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1. INTRODUCTION

Indonesia possesses various renewable energy potentials, with one of the largest being solar energy
harnessed through photovoltaic (PV) power plants. PV generates electricity by converting sunlight on
semiconductor materials in solar cells. PV falls under the category of renewable energy due to several
advantages, including the absence of pollution from electricity generation, high component mobility and
portability, simple installation and placement, quick installation time, lack of noise, long operational lifespan,
and the ability to provide peak load power [1]. However, PV has drawbacks, such as low efficiency and
dependence on local climate conditions (intermittency) [2]. Thus, a low-power single PV panel module is
needed to be applicable in remote areas and increase the electrification ratio in villages.

DC-DC converters are commonly used in battery chargers/dischargers, as in DC microgrids. In its
application, the desired converter should have stable voltage gain, as well as low input and output current
ripple. So far, the DC-DC boost converter is the most frequently employed DC-DC converter. Despite low
input-side ripple, the output-side ripple of this converter is high. Various topologies have been proposed to
achieve the desired conversion ratio. Aditama ef al. [3] suggest a new converter derived from the modification
of conventional DC-DC buck-boost converters. The proposed converter is relatively larger in size compared to
those based on switched capacitors. However, it does not require additional LC filters on the input and/or output
sides because they are embedded in the switching cells, making it superior in terms of reducing current ripple
[4]. Nevertheless, the proposed converter has not yet been equipped with voltage and current control systems.
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This research proposes a single photovoltaic panel constant regulated voltage based on a modified
DC-DC buck-boost converter topology. With the aim of enabling its application in microgrid systems, such
as during battery charging, voltage and current must be regulated to maintain battery health, thus ensuring
stability in the power supply to the loads. Furthermore, with a well-designed control system, efficient power
flow control from the source to the load can be achieved. Several discussions on control systems for DC-DC
converters have been found as solutions for managing converter system performance that can work
independently and withstand various disturbances, using classical control theory and modern control
methods [5]-[9]. Modern control methods like fuzzy logic control, loop shaping, nonlinear methods, and
sliding mode control with time scaling have successfully controlled buck-boost converters [10]-[15];
however, it involves a high and intricate design complexity [16]-[18]. Classic control theory for buck-boost
converter control, such as PI control, root locus methods that form a proportional-integral-continuous sliding
mode controller (PI-CSMC) [19], [20], from the literature obtained, the design and evaluation of PI control
are easier to perform. Therefore, this research proposes a proportional-integral (PI) double-loop control
method as the control system for the modified DC-DC buck-boost converter.

The organization of this paper is as follows: Section 2 describes the modification of the buck-boost
converter, followed by the control design, as well as the analysis of the double-loop control with PI method.
Current and voltage loop control are also explained in this section. Section 3 discusses the simulation and
experimental results with various test scenarios. The paper concludes in section 4, providing an overall
summary of the research.

2. METHOD

The main objective of this research is to maintain the output voltage of a single photovoltaic panel
using a modified DC-DC buck-boost converter equipped with a double-loop control system to regulate the
output current and voltage, PI double-loop control method as the control system for the modified DC-DC
buck-boost converter. The fundamental theory used in deriving the modified DC-DC buck-boost converter
and analyzing the output voltage, while considering parasitic components, has been discussed in [3].

2.1. Modifying a buck-boost converter

Buck, boost, and buck-boost converters are the most widely used DC-DC converters as basic power
converter cells. In this subsection, a new basic cell based on a modified buck-boost converter is proposed,
aiming to have a lower voltage drop compared to conventional buck, boost, and buck-boost converters.
Figure 1 shows the modification of a conventional buck-boost DC-DC converter, the output voltage is
measured at the capacitor terminal, with its polarity inverted. In continuous conduction mode (CCM), the
average output voltage can be derived as expressed in (1).

Vo=Eq — M

The output voltage of the conventional buck-boost converter (Vo) depends on the input voltage (Ed) and the
duty cycle of transistor Q (@). By varying the duty cycle a between zero and one, the average output voltage
can be regulated to be either lower or higher than the input voltage. The load connection at the output
terminal of the conventional converter, as shown in Figure 1, can be modified and connected to a terminal
labeled Vout. Thus, the modified topology of the DC-DC buck-boost converter is obtained, as shown in
Figure 2. In this configuration, the average load voltage is determined as shown in (2).

1
1-a

Vour = Eq + Vo = Eq 2

The modified converter shown in Figure 2 differs from the conventional converter in Figure 1 by
consistently providing a load voltage that exceeds the input voltage. The (2) corresponds to the output
voltage equation of a standard DC-DC boost converter. However, based on (3), the voltage rating of
capacitor C in the proposed modification (Figure 2) is lower than that of the capacitor used in the
conventional boost converter (Figure 1).

