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MAXIMUM POWER  TRANSFER FROM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA SOLAR-CELL ARRAY 

BY SENSING  ARRAY TEMPERATURE 

By Merton  Sussman 
Langley  Research  Center 

SUMMARY 

This  report  describes a method  in  which a solar-cel l   array is caused  to  operate at 
or  near  maximum  power  output  over a wide  range of environmental  conditions.  The 
method is based  on  controlling  the  operating  load  impedance of the  solar-cell  array. 
Array  temperature is sensed  and  converted  into a control  signal.  The  conditioned  con- 
trol  signal  alters  the  input  impedance of a pulse-width-modulated  regulator as a function 
of array temperature;  thereby,  the  array is permitted  to  operate at or  near  maximum 
power  output. 

Two array temperature  sensors  and  associated  signal  conditioning  networks  were 
investigated. A resistance-type  temperature  sensor was found to  be  generally  applicable 
on  spacecraft  missions  where  rapid array temperature  excursions  are not  anticipated, 
such as space  probes. One or  more  solar  cells  used as a temperature  sensor  may  be 
applicable  for  orbital  missions  unless  relatively wide variations  in  illumination  and/or 
irradiation  are  anticipated. 

INTRODUCTION 

Solar-cell  arrays  are  generally  used  to  supply  electrical  power  on i-;.,'\d. of the 
spacecraft  that  have a mission  lifetime  greater  than a few days.  Since  solar  arrays  are 
relatively  large  and  expensive, it is important  to  utilize  the  maximum  power  available. 
The  optimum  array  load for maximum  utilization of power is a function of array  tempera- 
ture.  Generally,  an  array  designed  for  minimum  weight  normally  experiences  wide  tem- 
perature  extremes.  Optimum  loading of an  array is also  dependent  on  the  illumination 
intensity,  which, in turn, is dependent upon the  attitude of the  array  with  respect  to  the 
sun  and its distance  from the sun.  Optimum  loading is also  affected by array  degrada- 
tion  caused by the  radiation  environment. 

The  array output  voltage at maximum  power is primarily a function of array  tem- 
perature  and is only  slightly  affected by changes  in  illumination  level  and  moderate  radia- 
tion  damage.  The  approach  to  realization of maximum  power  discussed in this  paper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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utilizes  the  output of an  array  temperature  sensor  to  vary  the duty  cycle of a state-of-the- 

art pulse-width-modulated  impedance  regulator so that  the  array  operates at its voltage 

of maximum  power. 

SYMBOLS 

C capacitors,  subscripts  denoting  different  circuit  locations 

D free-wheeling  diode 

d  duty  cycle  factor of the  pulse-width-modulated  regulator,  dimensionless 

I C  capacitor  charging  current of the  pulse-width-modulator,  amperes  dc 

Ii input current  to  the  pulse-width-modulated  regulator,  amperes  dc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IO output current of the  pulse-width-modulated  regulator,  amperes  dc 

K1,K27K4,K6,K8 sensitivity  factors 

K3,K5,K79Kg dc  level  constants zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L filter  choke 

m  change in  ar ray  voltage at maximum  power  with  change  in  array  temperature 
over  approximately  linear  high-temperature  range, volts/°C 

Q transistors,  subscripts denoting  different  circuit  locations 

R resistor,  subscripts  denoting  different  circuit  locations 

Ri  reflected  input  resistance of pulse-width-modulated  regulator,  ohms 

RO effective  load  resistance of the  pulse-width-modulated  regulator,  ohms 

RS resistance of array  temperature  sensor,  ohms 

T solar-cell  array  temperature, OC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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t time,  seconds 

VA 

VB 

vb, l  

vb,3 

vb,3A 

Vb,3B 

VC 

Vce 

VS 

v s c  

Vd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

solar-cell  array  voltage,  volts  dc 

battery  voltage,  volts  dc 

array  temperature-sensitive  voltage  between  base  and  ground of pulse- 
width-modulated  control  transistor,  volts  dc 

array  temperature-sensitive  voltage  between  base  and  ground of solar-cell 
sensor  dc  amplifier,  volts  dc 

component of vb,3  corresponding  to a shorted  regulated  supply,  volts  dc 

component of vb,3  corresponding  to a shorted  solar-cell  sensor,  volts  dc 

solar-cell  array  temperature  sensor  voltage,  volts  dc 

collector-to-emitter  voltage of switching  power  transistor,  volts  dc 

input  voltage  to  the  pulse-width-modulated  regulator,  volts  dc 

output  voltage of the  pulse-width-modulated  regulator,  volts  dc 

solar-cel l   array voltage at maximum  power,  volts  dc 

solar-cel l   array voltage at maximum  power  for a certain  chosen  array  tem- 

