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A b s t r a c t  

A  r e p r e s e n t a t i v e  s e t  o f  c o n v e n t i o n a l l y - b a s e d  
c o n t r o l  s t r a t e g i e s  i s  app l  i e d  t o  a f i r s t - p r i n c i  p l e  
dynamic model o f  a n  ETF-s ized  combined-cyc le  
MHD-steam p l a n t .  Depending on  how m a j o r  c o n t r o l  
s i g n a l s  a r e  formed,  t h e  o v e r a l l  c o n t r o l  s t r a t e g i e s  
a r e  s i m i l a r  t o  c o n v e n t i o n a l  b o i l e r - f o l  l o w i  ng, 
t u r b i n e - f o l l o w i n g ,  o r  c o o r d i n a t e d  c o n t r o l .  V a r i -
a t i o n s  o f  c o n t r o l  o f  c o n ~ b u s t i o n  gas r e c y c l i n g  
appear w i t h i n  each major c o n t r o l  s t r a t e g y .  Ex-
amples o f  p l a n t  dynamic response  under  each o f  t h e  
t h r e e  m a j o r  s t r a t e g i e s  a r e  p r e s e n t e d  and d iscussed .  

I. I n t r o d u c t i o n  

T h i s  Paper  p r e s e n t s  d e s c r i p t i o n s  and r e s u l t s  
o f  conven thona l  l y - b a s e d  c o n t r o l '  p o l i c i e s  a p p l i e d  
t o  a  f i r s t - p r i n c i p l e  dynamic model o f  a  combined- 
c y c l e  MHD-steam power p l a n t .  The purpose i s  t o  
de te rmine  c o n t r o l  s t r u c t u r e  and c o n t r o l l e r  v a l u e s  
wh ich  r e s u l t  i n  s a f e ,  s t a b l e ,  f a s t ,  and smooth 
t r a n s i t i o n s  between o p e r a t i n g  p o i n t s ,  s u b j e c t  t o  
necessary  c o n s t r a i n t s  on  sys tem v a r i a b l e s .  These 
models and s t u d i e s  a r e  g e n e r a l  1  y  a p p l i c a b l e  t o  
p l a n t s  o f  E n g i n e e r i n g  T e s t  F a c i l i t y  (ETF) and 
commercial s i z e s ,  and o f  v a r i o u s  des igns .  

The c o m p l e t e  p l a n t  model i s  b u i  1  t up f r o m  
component and subsys tem models,  each o f  wh ich  i s  
u l t i m a t e l y  based  o n  p h y s i c a l  d e s c r i p t i o n s  o f  
b e h a v i o r .  The steam p l a n t  i s  d e s c r i b e d  by f i r s t -  
p r i n c i p l e  dynamic e q u a t i o n s  o f  p h y s i c a l  laws.  1-5 
Parameters and  v a r i a b l e s  t h a t  appear i n  t h e  a c t u a l  
p l a n t  (e.q., t e m p e r a t u r e s  o f  steam, meta l ,  and  
combust ion gases,  p r e s s u r e s  o f  steam and combus- 
t i o n  a i r ,  mass f l o w  r a t e s ,  c o n t r o l  v a l v e  areas,  
e t c . )  a l s o  appear  i n  t h e  dynamic model .  The 
MHO t o p p i n g  c y c l e  model i s  nondynamic because i t s  
t i m e  c o n s t a n t s  a r e  s o  much s h o r t e r  t h a n  t h o s e  o f  
t h e  r e m a i n d e r  o f  t h e  sys tem t h a t  f o r  a l l  purposes 
o f  c u r r e n t  use,  i t  e x h i b i t s  i n s t a n t a n e o u s  r e -  
sponse. I t appears  as a s e t  o f  a l g e b r a i c  cu rve-
f i t s  ( c a l l e d  i n p u t - o u t p u t  mode ls )  w h i c h  a r e  
d e r i v e d  f r o m  a  d a t a  base g e n e r a t e d  b y  o t h e r  
d e t a i l e d  t ime-dependent  mode ls  o f  s p e c i f i c  PlHD 
components. 

