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ABSTRACT While the unified power quality conditioner based on modular multilevel converter
(MMC-UPQC) can be used for recovering power quality of voltage and current in high voltage grids, it is
difficult to manage the power quality when the grid voltage imbalance is large. In this paper, a passivity-
based control (PBC) combined with sliding mode control (SMC) is proposed for MMC-UPQC to improve
the power quality under the unbalance of grid voltage in power systems. First, according to the structure
of MMC-UPQC, the equivalent mathematical model is presented for unbalanced power grids. Second, the
detection quantity is separated without phase-locked loop using a method of positive and negative sequence
separation. Furthermore, a passive sliding mode control (PSMC) strategy is designed and applied to a
multi-level and high voltage power quality compensation system. The proposed controller can improve
the control accuracy of system parameters, response speed, and compensation effectiveness. Finally, the
MATLAB/Simulink simulation and the real time laboratory (RT-LAB) based hardware-in-the-loop (HIL)
experimental results show that the proposed PSMC strategy can compensate voltage and current rapidly and
accurately, and the controller has strong robustness against system parameter changes.

INDEX TERMS Modular multilevel converter, passivity-based control, sliding mode control, unbalanced
grid voltage, unified power quality regulator.

I. INTRODUCTION
Since the advent of the modular multilevel converter (MMC)
[1], it has been increasingly studied and applied in various
fields. Specifically, large level numbers and common direct
current (DC) side make the MMC very suitable for applica-
tion in DC transmission [2], [3]. Nowadays, because of its
multi-module characteristics, MMC has been used in active
filters, and can compensate well for harmonics of current and
voltage. In recent years, many power electronic devices have
been put into operation, accompanied by temporary swell
and fall of grid voltage, flicker, fluctuation and other non-
ideal conditions, resulting in the degradation of power quality.
Unified power quality conditioner (UPQC) consists of the
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series side and the shunt side, which can realize compensation
for voltage and current. And the flexibility and compensation
versatility of UPQC are widely used and studied to improve
power quality, but UPQC is difficult to apply under high
voltage grids due to the large voltage amplitude of medium
and high-power grids. Fortunately, MMC can be applied to
UPQC in medium and high voltage scenarios due to its high
voltage withstand level and low switching frequency [5].
The series and shunt converters that make up the UPQC are
used to recover the voltage and current quality, respectively.
Through the coordinated control, MMC-UPQC can recover
power quality and maintain stable operation of grid voltage
in power systems. However, when the power grid is unbal-
anced, especially in the medium and high voltage conditions,
voltage and current distortions are severe and MMC-UPQC
has difficulty in achieving a satisfactory compensation effect.
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Grid unbalance is a very common grid state, so it is neces-
sary to study the control strategy for MMC-UPQC under the
unbalanced grid.

Recently, many scholars carry out researches on the con-
trol effects of different control strategies. In [6] and [7],
linear proportional-integral (PI) control method is adopted
to UPQC. However, when the system receives disturbances,
PI is hard to obtain good static performance and the control
parameters are difficult to determine. In [8], the circulating
current suppression control and capacitance average voltage
control are not included in the control system. Therefore, the
output voltage becomes unstable without capacitance voltage
control. Some practical examples of improved PI control
can be found in previous studies [9], [10]. However, these
improved controllers are computationally complex. In [11]
and [12], a shunt compensation control method for MMC-
UPQC is presented, which can effectively compensate the
current. But it does not involve the recovering effect of the
voltage falling on the series side. Limited current coordinated
control is adopted to effectively solve the problem of voltage
sag on the series side. However, it does not deal with other
situations well and the robustness is poor [13]. Passivity-
based control (PBC) is designed to restore power quality [14].
But when the system parameters change, PBC has poor adapt-
ability. In addition, the controller is not suitable for unbal-
anced power systems in high voltage grids. Passive sliding
mode control (PSMC) is presented in [15]. Although PSMC
improves the compensation method for negative sequence
currents on the series side, it does not address the compen-
sation method in the case of voltage and current imbalance.
A new super-twisting-like fractional controller for surface-
mounted permanent magnet synchronous motor system is
proposed to improve the control performance, which replaces
the discontinuous switching function with a non-smooth term
[16]. Hysteresis current control strategy for MMC has fast
response speed, but in the design process, the slope of the
current is replaced by the slope of sampling period approx-
imately [17]. Therefore, the controller is not precise, so the
error is large. A coordinated control used to control the power
quality in grid voltage balance is proposed in [18] and [19],
however the effect is not good. An adaptive fuzzy logic
controller based on series hybrid active power filter (SHAPF)
is proposed in [20]. Because the number of sub-modules
(SMs) in MMC-UPQC is large and the controller needs to
control many switches, control accuracy and effect of fuzzy
control methods in [20] are reduced. Therefore, this control
method is difficult to apply to MMC-UPQC.

In the case of grid imbalance, the control strategy for
MMC-UPQC still has some problems, such as slow reaction
speed, poor compensation effect and poor robustness, etc.
Moreover, control objectives are difficult to achieve in the
presence of grid imbalances. Some control strategies can
only compensate voltage or current individually but cannot
improve both voltage and current quality.

To realize the nonlinear control of power electronic
devices, the PBC theory has been applied to a lot of

inverters [21]. Currently, PBC strategies have been applied
to power electronic devices, and has achieved good control
results [10], [22], [23]. PBC discusses the stability of the
controlled object from the perspective of energy shaping and
injection damping. Without complicated transformations, the
system can be controlled by selecting the suitable energy
function and the injection damping. On the other hand, sliding
mode control (SMC) is a commonly used and discontinuous
nonlinear control method [24]. It can be used in a dynamic
process based on the current state of a constantly changing
system (such as deviation and their derivatives of each order).
However, PBC and SMC have their own shortcomings. Due
to the high dependence of PBC on the mathematical model
and system parameters of the system, it is difficult to achieve
optimal results. On the other hand, SMC has jitter, so it is hard
to stabilize. Some scholars combine SMC and other meth-
ods to control power electronic devices [25], [26]. However,
these control methods are not suitable for high voltage and
multi-level situations. Some scholars have used an adaptive
SMC strategy to solve the problems for a class of nonlinear
singular time-varying delay systems [27]. A generalized pro-
portional integral is adopted to observer super-twisting slid-
ing mode controller to estimate the time-varying disturbance
[28]. In order to take full use of the advantages of PBC and
SMC, this paper combines the two controls to design PSMC.
The PSMC, a kind of control strategy for variable structure
control systems, purposefully changes the system to operate
on a predetermined ’’sliding mode’’ state trajectory based on
the current state of the system. Thus, PSMC is insensitive
to parameter changes and the disturbance, allowing the con-
troller resistant to interference. Sliding mode can resist the
influence of external disturbances and internal parameters on
the system. Therefore, PSMC can adapt to changes in the
system and solve the problem of poor control effect from PBC
due to parameter changes.

