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Abstract: In this paper, a comparative analysis has been presented of two equivalent circuits
of non-isolated buck/buck-boost converters under synchronous control, used in a stand-alone
Photovoltaic-battery-load system. The first circuit consists of two cascaded buck and buck-boost
classical converters with two controllable switches. The buck converter is used to extract the maximum
power of the Photovoltaic source, and the buck-boost converter is applied for the output voltage level
control. The second circuit consists of a proposed converter with a single controllable switch. In both
cases, the switching frequency is used to track the maximum power point and the duty ratio controls
the output voltage level. Selected simulation results and experimental tests confirm that the two
conversion circuits have identical behavior under synchronous control. This study shows that the
single switch converter has a lower size and cost, but it is limited in the possible control strategy.

Keywords: solar PV; energy harvesting system; two-stage DC-DC electronic conversion; switch
number reduction; synchronous switch; equivalent single switch circuit; buck/buck-boost circuit

1. Introduction

Due to the increasing environmental concerns, many research studies have targeted the use
of Renewable Energy Sources (RES) as an alternative to fossil fuels. Thus, solar Photovoltaic (PV)
energy harvesting systems have a remarkable growth and a significant penetration in many fields
of application. In this paper, among the various applications of PV energy harvesting systems, we
study a stand-alone Photovoltaic-battery-load system, classically based on the non-isolated two-stage
DC-DC electronic conversion [1–6]. The rechargeable battery eliminates DC-link capacitor voltage
stress; moreover, it allows energy storage for when the produced PV solar energy is larger than what is
required by the load. One of the most suitable non-isolated two-stage DC-DC electronic conversions
for stand-alone PV systems is based on a well-known buck converter that is cascaded with a buck-boost
one, as presented in Figure 1 [2]. Two switches are classically used for the cascaded DC-DC conversion,
where each switch contributes individually and significantly to power dissipation. Effectively, in the
repeated energy management process, the energy is transmitted from the PV source to the load by
flowing from the first stage (buck converter) to the second one (buck-boost converter). In a general
manner, a high number of switches indicate a high system cost and physical size. Particularly, a
reduced number of switches in a circuit can decrease switch drivers and simplify control circuits as
well. Thus, the resulting system size is also reduced. Further, the driving circuit design is facilitated.
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Figure 1. Classical two-stage buck/buck-boost DC-DC circuit based on two switches S1 and S2.

Therefore, one possible way to decrease the cost and size of the above-mentioned stand-alone
PV energy harvesting systems is to apply a unified approach to form an equivalent converter with a
single switch instead of using two switches (one for each cascaded conversion stage). In this spirit, an
approach based on Synchronous Switches (SS) was first proposed by T. Wu and T. Yu; this approach
was mainly dedicated to aerospace applications for weight, size and cost purposes [3]. They have
introduced four SS corresponding to the four common node types of two active switches. Nevertheless,
it is noticeable that the design approach presented in [3] is applicable only when the two switches of the
cascaded DC-DC conversions are turned ON/OFF synchronously. That is why in the rest of the paper,
the considered two switches and single switch are so called “Equivalent Synchronous Switches (ESS).”

In this paper, we propose to “modify,” step by step, the traditional MOSFET-based two-stage
buck/buck-boost circuit, depicted in Figure 1, to make it finally equivalent to an electrical circuit based
on a single switch. Two constraints must be satisfied to replace the two switches by a SS: first, the two
switches must share a common node and second, they must be turned ON and OFF synchronously.
Thus, the modified conversion circuit with a single switch can have the same behavior as when the
two switches are operating individually [3]. Here, as detailed in the following section, by moving
the two switches toward each other, the usual circuit in Figure 1 can be “modified” step by step to
make a two-switch common node of a drain-source connection type, called the “DS: I-II type”, appear
according to [3]. Then, by replacing the two switches by the corresponding ESS (here called the
“Inverted IISS:I-IISS”, [3]), the resulting and equivalent circuit based on a single switch is obtained.

