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Abstract: The use of sensitive electronic devices has increased recently; hence, power quality has
become an important factor in electrical power systems. The various disturbances occurring in the
electrical network (harmonics, voltage swells, sags, etc.) may lead to technical-economic damage
that negatively impacts the quality of the supplied power. Therefore, the use of the Unified Power
Quality Conditioner (UPQC) is a promising solution to limit such damage. In this paper, a nine-level
structure of the proposed standardized power quality conditioner is analyzed. The conditioner is
connected between a photovoltaic system (UPQC-PV) and a smart grid. Then, a new approach
to generate switches for the switches of both the series and parallel converters is proposed. This
modulation technique relies on an adaptive hysteresis band (AHB) that is determined via a fuzzy
logic controller in order to obtain the required modified output voltage with minimum distortion.
Simulation results, using MATLAB/Simulink, of different disturbance scenarios that may occur in the
network are presented to verify the accuracy of the proposed fuzzy-logic-based AHB control system.
Compared with the conventional SPWM, it is found that the proposed AHB modulation technique
significantly improves the power quality in terms of producing less total harmonic distortion in both
the voltage and current waveforms.

Keywords: adaptive hysteresis band (AHB); harmonics; power quality; smart grid; THD; unbalance;
Unified Power Quality Conditioner (UPQC)

1. Introduction

Industrial and technical development led to increasing the usage of advanced elec-
tronic equipment; however, the operation of such equipment give rise to many problems in
the electrical grid, including the emergence of higher harmonics, and thus the deformation
of the supply voltage waves. Likewise, the separation and connection of large loads and
the starting of high-power motors are the main sources of different transients that occur in
the electrical grid. The other disturbances such as sag and swell of the voltage may also
negatively affect the performance of power inverters and other loads connected to the grid.
Hence, the use of such electrical and electronic equipment, which is sensitive to the quality
of electrical energy, imposes further restrictions on the quality of energy provided by the
grid [1,2].

The electronic-based approaches are effective solutions to power quality problems.
Traditionally, several methods have been used to overcome power quality problems, such
as static capacitors that compensate the reactive power in the grid as well as induction
reactors that consume the reactive power in the grid during the low loading period. In
addition, thyristor switched capacitor (TSC), thyristor controlled reactor (TCR), and static
VAR compensators (STATCOM) have been utilized to provide more flexibility in controlling
the reactive power compensation [3].
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Passive and active filters have been used to improve the power quality. On the one
hand, passive filters have used to cancel the harmonics, but these methods suffer from
plenty of disadvantages, such as the significance of the size; the possibility of electrical reso-
nance occurrence; and, most importantly, the fixed compensation that limits the possibility
of performing their functions [4]. Contrary to passive filters, active filters have important
advantages, including more flexibility, reduced size, and greater control capacity [5]. Fur-
thermore, the active filters are divided into shunt, series, and mixed filters. The shunt
active filters are connected in parallel circuits with the load to overcome current power
quality problems like high harmonics [6]. The series active filters are connected in series
with the load to overcome voltage-related power quality problems (sags and voltage swells,
interruptions, etc.) [7]. Mixed (series-parallel) filters combine the characteristics of series
and parallel active filters; hence, they have the capability of treating voltage and current
related power quality problems. Such control approach is called the Unified Power Quality
Conditioner (UPQC), which has been regarded as one of the most effective active power
filters [1,8].

Multilevel converters have been used as active filters in order to further improve the
shape of the voltage waveforms and reduce the harmonic. In [9], a series active filter with a
five-level converter with clamped diodes structure is introduced to compensate the voltage
sag, swells, and harmonics disturbances in the medium voltage (MV) grid. The active filter
with a nine-level converter proposed in [10] is used to compensate for voltage disturbances.
This technique is tested experimentally, in which it relies on Park transformation (d-q) to
generate the reference signals [10].

Harmonic elimination of cascaded H-bridge multilevel inverter is proposed in [11].
Even though the voltage harmonics have been addressed, the power quality problems
related to voltage sag and swell have been neglected. In [12], a three-level with clamped
diodes parallel active filter has been presented in which the fuzzy logic is used to control
the filter. Compared with conventional PWM control, the obtained results prove the
effectiveness of fuzzy logic in terms of reducing the total harmonic distortion (THD).
Similarly, use of space vector modulation (SVM) to generate the signals for a five-level
active filter shows great potential for reducing THD [13].

