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A B S T R A C T

Integration of photovoltaics (PV) with electrical energy storage (battery) is a straightforward approach to turn
intermittent power source into stable power supply. Power coupling, or power matching, between PV-device, a
battery, and a load is most frequently performed with aid of maximum power point tracking (MPPT) electronics.
MPPT electronics provides high flexibility as for PV and load impedances, and irradiance, however, it brings in
additional cost, and complexity, power overhead, potential reliability issues, and interference signals. On the
other hand, direct coupling via preselection of PV and battery parameters is a simple scalable and highly efficient
alternative to MPPT for a specific set of conditions. We explore with modeling how far a directly coupled PV-
battery unit can stay power-matched under various conditions, and demonstrate feasibility of excellent power
matching over orders of magnitude of irradiance and a wide range of load resistances. Both a PV-harvester in an
office room with low irradiance, non-demanding load, and high autonomy, and a PV-system on a roof with high
irradiance, demanding load, and partial autonomy, can operate efficiently without MPPT electronics if an ap-
propriate battery is included. This result emphasizes the role of a battery as an impedance matching element
besides storage functionality in a directly matched PV-system.

1. Introduction

Integration of photovoltaics (PV) with electrochemical energy sto-
rage (battery) is a straightforward approach to turn intermittent power
sources into a stable power supply. PV-battery integration at different
levels and scales is widely discussed in literature (Dennler et al., 2007;
Guo et al., 2012; Gurung et al., 2017; Gurung and Qiao, 2018; Hauch
et al., 2002; Hu et al., 2019; Kin et al., 2019; Li et al., 2016a; Li et al.,
2018; Li et al., 2016b; Liu et al., 2012; Vega‐Garita et al., 2019; Zeng
et al., 2020). Ranging from indoor applications for modern concepts of
“smart houses” or internet of things (IoT) (Agbo et al., 2016a, 2016b;
Alippi et al., 2011; Belu, 2012; Bogue, 2012; Chung et al., 2019; Kin
et al., 2019; Sandbaumhuter et al., 2017) up to typical field applications
(Li et al., 2019; Merei et al., 2016; Millet et al., 2019; Weniger et al.,
2014) a PV-battery unit has to ensure proper power coupling of a PV
device to a battery and finally a load. Proper power coupling, or power
matching, is achieved when input impedance of a load equals to the
characteristic resistance of a PV module and maximum possible power
is delivered to the load. The problem of power coupling has been ex-
tensively addressed in literature for decades. Main solutions include
most common matching with aid of maximum power point tracking

(MPPT) electronics (El Fadil and Giri, 2011; Gurung et al., 2017; Hua
et al., 2003; Kin et al., 2019; Masoum et al., 2002; Shao et al., 2009),
“direct coupling” / “direct impedance matching” (Agbo et al., 2016a,
2016b; Appelbaum, 1989; Applebaum, 1987; Azzolini and Tao, 2018;
Clarke et al., 2009; Dennler et al., 2007; Gibson and Kelly, 2008; Hauch
et al., 2002; Hu et al., 2019; Jaboori et al., 1991; Kakimoto and Asano,
2017; Khouzam et al., 1991; Khouzam, 1990; Khouzam and Khouzam,
1991; Kou et al., 1998; Li et al., 2018; Liu et al., 2012; Maeda et al.,
2012; Maroufmashat et al., 2014; Mokeddem et al., 2011;
Sandbaumhuter et al., 2017; Su et al., 2016; Tiwari and Kalamkar,
2016; Wang et al., 2016), and in some cases their combinations
(Dehbonei et al., 2009). Even though the MPPT solution provides high
flexibility for photovoltaics in terms of load impedance, irradiance, and
temperatures, it comes with additional cost and complexity of the
system, power overhead (power consumed by MPPT), potential relia-
bility issues and interference signals in the power network. The power
overhead related to MPPT units may be a critical issue for small scale
PV-battery device even with high quality equipment (Kin et al., 2019).