perature,  volts  dc 

regulated  supply  voltage  for  pulse-width-modulator  and  solar-cell  sensor 

dc  amplifier,  volts  dc 

solar-cell  sensor  voltage,  volts dc 

instantaneous  voltage  across  free-wheeling  diode,  volts 

constant  switching  period  for  switching  power  transistor,  seconds 
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Subscripts: 

off part  of switching  period  for  which  switching  power  transistor is nonconducting 

on part of switching  period  for which  switching  power transistor i s  conducting 

sat saturated condition 

FACTORS  AFFECTING ARRAY MAXIMUM POWER 

Figure 1 shows  the  variation of array  current  and power  with a r ray  voltage for a 
typical  solar-cell  array at several  temperatures.  Illumination  level is assumed  to be 
constant,  and  the  temperature  extremes  shown are typical of those  experienced by the 
conservatively  designed  Lunar  Orbiter  spacecraft  array.  At  the  highest  temperature 
shown, looo C, a maximum of 170 watts is available at an  ar ray voltage of 29.4 volts. 
When the  array  temperature is -looo C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA380 watts are available at 67 volts.  In  many 

spacecraft  power  systems  the  array is directly  coupled  to a rechargeable  battery, as 
shown  in  the  simplified  schematic  diagram of figure 2. In  such a system  the  array is 
constrained  to  operate  at  the  battery  charging  voltage.  Usually,  the  array is designed 
so that  the  battery-charging  voltage is near  the  maximum  power  voltage of the  array at 
the  highest  expected  array  temperature.  Therefore,  most of the  extra  power  available 

at colder  temperatures is not utilized.  To  utilize  the  maximum  power  generated at all 

array  temperatures, a variable-impedance  matching  circuit is needed  which  will  allow 

the  array  to  operate at maximum  power.  The  power  generated  at a voltage  that is a func- 
tion of temperature is thus  converted  into  dc  power at a relatively  constant  voltage. 

The  solar-cell  data  presented  in  this  paper are based  on  using  typical N on P, 

10 ohm-cm  silicon  solar  cells.  However,  the  described  method of obtaining  maximum 

power is not restricted  to  this  particular  type of solar cell. 

Figure 3 further  indicates  the  advantage of obtaining  maximum  power  from a typi- 
cal   array on a planetary or  lunar  orbiter.  The  array  temperature  drops  rapidly  during 

orbital  darkness  and  can  reach  very low values if the  effective  thermal  mass is low, or  
if the  orbital  dark  period is long.  The  maximum  power  available  from  the array  during 
orbital  sunlight is shown  compared  with  the  power  utilized if the  array is directly  coupled 
to  the  battery.  Batteries of the  nickel-cadmium  type  normally  used  for  this  purpose  have 

a relatively  constant  charging  voltage.  They  can  accept  very high charging rates when 
partially  discharged, but as the  fully  charged  level is approached,  the  charging rate must 
be considerably  reduced.  Therefore, by tracking  maximum  array  power,  the  extra  power 

available at low array  temperatures  can  be  effectively  used  to  charge  the  battery. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 illustrates  the  need  for  obtaining  maximum  power  from a solar-cel l   array 
on a spacecraft  that  was  proposed  to  orbit  the  sun. (See ref. 1.) Approximate  expected 
mission  parameter  values  were  an  array  temperature of 85O Cy  predicted at perihelion 
(approximately 0.60 astronomical  unit (AU) from  the  sun),  and  an  array  temperature of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6O C at aphelion (1.0 AU). (1 AU is defined as the  mean  distance  from  the  earth  to  the 
sun, 149  599 000 km.) At perihelion, 36 watts is shown  to  be  available at the  maximum 
power  point,  but  power  output  would  drop  rapidly  above  the  maximum  power  voltage of 
13 volts. At aphelion, 18 watts is shown  to  be  available at the  maximum  power  point,  but 
only 12 watts would be utilized if the  array  voltage is held at 13 volts.  A  similar  problem 
exists  on  other  space  missions  whenever  an  appreciable  variation  in  the  distance  between 
the  spacecraft  and  the  sun is expected. 

In figure 5, curves of maximum  power  and  voltage at maximum  power  with  tempera- 
tu re   a re  given for a typical 1- by 2-cm  solar  cell.  A  curve of open-circuit  voltage is also 
shown for  comparison.  The  two  curves of voltage  plotted  against  temperature  are  simi- 
lar in  shape, the voltage at maximum  power  being  roughly 90 millivolts  less  than  that  for 
an  open  circuit.  These  curves are usually  linear at the high temperatures but  deviate 
slightly  from  linearity at the low temperatures. 

