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Abstract: In this paper, a second order sliding mode control scheme is utilized for outer voltage
loop of a three-phase fault current limiter-based dynamic voltage restorer (FCL-DVR) instead of
a conventional proportional integral /proportional resonance (PI/PR) controller. The new control
strategy improves the dynamic performance of the FCL-DVR against voltage distortion. Furthermore,
by using the proposed robustness controller, the FCL-DVR can smoothly switch between the FCL
and DVR operation modes. Compared with other existing control schemes, the proposed control
strategy for the FCL mode can still work well under a large fault current. The MATLAB/Simulink
simulation results demonstrate that the proposed control strategy is robust to voltage harmonics, sag
and swell. They also show that the proposed control scheme can effectively limit the fault current in
different scenarios.

Keywords: fault current limiter-based dynamic voltage restorer (FCL-DVR); grid-side converter (gsc);
nonlinear control scheme; second-order sliding mode control

1. Introduction

Power quality issues such as voltage dip, voltage swell, unbalance, and harmonic
pollution are the main concerns of power grids [1,2]. Nowadays, the integration of the large
scale of renewable energy and other nonlinear loads further deteriorates these voltage-
relevant power quality issues [3,4]. At present, a variety of voltage compensation devices
have developed for the suppression of voltage-relevant power quality issues [5]. Among
these devices, the dynamic voltage restorer (DVR) is favored because of its resistance to
voltage dip, voltage swell, and harmonic disturbances [6]. Short circuit faults are another
significant concern of power grids as they can impact the stability and safety of power grid
significantly. To protect the electrical equipment from load faults, protection schemes are
always implemented. Fuses, circuit breakers, bypass circuits, and fault current limiters
(FCLs) are the most common types of protection schemes [7]. Fuses are cheap, small and
reliable, but are disposable and require manual replacement, so are always used in low
voltage systems that do not require high power supply reliability [8]. Circuit breakers, on
the other hand, are the most commonly used protection devices, and can be repeatedly
used and automatically reset, but have the disadvantages of larger size, higher price and
the requirement of frequent maintenance [9]. Bypass circuits such as fast mechanical
or solid-state switches can also be used to protect series compensation devices during
a fault [10]. However, their performance against large fault currents is poor, meaning
that the fault can still cause damage to electrical equipment. FCLs, compared with the
above-mentioned protection devices, have the advantage of low loss, quick response and
fast recovery. Therefore, FCLs have been an attractive choice for power industries [11,12].

Based on above description, it is natural to consider combining FCLs and DVRs to
form a fault current limiter-based dynamic voltage restorer (FCL-DVR), which can suppress
the voltage-relevant power quality issues and limit the load current at the same time. At
present, there are a few FCL-DVR schemes proposed in existing publications [13-15]. One

Sustainability 2022, 14, 16752. https:/ /doi.org/10.3390/su142416752

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su142416752
https://doi.org/10.3390/su142416752
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su142416752
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142416752?type=check_update&version=1

Sustainability 2022, 14, 16752

20f12

study [13] introduces a double functional type FCL-DVR, which can not only compensate
voltage but also limit load current. This scheme limits the fault current mainly by a filter
inductor, and, as a result, it is not appropriate for a large fault current. Another study [14]
further proposes a bridge-type FCL-DVR, which can maintain good performance for large
fault currents. Nevertheless, the power loss of the bridge-type FCL-DVR is very high, and
the control scheme is relatively complex. To reduce the power loss, an energy-efficient
FCL-DVR is presented in [15], but this type of scheme relies on a very complex control
scheme because the shunt and series converter need to switch control schemes when the
FCL-DVR changes its operating mode. In [16], a model predictive control scheme is present
for the UPQC-FCL, where the system can smoothly switch between the FCL and UPQC
modes. However, the number of switches of the topology is relatively high. In [17], an
FCL-DVR with a reduced number of components (six switches) is present, while the total
power losses cannot be neglected.

From Table 1, the proposed FCL-DVR system can compensate the voltage sag/swell
and limit the fault currents simultaneously. Additionally, the power loss of the proposed
system is very low when compared with the system in [13,17].

Table 1. Comparison results with other FCL systems.

