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Abstract - In this paper, a nonlinear control scheme for
dynamic voltage restorer (DVR) is proposed to reduce the
voltage disturbances for loads under grid voltage sags and
nonlinear loads. First, the nonlinear model of the system
consisting of LC filter is obtained in the dg0 synchronous
reference frame. Then, the controller design is performed
by using the sliding mode control, where the load voltages
are kept almost sinusoidal by controlling the dg0 axis
components of the DVR output voltages. With this
scheme, the power quality is significantly improved,
compared with the conventional proportional-integral (PI)
controller under grid voltage sags and nonlinear loads.
Simulation studies are performed to verify the validity of
the proposed method.

Keywords - Dynamic voltage restorer, nonlinear load,
sliding mode control, voltage sags.

I. INTRODUCTION

In recent years, as the penetration of the renewable
energy systems into the grid at the point of common
coupling (PCC) increases rapidly, the issues of the power
quality are paid much attention. The critical power quality
issues in distribution systems are related to grid voltage
disturbances. Since the application of power electronics
devices has been increased in industrial processes,
disturbances of the power supply affect the industrial loads.
This can cause malfunctions, tripping, or even faults of the
load system. The voltage sags, swells, harmonics,
unbalances, and flickers, known as power quality issues,
are generally considered as critical phenomena of voltage
disturbances in distribution systems, in which the voltage
sags is a main reason of short-circuit faults [1]-[4].

Several methods have been used to improve the power
quality in the distribution networks. A dynamic voltage
restorer (DVR) system is one of the best solutions which
keep the load voltage at its rated value when the grid
voltage drops occur suddenly. The DVR system is
composed of a voltage-source inverter (VSI), output LC
filters, and an isolated transformer connected between the
source and the loads [5]-[7]. Normally, both primary and
secondary coils of the transformer are connected in Y-
windings in distribution systems.
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Conventionally, a cascaded controller including an
outer voltage control and inner current control loops has
been suggested [8]. However, its control dynamic response
is slow since the voltage control loop has the limitted
bandwidth [5]. Also, when there are unbalanced voltage
sags, the source voltage contains the negative sequence and
zero-sequence components and hence, the d-q components
of the source voltage can not be DC signals. Normally, a
typical PI (proportional integral) controller does not work
well for controlling the AC signals. Thus, a resonant
control scheme has been employed to regulate the unified
power quality conditioner, to compensate the load voltages
under unbalanced and distorted conditions of source
voltage and load [9]. Another issue considered for
controlling the UPS (uninterruptible power supply) or DVR
is the nonlinearity of the UPS or DVR [10], [11]. Thus, the
nonlinear control gives better performance than the control
techniques based on the PI control.

In the paper, a control method based on a sliding mode
(SM) has been applied to improve the operation of the
three-phase four-wire (3P4W) DVR system under grid
fault conditions and nonlinear loads. First, the nonlinear
model of the system including LC filter is obtained in the
dg0 synchronous reference frame. Then, the controller
design depending on the sliding mode control is performed,
in which the load voltages are kept almost sinusoidal. The
simulation results show the validity of the proposed control
method.

Il. OVERVIEW OF DVR SYSTEM

A. System modeling

The three-phase DVR circuit in Figure 1 can be
represented in synchronous dgO reference frame. Due to
conditions of grid voltage sags and nonlinear loads, the
dg0-axis components are taken into account as [11], [12]:
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where Ly, Ly, and C; are the filter inductance, the neutral
filter inductance, and the filter capacitance, respectively;
Vedqo are the dg0-axis capacitor voltages; viqo are the dgo-
axis inverter terminal voltages; iqq are the dg0-axis output
currents of the DVR; iaqo are the dg0-axis output currents;
o is the source angular frequency.

From (1) to (4), a state-space modeling of the system is
derived as follows:
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Figure 1. Circuit configuration of three-phase four-wire

DVR.

B. Generation of voltage references

In this research, the strategy of in-phase compensation
is considered, in which the amplitude of the load voltage is
exactly kept the same as before the sag, while the phase of
the load voltage is similar to that of the source voltage after
the sag. As shown in Figure 1, the load voltage is expressed
as:

VL,abc = es,abc - Vdvr,abc (6)

where Vi anc is the load voltage, es.anc is the d-q axis capacitor
voltage, and Vaur anc iS the voltage injected by the DVR.

The control of the DVR is performed in the synchronous
reference frame, in which the phase angle of the source
voltage is used for transforming the DVR output voltages
and load voltages. To keep the load voltage constant, the

SO 04B (CS.01) 2020

voltage references (V, 4,0) for the DVR system in the
synchronous reference frame are calculated as:

V;vr,dqo =es,dq0 _Vt,dqo (7)
where € 4, is the dg0-axis components of the source
voltage, and V:dqo is the dg0-axis components of the load
voltage references, in which both v:]d and V:O are also set
to be zero and vzyq is set to be magnitude of the load
voltage at the rating (V, ;) -

I11. PROPOSED CONTROL STRATEGY USING
SLIDING MODE CONTROL

A multi-input  multi-output  (MIMO) nonlinear
approach is proposed for the purpose of eliminating the
nonlinearity in the modeled system [10]. Consider a MIMO
system as follows:

x=f(X)+g-u (8)
y =h(x) )

where X is state vector, u is control input, y is output, f and
g are smooth vector fields, h is smooth scalar function.

