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Abstract 

A four u n i t  MHD channel i n v e r t e r  system 
using l i n e  o r  McMurray commutation has been 
b u i l t  and p a r t i a l l y  t es ted  a t  UTSI. Test ing 
has included using e i t h e r  a  D.C .  power supply 
or  power from the  MHD channel. It was found 
t h a t  a  mul t ip le  i n v e r t e r  loading u n i t s  system 
increases t h e  performance of t h e  UTSI channel 
by as  much a s  7 percent f o r  an e i g h t  u n i t  load- 
ing  system. It was a l s o  found t h a t  s u b s t a n t i a l  
e l e c t r i c a l  f i l t e r i n g  of t h e  MHD power must be 
used t o  el iminate  no ise  on t h e  MHD power. The 
noise on t h e  MHD power was found to increase t h e  
probabi l i ty  of commutation f a i l u r e .  McMurray 
commutation was found more suscep t ib le  t o  no ise  
induced commutation f a i l u r e  than l i n e  commuta- 
t ion .  

I. Introduct ion 

The MHD generator  produces d i r e c t  (D.C.) 
e l e c t r i c  power which must be converted to  t h e  
more usuable 60 cycle  a l t e r n a t i n g  current  (A.C.) . 
To accomplish t h i s  an i n v e r t e r  is used. For 
most app l ica t ions  t h i s  i s  most e f f i c i e n t l y  ac-
complished by converting t h e  D.C.  power t o  3 
phase A.C. power. 

An e f f i c i e n t  i n v e r t e r  system f o r  an MHD 
generator requ i res  not only an e f f i c i e n t  inver t -  
e r  but a l s o  t h e  proper channel loading scheme. For 
any diagonal conducting wal l  power generator ,  
t h e  most e f f i c i e n t  means of e x t r a c t i n g  power 
from t h e  channel would be t o  load  each e lec t rode  
p a i r  with an optimum load f o r  t h a t  e lec t rode  
pa i r .  The l e a s t  e f f i c i e n t  way would be t o  load 
the  channel with one i n v e r t e r .  Optimum loading 
and maximum power t r a n s f e r  from t h e  channel i s  
obtained when the  ex te rna l  load impedance matches 
the i n t e r n a l  load impedance. For optimum loading 
more than one load is  needed s i n c e  the  i n t e r n a l  
res i s tance  changes along the length of t h e  channel 
a s  a r e s u l t  of both the  changes i n  plasma prop- 
e r t i e s  and generator cross-sect ional  a rea .  I f  
the load impedance is  not t h e  optimum load f o r  
each e lec t rode  p a i r ,  but ins tead  some channel 
average, the  power output of t h e  channel w i l l  be 
reduced. Of course f o r  a  r e a l i s t i c  design, i t  
is  not economic t o  have a  load or  i n v e r t e r  f o r  
each e lec t rode  p a i r ,  but some tradeoff  between 
power generated and load on i n v e r t e r  c o s t s  must 
be reached. 

Another problem important t o  i n v e r t e r  de- 
' sign i s  t h e  l a rge  amount of no ise  modulation on 

the D.C .  power output of the  channel.  A t y p i c a l  
current  output of the  UTSI 60" diagonal conduct- 
ing wall channel i n t o  a r e s i s t i v e  load i s  shown 
i n  Figure 1. 

While the  MHD process generates  D . C .  power, 
there  a r e  f luc tua t ions  imposed upon t h i s  D.C.  
power. These inherent f l u c t u a t i o n s  a r e  a  func-
t i o n  of the combustion process ,  near-electrode 
surface e f f e c t s  and fac tors  r e l a t e d  t o  f a c i l i t i e s  
operations. Since the  inversion process  w i l l  be  
a f fec ted  by these var ia t ions  i n  vo l tage  and 

cur ren t ,  i t  is necessary t o  minimize them since 
f i l t e r i n g  is expensive. A l l  a l t e r n a t i v e s  t o  min- 
imize t h i s  noise i n  the  MHD channel must a l so  be 
considered. 

