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ABSTRACT

In this study, maximum power extracted from photovoltaic (PV) panels was transferred to the load using
the proposed thinned-out controlled class E resonant inverter. For the system, PV panels were used as a
power source. A PV powered system was designed using single switch inverter. Maximum power point
tracker (MPPT) controlled resonant inverter was conducted under varying solar irradiation conditions.
The output power of the voltage-fed class E resonant inverter circuit was controlled in a wide range
by using the thinned-out control method in a fixed switching frequency of 63 kHz. In the proposed
method, power control was provided gradually without increasing switching losses significantly by
achieving zero voltage switching (ZVS) condition. ZVS conditions were met in most periods when the
solar irradiation was at high level and the number of the skipped pulses was low. As a result, soft switch-
ing was provided and the single switch inverter could operate with higher efficiency. Incremental con-
ductance (IC) algorithm was used to track maximum power in PV panels and the tracking efficiency
was obtained as above 99 % by the proposed novel thinned-out controlled IC MPPT algorithm. The pro-
posed method shows that since electromagnetic interference and switching losses are reduced, the size of
the circuit components is also reduced, and therefore there is a significant reduction in the circuit volume
and the costs.
© 2022 THE AUTHOR. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

become more prominent with recent researches, projects and
investments [3].

Due to the gradual increase in the production in the mecha-
nized industry, the demand for electrical energy has also increased
day by day. Although most of the electrical energy is still generated
by fossil-based sources such as oil and coal, there has been consid-
erable interest in alternative energy sources recently since the
gases produced from burning of fossil-based resources pollute
the environment and these resources will run out in the near
future. Today, renewable energy sources such as solar, wind,
geothermal, biomass are frequently used as alternative energy
sources [1,2]. In order to compete with fossil-based sources, solar
energy, which is one of the major renewable energy sources, has
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The most important advantages of photovoltaic (PV) systems, in
which electrical energy is generated by utilizing solar energy, are
that they are simple to install, do not need much maintenance
and can provide power up to megawatts. Additionally, the wide-
spread use of PV pumping systems, solar home systems, and off-
grid buildings increases the demand for PV energy. However, the
low efficiency of the PV panel, the change in atmospheric condi-
tions during the day and the constant change in the power values
obtained from the PV panels are the main drawbacks of PV energy
systems [4]. Therefore, maximum power point tracker (MPPT) con-
verters are utilized to get the maximum solar energy from PV pan-
els. Rather than being a mechanical tracking system that provides
the tracking of solar by moving PV panels physically, MPPT is an
electronic system that provides extracting maximum possible
power from PV panels. When the literature is examined, it is seen
that there are many MPPT algorithms used in determining maxi-
mum power point (MPP). Perturb & Observe (P&O) and Incremen-
tal Conductance (IC) algorithms, which have high MPP tracking
efficiency, are the two important algorithms. Especially IC MPPT
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algorithm is frequently used due to its high tracking efficiency, less
oscillation around the MPP and being robust in harsh atmospheric
conditions [5]. MPPT based PV systems are commonly used in var-
ious fields such as storage systems [6], grid connected applications
[7] and induction heating systems [8].

Today, power converters are used in many applications such as
uninterruptible power supplies, electronic ballasts, wireless power
transfer, induction heating. The development of semiconductor
elements used in power converters has enabled the converters to
operate at higher frequencies. Efficiency is increased by reducing
the size of electronic circuits by operating at high frequencies. In
order to operate at high frequency, the switching losses must be
low. Reduction of switching losses by preventing electromagnetic
interference is provided by resonant power converters. Resonant
power converter is obtained by adding inductance (L) and capaci-
tor (C) elements to the switch element. In resonant power con-
verter circuits, switching is carried out at zero or near zero
crossing of the current passing through the switch or the voltage
at the ends of the switch. In this way, switching losses are reduced
and the circuit is operated at high frequencies [9,10].

