i x  poles and i s  designed for t h ree  phase  operation 
at 220 volts at a line frequency of 60 Hz.  Synchronous operating speed 
is 125 .6  rad ians /second.  

The r e su l t s  of the calculations a r e  presented  i n  F igu res  2 .16  and 
2. 17. 
us < 1 . 0 ,  the reactances a r e  small and the impedance is mainly that 
of the s t a to r  r e s i s t ance .  F o r  us > 300, the reactances dominate and 

the impedance is mainly that of a pu re  inductance. 

An examination of the f igures  shows two limiting cases .  F o r  

F o r  the intermediate  f requencies ,  the impedance is a function of 
the operating mode of the machine.  That  is, the machine may  be  ei ther  
motoring ( w, < LO,) o r  braking (us < %). The braking m a y  involve r e -  

generation of power i f  us is high enough such that % dominates the im- 

pedance. Al l  the interest ing behavior takes place at us , tha t  is, 
relatively near  synchronous operating speed. 

For the case  of v e r y  slow speed (Urn = 1) .  the anamoulous behavior 

of - takes place at a l ine frequency s o  low that the magnetizing reactance '2 
S 

a lmost  completely shunts _. '2 Thus the  impedance departs  only slightly 
S 
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f r o m  that of a conventional R - L  c i rcu i t .  

F o r  um = 100, however, the reac tance  of L@ is  quite l a r g e  f o r  

us 100, and r 2 / s  dominates the  impedance. The t h r e e  modes of 

operation of the  motor  a r e  c lear ly  evident. 

tive but small in magnitude. 
the r e a l  p a r t  of the impedance at the motor  t e rmina l s  i s  posi t ive.  
65 < us < 100, the motor  impedance has a negative r e a l  p a r t  and power 

is regenera ted .  
tion as a discontinuity in  the der ivat ive of the magnitude at us == 65. In 

F igu re  2.17,  the angle of the impedance exceeds 90' fo r  Us > 70 again 

indicating regenera t ion .  F o r  us > 100, motoring again takes  p lace .  

F o r  us < 60, r 2 / s  is nega- 

This  cor responds  to braking action although 
At 

F igure  2 . 1 6  shows the change from braking to r egene ra -  

It is evident that  under cer ta in  conditions, the impedance can be 
lower fo r  a harmonic of the dr ive frequency than for  the fundamental .  
F o r  example,  with ur = 100, us 20 ( r ap id  braking)  the  impedance a t  

approximately 5us wil l  go through a minimum.  

Many of the effects of change of moto r  design such  as changing r l  

r 2  or L1 a r e  self-evident.  W e  note tha t  reducing the p a r a m e t e r  - (as  de-  

s i r e d  fo r  s e r v o  applications) makes  the anamolous behavior of r2 / s  evi- 
L2 

dent only when um is m o r e  near ly  equal to  us, thus sharpening the 

var ia t ions in  the curves .  
changed since at Ur = urn, q / s  approaches infinity. 

The magnitude of the var ia t ions r ema ins  un- 

F r o m  this  data, we m a y  conclude the following 

1) The  magnitude of the driving point impedance va r i e s  over a 
range of at l ea s t  20: 1 .  

2) The angle of the driving point impedance va r i e s  f r o m  O o  to  a 
value approaching 1 80 O. 

3) The impedance is a s t rong  function of the s ta te  (speed)  of the 
moto r .  
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4) Anomalies such as low impedance at harmonic frequencies  
a r e  evident. 

Although this presentat ion cha rac t e r i zes  the motor  impedance 
completely, the  specification of voltage and c u r r e n t  requi rements  on 
the inve r t e r  depends on o ther  p a r a m e t e r s  a l so .  These include: 

1) The pa r t i cu la r  mo to r  chosen. 

2) The miss ion  requi rements  (i .  e .  requi red  torque ve r sus  
speed).  

3 )  The control  scheme chosen. 

The last i tem needs some explanation. 
demand, the control  scheme can choose to  adjust  e i ther  the dr ive  
frequency o r  the voltage o r  both. F o r  example,  the s l ip  frequency 
might be s e t  equal  t o  a constant (constant s l ip  operation) thus elirninat- 
ing operation v e r y  n e a r  synchronism.  

F o r  a given torque and speed 

The final r e su l t s  wil l  depend on evaluation of the to ta l  sys t em 
including the motor ,  i nve r t e r  and control  scheme.  

2 . 5  MOTOR TORQUES WITH NON-SINUSOIDAL EXCITATION 

Many of the fac tors  that  m o s t  direct ly  inc rease  the cos t  and com-  
plexity of the inver te r  a r e  those that demand minimization of harmonic 
frequencies  in  the output spec t rum.  Accordingly, it is necessa ry  t o  
know the penalty paid i n  per formance  for  harmonic components in  the 
inver te r  output. 
these harmonics  can  produce spurious torques (both s teady and pulsating) 
in the moto r .  

In this section, we examine the conditions under which 

The Fie ld  Approach To Torque Generation In The Induction Motor 

Torque is generated in  the  induction moto r  by the interact ion of a 
magnetic field and a cu r ren t  according t o  the equation 
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- 
.where d T  is a vec tor  e lement  of torque, R is the  moment arm vector ,  
idZ is a cu r ren t  e lement  vec tor ,  and B is the magnet ic  field vec to r .  

In the  analysis  of the A C  induction motor ,  we can consider  the 
to ta l  magnetic f l u x  in  the air gap as due to the t e r m i n a l  voltage E, 

(neglecting drops due to  the s t a to r  leakage reac tance  and  the s t a to r  
resistance). 
( for  a t h r e e  phase  moto r )  has  the time and spa t ia l  dependence of a 
t ravel ing wave. Thus,  f o r  a s inusoidal  excitation at a frequency os, t h e  
flux density in  the air  gap f o r  a two pole moto r  is given by 

The flux density is radial ly  d i rec ted  in  the  air gap and 

- - 
Bs = ir Bs COS (ost - (2 .20)  

- 
where  ir is the r ad ia l  unit vector ,  and $' is the angular  posit ion i n  s t a to r  

coordinates .  F o r  harmonics  of the dr ive  frequency, o,,the spa t ia l  dis - 
tr ibution - of flux density in  the  air gap is the same but the phase velocity 
is different.  F o r  example,  the fifth harmonic in  a squa re  wave applied 
to a th ree  phase  moto r  would rotate  i n  a direct ion opposite to that of the 
fundamental .  This component of the field would b e  expres sed  

- 

- 

- Bs5 = irBS5 cos ( -5os t  - 6 ) .  (2.21) 

In general ,  the  n th  harmonic  of the  fundamental  wi l l  produce a 
field 

- - 
B = ir B cos (*nos t  - 4 " ) .  

'n 'n (2.22) 

W e  note that i n  the usual  t h ree  phase  connection we can indicate the be -  
havior of the field by  a convention involving n .  In pa r t i cu la r ,  f o r  harmonics  
of o r d e r  n = 3k + 1, k = 0, 1, 2 , .  . . , t h e  posit ive s ign is taken i n  Eqn.  2.22 
and indicates  a posi t ive direct ion of field rotation ( o r  phase  velocity).  
F o r  harmonics  of o r d e r  n = 3k + 2, the negative s ign is taken in  Eqn 2 .22  
and indicates a negative rotation o r  a counter-rotat ing field.  
of o rde r  n = 3k -t 3 do not rotate  and, in  fact, the resu l tan t  field com-  
ponent is zero .  

Harmonics  

E a c h  component of the flux density induces a voltage i n  the ro tor  
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result ing in  a rotor c u r r e n t  that  depends on the ro tor  impedance. 
frequency of the cu r ren t  i n  the ro to r  is W, = n u s  - 
o r d e r  of the harmonic and Om is the mechanical  speed of the ro tor .  

cu r ren t  induced in  the ro tor  in te rac ts  with the flux density in  the gap 
according to Eqn. 2.19 
inductive, the cu r ren t  in  the ro to r  wi l l  l ag  in  t ime  behind the exciting flux 
density.  
aligning itself with the flux density,  thus allowing torque to  be  generated 
continuously. 

The 
where n is the 

The 

to produce torque. Since the ro tor  impedance is 

This lag keeps the  ro tor  magnetic field component f r o m  exactly 

Each  harmonic of the moto r  dr ive  s ignal  wil l  l ead  to a component 
of flux density and to a component of ro tor  cu r ren t .  
f l u x  density can in te rac t  with any component of ro tor  c u r r e n t  to produce 
torque. 

Any component of 

In genera l  it can be shown that  the magnitude of torque due to i n t e r -  
action of the n th component of flux density with the n th  component of 
ro tor  cu r ren t  gives a torque  

( 2 .  23)  

where  IEsnl is the magnitude of the n th  component of the dr ive  voltage 

(neglecting drops due to  the s t a to r  r e s i s t ance , r l ,  and the s ta tor  leakage 

reac tance  LI) ,  W, is the fundamental dr ive frequency, r 2  is the ro to r  

res i s tance  and T is the ro tor  e l ec t r i ca l  t ime constant, L 2 / r ~ .  
torques produced by the interact ion of the n th  component of flux density 
with the corresponding ( o r  n th) component of ro to r  c u r r e n t  a r e  steady 
torques and are he re  r e f e r r e d  t o  as harmonic torques .  

The 

In genera l  the n th  component of flux density wi l l  a l so  in t e rac t  with 
the m th  component of ro tor  c u r r e n t  and the m th component of flux 
density wil l  i n t e rac t  with the n th  component of ro to r  cu r ren t  to produce 
a sinusoidally t ime varying torque .  
pulsating torques .  

The magnitude of the pulsating torque of frequency ( n  - m) os is given by 

W e  wil l  r e f e r  to  these torques as 
The frequency of the t ime var ia t ion is ( n  - m) us. 
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(2.24) 

where  IE I, IEsm I a r e  the magnitudes of the n th  and m th  components 

of the s t a to r  voltage (again neglecting the drops  due to  s ta tor  r e s i s t ance  
and s t a t o r  leakage reactance)  . 

s n  

In general ,  we need to de te rmine  the magnitude of the  spur ious  
torques in  question (both harmonic and pulsating) re la t ive to  the magnitude 
of the fundamental  component of torque.  
come significant when the moto r  is operating v e r y  nea r  synchronous speed  
where  the fundamental component of torque is low. 

These  spur ious  torques  c a n  be-  

Evaluation Of The  Magnitude Of Spurious Torques 

W e  wil l  p roceed  to  show that f o r  constant f l u x  the magnitude of the 
harmonic torque depends only on the frequency seen  in  the rotor .  
operation emphas izes  harmonic torques because the harmonics  of % do not 

c r e a t e  r o t o r  f requencies  sufficiently different f r o m  the fundamental  ro tor  
frequency. A l s o ,  we  wi l l  examine the magnitude of the fluxes expected f o r  
the var ious harmonics  under var ious  conditions. Finally, we sha l l  ex- 
amine  the magnitude of pulsating torques as a first s tep  in determining 
the effect of t hese  torques on shaft  position for  var ious  loads on the moto r .  

Low speed  

Harmonic Torques 

The magnitude of the  harmonic torque is given by Eqn. 2.23 , r e p r o -  
duced he re .  

(2 .23)  

F o r  the purposes  of this discussion,  we wi l l  w r i t e  Eqn. 2 .23 in  the 
f o r m  
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where  

and 

The quantity /3n is defined as 

- -  L2 ( n u ,  - urn). p n =  Tur - 
r 2  

(2 .26 )  

(2 .27)  

(2 .28)  

The maximum value of F(&) i s  1 . 0  which occurs  at pn = 1 corresponding 

to wr = 1 / ~ .  Thus,  Tmax i s  the maximum torque the motor  can  produce 

for  a given f lux .  (The maximum flux is, of course ,  l imited by s a t u r a -  
tion of the  i ron  in  the m o t o r . )  F igure  2.18 is a plot of F(&) v e r s u s  & .  
This is exactly the s a m e  curve  as tha t  of F igu re  2 .3 .  Note that no rma l  
motor  operat ion occurs  for  /3, < 1 .  

The effect of harmonic torques can easi ly  be a s s e s s e d  f rom this graph.  

n 

Breakover  torque is  at /3, = 1 .  

If the fundamental  dr ive frequency causes  a n  operating point in  the 
s l ip  l imited operating region of the motor ,  

torques can  be minimized i f  the harmonics  fall such that I /3, I >> 1 . 
This r equ i r e s  that W, 

neither 0 nor  f 1.  
as is i l lus t ra ted  by Figure  2.19. 
range of W r n  over which l a rge  torques  a r e  poss ib le .  

can  r equ i r e  that the harmonic frequencies  fall at  l a rge  values of W r  , n 
i. e .  such that  I&, 

1 1 
W < -, when wm is small s e v e r a l  harmonics  m a y  r e s u l t  in  Wr - 

‘1 7 n 7’ 

1/31 I < 1 then harmonic 

1 
n 7 = Inus - on I >>- where  n is a n  integer  that  is  

This  condition is m o r e  easi ly  sat isf ied if T is l a rge  
The l a r g e r  value of T narrows the 

Additionally, we 

1 I >> 7 . Since no rma l  motoring operation r e su l t s  in 
n 
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Tn,  n Both are plots  of -- 
T m a x  

F igures  2.20 and 2 .21  i l lus t ra te  this point. 

f o r  the  same ro to r  (7 = 0 .1 )  In F igure  

2 .21  with um = 1 and a fundarnental torque 207’0 of maximum torque, the 

fifth harmonic (counter  rotating) torque is about 100% of maximum torque 
( fo r  the s a m e  motor  f lux) .  

Here  1 -5ws - wm 1 >> 7 thus minimizing the harmonic torque.  

but for  different values of um. 

F igure  2 .  21 shows the same c a s e  fo r  um = 100. 
1 

However, in gene ra l  the f l u x  in the moto r  is l e s s  a t  harmonic 
frequencies .  F o r  a squa re  wave inver te r ,  the magnitude of E is p r o -  

port ional  t o  1 / n .  Thus IEs I / ( n u s )  is proport ional  to  l / n  . At suf -  

ficiently low frequencies  however, the s t a to r  r e s i s t ance  dominates the 
moto r  impedance causing Lg ( s e e  F igure  2. 16) to differentiate the  input 

voltage. Thus ,  E, would be  proport ional  to n t imes  the ac tua l  t e r m i n a l  

voltage and IE I2/(nws) would be  proport ional  to  l / n  . Using our 
’n 

previous example where  F (p -5 )  1 . 0 ,  .(PI> = 0 .  2, l / n  = 1 /25 ,  we 

find that the fifth harmonic torque  is approximately 1 / 5  the fundamental  
torque.  

