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Heterogeneous energy sources and homogeneous energy sources with different characteristics are frequently used in
autonomous power supply systems. Solar batteries are widely used as primary energy sources for on-board power sup-
ply systems of spacecrafts, unmanned and manned aircrafts. Renewable energy sources such as solar, wind, geothermal
and hydro energy, serve as primary energy sources of terrestrial autonomous power supply systems.

Matching primary energy sources with different characteristics and operating conditions within a unified power
supply system leads to problems connected with the power control of energy sources, which determines the relevance of
the considered problems.

The main aim of the study is to develop a combination of primary energy sources and control techniques which al-
low using primary energy sources with different characteristics and operating conditions in unified autonomous power
supply system.

The objectives of the study are to create the simulation model of a power supply system using MATLAB/Simulink
software; to develop and test control algorithms for primary energy source controllers that would allow to maintain the
needed battery charging current,; to develop and test control algorithms for primary energy source controllers that
would allow the primary energy sources to operate in the maximum power point tracking mode and to minimize the
maximum power point search time.

Methods used in the study: the simulation of a power supply system using MATLAB 7.9 Simulink software.

Results: the simulation model of a power supply system including two primary energy sources with different charac-
teristics is designed. In the case of excess power generating by the primary energy source, its controller operates in the
battery charging mode. When the primary source power shortage occurs, its controller operates in the maximum power
point tracking mode. The proposed power supply system structure allows controlling two energy sources independently,
thus the primary energy source controllers can operate in different modes. This provides flexibility of the power supply
system. The use of fuzzy logic control algorithm increases the accuracy and search speed of the maximum power point
tracking algorithm. Simulation results confirmed the efficiency of the proposed solar controller operation algorithms in
all modes stated above. The efficiency of controller operation modes selection algorithm was confirmed in different op-
erating conditions. The proposed algorithms allow implementing the effective control of primary power sources depend-
ing on power supply system operating conditions.

Keywords: autonomous power supply system, solar cell, solar controller, simulation model, battery, maximum power
point tracking.
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Ilpumenenue 6 cocmage A6MOHOMHOU CUCHEMbL INEKMPONRUMAHUS PAZHOPOOHBIX UCHIOYHUKO IHEPSUU NO3BOASAEM
OCYUeCMBIAMb 2eHePaYUIo dNeKMPULEecKoll IHepeUuU Ha UHMEPBANdX 6pemMenU, Ko20d OMCYMCmeyem HOCHynieHue
9HepaulU OMm YACMU UCNONb3YEeMbIX UCHIOUYHUKOS.

Coenacosarue nepeuuHbIX UCHOYHUKOS SHEP2ULU C PATUYHBIMU XAPAKMEPUCIUKAMU U YCIO8UAMU PAbOmMbl 8 pam-
Kax OOHOU cucmembl 2NeKMPONUMAHUL NPUBOOUN K BOZHUKHOBEHUIO OONOTHUMETbHBIX CILONCHOCMEN, CBA3AHHBIX C pe-
2YIUPOBAHUEM MOUWHOCTNU UCTNOYHUKOS, YMO U ONpedeniem aKmyatbHOCHb PACCMATPUSAEMBIX 3A0aY.

Lenv uccnedosanus: paspabomra cnoco6o8 00vbeOuHeHUs: NePeUtHbIX UCTNOYHUKO8 IHEP2UU C PAZTUYHBIMU XAPAK-
MEPUCTNUKAMU U YCIOBUAMU PAOOMBL 8 eOUHVIO ABMOHOMHYIO CUCTEMY DNIeKMPORUMAHUSA U AN2OPUTNMO8 YRPAGTeHUs.
KOHMPONNEPaMu JMux UCHOYHUKOS.

