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Abstract: A novel integrated DC-DC converter is proposed for the first stage of two-stage grid
connected photovoltaic (PV) systems with energy storage systems. The proposed three-port converter
(TPC) consists of a buck-boost converter, interposed between the battery storage system and the
DC-AC inverter, in series with PV modules. The buck-boost converter in the proposed TPC is utilized
for maximum power point tracking by regulating two power switches. The output power of the
proposed converter is regulated by controlling the DC-AC converter. During the battery-charging
mode, partial power regulation is employed with a direct power flow path (the series-connection
of the PV panel, the battery and the output). As resistances in this path are almost negligible, the
power conversion efficiency is higher than existing topologies. During battery-discharging mode, the
power conversion is processed through a buck-boost converter with only two active power switches
and one inductor. With fewer components, higher power conversion efficiency is also achieved. The
circuit operation and analysis are presented in detail. To illustrate the simplicity of the converter
control, the performance of the converter is tested with a straightforward maximum power point
tracking on a PV system with battery cells. Simulation and experimental tests are carried out to
demonstrate circuit operation and power conversion efficiency.

Keywords: battery storage system; buck-boost converter; partial power regulation; PV system;
three-port converter

1. Introduction

Photovoltaic (PV) power is becoming increasingly important in many applications,
such as LEDs, DC motors and power systems, due to its environmental advantages, the
maturity of manufacturing technologies and the low costs in operation [1-6]. However,
the main disadvantage of PV power is that the generated power is uncertain, being highly
dependent on weather conditions. To utilize PV power in an efficient way, hybridization
with battery energy storage systems (BESSs) is commonly introduced to avoid energy waste
and fulfill output requirements.

Conventionally, two individual DC-DC power converters are used in grid-connected
PV systems with battery packs [7-11]. One of them is connected to the PV modules to
implement maximum power point tracking (MPPT) and to adapt the power generated
by solar panels to the grid requirements. The other DC-DC converter is connected to
the battery packs to complement the power required by the grid or to store PV power,
depending on the operation mode. Figure 1 shows the power flow paths of the traditional
configuration with two individual DC-DC converters. Due to the use of an additional
DC-DC converter, connected to the battery packs, more components are used, resulting in
low efficiency of the whole PV system, low power density and high costs [12].

To face these issues, some circuit topologies with three-port converters (TPCs), in-
stead of two individual DC-DC converters, have been proposed [13-16]. Figure 2a shows
the power flow paths of traditional TPCs. They can be categorized into three types: iso-
lated [15,16], partly isolated and non-isolated TPCs [13]. For isolated TPCs, multi-winding
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transformers with a group of active power switches are required to provide galvanic isola-
tion between ports and to achieve high voltage gain [17]. However, due to the employment
of transformers and a group of switches, the volume and the costs increase [18-21]. As
there are some applications in which not all ports need to be isolated, partly isolated TPCs
can be used, thus allowing for higher power density and smaller volume [22,23]. In other
applications in which the galvanic isolation is not needed, non-isolated TPCs are used,
with the advantages of even higher efficiency, higher power density, smaller size, lower
costs and simpler control, compared to the other two types of TPCs [24-26]. In [27,28],
some TPCs are proposed for non-isolated high voltage gain applications with detailed
circuit operation analysis. As presented in [27], the topology has the advantage of high
voltage gain without the use of transformer and lower voltage stresses on switches. In [28],
a higher voltage gain is achieved without the need for coupled inductors and voltage
multiplier cells. Nevertheless, in [27,28], a number of components (including switches,
capacitors, transformers, and inductors) are used, resulting in higher control complexity,
lower efficiency and higher costs. As presented in [29], a soft switching TPC is proposed
with zero-voltage switching (ZVS) and leakage inductor energy recycling. However, the
complexity of the control increases with the number of power switches and an active
clamp circuit.
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Figure 1. Power flow paths of a traditional configuration of a PV generator with BESS, using
two power converters.
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Figure 2. Power flow paths of (a) traditional TPC and (b) proposed TPC with PPR.

