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ABSTRACT

This study introduces a model that adjusts the DC voltage output from PV panels through a Cuk Converter while 
a Class-E inverter produces a high-frequency AC voltage. The model addresses the impact of varying irradiation 
levels on the operational conditions of the PV panels. To counteract fluctuations in DC voltage due to temperature, 
irradiation, or load changes, a PI Controller is utilized to keep the DC voltage constant. This stable DC voltage is then 
converted to AC voltage at a frequency of 15 kHz using a Class-E inverter. This modeling study aimed to maintain 
the inverter’s output voltage at a steady 100V (RMS), regardless of fluctuations in irradiation, temperature, and 
the load connected to the inverter. The modeling process involved testing four scenarios, with results analyzed 
for each. In the first scenario, variations in irradiation were managed effectively by the PI controller, which kept 
the output voltage constant. In the second scenario, when the panel temperature was modified, the PI controller 
ensured that the output voltage remained steady. The third scenario maintained a constant output load while 
altering the other two variables, and here, the PI controller successfully stabilized the output voltage as well. In the 
fourth scenario, all variables were changed together, dropping the output load below a critical level. As a result, 
the output voltage could not be kept constant due to inadequate irradiation. The study demonstrates that the 
model functions reliably within specific variable ranges, but instability occurs when multiple variables fall below 
acceptable levels simultaneously.
Index Terms— Class-E inverter, DC-AC voltage conversion, photovoltaic systems, PI controller

I. INTRODUCTION

Recently, the use of renewable energy sources in energy production has increased [1-4]. An 
important source of renewable energy is solar panels [5, 6]. The energy produced by solar pan-
els vary directly depending on several factors, including solar radiation, the temperature of the 
panel, the angle between the panel and the incoming radiation, and weather conditions [7, 
8]. Numerous studies have focused on the highest power output and characteristic curves of 
solar panels [8, 9]. In addition to keeping the produced energy at the highest level, converting 
it into the required form of energy is necessary. This requirement is accomplished through a 
direct current-direct current (DC-DC) converter, which links the load and the module. Direct 
current-direct current converters are particularly suitable for applications that require an aver-
age output voltage, which can be higher or lower than the input voltage. There are two main 
types of DC-DC converters: isolated and non-isolated [1, 10]. Examples of isolated converters are 
push-pull, reversing, forward, bridge, and resonant converters. On the other hand, commonly 
used non-isolated converters consist of buck, boost, buck-boost, Cuk, Luo, and single ended 
primary inductor converter (SEPIC) converters. The Cuk Converter is often preferred for adjust-
ing the voltage level in these converters. The Cuk Converter can increase or decrease the volt-
age generated by the solar panel. It is often preferred due to its simple structure. The DC-DC 
conversion of energy acts as a pre-conversion in areas where DC-AC conversion is needed. 
When alternating current (AC) voltage is desired to be generated, a DC-AC converter must be 
added to the DC-DC converter output. Direct current-alternating current converters can be 

WHAT IS ALREADY KNOWN ON THIS 
TOPIC?

• This study presents a dynamic control 
model integrating a Cuk Converter 
and a Class-E inverter regulated by a PI 
controller, which effectively maintains 
a stable 100V (RMS) AC output under 
varying irradiation, temperature, and load 
conditions in photovoltaic systems.

WHAT THIS STUDY ADDS ON THIS 
TOPIC?

• Photovoltaic (PV) panel output is 
significantly affected by environmental 
variables such as irradiation and 
temperature, requiring power 
conditioning methods to stabilize the 
voltage for reliable system operation.
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listed under main headings such as Full Bridge Inverters, Half Bridge Inverters, and Resonance 
Inverters. Inverters with this structure have many power switches and high switching losses. In 
addition, the increasing number of power switches brings cost increases and design challenges. 
The output voltage frequency is also limited depending on the inverter structure. In the design 
of a high-frequency inverter, several challenges arise. The Class-E inverter topology comes to 
the fore to eliminate all these disadvantages. In this topology, using a single power switch sig-
nificantly reduces switching losses. In this topology, which has a theoretical efficiency of 100%, 
high-frequency sinusoidal voltage can be generated [11, 12]. The major disadvantage of this 
topology is that high-power applications cannot be realized. It is ideal for a low-power, high-
frequency inverter design.

This study is a model in which the DC voltage level obtained from photovoltaic (PV) panels can 
be adjusted with a Cuk Converter, and a high-frequency AC voltage can be obtained using a 
Class-E inverter. In the model, the variable irradiation that affects the operating conditions of the 
PV panels and the changing DC voltage level in temperature situations is kept constant with a 
Proportional-Integral (PI) Controller. The resulting constant DC voltage is converted into AC volt-
age with a frequency of 15 kHz using a Class-E inverter. The block diagram of the model is given 
in Fig. 1.

