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Maximum Power Tracking and Pulse-Width-Modulated
Shunt for Satellite Power Systems
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The feasibility is evaluated of using the continuous maximum power operation to lower the operating temperature
and to achieve the highest efficiency for solar cells deployed in space, which are subject to thermally induced
efficiency degradations and partial failure of cells due to microextraterrestrial objects’ impinging or mechanical
stress during deployment. The solar array is constantly operated at its maximum power point through a maximum
power point tracker, delivering power to the load, the battery, and the shunt that is controlled by a pulse-width
modulator to facilitate the tracker with variable impedance, so that the conditions for a maximum power transfer
can always be satisfied regardless of the variation in the array internal resistance. It is shown that the proposed
design can achieve the best efficiency and the lowest operating temperature compared to conventional regulation
methods. The design also results in minimized bus voltage ripples and increased voltage regulation capabilities.

Nomenclature
A = solar array front surface area, m>
A, = normalized solar array area
Cp = solar array specific heat, J/kg - K
D = percentage of sunshine time in one orbit
Hgr = satellite altitude, m
m = structured solar array mass, kg
my = solar array specific mass, kg/m?
my, = normalized specific mass, kg/m>
N = number of orbits in service lifetime
P, = load power, W
Psp = solar array generated power, W
gsa = solar array radiation cooling rate, W
qss> EA» GES = heat transfer rate by sunshine,
gsp by Earth albedo, by Earthshine, and space
background temperature, W
gst = heat transfer rate by satellite internal
heat, W
gst = heat flux due to satellite internal
heat, W/m?
Ria = Earth radius, 6.378 x 10° m
S = solar irradiance in orbit, W/m?
So = solar constant, 1366.1 W/m?
T = solar array temperature, K
Tea = Earth equilibrium temperature, K
Tmaxs Tmin = solar array maximum and minimum
temperatures during sun-view time, K
Tsp = deep space temperature, 2.73 K
Qp.SA> O fSA = solar array back and front surface

absorptance

solar array back surface Earth-viewing,
space-viewing, and satellite-viewing factor
solar array front surface Earth-viewing,
space-viewing, and satellite-viewing factor
satellite orbit period, s

:Bh,EAs ,Bh,SPy lgb,ST

BrEa, Brsps Brst
r =
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y = radiation degradation factor at end of life

) = solar array power transfer factor

EEA = Earth emittance, ~0.75

Eb,SA» Ef.SA = solar array back and front surface emittance
£sp = space emittance, 1.0

n = solar array efficiency

4 = solar array thermal swing time, s

= coefficient of equivalent sunshine due to
Earth albedo, due to Earthshine,
and due to internal heat

KEA, KES, KST

n = Earth gravitational parameter,
3.994 x 10'* m?/s?
OEA = Earth albedo, ~0.35
PF.SAs Pb,SA = solar array front and back
surface reflectance
o = Stephan—Boltzmann constant,
5.67 x 1078 W/m? . K*
TAT = Earth atmospheric transmittance, ~0.736
P = unit step function

Introduction

T is well known that the temperature-dependent photovoltaic

effect of solar arrays shows degrading efficiency as the oper-
ating temperature increases."> Previous research® also shows that
the temperature has a dramatic effect on the efficiency of an ar-
ray with a single cell failure, which results in 50% array efficiency
drop above a certain elevated temperature and revival of the nor-
mal efficiency at room temperature. Solar cells deployed in space
are subject to thermally induced performance degradation as well
as radiation degradation and sporadic damage of cells in the ar-
rays upon which microextraterrestrial objects impinge. Thermally
induced performance degradations are due to some reversible mech-
anisms such as increased junction recombination and leakage' and
some nonrecoverable mechanisms such as thermal stress induced
damage and formation of blocking contacts.* Solar arrays aboard a
low Earth orbit (LEO) satellite are exposed to thermal irradiations
from direct sunshine, Earth albedo, Earthshine, and also satellite
internal heat generation, which cause the array temperature to rise
and the efficiency to degrade.

