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Abstract: This article presents a single-phase cascaded AC–AC converter with boosting capability
for power-quality issues. A high voltage gain can be obtained based on the number of cascaded
units. The basic construction of one unit in the cascaded connection requires only two four-quadrant
switches with a low-voltage rating. The performance features for the topology are a unity power factor
that is close to unity on the input side, high steady-state performance, and fast dynamic response.
The operation modes and mathematical model for the topology are presented. An appropriate
PI-based control method/strategy is created, so the converter may continue to run while attaining the
desired voltage gain, even if one of the cascaded units fails. The control circuit’s ability to maintain
the continuity of matching the input current waveform with the input voltage waveform allows a
decrease in the THD with different operating conditions. Moreover, the ability to solve a dead time
problem carried out by the control circuit leads to a reduction in voltage stress. The effectiveness
and robustness of the proposed technique were demonstrated via a computer simulation using
MATLAB/Simulink. Moreover, an experimental setup for the system was built in the laboratory
to validate the practicability of the system, which was tested under different conditions. The good
agreement obtained between the theoretical and experimental results endorses the validity of the
designed circuit.

Keywords: AC–AC converter; four-quadrant switches; high voltage gain

1. Introduction

Current industrial growth has resulted in considerable power-quality challenges, par-
ticularly with regard to voltage profile and harmonic distortion [1]. Among the aforemen-
tioned issues, utility voltage sag/swell is one of the most common problems, particularly
from the perspective of the ultimate customer, with regard to sensitive loads linked to the
grid [2]. In AC power systems, AC voltage controllers are used to solve many voltage
problems [3], by injecting AC voltage through a series-connected transformer. This stresses
the extreme need for applications that cure the issues associated with the power-quality
problem. As a result, end-users must employ power-conditioning devices and controllers
to deal with such issues, for the safe and proper operation of their equipment. AC-to-AC
power conversion, utilizing dependable and efficient converters capable of meeting strin-
gent power-quality requirements, remains a challenge in many industrial applications such
as variable-speed motors, electric heaters, AC voltage regulators, etc. [4,5].

AC–AC converters are divided into three main categories. The first type is AC–DC–
AC indirect converters, which are applicable for the variable adjustment of the amplitude,
phase, and frequency of the output AC voltage with a constant DC-link. The power conver-
sion consists of two stages (AC to DC and DC to AC) and requires a large, short-lasting
electrolytic capacitor on the DC connection [6–9]. The second type is matrix converters,
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which are used in applications where both the voltage magnitude and frequency must be
changeable [10–13]. A traditional matrix converter allows for varying the output frequency
and voltage at the expense of a more complex modulation technique and a higher number
of switches. The third type is direct AC-to-AC converters, which can provide single-stage
AC power conversion, eliminating the DC-link capacitor [14–17]. They provide several
benefits, such as easy circuits’ implementation, a simpler control algorithm, a compact size,
and a reduced total cost [18–20].

Cascaded AC–AC converters are commonly used [21–24] and are considered a suitable
option for medium- and high-voltage systems. Cascaded converters have been recognized
as an attractive topology in high-voltage direct current (HVDC) transmission, solid-state
transformers (SSTs), a microgrid, and wind farm (WF) systems, due to their many merits.
They have many features that attract researchers to work in this field, as follows: Firstly,
they can be used to obtain high-gain output voltages using low-voltage rating switching
devices at low switching frequencies. Secondly, they produce AC output voltages with
higher power-quality waveforms.

A cascaded converter based on the conventional AC/AC converter has a commutation
problem for each unit. This has not been well-supported with phase-shift PWM control [25].

The main disadvantage of cascaded topologies [22–24] is their use of a buck converter,
which leads to an increase in the number of units required to obtain a high voltage; thus,
the cost and size are high. The cascaded three-level AC/AC direct converter in [22] used
six bidirectional power switches. The load was not connected to the supply in any mode;
therefore, it is suitable for low-power applications. Moreover, the power factor (PF) for
inductive loads is not improved. In [23], a single-phase cascaded multilevel AC–AC
converter that operates with pulse-width modulation (PWM) was proposed. This converter
works without commutation problems but uses extra-coupled inductors for each unit,
to obtain a high gain. A coupled inductor limits the circulating currents only and does not
serve as a filter inductor. Extra-coupled inductors lead to a high cost and large weight.