Let us now consider the control of the solar PV energy harvesting system. Firstly, it is mandatory
to perform Maximum Power Point Tracking (MPPT) in order to maximize the extracted energy,
irrespective of the irradiance conditions [7]. Secondly, the output voltage of the PV system must be also
regulated for load feeding considerations. The conventional two-stage DC-DC converter presented in
Figure 1 can perform MPPT and output voltage regulation simultaneously [8]. When the two switches
of the buck and buck-boost converters are synchronously controlled, the duty cycle and the switching
frequency are controlled independently to perform these two tasks simultaneously [9]. In the modified
converter based on the ESS, the control parameters are the same and are applied to the single switch.
Here, among the usual MPPT techniques, the Perturb and Observe (P&O) algorithm appears as the best
compromise, performing good tracking factors, simple implementation and satisfactory accuracy [10].

In the next section, the design of the single switch converter from the conventional two-stage
circuit presented in Figure 1 is developed. The major design steps are detailed in order to combine
the buck and buck-boost converters to form the ESS circuit under synchronous control. In addition,
the operation principle of the ESS circuit is discussed, mainly based on the energy exchange modes.
The control, including simultaneous MPPT and output voltage regulation, is studied in Section 3.
The modeling of the resulting Photovoltaic-battery-load system is presented in Section 4, and is based
on the ESS conversion circuit. The PV panel and battery models are also briefly discussed. Then, some
selected simulation results are provided and discussed to validate the equivalence between the two
circuits, which are based on two switches or on a single switch. Experimental results are presented in
Section 5. Finally, in Section 6, some conclusions are drawn.
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2. Equivalent Two-Switches and Single Switch Buck/Buck-Boost Circuits

2.1. Topology Derivation

In the literature, a two-stage DC-DC converter, as presented in Figure 1, is commonly used to
simultaneously perform the MPPT and the output voltage regulation of the solar PV system. In this
case, each DC-DC stage is independently controlled, whatever the applied control. The control signals
driving the gate voltage of each transistor for each DC-DC stage can be generated asynchronously or
synchronously. Besides, the frequency f of these two control signals is usually the same. As mentioned
before, the synchronous control case is considered in this study to allow for the design of the single
switch conversion circuit, which is based on [3].

When the converter presented in Figure 1 is driven synchronously, one unique control signal
is used to drive the two transistors. Thus, the control signals (also called switching patterns) of
each DC-DC stage are the same and, thus, have the same frequency f and the same duty ratio D.
The synchronous operating mode cannot be performed if the two DC-DC stages operate in the
continuous operation mode: either the first converter is in the Discontinuous Conduction Mode (DCM)
whereas the second one is in the Continuous Conduction Mode (CCM), or vice versa. In this study, to
avoid any DCM for the load, the duty ratio D of the switching pattern is used to regulate the output
voltage delivered to the load, whereas its frequency f is the MPPT control parameter.

The circuit presented in Figure 1 can be restructured as presented in Figure 2. To have a common
node, both transistors are moved toward each other, thus having the drain of the switching transistor
S1 connected to the source of the switching transistor S2. According to [3], two synchronous switches
that have a common drain-source node and are in the configuration, as presented at the left of Figure 3,
can be replaced with an ESS, as presented at the right of the same figure. In the topology presented
in Figure 2, the diodes D f 1 and D f 2 in Figure 3 cannot be identified. However, if these two diodes
are added to the initial topology (Figure 2), as presented in Figure 4, its operation will not be affected
because of the two added diodes D f 1 and D f 2 are never conducting: they are reverse biased either by
the PV cell and the battery or by the negative load voltage.
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Figure 4. The modified and electrically equivalent circuit from Figure 2. The added diodes (Df1 and
Df2) do not modify its operation.

Thus, the two-stage DC-DC circuit (Figure 1) can be replaced with the single switch circuit
(Figure 5, bottom), under synchronous control. This DC-DC circuit can be now used throughout this
work in all further sections.

Energies 2020, 13, 583  4  of  16 

 

 

Figure 4. The modified and electrically equivalent circuit from Figure 2. The added diodes (Df1 and 

Df2) do not modify its operation. 