II. MATERIALS AND METHODS

The system is made up of three primary components and a controller. First, a PV array, which 
changes based on irradiation and temperature, acts as the voltage source. The DC voltage the PV 
array generates is fed into a Cuk converter, which a PI controller governs. This controller main-
tains a consistent output voltage from the Cuk converter at the specified level. The resulting sta-
ble DC voltage is then supplied to a Class-E inverter, where it is transformed into high-frequency 
AC. Comprehensive details about each component will be provided in the subsequent sections.

A. PV Array
The equivalent circuit topology of a PV panel is given in Fig. 2. The behavior of the PV panel varies 
according to irradiation (G) and temperature (T). Depending on these variables, electrical quanti-
ties can be calculated.

The model has derived the normalized working temperature (T0) using (1).

T0 273 25� �  (1)

Fig. 1. Block diagram of the model.

• Cuk Converters are widely used in PV 
systems due to their ability to both step up 
and step down voltage efficiently, offering 
advantages over buck, boost, and buck-
boost converters in terms of continuous 
current and reduced ripple.

• Class-E inverters are recognized for their 
high efficiency and low switching losses 
in low-power applications, especially 
when operated at high frequencies with 
constant load conditions, although they 
exhibit sensitivity to load variations 
without proper regulation.
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Equation (2) was employed to calculate the panel’s working temper-
ature (TK). This approach collected the panel’s operating characteris-
tics across different temperature levels.

T TK C� �273  (2)

The effect of radiation on panel current (ILT0) has been calculated 
using (3) and then divided by 1000 to determine the sun’s number. 
According to the literature, the association between radiation and 
sun number is 1 Sun = 1000 W/m².

I I
Irr

L ScT T0 0 1000
=  (3)

The connection between photocurrent (IL) and temperature is 
defined using (4). In this context, “K0” refers to the current-tempera-
ture coefficient of the panel.

I I K T TL L KT� � �� �0 0 0  (4)

The diode’s saturation current (I0) can be determined using (5). In this 
equation, “q” refers to the charge of an electron (C), “Vg” indicates the 
panel’s raw material voltage (V), “n” represents the quality factor of 
the diode, and “k” stands for the Boltzmann constant (J/K).
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The module’s open-circuit voltage is XV, with Isc and Voc representing 
each cell’s short-circuit current and open-circuit voltage.

XV I
q

nkT
eT

ocqV T

nkT�
� �

0
0

0

0

0  (6)

The panel’s serial resistance effect (Rs) is determined by (7).

R
dV

dI X
s

V Voc

� � �
1

 (7)

The instantaneous current of the panel is calculated using the pre-
viously mentioned variables. A parallel diode is incorporated to 
ensure the curves match as closely as possible. The output current 

(Ia) is derived using (8). In this equation, “Va” stands for the panel’s 
open-circuit voltage, and “Vt” refers to the thermal voltage (V) of the 
panel.
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The provided equations were solved using the Newton–Raphson 
method.

B. Cuk Converter
The Cuk converter is a configuration that combines a boost converter 
and a buck converter in a sequential arrangement. It has numerous 
advantages over other types of converters, including buck, boost, 
and buck-boost converters [13]. Although the buck-boost con-
verter is usually more affordable, it suffers from issues such as dis-
continuous input current and pulsating output current, resulting in 
a poorer transient response. The Cuk converter, on the other hand, 
has attributes that differ from those of the buck-boost converter and 
includes capacitive isolation, which helps to prevent switch failures. 
Figure 3 shows the circuit topology of the Cuk converter.

It does not provide the necessary steep step-up or step-down volt-
age for many applications. To achieve a high voltage conversion 
ratio, the converter must operate at a higher duty cycle, requiring 
the control circuit to have a quicker comparator. However, operating 
at elevated switching frequencies can increase the risk of control cir-
cuit failure, primarily due to the brief conduction time of the diode.

The parameters of the Cuk Converter must be calculated within cer-
tain limits. In (9), the conversion ratio D is calculated depending on 
the output voltage (VDC) and input voltage (VPV).