A cascaded dual-buck AC–AC converter with a reduced number of inductors is
presented in [24]. It reduces the number of coupled inductors in each unit and uses a phase-
shift control to solve the commutation problems. The operation modes for a cascaded
connection rise with the unit’s increasing number, leading to a complicated phase-shift
control circuit.

In [25], a cascaded dual-buck AC–AC topology is proposed with fewer inductors to
obtain high output voltages and decrease the converter cost and volume. This type operates
with low voltage-rating devices, MOSFETs, and disables their body diodes that may be
damaged. In addition, the control system is very complicated due to the complexity of its
operation states.

In this article, a single-phase cascaded boost AC/AC converter is introduced, in which
each unit has its own AC power supply and can be connected to (n) units to obtain high
output voltages. This system has many advantages, such as using standard low-voltage
rating semiconductor modules and a simple structure for each unit. Furthermore, each unit
has boosting capability; consequently, it obtains a high voltage with fewer units compared
to previous topologies. Compared to the phase-shift control technique, a simple control
technique is used to solve the commutation problems. In addition, the THD of the input
current and the output voltage are reduced, and the power factor is close to unity.

A theoretical study was carried out by building a mathematical model of the proposed
technique and investigating its operation modes. Furthermore, a MATLAB/Simulink
model was built using four units and three units. Finally, the actual performance was tested
by a laboratory setup via DSP1104 using two units and three units.

This paper is organized as follows: A description of the proposed system is discussed
in Section 2 as well as the control circuit for a cascaded AC boost converter. The operation
modes, mathematical analysis, and average state-space representation with a Bode plot
drawing are discussed in Section 3. Section 4 illustrates the simulated results for the pro-
posed system under the steady-state and transient conditions. A prototype of a high-gain
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cascade AC–AC converter was built using two units, and the experimental results are
presented in Section 5. Section 6 presents the comparison between the simulated and
experimental results using three units. Finally, the conclusions are highlighted in Section 7.

The contributions of this paper are as follows:

1. A high-voltage-gain cascaded AC-to-AC boost converter is presented, which utilized
low-voltage rating semiconductor devices and multiple cascaded boost units.

2. The output voltage waveform was found to be a sine wave with low harmonics, and
the robustness of the control system was confirmed through a case study in which a
fault occurred at one unit.

3. The control circuit’s ability to maintain the continuity of the output voltage after a
fault occurs was confirmed.

4. The proposed circuit was verified through both the simulated and experimental
results, which demonstrated an excellent dynamic response with a continuous input
current and a power factor close to unity.

2. Power and Control Circuit

Figure 1 shows the proposed cascaded AC–AC boost voltage regulator. In this circuit,
a boost AC–AC converter with two bidirectional switches S1n, S2n is used. An input boost
inductor Ls1 lies between the AC source and the switch S1n. To achieve an output voltage
greater than the input voltage, several units of this converter can be used in a series. A multi-
winding low frequency 50 Hz transformer is used to create the isolated input voltages
(vs1, vs2, vs3, and vsn) [24]. In the proposed system, it is possible to obtain a high voltage
gain with fewer units because the basic unit has a step-up gain. The isolation between one
stage and the other stages, in the case of the failure of the semiconductors, occurs through
the two solid-state relays (SSR). The first switch is placed between the source and the boost
coil and is activated when the circuit is operating normally, while the second switch is
placed at the ends of the capacitor and is activated when the unit has a malfunction.
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Figure 1. Proposed cascaded boost AC–AC converter for n units. 
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Figure 2. Block diagram of the proposed control strategy . 
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Various control approaches for AC–AC power converters are documented in the
literature [18,26]. PI-based techniques are considered the most applied methods for AC
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power-conversion systems. In this work, a PI-based hysteresis control method is designed.
Figure 2 shows the block diagram of the developed control method. A PI controller is used
for the outer loop, which is the voltage-control loop. After generating the reference current
command from the PI controller, a hysteresis controller is used to generate the pulses for the
switches. The load voltage requirements are used to determine the voltage reference signal
Vo
∗. A proportional integral (PI) controller receives the error signal. The command currents

