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Abstract—In this study, full bridge LLC resonant converter
is simulated for photovoltaic (PV) system. The maximum power
point tracking (MPPT) algorithm perturb and observe (P&O)
is used to tracking the maximum power point (MPP) in the PV
system at different irradiance values. P&O algorithm is
modified for phase shift modulation and made suitable for
resonant converter. The proposed system is simulated under
three different irradiance values. It can be seen from the
simulation results that MPPT and soft switching conditions have
been successfully achieved in all three irradiance values.
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I. INTRODUCTION

Fossil fuels are energy sources with limited reserves and
are expected to be depleted in the near future. In addition, in
the process of obtaining electrical energy using fossil fuels,
gases that are harmful to the environment and human health
are released. Considering that global warming is an
undeniable fact, it is seen that the importance of renewable
energy sources is increasing day by day. Among renewable
energy sources, PV systems stand out as the primary energy
source for the supply of electrical energy, especially in regions
without grid connection.

PVs are systems that can produce electrical energy
depending on the amount of radiation in the sun. DC-DC
converters are critical in processing the direct current obtained
from PV panels and transferring it to another converter or load
in a controlled manner [1]. One of the main tasks of these
converters is to arrange the PV system to operate at the MPP
at different solar irradiance levels [1,2]. In addition, it is
expected that the converters will increase the reliability of the
system and operate at high efficiency by reducing the leakage
to the ground caused by the PV panel parasitic capacitance
effect [1,2]. Among the DC-DC converter topologies used in
PV systems, traditional pulse width modulated converters
(Buck, Boost, Buck-boost, Cuk) are frequently preferred with
their simple structures and low costs [1-3]. However, in case
of low frequency switching in these converter topologies, the
dimensions and costs of the passive circuit elements increase
and the power density decreases [2,3]. In case of using high
frequency, switching losses increase due to hard switching. In
addition, electromagnetic interference (EMI) noises occur and
voltage stresses happen on the power switches, thus reducing
the efficiency [3-5].

Because of the above mentioned results, many researchers
focus on resonant power converters [6]. Resonant converters
reduce switching losses by changing the operating of power
switches at zero voltage (ZVS) and/or zero current (ZCS). The
realization of soft switching allows the designed power
converter to operate at high frequencies. Thus, the dimensions
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and costs of passive circuit elements are reduced and the
power density increases. EMI effects are also reduced by soft
switching [4-6].

Many different resonant converters are studied in the
literature. Two-element series resonant converters (SRC) are
preferred because of their high efficiency. However, it causes
output voltage regulation problems at low load currents [6].
Two-element parallel resonant converters (PRC) have higher
voltage regulation capability than SRCs at low load currents.
The resonant tank current in PRCs is independent of the load
and is higher than in SRCs. This situation negatively affects
the efficiency due to conduction losses, especially at low load
currents [7]. Three-element serial-parallel resonant converters
(SPRC) have the advantages of SRC and PRC converters.
Circulating currents are lower than PRCs, and output voltage
regulation capabilities at low load currents are higher than
SRCs [6,7]. Two basic topology are frequently used in SPRCs.
These are the LCC and LLC converter topologies. LCC
converters are preferred especially in applications where high
output voltage is required due to their high DC voltage gain
characteristics. Among the mentioned resonant converters,
LLC resonant converters get more attention in PV systems due
to their high efficiency, low circulation energy and ability to
provide ZVS condition in a wide operating range [6-8]. LLC
resonant converters designed for PV systems have been
analyzed in terms of control methods. In [9], the output
voltage of the resonant converter is regulated using the pulse
frequency modulation method. The incremental conductance
(INC) algorithm used as the MPPT method is designed to
work with frequency modulation. Variable frequency control,
despite the ease of application, causes the magnetic design to
be complex and the EMI level to increase. In [10], a full-
bridge LLC converter control was performed using the phase
shift control method. The perturb and observe (P&0O) MPPT
algorithm is arranged according to the phase shift control
method. Phase shift control has made it possible to operate at
a constant switching frequency. Thus, the magnetic design
challenges and EMI problems are reduced. A similar study is
presented in [6]. In both studies, the soft switching conditions
under different irradiance values are not clearly expressed. In
[11], two PV panels were operated at MPP using a dual half-
bridge LLC resonant converter. The overall system
performance was improved by using phase shift and frequency
modulation methods. in [12], in addition to phase shift and
frequency modulation methods, pulse skipping method was
added to increase system efficiency at low load currents, but
the control structure became more complex.

In this study, the analysis of a full bridge LLC resonant
converter powered by a PV panel was carried out. The
resonant converter is controlled at a constant switching
frequency and by the phase shift modulation method. P&O



algorithm has been used so that the PV panel can operate at
the MPP under different irradiance values. The P&O
algorithm was revised to determine the phase shift angle and
adapted to the resonant converter. MPPT and soft switching
capability of the designed system under different irradiance
values were investigated by using PSIM simulation program.