Ve = aVour ®)

V¢ represents the voltage across the filter capacitor (C) in the proposed buck-boost converter, while a denotes
the duty cycle applied to transistor Q. To achieve a power converter with minimal input ripple, modifications
were introduced to the conventional DC-DC buck-boost converter design shown in Figure 2, which originally
exhibited non-continuous input current with significant ripple. The ripple issue was addressed by
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incorporating an LC filter at the converter's input. As a result, the proposed DC-DC power converter
topology is illustrated in Figure 3. Both topologies presented in Figures 2 and 3 are bidirectional DC-DC
converters, capable of functioning as step-down and step-up converters. With identical LC filter parameters,
the modified buck-boost converter with an input-side LC filter can achieve a higher output voltage compared
to traditional DC-DC boost converters. This enhancement also leads to improved efficiency for the proposed
converter. Moreover, the modified DC-DC buck-boost converter requires a lower capacitor voltage rating
than conventional designs, offering cost-effectiveness as an additional advantage.
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Figure 3. Modification of buck-boost DC-DC converter with input LC filter

2.2. Control of modified buck-boost converter

In order to achieve stability in the converter's output voltage without compromising its capabilities
and the ability to control the current through the filter inductor (Li), control techniques are required to
regulate both current and voltage. The proposed control technique in this study is a double-loop control
method using the proportional-integral approach. The PI control was chosen to demonstrate that the modified
DC-DC buck-boost converter can be analyzed and controlled using a simple method. There are two control
loops: an outer loop controller used to regulate the output voltage, and an inner loop controller used to
control the filter inductor current (L;). Figure 4 depicts the double closed-loop control system under the
assumption of ideal circuit behavior, allowing it to be linearized into a small-signal model by linearizing the
average state-space equations of the converter circuit [21]-[23]. Figure 5 is a block diagram of the double-
loop control system using the proportional-integral (PI) method, consisting of inner current control (Tpi(s))
and outer voltage control (Tp2(s)). The current control response is designed to be faster than the voltage
control [24], [25]. The (4) represents the small-signal model of the modified DC-DC buck-boost converter
circuit. The transfer functions for the current and output voltage control are given in (6) and (7). These
transfer functions are derived from matrix operations based on (4) and (5). Where L; and L are the
inductances of each inductor, C; and C are the capacitances of each capacitor, i; or I4 is the current inductor
Li, i, or I is the current inductor L, ¥; or Vq is the voltage capacitor Ci, 7, is the voltage capacitor C and

equal to output voltage Vout, input voltage is equal to E4, and the duty cycle is equal to a. The component
parameters used are as listed in Table 1.
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51 [sL; 0 1 0 711 sL; 0 1 0
Vgl _| O sC; 0 —-(1-a) 0 o4 0 sC; 0 —-(1-a)
o I —a sL 0 117 T -1 —a sL 0
v, 0 -1-a) «a —sC sC 0 -1-a) «a —sC
Vg SLl- 0 1 0 0
i, —ig| ~ 0 sC; 0 —(1-o 0] ~
[ Vg ] -a sL 0 “lo|“ ®)
0 0 -(1-a) «a —sC 1
W_ (C;CLV )s3+(CLV g+ g—I1) (C;iLa)+C;CV g)s%+(CiLV ga? +1,Cia—14Cia+L(a—1)Ca+CLV g)s+2aV -V ga?—Vga—Vg (6)
d (CiCL;L)s*+(CiCLj+CL;L)s3+(CLi+CL+C;L—2aC;L+C;La?+C;Lia?)s?+(L—2aL+La?+L;a?+C;a?-2aCy)s+a?—2a
% _ (CLV @)s3+(CLV g+CLal g—CLal})s? +(C;CL+CLV ga? —CaLV g+(Ig—I1)(@—1)L)s+Vqa?-Vaa+Ig—IL)(a—1) 7
d (CLV Q)s3+(CLiV g+ (I g—I1)CLia)s2+(2aCVg+VaCa2+(Ig—Ip)Lia—Vg(a—1)Ca)s+2aC-Vga2-2V(a—1)a
Table 1. Component parameters
Component Value Unit
Inductor (L) 1 mH
Capacitor (C) 10 uF
Filter inductor (L;) 47 uH
Filter capacitor (C;) 10 uF
Output voltage (Vour) 40 \Y%
Input voltage (Eq) 36 A
Switching frequency (f) 20 kHz
iuu.r—b
A
V"
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Figure 4. The modified DC-DC buck-boost converter and its control
Tea(s) Teafs) Tm(s) _
Vet (s) —Vidre () — d(s) ia(s) Vourls)
— Limiter Ky+Ky/s [—* Limiter 1/Vimpe 2 Tals) > Tpals) d
PI Controller Pl Controller
Ha(s)
Hz[s)