3a0auu: cosoanue umumayuonnou moodenu cucmemvl snekmponumarnusi 6 cpede MATLAB/Simulink; paspabomxa
U NMposepKa aneopumma YnpasieHus KOHMPOLIepaMU NEePeUHHbIX UCTHOYHUKO8, 00ecneuusaioujeco noodoepicanue
JHcenaemo2o moka 3apaoa akKymyJisimopHol bamapeu cucmembl 2NeKmMpPonumaniis; paspabomra u npogepra aieopum-
MO8 ynpasienusi KOHmpoLiepamu NepeudHblX UCMOYHUKOS, 00ecneyusarnuux omoop MakCuMAaibHOU MOWHOCMU OMm
Ka#c0020 U3 HECKONbKUX NEPEUYHBIX UCHIOYHUKOS, 8 MOM YUCLe U ¢ MUHUMUZAYUEL 6peMeHU NOUCKA MOYKU MAKCUMATb-
HOU MOWHOCMU.

Memoowl uccredoganusn: UMUMAYUOHHOE MOOETUPOBAHUE CUCHEMbl INeKMPONUMAHUA € UCHOTb308AHUEM A3bIKA
Simulink, exooswezo ¢ cocmas npoepammuozo nakema MATLAB 7.9.

Pesynomamol: paspabomana umumayuoHHas Mooeib CUcmembvl NeKMPONUMAaHus, SKI0Uaowds 08a UCMOYHUKA
IHepaUl ¢ pasTUYHbIMU Xapakmepucmukamu. IIpu uzovimke MOWHOCMUY, 2eHePUPYEMOl NePEULHBIM UCHIOYHUKOM IHED-
2Ull, KOHMPONIEp UCMOYHUKA IHEPSUU HAXOOUMCA 8 pexcume 3apaod akKyMyIAIMOpHoU 6amapeu 3a0aHHLIM QUKCUPO-
sannvim mokom. Ilpu degpuyume mownocmu nepeuYHO20 UCMOUHUKA KOHMPONLEP DYHKYUOHUPYEm 6 pedcume NOUCKd
akcmpemanvrol mowHocmu. CmpyKmypa cucmemvl d1eKmpOnuUmanusa no3eoisdem yYnpasiams 08YMs UCMOYHUKAMU
9Hepeuu Hezasucumo opye om opyea. Taxum o06pazom, KOHMPOILEPbl UCMOYHUKOE IHEP2UU MO2YW HAXOOUMbCS
6 PA3NUYHBIX PEeACUMAX pabomuvl, obecneuusas NOGbIUEHHYIO 2UOKOCMb cucmemsl dnekmponumanus. HMcnonvzosanue
Aneopumma YnpagieHus Ha Hewemrou JIo2uKe Y8eaudugdaem CKOpoCmb NOUCKA MOYKU MAKCUMATbHOU MOWHOCHU,
a makoice nosvluaem moyHoCmy pabomsl ancopumma. Ilpogedennvie ¢ UCNONb30BAHUEM PA3PAOOMAHHOU MOOenU UC-
nulManust ROOMEEepPOUnU pabomocnocoOHOCMy An2OpUMMO8 YIPAGLEHUs KOHMPOLIEPO8 CONHEYHOU bamapeu 60 6cex
pedicumax pabomul. Tloomeepoicoena pabomocnocobHOCmb aneopumma 6vloopa pexcuma padomvl KOHMPOLLIepOo8
6 pasnuuHLIX yenoguax. Ilpeonodcennvle aneopummul NO360AIM OCYWECMEIAmMb IPPeKmugHoe pecyiuposanie Mouy-
HOCIU NEPBUYHBIX UCTNOYHUKOB DHEP2UU 8 3ABUCUMOCTU OM PA3TUYHBIX YCA08ULL pabOmMbl ABMOHOMHOU CUCeMbL JJ1eK-
MPONUMAHUSL.

Kniouegvie cnosa: asmonomuas cucmema s31eKmponumanus, COIHeyHas bamapes, KOHMpPOILEP COTHEYHOU bamapeu,
UMUMAYUOHHASL MOOETb, AKKYMYIAMOPHAs bamapesi, SKCMpeMAaibHoe pe2yiuposanue.