UPQC is used based on a five-level converter in which neural networks are deployed
to control the converter output [14]. The neural networks have been trained using Leven-
berg-Marquardt backpropagation. The training tests include several cases such as voltage
harmonics and asymmetric loading. The dynamic performance of the PV-UPQC with a
three-level clamped diodes converter has been studied in [15]. The distributed genera-
tion units connected to the standard multilevel power quality conditioner are discussed
widely [16], where five-level clamped diodes switching structure has been used, and several
cases such as load changes, voltage sag, and load supply interruption are discussed. The
results showed that the THD decreases with the increase in the number of levels.

A five-level neutral point clamped UPQC to mitigate power issues is proposed in [17].
The comparative analysis with the conventional PI controller-based design and the cascaded
H-bridge-based UPQC controller are provided. The basic approach of UPQC is to regulate
the load side voltage and maintain low THD content, particularly at the grid side. Similarly,
Ref. [18] proposes a cascaded H-bridge with multilevel inverter (CHBMLI) UPQC for the
compensation of the voltage sag/swell in the source side and current harmonics in the
load side produced by the non-linear loads. A predictive control-based algorithm called
predictive phase dispersion modulation (PPDM) is used in this system to control the series
and shunt active power filters of the UPQC.

The operational impact of distribution static compensator (D-STATCOM) is quantified
in [19]. A cascaded H-bridge Nine-Level Multilevel Inverter (NL: MLI) UPQC is suggested
to enhance power quality. The effectiveness of the proposed topology is evaluated for a
constant DC voltage source and two SPV arrays.

In [20], multilevel inverters, which are used in a series shunt controller for producing
accurate sinusoidal wave shape, are proposed. The series controller is connected to the grid
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side for grid power quality improvement, and grid side voltage sag/swell is reduced by a
series controller. The performance of H bridge converters is compared where a three-level
and five-level structures were used [21]. The results also show that the THD decreased
with the increase in the number of levels. However, the increase in the number of switches
leads to the complexity of the control circuit.

A comparison between three-level and five-level converters is introduced in [22]. Here,
the sinusoidal pulse width modulation (SPWM) approach has been used to provide the
pulses to the switches, an experimental analysis of the MC SPWM techniques for a three-
phase, five-level, cascaded H-Bridge inverter with controller-based FPGA [23]. Due to their
high number of components that may reduce the reliability, the literature also compares
the faults that can appear in multilevel (ML) inverters [24]. As a result of the analyzed
works, it can be concluded that ML inverters can significantly increase their availability
and can be operated even with some faulty components. Furthermore, the existing loss
calculation methods for power electronics switching and conduction losses can be utilized
using simulation tools for any converter configuration and application range [25].

Given their importance to industrial applications, new typologies for multilevel con-
verters have been proposed recently [26]. The control methods can be performed by
extending the orthodox notion of ‘static’ load equivalent conductance into a time-variable
signal. They may be used to characterize energy changes in the whole UPQC-and-load
circuitry [27]. The UPQC can regulate energy flow between all sources and loads under
compensation. Finally, the UPQC can be utilized to safeguard the sensitive loads in the
distribution network [28]. Control strategies utilized in both series and shunt converters are
the groundwork that shows the ability of UPQC to compensate throughout the transient
condition, load disturbances, and source-side disturbances. In these strategies, the typical
adaptive hysteresis controller PWM approach has been used to generate the pulses based
on the reference signal.

In [29], a new single phase nine-level inverter topology for electrical loads such as
R-load and RL-load is proposed. MATLAB/Simulink software is employed to analyze
the performance of the anticipated MLI topology. A real-time prototype setup also has
been implemented to validate the Simulink analysis [29]. A solitary phase nine-level-
series-connected H-Bridge powered by photovoltaic MPPT-based SHAPF in view of basic
controller is proposed [30]. Multilevel inverter promises a lot of advantages over conven-
tional inverter, especially for high-power applications. Some of the advantages are that
the output waveform was improved since multilevel inverter produced nearly sinusoidal
output voltage waveforms; hence, the total harmonic distortion was also low. The switching
losses also decreased. Additionally, the filter needed to smooth the output voltage was
small; hence, the system was compact, lighter and much cheaper [31]. Considering the loads
connected to the studied system are non-linear loads with a power rate of more than 20 kW,
here the importance of nine-level to feed these loads by appropriate sinusoidal voltages
is stressed. Moreover, the experimental results showed a high performance of nine-level
inverter, especially when this type of inverter was connected to resistive-inductive loads.