In DC/AC power converters, full and half bridge inverters are
used, as well as single-switch inverter types. Since two or four
switches are used in bridge type inverter circuits, the circuit struc-
ture becomes more complex and the costs increase. In such cir-
cuits, the efficiency is higher and high output power and power
control in desired ranges can be achieved. By using soft switching
techniques, switching losses can be reduced using single switch
resonant inverters. Class E inverters in the group of single-switch
power converters can increase the efficiency of the circuit by
reducing the switching losses when soft switching conditions are
met. In addition, since the number of elements used in the circuit
decreases, the structure of such circuits is simple, the cost is low-
ered, and the volume is reduced. The main drawback of class E
inverters is that the switch voltage and current are higher than
the source voltage and current. Therefore, it is required to use a
power switch with a higher value [11-13].

Various control techniques such as phase shift [14], frequency
modulation [15], pulse width modulation (PWM) [16] and duty
cycle control [17] are used in class E inverters to control the power
transferred to the load. Besides these control techniques, thinned-
out control method also provides power control. In the thinned-out
control method, power control is provided by skipping some of the
pulses at a fixed operating frequency without any change in the
transmission time of the switch. The power decreases as the trans-
mission pulses are skipped [18-20]. Thinned-out control method
are used in applications such as induction cooking applications
[21], corona discharge process [22], medical devices [23], wireless
power transfer systems [24], PV systems [25] and dimming elec-
tronic ballasts [26].

In the literature, Sensui and Koizumi [27] analyzed the load
independent zero voltage switching (ZVS) parallel resonant inver-
ter circuit. Kaczmarczyk and Jurczak [28] improved the efficiency
of a push-pull circuit by reducing the switching losses by achiev-
ing the ZVS condition. Zhang and Ngo [29] analyzed the constant
current ZVS class E inverter topology by keeping the duty cycle
and switching frequency constant under load changes. Roslaniec
et al. [30] examined class E inverter structure in which wide range
variable load resistance ZVS condition was provided. Issi and
Kaplan [31] performed the wireless energy transfer using the class
E inverter by meeting the ZVS condition. Shigeno and Koizumi [32]
applied the thinned-out control method to the half-wave class DE
rectifier circuit. Koizumi et al. [33] used the thinned-out control
method in the resonant DC/DC converter circuit.

When the literature is examined, it is seen that ZVS conditions
have been achieved and thinned-out control method has been
applied for different applications. However, thinned-out controlled

Ain Shams Engineering Journal 14 (2023) 101992

IC MPPT algorithm has not been utilized for PV powered class E
resonant inverter. In this study, the simulation of a MPPT system
with class E resonant inverter that transfers the electrical power
extracted from PV panels to the load appropriate for the system
was carried out by using the proposed thinned-out control method.
Thinned-out controlled MPPT was used to control the single switch
inverter that can operate at 63 kHz switching frequency under
varying solar irradiation conditions for PV panels. In the proposed
thinned-out controlled MPPT, the number of the skipped pulses
were increased and decreased to control the power. By providing
ZVS conditions in many periods, it was ensured that the system
could operate at high frequency. The total power of the PV panels
was 360 W. In the study, IC algorithm was preferred as the MPPT
method in order to keep the output power obtained from PV panels
continuously at maximum level because of its high efficiency.

2. The analysis of thinned-out controlled class E resonant
inverter

2.1. Voltage-fed class E resonant inverter

Conventional class E resonant inverter requires DC source.
When class E resonant inverter is fed by a PV source, PV energy
can be transferred to the load without being converted to DC. In
Fig. 1, voltage-fed class E resonant inverter circuit is shown. The
circuit consists of a switch element (S), resonant inductance (L),
resonant capacitor (C;) and a series resistance (R). Since the num-
ber of elements in the circuit is decreased, the circuit has a simple
structure, smaller size, and it is low cost. In this circuit, the switch
can be turned on and off with zero voltage.