11. MHD-steam P l a n t  Model F e a t u r e s  

The p l a n t  i s  ETF-s ized,  c h a r a c t e r i z e d  b y  
f i r e d  a i r  p r e h e a t e r  p r o v i d i n g  a t m o s p h e r i c  a i r  as 
o x i d a n t  a t  3000°F (1922K). A  non- rehea t  m a i n  
steam t u r b i n e  and a  s t e a m - d r i v e n  o x i d a n t  com- 
p r e s s o r  a r e  i n c l u d e d ,  b o t h  o f  w h i c h  a r e  s u p p l i e d  
f r o m  t h e  d rum- type  m a i n  s team system a t  1300 p s i a  
(8.96 MPa) and 950°F (783K) t h r o t t l e  c o n d i t i o n s .  

Yominal t h e r m a l  i n p u t  i s  300 MW. E l e c t r i c a l  

o u t p u t  i s  108 .0  MW w i t h  51.5 MW MHD power and 

56.5 MW ma in  t u r b i n e - g e n e r a t o r  power a t  100 per -  

c e n t  o f  d e s i g n .  I n  t h e s e  r e s p e c t s ,  t l?e p l a n t  

modeled i s  s i m i l a r  t o  t h e  AVCO p r e l i m i n a r y  ETF 

concep tua l  d e s i g n s .  6  


The s t a t e  v a r i a b l e s  o f  model o p e r a t i o n  a r e  
p r i n c i p a l l y  mass f l o w  r a t e s ,  p r e s s u r e s ,  tempera-

t u r e s ,  and power e x t r a c t i o n  a t  numerous p e r t i n e n t  
p o i n t s  i n  t h e  p l a n t .  The p l a n t  model i s  s u i t a b l e  
f o r  dynamic o p e r a t i o n  i n  t h e  50 p e r c e n t  t o  110 
p e r c e n t  r a n g e  o f  r a t e d  e l e c t r i c a l  o u t p u t ,  w i t h  
t h e  p r i n c i p a l  l i m i t a t i o n s  b e i n g  t h e  range  coverab le  
by t h e  c o m b u s t o r - n o z z l e - c h a n n e l - d i f f u s e r  subsystem 
model and t h e  c u r r e n t  range  o f  s team-water  model- 
i n g .  

The combus to r -nozz l  e -channe l -d i  f f u s e r  (CNCO) 
has f o u r  f l o w  r e l a t e d  i n p u t s  c o n t r o l l e d :  o x i d a n t  
f low,  coa l  f l ow,  seed f l o w ,  and o x i d a n t  preheat .  
O n l y  o x i d a n t  f l o w  i s  d i r e c t l y  c o n t r o l l e d  d u r i n g  
t h e  t e s t s  p r e s e n t e d .  Coal f l o w  and seed f l o w  a r e  
f o r c e d  t o  f o l l o w  o x i d a n t  f l o w  t o  m a i n t a i n  a  .95 
e q u i v a l e n c e  r a t i o  and 1  p e r c e n t  seed ing  l e v e l s  
w h i l e  o x i d a n t  p r e h e a t  i s  f i x e d  a t  1922K. 

The p h y s i c a l  a r rangement  of  t h e  steam gener- 
a t i n g  p o r t i o n  o f  t h e  p l a n t  i s  shown i n  F igure  1, 
d i s p l a y i n g  t h e  assumed l o c a t i o n s  o f  a1 1  s i g n i f i -  
c a n t  steam g e n e r a t o r  components. O f  s a l i e n t  
i n t e r e s t  i s  t h e  l o c a t i o n  of  r e c y c l e d  combustion 
g a s p o r t s  j u s t  p r e c e d i n g  t h e  secondary ( f i n i s h i n g )  
s u p e r h e a t e r  and above t h e  seed t a p s  a t  t h e  bot tom 
o f  t h e  secondary f u r n a c e .  Thus r e c y c l e d  gas 
produces two  immed ia te  e f f e c t s :  ( 1 )  an inc rease  
i n  gas f l o w  t h r o u g h  a l l  p o r t i o n s  o f  t h e  steam 
g e n e r a t o r  downstream o f  t h e  r a d i a n t  b o i l e r ,  
i n c l u d i n g  b o t h  s u p e r h e a t e r  s e c t i o n s ,  t h e  low- 
t e m p e r a t u r e  a i r  h e a t e r  (LTAH) , and t h e  economizer, 
and (2 )  a  d e p r e s s i o n  i n  t h e  t e m p e r a t u r e  p r o f i l e  
o f  t h e  combus t ion  gas downstream o f  t h e  i n j e c t i o n  
p o r t s .  

