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Design and Analysis of Single-Phase Grid-Tied
Inverter With PDM MPPT-Controlled Converter

Akif Karafil , Harun Ozbay, and Selim Oncu

Abstract—In this article, a novel method is presented for maxi-
mum power point tracker (MPPT) system to increase efficiency.
For this purpose, maximum power obtained from photovoltaic
(PV) panels by pulse density modulation (PDM)-controlled high-
frequency series-resonant converter was transferred to grid by a
single-phase inverter. The resonant converter and the single-phase
inverter circuits used in the system were analyzed, designed, sim-
ulated, and implemented. The designed series-resonant converter
was operated at resonant frequency for different solar radiation
conditions using the PDM control technique, and therefore the
maximum power point was tracked. Soft switching was achieved
by continuously tracking the resonant frequency. Simulated and
experimental results were presented for 600 W prototype by op-
erating the MPPT converter over 100 kHz. The MPPT efficiency
was obtained as 99% and above. The maximum power tracking of
the PV panels was achieved using the perturb and observe (P&O)
algorithm with PDM technique. The generated PV power was
transferred to the single-phase grid by an LCL-filtered inverter.
Proportional integral controller was preferred in the control of
single-phase grid-tied inverter.

Index Terms—DC-AC power converters, energy efficiency,
maximum power point trackers, power control, resonant inverters.

I. INTRODUCTION

ENERGY sector has a significant share in the economic
growth of countries. Although fossil fuels have been used

to generate most of the required energy, increasing costs and
the environmental problems caused by them are undeniable.
Therefore, it is very important to increase the use of renewable
energy sources which are economical, inexhaustible, and clean
[1]. Solar energy systems, which are among the renewable
energy sources, are clean, easy to use and to install. Electricity
is obtained from the solar energy using PV systems. PV systems
consist of PV panels and converter (dc–dc, dc–ac) circuits. Sun
light is directly converted into electrical energy by semiconduc-
tor materials used in PV panels. Generated electrical energy
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is transferred to batteries, load, or grid by converter circuits
depending on the operation condition [2]–[4].

Output power of PV panels changes continuously depending
on changing environmental conditions such as temperature,
shading, and solar radiation level. In this case, the power ob-
tained from PV panels also varies. Therefore, a more efficient
and accurate MPPT algorithm should be designed in order to
improve the operating efficiency of PV generation systems [5],
[6]. In the literature, a large number of MPPT methods have
been proposed to track the maximum power point (MPP) for PV
panels under various environmental conditions. Among these
methods, perturb and observe (P&O) method is widely used in
PV systems because of its high efficiency, simplicity, and ease
of implementation [7], [8].

The size of dc–dc converter in the PV system is desired
to be small, light, and highly efficient, and switching losses
must be low in order to operate with high efficiency. However,
during switching, hard switching condition occurs since either
the current passing through the power switch or the voltage on
the switch terminals is not zero. High switching losses caused by
hard switching limit the frequency of the converter, resulting in
low efficiency and damage to switches. Lossless soft switching
can be achieved by adding an inductor (L) and a capacitor (C) to
the conventional converter circuit. Resonant converters and soft
switching techniques have been used to reduce the switching
losses at high operating frequencies. Therefore, smaller passive
elements and heat sinks are used in the design, which reduces
the size and the cost of the circuit [9]–[12].

Many control techniques such as frequency control,
pulsewidth modulation (PWM), phase shift, and bus voltage
control are used for the power control of the converter circuit.
However, for these control techniques, soft switching cannot be
guaranteed for all power values [13]. Since the power produced
by the panels in PV systems is not constant all the time, it is not
possible to track the MPP by operating with resonant converter
at constant operating frequency. PDM control is used for power
tracking by providing soft switching conditions at each power
point in resonant converter circuits. The required output power
is achieved gradually by PDM control by deleting some control
pulses of the converter operating at resonant frequency. More-
over, in this control technique, frequency can be kept constant
and a wide range of power control can be provided [14], [15].