Figure 6 shows  typical  curves of solar-cell  current  plotted  against  voltage  supplied 
by a solar-cell  manufacturer  for  various  illumination  levels but  with  cell  temperature 
held  constant.  The  curves  are  normalized  to  the  solar-cell  curve at 1 astronomical  unit. 
It should  be  noted  that  over  the  range of illumination  levels  from  approximately 30 to 
500 mW/cm2,  the  voltage at maximum  power  does  not  vary  more  than &3 percent. A 
curve  for  current  plotted  against  voltage  typical of solar  cells  that  have  experienced 
approximately  22-percent  power  degradation  because of simulated  space  radiation  (ref. 2) 
is also shown in  figure 6. Again,  the  voltage at maximum  power is not drastically  changed. 
Figures 7 and 8 show that  the  effect  on  solar-cell  voltage at maximum  power  due  to a vari- 
ation of illumination  and  due  to  radiation  damage,  respectively, is reasonably  constant 
over a wide  range of solar-cell  temperatures.  The  data  in  f igure 7 were  collected at the 
Langley  Research  Center by Gilbert A. Haynes,  and  the  data  in  figure 8 were  obtained 
from  reference 3. Hence,  even  over a wide  range of illumination  levels as long as the 
array is not subjected  to  heavy  radiation  damage,  only  array  temperature  needs  to be 
sensed  to  obtain  voltage at maximum  power. 

DESIGN PHILOSOPHY 

The  pulse-width-modulated  type of impedance  regulator  was  selected  for  use  in 
this study  because it can  be  designed  to  be  very  efficient  and  relatively  reliable. A s  
indicated  in  the  simplified  block  diagram of figure 9,  a small  dc  signal Vc controls  the 

5 



fractional  on-time, or duty  cycle  factor, of the  series-connected  transistor  switch.  The 
basic  circuit is often  used as a conventional  voltage  regulator (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4) and,  for  this  pur- 
pose,  the  control  signal is the  deviation of output  voltage  from a fixed  reference  voltage. 
With appropriate  input  and  output  filtering,  the  circuit  can  be  considered as a dc  trans- 
former  where  the  duty  cycle  factor  d is analogous  to a turns  ratio.  Hence, if no losses 
are assumed,  the  averaged  input  voltage  Vi,  current  Ii,  and  resistance  Ri are related 

to  the  averaged  output  voltage  Vo,  current Io, and  resistance Ro by the  following 

relations: 

Appendix  A  gives  the  derivation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  equation 

A solar-cell  array  can  be  automatically  matched  to its loads  to  obtain  maximum 
power by supplying a control  signal  to  the  pulse-width  modulator of figure 9 that is an 

appropriate  function of the  voltage at maximum  power.  The  approach  used  in  this  inves- 
tigation is to  obtain  the  control  signal  from  an  array  temperature  sensor. A suitable 
signal-conditioning  network  modifies  the  sensor  output  voltage so that  the  optimum  ratio 

of battery  voltage  to  array  voltage is automatically  maintained. 

The  technique of obtaining  maximum  power  can  be  described  mathematically. In 
equation (1) the  input  and  output  regulator  voltages  are,  respectively,  the  solar-array 

voltage  and  the  battery  voltage.  Therefore, 

It is desired  for  the  array  to  operate at the  voltage of maximum  power Vp. Consequently, 

It is true  that  the  battery-charging  voltage VB is not a constant;  however, it varies 

over a narrow  range. For example,  for a nominal  28-volt  system,  the  charging  voltage 
of a nickel-cadmium  battery would typically  vary  from  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30.0 volts  to 32.5 volts. 

The array voltage  at  maximum  power  with  array  temperature is very  close  to 

being a l inear  characteristic,  particularly for array  temperatures above  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Oo C. Therefore, it can  be  assumed  that 

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -mT + Vpo P 

Substituting  equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) into  equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) yields 

d =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVB 
-mT + Vpo 

Note  that  in  order  for  the  array  to  operate at the  voltage of maximum  power, the power- 
system duty  cycle  must  vary  inversely  with  the  solar-array  temperature. 

The  array  does not have  to  operate at the  voltage of maximum  power  precisely  in 
order  to  utilize  the  array  maximum  power  effectively. In f igure 10, values of relative 
a r ray  power  plotted  against  normalized  array  voltage  operating  error at several   array 
temperatures are given. Array power  compared  with array  voltage is relatively  broad 
in  the  vicinity of the maximum  power  point. At the  worst  conditions of -119' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC ,  if the 
ar ray  voltage is maintained  to  within *5 percent of that at maximum  power, the ar ray  
operates  within  approximately 95 percent of maximum  power.  Since  the  array  voltage 
at maximum  power  does not have  to  be  realized  to a high degree of accuracy,  the  sen- 
sing  and  signal-conditioning  circuitry  can be relatively  simple  and  consist of only a few 
components. 