As long as the S switch is on in the circuit, the inductance cur-
rent increases and energy is stored. Capacitor voltage is zero as
long as the switch is on. A series RLC circuit is formed when the
switch is off. In this case, the inductance current and capacitor
voltage are in the form of damped oscillations. As long as the
switch is off, the capacitor voltage reaches its peak value and drops
back to zero. When the capacitor voltage takes a negative value,
the energy stored in the inductance is transferred to the source
via the diode connected in reverse parallel to the switch element,
ensuring that the capacitor voltage remains at its zero value. In this
way, it is ensured that the switch is on due to zero voltage. Fig. 2
presents waveforms of control signal (S), inductance current (i)
and capacitor voltage (V¢) in the ZVS condition.

Voltage-fed Class E resonant inverter circuit can be examined in
four states according to the on and off position of the switch.

2.1.1. State | (tg <t< tl)
As can be seen in Fig. 2, State I is between the range of to < t < t;
and the switch is on. Since the switch is on, the resistance and

PV Panel

6x60 W Cpv==Vin

S‘i 5: Cr== Ve(t)

Fig. 1. Class E resonant inverter circuit.
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Fig. 2. The control signal (S), inductance current (i) and capacitor voltage (Vc) in
the ZVS condition.

inductance are connected in series and the voltage of the capacitor
is zero. The equivalent circuit of State I is presented in Fig. 3.
Depending on the initial current, the value of the inductance
current changes depending on the time constant (t) when the
switch is on. The time constant and current equations can be calcu-
lated using the following equations.
L

T:E (1)

iy(t) = % + <i(to) - 7) et (2)

2.1.2. State Il (t; < t < t3)

As can be seen in Fig. 2, State Il is in the range of t; < t < t, and
the switch is off. In this situation, resistance, inductance and capac-
itor are connected in series. The equivalent circuit of State II is pre-
sented in Fig. 4.

Capacitor voltage is at its maximum value at t,. At this moment,
the inductance current is zero. Capacitor voltage and inductance
current equations are obtained by the following equations.

Ve(t) = Vi~ Rig(t) 1 210 &
i) =G a\/Jt(r) (4)

2.1.3. State 11l (tg <t< t3)

In State III, the switch is off and the capacitor’s energy is trans-
ferred to the source. The equivalent circuit of State III is shown in
Fig. 5.

The characteristic roots of the circuit depend on the resonant
angular frequency (w,) and damping factor (¢).

Lr R

YYYN

iL(t)

- SAH_T Cr

Fig. 3. The equivalent circuit of State I.
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Fig. 4. The equivalent circuit of State II.
Lr R
122228 < -
i(t
(t) N
.+
Vin — S CrZ- Vc(t)
Fig. 5. The equivalent circuit of State III.
1
= 5
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When ¢ < w, in the circuit, the roots are in complex conjugate
and damped oscillation occurs. Since the energy in the circuit is
consumed through the resistance, the inductance current and
capacitor voltage are in the form of damped oscillations. The
damped oscillation value of the inductance current is calculated
by the following equation.

iL(t) = e"*'(A; sin wyt 4+ Ay cos wnt) + B (7)

The coefficients A; and A, represent the initial conditions, while
the B value is the steady-state solution of the inductance current.
The w, in the equation is the natural angular frequency.

_Vin—RIy <l
Ar= Lo, o, (8)
Ay =1y (9)
Wy = /w2 — & (10)

Another important parameter is the load quality factor (Q). If
the load quality factor is not high enough, the inductance current
and capacitor voltage values are damped and the current value
drops to zero. The load quality factor is calculated by the following
equation.

oL,

Q=

(11)

2.1.4. State IV (tg <t< t4)

The capacitor voltage is zero at t3. The energy in the inductance
is transferred to the source via the diode connected in reverse par-
allel to the switch element. The equivalent circuit of State IV is
given in Fig. 6.

The value of the inductance current is calculated by the follow-
ing equation.

iL(t) :%+ <i(t3) —%)e’% (12)
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When the time intervals of State I, II, IIl and IV are considered,

the rms value of the inductance current and the power that will
be consumed by the resistance can be calculated [21,34,35].