Thus,  the  two‐stage DC‐DC  circuit  (Figure  1)  can be  replaced with  the  single  switch  circuit 

(Figure 5, bottom), under synchronous control. This DC‐DC circuit can be now used throughout this 

work in all further sections. 

 

Figure 5. Two‐stage DC‐DC converter (top) and its equivalent single switch circuit (bottom). 

It is clear that the proposed single switch design saves a MOSFET and its associated gate driver, 

but it adds two diodes in the circuit. However, only the extra MOSFET gate driver used in the two‐

stage converter costs much more than the two diodes added in the single switch circuit. Further, the 

additional costs for the control circuit design are not considered here. Thus, from an economical point 

of view, the overall cost of the two‐stage buck/buck‐boost circuit is slightly higher than the one of the 

single switch circuit. At low power, the amount of the savings that are realized when using the single 

switch  converter  can  seem  low. Nevertheless,  such  cost  consideration  is  very  important when 

consumer applications using solar energy harvesting are targeted. 

2.2. Principle and Operating Modes of the Single Switch Circuit 

The operation modes of the circuit derived in the previous section are presented in Figure 6. The 

battery is assumed to be fully charged to its operating voltage (12 V in this work). Four operation 

modes can be distinguished, and each one is characterized by different energy exchanges between 

the PV cell, the battery and the connected load. These energy exchanges are presented in red in Figure 

6. The  two previously mentioned conduction modes  (DCM and CCM) can be seen  in Figure 6 by 

observing the shape of the inductor currents  𝑖ଵ  and  𝑖ଶ. 

Figure 5. Two-stage DC-DC converter (top) and its equivalent single switch circuit (bottom).

It is clear that the proposed single switch design saves a MOSFET and its associated gate driver,
but it adds two diodes in the circuit. However, only the extra MOSFET gate driver used in the
two-stage converter costs much more than the two diodes added in the single switch circuit. Further,
the additional costs for the control circuit design are not considered here. Thus, from an economical
point of view, the overall cost of the two-stage buck/buck-boost circuit is slightly higher than the one of
the single switch circuit. At low power, the amount of the savings that are realized when using the
single switch converter can seem low. Nevertheless, such cost consideration is very important when
consumer applications using solar energy harvesting are targeted.

2.2. Principle and Operating Modes of the Single Switch Circuit

The operation modes of the circuit derived in the previous section are presented in Figure 6.
The battery is assumed to be fully charged to its operating voltage (12 V in this work). Four operation
modes can be distinguished, and each one is characterized by different energy exchanges between
the PV cell, the battery and the connected load. These energy exchanges are presented in red in
Figure 6. The two previously mentioned conduction modes (DCM and CCM) can be seen in Figure 6
by observing the shape of the inductor currents iL1 and iL2.
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Figure 6. Principle and operation modes of the equivalent single switch circuit.

In the first operating mode, the energy flows directly from the PV cell to the inductor L2 through the
inductor L1, and partially from the battery VB and the capacitor C1 to the inductor L2. In this operating
mode, the load is disconnected from the PV cell and the battery (the diode D4 is not conducting), and
is only supplied by the energy stored in the capacitor C2; the two diodes D1 and D3 are not conducting,
whereas the diode D2 and the switching transistor S’1 are conducting. This operating mode starts with
the ON state of the switching transistor and ends when the inductor current iL1 outreaches the iL2

value. The slopes of the inductor currents iL1 and iL2 are, respectively:

diL1

dt
=

(VPV −VB)

L1
(1)

diL2

dt
=

VB

L2
. (2)

The second operating mode is also during the ON state of the switching transistor while iL1 > iL2.
In this mode, the energy extracted from the PV cell charges up not only the inductor L2, but also
the battery VB and the capacitor C1. Unlike in the first operating mode, the diode D3 is conducting,
whereas the diode D2 is reverse biased. Thus, the sum of the currents supplied by the battery VB and
the capacitor C1 flows through the diode D3. As in the first operating mode, the load is disconnected
from the PV cell and the battery VB (the diode D4 is not conducting) and is only supplied with the
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energy stored in the capacitor C2. At the end of this operating mode, the currents iL1 and iL2 reach their
maximal values iL1,max and iL2,max:

iL1,max =
(VPV −VB)