The bulk of the  energy i n  t h e s e  f luc tua t ions  
res ides  mainly i n  the  low frequency range (below 
200 Hz) and i s  a  r e s u l t  of v a r i a t i o n s  i n  i n l e t  
flow condit ions and the  nonuniformity of combus-
t ion .  Under reasonable condit ions t h e  i n t e n s i t y  
of t h e  load voltage and cur ren t  f l u c t u a t i o n s  
( t h a t  i s ,  t h e  r a t i o  of root-mean-squared value t o  
average value) is approximately 5 percent  fo r  t h e  
UTSI 60" DCW generator. For these  condit ions the  
individual  in te re lec t rode  vol tages have- in-
t e n s i t y  of approximately 15 percent .  On t h e  o ther  
hand under adverse combustion o r  flow condit ions 
t h e  in te re lec t rode  vol tage f l u c t u a t i o n s  can have 
i n t e n s i t i e s  ranging from 50 t o  100 percen t  with 
corresponding var ia t ions  i n  load vol tage intens-
i t y  of 30 percent.  

As a f i r s t  s t e p  i n  experimentally invest iga-  
t i n g  i n v e r t e r  loading of the  MHD genera tor  and i t s  
e f f e c t  on the  channel power no ise  a 500 pf ca-
paci tance was placed i n  p a r a l l e l  with t h e  re-
s i s t i v e  load. This resu l ted  i n  a  reduct ion of 
t h e  load vol tage f luc tua t ions  a s  i l l u s t r a t e d  i n  
Figure 2 .  Here t h e  s p e c t r a l  dens i ty  funct ion f o r  
the  load vol tage shows t h e  rap id  r o l l - o f f  tha t  
occurred a f t e r  t h e  capaci tor  was switched in to  the 
load. No e f f e c t  on power production was observed 
when the  capac i t ive  f i l t e r  was used. 

From Figures 1 and 2 it can be seen t h a t  the  
no ise  modulation must be reduced s i n c e  it w i l l  be 
passed d i r e c t l y  onto the  inverted 60 cyc le  power. 
This would not be acceptable f o r  use i n  many 
appl ica t ions  and i s  above any s tandard  t h a t  would 
be acceptable  t o  the  power community. 

11. The Loading and I n v e r t e r  System 

The i n v e r t e r  system chosen f o r  t h e  UTSI 60" 
diagonal conducting wall  generator  i s  shown sche- 
mat ica l ly  i n  Figure 3 .  The system uses 4 equal 
power 3 phase i n v e r t e r  u n i t s  r a t e d  a t  30 KW each. 
The four u n i t  system w i l l  produce approximately 
5 percent more power than a s i n g l e  i n v e r t e r  load1. 
The UTSI 60" diagonal conducting wal l  generator 
can produce 100 KW f o r  up t o  60 minutes i n  any 
one t e s t .  The four equal power un i t  i n v e r t e r  
system was chosen a f t e r  considering s i n g l e ,  dou-
b l e ,  four and eight  equally channel-spaced or 
equal  power u n i t  i n v e r t e r  systems. Eight  equally 
spaced or  equal power i n v e r t e r  u n i t s  would produde 
approximately 2 percent more power than t h e  four 
equal power un i t s  but l"t was decided t h a t  the 
four  equal  power u n i t s  would be bes t  f o r  the  ex- 
periments t o  be conducted. Optimum loading and 
power production f o r  the d i f f e r e n t  loading systems 
was obtained from experiments on the  UTSI 60' dia-
gonal conducting wall  generator with d i f f e r e n t  
r e s i s t i v e  loads and the  observed vol tage and power 
eenera ted  along the  length of t h e  channe1.l The 
.L 
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four  equal power system allows experimentation 
with phasing cont ro l  of mult iple  i n v e r t e r  un i t s  
and obtaining t h e  add i t iona l  two percent output 
a t  the  cos t  of  designing bui lding and experi- 
mentally handling t h e  eight  u n i t s  was not deemed 
worth the  e f f o r t .  The four equal power i n v e r t e r  
u n i t s  of t h e  i n v e r t e r  system operate  a t  d i f f e r e n t  
e f f e c t i v e  load impedances and there fore  operate 
a t  d i f f e r e n t  current  voltage r a t i o s .  

Since i t  is  not known which type of invert-
e r  system w i l l  work bes t  with the  MHD channel 
both l i n e  commutated and s e l f  commutating Mc- 
Murray i n v e r t e r  systems? were b u i l t .  