Ims) = \/Ti J (o) (13)

P = (Iimg )R (14)

2.2. Proposed thinned-out control method

Various control methods such as PWM, frequency, phase shift,
etc. are widely used to control the inverters. However, these con-
trol methods have some drawbacks such as switching loss, failure
to perform a wide range of power control and failure to operate at a
fixed frequency. On the other hand, PV panels cannot produce the
same power all the time. Therefore, class E resonant inverter can-
not operate at a fixed operation frequency with these control
methods. On the contrary, the thinned-out control method can
ensure that the power can be controlled with fixed operating fre-
quency using a class E resonant inverter by providing ZVS
conditions.

The thinned-out control method consists of a set of commands,
which provides power control when some of the control pulses are
skipped based on the command sequences with no change in
switching frequency and turn on duration of the switch [20,36].
Fig. 7 presents the proposed thinned-out switching patterns.

When the maximum switching pattern length 8 is chosen,
thinned-out ratio will vary from 1/8 to 8/8. When the thinned-
out ratio is 1/8, the power is at the lowest level and the power is
at maximum level in 8/8. In other words, as the pulse numbers
are skipped, the power ratio decreases. The thinned-out ratio
(T,y) is defined as;

7, =M% (15)
where M is the total number of pulses and X is the number of
thinned-out pulses.

Although operating frequency and input voltage of thinned-out
controlled inverters are fixed, the inverter is operated in four dif-
ferent switching stages to adjust the output power. The control
scheme of the proposed thinned-out control method is presented
in Fig. 8. As seen in the Figure, the thinned-out ratio is 6/8
(11101110) and 2 pulses are skipped while 6 pulses are not
skipped. Since the switch element and the capacitor are connected
in parallel in this circuit, the capacitor voltage is also the voltage at
the switch ends. Although the ZVS conditions cannot be achieved
after the thinned-out pulse part, the efficiency of the inverter is
high as the ZVS conditions are provided in many switching periods.

Inductance current and capacitor voltage continue to oscillate
in thinned-out pulse intervals. The rms value of the damped oscil-
lation current decreases depending on the increase in the number
of thinned-out pulses. If the number of thinned-out pulses

Lr R

Y YN

iw(t)
Vin +L— S Cr

Fig. 6. The equivalent circuit of State IV.
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Fig. 7. The proposed thinned-out switching patterns.
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Fig. 8. The basic structure of the proposed thinned-out control method.

increases and the duration is long, the inductance current drops
to zero while the capacitor voltage drops to the input voltage value
[18-21].

3. Thinned-out controlled IC MPPT algorithm

Block scheme of the thinned-out controlled IC MPPT system is
shown in Fig. 9.

The catalog values of a polycrystalline PV panel used in the sys-
tem are given in Table 1.

A total of 360 W power was obtained by connecting six panels
with same properties in series. -V and P-V characteristics of PV
panels were investigated at 25 °C and 250-500-750 and
1000 W/m? solar irradiation (see Fig. 10).

Some disturbance may occur in the voltage and current values
measured from the PV panels. In the system, low pass filter (LPF)
was preferred to ensure that maximum power point could be
tracked accurately by removing these disturbances. Thinned-out
controlled IC MPPT algorithm flowchart is presented in Fig. 11.

IC MPPT method is based on the principles that PV panel P-V
characteristic curve slope is zero at MPP (dP/dV = 0), positive on
the left of MPP (dP/dV > 0) and negative on the right of MPP (dP/
dV < 0). In the first step, current and voltage of the PV panel are
measured and the obtained values are compared with the previous
ones. Next, instantaneous rate of current (In) and voltage (Vn) are
obtained and it is checked whether voltage change (dV) is zero or
not. If dV is equal to zero and the current change (dlI) is positive
(dI > 0), pulses are not skipped. If dV is equal to zero but dI is neg-
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6x60 W -
PV Panel ! I . .
’ ¢ Signal Generation
Signal MOSFET Logic
Scaling Driver | Circuit PWM
A A A
Vpv A| B| C
» IC MPPT and Thinned-out
> ADC > Control Algorithms
Ipv
Microcontroller

Fig. 9. Block scheme of the thinned-out controlled IC MPPT system.

