
Helping you select the optimal power
solution for satellite ground testing

Application Note

Keysight Technologies 
Solving the Challenges of  
Solar Array Simulation

The goal of this note is to help you deine the 
optimal power solution for satellite ground testing. 
We do this in four parts: a brief overview of solar 
cell behavior; a review of operational conditions in 
orbit; an outline of the need for a purpose-built 
SAS; and the key attributes of the optimal solution. 
For additional information, a list of related literature 
is included at the end of the note.



Introduction

Satellites are some of the world’s most delicate and expensive electronic devices. Because most 

take a one-way trip into space, they are thoroughly tested on the ground before launch. Within the 

complement of electronic ground support equipment (EGSE), a typical test system contains two major 

elements: The instrumentation that tests the various electronic subsystems; and one or more power 

sources for the subsystems. The power sources must accurately simulate the behavior of solar arrays 

that face widely varied operating conditions in space.

During testing, it’s seldom possible to use actual solar arrays to provide power. Two of the reasons 

for this are obvious: There is no direct sunlight in a test bay, and it isn’t practical to test outside. Two 

additional reasons are crucial to accurate testing: repeatability and controllability. These attributes 

make it possible to simulate the effects of varying operating conditions—light intensity, temperature, 

shadow, eclipse—at multiple operating points and achieve consistent results.

The recommended solution is to simulate a solar array with electronic test equipment, but it isn’t easy 

to accurately mimic the behavior of solar cells and solar arrays. Fortunately, purpose-built solar array 

simulator (SAS) instrumentation is commercially available. Compared to “homebrew” simulators, an 

SAS offers the advantages of standard, commercial off-the-shelf equipment:

 – Predictable delivery vs. long (and unknown) development time

 – Designed and tested for reliability

 – Published, veriiable speciications

 – Easier calibration, maintenance and repair

Module-based SAS solutions provide two additional advantages: greater scalability via coniguration 
with one to many channels of power; and better system uptime with the ability to swap out individual 

power modules.
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Figure 1. I-V curve and equivalent circuit for illuminated photovoltaic cell

Figure 2. I-V curve and equivalent circuit for photovoltaic cell in shadow

Modeling solar cell output

A typical satellite carries multiple 

solar panels or arrays, each of which 

contains multiple solar cells. The 

behavior of the individual cells affects 

the overall performance of each panel 

or array.

Three key factors affect solar array

output. One is the operating scenario, 

which includes irradiation level, 

temperature, spin, eclipse and 

shadow; these are covered in the  

next section. Another factor is the 

loading conditions, which dictate 

the current and voltage point on the 

array’s I-V curve. 

The third factor spans the inherent 

characteristics of photovoltaic cells. 

When a cell is illuminated it behaves 

like a current source in terms of 

its I-V curve and equivalent circuit 

(Figure 1). When in shadow, its I-V 

curve and equivalent circuit are more 

like those of a diode (Figure 2). By 

observation, it is clear that the shunt 

resistance (Rsh) and series resistance 

(Rs) will have a significant effect on 

the maximum available output power.
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Figure 3. Four variables determine the I-V and power curves that can be used to 

approximate solar-cell output

These two distinct curves provide 

the variables needed to create an 

accurate simulation of solar cell 

output (Figure 3). A mathematical 

approximation of the curves includes 

four key parameters:

– Voc: Open-circuit voltage  

  (lower right)

– Isc: Short-circuit current  

  (upper left)

– Vmp: Voltage at the maximum-  

  power point

– Imp: Current at the maximum-  

  power point

This isn’t the only way to model cell 

output; however, it is the most wide-

ly accepted method in use today.
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Accounting for operational conditions

Achieving maximum output from a 

solar array can be complex given the 

range of effects that will diminish 

available power. These effects start 

with five factors that define the 

operational scenario for the solar 

panels on any satellite: irradiation 

level; temperature; and conditions 

in orbit, which include spin, eclipse 

and shadow. A closer look at each of 

these will help frame the rest of the 

discussion.

Irradiation level

Not surprisingly, the maximum 

power available from a solar cell or 

array varies with the irradiation level. 

As shown in Figure 4, output current 

varies dramatically with irradiation 

level. In contrast, the change in 

output voltage versus irradiation 

level is relatively small compared to 

the change in output current.

