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Abstract: The article consideres the problem of
extraction of maximum energy from a solar pand in an
autonomous power supply system working with
renewable sources under the condition of constant joint
operation of a solar panel and a diesdl generator. It is
proposed to solve the problem taking into account the
nonlinearity of the external characteristics of energy
sources. It has been shown that in order to improve the
energy efficiency of power supply system the solar panel
should operate in a current source mode and the diesel
generator should have the externa characteristic of a
controlled current source.
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1. Introduction

Constructing an energy efficient autonomous power
supply system based on renewable sources causes the
necessity of solving the problem of matching of energy
generation mode and consumption mode [1, 2]. The
study of energy conversion and distribution processes in
autonomous systems for optimizing its operation modes
as well as developing efficient control agorithms is an
urgent task [3, 4]. Since the efficiency of converting the
primary energy of wind turbines and solar panelslargely
depends on operating modes, the control of generated
power value alows us to leverage actual potentia of
primary energy carriers. A lot of studies are devoted to
the issue of maximum energy extraction [5-8], but the
issue of improving energy efficiency under the joint
operation of severa renewable sources has not been
studied sufficiently. Therefore, the aim of the articleisto
determine the conditions of ongoing joint operation of
the solar panel and diesdl generator with the use of
equivalent circuits and the consideration of the features
of external characteristics to improve the energy
efficiency of the power supply system.

2. The equivalent circuit of an autonomous power
system

A diesdl generator is used in the autonomous system
as a source of guaranteed power supply [9] and it can
significantly reduce the impact of external factors on the
level of energy consumption. The stochastic character of
the energy of renewable sources reguires the presence of

a storage system and a specialized control system within
the power system to fulfill the conditions of maximum
energy extraction and energy-efficient operation mode of
the system.

Fig.1 shows us a simplified circuit of the power
supply system operating on direct current with
substitution schemes based on the idealized elements,
which allows us to establish the dependencies between
input and output parameters of voltage and current. The
solar panel (SP) is presented by the equivalent current
source J (conducting the current in one direction only)
and the conductivity g;. Taking into account, that, in

the direct current circuit the controlled rectifier (Cy) is
connected to the output of the diesdl generator (DG), the
DG is presented by the equivalent scheme of a voltage
source E (conducting the current in both directions) and
internal resistance rg (E=const, rg =const). The
connection of the energy storage is standard and is not
shown in Fig.1.
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Fig. 1. Smplified equivalent circuit
of an autonomous power system.

The converter C1 is a DC voltage regulator that
provides the SP operation in the mode of maximum
energy extraction. Since in different ingants the ratio
between ry and R, canbeboth ry; 3 R and r; £ER_

the converter, being a DC-DC transformer, matches the
solar pane internal resistance to the load: r; :nZRL,
N=U_ /Upaw » Where U _ istheload voltage, U pngow

is the voltage value at the point of maximum energy
extraction.

The converter C, can operate in two modes. as a
rectifier with a control angle a that should vary in the
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range of 0°£a £90°, or as an inverter driven by the
grid. In the article the case when the rectifier does not
switch to the inverter mode and the diesel generator
current |, does not change its direction is considered.
Otherwise the diesdl generator switches to the eectricity
consumption mode or is disconnected from the grid,
what is unacceptable while providing energy efficient
system operation.

The necessary redl time monitoring and control of the
eneagy flow in the system tha requires analysis of currents
l1, I, and fulfillment of conditions U, =const, 1, >0
should be implemented in order to provide the condition of
maximum energy extraction from the solar pand and the
required level of load voltage

From the condition of current baance: 11 +1, =1,

where | isload current, 1, =gER - Ej (R +rg)g/
[r;R.+ryrg 1R ]is solar panel current, where
E;=Jry, ry=1g;, the diesd generator current

depending on the load resistance and ratios of SP
conductivity g; and DG intenal resisance rg, is

calculated and defined as follows:
= EjR - E(R_+1y)

ryR_ +ryrg +rgR_
In the borderline case, when the load resistance
R_® 0 , the system operates in a short circuit mode,

the load

@)

current  is given by

IL|R|_®O =
=(Ejrg +Ery)/ryrg =J +(E/rg), that is, the sum of
short circuit currents of individua  sources
|2|R|_®o =- (E/rg). In another borderline case, when

R_® ¥, the system operates in an open-circuit mode,
in which the voltage between the nodes ab is limited
Uab|RL®¥ = (Eyrg +Ery)/(ry +rg), the diesel genera-

tor current being | =(E;- E)/(ry +rg) . If the

2|R|_®¥
SP conductivity g; ® ¥ , the diesel generator current

tends to short-circuit current |2|rJ®0 =- (E/rg). If

gJ® ngin »O, the d|ew
2] oy =(JR_- E)/(R_+rg). With the decrease in

generator  current

illumination level (i.e. in the equivalent current source
conductivity) and the increase in the load resistance the
diesdl generator current increases.

To maintain the connection of the diesel generator to
the grid and the direction of the current I, , the condition

R_ > Ery /(E, - E) should befullfilled.
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Fig. 2. The dependence of the load power on the load
resistance and solar pand conductivity (internal resistance).