This paper presents the investigation of an alternative approach, namely a battery-
integrated step-down TPC with partial power regulation (PPR) [30,31] for the first stage
of two-stage PV systems. Figure 2b shows the power flow paths of the proposed TPC.
Compared with a fully rated traditional TPC, only a fraction of the PV power is processed
by the TPC, reducing power losses in the components. In addition, only two power switches
and one inductor are used in the proposed TPC, thus improving power conversion efficiency
and power density, reducing the costs, and allowing for simpler control. Moreover, due to
the adoption of PPR technology in battery-charging mode, the power conversion efficiency
is further increased. Table 1 shows the comparison between the proposed topology and
other non-isolated TPCs. As can be seen in this table, less components are used, and higher
efficiency is achieved.
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Table 1. Comparison between the proposed topology and other TPCs.
Topology Diodes Inductors Switches Capacitors Rated Power (W) Efficiency (%)
[24] 5 2 3 4 100 91-94
[25] 2 2 2 2 100 85-94
[26] 5 1 4 3 50 87.8-93
[27] 1 2 4 4 1000 9698
[28] 5 2 3 4 200 86-99
[29] 2 1 5 3 300 94.2-96.8
Proposed 0 1 2 3 15 95.4-99.68

In summary, the main contribution of this proposal is a novel topology of a PPR TPC
with the following advantages:

1.  Few components (two power switches, one inductor and three capacitors) are used in
the proposed non-isolated TPC so that the costs and size are reduced;

2. With only two synchronous rectification power switches, the proposed topology can
be easily controlled, and the control strategy can be simplified;

3. With the use of a direct power flow path while in charging mode, the power conversion
efficiency is increased.

The paper is organized as follows. Section 2 presents the proposed circuit config-
uration. Section 3 analyzes the circuit steady state operation in its different operation
modes. Section 4 describes one possible control strategy. Section 5 presents simulation and
experimental results. Finally, Section 6 summarizes the conclusions.

2. Circuit Configuration

Figure 3 shows the circuit configuration of the proposed TPC, including a unidirec-
tional input port (from the PV panels), a bidirectional input/output port (from/to the
battery) and a unidirectional output port (to the DC-AC inverter). The power from the
unidirectional input port, which could be fed with renewable energy, such as the solar
PV panels shown in Figure 3, supplies energy to the output ports. The bidirectional
input/output port, connected with energy storage elements, such as BESSs and/or super-
capacitor banks, could be used as an input or an output port, depending on whether it
supplies power to the unidirectional output port or obtains the energy from the unidirec-
tional input port. The unidirectional output port is connected to a DC-AC inverter in AC
grid-connected applications.
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Figure 3. Circuit configuration of the proposed topology with direct power flow path (red line).

The PV module is connected to the battery cell and the DC-AC inverter in series,
creating a direct power flow path (red line in Figure 3) that improves the power conversion
efficiency. A buck-boost converter, consisting of two power switches S; and S, an inductor
L, and two capacitors C, and C;, is connected between the battery and the DC-AC inverter.
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With such a configuration, the PV voltage vy, is the sum of the voltages on the battery
v, and the input of the DC-AC inverter v,. As a DC voltage source, v is held almost
constant at the steady state operation in a high-frequency cycle. Thus, the maximum
power point (MPP) of the PV module can be found by regulating v,. However, during
long-term operation, v, varies due to the fact that the voltage of MPP highly depends
on weather conditions and v, depends on the state of charge (SOC) of the battery. This
means v depends on the voltage of MPP and v;,. But the current 7, in the DC-AC in-
verter can be regulated by the adjustment of the DC-AC inverter to cope with the grid
power requirements.

3. Circuit Steady State Operation and Analysis

The contribution of this work is the TPC with PPR, irrespective of its connection to a
DC-AC inverter or to any other power consumption. Thus, for the simplicity of the analysis,
in what follows, the output port is supposed to be connected to an equivalent variable
resistance R, instead of the DC-AC inverter.