Table 1

Catalog values of PV panel.
Electrical properties of PV panel Values
Maximum power (Ppax) 60 W
Maximum power voltage (Vimpp) 171V
Maximum power current (Iypp) 35A
Open circuit voltage (Voc) 211V
Short circuit current (Isc) 38A

—(80 + 10) mV/°C
(0.065 + 0.015) %/°C

Temperature coefficient of open circuit voltage
Temperature coefficient of short circuit current

ative (dI < 0), pulses are skipped. If dV is not equal to zero and dI/
dV is bigger than -I/V (dI/dV > -1/V), pulses are not skipped. If dI/dV
is smaller than -1}V (dI/dV < -I/V), pulses are skipped. As a result,
thinned-out control method makes it possible to obtain maximum
power from the PV panel and to transfer maximum power to the
load.

4. Simulation results

In this study, the simulation study was conducted using PSIM
program for thinned-out controlled MPPT system in terms of MPPT

0l  Io02 Io_04

500 W/m2
250 W/m2

5

0 20 40 60 80
Veell_01

Fig. 10.

5
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Measured V(n), I(n)
from PV panel

LPF

dV(m)=Vpv(n)-Vpv(n-1)
dI(m)=Ipv(n)-Ipv(n-1)

Yes

!

No Yes:

No Yes—l

Fig. 11. Flowchart of the thinned-out controlled IC MPPT algorithm.

Il

u

efficiency and ZVS conditions. Solar irradiation level was rapidly
changed step by step as 250-500-750 and 1000 W/m?. In this
way, thinned-out controlled IC MPPT algorithm was tested. The
total power of the system was 360 W and six PV panels of 60 W
were connected in series. Resonant frequency of the circuit was
108 kHz. In order for the inverter circuit to operate normally, there
is a lower limit value for the on time of the switch. Since the capac-
itor voltage cannot reach zero value when a value lower than the
limit value is obtained, the ZVS condition cannot be provided.
When the off time of the switch is long, the end value of the induc-
tance current becomes zero and the rms value decreases. Consider-
ing all these situations, the switching frequency of the circuit was

Pmax1_01 Pmaxl_02 Pmaxl_04

1000 W/m2

500 W/m2
250 W/m2

360

300

180

60

0 20 40 60 80 100 120
Veell_01

I-V and P-V characteristics under varying solar irradiation.
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determined as 63 kHz. The circuit parameters were selected as 30
pH resonant inductor, 72 nF resonant capacitor, 3.2 Q load resis-
tance. The simulation image of the thinned-out controlled IC MPPT
system is given in Fig. 12.

The theoretical PV power (P.f) and the output power of PV
panel obtained according to MPPT algorithm (Pppp) from the pro-
posed system is shown in Fig. 13.

As can be seen in Fig. 13, the desired P, power settling time
is fast and the oscillation around the MPP is less. Additionally, the
MPPT efficiency is over 99 %. The change of thinned-out pulses
depending on the variation of solar irradiation is given in Fig. 14.

The simulation images of the control signal of switch, induc-
tance current and capacitor voltage for 500 W/m? solar irradiation
are presented in Fig. 15.

Maximum power was obtained from PV panels at 500 W/m?
solar irradiation when the thinned-out ratio was 4/8. As can be
seen in Fig. 15, 4 control pulses were skipped depending on the

Pref
ref
30u
g i s ranh|

Solar_Radiation

2
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power value that PV panel required, and panels were operated at
MPP.

The simulation images of the control signal of switch, induc-
tance current and capacitor voltage for 750 W/m? solar irradiation
are presented in Fig. 16.