D
TsL1 (3)

iL2,max = lL2 +
VBDTs

2L2
(4)

where iL2 is the average value of the inductor current iL2.
The third and fourth operating modes occur while the switching transistor S′1 is OFF. In these

operating modes, the connected load is supplied by the energy previously stored in the inductor L2.
This L2’s energy is also used to recharge the capacitor C2, whose main function is to feed the connected
load during the ON state of S′1. In the third operating mode, besides the switching transistor, the diodes
D2 and D3 are not conducting, whereas the diode D1 is conducting. The diode D1 conduction allows it
to completely discharge the inductor L1 through the battery and the capacitor C1. The discharge slopes
of the inductors L1 and L2 are given with the following expressions:

diL1

dt
=

(−VB)

L1
(5)

diL2

dt
=
−VO

L2
. (6)

In the fourth operating mode, all diodes except the diode D4 are reverse biased. The direct biased
diode D4 ensures that the energy previously stored in the inductor L2 is transferred to both the capacitor
C2 and the load. The fourth operating mode ends with the ON state of the switching transistor, which
puts the topology in the first operating mode.

In the single switch circuit, when the switch S is on, it provides a current path for both the battery
and the solar source. Thus, the use of a single switch reduces repeated power processing that is
classically done when energy is transmitted from the first stage to the second one. Consequently,
power losses are reduced from this point of view. Nevertheless, the MOSFET S must be chosen based
on a main criterion; it is low turn-on resistance that will reduce the conduction losses in the single stage
circuit. The challenges and progress in microelectronic technology aim to contribute to the reduction
of this resistance.

Based on the previous operating modes of the circuit, the relationship between the output voltage
VO and the battery’s voltage VB as well as the relationship between the PV panel and converter
parameters can be established. As it has been stated, to ensure the correct functioning of this converter,
the inductors L1 and L2 must be in different conduction modes: the inductor L1 in the DCM while the
inductor L2 in the CCM. Under these conditions, and taking into account that the battery’s voltage VB

can be considered constant over time, the output voltage VO can be expressed as follows:

Vo =
D

1−D
VB (7)

where D is the duty cycle of the switching pattern driving the switching transistor S′1. Consequently, it
can be seen that the output voltage is controlled only by adjusting the duty cycle of the single control
signal, which is applied to S′1.

On the other hand, the current flowing through the PV panel iPV(t) is the same as the one through
L1 (iL1(t)) when the switch S′1 is ON. The average value of the PV current (IPV) can be written as a
function of duty cycle D in Equation (8):

IPV =
IL1,maxD

2
, (8)
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and while L1 operates in DCM, the IL1,max value can be calculated as follows:

IL1,max =
(VPV −VB)D

L1 f
. (9)

By replacing Equation (9) in Equation (8), the relationship between IPV and the control variables
becomes:

IPV =
(VPV −VB)D2

2L1 f
. (10)

As mentioned before, the value of the duty cycle D is determined by the reference value of the
output voltage Vo. Accordingly, by measuring the PV panel current IPV and its voltage VPV, and by
knowing the value of the duty cycle D, the maximum power point can be tracked by controlling the
frequency f of the control signal applied to S′1. It should also be noted that in the steady conditions
under uniform irradiance where IPV and VPV are constant (a unique MPP), the new reference value of
the output voltage Vo involves the changes of both the duty cycle D and, consequently, the frequency f
to maintain the MPPT.

3. Control of the Equivalent Single Switch Buck/Buck-Boost Circuit

In the proposed solar PV energy harvesting system, two parameters must be controlled: the
PV power generation and the output voltage. A PV array under uniform irradiance has a unique
Maximum Power Point (MPP), where the array produces maximum output power. This MPP (as well
as I-V characteristic of a PV array) changes with the variation of the irradiance level and the panels’
temperature [11]. Therefore, to maximize the power produced by the solar PV energy harvesting
system, the MPP should be tracked continuously by a MPPT algorithm. In recent years, several MPPT
techniques were developed. In the scientific literature, some techniques that do not depend on the
characteristic parameters of the PV module are proposed, such as incremental conductance and Perturb
and Observe (P&O) [12,13]. Moreover, they are widely used in commercial products due to their ease
of implementation [11,14].

