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Nowadays, researchers focus on the modular multilevel converter (MMC), due to its modularity structure, effective sharing of
voltages among the submodule switches, and betterment in the quality of the voltage and current waveforms. First, the con-
ventional unified power quality conditioner is developed with two level voltage source converters connected back-to-back, which
are proposed tomitigate both the voltage and current related power quality problems. Later, to improve the performances (voltage
sag, swell, current harmonics, etc.) of the conventional method, multilevel inverters are used. In this paper, a modified unified
power quality conditioner based on a modular multilevel converter is implemented to mitigate the voltage and current related
power quality issues. (e design of the MMC is very simple with a modular structure, and it also improves the performance of the
system compared to the conventional methods. In this proposed topology, the voltage related compensation is implemented with
a seven-level MMC, and the current compensation is achieved with a reduced four switch voltage source inverter. (e developed
system is simulated in the MATLAB platform, and results are validated by hardware implementation with a FPGA controller. It is
observed that the developed system has less % of total harmonic distortion and reduction in voltage sag as per the prescribed IEEE
519–2014 standards and practices.

1. Introduction

Over the years, engineers and researchers have focused their
interest on modular multilevel converters (MMCs), which
are not only used to reduce the switching devices’ voltage
rating effectively but also to significantly enhance the quality
of the output voltage. (e MMC is described as a better
solution for high voltage DC transmission systems, variable
speed drive systems, and custom power devices. Both shunt
and series converters are composed of full-bridge or half-
bridge submodules and are distinct from one another. To
obtain the (2N+ 1) level of output voltages, the shunt and

series converter is composed of 2N half-fridge submodules.
Due to its modular structure design, the reliability of the
MMC-UPQC is increased [1–3].

(e modular multilevel inverters are applied to the
HVDC system [4]. In various articles, authors have dis-
cussed the advantages of the MMC in terms of modularity,
scalability, improvement in the performance of the system,
boost supply reliability, and economy. (e MMC can be
used in multiterminal direct current (MTDC) grids for
providing interconnections between the main power sys-
tems and various renewable energy resources. (e various
topologies based on the submodules of the MMC are the
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half-bridge (HB) inverter, the full-bridge (FB) inverter, the
unipolar-voltage full bridge (UFB) inverter, the clamp
double (CD) MMC, and 3-level/5-level cross-connected
MMCs. Various converter cells are used in the MMC, and
functionalities of the MMC are used in the HVDC system.
Voltage and current source converter topologies, building
blocks, multilevel converters, and hybrid MMCs are dis-
cussed for HVDC applications [5].

(e MMC based on the unified power quality condi-
tioner, which is used to suppress the circulating current
among the six phases, is developed. (e averaged control
method for the modeling of the converter is developed, and
the nearest level modulation method is used for generating
the reference current [6]. (e seven-level inverter is
implemented for low voltage renewable energy applications.
In this topology, a switched capacitor with a single voltage
source is used. Two switched capacitors with ten reduced
switches are adopted to obtain the triple voltage output with
reduced voltage stress. (e level shifted sinusoidal pulse
modulation technique is used to control the switches in the
seven-level inverter [7, 8]. A single phase multilevel inverter
is implemented with the pulse width modulation method of
selective harmonic elimination to achieve the seventy-one-
level output [9]. (e proposed MMC is designed with an
adaptive carrier-based phase disposition pulse width mod-
ulation method. (is topology uses only one carrier having
flexibility with fault-tolerant capability. (e MMC system is
tested by considering one submodule in fault conditions to
obtain the nine-level output [10].

(e development of new circuit configurations, the
converter model, control schemes, and modulation strate-
gies are discussed in [11]. Authors have mentioned the
various merits of the MMC such as the modular structure,
transformer-less operation, easy stability in terms of voltage
and current, low expense for redundancy and fault-tolerant
operation, high availability, utilization of standard com-
ponents, and excellent quality of output waveforms.

(e performance of the MMC is compared with three
different modulation techniques. (e authors have selected
the phase-shifted sinusoidal pulse width modulation, the
space vector modulation, and the nearest level modulation to
investigate the harmonics produced by these three modu-
lation methods. To control the submodule voltage, the ca-
pacitor voltage balancingmethod is used. A resonant current
controller is used to minimize the circulating current [12].
(e various voltage and current control methods used for
regulating the DC link voltage and reactive power are
analysed [13] for unbalanced and distorted network prob-
lems. (e structure of the MMC, module topologies, and
fundamental equations are derived from the MMC; ca-
pacitor balancing is also discussed in detail. (e current
modulators such as current control with constant excitation
and current control with excitation proportional to the error
are analysed. (e performance of the system with voltage
and the current modulator for balanced grids, unbalanced
grids, and distorted grids are discussed.