Figure 1 shows the solar spectral irradiance, and Table 1 shows
the solar irradiance distribution in spectral bands in orbits. These
data were obtained and derived through the SOLAR2000 empir-
ical solar irradiance model>® and categorized based on the Inter-
national Standards Organization standard’ for the time of 8 April
2003, 14:10 h. For typical solar cells deployed in space, such as
Si- and GaAs-based cells, the majority of the solar power falls be-
yond the photovoltaic spectrum that ranges from visible to near
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Table 1 Solar irradiance distribution in spectral bands’

Band

Quantity X-ray XUV EUV VIS IR Far IR Radio Total

X, nm <10 10-30 30-120 120-400  400-700  700-10* 10*-10° >10°

Irradiance, W/m?  9.04-10~% 1.20-1073  3.54.1073 529.2 731.1 0.974 6.08-107>  1366.1

% 6.62-107°  879-1075 2.59.107* 38.7 53.5 7.13-1072  4.45.107° 100
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Fig. 1 Solar spectral irradiance in a near Earth orbit on 8 April 2003,
14:10 h (Refs. 5 and 6).

infrared (IR). When it is considered that the efficiency of the state-
of-the-art solar cells is less than 30% (Ref. 8), the percentage of
the solar power converted to heat (either due to direct absorption
of the energy beyond the photovoltaic spectrum or due to the heat
generation from the photovoltaic process) in the cell is >60%. (Data
available online, “Spectrolab Photovoltaic Data Sheets: k4702.pdf,
sj.pdf, tnj.pdf, and panels.pdf,” at URL:http://www.spectrolab.com
[cited 20 April 2003].) This conclusion is based on the assumptions
that the transmitted energy is generally a very small fraction and that
the reflectance is minimal. Whereas the former premise is true of
all cells deployed in space, the latter varies and is dependent on cell
types and surface coatings. For example, for the GaAs-based triple-
junction cell used in the following analysis, the solar absorptance
is 0.92, giving a reflectance of 0.08. For the Si single-junction cell,
the solar absorptance is 0.74, yielding a much higher reflectance of
0.26. However, because the efficiency of the Si single-junction cell
is considerably lower than that of the GaAs-based triple-junction
cell, its percentage of solar power converted to heat is still about
60%.

The efficiency losses due to temperature increase for some typical
solar cells are graphed in Fig. 2. Here, the efficiency at the begin-
ning of life is used for each cell, and only the reversible thermal
degradation mechanisms are included in the analysis. The data for
the Si K4702 single-junction cell, the GaAs/Ge single-junction cell,
and the GalnP2/GaAs/Ge triple-junction cell are obtained from the
SpectroLab website. The Culn,_, GaSe, (CIGS) thin-film cell, be-
ing lightweight, radiation hard, and currently under development for
future space applications,”!? is also included in Fig. 2 for compar-
ison. The efficiency for each type of cell is normalized to its value
at 301 K (28°C). As illustrated, at 363 K, the efficiency losses for
the GaAs-based single-junction cell and triple-junction cell, the Si
single-junction cell, and the CIGS thin-film cell are 11, 15, 26, and
34%, respectively. These data show that the performance of solar
arrays is significantly degraded if heat is not effectively removed.

One approach to controlling the heat absorption of solar arrays
in orbit is to use selective coating that blocks heat irradiation while
transmitting the photovoltaic spectrum. However, a coating effec-
tively performing the functions of the heat rejection and the spec-

Fig. 2 Normalized efficiencies as functions of temperatures (Ref. 9 and
Spectrolab web site).

trum transmission is difficult to develop. Also a coating developed
for one type of cells may not perform well for another type. In ad-
dition, the low heat absorptance of coatings also inhibits radiation
cooling of the array due to the corresponding low emittance, accord-
ing to Kirchhoff’s law. The purpose of this paper is to investigate the
possibility of reducing the temperature of the solar array, thereby
increasing its efficiency in terms of system design and operation.
When operated at its maximum power point (MPP) constantly, the
solar array delivers the maximum possible electrical power to the
bus while the power that turns to heat in the cells is minimized. Thus,
if operated at the MPP, the solar array undergoes the best cooling
effect for given thermal environmental conditions. This is partic-
ularly beneficial when a partial failure of cells in an array occurs
because the MPP tracking can hold the array at its highest possible
power output even if the internal resistance is changed. We propose
here a pulse-width-modulation- (PWM-) controlled shunt, the goal
of which is to provide a bypass for the excess energy of solar ar-
rays and to facilitate the maximum power extraction. The feasibility
of using continuous maximum power operation to reduce the cell
operating temperature and, hence, the thermally induced efficiency
degradation is evaluated for several solar cells deployed in space. It
is shown that the proposed design allows the best efficiency and the
lowest operating temperature, thereby having potential benefits for
the solar array size and mass reduction and the lifetime enhance-
ment. The design also results in minimized bus voltage ripples and,
therefore, minimized size of filters. The description of the proposed
fundamental system configuration follows.

