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Stabilized voltage source inverter 
for sensitive loads in nuclear 
installations
Marwa M. Mousa 1,2*, Khalid F. A. Hussein 3, Z. Matter 1 & Hussein Eleissawi 2

The present paper proposes a novel design of a stabilized single-phase voltage-source inverter with 
pure sinusoidal output voltage for photovoltaic systems employed for feeding sensitive loads in 
nuclear installations. Such types of loads require a voltage source with quite stabilized magnitude and 
frequency and pure sinusoidal shape that is free from higher-order harmonics. The inverter is based on 
an H-bridge four insulated gate bipolar transistors (IGBTs) with gate drivers and optocoupler isolators. 
A control system based on a fast DSP unit and a microcontroller is designed for cancelation of the 
higher-order harmonics to produce a pure sinusoidal output with almost zero total harmonic distortion 
(THD). The sinusoidal purity, frequency and magnitude stabilization are achieved through pulse width 
modulation (PWM) controlled by a fast-response feedback system that measures the time wave form 
of the output voltage applied to the load and then calculates the THD, frequency and amplitude. The 
sinusoidal shaping is performed with aid of a sinusoidal shaping filter (SSF) to fasten the operation 
of higher-order harmonic cancellation. The frequency measurement is achieved through a frequency 
counter whereas the amplitude measurement is carried out through a differential amplifier that 
amplifies the difference between the output voltage of the inverter (while being applied to the load) 
and reference voltage that determines the desired amplitude. A prototype of the entire system of the 
proposed voltage-source inverter is fabricated for experimental evaluation of its performance. It is 
shown through simulation and experimental work that the proposed control system of the inverter 
output voltage is able to stabilize both the amplitude and frequency of the voltage applied to the 
load irrespective of the load impedance. Also, it is shown that the THD of the output voltage is −57 dB 
( 0.00025% ), which is almost zero. Moreover, the switching losses are considerably reduced and can 
be negligible owing to the use of the appropriate IGBTs. The efficiency of the proposed inverter is 
obtained by simulation taking into account all types of losses. Also, the dependence of the inverter 
efficiency on the load current is investigated. The average efficiency of the proposed voltage-source 
inverter is shown to be higher than 97%.

Some AC-powered equipment utilized in nuclear installations are sensitive to the instabilities of the amplitude 
and frequency of the AC power system. The critical functions of such equipment in the nuclear installations 
may be badly affected by the instabilities caused by fluctuations of the amplitude and/or frequency1,2. Also, the 
higher-order harmonics imposed in the electric power system may be dangerous to such AC-powered equip-
ment in the nuclear installations. It often happens that an additional load is added (in parallel) to the loads being 
energized at the inverter output resulting in a sudden drop in the output voltage. Also, when an energized load 
is disconnected from the inverter output, a sudden increase in the amplitude of the output voltage may occur. 
Furthermore, some loads may inject currents with higher order harmonics that may be harmful to such sensitive 
loads connected to the output of the same inverter. Nevertheless, the stability of the inverter output voltage is 
vital to electrical power systems in such nuclear installations. For this reason the safe operation of such critical 
equipment require high-quality voltage source with highly stabilized amplitude and frequency, pure sinusoidal 
waveform, and high efficiency. The inverter proposed in the present work is a high-quality single-phase voltage 
source (220 V, 50 Hz), for supplying the vital equipment in nuclear installations as mentioned above.

A stand-alone inverter obtains the DC power from batteries that can be charged by photo voltaic (PV) arrays 
or by another available source. Those batteries may have built-in battery chargers that can be used to charge the 
batteries when an AC source is available. One of the most critical issues of the voltage-source inverter design 
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is the control system that realizes the amplitude and frequency stabilization and the sinusoidal purity of the 
output waveform3.

Recently, a lot of research work has been focused on the stabilization of the inverter output voltage as a cru-
cial requirement of the inverters used for photovoltaic systems. In 2018, Diouri et al. simulated a voltage-source 
inverter model with varying load and tested it by Simulink. Proportional-Integral-Derivative (PID) controller was 
for correcting the voltage drop leading to good regulation of the output voltage of the inverter4. In 2019, Wang 
et al. proposed a novel combined centralized/decentralized method to achieve voltage regulation by overcom-
ing the challenge of PV power imbalance. The response of the reactive inverter power to PV power changes is 
adaptively scheduled to overcome the negative effect on the voltage regulation caused by voltage/reactive power 
interaction5. In 2020, Ersan Kabalc conducted a survey on single-phase grid-connected voltage-source invert-
ers regarding their enhancements in circuit design and mechanisms of control6. In 2021, Dhanamjayulu et al. 
suggested a novel 15-level single-phase voltage-source inverter. This inverter helps generate 15 levels of stepped 
voltage with low total harmonic distortion (THD) and thereby improving the efficiency and reducing the cost 
and system complexity7. In 2022, Lulbadda et al. presented the operation of a voltage-source inverter in reactive 
power-injection mode in the absence of solar energy. The main concern was the design of the control system 
of the inverter. The suggested method enabled the injection of the amount of reactive power needed for output 
voltage regulation8. In 2023, C. Choeung et al. demonstrated a control system based on linear matrix inequality 
(LMI) for a voltage-source inverter with LC filter9.

In the present work, a new design of a stand-alone stabilized voltage-source inverter for energizing sensitive 
equipment in the nuclear installation. This inverter depends on an H-bridge of four insulated gate bipolar transis-
tors (IGBTs) for voltage inversion. Also, it depends on a robust control system to produce pure sinusoidal voltage 
with stabilized amplitude and frequency. The present work proposes new methods for frequency stabilization, 
voltage regulation and reduction of the THD of the inverter output voltage, especially while being applied to the 
sensitive load loads of the nuclear installations as mentioned above. These methods are combined in a control 
system of fast response. A sinusoidal shaping filter (SSF), which is an LC filter, is connected to the output of the 
H-bridge to enable producing a sinusoidal waveform of the inverter output voltage through the processes of 
the control system. The main components of the proposed control system are a microcontroller, a digital signal 
processing (DSP) unit, and the feedback circuits. The microcontroller is dedicated for switching the H-bridge 
to produce a square-wave AC voltage with the required duty cycle. The function of the DSP unit is to handle the 
feedback signals and to issue the proper commands to the microcontroller. One of the feedback signals is gen-
erated by direct conversion of the output voltage to DC signal and then input to an analog-to-digital converter 
(ADC) for fast amplitude regulation. Another feedback signal is a scaled rectified version of the inverter output 
voltage. After rectification, this signal is subjected to sampling and input to another ADC. From this signal, the 
actual waveform of the inverter output voltage can be reconstructed by the DSP unit to measure the amplitude, 
frequency, and THD. By proper switching of the IGBTs of the H-bridge the and by setting the appropriate value 
of the duty cycle, the amplitude, frequency and THD of the inverter output voltage can be accurately adjusted 
irrespective of the load impedance. Moreover, the proposed control system enables the suppression of any higher-
order harmonics caused by some types of loads. In the control system of the proposed Voltage-source inverter, 
the Arduino Uno microcontroller is used for direct switching of the H-bridge and the Espressif ESP32-wroom-32 
microcontroller with the Espressif DSP library (ESP-DSP) is used to implement the DSP unit for harmonic analy-
sis of the time waveform of the output voltage. The central unit of the control system is the ESP32 DSP whose 
commands are issued to the Arduino Uno microcontroller through serial communication.