Direct coupling of a PV-battery requires preselection of parameters
of a PV module/array and a load and is reported for coupling of PV
devices to batteries (Agbo et al., 2016a, 2016b; Azzolini and Tao, 2018;
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Dennler et al., 2007; Hauch et al., 2002; Hu et al., 2019; Kakimoto and
Asano, 2017; Khouzam and Khouzam, 1991; Li et al., 2018; Liu et al.,
2012; Paul Ayeng'o et al., 2019; Sandbaumhuter et al., 2017) and
electrolyzers (Clarke et al., 2009; Gibson and Kelly, 2008; Maeda et al.,
2012; Maroufmashat et al., 2014; Smirnov et al., 2016; Su et al., 2016;
Urbain et al., 2016; Urbain et al., 2014). It has been suggested in several
works that MPPT is not required for variety of systems and conditions
(Agbo et al., 2016a, 2016b; Averbukh et al., 2012; Khouzam et al.,
1991; Khouzam, 1990; Paul Ayeng'o et al., 2019). Direct coupling re-
duces system complexity and cost, may provide high reliability and
highest energy efficiency. The system is free of interference signals or
power fluctuations related to MPPT operation. These advantages come
at a cost of system flexibility, in terms of the load parameters and
limited range of PV module/array operating conditions. The limits of
the operating conditions however are not well explored in the litera-
ture. In our work we study numerically how performance of a directly
coupled PV-battery system depends on irradiance and power demand of
the load varied over wide range. We explore how far a PV-battery
combination can stay power-matched under variable irradiance and
load, and study feasibility of the direct coupling as a practical solution.
In order to address these issues, we considered two distinct cases of PV-
battery applications. The first case is a “PV-harvester” in a room – a
relatively small-scale PV module integrated with a battery to provide
autonomous function of a “smart device” with low power demand
predominantly indoors, e.g. in an office room and analyzed in the
“Room” section of the paper. The second case is an outdoors “PV-
system” – a PV module combined with a battery to power highly de-
manding load under high irradiance, with optional energy autonomy –
traits typical for a residential PV-system on a roof analyzed in the
“Roof” section of the paper. These two cases are distinguished from the
point of view of relative load power demand while system scale is taken
out of consideration with normalization of the analysis by PV module
area. In both cases we consider a basic unit of a PV module with
minimal number of cells coupled to a single secondary battery cell.
These units can be part of a larger panel or system or used individually.
Calculations are performed for battery open circuit voltage range of
3.1–4.6 V relevant for modern commercial Li-ion cells.

The paper consists of three parts. First, basic design, energy balance
and scaling of equivalent load resistance for the PV-battery power unit
is presented. Next, models, simulation procedure, and coupling quan-
tification are described. Finally, simulation results for both the “PV-
harvester” and “PV-system” are discussed.

2. Energy balance and design of a PV-battery power supply

2.1. PV power output as a function of irradiance.

Power output and efficiency of a solar cell depends on irradiance,
spectrum (Agbo et al., 2017; Bahrami-Yekta and Tiedje, 2018; Bunea
et al., 2006; Merten et al., 1998) and temperature (Dupré et al., 2017).
For the sake of simplicity spectral and thermal variations are left out of
consideration, even though significant efficiency improvements are
observed under modern indoor lighting (Agbo et al., 2017). To illustrate
the range of available power densities, the maximum power density
Pmax for a solar cell with industrially available efficiency η = 21% is
calculated for approx. four orders of magnitude of total irradiance Ee in
fractions of 1 sun (International, 2012) and illuminance EV in lux, and
presented in Fig. 1. Details of the simulations are presented in the
section 3. Colored areas in Fig. 1 represent various typical illuminance
conditions (Awasthi, 2014; Standartization, E.c.f, 2002, 2014). The cell
shows nearly linear dependence of Pmax on irradiance in the range from
1 sun down to 0.01 sun and sublinear reduction at lower Ee due to the
effect of shunt resistance (Bunea et al., 2006). At the bottom of Fig. 1
projected irradiance ranges for PV-harvester and PV-system are pre-
sented with blue arrows. Projected irradiance on a PV-harvester ranges
from 0.003 sun (EV = 300 lx – typical requirement for an office room

(Awasthi, 2014; Standartization, E.c.f, 2002, 2014) till approx. 0.1 sun
for indoor irradiance on a Sunny day. Projected irradiance on a PV-
system is taken the range of 0.01–1 sun.

2.2. Design and energy balance of a PV-battery unit

Block diagram of the PV-Battery device under consideration is
presented in Fig. 2(a) where red arrows show energy transfer under
sufficient irradiance. Power of light PLight is converted into electric
power PPV in a PV module and is divided into power consumed in a load
PL and power of battery charge PBc. Blue arrow indicates discharge of
the battery PBd powering the load when PV module is idle in the dark.
Circuit diagram in Fig. 2(b) represents the simplest realization of the
PV-battery device, where current from a PV module is divided between
a battery and a load. In the simplest case without reverse blocking
elements certain battery discharge is expected without illumination
through forward biased PV module. However properly designed PV-
battery combination has low dark current density (Agbo et al., 2016a,
2016b) which is a matter of optimization and is out of the scope of this
paper.