System Descriptions

Shown in Figs. 3-5 are three different bus voltage regulation
configurations for satellite power systems. Common to all of these
configurations is a secondary side across the bus rail, including a
filter, a battery array with a charge controller, and a load. All three
systems use multipanel solar arrays for power generation, which is
practically important to the reliability, transportation, and deploya-
bility of solar arrays in orbit. The differences among these configu-
rations include the ways of feeding the array power to the bus and
the methods of regulating the bus voltages.
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Fig. 5 Proposed PWM-controlled shunt regulation with MPP
tracking.

In the system in Fig. 3, sequential series switches!' are used.
Each individual solar array panel is connected to the main power
bus through a switch that is operated in on or off state and controlled
according to the bus voltage level setpoint. The disadvantages of this
configuration are as follows. First, the impedance across the rail
seen by the solar arrays during a switch on state is determined by
the battery state of charge and the load conditions, which generally
cannot satisfy the maximum power transfer condition. Second, all
of the absorbed solar power will be dissipated in the solar arrays as
heat during the switch off state, which induces thermal stress and,
due to the thermal inertia of the array, causes efficiency degradation
at the time when the switch is back in the on state. Third, on- and off-
state operations of series switches give rise to a jagged bus voltage;
therefore a large filter capacitance or an active filtering device is
required to keep the voltage ripple at an acceptable level.

The system shown in Fig. 4 uses a sequential shunt-switching
configuration.'? Disadvantages similar to those of sequential series-
switching, such as large voltage ripples and nonmaximized power
transfer, exist in this system, likewise, due to the binary nature of the
switch operation. The advantage of the sequential shunt-switching
over the sequential series-switching is that a small portion of the
excess energy is shunted to the panel structural frame (serving as an

electrical ground) during the switch on state. However, the majority
of heat still dissipates in the cell because the shunt does not provide
the array with any maximum power and heat transfer mechanism.
Thus, the comparatively lower power capability of the solar arrays of
both sequential series and shunt regulations and their requirements
for large filters result in unnecessarily great mass and volume in the
overall system design.

To address these problems, we propose the system shown in Fig. 5.
In this configuration, the power generated by each panel of so-
lar arrays feeds the bus through an MPP tracker.''* Across the
bus rail, one or more PWM-controlled shunts for example, power
metal-oxide-semi conductor field-effect transistor switches (only
one shown in Fig. 5), are connected. The shunts act as bypasses
for the excess power and facilitate the solar array with varying
impedance for the maximum power transfer. The excess power is
dissipated as heat in the dissipater that also serves as a radiator trans-
porting the heat into space. For the most effective heat dissipation,
the dissipater can be placed on the back of the array panel, where the
sun-viewing factor is zero, and the Earth albedo, the Earthshine and
the satellite heat radiation viewing factors are minimized, while the
space-view factor is maximized. The detailed design of the dissi-
pater, including geometry, mass, and thermal efficiency, are beyond
the scope of this paper; the means to transfer efficiently the heat
to space without adding significant size and mass penalty will be a
focus in the next stage of our research.

The advantages of the system shown in Fig. 5 can be summa-
rized as follows. 1) The solar array is always operated at its MPP;
therefore, the highest efficiency can always be achieved. When it
is considered that the added weight and volume of the controllers
are minimal (compared to sequential switching regulations that also
use electronic controllers and switches), it is clear that the size and
mass of the solar array for a given power requirement is lower than is
the case with the sequential series- or shunt-switching regulations.
2) Given the same thermal environmental conditions, the solar ar-
ray in this system undergoes minimized self-dissipation because
of maximum power delivery to the bus. This results in the lowest
possible cell temperature, preferable to that resulting from the se-
quential series- or shunt-switching regulations. The direct benefits
are less reversible thermal degradation and better voltage regulation.
3) Under the condition of a partial failure of cells in an array due to
sporadic damage from impact of microextraterrestrial objects or due
to other reasons such as mechanical stress during deployment, etc.,
it is especially beneficial to use the MPP because the best efficiency
and the lowest temperature of the array are still obtained. Other-
wise, the altered array internal resistance will result in impedance
mismatching and considerable power loss.® 4) The characteristics
of the PWM-controlled shunt allow high-quality bus voltage regula-
tion with minimized ripples because the shunt provides continuously
varying impedance across the rail and bypasses any level of excess
power. Therefore, the filter can be minimized. These advantages will
be evident in the process of our analysis in the next section.