The  pulse-width-modulated  regulator of figure 9 can only reduce  array voltage; 
hence,  the  solar  array  should be designed so that its voltage at maximum  power, at the 
highest  expected  array  operating  temperature, is slightly  above  the  battery  voltage. 
By designing a buck-boost  type of regulator,  array  voltage  could be boosted, but at the 
expense of both efficiency  and  reliability. In the  configuration  shown, a shorted  switching 
transistor is not catastrophic  since the array is then  directly coupled to  the  battery  and 
loads.  However,  an  open-switching  transistor would result  in  total  loss of array  power. 

Several  variations of the basic  concept  illustrated  in  figure 9 have  been  proposed 
that allow a solar-cell  array  to  operate  near  maximum  power. (See refs. 5 to 9.) In 
each of these  approaches,  relatively  complex  circuitry  and a cyclic  variation  in  the  oper- 
ating point of the  solar  array are used  to  derive  the  signal  that  controls  pulse  width. In 

the  approach  discussed  in  reference 5, the  ac or  dynamic  impedance of the  array is mea- 
sured  and  used  to  derive  the  control  signal. In the techniques  proposed  in  references 6 
and 7, the  derivative of a r ray  power  with  time  during  the  cyclic  variations is determined 
and  used  in a closed-loop  circuit  to  control  pulse width automatically  and  to  maximize the 

power  transferred  from  the  array. Somewhat similar  techniques are employed  in refer- 
ence 8 to  maximize  battery  charge  current  and  in  reference 9 to  maximize  power  delivered 
to  the  battery. 

When  compared  with  the  other  techniques  proposed  for  obtaining  maximum  array 
power,  the  control  circuitry  required  for  the  approach  discussed  in this paper is consid- 
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erably  less  complex. It is basically  an  open-loop  system  and  hence  requires  that  critical 
components  be  compensated  for  circuit-temperature  variations  and  component  aging. 

SOLAR-CELL-ARRAY  TEMPERATURE-SENSING  CIRCUITS 

Resistive-Type  Temperature  Sensor 

Figure 11 is a schematic  diagram  showing  details of the  control  and  sensing  cir- 
cuitry  and  the  pulse-width  modulator of the  system  indicated  in  figure 9. The  resistive 

temperature  sensor Rs with resistors  R3,  R1,  and R2 form a voltage  divider  cir- 
cuit.  The  latter two resistors  represent  the  signal  conditioning  network, which is designed 
to  produce  the  desired  characteristic of duty cycle  factor  with  array  temperature.  Appen- 

dix B shows how zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR, and  the  signal-conditioning  network are  determined.  Resistors R3, 
Rq, and  R5  provide  bias,  some  degree of circuit  temperature  stabilization,  and  base 
current  limiting,  respectively. 

The  pulse-width  modulator  consists of transistors Q1 and  Q2,  capacitor  C,  and 

the  level  detector.  Array  temperature  determines  the  value of  R, which  controls  the 
base  current of Q1, which,  in  turn,  controls  the  charging  current of capacitor  C.  The 

charging  rate of the  capacitor  determines  the  time  during a switching  period  that  the  level 

detector  initiates  an  output  voltage.  This  voltage is maintained  until  the  capacitor is dis- 
charged  through  Q2.  Hence, a ser ies of pulses,  whose duty cycle  factor  depends upon 

array  temperature, is generated at the  fixed  frequency of the  pulse  generator.  These 
pulses,  after  amplification,  periodically  turn off the  switching  power  transistor of the 

circuit  in  figure 9. The  loss of control  signal  will  thus  result  in a continuous "on" condi- 
tion or  a duty  cycle  factor of 100 percent. 

It can be explained  mathematically how the  variation of duty  cycle  factor  with array 
temperature of the  pulse-width  modulator  can  be  made  to  satisfy  the  desired  relationship 
of equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5).  The  duty  cycle  factor of the  modulator  varies  inversely  with  capacitor 
charging  current 

K1 

IC  
d = -  

The  capacitor-charging  current  varies  linearly  with  the  base  to  ground  voltage of Q1, 

but  with a negative  slope 

If the  sensor  resistance is linear  with  temperature  and  has a positive  temperature  coeffi- 

cient,  the  base  to  ground  voltage of Q1 is 
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Substituting  equation (8) into  equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(7) results  in 

Substituting  equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(9) into  equation (6) results  in 

Note from equation (10) that  the duty cycle of the  pulse-width  modulator  varies  inversely 
with array  temperature.  Furthermore, equation (10) has  the  same  form as that of equa- 
tion (5). These two facts are the basis for  the  choice of this  particular  pulse-width- 
modulator  circuit  for  this  investigation.  The  purpose of the  signal-conditioning  network 
is to  adjust  the  value of the  constants (K1 to K7) of the  modulator so that  the  array 
voltage  operating  error is minimized. 