Various structures, modeling, working, and applications
of the MMC are discussed [14]. (e performance of the
system is analysed with the p-q theory, the d-q theory, and

the proportional resonant controller.(eMMCwith a single
modular structure and superior control characteristics are
mentioned [15]. (e four-quadrant operation of a single-
phase AC to an AC converter is discussed. While discussing
the MMC, authors have considered the parameter re-
quirements such as the capacitor energy storage, the
semiconductor, gate driver circuits, and their power supplies
and converter efficiency. Steady-state and transient oper-
ating characteristics of the converter are also explained.

(e chopper-based MMC with the carrier phase-shifted
PWM (CPSPWM) to obtain the voltage balancing, reduction
in harmonic content, and balancing of submodule capacitor
voltage is elaborated [16]. (e improved SVPWM also
analysed with an increase in the output voltage level, voltage
stress on the buffer inductor, and influences on voltage
balancing of the submodules. Voltage-balancing and the
linearization control method for pulse sorting without arm
current measurement are used. (e voltage balancing al-
gorithm is implemented in each carrier wave period, which
reduces the computational intensity; burden and arm cur-
rent can also be improved by this control method [17].

(e MMC includes various features such as high
power/high voltage applications, highly redundant, each
arm of the converter is made up of a large number of
identical submodules with inner storage capability and very
high voltage with DC link capacito [18]. A fast-sorting
method for voltage balancing is called the tortoise, and the
hare sorting method is analysed. (e modular multilevel
matrix converter (M3C) topology-based single-phase
UPQC for medium and high voltage applications is pro-
posed [19]. (e type of the M3C considered has four
identical multilevel converter arms and associated filtering
inductors. (e DC circulating current is used to balance the
instantaneous active power of each arm and prevent the
capacitor voltages from divergence in inter- and intra-arms
to achieve voltage balance. (e design of the arm induc-
tance and submodule capacitance is studied.

A thirteen-level MMC-based UPQC for power quality
mitigations is considered. (e control technique used to
extract the reference signal is the park transformation
method [20]. (e control methods of each shunt and series
inverter are discussed separately. Series inverter mitigates all
kinds of disturbances from the supply side, and the shunt
inverter provides the reactive power compensation and
harmonic current elimination generated by the nonlinear
loads. (e multicell UPQC with a discrete-time linear
control strategy is introduced [21]. (e multilevel three-
phase UPQC with single-phase power cells is used to design
the topology. (e compensation of reactive power and
fundamental frequency disturbances are analysed. Single
variable linear controllers with the root locus approach are
used to choose the controller parameters.

(e modeling and control of the sixty-one level MMC
for the HVDC system under balanced and unbalanced grid
conditions are described [22]. (e dynamics of positive,
negative, and zero-sequence components are derived from
the generalised mathematical model. (e dual control with a
positive and negative sequence current controller is applied
to theMMC.(e zero-sequence controller is also considered
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along with the positive and negative sequence current
controllers. (e predictive controller-based MMC is dis-
cussed for low-frequency switching and a reduced number
of capacitors [23]. If the switching frequency is reduced, then
the capacitor voltage increases, which leads to an increase in
the voltage ripple in the individual submodule. (e pre-
dictive algorithm is proposed to control the converter by
stored energy in the submodule capacitor voltage when it
reaches its maximum value and is evenly distributed among
all the submodules [24].

(e improved steady-state performance of MMCs using
modulated model predictive control is discussed. (e new
modulated technique is discussed to directly capture the
optimal modulation references at every sampling period
based on the duty cycles of the two fixed voltage levels.(en,
the optimal modulation references are fed into the modu-
lation stage to generate gate signals [25].

(e proposed work concentrated on seven-level MMC-
based UPQC to compensate the variations in supply voltage
by using series active power filter (APF) and current har-
monics using shunt APF. In the proposed modified modular
multilevel converter-based UPQC series part of the UPQC is
implemented with a seven-level MMC to regulate the voltage
related power quality issues. (e shunt part of the modified
MMC-based UPQC is implemented with reduced switches
to mitigate the current related issues. (e two level shunt
part of the UPQC is designed with reduced four switches.