Number of Number of . ...
. . . Power Compensation Limiting Fault
Reference Line Switches in Losses Voltage Sa Current Abilit
Transformers 3 Phase & 8 y
[13] 2 24 High yes yes
[16] 0 34 N/A yes Yes
[17] 1 6 Medium yes yes
Proposed
system 1 12 N/A yes yes

Accordingly, a smooth control scheme for an FCL-DVR is still desired. Generally, a
proportional resonance (PR) controller is enough to mitigate the grid voltage harmonics
in the FCL-DVR due to its good performance in tracking the sinusoidal quantity [13]. To
improve the dynamic performance of DVR, ]. Li, et al. have proposed an observer-based
adaptive control scheme for a UPS system [18], which performs well under distorted load
currents. In [16], a model predictive control scheme is presented to smooth the switching
process between the FCL and UPQC modes. However, the switching frequency is not
fixed in the proposed model’s predictive control. In addition, due to the advantages of
the convergence in finite time, suppression of smooth disturbances of arbitrary shape and
suppression of chattering, the second order sliding model control has been widely used
in power electronics [19,20]. In [21], a super twisting sliding mode control is used in the
DVR, where good dynamic performance and good load voltage quality are achieved under
a distorted grid voltage. However, the above control schemes are not applicable when the
FCL-DVR switches between the FCL and DVR modes.

Accordingly, a three-phase FCL-DVR with second-order sliding mode control scheme
is designed in this paper. The proportional integral /proportional resonance (PI/PR) reg-
ulator for the outer voltage loop in series converter of the FCL-DVR is replaced by a
second-order sliding mode control scheme while the PI/PR regulator for the inner current
loop is kept. The control scheme of the series converter in FCL-DVR is switched in FCL or
DVR modes while the control scheme of the shunt converter always remains unchanged.
The new FCL-DVR control is extremely robust to external disturbances and can effectively
suppress the vibration caused by the switching function. The simulation experiments
confirm the effectiveness of the designed second-order sliding mode nonlinear controller.

In summary, the main contributions are listed as follows:

1. A smooth control scheme is presented for the series and shunt converter of an FCL-
DVR, where the frequent switching of control schemes can be avoided.
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2. Asecond-order sliding mode control scheme is proposed to improve the robustness of
the FCL-DVR system. The stability analysis of the proposed controller is introduced.

2. Operation Principle of FCL-DVR
2.1. Topology of FCL-DVR

A typical FCL-DVR is shown in Figure 1. As one can see, the FCL-DVR system mainly
consists of a series converter (made up of a three-phase voltage source converter), a shunt
converter (made up of a three-phase voltage source converter), a line frequency transformer,
filters on the AC sides of two converter and a DC-link capacitor. The series converter is
connected to load through the fundamental frequency transformer, which mainly aims at
compensating voltage and limiting current. The shunt converter connects to the power
grid, which mainly provides the energy absorbed or released by the series converter under
voltage compensation mode or current limiting mode.
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Figure 1. Topology of the three-phase FCL-DVR.

2.2. FCL-DVR Operation Mode

According to the operating principle of the FCL-DVR, its operation mode can be
categorized into three types.

2.2.1. Normal Operation Mode

An FCL-DVR will work in the normal operation mode when there are no power grid
voltage disturbances and load faults.

2.2.2. DVR Operation Mode

The series converter will work in the DVR operation mode when there are voltage
dips, voltage swells, or harmonic disturbances. It will inject voltage into the grid side to
maintain the load voltage. Meanwhile, the shunt converter provides the required power
for the normal operation of the series converter. Under the DVR mode, the power grid will
supply the load, where the currents direction of the FCL-DVR system is seen in Figure 1a.

2.2.3. The FCL Operation Mode

The series converter on the faulted phase works in the current source mode to limit
the fault current, while the series converter on the normal phases works as a voltage source
to maintain the load voltage. In all likelihood, the shunt converter will still provide the
required power for the normal operation of the series converter. Under the DVR mode, the
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power grid will supply the load, where the current direction of the FCL-DVR system is
seen in Figure 1a.