Methods and results
Design requirements of the voltage‑source inverter
The inverter is proposed as a single-phase 220 V, 50 Hz, voltage source for vital equipment that play critical 
roles in nuclear installations. These devices must remain in excellent working condition at all times without 
interruption. They are very sensitive to any variations of the amplitude and frequency of the power source. Such 
instabilities of the voltage source may lead to malfunction, temporary, or permanent failure during operation of 
these equipment thereby resulting in dangerous consequences. For this reason the safe operation of such critical 
equipment require high-quality voltage source with highly stabilized amplitude and frequency, very low THD, 
and high efficiency.

Stability requirements of the voltage source
Amplitude stability
The amplitude stability of the required voltage source can be realized by minimizing the change of the amplitude 
from the desired value by minimizing the following errors.

–	 The amplitude error (AE) is defined as the percent ratio of the mean amplitude error to the desired amplitude.
–	 The amplitude fluctuation rate (AFR) is defined as the percent ratio of the rms value of the amplitude varia-

tion to the rms value of the voltage

Frequency stability
The frequency stability of the required voltage source can be realized by minimizing the frequency deviation 
from the desired frequency by minimizing the following errors.
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–	 The frequency error (FE), which is defined as the percent ratio of the mean frequency error to the desired 
frequency.

–	 The frequency fluctuation rate (FFR), which is defined as the percent ratio of the rms value of the frequency 
variation to the mean value of the frequency.

Sinusoidal purity
The sinusoidal purity of the output voltage is crucial for excellent operational conditions the equipment men-
tioned above. It can be realized by minimizing the THD.

–	 The THD is defined as the percent ratio of the square root of the total power of the higher-order harmonics 
to the power of the fundamental harmonics.

High Efficiency
To optimize the operation and minimize the need for battery replacement, the inverter efficiency should be 
maximized.

–	 The inverter efficiency ( η ) is defined as the percent ratio of the power consumed by the load to the power 
input to the inverter (i.e. the power output from the battery).

Quantitatively, the required performance metrics of the proposed voltage-source inverter are summarized 
in Table 1. It should be noted that these quantitative requirements were determined based on analytical and 
experimental studies carried out by the work team charged with implementing safety and efficiency procedures 
of the equipment in the previously mentioned nuclear facilities.

Design of the inverter switching circuit
As mentioned in the introduction, the proposed voltage-source inverter belongs to the category of stand-alone 
inverters that obtain the DC input from batteries that can be charged with the PV array or by an AC source if 
present and usable. The design of the proposed voltage-source inverter includes the basic IGBT circuit, the IGBT 
gate driver and the optocoupler isolator.

Basic IGBT circuit for voltage inversion
The basic IGBT H-bridge circuit designed for the proposed voltage-source inverter is presented in Fig. 1. The 
positive terminal of the battery is connected to the point c of the H-bridge whereas the point d is connected to the 
negative terminal. The output voltage of the bridge is the voltage between the points a and b , VH = Va − Vb . If 
VAa > VTh and VDd > VTh , whereas VCb = 0 and VBd = 0 , then the output voltage, VH is positive ( VH ≈ +VB ). If 
VCb > VTh and VBd > VTh , whereas VAa = 0 and VDd = 0 , then the output voltage, VH is negative ( VH ≈ −VB ). 

Table 1.   Required performance metrics of the proposed voltage-source inverter.

Quality issue Condition

Amplitude stability
AE ≤ 2%

AFR ≤ 1%

Frequency stability
FE ≤ 0.5%

FFR ≤ 0.25%

Sinusoidal purity THD ≤ 1%

High efficiency η ≥ 95%

Figure 1.   The basic IGBT H-bridge circuit of the proposed inverter.
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Thus, VH is, primarily, a square-wave with zero-mean (i.e. zero DC component). The H-bridge shown in Fig. 1 is 
controlled through a fast digital controller that is responsible for generating the control signals at A, B, C and D.

IGBT gate driver
Bipolar junction transistors (BJTs) are inserted between the digital controller and the H-bridge to play the dual 
role of protecting the digital controller and amplifying the current supplied to the gates of the IGBTs of the 
H-bridge. For example, a BJT current buffer is used as shown in Fig. 2. Note that the BJT T1 is biased to operate 
in the active region. It can be shown that the base current IB drawn from the microcontroller is given as follows.

where Vγ ≈ 0.7 V , β ≈ 300 is the current amplification for the BJT model 2N3904. If these values are used in 
(1), one gets IB ≈ 0.3mA , which is very low current that can be drawn from the digital controller without caus-
ing harmful load.

Optical isolation of the IGBT circuit
For more protection of the digital controller and for more reduction of the current drawn from the digital control-
ler, an optocoupler isolator can be used as shown in Fig. 3. Active-low control logic is used such that the digital 
controller sinks the current to turn on the IGBT.

Complete design of the inverter switching circuit
The complete circuit diagram of the IGBT H-bridge designed for the proposed voltage-source inverter including 
the interface circuit between the microcontroller and the H-bridge is presented in Fig. 4. This interface protects 
the microcontroller from possible high currents that can be drawn from it during operation. The protective 
interface circuit includes the IGBT gate drivers and the optocoupler isolators as presented in Fig. 4.

Analysis of the output voltage of the IGBT H‑bridge
Time waveforms of switching the H‑bridge for efficient voltage inversion
The time waveforms of the input control signals A and B of the IGBT H-bridge and the corresponding output 
voltage, VH , can be sketched as shown in Fig. 5. When the inputs A, D are logically “Low” whereas the logic inputs 
B, C are logically “High”, the transistors G1 and G3 are saturated and the transistors G2 and G4 are off. In this case, 
the H-bridge output voltage, VH , is positive and almost equal to the battery voltage, VB . In a similar way, when 
the inputs B, C are logically “Low” whereas the inputs A, D are logically “High”, the inverter output voltage, VH , 
is almost equal to −VB . The frequency of the H-bridge output signal, fH , can be determined as follows.

