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The principles of automatic control  of the heliostat field of a solar power station are considered 
and specific peculiari t ies  noted. 

Among the new energy sources  which will be widely used in the future are  atomic energy, thermonuclear  
synthesis,  and so lar  energy.  Fossi l  fuel shortages and the increasing pollution of the environment make the use 
of so la r  energy especial ly promising.  In the USSR, as in other countries,  intensive effort is being given to the 
design and construct ion of solar  power stations. 

The USSR contains regions in which the solar  radiation intensity is high and quite stable. These include 
middle Asia, Kazakhstan, the Lake Baikal a rea  (2000-3000 h/yr) ,  the Caucasus,  and the Crimean (2000-2200 
h /yr ) .  In o rde r  to integrate these new energy production methods into the eountryTs economy, a p r o g r a m  has 
been undertaken directed toward the construct ion of a 200-MW exper imental - indust r ia l  so lar  power station (the 
SI~S-200). The SI~S-200 construct ion program provides  for installation of four 50-MW tower- type stations, 
each of which will be capable of future expansion. In accordance with this solar  power station construct ion 
pi:ogram, below we will consider  the problems of control of such a station. 

Control sys tems used in a so lar  power station may be of three types:  manual, automated, or  automatic.  
It should be noted that only an optimal combination of these three methods will ensure  highest efficiency of s ta-  
tion operation.  The amount of manual control is usually small  and is being sys temat ica l ly  decreased,  so will 
not be considered further .  

Automated control is the most  widespread and effectively utilized form.  It should be noted that we will 
not consider  all the problems which can be solved successful ly  by automated control  sys tems in a solar  power 
station, but only the major  ones. 

The s t ructure  of the 200-MW solar  station consists  of two interconnected links (the individual modules 
and the equipment common to the entire station). The proposed automatic control sys tem is a two-level  one, 
consist ing of a modular  level to real ize automated control  of the individual modules and a stationwtde (upper) 
level to automate control of the station as a whole and coupling to the power system.  The two levels are  based 
on electronic computers  and local automated equipment, and in general  operate as a single system, although in 
individual situations (e.g., accidents) their  indi~idual operation is possible.  F r o m  the statlonwide level, on the 
basis of energy  sys tem data and information on the state of per iphera l  equipment, control functions and coordi -  
nation of the operation of module control sys tems are  ca r r i ed  out. 

The main task  of the module control sys tem is to ensure  the most  economic mode of module operation. 
Viewed as a whole, this is a quite complex problem, so that we divide it into severa l  s impler  ones. The most  
important  of these are  the problems involved in combining the ent i re  sys tem of information collection, p r o c e s s -  
ing, and output. Such a principle of control sys tem construct ion pe rmi t s  fur ther  expansion of the sys tem and 
provis ion of a sound mathematical  basis for the power station control system.  A block diagram of information 
links in the control  sys tem of one power station module is shown in Fig. 1. 

Development of the modular  control  sys tems must be ca r r i ed  out in conjunction with design of the station- 
wide control  sys tem.  With considerat ion of this fact, we must consider  problems of operative control Of the 
modules and stationwlde equipment, and of the productive output of the station. The stationwide level of  the 
control  sys tem must  deal with problems of analysis of the activity of duty personnel,  analysis of rel iabil i ty of 
basic and anci l lary  equipment operation,  load distribution between modules, removal  of equipment f rom opera-  
tion for  repair ,  data t ransmiss ion  to higher  levels,  etc. 

The sys tem used to real ize automated control  of the solar  power station is a two-level  one, where each 
50-MW module is provided with a per iphera l  computer,  using a t w o - p r o c e s s o r  complex with available memory  
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of 256 kbyte [1]. Upon failure of one of the p r o c e s s o r s  in the pe r iphera l  computer ,  all operations can be p e r -  
formed by the second p r o c e s s o r .  The per iphera l  computers  are  connected by data links to the sys tem to be 
controlled.  The stationwlde computer  sys tem will also have a two-p roces so r  s t ructure ,  with external  memory  
provided in the form of magnetic disks and drums,  data links direct ly  to the sys tem and the per iphera l  com-  
puters ,  and means of outputtlng information to the opera tors .  

As is well known, the most  sophist icated form of control  is automatic control .  All the automatic sys tems  
used in the power station cont ro l le r  can be divided into two groups: s tandard and special .  Among the s tandard 
control  sys tems we have those for  power supply, tempera ture ,  velocity, etc. Such sys tems,  developed in thermal  
power stations, will operate equally effectively in so lar  stations.  