Is* are then calculated by multiplying the controller output by the supply voltages/unit
value. The supply current is is compared with the demand currents. The error signal from
the comparator is processed by a hysteresis controller. As shown in Figure 2, the hysteresis
controller output is employed as the input for the SR flip-flop to contribute to solving
the commutation problem. As a result, the SR flip-flop output (Q) is used to generate the
signal pulse for S1n, and NOT (Q) is used to generate the signal pulse for S2n. The supply
current is controlled to follow the current command, which follows the supply voltage
in its waveform and follows the reference voltage in its magnitude. This control strategy
ensures that the input power factor is nearly kept close to a unity value, and the output
voltage becomes equal to the reference voltage.
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3. Mathematical Analysis and Operation Modes

In this section, the mathematical analysis for the converter is presented. There are two
modes of operation for the cascaded boost AC–AC converter.

3.1. Mode 1

In this mode, the bidirectional switch S1n is turned off, while the bidirectional switch
S2n is turned on. The power delivered to the load and capacitor is equal to the energy stored
in the inductors and the supplies’ voltage, until the current supply reduces to the lower
band of the hysteresis controller. Figure 3 depicts mode 1 during the positive half cycle for
the proposed system, in which switch S2n is turned on. The complementary switch of S2n is
turned on during the negative half cycle, as shown in Figure 4. The simplified equivalent
circuit for mode 1 is shown in Figure 5.

The input voltage equations for mode 1 in Figure 5 can be represented as

vsn = Vsn sin(ωt), (1)

vs = vs1 = vs2 = vs3 = . . . vsn, (2)

where vs is the instantaneous supply voltage, Vsn is the maximum supply voltage for unit
n, vn is the instantaneous supply voltage for unit n, Lsn is the boost inductor for unit n,
and n is the number of the units (1, 2, and 3 . . . , n). Referring to the equivalent circuits of
Figure 5 for mode 1, by applying Kirchhoff’s voltage law to achieve Equations (3) and (4),
the equations representing mode 1 can be written as

nvs = nisrs + n
dis
dt

Ls + vo (3)
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vo = nvcn = iLR + L
diL
dt

=
n
C

∫
ic dt + nvcno, (4)[ .

is.
vc

]
=

[
0 − 1

Ls
n
c − n

cR

] [
is
vc

]
+

[ 1
Ls
0

]
[vs]. (5)

where vo is the instantaneous output voltage, vcn is the voltage for a capacitor C, vcno is the
initial voltage for a capacitor C, iL is the instantaneous value of the load current, and ic is
the instantaneous capacitor current.
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3.2. Mode 2

The bidirectional switch S1n is turned on, while the bidirectional switch S2n is turned
off in mode 2. The load is supplied from the sum of the energy stored in each capacitor.
Moreover, the supply current (is) stores energy in the inductor and increases up to the
upper band limit of the hysteresis reference. During the positive half cycle, the switch S1n is
turned on, as shown in Figure 6. The complementary switch of S1n is turned on during the
negative half cycle, as illustrated in Figure 7. The simplified equivalent circuit for mode 2 is
shown in Figure 8. By applying Kirchhoff’s voltage law to the equivalent circuit in Figure 8,
we obtain the following equations:

nvs = nisrs + n
dis
dt

Ls (6)

vo = R + L
diL
dt

=
n
C

∫
ic dt + nvco, (7)

ic = −iL. (8)[ .
is.
vc

]
=

[
0 0
0 − n

cR

] [
is
vc

]
+

[ 1
Ls
0

]
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3.3. Average State-Space Representation

The state-space representation of the cascaded AC–AC converter at operating continu-
ous conduction modes (CCM) [27–30] can be defined in the following standard form of the
state-space model.