In  the  circuit of figure 11, a fixed-pulse  generator  frequency of 10 kHz was  chosen 
for  this  investigation as a compromise  between  system  efficiency  and  filter  component 
weight. A generator  pulse width of 12  microseconds was  found to  be  compatible  with  the 
required duty cycle  range of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 to 100 percent. 

Several  types of thin  low-mass  sensors,  designed  for  surface-temperature  mea- 
surements, are available  and  suitable  for  array-temperature  measurements.  Those  uti- 
lizing  fine  platinum  wire,  with a positive  temperature  coefficient of 0.0039  (ohms/ohm)/OC, 
have  the  best  long-term  stability.  Nickel  sensors,  with a temperature  coefficient of 
0.0067  (ohms/ohm)/OC, should be satisfactory  for  many  applications.  Semiconductor- 
type sensors are available  with  higher  coefficients, but their  calibrations  may  change 
when subjected  to  space  radiation. Conventionally  designed  temperature  sensors  should 
be satisfactory  for  measuring  array  temperatures  on  deep  space  probes  where  tempera- 
ture  changes are gradual, or  on  orbiting  spacecraft  where the thermal  mass of the  array 
is'conservatively  designed.  However,  to  minimize  temperature  errors  on lightweight 
arrays,  sensor-mounting  techniques  and  thermal-control  coatings  should be  chosen  with 
care.  To  minimize  thermal  transient  errors  on  orbit ing  spacecraft having solar  cells 
bonded to  very  lightweight  substrates,  the  sensor  should be designed  and  mounted  to  sim- 
ulate  closely  the  thermal  characteristics of the solar  cells. 

Solar  Cell  Used as a Temperature  Sensor 

Since the output  voltage of a solar cell is a function of temperature, a solar cell can 
be used as a temperature  sensor.  Figures 12 and  13  show  the  variation of the solar-cel l  
sensor  characterist ics with array  temperature  for  various  f ixed  values of sensor-load 
resistance. As can be seen  in  figure  13,  adjusting  the  value of the  solar-cell  sensor load 
resistance  varies the shape of the curve of sensor  voltage  plotted  against  array  tempera- 
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ture.  The  specific  value of sensor load  resistance is not very  critical.  The  typical  load 
resistance  range is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 to 22 ohms  for 1- by 2-cm  cells.  A  lower  value of load  resistance 
could  be  used if it is desirable  to  l imit  battery  charge  currents at very low temperatures. 
A  sensor  cell of the  same  type as the  cells  used  on  the  array  to  generate  power,  and 
mounted  in  the  same  manner,  should  have  negligible  thermal  transient  errors  even  on 

very  lightweight  spacecraft  arrays. 

A  solar-cell  temperature  sensor  can  be  used  to  best  advantage  on  very  lightweight 
solar-oriented  arrays on orbiting  spacecraft. It must  be  continuously  illuminated  during 

the  sunlit  part of the  orbit  and is not accurate if subjected  to  either  appreciable  radiation 
or variations  in  illumination. (See  fig. 6.) 

Figure 14 is a schematic  diagram  showing  details of the  control  and  sensing  cir- 

cuitry  built  for  use  with a solar-cell  temperature  sensor  in  the  pulse-width-modulated 

regulator of f igure 9. The  only  difference  between  this  circuit  and  the  one  shown  in  fig- 
ure 11 is the  signal  conditioning  network,  consisting of the  transistor  dc  amplifying  stage 

Q3 and  resistors RA to RI. The  solar-cell  sensor  load  resistor RA is small  com- 

pared  with R g  and is trimmed  to  obtain  the  desired  shape of the  curve  for  the  array 
voltage at maximum  power as a function of array temperature.  Resistors  RB,  RC,  and 

RD are  determined  to  produce  the  system  sensitivity  and  dc  level  that  results  in  the 

desired  characteristic of duty  cycle as a function of array  temperature.  Resistors RG, 
RH,  and  RI  form a biasing  network  for Q1. Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC outlines  the  procedure  used  to 
determine  the  values of resistors  RA,  Rg,  Rc,  and  RD.  For  reliability  reasons,  the 
circuit of figure 14 is designed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that  one  terminal of the  solar  cell  could  be  grounded. 
An alternate  approach is one  that  utilizes  several  sensor  solar  cells  connected in ser ies 

to  eliminate  the  need  for  the  dc  amplifying  stage Q3. 

PERFORMANCE  TESTS 

Test Setup 

Figure 15 is a block  diagram of the  test  setup  used in the  laboratory  investigation 
of the  maximum  power  concept.  The  sub-setup zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ was  used  with  the  resistive-type 
temperature  sensor  and  sub-setup @ was used  with  the  solar-cell  temperature  sensor. 