The b a s i c  l i n e  commutated c i r c u i t r y  is  shown 
i n  Figure 4 .  The system is  r l t e d  a t  1000 vo l t s  
peak and 210 amps contini~.ous operation. By us-
ing  d i f f e r e n t  windings on t h e  transformers and 
d i f f e r e n t  phase angles on t h e  i n v e r t e r ,  voltage 
from as low a s  30 v o l t s  D . C .  t o  as  high as  1000 
v o l t s  D.C.  can be used and fed i n t o  the  208 VAC 
l i n e  used as a load. This allows obtaining the 
optimum load f o r  each of the channel sec t ions  
being used. The load impedance f o r  each sec t ion  
of the channel can therefore be optimized and 
e a s i l y  changed during a t e s t  by simply changing 
the  phase angle being ~ s e d . 9 ' ~  Each i n v e r t e r  
system feeds i ts power i n t o  3 transformers which 
can be wired i n t o  e i t h e r  d e l t a  o r  wye configura- 
t ion .  The transformers have a s e r i e s  inductance 
of 375 ph. Using these transformers and two in-
v e r t e r  c i r c u i t s  with d i f f e r e n t  d e l t a  o r  wye 
winding, t h e  output currents  can be combined to 
form a twelve s t e p  l i n e  current .  For McMurray 
commutation the  c i r c u i t r y  of Figure 5 is added 
t o  t h e  l i n e  commutation c i r c u i t r y  of Figure 4 .  
The McMurray conuuutation c i r c u i t r y  was designed 
t o  commutate cur ren ts  of up t o  200 amps. 

111. Experimental Results 

The i n v e r t e r  system as b u i l t  is divided i n t o  
t h r e e  sec t ions ,  a timing cabinet ,  t h e  t h y r i s t o r  
cab ine t ,  and t h e  transformer sec t ion .  These 
sect ions a r e  shown i n  Figures 6, 7 and 8 re-
spect ively3.  The l i n e  commutated i n v e r t e r  c i r -  
c u i t s  were f i r s t  individual ly t e s t e d  using a 
D . C .  power supply as  a  source and i n v e r t e r  
e f f ic iency  curves were found. These a r e  shown 
i n  Figures 9 and 10. The pr inc ip le  i n v e r t e r  
l o s s e s  a r e  t h e  vol tage drops across  the  con-
ducting t h y r i s t o r  and transformer res i s tance  
both which a r e  current  dependent. Therefore, 
a t  higher  operat ing vol tages correspondingly 

higher  e f f i c i e n c i e s  a r e  expected. It can be seen 
from Figure 8 t h a t  e f f i c i e n c i e s  of up t o  98 per-
cent  were obtained with t h i s  system. I n v e r t e r  
e f f ic iency  p l o t s  f o r  the  McMurray commutated in- 
v e r t e r  system have not been obtained a t  p resen t ,  
but  s i m i l a r  losses  a r e  expected. 

I n i t i a l  t e s t i n g  of the i n v e r t e r  system with 
t h e  MHD channel was accomplished by using one in-
v e r t e r  un i t  of Figure 3 .  The o ther  three s e c t i o n s  
were not connected and the 2 ohm r e s i s t o r s  were 
used i n  place of them. From these t e s t s  i t  was 
found t h a t  s t rong  f i l t e r i n g  of t h e  MHD channel 
power was necessary or  unacceptable amounts of 
no ise  was produced i n  tho A.C. l i n e .  Figure 11 
shows a t y p i c a l  i n v e r t e r  input  D.C.  vol tage and 
produced A . C .  output cur ren t  f o r  a  phase angle 
of approximately 160'. It can be seen from these  
f igures  t h a t  t h e r e  i s  a g rea t  deal  of vol tage 
and current  no ise  on t h e  inverted power and t h a t  
some vol tage f i l t e r i n g  i s  necessary.  One i n t e r -  
e s t i n g  r e s u l t  from these  t e s t s  is  t h a t  t h e  l i n e  
commutated i n v e r t e r  w i l l  work without a s e r i e s  
inductor f o r  MHD appl ica t ion  because of t h e  l a r g e  
i n t e r n a l  res i s tance  of t h e  channel, the channel 
there fore  appears as  near ly  a constant cur ren t  
source. This is  important s ince  the  inductors  
usual ly necessary f o r  a l i n e  commutated i n v e r t e r  
a r e  expensive and can possibly be eliminated f o r  
MHD use. Also t h i s  leaves t h e  p o s s i b i l i t y  of 
f i l t e r i n g  t h e  no ise  on t h e  A.C.  s i d e  of t h e  in- 
v e r t e r  f o r  a l i n e  commutated i n v e r t e r  system. 

