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METHOD FOR CALCULATING THE ENERGY CHARACTERISTICS AND SOLAR BATTERY
PARAMETERS OF HIGH-VOLTAGE POWER SUPPLY SYSTEMS
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40, Lenina Av., Tomsk, 634050, Russian Federation
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One of the main tasks arising in power supply systems (PSS) of spacecraft (SC) design is the determination of ra-
tional structure in terms of providing consumers with electricity of the required quality. At the same time, a reasonable
consumption of power generated by solar batteries (SB) and accumulator batteries (AB) should be realized in PSS. The
choice of the PSS structure is based on the calculation and comparative analysis of PSS options, taking into account the
adopted system performance criteria, the main ones being the energy and weight-dimension characteristics. For this
purpose, the process of energy flows distribution in the PSS by forming a mathematical description of the PSS operating
modes is carried out. In order to obtain the graphs of the SB generated power and to calculate SB parameters during
the service life, a mathematical model of the SB based on the use of initial and experimental parameters of its photo-
voltaic elements of any area was developed. The SB model provides the required accuracy of I-V and V-W characteris-
tics calculation for any given values of illumination and temperature.

In the article the method for calculating the energy characteristics of PSS and SB parameters taking into account
the possibility of its limitation at the maximum or minimum level was described. It is shown that the method allows to
determine the ways of rational redistribution of energy flows in the systems being designed to improve its weight-
dimension characteristics by reducing the maximum design power of energy-converting equipment (ECE), which is
achieved by forming a rational logic for applying the SB maximum power point tracking mode, in particular, when the
spacecraft leaves the Earth's shadow. Energy balance in PSS is provided by applying correction coefficients. The calcu-
lation results obtained by the method are the basis for requirements for ECE and SB design in PSS and can be used by
developers and manufacturers of onboard and ground PSS.

Keywords: spacecraft, power supply system, mathematical model of the solar battery, energy characteristics, maxi-
mum power point tracking mode.

METOJINKA PACYHETA DHEPTETHYECKUX XAPAKTEPUCTHUK U ITAPAMETPOB
COJIHEYHBIX BATAPEN BLICOKOBOJIbTHBIX CUCTEM JJIEKTPOIIUTAHUA
KOCMHMNYECKHUX AIIITIAPATOB
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ToMckuii TOCyIapCTBEHHBI YHUBEPCUTET CHCTEM YIIPABICHUS U PaIHOIICKTPOHUKH
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Oo0notl U3 0CcHOBHBIX 3a0ay npoexmuposanus cucmem snexkmponumanus (COI1) xocmuueckux annapamos (KA) ss-
JISlemcsi onpedeienue Ux payuoOHaIbHOU ¢ MOYKU 3peHus obecneuenus nompebumenei dneKmposHepeueti 3a0anHo20
Kavecmaa cmpykmypul. [Ipu smom 6 cucmeme 00JHCHO ObimMb Peanu308anHo 060CHOBAKRHOe NOMpebIeHUe 2EHEPUPYEMbIX
conneunvimu  (BC) u  axxymynsmoproimu 6amapesimu  mowHocmei. Bwibop cmpyxkmypor COII  ocHoebiéaemcs
Ha npoeedeHuy pacuema u COnOCMagUMenbHo20 AHAIU3A UX AIbIMEPHATMUBHBIX APUAHMOE C YYemOM NPUHAMbBIX KPU-
mepues dhGexmusHoCmu CUCmeMbl, OCHOBHBIMU U3 KOMOPLIX AGIAIOMCI IHepeemudecKue U 2adapumno-maccosvie
xapaxmepucmuxu CII1. [ns smoeo npogooumcs ucciedoganue npoyeccos pacnpeoeneHis Nomokos dHepeuu 8 cucne-
Me nymem hopmuposanus mamemamuieckozo onucanus pexcumos pabomor COII. C yenvto nonyuenus epaghuxos ce-
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nepupyemou BC mownocmu u 015 pacuema ee napamempos 6 meyenue Cpoka IKCRIyamayuy paspabomana mamema-
muueckasn moodenvb BC, komopas ocHo8ana HA UCNOIB308AHUU OCHOBHBIX U IKCNEPUMEHMATbHBIX NAPAMEMpPos ux ¢o-
MO2IeKMPUYecKux dnemenmos arool niowaou. Modens BC obecneuusaem mpedyemyro moyHOCMb pacyema 801bMi-
AMNEPHBIX U BOJIbM-GAMMHBIX XAPAKMEPUCIIUK OISl TT0ObIX 3A0AHHBIX 3HAYEHUN MEMNepamypvl U O0CEEUeHHOCHU.
Onucana memoouka pacuema 3uepeemuyeckux xapakmepucmux COII u napamempos BC ¢ yuemom 803MOAICHOCHU UX
02panUYeHUss N0 MAKCUMATLHOMY AUOO0 MUHUMATbHOMY YposHio. Tlokaszano, umo memoouxa nosgoisem onpeoeisinb
nYymu payuoHaIbHO20 NEPEPACHpeenetls RONMOKOE8 IHEPSUU 8 CUCEMAX C YelblO YIVUULeHUsL UX 2A0apUumHO-MACCOBbIX
Xapaxmepucmux 3a cuem YMeHbUeHUst MAKCUMATbHOU PACYEMHOU MOWHOCTU UX SHEP2ONnpeobpazyioweli annapamypbl
(DI1A), ymo docmueaemcs nymem hopmMuposaHust payuoHaIbHO20 AICOPUMMA NPUMEHEHUSL PEHCUMA IKCIPEMATLHOO
peeynuposarus mowrocmu bC, 6 uacmuocmu, npu évixooe KA uz menu 3emnu. nepeobananc ¢ COII npu smom obec-
newugaemcs 3a Cuem npUMeHeHUss NONPasoiHbIx Ko duyuenmos. Ionyuennvie no memoouxe pe3yivbmamsl 6IAI0MCcs
0CHO601 psda mpebosaruti no npoekmuposaruto 1A u BC ¢ COII u mocym 66imsb ucnonib308ansvl paspabomyuKamu u