.
X = A∗ X + B∗ U (10)

In mode 1, the ratio is (1-D) of the duty cycle. The standard state-space format, from
Equation (5), can be written as follows:

.
X = Ao f f ∗ X + Bo f f ∗U (11)

As for mode 2, the ratio is D of the duty of cycle, and Equation (9) can be written
as follows: .

X = Aon ∗ X + Bon ∗ U (12)

Assuming the duration period of mode 2 is D, the mode 1 duration period is 1-D
to represent one cycle. Therefore, from Equations (11) and (12), by using the average
technique, the overall state-space model of the converter can be written as

.
X =

[
D ∗ Aon + (1− D) ∗ Ao f f

]
X +

[
D ∗ Bon + (1− D) Bo f f

]
U (13)

Equation (13) represents the average large-signal model of the state variable. Consider
the case when a small signal fluctuation (d) happens at the initial duty ratio (D0), resulting
in a tiny variation (x) of the initial state variables (X0). This may be written as follows:
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.
X0 +

.
x =

[
(D0 + d) ∗ Aon + (1− D0 − d) ∗ Ao f f

]
∗ (X0 + x)

+
[
(D0 + d) ∗ Bon + (1− D0 − d) ∗ Bo f f

]
∗ U

(14)

Equation (14) yields the following small-signal model, which represents the dynamic
characteristics of the converter when subjected to a small deviation in the duty ratio:

.
X = A ∗ x + F ∗ d (15)

where
A = D0 Aon + ( 1− D0)Ao f f (16)

and
F =

[
Aon − Ao f f

]
∗ X0 +

[
Bon − Bo f f

]
∗U (17)

Equation (15) can be solved using the Laplace transform to obtain the converter
transfer function: x

d
= [sI − A]−1F (18)

x
d
=

[ .
îs.
v̂c

]
d

=
adj[sI − A]F
det[SI − A]

, (19)

The TF of the converter is calculated using the MATLAB symbolic functions reduction,
as follows:

vc

d
=

A1S + A2

B1S2 + B2S + B3
=
−4.0741e06 (s− 1800)
sˆ2 + 3333s + 1.2e07

(20)

Figure 9 shows the frequency response of the converter as a Bode plot fusing the
dynamic model. The result reveals a nearly constant gain at low frequencies prior to the
resonance frequency, followed by a gain of around 50 dB per decade at high frequencies.
The positive phase shift in the phase frequency may be seen in this result. This is due to the
existence of a zero in the S-plane on the right-hand side (RHS) of the system characteristic
equation. As a result of these findings, the converter transfer function (TF) is referred to as
a non-minimum phase system.
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4. Simulated Results

The proposed cascaded boost AC–AC converter with four units and also with three
units is tested using MATLAB software. The simulated results that were obtained for the
proposed system with the circuit parameters are listed in Table 1.



Sustainability 2023, 15, 3353 9 of 25

Table 1. Simulated parameters of the system.

Parameter Symbol Value

Supply phase voltage Vs1 = Vs2 = Vsn 220 V
System frequency F 50 Hz
Coil inductance Ls1 = Ls2 = . . . Lsn = 15 mH

Capacitor C f 15 µF
Load resistance R 200 Ω

Load inductance L 200 mH

4.1. Steady-State Results Using Four Units

The reference output voltage is set at 1600 V. Figure 10 shows the supply phase voltage
(vs1) and current (is1). It is clear that the input current is sinusoidal and in phase with
the supply voltage, so the supply has a power factor close to unity. From Figure 11, it is
obvious that the total harmonic distortion (THD) of the supply current is equal to 1.4%,
which meets the IEEE standards, and a small graph illustrates the harmonics values with
the order of the harmonics of the input current. Figure 12 shows the output voltage of the
converter, which is nearly sinusoidal with a THD of 1.12, as shown in Figure 13. The small
graph in Figure 12 zooms in on two cycles of the output voltage at 1 s, while Figure 13
focuses on the harmonics values with the harmonics order of the output voltage. Figure 14
shows the output current, which is sinusoidal. The inductor current with a signal pulse
of S1n is demonstrated in Figure 15, and the switching frequency of supply current varies
between nearly 1 and 12 KHz. The voltage and current across the switch (S1n) are displayed
in Figure 16.
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tracks the reference value (1400 V), which indicate the reliability of the system, as shown 
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4.2. Transient Results Using Four Units