3. Mathematical Model of FCL-DVR

The equivalent circuit of the FCL-DVR is shown in Figure 2. According to Figure 2, the
mathematical model of the series converter in the ABC frame can be established as follows:

dv ; :
Cse™jf* = isea — Isa

dv, . .
Cse dsteb = Ilseb — Isp

dv, : :
Cse =7f¢ = isec — isc

disea — / (1)
Lse=3* = —Rseisea — Usea + Via

di, .
Lse z;teb = —Rselseh — Useb + Vip

di, ;
Lse g = —Rselsec — Usec + Ve

where vsec (x({a,b,c})) represents the voltage injected into the power grid; isy is the grid
current; igex represents series converter’s filter inductor current for the series converter. vjy
represents the output voltage of the series-side converter; Lse and Cse represent the filter
inductance and the filter capacitance of the series converter’s front-end filter; and R is the
equivalent resistance.

Isa Isha Tsea

®+ Lsia

Figure 2. FCL-DVR system A phase equivalent circuit.

According to Kirchhoff’s law, the relationship between load voltage and power grid
voltage can be written as:

ULg = USq + USeq
ULp = Usp + Useb )

ULc = Usc + Usec
where vgx and v, represent the grid voltage and load voltage, respectively.

4. Second-Order Sliding Mode Control Scheme of FCL-DVR

The FCL-DVR is mainly used to maintain the load voltage’s frequency, magnitude,
and balance in DVR mode and also to limit load fault current in FCL mode. This section
introduces a second-order sliding mode control scheme to improve FCL-DVR’s dynamic
features under DVR and FCL modes. The control diagram for the FCL-DVR is shown in
Figure 3.

In the DVR mode, the load voltage should be controlled as:

v, = Vi sin(wt)
vf, = Vysin(wt — 37) 3)
of . = Vi sin(wt + $71)

where v}, represents the desired load voltage amplitude, which is equal to the rated power
grid voltage. wt represents the phase angle of the power grid voltage.
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In the FCL operation mode, the inductor current is controlled as:

ifeq = Lse sin(wt)
ity = Lesin(wt — 37) (4)

it = Lsesin(wt + 371)

where I represents the desired value of the inductor current.

Eq.
(€))

&F

Figure 3. Control block diagram of FCL-DVR.

4.1. Design of Second-Order Sliding Mode Controller of Outer Voltage Control Loop
4.1.1. Design of the Integral Sliding Surface of the Outer Voltage Control Loop

According to (1)-(2), the dynamics of the FCL-DVR load voltage can be described as:

dog, L S dvus,
ar Coe (Zseﬂ isg + Cse it %)

Define the tracking error as:
€La = ULa — U]*JI (6)

where * represents the reference value of the corresponding variable.
According to (5), the integral sliding surface of the DC voltage is designed as:

SLa = €La T ALa/ eLqdt 7)
where Ap, represents a positive sliding mode coefficient.

4.1.2. Design of the Outer Voltage Loop’s Control Law

Super-twisting algorithm (STA) [22-24] has the advantages of restraining vibration
and quick convergence and has therefore been widely used in systems with relative order
1. In the double-closed control loop of FCL-DVR, the outer voltage loop provides reference
value I, of inductor current for current control loop. To realize the second-order sliding
mode control, the global control law I3,, mainly includes the equivalent control term and
STA term. Therefore, the global control law can be defined as follows:

Lea = Isea(eq) + Isea(st) 8
Equivalent control term can be obtained by solving the following equation
S1a =0 ©)

Combine (5), (7) and (9), and the equivalent control terms can be expressed as:

x dv .
Isea(eq) = Cse (ULH — ALglLs — d?a) + g, (10)
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where the STA item can be designed as follows:
Lseq(st) = Csellst (11)
1
{Mst = ._£1a|5Lﬂ|2Sgn(5Lﬂ) + POLa (12)
PLa = —€2:58N(5La)

where g1, and &5, represent the positive constant, sgn(-) represents the symbol function.
Substituting (11) and (12) into (8), the expression of the reference current for the inner
current control loop of DVR can be expressed as:

x dv . 1
Isea(eq) = Cse (ULa — Alg€la — dfﬂ) + 15, — Cse€1a|5La|25gn(sLa) - CseSZa/ Sgn(SLa)
(13)
The control law for phase B and phase C can be obtained in the same manner.
4.1.3. Stability Analysis

Considering the internal disturbance and external disturbance, (5) can be rewritten as:

dULa - dﬁLa
dt — dt

+d (14)

where d represents the total disturbance, and " represents the rated values of corresponding
variables. Due to the physical constraints of the practical system, it can be assumed that
there is a boundary for the perturbation, that is:

ld|< e (15)