MPPT is not the goal of this paper. Thus, a classical P&O technique based on the control of
the frequency f of the switching pattern is applied to the single switch circuit (Figure 5, bottom). In
addition, two classic Proportional Integral (PI) controllers are used in order to control the output
voltage of the circuit by the duty cycle of the applied switching pattern. As illustrated in Figure 7,
the duty cycle (D) regulates the output voltage, and the MPPT is done by the switching frequency f .
The output voltage regulation (V0 control in Figure 7) of the solar PV energy harvesting system is
detailed later in this paper.

Energies 2020, 13, 583  7  of  16 

 

𝐼 ൌ
ሺ𝑉 െ 𝑉ሻ𝐷ଶ

2𝐿ଵ𝑓
.  (10) 

As mentioned before, the value of the duty cycle 𝐷  is determined by the reference value of the 

output voltage  𝑉. Accordingly, by measuring the PV panel current  𝐼 and its voltage  𝑉, and by 
knowing the value of the duty cycle 𝐷, the maximum power point can be tracked by controlling the 

frequency  𝑓  of the control signal applied to  𝑆ଵᇱ . It should also be noted that in the steady conditions 
under uniform irradiance where  𝐼  and  𝑉  are constant (a unique MPP), the new reference value 

of  the  output  voltage  𝑉   involves  the  changes  of  both  the  duty  cycle  𝐷   and,  consequently,  the 
frequency  𝑓  to maintain the MPPT. 

3. Control of the Equivalent Single Switch Buck/Buck‐Boost Circuit 

In the proposed solar PV energy harvesting system, two parameters must be controlled: the PV 

power  generation  and  the  output  voltage. A  PV  array  under  uniform  irradiance  has  a  unique 

Maximum Power Point (MPP), where the array produces maximum output power. This MPP (as well 

as I‐V characteristic of a PV array) changes with the variation of the irradiance level and the panels’ 

temperature  [11]. Therefore,  to maximize  the power produced by  the solar PV energy harvesting 

system, the MPP should be tracked continuously by a MPPT algorithm. In recent years, several MPPT 

techniques were developed. In the scientific literature, some techniques that do not depend on the 

characteristic parameters  of  the PV module  are proposed,  such  as  incremental  conductance  and 

Perturb and Observe (P&O) [12,13]. Moreover, they are widely used in commercial products due to 

their ease of implementation [11,14]. 

MPPT is not the goal of this paper. Thus, a classical P&O technique based on the control of the 

frequency  𝑓  of  the switching pattern  is applied  to  the single switch circuit  (Figure 5, bottom).  In 

addition,  two classic Proportional  Integral  (PI) controllers are used  in order  to control  the output 

voltage of the circuit by the duty cycle of the applied switching pattern. As illustrated in Figure 7, the 

duty cycle (𝐷) regulates the output voltage, and the MPPT is done by the switching frequency  𝑓. The 
output voltage regulation (V0 control in Figure 7) of the solar PV energy harvesting system is detailed 

later in this paper. 

 

Figure 7. Synoptic of the control applied to the equivalent single switch buck/buck‐boost circuit. 

As mentioned previously, the inductor  𝐿ଶ must work in CCM while the inductor  𝐿ଵ must work 

in DCM. In this condition and in steady‐state operation mode, the relationship between  𝑉  and  𝑉ை 
is expressed by Equation (7). By considering a constant value (𝑉) for the voltage across the battery, 
the output voltage  𝑉ை  can be controlled by the duty cycle (𝐷). 

Figure 7 (bottom) shows a block diagram of the output voltage controlled by two PI controllers. 

As this figure shows, two traditional controllers are used: the first PI is applied to control  𝑣ሺ𝑡ሻ  and 
the second PI is for  𝑖ଶሺ𝑡ሻ. To design the PI controllers, the transfer functions for the single switch 

circuit have to be defined. Based on a small signal model of the circuit, two essential transfer functions 

𝐺௩ሺ௦ሻ 𝑎𝑛𝑑 𝐺ሺ௦ሻ  are determined as follows: 

Figure 7. Synoptic of the control applied to the equivalent single switch buck/buck-boost circuit.