From existing literature, we observe that there are still
some limitations in these studies which can be given as
follows:

(1) To date, studies related to MMC-UPQC mainly focus
on the control effect when voltage sags and swells. And
several common situations under unbalanced grids, such as
load switching and harmonic injection, are not considered.

(2) Studies on power quality of UPQC focus on the man-
agement of shunt-side currents and harmonics, while the
design of controllers for voltage quality on series side is still
in its fledgling stages.

(3) Following the decarbonizing policies around the world,
large scale of renewable energy sources will enter the grid
and subsequently occupy a very high proportion. Facing
increasing fluctuations and harmonics from renewable energy
equipment, the conventional control methods, such as PI
control, SMC and PBC, are difficult to adapt to changes
in system parameters and achieve satisfactory control
performance.

In observing existing limitations, we focus on offering the
following main contributions in this paper.
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FIGURE 1. The main circuit topology of MMC-UPQC.

(1) The proposed PSMC for MMC-UPQC under grid
unbalance can cope with the emergence of more com-
plex imbalances in the grid. By combining DC-link capac-
itance voltage control and the coordination control for
MMC-UPQC, problems such as the complex parameters of
the integrated system and the slow reaction speed can be
tackled. In addition, the proposed PSMC can quickly restore
the voltage and current quality, ensuring the power quality
effectively. The feasibility and effectiveness of the proposed
control system are verified byMATLAB/Simulink simulation
and real time laboratory (RT-LAB) based hardware-in-the-
loop (HIL) test results with comparisons to the PI and PBC.

(2) Series-side voltage control that is not included in other
studies is considered in this paper. We not only consider
the control effect on shunt-side MMC, but also pay much
attention to the change of voltage quality on series side. The
design process of the series-side controller will be described
in detail in Section IV, and its control effects are shown in
Sections V and VI.

(3) PSMC can maintain stability during sudden unbalance
condition. Both load voltage on series side and grid current
on shunt side can be recovered to less than 5% harmonic
distortion rate under PSMC control. Compared with PBC and
PI, the overshoot is smaller and the recovered waveform is
closer to sine wave under PSMC.

II. STRUCTURE OF MMC-UPQC
A. TOPOLOGY OF MMC-UPQC
The main circuit topology of the MMC-UPQC is shown in
Fig. 1. In this paper, the back-to-back connection method
is used between series-side MMC and shunt-side MMC due
to its stable structure. Meanwhile, the DC-link is composed
of a large capacitance, which can provide enough energy to

MMC-UPQC. In general, the two MMC converters on series
and shunt sides are close to the grid side and the load side,
respectively. The MMC on the series side is connected to the
grid system through transformer T, capacitors, and inductors,
which is used to compensate the voltage. So, the load voltage
is restored to the sinusoidal waveform by MMC on the series
side when voltage transient sag, transient swell, harmonics,
and flashes occur in the grids. Similarly, MMC on the shunt
side is needed to compensate the current. Due to the existence
of non-linear load, current on the load side often contains lots
of harmonics. To prevent harmonic currents from entering the
grid and deteriorating power quality, the MMC on shunt side
generates compensation currents to offset harmonics.

As shown in Fig. 1, ua, ub, uc are grid three phase voltage.
In addition, urk and upk represent output voltage of MMCs
on series side and shunt side. urk1 is transformer primary side
voltage and upk1 is line voltage. The MMC current irk flows
into the series side, where irk1 and ipk1 are the line currents of
the series and shunt sides respectively. The current irk2 flows
into the series side capacitance. There are circuit inductors
Lr,Lp and circuit resistors R1, R2 between the two MMCs
and the grids, respectively. C1 is DC side capacitance for the
middle of the two converters, while C2 is shunt capacitance
for series side. MMC-UPQC is divided into upper and lower
bridge arms per phase and consists of six bridge arms in
total. The N -module MMC contains 2N SMs and 1 inductor
per phase, meaning that there are N SMs in each of the
upper and lower bridge arms. Ideally, N -module MMC can
output 2N + 1 number of levels, and the harmonics will be
smaller as the number of levels increases. Each SM consists
of 2 half-bridge insulated gate bipolar transistors (IGBT) and
1 capacitance, where the capacitor mainly plays the role of
charging and discharging. Each SM has 3 operating states of
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input, excision, and locking. In the input state, thyristor VT1
turns on and VT2 turns off; in the resection state, thyristor
VT1 turns off and VT2 turns on; in the lock state, thyristors
VT1 and VT2 are off.

B. MATHEMATICAL MODEL OF MMC-UPQC
According to the equivalent circuit of the MMC and Kirch-
hoff’s law, mathematical model on the series side can be
obtained from Fig. 1 as follows

urk1 = urk + Lreq
dirk
dt
+ R1irk (1)

where, urk is the series side MMC output voltage of phase k
(k = a, b, c). The series side equivalent inductance Lreq is
the sum of the line inductance on series side and the half of
bridge arm inductance. R1 is line resistance on the series side
and irk is line current on the series side.

Considering the presence of transformers on the series side,
when the voltage ratio is m, urk1 = murk2.
In the same way, we can get mathematical model on the

shunt side given as

upk1 = upk + Lpeq
dipk
dt
+ R2ipk (2)

where, upk1 represents line side voltage. upk and Lpeq are
output voltage ofMMC shunt side and equivalent inductance.
R2 is line resistance on shunt side and ipk is line current on
shunt side.

According to (1) and (2), the mathematical models for
MMC-UPQC in the dq rotating coordinate system can be
deduced as{

urd1 = urd + Lreq
dird
dt + R1ird − ωLreqirq

urq1 = urq + Lreq
dirq
dt + R1irq + ωLreqird

(3){
upd1 = upd + Lpeq

dipd
dt + R2ipd − ωLpeqipq

upq1 = upq + Lpeq
dipq
dt + R2ipq + ωLpeqipd

(4)

where, grid fundamental angular velocity ω meets ω = 2π f ,
and frequency f equals 50Hz.