Let us define the ratios R and D as follows.

(1)IB =
VC − Vγ

(1+ β)RG

(2)fH =
1

TL + TH

Figure 2.   IGBT gate driver without optocoupler isolator.

Figure 3.   Optocoupler isolator is connected for protection of the control circuit.
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Note that D is the duty cycle of the output square wave of the H-bridge. The root-mean-squared (rms) value of 
the H-bridge output voltage, VHrms , can be expressed in terms of the battery voltage and the duty cycle as follows.

Setting T = TH + TL = 0.02 s results in a square wave with frequency 50 Hz . In this case, the principal 
harmonic of the Fourier series expansion will be at 50 Hz.

(3)R =
TH

TL
,D =

2TL

TH + TL
=

2

R + 1

(4)VHrms = VB

√

2

R + 1
= VB

√
D

Figure 4.   Circuit diagram of the IGBT H-bridge for the proposed voltage-source inverter, the IGBT gate drivers 
and optoisolators.

Figure 5.   Sketched time waveforms of the IGBT H-bridge input control signals (A, D) and (B, C) and the 
corresponding inverter output voltage, VH , at no-load.
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Total harmonic distortion of the H‑bridge output voltage
The time waveform of the output voltage of the H-bridge can be expressed in a Fourier series as follows.

where,ωr = 2π fr and fr = 50 Hz is the fundamental harmonic frequency.
Let HH be the total harmonic distortion (THD) of the square wave at the H-bridge output; this can be 

expressed as follows.

where aHn is the magnitude of the nth-order harmonic of the Fourier expansion. As the frequency of the square 
wave is 50 Hz, the magnitude of the 1st-order harmonic, aH1 , will be much greater than the higher-order har-
monics ( aH1 ≫ aHn, n ≥ 2 ). However, the Fourier series of the square wave is slowly convergent as it has very 
slowly decaying magnitudes and, hence, large number of terms is required for accurate calculation of the series 
in (5). The rms value of the H-bridge output voltage, VHrms , can be expressed in terms of the principal harmonic 
magnitude, aH1 , and the THD as follows.

Comparing the expression (7) to (4), it can be shown that,

The normalized power of the battery voltage is V2
B (i.e. when applied to one-� resistive load), whereas the 

normalized power of the 1st-order harmonic is a2H1/2 . Thus, HH can be expressed as follows.

The last equation means that to calculate the THD of the square wave voltage at the H-bridge output, it is 
enough to get the magnitude of the first harmonic, aH1.

Simulation results for the H‑bridge output voltage
To test the functionality of the IGBT H-bridge, the Proteus simulator is employed and the schematic diagram 
shown in Fig. 4 is used to monitor the time waveform of the output voltage at the indicated test points a and b . It 
should be noted that the model of the Arduino Uno™ microcontroller is used in the Proteus simulator to generate 
the control signals (A, B, C, and D shown in Fig. 4). The time waveform of the H-bridge output voltage, vH (t) , 
(voltage difference between a and b ) obtained by simulation, is presented in Fig. 6a. The corresponding spectrum 
magnitude, |VH (ω)| , obtained by applying the fast Fourier transform (FFT), is presented in Fig. 6b. It is shown 
that only the odd-order harmonics exist where the 1st-order harmonic is exactly at 50 Hz and its magnitude is 
about three times the magnitude of the 3rd-order harmonic, which is the maximum magnitude among those 
of the higher-order harmonics. The THD calculated using expression (9) gives THDH ≈ 50% ( −3 dB ), which 

(5)vH (t) =
∑∞

n=1
aHncos(ωnt) =

∑∞

n=1
aHncos(nωr t)

(6)HH =
1

aH 1

√

∑

n≥2

a2Hn

(7)VHrms = aH 1

√

1+HH
2

2

(8)aH1 = VB

√

2D

1+HH
2

(9)HH =

√

DV2
B − 1

2
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2
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√
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Figure 6.   The output voltage of the H-bridge: (a) Time waveform, vH (t) . (b) Normalized frequency spectrum 
magnitude, |VH (ω)| . T = 0.02 s and duty cycle, D = 1.
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means that the power of the 1st-order harmonic is almost equal to twice the power the of all the other (higher-
order) harmonics.

Experimental measurement of the H‑bridge output voltage
For experimental testing of the switching IGBT H-bridge, the circuit prototype shown in Fig. 7a is fabricated. 
The AC square-wave voltage at the output of the H-bridge is measured using Tektronix oscilloscope model TDS 
2012B as shown in Fig. 7b. This model of the oscilloscope has the capability of spectral analysis through the 
built-in FFT option.

The results of experimental measurements of the AC voltage at the output of the fabricated prototype of the 
IGBT H-bridge are presented in Fig. 8. These experimental results correspond to the simulation results presented 
in Fig. 6. The AC square-wave voltage at the output of the fabricated H-bridge is measured using Tektronix 
oscilloscope model TDS 2012B where the measured waveform is presented in Fig. 8a. This oscilloscope has the 
capability of spectral analysis through the application of the built-in FFT option. The measured spectrum of the 
of the H-bridge output voltage is presented in Fig. 8b. It is shown that the simulation and measurement results 
shown in Figs. 6 and 8, respectively, come in good agreement with each other.

Sinusoidal shaping of the inverter output Voltage
A fast-response control system is designed to achieve the objectives of the proposed voltage-source inverter 
including voltage regulation, frequency stabilization, and minimization of THD. This control system requires a 
SSF at the output of the H-bridge. In the present section, an LC filter resonating at the desired frequency, fr , of 
the output voltage (usually 50 Hz) is proposed.

Figure 7.   The fabricated IGBT H-bridge circuit produces a square-wave output voltage of frequency 50 Hz 
when the duty cycle is set to D = 1 . (a) Fabricated H-bridge circuit of the schematic shown in Fig. 4. (b) The 
output square wave is displayed by the Tektronix oscilloscope model TDS2012B.