The proposed circuit may be operated at either continuous conduction mode (CCM)
or discontinuous conduction mode (DCM), depending on the designed circuit parameters
and operating conditions. The circuit operation can be divided into six modes. To simplify
the analysis, all components in the proposed TPC are assumed to be ideal, the capacitors
are large enough to maintain the voltage constant and, as stated, the variable resistance R¢q
symbolizes the load of the PV system.

e Model

In Mode I, the load and the battery are both supplied by solar energy. As only a small
amount of the power is processed by the buck-boost converter, it may be operated in CCM
or DCM. Figure 4 depicts three operation stages of the proposed TPC in this mode.

) vbtt ch {u

Figure 4. Operation stages of Mode I, when PV module supplies energy to the load and the battery:
(a) Stage I-1; (b) Stage I-2; and (c) Stage I-3.
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Stage I-1 (t, t1)

Stage I-1 starts when the power switch S, is turned ON. The inductor L is charged by
the PV module. The inductor current i increases linearly with the following slope:
dip _ Vi
@ L @
Part of the power generated by the PV module is delivered to the load and the battery
directly. This stage ends when S, is switched OFF.

Stage I-2 (1, tp)

In stage I-2, S, is turned OFF and S, is switched ON to conduct i;. The energy stored
in the inductor L is released to the load with the following slope:
dig Vo — Vp
2L e b 2
dt L @)
Stage I-2 ends when S, is switched on again or i} declines to zero. The operation
enters stage I-3 if ij decreases to zero. In case S, is switched on before i reaches zero, the
operation returns to stage I-1.

Stage I-3 (t;, t3)

During stage I-3, both S, and S;, are turned OFF. The power generated by the PV
module is supplied to the battery and the load in a straight manner. When S, is turned ON,
the circuit operation goes back to stage I-1 of the next switching cycle.

In Mode I, the power conversion efficiency can be expressed as follows:

= (py+pr)/Ppo 3)

where pj, is the battery power, p; is the load power and py, is the PV power.
e Modell

In Mode II, both the PV module and the battery supply energy to the load. All the
power generated by the PV module and the battery is transferred to the load through a
buck-boost converter which is designed at CCM. The circuit operation can be divided into
two stages, as shown in Figure 5.

T 1 1
t 1., G T, P 1, Cy

S i
T

(a) (b)

Figure 5. Operation stages of Mode II, when the PV module and battery supply energy to the load:
(a) Stage II-1 and (b) Stage II-2.

Stage II-1 (¢, t1)

Stage II-1 starts when S, is turned ON. L is charged by the PV module and the battery
with an increasing current i;, (1). This stage ends when S, is switched OFFE.
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Stage II-2 (¢4, tp)

During stage II-2, S;, is switched ON. The load voltage is applied to L, resulting in a
decrease in i} with a slope defined by (2). Stage II-2 ends when S, is turned ON again.
In Mode II, the power conversion efficiency can be expressed as follows:

n=pr/(py+ Ppo) (4)
e Mode III

In this mode, the average PV power is approximately equal to the load power. In
practice, the current ripple on the battery cannot be eliminated, but can be reduced by
using some techniques [32]. In this work, a capacitor is connected in parallel with the
battery to reduce current ripple. The circuit is designed to be operated in Mode III when
the average battery current is approximately equal to zero. During this mode, the battery
is both charged and discharged in a switching cycle. Its operation is between Mode I and
Mode IL

In Mode I1I, the power conversion efficiency can be expressed as follows:

1 =pr/Ppo 5)

The relationship among the PV voltage v, the battery voltage v;, and the load voltage
vy, during Modes 1, II and 111, can be expressed as follows:

Vpy = Up + Oy (6)

The load voltage is regulated by the buck-boost converter. Then, the load voltage can
be expressed as follows:

d
vy = Evb (7)
where d is the duty ratio of the power switch S,, and d’ is the duty ratio for the inductor
current, decreasing from its peak to zero in a switching cycle. For CCM operation, the sum
of d and d’ is equal to 1.