npouseooumenimu 6opmoguix u Hazemuvix COII.

Kniouesvie cnosa: kocmuueckuil annapam, cucmema I1eKmponumanust, vamemamudecKas MoOenb conneunol ba-
mapeu, dHepeemuiecKue xapakmepucmuKku, IKcmpemaibHoe pecyiupoeanue MOWHOCnu.

Introduction. Ensuring the long term of the space-
craft (SC) active lifetime (TAL) is one of priority scien-
tific, technical and economic tasks which solution de-
mands a comprehensive fundamental approach during the
development and creation of SC power supply systems
(PSS).

The main primary energy source in SC PSS are solar
batteries (SB) designed on the basis of Si or GaAs solar
cells having non-linear I-V and V-W characteristics with
a pronounced maximum of the generated power, deter-
mined by an operating voltage level that proves the expe-
diency of maximum power point tracking (MPPT) mode
of SB in PSS application [1-4]. Due to the increase of
output voltage of the SC load power bus up to 100 V, new
technical requirements to the ways of coordination and
service conditions of energy sources in PSS have been
created. This is due to the possibility of electrostatic dis-
charges between photodiodes chains and current collec-
tion elements of the SB and, as a result, to the need for the
maximum level of SB open circuit (OC) voltage operation
limitation reached when the SC leaves the orbit shadow
areas [5—7]. Application of other solar cells types in PSS
is possible in case of feasibility of their use realized by
means of calculation of the generated by SB capacities
during TAL providing an energy balance in PSS, rational
distribution of energy flows and prevention of PSS work
emergency operation.

The developed technique provides the reduction in
calculation time of power characteristics and the SB pa-
rameters of high-voltage SC PSS which is obtained by the
decrease in the number of iterations directly proportional
to the quantity of correction factors to be calculated. The
technique can be applied when calculating options of
ground and onboard PSS with various load curves and
service conditions for the purpose of realization of energy
flows in PSS rational redistribution and to impose its ECE
and SB design requirements.