C. DUAL-LOOP PI CONTROL STRATEGY FOR MMC-UPQC
Currently, PI control is the most widely used in industrial
control due to its simple structure and mature products. And
PI control is a traditional and classic control method, which
is currently used in most equipment. To highlight and demon-
strate the benefits of PSMC for MMC-UPQC, a comparison
between PSMC and PI dual-loop control is presented in
Section V.

The PI control for MMC-UPQC used in this paper is a two-
loop vector control based on the dq coordinate system. The
outer ring is the voltage loop, and the inner ring is the current
loop. The function of the outer loop controller is to obtain
target quantities of the current inner loop based on the set
voltage reference quantities on the d-axis and q-axis. On the
other hand, the function of the inner loop current controller is
to be able to quickly decouple the current components of the d

FIGURE 2. PI dual loop control structure of MMC-UPQC.

and q axes. In addition, the inner loop can quickly follow the
given and determine the magnitude of the differential mode
voltage of the upper and lower bridge arms of the MMC.

The PI double loop control structure of MMC-UPQC is
shown as Fig. 2. The outer ring generates current reference
quantities idref and iqref, which then goes to the inner loop for
comparison with the detected quantities id and iq. Then, the
modulation signal is set to follow the target values udref and
uqref through the inner loop control.
In Fig. 2, ud and uq are voltage components of the dq

rotating coordinate system. udref and uqref represent the set
voltage target values.

PI control has the defects of slow reaction speed, large
overshoot and low recovery degree, resulting in poor results.
In addition, the PI control structure is too simple to realize
the coordinated control for MMC-UPQC. In that case, the
voltage and current quality problems cannot be solved simul-
taneously. Therefore, we present a PSMC strategy for MMC-
UPQC. In this paper, the PSMC strategy is designed for the
inner loop. Compared with the PI controller, the PSMC can
improve the performance of MMC-UPQC and achieve better
compensation effect of power quality.

III. NEW CONTROL STRATEGY FOR INTEGRATED
MANAGEMENT OF MMC-UPQC
For achieving the goal of comprehensive treatment, the core
idea of PSMC for MMC-UPQC is presented as follows: in
order to deal with voltage and current problems in three-phase
unbalance and improve power quality, the detection values are
first divided into positive and negative sequences. PSMC is
used in the current inner loop control. MMC on series side is
connected to the line through the transformer to compensate
the grid voltage and bring the voltage to the specified value.
When a voltage or current failure occurs in the power system,
the entire controller provides compensation voltage through
the series side of MMC-UPQC. In order to offset the har-
monic current of the nonlinear load and prevent the harmonic
from entering the grid, compensation current is generated by
the shunt side MMC.

The new control system structure ofMMC-UPQC is shown
as Fig. 3. In Fig. 3, i+d , i

+
q , i
−

d , i
−
q are the positive and negative

sequence components of the dq axis current. In addition, ucir
and udc denote the output control quantity of the circulation
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FIGURE 3. New control system structure of MMC-UPQC.

FIGURE 4. Block diagram of average capacitance voltage control.

controller and the equal voltage control output control
quantity.

A. CAPACITANCE AVERAGE VOLTAGE CONTROL
Since MMC has 6 bridge arms and each arm contains N
SMs, MMC has a huge number of SMs. Thus, the capacitive
voltage stability of each SM affects the output waveform.
Therefore, it is necessary to control the capacitance voltage
does not to fluctuate. The average capacitance voltage con-
trol and the additional balance control are used to stabilize
capacitance voltage of SMs.

The average capacitance voltage control is shown as Fig. 4.
The voltage value of each SM is summed as 6uci and aver-
aged as ucav. The average voltage ucav and average reference
current iref are controlled by PI to the set value.

The additional balance control is shown as Fig. 5. To ensure
that the voltage ucna of each SM is stable at the desired
value, a proportional regulator Kp is used in control system.
By setting the voltage reference value, the controller achieves
the internal capacitance voltage balance. In Fig. 5,1ujnaref is
each SM output control signal, where j represents the upper
or lower bridge arms, and n (n = 1, 2 . . .N ) represents the
individual SM of each bridge arm.

B. CIRCULATING CURRENT SUPPRESSION CONTROL
When the grid is unbalanced, the circulating current of MMC
becomes more severe. Taking a phase as an example, the

FIGURE 5. Block diagram of additional balance control for capacitance
voltage.

circulating current contains not only the DC component, but
also the alternating current (AC) component of 2 octave.
In fact, the three-phase circulating current in the MMC flows
in order of a-c-b, and the sum of the circulating currents of
each phase is zero. From the mechanism of MMC’s circu-
lating current, the circulating current only exists inside the
MMC.

The circulating current will not only affect the operation
of power electronic devices, but also increase the system
losses. In order to ensure the accuracy of the waveform,
it is necessary to suppress circulating current. The circulating
current is mainly composed of DC component and 2 octave
component, in which 2 octave component is divided into
positive sequence and negative sequence. There is no zero-
sequence component of AC component because of the trans-
former of the line. The circulating current suppression control
block diagram is shown as Fig. 6.
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FIGURE 6. Block diagram of circulating current suppression control.

FIGURE 7. Block diagram of DC side capacitance voltage control.

The circulating current suppression method applied in this
paper is as follows: the low-pass filter (LPF) is used to
filter out the 2-multiplier component, and then the PI control
method is used to control it to 0. The method can quickly
eliminate the circulating current components of each bridge
arm.

C. DC SIDE CAPACITOR VOLTAGE CONTROL
Since the MMCs on the series and shunt sides are connected
through capacitor C1 in the DC side, the stability of the DC
side capacitance affects the capacitance voltage of the bridge
arm and SMs, so it is essential to control the capacitance
voltage of the DC side.

The control block diagram of the capacitance voltage con-
troller is presented in Fig. 7. The control signal is combined
with the compensation current obtained from the outer loop,
then entering the inner loop.

The collected voltage signal is filtered and separated to the
positive and negative sequence, then stabilized at the desired
value by PI. As shown in Fig. 7, the command signal is
obtained by adding ict to the compensation current signal of
the MMC control outer loop. The signal then enters the inner
loop to obtain the control signal. In this way, the capacitor
voltage is controlled to ensure the stability of the DC side
voltage. In Fig. 7, udcref is the reference value of the DC side
capacitance voltage. ict represents the control amount after PI
control.