The family of power curves shows 

the decrease in available power at 

decreased irradiation (upper, middle 

and lower curves). Power diminishes 

to zero as either a short or open cir-

cuit is approached in the equivalent 

circuit model of the solar cell.

Temperature

In space, drastic temperature varia-

tions are the norm. As solar cells 

and arrays undergo temperature 

fluctuations, output power will vary 

significantly. Figure 5 assumes a 

constant irradiation level and shows 

the I-V and power curves at +25 °C 

and +90 °C as labeled on the respec-

tive traces.

Comparing Figures 4 and 5 provides 

an important contrast: voltage 

changes rapidly but current changes 

very little with temperature; current 

changes rapidly but voltage changes 

very little with irradiation level.

This has another important conse-

quence: Power losses in cabling and 

wiring harnesses exhibit an I2×R 

relationship. As a result, changes in 

current caused by irradiation level 

may have a greater impact on overall 

power efficiency than will voltage 

variations caused by temperature 

changes.

 

Figure 4. A solar array’s I-V and power curves vary with irradiation level Figure 5. Temperature variation has a strong effect on output power
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Orbital conditions
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As the satellite spins, each panel 

experiences changes in irradiation 

and temperature that depend on the 

rate of rotation.

Figure 7 plots the rising and falling 

cycles of output that occur as a 

set of four panels enters and exits 

a period of sunlight. The actual 

available power depends on four key 

factors: the number of panels and 

their size; the spin rate; the ongoing 

heating and cooling experienced by 

each panel; and the irradiation level, 

which depends on factors such as 

orbit plane (e.g., relative angle to the 

sun), distance from the sun and rela-

tive motion relative to the sun (i.e., 

approaching or receding).

Figure 6. Changes in array segment irradiation depend on the rate 

of rotation

Figure 7. Available output power from each panel rises and falls as 

the satellite spins
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Eclipse

A solar array is in eclipse whenever 

the Earth, Moon or other celestial 

body is between it and the Sun. The 

duration of the eclipse depends on 

the plane and radius of the satellite’s 

orbit. The rate at which eclipse is 

entered and exited depends on the 

orbital velocity. Figure 8 shows the 

typical shape of an array’s output 

during penumbra, umbra and full-sun 

conditions.
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efficient than warm arrays. As a 

result, an array is at its maximum 

power-generation capacity as it 

emerges from full eclipse and 

re-enters full-sun conditions. Its 

efficiency declines over the course 

of its time in full sunlight.

 

Figure 8. Available output power varies as the satellite enters, transits, and exits darkness and 

then re-enters full-sun condition
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Shadow

R STUVX YZUU [\ S]V^T_ [S `VXb[VUUe

ToSYfXZ^ gXTh Sf\U[i]bj VS S]T_\

[\ k[ifXZ lj V\^ V\e S]V^T_Z^ YZUUS

XZ^fYZ b]Z TmZXVUU `T_ZX VmV[UVoUZ

gXTh V\ VXXVep qb [S [h`TXbV\b bT \TbZ

b]Vb b]Z ZubZ\b Tg b]Z XZ^fYb[T\

^Z`Z\^S T\ b]Z VYbfVU YT\SbXfY-

b[T\vSZX[VU TX `VXVUUZU YT\\ZYb[T\v

Tg b]Z YZUUS TX SZihZ\bS [\ V\ VXXVe.

w]Z Zxf[mVUZ\b Y[XYf[b Tg V `]TbT-

mTUbV[Y YZUU `XTm[^ZS [\S[i]b [\bT

b]Z ZUZYbX[YVU oZ]Vm[TX Tg YZUUS [\

S]V^T_p kTX ZuVh`UZj V\e YfXXZ\b [\

V S]V^T_Z^ YZUU gUT_S b]XTfi] [bS

S]f\b XZS[SbV\YZp R^^[\i V oe`VSS

^[T^Z bT ZVY] YZUU [h`XTmZS b]Z `ZX-

gTXhV\YZ Tg b]Z TmZXVUU VXXVe _]Z\ [b

[S [\ S]V^T_.