Figure 12 shows t h e  input D . C .  vol tage and 
t h e  A.C.  output current  of t h e  l i n e  commutated 
i n v e r t e r  when a 9mh s e r i e s  inductor  i s  used on 
t h e  D . C .  s i d e  s i m i l a r  t o  Figure 3 .  It can be 
seen from these  f igures  t h a t  the  inductor  reduces 
t h e  no ise  on t h e  input  vol tage but  not near ly  
enough f o r  commercial app l ica t ions .  Continuous 
s t a b l e  operat ion of t h e  i n v e r t e r  using l i n e  com-
mutation was obtained i n  a l l  of these  t e s t s .  

The McMurray commutated i n v e r t e r  system was 
t e s t e d  and c o n f l i c t i n g  r e s u l t s  were found. When 
used with the  D.C. power supply s t a b l e  conversion 
f o r  D . C .  t o  A.C .  was obtained, but  when t h e  Mc- 
Murray commutated i n v e r t e r  was used with t h e  
channel power, s t a b l e  commutation of t h y r i s t o r s  
could not be maintained. When commutation f a i l u r e  
occurred t h i s  resu l ted  i n  shor t ing  of t h e  MHD 
channel vol tage.  It is thought t h a t  the  commu-
t a t i o n  f a i l u r e  was caused by the  l a r g e  n o i s e  
current-voltage f luc tua t ions  which suppressed 
commutation. Heavy f i l t e r i n g  of t h e  MHD D . C .  

Commutation is the name given t o  t h e  ac t ion  of switching of f  a t h y r i s t o r .  This is accomplished by 
momentarily reverse b ias ing  the  device, causing t h e  current  t o  go t o  ze ro ,  thereby switching of f  t h e  
t h y r i s t o r .  Line commutation uses t h e  l i n e  vol tage i n t o  which t h e  i n v e r t e r  power i s  fed t o  switch t h e  
t h y r i s t o r  o f f .  McMurray commutation uses an ex te rna l  c i r c u i t  which produces an impulse of cur ren t  
through t h e  t h y r i s t o r  momentarily dropping the  current  t o  zero,  thereby tu rn ing  it o f f .  

'The phase angle alpha is the angle t h a t  t h e  generated current  is  out of phase with the  vol tage i t  
is being fed  i n t o .  For i n v e r t e r  operat ion alpha is  between 90 t o  180 degrees. 
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power before t h e  i n v e r t e r  i s  then necessary f o r  
s t a b l e  operat ion of t h e  McMurray commutated in- 
v e r t e r  system. To da te  t h e  McMurray commutation 
has been t e s t e d  with induc t ive  f i l t e r i n g  of the 
MHD channel input  vo l tage  (a  9mh inductor  i n  
s e r i e s  with t h e  i n v e r t e r  input ) .  With t h i s  
f i l t e r i n g  s t a b l e  conversion from D.C. t o  60 Hz 
A.C. has not  been accomplished. Since then a  
combination induct ive-capaci t ive f i l t e r  system 
has been used with MHD channel and a  r e s i s t i v e  
load and good r e s u l t s  on reducing t h e  n o i s e  have 
been observed. It is  expected t h a t  using strong 
induct ive-capaci t ive f i l t e r i n g  wi th  t h e  McMurray 
commutation i n v e r t e r  system w i l l  r e s u l t  i n  s t a b l e  
opera t ion ,  bu t  n o i s e  induced commutation f a i l u r e s  
is  more l i k e l y  f o r  McMurray commutation than 
when using t h e  l i n e  commutated i n v e r t e r  system. 