As mentioned previously, the inductor L2 must work in CCM while the inductor L1 must work in
DCM. In this condition and in steady-state operation mode, the relationship between VB and VO is
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expressed by Equation (7). By considering a constant value (VB) for the voltage across the battery, the
output voltage VO can be controlled by the duty cycle (D).

Figure 7 (bottom) shows a block diagram of the output voltage controlled by two PI controllers.
As this figure shows, two traditional controllers are used: the first PI is applied to control vo(t) and
the second PI is for iL2(t). To design the PI controllers, the transfer functions for the single switch
circuit have to be defined. Based on a small signal model of the circuit, two essential transfer functions
Gv(s) and Gi(s) are determined as follows:

Gv(s) =
ṽo

l̃L2
= R

1−D
1 + D

1− D
(1−D)2

L2
R s

1 + RC2
1+D s

(11)

Gi(s) =
l̃L2

d̃
=

vo

R
1 + D

D(1−D)2

1 + RC2
1+D s

1 + L2

R(1−D)2 s + RC2
1+D s2

. (12)

The parameters of the PI controllers can be defined by using the Bode diagram method.

4. Modeling and Simulation of the Solar PV Energy Harvesting System

4.1. Photovoltaic Cell

In this paper, a model with a moderate complexity of a PV cell is used. This model consists of a
current source in parallel with a diode and a series resistance. The current of the source (Iph) is directly
proportional to the light falling on the cell. Increasing sophistication, accuracy and complexity can be
introduced to the model by adding some parameters such as the temperature dependence of the diode
saturation current [15–17]. The current I of the PV cell is the difference between the photo current
Iph and the normal diode current ID:

I = Iph − ID = Iph − Io

(
e

q(V+IRs)
mKTC − 1

)
(13)

where m is the idealizing factor, k is the Boltzmann’s gas constant, Tc the absolute temperature of the
cell, q the electron charge and Io is the dark saturation current, which depends on the temperature.

4.2. Battery

A commonly used battery model proposed in [18–20] is used in this study. Equation (14) expresses
the relationship of the battery voltage [18,20]:

Vbat = Vem f − Ibat ×

(
R1 +

R2

1 + CbR2s

)
(14)

where Vbat is the terminal voltage, Vem f is the open-circuit voltage, Ibat is the charge/discharge current,
R1 is the internal resistance and a parallel RC circuit illustrates the charge transfer and the diffusion
between the electrodes and the electrolyte [7,20].

It is noticeable that the capacitance Cb is sufficiently large such that Vbat is taken as a constant
value during the modeling stage.

4.3. System Parameters

The parameters of the solar PV energy harvesting system, based on the buck/buck-boost circuit,
are given in Table 1. To determine the parameters of the PI controller, first, the transfer functions (Gv(s)
and Gi(s)) are defined by using the element’s value presented in Table 1. Then by using Bode diagram,
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the suitable value of controller parameters are chosen for each controller separately. Two applied
controllers are presented in the following:

Gv(s) = 0.003 +
25
s

Gi(s) =
0.5

1 + 9× 10−5s
(15)

Gi(s) =
0.5

1 + 9× 10−5s
. (16)

Table 1. Parameters of the solar PV energy harvesting system.

Elements Value

PV array

ISC 0.65 A
Voc 21 V
Rs 1.5 mΩ
RP 1011 Ω
n 1.3
Ki 0.08 mA/K

Buck/buck-boost circuit, battery and load

L1 15 µH
L2 470 µH
C1 100 µF
C2 22 µF
VB 12 V

RLoad 25 Ω

4.4. Selected Simulation Results

Under synchronous control, in order to validate the equivalence between the two conversion
circuits that were either based on the two switches S1 and S2, or based on the single switch S’1, the
solar energy harvesting system (Figure 5, top and bottom) was simulated in the two cases for the same
parameters provided in Table 1. Simulations were performed in the MATLAB/Simulink environment.
A variation of the irradiance G was applied to the PV array, with a time varying from 400 W/m2 to
1000 W/m2.