Figure 8.   Output voltage of the IGBT H-bridge (without applying the SSF), as measured by Tektronix 
oscilloscope model TDS2012B for duty cycle D = 1 . (a) Time waveform, vH (t) . (b) Normalized spectrum 
magnitude, 

∣

∣VH

(

f
)
∣

∣ , obtained by the FFT option of the oscilloscope.
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LC Filter for sinusoidal shaping of the H‑bridge output
The objective of the voltage-source inverter design is to achieve a pure sinusoidal time waveform of the AC 
voltage with the desired frequency at the inverter output. Therefore, it is proposed to suppress the higher-order 
harmonics of the square-wave H-bridge output voltage using the LC-filter as shown in Fig. 9. The proposed LC 
filter is constructed of a series coil and shunt capacitor inserted between the H-bridge and the load as shown in 
the figure. By setting the appropriate values of the inductance and capacitance, such LC filter can be proposed for 
sinusoidal shaping of the square-wave output voltage. The coil has an inductance LF and an (unavoidable) internal 
resistance rF that is usually very small for high-quality wire-wound coil. Thus, the resistance rF is proportional to 
the length of the coil wire, i.e. the number of turns. Also, the coil inductance, LF , is proportional to the number of 
coil turns as explained in Appendix B. Also, rF is proportional to LF , and one can write the following expression.

where α is the constant of proportionality (defined in Appendix B) and has the units �/H.
The filter output can be expressed as Fourier series expansions with frequency harmonics that are integer 

multiples of the fundamental frequency 50 Hz.

Consider that the output impedance of the H-bridge is much smaller than the input impedance of the SSF 
while the load is being connected in parallel with the filter capacitor as shown in Fig. 10. Thus, the following 
expression can be obtained for the transfer function of the filter/load combination, which is the relation between 
the inverter output voltage, Vo(ω) , and the output voltage of the H-bridge, VH (ω).

where ZL is the load impedance connected at the inverter output.
To filter out all the frequency harmonics except for that with f = fr , it is required that GF(ω) has a sharp 

maximum at fr . This can be achieved if ω2
r LFCF = 1 , where ωr = 2π fr . This requires that CF and LF are related 

to each other through the following expression.

(10)rF = αLF

(11)vO(t) =
∑∞

n=1
aOncos(nωr t)

(12)GF(ω) =
Vo(ω)

VH (ω)
=

ZL

ZL
(

1− ω2LFCF

)

+ rF + jω(LF + CFrFZL)

Figure 9.   Sinusoidal shaping of the inverter output voltage using an LC filter resonant at 50 Hz.

Figure 10.   Experimental evaluation of the effect of the SSF. (a) The fabricated inverter with the SSF and the 
controller. The coil of the SSF is bounded by a red frame. (b) The time waveform of the voltage at the output of 
the SSF is displayed by the Tektronix oscilloscope model TDS2012B. (c) The 750µF , 250 VAC capacitor from 
BMI (Airstar Supply) manufacturer.
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At resonance ( ω = ωr ), condition (13) is satisfied and expression (12) can be reduced to get the following 
expression.

The filter gain, GF , is the magnitude of GF(ω) at resonance.

For well-designed wire-wound coil on MnZn ferrite core (see Appendix B), rF is very small and can be 
neglected. Hence, the filter gain can be expressed as follows.

This means that decreasing the filter coil inductance, LF , increases the filter gain and, hence, increases the 
amplitude of the amplitude of the inverter output voltage. Moreover, since the coil resistance, rF , is proportional 
to the coil inductance, LF , it is recommended to decrease LF to reduce the voltage drop across rF and to reduce 
the power dissipated in the SSF.

Since the relation (13) is satisfied, the THD of the output voltage is very small and the output of the filter is 
almost sinusoidal and can be approximated as follows.

where AO is the amplitude of the sinusoidal voltage applied to the load at the SSF output and can be expressed 
as follows.

Replacing VO(ωr) by GF(ωr)VH (ωr) in (18), the amplitude AO can be expressed as follows.

From the harmonic analysis of the H-bridge output voltage detailed above, it can be shown that, if fr = 1/T , 
then,

Substituting from (20) into (19) and making use of (15), the flowing expression is obtained for AO.

Substituting for GF from (16) into (21), gives the following

Substituting for A0 from (22) into (17), the following approximation is obtained.

As mentioned above, for well-designed SSF, HH is very small and can be neglected in (21) and (22). By setting 
D = 1 and HH = 0 in (22), the following expression is obtained for A0.

Substituting for A0 from (24) into (17), the following approximate expression is obtained for the time wave-
form of the inverter output voltage, vO(t) , when applied to load of arbitrary impedance ZL.

(13)CF =
1

ω2
r LF

(14)GF(ω) =
ZL

rF + jωr(LF + CFrFZL)

(15)GF
def= |GF(ωr)|

(16)GF =
|ZL|
ωrLF

(17)vO(t) ≈ AOsin(ωr t)

(18)AO ≈ aO1 =
√
2|VO(ωr)|

(19)AO =
√
2|GF(ωr)VH (ωr)|

(20)|VH (ωr)| =
a1H√
2

(21)AO = GFVB

√

2D

1+HH
2

(22)AO =
|ZL|
ωrLF

VB

√

2D

1+HH
2

(23)vO(t) ≈
|ZL|
ωrLF

√

2D

1+HH
2
VBsin(ωr t)

(24)AO ≈
√
2
|ZL|
ωrLF

VB, forD = 1

(25)vO(t) ≈
√
2
|ZL|
ωrLF

VBsin(ωr t), forD = 1
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Experimental measurement of the voltage at the output of the SSF
For experimental measurement of the inverter output voltage, the SSF is fabricated and connected to the output of 
the IGBT H-bridge as shown in Fig. 10a. The coil is fabricated as a copper wire of diameter 2 mm wound around 
a cylindrical MnZn ferrite core of diameter 3 cm and length 1.2 cm . The number of turns is 6 to produce coil 
inductance LF = 13.5mH and coil resistance rF = 3.1m�. This type of coil is described in-detail in Appendix 
B. For resonance of the SSF the capacitance of the non-polar capacitor is CF = 750µF . The AC voltage at the 
output of the SSF is measured using Tektronix oscilloscope model TDS 2012B as shown in Fig. 10b.

The spectrum of the output voltage is measured through the built-in FFT option of the oscilloscope. The 
measured time waveform and spectrum of the voltage at the output of the SSF are presented in Fig. 11a and 
b, respectively, where the load impedance is ZL = 55� and the duty cycle is set to D = 1 . Owing to the SSF, 
the measured time waveform of the output voltage is almost pure sinusoidal as shown in Fig. 11a, where the 
amplitude A0 is about 311 V ( 220 V rms). Also, Fig. 11b shows that the higher-order harmonics have very low 
magnitudes relative to the fundamental harmonic. This results in a very low value of the THD that is less than 
−37 dB ( 0.02%).