With the resonant converter used in the system, the maximum
power obtained from PV panels is transferred to the grid by
the grid-tied inverter. For grid-tied inverters, total harmonic
distortion (THD) value of the fundamental frequency current
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transferred to the grid must be below 5% according to inter-
national IEC 61727 and IEEE 1547 standards [16]. In order
to transfer the current to the grid in accordance with these
standards, a filter must be used at the output of the inverter
or the design must be made accordingly. The most commonly
used filter type is LCL filter with its smaller size and lower costs
[17], [18]. In grid-tied inverters, the control system can control
the parameters such as voltage, current, and power. Proportional
integral (PI) and proportional resonant (PR) controllers are
generally preferred for current control of inverters which are
used with PV systems without affecting the dynamics of the
control unit [19], [20].

When literature is examined, Fujita and Akagi [13] provided
induction heater power control by phase-locked loop (PLL)-
based 16 PDM technique of full-bridge series resonant inverter
for 4 kW, 450 kHz frequency. A similar study was conducted
by Esteve et al. [15] for induction heating applications for
50 kW power and 150 kHz frequency. Li et al. [20] used PDM
technique for 50 W wireless power transfer to achieve maximum
efficiency. Borekci [21] performed the control of dimmer circuit
used in the lighting system by PDM technique. Korošec et al.
[22] designed a PDM microinverter operating at 100 W and
performed experimental studies. Fan et al. [23] used the PDM
technique to conduct inductive power transfer in rail vehicles.
Jiang et al. [24] cascaded boost converter with bidirectional
half-bridge. MPPT algorithm was used as variable step size
in the system. The full-bridge single-phase PWM inverter was
synchronized with LCL filter and transferred to the grid.

Even though many studies are conducted using the PDM
control technique, PDM-controlled MPPT has not been used
for grid-tied PV generation system. On the other hand, the
PDM control technique has a significant value in MPPT system
with resonant converter since it increases the limited operating
frequency and overcomes switching losses, which are the basic
problems of conventional hard-switched MPPTs. Therefore,
PDM-controlled MPPT system can operate at higher efficiency
and can be more effective. In light of this information, in
this article, a new control method is presented to improve the
efficiency of MPPT systems. For this purpose, MPPT system
with high-frequency series-resonant converter, which is used to
transfer electrical energy obtained from PV panels to single-
phase grid, was designed by using the PDM control technique;
simulation and experimental studies were performed. The study
was performed by cascading two converters. The first converter
includes a full-bridge series-resonant converter. The control of
series-resonant converter which can be operated at different solar
radiation conditions for PV panels was carried out by PLL-based
16 PDM MPPT control. With PLL technique, zero transitions
of the current signal on series-resonant side were detected so
that the converter could operate in zero current switching (ZCS)
conditions. P&O MPPT with 16 PDM provided power control by
deleting some of the control pulses according to the power of PV
panels without any change in switching frequency and the turn
ON duration of the switch. The second part is a grid-tied inverter.
The analyses of PI current controller LCL-filtered single-phase
grid-tied inverter were conducted and the simulation and ex-
perimental studies were carried out. Full-bridge series-resonant

Fig. 1. Series resonant converter circuit.

Fig. 2. Full-bridge series-resonant inverter circuit scheme.

converter and single-phase grid-tied inverter parts were cascaded
and the simulation and experimental studies for the whole system
were carried out. A TMS320F28335 DSP was used to control
both converters in the system.

II. ANALYSIS AND CONTROL OF PDM-CONTROLLED

FULL-BRIDGE SERIES-RESONANT CONVERTER

A. Series-Resonant Converter

Fig. 1 presents the series-resonant converter circuit. The reso-
nant circuit in the series-resonant converter is obtained by series
connection of a resonant capacitor and a resonant inductor.

When the switching frequency (fs) of the series-resonant
converter is equal to the resonant frequency (fr), impedance
of the circuit is at minimum (fs = fr). Inverter output voltage
and current are on phase. As a result, ZCS is achieved at both
turn ON and turn OFF transients [25], [26].

The equivalent series-resonant inverter circuit scheme of the
converter is given in Fig. 2.