The major  special automatic sys tem of the solar  station is the automatic control sys tem for the heliostat  
field [2, 3]. This sys tem must  meet  requirements  of high accuracy  and reliabil i ty in operat ion in various 
reg imes .  The heliostat p a r a m e t e r s  to be regulated are  the azimuthal  and zenith displacement angles.  The 
required accuracy  in sun t racking is on the o rde r  of severa l  angular minutes in the ref lected ray direction.  
The maximum rate of angular  displacement of the heliostats is ~ 50 deg/h in the zenith direct ion and 250 deg/h  
along the azimuth. The automatic control  sys tem must  constantly maintain normal  operation of not less  than 
90% of the heliostats  at all t imes .  It is neces sa ry  to ensure:  sys tem turn-on  at a spectfled solar  radiation in- 
tensi ty  (~ 150 W/m2), t racking of visible and invisible displacements  of the sun, sys tem switch-off  upon lengthy 
reduction in so lar  radiation below a specified level, tu rn-on  and turn-of f  of heliostat  banks to regulate station 
power,  re turn  of the hellostats  to the i r  initial position, heliostat  defocusing in emergency  situations, placement  
of hel iostats  in a pro tec ted  posit ion under bad weather  conditions, etc.  The equipment operat ing in the open 
air  must  operate  rel iably over  a t empera tu re  range f rom -30 to +40~ at humidity levels to 100%, and also in 
the p resence  of a medium which both encourages  cor ros ion  and is dusty. Specific pecul iar i t ies  of the heltostat  
control  sys tem are  that for  a tower- type  genera tor  with power output on the o rde r  of 100 MW the number  of 
heltostats  compr ises  20,000-30,000; the a rea  over  which the heliostats are placed compr ises  severa l  square" 
ki lometers ;  the maximum distance of a heliostat  f rom the center  of the station is on the order  of 1000 m, and 
the heliostat  motion rules are  complex and individual. 

Based upon these requi rements  and pecul iar i t ies  of the object to be controlled, we utilize a computer  for  
the heliostat  control  function. The s t ruc ture  used in organizing the s y s t e m f o r  control  of a significant number  
of objects is h ierarchical ,  with each lower level p r o c e s s o r  communicat ing with only one higher level p roces so r ,  
so that the complexity of the interconnecting data bus is proport ional  to the number  of p r o c e s s o r s  at a given 
level. Considering the significant f ract ion of capital costs associa ted with the hellostat field of the power s ta-  
tion, the design p roces s  should ensure minimization of capital expense on automation equipment. 

There  exist central ized and decentra l ized principles  of heliostat  field control .  In comparing them, it can 
be noted that real izat ion of the centra l ized principle  over  the entire sys tem leads to a growth in capital ex-  
penditure and low reliabil i ty in sys tem operation, while there  exists a limiting number  of possible heliostats 
which can be used. The more  desirable  control  pr inciple  is the decentral ized one, with solution of a number  
of individual problems at a single control  center .  

The design of the automatic heliostat  control  sys tem is determined by many factors ,  of which the main 
ones are  the technical  charac te r i s t i c s  of the hellostat  field and of the individual hel tostats .  The basic requ i re -  
ments for  heliostats  imposed by the automatic control  sys tem may be formulated as follows: the optimum hello-  
star should: have kinematical ly unrelated mutually in tersect ing azimuthal and zenith axes of rotation; be of 
balanced construct ion about the axes of rotation; have no limits as to angle of rotation about the axes of ro ta -  
tion; show minimal moments  of inert ia about these axest be installed on a base which remains  rigidly fixed in 
space during use; have backlash- f ree  means of t ransmi t t ing  motion to the axes f rom auxill iary motors  which 
operate  smoothly; have the n e c e s s a r y  optical charac te r i s t i c s  together  with sufficient rigidity to permi t  rotation 
rates  needed in emergency  situations related to the state of the thermomechanica l  equipment; and finally, have 
a gap- f ree  centra l  re f lec tor  section. 

Nonconsideration of these requirements  in construct ion of the heliostat complicates  the automatic con- 
t rol  system, and requires  increased  expenditures in construct ion and installation. 