Figure 5. Block diagram of double loop control using PI method

2.2.1. Inner current loop control (Ia)

The current control is designed as shown in Figure 6. The transfer function of the current control
(Tpi(s)) is modeled according to (6). By substituting the values from Table 1 into (6) to obtain the transfer
function value, Tpi(s) becomes (8). The design of inner current loop control should meet the design criteria of
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phase margin (PM) and bandwidth or crossover frequency. The inductor currents can change more quickly
than the output voltage because of the existence of time scale separation between both loops and state
variables. This can be exploited to simplify the controller design. The Bode plot of the transfer function in (6)
is shown in Figure 7.

T, (s) = 3.6 1071253452107 7s2-1.53 10" *5-27.8 ®)
p1 T 4710718544474 107 125349.72 10~852+49.2 10" 35+3.6

Figure 7 depicts the bode plot of Tpi, which yields a phase margin (PM) of -85.3° at the angular
frequency (oc = 3.91 x 10° rad/sec). This value will be used in the PI controller calculations to determine K,
K, and T;. The open-loop transfer function of the current loop is represented in (9). The transfer function of
the PI controller (Tc;) is given by (10). Hi(s) represents the accuracy of the current sensor, which is
considered ideal in this calculation and thus has a value of 1 or 100%. The transfer function of the modulator
(Tw) is defined as (11). Therefore, the transfer function is represented in (12). Using (12) derived from the
gain and phase angle conditions, the results obtained K, = 0.52, K; =4.17, and T; = 1.31x107,

Tor(s) = Tc1(s)-Tp1(5)-H1(5)-Tm(S) )
Ki
Teo = Ky + . (10)
1
To(s) = - (a1
mp-p
_ Ki 1
Tor(s) = (Kp + “2). T (5). 1. (vm_,,_,,) (12)
Tox(s)
!- Eq :.
Tei(s) Tuf) | i
iref(s) Kp+ ki | [ 1 | [ Vo 1 | i)
s Vinpp i ‘ y sL; j
PI Controller l :
Hi(s)

Figure 6. Block diagram of inner current (L) loop control

Bode Diagram
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Figure 7. Bode plot of current loop control
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2.2.2. Outer output voltage loop control

The voltage control is designed as shown in Figure 8, with the input voltage (Eq) considered as a
disturbance characterized by fluctuating conditions. Due to the faster response of the current control, the
dynamic changes in the current loop can be neglected. The same applies to changes in the duty cycle.
Consequently, the transfer function of the voltage control (Tp2(s)) is modeled as the transfer function given in
(7). By substituting the values from Table 1 into (7), Tp2(s) becomes (13).

3.6 107753+4.34107752+1.07 10" 25+25.3 (13)
3.6 107 7s3+2.431077s2+1.1 10"25-8.41

sz(s) =

Figure 9 illustrates the Bode plot of Ty, showing a phase margin (PM) of -180° obtained at
(oc = 174 rad/sec). This value will be used in the PI controller calculations to determine K, K;, and T;. The
open-loop transfer function of the voltage loop is represented in (14). Therefore, the transfer function will be
represented in (15). Using (15) derived from the gain and phase angle conditions, the results obtained are
K,=1.53,K;=5.49, and T; =4.11x107.

Tor2(s) = Tcz(s)-sz(s)-HZ(s) (14)

Tpp(s) = (Kp + 5) . Tyy(s).1 (15)
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Figure 8. Block diagram of outer output voltage (Vo) loop control
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Figure 9. Bode plot of output voltage loop control
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3.  RESULTS AND DISCUSSION

Simulations and experimental tests were conducted to validate the performance of the PI control.
The components used in the modified DC-DC buck-boost converter in the experiments are in accordance
with the values indicated in Table 1. A more detailed explanation is provided in sections 3.1 and 3.2.

3.1. Simulation results

In the closed-loop simulation, the observed data includes the control of the converter's output voltage
and the current through the filter inductor (L;), based on several predetermined scenarios. The PSIM simulation
circuit and control are based on Figures 4 and 5. The simulation results are presented in Figures 10-12.