IV. PSMC CONTROLLER DESIGN FOR MMC-UPQC
The Section IV introduces PBC and SMC theories, then com-
bining the two control methods into PSMC. PBC is a control
method that takes the structure characteristics of the object
into account. By reconfiguring the energy of the system
and injecting nonlinear damping, the system can achieve the
desired control effect while satisfying the condition of global
asymptotic stability. PBC makes full use of the physical
structure of the system without compensating the ‘‘reactive
force’’ part of the nonlinear term that does not affect the
stability and simplifies the controller design. In addition,
PBC system offers simple structure that is easy to implement.
And PBC has global stability with no singularities. The E-L

mathematical model of MMC-UPQC is established firstly.
Then after the system of MMC-UPQC was proved to be
strictly passive, the PBC is designed. SMC is then added to
the MMC-UPQC control system to form the PSMC.

A. E-L MATHEMATICAL MODEL OF MMC-UPQC
By combining the series and shunt parts from (3) and (4), the
model of MMC-UPQC in dq rotating frame can be obtained
as {

usd1 = usd + L
did
dt + Rzid − ωLiq

usd1 = usd + L
diq
dt + Rzid + ωLid

(5)

where, usq1 and usd1 are the line voltages of s (s =r, p stands
for MMCs on series side and shunt side) in the dq rotating
frame, while usq and usq are output voltage of the MMC.
L is the equivalent inductance. Rz and iq represent the line
resistance and the line current, respectively.

Since the E-Lmodels of positive and negative sequence are
symmetrical, only the model of positive sequence is used as
an example to demonstrate the design process of the control
method below.

The EL model is in the form given as

Ṁx+ Jx+ Rx = u (6)

of which,

M =
[
L 0
0 L

]
, J =

[
0 −ωL
ωL 0

]
,

R =
[
Rz 0
0 Rz

]
,u =

[
ud1 − ud
ud1 − uq

]
where, the positive and definite diagonal matrixM is formed
by the energy storage element. J is the antisymmetric matrix
of the positive and negative system. The symmetric positive
definite matrix R can reflect the energy dissipation character-
istic of the system. x is the state variable of the positive and
negative system. u represents the input variable of the system.
The passivity of the system is proved as follows: The

m-dimensional system is expressed as{
ẋ = f (x,u)
y = h(x)

x(0) = x0 ∈ Rn (7)

where, x ∈ Rn is state variable. u ∈ Rm is input variable.
y ∈ Rm is output variable, which is a function of x continuity.
The function f (x, u) is local Lipschitz function.
For systems (7), if there is a continuous semi-positive

definite energy storage function H(x) and a positive definite
function Q(x), then the following inequalities hold.

H(x(t))−H(x(0)) ≤
∫ t

0
uT ydτ −

∫ t

0
Q(x)dt (8)

or

Ḣ (x) ≤ uT y− Q(x) (9)
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Generally, if the input u, output y and energy supply rate of
the system uTy holds, then the system is strictly passive. The
energy storage function selected from (8) can be designed as

V = xTeMxe = xTe (u− Jxe − Rxe) = xTe u− x
T
eRx

T
e

(10)

Let y = xTe ,Q(x) = xTeMxe, and after simplifica-
tion, the above conditions can be satisfied. Therefore, the
MMC-UPQC system is strictly passive. According to the
passive theory, we can prove that the MMC-UPQC system
has stability. As a result, PBC is applicable to MMC-UPQC.

B. DESIGN OF SLIDER CONTROLLER BASED ON E-L
MODULE
Under the dq coordinate system, the desired equilibrium point
is determined. So, the PBC control strategy for MMC-UPQC
can be designed. The equilibrium points of the system are
given as

x+
∗

=

[
i+dref
i+qref

]
x−
∗

=

[
i−dref
i−qref

]
(11)

where, i+dref, i
+

qref, i
−

dref, i
−

qref denote the positive and negative
order system in the state variables, and i+d , i

+
q , i
−

d , i
−
q represent

reference values.
The errors of the state variables for the system are

expressed as {
x+e = x+ − x+∗

x−e = x− − x−∗ (12)

The substitution of (12) is given asMx+e + J
+x+e + Rx

+
e = u+ −Mx+ − J+x+∗ − Rx+∗

Mx−e + J
−x−e + Rx

−
e = u− −Mx− − J−x−∗ − Rx−∗

(13)

The error functions of the positive and negative order
systems can be obtained as

V+ =
x+Te Mx+e

2
(14)

V− =
x−Te Mx−e

2
(15)

From the above proof, it is known that the appropriate error
function ensures that the system error energy function and
the desired equilibrium point converge to 0, which indicates
that the system is strictly passive. However, the size of the
injection damping has a great influence on the convergence
speed of the system. If the injection damping is too large or
small, system convergence will slow down. Choosing proper

injection damping can reduce oscillations, speed up conver-
gence, and ensure the dynamic performance of the system.
Therefore, the method of injection damping is adopted to
accelerate the convergence of error function and improve its
running speed.

The damping dissipation term is designed asR
+

h x
+
e =

(
R+ R+g

)
x+e

R−h x
−
e =

(
R+ R−g

)
x−e

(16)

where, R+g and R−g represent the damping matrix of positive
and negative order. The damping matrix of new positive and
negative order R+h and R−h can be expressed as:

R+g =

[
R+g1 0

0 R+g2

]
R−g =

[
R−g1 0

0 R−g2

]
(17)

where, R+g1,R
+

g2,R
−

g1,R
−

g2 are respectively the injected damp-
ing values of positive and negative sequences of d and q
axes. In order to reduce the response time and speed up the
operation of the system, it is necessary to use the injected
damping matrix to increase the energy dissipation rate of the
system. Then (13) becomes as (18), shown at the bottom of
the page.

The following controller can be given asu
+

sd = u+d − R
+

g1

(
i+d − i

+

dref

)
+ Rzi

+

dref − ωLi
+
q

u+sq = u+q − R
+

g2

(
i+q − i

+

qref

)
+ Rzi

+

qref − ωLi
+

d

(19)

u
−

sd = u−d − R
−

g1

(
i−d − i

−

dref

)
+ Rzi

−

dref − ωLi
−
q

u−sq = u−q − R
−

g2

(
i−q − i

−

qref

)
+ Rzi

−

qref − ωLi
−

d

(20)

where, u+sd , u
+
sq, u

−

sd , u
−
sq are voltage output voltage of MMC

under positive and negative sequence in dq axis, u+d , u
+
q , u
−

d ,
u−q denote line voltages under positive sequence and negative
sequence in dq axis respectively.