In the analysis of the circuit, converting the load resistance to
the ac-equivalent resistance value should be taken into account.
The ac-equivalent resistance value is obtained by the following
equation [27]:

R′ =
8.
(

n1

n2

)2

π2
.Ro (1)
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Fig. 3. 16 PDM patterns.

where R′ is the ac-equivalent resistance, Ro is the load resis-
tance, and n1:n2 is the turns ratio of the transformer. Resonant
frequency (fr), damping coefficient (α), and the quality factor
(Q), which are the basic equations of the circuit, are given below,
respectively [28], [29]

fr =
1

2π
√
LC

(2)

α =
R′

2L
(3)

Q =
ωrL

R′ . (4)

B. PDM Control Technique

The power that PV panels can produce is not constant all the
time. Therefore, it is not possible to achieve soft switching for
both turn ON and OFF transients at a fixed frequency with PWM,
phase shift, or frequency modulation. PDM control technique
enables the resonant converter to control the power at constant
operating frequency by maintaining soft switching conditions at
each power point of the PV system.

PDM control technique is a set of commands. Power control
is performed by deleting some of the control pulses accord-
ing to the command sequences without any changes in the
switching frequency and the turn ON duration of the switch.
The output power of the converter decreases as the number of
the deleted control pulses increases [13]–[15]. Fig. 3 shows the
PDM switching patterns.

The rows show 16 resonant cycles formed to control the
inverter switches. The time of each cycle is equal to the resonant
period time (T=NTa). When the maximum PDM length N= 16
is selected, pulse density D varies from 1/16 to 16/16. In the case
of 1/16, the lowest power is achieved and the maximum power
is provided in 16/16 [14], [30].

The inverter operates in three switching modes to adjust the
output power. These switching modes are given in Fig. 4.

Fig. 4. Switching modes. (a) Mode I. (b) Mode II. (c) Mode III.

Fig. 5. Control principle of PDM technique.

In Mode I, S1 and S4 switches are ON, while in Mode II,
S2 and S3 switches are ON. In Mode III, the inverter output
voltage (VAB) is zero. Mode III operating condition is the natural
response of the series RLC circuit. In this mode, the current is in
damping form without receiving to zero for high Q. The control
principle of PDM technique is shown in Fig. 5.

As seen in the figure, the square-wave voltage (Mode I and
Mode II operation) is applied to the inverter in the three resonant
cycles. The control pulse is deleted in the fourth cycle and zero
voltage (Mode III) is applied to the inverter. When the four
resonant cycle is considered, the output voltage of the inverter
is in periodic waveform. The average output power is 3/4 when
compared to full-power operation. In other words, the output
power of the inverter is controlled by adjusting the pulse density
of the square wave voltage.
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Fig. 6. Block diagram of the PLL control circuit.

Fig. 7. Block diagram of the PDM-controlled MPPT system.

When the PDM control technique is applied to the series-
resonant circuit with a quality factor much greater than 1
(Q >> 1), the resonant current is in sinusoidal form. In Fig. 5,
resonant current is represented by (i) and the envelope of the res-
onant current is represented by iE . Therefore, resonant current
and the average power are obtained as follows [31]:

i(t) = iE(t)sinωrt (5)

P =
1

T

∫ T

0

vAB(t)i(t)dt. (6)

C. PLL Control

PDM can efficiently be implemented by tracking the changing
resonant conditions. For this purpose, PLL control should be
used. The current signal on the resonant part is detected and the
switching frequency is locked at the resonant frequency. Thus,
the resonant frequency can be tracked. The block diagram of the
PLL control circuit is given in Fig. 6.

PLL system used in PDM consists of three parts: phase
detector, low-pass filter (LPF), and voltage-controlled oscillator
(VCO). Phase difference between inverter voltage and current is
detected and switching frequency is updated with VCO. If PLL
is not used in PDM controller, the converter may operate below
or above the resonant frequency. Therefore, ZCS conditions
disappear [14], [31].

III. PDM-CONTROLLED MPPT SYSTEM

The block diagram of the PDM-controlled MPPT system is
given in Fig. 7.

Both the 16 PDM patterns table and the PI-controlled P&O
MPPT algorithm were written into the simplified C block in
PSIM program. The flow diagram of the PI-controlled P&O

Fig. 8. Flow diagram of the PI-controlled P&O MPPT algorithm.

MPPT algorithm adapted to the PDM technique and adjusted
according to the small step reference voltage method is shown
in Fig. 8.