A transient study is carried out using three states to identify the control system’s
reliability and responsiveness. The first case is when the load has been increased by 30% for
1 sec and is then returned to the rated value for 2 s. The load voltage (Vo) rapidly tracks the
reference value (1400 V), which indicate the reliability of the system, as shown in Figure 17.
Figure 18 shows the response of the load voltage during the load change. Figure 19 shows
the output voltage of the converter when the load changes by 50%. The output current of
the converter is shown in Figure 20, with a 50% variation in load.
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The second case is when the reference voltage changes through a step change from 
1200 V to 1600 V and then back to 1200 V, which occurred for 1 s. It is clear from Figure 21 
that the output voltage rapidly tracks the reference one, and the instantaneous output 
voltages during this change and for one unit are shown in Figures 22 and 23, respectively. 
Thus, the output voltages are nearly sinusoidal and meet the power-quality requirements 
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The second case is when the reference voltage changes through a step change from 
1200 V to 1600 V and then back to 1200 V, which occurred for 1 s. It is clear from Figure 21 
that the output voltage rapidly tracks the reference one, and the instantaneous output 
voltages during this change and for one unit are shown in Figures 22 and 23, respectively. 
Thus, the output voltages are nearly sinusoidal and meet the power-quality requirements 
for the loads. 

Figure 20. Output current when load changes by 50%.

The second case is when the reference voltage changes through a step change from
1200 V to 1600 V and then back to 1200 V, which occurred for 1 s. It is clear from Figure 21
that the output voltage rapidly tracks the reference one, and the instantaneous output
voltages during this change and for one unit are shown in Figures 22 and 23, respectively.
Thus, the output voltages are nearly sinusoidal and meet the power-quality requirements
for the loads.
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The third case is when a study is completed to show the operation of the converter 
when one unit fails. From 1 s to 2 s, one of the units stops working. The faulty unit is 
isolated when the control circuit detects that the current input is more than (IS* + 2H) of 
less than (IS* − 2H). If one or both of the two conditions are satisfied, the control circuit 
turns off the relay (SSR) located between the source and the boost coil, while the relay 
across the capacitor is turned on. Figure 24 shows the RMS value of the output voltage, 
while the instantaneous value of the output voltage is shown in Figure 25. It is evident 
that the control system can keep the output voltage at the desired level, whether all units 
are operational or one of them is malfunctioning. The one-unit output voltage is shown in 
Figures 26 and 27. In Figure 26, the output voltage for the unit that fails to work is illus-
trated; the output voltage for this unit drops to zero from 1 s up to 2 s. Figure 27 shows 
the output voltage for each of the other three units individually. It is clear that when a 
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The third case is when a study is completed to show the operation of the converter
when one unit fails. From 1 s to 2 s, one of the units stops working. The faulty unit is
isolated when the control circuit detects that the current input is more than (IS* + 2H) of
less than (IS* − 2H). If one or both of the two conditions are satisfied, the control circuit
turns off the relay (SSR) located between the source and the boost coil, while the relay
across the capacitor is turned on. Figure 24 shows the RMS value of the output voltage,
while the instantaneous value of the output voltage is shown in Figure 25. It is evident
that the control system can keep the output voltage at the desired level, whether all units
are operational or one of them is malfunctioning. The one-unit output voltage is shown
in Figures 26 and 27. In Figure 26, the output voltage for the unit that fails to work is
illustrated; the output voltage for this unit drops to zero from 1 s up to 2 s. Figure 27
shows the output voltage for each of the other three units individually. It is clear that
when a problem occurs, each unit increases its output voltage to achieve a constant overall
output voltage.
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The proposed converter is then compared to previous topologies, as shown in Table 
2. The proposed converter has fewer components and a higher load voltage and output 
voltage gain at D = 0.5. 