Section 2 describes about the design and analysis of
modifiedMMC-based UPQC. Section 3 deals with simulation
results and discussion of the modifiedMMC-based UPQC for
power quality enhancement. (e hardware implementation

and its analysis are explained in section 4.(e proposed work
is concluded in section 5.

2. Design and Analysis of Modified Modular
Multilevel Converter-Based UPQC

(e structure for the modular multilevel converter is shown
in Figure 1. (e MMC consists of three arms in the upper
part and three arms in the lower part. Each arm of the MMC
can be connected with several submodules. A series con-
nection of submodules makes the arm of the converter to
build the output voltage step-wise. Submodules are either
half-bridge or full-bridge converters. With n submodules in
the arm of the converter, the output voltage has n+ 1 level.
(e MMC has the advantages of less THD, better voltage
sharing among the semiconductors, lesser dv/dt on devices,
scalable, and no limitations in DC link voltage, and the
mechanical construction is not complex. Due to the re-
dundancy in the structure, failed modules can be easily
replaced.

(e submodule of the MMC and the four modes of
operation of the submodule are given in Figure 2. Figure 2(a)
denotes the submodule of the MMC-based UPQC. During
this mode of operation, the capacitor is charged. (e dis-
charging mode of the capacitor is illustrated in Figure 2(b).
In this mode, the capacitor is discharged through switch S1.
It is noted from Figure 2(c) that the arm current is greater
than zero, and it is flowing through diode D2 when the
module is not inserted. (e direction of the arm current is
reversed, and it flows through the switch S2 as shown in
Figure 2(d) by bypassing the submodule. (e capacitor is
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charged through diode D1 as shown in Figure 2(e). In this
mode of operation, a submodule was inserted, and the arm
current is lesser than zero.

(e equivalent circuit of the MMC is shown in Figure 3.
Each arm of the converter is equivalent to a controlled
voltage source and a series inductor. (e magnitude of arm
voltage is given as

nactive ∗Udc( 

N
, (1)

where nactive is the number of submodules inserted in the
arm of the MMC.

U dc is the voltage applied to the MMC.
N is the number of submodules.
(e number of submodules inserted in the MMC is

N≥
Udc

Usm
, (2)

whereUsm is the voltage in the arm with respect to ground
(e arm voltage is

Varm � 
n

i�0
Vsm + Larm

diarm

dt
+ Rarmiarm. (3)

Here, Larm is the inductance in the arm.
R arm is the resistance in the arm.
i arm is the current flowing through the arm.
(e output voltage of the MMC is

Vk − U0 � Varm. (4)
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Udc

ic_lowia_low

ia_up ib_up ic_up

Rarm

Larm

Rarm

Larm

Rarm

Larm

Rarm

Larm

Rarm

Larm

Rarm

Larm

ia
Ua

ib
Ub Rb Lb

Lc

Ra

Rc

La

Vb

Vc

Va

ic Uc

2

Udc
2

+
Inner
Voltage

Inner
Voltage

Inner
Voltage

Inner
Voltage

Inner
Voltageib_low

Inner
Voltage

−

+
−

Figure 3: Equivalent circuit of the MMC.

4 International Transactions on Electrical Energy Systems



Here, k is a number of arms in the MMC.
V k is the total arm voltage.
U 0 is the output voltage of the MMC.
(e circulating current is

icr �
ip + in

2
. (5)

Here, ip is the current in the upper arm, and in is the current
in the lower arm.

(e arm current flowing out of the submodule is con-
sidered a positive current and inside as negative. (e di-
rection of the current decides the switching states of the
device. (e voltage rating of the submodule decides which
module is inserted and which module is not inserted. Table 1
shows the arm current value and conducting devices.

(e proposed model of the MMC-based UPQC to en-
hance power quality is shown in Figure 4. Each arm is
connected with 6 numbers of submodules. Submodules are
designed with HB converters. Each submodule has a ca-
pacitor with an average voltage of Udc. 6 submodules in the
arm of the converter output voltage have 7 levels. In the
proposed model, the series filter is designed with MMC
structure, and the shunt filter is designed with reduced four
switches.

In order to obtain the three-phase connection, the third
leg of the shunt filter is considered with a split capacitor.(e
MMC as the series filter is connected in series to the line

through the series transformer. (e shunt filter is connected
to the line in parallel to maintain the harmonic current as
sinusoidal and balancing the voltage at the point of common
coupling.(e coupling inductor is used in between the shunt
filter and the line to smoothen the current injected to the
line.