Under the condition of unbalanced grid voltage, the con-
troller coefficients of PBC method for MMC-UPQC are
fixed. When the load suddenly increases, the controller
performs poor adaptability. Furthermore, PBC requires the
model with precise parameters, but in practice the system
parameters (such as system impedance) vary over time. Vari-
ous uncertain factors in the running process of the device will
have an impact on the operating balance point of the system,
thus adversely affecting the performance of the controller.
In other words, the parameters are difficult to be accurately
controlled, resulting in slow reaction speed, poor compensa-
tion effect and poor adaptability especially in complex grid
systems. However, SMC can resist the influence of external


Mx+e + R

+

h x
+
e = u+ −

[
Mx+

∗
+ J

(
x+

∗
+ x+e

)
+ Rx+

∗
− R+g x

+
e

]
Mx−e + R

−

h x
−
e = u− −

[
Mx−

∗
+ J

(
x−

∗
+ x−e

)
+ Rx−

∗
− R−g x

−
e

] (18)
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disturbance and internal parameters on the system. SMC
has the characteristics of fast dynamic response and strong
robustness. Therefore, we integrate the characteristics of the
two control methods and design the PSMC controller in the
current inner loop.

According to SMC theory, sliding mode surface s1 and s2
based on SMC can be expressed as{

s1 = x+ − x+∗

s2 = x− − x−∗ (21)

Then, İd = −
Rz
L i
+

d + ωi
+
q +

1
L

(
u+sd − u

+

d

)
İq = −

Rz
L i
+
q + ωi

+

d +
1
L

(
u+sq − u

+
q

) (22)

where, İd and İq are the first derivatives of the positive
sequence current in dq rotating frame. The main drawback
of SMC is the chattering problem due to the discontinuous
control. PSMC is prone to jitter during the sliding mode
switching process. Here, the exponential approach law is used
to eliminate jitter. In order to attenuate the jitter, the expo-
nential method sgn(s1) and sgn(s2) are chosen. According to
the approach rate of SMC, derivatives of s1 and s2 can be
expressed asṡ1 = −ρ+sgn(s1) = −

Rz
L x
+
+ ωx+ + 1

L u
+

ṡ2 = −ρ−sgn(s2) = −
Rz
L x
−
+ ωx− + 1

L u
−

(23)

of which,

u+ =

[
u+sd − u

+

d

u+sq − u
+
q

]
, u− =

[
u−sd − u

−

d

u−sq − u
−
q

]

ρ+ =

[
ρ1

ρ2

]
, ρ− =

[
ρ3

ρ4

]
where, adjustment coefficients ρ1, ρ2, ρ3, ρ4 > 0.
To reduce the high-frequency jitter of SMC, the saturation

function sat(s) is used instead of the symbolic function sgn(s)
in the ideal sliding mode. Then, we can obtain asṡ1 = −ρ1sat(s1)

ṡ2 = −ρ2sat(s2)
(24)

Thus, (23) can be rewritten as{
u+ = −Rzx+ + ωLx+ + ρ1sat(s1)
u− = −Rzx− + ωLx− + ρ2sat(s2)

(25)

According to the above formulas, we can design as
i+d − i

+

dref =
ρ1sat(s1)
R+g1+Rz

i+q − i
+

qref =
ρ2sat(s1)
R+g2+Rz

(26)

So, the PSMC strategy is given as
u+d = u+sd + ωLi

+
q − Rzi

+

dref +
R+g1ρ1sat(s1)

R+g1+Rz

u+q = u+sq − ωLi
+

d − Rzi
+

qref +
R+g2ρ2sat(s2)

R+g2+Rz

(27)


u−d = u−sd + ωLi

−
q − Rzi

−

dref +
R−g1ρ3sat(s3)

R−g1+Rz

u−q = u−sq − ωLi
−
q − Rzi

−

qref +
R−g2ρ4sat(s4)

R−g2+Rz

(28)


u+sd = u+d −

R+g1ρ1sat(s1)

R+g1+Rz
+ Rzi

+

dref − ωLi
+
q

u+sq = u+q −
R+g2ρ2sat(s2)

R+g2+Rz
+ Rzi

+

qref − ωLi
+

d

(29)


u−sd = u−d −

R−g1ρ3sat(s3)

R−g1+Rz
+ Rzi

−

dref − ωLi
−
q

u−sq = u−q −
R−g2ρ4sat(s4)

R−g2+Rz
+ Rzi

−

qref − ωLi
−

d

(30)

C. STABILITY ANALYSIS OF PSMC
Since the positive and negative sequence structures of PSMC
controller are symmetric, we use positive sequence as an
example to prove the stability of controller. According to
Lyapunov theory, the Lyapunov function is selected as

V (x) =
1
2
s21 (31)

where, s1 = x+−x+
∗
, and x+

∗

is the positive order reference
value of x. From (31), V (x) = 0 when x = 0. Since (31)
includes the squared term of s1, V (x) is positive definite.
Combining with (24), we can get

V̇ (x) = s1ṡ1 = s1(−ρ1sat(s1)) (32)

where,

sat(s1) =


1s1 > 1

ks s1 |s1| < 1

−1s1 < −1

1 =
1
ks

(33)

where, ks is a positive number. We discuss (32) for different
cases as follows:

(1) When s1 > 1, we have sat(s1) = 1, then (32) can be
simplified as

V̇ (x) = s1ṡ1 = −ρ1s1 (34)

where s1 >0 and ρ1 > 0, so V̇ (x) is negative definite.
(2) When s1 < −1, we have sat(s1) = −1, then (32) can

be simplified as

V̇ (x) = s1ṡ1 = ρ1s1 (35)

where s<0and1 ρ1 > 0, so V̇ (x) is negative definite.
(3) When |s1| < 1, we have sat (s1) = kss1, then (32) can

be simplified as

V̇ (x) = s1ṡ1 = −ρ1ks
2
1 (36)

where ρ1 > 0 and ks > 0, so V̇ (x) is negative definite. From
the above proof, the PSMC has stability.
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FIGURE 8. The waveforms of id under different adjustment coefficients.

D. SELECTION OF ADJUSTMENT COEFFICIENT FOR PSMC
Based on the derivation in the previous section, PSMC for
MMC-UPQC contains four tuning parameters. Adjustment
parameters have a great impact on the control effect of PSMC.
So here, a tradeoff is considered for the design of control
parameters. Considering the complexity and symmetry of
the control system, ideally the four resistance adjustment
parameters are selected to the same values. We find the
appropriate parameters by observing the dynamic response
and steady-state error of the grid current. In order to obtain
better adjustment parameters and dynamic characteristics, the
size of the adjustment parameter is adjusted, and grid current
of the d-axis is observed as shown in Fig. 8.