Analysis of power matching in the PV-battery device sketched in
Fig. 2 is focused on the generating phase of a 24 h cycle. However, a full
24 cycle has to be considered for meaningful scaling of the PV-battery
elements. The energy balance of the system with respect of required
degree of autonomy dictates values of effective load resistance RL and
battery capacity CB per unit area of PV module. Schematic power/en-
ergy balance diagram for a projected 24-hour cycle of a PV-battery unit
is presented in Fig. 3(a). The 24-hour cycle consists of a light phase
Tl = 8 h and a dark phase Td = 16 h in our conservative projection for
both indoor PV-harvesters and outdoor PV-systems. During Tl a PV
module generates power PPV which is divided between a load, con-
suming PL, and a battery, charging with PBc. After the light phase is over
the battery discharge PBc powers the load during the dark phase Td.

Areas of rectangles in Fig. 3(a) represent total energies of each
element for Tl and Td as follows: EPV is the energy generated by PV
module; ELl is the load energy demand during Tl; ELd the load energy
demand during Td; EBc the energy stored in the battery during Tl; EBd

Fig. 1. Maximum output power density of a solar cell with standard test con-
ditions (STC) (International, 2012) efficiency η = 21% as a function of irra-
diance Ee and illuminance EV. Areas of different colors approximately represent
denoted illuminance conditions (Awasthi, 2014; Standartization, E.c.f, 2002,
2014)). Numbers in the graph are EV values in lux. Blue arrows at the bottom
represent approximately target operation ranges for PV-harvester and PV-
system. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the energy delivered by the battery during Td. The analysis is based on
the balance between generated and consumed energy. The battery ca-
pacity CB is assumed to be sufficient to store available EBc and possible
charge–discharge losses are out of consideration. The energy balance
throughout a 24-hour cycle is analyzed with a “system energy au-
tonomy factor” fA – the ratio of energy stored during Tl, EBc, to the
energy demand of the load during Td, ELd:
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fA takes values in the following characteristic ranges:

• fA > 1 when EPV is higher than total energy demand of a load
(ELl + ELd) and EBc > ELd the case of full autonomy with energy
redundancy preferable for PV-harvester;

• 1 > fA > 0 when EPV is lower than total energy demand of a load
(ELl + ELd) but is still higher than ELl, which implies 0 > EBc > ELd
the case of partial autonomy usual for grid connected residential PV-
systems with storage

• fA < 0 when EPV does not cover energy demand of a load even
during light phase TL, therefore EBc < 0 which has no physical
meaning, but indicates that storage is purposeless in the system.

The system autonomy factor fA calculated as a function of irradiance
Ee and projected load power demand PL presented as a contour plot in
Fig. 3(b) is used to determine the feasible range of load power demand

for a PV-battery unit. Dashed lines in Fig. 3(b) contour approximately
operation conditions of two addressed PV-battery utilization cases: “PV-
harvester” providing reliable autonomy in low irradiance for low-
power-consumption load, and “PV-system” powering demanding load
with optional autonomy predominantly under high irradiance. These
two cases are distinguished upon PV-area specific power demand of a
load. The system scale is out of consideration. In both cases we consider
a basic unit of a PV module with minimal number of cells coupled to a
single secondary battery cell. Therefore, operating voltage range is
same for both PV-harvester and PV-system and approximately corre-
sponds to the voltage range of contemporary Li-ion cells.

With determined ranges of specific load power demand, the
equivalent load resistance RL can be scaled approximately, taking the
common voltage of a commercial Li-ion battery of 3.6 V (Chen et al.,
2018; Zhang et al., 2018). According to the PV-area-specific power
ranges marked in Fig. 3(b) specific equivalent load resistance RL of
approximately 1 MΩ cm2 will ensure full autonomy at the lowest irra-
diance of 0.003 sun in artificially lit office for PV-harvester. For PV-
system RL ≈ 2 kΩ cm2 ensures full autonomy at high irradiance and
partial autonomy at specific RL ≈ 1 kΩ cm2.

For the case of PV-harvester, high specific RL allows neglecting the
role of load current, and simulate PV-battery coupling as a function of
irradiance and battery open circuit voltage. For the PV-system on
contrary, RL is taken into consideration, and PV-battery coupling is
analyzed as a function of irradiance and specific load resistance.