‘n 
2 2 4 

n 

n 
2 2 

2 

The w o r s t  case would occur  as u , t h e  fundamental  slip frequency, 
p a s s e d  through z e r o  ( this  would correspond to  decelerat ing the moto r  by 
frequency variation) thus causing the  fundamental  torque t o  approach z e r o ,  
This case  could be avoided by controlled s l ip  operat ion.  

‘1 

Also,  s o m e  pulse  modulating schemes  have higher harmonic 
content than the square  wave and thus would be undesirable  f o r  low 
frequency ope rat ion.  

Pulsat ing Torques  

Eqn.  2 .  24 is an  of the m, n interact ion 
torque.  If we le t  = Urn) then Eqn. 2 - 2 4  

can  be wr i t ten  
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where 

and 

(2.30) 

(2.31) 

. Thus, Tinax The quantity F am , Pn) has a maximum value of 1 at am = - ( 1 @ n  
represents the maximum magnitude of pulsating torque. 

1 

1 
If the relationship CY, = - can be satisfied, then a worst case condition 

P n  
for the generation of pulsating torque exists. This relationship requires that 

The solution for us is 

1 

os = E  1 (n + m) Wm f 
nm 

1 
2 n m r  

[( r wm (n-rn)>a + 4 nmlz.  
2 

(2 .33)  

If n and m have different signs, the solution does not always exist for small um . 

Since the magnitude of the pulsating torque i s  proportional to the product 
of the two flux components, then the largest pulsating torque will occur for the 
1 argest harmonic component of lowest frequency interacting with the fundamental 
component of flux. Therefore, for our evaluation of the magnitude of pulsating 

component torque, we will choose n = 1, and relate the magnitude of the T 
of continuous torque. This relationship is given by 

m, 1 
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where  

01, = T(mus - urn) 

(2.34) 

(2.35) 

an d 

8 1  = 7 w s  - urn). (2.36) 

The wors t  ca se  condition for  Eqn.  2. 34 with r e spec t  to the var ia t ion of 

am (assuming a solution exis ts  for which CY,= -) is 
1 

8 n  

(2.37)  

We can use Eqn.  2.34 to  evaluate the relat ive magnitude of pulsat-  
ing torque for  the example used in the previous sect ion on harmonic 
torque.  F o r  this example,  the wors t  case solution does not exist, i. e .  

there  is no value of us fo r  which am = - . 
p n  

urn = 1 and us = 2 we find that  

1 
W i t h m  = -5, T = 0 .1 ,  

(2. 38) 

I E S  1 
F o r  a squa re  wave, -5 = 1 / 5  and  i f  we allow for  the f i l ter ing effect 
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05 the s t a to r  r e s i s t ance  and the magnetizing reactance,  we find that  

effectively = 1. Thus,  
IE 1 
lEs I 

IT-5, 11 2 0. 69. 

1 

( 2 . 3 9 )  
T 1 , l  

1 
Although the condition 01, = - represents  a wors t  ca se ,  the 

81 ITm, l  I function F ( am, P n )  has  only a relat ively small effect on the  r a t i o  

The absolute wors t  c a s e  occurs  when T1, goes t o  z e r o  (i e .  when the 

fundamental  d r ive  frequency is the synchronous frequency) just  as with 
harmonic torque. 

T 1 , l  

Accura te  evaluation of the problem requ i r e s  solving the dynamic 
motion problem f o r  a par t icu lar  shaft  load (including ro tor  iner t ia ,  s t r a y  
lo s ses ,  load iner t ia  and  load fr ic t ion)  to de te rmine  the actual  effect of the 
pulsating torques on shaft  motion. 
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3 .  INVERTER SYSTEMS FOR VARLABLE SPEED INDUCTION 
MOTOR DRIVES 

The design of a par t icu lar  piece of power process ing  equipment 
is composed of a cascade of one o r  m o r e  bas ic  power conve r t e r s ;  that  is, 
a cascade of c i rcu i t s  that pe r fo rm one of the four  e lec t r ica l  conversion 
functions: 

1) AC-AC (frequency changing, amplitude scaling o r  regulation) 

2) AC-DC (rect i f icat ion)  

3) DC -DC (voltage regulation, DC transformation)  

4) DC-AC ( inversion)  

A survey  of the available l i t e r a tu re  indicates that the study of 
var iable  voltage, var iab le  frequency inver te r  sys t ems ,  operating f rom 
an  unconditioned DC source  and suitable fo r  u s e  i n  var iab le  speed  in- 
duction motor  (VSIM) dr ive  applications,  may be divided into th ree  bas ic  
power conversion approaches shown i n  Table 3 . 1 .  F o r  each approach, 
t he re  a r e  a multi tude of different power conver te rs  which m a y  be used 
to accomplish each s tep  of the conversion. 
fundamental  considerations in  the selection and  evdluation of each con- 
v e r t e r ;  these a r e  the select ion of an output s tage configuration and the 
selection of a control  concept (or modulation sys t em)  to  accomplish 
the des i r ed  conversion. 
limit the overa l l  power output capability of a conver te r  sys tem,  it is 
profitable to examine how the cha rac t e r i s t i c s  of the output stage c i r cu i t ry  
and the  load mee t  the  device constraints ,  divorced f rom any par t icu lar  
sys t em.  On the other hand, the control  concept often de te rmines  the 
per formance  of a power conver te r  with r e spec t  to t rans ien t  and s teady 
s ta te  response  and stability. Thus,  i t  is a l so  profitable to examine the 
cha rac t e r i s t i c s  of bas i c  modulation s y s t e m s ,  

However,  t he re  a r e  two 

Because the power switching device constraints  

*In p rac t i ca l  s y s t e m s ,  it is the interact ion between constraints  of 
the modulation s y s t e m  and limitations of the output s tage  that  de te rmine  
the overa l l  per formance  of the power conver te rs .  The output s tage and 
modulation s y s t e m  mus t  be  "matched" to each  other  to achieve optimum 
resu l t s .  
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3.1 MOTOR CONSTRAINTS ON THE INVERTER 

The study of the induction motor  in  Chapter 2 indicates that  the 
motor  imposes  ce r t a in  constraints  and requi rements  on the power 
supplied by the inve r t e r  sys t em.  
five categories  of 

These m a y  be  summar ized  in the 

1) Voltage of fundamental component 

2) Curren t  of fundamental  component 

3 )  Frequency of fundamental component 

4) Harmonic s t ruc tu re  

5) Power  - T h e r m a l  

The interrelat ionships  and tradeoffs between the motor  and the 
inver te r  may  be couched in t e r m s  of these ca tegor ies  as p a r a m e t e r s .  

The f i r s t  t h ree  categories  r ep resen t  d i rec t  constraints  by the motor.  
F o r  a given motor  and a given s e t  of motor  output conditions ( torque and 
speed) ,  the interrelat ionships  between voltage, cu r ren t  and excitation 
frequency a r e  p re sc r ibed  and only one of these three  var iab les  m a y  be 
independent. The maximum flux l imitation of the motor  sets end points 
on the equations expressing these in te r re la t ions .  Efficiency considera-  
tions of the motor  and the inver te r  may  be used as one c r i te r ion  in  
selecting an optimum operating point f rom among those pe rmis s ib l e .  

The output voltage harmonic s t ruc tu re  allowable is dictated by 
the construction of the motor  and tolerable excess  moto r  l o s ses  due to  
harmonic c u r r e n t s .  Since the input impedance of the motor  may  be 
s m a l l e r  at a harmonic frequency than a t  the fundamental, harmonic 
cu r ren t s  m a y  be significant when compared to the fundamental and, hence, 
the peak cu r ren t  supplied by the inver te r  m a y  be significantly l a r g e r  than 
the peak of the fundamental  c u r r e n t .  (See Section 2 .4 )  Since the funda- 
menta l  cu r ren t  is cons t ra ined  by  the load requi rements ,  l a rge  harmonic 
cu r ren t s  may  necessi ta te  an inver te r  with an  overs ized  peak cu r ren t  
ra t ing . 
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Torques produced by harmonics  in  the dr ive  voltage a r e  general ly  
not considered useful or des i rab le  in  high per formance  VSIM dr ive  ap -  
plications,  hence opt imal  motor  per formance  is achieved with pu re  s ine-  
wave d r ive .  The burden of producing pu re  sinewaves is general ly  ex- 
cess ive ,  leading to inc reased  dissipation, cos t  and complexity in  the 
i n v e r t e r .  Thus,  t he  harmonic s t ruc tu re  tolerable  m u s t  be a compromise  
between the  motor  f ac to r s  of harmonic lo s ses ,  cu r ren t s  and spurious 
torques (both harmonic 
cu r ren t  ra t ing,  l o s s e s ,  cost  and complexity. To optimize this compromise ,  
these tradeoffs m u s t  be  studied for  a par t icu lar  m i s s i o n  requi rement .  

and pulsating) and the i n v e r t e r  fac tors  of peak 

To  m e e t  a specific miss ion  requi rement ,  a maximum voltage and 
cu r ren t  wil l  be required,  but the two m a y  not be requi red  simultaneously. 
Thus, the maximum power requi red  by the motor  is a design c r i t e r i a  for  
the i n v e r t e r .  
nificant amount of the s i z e  and weight of the unit. 
is e lectr ical ly  capable of producing maximum voltage and cu r ren t  s imul-  
taneously, a dec rease  in  to ta l  power lo s ses  obtained by not demanding 
maximum power r e su l t s  i n  a s m a l l e r  inver te r  package. 

T h e r m a l  design of a s ta t ic  inver te r  can  account fo r  a s ig -  
Even though a n  inve r t e r  

3 . 2  BLOCK DIAGRAMS 

Table  3 . 1  tabulates the bas ic  power conversion appro-aches to 
real iz ing the DC to conditioned AC requi red  in VSIM applications.  
F igure  3.1 i l lus t ra tes  block d iagram mechanizations of the conversion 
approaches in  Table 3.1.  The power converter  ( o r  conver te rs )  in  each 
of the block d iagrams consis t  of output s tages  combining switching 
elements ,  inductors ,  t r a n s f o r m e r s  and capaci tors .  The on-off t imes  
of the switches a r e  controlled i n  a manner  which yields the  des i r ed  out- 
put with high efficiency. 
of the blocks of F igu re  3.1 and pres,ent some  of the bas ic  output s tage 
real izat ions f o r  each of the approaches .  

This section wil l  examine the cha rac t e r i s t i c s  

Base  Band Sys tem 

A base  band sys t em is defined as a s y s t e m  in which the inve r t e r  
switches opera te  at the output frequency. 
a r e  not used f o r  amplitude control,  but r a the r  a s e p a r a t e  DC-DC conver t e r /  
regulator  preceding the inve r t e r  controls  the ma in  i n v e r t e r  supply voltage 

The on-off times of the switches 
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and, hence, the peak output voltage. 
conver te r / regula tor  and the inver te r  to provide f i l t e r ing  of the regulator  
ripple components. 
frequency components in  the output due to  "beating" effects between the 
regulator  and conver te r  f requencies  and prevents  interact ions between 
the control  loops of the two units. 

A f i l ter  is necessa ry  between the 

This f i l ter ing minimizes  the generation of spurious 

F igu re  3.2 i l lus t ra tes  a s imple  real izat ion of the baseband sys t em 
using uni la teral  switching elements  ( e .  g .  t r a n s i s t o r s  o r  force-commu-  
tated thyr i s tors )  that  are "idealized" as per fec t  switches and diodes. 
switching regulator  is composed of a bidirect ional  DC "chopper" c i rcu i t  
whose duty cycle is modulated t o  yield the des i r ed  V I .  
this c i rcu i t  is such that DC energy m a y  flow in ei ther  direct ion.  The in-  
v e r t e r  is composed of a "half bridge" connection of switches for  each 
phase of the moto r .  F o r  th ree  phase operation, the motor  winding would 
be connectea in a "star" or "delta" configuration to the outputs of the in-  
v e r t e r .  
wave output of peak-peak amplitude VI at the des i r ed  s ta tor  dr ive  frequency 

as i l lus t ra ted  in  F igu re  3.3. 
adjusted to yield the p rope r  phasing.  

The  

The na ture  of 

The  inver te r  switches are operated so as to produce a square  

The t iming of the squa re  wave t r ans i s to r s  is 

A s  shown in Section 2. 3 ,  th i s  output waveform is  r ich  in  harmonic 
content at f requencies  nea r  the fundamental  frequency, r ega rd le s s  
of the  connection of the motor  windings; hence, at low frequencies 
spurious torques m a y  become troublesome.  

Additive Bas e Band Sys tem 

A variat ion on the basic  base  ban6 s y s t e m  employs a multiplicity 
of t r a n s f o r m e r  coupled pa ra l l e l  i nve r t e r s  of the type shown in F igu re  3.4 
to genera te  a mult is tep waveform. Six of the inve r t e r s  of F igu re  3.4 
may be  combined in  s e r i e s  to fo rm a t h r e e  phase  sys t em a s  shown in 
F igure  3. 5. 
six waveforms of F igure  3.6a are  generated.  

With the relat ive phase of the inve r t e r s  as shown, the 
By p rope r  connection of 
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FIGURE 3 . 3  

OUTPUT WAVEFORMS O F  A SIMPLE THREE PHASE BASE BAND SYSTEM 

FIGURE 3 . 4  

BASIC PARALLEL SQUARE WAVE INVERTER 
(Arrows indicate direct ion of cu r ren t  flow in 

switching devices.  ) 
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FIGURE 3.6a - INDIVIDUAL INVERTER WAVEFORMS IN 
ADDITIVE BASE BAND SYSTEM 
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the t r ans fo rmer  secondar ies ,  a th ree  phase set of twelve s tep p e r  cycle 
waveforms i l lus t ra ted  in  F igure  3.6b may be  generated with peak ampl i -  
tude proport ional  to  the  DC supply voltage, VI. 
ing six inve r t e r s ,  all harmonics  of the fundamental  up to the  tenth may  be 
cancelled by tu rns  r a t io  adjustment.  