D
V

V V
DC

DC PV
�

�
 (9)

Converter coils (L1, L2) in (10, 11) are dependent on the conversion 
ratio D and the switching frequency f.
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Fig. 2. Equivalent circuit topology of a PV panel.
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Converter capacitors (C1, C2) are calculated in (12, 13).
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C. Class-E Inverter
The Class-E inverter is highly efficient in converting power, demon-
strating low sensitivity to changes in components, and is character-
ized by a straightforward circuit design [14]. In these inverters, the 
switch operates in an on-off mode, which helps prevent high cur-
rent and voltage from impacting the switch along the load line. This 
operation facilitates the shaping of the output current and voltage 
waveforms [15]. This approach significantly reduces power loss, 
especially during the switching process. Class-E inverters feature a 
single-switch structure that results in low switching losses when 
operating under a constant load, offering a considerable advan-
tage [16]. A key drawback of Class-E inverters is that they cannot 
sustain a steady load voltage when the load varies, making load 
regulation essential. To overcome this challenge, it is vital to create 
a mathematical model of the inverter and establish the key param-
eters and constraints required for effective regulation. The circuit 
design of the Class-E inverter is depicted in the diagram provided 
in Fig. 4.

In this circuit, VDC indicates the source voltage, Le signifies the invert-
er’s input coil, S refers to the power switch metal oxide semicon-
ductor field effect transistor (MOSFET), Ce represents the parallel 
capacitor, RL is the load at the inverter’s output, and Cres and Lres are 
parts of the resonance tank. The parallel capacitance comprises the 
parallel capacitor Ce and the parasitic capacitance at the MOSFET’s 
output [17]. The resonant tank coil Lres is combined with the trans-
mitter coil, removing the necessity for extra coils. The inverter’s 
components and parameters are determined based on the chosen 
switching frequency and a duty cycle ratio of 50% [18]. The input 
voltage of the inverter is calculated using (14).

V
R P

DC
L o

�
�� ��2 4

8
 (14)

The input resistance of the inverter can be determined with the (15) 
shown below:

R Ri L�
�� ��2 4

8
 (15)

The total current supplied by the source is illustrated in (16) and is a 
function of the input voltage and load resistance.

I
V
R
DC

L
1 2

8
4

�
��

 (16)

Additionally, the amount of current supplied by the source sets the 
upper limit for the current that can pass through the power switch. 
This is an essential consideration in the process of choosing power 
switches [15]. The maximum current for the power switch can be cal-
culated using the formula in (17).

Fig. 4. Topology of class E inverter circuits.

Fig. 3. Cuk converter circuit topology.
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The optimal operating case for the inverter is shown in Fig. 5, espe-
cially in case 1, where the switch voltage and its derivative must be 
zero during the transition to transmission mode. Component values 
are determined based on load resistance, and optimal performance 
occurs only at a specific value. If the load resistance is too high, the 
current through the resonant circuit will be inadequate. In case 2, 
the voltage across the Ce capacitor decreases, with a positive switch 
voltage at switching. In case 3, if the load resistance is too low, the 
current will exceed optimal levels, causing the Ce capacitor voltage to 
increase and the switch voltage to become negative.

In cases where load match is not achieved, the values of the circuit 
components must be adjusted. In the circuit, increasing the value 
of the capacitor Ce moves the groove formed at the switch voltage 
up and to the right. Increasing the value of the Cres capacitor moves 
the groove down and to the right. Increasing the Lres value moves 
the groove down and to the right. Increasing the load resistance 
moves the groove upwards and decreases it downwards. The situa-
tion in which inverter load compatibility is achieved and the effect of  
circuit components on VDS voltage are given in Fig. 6.

D. PI Controller
A fundamental element of closed-loop control systems is the PI con-
troller, which is essential for numerous applications in power elec-
tronics. The mathematical formulation of PI control, a linear control 
method, is described in (18). Kp refers to the proportional gain in 
this framework, and Ki represents the integral gain. F(t) refers to the 
control signal, and e indicates the error.

F t K e t K e t d tp i� � � � � � � � � � �  (18)

The PI controller compares the input signal to the output feedback, 
generating an error that reflects the difference between the two sig-
nals, as shown in Fig. 7. In response, the controller aims to minimize 
this error and sends the adjusted output accordingly. Continuous 
feedback from the output to the input helps identify the errors. This 
cycle continues until the error is reduced. The controller’s impact on 
the output serves to decrease the error. This method is highly favored 
because of its straightforward mathematical model and the minimal 
number of parameters that need adjustment [19]. In the study, the PI 
Controller parameters were optimized using MATLAB PID AutoTuner 
and set to Kp = 0.15, Ki = 10.33. 

III. RESULTS AND DISCUSSION

In the modeling study, it was desired to keep the inverter out-
put voltage constant at 100V (RMS) according to the change of 
Irradiation and Temperature, which are the variables of PV panels, 
and according to the change of the inverter output load. In the 
first study, the PV panel temperature and output load were kept 
constant, and the Irradiation value was changed in the range of 
100–800W/m2 with 1s periods. Except for the initial situation, it was 
observed that the Inverter output voltage for 11 different Irradiation 
values was kept constant by the PI Controller at the target volt-
age value of 100V (RMS). The results of the first modeling study are  
presented in Fig. 8.