In this paper, a multi-level converter (9 levels) is suggested to operate as series and
shunt converter of the UPQC. The synchronous reference frame (SRF) is proposed to extract
the reference current and voltage signals, and the modulation technique in this paper
depends on AHP with Fuzzy Logic (9 levels adaptive Hysteresis band), which is compared
with other known modulation techniques such as SPWM; the advantage of the proposed
method has been reached, without forgetting using solar array to feed the DC link, which
matches both converters with required voltage. The obtained results are very important to
prove that the effectiveness of the suggested UPQC system depends on nine-level inverter
in reducing THD (less than 2%) for both voltage and current waveforms, in addition to
enhancing the power quality.

The remainder of this paper is divided as follows: Section 2 illustrates the structure
and control system of the UPQC. The proposed control modulation technique is illustrated
in Section 3. Section 4 presents connecting the photovoltaic system and tracking of the
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maximum power points (MPPT). Section 5 presents the simulation results of the suggested
system. Finally, conclusions are drawn in Section 6.

2. Structure of Multilevel Unified Power Quality Conditioner (UPQC)

Figure 1 presents the most common structure of the UPQC. It consists of two con-
verters, one connected in series and the other in parallel with the load, and they share a
common constant voltage link (DC link). Moreover, Figure 2 shows the nine-level multi-
level converter structure used to implement the UPQC in this paper. Further details on the
control implementation of these two converters are presented in the next three subsections.

Nonlinear 
Load

Series
Inverter

Shunt
Inverter

///

Figure 1. Structure of the Unified Power Quality Conditioner (UPQC).

A
B
c

dc
/ 8V

dc
/ 8V

dc
/ 8V

dc
/ 8V

dc
/ 8V

dc
/ 8V

dc
/ 8V

dc
/ 8V

Figure 2. Structure of the converter used in the multilevel UPQC.

2.1. Generating Reference Signals

There are several methods that can be used to generate reference signals (generation
of reference voltages for the series converter, generation of reference currents of the parallel
converter). Some of these methods depend on the frequency domain, such as the fast
Fourier transform and the discontinuous Fourier transform. However, the main disadvan-
tage of such methods is the very high computational cost (long time and large memory
required) [14]. Other methods depend on the time domain such as the instantaneous active
and reactive power theory and the SRF theory. The components of both voltage or current
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are continuous quantities in the SRF. However, the system cannot function properly in im-
balance sceinarios as they lead to failure of control due to the second harmonics oscillations.
Hence, additional control loops are required, which complicate the control system [15].

2.2. Control of the Series Converter

In case of voltage disturbances, the series converter will be operated. Figure 3 shows
the control diagram for the series active filter. It can be seen that the SRF is used to generate
the reference voltages that are obtained from the comparison of the measured voltage with
a reference value with 1 p.u. amplitude and 120° phase displacement between the phases,
as shown in Equation (1). Note that the initial voltage angle (θ) required for the abc-to-dq
and dq-to-abc conversions is obtained via a phase locked loop (PLL) [16].

Source
Voltage

Reference
Voltage

abc

abc
abc

dq

dq

dq

Injected
Voltage

Reference
Voltage

Source
Voltage

FL
Controller

Pulses for 
Series Inverter

HB

Figure 3. Control diagram of the series active filter.
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The abc-to-dq conversion is carried out using the park transformation depending on
the Equation (2).ud
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After that, the dq components are converted to abc coordinates using the inverse Park
Transformation shown by Equation (3).ua

ub
uc

 =

 cos(θ) −sin(θ) 1
cos(θ − 2π

3 ) −sin(θ − 2π
3 ) 1

cos(θ + 2π
3 ) −sin(θ + 2π

3 ) 1

ud
uq
u0

 (3)