F o r  this example,  employ- 

Since the inve r t e r s  a r e  t r ans fo rmer  coupled, operation down to 
DC is not possible .  To  dr ive  a n  induction moto r  with a n  a r b i t r a r y  load, 
spec ia l  cont ro l  techniques mus t  be employed n e a r  z e r o  frequency if th is  
technique is to  be employed. 

Cycloconverter Sys tem 

The cycloconverter employs a two-step conversion of DC power.  
The second en t ry  in Table 3 .  1 shows the sequence of power conversion. 
The DC input is converted to a relatively high frequency AC signal .  A 
modulator operating synchronously with the high frequency AC, known as 
a cycloconverter,  produces a n  AC component at a lower frequency. By 
proper ly  controlling the modulator,  the  frequency, amplitude and phase  
of the output s ignal  m a y  be controlled.  
conver te r  sys t em is shown i n  F igu re  3 . 7 .  
is generated by a pa ra l l e l  i nve r t e r .  
cycloconverter by t r a n s f o r m e r  T . 
m a y  be understood by re ference  to  t h e  waveforms of F igu re  3 8. 
that the inve r t e r  opera tes  a t  frequency f l  and the output cur ren t '  of the riarr 

phase is posit ive into a highly inductive load. 
(F igu re  3 .7 )  is closed. 
f rom the sou rce  to  the load. A t  TI / 2 ,  the inve r t e r  switches and VI 

changes s ign.  
and switch 1 r ema ins  closed.  Power  is now being t r a n s f e r r e d  f r o m  the 
load inductance through the inver te r  and back to the  DC source .  
t ime during this  half cycle  of inver te r  operation, switch 2 is closed a n d  
switch 1 opens.  P o w e r  is again being del ivered f rom the sou rce  to the 
load, but through switch 2 instead of 1 .  At time T I ,  the inve r t e r  again 

switches,  during this half cycle,  the sequence of power flow is ident ical  
t o  the previous half cycle ,  but the ro les  of switches 1 and 2 are interchanged. 
By p rope r  control  of t he  cycloconverter  switching, the average  voltage at 
the output m a y  be controlled.  
conver te r  switching allows a low frequency waveform to  be  constructed 

A s imple  realization of the cyclo- 
A high frequency squa re  wave 

This  squa re  wave is coupled t o  the 
The operation of the cycloconverter 

Assume 

Fur the r ,  a s s u m e  switch 1 
The cycloconverter is now t r ans fe r r ing  power 

Because the load is inductive, c u r r e n t  continues to flow 

At some 

Low frequency modulation of the cyclo- 
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%rom samples  of the high frequency inve r t e r  output. 
cu r ren t  10, r e v e r s e s ,  switches 3 and 4 a s sume  the ro le  previously 

played b y  switches 1 and 2, but operation is otherwise identical. 
F igure  3 . 8  shows, the modulation generated is ident ical  to fixed frequency 
pulse  width modulation at twice the inver te r  frequency. 
modulation techniques employed in  pulse width sys t ems  m a y  be used 
to  generate  the  t ransi t ion t iming s ignal  with only sl ight modifications. 

When the output 

A s  

Duty cycle 

This bas i c  cycloconverter scheme may be extended to mul t i s ta te  
cycloconverters ,  that  is, cycloconverters  operat ing f rom a squa re  wave 
source  that  allow multiple output voltages.  F igu re  3 . 9  shows the exten- 
sion of one phase to th ree  s ta te  and four s t a t e  sys t ems  using thyris tor  
switches.  

and  0 .  

Voa = rt KVI where K is some fract ion of VI l e s s  than 1 determined by 

the point at which t r a n s f o r m e r  T is  tapped. 
switches in  the mult is ta te  sys t em can  produce the s a m e  low frequency 
output as the two-state sys tem,  but the amplitude of the high frequency 
ripple components which mus t  be  f i l t e red  wil l  be considerably reduced.  

In the three  s ta te  sys t em shown, the output m a y  be Voa = &VI 

In the four s t a t e  sys t em,  the outputs m a y  be Voa = &VI and 

P r o p e r  operation of the 

The same switching pr inciples  m a y  be  applied to cycloconverters  
having high frequency s ine wave instead of squa re  wave sources .  
conver te rs  use a relat ively l a rge  number of act ive switching elements  
when compared  t o  o ther  DC-AC conversion methods,  but the fact  that  
only the two inve r t e r  switches need be fo rce  commutated makes  this 
scheme a t t rac t ive  with respec t  to efficiency considerat ions.  

Cyclo- 

P u l s e  Modulator Sys tem 

The f ina l  type of inver te r  sys t em t o  b e  considered is the pulse  
modulator,  the th i rd  approach tabulated in  Table 3 .1 .  This sys t em 
converts  DC di rec t ly  t o  the  des i r ed  AC output superimposed on a high 
frequency c a r r i e r .  The s imples t  realization of th i s  type of s y s t e m  is 
shown in  F igu re  3. loa. One phase of a three  phase  sys t em is drawn.  
The switches,  in a half br idge configuration, are  operated al ternately 
and the diodes provide a free-wheeling path for  inductive loads .  By 
p rope r  cont ro l  of the duty cycle of the switches in each phase,  a th ree  
phase s e t  of s ignals  of controlled amplitude,frequency and phase may 
be generated d i rec t ly  f r o m  the  DC source .  The half br idge configura- 
t ion shown in F igu re  3.10a has  an inherent  bidirect ional  power flow 
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b) Four  State Cycloconverter 

FIGURE 3.9 

a) Three  State  Cycloconverter 

MULTI -S TATE CY C LOC ONVERT ERS 
(Only one phase of a th ree  phase output s tage  is shown. ) 
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VS 

a) Simple Realization of the P u l s e  Modulator Sys tem 

b) Fu l l  Bridge Connection 

FIGURE 3.10 

TWO CON.FIGURATIONS O F  THE P U L S E  MODULATOR 

(Only one phase  of a t h r e e  phase  output s tage is shown. 
Arrows indicate direction of cu r ren t  flow in  the switching 
devic es . ) 
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capability. Thus, power m a y  be  re turned  t o  the  sou rce  during decelerat ion.  

Another pulse  modulator configuration that  may  be  employed is the 
"full bridge" connection; F igure  3.10b i l lus t ra tes  one phase of this out- 
put s tage .  
the legs of the ful l  br idge circui t .  
output vol tages .  With switches 1 and 4 closed Voa = +Vs . With switches 

2 and 3 closed, Voa = -Vs . 
closed, Voa = 0. Thus,  th ree-s ta te  operation independent of the o ther  
phases  is possible  with a ful l  br idge c i rcu i t .  

Each  phase of the load i s  separa ted  and connected between 
This connection m a y  provide three  

With ei ther  switches 1 and 3 o r  2 and 4 

The three  phase half br idge configuration can  be real ized with 
only s i x  switching devices .  
with any of the other  methods outlined here ,  and accounts for  the popu- 
l a r i t y  of this configuration in pulse modula tors .  
other  hand, is a m o r e  versa t i le  connection, allowing for t h r e e  s t a t e  opera-  
tion, which can be  made  to  generate  l e s s  harmonics  than a comparable  two 
s ta te  sys tem.  Non-rotating harmonics  ( s e e  Section 2.  3) can cause t rouble-  
some circulating cu r ren t s  with a full  bridge because of the ungrounded 
ne utr  al. 

This is a s m a l l e r  number than is possible  

The full  br idge,  on the 

AC pulse  modulators  can be operated in  two bas ic  modes,  
synchronous and asynchronous.  In the synchronous mode, the 
switching frequency is made an integral  multiple of the output frequency 
and is phase  locked to  it.  
output cycle is  constant regard less  of output frequency. 
produces modulation frequencies  a t  wel l  defined output frequencies h a r -  
monically re la ted  to the fundamental. In the  asynchronous mode, the 
switching and output f requencies  a r e  unrelated and the modulation frequen-  
c ies  can only be defined as "bands" of f requencies  re la ted  to the output 
and c a r r i e r  f requencies  and their  var ious sums and differences.  

Thus, the number of high frequency pulses  pe r  
This approach 

Summary  of Fundamental  Sys tem Parameters 

Cer ta in  proper t ies  of power handling s tages  a r e  fundamental  to the 
s tages  themselves  and relat ively independent of the control  concept ( o r  
modulation sys tem)  used to generate  the des i r ed  output. 
t ies  are l is ted in Table 3 .2  and tabulated f o r  each  of the sys t ems  d is -  
cussed  in this section. 

These  p rope r -  
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The following a r e  the  p a r a m e t e r s  which a r e  attr ibutable to the 
output s tages  of a n  inver te r  sys tem that a r e  basic to  the performance 
evaluation of inver te r  sys t ems  and are  tabulated in  Table 3 . 2 .  

1) 
diodes. 

The number of power handling act ive dev'ices and power 
(This  affects size,. weight, cos t  and reliabil i ty of the s y s t e m s . )  

2) 
instant.  

The number of devices in  s e r i e s  with the output at any 
(This  direct ly  limits the efficiency of the sys tem.  ) 

3) The number of devices  to be force  commutated p e r  inver te r  
(This  determines the s i ze  and  complexity of the com-  operating cycle .  

mutation c i r cu i t s .  ) 

4) The number of forced  commutations p e r  output cycle.  (Since 
mos t  energy loss  during switching is in  forcing commutation, this  direct ly  
limits the efficiency of the sys tem for  a given forced commutation s c h e m e . )  

5) Nature of f i l t e r  requirements .  ' (Th i s  includes input l ine f i l t e rs ,  
inters tage f i l t e rs  and output f i l t e r s .  
var ious f i l t e r s  a r e  a function of both sys tem requi rements ,  e .  g . ,  the 
tolerable  leve l  of RFI fed back to  the  power l ine,  and of the spec t rum of 
the signals that the inver te r  genera tes .  ) 

The complexity and weight of the 

6) The spec t rum of the output s ignal .  (This  influences motor  
losses  and, at low speeds ,  the  torque charac te r i s t ics ,  in  addition to  
affecting output f i l t e r  design. 

requi red  f rom the inve r t e r  and f o  i s  the frequency being called for  at a 

par t icu lar  time, then components in  the  spec t rum at fo < f 

a r e  par t icu lar ly  undesirable s ince they can cause spurious motor  torques,  
contribute to diss ipated energy, and cannot eas i ly  be f i l t e red .  We refer  
to them as "in band" harmonics  Also ,  since the harmonics appear  to 
the moto r  as dr ive signals a t  high s l ip  speed, the cu r ren t  drawn at these 
harmonics m a y  be  l a rge  This excess  cu r ren t  can add significantly to 
the  cu r ren t  that mus t  be commutated. ) 

If fo  max is the maximum output frequency 

< f o  max 

7) Voltage and cu r ren t  requirements  on switching devices.  
(This  can determine if  the sys tem is real izable  under the res t r ic t ion  of 
p re sen t  device technology and direct ly  affects the cos t  of the s y s t e m . )  
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8) Tolerance of supply voltage var ia t ion.  (Th i s  cons t ra ins  the  
degree of compatibi l i ty  between the inve r t e r  sys t em and the  cha rac t e r -  
istics of the power supply.)  

9, 10) Provis ion  for isolation of output f rom input. (This  m a y  
be a sys tem requirement .  ) 
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des i r ed  power conversion and then 
output s tage.  
to be applied to the output s tage of an inver te r  sys t em involves an 
inter-relat ionship of many complex fac tors .  The output s tage i tself  
p laces  cer ta in  constraints  on the modulation, such as minimum and 
maximum "on" t ime o r  minimum duty cycles .  Other fac tors  are l e s s  
p r e c i s e  but, nevertheless , .  important .  The complexity o r  p rac t i ca l  
real izabi l i ty  of a control  concept o r  the cos t  of a par t icu lar  embodi- 
ment  mus t  govern the choice. Seve ra l  control  concepts may exis t  
which, in conjunction with a sui table  output stage,  wil l  yield inver te r  
sys tems which m e e t  the bas ic  specifications for  a given application. 
The engineer is then faced with a choice of "how good" to make the 
system: i s  added control  sys t em complexity and cos t  worthwhile to 
achieve lower harmonic content o r  t ighter  parameter  control  o r  g rea t e r  
bandwidth? These  questions a r e  usually answered by engineering judge- 
ment  r a t h e r  than ana lys i s .  

to mate  a control  concept t o  the 
The selection of a control  concept ( o r  modulation sys tem)  

When a control  concept is applied t o  a specific output s tage,  such 
as those descr ibed in  Section 3.4, a number of questions about the 
combined sys tem become pert inent .  The questions can be grouped in 
the following interdependent fac tors :  

1) Device and element  utilization: P r a c t i c a l  switching devices 
have maximum voltage and cu r ren t  ra t ings and magnetic components 
have volt-second o r  c u r r e n t  l imitations.  In a given s tage configuration, 
the control  concept employed m a y  affect  these rat ings for  a given power 
output. 

2) Dynamic lo s ses :  During turn-on or turn-off t imes  of p rac t i -  
c a l  devices,  conditions ex is t  where energy is being diss ipated by the 
switching devices o r  in the output s tage c i rcu i t ry .  The power dis- 
s ipated depends on the energy diss ipated p e r  operation of the switch 
and the r a t e  at which the switches a r e  operated.  Control  concepts which 
minimize the switching r a t e  o r  the energy diss ipated p e r  switch opera-  
tion ( this  can be done by judicious selection of the switching instant  i n  
cer ta in  output s tages)  wil l  minimize dynamic lo s ses .  
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3) P a r a m e t e r  control  under s teady  state and t r ans i en t  condi- 
tions: Control  of the output p a r a m e t e r  of an inve r t e r  under var ious  
operating conditions m a y  be affected by  the  select ion of control  con- 
cept. Under s teady-state  conditions, the  sys t em m u s t  provide smooth, 
s tep less  control  of the average  output voltage ( o r  cur ren t )  with r e spec t  
to var ia t ions in amplitude and frequency of the output s igna l  and m u s t  
provide regulation against  sou rce  voltage var ia t ions and load imped- 
ance var ia t ions .  Under t rans ien t  conditions, control  mus t  be main- 
tained in  a s table  manner ,  with good t rans ien t  recovery  evident. In 
addition, under t rans ien t  conditions control  of the average  output p a r a -  
m e t e r s  ( c u r r e n t  o r  voltage) m a y  be inadequate to guarantee safe  opera-  
tion of the output s tage.  A control  concept m a y  have to  employ instan-  
taneous control  o r  l imiting of an output var iab le  ( i n  par t icu lar  output 
cu r ren t )  as wel l  as avefage  pa rame te r  cont ro l  to achieve sa t i s fac tory  
operation under all operating conditions. 