-ESP 
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F i g u r e  1 .  S i m p l i f i e d  Steam G e n e r a t o r  E l e v a t i o n  
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The e f f e c t  of increased gas flow and 
depressed gas temperature on the steam generator 
system i s  to increase heat t rans fe r  to the con-
vect ive uni ts  mentioned above. The gas-side heat 
t rans fe r  equations of the un i t s  are1 14,7 

f o r  the secondary superheater ,  and 

f o r  the low-temperature a i r  heater,  primary 
superheater, and economizer, respectively. 

-
T and Tmet a re  the average gas tempera- 

gas 

tu res  and metal temperatures ( O K )  appropriate 

t o  each un i t ,  while W i s  gas flow in Kgfsec. 


gas 

Steadwater-s ide heat t rans fe r  i s  given by 


the equations 


- 0.8 
Tsteam steam ( 7 )  

where the symbols a r e  self-explanatory. The 
coef f ic ien t s  of equations 1-8 incorporate 
emissivi ty ,  average film t r a n s f e r  coeff icients ,  
surface area,  and shape fac tor .  Additional 
equations contain information on metal mass, 
metal spec i f ic  heat ,  steam/water/ai r  volume and 
enthal py-temperature r e l a t i o n s .  

Within the normal operating range of the 
p lan t ,  the increase in gas-side heat transfer due 
t o  g rea te r  combustion gas flow dominates the drop 
in heat t rans fe r  due t o  decreased temperature 
differences.  Thus gas recycling can maintain 
the important main steam conditions a t  low loads 
by providing increased heat t rans fe r  to  super-
heat and economizer surfaces.  

A second e f f e c t  of gas recycling having 
par t i cu la r  i n t e r e s t  i s  t h a t  gas temperature a t  
the bottom of the  secondary furnace can be driven 
downward (but not upward) from the normal (non-
recycling) temperature. A t  the  upper end of 
normal operation (above 70% 1 oad), gas recycling 
can be used to depress t h e  secondary furnace 
e x i t  gas temperature t o  1350K, j u s t  above the 
fusion temperature of potassium su l fa te  (1342K). 
Whether t h i s  wil l  be e f f e c t i v e  in seed product 
recovery has been a sub jec t  of considerable 
discussion, b u t  the control action i s  feasible .  

The efficacy of such control will not be known 
unt i l  a f t e r  the heat-recovery seed-recovery (HRSR) 
t e s t  faci  1 i  ty i s  operated. 

I t  i s  important t o  note tha t  t h r o t t l e  steam 
temperature control c a l l s  f o r  gas recycling a t  
low loads, tapering off as load increases, while 
seed condenser e x i t  gas temperature control cal l  s  
f o r  recycling a t  high loads, tapering off  as load 
decreases. Thus the two objectives of gas 
recycling are  in d i rec t  conf l ic t .  Examples of 
both modes of control (and of no control)  a re  
given in subsequent sect ions,  and can be judged 
in the context of overall plant behavior as well. 

111. Control Points and Controller Structure 

While sharing s i m i l a r i t i e s  with conventional 
foss i l - f i red  steam plants ,  MHD-steam plants have 
cer ta in  fundamental aspects of control possibi l -
i t i e s  and problems t h a t  s e t  them apar t .  The 
principal differences a re :  

-	 The f i r i n g  ra te  produces immediate power 
through enthalpy extraction in the M H D  
channel, a  feature not exis t ing in con-
ventional plants .  

-	 Firing power i s  required in the form of 
steam t o  operate the a i r  compressor drive 
turbine. This i s  about 22 t o  25 percent 
of total  steam generation in s teady-state  

-	 Burner t i l t s  f o r  superheat and steam 
generation control a re  absent,  leaving gas 
recycling as the major poss ib i l i ty  f o r  
such control.  

The fundamental flow paths and flow control 
points are  shown in Figures 2, 3, and 4 .  The two 
major control points a r e  the main turbine 
governor value ( C , )  and the a i r  compressor turbine 

3 

governor value ( C 4 )  One other control point,  the 

gas recycle damper, i s  qui te  s ign i f ican t  with re-
gard t o  the wide choice of control pol icies  tha t  
may be applied to  i t .  I t s  c lea r  and immediate 
e f f e c t s  on the system are discussed above. I t s  
unexpected e f fec t s  will be discussed in the 
next section. 