Introduction. In the autonomous power supply sys- battery (SB), a cable network and PS controllers, made in
tems (PSS) wide used renewable energy sources. In PPS  the form of converters with control devices.
of spacecrafts and unmanned and manned aircrafts the The article describes operating algorithms and struc-
solar panel are widely used as primary sources of energy  ture of SP controllers is a part of an autonomous power
[1-3]. Renewable energy sources, such as the sun, wind, supply system with solar panels as primary energy
waves, rivers, tides, etc., provide energy to ground-based  sources. The operating algorithm of the SP controller
autonomous objects [2-5]. should provide a charge of the battery with a constant

Heterogeneous energy sources, and in some cases ho-  current of a given value, as well as charging battery with a
mogeneous energy sources with different characteristics  decreasing current while maintaining a certain fixed volt-
are studied below. The use of various combinations age on the battery in the case when the current power of
of dissimilar energy sources allows reducing the con- the battery exceeds the total power consumed by the load
sumer’s dependence on changing external conditions that  and the battery. In the case when the current SP power is
affect the output of the useful power of some autonomous  less than the total power consumed by the load and the
power supply systems [3—7]. In space-based PSSs, the battery, the SP controller operates in the search mode for
primary sources (PS) of energy are mainly solar panels extreme power and provides the selection of maximum

(SP) [8-11]. power from the SP.

Design features of the placement of several SPs on the PSSs of microsatellites and small spacecrafts usually
spacecraft can lead to significantly diverse external char- include several sections of solar panels located on each
acteristics of these SPs. side of the spacecraft [8—10]. Therefore, the SP sections

Coordination of primary energy sources with different  of such a spacecraft are in various lighting conditions and
characteristics and operating conditions within the unified  make various contributions to the total power of the solar
PSS leads to additional difficulties in ensuring their cells. Moreover, sections of the SP can have different
joint work, in particular, with extreme power control characteristics, and the maximum power that each section
of each PS. of the SP can generate depends not only on the individual

Problem formulation. Autonomous power supply characteristics of the section, but also on the orientation of
systems include directly primary energy sources, a storage  the section on the Sun.
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Fig. 1. Structural diagram of autonomous power supply system with several primary energy sources

Puc. 1. CtpykTypHas cxema aBTOHOMHOH CHCTEMBI SHEPTOCHA0KEHHUS
C HECKOJIBKMMH NIEPBUYHBIMI HCTOYHUKAMH SHEPIHH

When several SPs with different characteristics are
connected to the total load in parallel using a common
voltage converter [4; 8; 9], the position of the operating
points on the power characteristic of each energy source
cannot be individually controlled, since the SP controller
in this case will provide control of the position of the op-
erating point on the resulting power characteristic of par-
allel connected SP. In the extreme power selection mode,
this leads to a decrease in the total power given by the SP
to the load. Thus, it becomes necessary to use individual
SP controllers, which can provide regulating the position
of the operating points on the power characteristics for the
SP independently.

The state-of-art of microcontroller technology allows
reducing the size of the control device and implementing
control of the SP controller based on the microcontroller
[12]. At the same time, it becomes possible to implement
not only a step-by-step algorithm for searching an extre-
mum of SP power [13—15], but also more complex algo-
rithms that speed up the searching process for an extre-
mum and increase the power level generated by SP while
reducing the amplitude of the operating point oscillations
on the current-voltage characteristic of the SP in a
neighborhood maximum power points [16; 17]. The ac-
celeration of the extremum search process is especially
important in the case of spacecraft rotation around its axis
with a certain angular speed [9; 10]. Approaches to the
implementation of a power supply system with several
energy sources, as well as control algorithms for SP con-
trollers, are considered in this paper.