4) Harmonic S t ruc tu re  : Since only the fundamental  component 
of i nve r t e r  voltage and c u r r e n t  contribute to the  des i r ed  output, 
other f requencies  m u s t  be considered spurious components. Spurious 
voltages generate  additional co re  lo s ses  i n  a motor  while spurious 
c u r r e n t s  generate  additional s t a t o r  and ro tor  copper  lo s ses  and un- 
des i rab le  output torques.  

all 

A.11 power conversion sys t ems  employing switching techniques 
generate  spurious frequency components. The cont ro l  concept de t e r -  
mines  the  s t r u c t u r e  of these  components while the output s tage limita- 
tions govern the choice of the switching frequency and, hence, the 
frequencies  of the  spurious components. 

Waveforms Generated By Various Control  Concepts 

Variable  f requency AC sui table  f o r  VSIM dr ive  applications, is 
sythesized f r o m  a DC source  in two ways. In one method, a p r e -  
determined waveform is generated with t rans i t ions  fixed in t ime re-  
lative to  the  per iod of the  AC output. These s y s t e m s  use  voltage 
variable clocks and counting c i r cu i t s  t o  genera te  switch t iming infor-  
mation. The second method of AC waveform synthesis  is to  approxi- 
mate a r e fe rence  A C  s ine  wave with a modulated high frequency signal.  
This method uses  waveform genera tors  and /o r  feedback s e n s o r s  and 
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comparator  c i rcu i t s  to  genera te  the switch timing information. 

The following discussion and examples indicate the na ture  of 
waveforms encountered using var ious  cont ro l  concepts.  
ion is in t e r m s  of a s ingle  phase output, but extension to  multiple 
phases is s t ra ightforward.  

The discuss  - 

1) Square Wave Drive: This  dr ive,  produced by the base -  
band sys t em (See Section 3 .  Z), r ep resen t s  the s imples t  p rede termined  
waveform method of AC waveform generation. 
generated a r e  odd harmonics '  of the fundamental and fall off as 1 / N  
t imes the amplitude of the fundamental ( N  is the harmonic number of 
the spurious components). 

The spurious frequencies  

2) Synchronous P u l s e  Frequency: This is a prede termined  
system which combines amplitude and frequency control  in an  inverse  
relationship; 
constant. 
pe r  output cycle fixed. 

i. e . ,  the  volt second product of the waveform remains  
This is accomplished by keeping the number of pulses  

F igure  3.11 shows an example of a s i x  voltage pulse  p e r  cycle 
waveform at two different output f requencies .  
of each of the pulses  is identical;  the  c lose  spacing of t h e  pulses  at 
the high frequency impl ies  that  t he re  is a l a r g e r  fundamental com- 
ponent than fo r  the  low frequency case .  F igure  3.11 shows equally 
spaced pulses  through the cycle;  however, any spacing that can be 
mechanically generated may  be employed. Fo r  an  N pulse  p e r  
cycle synchronous pulse  frequency sys tem,  where  the width of each 
pulse is T 

and the output waveform at f is a square wave. 

The height and width 

the  maximum operating frequency is f,, = l / (NTp)  
P' 

max 

Pu l se  frequency modulation may be generated by  the br idge c i rcu i t  
of F igure  3. lob. One half of the br idge is used to  generate  the pulses  
while the o ther  s ide  is switched on kach half cycle  to  control  the pulse 
polar i ty .  Synchronous pulse  frequency modulation is thus a three  
s ta te  modulation. 

3) Sliding Wave (2 Pul se  Synchronous): Another control  con- 
cept suitable fo r  applications with t h r e e  s ta te  output s tages  is the 
"sliding wave" o r  two pulses  p e r  cycle  synchronous modulation. 
F igu re  3.12 i l lus t ra tes  how this modulation is constructed f rom two 
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squa re  wave inve r t e r s  connected i n  s e r i e s .  The ful l  b r idge  c i r cu i t  
(F igu re  3. lob) can  genera te  these waveforms. The ters opera te  
at the s a m e  frequency, but t he  phase of one of the i ers is shifted 
with r e spec t  t o  the other.  
fundamental  frequency as the component squa re  waves,  but the ampli-  
tude of the fundamental  is dependent upon the  re la t ive  phase between 
the two inve r t e r s .  
fundamental  and the pr inciple  harmonics  in  re la t ion to  the sou rce  
voltage v e r s u s  the normalized pulse  width p a r a m e t e r  @, defined as 

The sum is a waveform with the same 

F igure  3.13 is a plot of the amplitude of the 

. At A t  = T / 2 ,  both inve r t e r s  a r e  in  phase and squa re  A t  
T 

@ =  2 -  

wave dr ive r e su l t s .  A s  A t  approaches ze ro ,  the waveform approaches 
na r row pulses?  In F igure  3.14, the fifth and seventh harmonic com-  
ponents a r e  plotted in  relation t o  t h e  fundamental. Since the fundamental 
dr ive component must be  var ied  with dr ive frequency, this plot  is a 
m o r e  meaningful way t o  assess the relat ive effect of the harmonic com-  
ponents. At v e r y  low motor  dr ive  frequencies ,  the fundamental  
amplitude m u s t  be made  small. 
0 ( s e e  F igu re  3.13). 
of the harmonics  approaches that of the fundamental, suggesting the 
possibil i ty that  t he  spurious torques descr ibed in  Section 2. 5 m a y  
become troublesome.  

This cor responds  t o  small values  of 
F igure  3.14 shows that fo r  small @ the  magnitude 

4) P u l s e  Width Modulation: The previously descr ibed  methods 
were techniques for  prede termined  generation of A.C, P u l s e  width 
modulation is a technique for approximating an  AC re ference  s ine  
wave with a modulated high frequency signal. Two f o r m s  of pulse  
width a r e  of i n t e re s t  here ,  
To genera te  single edge modulation, a sawtooth waveform at the des i r ed  
modulation frequency is  subtracted f r o m  the re ference  s ine  wave, as 
shown i n  F igu re  3.15. 
difference sensed  by a threshold detector.  The resu l tan t  rectangular  
waveform contains a m a j o r  frequency component at the re ference  
frequency and spurious frequencies  as modulation components about 
the modulating frequency and its harmonics .  
type shown is suitable fo r  use  with the squa re  wave cycloconverter  
output s tage  i f  the  sawtooth is synchronized with the high frequency 
invertel-. 

single edge and double edge modulation. 

The output s tage is turned on for  a posit ive 

Single edge modulation of the 
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The method of generating double edge pulse  width modulation is 
similar to that fo r  s ingle  edge 
r a the r  than a sawtooth.  

only a t r iangular  waveform is used 
This  c a s e  is i l lus t ra ted  in F igure  3.16. 

5) Synchronous P u l s e  Width - "Subharmonic Method": 
If the modulation generating waveforms in  the pulse  width sys tem a r e  
synchronized to  the des i r ed  AC signal;  that  is, if the frequency of the 
modulation s ignal  is an in tegra l  multiple of the re ference  s ignal  
and phase  locked to the re ference ,  a f o r m  of pulse  width modulation 
can be generated in  multiple i nve r t e r s  which has  the proper ty  of can- 
celling out the pr inciple  spurious frequency components of the modul- 
ation frequency. 
is used t o  generate  modulation s ignals  f rom a th ree  phase set of ref- 
e rence  s ignals ,  the pr inciple  spurious component at the  modulation 
frequency, which can  b e  much l a r g e r  than the output, wi l l  be non- 
rotating and, therefore  will have no effect on a motor  with ungrounded 
rieutral. 

3 de s i r e d  ,output s igna l  . 

It has  been repor ted  that  i f  a s ingle  t r iangular  voltage 

The remaining spurious components are s m a l l e r  than the 

The subharmonic method can  be extended to inve r t e r s  connected 
in s e r i e s  t o  cancel  complete groups of spurious components. 
th i s  m a y  be accomplished is i l lus t ra ted  i n  F igu re  3.17 for  the case of 
two i nve r t e r s  in  s e r i e s  ( the  full  br idge connection m a y  be used a l so)  
and a constant modulation. The modulation of inver te r  B is phase  
shifted by 180' with r e spec t  to the modulation of i nve r t e r  A at the mod-  
ulation frequency, fl. The resu l tan t  sum contains significant f requency 

components at 2fl and in tegra l  multiples of 2fl but no components 

at fl. 
the  significant spurious components would occur  at kfl and in tegra l  
multiples of kfl. 

How 

The  method m a y  be extended to k s e r i e s  i nve r t e r s ,  in  which case ,  

6) Cur ren t  Control: The previous control  concepts have 
generated a modulation based  on control  of the output voltage. In  
s o m e  moto r  dr ive  applications, it is des i rab le  to  control  the  output 
c u r r e n t  directly,  r a t h e r  than the voltage. A feedback loop can be  
employed t o  "servo" the voltage re ference  in  a voltage cont ro l  i nve r t e r  
to achieve output c u r r e n t  cont ro l  ( s e e  Section 4.1); o r  a cont ro l  concept 
that p e r f o r m s  this  task inherently m a y  be  used as shown in F igu re  3.18. 
The output voltage is applied to a load which has  inductive cha rac t e r i s t i c s  
at the  switching frequency. The  output c u r r e n t  is sensed  and compared  
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to a current reference signal. The instantaneous e r ro r  signal is fed to a 
hysteretic switch, which causes the output stage to switch in a manner that 
will reduce the  e r ro r  magnitude when it exceeds a predetermined threshold, 
The resultant output has an average current equal to the reference current 
and a high frequency current ripple of constant peak- to-peak amplitude about 
the average current as Figure 3.18b shows. This control concept is of great 
interest because it controls both the instantaneous as well'as average output 
current. 

SUMMARY 

In studying various control concepts used in power processors employ- 
ing switching techniques, it becomes evident that there are two nearly in- 
dependent parameters which must be specified in generating a switching wave- 
form. One is the duty cycle of the output; that is ,  t he  ratio of r'onlr time to 
the total switching period. 
strained by the load requirements and the source voltage; it must be the same 
regardless of the control concept employed. On the other hand, the switching 
frequency is only loosely constrained by the load through a spurious frequency 
constraint; any spurious frequency components must cause an insignificant de- 
gradation in performance. Since practicdl switching elements and magnetic 
components have limitations, the frequency is constrained between certain 
minima and maxima for a given duty cycle and output stage. Between these 
two constraints, the control concept is free to set the frequency. The prin- 
ciple differences in the control concepts presented here is the way in  which 
the frequency is set. The way in which this constraint is set for the systems 
described and the use of this constraint as well as a summary of significant 
parameters due to the control concept alone are summarized in Table 3 . 3 .  

The allowable duty cycle at any instant is con- 
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3.4 BASIC DESIGN CONSIDERATIONS OF POWER PROCESSING STAGES 

The s tages  i n  the inver te r  sys t em that handle the power 
(as opposed to the logic and control  s tages)  d i rec t ly  limit the - p e r -  
formance effectiveness in the areas of 

1) efficiency 

2) s i z e  

3) weight 

4) cos t  

Additionally the performance capabili ty is determined in the  a r e a s  of 

2) isolat ion 

3) maximum frequency of operation 

4) ability to regenera te  power.  

The bas ic  sys tem approach r equ i r e s  conversion of the incoming 
DC power to  var iab le  voltage var iab le  frequencyAC power. Thus,  the 
power handling s tages  must accomplish 

1) DC - A.C inversion 

2) AC frequency control 

3) voltage control  (e i ther  a t  the AC o r  DC level) 

F igure  3.1 shows the breakdown of the bas ic  sys tems we a r e  
considering (bas  e band, cycloconverter,  pulse  modulator) into the 
component s tages  that  accomplish the th ree  functions l i s ted  above. In 
the design of each of these  s tages  we must make two basic  choices: 

1) The configuration of the  power switches,  and 2) the type of power 
switch to  be used. In  addition we must ,  of course ,  provide any 
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auxi l iary c i r cu i t ry  necessa ry  f o r  the operation of the switches 
( e .  g. commutation c i rcu i t ry ,  d i /d t  l imiting, etc. ). 

Choice of Switch Configuration 

The choice of configuration depends s t rongly on mis s ion  
requi rements  s ince the per formance  capability of the inve r t e r  
depends strongly on the configuration of the power process ing  s tages .  
These  requi rements  have the following implications:  

1) DC Output Capabili ty:  
motor  d r ive  requi rements  and the method of controlling the moto r .  
(e .  g. l imited o r  controlled s l ip  operation m a y  preclude the necess i ty  
of DCdrive capability). DC capabi l i typrec ludes  the  use of a 
t r a n s f o r m e r  unless some  modulation takes  place after the t r ans  - 
fo rmer ,  as is the case  with the cycloconverter .  

This  m a y  be necessa ry  depending on the 

2) Isolation Capability: 
somewhere in  the power process ing  chain, and m a y  be a mis s ion  
requirement .  The weight of the t r a n s f o r m e r  wil l  be  significant i f  the 
t r a n s f o r m e r  opera tes  at the output frequency. Also, 'modulation 
after the t r a n s f o r m e r  is necessa ry  to  provide DC capability. Both 
these difficulties are overcome in the cycloconverter .  

This  r equ i r e s  the  use of a power t r ans fo rmer  

3 )  Power  Regeneration Capabili ty:  This is usually a necess i ty  in  
s e r v o  applications i f  any reasonable  efficiency is to  be achieved. 
Since the cycloconverter  r equ i r e s  b i la te ra l  switches it is inherently 
capable of handling regenera ted  power.  A l l  the other  power process ing  
s tages  r equ i r e  that  all the switches be made  b i la te ra l .  This can 
usually be accomplished s imply by paral le l ing each  switch with a 
diode o r  providing p a r a l l e l  opposed uni la teral  switches.  