(e series filter provide the seven level output to provide
ripple-free voltage to the capacitor connected in between the
shunt and the series filter. Also, we provide the voltage sag
compensation and remove the voltage harmonics generated
in the system for 3rd and 11th harmonic order. (e control
signal for both shunt and series filter is obtained by using the
hysteresis current controller (HCC).

(e compensating signal to regulate the UPQC system is
extracted by the decoupled double synchronous reference
frame (DDSRF) algorithm. (is control method completely
eliminates the detection error. A double synchronous ref-
erence frame (SRF) is generated to separate both the positive
and negative sequence components of the utility voltage.
(ese two components are successfully extracted by de-
veloping decoupling networks. (e implementation of the
DDSRF method has a very fast response; precise operation
and robust positive sequence voltage detection can be
achieved. (e procedure to decouple the sequence current is
explained as with equations (6) to (15), (e three-phase AC
voltage is segmented as positive, negative, and zero sequence
elements.

Table 1: Arm current and conducting states of the submodule.

Arm current status Conducting switch Change in voltage Device on state Switch states Sub-module voltage

I arm> 0 S 1 or D2
(dVarm ref /dt)> 0,

(dVarm ref /dt)< 0.
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where Vsa, Vsb, Vsc are three phase AC voltages; Va, Vb, and
Vc are zero, positive, and negative sequence voltages.
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(e three-phase source current is represented as follows:
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(e DDSRF theory general equation is given as

Ss012 � Sl012 + Sf012. (10)

(e 0, 1, 2 represents the zero, positive, and negative
sequence powers, and the total power injected to the grid is
calculated as
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Sl012 � ps012(t) + Qs012(t) + ph012(t) + Qh012(t).
(11)

(e term P&Q represents the active and reactive power
of the system.
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(e αβ parameters are estimated from the above
equation
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From the positive and negative sequence elements αβ,
variables are estimated as follows:
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 ,
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cos φ1( 
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cos φ2( 

sin φ2( 
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cos(2ωt)
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  + Vq1

sin(2ωt)

−cos(2ωt)
 .

(14)

(e reference signals from DDSRF theory are estimated
for UPFC as given in the following equation:
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(15)

3. Simulation Results and Discussion

(e distribution system is considered with both linear and
nonlinear load at the point of common coupling. When the
load is varying accordingly, the filter compensates the
variations occurred in the load as well as source current and
maintains the % THD as per the recommended value. (e
specifications of the proposed system are given in Table 2.

(e % THD on the source current before and after the
implementation of UPQC is given in Figures 5(a)–5(c) .
Figure 5(a) shows that the % THD of system without UPQC
is 16.38%. Figure 5(b) depicts that after the injection of shunt
compensating current, the % THD of the system is reduced
to 2.87%.

(e reduction in percentage THD is achieved, when
UPQC is provided the shunt compensation with the yield of
reduced 4 switch shunt compensator. When the system is
subjected to different loaded conditions, the variations in the
% THD are depicted in Figure 5(c). (e variations in the %
THD are compared with the reference %THD. It is set as 3%.
As per the recommendations of IEEE 519, it should be below
5%.

(e % THD for different harmonic orders with and
without UPQC is given in Table 3. It shows that the fun-
damental harmonic order at fundamental supply frequency
is 100%. Apart from that, the major harmonic order present
in the system with the application of linear and nonlinear
load is 3, 5, 7, 11, 13, 17, and 19.

(e compensating signal from the UOQC is applied to
the system at 0 second. Figure 6(a)shows that from 0 to 0.3
seconds with the application of UPQC both the voltage and
current are sinusoidal in shape. Between 0.3 and 0.5 seconds,
3rd and 11th order voltage harmonics are generated in the
system, which is shown in Figure 6(b). (e same manner
voltage sag created between 0.4 second and 0.6 second on the
system voltage is shown in Figure 6(c). (e MMC-based
series compensator of the UOQC mitigates the voltage
harmonics and compensates the voltage sag which is
depicted in Figure 6(d).