Mathematical model of solar battery. The SB elec-
tric parameters during SC service change significantly.
The considerable influence on SB I-V and V-W character-
istics is rendered by temperature and illumination. So, in
low-orbit SC the SB panels temperature changes in the
range from —90 to +80 °C, herewith the SC can have the
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sharp-variable load curve and the significant number of
shadow areas on the orbit. Therefore for the correct plan-
ning of PSS target equipment operation it is expedient to
carry out the calculation of SB generated power in all
operating modes of SC PSS during TAL.

The SB current parameters, taking into account the
graphs of their illumination F and temperature ¢, are cal-
culated on the experimental solar cells I-V characteristics
of any area provided by their manufacturers. The SB
mathematical model set by three points is the basis for the
developed mathematical model: of an open circuit (OC)
voltage Upc, short circuit (ShC) current Ig,c, optimum
values of SB current /);pp and voltage Uyppp [8]. The SB
mathematical model depending on temperature ¢ and il-
lumination F is described as

Ly (Ugy,t, F) = Ig (8, F)x

Uoc (t,F)-Usgp
8 1_(1_1MPP(17F) Uoc (t:F)=Uppp (1,F) ’ 0
IShC (t7 F)

where Ugp — current value of SB voltage; Ig(t.F) —
SB short circuit current; Iypp(¢,F) — optimum value of SB
current on I-V characteristics at SB MPPT mode in PSS;
Uyipp(t,F) — optimum value of SB voltage on I-V charac-
teristics at SB MPPT mode in PSS; Upc(t,F) — SB open
circuit voltage.

The SB open circuit voltage depending on ¢ and F
is calculated by the formula

Uoe (t,F) = ky, - Upe (4, F)-(1+0,01-B) ™, (2)

where ky, — the correction coefficient of voltage deter-
mined by SB I-V characteristics abscissa axis, considering
its illumination influence; F; — SB nominal illumination
value; Up(t,F1) — SB open circuit voltage at nominal
values #; and F; B — temperature coefficient of SB open
circuit voltage.

The SB short circuit current depending on ¢ and F is
determined by the formula

Lo (t,F)=k, ‘IShc(thl)'(l""OaOl'(’v)(titl) N E)

where k;, — the correction coefficient on current deter-
mined by SB I-V characteristics ordinate axis, considering
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its illumination influence; Ig,(f,F) — SB short circuit
current at nominal values #, and F; o — temperature coef-
ficient of SB short circuit current.

The optimum value of SB current is calculated taking
into account ¢ and F as follows

ky - Lpp(t,, F)-(140,01-2)0

Lypp (8 F) = (l+0,01-v)(H1)

)

where Iypp(t1,F) — optimum value of SB current at #; and
Fy; A — temperature coefficient of SB maximum generated
power, i. e. power in an optimum point (MPPT mode);
v — temperature coefficient of the optimum value of SB
voltage.

The optimum value of SB voltage taking into account
t and F'is calculated according to the formula

Uspp(t, F) = ky, 'UMPP(II’E)'(1+0901’V)(t7t1) > (%)

where Uypp(t1,F1) — value of SB optimum voltage on -V
characteristics at ¢, and F.

Correction coefficient of voltage ky, is determined as
follows:

1. On the experimental solar cells I-V characteristics
of any single area (fig. 1), obtained at different illumina-
tion levels F;...F, of solar cells and at some nominal
temperature ¢, values of solar cells open circuit voltages
Uoci(t1,F) ... Upca(t1,F,) are determined by the abscissa
axis.

2. The correction coefficients ky...ky,, reflecting the
relative change of solar cells open circuit voltage which is
in the range between Upc,(t1,F,) and Upc,i(t1,F 1) de-
pending on levels of their illumination are calculated ac-
cording to the formula:

— UOCn+1 (tl ° Ezﬂ) +
UOC] (tl’Fi)

UOCn (tl’ F;l) _ UOCrHl (tl’E1+l)
UOCI(II’E) UOCl(tl’E)
F —F

n+l

Un

'(F_F;1+1) . (6)

Correction coefficient of current k&, is determined in
the same way by an abscissa axis of the experimental so-
lar cells I-V characteristics and taking into account the
use of solar cells short circuit current values:
[ShCn+1(t1’E1+l) +