w][S oZ]Vm[TX ]VS V\ [h`TXbV\b

[h`U[YVb[T\ gTX S[hfUVb[T\y zZX[ZS

V\^ `VXVUUZU YTho[\Vb[T\S Tg hfUb[`UZ

YZUUS [\ S]V^T_ YV\ YXZVbZ [\bZXZSb-

[\i q{| YfXmZS b]Vb VXZ Y]VUUZ\i[\i bT

S[hfUVbZ }k[ifXZ ~~�p

Implications for simulation

RS \TbZ^ Vb b]Z oZi[\\[\i Tg b][S

SZYb[T\j VUU Tg b]Z `XZYZ^[\i gVYbTXS

`UVe V XTUZ [\ U[h[b[\i b]Z hVu[hfh

Tfb`fb `T_ZX VmV[UVoUZ gXTh V

STUVX VXXVep w][S bXV\SUVbZS [\bT

b]Z �Ze Y]VUUZ\iZ gTX S[hfUVb[T\y

XZVU[Sb[YVUUe V\^ XZU[VoUe XZ`XT^fY[\i

b]ZSZ ZggZYbS V\^ b]ZXZoe Z\SfX[\i

hZV\[\igfU bZSb XZSfUbSp

Figure 9. Cells in shadow produce no current, limiting total power available from an array

Figure 10. Adding bypass diodes to the cell design will improve performance when the 

array is in shadow

Figure 11. Some solar array simulators are capable of mimicking solar arrays in shadow
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Asking a logical question 

¬­ ®¯° ±²³´µ¶° ·® ±°°¸± ¹º»·¶µ¹ ®º

µ±¼½ ¾¿¯À ¶µ­Á® Â ²±° µ Ã³º»³µ¸-

¸µÄ¹° ÃºÅ°³ ±²ÃÃ¹À µ± µ­ ÆÇÆÈÉ

Ê¯°³° µ³° µ® ¹°µ±® ®¯³°° ¼°À ³°µ±º­±Ë

º²®Ã²® ¶µÃµ¶·®µ­¶°½ ±º¹µ³ º²®Ã²®

´¹°Ì·Ä·¹·®À µ­Í Ã³º®°¶®·º­ ´º³ ®¯°

Í°Î·¶° ²­Í°³ ®°±® ÏÐÑÊÒÓ

Output capacitance

Ô°­°³µ¹ÕÃ²³Ãº±° ÃºÅ°³ ±²ÃÃ¹·°± µ³°

Îº¹®µ»° ±º²³¶°± Í°±·»­°Í ®º Í°¹·Î°³

µ ±®µÄ¹° Îº¹®µ»° ¹°Î°¹ ²­Í°³ Îµ³À·­»