Scaling of the battery capacity CB is carried out considering

Fig. 2. (a) Block diagram of a PV-battery unit
connected to a load. PLight – power of light im-
pinging a PV module; PPV- power generated by
the PV module; PL – power supplied to the load;
PBc – power of battery charge; PBd – power of
battery discharge; (b) Circuit diagram of a di-
rectly coupled PV-battery. Red arrows indicate
currents under sufficient irradiance, blue arrows
– current in dark conditions. IPV – current of PV
module; IL current through the load; IB – current
of the battery; RL equivalent load resistance. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Fig. 3. (a) Schematic illustration of power and energy balance of PV-battery system with load throughout projected 24 h-cycle on time scale. During the light phase Tl
power of a PV module PPV is opposed by power demand of a load PL and power of a battery charge PBc. During the dark phase Td, the load power demand PL is
covered by the battery discharge power PBc. Areas characteristic rectangles represents following energies: EPV – energy generated by PV module; ELl – load energy
demand during Tl; ELd – load energy demand during Td; EBc – energy stored in the battery during Tl; EBd – energy delivered by the battery during Td. (b) Energy
autonomy factor fA of PV-battery system as a function of specific load power demand PL and irradiance Ee calculated for a 21% efficient solar module. See text for
details.
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autonomy and reliability factors. For critical autonomy fA = 1,
ELl + ELd = EPV, and PL(Tl + Td) = PPVTl, CB is calculated as:

= = =
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where VBd is the battery discharge voltage. For η = 21%, VBd = 3.5 V,
and Tl = 8 h, CB of 32 mAh per cm2 of PV provides critical autonomy
under 1 sun. At lower irradiance, proportionally lower CB is required,
however battery damage has to be excluded at eventual exposure of a
PV-harvester to direct sunlight. Under 1 sun a PV module with η= 21%
delivers 5 mA/cm2 at 4.2 V (typical charging voltage limit of Li-ion
battery). Charging rate limit of Li-ion batteries ranges between 1 C and
8 C (Chen et al., 2018). Conservative limit of 1–2 C requires CB of
2.5–5 mAh per cm2 of PV. We use compromise CB = 20 mAh for 7 cm2

PV module, which is within safe charging range at Ee = 1 sun and
provides full autonomy at Ee < 0.1 sun for a PV-harvester.

3. Simulation of power matching in a PV-battery power supply

3.1. Power matching problem

Under proper coupling PV part of the system operates at maximum
power point (MPP) and delivers maximum possible power to a battery
and/or other load. This requires matching of PV module characteristic
resistance to the input impedance of the battery/load combination.
Characteristic resistance of the PV module or its MPP varies with ir-
radiance and temperature. Input impedance of the battery/load com-
bination may shift according to the battery state of charge (SOC) or
battery current (Li et al., 2016b; Li et al., 2019). Among these factors,
irradiance has usually the strongest impact on the system coupling,
whereas modern commercial batteries in many cases exhibit flat
charge/discharge characteristic, i.e. battery voltage does not change
significantly over large range of SOC (Hosono et al., 2007; Julien and
Mauger, 2013; Roscher et al., 2011; Sun et al., 2015; Zaghib et al.,
2011).

Operating point or working point (WP) for a PV-Battery-load system
presented in Fig. 2 can be found with the following equation:

= +I V I V I V( ) ( ) ( ),PV B L (3)

where IPV is the current of PV module, IB is the battery current and IL is
the current of the load, V is the voltage equal for all elements in
Fig. 2(b).

For PV-harvester with high RL the equation can be simplified by
neglecting IL:

=I V I V( ) ( ),PV B (4)

Solutions of the Equations (3) or (4) give current and voltage of the
working point IWP and VWP – the coordinates of a crossing point be-
tween the PV module IV and battery IV eventually combined with load
IV. This is visually illustrated for the pure PV-battery case in Fig. 4(a),
and the PV-battery-load case in Fig. 6(a). Optimal matching is achieved
when working point is at the maximum power point of the PV module.
In general case WP does not coincide with MPP. The degree, or quality
of matching, can be quantified by a “coupling factor” C - the ratio of the
working point power PWP to the maximum power PMPP of the PV
module:

= =C P
P

I V
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WP WP

MPP MPP (5)

The coupling factor shows how close WP is to MPP, it takes values
between 0 and 1 where unity corresponds to perfect matching. The
coupling factor is a key parameter used to evaluate power matching in
PV-battery combination. In order to find C for PV-battery combination
under specific irradiance we simulate IV characteristics of PV module
and battery according to the models described below.