Other control points a re  no less  s ign i f ican t  

in t h e i r  e f fec t  on proper plant operation, b u t  

the range of control pol icies  tha t  can be applied 

to them i s  very res t r i c ted  in pract ice o r  i s  

r es t r i c ted  f o r  t h i s  model . A moderate exception 

i s  the drum water level con t ro l le r ,  which drives 

the boi ler  feed pump turbine. For t h i s  model i t  

i s  a  feed forward control ler  on main steam pres- 

sure,  a  proportional-integral con t ro l le r  on in 

flow-out flow difference,  and a  deadband con-

t r o l l e r  on measured leve l .  Control points such 

as spray atternperator, secondary a i r  in jec t ion ,  

and water wall c i rculat ion a re  l e s s  s ign i f ican t  

in operating impact, producing secondary e f fec t s  

on s t a b i l i t y .  


Considering the needs of plant responsiveness 
and plant in tegr i ty ,  the two most important 
variables are  net plant power output (QEn)  and 

main steani pressure (PS,). Therefore, cdntrol 
J 

signals  t h a t  actuate the turbine governor values 
will be formed fro~n these physical var iables .  
The need to meet power demands i s  c l e a r ,  especial ly  
i f  the plant i s  part of a  modern dispatch gr id 
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Figure 2 .  Steam-Water Path with Control Points 

Figure 3. Air Path with Control Points 
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with i t s  long t i e  l ines  and interconnected system 
operation. The iden t i f i ca t ion  of main steam 
pressure as  the principal in tegr i ty  measure i s  
based on the f a c t  t h a t  without adequate steam 
pressure, system functions shut down. With the 
remainder of the plant controls  operating in 
normal closed-loop manners (e .g .  , spray attem- 
perator f ixing an upper l i m i t  on the main steam 
temperature, bo i le r  feed pump control set t ing 
drum level ,  e t c . ) ,  the s implif ied main control 
loops appear as  in Figure 5 ,  with turbine value 
areas as control points.  

Figure 5. Main Turbine Valve and Air Compressor 

Turbine Valve Control Structure, MHD-

Leading when H p  and H3 non-zero; 

H1 = H4 = 0. MHD-Following when HI 
and H4 non-zero; H 2  = Hg = 0. Feed-
forward may be present in ei ther  mode. 

The power reference input i s  megawatt demand 
(Qre f )and the controlled output i s  combined MHD-

steam megawatt production (Qout). Pref i s  the 

t h r o t t l e  steam pressure reference, and P o u t  i s  the 

actual t h r o t t l e  pressure. Thus, the major loop i s  
from Qref t o  Q O u t  and returning through the upper 

feedback path, while another loop i s  fro111 P r e f  to  

P o u t  and return. Plant dynamics are represented 

by G i ,  i = 1,2,3,4, in which G1 and G2 embody the 

e f f e c t s  of main turbine valve area on power 
production and t h r o t t l e  pressure, respectively, 
while G3 and G 4  represent the e f fec t s  of a i r  

compressor turbine valve area on power production 
and t h r o t t l e  pressure. 

proportional-integral-derivative (PID) con- 
t r o l l e r s  a re  placed i n  cascade between the error 
signal and the pert inent  turbine valve and are 
represented by H . ,  j = 1,2,3,4. In general form, 

J 
Figure 4. Combustion Gas Path with Control Points 
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For ease i n  m o d i f i c a t i o n  o f  c o n t r o l  1  ers,  s e p a r a t e  
i n t e g r a t o r s  a r e  n o t  used, h a v i n g  been combined 
i n t o  a  s i n g l e  i n t e g r a t o r  w i t h  two i n p u t s  as i n  
F i g u r e s  6 and  7. F o r  a1 1  c o n t r o l  p o i n t s ,  i n t e g r a l  
c o n t r o l l e r s  have l o g i c  p r e v e n t i n g  them f r o m  
i n t e g r a t i n g  t h e  c o n t r o l  s i g n a l  beyond e i t h e r  upper 
o r  l o w e r  v a l v e  1  i m i t s  ( a n t i - w i n d u p  l o g i c ) .  