Table 2. Comparison of the proposed converter with previous topologies. 

Topology No. of 
Units Inductors Coupled Induc-

tors 
Capac-

itors Switches Di-
odes 

Total 
Compo-

nents 

Voltage Gain 
(Vo/Vin) 

Output 
Voltage 

Gain 

Function 
Unit 

24 2 2 2 4 8 8 24 2D 1 * Vin buck 

25 3 - - 2 12 12 26 
(D + D’)/(2(1 − 

D)) 
1 * Vin buck 

26 4 1 8 8 16 16 49 4D 2 * Vin buck 
27 4 1 8 9 16 16 50 n * D 2 * Vin buck 

Proposed 4 4 - 4 16 - 32 n/(1-D) 8 * Vin boost 
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A laboratory prototype was built in order to experimentally study the performance 

of the converter. The experimental setup is depicted in Figure 28 as a block diagram. 
Figure 29 shows the actual picture of the experimental system. A single-phase mul-
ti-winding transformer was used to supply the voltage utilized to create the isolated in-
put voltages. The prototype cascaded boost AC–AC converter was implemented using 
two bidirectional powers switches (IGBTs-CM100DY-24H). A solid-state relay (SSR–60 
VA) was used to isolate the faulty unit. The output voltage was built up according to the 
required voltage (the reference value). The main components of the system are shown in 
Figure 29. The system parameters for the experimental investigation are listed in Table 3. 
A DSPACE (DS1104) controlled board was used as a real-time controller. Between the 
DSPACE board and the IGBT, a pulse amplifier circuit was utilized to create pulses of 
about 15 V for effective IGBT switching. The separate single-phase supply voltages, 
supply currents, and load voltage were measured using voltage and current sensors, and 
their signals were sent to the DSPACE control board via the A/D converter ports. All the 
schemes in the cascaded boost AC–AC converter were realized using a DSPACE board 
DS-1104, which is based on a 32-bit floating-point DSP TMS32OC3I. The board was 
combined with a fixed-point 16-bit TMS320P14 DSPACE as a slave processor, as illus-
trated in Figure 28. This DSPACE board system experiments with the proposed control 
algorithms. The DSPACE makes it easier to collect and numerically output experimental 
waveforms per sample. 
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The proposed converter is then compared to previous topologies, as shown in Table 2.
The proposed converter has fewer components and a higher load voltage and output
voltage gain at D = 0.5.

Table 2. Comparison of the proposed converter with previous topologies.

Topology No. of
Units Inductors Coupled

Inductors Capacitors Switches Diodes Total
Components

Voltage Gain
(Vo/Vin)

Output
Voltage

Gain

Function
Unit

24 2 2 2 4 8 8 24 2D 1 * Vin buck

25 3 - - 2 12 12 26 (D + D’)/
(2(1 − D)) 1 * Vin buck

26 4 1 8 8 16 16 49 4D 2 * Vin buck
27 4 1 8 9 16 16 50 n * D 2 * Vin buck

Proposed 4 4 - 4 16 - 32 n/(1-D) 8 * Vin boost

5. Experimental Results

A laboratory prototype was built in order to experimentally study the performance
of the converter. The experimental setup is depicted in Figure 28 as a block diagram.
Figure 29 shows the actual picture of the experimental system. A single-phase multi-
winding transformer was used to supply the voltage utilized to create the isolated input
voltages. The prototype cascaded boost AC–AC converter was implemented using two
bidirectional powers switches (IGBTs-CM100DY-24H). A solid-state relay (SSR–60 VA) was
used to isolate the faulty unit. The output voltage was built up according to the required
voltage (the reference value). The main components of the system are shown in Figure 29.
The system parameters for the experimental investigation are listed in Table 3. A DSPACE
(DS1104) controlled board was used as a real-time controller. Between the DSPACE board
and the IGBT, a pulse amplifier circuit was utilized to create pulses of about 15 V for
effective IGBT switching. The separate single-phase supply voltages, supply currents, and
load voltage were measured using voltage and current sensors, and their signals were sent
to the DSPACE control board via the A/D converter ports. All the schemes in the cascaded
boost AC–AC converter were realized using a DSPACE board DS-1104, which is based on a
32-bit floating-point DSP TMS32OC3I. The board was combined with a fixed-point 16-bit
TMS320P14 DSPACE as a slave processor, as illustrated in Figure 28. This DSPACE board
system experiments with the proposed control algorithms. The DSPACE makes it easier to
collect and numerically output experimental waveforms per sample.
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Table 3. Experimental parameters of the system.