Characteristics of the inverter output without voltage regulation
The voltage at the output of the SSF can be expressed as Fourier series expansion with frequency harmonics that 
are multiples of fr as given by (11). As explained in Appendix A, the THD of vO(t) can be calculated as follows.

The Proteus simulator is used to obtain the time waveform of the output voltage vO(t) for T = 0.02 s to get 
the fundamental harmonic fr = 50Hz . The duty cycle is set to D = 1 , the coil inductance is LF = 13.5 mH , and 
the coil resistance is rF = 1.6m� . The coil is wire wound on a cylindrical core of MnZn ferrite material with 
µr = 5000 as described in Appendix B. The THD is then obtained by harmonic analysis using (11) and (26). 
Figure 12a shows the dependence of the THD on the filter capacitance CF for different values of the load imped-
ance, ZL . It is shown that the THD is decreased with increasing ZL . However, the THD is below −40 dB ( 0.01% ) 
for all the indicated values of the load impedance ( ZL ≥ 44� ). Also, it is shown that the minimum values (local 
minima) of the THD is achieved at the resonance of the SSF, i.e. at CF = ω2

r /LF = 750µF . Figure 12b presents 
the simulation results to show the dependence of the amplitude, A0 , of vO(t) for fr = 50Hz , on the filter capaci-
tance CF for different values of the load impedance, ZL . It is shown that A0 increases with increasing the load 
impedance. Also, it is shown that the maximum values of the A0 (local maxima) are achieved at the resonance 
of the SSF, i.e. at CF = ω2

r /LF = 750µF . It should be noted that it is required to get A0 = 311V to get 220 V 
rms AC voltage at the inverter output. From the curves presented in Fig. 12, it is shown that a control system is 
necessary to regulate the output voltage so as to keep A0 = 311V irrespective of the load variations. The control 
system proposed for voltage regulation is explained in-detail later on.

V–Z and V–I characteristic curves of the inverter output without voltage regulation
For establishing a robust regulation mechanism of the inverter output voltage when applied to arbitrarily load 
impedance, it may be necessary to investigate the variation of the inverter voltage with varying the load imped-
ance or, alternatively, with varying the load current. The VL–ZL characteristic curves of the inverter without 
voltage regulation are presented in Fig. 13a. It is shown that the load voltage decays with decreasing the load 
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impedance. Also, for a specific value of the load current, the load voltage depends on the value of the duty cycle, 
D , defined by the expression (3). The corresponding VL–IL characteristic curves are presented in Fig. 13b. These 
curves are equivalent to the VL–ZL characteristic curves presented in Fig. 13. It is shown that the load voltage 
decays with increasing the load current. Also, for a specific value of the load current, the load voltage depends 
on the value of the duty cycle, D . From these characteristic curves, it is shown that a control system is necessary 
to regulate the output voltage so as to keep A0 = 311V irrespective of the load variations. The control system 
proposed for voltage regulation is explained in-detail later on.

Control system for voltage regulation, frequency stabilization, and THD Improvement
As discussed in the previous section, it has been shown that the amplitude of the load voltage VL is dependent on 
the load impedance, ZL , or, equivalently, the load current, IL . According to the load-dependent curves describing 
the dependence of the THD of the inverter output voltage on the duty cycle, D , that are presented in Fig. 13a, the 
value of D can be determined to keep the THD below a pre-specified maximum allowable value. On the other 
hand, the dependence of the amplitude of the sinusoidal output on D is described by the load-dependent curves 
presented in Fig. 13b. Thus, to stabilize the amplitude of the inverter output voltage, the value of D can be changed 
by a regulation mechanism to compensate the change of the load impedance so as to stabilize the amplitude of 
the output voltage. In the meantime, it can be ensured that the selected value of D satisfies the required value of 
the maximum allowable THD. Thus, a control system can be designed to ensure pure sinusoidal output voltage 
with regulated and stabilized amplitude. Moreover, this control system can stabilize the frequency by controlling 
the value of T so as to get the output frequency exactly equal to 50 Hz.

Block diagram of the proposed control system
The closed-loop control system shown in Fig. 14a is designed to achieve three main objectives: (i) regulation of 
the inverter output voltage to have a desired amplitude and stabilization of this amplitude even under impedance 
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load variation, (ii) stabilization of the output voltage frequency at 50 Hz by controlling the value of T (equiva-
lently, TL + TH ), and (iii) minimization of the THD of the output voltage. For fast response of the control system 
to the variation of the load voltage amplitude, the rectified voltage VD is used. This voltage is a DC voltage signal 
that is proportional to the amplitude of the sinusoidal voltage applied to the load. The frequency stabilization 
and the reduction of the THD require sampling of the actual time waveform of the voltage applied to the load. 
This can be achieved through the processing of the feedback signal vD(t) . This signal is a scaled rectified ver-
sion of the load voltage vo(t) . Using reasonable sampling rate, the FFT of vo(t) can be obtained and, hence, the 
frequency of the principal harmonic can be accurately retrieved and the THD can be calculated. It should be 
noted that the amplitude of vo(t) can, also, be measured by the amplitude of the feedback signal vD(t) . However, 
the measurement of the amplitude by VD is faster as there is no processing required like the case in which the 
amplitude of vo(t) is retrieved by processing the signal vD(t) . Nevertheless, the amplitude calculated by processing 
the feedback signal vD(t) can be used to confirm the amplitude retrieved directly by reading VD through ADC2.

In the proposed control system, the Arduino Uno microcontroller, shown in Fig. 14b, is used for direct switch-
ing of the H-bridge, and the Espressif ESP32-wroom-32 microcontroller, shown in Fig. 14c, with the Espressif 
DSP library (ESP-DSP) is used to implement the DSP unit for harmonic analysis of the time waveform of the 
output voltage. Thus, the central unit of the control system is the ESP32 DSP whose commands are issued to 
the Arduino Uno microcontroller through serial communication as described by the block diagram shown in 
Fig. 14a.

Generation of the feedback signals required for the control system
The method proposed for load voltage regulation of the inverter output voltage depends on a feedback system 
for stabilization of the inverter output amplitude, Ao . The proposed feedback system is presented in Fig. 14a. A 
potential divider is connected in-parallel with the load impedance, ZL . This potential divider is composed of a 
small resistance, r , in series with a high resistance R as shown in Fig. 14a. The voltage Vr is proportional to the 
voltage applied to the load current.

Under the assumption that R + r ≫ |ZL| , one can write.

The output voltage of the differential amplifier can be expressed as follows.