2.3. Control of the Parallel Converter

The shunt converter will be operated when current disturbances occur. Hence, the
parallel active filter deals with power quality problems related to current and compensates
for the reactive power. SRF is used to current signals extraction, and SRF can handle
unbalanced voltages, where currents are handled independently of the supply voltage.
The fundamental component of voltage or current in an SRF is the continuous quantities
that can be easily extracted using suitable filters. Figure 4 presents the control structure of
the converter. The reference signals are generated in the dq reference frame. Again, the
transition from abc coordinates to the dq coordinates is done through Park transformation,
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where the transformation angle is obtained using the PLL. Figure 4 also shows the process
of filtering out the high harmonics components by using appropriate low pass filter (LPF).
Finally, via reverse Park conversion, the reference signals are obtained by transforming
from the dq coordinates to the abc coordinates.

abc
L abc
I

− 



dq

PLL



dq

s abc
V

−

abc
LPF

Controller
dc-ref
V

dc
V

dc
I

*

abc
I

Figure 4. Control diagram of the shunt converter.

3. Proposed Modulation Technique

There are several techniques for generating pulses for electronic semiconductor
switches such as linear techniques (e.g., PWM-SPWM-SVPWM), non-linear techniques
(e.g., neural networks, fuzzy logic), and Hysteresis Band (HB). In this paper, the multilevel
adaptive hysteresis band (ML-AHB) is presented to control the output voltage of the UPQC.
This modulation technique is characterized by its fast response, accuracy in tracking capa-
bility, and less ripple. It is noteworthy that the bandwidth is variable and can be calculated
mathematically or through artificial intelligence methods.

First, the source voltage (Vs) signal and the reference signal (Vref, Iref) signals are
fed to the fuzzy logic controller. Then, the Adaptive Hysteresis Band is obtained from
the output of the fuzzy logic controller, as shown in Figure 5. Figure 6a,b show the
procedure of generating the pulses for the parallel and series converters of phase (a),
respectively. Figure 7 shows the nine-level adaptive Hysteresis Band that is being calculated
by fuzzy logic controller. Table 1 presents the fuzzy logic rules used to determine the
bandwidth (2HB). Five blurry (fuzzy) groups represented by triangular functions are used
to characterize the output.

HB

s
I

ref
I

1

z

(a)

HB
1

z

s
V

ref
V

(b)
Figure 5. Calculating the Adaptive Hysteresis Band (HB) using fuzzy logic: (a) for current and
(b) for voltage.
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a
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I
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V

a
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(b)
Figure 6. The generation of pulses for both parallel (a) and series (b) converters of phase a
through AHB.
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Figure 7. The nine-level adaptive hysteresis band.

Table 1. Fuzzy groups used to determine the bandwidth.

dic/dt,
dv/dt

Vs

NL NM ZE PM PL

NL PVS PS PS PM PM
NM PS PS PS PM PM
ZE PL PL PVL PL PL
PM PM PM PS PS PS
PL PM PM PS PS PVS

4. Connecting the Photovoltaic System and Maximum Power Point Tracking (MPPT)

The photovoltaic (PV) system is connected to the DC-Link, which is set between the
series and parallel converters. This solar photovoltaic array is formed from the connection
of 32 solar panels in series. Table 2 lists the paramters of the investigated KC200GT
solar panel. The perturb and observation method is used in order to track the maximum
power point (MPPT), where the corresponding voltage is 840 volts, at a radiation level of
1000 W/m2 and a temperature of 25 ◦C. Figure 8 presents the detailed control structure of
the UPQC, including the photovoltaic array that injects its power to the constant DC-Link
of 840 volts.
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Table 2. The parameters of the KC200GT solar panel.

Description Value Unit

Maximum power 200 W
Maximum power voltage 26.3 V
Maximum power current 7.61 A

Open circuit voltage 32.9 V
short circuit current 8.21 A

Numbers of serial cells 54 -

Figure 8. Simulation of the suggested system.