Af te r  t e s t i n g  one l e g  of t h e  i n v e r t e r  system 
and t h e  associated no ise  problems, i t  was decided 
t o  f i r s t  t e s t  2 l egs  of  t h e  i n v e r t e r  system with 
l a r g e  voltage-current f i l t e r i n g .  This  system is 
t h e  equivalent  of Figure 3 with 2 i n v e r t e r s  r a t h e r  
than 4 i n v e r t e r  l e g s  being used. The t o t a l  power 
of  t h e  channel is appl ied t o  t h e  two i n v e r t e r  l egs .  
The two legs  permit t e s t i n g  with phase c o n t r o l  
of mul t ip le  i n v e r t e r  u n i t s  with i t s  assoc ia ted  
problem. Also t h e  a b i l i t y  t o  maximize t h e  power 
output  f o r  t h e  two sec t ions  of t h e  channel can be 
t e s t e d .  Complete t e s t i n g  with t h i s  system and 
t h e  MHD channel has not been completed bu t  when 
using a  D.C. power supply good r e s u l t s  have been 
obtained.  The D.C. input  vo l tage  of L i n v e r t e r  
u n i t s  operat ing a t  d i f f e r e n t  phase angles  of approx- 
imately13O0 and 150" using a D.C.power supply. It 
was found from t h e s e  t e s t s  t h a t  2- l ine commutated 
i n v e r t e r  sec t ions  can be  operated a t  d i f f e r e n t  
input  vo l tages ,  inpu t  c u r r e n t s ,  phase angles  and 
e f f e c t i v e  load impedance with no major problem. 
At present  t h e  2 o r  4  i n v e r t e r  u n i t  l i n e  o r  Mc- 
Murray commutated systems have no t  been t e s t e d  
with t h e  channel a t  t h e  time of t h i s  w r i t i n g .  

IV. Conclusion 

It has  been found t h a t  mul t ip le  i n v e r t e r  
u n i t s  designed t o  match t h e  i n t e r n a l  impedance 
o f  a DCW generator  channel improve t h e  perform- 
ance of  t h e  DCW channel. The i n c r e a s e  is  
approximately 5 percent  f o r  4 u n i t s  and 7 per-
c e n t  f o r  8 u n i t s  i n v e r t e r  system f o r  t h e  UTSI 
60" DCW generator .  It was a l s o  found t h a t  noise 
modulation of t h e  MHD D.C.  power must be f i l t e r e d  
s u b s t a n t i a l l y  o r  commutation f a i l u r e  is  l i k e l y  
t o  occur. McMurray commutation appears more 
s u s c e p t i b l e  t o  t h i s  than l i n e  commutation. The 
n o i s e  generated on t h e  MHD output D.C. power was 
observed passed d i r e c t l y  onto t h e  A.C. l i n e .  It 
was a l s o  observed t h a t  a l i n e  commutated inver te r  
would work without a s e r i e s  induc tor ,  leaving 
t h e  p o s s i b i l i t y  of f i l t e r i n g  t h e  MHD channel 
n o i s e  on t h e  A.C. l i n e .  It has a l s o  been found 
t h a t  mul t ip le  l i n e  commutated i n v e r t e r  u n i t s  
can  be used toge ther  with t h e  same A.C. feed 
l i n e ,  even though d i f f e r e n t  phasing is used on 
t h e  i n v e r t e r s .  
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Figures 

Seconds 

Figure 1. Total current for  channel in to  a  
r e s i s t i v e  load vs. time for  Run f1548. Note 
t h e  la rge  amount of noise modulation on t h e  
D.C.  power generated. 

""h. Resistive Load 


~ O O  400 600 800 


VI 
a 	 Frequency, hertz 

Figure 2. Spectral  density of load voltage 
wi th  and without a capacitor i n  p a r a l l e l  with 
t h e  load resis tance.  Note t h a t  without the 
capaci tor  there  is a l a rge  amount of noise on 
t h e  voltage a s  high as  1000 Hz. 
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Figure 3. Inver te r  system chosen f o r  t h e  UTSI 
60' diagonal conducting wal l  generator. The 
power takeoff from the channel a r e  chosen so 
t h a t  each inver te r  un i t  handles an equal amount 
of power from the channel. The system uses 
both induct ive and capaci t ive f i l t e r i n g  of the 
channel power. The output power i s  fed d i rec t -  
l y  i n t o  a  208 VAC 3-phase 60 cycle l i n e  power 
g r i d  used by the  f a c i l i t y .  

F igure  4. Basic l i n e  commutated i n v e r t e r  3-
phase c i r c u i t  used. This i n v e r t e r  un i t  employs 
a dv/dt suppression c i r c u i t  t o  minimize the  
p o s s i b i l i t y  of the t h y r i s t o r  turning i t s e l f  on 
from a  f a s t  forward voltage pulse. 