T h e r e  a r e  rea l ly  only two bahic configurations in  use in power 
process ing  s tages .  These  a r e  1) the half bridge,  and 2) the push-  
pull connection. The half br idge is the bas i c  building block f o r  the 
ful l  br idge and the t h r e e  phase  bridge. The push-pull  connection is 
a l so  somet imes  r e f e r r e d  to  as the "center-tapped load'' connection, 
and general ly  r equ i r e s  a t r ans fo rmer .  
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Figure  3.19 shows the bas ic  f o r m s  of each  of these  two 
. c i r cu i t s .  Diodes have been included i n  o r d e r  

b i la te ra l .  Thus, both configur 
regenera ted  power.  The main  
circui ts  a r e  accounted for  by the p re sence  o r  absence of a t r a n s -  
f o r m e r .  We may  summar ize  them as follows: 

Half bridge Connection P u s h  P u l l  Connection 

wil l  handle DC power wil l  not handle DC power 

provides  no isolation provides  isolation 

no t r a n s f o r m e r  requi red  t r a n s f o r m e r  required 

Choice of Power  Switch 

Current ly ,  the choice of power switch is l imited to  the 
t r ans i s to r  and the thyr i s tor .  The following are the m a j o r  fac tors  
in the choice. 

1) Maximum cur ren t  

2) Maximum voltage 

3) Speed (switching time) 

4) E a s e  of t u rn  off 

5) Switching lo s ses  

We s h a l l  d i scuss  in tu rn  each  of these fac tors .  

1) Maximum Cur ren t  and 2) Maximum Voltage: These two a r e  in t e r -  
re la ted  s ince they determine the to ta l  power handling capability. 
Current ly ,  thyr i s tors  a r e  available up to  about 55 a m p e r e s  at 1000 
volts-with a anteed maximum turn-off t i m e  of 20 m i c r o  seconds 

e available to handle cu r ren t s  in excess  of 500 
longer and general ly  unspecified turn-off t imes .  

T rans i s to r s  a r e  available up 60 a m p e r e s  but only to about 300 
vol ts .  Higher voltage units (400 volts)  a r e  r e s t r i c t e d  to about 5 amperes .  
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a) Basic  Half Bridge Connection 

b) Bas i c  P u s  h-Pul l  Connection 

FIGURE 3.19 

BASIC SWITCH CONFIGURATIONS 

Lo ad 
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3) Switching T i m e  - Thyr i s to r s  general ly  t u r n  on vir tual ly  
aneously, but t u rn  off slowly. Most of the dynamic l o s s e s  i 
power process ing  s t a g e s  occur  because of the need to tra 
amounts of energy during the long commutation interval .  Turn  
t ime i n c r e a s e s  with power handling capability (see Table 3 . 4  
the be t t e r  units is  on the o r d e r  of 10 t o  20 micro-seconds .  
a r e  general ly  f a s t e r  (with perhaps a 2 m i c r o  second o r  le 
t ime)  but are  not d i rec t ly  comparable  since they a r e  not available in  
the s a m e  power ranges as thy r i s to r s .  

4) E a s e  of Turn-off - Thyr i s to r s  have inherent ly  no means  fo r  tu rn-  
off and thus spec ia l  commutation c i r cu i t s  m u s t  be provided o r  they 
mus t  be operated off anAC line (as in  the cycloconverter)  to  provide 
na tura l  commutation. T rans i s to r s  a r e  conventionally turned off by 
r eve rs e bias  ing the bas  e. 

5) Switching Losses  - Thyr is tor turn-on  lo s ses  are low because of 
the ve ry  fast turn-on. Turn-off l o s ses  in the device itself a r e  low 
since the c u r r e n t  goes to  z e r o  in  a t ime much l e s s  than the  turn-off 
t ime.  Switching lo s ses  in  thyr i s tor  power handling s tages  occur 
mainly in the t r a n s f e r  of energy requi red  to fo rce  commutation. 
T rans i s to r  l o s ses  during switching a r e  appreciably higher s ince 
both voltage and c u r r e n t  a r e  supported in  the device during switching. 
Nevertheless ,  the to ta l  l o s ses  m a y  be less than for force  commutated 
thyr i s tor  c i r cu i t s .  General ly  the problem of l o s s e s  during switching 
is a v e r y  complex one. A fur ther  exploration of the problem is 
included in the sect ion on thyr i s tor  commutation below. 

In general ,  fo r  t he  medium t o  high power levels  under consideration 
only thy r i s to r s  have adequate voltage and cu r ren t  ratings.  

Thyr i s tor  Survey 

A survey  has  been made  of power thy r i s to r s  suitable fo r  
operation i n  inve r t e r  c i r cu i t s .  The resu l t s  of the su rvey ,  are 
presented  her  e .  

The following p a r a m e t e r s  are of i n t e re s t  in  forced  commutation 
inve r t e r s  ( l i s ted  in  approximate o r d e r  of importance):  

a) Maximum RMS forward  c u r r e n t  ( I  ) .  
RMS MAX 

- 82 - 



b) F o r w a r d  and r e v e r s e  blocking voltages ( P F V ,  PRV).  

c)  Turn-off t i m e  ( t  ) .  

d) 

off 

Maximum allowable dv /d t  i n  t h e  off state. 

e) Maximum allowable d i /d t  during turn-on. 

f )  F o r w a r d  voltage drop (Vf) .  

g) Junction to  case  t h e r m a l  r e s i s t ance .  

h) Maximum operating junction t empera tu re .  

The maximum forward  cu r ren t  and the peak forward  voltage 
l imit  d i rec t ly  the average power the device can switch. The tu rn  off 
t ime,  t besides  l imiting the maximum switching frequency, affects 

the amount of energy that  mus t  be supplied by the commutating c i rcu i t s  
during turn-off and thus affects weight and efficiency. Generally dv/dt  and 
di /dt  protect ion can be designed into the c i r cu i t  as long as the device 
res t r ic t ions  a r e  not too s e v e r e  and a r e  known. Vf limits the s ta t ic  

efficiency of the inver te r .  

off’ 

t o  at l ea s t  470 
RMS MAX Devices are cu r ren t ly  available with I 

amps and P F V  in excess  of 1 ,000  volts.  However, the high power  
devices tend to have longer turn-off t imes .  Since fa i lure  of the device 
to meet  its toff rat ing can r e su l t  in fa i lure  to commutate,leading to 

possible  device fa i lure ,  a guarantee of maximum turn-off t ime under 
specified conditions is essent ia l .  These fac tors ,  combined with the 
speed and efficiency l imitations of slow thy r i s to r s ,  make it appear  
that  the teff maximum rating is at present  the determining fac tor  of 

high frequency per formance  of thyr i s tor  i n v e r t e r s  . 

The p re l imina ry  survey  sought to  tabulate those thy r i s to r s  with 
I R ~  ~ ~ 2 5  amps and fo r  which the manufacturer  guaranteed a 

maximum tu rn  off time less than 40p seconds.  These  thyr i s tors  and 
their  per t inent  cha rac t e r i s t i c s  are tabulated in  Table  3 . 4 .  Figure  3 . 2 0  
is a plot of tbff max v e r s u s  the cu r ren t  at which teff maX is 
specified and ve r sus  I RMS M A X ’  
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TABLE 3.4 

SURVEY O F  POWER THYRISTORS WITH SPECIFIED TURN O F F  TIME 

rype and Number 

40555 

c 1 2 c  

SCRF 58A 

SCRF 580 

2N3940 

2N3272 

2N419 8 

MCR 1907-6 

TI 3042 

SCRF 168A 

C141D 

NLC4OE 

SCRF 1680 

40216 

2191s 

21922 

C154E 

NL-C154-E 

2541s 

Manufacture r 

R. C.  A .  

Genera l  Electric 

Semicon 

Semicon 

Texas Inst .  

Fair child 

Motor ola 

Mot o r  ola 

Texas  Inst .  

S ernic on 

Gener a1 Electric 

National E lec t r i c  

Semicon 

R. C. A .  

W e  stinghouse 

Westinghous e 

Genera l  Electric 

National Electric 

Westinghous e 

IRMS MAX 
(amps) 

5 

6 

7 

7 

7 (DC) 

8 (DC) 

8 

25 

25 

35 

35 

35 

35 

35 

55 

55 

110 

110 

110 

teff @ I 
b-1 (amps) 

6 @ 2  

1 4 @  15 

6 @ 5  

1 2  @ 5 

8 @ 5  

22 @ 5 

25 @ 5 

12  @ 10 

10 @ 25 

6 @  10 

10 @ 10 

1263 10 

12 @ 10 

40 @ 18 

15 @ 50 

20 @ 50 

10 @ 50 

10 @ 50 

15 @ 50 

P F V  

(volts)  

60 8 

300 

800 

800 

500 

400 

600 

40 0 

500 

800 

40 0 

500 

800 

600 

800 

1 ,000  

500 

500 

800 
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Type & Number 

C155E 

NL-C155-E 

25422 

2181s 

21822 

C185E 

2201s 

22315 

Manufacture r 

Genera l  E lec t r i c  

National E lec t r i c  

Westinghous e 

We stinghouse 

Westinghous e 

Gene r a1 E l e c t r i c  

Westinghouse 

Westinghouse 

110 

110 

110 

20 0 

20 0 

235 

27 5 

47 5 

20 @ 50 

20 @ 50 

20 @ 50 

20 @ 50 

30 @ 50 

20 @ 250 

30 @I 100 

30 @ 100 

PFV 

(volts) 

500 

500 

1,000 

800 

1,000 

500 

800 

800 

Note: Only the highest  voltage devices in  a given line .are l is ted.  
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With r e g a r d  t o  achieving the maximum utilization of cu r ren t  
thyr i s tors ,  t he  following consider  ations a r e  pertinent:  

1) Many SCR's a r k  available with I R ~  MAX wel l  i n  excess  

of those shown in F igu re  3 . 2 0  and tabulated in  Tabla 3.4. 
Although these  a r e  basical ly  s low devices,  manufac turers  are 
general ly  willing to special ly  select these  devices f o r  toff max at 
some i n c r e a s e  in cost .  

2)  Most of the thyr i s tors  with teff maX al ready  specified can 

be selected to m o r e  s t r ingent  specifications by the manufacturer  at 
inc reased  cost .  

3) The maximum turn  off t ime inc reases  f a i r ly  slowly ( in  
at least some units) with the cu r ren t  in  the device just  p r i o r  to  
commutation. Thus, it m a y  be possible  to use  these  devices 
advantageously at peak  cu r ren t s  wel l  in excess  of the i r  ra ted  
IRm MAX. This depends on the  manufacturer ' s  will ingness to 

specify the teff max at these cu r ren t s .  

4) The maximum tu rn  off t ime,  i s  a s t rong  
( increasing)  function of junction tempera ture .  It is possible  that  
guaranteeing a junction t empera tu re  below the maximum operating 
t empera tu re  would r e su l t  in  considerably improved per formance .  

Inver te r  Output Stages Using Thyr i s to r s :  Minimization of 
Losses  in  Commutation. 

The output s tages  in the  l i t e r a tu re  that  employ thy r i s to r s  can 
be divided into two groups: those  that employ l ine commutation ( the  
cycloconverter)  o r  resonant  commutation, and those that  u se  forced  
commutation. Self commutation schemes  achieve high rel iabi l i ty  by 
guaranteeing thyr i s tor  turn-off, thus helping avoid a possibly des t ruc-  
t ive "on-on" condition in  the  output s tage.  However, the cycloconverter  
r equ i r e s  a high frequency inver te r  before  the output s tage to generate  
AC f rom the DC l ine.  
ently provide fo r  L n d l i n g  regenera ted  power, nor  do  they provide the 

The resonant  commutation schemes  do not inher -  
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fast response  of the forced  commutation s c h e m e s .  Both commutation 
schemes  r e ly  on a guaranteed maximum turn-off time of the thyr i s tor  
for avoiding the "on-on" condition. 

The study which is outlined below, is p a r t  of a n  at tempt  to  
analyze careful ly  the fundamental  l imitations of var ious  schemes  
descr ibed  in the l i t e r a tu re  fo r  fo rced  commutation of t hy r i s to r s .  
The goal is to  meaningfully cha rac t e r i ze  the c i rcu i t s  i n  t e r m s  of 
energy lo s s  as a r e su l t  of the forced  commutation and t o  de te rmine  
the minimum los ses  fo r  w o r s t  c a s e  load (an infinite inductor) and fo r  
optimum choice of component values  and operating conditions, and 
a l so  to de te rmine  the pract ical i ty  of employing this optimum c i rcu i t  
in t e r m s  of requi red  component s i zes  and device l imitations.  This 
analysis is not available in  the l i t e ra ture ,  although Humphrey made  
a genera l  analysis  and comparison of these schemes .  He did not, 
however, optimize the c i rcu i t  per formance  p r i o r  to  making his 
comparisons.  4 

Minimization of Trapped Energy  

Energy  lo s s  during switching forced  commutation inve r t e r s  is  
p r imar i ly  dependent on the energy  required to fo rce  the commutation 
of the thy r i s to r s .  Although i n  pr inciple  it r equ i r e s  no energy  to  commutate 
a thyr i s tor  ( s ince  the voltage o r  cu r ren t  is reduced to  z e r o  instant-  
aneously), in  p rac t i ce  commutation is achieved by energy  t r ans fe r  
between inductors and capaci tors  i n  o rde r  to  momentar i ly  r e v e r s e  bias  
the thyr i s tor .  

This energy  t r a n s f e r  m a y  occur  in such a way that  the e n e r g y  is 
ult imately del ivered to the load o r  is used to  re ini t ia l ize  a capaci tor  f o r  
a succeeding commutation. In  some  cases ,  however, the energy  is 
"trapped" i n  a n  inductor and it mus t  b e  diss ipated o r  spec ia l  t r a n s -  
f o r m e r s  mus t  be provided to r e tu rn  this energy  t o  the supply. Since 
the s i ze  and weight of these  added components are proport ional  to  
the amount of energy  they mus t  handle, the approach taken h e r e  is t o  
optimize the performance of var ious bas i s  commutation c i rcu i t s  by 
minimizing the t rapped energy. 
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The basic inve r t e r  output s tage chosen f o r  analysis  is the half 
br idge configuration. This basic configuration, less commutating 
c i rcu i t ry ,  is shown in  F igu re  3.19a. 

Comparison of Three  Commutation Schemes  

T h r e e  fo rced  commutation circui ts  have been analyzed. The 
first, which we may call the " t r ans fo rmer  commutated inver te r"  is 
shown i n  F igu re  3.21 the second, the " t ransformer  commutated 
inver te r  with capacitor help", is shown in F igu re  3.22. The  means  
f o r  charging the commutation capaci tors  C and C' and the t r i gge r  
c i rcu i t s  are not shown. F igu re  3.23 gives a n  example of a means  f o r  
recovering t rapped energy. The third,  the McMurry c i r cu i t  is shown 
in F igu re  3.24. 