Efficiency Analysis

In this section, we present a preliminary analysis of the efficiency
and operating temperature of the solar array for the proposed system
based on a simplified model. The temperature of the solar arrays is
governed by the following dynamic equation:

dr
Cpma = ¢gss + gea + gEes + gsp + gsa + gst 1

where the left-hand side of the equation is the rate of change of the
array internal energy that depends on the array temperature 7 and
the right-hand side is the rate of heat input in watts. Each of the
heat rate components, those from sunshine gss, Earth albedo gga,
Earthshine ggg, space heat sink gsp, solar array radiation cooling
gsa, and satellite internal heat generation ggr, is explained in the
Appendix.

For a circular LEO with an altitude of 798 km, the orbital period
is about 100.73 min. It is assumed that the satellite has a sun-view
time of 70% of its orbital period and an Earth-shadow time of 30%.
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Table 2 Cell parameters

Nmp %
Cell mg, kg/m? ¢, Jkg-K*  « € y 301K 320K 350K
GalnP,/GaAs/Ge (ITJ)" 2.06 460 092 085 084 268 256 23.7
Si K4702 (ST)® 1.07 700 074 085 074 133 12.3 10.7
CIGS (TF)* 0.7 330 092 085 094 15 13.4 11

“Estimated nominal value. ®Spectrolab website. “Data for a, €,
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Fig. 6 Temperatures of the GaInP,/GaAs/Ge IT]J cell at three opera-
tion modes; sun-view time values of 334.9, 346.2, and 355.9 K.

Also, we assume that the solar array is at the beginning of its life,
and the day of the orbiting is 8 April 2003. Therefore, the solar
constant is 1366.1 W/m?. Table 2 lists parameters for three types
of solar cells that are studied in the proposed system for compari-
son: the GalnP,/GaAs/Ge improved triple-junction cell (ITJ), the Si
single-junction cell (K4702), and the CIGS thin-film cell. The solar
absorptance and the thermal emittance for the first two cells are from
the Spectrolab products website given earlier. The absorptance and
the emittance for the CIGS are assumed values because the data are
not available. Also notice that, although both the solar absorptance
and the thermal emittance of a cell are applicable to certain spec-
tral regions only, the detailed characteristics of the absorptivity and
emissivity for each cell are ignored in Eq. (1) for simplicity. This
assumption does not introduce significant errors into the analysis.

The mechanical and electrical characteristics of the three cells are
different. The CIGS thin film has the least specific mass, whereas the
SiK4702 has the lowest solar absorptance and efficiency. The GaAs-
based ITJ cell is the highest in efficiency and also has the highest
specific mass. The specific mass listed here accounts for both the
cells and the structure. Table 2 also lists the maximum efficiencies
of the cells for temperatures of 301, 320, and 350 K. Operation of
these three types of cells is conducted in three modes: 1) The cells are
always operated at their maximum efficiencies, which corresponds
to the case of using the proposed system. 2) The cells are operated
at 50% of their maximum efficiencies. 3) The cells are operated at
0% efficiency, which corresponds to the case that all of the absorbed
solar power is dissipated in the cells as heat. Whereas no solar arrays
are constantly operated at 50 or 0% efficiencies, these calculations
are performed for purposes of comparison.