Substitute (14) into (7), then the first-order differential of the integral sliding mode
surface sy, can be rewritten as [8]:

SLa = La + ALalLa = éLa +Aep, +d (16)

Therefore, substitute (13) into (16), then the closed-loop system can be described as:

. 1
{&w——%$up%ﬂﬁﬂ+mﬂ+d (17)

Pro = —€2:580 (L)

To inspect the stability of the closed-loop system, the Lyapunov function [24] is
designed as follows:

12 .1 0.5 2
vV = 2£2a|SLa| + 501, T3 {‘C—la‘SLa| sgn|SLa‘ - PLH} (18)
- E.Z;Paau

where

£, = [|3La | ;Sgn(SLa)]

POLa
P, — 1[4e2,+ €5, —ena
2 —&1g4 2

then, the differential of Lyapunov function V can be calculated as (19)

. 1
V=——"ElQb+——ql& (19)
EAE BAE
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where
0 — €14 [2600+ €3, —€1a
4 2 —&1g4 1
_ €14 [269 + 0.5¢3,
D=7 05,

In practice, there is a boundary for the perturbation |d|< €, and, according to [24], (19)
can be further written as:

Vel A, (20)
|sLal?
where
A, — €14 | 2624 +e3, — (48%)8 —(&14 + 2¢)
2 —(&14 + 2¢) 1

To ensure the stability of the designed controller, a matrix A, should be designed as a

positive semidefinite matrix to ensure V < 0. Therefore, the following conditions should
be satisfied:
€14 > 2¢
21)
5e1qe+4€? (
€2d > €1d 3(e14—2¢)

4.1.4. Parameters of the Sliding Mode Control

The second-order sliding mode controller for the outer voltage loop in FCL-DVR
mainly includes three sliding mode coefficients: Ar,, €1, and e3,. As can be seen from
Formula (6), the coefficient A;, has a direct impact on the dynamic response of the closed-
loop system. A large A1, leads to a fast dynamic response, but will easily cause an overshoot;
A small A7, will slow the dynamic response of the system. Therefore, the coefficient Ay,
must be selected reasonably. The principle of the selection of A, has been introduced
in [18]. Additionally, in order to ensure the stability of the designed controller, €1, and &3,
can be determined by (21).

4.2. Design of Inner Current Loop’s PR Controller

The main objectives of the inner current loop include: (1) the stable tracking of the
output of the load voltage in the DVR mode, to achieve the goal of maintaining the load
voltage stability; (2) In FCL mode, the desired inductor current’s reference value is tracked
to limit the load fault current. In order to track inductive current reference, the current
inner ring uses a PR controller, which can be written as:

ks

Gpr(s) =ky + ——
Pr(s) P 52+(hw)2

(22)

where k, and k; represent the controller gain. The PR regulator is able to adjust the
current error in a steady-state mode at zero, in the h-order harmonic frequency. Integration
is performed using the proportional gain k, and resonant gain k;, where the resonant
component is a quadratic resonance filter with resonant frequency equal to hw with zero
damping coefficient and can be used to determine the selectivity of the filter. In practice,
the bandwidth can be expanded to reduce sensitivity to frequency changes in the grid. In
addition, the detailed parameters design is shown in [25].

5. Simulation Results

MATLAB/Simulink simulations are conducted in this section to verify the correctness
and effectiveness of the proposed second-order sliding mode control scheme. The parame-
ters of the FCL-DVR and its control setting are listed in Tables 2 and 3, respectively. As a
comparison, the simulation results for an FCL-DVR with conventional PR regulator are
also presented.
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Table 2. The FCL-DVR parameters used for the simulation.

Parameters Values
Grid voltage 380V
Grid angular frequency 314 rad/s
Series converter’s filter capacitance 80 uF
Series converter’s filter inductance 6 mH
DC capacitance 4000 pF
DC voltage 800V
Grid equivalent resistance 0.5 Mh
Load resistance 10 kHz

Table 3. Control parameters used for the simulation.