Substituting (7) into (6) yields

Vpy = (1 + ;)vb 8)

Thus, the MPPT can be implemented by adjusting d.
e ModelV

In case the BESS is fully charged, exhausted or with unexpected damage, circuit
operation enters Mode IV. The PV power is equal to the load power and the battery needs
to be isolated (the switch is not shown in the figures). The proposed circuit is operated as a
buck converter. The circuit operation with CCM can be divided into two stages, as shown
in Figure 6.

Stage IV-1 (ty, t1)
Stage IV-1 begins when S, is turned ON. The PV module supplies energy to L and the
load. The inductor current i, increases linearly with the following slope:

diL va - Vr

@ ©)

This stage ends when S, is switched OFFE.
Stage IV-2 (t1, t2)

In stage IV-2, S, is turned ON to conduct the inductor current i;. L supplies the stored
energy to the load with the following slope:
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dip. 'V,
dt L
When S, is turned ON, stage IV-2 ends.
In Mode 1V, the power conversion efficiency is given by (5). The circuit performs as a
buck converter. The PV voltage can be expressed as follows:

d/
Vpy = (1 + d)v,

Mode V corresponds to the case in which the load does not require any power. Figure 7
illustrates two operation stages of the proposed topology in this mode.

(10)

(11)

e ModeV

N
>

L
»

(b)

Figure 6. Operation stages of Mode IV, when the PV power is equal to the load power and the battery
needs to be isolated: (a) Stage IV-1 and (b) Stage IV-2.
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Figure 7. Operation stages of Mode V, when the PV module supplies energy to the battery: (a) Stage
V-1 and (b) Stage V-2.
Stage V-1 (to, tl)

In stage V-1, Sy, is turned ON. The inductor L is supplied by the PV module, resulting
in an increase in i; with the following slope:

dip, Ve~V

dr L (12)
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This stage ends when S, is switched OFFE.
Stage V-2 (11, t2)

In stage V-2, Sy, is turned OFF and S, is switched ON to conduct the inductor current
ir. L supplies the stored energy to the battery with the following slope:

dir, B Vi
it (13)
When S, is switched ON, the circuit enters stage V-1 of the next frequency cycle.

In this mode, the battery is charged by the PV module. The relationship between v,
and vy, is given by (8). The power conversion efficiency can be expressed as follows:

1= pp/Ppo (14)

e Mode VI

During Mode VI, the sunlight is insufficient to generate any energy for the load. All
load power is supplied by the battery through a buck-boost converter with CCM operation.
Figure 8 shows the two operation stages of this mode.

s,

(a)

Figure 8. Operation stages of Mode VI, with just the battery supplying energy to the load: (a) Stage
VI-1 and (b) Stage VI-2.

Stage VI-1 (o, t1)

Stage VI-1 starts when S, is turned ON. The battery supplies energy to L and the
capacitor Cy, releases energy to the load. ij increases linearly with a slope defined by (1).
This stage ends when S, is switched OFF.

Stage VI-2 (4, t2)

In stage VI-2, S, is turned OFF and Sy, is turned ON to conduct the inductor current i
The load voltage v, on L leads to a decrease in its current with a slope defined by (10). This
stage ends when S, is turned ON again.

During Mode VI, the relationship between v, and v, is given by (7). The power
conversion efficiency can be expressed as follows:

n="p:/Pp (15)

4. Control Strategy

To illustrate the simplicity of the control of the proposed TPC with PPR, the perfor-
mance of the converter is tested with a straightforward MPPT on a PV system with battery
cells. Figure 9 shows the control flow chart of the system with load power regulation. At
the beginning, the PV voltage v),, the PV current iy, the load current i,, the PV voltage
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vy, the battery voltage v}, and the battery current 7, are measured by current and voltage
detection circuits, which are shown in Figures 10 and 11, respectively. In practice, the
measured voltages (vpy, vr and vp) and the currents (i, iy and ip,) are too high for the
micro-controller (in this case, a TEXAS INSTRUMENTS TMS320F28335 one), and thus,
must be reduced to the accepted signal levels. The current is sensed by a Hall-effect sensor,
yielding a corresponding voltage v;, and then transmitted into a current sampling circuit,
which is built by an operational amplifier (OPA) to reduce the signal level, with a voltage
reference v,,r. The output voltage v, of the current sampling circuit is transferred to the
micro-controller through a low-pass filter and a voltage follower to reduce high-frequency
noise. The relationship between v; and the output of the current detection circuit v;, is
expressed as follows:

Vip = (vs - Urgf) Rfl (16)

Measure iy, Vpy, iry Vys Vs Iy
and calculate p,,, p.and p,

................................... 4 L 4
Detect battery

X H
Ij:l H status
Set p req E

lJ

.

.

.

.

.

.

)

.

.

.

.

.

.

.

.

)

.

H w
Ll
.
: | Decrease R,,
.
.
)
.
)
.
.
.
.
.
.
.
.
)
.
)
.
Ll
.
.
.
.

| Increase R,,

Execute MPPT
algorithm

Figure 9. Control flow chart with load power regulation, perturb and observe MPPT algorithm, and
operation mode selection.

...............................................................

Figure 10. Current detection circuit.

For the voltage detection circuit shown in Figure 11, the measured voltage vy, is
detected with a voltage-sampling circuit and then passed through a low-pass filter and a
voltage follower into the micro-controller to execute the control strategy. The relationship
between v,;, and vy, is expressed as follows:

R
Vo = Uz;in?i (17)
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Figure 11. Voltage detection circuit.

From the current and voltage measurements, the PV power p;, the load power p;,
and the battery power pj, are calculated. Then, the battery status is obtained. When an
abnormal battery situation is detected, the circuit operation enters Mode IV. If the battery is
healthy and the irradiance is not enough for the PV panel to generate any power, Mode VI
is entered. If the power generated by the PV module is above zero, the MPPT algorithm (a
perturbation and observation (P&O) algorithm is used in this work) is executed to avoid
energy waste. Then, the operation mode is selected by the comparison of the load power
and the PV power. If the load is equal to zero, the circuit is operated in Mode V. If the load
is above zero, operation Mode I, II or I1I is selected, depending on the power generated by
the PV module.

At the same time, the load power regulation is executed independently to maintain the
load power constant. After the calculation of the load power p;, the required load power
Preq is set. When p; is higher than py,, the resistance of the equivalent variable resistor Re;
increases. On the contrary, Re; decreases if p; is lower than preq.

5. Simulation and Experimental Results

A simulation model for a PV system with a battery is set up in Simulink (10.6 (R2022b)),
as shown in Figure 12, to verify the circuit operation of the proposed topology and the
effectiveness of the control strategy. The circuit parameters are listed in Table 2. The PV
system employs a solar panel with a rated maximum output power of 28 W at 1000 W/m?
and 25 °C. The proposed converter is designed to be operated in CCM when the load power
is at 15 W. The conduction resistance of MOSFETs simulates the conduction losses, while
the losses on the inductor L are simply simulated with an equivalent series resistance R .

Table 2. Circuit parameters.

Parameters Value

Rated PV power, prpy 28 W

Open circuit voltage, Vi 2V
Short-circuit current, s 1.69 A
Voltage at maximum power point, Vi 173V
Current at maximum power point, Imp 1.645 A

Nominal battery voltage, vy 74V
Nominal battery capacity, SOCy 4.6 Ah
Switching frequency; f; 25 kHz
Inductance of inductor, L 180 uH
Filter capacitors, Cpp, Cp, and Cy 470 uF
Conduction resistance of MOSFETS, R, 45 mQO
Inductor equivalent serial resistance, Ry, 25 mQ)

To avoid energy waste and regulate the load power, the MPPT with a P&O algorithm
and load power regulation are implemented simultaneously. The instantaneous output
voltage and current of the PV module and the voltage and current on the variable resistor
detected by the measurement blocks are transferred to a MATLAB (R2022b Update 5
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9.13.0.2193358) function block to execute the MPPT algorithm and select operation mode,
giving a duty ratio as an output. This duty ratio feeds a PWM generator to produce
complementary PWM signals PWM;, and PWMy, to drive the MOSFETs. Simple load
power regulation is used to adjust the resistance of the variable resistor to maintain the
load power at constant level.