Parameter Symbol Value

Supply phase voltage Vs1 = Vs2 = Vsn 30 V
System frequency F 50 Hz
Coil inductance Ls1 = Ls2 = · · ·Lsn 15 mH
Coil resistance Rls1 = · · ·Rls2 1.4 Ω
Capacitor C f 5 µF
Load resistance R 100 Ω
Load inductance L 80 mH
IGBT (model number) S1n, S2n CM100DY-24 H
Solid-state relays SSR SSR-60 VA

Steady-State Results Using Two Units

Figure 30 shows the steady-state experimental results of the proposed circuit. In the
proposed practical model, two AC-to-AC converter units are used to achieve the high
voltage. As shown in Figure 30, the supply current has a nearly sinusoidal waveform and
is in phase with the input voltage. Figure 31 shows that the suggested control approach
improves the supply current waveform by lowering the THD by up to 4.87%. Figure 32
shows the output voltage. The THD of the output voltage is shown in Figure 33. Thus, the
effectiveness of the proposed circuit with the control algorithm is ensured.

Sustainability 2023, 15, 3353 18 of 27 
 

Figure 30 shows the steady-state experimental results of the proposed circuit. In the 
proposed practical model, two AC-to-AC converter units are used to achieve the high 
voltage. As shown in Figure 30, the supply current has a nearly sinusoidal waveform and 
is in phase with the input voltage. Figure 31 shows that the suggested control approach 
improves the supply current waveform by lowering the THD by up to 4.87%. Figure 32 
shows the output voltage. The THD of the output voltage is shown in Figure 33. Thus, the 
effectiveness of the proposed circuit with the control algorithm is ensured. 

 
Figure 30. Input voltage and current. 

 
Figure 31. Harmonics spectrum of supply current. 

 
Figure 32. Output voltage for two units. 

Figure 30. Input voltage and current.



Sustainability 2023, 15, 3353 17 of 25

Sustainability 2023, 15, 3353 18 of 27 
 

Figure 30 shows the steady-state experimental results of the proposed circuit. In the 
proposed practical model, two AC-to-AC converter units are used to achieve the high 
voltage. As shown in Figure 30, the supply current has a nearly sinusoidal waveform and 
is in phase with the input voltage. Figure 31 shows that the suggested control approach 
improves the supply current waveform by lowering the THD by up to 4.87%. Figure 32 
shows the output voltage. The THD of the output voltage is shown in Figure 33. Thus, the 
effectiveness of the proposed circuit with the control algorithm is ensured. 

 
Figure 30. Input voltage and current. 

 
Figure 31. Harmonics spectrum of supply current. 

 
Figure 32. Output voltage for two units. 

Figure 31. Harmonics spectrum of supply current.

Sustainability 2023, 15, 3353 18 of 27 
 

Figure 30 shows the steady-state experimental results of the proposed circuit. In the 
proposed practical model, two AC-to-AC converter units are used to achieve the high 
voltage. As shown in Figure 30, the supply current has a nearly sinusoidal waveform and 
is in phase with the input voltage. Figure 31 shows that the suggested control approach 
improves the supply current waveform by lowering the THD by up to 4.87%. Figure 32 
shows the output voltage. The THD of the output voltage is shown in Figure 33. Thus, the 
effectiveness of the proposed circuit with the control algorithm is ensured. 

 
Figure 30. Input voltage and current. 

 
Figure 31. Harmonics spectrum of supply current. 