A solar-cell  array  simulator,  shown  in  figure 16, was used  to  simulate  an  array  consisting 
of 10 parallel-connected  strings of 100 series-connected  solar  cells  per  string.  Test 

data  were  obtained  for a simulated  oriented array on a spacecraft  in a planetary  orbit. 
The array temperature  range of -120' C  to looo C was simulated by varying  the  num- 
ber of silicon  diodes  used  in  the  simulator.  The  simulated  array  temperature  varies 

inversely  with  the  number of silicon  diodes  used.  The  array  illumination  intensity  was 

simulated at a value of 140 mW/cm2 by operating  the  current  power  supply at an  appro- 
priate  constant  value of current.  The  battery  simulator of figure 15 is a shunt  voltage 
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regulator  adjusted  to  simulate  the  charging  characteristics of a 20-cell,  3-ampere-hour 
nickel-cadmium  battery. 

Discussion of Results 

The  curves  shown  in  figures  17  and  18  are  representative of data  obtained by uti- 
lizing a solar  cell as a temperature  sensor.  Data  obtained by utilizing a resistive-type 
temperature  sensor  are  very  similar. 

Figure  17  shows that the  largest  array  voltage  operating  error,  over  the  array  tem- 
perature  range of -120O C to looo C, is -4.15  volts.  This  error is equivalent  to  an  array 
voltage  operating  percentage  error of -10.4 percent.  Figure  17  also  shows  the  variation 
of the  sum of battery  and  load  current.  The  load  current  remained  approximately  constant 
at 345  mA; hence,  the  variation of battery  current  tapered  from a maximum of 880  mA at 
the  lowest  array  temperature  indicated  to a minimum of 200  mA at the  highest  array  tem- 
perature.  The  salient  feature of figure  17 is that  the  regulator  converts  dc  power at 
approximately  constant  current  and at a voltage  that  varies with temperature  into  dc 
power at an  essentially  constant  voltage,  the  current  varying  with  temperature. 

Figure  18  shows a comparison  between  the  maximum  available array power  and  the 
array power  obtained  over  the  indicated  temperature  range. At an array temperature of 
approximately 650 C, 94.7 percent of the  maximum  available  array  power is obtained. 
This  percentage is the  worst  array  power  utilization  and  corresponds  to  the  largest array 
voltage  operating  error of -10.4 percent.  These  results  were  obtained with a solar-cell 
sensor load resistance of 22 ohms. By changing  the  value of sensor load resistance  and 
readjusting  the  various  signal  conditioning  parameters, it is possible  to  reduce  the  oper- 
at ing  error. Since  the  pulse-width-modulated  impedance  regulator  does  have  some  losses, 
the  power at the  output of the  regulator is less  than  the array power  obtained.  During  the 

laboratory  tests, it w a s  determined  that  the  regulator  efficiency  varied  from  93  to  85  per- 
cent  which  corresponded  to  an array temperature  range of from 92.6O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC to -120O C ,  respec- 
tively. It is possible  to  improve  the  regulator  efficiency by optimizing  the  circuit  for  the 
particular  mission  under  consideration.  Areas  for  improvement  might  include  choosing 
the  optimum  switching  power  transistor,  designing  the  optimum  filter,  and  reducing 
standby  power  losses. 

Figure  18  also  compares  the  output  power  from  the  regulator with the  array power 
that would be  obtained if the  array  were  directly  coupled  to  the  battery  and  load. If the 
curve of temperature  plotted  against  time of figure  3 is assumed,  the  total  equivalent 
energy  after  the  switching  regulator is 21 watt-hours,  whereas only  18  watt-hours  are 

available  from  the  solar  array if it is directly  coupled  to  the  battery  and  load.  This  value 
is equivalent  to  an  energy  improvement  factor of 16.7  percent.  The  advantage of obtaining 
maximum  array  power  becomes  greater as the  array  temperature  extremes  become  wider. 
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CONCLUDING REMARKS 

The  technique  described  will  cause a spacecraft  solar-cel l   array to operate at, or  
very  closely  to, its maximum  power  point  over a wide  range of environmental  conditions. 
It was  shown  that  on a typical  orbiting  solar-oriented  spacecraft  which  experiences a sun- 
light  interval of 60 minutes  and  array-temperature  extremes of approximately *looo C, 
the  array could  deliver  approximately 95 percent or  more of the  maximum  power  availa- 
ble  when  this  technique is used. This technique  resulted  in  an  increase of 16.7 percent 
in  energy  utilized  to  recharge  the  battery. 

Two types of array-temperature  sensors  and  their  associated  signal  conditioning 
networks  were  investigated.  A  resistance-type  temperature  sensor is generally  applica- 
ble  for  most  spacecraft  missions.  However, a solar  cell  used as a temperature  sensor 
has  the  advantage of negligible  transient  errors  on  lightweight  arrays  for  orbiting 

spacecraft. 