Maximum power was obtained from PV panels at 750 W/m?
solar irradiation when the thinned-out ratio was 6/8. As can be
seen in Fig. 16, 2 control pulses were skipped depending on the
power value that PV panel required, and panels were operated at
MPP. In addition, it is seen that the ZVS conditions were provided
in many periods.

The simulation images of the control signal of switch, induc-
tance current and capacitor voltage for 1000 W/m? solar irradia-
tion are presented in Fig. 17.

Maximum power was obtained from PV panels at 1000 W/m?
solar irradiation when the thinned-out ratio was 8/8. As can be
seen in Fig. 17, no control pulses were skipped depending on the
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b
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Fig. 12. Simulation image of the thinned-out controlled IC MPPT system.
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Fig. 13. The power tracking of thinned-out controlled IC MPPT algorithm.
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Fig. 14. The change of thinned-out pulses depending on the variation of solar irradiation.

power value that the PV panel required, and panels were operated
at MPP. In addition, the ZVS conditions were provided in many
periods.

The simulation results showed that in the test study of a PV
powered single switch inverter conducted at different level of solar
irradiation values, the tracking efficiency of the thinned-out con-

Vg

0.0686719 0.0687109 0.06875 0.0687891

Time (s)

(a) Control signal of switch

I(Lr)

0.0686719 0.0687109 0.0687891

Time (s)

(b) Inductance current

0.0687109 0.06875

Time {s)

(c) Capacitor voltage

Fig. 15. Values obtained at 500 W/m? solar irradiation.

trolled IC MPPT algorithm was found to be over 99 %. The switching
frequency was as 63 kHz and constant in all results. The maximum
power generated by PV panels was sent to the load. Especially in
high solar irradiation levels, the ZVS condition was provided in
many periods, which has reduced the losses and increased the
efficiency.

Vg
1
038
0.6
04
02 |
0 H
0.139258 041.?:“23:7(!) 0.139336
(a) Control signal of switch
i)

0.139258 0.139297 0.139336
Time (s)
(b) Inductance current
w A A A
\ i I [‘: !1 \
30 } | | | / \ [ \ ‘I‘ l
o Lo
) N ‘ A | I l Jl | A
N ' ‘ l | ‘ \ ;‘/ «\ N \ [ |/ \ ¢
™ [l [ A
I YV TV
0| \_1 S I L 1. U
0.139258 D.139219_1 0139336
ime (s)

(c) Capacitor voltage

Fig. 16. Values obtained at 750 W/m? solar irradiation.
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Fig. 17. Values obtained at 1000 W/m? solar irradiation.

5. Conclusion

In this study, thinned-out controlled IC MPPT algorithm, which
is a new control method based on adjusting the varying solar irra-
diation values, was tested and tracking efficiency was found as
over 99 %. It was seen that the settling time of the desired power
value was both fast and there was no excessive oscillation around
the MPP. Then the energy generated through PV panels was sent to
the load. The proposed thinned-out controlled PV powered class E
resonant inverter was realized at 63 kHz fixed switching fre-
quency. Especially in high solar irradiation values, ZVS conditions
were provided in many periods. As a result, higher operating fre-
quency was provided and hard switching conditions, which are
the main drawbacks of the conventional PWM switched MPPTs,
were overcome. With the proposed thinned-out controlled MPPT
algorithm, the power control was provided by adjusting the pulse
skip. This study has a total power of 360 W, and it can be used in
many applications such as induction heating, electronic ballast, etc.
In the following studies, different MPPT algorithms (P&O, fuzzy
logic etc.) can be tested and compared with each other by using
the thinned-out control method on the same circuit topology. In
addition, the proposed method can be applied to different renew-
able energy systems such as wind and hybrid PV/wind, which

Ain Shams Engineering Journal 14 (2023) 101992

require low power. A class E zero current switching inverter circuit
topology can be analyzed, similar circuit topologies can be exam-
ined, and more comprehensive studies can be conducted by using
the different thinned-out pattern structure.
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