Figures 6-8 show the temperature variations of the solar arrays
for the GalnP,/GaAs/Ge ITJ cell, the Si K4702 SJ cell, and the
CIGS TF cell, respectively, for the time duration of about 1.1 orbits
(total 110.8 min or 6648 s). For each cell, three temperature curves
are generated, which correspond to the maximum power transfer
(solid curves), 50% of maximum power transfer (dotted curves),
and zero power transfer (dashed curves). As can be seen, during the
Earth shadow time, the temperature of cells does not drop to the
space background temperature due to the thermal environment of

and y are assumed values.
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Fig. 7 Temperatures of Si K4702 SJ cell at three different modes; sun-
view time values of 328.9, 334.8, and 340.1 K.
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Fig. 8 Temperatures of the CIGS TF cell at three different modes;
sun-view time values of 348.9, 353.6, and 357.8 K.

satellite internal heat generation and Earthshine at a near Earth orbit.
During the sun illumination time, the temperature is lowest when
the array is operated at the MPP, being 334.9, 328.9, and 348.9 K,
respectively, for the three cells. Consequently, the thermally induced
efficiency losses are 8, 11.3, and 26.7%. If, however, the solar arrays
are operated at 50% of the MPP, the temperatures increase to 346.2,
334.8, and 353.6 K at the sun-view time, and the corresponding
thermally induced losses increase to 10.8, 13.5, and 28.7%. The
total losses, including both the thermally induced loss and that due
to impedance mismatching, are 55.4, 56.8, and 64.3%. Of course,
in an extreme case such as when the arrays are open circuited or
the impedances are severely mismatched, no power (or only little
power) will be transferred to the bus, and the temperatures for the
three cells will increase to 355.9, 340.1, and 357.8 K, respectively,
yielding thermally induced losses of 13.1, 15.8, and 31.3%.
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Table 3 Cell performance

Cell
Operation GalnP,/GaAs/Ge (ITJ) Si K4702 (SJ) CIGS (TF)
MPP
T,K 334.9 328.9 348.9
T -induced loss, % 8 11.3 26.7
Total loss, % 8 11.3 26.7
50% MPP
T,K 346.2 334.8 353.6
T -induced loss, % 10.8 13.5 28.7
Total loss, % 55.4 56.8 64.3
0 Power
T,K 355.9 340.1 357.8
T -induced loss, % 13.1 15.8 31.3
Total loss, % 100 100 100
Table 4 Coefficient for equivalent sunshine
Cell KEA KES KST
GalnP,/GaAs/Ge (ITJ)at 320K 0.103  0.049  0.070
Si K4702 (SJ) at 340 K 0.084 0.040 0.070
CIGS (TF) at 350 K 0.103 0.049 0.070

The results shown in Figs. 6-8 are summarized in Table 3. In
Table 3, the thermally induced efficiency losses are listed for three
operation modes for the three types of cells. In addition, the total
efficiency losses are also listed. Without MPP tracking, significant
loss results due to impedance mismatching, which causes the cell
temperature to rise even higher and further increases thermal loss.
With the MPP tracking, the loss due to impedance mismatching
is eliminated, resulting in the lowest temperature and minimized
thermal degradation. Notice that in each operation mode analyzed,
the temperature of the Si cell is the lowest among the three. This is
a result of the relatively low solar absorptance of that cell (74%).
Therefore, an appropriate coating that transmits the photovoltaic
spectrum while blocking heat irradiation can significantly reduce
the cell operating temperature and improve the power output.

The systems without MPP tracking can be operated at a power
point determined by the battery state of charge and the load
impedance, which typically varies in time. In this case, because
the amount of power transferred to the bus depends on instanta-
neous impedance matching conditions, the power dissipation in the
cell changes accordingly. This results in oscillations of the cell tem-
perature between the values corresponding to a maximum power
transfer and those corresponding to a zero power transfer. Once the
temperature is maximized, even if the impedance is matched at some
instant during operation, the power transfer is still severely limited
due to an already degraded efficiency, causing considerable energy
and power loss. To illustrate this limitation, we calculate the time
required for the array temperature to change from the highest to
the lowest during an MPP operation. When the heat input due to the
space heat sink is ignored, the array temperature at any time ¢ during
a sun-view period can be approximately calculated according to

dr
ChmE ~—2A0eT* +[1—p—n(T) +kpa + kis +kst]AS (2)