Langley  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Hampton, Va., February zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, 1972. 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

DERIVATION OF d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - VO 
Vi 

The  purpose of this appendix is to  show  that  the  ratio of dc  output  voltage  to  the  dc 
input  voltage of a pulse-width-modulating  regulator is equal  to  the duty cycle of the  regu- 
lator.  Therefore,  the  following  equation is to be derived: 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1- . - 
+ ? L C o  I +  

Solar- 
cell vi - 

array zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

Vd  D - 
vO 

\ 
- - 

c - 
- - - 

From output of 
driver  amplifier 

Sketch (a) .- Pulse-width-modulator  switching  regulator  power  system. 

Voltage 

c 
- (Vd)sat 

"- Time,  t 

RL 

Sketch (b).- Typical  waveforms of solar-array  voltage  and  diode  voltage. 
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APPENDIX A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAContinued 

The  dc  resistance of the filter choke L shown  in  sketch (a) is generally  very low; 

therefore, its value  can  be  assumed to be  zero. By referr ing to sketches (a) and (b) 

For a high-quality  switching  power  transistor Q and a high-quality  switching  power 

diode D, the  saturated  collector  to  emitter  voltage  and  saturated  diode  voltage,  respec- 
tively,  are  each so small  that  their  values  can  be  assumed  to  be  negligible  compared  with 

the  output  voltage  from a conventional  array. Also, it is assumed  the  power  transistor 
and  power  diode  switch  instantaneously.  Therefore,  the  rise  time  and  fall  time  are  each 

assumed  to  be  zero.  Hence, 

For a properly  chosen  input  filter  capacitor  Ci, Vi  will  essentially  remain  constant 

during 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ran. Hence, 
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APPENDIX A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Concluded 

Let the definition of duty cycle  factor be 

Consequently, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX B 

DESIGNING THE RESISTIVE TEMPERATURE SENSOR AND 

SIGNAL-CONDITIONING NETWORK TO OBTAIN 

MAXIMUM  ARRAY POWER 

The  purpose of this appendix is to  describe  the  criteria  used  for  determining  the 
values of resistance  for  resistors  Rs, R1, and R2 of figure 11. The  control  circuit 
shown in  sketch (c) can  be  used  to  determine  the  values of RV  which  simulates  the 

resistive  network  consisting of Rs,  R1,  and R2 in  figure 11. For convenience,  RV 
can  be a resistive  decade box.  The  test  procedure  consists of manually  adjusting  the 

R5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
R4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 

~- 

dc 

supply 

Remaining 
power  system zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

VS 

Sketch  (c) .- Test  setup  for  determining  values or  Rs,  R1,  and  R2. 

value of RV so that  for  each  simulated array temperature,  the array voltage is equal  to 
the  value at maximum  power. Although it is not shown in  sketch  (c), it should  be  under- 

stood  that  the  entire  power  system is used  for  this  test. 

In general,  there  will not be a resistive  temperature-sensing  element  that  follows 

the  required  characteristic of RV as a function of array  temperature  with  sufficient 
accuracy. It will  usually  be  necessary  to modify the  characteristic of the  sensor  for 

resistance  with  temperature so that it approximates  closer  the  required  characteristic. 
This  modification  can  be  accomplished by connecting  resistors  in  series  and  in  parallel 
with  the  resistive  temperature-sensing  element, as is shown in  figure 11. It can  be  seen 

that 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Concluded 

The  specific  resistive  temperature-sensing  element zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARs can  be  chosen  on  the  basis of 
the  required  characteristic of RV as a function of temperature.  The  next  step in the 
process is to  choose  judiciously two simulated  array  temperatures  and  to  determine  the 
values of Rv and R, at these two temperatures.  The  values  for Rs and RV at 
these two temperatures are substituted  into  equation (Bl); as a result,   there  are two 
equations  (one  equation  for  each  temperature)  and two unknowns (R1 and R2). The 
unknowns R1 and R2 can  then  be  solved by the.method of simultaneous  equations. 
A special point  should  be  made of the  fact  that  the  sensitivity of the  resistance with 
temperature of the  chosen R, has  to be greater  than  the  corresponding  required  value 
since  the  action of R1 and R2 is to  reduce  the  effective  overall  sensitivity. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX C 

DESIGNING THE SOLAR-CELL  TEMPERATURE SENSOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND 

SIGNAL-CONDITIONING NETWORK TO OBTAIN 

MAXIMUM ARRAY POWER 

The  purpose of this  appendix is to  describe  the  criteria  used  for  determining  the 

values of resistance  for  resistors RA, Rg,  Rc,  and RD  of figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14. The first step 
is to determine  the  required  base-to-ground  voltage of Q3  with array  temperature so 
that  for  each  simulated  array  temperature,  the  array  operates at the  voltage of maxi- 
mum  power.  This  information is obtained by using  the  test  control  circuit of sketch (d). 