5. Simulation Results

To verify the performance of the proposed modulation technique, the UPQC system
shown in Figure 8 is considered. In this system, the series and parallel filters are connected
through DC link. Table 3 lists the parameters of the system. Seven cases of voltage and
current disturbances are simulated, and the THD values of voltage and current waveforms
are used for the comparison study with the conventional SPWM.
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Table 3. The parameters of the system.

Quantity Value Unit

Line to line voltage of the grid 380 V
Phase voltage of the grid 220 V
Maximum phase voltage 311 V

Grid frequency 50 Hz
Load impedance R = 15 Ω

L = 30 mH
Transformation ratio 1:1 -
Reference DC Voltage 840 V

Line impedance RL = 0. 1 Ω
LL = 10 µH

Switching frequency 5 kHz
Shunt filter impedance R = 1 mΩ

L = 2.1 mH

5.1. Voltage Sag

In this case study, the source voltage is source voltage waveform before and after it
falls by 40% of its nominal value. Figure 9 shows the corresponding source voltage, injected
voltage, and the load voltage. It can be seen that the UPQC reacts very quickly to the
voltage sag and it injects a certain amount of the voltage in order to keep the load voltage
equal to the desired nominal value.

Furthermore, Fourier transformation over the considered time duration (0.2 s) is used
to calculate the THD for all phases before and after using UPQC, as shown in Table 4. It
is evident that the voltage waveforms have much larger THD values before connecting
the UPQC. The importance and effective role of the UPQC in general and the role of the
AHB controller in particular for treating the voltage sag and eliminating its effects are
emphasized. For example, the THD value of phase A when the AHB used is 0.63% of all
phases. However, using the conventional SPWM has a THD equal to about 1.32%.

Figure 9. The simulation results of the 40% symmetrical voltage sag with a duration of 80 ms:
(a) Source voltage, (b) injected voltage, and (c) load input voltage.

Table 4. The voltage THD for the case of voltage sag.

Phase Source THD% THD% Using SPWM THD% Using AHB

A 15.15 1.32 0.63
B 15.5 1.36 0.69
C 15.32 1.37 0.7
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5.2. Voltage Swell

The grid voltage is increased to 140% of its nominal value in order to test the voltage
swell scenarios. Figure 10 shows the voltage waveforms before and after applying the
voltage increase by 40% of its nominal value. Table 5 shows a comparison of the THD
values before and after activating the UPQC. It is clear that the UPQC ensures reliable
supply to the load and that the THD value is much smaller when the AHB is used .

Figure 10. The simulation results of the voltage swell (a) Source voltage, (b) injected voltage,
(c) load voltage.

Table 5. The voltage THD for the case of voltage swell.

Phase Source THD% THD% Using SPWM THD% Using AHB

A 10.97 1.05 0.29
B 11.02 1.06 0.31
C 10.98 1.08 0.32

5.3. Compensation of Current Harmonics

Considering the load is non-linear, the harmonics are produced in the current wave-
forms. Figure 11 shows the current waveforms before and after the current harmonics
compensation. It can be observed that the the harmonics are effectively compensated
through the UPQC after is activated at 0.06 s. The corresponding THD values are reported
in Table 6. The THD in the current waveforms is significantly reduced after enabling
the UPQC.

5.4. Compensation of Current Harmonics for Asymmetric Load

When loading the first and second phases with an inductive-resistive load, the drawn
current from the source is unequal between the three phases. Figure 12 shows the current
waveforms of such a scenario. It can be seen that the current of asymmetric load is
distributed unequally between the three phases. Figure 12 proves the ability of the UPQC
to treat asymmetric disturbances as well. Here, as shown in Table 7, there is a significant
decrease in THD of phase A from 18.2% before using the UPQC to 1.43% after using
the UPQC.
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Figure 11. The simulation results of the current waveform before and after compensation the
harmonics: (a) load current, (b) filter current, and (c) source current.

Table 6. The current THD for the case of current harmonics.

Phase Source THD% THD% Using SPWM THD% Using AHB

A 23.97 2.72 1.49
B 24.1 2.76 1.5
C 24.04 2.77 1.5

Figure 12. The simulation results of the current waveforms before and after compensation harmonics
for the asymmetric load (a) load current, (b) UPQC current, and (c) source current.

Table 7. The current THD for the case of asymmetric loading.