As can be seen from Fig. 8, when ρ = 40, the overshoot
is too large, which is not conducive to the operation of the
controller. When ρ = 10, although the overshoot is small,
it starts to be unstable and oscillates after 0.03s. When ρ =
20 or 30, the reaction speed is fast, and the output is stable.
Since the overshoot at ρ = 20 is smaller than that at ρ = 30,
the adjustment factor in this paper is equal to 20. In order to
compare the control effects, the same adjustment parameters
are chosen for PSMC and PBC.

E. SELECTION OF INJECTION DAMPING COEFFICIENT FOR
PSMC
PSMC based on the ELmodel for MMC-UPQC also contains
four injection damping parameters. When the model parame-
ters are not accurate enough or themain circuit parameters are
offset, the PBC strategy will show poor effect. So, accurate
injection damping parameter is required in PSMC. Similarly,
considering the complexity and symmetry of the control sys-
tem, the four damping parameters are also chosen to have the
same values. In order to obtain better damping parameters
and dynamic characteristics, the size of the injected damping
is regulated, and grid current of the d-axis is observed. The
waveform is shown as Fig. 9.

FIGURE 9. The waveforms of id under different damping coefficients.

In Fig. 9, when R = 30 � and R = 90 �, the system has a
large amount of overshoot and a long adjustment time. When
R = 60 �, the performance and stability of the system will
be much better compared with the cases of other resistance
values. Therefore, the resistance value R = 60 � is chosen.

F. BODE DIAGRAM ANALYSIS OF HARMONIC REJECTION
CAPABILITY
Fig. 10 shows the Bode diagrams for the three different
controllers are applied to MMC-UPQC at the fundamental
frequency and the 3rd, 5th and 7th harmonic frequencies.
Compared with PI and PBC, PSMC has advantages in har-
monic rejection. Fig. 10(a) shows the Bode diagram for
PSMC controller is applied. PSMC has the amplitude margin
of 40 dB, 50 dB, 60 dB at the 3rd, 5th and 7th harmonic
frequencies, respectively. Compared with PBC and PI, PSMC
has a larger amplitude margin. And the phase angle margin is
around 45 degrees as shown in Fig. 10(a). Therefore, PSMC
is able to compensate these harmonics. In addition, the PSMC
controller does not interfere with each other at the reso-
nant frequency of each specified harmonic, which ensures
that PSMC for MMC-UPQC can better compensate the har-
monic voltage and current to improve the power quality. Fig.
10(a) shows that PSMC can effectively manage and suppress
harmonics.

Fig. 10(b) shows the Bode diagram for the PBC con-
troller is applied. In Fig. 10(b), PBC controller has a weak
attenuation effect on harmonics. As shown in Fig. 10(b), the
amplitude of the PBC is 5 dB at the 3rd harmonic and is
smaller at the 5th and 7th harmonics, which indicates that
the PBC is less effective in compensating these harmonics
as compared with PSMC.

Fig. 10(c) shows the Bode diagram for the PI controller
is applied. The PI control also has poor amplitude and fre-
quency characteristics at harmonic frequencies as shown in
Fig. 10(c). The gain of PI at the 3rd harmonic frequency
is about 1 dB. After 150 Hz, the phase angle margin of PI
decreases as the frequency increases. So, the suppression of
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FIGURE 10. The Bode diagrams for the three different controllers are
applied to MMC-UPQC at the fundamental frequency and the 3rd, 5th and
7th harmonic frequencies. (a) The Bode diagram for PSMC controller is
applied. (b) The Bode diagram for PBC controller is applied. (c) The Bode
diagram for PI controller is applied.

these harmonics by PI control is limited. And the margin of PI
changes little when the frequency changes. Fig. 10(c) shows
that the PI is difficult to recover harmonics at the 3rd, 5th and
7th frequencies.

V. SIMULATION RESULTS
In order to verify the effectiveness of the proposed control
strategy, PSMC for MMC-UPQC has been simulated using
MATLAB/Simulink. The simulation parameters used in the
simulation are given in Table 1. Since PSMC is a control
method derived from PBC and PI control has matured in
industry, we compare the control effect of PSMC with PBC
and PI. By comparing with PBC and PI control, the superi-
ority of PSMC is verified by simulation. As a result, PMSC
can better adapt to the changes in the power systems and
output a more stable waveform. The following Fig. 11 shows
the output waveform of PBC and PSMC during the sudden
change on the load side.

As can be seen from the Fig. 11(b) that when the load
suddenly increases, the PBC controller is poorly adaptable

FIGURE 11. Comparison of PSMC and PBC for adaptation of system
parameters. (a) System parameter changes. (b) Response of PBC.
(c) Response of PSMC.

TABLE 1. Simulation parameters.

because the controller coefficients are fixed. What is more,
PBC does not stabilize quickly after a sudden change in
parameters. Compared with the PBC, PSMC is less affected
by the system parameters.

Fig. 12 shows the simulation of the circulating currents
for the three controllers are applied. Compared with PBC
and PI, the circulating current for PSMC control is small
and stable as shown in Fig. 12. The circulating current for
PI control is about 400 A, and can be lowered to 150 A
under PBC. Compared with PBC and PI, PSMC can suppress
the circulating current within 20 A as shown in Fig. 12(c).
As shown in the Fig. 12, transition time of PSMC is as small
as 0.005 s. In addition, the response speed of PSMC is the
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FIGURE 12. The simulation of the circulating currents for the three
controllers are applied to MMC-UPQC. (a) Circulating current for PI.
(b) Circulating current for PBC. (c) Circulating current for PSMC.

TABLE 2. Comparison of three control methods for MMC on series side
under the temporary voltage swell.

TABLE 3. Comparison of three control methods for MMC on series side
under the temporary voltage sag.

fastest and the response time of PSMC control is the shortest
as shown in Fig. 12(c).

A. VOLTAGE COMPENSATION SIMULATION OF MMC IN
SERIES
In this case, the a-phase voltage has a temporary swell of 20%
from 0.02 s to 0.08 s. In addition, the 20% transient sag occurs
from 0.12 s to 0.18 s, causing the power grid voltage unbal-
anced. Under this disequilibrium condition, the comparative
simulation results from the three control methods are shown
as Fig. 13 and Table 2 and Table 3.