In the case of the circuit based on the two switches S1 and S2 (Figure 5, top), a global vision of the
simulation results is provided in Figure 8. In the time interval [0 s, 1 s], the irradiance level increases
from 400 W/m2 to 1000 W/m2 and the panel temperature is set to 25 ◦C. In these conditions, according to
the PV characteristic curve, the maximal extracted power increases from 8.05 W to 21.4 W. To reach the
instantaneous maximum power point, the switching frequency decreases continuously from 92 kHz
to 52.5 kHz (according to Equation (10)) as long as the duty cycle D remains constant and fixed to 0.525.
This value of D corresponds to an output voltage level equal to 13 V. At each instant, the PV produces
its maximum power, and it is noticeable that the output voltage Vo remains regulated and constant.

At the time t = 0.5 s, the output voltage reference is stepped-up to 16 V; consequently, the value of
D is stepped-up from 0.525 to 0.575, and thus, the frequency parameter f is modified accordingly and
increases, as according to Equation (10). Indeed, as previously mentioned, a new reference value of the
output voltage Vo involves the changes of both the duty cycle D, and consequently the frequency f to
maintain the efficiency of the MPPT function.

Then, in the second part of the presented simulation results (Figure 8), the irradiance level
decreases from 1000 W/m2 to 400 W/m2 and the panel temperature is always set to 25 ◦C. Moreover,
at the time t =1.5 s, the output voltage reference is stepped-down to 15 V. During the decrease of
the irradiance G, the switching frequency increases from 52.5 kHz to 100 kHz (according to Equation
(10)) as long as the duty cycle D remains constant and fixed to 0.575, which corresponds to an output
voltage level equal to 16 V.
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At the time t = 1.5 s, the output voltage reference is stepped-down to 15 V; consequently, the D
value is stepped-down from 0.575 to 0.560, and thus, the frequency parameter f is modified accordingly
and decreases, as according to Equation (10). One can notice that the output voltage (Vo) is always
regulated by the PI controllers and stabilized around its reference value.

For the conversion circuit based on two switches S1 and S2, Figure 9 shows some zoomed results
in steady-state and for a fixed point with an output voltage control reference equal to 16 V and an
irradiance G equal to 790 W/m2 This figure illustrates the currents iL1 and iL2 as well as the duty
cycle D and the switching frequency f. From the presented results, it can be seen that the inductor
L2 has a positive average current value and does not cross the zero line, which indicates that the
inductor is operating in the continuous conducting mode. On the other hand, the average current
of L1 is smaller than iL2 and is equal to zero over a part of a period, which means that the inductor
L1 is in discontinuous conducting mode. The obtained results are in accordance with the operating
modes presented in Section 2.2. For the selected fixed point, the values of D and f are about 0.575 and
63 kHz, respectively.
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From top to bottom: iL1, iL2, D and f .

Let us now consider the case of the circuit based on the single switch S’1 (Figure 5, bottom).
A global vision of the simulation results is also provided in Figure 10 where the same parameters’
variations are applied (f and D), as in the previous case. One can notice that the obtained results are
similar to the one obtained for the conversion circuit based on the two switches, S1 and S2, and they
are presented in Figure 8.

Always in the case of the circuit based on the single switch S’1 (Figure 5, bottom), a detailed focus
is made on the inductance L1 and L2 currents crossing, as well as the time variations of the frequency f
and the duty cycle D. The selected simulation results are presented in Figure 11 for the same voltage
reference equal to 16 V and irradiance G equal to 790 W/m2 as the one applied in the previous case
(see Figure 9). Once again, these results are in accordance with the operating modes presented in
Section 2.2. For the same conditions, the values of f and D are quite different from the values presented
in Figure 9 about 0.58 (instead of 0.575) and 67 kHz (instead of 63 kHz), respectively. One can explain
this minor difference by the operating modes (and consequently the current paths) that are not the
same for the two studied equivalent circuits.
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5. Experimental Results