Although  not  shown in  this  sketch, it should  be  understood that the  entire  power  system 
is used for  this  test.  Let it be  assumed  that  the  values  for  resistors RE to RJ have 

RI 

Q3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+ + 

dc vb,3 RH 
supply Remaining 

power  system - - - - - ~~ 

Sketch  (d).-  Test  setup  for  determining  required  variation of v b  3 
with array  temperature. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 

been  determined by basic  standard  transistor  circuitry  calculations.  The  next  step is to 
determine  values  for  RB,  Rc, and  RD. Sketch  (e)  aids in determining  these  resistive 

values.  Again,  the  entire  power  system is used  for  this  test. An equation of v b  3  in 
terms of Vsc, Vs, RB,  Rc,  and RD can  be  derived.  Let RC << RD so  that  the 

effective  base-to-ground  resistance of the  Q3  stage  remains  essentially  constant. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

By using  the  principle of linear  superposition  with  the Vs supply  shorted, 

RC 
'b,3A = R~ + R~ 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Continued zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RD I 
- To Vs dc  supply 

- 

Simulated 
sensor RA 

- 
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 

~ -~-T 
0 

base of  Q3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I - - 

Sketch (e).- Analysis of required  RB,  Rc,  and RD. 

(This  equation is valid  since  RC << RD). With  the Vsc sensor  shorted, 

'b,3B = 

RBRC 

RB + RC 

and 

vb,3 = Vb,3A + 'b,3B  (C  3) 

Hence,  vb,3 as a function of Vsc, RB,  RC, RD, and Vs is shown  in  the  following 
equation: 

Equation (C4) is the  working  equation.  The  constant Vs represents  the  supply  voltage 
of the  dc  power  supply.  The  required  curve  for  vb,3  against  array  temperature is 
known from  the test described by sketch  (d).  The  curve  obtained for  Vsc as a function 
of array  temperature is known since  the  solar-cell  sensor  and its load  have  been  chosen. 
The  quantity  RB is chosen to be a relatively low value;  for  example,  RB = 5000 ohms 
would  be a good typical  value.  Equation (C4) can  be  used  to  solve  for RC and RD by 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Concluded 

the  method of simultaneous  equations.  This  solution is made by choosing two array  tem- 
peratures  and  relating  these  temperatures  to  the  corresponding  vb 3 and Vsc values. 

By assigning a value  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARB, RC and RD can  be  determined. 

Note that  equation (C4) is of the  form 

The  sensitivity K8 and  the  operating  bias Kg of the  dc  amplifier  stage of Q3 are 
modified by adjusting  the  values of RB, RC, and RD. 
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8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 1.- Solar-cel l   array  characterist ics for a lunar or planetary  orbiting  spacecraft. 

Illumination  intensity, 140  mW/cm2. 
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Ni-C d 
Battery zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA?I Loads 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.- Block  diagram of a typical  directly  coupled  solar-cell  array 
spacecraft  power  system. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 3.- Variation of temperature  and  power  with  time  in  orbit for  a solar-cel l   array. 

Illumination  intensity, 140 mW/cm2. 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.- Solar-cell  array  characteristics  on a solar  orbiting  spacecraft. 
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Figure 5.- Variation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof solar-cell  voltage at maximum  power,  open-circuit  voltage,  and 

maximum  power  with  temperature.  Illumination  intensity, 140  mW/cm2. 
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Figure 6.- The  effects of solar-cell  illumination  intensity  and  irradiation on 

the  voltage at maximum  power. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 8.- The  effect of 1 MeV electron  radiation on the  voltage at maximum  power 
for  a typical  solar  cell.  Illumination  intensity, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA140 mW/cm2. 
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Figure 9.- Block  diagram of a power system  using a pulse-width-modulated  impedance  regulator. 
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Figure 10.- Variation of relative  array power with normalized array voltage operating error ,  

Illumination  intensity, 140 mW/cm2. 
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Figure 11. - Control  circuit  utilizing  resistive  temperature  sensor. 
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Figure 12.- Sensor  characteristics for two load  resistance  values. 
Illumination  intensity; 140  mW/cm2; 1- by 2-cm  solar  cell. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 13.- Variation of sensor  voltage  with  array  temperature for various  load 
resistance  values.  Illumination  intensity, 140 mW/cm2; 1- by 2-cm  solar  cell. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 14.- Control  circuit  utilizing  solar  cell as temperature  sensor. 
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Figure 15.- Performance test setup. 



C ons tant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
current 

power 

supply 

+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 7.5 ohms 

l- 

L 

1-0 45 silicon  diodes 

% 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

$-o 135 

140 

le switch 

Figure 16.- Solar-cell  array  simulator. 
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Figure 17.- Power-system  performance data. 
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