The energy power

2
E rg +Er
(ry +re)(raR+ryrg +reR.)
is consumed during the joint operation of the solar panel
and diesd generator, and the energy power

EyreR +EryR ) (E;rg +Ery)
(R +ryre +rERL)2

is transmitted to the load.
The energy storage provides the fulfillment of the

condition I =ly+I+1 WithR_ =ryrg/(ry +rg),

A= ( (©)

that allows us to extract maximum energy from the solar
panel. For making the presentation of results more
convenient the power value is shown on a graph (Fig.2)
in relative units, where the value of sources maximum
power Pspax iStaken for basic power.

For example, at ratios Ej /E =4 and ry /rg =2 the

load power is at the level of 0.8 from maximum that
illugrates the need of the regulation of the externa
characteristic of the diesdl generator for fulfilling the
condition of maximum energy extracting from the solar
pand.

Curves 1 and 2 on FHg. 2 show the dependences of the
load power on the vaues of load resigance and internd
resgance of the current source respectively. On the power

curve the maximum value B o = gRL (Jrg + E)ZWZrE

correspondsto theload resstance vaue R :rJrE/(rJ +g).

The inclusion of an additiona generator into the
system and taking into account the nonlinearity of the
external characteristics of the sources leads to a
reduction of the energy transmitted to the load.
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3. The consideration of the nonlinearity of
external characteristics

The external characteristics of the sources
considered under ided conditions are linear functions
but under real conditions the external characteristics of
the solar pand as well as the external characteristics of
the diesal generator are nonlinear (Fig. 3a, b).

The current-voltage characteristic of the solar pandl,
depending on the power of solar radiation, S is given by

the expresson [10]: i(u)=ip-ip(e'"-1), where
1/I =KTb/€; k isthe Boltzmann constant; T stands for
temperature, € is electron charge b is a value that
characterizes the semiconductor material; ip and ip are
photocurrent density and dark current density,
respectively.  External  characteristics have the
pronounced maximum with coordinates |ypa, Umax
occuring in the voltage range of 0,6...0,8 of the open-
circuit voltage U, , and the current range of 0,85...0,95
of the short-circuit current 14 [11].

The external characteristic of the diesdl generator is
a family of dependencies at different values of the
excitation winding current and power factor that is
shown with curve 1in Fig. 3, b.

b)

Fig. 3. External characteristics of the sources.
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With the active character of the load, the generator
voltage decreases with current increasing; therefore, the
characteristic has a negative slope throughout the range.

The external characteristic of the controlled rectifier
connected to the output of the diesel generator (curve 1'
inFig. 3,b) at a <p/6 consists of at |east three adjacent

segments KL, LM and MN described by the equations:

& 0
Uqg :ﬂuo cosa - 19"E 2 (@)
while g <p/3;
2.2 2,2
4Idr2E +4p U2d =1 (5)
o 8lg
while g =p/3;
9 |drEb
Ug=—U, - e ©)
P °C Uo g
whileg >p/3. Whenp/6£a <p/3, the dliptica

segment LM disappears from the external characterigtic
and only the first (4) and the third (6) straight line
segments  remain; whena >p/3, the external

characteristic can be described by the expression (4)
[12]. The external characteristic depends on the duration
of the current flow through each of the valves, the
number of valvesthat are simultaneously conductive, the
character of the load, and the phase winding inductance.

The increase in dsteepness of the external
characteristic of the output rectifier leads to increased
flow of the solar pand current into the diesel generator,
which reduces the system efficiency. To prevent this
phenomenon it is necessary to ensure (through the use of
the output rectifier) the operation of the diesel generator
in a current source mode with the controlled external
characteristic (curve 2, Fig.3) aswell asa certain level of
load energy generation.

4. Conclusion

In order to provide the extraction of maximum
energy in the autonomous power supply system under
ongoing joint operation of a diesel generator and solar
pane it is required that the solar panel operate in the
current-source mode and the diesel generator have the
external characteristic of a current source that is
controlled according to the ratios of the solar pane
current and storage current and the required level of load
voltage.
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OCOBJINBOCTI POBOTHU TIEPETBOPIOBAYIB
ABTOHOMHOI CUCTEMH
EJIEKTPOKUBJIEHHS

Banepiii XKyiikos, Katepuna Ocumnenko

PosrasHyTo npobiieMy Binbopy MakCHMalIbHOI eHeprii Bif
COHsYHOI OGaTapei B aBTOHOMHIN CHCTEMi €IEKTPOXKUBIICHHS 3
BiZIHOBIIFOBAJIHIMH JDKEPEIaMHU 332 YMOBH ITOCTIHHOI CyMiCHOT
poborn consuHOi Oarapel Ta [u3enb-reHeparopa. 3arpo-
MIOHOBAaHO BHUPIIICHHA Li€i NpoOiieMH NUIAXOM BpaxyBaHHS
HEJiHIMHOCTe! 30BHILIHIX XapaKTepUCTHK JDKEpeNl EeHepril.
IMokazano, mo i 3a0e3MeUeHHsT eHEPreTHYHO ePEeKTUBHOrO
peXUMy pPOOOTH CHCTEMH HEOOXimHO 3abe3mednTH podoTy
CoHsA4HOI OaTapel B pexuMi Jokepena CIpyMy 1 Ju3enb-
TEHEepaTop IOBHHEH MAaTH 30BHIIIHIO XapaKTEpPUCTHKY Ke-
POBAHOTO JUKEPENa CTPyMYy.
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