(27)Vr = Vo
r

R + r

(28)VD =
R2

R1
Vr = Vo

R2r

R1(R + r)

Figure 14.   Control system for frequency stabilization, amplitude regulation and minimization of the THD of 
the output voltage. (a) Block diagram. (b) Arduino Uno microcontroller. (c) Espressif ESP32-Wroom-32 DSP 
unit.
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Generation of the feedback signal for frequency stabilization and minimization of THD
To facilitate harmonic analysis of the inverter output voltage for the purpose of stabilizing the frequency and 
minimizing the THD, the voltage signal vD(t) is generated as a scaled half-wave rectified version of vo(t) . The 
feedback signal, vD(t) , can be expressed as follows.

where vo is the half-wave rectified version of vo(t).

Feedback signal for frequency stabilization.  Measuring the frequency of the inverter output signal doesn’t 
require applying FFT. The control system measures the frequency of vD(t) immediately by the frequency counter 
hardware module shown in Fig. 14a without the need for harmonic analysis. The frequency of the inverter out-
put voltage, vo(t) , is the same as the frequency of vD(t) . Thus, the output of the frequency counter module is a 
digital value indicating the frequency of the inverter output. This allows the DSP program to take a fast response 
and can immediately adjust the frequency of the inverter output voltage. This is performed by setting the correct 
value of T and issuing this as a command to the microcontroller program.

Feedback signal for minimization of THD.  The calculation of the THD of the inverter output voltage requires 
the application of harmonic analysis to the time waveform vo(t) . This is simply be achieved in the DSP module 
by constructing this waveform from the feedback signal vD(t) . The Espressif ESP32-wroom-32 microcontroller, 
used as the DSP module for the proposed inverter, has the ability to perform FFT and IFFT functions, required 
for harmonic analysis, through the Espressif DSP library10,11.

Generation of the feedback signal for amplitude regulation
Initially, the operator can set the desired amplitude of the inverter output voltage, vo(t) , by setting the value of 
the analog input VA0 using a precise, high-resolution potentiometer. This signal is fed-back to the control system 
(input to the DSP) through ADC3 as shown in Fig. 14a. For fast control regarding the voltage amplitude regula-
tion, it is recommended to generate a DC signal that is directly proportional to amplitude of the inverter output 
voltage. For this purpose, the voltage signal VD is generated as a DC voltage proportional to the amplitude of the 
inverter output voltage, Ao , and can be expressed as follows.

where,

This signal can be fed-back to the voltage regulation system through ADC2, as shown in Fig. 14a, without the 
need for any signal processing to get fast response of voltage regulation. A comparison between the DC input 
voltages VD and VA0 is used by the control system to regulate the amplitude of the output voltage to satisfy the 
requirement that VD = VA0.

Example scenario for applying the amplitude regulation procedure
As given by (24) and explained through numerical results presented in the previous section, the amplitude,A0 , 
of the inverter output voltage is strongly dependent on the magnitude of the load impedance, |ZL| and on the 
duty cycle, D , of the square-wave voltage at the output of the H-bridge. Thus, an amplitude regulation system is 
essentially required for the proposed voltage-source inverter to keep the amplitude constant irrespective of the 
load impedance. The idea of proposed amplitude regulation, proposed in the present work, is based on changing 
the value of D to compensate the change of |ZL| so as to keep A0 constant at the desired value. The feedback DC 
voltage signal VD can read by the DSP through ADC2 with 10-bit resolution and sampling rate of 1 MSPS. This 
enables the DSP to acquire the amplitude of the output voltage with high accuracy and fast rate as explained 
above.

To demonstrate an example scenario of amplitude regulation, Fig. 15 presents a plot for the curves describ-
ing the dependence of A0 on D and for different values of |ZL| . Consider the case of a sensitive load in a nuclear 
installation with varying impedance. It is required to energize this load with stabilized output voltage of 220 V 
(i.e. A0 = 311V ). Consider that the inverter is initially at the operating point 1 as shown in Fig. 15 where 
ZL = 50� , D = 0.5655 , and A0 = 311V . At this point, ZL starts to gradually increase leading to increase A0 . 
Since the minimum detectable change of A0 = 0.6V (as determined by the resolution of the ADC), the DSP can 
detect the change of A0 when it reaches 311.6 V and ZL reaches 50.1� . This means that the inverter is moved to 
operating point 2. To decrease A0 back to the desired value, the DSP starts to reduce D gradually (with a much 
faster rate than that of the load impedance change), which leads to decrease A0 until the inverter reaches the 
operating point 3, at which A0 = 311V , D = 0.5639 , and ZL = 50.1� . However, the load impedance continues 
increasing leading the move the inverter to the operating point 4 at which ZL = 50.2� , at which the DSP detects 
that A0 = 311.6V . To restore A0 back to the desired value, the DSP reduces the value of D , until the inverter 
reaches the operating point 5, at which D = 0.5623 , ZL = 50.2� , and A0 = 311V . This process is repeated lead-
ing to very low level of amplitude variations around the desired value as shown in Fig. 15 that presents one of 
the worst case scenarios of the load impedance change. The maximum percentage amplitude fluctuation ratio 

(29)vD(t) =
R2r

R1(R + r)
vo(t)− Vγ

(30)VD = VFM − Vγ

(31)VF = max(vF(t)) =
R2r

R1(R + r)
Ao
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( %AFRmax ) is the percentage ratio between the peak-to-peak voltage (PPV) of the amplitude variation to the 
mean value of the amplitude. During the worst-case process of voltage amplitude regulation, the %AFRmax can 
be evaluated as follows.

Simulation and experimental assessment of the voltage‑source inverter with applying the 
control system
The complete voltage source inverter includes the switching IGBT H-bridge, the SSF, and the control system 
that is constructed by the circuits generating the feedback signals, the microcontroller and the DSP unit. The 
programs of the Arduino Uno™ microcontroller and the Espressif ESP32-wroom-32™ microcontroller with the 
Espressif DSP library (ESP-DSP) are developed to perform the function of the control system as described in 
previous section.

Simulation results of the inverter output voltage under the control system
The Proteus simulator is used to simulate the complete design of the proposed voltage source inverter that is 
presented in Fig. 14a. The entire system including the programs of the Arduino Uno and the ESP32-wroom-32 
microcontrollers is subjected to simulation for examining the inverter operation. When the operation of the com-
plete system including the IGBT H-bridge, the SSF, the feedback circuit, the DSP unit, and the microcontroller 
is simulated in the Proteus simulator, the time waveform and the spectrum of the inverter output voltage are 
presented in Fig. 16, where the load impedance varies from ZL = 11� ( IL = 20A ) to ZL = 440� ( IL = 0.5 A ). To 
get the amplitude, A0 stabilized at  311V ( 220 V rms ), the DSP varies the duty cycle D to compensate the change 
of A0 due to the variation of ZL as described before. Owing to the application of the control procedure described 
in the previous section, the time waveform of the inverter voltage is pure sinusoidal as shown in Fig. 16a. It is 
shown that the amplitude A0 is stable at, exactly, 311V for load impedances varying from 11� to 440� . Also, it 
is shown in Fig. 16b that the higher-order harmonics are depressed as they have very low magnitudes relative 
to the fundamental harmonic. This results in a very low value of the THD that is less than −57 dB ( 0.0002%).