¹ºµÍ ¶º­Í·®·º­±Ó Ê¯·± ·± ´·­° ´º³ µ

Îµ³·°®À º´ »°­°³µ¹ µÃÃ¹·¶µ®·º­± Ä²® ·±

¹°±± ®¯µ­ ·Í°µ¹ ´º³ ±º¹µ³ µ³³µÀ ±·¸²¹µ-

®·º­Ó Ê¯µ®Á± Ä°¶µ²±° ±º¹µ³ Ãµ­°¹±

µ³° ¶²³³°­® ±º²³¶°±½ µ­Í ®¯µ®Á± Å¯À

®¯° Ä°±® ±º¹µ³ µ³³µÀ ±·¸²¹µ®º³± µ³°

Í°±·»­°Í ®º ºÃ°³µ®° ¹·¼° µ ¶²³³°­®

±º²³¶°Ó

Â­ ¸º±® ¶µ±°±½ µ ¶²³³°­® ±º²³¶° ¯µ±

³°¹µ®·Î°¹À ¯·»¯ º²®Ã²® ·¸Ã°Íµ­¶° µ­Í

³°¹µ®·Î°¹À ¹ºÅ º²®Ã²® ¶µÃµ¶·®µ­¶°Ó

Ê¯·± ¯µ± ®Åº Ä°­°´·®±Ë ´µ±®°³ ±Å·®¶¯-

·­» ±Ã°°Í ´º³ Ä°®®°³ ±·¸²¹µ®·º­± µ­Í

±¯º³®°³ ®°±® ®·¸°±Ö µ­Í Ä°®®°³ ÐÑÊ

Ã³º®°¶®·º­Ó ×ºÅ º²®Ã²® ¶µÃµ¶·®µ­¶°

°­¯µ­¶°± ÐÑÊ Ã³º®°¶®·º­ ÄÀ ³°Í²¶-

·­» ®¯° ±®º³°Í ÃºÅ°³ ·­ ®¯° ¶·³¶²·®Ó

Ê¯° ¹ºÅ°³ ®¯° ±®º³°Í ÃºÅ°³½ ®¯°

¹ºÅ°³ ®¯° ®³µ­±·°­® ±¯º³®Õ¶·³¶²·®

¶²³³°­® ±Ã·¼°± ®¯µ® Å·¹¹ Ä° Í·±±·Ãµ®°Í

®¯³º²»¯ ®¯° ÐÑÊ Ï±°° Ä°¹ºÅ ´º³

¸º³° µÄº²® ÐÑÊ Ã³º®°¶®·º­ÒÓ

Solar output lexibility

Øº­Î°­®·º­µ¹ ÃºÅ°³ ±²ÃÃ¹·°±

µÍÙ²±® Îº¹®µ»° µ­Í ¶²³³°­® µ¹º­»

µ ³°¶®µ­»²¹µ³Õ±¯µÃ°Í ¾¶²³Î°ÓÉ Â­

¶º­®³µ±®½ ±º¹µ³ µ³³µÀ Ãµ­°¹± ¯µÎ°

°ÌÃº­°­®·µ¹Õ±¯µÃ°Í ÂÕÚ ¶²³Î°±Ó Ç± µ

³°±²¹®½ ±º¹µ³ µ³³µÀ ±·¸²¹µ®º³± ¸²±®

Ä° ¶µÃµÄ¹° º´ Ã³ºÍ²¶·­» ±·¸·¹µ³¹À

±¯µÃ°Í ÂÕÚ ¶²³Î°±Ó Ç­ ÆÇÆ ¸²±® µ¹±º

Ä° ¶µÃµÄ¹° º´ ¸µ¼·­» ³µÃ·Í ¶²³Î°

¶¯µ­»°± ®º ¶³°µ®° ³°µ¹·±®·¶ ±·¸²¹µ-

®·º­± º´ ¶¯µ­»·­» ·³³µÍ·µ®·º­ ¹°Î°¹±

µ­Í ®°¸Ã°³µ®²³°± º³ ®¯° °´´°¶®± º´

±Ã·­½ °¶¹·Ã±° µ­Í ±¯µÍºÅ.