In

IShCl (tl b F{ )
[ShCn (tl > Ez) _ IShCn+1 (tl > F;Hl)
IShCl(tl’Fi) [ShCl(tlﬂF;) (F_F ) . (7)
F F n+l

n L at

Calculation method of spacecrafts high-voltage
power supply systems. Calculation of SB parameters
begins with the choice of SC PSS structure and formation
of the mathematical description of PSS operation modes
taking into account the ECE coefficients of energy effi-
ciency (CE) by researching the processes of energy flows
in PSS distribution depending on a ratio of generated by
energy sources and power consumption load [9-11]. For
example, for parallel-serial (PS) PSS the current values of
SB power (Psz), AB charge power (P45 ), AB discharge
power (P4p pc) and load power (Pyg) are calculated ac-
cording to tab. 1.

I-V characteristic 1 |at F°

< Isncs, 4 ! |

= I I-V characteristic 2 at F 5 \

S Ishes

& —I-V characteristic 3-at F» N

S Isnes

) I I-V characteristic 4 [at F.

= ShC2

o 1 T

= Isict I-V characteristic 5 |at Fs

@] \\
0 Voltage of solar cell, V Uoct --- Uocs

Fig. 1. I-V characteristics of the solar cell

Puc. 1. Bonbsr-amnepHsle xapakrtepuctuku OO

Table 1
Current values of SB, AB and load power in PSS
Load power supply mode from SB (VR) Powp =P Mg
P P

Load power supply mode from SB and AB charge (VR + C) Py, =42 1 —a

Moz Ne
Load power supply mode from SB and AB discharge (VR + DC) Proap = Psg Wym + Pip pc *Npc Mup
Load power supply mode from AB (DC) Poap =Pig pe Mpe " Mup
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The following designations are introduced in tab. 1:
Nwr — voltage regulator CE, n¢ — charger CE, npc — dis-
charger CE, n,z — AB efficiency. The load curve of SC
for some given period of time of 7 which, as a rule, has a
cyclic character is formed. Calculation of total energy
Wioap sum consumed by load during T is carried out ac-
cording to the formula:

WLOADisum = Zdti “Bon(t), (8)
i=1

where n — the number of areas on 7, during which the
current value of load power P;p4p(T;) is invariable; i —
ordinal value of T n-area; dt; — is a time period on 7 dur-
ing which P, 4p(t;) remains invariable.

Load curves of SB illumination F(t;) and temperature
(1) are formed. Initial values of solar cells parameters of
any single area at nominal parameters of temperature and
illumination are introduced: Iypp(£(t1), F(t1)), Uppp (t(11),
F(1y)), Uoc(t(ty), F(t1)) and Ig,(#(ty), F(11)), o, v, A u B.

Further calculation of solar cells parameters current
values taking into consideration SB F(t;) and #(t;) curves
according to formulas (2)—(7) is carried out and calcula-
tion of total value of the solar cells generated energy
Wiotar ceit sum during T’ is similar to Wyo4p sum computa-
tional method.

The current values of the SB generated power on con-
dition of equality of the consumed load and the SB gener-
ated power according to the formula (9) by determination
of correction coefficient ky as the ratio of Wioup sum
t0 Wiotar ceir sum are calculated. The k-areas on the T period
corresponding to their invariable current values are de-
fined

Pop(t(0), F (1) = Py conn (1(T, ), F (1)) - Ky ©

Calculation of an energy balance in SC PSS is carried
out by calculation of the current and total values of energy
and discharge O4p pc sum and charge Quz ¢ sum power of
AB calculated taking into account PSS ECE CE, and de-
termination of correction coefficient k43 providing pro-
portional increase in the current values of SB power for
each k-rea on T, on which the current values of SB gener-
ated power are more than zero. The total value of SB gen-
erated energy (Wsp sum) is calculated similarly to computa-
tional method Wy04p sum-

For example, for PSS PS equation for energy balance
calculation is as follows

QABiDCisum = QABicisum -

PLoap (%)
Noe(Ty) M ys(T)
« e () k5(T4)
Npc (T) M (T)

— Py (1(t,), F (1)) %

- -dt,|=
b=l UABfDC (t4) )
\
P (t(7,), F () kg () M (T) =
_ B () Me(r)
N Ny (T.)
- =1 UABiC(TC) el 10

where r — the number of areas on 7, in which PSS oper-
ates in modes VR + DC or DC; b = 1...r — r-area ordinal
number on T; Uy pc(t5) — AB discharge voltage in modes
VR + DC or DC; s — the number of areas on 7, in which
PSS operates in VR + C or VR modes; ¢ = 1... s — s-area
ordinal number on T; U, (1) — AB voltage in the charge
mode.