PI-controlled P&O MPPT algorithm is provided by adjusting
the reference voltage according to power change. There may
be interference in the current and voltage values measured
from the PV panels. Low-pass filter was used in the system
to ensure that MPP could be tracked accurately by eliminating
these interferences. If both power and voltage increase, the pulse
density ratio also increases. If both power and voltage decrease,
the pulse density ratio increases. In other cases, pulse density
ratio decreases. Thus, the maximum power to be obtained from
the PV panel is provided by the PDM control technique and
maximum power is transferred to the load.

The increase or decrease of pulse density was performed by
adjusting the reference voltage depending on the power change.
The difference between the filtered PV voltage and the value of
the obtained reference voltage (Vpv_ref) gives the error value.
The error voltage value is passed through the PI controller to
generate PDM signals. If the power change is greater than zero,
the determined delta value is added to the Vpv value to increase
the pulse density. If the power change is less than zero, the pulse
density is reduced by subtracting the delta value from Vpv .

IV. ANALYSIS AND CONTROL OF SINGLE-PHASE

GRID-TIED INVERTER SYSTEM

Grid-tied inverters operate in parallel connected with the grid
and have the ability to transfer the energy produced by the energy
source to the grid. They operate efficiently since the surplus
energy can be transferred to the grid [32], [33]. The block scheme
of the single-phase grid-tied inverter circuit is presented in Fig. 9.

A. Determining the Parameters of LCL Filter

In grid-tied inverters, a filter must be used at the output of
the inverter in order to transfer the current to the grid according
to international standards such as IEC 61727, IEEE 1547-2003,
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Fig. 9. Block scheme of the single-phase grid-tied inverter circuit.

and IEEE 929-2000. Inverter output filters can be examined in
four groups as L, LC, LCL, and LLCL [17].

Filters have advantages and disadvantages compared to each
other. L filter’s transfer function solution and design are easier
than other filters. If the inductance value is small in L filter, the
switching frequency of the inverter must be high. This increases
the cost of the system and makes the design difficult. In order to
eliminate these disadvantages, the filter inductance value must
be increased. However, a larger inductance value of the filter
ensures that the system becomes heavy and does not reduce
its cost. Moreover, it is very difficult to achieve international
standard values with L filter [34], [35].

The LC filter is a second-order filter and is generally preferred
in power supply and OFF-grid systems. The LC filter used in
grid-tied systems creates some problems. One of these problems
is that when an inductor is connected parallel to the filter capac-
itor, high-frequency harmonics occur even if low impedance is
achieved at high frequencies. This leads to high inrush currents.
Another problem is that the inductance of the grid is connected to
the LC filter in series. Therefore, even if the LC filter is connected
to the system, the LCL filter condition occurs. As a result, it is
difficult to analyze and design the grid-tied LC filter [35]–[37].

LCL filter is among the most commonly used filter type. This
filter is a third-order filter and is smaller in size than other
filter types. However, it is more complicated to determine the
parameters of the LCL filter. Moreover, the parameters must
be calculated correctly so that the system provides steady state
[38]. With the LLCL filter, the cost and size are minimal and the
harmonics are better filtered. However, it is very difficult for the
system to provide steady state [39].

Considering the factors such as cost and size of the system and
the steady-state condition, LCL filter is preferred for the design
of a single-phase grid-tied inverter. The single-phase grid-tied
inverter with LCL filter is shown in Fig. 10.

The parameters of the single-phase inverter must be deter-
mined before determining the LCL filter parameters. Design
parameters are given in Table I.

To apply the LCL filter parameters calculated mathematically,
the circuit was designed as Li = 3.25 mH, Cf = 8 μF, and

Fig. 10. Single-phase inverter with LCL filter.