FF1 a n d  FF2 a r e  p r o p o r t i o n a l  f e e d f o r w a r d  
c o n t r o l l e r s  t h a t  immediate1 y  d r i v e  main t u r b i n e  
v a l v e s  and a i r  corr lpressor t u r b i n e  va lves  t o  
nominal  o p e r a t i n g  p o i n t s  i n  accordance w i t h  Q  r e f '  

D e t a i l e d  schemat ic  d iagrams o f  t h e  niain 
g e n e r a t o r  t u r b i n e  v a l v e  c o n t r o l l e r s  and a i r  com-
p r e s s o r  t u r b i n e  v a l v e  c o n t r o l l e r s  a r e  shown i n  
F i g u r e s  6 and  7, r e s p c e t i v e l y .  They a l s o  i n c l u d e  
v a l v e  s e r v o  dynamics,  r a t e  l i m i t i n g ,  and magni-tude 
1  i m i t i  ng c h a r a c t e r i s t i c s .  H1 i s  i d e n t i f i a b l e  as 

t h e  c o l l e c t i o n  o f  b l o c k s  a t  t h e  t o p  of F i g u r e  6 
(headed b y  b l o c k  K,) and H3 i s  t h e  c o l l e c t i o n  o f  

b l o c k s  i n  t h e  m i d d i e  o f  t h e  f i g u r e  (headed by 
KS6).  FF1 i s  composed o f  m u l t i p l i e r  KFFl and 
a d d i t i v e  c o n s t a n t  KFF2. S i m i l a r l y ,  H3 i s  t h e  

group o f  b l o c k s  a t  t h e  t o p  o f  F i g ~ ~ r e  7  (headed 

by K6"), and  H4 i s  t h e  g r o u p  i n  t h e  m idd le  (headed 


by ~ 6 ; ) .  The f e e d f o r w a r d  b l o c k  FF2 c o n s i s t s  o f  
.. 

mu1 t i p l i e r  KFF3 and  a d d i t i v e  c o n s t a n t  KFF4. 
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F i g u r e  7. A i r  Compressor T u r b i n e  V a l v e  C o n t r o l  

Two b a s i c  c o n t r o l  modes a r e  d e f i n e d  by t h e  
manner i n  wh ich  t h e  ma in  t u r b i n e  v a l v e  and t h e  
a i r  compressor v a l v e  a r e  modulated.  F i g u r e  5 
shows t h a t  t h r e e  s i g n a l s  a r e  used f o r  such con-  
t r o l  : power demand (Qre f ) ,  power e r r o r  (Qref -
Qout), and t h r o t t l e  p r e s s u r e  e r r o r  (Pref - Pout). 

I f  power e r r o r  i s  t h e  s i g n a l  c o n t r o l l i n g  a i r  
compressor  t u r b i n e  v a l v e  a rea  and t h r o t t l e  p r e s -  
s u r e  e r r o r  i s  t h e  s i g n a l  c o n t r o l l i n g  ma in  t u r b i n e  
v a l v e  arTa,  t h e  mode o f  c o n t r o l  i s  l a b e l e d  'MHD- 
Leading,  s i n c e  t h e  MHD power t r a i n  l e a d s  t r  
steam b o t t o m i n g  p l a n t  by respond ing  i m m e d i a t e l y  
t o  power g e n e r a t i o n  e r r o r ,  1  e a v i n g  t h e  steam p l a n t  
t o  respond  more s l o w l y  t o  changes i n  t h r o t t l e  
steam pressure .  It i s  s i m i l a r  i n  response  t o  
c o n v e n t i o n a l  t u r b i n e - f o l l o w i n g  c o n t r o l - - s t a b l e  
w i t h  s low s e t t l i n g  o f  response.  R e f e r r i n g  t o  
F i g u r e  5, H2 and H3 c o n t r o l l e r s  a r e  p r o v i d i n g  t h e  

c o n t r o l  s i g n a l s  f o r  v a l v e  a c t u a t i o n ,  w h i l e  HI = 
H4 = 0. 

When t h e  c o n t r o l l i n g  s i g n a l s  a r e  i n t e r c h a n g e d ,  
i .e . ,  when t h r o t t l e  p r e s s u r e  e r r o r  c o n t r o l s  a i r  
compressor  v a l v e  a rea  and power demand e r r o r  con-  
t r o l s  main t u r b i n e  v a l v e  area,  t h e  mode o f  c o n t r o l  
i s  l a b e l e d  ' MHD-fo l lowing.  ' The steam p l a n t  1  eads 
i n  response t o  t h e  power demand, t h e r e b y  d r o p p i n g  
t h e  t h r o t t l e  p r e s s u r e  and c r e a t i n g  an  i n c r e a s e d  
f i r i n g  r a t e  s i g n a l  wh ich  t h e  a i r  compressor  
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governor valve (and hence the MHD power t r a i n )  
follows. This control i s  s imilar  to  convention-
al boi ler  following control--rapid response from 
the steam plant ,  higher overshoots, and tenden- 
c ies  toward i n s t a b i l i t y .  