Il. FuLL BRIDGE LLC RESONANT CONVERTER

The full bridge LLC resonant converter circuit diagram is
presented in Fig. 1. The resonant converter consists of three
main parts: full bridge inverter, LLC resonant tank and
rectifier. The full-bridge inverter consists of four power
switches and is named S1-S4 in Fig. 1.
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Fig. 1. Full bridge LLC resonant converter circuit

The DC voltage obtained from the PV panel is converted
into a square wave with a full-bridge inverter and transferred
to the LLC resonant tank. The resonant tank circuit consists of
the resonant inductance (L), the magnetization inductance
(Lm) and the resonant capacitor C; elements. D1-D4 represent
power diodes. The alternating voltage at the output of the
resonant tank circuit is rectified by the full bridge rectifier and
transferred to the load. The capacitor used as the output load
filter is shown by the symbols C, and the output load current
is shown by the symbols i,. In Fig. 1, i.r current refers to the
current passing through L, and in represents to the
magnetization current of the transformer. Ny and Ns symbolize
the primary and secondary windings of the transformer,
respectively. If the conversion ratio of the transformer is n, it
is calculated with Np/Ns [13-15]. The LLC resonant converter
has two different resonance frequencies depending on whether
the inductance L is included in the series resonant circuit or
not. Both resonance frequencies are calculated by (1) [13].
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Rac, which is the load resistance Ry transferred to the resonant
equivalent circuit depending on the conversion ratio of the
transformer (n), is calculated by (2).
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The quality factor (Q) of the LLC resonant circuit is calculated
by (3).

Q — T r (3)
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In the equivalent circuit given in Fig. 1, the ratio of the output
voltage (Vo_ac) to the input voltage (Vab) gives the gain of the
resonance circuit. In (6), the calculation of the gain function K
is given depending on the quality factor, inductance ratio and
normalized frequency value.
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The operating regions of a basic LLC resonance circuit with
constant m value and gain curves according to different Q
values are presented in Fig. 2.

45

CaRZZCi:;VE fl Inductive Region
4r | I|
|H
‘ |
351 [
[t zvs Vs
Region_2

3F It | Region_1

Fig. 2. Gain curve of a general LLC resonant converter circuit.

When L, and C, values are taken as constant, the quality factor
changes with the load resistance. While the low load
resistance increases the Q value, the high load resistance
decreases the Q value. Fig. 2 shows the operating region of a
typical LLC resonant circuit [14,15]. The red shaded area
shows the region where the resonant circuit has capacitive
character. In this region, the resonant circuit has capacitive
impedance and the resonant current is ahead of the resonant



voltage. In the capacitive region, turning on of power switches
occurs under hard switching conditions. Therefore, work in
the capacitive zone is avoided. In the yellow region (ZVS
Region_1) between the two resonance frequencies, the
resonant circuit shows an inductive feature. In the operation
realized in this region, the power switches meet the ZVS
condition, while the power diodes operate under ZCS
conditions. At switching frequencies above the resonant
frequency fi1 (ZVS Zone_2), the resonant circuit maintains its
inductive feature. In this region, the power switches satisfy the
ZV/S condition, while the power diodes lose their ZCS feature
[16,17]. If the switching frequency (fs) is selected to equal f1,
the resonant impedance value becomes zero and the circuit
shows ohmic characteristic. Thus, maximum power transfer to
the output is realized.

I1l. PHASE SHIFT MODULATION

Control of full bridge LLC resonant converter with phase
shift modulation method is presented in Fig. 3. In the full-
bridge inverter, the gate signals applied to the switches S1 and
S2 are inverted relative to each other. Similarly, switches S3
and S4 are inverted relative to each other [13,18]. In addition,
dead time is added to prevent the upper and lower switches
from conducting at the same time. In the phase shift
modulation method, the duty ratio of all power switches is
fixed and 0.5. The phase shift angle is defined by B. S1 and S2
switches are fixed, while S3 and S4 switches are phase shifted.
The voltage Va reaches its maximum value when the f is
180°. As the angle value decreases, the effective value of the
Vab Voltage decreases [15,19]. Fig. 3 presents the gate signals
of the S1 and S3 switches and the shapes of the Va, output
voltage signal in the case of (a) 180° (b) 135° (¢) 90° and (d)
45° phase shift angles (B).
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Fig. 3. Control of full-bridge inverter with phase shift modulation.

The fundamental harmonic approximation (FHA) method
is frequently preferred in the analysis of the LLC resonant
converter, especially in studies close to the resonant
frequency. This analysis technique is based on the
fundamental harmonic in the Fourier series expansion of the
square wave voltage Va, applied to the resonant tank. While
applying the FHA method, high order harmonics of the
primary and secondary voltages and currents of the

transformer and the leakage inductances of passive circuit
elements such as capacitors and inductors are neglected. The
Fourier expansion of the resonant tank input voltage is
expressed by (7).
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The fundamental component of the Va, can be calculated by
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Depending on the  and a angles, the fundamental component
of the voltage Vg, is given by (9).
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I\VV. MPPT ALGORITHM

Among the MPPT algorithms used in PV systems, P&O
and INC algorithms are frequently preferred due to their
simple structure and not needing the data of environmental
conditions.
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Fig. 4. Proposed P&O Algorithm flowchart.