Phase Source THD% THD% Using SPWM THD% Using AHB

A 18.2 2.29 1.43
B 18.16 2.24 1.43
C 20.22 2.26 1.44

5.5. Compensation of Voltage Harmonics

This case study investigates the performance of the UPQC when the source voltage
waveforms contain background harmonics. Figure 13 shows the results of the source
voltage, the injected voltage by the UPQC, and the load voltage. It can be seen that the load
voltage is purely sinusoidal as the UPQC is enabled. As listed in Table 8, it can be seen
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that the THD value is decreased from 17.6% to 0.5% after enabling the UPQC. Additionally,
Table 8 shows a comparison of the THD value when using in case of using SPWM and
AHB to control UPQC for processing voltage harmonics. Thus, the low values of the THD
shows the ability of the UPQC in general and UPQC controlled when the AHB is used. It
reduces voltage harmonics that may occur in the grid. Therefore, the harmful effects of
high harmonics and technical and economic problems on the consumers can be avoided.

Figure 13. The simulation results of voltage harmonics (a) Source voltage, (b) injected voltage, and
(c) load voltage.

Table 8. The THD for the case of voltage harmonic compensation.

Phase Source THD% THD% Using SPWM THD% Using AHB

A 17.67 1.11 0.55
B 17.69 1.14 0.58
C 17.7 1.12 0.56

5.6. Interruptions of Source Voltage

A sever case study is investigated in this case study. Figure 14 shows the source
voltage interruption at 0.06 s. It can be seen from Figure 14b that the UPQC reacts rapidly
to this event, and it regulates the load voltage to its nominal value. Furthermore, Table 9
shows large values of the THD before connecting the UPQC-PV. The effectiveness of the
UPQC in general and the AHB controller in particular can obviouslt be used to eliminate
the voltage interruption consequences.

5.7. Single Phase-to-Ground Fault

In order to test the UPQC performance in fault conditions, a single phase-to-ground
fault in the source voltage is considered. In such scenarios, it is expected that the series
converter will compensate the disturbances that occur in the concerned phase and provide
the required voltage with-in the full time of the fault. Figure 15 confirms the effectiveness
of the suggested filter to solve this problem. Figure 15 shows the occurrence of the phase-to-
ground fault in the source voltage for four fundamental cycles. Before enabling the UPQC,
the THD value of voltage of phase A is 53.86%, due to the mentioned fault. However,
Figure 15b shows that the series converter compensates the disturbances within the fault
period, where the THD value after compensation decreases to 1.9%. Furthermore, as listed
in Table 10, it can be seen that the AHB outperforms the conventional SPWM technique.
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Figure 14. The simulation results of the voltage interruption (a) Source voltage, (b) injected voltage,
and (c) load voltage.

Table 9. The THD for the case of voltage interruption.

Phase Source THD% THD% Using SPWM THD% Using AHB

A 53.86 2.32 1.65
B 53.9 2.36 1.68
C 53.89 2.37 1.69

Figure 15. The simulation results of the phase interruption (a) Source voltage, (b) injected voltage,
and (c) load voltage.

Table 10. The THD for the case of voltage interruption in the first phase.

Phase Source THD% THD% Using SPWM THD% Using AHB

A 53.86 2.52 1.90
B 0.28 2.46 1.89
C 0.29 2.45 1.88

6. Conclusions

This paper proposes a fuzzy logic modulation technique for a multilevel (ML) parallel-
series conditioner (UPQC). The PV system is connected to the common DC link between the
two converters that are working separately to compensate for voltage (series) and current
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(parallel) issues. The proposed UPQC-PV contributes to treating problems of imbalanced
loading in three phases systems and to reducing the THD. Here, the increasing of level (to
nine-level) compared to five- and seven- level contribute to further decreasing the rate of
variation (dv/dt). The proposed control system was simulated (MATLAB/Simulink), and
different perturbations were studied before and after enabling the compensation to verify
the effectiveness of the proposed UPQC-PV. The simulation results verify that the voltage
and current problems are effectively overcome by the proposed Adaptive Hysteresis Band
using fuzzy logic control approach. Further research can explore possible applications of
the suggested UPQC system for standalone microgrids where grid-forming inverters play
a key role in such power-electronics-based electric systems.
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