The analysis  per formed is the w o r s t  c a s e  analysis  with the load 
a s sumed  t o  be an infinite inductor so  that  the output c u r r e n t  is fixed. 
In addition, we a s s u m e  that  the thyr i s tor  stops conducting as soon as 
it is r eve r sed  b iased  and that  we can ignore r e v e r s e  cu r ren t  flow. We 
requi re  that  the voltage a c r o s s  the thyr i s tor  being commutated remain  
negative for at least teff max after the start of commutation. Also,  we  
can, without loss  of generali ty,  a s sume  a tu rns  r a t io  of 1:l s ince the 
t r a n s f o r m e r  action conserves  energy. (Variat ion of the turns  ra t io  N 
allows a t r a d e  off between capaci tor  s i z e  and capacitor voltage. The 
ref lected capaci tor  voltage is Nvc, the ref lected capacitor s i z e  is C/N2. )  

The t rapped energy minimization was c a r r i e d  out in detail.  The 
r e su l t s  are given in  Table 3 .  5. Table 3.6 gives typical  numer ica l  
examples .  In the c a s e  of the McMurry circui t ,  which is not d i s -  
cussed  in  the previous r e p ~ r t , ~ i t  can be shown that  under the conditions 
assumed,  the t rapped energy is zero.  In this case,  the values 
presented  in  Tables  3.5 and 3.6 are der ived f r o m  the r e su l t s  of 
Bedford and Hoft a d r ep resen t  the Condition of minimization of 
energy t r ans fe r r ed .  This  minimization is c a r r i e d  out under the sarne 
conditions used f o r  the first two circui ts ,  namely idea l  components 
(i. e. infinite Q resonant  c i rcu i t s )  and a fixed load cu r ren t .  It 
appears  that  the  McMurry c i r cu i t  is a n  a t t rac t ive  solution to the 
problem of switching l o s s e s  during commutation. However, it r ema ins  
for  m o r e  carefu l  theore t ica l  work plus exper imenta l  verification to 
de te rmine  if  the analysis  is valid, and the  extent t o  which second o r d e r  
effects (inductor r e s i s t ance ,  diode fo rward  voltage,  etc. ) will  
i nc rease  l o s s e s .  

% 
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Table  3.5 

TABULATION OF OPTIMUM VALUES 

Nota tion : 

VS 

I O  

7 

K 

E 

C 

Gl 

Lm 

L 

VC 

E C  

QC 

Supply Voltage 

Maximum Output Cur ren t  

Maximum Turn-Off Time of Thyr i s to r  

UT where  w is the Resonant Frequency  of the Com- 
mutating Circui t  

Trapped  Energy  

Commutating Capaci tor  

"Helping Capacitor" 

Magnetizing Inductance of CommutaLng T r a n s f o r m e r  

Commutating Inductor 

Voltage on Commutating Capaci tor  Jus t  Prior to Com- 

mutat ion 

Energy  Stored  in  Capaci tor  C 

Charge  S tored  in Capaci tor  C 
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Table 3.5 (Continued) 

T r a n s f o r m e r  Commutated 

K ”  0.5 

E 3. 85 vs IoT 

2: 2 107 
C 

VS 

2 vs 7 
2: Lm 

Io 

VC ” 1.69 Vs 

E C  LT 2. 86 Vs I0r 

QC 3. 38 107 

T r a n s f o r m e r  Commutatec 

0.7 

0.2 

3.8 Vs Ior 

7.44 107 

VS 

2 Copt 

0.27 Vs T 

I O  

0.6 Vs 

1.34 Vs Ior 

4.46 I0r 

McMurry Circui t  

0 ” E 

IC 2. 35 107 
C 

VS 

2.35 vs T 

1 0  

2: L 

w, mxn vs 

:::E ” 1.18  VsI0r  c min 

These  a r e  given as minimum values s ince  ove r  charging is possible  .I, ‘P 

under some  conditions. 
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Table 3.6 

NUMERICAL EVALUATIONS FOR 

300 Volts I - 
VS 

I O  
40 Amps . - - 

7 - - 20 pseconds 

T rs ns fo rmer  Commutated 

E 

C 

Lm 

vC 

E C  

QC 

0 . 9 3  joules 

1: 5.32 y fa rads  

z k  300 phenr i e s  

500 volts a 

0.67 joules 

2.7 x =r 

coulombs 

T r a n s f o r m e r  C o-mmutated 
With Capacitor Help 

E 

C 

vC 

E C  

QC 

0.91 joules 

19.8 p fa rads  

40 yhenr ies  

180 volts 

% 

=r 

1: 

0.32 joules 2;: 

=r 3.6 x l o o 3  

coulombs 

McMurry Ci rcu i t  

5 E 

C % 

3r 

Lrn 

vc m i n  

Ec min  

Qc m i n  

1: 

r 

1: 

0.0 joules 

6.25 pfarad: 

350 phenries  

300 volts 

0.28 joules 

1.8 x 
coulombs 

- 96 - 



4. PARAMETER CONTROL 

When a complete inverter system is mated with an induction motor, 
control and feedback circuitry must be added to complete the inverter-motor 
system. The parameters for which control might be provided are those at 
the interface between the motor and inverter (voltage, current, motor flux, 
frequency) and those at the output of the motor (torque, speed, shaft position). 
The interface parameters must be controlled to effect proper motor control 
and to prevent damage to the inverter in  case of a line or  motor fault or of an 
abnormal load condition which reflects an abnormal load impedance to the in- 
verter. The output parameters must be controlled to meet the mission re- 
quirements of the system. This section will present representative examples 
of the techniques employed in realizing the necessary control functions. 

4 . 1  VOLTAGE CONTROL 

The inverter system provides control of both the external AC output volt- 
age to meet the motor demands and internal control of the instantaneous voltages 
applied to the output stage switches for protection against breakdown. Internal 
voltage control is dependent upon the details of circuit design and will not be 
discussed here. For the purpose of examining external control, a basic in- 
verter may be modeled as a sine wave source whose frequency output is pro- 
portional to one control input, Sf,  and whose amplitude is proportional to 

another control input, Sv, and the supply voltage, Vs, (this is an unregulated 

inverter) as diagrammed in Figure 4.1. 

FIGURE 4.1 

MODEL FOR OPEN LOOP CONTROLLED INVERTER 
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Thus, ignoring spurious frequency components 

vo(t) = klSvVs sin (27~k~Sft)  (4.1) 

where kl and k2 are scaling constants. For a multi-phase system, additional 

outputs not shown in the figure provide the appropriate signals. 

This inverter provides open loop control of the  output amplitude. If 
the supply voltage regulation is poor, the output amplitude will vary. Ampli- 
tude control feedback may be employed to stabilize the output against supply 
variations, as shown in Figure 4.2. 

FIGURE 4.2 

CLOSED LOOP AMPLITUDE CONTROL 

With this modified system 

(4.2) 

If klkQVs >> 1 then the output amplitude will be substantially independent of 

supply variation. 
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The method of Figure 4.2 requires an amplitude detector circuit to pro- 
vide the feedback necessary for control. This necessarily makes operation 
of the control loop slow compared to the period of the output sine wave. If a 
greater bandwidth is required, a form of instantaneous control of the output 
voltage must be employed: a scheme which matches the output signal to the 
reference signal on a sample by sample basis, thereby eliminating the effects 
of power source variations. This, of course, restricts the choice of inverter 
systems. The Two-State Modulation System, shown in  Figure 4.3, is an ex- 
ample of an inverter system which accomplishes this task. 

FIGURE 4.3 

INSTANTANEOUS VOLTAGE CONTROL WITH THE 
TWO-STATE MODULATOR 

The output switching waveform is passed through a low pass filter with a break 
frequency Sa which may be large wheli compared to the output frequency 

Of = 2n kZSf .  This filtered waveform is compared to a reference sine wave 

and the resultant e r ro r  is used to actuate a hysteretic switch, thereby generat- 
ing the modulation. The low pass filtered output vo (t) has been shown to closely 

approximate the reference sine wave, Sr(t), if the system parameters are 

chosen properly, even in the presence of transients in the source voltage, Vs. 
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4.2 CURRENT CONTROL 

It is often desirable to control the current output of an inverter system 
instead of, or in addition to, the voltage output. A s  in voltage control, either 
the average or the instantaneous current may be controlled. In Figure 4.4a, 
a controlled voltage inverter system similar to that of Figures 4.1 to 4.3 is 
adapted to current control by the use of a current feedback loop which servos 
the voltage amplitude control input. Operation is similar to that of the con- 
trolled voltage inverter of Figure 4.2 and the limitation on transient response 
time due to amplitude detector response is €he same. The controlled current 
inverter may be modelled as a single block, as shown in Figure 4.4b. 
controlled current inverter may be made controlled voltage by the addition of 
the voltage servo loop of Figure 4.2.)  

( A  

For some systems, continuous control of the output current may not be 
necessary. but rather current limiting may be adequate. With a controlled 
voltage inverter, this may be accomplished in the manner shown in Figure 4.5. 

FIGURE 4.5 

CONTROLLED VOLTAGE INVERTER WITH LINEAR 
CURRENT LIMITING 

The amplitude of AC voltage output, vo, will be proportional to the voltage 

control signal, q, unless the output current, io, exceeds the reference value 

of 'I max. 
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C u r r e n t  
S e n s o r  

FIGURE 4.4a 

CONTROLLED VOLTAGE INVERTER WITH LLNEAR 
CURRENTFEEDBACK 

I C u r r e n t  SI 

Sf  f I n v e r t e r  
Cont ro l  led 

io ( t )  = S I s i n  2 r k 2 S f t  

FIGURE 4.4b 

MODEL OF CONTROLLED CURRENT INVERTER SYSTEM 
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The c u r r e n t  limit loop of F igu re  4 .5  and c u r r e n t  cont ro l  scheme 
of F igu re  4.4 operate  relatively slowly under t rans ien t  conditions 
as previously explained. These control  s chemes  will not b e  
adequate to pro tec t  sol id  s ta te  i nve r t e r  components f r o m  damage 
due to  l ine faul ts .  Fusing o r  other  protection means  may be 
provided, o r  the inve r t e r  sys t em may  be designed using a n  
instantaneous cu r ren t  control  method. One such  method is a 
Two-State cu r ren t  cont ro l  scheme block d iagrammed in 
F igu re  4 .6 .  If the load is inductive at the switching frequencies ,  
the instantaneous cu r ren t  wil l  be  l inear ly  r i s ing  o r  falling 
depending on the s t a t e  of the hysteret ic  switch.  A sensed rep l ica  
of the cu r ren t  is compared  t o  the re ference  s ine  wave SL and the 
difference s ignal  between the two, Se,used to  actuate  the hysteret ic  
switch.  The resu l tan t  modulation produces an output cu r ren t  whose 
average  value follows the re ference  s ine  wave and whose c u r r e n t  
r ipple has  a constant peak to peak  amplitude re la ted  to  the width 
of the hys t e re s i s .  If the  r e fe rence  s ine wave is  pas sed  through a n  
instantaneous s igna l  amplitude limiter, then the  output c u r r e n t  
wil l  be l imited to  an  average  value corresponding to  the l imi te r  
threshold,  Ss max,in F igu re  4.6. Fur the r ,  s ince  the cu r ren t  r ipple 
is controlled, the instantaneous peak c u r r e n t  ( ignoring the effects 
of delays o r  c i rcu i t  operation) is  l imited.  The output devices in the 
inver te r  a r e  thus pro tec ted  on a n  instantaneous bas i s  against  over -  
cu r ren t  for  all static and dynamic load conditions. 

Instantaneous cu r ren t  l imiting r a t h e r  than continuous control  
m a y  be provided by a feedback technique similar to  Two-State 
cu r ren t  control, .  This technique, shown in F igure  4. 7, allows 
any cont ro l  concept to be used under no rma l  operating conditions. 
If the output c u r r e n t  exceeds a prede termined  threshold set by 
the c u r r e n t  threshold block, Two-State cu r ren t  control  operation 
over r ides  the no rma l  cont ro l  and limits the average  and  peak 
cu r ren t  to  the threshold va lues .  When the output cu r ren t  falls 
below the maximum, no rma l  operation r e s u m e s .  Since the 
modulator and c u r r e n t  limiter opera te  independently in  frequency, 
suitable inter locks mus t  be  provided in  the hys te re t ic  switch, 
if necessary ,  to  prevent  the switch f rom changing s ta te  before ,  
the output s tage commutating c i rcu i t s  have fully recovered.  
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4 . 3  FLUX CONTROL 

A l l  of the s e r v o  techniques d iscussed  under voltage and c u r r e n t  
cont ro l  m a y  be modified to cont ro l  t he  flux of the induction 
machine inve r t e r  load by the addition of a f l u x  s e n s o r .  A s  a n  
example, F igu re  4. 8 shows a method of d i rec t  flux cont ro l  
using a controlled voltage inve r t e r .  The  output of the  flux senso r  
is conditioned by an  amplif ier  and the ampl i f ie r  s igna l  is fed to  
an  amplitude de tec tor .  The amplitude s igna l  is compared  to a 
l imited f l u x  r e fe rence  s ignal  SL.  The d i f fe rence  is used  to  Servo 
the voltage control  input of the  inve r t e r  t o  minimize  the flux e r r o r .  
Limiting the f l u x  r e fe rence  s ignal  l imi t s  the maximum flux,  
thereby  preventing sa tura t ion  of the m o t o r .  

If the induction moto r  to b e  used with the s y s t e m  is wel l  
charac te r ized ,  d i r ec t  flux control  m a y  be unnecessary.  By 
examination of the equations governing induction motor  operation, 
i t  c a n  be  shown tha t  it is possible  to infer  t he  state of flux of the 
moto r  by sensing of the e l ec t r i ca l  va r i ab le s .  T o  i l lus t ra te  this 
point, r e f e r  t o  the  model  of the induction moto r  i n  F igu re  2.1,  a 
portion of which is repeated in  F igu re  4 . 9 .  

FIGURE 4.9 - INDUCTION MOTOR MODEL - 

[Note: ]Io I = IEII/(Lg, U S ) ,  0, 
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The stator current, 11, can be resolved into three components: 

1) Core losses, modeled a s  a non-linear resistor whose resistance 
is a function of the excitation voltage, El,  and excitation frequency,ws , re- 
sulting in  current, IC. 