DUT protection

Û°¶µ²±° ±µ®°¹¹·®°± µ³° Í°¹·¶µ®°

Í°Î·¶°±½ ®¯° ÃºÅ°³ ±²ÃÃ¹·°± ²±°Í ·­

»³º²­Í ®°±®·­» ¸²±® Ã³ºÎ·Í° µ »³°µ®-

°³ ¹°Î°¹ º´ Ã³º®°¶®·º­ ®¯µ­ ·± ®ÀÃ·¶µ¹¹À

µÎµ·¹µÄ¹° ·­ ¶º­Î°­®·º­µ¹ ±²ÃÃ¹·°±Ó

Üº³ °Ìµ¸Ã¹°½ ºÎ°³ÕÎº¹®µ»° Ã³º®°¶®·º­

Ï¬ÚÝÒ µ­Í ºÎ°³Õ¶²³³°­® Ã³º®°¶®·º­

Ï¬ØÝÒ µ³° Ä²·¹® ·­®º µ ¶º­Î°­®·º­µ¹

ÃºÅ°³ ±²ÃÃ¹ÀÓ Ê¯°±° Äµ±·¶ ¶µÃµÄ·¹·-

®·°± µ³° ¶°³®µ·­¹À ²±°´²¹ ·­ ±µ®°¹¹·®°

®°±®·­» Ä²® ®¯°À µ³° ­º® ±²´´·¶·°­®

®º ¹·¸·® ®³µ­±·°­® ¶²³³°­® ±Ã·¼°± º³

Ã³º®°¶® ·­®°³­µ¹ ¶º¸Ãº­°­®± µ»µ·­±®

ÃºÅ°³ Í·±±·Ãµ®·º­Ó

Returning to the  
question

Æ²¸¸·­» ²Ã½ µ ®ÀÃ·¶µ¹ ÃºÅ°³ ±²ÃÃ¹À

¶µ­Á® ¸µ®¶¯ ®¯° ¶µÃµÄ·¹·®·°± º´ µ

Ã²³Ãº±°ÕÄ²·¹® ÆÇÆ½ Å¯·¶¯ Ã³ºÎ·Í°±

¹ºÅ°³ º²®Ã²® ¶µÃµ¶·®µ­¶°½ »³°µ®°³

±º¹µ³ º²®Ã²® ´¹°Ì·Ä·¹·®À µ­Í Ä°®®°³ Ã³º-

®°¶®·º­ ´º³ ®¯° ÐÑÊÓ Ê¯°±° ¶µÃµÄ·¹·-

®·°± ®³µ­±¹µ®° ·­®º Ä°®®°³ ±·¸²¹µ®·º­±½

±¯º³®°³ ®°±®·­» ®·¸°±½ µ­Í »³°µ®°³

Ã°µ¶° º´ ¸·­Í µÄº²® ®¯° ±²³Î·Îµ¹ º´

®¯° ±µ®°¹¹·®° Í²³·­» ®°±®·­»Ó
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Deining the optimal solution 

Þßàáâãäå æßçäèéêéãâßáë ìèçí âá åäß

êßîïâèã ðîèñòîçåñóßó éò áéêîó îóóîà

áâðñêîåéóá îèï éñó ôõô áéêñåâéèá îóß

âè åäßâó òéñóåä ãßèßóîåâéèí æäß òâóáå

ãßèßóîåâéè öîá çóßîåßï ÷à îïïâèã

áâðøêß áéòåöîóß åé î áåîèïîóï ùú

áñøøêàí õøøêàâèã åäß êßááéèá êßîóèßï

òóéð åäîå ßûøßóâßèçßë åäß áñççßßïâèã

ãßèßóîåâéèá ößóß åäß øñóøéáßü÷ñâêå

ýþÿE�õ òîðâêàë åäß ýþÿE�, òîðâêà

îèï åéïîàaá ýþÿs�õ òîðâêà.

õêéèã åäß öîàë öß äî�ß âèçéóøéóîåßï

òâ�ß fßà âïßîá åäîå îïïóßáá âðøéóåîèå

çéèáâïßóîåâéèá âè åäß ïßòâèâåâéè îèï

áßêßçåâéè éò îè ôõô� éñåøñå óîåâèãá

îèï øßóòéóðîèçß áøßçâòâçîåâéèá�

øóéåßçåâéè òßîåñóßá� øäàáâçîê áâpß îèï

øéößó ïßèáâåà� ñøåâðß� îèï áàáåßðü

êß�ßê çéèáâïßóîåâéèáí

Output ratings and  
performance speciications

æäâá âá îêê î÷éñå çñóóßèåë �éêåîãßë

øéößó îèï áäñèåüáöâåçäâèã áøßßïí

æäß öâïßó åäß �îóâßåà éò çäéâçßáë

åäß ßîáâßó âå âá åé áßêßçå åäß ÷ßáå

çéð÷âèîåâéè éò øéößó êß�ßêáë áäñèå

áøßßïá îèï áé éè åé ðßßå åäß èßßïá

éò î áøßçâòâç áîåßêêâåß ïßáâãèí

Protection features

õá èéåßï ßîóêâßóë îè ôõô áäéñêï

âèçêñïß ðéóß åäîè åäß i�� îèï

iú� çîøî÷âêâåâßá ÷ñâêå âèåé çéè�ßè-

åâéèîê øéößó áñøøêâßáí téó ßûîðøêßë

Þßàáâãäåaá ôõô áéêñåâéèá øóé�âïß åäß

òéêêéöâèã êîàßóá éò ßûåóî øóéåßçåâéè�

– �óéãóîððîbêß áéft êimitá òéó

O�� îèï iC�í æhiá äßêpá øóétßcå

îãîièáå épßóîtéó ßóóéó öhßè

typâèã âè �îêußá.

– Góéáá çuóóßèå êimitièã åé çuå

tóîèáâßèt çuóóßèt áøâkßá.

– O�ßó-áöitchièã øóétßctiéè,

öhich øóétßctá âètßóèîê çém-

péèßètá îãîâèát øéößó ïâááipî-

tiéè âò åhß áöitchièã òóßqußècà

thóßáäéêï âá çóéááßd.