Experimental measurement of the inverter output voltage under the control system
The complete circuits of the inverter with the proposed control system are fabricated and subjected to experi-
mental measurements. The fabricated prototype of the voltage-source inverter includes the IGBT H-bridge, the 
sinusoidal shaping SSF, the Arduino Uno™ microcontroller, and the Espressif ESP32-wroom-32 microcontroller 
with the Espressif DSP library (ESP-DSP). The experimental measurements are performed by the Tektronix oscil-
loscope model TDS 2012B as shown in Fig. 17. The built-in FFT facility of the oscilloscope is used to measure 
the spectrum of the output voltage.

The measured time waveform and the corresponding spectrum of the inverter output voltage are presented in 
Fig. 18a and b, respectively, for load impedances varying from ZL = 11� ( IL = 20A ) to ZL = 440� ( IL = 0.5 A ). 
Owing to the application of the control procedure described in the previous section, the measured time waveform 
of the inverter voltage is pure sinusoidal as shown in Fig. 18a, where the amplitude A0 is shown to be stable at, 
exactly, 311V . Also, Fig. 18b shows that the higher-order harmonics are depressed as they have very low magni-
tudes relative to the fundamental harmonic. This results in a very low value of the THD that is less than −57 dB 
( 0.00025% ). Comparing the results shown in Fig. 16 to those shown in Fig. 18, it becomes clear that the simula-
tion results and experimental measurements of the proposed voltage source inverter agree well with each other.

(32)%AFRmax =
rms of amplitude variation

rms of the output voltage
× 100% =

0.85

220
× 100% = 0.4%

Figure 15.   An example scenario for the amplitude regulation when the load impedance magnitude changes 
gradually from 50� to 50.5� . The control system continuously changes the value of D to keep the amplitude the 
inverter output voltage as close as possible to the desired value.
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Power loss and efficiency of the voltage‑source inverter
Power loss in the voltage‑source inverter
There are four main causes of power loss in the proposed inverter design; these can be summarized as follows.

–	 Power dissipation due to switching losses in the H-bridge, PS.
–	 Heat power dissipation in the IGBTs of the H-bridge, PH.
–	 Power dissipation in the control system, PC.
–	 Power dissipation in the internal resistance, rF , of the coil of SSF, PF.

Thus, the total power loss can be expressed as follows.

(33)PL = PS + PH + PC + PF
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Figure 16.   Simulation results of the sinusoidal voltage at the output of the SSF of the proposed inverter for load 
impedances varying from ZL = 11� ( IL = 20A ) to ZL = 440� ( IL = 0.5 A ) with periodic time T = 0.02 s ; the 
SSF parameters are CF = 750µF , LF = 13.5mH , and rF = 3.1m� . (a) Time-waveform of the inverter output 
voltage, vO(t) . (b) The corresponding normalized spectrum magnitude, 
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Figure 17.   Experimental testing of the fabricated prototype of the complete voltage-source inverter including 
the control system described in the previous section.
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IGBT switching loss
In one time period (cycle) of the inverter output voltage, each of the four IGBT is switched “ON” and “OFF” 
once. Let the total switching energy for a single IGBT be e . Thus, the total switching loss of the inverter can be 
expressed as follows.

where, fr is the frequency of the inverter output voltage (consider fr = 50 Hz for the present case).
The ON/OFF switching losses (for one IGBT in one cycle of the output voltage) are given in the datasheet12 

for IC of 15 A and VCC of 400 V. Thus, one can set e = 0.7mJ in (34) as a typical value of the switching loss.

Thus, the switching power loss is very small and can be negligible. However, for load current IL = 10A , the 
switching loss, PS , doesn’t exceed the value given by (35).

Heat power dissipation
The heat power dissipated in one IGBT (model Infineon SGP15N60) of the H-bridge is presented in Fig. 19 as 
a function of the load current as given in the manufacturer datasheet12. It is shown that the dissipated power 
in the form of heat energy exhibits a second-order dependence on the IGBT collector current. For the IGBT 
H-Bridge presented in Fig. 4, the load current is approximately equal to the IGBT collector current. Since, the 

(34)PS = 8efr

(35)PS = 8× 0.7× 10−3 × 50 = 0.28W , IL = 15A
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Figure 18.   The sinusoidal voltage measured by Tektronix oscilloscope model TDS 2012B at the output of 
the SSF of the proposed inverter for load impedances varying from ZL = 11� ( IL = 20A ) to ZL = 440� 
( IL = 0.5 A ) with periodic time T = 0.02 s ; the SSF parameters are CF = 750µF , LF = 13.5mH , and 
rF = 3.1m� . (a) Time-waveform of the inverter output voltage, vO(t) . (b) The corresponding normalized 
spectrum magnitude, 
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Figure 19.   Heat power dissipated in one IGBT of the H-bridge as a function of the load current12.
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proposed voltage-source inverter is designed for loads that are, typically, limited to 10 A current, from the curve 
presented in Fig. 19, one can write,

Power dissipation in the control circuit
The power dissipated in the circuits of the control system shown in Fig. 15 is the sum of the power dissipated in 
the Arduino Uno microcontroller, the power dissipated in the Espressif ESP32-Wroom-32 microcontroller, and 
the power dissipated in the feedback circuit. Due to the high input impedance of the OP-Amp-based differential 
amplifier, the power dissipated in the control circuit can be approximated as follows.

where, Pµ is power dissipated in the microcontroller (typically 1.07 W ), PDSP is the power dissipated in the DSP 
unit and the three ADCs (typically 0.7 W ). Thus, for a resistive load of ZL = 22� (i.e. IL = 10A ), and considering 
that r = 5.33 k� and R = 1M� , the power dissipated in the control unit can be calculated as follows.

Thus, the power dissipated in the control system is much smaller than the power delivered to the load.

Power dissipation in the SSF
According to13, the magnetic loss of the core made of MnZn ferrite N87 (the material used for the coil used in 
the proposed inverter design) is negligible for frequencies below 1 kHz. Therefore, the magnetic loss of the fer-
rite core is neglected in the present study. Thus, the power dissipated in the SSF can be approximated as follows.