Either control s t rategy may be augmented by 
feedforward control asser ted by the power demand. 
When feedforward i s  applied, e i t h e r  o r  both tur-
bine governor valves a r e  driven rapidly to  t h e i r  
nominal s teady-state  values corresponding to the 
new demand point.  Controllers FF1 and FF2 of 
Figure 5 provide t h i s  act ion.  

Combination of both MHD-leading and MHD-
following control y ie lds  a coordinated control 
mode, which has desireable  features  of both types 
of control.  

Because the  plant  involved i s  representative 
of the ETF and channel i n t e g r i t y  i s  probably of 
high i n t e r e s t ,  i t  was deemed advisable to  provide 
a control mode t h a t  l i m i t s  s t r e s s  imposed on the 
channel. The channel s t r e s s  measure was taken 
t o  be M H D  e l e c t r i c a l  output (QE3) ( i t  could as  

well have been combustion gas flow or d i f fuser  
ou t le t  temperature). When Q E 3  exceeds an a rb i t ra ry  

value (CMAX), the  dual mode cont ro l le r s  fo r  the 
a i r  compressor turbine valve, H3 and/or H4, switch 

from the  normal e r r o r  signal t o  a channel over-
shoot e r ror  signal ( Y N ) ,  thereby l imit ing a i r  
compressor turbine drive. The e f f e c t  on s t a b i l i t y  
can be s ign i f ican t  since channel output i s  a lso 
basically the steam plant f i r i n g  ra te .  

Seed :vi-fl,
Outlet Gas 
Temp 

C I N I ~  

Virtual ly end1 ess variat ions of control 
pol icies  can be applied t o  the combined-cycle 
p lan t ,  each of which has i t s  distinguishing re-
sponse charac te r i s t i cs .  Examples of the three 
control s t ra teg ies  discussed above a re  shown. 
Table 1 gives control parameters t h a t  determine 
the s t rategy while Table 2 gives important para- 
meters t h a t  a re  invariant  among s t r a t e g i e s .  

Table 1. Strategy-Determining Control Constants 

Coordinated MHD MHD 
Constant Control Leading Following 

, 

Rote 8 Mag 

Limiting
rl
~ 2 S lh K ~ 7  

Seed Cond Outlet K25 Y2 -Gas Temp Ref 

f ------

~ 2 4FT 
/ 
1-1 

I 

\-
 Table 2 .  Strategy-Invariant Control Constants-


1 + Ti45 I +TIJS VA14 
O < '26 < K28 (CI4)

IGos Recycling Valve Dynamics VA14'Y25 

*when recycled gas is used far main sleorn temperature 
control, these values ore replaced as follows: 

T G s b T S 2 ;  TG,+TS,; GIN,,+ CIN12.  Also, the + 

and - signs o f  the le f t  summing junction are interchonged. 


Figure 8. Combustion Gas Recycling Valve Control 

SEAM #19 (1981), Session: Systems III

https://edx.netl.doe.gov/dataset/seam-19


'Figure 10. Fully Coordinated Control. No Channel 
Limiting. INo Gas Recycling. 

The system was subjected to  both ramp-up and 
ramp-down ( a t  ten percent per minute ra tes )  be- 
tween l i m i t s  of 100 percent rated output and 70 
percent rated output. A ramp-up of demand i s  
shown since t h i s  direct ion of load change s tresses  
t h e  plant  capabi l i ty  more severely than does a 
ramp-down of demand. 

Control s t ra tegy  1 (Figures 10 - 12) i s  
f u l l y  coordinated control without MHD channel 
1 imi t i  ng, having variat ions in  the control modes 
f o r  gas recycling. I t  i s  a l so  the only strategy 
f o r  which steam condition p lo t s  and gas condition 
p lo t s  a r e  shown. Power plots  and steam flow 
p lo t s  a r e  shown f o r  a l l  control s t ra teg ies .  