3.2. Solar module model

Current-voltage characteristics IPV(V) of a PV module were simu-
lated with one diode model including series and shunt resistances (Rs

and Rsh) which is described with well-known expression:
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where IL is photocurrent, I0 - dark saturation current, q- elementary
charge, V – voltage across the cell, n – diode ideality factor, k –
Boltzmann constant and T – absolute temperature. The diode expression
(6) is implicit function and is solved numerically.

The solution of (6) is IV-characteristic of a single solar cell and
transition to PV module is made with multiplication of the voltage scale
by a required number of cells NC:

∗ =I V N I V( ) ( ).PVmodule C PVcell (7)

Potential increase of series resistance duet to the interconnection of
cells is not treated explicitly in (7). All resistive losses are included in
lumped Rs of a solar cell. Parameters of PV module simulations are
summarized in Table 1.

The photocurrent IL, taken to be directly proportional to irradiance
(Agbo et al., 2017), is varied between 0.12 and 36 mA/cm2 which is
equivalent to Ee range of approx. 0.003–1 sun. Example set of IV-curves
simulated for different irradiances is presented in Fig. 4(a).

3.3. Battery model

The right part of expression (4) - IV characteristic of a battery can be
well approximated using a simple battery model referred to as “internal
resistance battery model” (Johnson, 2002), or a “zero-time-constant
model” (Saidani et al., 2017) describing battery voltage VB and current
IB by the following expression:

= −V V R I ,B OCB sB B (8)

where VOCB is the open circuit voltage of the battery, RsB is the battery
total series resistance. The RsBIB term in (8) represents the overpotential
during charging, and loss of potential during discharging (Scrosati,
2013). For a given state of charge the dependence of VB on IB is a
straight line with a slope of −1/RsB crossing x-axis at VOCB, as pre-
sented in Fig. 4 (a) for three VOCB values. Set of parameters for the
battery simulations is presented in Table 2. The values correspond to a
lab scale battery reported in (Kin et al., 2019).

4. Simulation results

4.1. Room: Power matching in PV-battery unit for PV-harvester

From the analysis given in section 2 it follows that PV-harvester will
provide autonomy for a load with RL ≈ 1 MΩ per cm2 of a PV module
at minimal allowed office irradiance of approx. 0.003 sun. This high
resistance allows to ignore the influence of the load in analysis of power
coupling between PV module and battery in this section.

Power matching in PV-harvester is studied with calculation of
coupling factor C as a function of irradiance Ee, and battery open circuit
voltage VOCB, for a PV module of 7 cells with 1 sun VOC of 4.9 V. An
example set of PV module I-V characteristics (IVs) and battery IVs is
presented in Fig. 4(a) (note magnified voltage scale). Intersections of
the solar module and the battery IVs give working points for each
particular combination of VOCB and Ee. One of the possible working
points is indicated by a black dot denoted as “WP” in Fig. 4(a). Ideal
matching is achieved when the WP dot coincides with a red dot of MPP.
One notable feature of battery IVs in Fig. 4(a) is their slope caused by
the battery series resistance RsB, which reduces energy efficiency of a
battery (Scrosati, 2013) but, on the other hand, makes battery IVs
“follow” MPP trajectory, especially at high irradiance 1/4 sun – 1 sun.
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Based on IVs in Fig. 4(a) it is expected that proper combination of PV
module and battery will have high coupling factor over wide range of
irradiance. This point is illustrated with dependencies of C on irra-
diance in Fig. 4(b) calculated for three example batteries V1, V2, V3
(VOCB = 3.7 V, 4.15 V, 4.4 V) from Fig. 4(a) representative for three
characteristic PV-Battery combinations:

• V1 is a combination with VOCB < VMPP@1sun with high C over wide
range of Ee reaching peak value of C = 1. The maximum corre-
sponds to a domain in IV-space where the battery IV crosses the
trajectory of MPP as irradiance varies. The maximum will shift to-
wards one sun when VOCB is closer to VMPP@1sun and vice versa. This
combination shows C between 0.9 and 1 for nearly the whole range
of irradiances targeted for PV-harvester in Fig. 1. At high charging

current the battery resistive losses are partially compensated with
high C due to the slope of the battery IV. Taking into consideration
absence of any matching electronics and related power overhead,
this case shows very high performance potential of directly coupled
PV-battery devices over wide Ee range required for real world indoor
or outdoor applications.

• V2 is a PV-battery combination with VOCB ≈ VMPP@1sun with C = 1
at one sun which drops with reduction of irradiance first slowly
down to Ee ≈ 0.1 sun but then sharply at lower irradiance reaching
zero at Ee ≈ 0.02 sun – the condition when VWP is reduced down to
VOCB and charging stops.