AB power characteristics, including the current values
of AB charge and discharge currents and AB nominal
power, counted taking into consideration the accepted
maximum AB charge depth, are calculated [1; 4; 11].

If discharge/charge currents of AB do not meet the
technical requirements to AB, ECE and PSS in general,
then their correction is implemented at the given level by
calculation of correction coefficient ky, which provides
proportional change of Pgp(#(t;),F(t;)) on T areas with SB
maximum generated power for the purpose of providing
PSS energy balance.

In this case, calculation values of SB current power is
carried out on condition:

P S
Zdi 'PSB(I(Tk)oF(Tk)):Zdte’PSB(t(Te):F(Te))"‘

9
+ Ay P (1), F (1) Ky (1

h=1
where p — total number of k-reas on 7 f — the number of
areas on T without SB MPPT realization in PSS; e=1...f—
f-area ordinal number on T; dt, — time period on 7, during
which the current value of SB generated power
Pgp(t(t.),F(t,)) remains invariable in PSS without SB
MPPT realization; g — the number of areas with SB
MPPT realization in PSS on 7; & = 1...q — g-area ordinal
number on 7 dt, — time period on 7, during which cur-
rent optimum value of SB generated power
Pypp(t(t;),F (1)) remains invariable in PSS with SB
MPPT.

The SB parameters in PSS are calculated. The coeffi-
cient of proportional increase in the solar cells initial pa-
rameters is calculated [11]

ky =ky kg ky, - 12)

For restriction of SB actual value of current or voltage
level on T the value of the restricted level of the actual
parameter value is set, and also the level of illumination
and temperature at which this level of restriction should
not be broken and the correction coefficient of restriction
kiim 1s calculated.

For example, in high-voltage SC PSS on the condition
of the maximum SB OC voltage level Upc max restriction
the coefficient of restriction &, is calculated as:

_ Upc (17 ), F(t) Ky (13)

lim
UOC _max

where Upc(t(ty), F(t)) — current value of solar cells OC
voltage at minimum values of  and F.

Solar cells initial parameters are corrected taking into
account k;; and kj;,, what allows to calculate SB parame-
ters and their I-V and V-W characteristics accounting
F(t)) and #(t;) curves by application of the developed SB
mathematical model. At the same time solar cells
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non-restricted parameters are multiplied by &y and k.
The k;,, placement in the denominator means the SB pa-
rameter restriction. It is also necessary to consider coher-
ence of solar cells parameters change. For example, at
restriction of the allowed maximum level of SB OC volt-
age reached at a minimum temperature of its panels the
level of SB optimum voltage is also corrected.

Results of mathematical modeling of the spacecraft
high-voltage power supply system. Calculation of SB
power characteristics and parameters was executed for
high-voltage parallel-serial SC PSS (100 V) with SB
MPPT [10] operating either in the mode of a simultaneous
power supply load from the SB and the AB charge, or in
the mode of a simultaneous power supply load from SB
and the AB discharge.

Arbitrarily composed SC load curve P p(t) and the
solar cells generated power curve obtained by using the

developed mathematical model of SB taking into account
solar cells initial parameters at #, = 25 °C: Igye(t1,F ) =
= 583 A, UOC(tl,Fl) = 46.2 V, IMPP(thFl) =543 A,
UMPP(II:FI) =377 V, B = —0.3, A= —0.39, o = 004,
v = —0.4 and SB temperature #(t) and illumination F(t)
curves are shown in fig. 2.