Fig. 5. Class-E inverter zero voltage switching operating states: a) case 1, b) case 2, and c) case 3.

Fig. 6. Effect of circuit components on load matching. Fig. 7. Block diagram of PI controller.
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In this case, where the output voltage can be kept constant, the 
voltage falling on the inverter power switch is given in VDS, and the 
switch current IDS is shown in Fig. 9(a) and (b). In this case, where the 
output load directly affects the switch voltage and current, it has 
been observed that the switch voltage and current remain constant. 

Under these conditions, the power switch operates in zero voltage 
switching (ZVS) and a safe zone.

In the second modeling study, PV irradiation and output load were 
kept constant, and the panel temperature value was changed at 

Fig. 9. a. Switch voltage and current for constant temperature at initial conditions. b. Switch voltage and current for constant temperature at end 
conditions.

Fig. 8. Modeling results under constant temperature, constant load, and variable irradiation conditions.
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1-second intervals in the range of 25°–75°C. Except for the initial 
situation, it was observed that the Inverter output voltage for seven 
different temperature values was kept constant by the PI Controller 
at the target voltage value of 100V (RMS). The results of the second 
modeling study are presented in Fig. 10.

In this situation, where the output voltage can be maintained at 
a constant level, the voltage across the inverter power switch is 
expressed as VDS. In contrast, the switch current IDS is represented 
in Fig. 11(a) and (b). In this scenario, since the output load directly 
influences the switch’s voltage and current, it has been noted that 

Fig. 10. Modeling results under constant irradiation, constant load, and variable temperature conditions.

Fig. 11. a. Switch voltage and current for constant irradiation at initial conditions. b. Switch voltage and current for constant irradiation at end 
conditions.
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both the switch voltage and current stay constant. Under these cir-
cumstances, the power switch functions with ZVS and is in a safe 
operating zone.

In the third modeling study, only the output load was kept constant, 
the Panel Temperature value was changed in the range of 25°–75°C, 
and the Irradiation value was changed in the range of 100–800W/m2 
with 1-second periods. Except for the initial situation, it was observed 
that the Inverter output voltage for 11 different Irradiation and 
Temperature values was kept constant by the PI Controller at the tar-
get voltage value of 100V (RMS). The results of the third modeling 
study are presented in Fig. 12.

In the last modeling study, the output load was changed in the 
range of 5–50Ω, the Panel Temperature value in the range of 25°–
75°C, and the Irradiation value in the range of 100–800W/m2 with 
1-second periods. Except for the initial state, it was observed that 
the Inverter output voltage for 11 different Load, Irradiation, and 
Temperature values was kept constant by the PI Controller at the 
target voltage value of 100V (RMS), except for 3 cases shown as a, i, 
and j in Fig. 13. For these 3 cases, the Panel approached the short-
circuit voltage at the low load value, and the PI Controller could not 
raise the voltage.

In this case, which is different from other scenarios, the variable in 
the inverter load directly changes the inverter voltage and current. 
The change of the inverter load changes the voltage falling on the 
switch and can eliminate the ZVS conditions of the inverter. For this 
scenario, the key voltage and current graphs obtained in 11 different 
variable states are given in Fig. 14(a) and (b).

The graphs in Fig. 14(a)-(h) show that the switch voltage increased 
as the load resistance decreased. The increase in the switch voltage 
increases the switching losses and can cause the switch to move out 
of the safe operating zone. In (i) and (k), the switch continues to oper-
ate in the safe zone as in the previous scenarios. In case (j), the switch 
voltage has increased excessively, and the key safety has reached 
the point where the switch’s security has become dangerous. In this 
case, it should be noted that switching losses also increase.

IV. CONCLUSION

In the modeling study, it was desired to fix the inverter output 
voltage to 100V (RMS) according to the change of Irradiation and 
Temperature, which are the variables of PV panels, and according to 
the change of the inverter output load. Modeling was carried out for 
four situations, and the results were evaluated. For the first case, with 

Fig. 13. Modeling results under variable load, variable irradiation, and variable temperature conditions.

Fig. 12. Modeling results under constant load, variable irradiation, and variable temperature conditions.
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the variable irradiation value, the PI controller ensured that the out-
put voltage was kept constant. In the second case, the panel temper-
ature was changed, and again, it was observed that the PI controller 
kept the output voltage constant. In the third case, only the output 
load was kept constant while the other two variables were changed. 
In this case, the PI controller successfully kept the output voltage 
constant. In the last case, all variables were changed, and modeling 
results were obtained. This situation caused the output load value to 
fall below a certain level, and the output voltage could not be kept 
constant due to the same low irradiation value. It has been observed 
that the modeling study works stably within certain variable ranges, 
and if more than one variable is insufficient simultaneously, it causes 
instability.
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