Block diagrams of so lar  station heliostat field control sys tems are  shown in Fig. 2. Each of the var iants  
shown has both advantages and drawbacks.  French  special is ts  favor  the open loop sys tems  which accomplish 
control on the basis of calculated coordinates (Fig. 2a) [4]. This variant  is s impler  in operation and less 
cost ly than other possible solutions of the problem.  We feel that  the most p romis ing  variant  is that depicted 
in Fig.  2c. The other var iants  are  less desirable  ei ther  because of cost considerat ions (Fig. 2b, d} or  re l iabi l -  
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Fig.  1. Functional d i ag ram of automated control  s y s t e m  
for  one power  stat ion module: 1) automat ic  input and p r e -  
l iminary  p roces s ing  of information;  2) data re l iabi l i ty  con-  
t rol ;  3) control  and record ing  of e l e m e n t a r y  o n - o f f  o p e r a -  
t ions;  4) opt imizat ion of accumula tor  operat ion;  5) analysis  
of equipment s ta tes ;  6) detect ion and evaluation of e m e r g e n c y  
si tuat ions and output of r ecommenda t ions  for  alleviation; 7) 
calculat ion and analys is  of technicoeconomic indices; 8) ca l -  
culation of equipment ene rgy  cha rac t e r i s t i c s ;  9) p resen ta t ion  
of cur ren t ,  per iodic ,  and e m e r g e n c y  informat ion.  
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Fig.  2. Block d i ag ram of so la r  stat ion hel iosta t  field control  sys t ems :  
1) cen t ra l  control  computer ;  2) cen t ra l  compute r  input and output buses;  
3) m i c r o p r o c e s s o r ;  4.1, 4.2) m i c r o p r o c e s s o r  output and input buses ;  5) 
hel ios ta t  control  devices;  6) heltostat ;  7) hel iostat  mechan i sm con t ro l l e r  
c i rcui t s ;  8) hel tosta t  s enso r s .  
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Azimuthal  and zenith angles of pos i t ion  of no rma l  to 
he l los ta t  m i r r o r  su r face  v e r s u s  t i m e  of day and s o l a r  angle: 
11, 12, 13) t r a j e c t o r y  of he l io s t a t  1 for 5 =23.5, 0 , - 2 3 . 5 ~  
21, 22, 23) t r a j e c t o r y  of he l ios t a t  2 for  5 =23.5, 0, -23 .5~ 
31, 32, 33) t r a j e c t o r y  of he l ios ta t  3 for  5 =23.5, 0, -23 .5~ 

•, z, deg; t, h. 

i ty and a c c u r a c y  c h a r a c t e r i s t i c s  (Fig.  2a), e tc .  The c i r cu i t s  which dr ive  the c o n t r o l l e r s  a re  r ea l i zed  with m e -  
dium and l a r g e - s c a l e  in tegra t ion  in tegra ted  c i r c u i t s .  The con t ro l l e r  mechan i sms  themse lves  a r e  e l e c t r i c a l  
s t epper  d r ives .  The re  is  cons ide rab le  i n t e r e s t  in use of asynchronous  moto r s  for  the s t eppe r s .  Such motors  
have a number  of good fea tures  which have ensured  the i r  wide use.  Depending on the i r  intended use, the s enso r s  
for  the autonomous cont ro l  sy s t em may  be opt ical  or  nonoptical ,  and de t e rmine  the pos i t ion  of the normal ,  axes ,  
and base  of the he l tos ta t ,  etc.  The most  widely  used s e n s o r  is of the opt ica l  type,  moni tor ing  pa s s a ge  of a r e -  
f lected r ay  f rom the m i r r o r  su r face  of the he l ios ta t .  With such a s enso r  accu ra t e  t r ack ing  of v is ib le  and, to a 
ce r t a in  degree ,  invis ib le  (due to cloudiness)  motion of the sun can be accompl i shed .  

There  a re  a number  of s c i e n t i f i c - r e s e a r c h  p r o b l e m s  which a r i s e  in cons t ruc t ion  of an automat ic  he l lo -  
star cont ro l  sys t em.  Among these  a re :  study and es t ab l i shment  of p r i nc i p l e s  of locat ion and motion of he l Io-  
s ta t s  which must  t r a c k  the sun; op t imiza t ion  of the s t r u c t u r e  and p a r a m e t e r s  of the automat ic  control  sys t em 
with r e spec t  to cost  for  a given degree  of r e l i ab i l i ty ;  development  of a spec ia l  ma thema t i ca l  ba s i s  for  the equip-  
ment complex,  etc .  

Of spec ia l  i n t e r e s t  a r e  the t r a j e c t o r i e s  of c l o s e - l y i n g  sun - t r ack ing  he l ios ta t s ,  s ince they are  useful  in 
developing g e n e r a l  p r inc ip l e s  of f ie ld control .  F r o m  an ana lys i s  of the equations of motion of individual s o l a r  
s tat ion he l ios t a t s  [2], it is  evident that  for  a fixed s o l a r  angle the va lues  of azimuth and zenith angles of he l lo -  
s ta t s  with coord ina tes  1 (-450 m, 10 m), 2 (-460 m, 10 m), and 3 (-450 m, 20 m), loca ted  to the north of the 
tower ,  d i f fer  f rom each other  over  the course  of a day of opera t ion  by a max imum of 1.3 ~ while with change 
in the s o l a r  decl inat ion angle f rom 23.5 ~ to - 2 3 . 5  ~ the max imum dif ference in az imuthal  coord ina tes  of he l lo -  
star I (or  2, or  3) does not exceed 16 ~ F o r  zenith d i sp lacemen t s  of he l ios t a t s  1, 2, 3, with change in s o l a r  
decl inat ion t h e r e  is  a s ca t t e r i ng  of ~30 ~ (Fig.  3). In a study of the motion of he l tos ta t s  with coord ina tes  (750 m, 
20 m), (750 m, 10 m), and (740 m, 10 m), loca ted  to the south of the tower ,  no s ignif icant  changes in the azimuth 
and zenith devia t ions  noted above were  obse rved .  The r e su l t s  obtained were  for  a geographic  locat ion of the 
so la r  s ta t ion at 45 ~ north la t i tude .  