TABLE I
PARAMETERS VALUES REQUIRED FOR INVERTER CIRCUIT

Lg = 2.5 mH. The ratio of the isolation transformer used in
the system was 1:2. After the parameters of the LCL filter are
determined, the resonant frequency can be calculated. Resonant
frequency is calculated by the following formula:

fres =
1

2π

√
Li + Lg

Li.Lg.Cf
. (7)

The resonant frequency should be between the intervals
shown in (8) [40], [41]

10f < fres < 0.5fsw. (8)

A series resistor is connected to the capacitor in order to reduce
the oscillations and to prevent the unstable state of the filter.
This solution is called as “passive damping.” Although it is a
simple and reliable solution, it decreases the filter efficiency
due to the increase of heating losses. Passive damping creates a
considerable amount of power loss for high-power applications,
while power loss for low-power applications can be neglected.
Passive damping resistor (Rsd) is calculated as in (9) [41]–[43]

Rsd ≥ 1

3.ωres.Cf
. (9)

B. T/4 Delay PLL and Active Power Control

In order to be synchronized with the grid, PLL must be used
in the grid-tied inverters. PLL algorithm provides the control of
the grid frequency. Many PLL algorithms are used for inverters.
T/4 delay PLL is one of the algorithms that can be used to obtain
phase angle in single-phase applications. α–β and d–q axis
frames are required in T/4 delay PLL algorithm [44], [45]. First,
in order to form the PLL algorithm, the α–β axis frame must be
obtained. In single-phase systems, the orthogonal signal of the
time-based current or voltage cannot be obtained. Therefore, an
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Fig. 11. Vectorial representation of d–q axis frames with real and orthogonal
signals.

Fig. 12. α–β transform and the T/4 delay PLL structure.

Fig. 13. Control block scheme of the single-phase grid-tied inverter.

imaginary orthogonal signal (β component) must be obtained.
For this purpose, the α component must be shifted as π/2. In
this case, two components are obtained. The α component is
on the real, and the β component is on the imaginary axis.
d–q axis frames with real and imaginary signals are given
in Fig. 11 [46].

The orthogonal signal was obtained by using T/4 delay in the
system. The grid voltage (Vg) is taken as Vα. Vβ is obtained
by the shift of π/2. In T/4 delay PLL circuit, (10) was utilized
to transform the α–β to d–q axis frame by Park transform [47].
Fig. 12 shows theα–β transform and the T/4 delay PLL structure

[
Vd

Vq

]
=

[
cos θ sin θ

−sin θ cos θ

] [
Vα

Vβ

]
. (10)

The control block scheme of the designed system is presented
in Fig. 13.

Active-reactive power (PQ theory) calculation was provided
using the Vα, Vβ , Iα, and Iβ values. The calculated power values

are given in (11)

P =
1

2
(VαIα + VβIβ)

Q = −1

2
(VαIβ + VβIα).

(11)

The obtained power values were compared with the desired
power values (Pcmd and Qcmd) and error values were obtained.
The reference power value (Pref) used in the reference current
calculation is equal to the desired power value (Pcmd) (Pref =
Pcmd). In this article, Qcmd was taken as zero since reactive
power control was not performed. The power error was compen-
sated with PI controller and included in theωt formulas obtained
from the PLL algorithm. Reference current formula was found
using the following equations [48]:

φ = tan−1

(
Qref

Pref

)
(12)

Ig =
Pref

Vqcosφ
(13)

iref =
√
2Igsin(ωt− φ). (14)

Difference between Iα and iref gives the current error. The
error current is compensated with PI current controller, and thus
switching signals are generated.

V. IMPLEMENTATION OF GRID-TIED INVERTER WITH

PDM-CONTROLLED MPPT

Simulation and application studies of full-bridge series-
resonant power converter operating at resonant frequency by
PDM control technique at different solar radiation values with
600 W PV panel were performed. The switching frequency of
PI current-controlled single-phase inverter was determined as
10 kHz and application studies were performed according to
this frequency. Block diagram of single-phase grid-tied inverter
system and MPPT- with PDM-controlled resonant converter are
given in Fig. 14.

PDM signals were generated in the system according to the
MPPT algorithm. A PDM logic circuit board was designed
so that the switching signals of the circuit could be generated
quickly according to the PDM signals. CD4046 was used for the
PLL circuit.