• V3 is a combination with too high VOCB exceeding VMPP@1sun, where
dependence C (Ee) resembles previous case of VOCB ≈ VMPP@1sun but
ideal matching is not achieved even at 1 sun.

Comprehensive overview of power coupling in various PV-battery
combinations under variable irradiance requires calculation of the
coupling factor C as a function of two parameters, battery open circuit
voltage and irradiance. The result of this calculation, C (VOCB, Ee), is
presented as a contour plot in Fig. 5. Additionally, dependencies of
VMPP and VOC of the solar module on Ee are shown in Fig. 5 with black
and white dotted lines respectively. The area in warm colors on the left
of VOC line corresponds to charging mode. The blue area on the right of
VOC line represents no-charging mode, i.e. VOCB > VOC. Suitable op-
erating ranges of PV-harvester and PV-system are indicated approxi-
mately with white dashed vertical lines. The map in Fig. 5, as well as
other simulation results presented in this work, is not universal and
naturally depend on solar module and battery parameters. Thus, the
voltages indicated in Fig. 5 are specific to the simulated PV module and
battery. Considerations on practical applications are given at the end of
the next section.

The most important outcome of the simulations is the large region
with coupling factor C > 0.9 which extends over very wide range of
irradiance for variety of PV-battery combinations, i.e. the large region
where PV-battery combination stays highly power-matched. As it can
be seen in the vicinity of a dashed white line “PV-harvester” it is pos-
sible to find a combination of VOCB and VMPP which will provide
C ≥ 0.9 for approximately two orders of magnitude of irradiance,
C ≥ 0.97 for one order of magnitude of irradiance, and maximum with
C = 1. This evidences the potential of directly coupled PV-battery units
to be close to modern MPPT devices (Belhachat and Larbes, 2018) as for
tracking efficiencies. Unlike tracking efficiencies, the energy

Fig. 4. (a) PV module IVs calculated for different irradiances (red curves), and battery IVs calculated for different VOCB. Red dots show dependence of MPP of the PV
module on irradiance. Black dot represents an example of WP at the intersection of the PV module IV and battery IV. Voltage scale is magnified to represent the
relevant part of IVs. (b) Dependence of coupling factor C on the irradiance Ee calculated for the PV-battery combinations presented in (a). V1 – combination with
VOCB < VMPP@1sun, V2 – combination with VOCB ≈ VMPP@1sun and V3 – combination with VOCB > VMPP@1sun. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5. Contour plot of the dependence of coupling factor C on battery open
circuit voltage VOCB and irradiance Ee (illuminance EV). Scale on top is the
difference between VOCB and VMPP@1sun. Black dotted line represents depen-
dence of VMPP of solar module on Ee. White dotted line represents dependence
of VOC on Ee. For the blue area on the right bottom of VOC line, VOCB exceeds VOC

making battery charging impossible. Operating ranges of “PV-harvester” and
“PV-system” are indicated with white dashed vertical lines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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efficiencies are compromised by the power consumption in MPPTs,
which plays significant role for PV-harvesters, especially at low irra-
diance in small scale devices (Giuseppe Marco et al., 2010; Kin et al.,
2019). Peak energy efficiency of MPPTs for PV-harvesters ranges be-
tween 70% and 90% (Sharma et al., 2018). In contrast, energy effi-
ciency of direct coupling can be very close to the coupling factor, i.e.
close to 100% at peak, and therefore has potential to outperform con-
temporary MPPT devices in small scale low irradiance applications. The
direct coupling is expected to be the best option for PV-battery power
units for PV-harvesters even for wide irradiance range.

The vertical dashed line “PV-system” shows the case of a system
designed for high irradiance and approximately indicates the choice of
VOCB with respect to VMPP. The PV-system case is analyzed from RL

point of view in the next section.
The map in Fig. 5 is applicable to analyze matching in PV-battery

combinations with realistic dependence of VOCB on SOC (Li et al., 2016;
Li et al., 2019). Operating points of a PV-battery combination with

variable VOCB will cover an area with width defined by the range of
VOCB and height defined by the range of projected irradiance in Fig. 5.

4.2. Roof: Power matching in PV-battery unit with significant load
resistance for PV-systems

In contrast to indoor PV-harvesters, PV-systems are designed to
operate under high irradiance with coupling to a power demanding
load, which results in equivalent specific load resistance RL of the order
of 1 kΩcm2 as rationalized in section 2. This specific load resistance
should be considered in the power matching analysis. Interplay be-
tween IV-characteristics of all three elements: PV module, battery, and
effective load resistor is analyzed in this section. In Fig. 6(a), PV module
IVs for three different irradiances are shown with red lines, IVs of three
different load resistances are shown with blue lines, and IV of one
battery is shown with black dotted line. Working point of the PV-bat-
tery-load combination is located at the intersection of a PV module IV
with common battery-load IV according to equation (3). The sums of
the battery IV and load IVs are presented with black lines denoted
“Battery + RL” in Fig. 6 (a).