Demand tracking a b i l i t y  of coordinated con- 
t r o l  i s  exce l len t ,  which i s  typical of s t rategies  
i n  which the main turbine i s  responsive to  mega- 
watt demand (MHD-following charac te r i s t i cs ) .  
Indeed, dynamic response of the  plant may be less  
a 1 imiting f a c t o r  under such control than are the 
maximum temperature gradients  tha t  the turbine 
can withstand. Channel output exceeds 100 percent 
ra t ing  (51.5 FIW) f o r  much of the time, reaching 
a peak of 107.8 percent (55.5 MW) a t  the end of 
t h e  ramp. This behavior has implications fo r  
a i r  heater  s iz ing  as well a s  channel safety. 

The 100 percent channel output level i s  shown i n  
a l l  power plots. Throttle pressure i s  we1 1 
behaved b u t  t h r o t t l e  temperature i s  depressed by 
20K a t  70 percent load, r is ing t o  s e t  point 340 
seconds a f t e r  ramp application. Meanwhile, gas 
temperature a t  the e x i t  of the seed condenser fu r -  
nace r ises  from 1350K (the desired value - a 
coincidence) to a peak of 1520K a t  the end of the  
ramp, then se t t l ing  to  1470K a f t e r  10 minutes. 

Gas recycling f o r  t h r o t t l e  steam temperature 
control (Figure 11) produces s o f t  l imiting of 
M H D  channel output without imposition of hard 
l i~n i t ing  through the dual -mode control 1 e r .  This 
response i s  character is t ic  since i t  has occurred 
in every application of gas recycling f o r  steam 
temperature control , independent of the overall  
control strategy (coordinated, MHD-1 eading , MHD-
following). Throttle pressure i s  not so well 
behaved, showing a sizeable h u m p  a t  240 seconds, 
while temperature i s  we1 1 control led, as  expected.
Seed condenser gas e x i t  temperature i s  e r r a t i c .  
Again, these general responses are c h a r a c t e r i s t i c  
of gas recycling controlled by main steam con- 
di tions. 

Gas recycling for  seed condenser gas tem- 
perature control (Figure 12) causes a s i g n i f i c a n t  
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F i g u r e  11.  F u l l y  C o o r d i n a t e d  C o n t r o l .  No Channel 
L i m i t i n g .  Steam Temperature Gas Recyc le  
C o n t r o l .  

overshoo t  o f  MHD o u t p u t  t o  117 p e r c e n t  (60 .0  MW), 
w i t h  a l o n g  t a i l  a f t e r  ramp c e s s a t i o n ,  a t y p i c a l  
response f o r  such c o n t r o l .  T h r o t t l e  p r e s s u r e  
shows a  wedge-shaped d e p r e s s i o n ,  r e c o v e r i n g  
w i t h o u t  overshoo t .  Steam t e m p e r a t u r e  i s  abou t  
20K l o w  a t  t h e  o u t s e t ,  becoming we1 1 - c o n t r o l  l e d  
w i t h  t h e  e a r l y  o n s e t  o f  a t t e m p e r a t o r  sp ray .  Gas 
tempera tu re  i s  w e l l - c o n t r o l l e d .  

F i g u r e s  13 and 14 a r e  examples o f  MI iD- fo l low ing  
c o n t r o l ,  w i t h  no channel l i m i t i n g  and w i t h  100 
p e r c e n t  channel  l i m i t i n g .  E x c e l l e n t  l o a d  t r a c k i n g  
i s  seen i n  b o t h  cases, w h i c h  i s  c h a r a c t e r i s t i c  o f  
MHD-fo l lowing.  Power p l o t s  g i v e  t h e  appearance 
t h a t  h a r d  channel  l i ~ i l i t i n g  i s  a c l e a r  cho ice .  
However, b e h a v i o r  o f  ma in  steam p r e s s u r e  b e l i e s  
t h i s .  I t  i s  e v i d e n t  t h a t  channe l  l i m i t i n g  a t  
100 p e r c e n t  causes a  s e r i o u s  d e c l i n e  i n  t h r o t t l e  
p ressure .  The d e c l i n e  o c c u r s  because h a r d  
l i m i t i n g  o f  channel  o u t p u t  imp1 i e s  h a r d  l i m i t -  
i n g  o f  b o i l e r  f i r i n g ,  a  c o n d i t i o n  t h a t  w i l l  n o t  
s u p p o r t  t h e  necessary t r a n s i e n t  b e h a v i o r .  O t h e r  
s i m u l a t i o n s  ( n o t  shown) i n d i c a t e  t h a t  a  l i m i t  
o f  105 p e r c e n t  a l l o w s  t h r o t t l e  p r e s s u r e  t o  s u r -
v i v e  t h e  t r a n s i e n t .  