 
Figure 32. Output voltage for two units. Figure 32. Output voltage for two units.

Sustainability 2023, 15, 3353 19 of 27 
 

 
Figure 33. Harmonics spectrum of output voltage. 

6. Comparison between Simulated and Experimental Results Using Three Units 
This section compares the simulated results with the experimental results at the 

same parameter values shown in Table 3, using three units to determine the degree of 
convergence of the results. The results are taken under various conditions as follows: 

6.1. Steady-State Results Using Three Units 
Figures 34 and 35 show the load voltage of the simulated and experimental systems, 

respectively. These results illustrate the successful operation of the system in producing 
the required output voltage with precise control. 

 
Figure 34. Load voltage for simulated system. 

 
Figure 35. Load voltage for experimental system. 
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Figure 33. Harmonics spectrum of output voltage.

6. Comparison between Simulated and Experimental Results Using Three Units

This section compares the simulated results with the experimental results at the same
parameter values shown in Table 3, using three units to determine the degree of convergence
of the results. The results are taken under various conditions as follows:

6.1. Steady-State Results Using Three Units

Figures 34 and 35 show the load voltage of the simulated and experimental systems,
respectively. These results illustrate the successful operation of the system in producing the
required output voltage with precise control.
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tions of the DSP-1104. The switch current and voltage are shown in Figures 38 and 39 for 
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Figures 36 and 37 show the simulated and experimental results for the inductor current
with the pulse of the bidirectional switch S1n, respectively. It is evident that the switching
frequency of the supply current is around 1 to 12 KHz; however, the experimental switching
frequency of the supply current is about 1 to 5 KHz due to the limitations of the DSP-1104.
The switch current and voltage are shown in Figures 38 and 39 for the simulated and
experimental systems, respectively. These results illustrate a good agreement between the
simulation and experiment.
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6.2. Transient Results Using Three Units

A study is carried out to show the operation of the converter when one unit fails for
one second. The simulated and experimental results for the load voltage are shown in
Figures 40 and 41, respectively. The results demonstrate the capability of the control system
to keep the output voltage at the required level, whether all units are working or one of
them is malfunctioning.
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The simulated output voltage for each of the other two working units is shown in
Figure 42, while that for when the unit has stopped working is displayed in Figure 43.
Figures 44 and 45 display the experimental output voltage for the other two units and for
the unit that stopped working, respectively. These results illustrate the behavior of the
units during a fault. It is obvious that when a problem occurs, each unit increases its output
voltage to keep the load voltage constant, while the output voltage of the malfunctioning
unit falls to zero.
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Figure 46 displays the simulated load current, while the experimental load current is
depicted in Figure 47. It is obvious that the load current waveform is nearly sinusoidal. The
input current’s simulated and experimental results for the two working units are shown in
Figures 48 and 49, respectively. It is obvious that when a problem occurs, each unit raises
the input current for both circuits. The results demonstrate the robustness of the control
system that leads to the successful operation of the system during a fault. Moreover, a good
agreement between the theoretical and experimental results endorses the target circuit.
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Figure 50 demonstrates the theoretical and experimental relationships between the
power and the input power factor for resistive and inductive loads. It is clear that the PF is
close to unity and that the experimental PF value is lower than the theoretical PF value due
to the frequency constraint when utilizing the DSP-1104.
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7. Conclusions

In conclusion, a high-voltage-gain cascaded AC-to-AC boost converter was presented,
characterized by its use of low-voltage rating semiconductor devices and a number of
cascaded boost units. A simple control technique was implemented, which resulted in a
significant reduction in the system size and cost. The proposed circuit was verified through
a comparative assessment of the simulated and experimental results, demonstrating an
excellent dynamic response with a continuous input current and a power factor close to
unity. The output voltage waveform was found to be a sine wave with low harmonics,
and the robustness of the control system was confirmed through a case study in which a
fault occurred at one unit, showing the control circuit’s ability to maintain the continuity
of the output voltage. Overall, the proposed converter offers a promising solution for
high-voltage-gain power-conversion applications.
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