2) Magnetizing current, I modeled as an inductor, L The mag- 

netizing current is assumed to be directly proportional to the flux, flm, in the 

motor. 

pl' er * 

3 )  Rotor current, 12, which contributes to both motor output power 

and motor losses. 

Ignoring core losses, Figure 4.9 shows that 

I1 == I + I 0 2  (4.3) 

If the flux is to be held constant, I$ must be held constant. Since every term 
in the impedance expression for the magnetizing and motor legs of the model 
contains u s ,  the total current, Id, may be expressed in terms of I6 independ- 

ently of us: 

I1,l = I q  (4.4) 

L2, L,g and r2 are constants of the motor. The parameter, o r ,  is the 

slip frequency of the induction machine. As discussed in Section 2.1, wr is 

an important control parameter in a controlled slip drive system. In Figure 

4.10, (+), given by Eqn. 4 .2  is plotted versus wr for a typical induction 

motor. 
a, 
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FIGURE 4.10 

STATOR CURRENT vs. SL,IP FREQUENCY FOR CONSTANT FLUX 

By inspection of the figure. it can be seen that there is a unique correspondence 
between Ia( (hence flm) and I1 for every value of ur . If I1 is modulated with o r  
according to Figure 4.10, then the flux will be kept constant. Figure 4.11 il- 
lustrates a system which accomplishes this task. 
pendent on the drive frequency. us. and the desired flux level, 16, can be added 

to compensate for core loss effects. Alternatively, the flux level can be fixed 
to the desired flux at maximum stator excitation frequency. A s  the core loss 
decreases at lower frequencies, the motor will be slightly overfluxed, but the 
overall core losses will still be less than those at the  highest frequency. 

Further compensation de- 

4.4 TORQUE CONTROL 

The torque equation of the induction motor, Eqn. 2 .6 ,  repeated here for 
convenience, indicates the manner in which an inverter system might be operated 
to control torque. 
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2 
E1 1 

IT 8, is held constant, then the torque is dependent only If - 
U S  

on o r ,  the difference frequency between the s t a t o r  applied 
e l ec t r i ca l  frequency and the  ro tor  mechanical  frequency. Eqn. 2.6 
has  been plotted in  F igure  2. 3 .  As i s  evident, i f  

E1 

the en t i re  range of possible  torque i s  available.  F igu re  4.12a 
shows a sys t em which implements Eqn. 2.6 to control  the torque. 
The slip frequency shaper - l imi te r  r e s t r i c t s  operat ion t o  the 
region specified by Eqn. 4.5. The  s ta tor  frequency limiter prevents  
overspeed operation and the cu r ren t  shaper  provide the constant 
f lux requi red  independent of torque. F igu re  4.12b shows the 
idealized static t r a n s f e r  function of the sys t em and F igure  4 . 1 2 ~  
shows the corresponding torque -speed output cha rac t e r i s t i c s  with 
the input ST as a p a r a m e t e r .  

4 . 5  S P E E D  CONTROL 

The usual  application of variable speed induction motor  dr ive 
sys tems is f o r  control  of the motor  shaft  speed  in  response  t o  a 
speed control  s ignal  in the face  of varying load torques and 
load iner t ia .  Depending on the degree  of cont ro l  required;  i. e .  
pe rmis s ib l e  speed  e r r o r  and dynamic response,  increasingly 
refined sys t ems  of control  may  be employed. It is significant 
that  all of these sys t ems  employ substantially the same inve r t e r  
system and the  same motor .  F o r  sys t ems  of appreciable  power 
level, t hese  two items dominate in  the s i ze ,  weight and cos t  of 
the sys tem.  The sys t ems  presented  he re  differ only in  the 
configuration of the c i r cu i t ry  used to  generate  the control  s ignals  
f o r  the inver te r  system, a relat ively minor  p a r t  of the to ta l  
system. 
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b) Transfer Characteristics of Constant Torque System 

- 
i s T  - 'T2 < 'T1 

i 

s max 
wm 

c) Torque-Speed Characteristics of Constant Torque System 

FIGURE 4.12 (cont.1 

BLOCK DIAGRAM AND CHARACTERISTICS OF CONSTANT TORQUE SYSTEM 
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Open Loop Speed Cont ro l  

The s imples t  d r ive  to  be considered is an  open loop sys t em 
shown in  F igu re  4.13. This  sys t em provides  voltage amplitude 
cont ro l  to the motor  with a constant vo l t s /Hz  dependence with 
dr ive frequency. At low frequencies ,  where the  s t a t o r  r e s i s t ance  
is dominant, constant voltage dr ive  is provided. To prevent  
the motor  f r o m  operat ing at beyond breakover  torque during 
accelerat ion,  a r a t e  of change of speed  l imi t e r  is included to 
limit acce lera t ion  of speed s igna l  to a range less than the 
accelerat ion of the load. The static motor  load torque mus t  a lso 
be l e s s  than the  breakover  torque of the motor .  If the motor  load can 
be expressed  as 

(4.6) 

then these res t r ic t ions  m a y  be wri t ten as 

T L  max  * Tmax (4.7) 

Tmax  - TL max  

JL max 
s s u m  

dt 

where  TL  is the load torque 

TL ma* is the maximum TL 

Tmax is the breakover  motor  torque 

JL is the load moment of i ne r t i a  

JL max is the  maximum JL 

S and a, as defined in F igu re  4.13. 

(4.8) 

The open loop speed control  sys tem has s e v e r a l  disadvantages.  
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b) Transfer Characteristics of Open Loop Speed Control System 

T 

a 

Torque-Speed Characteristics of Open Loop Speed Control System 

FIGURE 4,13 (cont. ) 

BLOCK DIAGRAM AND CHARACTERISTICS OF OPEN LOOP SPEED 
CONTROL SYSTEM 
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1) Speed regulation is limited to that inherent in the induction motor. 
The slip frequency of the breakover torque bounds the speed regulation band. 
In a well designed motor, the breakover slip frequency might be 5 to 10% of 
the motor design speed. The speed regulation band remains a fixed percent- 
age of the motor design speed regardless of the actual shaft speed: hence, at  
low speeds percentage speed regulation is poor. 

2) The response to an input step change in speed is lirnited to the 
response obtained with the worst case load. If the load applied to the motor 
varies, this response is far Zrom optimal. 

3 )  At  any given speed, a s  the motor torque increases, the current 
The magnitude of applied voltage is held fixed by into the motor increases. 

the system: as the stator current increases, voltage drop in the stator resis- 
tance decreases the voltage available to flux the motor, hence the peak torque 
available drops. If the motor voltage is adjusted for maximum flux at no load, 
a t  full load the breakover torque can drop 5 to 15% below the  motor's actual 
capability . 

4) 
dynamic momentary overload, no means is provided for the system to recover 
speed control. 
and the system will continue to operate in a very inefficient mode until manually 
reset. 

If the breakover torque of the motor is exceeded due to a static or 

If the load is passive, the shaft speed will drop to nearly zero 

In spite of these drawbacks, the simplicity of the open loop system has 
led to its widespread use in large scale industrial applications. 

If a higher level of performance than that provided by the open loop system 
is desired, a system which infers the slip frequency of the motor from measure- 
ment of the electrical parameters may be employed. The block diagram for this 
system is presented in Figure 4.14. Operation is based on Eqn. 4.4, graphed in 
Figure 4.10. For each value of slip frequency, there is a corresponding stator 
current. If the motor flux is voltage controlled, then the stator current may be 
used as a measure of the slip frequency at which the motor is being operated. 
The slip frequency detector is the inverse of Figure 4 .10 .  The sign detector 
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and changer is necessa ry  to  supply the s l ip  frequency s ign information. 
This  is done by comparison of t he  phase of the output voltage and 
cur ren t .  
t ional  to  the ac tua l  slip frequency. 

The resu l tan t  s igna l  is a n  in fe r r ed  rep l ica  d i rec t ly  p ropor -  

resul t ing in a 
The in fe r r ed  s l ip  frequency s ignal  

is subt rac ted  f rom the s t a to r  frequency s igna l  S 
U r  U S  

s igna l  S 

frequency L L ) ~ .  S% is compared to  the speed r e fe rence  s igna l  Ss and 

the resu l tan t  speed e r r o r  s igna l  amplified and l imited.  
speed e r r o r  signal,  SUs,  is used as the  s ta tor  dr ive frequency which 

tends to  minimize the speed e r r o r .  
re fe rence  speed signal Ss and ro to r  speed Um m a y  be expressed  as 

direct ly  proport ional  t o  the  ac tua l  mechanical  rotation CLI, 

This amplified 

Statically,  the relat ion between the 

, if k e  >> 1. Ur  Um"Ss  -- 
e k (4.9)  

If the gain k e  of the e r r o r  amplif ier  is la rge ,  then the speed e r r o r  of 

the motor  wil l  be small (within the l imitations of this model).  
4.15 shows the t r ans fe r  and output cha rac t e r i s t i c s  of the in fe r r ed  s l ip  
sys tem.  
spaced than those of the  open loop sys tem,  F igu re  4.13b, and in the  
torque-speed curves  in  F igu re  4.15b the re  is much l e s s  var ia t ion of 
f requency with torque than in F igu re  4 . 1 3 ~ .  

F igure  

The t r ans fe r  cha rac t e r i s t i c s  in F igu re  4 . 1 5  a r e  m o r e  closely 

The in fe r r ed  slip sys t em p resen ted  he re  improves  the  speed regu-  
lation cha rac t e r i s t i c s  of the open loop sys tem,  but still shows the t h r e e  
other  disadvantages of open loop operation: 

1) Poor t rans ien t  response.  

2) Lowered breakover  torque.  

3) Unstable operation if  breakover  torque is exceeded. 

Speed Regulation by Feedback Means 

Seve ra l  p a r a m e t e r s  of the induction moto r  m a y  be employed 
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a) Transfer Characteristics of System 

*L 

b) Torque Speed Characteristics of System 

FIGURE 4.15 

CHARACTERISTICS O F  INFERRED SLIP SPEED CONTROL SYSTEM 
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to  effect speed  regulation of the moto r .  
is the machine  torque-sl ip  f requency cha rac t e r i s t i c  given by Eqn. 2.6. 
F o r  a given shaf t  speed w 

fo r  two different sets of p a r a m e t e r s  i n  F igu re  4.16. 
motor  flux is held constant  at its maximum value and the slip frequency 
(or equivalently, s t a t o r  frequency if  the  mechanical  speed is fixed) is 
adjusted t o  yield the requi red  torque  Ti at % In F igure  4.16b, the 

s l ip  is held constant at the breakover  value- and the flux in  the motor  

is adjusted to yield T i .  

f requencies  and flux tha t  lie between the two c a s e s  presented  above which 
wil l  sa t i s fy  the T i ,  01 load requi rements .  F igu re  4.16c, a plot of the 

ful l  f lux torque  v e r s u s  WS fo r  a given value of % = L L ) ~ ~  graphically 

shows the  range of possible  s l ip  f requencies  which m e e t  the load r equ i r e -  

ment .  

adjusted according to Eqn,  2.6, o r  the  corresponding plot, F igure  2. 3 to 
achieve torque T i .  

possible  values  of s l ip  frequency, one on each s ide of the peak of the torque 
curve,  which wil l  yield the  des i r ed  load torque and s-peed. F igu re  4.10, 
however, indicates that  the operat ing point with the l a r g e r  slip frequency 
r equ i r e s  m o r e  s t a to r  c u r r e n t  than the other  to generate  the s a m e  power 
output. The inc reased  s t a t o r  c u r r e n t  cor responds  to  in t e rna l  l o s s e s  f o r  
the same output power,  hence the high s l ip  frequency operat ing point is 
not used. 

The 'key to understanding these  

and  torque output T1 , this equation is plotted 
ml  

In f igure 4. l b a ,  the 

1' 
1 
r 

Obviously, t h e r e  a r e  many combinations of s l ip  

At each  value of pe rmis s ib l e  slip frequency, the flux - may be  
U S  

Figure  4 . 1 6 ~  shows that f o r  a given f l u x  t he re  are two 

The pe rmis s ib l e  range of s l ip  f requencies  is r e s t r i c t e d  to 

(4.10) 

as shown i n  F igu re  4.16~. 

The  examples to be d iscussed  h e r e  employ constant flux, var iable  
slip frequency to  cont ro l  the motor  speed  (F igu re  4.16a). 
other sys t ems  employing constant s l ip  frequency, var iable  f l u x  or com- 
binations of the two methods have been reported.  