3.1.1. Simulation of output voltage control with input voltage variations

Figure 10 shows variations in the converter's input voltage ranging from 33-36 V, where Vin
represents the input voltage, Vout is the converter's output voltage, and Vs is the reference output voltage set
at 40 V. This simulation aimed to test the performance of the designed voltage control, demonstrating that
even with input voltage variations, the output voltage can be maintained in accordance with V.. at 40 V.
Additionally, the voltage control overshoot limit during steady-state was within +5%.

3.1.2. Simulation of output voltage control with load variations

Figure 11 Ioy represents the load variations applied, Vi, is the input voltage at 36 V, Vo is the
converter's output voltage, and V.. is the reference output voltage set at 40 V. This simulation aimed to test
the voltage control with load variations while keeping the input voltage constant, demonstrating that the
output voltage can be maintained in accordance with Vrat 40 V.

3.1.3. Simulation of current control on the filter inductor (Li)

Figure 12 illustrates how variations in the load affect the output current of the converter and the
current flowing through the filter inductor (L;). However, by using the current control, the current in the filter
inductor (L) is regulated to follow the reference current, as depicted in Figure 13. It can be observed that
there are oscillations in the filter inductor current (IL;) when the load changes (Iow) temporarily, but it
eventually returns to a steady-state condition.
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Figure 10. Simulation result of output voltage with input voltage variations
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Figure 11. Simulation result of output voltage with load variations
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3.2. Experimental results

As depicted in Figures 13 and 14, the DC power source for the converter was derived from a
photovoltaic (PV) system, which could also be replaced with a 0-36 VDC power supply. A wattmeter was
installed at both the input and output of the DC-DC converter. In this experiment, the switching components
utilized were the IGBT IRG4PC50UD and the diode U1560. The filter inductor (L:) had a value of 47 uH,
while the filter capacitor (C:) was rated at 10 pF. An energy transfer inductor (L) with a value of 1 mH was
selected to ensure the converter operated in continuous conduction mode (CCM). Additionally, the output
capacitor (C) was 10 pF, and the load consisted of a variable resistor. For this setup, the output voltage level
was set to 40 VDC but could be adjusted to other values, such as 48 VDC.

3.2.1. Experiment of output voltage control with input voltage variations

Figure 15 displays the experimental plot measured using an oscilloscope. The input voltage (Vin) to
the converter was varied between 33-36 V, while the output voltage (Vou) of the converter was set to a
reference value of 40 V. Based on the experimental results, it can be observed that the response of the output
voltage with input voltage variations can be maintained in accordance with the reference of 40 V, with an
overshoot limit of £5% and a transient response of less than 1 second to reach stability (steady state).

3.2.2. Experiment of output voltage control with load variations

Figure 16 shows an experimental plot measured using an oscilloscope. The input voltage (Vin) to the
converter remained constant at 36 V, and the output voltage (Vou) of the converter was set to a reference
value of 40 V, while the output current (Iou) was observed with load variations. Based on the experimental
results, it can be observed that the response of the output voltage with load variations can be maintained in
accordance with the reference point of 40 V.
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Figure 12. Simulation result of current control on the filter inductor (L;)
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3.2.3. Experiment of current control on the filter inductor (Li)

Figure 17 represents the experimental plot measured using an oscilloscope. The converter load was
varied, leading to changes in both the output current and the current in the filter inductor (L;). It can be
observed that the current in the filter inductor (L;) is able to follow the reference current as the designed

current control regulation.

Voltage (V)

44
43

o Vout,
4 Vo \‘
) b W

19 40 v
38
37
36 RERY A

35 34V T -

3y, 33V T T V.
33 - eprippe—— m
32

31

Time (S)

Figure 15. Experimental result of output voltage with input voltage variations
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Figure 16. Experimental result of output voltage control with load variations
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4. CONCLUSION

This research focuses on developing a constant regulated voltage system for a single photovoltaic
panel using a modified DC-DC buck-boost converter topology. The primary objective was to create a
converter that minimizes input current ripple while providing stable output voltage for applications like
battery charging in microgrid systems. A proportional-integral (PI) double-loop control method was
employed, with the outer loop designed to regulate the output voltage and the inner loop managing the
inductor current. The findings of this research have demonstrated the effectiveness of the proposed topology.
Simulation and experimental results confirmed that the modified converter maintained a stable 40 V output
voltage despite fluctuations in input voltage and load. The system achieved this with an overshoot within
+5%, validating the efficiency of the PI control method. The converter’s ability to reduce input current ripple
and improve efficiency compared to conventional models further supports its potential as a reliable solution
for renewable energy systems. By combining theoretical analysis, control system design, and experimental
validation, this study provides a comprehensive approach to improving photovoltaic energy conversion.
Future work could explore further optimizations and real-world applications to enhance performance across
different renewable energy setups.
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