Control Parameters Values

Second-order sliding mode controller

ALa 46

€14 6173

€94 2.162 x 100
PR controller

kp 2

ky 800

Figures 4 and 5 show the simulation results of the FCL-DVR with the proposed second-
order sliding mode controller under the distorted grid voltage, and they include the grid
voltage vs, load voltage v}, and series injected voltage vs.. As seen in Figure 4, when the grid
voltage is distorted, the DVR injects a compensation voltage into the power grid through
the series converter. With the compensation of the series converter, the grid voltage contains
small harmonics so that it remains a sinusoidal signal. Figure 5 presents the simulation
results of the three-phase FCL-DVR with conventional PR regulator under distorted voltage.
The results in Figure 5 indicate the conventional PR control scheme cannot guarantee a
sinusoidal load voltage when the grid voltage is distorted within [0.1, 0.14] s. Hence, the
results verify that the proposed second-order sliding mode controller is superior to the
conventional PI/PR controller in terms of restraining the harmonic distortion.

500 T
250
KSEESCBEAE
-250
-500 L
500]
250
NN
-250
-500
500
250 ]
0 sy
-250 1
-500

vs/V

vL/V

vse/V

0.06 0.1 0.14
Time/s

Figure 4. Simulation waveform of FCL-DVR under the second-order sliding mode control scheme
under distorted grid voltage.
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250
20
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-250

z 0 WA

0.06 0.1 0.14
Time/s

Figure 5. Simulation waveform of FCL-DVR under the PR scheme under distorted grid voltage.

Figures 6 and 7 show the simulation results of three-phase FCL-DVRs with second-
order sliding mode controller and PR controller in a grid with a voltage dip and voltage
swell. As seen from these two figures, both control schemes result in sinusoidal, balanced,
and constant-magnitude voltages after short transients. Nevertheless, the proposed second-
order sliding mode controller reduces the transient time and the overshooting compared
with the conventional PR control at 0.1 and 0.14s. Therefore, the proposed second-order
sliding mode controller has a better dynamic feature.

500 T T

0.06 0.1 0.14 0.18
Time/s

Figure 6. FCL-DVR simulation waveform under the second-order sliding mode control scheme
during the power grid voltage sag and temporary swell.

500
250

0
-250.
-500 | L
500 T T
25

0

-250

-500 : :

500 T T
> 2501 1
PO e B T D SIS TS

-250F g

-5001 I .
0.06 0.1 0.14 0.18

Time/s

vsIV

vL/V

Figure 7. Simulation waveform of FCL-DVR under PR scheme during temporary voltage sag and
temporary swell.
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Figure 8 illustrates the simulation results of the FCL-DVR under a phase-A fault. One
can see from the figure that the three-phase FCL-DVR switches from the DVR mode to the
current limiter mode at 0.1 s after the phase-A fault occurs. In such a condition, the phase-A
load voltage reduces to almost 0 because phase A is shorted. As a result, the load current is
contained to the desired values. When the fault disappears, the three-phase FCL-DVR will
switch back to DVR mode, and the load voltage and current return to normal.

-50 L |
0.06 0.1 0.14 0.18

Time/s

Figure 8. A Simulation waveform of FCL-DVR during phase ground failure.

Figure 9 gives the simulation of a three-phase FCL-DVR under three-phase grounding
fault. The figure indicates that the three-phase FCL-DVR will switch from the DVR mode
to current limiter mode at 0.1 s after the three-phase grounding fault is detected. For such a
case, the load voltage for three phases reduces to almost 0, and, as a result, grid current
declines to almost 0, and the load current is maintained at desired values. After the fault
disappears, the three-phase FCL-DVR will switch back to DVR mode, and the load voltage
and current will return to normal values.

0.06 0.1 0.14 0.18
Time/s

Figure 9. Simulation waveform of the FCL-DVR during a three-phase ground failure.

6. Conclusions

To effectively improve the robustness of the three-phase FCL-DVR load voltage con-
troller, this paper proposes a new second-order sliding mode controller. Compared with
three-phase DVR in which the series converter applies PI/PR for the outer voltage loop
and inner current loop, the new control scheme has a better resistance to grid voltage
disturbance. The main conclusions for this paper are:
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(1) A second-order sliding mode controller can result in a better resistance to voltage
disturbance than the conventional PI/PR regulator.

(2) A second-order sliding mode controller can have a better dynamic feature than the
conventional PI/PR regulator as the second-order sliding mode controller reduces the
response time and overshooting.

(3) The FCL-DVR with a second-order sliding controller can maintain the large fault
current by switching the control mode from DVR to FCL.

MATLAB/Simulink simulation results verify the good robustness and superior fault
flow limiting capability of the proposed scheme.
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