However, 

The  disadvantages of the open loop and in fe r r ed  s l ip  sys t ems  m a y  
be overcome and stable, high per formance  speed regulation 
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rea l ized  i f  feedback around the motor  is employed t o  control  the 
actual  s l ip  f requency at which the motor  opera tes .  An example 
of a controlled s l ip  speed regulation sys t em is shown in 
F igu re  4.17. The sys t em diagrammed is based on the  constant 
torque s y s t e m  of F igu re  4.12. The torque of the motor  is 
servoed to  control  the motor  speed by using the speed  e r r o r  
signal, ST as the input t o  the torque genera tor .  F o r  v e r y  tight 
speed regulation, a speed e r r o r  amplif ier  might be inse r t ed  

F i g u r e  4.18 i l lustrates  the cha rac t e r i s t i c s  of the sys tem of 
F igu re  4.17. Comparison with F igu res  4 . l3  and 4.15 i l lustrate  
the supe r io r  speed  regulation s l ip  control  allows. In addition, 
t he re  a r e  no unstable regions,  r ega rd le s s  of the t rans ien t  
encountered, 
with the maximum torque that can  be supplied by the motor .  

at the input t o  the constant  torque portion of the  sys tem.  

and t r ans i en t  inputs of dis turbances are co r rec t ed  

In highly c r i t i ca l  applications,  even the small speed e r r o r  
encountered i n  control led slip operat ion may be intolerable .  F o r  
these applications,  the mechanical  speed must  be maintained in 
p r e c i s e  synchronism with a re ference  AC signal. F o r  these  
applications, a phase  lock sys t em m a y  be  used to  synchronize 
the shaf t  with the r e fe rence  signal.  The phase lock sys tem,  a l so  
like the control led s l ip  sys tem,  is based on the constant torque 
sys t em of F igure  4.12. In F igu re  4.19, the block d i ag ram of a 
phase control  sys t em is shown. The constant torque portion of 
this sys tem is modelled as a s ingle  block containing all of the 
p a r t s  d iagrammed i n  F igu re  4.12. Input is the torque signal, S 
which is servoed  to  cont ro l  the shaft  position. If the sys t em is 
out of synchronism,  the rate of change of phase  between the 
shaft  posit ion and the r e fe rence  s igna l  is l a rge  and the phase 
s igna l  SQ, osc i l la tes  at a relat ively high frequency between 

The low p a s s  filter a t tenuates  these  SQ max and -SQ max. 
oscil lations and s g f  is v e r y  small. ss is a s igna l  proport ional  
to the  frequency of the r e fe rence  s igna l  Sref.  S s  is compared to  
the actual motor  speed S u m  and the difference between the  
s ignals  used t o  cont ro l  the torque of t h e  motor  s y s t e m  to 
minimize the  e r r o r .  This  hehavior is ident ical  t o  that of the 
controlled s l ip  speed  regulation sys tem;  the motor  accelerates 
in a wel l  control led manner  to  a speed  nea r  synchronism with the 
r e fe rence  signal.  A s  synchronism is approached, the frequency 

T,  
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a)  Transfer Characteristics of System 

T 

t 

b) Torque Speed Characteristics of System 

FIGURE 4.18 

CHARACTERISTICS OF CONTROLLED SLIP SPEED REGULATION SYSTEM - 
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of oscil lation of Sge becomes small and s g f  adds a pulsating component 
of torque t o  the speed e r r o r  signal.  If the frequency of pulsation is com- 
parable  to  the mechanical  t ime c o n s t a t  of the load, the load wi l l  
follow the  torque pulsations of a l te rna te ly  acce lera t ing  and decelerat ing 
in speed. If during an acce lera t ion  pulsation the motor  speed becomes 
exactly equal  to  the r e fe rence  frequency, the motor  wi l l  lock into 
synchronism with the r e fe rence  and the torque s igna l  necessa ry  t o  
maintain synchronism wil l  be  supplied by the phase  detector .  When 
synchronism is achieved, the speed  r e fe rence  s igna l  Ss will  
exactly equal  the shaft  speed s igna l  S and the difference between 
the  two wi l l  b e  zero .  Thus the speed cont ro l  loop used for  acce lera t ing  
to nea r  synchronism is effectively removed f r o m  the operation when 
synchronism is attained. If the motor  dece lera tes  due to  a n  i n c r e a s e  
in load, the ro to r  posit ion wi l l  begin to  lag fu r the r  behind the r e fe rence  
signal.  This wil l  generate  a l a rge  phase  e r r o r  s igna l  Soe which wil l  
acce le ra te  the motor  through an i n c r e a s e  in torque t o  counteract  the  
decelerat ion torque.  If S g  max is l a r g e  enough to dr ive the sys t em to  
ful l  torque, then exact synchronism wil l  be maintained within the fu l l  
torque capabili t ies of the motor .  The phase e r r o r  between the shaft  
position and r e fe rence  s igna l  wi l l  always be within f 90' . 

w, 

F i g u r e  4.20 shows the per formance  cha rac t e r i s t i c s  of the phase I 

lock sys tem.  Linear i ty  in speed and regulation with r e spec t  t o  
torque var ia t ions  is vir tual ly  per fec t  provided the breakover  torque is 
not exceeded. It is interest ing t o  note that the mode of operation and the 
cha rac t e r i s t i c s  obtained are similar, but supe r io r  to, those of a 
synchronous -induction motor ,  often employed where p r e c i s e  speed control  
is necessary .  The cont ro l  sys t em requi red  to  rea l ize  phase  lock operation 
with an induction moto r  is m o r e  complex than that  necessa ry  to  opera te  
a synchronous motor ,  but the phase  lock-induction motor  sys tem is m o r e  
efficient, uses  a l ighter  weight motor ,  and developes g rea t e r  maximum 
torque fo r  both ini t ia l  acce le ra t ion  and i n  synchronous operation than a 
comparable  s y s t e m  employing a synchronous motor .  
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b) Torque Speed Charac te r i s t ics  of Sys tem 
FIGURE 4.20 
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5. SUMMARY AND RECOMMENDATIONS 

This  r epor t  has examined s e v e r a l  areas important  to 
VSIM drive sys t ems .  The c u r r e n t  s ta te-of- the-ar t  i n  these  
sys t ems ,  as a s s e s s e d  f r o m  published l i t e r a tu re  has  been 
studied and the significant fac tors  and l imitations,  as wel l  as 
representa t ive  examples of var ious  approaches,  
presented.  Previous ly  unpublished analytical  extensions of 
theory per t inent  to operation of induction moto r s  over  a wide 
speed range,  along with new approaches to the real izat ion of 
i nve r t e r s  s y s t e m s  and methods of cont ro l  of the motor - inver te r  
sys t em a r e  included. 

have been 

It is evident, f r o m  the study of induction motor  cha rac t e r i s t i c s  
in  Chaptctr 2 that  a high leve l  of per formance  is attainable f rom an  
optimally designed induction machine.  It was shown that 
minimization of the ro tor  r e s i s t ance  would maximize efficiency 
and a l so  minimize the generation of spurious torque due t o  
non-sinusoidal dr ives .  

However, the high theore t ica l  l eve l  of per formance  of the 
VSIM sys t em can only be rea l ized  if  an  e l ec t r i ca l  d r ive  capable 
of proper ly  exciting the  motor  under s teady s ta te  and dynamic conditions 
is provided. The discussion and analysis  of Chapter  2 show that  fo r  
highest per formance  and complete flexibility of operation (four 
quadrant torque-speed capability) the dr ive mus t  posses s  the following 
charac te r i s t ic  s : 

1) Sufficient voltage capability to  fully flux the motor  at 
the highest s t a to r  dr ive  frequency. This  i n su res  that  maximum torque 
f o r  opt imal  dynamic response  wi l l  be available under all operating 
conditione. 

2) Sufficient peak cu r ren t  capabili ty to  r ea l i ze  the maximum 
available torque under all motor  operating conditions and in  the 
p re sence  of harmonic cu r ren t s .  

3) A capability for  regenerat ing as wel l  as supplying AC 
power.  This  fea ture  provides  opt imal  response  during braking 
o r  when driving active loads.  
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4) A capabili ty f o r  providing controlled dr ive  down t o  z e r o  
During motor  r eve r s ing  speed  changes o r  when driving an frequency. 

active load at low speeds,  DC dr ive  is requi red  t o  r ea l i ze  opt imal  motor  
t o r  que c ap ability. 

5) Low harmonic content in the AC dr ive  waveform, par t icu lar ly  
at low dr ive  frequencies  is r equ i r ed  t o  minimize  harmonic and Fulsatiiig 
torques.  A t  high frequencies ,  low harmonic and spurious frequency con- 
tent is r equ i r ed  to  minimize  excess  c o r e  l o s s e s  and l a rge  s t a to r  cu r ren t s  
at frequencies  other  than the dr ive  frequency. 

6) The  dr ive  mus t  be  responsive t o  var ia t ions in  the load. F o r  
the highest  level  of per formance ,  the dr ive  to  the motor  mus t  be adjusted 
by feedback means  to compensate  for  load changes and to provide opt imal  
t rans ien t  response.  

The study of i nve r t e r  s y s t e m s  presented  in  Chapter  3 indicates  the 

The design problems center  on 
nature  of the problems involved in s ta t ic  inver te r  designs which can  mee t  
the induction motor  dr ive  requi rements .  
those of the output power stage.  Simple sys t ems  produce waveforms r i c h  
in harmonic and spurious frequencies .  
qu i res  that the power s t age  output switches be connected by a d i r ec t  path 
to the t e rmina l s  and precludes the use of t r ans fo rmer  coupled output 
s tages .  

The necess i ty  for  DC output r e -  

This  constraint  limits the number of usable output s tages .  

The presentat ion of the waveforms generated by var ious control  
concepts (Section 3 .  2) indicates that  t o  i n s u r e  a small harmonic content 
at low frequencies ,  a s ine  wave approximation method, using s amples  
at a relat ively high frequency, should be employed. If a pulse  modulator 
o r  squa re  wave cycloconverter  is used, the prede termined  waveform 
methods of control  m a y  b e  eas i ly  s imulated if des i r ed .  

At  the power levels  of the sys t ems  under study (BZKW) and the 
supply voltage levels  cons idered  (200 - 500 volts)  the use  of t hy r i s to r  
switching elements  is mandatory with the c u r r e n t  s ta te-of- the-ar t .  
of the  inve r t e r  sys t ems  considered in th i s  study r equ i r e  forced  commuta-  
tion of at least s o m e  of the thyr i s tors .  
tions of the output s tage  (Section 3 . 4 )  indicates that  the McMurray circui t ,  
with a theore t ica l  commutating efficiency of near  100% ,is an at t ract ive 
choice.  
cont rac t  indicate tha t  this configuration can in  fac t  commutate at high 

Al l  

The study of basic  design cons idera-  

Exper imenta l  s tudies  pe r fo rmed  outside of the scope of this  
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efficiency and, with some modification, can be made to operate with high 
reliability. I$ has been found, however, that instantaneous current control 
o r  at least instantaneous current limiting is necessary to prevent commu- 
tation failures. 

The investigation of parameter control techniques presented in Chapter 
4 indicates that the form of control employed is very much dependent on the 
particular mission requirements. A11 of t h e  methods of voltage, current, 
flux, torque and speed control, when properly implemented, will operate the 
motor. The more sophisticated methods will yield a higher level of perform- 
ance. Several factors that govern the choice of parameter control techniques 
a re  evident: 

1) Instantaneous current control or  limiting must be employed to 
protect the inverter switching devices under dynamic load and fault conditions. 

2) For optimal flux control, either flux feedback or  some method of 
flux drive compensation with load variations must be employed. 

3) The method of slip control employed (constant slip frequency, 
constant flux o r  a combination of both) must be studied for the particular 
motor, inverter and rrission requirements to optimize the performance par- 
ameter s. 

Recommendations 

The crux of the VSIM drive problem lies in the successful realization 
of the inverter output power stage. 
where very large motors (> 1000 KVA) are  not uncommon. 
operation and the ar t  of motor design are both well advanced. P'hile the com- 
bination of motor parameters optimal for VSIM applications are not those that 
a re  conventionally designed into motors, the design trade-offs are apparently 
understood in detail sufficient to allow optimization of these parameters by 
established techniques. On the other hand, the design of solid state inverters 
to drive induction motors of evenmoderate power (10 KVA) represents a very 
recent advance in the state-of-the-art. 
these units is not yet well understood and design is largely an art. As might be 

Motor technology has advanced to the point 
The theory of motor 

The detailed theory of operation of 
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expected under these  c i rcumstances ,  it is i n  t h e  inver te r ,  and m o r e  
pa r t i cu la r ly  i n  the i n v e r t e r  power output s tage where  m o s t  of the 
design effort  mus t  b e  expended. Therefore ,  t he  following exper -  
imenta l  design and evaluation p rogram is recommended.  

The pr inciple  design p a r a m e t e r  {in addition to  we l l  controlled,  
re l iable  operation) assoc ia ted  with the output s t age  is power loss .  
is a l s o  one of the m o s t  diff icul t  p a r a m e t e r s  to  theoret ical ly  evaluate, 
s ince in a wel l  designed output stage,  the l o s s e s  are due t o  effects that  
a r e  often second o r d e r  with r e spec t  to  operation. 
mended that a n  exper imenta l  study of s e v e r a l  output s tages ,  combined 
with suitable control  concepts,  be  undertaken to  evaluate these  s tages  
for a pa r t i cu la r  miss ion  requi rement .  
for  high per formance ,  the m o r e  ve r sa t i l e  output s tages  should be invest i -  
gated. 
cycloconverter  have m e r i t  in this application. 
the s i m p l e r  schemes  such as squa re  wave d r ive  and "sliding wave" dr ive 
m a y  be s imulated to assess the i r  effect upon the  overa l l  sys t em.  

This  

Therefore ,  it is r ecom-  

T o  m e e t  the  motor  requi rements  

It would appear  that  both the pulse  modulator and squa re  wave 
With both of t hese  approaches,  

This  study had been centered  on and guided by the cu r ren t  l i t e r a -  
t u r e  on VSIM drive sys t ems  and inver te r  designs.  
to the inve r t e r  problem exist ,  but have not yet been explored, at least 
not in  the published l i t e ra ture .  
the possibi l i ty  of competing favorably with the two high per formance  sys t ems  
recommended for  fu r the r  study. 
s e r i e s  i nve r t e r  output s tage along with o thers  until all can be compared. 

Other  bas ic  approaches 

In par t icu lar ,  the s e r i e s  inverter7 holds 

It would be appropr ia te  t o  investigate the 

When the opt imal  output s t age  has been selected,  cont ro l  concepts 
The choice suitable to  that  output s tage  m a y  be  se lec ted  and evaluated. 

of control  concept m u s t  be  r e s t r i c t e d  to one which provides  instantaneous 
cu r ren t  control  o r  c u r r e n t  l imiting to in su re  re l iab le  operation under all 
conditions. 

When a complete inve r t e r  sys tem has been real ized,  it may  be  mated  
to an induction moto r  (not necessar i ly  one optimized for  VSIM use) and 
p a r a m e t e r  cont ro l  concepts investigated.  The optimum contr o l  concepts 
should b e  se lec ted  which mee t  a pa r t i cu la r  (but flexible) s e t  of operating 
specifications.  F o r  example,  a sys t em which has  un res t r i c t ed  four  
quadrant torque-speed capability would be  a n  in te res t ing  and fruitful  one 
to invest igate .  
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With an optimal inver te r  and control  sys tem,  the  induction motor  
m a y  then be redesigned to  p o s s e s s  the des i rab le  cha rac t e r i s t i c s  which 
wil l  have become evident in  the p a r a m e t e r  control  study. At this  t ime,  
the tradeoffs between des i rab le  e l ec t r i ca l  cha rac t e r i s t i c s  and motor  
physical  constraints  ( e .  g. cooling) can  be profitably studied. 

Finally, the tradeoff and design data gathered during the  study and 
development of the ini t ia l  VSIM drive will  al low the en t i re  sys t em to b e  
redesigned as a whole to obtain the optim-a1 overa l l  sys t em.  
designed sys t em will s e r v e  as a check on the validity of the design t rade-  
offs formulated during the ini t ia l  study. To study the effect of scaling 
on the ini t ia l  design conclusions, the redesigned sys t em could a l so  be 
sca led  in  power at the s a m e  t ime.  

The re- 
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