TO c TOE 

Figure 5. Add on auxi l i a ry  c i r c u i t  f o r  McMurray 
type commutation. This c i r c u i t  i s  added t o  t h e  
bas ic  t h y r i s t o r  l i n e  commutated c i r c u i t  t o  make 
it a  McMurray self-commutating system. 

Figure 6. Pulse c o n t r o l  and t r i g g e r  cab ine t .  
This cabinet  contains  a l l  of t h e  c i r c u i t r y  t h a t  
generates and cont ro l s  t h e  20 v o l t  pulses  t h a t  
t u r n  on each of t h e  t h y r i s t o r s .  Each pulse c a n  
be  ind iv idua l ly  phase con t ro l led  r e l a t i v e  t o  all 
other  pulses .  The phase of each i n v e r t e r  u n i t ,  
2 i n v e r t e r  u n i t s  a t  a time o r  a l l  4 i n v e r t e r  
u n i t s  can a l s o  be var ied  simultaneously. The 
D . C .  input  vol tage and cur ren t  and A.C. output  

current  is  a l s o  displayed i n  t h i s  u n i t .  
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Figure  7 .  Main t h y r i s t o r  b r i d ~ e  u n i t  f o r  l i n e  
commutation. Four of t h e s e  unyts a r e  used t o  
make dp t h e  main switching u n i t s  f o r  t h e  in-  
v e r t e r  system. 

Figure 9 .  Line commutated i n v e r t e r  u n i t  
e f f ic iency  vs. f i r i n g  angle f o r  a  constant 
D . C .  input current .  

F igure  8. The twelve 10 KVA power t ransformers .  
These t rans formers  havg s i l i c o n  s t e e l  cores  and 
very  l i t t l e  l o s s  f o r  e i t h e r  the  60 c y c l e  power 
o r  t h e  high frequency no ise .  The t ransformers  
have d u e l  winds on both t h e  primary and second- 
ary. The primary h a s  t a p s  which give a  vo l tage  
s t e p  c a p a b i l i t y  of from zero t o  150 v o l t s  i n  10 
v o l t  s t e p s .  The secondary windings have zero ,  
52,  60, 104 and 120 v o l t s .  These t ransformers  
can  b e  convected i n  e i t h e r  Delta o r  wye con- 
f i g u r a t i o n s .  

Figure 10. Line commutated i n v e r t e r  un i t  
e f f ic iency  vs. D.C. input current  f o r  a constant 
f ix ing  angle of 160". 
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(b) Vert 50 V/D, Horz 3 m s / D  

Figure 11. I n v e r t e r  inpu t  vo l t age  (a) and out- 
put  cu r ren t  (b) dur ing MHD ope ra t ion  f o r  one 
u n i t  of t h e  l i n e  commutated i n v e r t e r  system with  
no s e r i e s  inductor  used. The phase angle  is 
approximately 160'. Note t h e  l a r g e  amount of 
n o i s e  on t h e  i n p u t  and output  power. 

( a )  Vert 50 V/D,  Horz 3 i n s / ~  

(b)  Vert 50 V/D, Horz 3 m s / D  

F igure  12.  I n v e r t e r  i n p u t  vo l t age  (a) and out-  

put  c u r r e n t  (b) dur ing  MHD o p e r a t i o n  f o r  one 

u n i t  of t h e  l i n e  commutated i n v e r t e r  sys tem.  A 

9-mh induc to r  i s  used i n  s e r i e s  w i t h  t h e  i n p u t  

vo l t ages .  Note t h e  r educ t ion  i n  n o i s e  when com-

pared wi th  F igure  11. 


Vert 20 V/D, Horz 3 m s / D  

P igure  13. I n v e r t e r  sys tem t o t a l  i n p u t  v o l t a g e  
f o r  2 u n i t s  of t h e  l i n e  commutated i n v e r t e r  sys-  
tem opera t ing  a t  d i f f e r e n t  phase  ang les  o f  approx- 
ima te ly  130' and 150" us ing  a D.C.  power supply.  
Note t h e  l a c k  of n o i s e  i n  comparison with  F igures  
11and 12 and t h e  l a r g e  f l u c t u a t i o n s  i n  
the  D.C.  v o l t a g e  caused by t h e  use  o f  a 
s m a l l e r  phase ang le .  
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