PWM,, Signal : prated

Cb T PWMsa
Ll Vb o
Soreater| 7 vppo] 8, |
[SBRK] — E

i o
L R, i
PWM;,

G s[5
I

R., G

Figure 12. PV system Simulink model with the proposed circuit.

Figure 13 shows simulation key waveforms at steady-state operation with different
operation modes. The PV system is operated at 1000 W/m?, 65 °C and Mode I in Figure 13a.
The PV voltage and current are regulated around 15.3 V and 1.64 A, respectively. The
battery is charged by the PV module with an average charging current of 1.24 A. The battery
voltage is held almost constant at 8.09 V. The load power is approximately equal to 15 W
with a resistor Ry = 3.74 ). The inductor is operated at CCM with a peak current of 1.25 A.

Figure 13b illustrates an example of a PV power lower than the load power. The
PV system is operated at Mode II with irradiance of 400 W/m?. The energy stored in
the battery is released to the load. The load power remains at 15 W and the PV power is
regulated at an MPP of 10.14 W. The peak inductor current is 3.09 A.

When the PV system is operated at 600 W/m?, the average battery current is approxi-
mately equal to zero, as shown in Figure 13c. The circuit operation enters mode III. The
battery is charged and discharged in a switching cycle from ¢t to f;. The peak inductor
current reaches 2.6 A.

Figure 13d shows a case with an abnormal battery state, in which Mode IV is imple-
mented. The battery is isolated, resulting in a PV power of 20.21 W with irradiance of
800 W/m?.

In the case that only the PV module supplies energy to the battery (Mode V) with
irradiance of 800 W/m?, the simulation key waveforms are shown in Figure 13e.
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Figure 13. Simulation key waveforms at steady state operation: (a) Mode I; (b) Mode II; (c) Mode III;
(d) Mode 1IV; (e) Mode V; and (f) Mode VI.
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Figure 13f shows an example in which only the battery supplies energy to the load
(Mode VI). As can be seen, the peak inductor current reaches 4.7 A with CCM operation.

To validate the simulation results, an experimental prototype has been built. Figure 14
shows the diagram of the laboratory PV system with the proposed topology, in which an
electronic load is connected to the load port with the constant power mode. For the tests,
the load power is regulated by the manipulation of the electronic load. A control unit is
associated with the electronic circuit for generating the gating signals to adjust the duty
ratios. The PV voltage and current are detected by the voltage and current sensors, and sent
to a central control unit to implement the MPPT algorithm and operation mode selection.

Control Unit

vai Voltage N Central
i |_Sensor

Driving
Circuit

Figure 14. Diagram of the experimental laboratory PV system with the proposed topology and its
control unit.

Figure 15 shows a picture of the experimental setup, consisting of a 600 W halogen
lamp, a 28 W PV panel, the prototype electronic circuit board, a micro-controller (TEXAS
INSTRUMENTS TMS320F28335), a DC power supply, an electronic load, and a battery pack.
The circuit and PV parameters are the same as the ones listed in Table 2. The switching
frequency is held at 25 kHz and the dead time is set at 0.33 us, when the power switches
change their status.

Figure 15. Experimental prototype.

Figures 16-18 show experimental results of the case tests at 1000 W/ mZ, 400 W/m?
and 600 W/m?, respectively. The SOC of the battery and the load power are held at around
80% and 15 W, respectively. As can be seen in these figures, the PV voltage v, is regulated
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at around the MPP with 15.3 V. The inductor current i; increases with irradiance from

400 W/m? to 1000 W/m?.

Time: 500 ps/div

Time: 500 ps/div

Time: 500 ps/div |

Time: 50 ps/div

Figure 16. Experimental results when the PV module supplies energy to the load and the battery at
1000 W/m?2. Upos Up, Ur, ipo, i, ir, and iy are shown with 5 V/div and 2 A/div, respectively.