These  ca lcu la t ions  make it pos s ib l e  to cons ide r  cont ro l  of groups of he l tos ta t s  ( three or  more)  f rom a 
s ingle c i r cu i t  with a unified a lgor i thm.  Connection of the c l o s e s t - l y i n g  he l ios t a t s  into groups should be c a r r i e d  
out  on the bas i s  of ca lcu la t ions  of t he i r  motion while t r ack ing  the sun. 

To solve the p r o b l e m  of group control  of s o l a r  s ta t ion he l ios t a t s  it wil l  be n e c e s s a r y  to: 

1) e s t ab l i sh  a s ca t t e r i ng  range of azimuth and zenith angles  during opera t ion  over  a speci f ied  t ime 
per iod ;  

2) use these  s ca t t e r i ng  ranges  for  azimuth and zenith angle to c r ea t e  groups of c l o s e - l y i n g  he l ios ta t s ,  
while p e r m i t t i n g  depa r tu re  of individual  he l tos ta t  angles  out of the s c a t t e r i ng  range over  b r i e f  t ime 
pe r iods ;  

3) for  each t ime  segment ,  de t e rmine  for  the en t i re  f ie ld  the number  of he l ios t a t s  with azimuth and zenith 
angles outs ide the s ca t t e r i ng  range .  
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If the number of heltostats,  the t ra jec tor ies  of which are outside the permiss ib le  range, does not exceed 
the admlssable percentage over the given t ime period, then group control is effective, and thus, desirable.  Use 
of the group control principle permi t s  a significant reduction in the mathematical  complexity of the heliostat 
field control system. 

The operational efficiency of the solar  power station is determined to a significant degree by the quality 
of automatic equipment operation. Results of an economic analysis of construct ion of the 200-MW elect r ical  
station indicate that the cost of the heliostat field can reach 5070 of the cost of the entire plant, while the auto- 
matic control sys tems are  responsible for  about 2570 of the cost of the heliostat  field. These data show the 
desirabil i ty of fur ther  development of economical ly efficient automation measures  for  the so lar  power station. 

N O T A T I O N  

fi, z, azimuthal and zenith angles of normal  to heliostat m i r r o r  surface;  t, t ime; 6, so la r  declination. 
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Rules for the concentration dependence of compress ibi l i ty  and cr i t ical  p a r a m e t e r s  of mixtures 
are  established, and calculation algori thms are  developed. 

In [1, 2] analysis of empir ica l  mater ia l  by the thermodynamic s imi lar i ty  method established a re la t ion-  
1 [dv~ 

ship describing the dependence of i sothermal  compress ib i l i ty  of normal  nonassociat ing liquids ~ r = - - v ( ~ ]  T 

on tempera ture  and p res su re  in t e rms  of a function of one variable,  the reduced volume ~0 =V/V c. In [3, 4] 
the possibi l i ty of extending this principle to the case of mixtures was noted. We will consider  this question 
in detail below, commencing f rom a new formula 

P ~_ ~r RT -- 120 q~s, (1) 

which approximates the function in question for ~o values f rom 0.28 to 0.44. A method of calculating mixture 
compress ibi l i ty  will be formulated on this basis .  Data were ana lyzedfor  10 sys tems f rom [5-10]. It developed 
that the V c values for the mixtures,  determined with Eq. (1) for  var ious t empera tu res  andp re s su re s ,  were ac -  e 
curate to tenths of a percent .  As an illustration, Table 1 p resen t s  values of V c of the hexane-hexadecane  s y s -  
tem [6]. The mean-square  sca t ter ing of the data in this example is 0.4%, which corresponds  to 370 uncertainty 
in fiT- The Vc values determined in this manner will now tentatively be t e rmed  cr i t ical  volumes.  We cannot 
identify them with experimental  values of cr i t ical  volume, since the lat ter  are known only with v e r y  high un- 
certainty.  At the same time, it cannot be said that these values found charac te r i ze  the t rue cr i t ical  volume, 
and not some "pseudocri t ical"  value. In fact, in Eq. (1) instead of q~ some other  reduced volume, such as V/V0, 
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