Resonant inductor was determined as 115 μH while the
resonant capacitor was determined as 16.46 nF. The ratio of
high-frequency transformer was 1: 4. IRFP 260N MOSFETs were
used for series-resonant converter circuit while IRFP 460N MOS-
FETs power switches were used for single-phase inverter circuit.
6N137 optocouplers and TC4429 drivers were used for both
resonant converter and inverter circuits. IXYS DSEI60-12 A
diodes were used in rectifier circuit for series-resonant converter
circuit. The control of both resonant converter and single-phase
inverter was conducted by TMS320F28335 DSP control board.
ACS712 and LV25-P sensor were used to measure the current
and voltage of PV panels. ACS756SCA and LV25-P Hall effect
sensors were used to measure the single-phase current–voltage
and dc bus voltage.
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Fig. 14. Block diagram of the system.

Fig. 15. Simulation screen image of the designed system.

VI. SIMULATION AND EXPERIMENTAL RESULTS

Simulation of the designed system was carried out using PSIM
10.0 program. The codes required for the control of the system
were written in the simplified C block to generate embedded
codes for DSP. Simulation screen image of the designed system
is shown in Fig. 15.

In the simulation study, the solar radiation of the PV panels
was adjusted as 250–500–750 and 1000 W/m2 respectively.
The simulation result with maximum power tracking depending
on the gradual change of the solar radiation level is given in
Fig. 16. In the simulation study, theoretical PV panel power is
represented by (Po) and PV panel power tracking the theoretical
power is represented by (Ppv).

In order to obtain maximum power from PV panels in the solar
radiation at 500 W/m2, the pulse density ratio was set to be 12/16.
As seen in Fig. 17, four control pulses were deleted according to
the power required by the PV panel and the panels were operated
at MPP. Simulation results of the PWM, gate control signal of
the MOSFET, inverter output voltage (VAB), and resonant current
(i) for the measurement of 500 W/m2 solar radiation level are
shown in Fig. 17.

Fig. 16. Maximum power tracking.

Fig. 17. 500 W/m2, PWM, gate control signal, VAB voltage, and resonant
current.

Fig. 18 shows the simulation image showing that switching
is achieved at ZCS.

In order to obtain maximum power from the PV panels in the
solar radiation at 750 W/m2, the pulse density ratio was set to
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Fig. 18. PWM signal, VAB voltage, and resonant current.

Fig. 19. 750 W/m2, PWM, gate control signal, VAB voltage, and resonant
current.

be 14/16. As seen in Fig. 19, two control pulses were deleted
according to the power required by the PV panel and the panels
were operated at MPP. Simulation results for the measurement
of 750 W/m2 solar radiation are shown in Fig. 19.

Fig. 20 shows the results for 1000 W/m2. As seen from the
results, the converter is controlled with 16/16 PDM.

Fig. 21 shows the simulation image showing that switching
is achieved at ZCS.

The maximum power obtained from PV panels depending on
the solar radiation change was transferred to 110 V 50 Hz ac.
The waveforms of the current and voltage transferred to the grid
at the solar radiation values of 250–500–750 and 1000 W/m2

are given in Fig. 22.
Fig. 23 shows the PV panel power (blue color), the power

value tracked by the PDM-controlled P&O MPPT algorithm
(green color), and the output power (red color) of the system.

In order to make simulation results similar to experimental
values, catalog values of all the elements used in the system were
used in the simulation and none of the values was accepted as
ideal. According to the simulation result in Fig. 23, the MPPT
efficiency for the condition at 500 W/m2 solar radiation was
found as 98.61% and the efficiency of the whole converter

Fig. 20. 1000 W/m2, gate control signal, VAB voltage, and resonant current.

Fig. 21. 1000 W/m2 radiation ZCS, VAB voltage, and resonant current.

Fig. 22. Inverter output current and voltage for different power values.

was obtained as 93.55% while the system efficiency was found
as 92.25%. On the other hand, the MPPT efficiency for the
condition at 750 W/m2 solar radiation was found as 99.53% and
the efficiency of the whole converter was obtained as 93.44%
while the system efficiency was found as 93%. Moreover, the
MPPT efficiency at 1000 W/m2 solar radiation was found as
99.8% and the efficiency of the whole converter was obtained
as 92.32% while the system efficiency was found as 92.14%.
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Fig. 23. PV panel power, power with MPPT algorithm, and the output power
of the system.

Fig. 24. Experimental setup of the system.