P&O algorithm is used as MPPT algorithm in the designed
system. In the P&O algorithm, instantaneous power is
calculated using the voltage and current information obtained
from the PV panel. The power change is determined by
comparing the current power with the power obtained from
the previous measurement [21]. At the second stage, the
voltage change is detected. The phase shift angle is increased
or decreased according to whether the voltage change is
positive or negative [6]. Figure 4 presents the flow diagram of
the P&O Algorithm. In the traditional P&O algorithm, the
duty ratio is controlled to ensure that the system works in
MPP, while the B is controlled in the proposed algorithm.

V. SIMULATION RESULTS

The simulation of the designed system was carried out
using the PSIM program. Table 1 presents the electrical
characteristics of the full bridge LLC resonant converter and
the PV panel. In the simulated system, the maximum power of
the PV panel under 1000W/m? irradiance is 325.7 W.
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TABLE I. ELECTRICAL PARAMETERS OF THE DESIGNED SYSTEM

PV Panel Parameters

Open-circuit voltage Voc 4511V
Short-circuit current lsc 931 A
MPP voltage Vimp 37,28V
MPP current Iinp 8,72A

*All values are valid for 1000 w/m* irradiance and 25 °C temperature.

Full Bridge LLC Converter Parameters

Resonance inductance L, 5,45 uH
Magnetizing inductance L 27,25 pH
Resonance capacior Cr 047 uF

Fiter capacitor Co 100 pF
Load RL 400 Q
Resonance frequency fr 100 kHz
Switching frequency fow 100 kHz
Transformer ratio n (Np/Ns) 0,1

The full circuit model of the PSIM simulation program is
presented in Fig. 5. The switching frequency of the full-bridge
LLC converter is chosen equal to the resonant frequency
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Fig. 5. PSIM model of the simulated PV system.

The Figure 6 presents the theoretical maximum power
(PV_Pmax) and instantaneous maximum power (Ppv) of the
PV panel under the solar irradiance value (IR) of 300-1000-
750 W/m2,
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Fig. 6. Variation of PV power and phase shift angle for different irradiance
values.



When Fig. 6 is analyzed, it is seen that the designed system
follows the maximum power point with great accuracy. In
addition, the variation of 3 with respect to the irradiance value
and the variation of Va4, depending on the phase shift angle are
presented in Fig. 6. When the solar irradiance value increases,
the MPPT algorithm increases the effective value of the
voltage applied to the resonance tank by increasing the phase
shift angle. Thus, the load voltage and current increase. When
the radiation value decreases, the maximum power value that
can be obtained from the PV panel also decreases. Therefore,
by decreasing the value of the f angle, the voltage applied to
the resonant circuit and the load is reduced. In Fig. 7, under
300 W/m? solar irradiance value, resonance inductance
current I, magnetization current I, values, drain-source
voltages (Vds3, Vds4), gate voltages (Vgs_3, Vgs 4) and
drain source currents of power switches S3 and S4 1(MOS3),
I(MQS4) are presented.
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Fig. 7. ZVS and ZCS states for 300 W/m? irradiance value.

When Fig. 7 is analyzed, it is seen that the power switches
S3and S4 are conducting at ZVS. In the case where the current
Im is equal to the current I, no current flows through the
primary of the transformer and no voltage is induced in the
secondary part. During the time when both currents are equal
to each other, the diode currents get a value of zero. Thus, the
power diodes located on the secondary side are conducting in
ZCs.

In Figure 8, ZVS and ZCS states are presented for solar
irradiance values of 1000W/m? and 750W/m?. When Fig. 7
and Fig. 8 are analyzed, it is seen that the power switches turn
on in the ZVS condition and the power diodes turn on in the
ZCS condition for all three irradiance values.
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Fig. 8. ZVS and ZCS states for (a) 1000 W/m? (b) 750 W/m? irradiance
values

VI. CONCLUSIONS

In this study, a 400Q ohmic load is fed by using a single
panel with a maximum power of 325.7W at 1000W/m? solar
irradiance. In order to ensure that the designed PV system
works under soft switching conditions and at MPP, a full-
bridge LLC resonant converter is simulated. The switching
frequency of the LLC resonant converter is chosen equal to
the resonant frequency, so that the converter works in the
inductive region. The P&O algorithm used as the MPPT
algorithm is arranged according to the phase shift modulation
technique. Phase-shift modulation method was chosen in the
control of LLC resonant converter and operation at fixed
switching frequency became possible. Operation at fixed



switching frequency simplifies magnetic design and reduces
EMI problems. As can be seen from the simulation results, the
designed system successfully follows the MPP under different
solar irradiance conditions. In addition, under all radiation
conditions, power switches S3 and S4 turn on under ZVS
conditions and power diodes turn on under ZCS conditions. It
is clearly seen from the simulation results that the designed
system successfully achieves the expected targets under three
solar irradiance conditions.
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