Solutions. When solving the problem of regulating the
power of each primary source individually, we use the
structural diagram of an autonomous PSS, shown in fig. 1

In accordance with the structural diagram shown in
fig. 1, energy sources PS1 and PSn are connected in series
to the controllers PS (CPS1 and CPSn). Output terminals
controllers CPSI-CPSn connected to the SB and the
power load (PL). Thus, it becomes possible to implement
independent control of energy sources and ensure the op-
eration of the following controller operation modes:

— battery charge mode with direct current of the given
fixed value;

— search mode for the extreme power of the solar bat-

tery.
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When power of the source is available and the battery
needs to be charged, the SP controller charges the battery
with direct current of the given fixed value Isp ., subject
to the limitation of the voltage Ugg on the battery. Fig. 2
shows a block diagram of an algorithm for charging a
battery with a given fixed current.

According to the algorithm, the SP controller reads the
voltage and current signals of the battery, after which the
condition for the voltage on the battery managed to reach
its maximum voltage value is checked. If this condition is
met, then the SP controller disconnects the battery from
the energy source. If the condition is not met, then the
equality of the present current value and the set value of
the optimal charge current is checked. If the present cur-
rent value is in a certain predetermined range, then it is
equal to the optimal charging current with some error,
then the demanded cycle ratio remains constant. If the
charge current is less than the specified one, taking into
account the error, then the pulse duty ratio increases by a
certain amount, otherwise it decreases. The magnitude of
the change in the duty cycle of pulses in one step of the
algorithm is set programmatically and does not change
during the operation of the algorithm.

If the primary source of a power shortage is detected,
the SP controller selects the extreme power of the solar
battery operating in accordance with the developed ex-
treme power search algorithm. In the extreme power
search mode, the operating point on the SP power charac-
teristic performs oscillations in the nearest of the maxi-
mum power point. In this case, part of the SP power ex-
ceeding the power consumed by the load, is supplied to
the battery charge. Fig. 3 shows a block diagram of a
step-by-step algorithm of the controller operates in the
search mode for extreme power [16].

In the extreme power search mode, the controller
reads the current and voltage signals of the SP, and then
multiplies them. If the signals are measured for the first
time, then the current power is defined as the power re-
ceived from the SP in the previous step. Next, an increase
in the fill factor of the control pulses by a certain value k&
is viewed, being determined by the controller based on
fuzzy logic occurred, then the current power of the SP is
again calculated. If the power has increased to the value
compared to the value stored in the previous step, then a
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further increase in the duty cycle is observed. In the case
when the measured power decreases, the direction of
movement of the operating point is changed according to
the power characteristic of the SP, and, consequently, a
decrease in the fill factor of the control pulses is viewed.
The value of step k in the extreme power search mode
is calculated by the fuzzy logic control unit [18-20], the

input variables of which are the derivative of the power
with respect to voltage dP / dV for one step of searching
for extreme power, as well as the absolute change in
power dP for this step.

Fuzzy terms of the values of step k depending on the
values of the terms of the input variables of the controller
are given in table.

Start

o |

Read
Isg, Usp

b

Break
charging SB

Not change
the duty
cycle

’ISB.set'ISB‘<AI

Increase the duty
cycle on the
constant value

Reduce the duty
cycle on the
constant value

l

Delay

harge SB
finished

1S

No

Fig. 2. Flowchart of the algorithm of specified fixed current battery charging mode

Puc. 2. biiok-cxema aaropuTMa 3apsakd akKKyMyJISITopa (GUKCHPOBAaHHOTO TOKa
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Start

-l
-

A
Read
Isp, Usp
Psp=Isp*Usp
AP:PSP‘Pprev
- Yes AP>0 No
. f duty cycle is Yes f duty cycle is
increased on the increased on the
previous step previous step
Increase the duty Reduce the duty Reduce the duty Increase the duty
cycle on the cycle on the cycle on the cycle on the
constant value constant value constant value constant value
. No
Finished
Fig. 3. Flowchart of maximum power point tracking algorithm
Puc. 3. Biiok-cxema aJropuTMa OTCICKUBAHNS TOUKH MaKCUMAJIbHON MOIIHOCTH
Values of k step terms in the maximum power point tracking mode
dP/dV NL NS NZ PS PL
dP (Negative large) (Negative small) (Near zero) (Positive small) (Positive large)