– A øóéãóîmmî÷êß óßmétß-âèäâbit

fuèctâéè åhît �îêidîtßá ñáßó-

ïßfièßï áäñåïéöè øóécßdñóßá.

     Keysight’s fourth-generation SAS

The Keysight E4360A modular solar array simulators accurately simulate 

the I-V curves of different arrays under various operational conditions. 

æäß øóéïñçå òîðâêà âèçêñïßá î T�ë åöéüáêéå ðîâèòóîðß îèï áâû ùú ðéï-

ules. Each mainframe can provide one or two outputs of up to 600 W.

Additional attributes include an independent controller within each main-

òóîðßë éøßè çéèèßçåâ�âåà ��õ	ë �ô, îèï 
�ì,� îèï äîóïöîóß åóâããßóâèã

between mainframes. One key capability is “list mode,” which enables 

creation of user-generated curves and allows rapid transitions from curve 

to curve to simulate, for example, the stages of an eclipse.

E4360A-based solutions are available as individual instruments or custom 

turnkey systems. Whichever approach you prefer, a Keysight SAS offers 

advantages in five areas:

– Power density

– Flexibility

– Reliability

– Repeatability

– Off-the-shelf availability

For more information, please visit www.keysight.com/find/E4360.

http://www.keysight.com/find/E4360
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Size and power density

In many cases, it is important to 

minimize the physical footprint of 

the test system while maximizing 

the per-instrument power density. 

An SAS with a compact form factor 

and a modular architecture makes 

it possible to fit more power—and 

more simulation channels—into less 

space. This is especially important 

when space is at a premium within 

a system rack and inside a high bay 

facility (Figure 12).

Uptime

Statistical quantities such as mean 

time between failures (MTBF) are 

a baseline for reliability. Attributes 

such as modularity and scalability 

do more than enhance flexibility 

and reusability: they also improve 

system uptime. As an example, 

modularity makes it possible to swap 

out a single power module when 

maintenance, calibration or repair is 

necessary. Scalability makes it easy 

to expand, reconfigure or repurpose 

a system or console when needed.

System-level  
considerations

An SAS is typically part of a larger 

rack-based system. In that context, 

factors such as configurability and 

serviceability become important 

considerations.

A good starting point is ease of 

configuration for initial use. In a 

single-purpose system, modularity 

enables future reuse in new systems. 

For multi-purpose systems, dynamic 

reconfiguration helps ensure faster 

changeover. In either case, reconfigu-

ration is simplified by interconnect 

features such as barrier-block termi-

nation coupled with relays.

To minimize downtime, instrument 

or system service should require 

minutes rather than hours or days. 

A modular SAS should make it easy 

to remove and replace individual 

power modules. The barrier-block/

relay interconnect scheme mentioned 

above simplifies self-test procedures 

by supporting rapid disconnection and 

reconnection.

Figure 12. The rack on the left uses 12 

Keysight E4360A SAS units to deliver 24 

channels of simulation

Summary and Conclusion

The inherent challenges of accurately 

simulating the effects of operational 

conditions—irradiation level, temper-

ature, spin, eclipse and shadow—pre-

clude the use of conventional power 

supplies. Related factors include 

output capacitance, output flexibility 

�
� ��� ���������
� ��� ������ ���
�

�� ���������� �������
� �
 ���������

testing. A dedicated SAS goes beyond 

OVP and OCP to provide additional 

layers of protection such as program-

mable soft limits (for OVP and OCP), 

gross current limiting, over-switching 

protection and programmable remote-

inhibit functionality.

A modular, scalable and purpose-

built SAS such as the Keysight 

E4360A family makes it possible to 

accurately—and efficiently—simulate 

the complex behavior of one or more 

photovoltaic cells and solar arrays. 

The E4360A interface is based on 

four parameters that enable efficient 

generation of the required I-V curve: 

open-circuit voltage, short-circuit cur-

rent, voltage at the maximum power 

point and current at the maximum 

power point (Voc, Isc, Vmp, and Imp 

respectively). The instrument’s “list 

mode” enables creation of user-

generated curves and allows rapid 

transitions from curve to curve to 

simulate, for example, the stages of 

eclipse.
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