No examples w i t h  gas r e c y c l i n g  a r e  shown s i n c e  
t h e i r  behav io rs  a r e  q u i t e  s i m i l a r  t o  t h o s e  shown 

above. 

F i g u r e  15 i s  an example o f  MHD-leading c o n t r o l  
w i t h  no channel  l i m i t i n g  and no  gas r e c y c l i n g .  
R e l a t i v e l y  s l u g g i s h  l o a d  t r a c k i n g  i s  seen, 
c o u p l e d  w i t h  l o w  MHD-channel o v e r s h o o t  o f  106 
p e r c e n t  (54.6 MW),  and b e t t e r  c o n t r o l l e d  t h r o t t l e  
p r e s s u r e  t h a n  i n  t h e  c o r r e s p o n d i n g  MHD-fol l  owing 
case.  Slow, e x t r e m e l y  s t a b l e  response i s  t y p -  
i c a l  o f  MHD-leading c o n t r o l .  Gas r e c y c l i n g  
response ( n o t  shown) i s  a g a i n  s i m i l a r  t o  t h a t  
a1 r e a d y  seen. 

V .  Concl u s i o n s  

A t y p i c a l  s e t  o f  t h r e e  c o n v e n t i o n a l l y -  
based c o n t r o l  s t r a t e g i e s  f o r  combined-cyc le MHD-
steam p l a n t s  i s  shown. Responses o f  c o o r d i n a t e d  
c o n t r o l  and MHD- fo l low ing  c o n t r o l  a r e  s i m i l a r ,  
w h i l e  MHD-leading c o n t r o l  has a  separa te  t y p i f y i n g  
appearance. L o a d - f o l l o w i n g  c h a r a c t e r i s t i c s  o f  t h e  
f i r s t  two s t r a t e g i e s  a r e  demons t ra ted  s u p e r i o r  t o  
t h a t  o f  MHD-leading. Combust ion gas i s  r e c y c l e d  i n  
two d i s t i n c t  modes, c o n t r o l  1  i n g  main steam tempera- 
t u r e  o r  seed condenser e x i t  gas temperature.  

A c h o i c e  o f  c o n t r o l  s a t i s f y i n g  t h e  c r i t e r i a  
o f  p l a n t  s t a b i  1  ity, l o a d  f o l l o w i n g ,  steam pressure  
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F igu re  12. 	 F u l l y  Coordinated Cont ro l .  No Channel 
L im i t i ng .  Gas Temperature Gas Recycle 
Cont ro l .  

F igu re  13. MHD-Following Control .  No Channel 
L i m i t i n g .  No Gas Recycling. 
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Figure 14. MHD-Fol lowing Control. Channel 
a t  100%. No Gas Recycling. 

Limit 

Figure 15. 	 MHO-Leading Control. No Channel 
Limiting. No Gas Recycling. 

regulation, and minimum channel overshoot would 3.  K.  J .  Astrom and K.  Eklund, "A Simplified 

admit both coordinated control and MHD-following Nonlinear Model of a Drum-Boiler Turbine Unit," 

control ,  with steam temperature gas recycle control .  International Journal Control, Vol. 16, No. 1, 

The r e s u l t a n t  seed condenser e x i t  temperature 1972, p p .  145-169. 

p rof i l e  may be poor from the viewpoint of the seed 

recovery process. 4 .  D. A.  Pierre and D .  A .  Rudberg, 'First- 


Pr inciple  Component Model s fo r  Control Sys-
Further simulation (not  shown) indicates  t h a t  tems Simulation of MHD-Steam Plants ," 

MHD-following i s  l e s s  s t a b l e  than coordinated con- Proceedings, 18th Symposium on Engineering 
t r o l .  A c e r t a i n  looseness of main steam pressure Aspects of M H D ,  June 1979. 
must be t o l e r a t e d  by the  a i r  compressor con t ro l le r .  
With an MHD-following s t ra tegy ,  values of K6] 5. 9. L. Goldsworthy, 0. A. Rudberg, and 0. A. 

Pierre ,  " F i r s t  Principle Dynamic ;;ode1 ing of greater  than 2.5 y i e l d  an unstable plant ,  whereas Proceedingscoordinated control i s  s t a b l e  and well-behaved with an I4HD-Steam Coup1 ed Power Plant, 
of the Fourth Power Plant Dynamics, Control
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