NL (Negative large) Highest High Middle High Highest

NM (Negative moderate) High Middle Low Mode Middle rate High

NS (Negative small) Middle Low Lowest Low Middle

NZ (Near zero) Low Lowest Lowest Lowest Low

PS (Positive small) Middle Low Lowest Low Middle

PM (Positive moderate) High Middle Low Middle High

PL (Positive large) Highest High Middle High Highest
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mode find extreme power
Delay
No

Finished

Fig. 4. Flowchart of solar controllers operation modes selection algorithm

Puc. 4. Biiok-cxeMa anropurma BeIOOpa pexumMa paboThl KOHTPOJUIEPOB COIHEUHBIX OaTapei

The choice of the current operating modes of the SP
controllers is determined by the unit selecting an operat-
ing mode (USOM). The flowchart of the operation algo-
rithm USOM of the SP controllers is shown in fig. 4.The
mode selection block at each step of operation determines
the SP controller with the highest current power value. If
the SP controller with the highest power value operates in
the battery charge mode with a fixed current, and the cur-
rent value of the charging current Igg is less than the
specified Isp s, this controller is put into the search mode
for extreme power. The choice of the SP controller with
the highest power value is due to the potentially largest
increase in the current delivered to the load and to the
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battery charge after switches it to the extreme power
search mode.

This allows reducing the time for switching operating
modes of other SP controllers in the case of transferring
the switch of one controller to the extreme power search
mode and achieves the set value of the charging current
Ispser- If controllers operate in the extreme power search
mode, and the charging current value Igp is still less than
the specified Isp s, the controller operating mode does not
change, since in this case it is not possible to ensure a
further increase in the power transmitted from the
sources. In the case when the SP controllers operate in the
search mode of extreme power, and the value of the
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charging current Isg exceeds the set value Ispg, all SP A comparative analysis of the operation of extreme
controllers are switched to the battery charge mode with a  power search algorithms with a fixed step and a variable
fixed current. Each cycle of the mode selection unit fin-  step is shown in fig. 6.

ishes with the time delay necessary to complete the tran- The analysis of time diagrams of the extreme power
sient processes after changing the operation mode of the  search algorithm operating showed that the use of a vari-
SP controller. able step in the extreme power search algorithm based on

To test the proposed control algorithms was developed  fuzzy logic increases the search speed of the maximum
of a simulation model the power supply system with two  power point by 50.8%. The searching algorithm for ex-
primary sources in the MATLAB / Simulink environment  treme power with a variable step, developed using fuzzy
was developed, the module is shown in fig. 5. logic, also reduces the underutilization of the SP power

The simulation model of the power supply system caused by fluctuations in the operating point relative to
contains two primary sources of energy represented by the  the point of maximum power of the SP by 2.8 %.
solar panels SP1 and SP2, which represent several series- In fig. 7 shows a time diagrams of the current battery
connected solar cells from the library of components of Igp, it explains the process of changing the operating
Simscape [21]. SP1 and SP2 are connected to the control-  modes of the SP controllers.
lers a CSP1 and CSP2 running on the total load PL in the In the time interval from t = 0 to t0, the controllers of
form of resistors R2 and R3 and the battery — SB with an  the power supply system do not change the fill factor of
internal resistance R1. SP controllers consist of control the control pulses of the converters and the current of the
units (CU1 and CU2) together with voltage converters battery Isg charge remains constant. At time t0, both
CSP1 and CSP2 and represent functional blocks, the func-  power system controllers are put into battery charge mode
tioning algorithms of which accord with the control algo-  with a given fixed current. At this time, a gradual increase
rithms shown in fig. 2 and 3. in the fill factor of the control pulses occurs, which leads