Equation (2) is a simplified version of Eq. (1), where the heat trans-
fers due to Earth albedo, Earthshine, and satellite internal heat are
converted to the equivalent amount of sunshine using the parameters
KEA, KEs, and kst, which can be evaluated for their averaged values
using Egs. (A4), (AS), and (A8). A solution to Eq. (2), the time for
the array temperature changing from the maximum to the minimum,
is given by Eq. (A10). When the material properties for the three
types of cells listed in Table 2, and the parameters for equivalent
sunshine listed in Table 4 are used, the temperature swing time is
376 s for the GalnP,/GaAs/Ge ITJ cell, 223 s for the Si K4702 SJ
cell, and 30 s for the CIGS TF cell. The conclusion is that it takes
at least 6 min for the GalnP,/GaAs/Ge ITJ cell to reduce its tem-
perature to the optimized value once the temperature is elevated,

during which time the power transfer is severely limited. For the
CIGS thin-film cell, the swing time reduces to a half-minute due to
its light weight and low specific heat. Notice that the swing time was
calculated using the MPP tracking condition. Without MPP, it will
take a longer time, or it may never reach the minimum temperature.
Apparently, constant MPP tracking not only maximizes the power
output, but also improves the system capability for dynamic voltage
regulation.

Design Application

In general, the load of the satellite power system is mission de-
pendent and varies during the course of orbiting. For simplicity, we
assume that a constant load is applied to the system during the entire
satellite service life. In this case, the battery has to supply the total
power to the load during the Earth-shadow time. An energy balance
equation for the system can be written as follows:

DF‘PSA=F~PL (3)

When the solar array efficiency is used, the desired solar array power
can be expressed as

Psp = PL/D = 8ynmy(T)ASy “)

where § is the power transfer factor, § = 1.0 for a maximum power
delivery, and y is the efficiency degradation factor due to radiation,
which is the primary factor affecting the service lifetime of solar
cells. The efficiency value 7 in Eq. (4) represents reversible effi-
ciency degradation mechanisms as a function of temperature and
does not include the permanent degradation due to thermal stress,
which is generally not a concern.® Sporadic array damage due to the
impact of microextraterrestrial objects is not considered in Eq. (4).
Hence, the size and the mass of the solar array based on the condition
at the end of life (EOL) can be designed according to

P
AT, 8,y) = ———— 5)
‘Synmp(T)DSO
P
m(T, 8, y) = SL 6)
Vnmp(T)DSO

where m, is the specific mass of solar arrays. Here, the area and
the mass of the solar array are written as explicit functions of the
temperature, the power transfer factor, and the radiation degradation
factor because these three parameters significantly affect the cell
performance. For a particular mission, the parameters P,, D, and
Sp are given. Equations (5) and (6) can be normalized as

Ay(T.8,y) = 1/8y Nmp(T) )
my(T,8,y) =ma/8y Nmp(T) (¢

The normalized area is a number that specifies the cell power
generation capability in terms of area compared to the unit area of
a cell for a given load power, solar irradiance, and sun-view duty
ratio in an orbit. The lower the number of the normalized area, the
better the power capability will be. Similarly, the normalized mass
number specifies the cell power generation capability in terms of
mass. In the calculations, the radiation degradation factors (listed
in Table 2) for the GalnP,/GaAs/Ge ITJ cell, the Si K4702 SJ cell,
and the CIGS TF are 0.84, 0.74, and 0.94, respectively, at the EOL.

For the first two cells, the data were obtained under an irradiation
fluence of 1 x 10" electrons/cm? at 1 MeV (Spectrolab products
website), which is approximately equivalent to the radiation received
by an Si cell at the LEO environment during a period of 10 years."
Thin-film cells are considered to have the best radiation hardness.
Previous experimental results'® show about 10% improvement in
terms of radiation degradation tolerance for the CIGS cell compared
to that of the GaAs-based triple-junction cell. Also, in Egs. (7) and
(8), the cells are assumed to be operating under the maximum power
transfer conditions.
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Fig. 10 Normalized mass number as a function of temperature for
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Figures 9 and 10, respectively, show the area number and the
mass number as a function of temperature for three types of cells
using the described degradation factors and operation conditions.
The area and mass numbers marked by the circles in Figs. 9 and 10
correspond to the thermal conditions obtained from Figs. 6-8 for
three types of cells. Figure 9 shows that the GalnP,/GaAs/Ge ITJ
cell has the lowest area number in the 300—-400 K temperature range
because of its highest efficiency. In contrast, the other two cells
have higher area numbers, with the CIGS performing better than
the Si cell. For the maximum power transfer under given thermal
conditions, the area numbers are 4.83 for the GalnP,/GaAs/Ge ITJ
cell, 11.46 for the Si K4702 SJ cell, and 9.63 for the CIGS TF cell.