As can be seen from Fig. 13 when the voltage sags or
swells, the voltage fluctuation of PSMC is smaller than that
of the other two control methods. PSMC achieves the control
goal within 0.005 s, whereas PI and PBC need at least 0.05 s
as shown in Figs. 13(e) and 13(g), which indicates that the

FIGURE 13. Comparison of three voltage compensation methods for
MMC on series side under unbalanced grid voltage. (a) Grid voltage.
(b) Load voltage. (c) Load-side voltage under the proposed PSMC.
(d) Compensation voltage under PSMC. (e) Load-side voltage under PBC.
(f) Compensation voltage under PBC. (g) Load-side voltage under PI.
(h) Compensation voltage under PI.

PSMC reaches the balance in a shorter time than PI control.
The total harmonic distortion degree (THD) of voltage is
0.86% after the restoration from PSMC. As shown in the
Table 2, harmonic component under PSMC is smaller those
under PI and PBC. Therefore, the PSMC for the MMC on
series side can compensate the voltage quickly and accu-
rately. The PSMC has better compensation performance, and
its voltage compensation is fast and stable.

In order to reflect the ability to handle grid voltage har-
monics, the 3rd harmonic with amplitude 2500 V is injected
at 0.05 s, thus causing the total harmonic distortion is large
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FIGURE 14. Comparison of three voltage compensation methods for
MMC on series side when the grid voltage is injected with harmonics.
(a) Grid voltage. (b) Load voltage. (c) Load-side voltage under the
proposed PSMC. (d) Compensation voltage under PSMC. (e) Load-side
voltage under PBC. (f) Compensation voltage under PBC. (g) Load-side
voltage under PI. (h) Compensation voltage under PI.

FIGURE 15. Nonlinear load circuit of MMC on shunt side.

(THD=32%). The simulation results are shown as Fig. 14 and
Table 4.

FIGURE 16. Comparison of three current compensation methods for MMC
on shunt side under nonlinear load. (a) Load current. (b) Grid current
under PSMC. (c) Compensation current under PSMC. (d) Grid current
under PBC. (e) Compensation current under PBC. (f) Grid current under PI.
(g) Compensation current under PI.

As can be seen from Fig. 14, the compensation effect of
PSMC ismuch better than PI and PBC.When simulation time
reaches 0.005 s, the control target of PSMC can be achieved
with THD of 0.95%, whereas the PI control only reduces
the degree of harmonic distortion and cannot compensate
harmonics well with THD of 7.53%. In addition, from the
perspective of the compensation waveform, PSMC has been
stable within 0.05 s, but the PI control has been fluctuating as
shown in Fig. 14(h). So, PSMC is faster and more stable than
PI control to compensate harmonics.

B. CURRENT COMPENSATION SIMULATION OF MMC IN
SHUNT
In this paper, the nonlinear load of the shunt side
uses a resistor R3 and an IGBT in series with the
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FIGURE 17. Comparison of three current compensation methods for MMC
on shunt side under unbalanced grid voltage. (a) Load current. (b) Grid
current under PSMC. (c) Compensation current under PSMC. (d) Grid
current under PBC. (e) Compensation current under PBC. (f) Grid current
under PI. (g) Compensation current under PI.

resistive load through the RL buffer circuit, as shown
in Fig. 15.

When nonlinear load exists at the load side, the current
contains many harmonics. The harmonic distortion degree is
large with THD of 23.7%. The simulation results are shown
as Fig. 16 and Table 5.

As can be seen from the Fig. 16, after 0.008 s the grid
current becomes stable under PSMC,whereas the grid current
under PBC is fluctuating until 0.06 s. Besides, the waves
in PI control fluctuates greatly, but PSMC can restore the
grid current to sine in Fig. 16(b). Both PSMC and PI control
can compensate current harmonics, but THD of 1.46% under
PSMC is smaller than that of 5.74%under PI control as shown
in Table 5. Therefore, when the shunt MMC adopts PSMC,

FIGURE 18. Comparison of three current compensation methods for MMC
on shunt side when the load current is injected with harmonics. (a) Load
current. (b) Grid current under PSMC. (c) Compensation current under
PSMC. (d) Grid current under PBC. (e) Compensation current under PBC.
(f) Grid current under PI. (g) Compensation current under PI.

the compensating recovery speed and effect for current are
significant.

When the power grid voltage swells and sags temporarily,
the load current will be greatly affected. Thus, it is very
important to recover the harmonic current in the case of
temporary swell and sag. The simulation results of MMC on
shunt side for voltage swell and sag are shown in Fig.17 and
Table 6 and Table 7.

It is apparent from the Fig.17 that the current under PSMC
control reaches stability at 0.004 s during the transient swell
and 0.007 s during the transient sag. While the PI control
requires 0.04 s to achieve the current stability. The PI con-
trol has large fluctuations and large overshoot as shown in
Fig. 17(f). And we can get THD of 0.76% under PSMC
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FIGURE 19. RT-LAB HIL test setup.

FIGURE 20. The circulating current for the three controllers on the RT-LAB
experimental platform. (a) Circulating current for PI. (b) Circulating
current for PBC. (c) Circulating current for PSMC.

and THD of 3.96% under PBC in Table 5. So, PSMC has
shorter transition time, more stable output waveform, and
better current compensation effect.

In order to demonstrate the ability to handle grid volt-
age harmonics, the 3rd harmonic with amplitude 2500 V is
injected at 0.05 s, thus causing the total harmonic distortion

FIGURE 21. HIL test results of MMC on series side under unbalanced grid
voltage. (a) Grid voltage. (b) Load-side voltage under the proposed PSMC.
(c) Load-side voltage under PI.

TABLE 4. Comparison of three control methods for MMC on series side
when series voltage is injected into harmonic.

is large (THD=32%). The simulation results are shown as
Fig. 18 and Table 8.

As shown in Fig. 18, the current is compensated at 0.003 s
using PSMC, while the PI control cannot completely com-
pensate the harmonic amount. Compared with PSMC, the
compensation effect under PBC is not good as shown in
Fig. 18(d). The PSMC takes only 0.005 s to restore the
grid current to a sinusoidal waveform. Therefore, PSMC has
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FIGURE 22. HIL test results of MMC on series side when the grid voltage
is injected with harmonics. (a) Grid voltage. (b) Load-side voltage under
the proposed PSMC. (c) Load-side voltage under PI.

TABLE 5. Comparison of three control methods for MMC on shunt side
under nonlinear load.

better suppression of harmonics when harmonic interference
occurs.