Without a battery the intersection of PV and load IVs will strongly
deviate from MPP depending on RL and irradiance, which is demon-
strated by C (Ee) dependencies calculated for three RL values (blue
lines) Fig. 6 (b). It is obvious that for PV module connected to a resistive
load, good power matching with C ≥ 0.9 is achieved for very narrow
range of irradiances, thus, utilization of MPPT unit is inevitable to
ensure proper matching. However, when battery is connected in par-
allel to RL, their common IVs result in completely different matching
picture. Slope and x-axis intersection of battery-load IVs (black lines in
Fig. 6 (a)) are dominated by the battery IV, and therefore C (Ee)

Fig. 6. (a) IVs of a solar module calculated for different irradiances (red curves), IVs of a load resistor calculated for three RL values 50, 100, and 400 Ω (blue lines),
battery IV calculated for VOCB = 3.6 V (dotted black line), common battery-load IVs are presented with black lines, red dots show trajectory of MPP of the solar
module with variation of Ee. (b) Dependencies C (Ee) calculated for a combination PV-load without storage (blue lines), and a combination of PV-battery-load (black
lines) for elements presented in plot (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Parameters for PV module simulation.

Input parameters Output at 1 sun

Temperature T 298.15 K Open circuit voltage cell VOC 0.70 V
Saturation current density J0 5.3*10−14 A/cm2 MPP current IMPP 34.5 mA
Ideality factor n 1 MPP voltage cell VMPP 0.61 V
Specific series resistance Rs 0.3 Ω cm2 Fill factor FF 83.4%
Specific shunt resistance Rsh 10 kΩ cm2 Open circuit voltage module VOC 4.91 V
Short circuit current density at 1 sun JSC 36 mA/cm2 MPP voltage module VMPP 4.27 V
Number of cells NC 7 Power at MPP PMPP 0.147 W
Cell area A 1 cm2 Efficiency η 21%
Irradiance Ee 0.003–1 sun

Table 2
Parameters for the battery model.

Parameter

Open circuit voltage VOCB 3.1 – 4.6 V
Area specific capacity (1C) 1 mAh/cm2

Area specific series resistance 75 Ωcm2

1C area specific current density 1 mA
Area 20 cm2

Capacity (1C) 20 mAh
Series resistance RsB 3.75 Ω
1C current I1C 20 mA

O. Astakhov, et al. Solar Energy 206 (2020) 732–740

737



dependencies of PV-battery-load combinations show very broad
maxima (black “RL + battery” lines in Fig. 6 (b)). The dependencies of
coupling factor on irradiance in PV-batter-load combinations are very
similar to the dependencies of the pure PV-battery combinations dis-
cussed in previous section (Fig. 4 (b)), i.e. directly coupled PV-battery
unit has potential to stay properly matched under wide range of irra-
diances even under significant load.

A comprehensive overview of power coupling in PV-battery-load is
provided via calculation of coupling factor C as a function of load re-
sistance and irradiance. The results are presented as a contour plot of
the dependence C (RL, Ee) in Fig. 7 for two battery voltages:

VOCB = 3.6 V in Fig. 7(a) and VOCB = 4 V in Fig. 7(b). These voltages
are approximately defined for PV-harvester (3.6 V) and PV-system (4 V)
in Fig. 5. The results in Fig. 7(a) simulated for VOCB = 3.6 V show
extended domain of C ≥ 0.9 covering nearly whole studied range with
broad maximum at moderate irradiance of 0.005–0.1 sun, and specific
RL > 1 kΩ cm2. These conditions match very well the case of PV-
harvester – the area approximately marked on the right side of the
graph in Fig. 7(a). Note very wide range of high coupling factor to the
left of the marked PV-harvester area. This means that PV-harvester can
stay well matched for load resistances much lower than it has been
estimated in Fig. 3, which provides stability against fluctuations of RL

Fig. 7. Coupling factor C as a function of irradiance Ee and specific load resistance RL calculated for a PV-battery-load combination with two different battery
voltages: (a) 3.6 V and (b) 4 V.
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and thereby secures high efficiency of PV-battery unit supplying power
to a pulsed load.