In practical design, the solar array mass is the most important
parameter because the cost for satellite launching and maneuvering
in orbit is directly related to the total mass. The comparison of the
mass numbers for three types of cells is given in Fig. 10. For the
given thermal environment with a maximum power delivery, they
are 9.94 for the GalnP,/GaAs/Ge ITJ cell, 12.27 for the Si cell, and
6.74 for the CIGS cell. Clearly the CIGS cell outperforms the other
two cells with respect to the mass numbers.

Although the CIGS cell has the lowest mass number, it bears
the largest area number among three cells. However, greater area
yields disadvantages in deployability, maintenance, and reliability.
An optimal design should consider both mass and area to achieve
maximum system efficiency, power density, life and reliability, while
minimizing the risk of damage and cost. In the following discussion,
we consider design optimization for a simplified case by including
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Fig. 11 Goal function numbers of the three types of cells with maxi-
mum power transfer.
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Fig. 12 Goal function numbers of the three types of cells with 80%
maximum power transfer.

both mass and area numbers, together with a maximum power de-
livery under a given thermal environment. An optimization goal
function may be chosen as

G(T.8.y) =& AT, 8,y +¢ -m(T.8,2)> (9

Here & and ¢ are weight factors for the area and mass numbers,
respectively. The weight coefficients largely depend on practical
design considerations and have been chosen here for demonstration
purposes as £ =0.3, and ¢ =0.7. Figure 11 shows the goal func-
tion as a function of temperature for the three cells. Below 380 K,
the CIGS cell has the best performance, whereas above 380 K the
GalnP,/GaAs/Ge ITJ cell performs the best. Under the optimized
power transfer and given thermal conditions, the numbers yielded
from the goal function are 8.73 for the GalnP,/GaAs/Ge ITJ cell,
12.03 for the Si cell, and 7.72 for the CIGS cell, which, therefore,
shows the best performance.

For comparison, Fig. 12 shows the goal function numbers for three
types of cells with 80% maximum power transfer. In this case, the
temperatures of the cells are elevated, and the corresponding mass
and area have to be increased. The numbers of the goal function
for the three cells are 11.05 for the GalnP,/GaAs/Ge ITJ cell, 15.21
for the Si cell, and 9.03 for the CIGS cell. Again the result is that
the CIGS has the best performance due to its light weight and good
radiation tolerance. However, the CIGS is still in development, and
its applicability for space applications remains to be proven. Thus,
among the state-of-the-art cells, the GasAs-based ITJ cell is a better
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choice than the Si cell because its performance is very similar to
that of the CIGS.

Note that under the condition of the maximum power operation,
the power delivered to the bus is less than the maximum power
generated by the solar array because part of the power is bypassed to
the dissipater through the shunt. Therefore, in the design Egs. (7-9),
the power transfer factor § is always less than 1. In this analysis,
we simplified the consideration of § to illustrate the benefits of the
maximum power operation. In practical design, the value for § must
be carefully determined based on the particular system design and
satellite mission specifications.

Conclusions

A design for MPP tracking and PWM-controlled shunt regulation
for satellite power systems has been proposed to minimize thermal
degradation and maximize efficiency. A preliminary analysis of the
performance of three typical cells, based on a simplified thermal
dynamic model of a solar array in orbit, is presented for the cases of
MPP operations and non-MPP operations. The analysis shows that
the proposed design offers the advantages of maximum power deliv-
ery, highest cell efficiency, lowest cell temperature, and minimized
bus voltage ripples compared to the existing bus regulation methods.
Therefore, it allows better quality of bus voltage regulation, as well
as smaller size and longer service lifetime of solar arrays.