During the calculation it was obtained that
Wiotar ceit sum = 314.33 W-h. For providing an energy bal-
ance in PSS at W, 04p sum = 9883.33 W-h and taking into
account the restriction of allowed maximum level of SB
OC voltage reached at a SC exit from the Earth’s shadow
is 180 V, the correction coefficient ky = 31.443, the cor-
rection coefficient k45 = 1.158, the coefficient of propor-
tional increase in solar cell initial parameters k;; = 36.403
and the correction coefficient k;, = 2.097. The current
values of the SB generated capacities Pgg ., are shown in
tab. 2.

=

_ 3?5. | . | | | | 15 =
[k ]

o Proigr cii(T) oy
= 250 Proan(t) ik 102
e E
5 [123) L4 Ll 58
= T -
Aol >

0 8 16 24 32 40 48 56 64 72 80 88 96

Time T, min

Fig. 2. The load curve P;¢4p(t) and the solar cell generated power
curve Py con(t) in the SC PSS with the MPPT

Puc. 2. I'paduku Harpysku Py(t) u renepupyemoir @D momuocTH Poys(T)

B COII KA ¢ OPM BC

Table 2
Parameters of the solar battery of the spacecraft high-voltage power supply system
Tks minute P LOAD_curs w P solar cell_curs W P BS_curs W UOC(taF): Vv IMPP(tams A UMPP(t’F)s v
0 4000 247.37 9005.03 121.90 93.76 96.04
19 10000 247.37 9005.03 121.90 93.76 96.04
26 4000 247.37 9005.03 121.90 93.76 96.04
35 5500 247.37 9005.03 121.90 93.76 96.04
38 5500 0.00 0.00 - - -
43 6500 0.00 0.00 - - -
62 6500 254.79 14944.29 180 92.55 161.47
63.5 6500 256.32 14096.72 172.09 92.69 152.08
64 6500 257.85 13297.24 164.53 92.83 143.24
65 6500 259.33 12543.09 157.30 92.97 134.92
66.5 6500 260.98 11603.68 148.15 93.15 124.57
68 6500 261.54 10945.59 141.64 93.29 117.33
69.5 6500 260.83 10324.81 135.42 93.43 110.51
71 6500 257.78 9737.02 129.45 93.57 104.06
74 6500 247.37 9005.03 121.90 93.76 96.04
76 16500 247.37 9005.03 121.90 93.76 96.04
81 6500 247.37 9005.03 121.90 93.76 96.04
85 4000 247.37 9005.03 121.90 93.76 96.04
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The maximum rated power of a voltage regulator in
the channel of energy transformation from the SB and an
AB charger are defined by the SB maximum generated
power value on 7 and are equal to 14.94 kW. The maxi-
mum rated power of the discharger is defined by the SC
maximum power of load, depends on the discharger CE
and is equal to 17.37 kW.

PSS mass decrease is reached by the development of
new circuit realization of SC PSS ECE with the increased
values of CE [12-15] and by the research of ways of en-
ergy flows rational distribution in PSS. For example, the
change of SB MPPT mode use algorithm at the SC exit
from shadow areas on the orbit, will allow to reduce the
ECE maximum rated power, and, as a result, the mass of
PSS in general.

Conclusion. The developed solar battery mathemati-
cal model is based on the values of initial and experimen-
tal parameters of photoelectric cells use and provides
calculation of SB I-V and V-W characteristics taking
into account arbitrary assigned values of illumination
and temperature regardless of their manufacture tech-
nology.

The offered method of calculation of SB power char-
acteristics and parameters in PSS based on the use of cor-
rection coefficients provides calculation and the possibil-
ity of energy flows redistribution in the system for the
purpose of PSS weight-dimension characteristics de-
crease, and allows to obtain SB initial parameters, on
condition of ensuring an energy balance in PSS, account-
ing the given service conditions and load curves of the
SC. Based on calculation results, carried out according to
the developed technique, the requirements for solar batter-
ies and PSS energy-converting equipment designing can
be formulated and imposed.

The developed method of SB initial parameters calcu-
lation allows defining the requirements to their design in
PSS taking into consideration the limitation of the actual
values of SB currents and/or voltage maximum or mini-
mum level.
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