Figure 12 shows the realized experimental test bench based on the prototype circuit with the
parameters provided in Table 1 for the buck/buck-boost circuit, battery and load. This circuit comprises
the two equivalent circuits previously presented in Figure 5 (top and bottom). The two switches S1

and S2 of the buck/buck-boost circuit (Figure 5, Top) are synchronously controlled by the Switching
Pattern SP2, while the single switch S of the buck/buck-boost circuit (Figure 5, Bottom) is controlled by
the switching pattern SP1. The switches we used are IRFP4110 MOSFET devices from International
Rectifier, and the diodes are MBR10100 Diodes from ON Semiconductor.
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This paper focuses on the equivalence between the two circuits presented in Figure 5. Thus, for
the experimental test, we have chosen a fixed operating point where the PV panel is replaced by a DC
source. This point corresponds to a 20 W power where VPV = 17.5 V and IPV = 1.14 A. The control
depicted in Figure 7 is realized by a Dspace MicroLabBox.

The experimental results obtained for the circuit with two switches (circuit Figure 5, Top) are
summarized in Figure 13a. In this case, a single switching pattern SP2 under synchronous control is
applied to the two MOSFETs S1 and S2 (25 kHz frequency and 50% duty cycle). The switching pattern
applied to S is fixed to ‘0’; thus, the MOSFET S is always in the OFF state. The shapes of the currents
validate the conduction modes for the inductances L1 and L2, in DCM and CCM, respectively.
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The experimental results obtained for the circuit with one single switch (Figure 5, bottom) are
summarized in Figure 13b. In this case, the switching pattern SP2 (applied to S1 and S2) is fixed to
‘0’; thus, these two MOSFETs are always in the OFF state. The same switching pattern as previously
used (25 kHz frequency and 50% duty cycle) is now applied to S. The shapes of the inductor currents
validate the conduction modes for the inductances L1 and L2, in DCM and CCM, respectively.

Moreover, we can notice that the currents presented in Figure 13a,b have the same shape; thus, the
two circuits can be considered as equivalent. One can notice that the waveforms of both inductance
currents are not exactly the same. This can be explained by the current paths that are not exactly
identical for the two equivalent circuits (as detailed in the “Operating Modes” subsection). Some paths
generate some additional voltage drops that modify the slope and, consequently, the shapes of the
inductance currents.

6. Conclusions

In this paper, to decrease the overall size, weight and complexity of stand-alone solar
Photovoltaic-battery-load energy harvesting systems, we have proposed a unified approach that
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consists of forming an equivalent two-stage DC-DC conversion circuit with a reduced switch number.
This resulting circuit is based on a single switch instead of using two switches. Indeed, one switch is
usually used for each one of the two cascaded DC-DC conversion stages. This reduction of the number
of switches lays on the ESS, studied by T. Wu and T. Yu in [3]. Thus, the two “equivalent” circuits
presented in Figure 5 (top and bottom) are identical only if a synchronous control of the converter is
applied. This suggests that the two parameters f and D of the single switching pattern, applied for
both DC-DC conversion circuits, are used for MPPT tracking and output voltage control, respectively.

In the previous sections, the design, as well as the operating modes of the single switch conversion
circuit, are detailed. Mainly, the different conduction modes (DCM and CCM) of the two inductances
are discussed. The choice of the CCM for the load side of the converter is justified. In steady-state
condition, one switching period of the single switch converter goes through four operation modes,
during which the inductors L1 and L2 must work in DCM and CCM, respectively. The control of the
converter was also studied.

The Photovoltaic-battery-load power system was modeled with MATLAB/Simulink environment
and the obtained simulation results confirm the equivalence between the two conversion circuits in
terms of control effectiveness and system performances. In addition, experimental results also confirm
the equivalence between the two circuits. Thus, it is concluded that the studied stand-alone PV system
relying on a single switch circuit can efficiently realize the same functionalities as the one using the
usual two-stage conversion based on two switches, with lower size and cost. Although, the degrees of
control freedom for the single switch converter are reduced and more sophisticated, control modes
can be used for the circuit presented in Figure 1. The single switch converter must be synchronously
controlled, as previously mentioned, to have the same behavior as the two-stage circuit.
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