VI. EXPERIMENTAL VALIDATION
To further verify the feasibility of the PSMC strategy, the
RT-LAB based HIL experimental platform is set up, as shown
in Fig. 19. The RT-LAB OP5700 is used to simulate the
MMC-UPQC system. The PSMC controller is implemented

FIGURE 23. HIL test results of MMC on shunt side when the load
suddenly increases. (a) Load current. (b) Grid current under PSMC.

TABLE 6. Comparison of three control methods for MMC on shunt side
under the temporary voltage swell.

by using the Digital Signal Processor (DSP) Texas Instrument
TMS320F28335 Board. The oscilloscope Tektronix MDO34
and host computers are used to observe the output waveform
and the device operation. The experimental parameters are
the same as in the simulations.

Fig. 20 shows the circulating currents for the three con-
trollers on the RT-LAB experimental platform. As shown in
Fig. 20, there is a significant difference in the amplitude of the
circulating current under the three controllers. In Fig. 20, the
circulating current is the smallest under the PSMC.Compared
with PSMC, the current fluctuates more sharply under PBC
and PI as shown in Fig. 20. Therefore, PSMC can eliminate
the circulating current flow better, which ensures that MMC-
UPQC can operate more stably.

A. VOLTAGE COMPENSATION EXPERIMENT OF MMC IN
SERIES
The experiments of MMC on series side were carried
out in the voltage swell and harmonic injection states.
The experimental results are shown in Figs. 21 and 22,
respectively.
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FIGURE 24. HIL test results of MMC on shunt side under unbalanced grid
voltage. (a) Load current. (b) Grid current under PSMC. (c) Grid current
under PI.

Fig. 21 shows the recovery of the load voltage under PSMC
in the case of temporary swell. In the experiment, the grid
voltage temporarily swells by 20% at 0.06 s. PSMC can
restore the unbalance caused by the grid voltage swell in a
single phase within 0.003 s as shown in Fig. 21. When PI
is adopted, the waveform does not recover quickly to the
set value. The flattened waveform after recovery shows the
PSMC is helpful to improve voltage quality.

As shown in Fig. 22, the third harmonic of 2500 V is
injected in grid voltage. In Fig. 22, it is easier to observe
the control effect of PSMC and PI by enlarging the red box
section. The THD of load voltage can be reduced from 32%
to 1.23% after adopting PSMC for MMC-UPQC. Compared
with THD of 4.62% after PI control, PSMC waveform con-
tains less harmonics and has better control effect.

TABLE 7. Comparison of three control methods for MMC on shunt side
under the temporary voltage sag.

TABLE 8. Comparison of three control methods for MMC on shunt side
under when the load is injected with harmonics.

B. CURRENT COMPENSATION EXPERIMENT OF MMC IN
SHUNT
The current recovery effect of MMC on shunt side will be
verified under three cases: load switching, temporary swell
and harmonic injection. The experimental results are shown
in Figs 23, 24 and 25.

In that case, due to the sudden connection of another non-
linear load at the load side, the grid current also changes
consequently. When the PSMC is adopted, the grid current
can be restored to a sine wave as shown in Fig. 23. The
grid current under PSMC control remains stable with THD
of 2.69% even after load switching. Therefore, PSMC has a
good ability to compensate current harmonics.

Fig. 24 shows the compensation of the PSMC and PI for
grid currents when voltage swell. PSMC reacts quickly and
restores the temporary swell in grid current within 0.005 s,
which is similar to the simulation results. For PI control,
an eight percent overshoot exists after control stabilization.
As can be seen from Fig. 24, the control effect of PSMC
is better than PI control, with shorter response time and
smoother waveform.

To further verify the performance of the PSMC, the third
harmonic of 2500 V was injected simultaneously under a
nonlinear load as shown in Fig. 25. When taking PSMC,
THD of grid current can be reduced from 35% to 1.56%.
PSMC takes only 8 ms for grid current to reach a steady
state. When PI is used, there are still some harmonics that
are not offset with THD of 6.12%, resulting in incomplete
recovery. Therefore, PSMChas a strong ability to compensate
harmonics and can restore the grid current accurately.

C. THE ANALYSIS OF COMPUTATIONAL BURDEN
The operational status of the three control methods is shown
in Table 9. First, the running time of MATLAB/Simulink is
shown in Table 9. For a simulation time step of 0.2 s, the PI,
PBC and PSMC takes time of 34.34 s, 35.32 s and 35.63 s,
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TABLE 9. Comparison of the operational status of the three control
methods.

FIGURE 25. HIL test results of MMC on shunt side when the load current
is injected with harmonics. (a) Load current. (b) Grid current under PSMC.
(c) Grid current under PI.

respectively. So, PSMCwill not increase the running time too
much.

Second, the CPU usages of the three control methods
are shown in Table 9. The usages are 22.67% under PI,
29.06% under PBC and 29.49% under PSMC, respectively.
Therefore, PSMC does not occupy too much CPU memory
compared with PI and PBC.

Finally, the PSMC, PBC and PI requires running space of
180,370 bytes, 180,353 bytes and 180,340 bytes, respectively.
Compared with PBC control, PSMC is only 17 bytes more.
According to the operational observation module of RT-LAB,
model building and algorithm implementation of the three
controlmethods are all in real timewith no delays or timeouts,
which means that the computational burden is within the
tolerance of the experimental platform.

VII. CONCLUSION
This paper presents a PSMC strategy for MMC-UPQC sys-
tem under grid unbalance. After the positive and negative
sequence are separated, the PSMC strategy is used in current
inner loop control. Combining with the circulating current
suppression control method and the capacitor voltage control
method, the PSMC can better restore power quality. The
control performance improvement of PSMC enables stable
device operation and improved economics. Simulation and
HIL test results show that:

(1) PSMC has better control effect compared with PI con-
trol. The output waveform has fluctuation and the compen-
sation effect is poor under PI control. Compared with the PI
control, the proposed PSMC has the characteristics of shorter
response time, stronger stability and better control effect.
PSMC can recover voltage and current quality within 0.05 s,
reducing harmonic distortion to less than 5%.

(2) Compared with PBC, the proposed PSMC has a better
ability of adapting to complex system changes. As a result,
PSMC is more stable and effective when the system structure
or parameters are changed. Under grid voltage unbalance
conditions, PSMC can quickly respond and restore voltage
and current.

(3) Compared with PBC and PI, the overshoot is smaller
and the recovered waveform is closer to sine wave under
PSMC. The PSMC for MMC-UPQC can effectively solve
the harmonic, unbalance, current imbalance and nonlinear
problems. The simulation and HIL test results prove the
effectiveness and superiority of the proposed PSMC system
for power quality compensation.
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