A coil of high-quality wire has a small rF and, hence, the dissipated power in very low in comparison to the 
power delivered to the load. In Appendix B14,15 it is shown that a coil of MnZn ferrite core with DC = 3 cm , 
DW = 2mm , and N = 6 has inductance L = 13.5mH and internal resistance rF = 1.6m� . In this case, for a 
load current IL = 10A,

For the same value of the coil inductance ( LF = 13.5mH ) used for optimum design of the proposed voltage-
source inverter, the coil resistance, rF , depends on the relative permeability, µr , of the ferrite core as shown in 
Table B.2 of Appendix B. The dependence of the power dissipated in the coil of the SSF on the load current, IL , 
for different values of the coil resistance, rF , is presented in Fig. 20. It is shown that using a ferrite core of higher 
permeability results in a lower value of rF and, consequently, reduces the power loss in the coil of the SSF.

Total power dissipation
By summation of the four types of power loss encountered in the proposed voltage-source inverter as explained 
above, the total power loss can be evaluated. Table 2 gives a summary of the typical values of the power dissipated 

(36)PH = 2× 25 = 50W , IL = 10A

(37)PC = Pµ + PDSP +
|V0|2

r + R
≈ Pµ + PDSP +

|V0|2

R

(38)PC ≈ 1.07+ 0.7+ 102 ×
222

106
= 1.8W , IL = 10A

(39)PF ≈ I2LrF

(40)PF ≈ 102 × 0.0031 = 0.31W , IL = 10A

0 5 10 15 20 25 30
Load Current (A)

0

20

40

60

80

Po
w
er

Lo
ss

in
th
e
SS

F
C
oi
l(
W
)

rF = 3.1 m

rF = 15.7 m

rF = 31.4 m

rF = 78.6 m

Figure 20.   Power dissipated in the SSF as a function of the load current, IL for different values of the coil 
resistance, rF.
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in the proposed voltage-source inverter for output voltage V0 = 220V and load current IL = 10A , where the 
SSF design parameters are set to CF = 750µF , LF = 13.5mH , and rF = 3.1m�.

The SSF design parameters are CF = 750µF , LF = 13.5mH , and rF = 3.1m�.

Efficiency of the voltage‑source inverter
The power, Po , delivered to the load is calculate as follows.

Thus, the typical efficiency of the proposed voltage-source inverter for V0 = 220V , IL = 10A , and for the 
total power loss as evaluated in the previous sub section can be obtained as follows.

However, the efficiency of the proposed inverter is plotted versus the load current, IL , for different values of 
the coil resistance, rF , as shown in Fig. 21. For low values of the load current, 0.1 ≤ IL ≤ 1.0 A , the efficiency 
monotonically increases from 87% to 97% as shown in Fig. 21a. It is clear that, for such low values of the load 
current, the inverter efficiency is almost independent of the coil resistance, rF . When the load current lies within 
the range, 1.0 ≤ IL ≤ 10A , the efficiency ranges between 97% and 98% with a peak value of 98% as shown in 
Fig. 21b. For large values of the load current, 10 ≤ IL ≤ 30A , the efficiency monotonically decreases from about 
97.5% to about 95.5% shown linear dependence as shown in Fig. 21c. It is clear that for IL > 1A , the inverter 
efficiency decreases with increasing rF.

Comparison with other inverter designs
A summary of comparisons with other designs of voltage-source inverters available in literature is presented 
in Table 3. Note that the performance measures THD, AE, AFR, FE, FFR, and η are defined above in the third 
section titled “Stability requirements of the voltage source”. The list of comparison includes six performance 
parameters: the AE and AFR as measures of amplitude stability, the FE and FFR as measures of frequency sta-
bility, the THD (dB) as a measure of sinusoidal shape purity of the output voltage, and the inverter efficiency. 
It is shown that the voltage-source inverter proposed in the present work gives the lowest THD and the highest 
efficiency among the other inverter designs listed in Table 2. Also, the performance measures, AE, AFR, FE, and 

(40)Po = I2LRL

(41)η =
Po

Po + PL
=

2200

2200+ 52.39
× 100% = 97.7%

Table 2.   Typical values of the power dissipated in the proposed voltage-source inverter for load current 
IL = 10A (i.e. ZL = 22�).

Type of power loss Value of power loss (W)

PS 0.28

PH 50.00

PC 1.80

PF 0.31

Total power loss ( PL) 52.39
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Figure 21.   Efficiency of the proposed voltage-source inverter as a function of the load current in the range (a) 
IL = 0.1to 1.0 A , (b) IL = 1.0to 10A , and (c) IL = 10to 30A , for different values of the coil resistance, rF.



19

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15419  | https://doi.org/10.1038/s41598-024-65331-7

www.nature.com/scientificreports/

FFR are not mentioned explicitly in the listed publications. It is shown in Table 3 that the design requirements 
listed in Table 1 are achieved by the proposed design of the voltage-source inverter.

Discussion
A novel design of a stabilized single-phase voltage-source inverter has been designed to be used in photovoltaic 
systems employed in nuclear installations for feeding sensitive loads. Such types of loads require a voltage source 
with quite stabilized magnitude and frequency. The inverter is based on an H-bridge of four type IGBTs with 
gate drivers and optocoupler isolators. The frequency and magnitude stabilization has been achieved through a 
robust control system where the Arduino Uno microcontroller is used for direct switching of the H-bridge and 
the Espressif ESP32-wroom-32 microcontroller with the Espressif DSP library (ESP-DSP) is used to implement 
the DSP unit for harmonic analysis of the time waveform of the output voltage. The central unit of the control 
system is the ESP32 DSP whose commands are issued to the Arduino Uno microcontroller through serial 
communication. A feedback system has been designed to measure the frequency and amplitude of the output 
voltage applied to the load. The frequency measurement is achieved through a frequency counter whereas the 
amplitude measurement is carried out through a fast ADC. It is shown that proposed control system is able to 
stabilize both the amplitude and frequency of the voltage applied to the load and, also, reduces the switching 
losses of the IGBTs of the inverter. The Proteus simulator is used to investigate the performance of the proposed 
voltage-source inverter. Also, a prototype has been fabricated for the proposed inverter for experimental evalu-
ation of its performance. Both the simulation results and the experimental measurements have shown that the 
proposed inverter has stabilized magnitude and frequency with almost zero THD. Also, the inverter efficiency 
has been shown to be greater than 97%.

Data availability
All data generated during this study are included in this article.
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