“Time: 500 ps/div_

T
WWWW‘L A b M o by g Ly bt ’
+lpv
Time: 500 ps/div
U
' i L I’ () oy , N #‘f ll s r r(d W n ir
4
Vr

Time: 500 ps/div

Time: 50 ps/div

Figure 17. Experimental results when the PV module and battery supply energy to the load at
400 W/m?2. Upo, Up, and vy are shown with 5 V/div; i, and iy are shown with 2 A/div; and iy, and ipg

are shown with 1 A/div.
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Figure 18. Experimental results when the average PV power is approximately equal to the load
power at 600 W/ m2. Upv, Up, Uy, ipo, B, i, and iy are shown with 5 V/div and 2 A/div, respectively.

Figure 19 compiles the results of different tests, including simulation and experimental
ones. It shows the simulation and experimental efficiency curves when the PV system
is operated at different modes and load powers (10 W, 15 W and 20 W), according to (3),
(4), (5), (14) and (15). In the experimental results (solid lines), the irradiance increases
from 0 to 1000 W/m? with an increase in efficiency from 96.2% to 99.68% (red line) when
the load power is at 15 W. Mode III happens when the irradiance is equal to 600 W/m?.
Thus, on the left side of 600 W/m?2, the PV system is operated at Mode II, whereas on the
right side of 600 W/m?, the PV system is operated at Mode I. It also can be found in this
figure that, for a given irradiance, the power conversion efficiency increases with the load
power. In high irradiance situations, the differences between efficiencies with different
load powers decrease. For a given load power (a given color in Figure 19), operation Mode
III is remarked. For example, for p, = 10 W (dark blue line), when the irradiance is at
400 W/m?, the PV power is approximately equal to the load power with an efficiency
of 99.08%. The power conversion efficiency is almost constant when the PV system is
operated at Mode IV with an abnormal battery situation, for example, at 98.45% for a load
power of 15 W, as shown with the brown line. Figure 19 also illustrates the case of the PV
system operated in Mode V. The green line shows that the power efficiency is held at 98.84%
for irradiance going from 200 to 1000 W/m?. As noticed in Figures 16-18, the inductor
current increases when the irradiance increases. This means the power processed by the
buck-boost converter decreases, resulting in an increase in efficiency (red line in Figure 19).

It can also be seen in Figure 19 that there are some differences between the simulation
(dashed lines) and the experimental results in terms of efficiency. This is because the
simulation model is mainly aimed at demonstrating the feasibility of the proposal under
different conditions, and the losses are simulated in a simple way by the conduction
resistance of MOSFETs and the equivalent series resistance of the inductor, R; . Nevertheless,
the efficiency tendency between the simulation and experiment results is similar when
the PV system is operated at the same load power and operation point. For simulation
results, the highest efficiency is around 99.9% when the circuit is operated at p, = 10 W and
1000 W/m?.
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Figure 19. Simulation and experimental efficiency curves when the PV system is operated at different
load power and irradiances.

6. Conclusions

A DC-DC converter with partial power regulation for a battery-integrated PV system
is proposed. It improves efficiency by implementing PPR in a TPC. A buck-boost converter
is connected between the battery and the load to execute the MPPT algorithm. During the
battery-charging mode, only a small amount of PV power is processed by the buck-boost
converter, resulting in excellent efficiency. During the battery-discharging mode, only
two switches and one inductor process the PV power, leading to improved power density.

A PV system with the proposed topology is set up in Simulink and in the laboratory to
verify the circuit operation, the effectiveness of a control strategy and the power conversion
efficiency. The experimental results illustrate that with partial power technology, the power
conversion efficiency of the proposed topology is very high, up to 99.79% in the circuit
used as an example.
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