During 0.8 second to 1 second, both the linear and
nonlinear loads are connected to the proposed system. (e
change in voltage with application of linear load is shown in
Figure 6(e). (e voltage at the point of common coupling is
maintained constant with the help of a shunt compensator
which is given in Figure 6(d). (e variations in source
current due to different stages of voltage are mentioned in
Figure 6(f ), and the compensated current is given in
Figure 6(g). (e per phase waveform of voltage and current
subjected to different voltages is given in Figure 6(h).

Figures (7(a)–7(c)) show the various voltage, current,
and power waveforms obtained from the MMC-based
UPQC system. DC link voltage of the system is shown in
Figure 7(a). (e waveform shows that based on the varia-
tions in the load, the voltage across the capacitor is also
controlled by the PI controller to provide the constant
voltage at the PCC.

(e voltage across theMMC is shown in Figure 7(b). It is
a pulsating DC voltage with multiple levels, which is applied
to the DC link capacitor to maintain constant voltage across
the capacitor. Figure 7(c) depicts the real and reactive power
at the source side. With suitable PWM techniques, the series
converter maintains the constant DC voltage. (e constant
voltage to the load is applied through the shunt converter of
the UPQC.

(e proposed UPQC system improves the active power
and compensates the reactive power. (e load side active
power is shown in Figure 8(a). (e active power of the
transmission system increased because nonlinear load was
absorbed by the series filter in PCC as depicted in
Figure 8(b), and the power injected from the shunt filter is
denoted in Figure 8(c). (e proposed UPQC system reduces
the reactive power to enhance the power quality.

4. Hardware Results’ Discussion

(e hardware implementation of the MMC-based UPQC is
shown in Figure 9. An autotransformer is connected at the
source side to provide variable input voltage to the system.
(e performance of the system is analysed with varying
linear and nonlinear load. (e shunt converter is connected
at the load side to provide constant voltage at PCC and to
maintain the source current without harmonics. (e MMC
is connected at the load side through the transformer to
provide ripple free voltage at the DC side.

(e uncompensated voltage and current at the source
side are shown in Figure 10(a). (e voltage and current after
compensation are given in Figure 10(b). It shows that the

Table 2: Specifications of the proposed model.

Components Rating
Source voltage 230V
Source current 20A
Split capacitor (MMC) 20 μf

Load (uncontrolled bridge
rectifier with RL load and
ripple capacitor + linear RL load)

Bridge rectifier
R� 20Ω, L� 20mH,
ipple filter C� 1000 μf

RLinear RL load
R� 5Ω, L� 10mH

Output load current 20A
Switching frequency 10 kHZ
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Figure 5: (a) FFT waveform for % THD without MMC-based UPQC, (b)FFT waveform for % THD of with MMC-based UPQC, (c)
reference % THD, and % THD of the proposed system.

Table 3: % THD of the proposed system with the harmonic order.

Order of
harmonics

% THD only with nonlinear load
(without filter)

% THD with linear and nonlinear
load

% THD only with nonlinear load (with
filter)

1 100 100 100
3 0 2.40 0
5 14.54 3.39 1.83
7 6.86 1.45 0.94
11 2.38 0.58 0.64
13 1.62 0.43 0.44
17 0.61 0.22 0.40
19 0.74 0.16 0.15
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Figure 6: Continued.
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proposed system compensates the voltage and current
harmonics at the source side with the shunt compensator.
Figure 10(c) shows the voltage and current for varying load
conditions after the compensation is added to the system.
(e filter voltage is shown in Figure 10(d). (us, the
hardware results obtained for the proposed system shows
that the change in input voltage due to some external factor
under various load conditions are mitigated effectively.

5. Conclusion

(e implementation of modularity in the multilevel inverter
with enhanced performance of multilevel voltage has been
achieved in this proposedmethod. Amodified unified power
quality conditioner based on the modular multilevel con-
verter has been implemented, and the supply voltage and
current related power quality issues are also mitigated. From

the simulation and hardware results obtained for the MMC-
based UPQC system, the system is able to do the following:

(i) Compensate the voltage sag
(ii) Reduce the source current harmonics to 2.87%
(iii) Regulate the voltage at PCC during unbalanced and

varying loads
(iv) Reduce the voltage harmonics to 3.89%.

(e results concluded that when themultilevel inverter is
used for compensation, the performance of the filter is
improved in both the steady state and dynamical conditions.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon reasonable
request.
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Figure 10: (a)Waveform of voltage and current before compensation, (b)waveform of voltage and current after compensation, (c)waveform
of voltage and current for varying load conditions, and (d) waveform of filter voltage.
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