The converters CSP1 and CSP2, which are part of the  to an increase in current Isg up to the value of the optimal
controllers CSP1 and CSP2 accord with the scheme of a  charge current I = 10 A. At the time t1, the process of
step-down voltage converter [4; 8; 13—-16]. USOM is a increasing the fill factor of the pulses ends, since the
functional block that contains the m-code as a built-in  value of the charging current Isg becomes equal to Igp g
function for the Simulink environment [22]. The input of  with some predetermined error. At the time t2 , an
the mode selection block receives signals about the cur-  additional load is connected, which leads to a stepwise
rent operating mode of each controller, the current power increase in the load current and a decrease in the charging
values of each energy source, as well as the current value  current Igg , after which the controller starts the process of
of the current Isp of the battery. The USOM functioning  increasing the duty cycle of the pulses in order to achieve
algorithm is developed in accordance with the flowchart the specified optimal value Isgg with the charging
shown in fig. 4. current.
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Fig. 5. Simulation model of the power supply system with two primary energy sources

Puc. 5. UmuTanmonHas MOJEIb CHCTEMBI 3HeKTpOCHa6)KEHI/IH C AByMs NEPBUYHBIMU UCTOUYHUKAMU SHEPTUU
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Puc. 6. lI3MeHeHre MOIIHOCTH COTHEYHON IaHEeNN B PEKUME OTCIIC)KUBAHUS TOUKH
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Fig 7. Change in battery current in the process of solar controllers modes switching

Puc 7. I3menenue Toka 6atapeu B Ipouecce MepeKIoueHUs PeKUMOB paboThI
COJIHEUHBIX KOHTPOJLIEPOB

At time t3, the operating points on the characteristics
of the solar cells SP1 and SP2 are located in the vicinity
of the maximum power point, but the controllers, in
accordance with the control algorithm, continue the
process of increasing the fill factor of the control pulses
up to time t4, when the maximum value of the fill factor
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is observed. Since the optimal value of the charging
current Igg = 10 A was not achieved during the operation
of the SB charge mode algorithm, at the time t5, the SP
controller with the highest current power value (in this
case SP1) switches to the search for extreme power, and
the operating point on the power characteristic SP1 starts
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moving towards the point of maximum power of the solar
battery. By the time t6, the operating point on the power
characteristic SP1 reaches the vicinity of the maximum
power point, which, however, does not lead to the
achievement of the specified optimal value I by the
charging current Igg. Further, at the time t7, the SP
controller with a lower value of the current power (SP2)
switches to the extreme power search mode, and the
operating point on the power characteristic SP2 starts
moving towards the maximum power point. By the time
t8, the operating point on the power characteristic SP2
reaches a neighborhood of the maximum power point. At
the time t9, the additional load is switched off, which
leads to a stepwise decrease in the load current and an
increase in the charging current Isg. At time t10, the mode
selection unit, in accordance with the operation algorithm,
switches both controllers to the battery charge mode with
a fixed current, after which the process of decreasing the
duty cycle of the pulses begins in order to achieve the
specified optimal value Igg by the charging current. By
the time tl11, the charge current Isg of the battery again
reaches its optimum value Isg s = 10 A with some prede-
termined error.

Conclusion.

1. Operating several electric energy sources including
energy stores within of unified autonomous power supply
system erases the problem of their coordinated teamwork
aimed at the effective utilization of their occur, in particu-
lar a problem of the maximal outfeed of energy from re-
newed energy sources.

2. The simulation model of the power supply system,
including two energy sources with various characteristics
has been developed. At surplus of the capacity generated
by a primary energy source, the energy source controller
operates in battery charging mode with a given fixed cur-
rent. In the case of primary source power shortage the
controller operates in a mode of search of extreme capac-
ity. The structure of the power supply system allows oper-
ating two energy sources independently. Thus, energy
source controllers can operate in various modes of opera-
tion, providing the raised flexibility of power supply sys-
tem. The use of control algorithm on the base of fuzzy
logic increases speed of search of a point of the maximal
capacity, as well as increases accuracy of the implementa-
tion of the algorithm.

3. The experimental study of the developed model
have confirmed working capacity of control algorithms
of the solar battery controllers in all operation modes.
The efficiency of the algorithm for choosing the controller
operating modes in various conditions is confirmed.
The introduced algorithms provides effective capacity
regulation of primary energy sources depending on vari-
ous operating conditions for autonomous power supply
systems.
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