Appendix: Heat Transfer Rates

Solar Irradiance in a Circular Orbit
A circular orbit is a good approximation for the low Earth satellite
orbit. The time for one orbit can be calculated as

I'= (21 /i) (Rea + Hsr)? (A1)

The solar irradiance varies for orbital positions. For a circular orbit of
approximately 1 astronomical unit from the sun, it can be assumed
as a constant for the portion of the orbit that is exposed to the
sun’s illumination and zero for the portion in the Earth’s shadow.
Therefore,

N
S(l):SOZ[CD(l—(k—l)-F)—(D(t—(k—1+D)~F)] (A2)

k=1

Heat Transfer due to Sunshine

Assume that sunrays are always perpendicular to the surface of
the solar arrays. The percentage of the solar power that turns to heat
is [1 — prsa — n(¢)]. The heat transfer rate due to sunshine can be
described as

gss(t) = L1 = pysa — () JAS(1) (A3)

Notice that the heat in Eq. (A3) includes both direct heat from the
sun and the array internal ohmic heat.

Heat Transfer due to Earth Albedo

The Earth albedo is about 0.35. The atmospheric transmittance is
about 0.74. Both the front and back surfaces of the solar array absorb
the heat resulting from the Earth albedo. The heat transfer also
depends on the satellite altitude, the array surface absorptance, and
the array Earth-viewing factor. These phenomena can be described
by the following equation:

qea(t) = [Rea/(Rea + Hst)]?

X [ossaBrea(t) + opsaBp.ea(t)]ATarpEAS (1) (A4)

Heat Transfer due to Earthshine
Similarly, the heat transfer rate due to the Earthshine is given by

qes(t) = [Rea/(Rea + Hst)]?

x [arsaBrealt) + oy 58 Bp.a (1) ]ATATO EA T (AS5)

where we assume that the Earth is in thermal equilibrium state'” and
the temperature is Tga = 270 K. A more sophisticated model can be
developed based on the consideration of temperature distributions
on the surface of the Earth depending on the time, day, and session.
For our preliminary analysis, we use the simplified relation (A5).

Heat Transfer due to Space Heat Sink

Space heat transfer rate depends on the solar array surface absorp-
tance, space-viewing factor, and space background temperature. The
heat transfer rate can be calculated as

qsp(t) = [apsaBysp(t) + O‘b,SA,Bb.SP(t)]AUESPTép (A6)

Radiation Cooling
The amount of heat emitted into the space environment by solar
arrays can be computed as

gsa(t) = —o[efsa + epsalAT? (A7)

Heat Transfer due to Onboard Heat Sources

The heat transfer rate due to onboard heat sources depends on the
solar array surface absorptance, the satellite-viewing factor, and the
satellite temperature:

gst(t) = [apsaBrst(t) + apsaByst(t)AcestTor(t)  (A8)

In Eq. (8), an equilibrium temperature for the satellite is assumed.
This temperature is generally a function of time. For a given satellite
and its operation, the exact heat rate may be calculated as

oestTar(t) = gst(t) (A9)

Approximations

Some approximations made in the preceding equations are com-
mented on here. 1) The solar irradiance in orbit fluctuates due to the
sun’s surface activities and the Earth’s elliptical orbit and inclina-
tion. These effects are ignored for simplicity. 2) Each panel of the
solar arrays is assumed to have an equal area for its front and back
surfaces. The photovoltaic effect active area is assumed to be equal
to that of the front surface as well. 3) The temperature of the Earth’s
surface is a function of location, time, day, and session. A ther-
mal equilibrium state is assumed for simplicity. 4) The heat transfer
due to satellite onboard sources is a function of time, depending
on a particular satellite design and mission. Again for simplicity, a
constant value is assumed. 5) The solar array Earth-viewing factor,
space-viewing factor, and satellite-viewing factor are complicated
functions of the solar array and satellite geometries, position, orien-
tation, and orbital parameters. It is assumed that the solar array has
a fixed orientation with respect to the satellite, and it always faces
the sun. Therefore, the satellite viewing-factor is a constant. The
Earth- and space-viewing factors are functions of time and orbital
positions.

Estimation of Array Temperature Swing Time

When an averaged maximum efficiency is assumed, a solution
to Eq. (2), the time for the array temperature to change from the
maximum value to the minimum value is

L |:(k — Toin) (k + Tmax)}

T4 | Kk + Toim) (k — )

+ k t Tmin t Tmax (AIO)
b atan A a tan X

_ 1= p— nmp + Kea + KEs + KsT

b So (A11)
Cpmy
1
1= p = 1l 1
k=< Y 7]p+KEA+KES+KSTSO> (A12)
20¢

where m, =m/A is the array specific mass.
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