Power matching results presented in Fig. 5, for a PV-battery com-
bination without load resistance, indicate that a battery with
VOCB ≈ 4 V is close to be optimally matched to the simulated PV
module at high irradiance – the PV-system case. The PV-battery com-
bination with VOCB = 4 V is examined now as for the impact of the
equivalent specific load resistance. The simulated dependence of cou-
pling factor on RL, and Ee is presented in Fig. 7(b). The dependence
C (RL, Ee) shows broad maximum with C > 0.9 at high Ee and low RL.
The result demonstrates that properly chosen PV-battery combination
can preserve excellent power matching from 1 sun down to 0.01 sun
independently on load resistance down to specific RL of 200 Ω*cm2

(specific power demand of approx. 1000 W/m2). As well as in the case
of PV-harvester, the results in Fig. 7(b) show capability of PV-battery
unit to efficiently supply power to appliances operating in DC or pulsed
mode without MPPT. In order to compare the potential of direct cou-
pling with MPPT solutions the following has to be taken into con-
sideration. Vast majority of publications are focused on optimization of
MPPT algorithms and therefore report “tracking efficiency” or “MPPT
efficiency” which can approach 100% very closely (Belhachat and
Larbes, 2018; Jiang et al., 2017). The tracking efficiency has to be
distinguished from the energy efficiency, which usually has peak values
of 93–96% (Abu Qahouq et al., 2014; Cao and Kim, 2015; Cooley and
Leeb, 2011). The energy efficiency in MPPT has pronounced depen-
dence on input power which is usually varied within one order of
magnitude. As presented in Fig. 7, a directly matched PV-battery unit
can have 0.97 > C > 1 for the irradiance between 0.1 and 1 sun.
Taking the absence of power electronics into account these values show
potential of the optimized PV-battery unit to be on par with con-
temporary MPPT solutions as for power efficiency.

Finally, the results presented in Figs. 6 and 7 indicate that battery
besides energy storage function may efficiently serve as power
matching element in PV-system.

Accurate preselection of PV and battery parameters is fundamental
issue of direct coupling, in contrast to MPPT approach. A specific set of
experimental parameters is required in order to find proper combina-
tion in practice. This set includes several IV characteristics of a PV
module measured at different irradiance points of the target irradiance
range, and a battery IV characteristic at moderate state of charge. The
family of PV module IVs together with the battery IV are used to find
working point at each irradiance graphically or numerically as illu-
strated in Fig. 4(a). Next, coupling factor is determined according to
expression (5) and plotted as a function of irradiance as illustrated in
Fig. 4(b). The peak of C (Ee) dependence indicates the range of irra-
diance, where the PV-battery combination performs best. For the case
of highly demanding load, common IV of the battery and effective load
resistance has to be analyzed as shown in Fig. 6. Practical im-
plementation using standard components may be challenging due to the
limited choice of their parameters. Thus, fine tuning of particular PV-
battery combinations may require special PV modules, batteries or
both.

5. Conclusions

In this work, we explore by means of modeling how far a directly
coupled PV-battery unit can stay power-matched under variable irra-
diance and load. The power coupling in PV-battery unit quantified with
coupling factor C has been studied as a function of irradiance Ee, battery
voltage VOCB and load resistance RL. Two distinct utilization cases are
analyzed: “PV-harvester” for predominantly low irradiance, non-de-
manding load, but full system autonomy; and a “PV-system” for pre-
dominantly high irradiance, highly demanding load, and partial system
autonomy.

It is found that series resistance of a battery may have positive effect
on the PV-battery coupling, i.e. the loss related to the battery series

resistance can be partially compensated by better matching of PV-bat-
tery device.

Dependence of coupling factor C on irradiance Ee and battery vol-
tage VOCB demonstrates that some PV-battery combinations provide
C ≥ 0.9 under irradiance ranging from artificial office lighting to one
standard sun, making direct coupling preferable solution for small scale
indoor PV-harvesters.

For the case of a PV-system, simulations show that properly chosen
PV-battery combination can provide coupling factor of C ≥ 0.9 for ir-
radiance between 0.03 and 1 sun for specific load resistance ranging
from infinity down to 200 Ωcm2 (equivalent to specific load power
demand of 100 mW/cm2 or 1000 W/m2), which ensures excellent
coupling for most probable application conditions.

We confirm feasibility of intrinsically matched PV-battery combi-
nation to provide high power coupling under variety of conditions
without MPPT electronics. This result emphasizes the role of a battery
as an efficient impedance matching element besides storage function-
ality in a directly matched PV-system.
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