Fig. 25. Screen image obtained from simulator at 750 W/m2 solar radiation.

The experimental setup of a single-phase grid-tied inverter
circuit with resonant converter MPPT is shown in Fig. 24.

A 5 kW PV simulator of the Chroma 62050H-600S was used
to determine the extent to which the MPPT process could be
performed in the system. PV simulator interface enabled the
information of whether the system was at MPP and the dynamic
structure of MPPT algorithm. In addition, PV simulator pro-
vided the tracking of MPPT algorithm efficiency, panel current,
voltage, and power. Screen image of the values obtained from
the PV simulator at 750 W/m2 solar radiation is given in Fig. 25.

As seen in the screen image, the MPPT efficiency was 99.83%.
The oscilloscope images of the gate-source voltage, inverter
output voltage (VAB), resonant current, and dc bus voltage for
this solar radiation level are presented in Fig. 26.

Fig. 26. 750 W/m2, gate-source voltage (CH1), VAB voltage (CH2), resonant
current (CH3), and dc bus voltage (CH4).

Fig. 27. Current and voltage transferred to the grid at 750 W/m2 solar radiation.

Fig. 28. Screen image of the values obtained from simulator at 1000 W/m2

solar radiation level.

As can be seen from the measurements, the pulse density
ratio was 14/16 to achieve maximum power at 750 W/m2 solar
radiation. Meanwhile, the switching frequency was at 111 kHz.

Oscilloscope image of the current and voltage measured from
the grid when the power obtained from the PV panels was
transferred to the grid is given in Fig. 27.

Screen images of the values obtained from PV simulator at
1000 W/m2 solar radiation are presented in Fig. 28.

As seen in the screen image, the MPPT efficiency was 99.9%.
Oscilloscope image of gate-source voltage, inverter output volt-
age (VAB), and resonant current for this solar radiation level are
given in Fig. 29.

In Fig. 29, the switching frequency is at 111 kHz. Oscilloscope
image of the current and voltage measured from the grid when
the power obtained from the PV panels was transferred to the
grid is given in Fig. 30.
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Fig. 29. 1000 W/m2, gate-source voltage (CH1), VAB voltage (CH2), and
resonant current (CH3).

Fig. 30. Current and voltage transferred to the grid at 1000 W/m2 solar
radiation.

As seen from experimental and simulation studies, electrical
energy obtained from PV panels was transferred to single-phase
grid with high-frequency resonant converter MPPT system using
the PDM control technique.

VII. CONCLUSION

In this article, energy obtained from PV panels operating con-
tinuously at MPP under different solar radiation conditions was
transferred to a single-phase grid. MPPT with PDM-controlled
resonant converter was designed and implemented to increase
the limited operating frequency and overcome hard switching
conditions, which are among the problems of the conventional
PWM-switched MPPTs. According to the MPPT algorithm,
power control was performed by deleting some control pulses
of the converter operating at resonant frequency by PDM
technique. Therefore, ZCS conditions were achieved and the
600 W laboratory prototype system was operated at frequen-
cies above 100 kHz. As the MPPT algorithm, P&O method
was preferred which has simple software, high reliability, and
efficiency. The PV simulator used in the system was adjusted,
and PDM-controlled MPPT and series-resonant converter were
tested under different solar irradiation values at the laboratory.
The tracking efficiency of the MPPT algorithm was observed as
ηMPPT = 99% and above. An LCL filter was used at the output
of the inverter in order to transfer the maximum power obtained
from PV panels to single-phase grid. The following results
were obtained from the study in which the design of MPPT
with resonant converter and single-phase grid-tied inverter was
realized.

1) MPP tracking in the designed series-resonant converter
was provided by operating at resonant frequency and ZCS
was kept continuously.

2) The effect of PDM control algorithm on MPPT perfor-
mance was examined in resonant converter. It was found
that the tracking efficiency of P&O MPPT algorithm op-
erating at different solar radiation conditions and constant
frequency was high.

3) The prototype-resonant converter was operated above
100 kHz frequency by low switching stress as a result
of soft switching condition.

4) PDM-controlled MPPT and single-phase inverter were
cascaded and therefore the energy produced by PV panels
was transferred to the single-phase grid.
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