The dynamic model of the inverter in (5) is expressed in
(8) and (9) as:
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To generate an explicit relationship between the outputs
Y15 @nd the inputs y_,,, each output is differentiated

until a control input appears.
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Then, the control law is given as:
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and vi, v and vz are new control inputs.

The sliding surfaces with the errors of the indirect
component voltages are expressed as [11]:

S =& +kp + klZJ.el dt

where & =Y, —V;, & =Y, —Y, and & =Y; — V3 ¥; ,
y,and Y, are the reference values of the Y, , Y,and Y,,
respectively, and K, Kio, k21, k22, ka1 and ks; are the positive
constant gains.

By using a sliding mode control theory, the equivalent
control input can be derived as the continuous control input
that $; =5, =53 =0 yields.
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To drive the state variables to the sliding surface
S, =S,=%=0,inthecaseof S, #0, S, 0,8, # 0 , the
control laws are defined as:

Uy = Ugeq +7/15ign(31)

Up = Upeq + 7,5i9n (s, ) (14)

Uz = Uggq +735ign(53)

where y1>0, v2>0, y3>0.

Ugey =L Cy | V5 +

The reaching law can be derived by substituting (14) into
(12), which gives

S1=_715ign(51); Szz_7zsign(52) (15)

In order to determine the stability and robustness,
Lyapunov’s functions which are presented in [12], are
defined as follows:
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By taking time derivative of V1 and V,, to prove stability,
the following condition must be satisfied
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yl = S].sl < O (17)
V2 = 5232 < O
Figure 2 shows the block diagram of the sliding mode

controller, in which the dqg0-axis voltage references are
obtained from (7).
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Figure 2. Block diagram of the proposed controller.

The system output response to its command is evaluated by
the resonant peak and bandwidth values in the Bode plot.
In order to compare with conventional method, the PI
control technique is also proposed as shown in Figure 3.
Then, the closed-loop transfer function of the cascade Pl
controllers is derived as:

Koo KpS® + (Ko kis + Kk, ) s + Kk,

Vdvr — v ivp v

Ve LCyst+k,Crs +(KCy +kok, )52+ (Ko ks +kyk, )s +kyk
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(18)

Voltage Current
controller Iy controller Ve i

Figure 3. Control block diagram of DVR using PI control
for voltage and current controllers.

The Bode plot of the closed-loop transfer function of two
controllers is analyzed in Figure 4. At the low-frequency
range, the two controllers have a unity gain and zero phase
delay. However, The sliding mode control has a lower
resonant peak and a wider bandwidth which results in a
lower overshoot and a faster settling time at the stepwise
load change. Thus, the performance of the sliding mode
control is better than that of the PI control.
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Figure 4. Bode plot of the closed-loop sliding mode control
and PI voltage controller.

IV.SIMULATION RESULTS

PSIM simulations have been carried out for the
unbalanced and nonlinear loads to verify the feasibility of
the proposed method. A DC-link voltage at the input of
inverter is 400[V], the switching frequency of inverter is
10[kHz]. The grid voltage is 180Vmg/60Hz. The
parameters of loads and controllers are shown in the Table
1 and Table 2, respectively.

Table 1. Parameters of loads

Type of load Parameters
; L =3 [mH], C=1000 [uF],
Nonlinear load R = 30 [Q]

Table 2. Parameters of controllers

Gains of controller
Nonlinear load

Controller Type

Current kp =175
Pl controller ki = 13100
control | Voltage kpv = 0.31

controller kiy = 892

k11=k21 = k31= 4.4 X103, k12
= koo=ks2, = 8.4 x108

The simulation results for the PI control and proposed
control method under the conditions of grid voltage sags
and linear loads are shown in Figures 4 and 5, respectively.
The grid fault is assumed to be unbalanced voltage sags, in
which voltages of phases a, b, and ¢ drop to 50%, 75% and
50%, respectively for 40 [ms].

When the DVR s activated, the DVR output voltages
are injected and load voltages should be kept unchanged.
Moreover, the load voltages after the sag must be sinusoidal
and balanced, like those before pre-sag.

Proposed control

Figure 4 shown the performance of the DVR with the
conventional PI control under the conditions of grid voltage
sags and linear loads. The DVR output voltage is shown in
Figure 4(b) and the load voltage is sinusoidal but still has
some ripple, as shown in Figure 4(c). It is illustrated from
Figure 4 (d) to (f) that, the actual values of the dgO axis
DVR

voltage components track their references. The load
currents are illustrated in Figure 4(g).
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Under the same simulation conditions of grid voltage
sags and linear loads, as shown in Figure 4(a), the control
performance of the DVR with the proposed method is
shown in Figure 5. Figure 5(c) shows the load voltages,
which are kept at nominal values even though the grid
voltages drop, as shown in Figure 5(a). The output voltages
of the DVR to compensate for the voltage sags are shown
in Figure 5(b). It is
illustrated in Figure 5(d)—(f) that, the actual values of the
dg0 axis DVR voltage components with the proposed
strategy track their references well, which are much better
than those of the conventional ones, especially with the
method based on the classical Pl controllers as shown in
Figure 4 (d) —(f), respectively. In comparison with the PI
controller, the total harmonic distortion (THD) analysis for
load voltage is shown in Table 3, in which the proposed
controller gives better results with lower THD.

Table 3. Total harmonic distortion (THD) analysis of three-
phase load voltages using Pl and proposed controllers.

THD (%)
Controller Linear load Nonlinear load
Type Phase | Phase | Phase | Phase | Phase | Phase
A B C A B A
P1 control 2.53 2.14 2.69 3.30 248 2.80
Proposed | ;g5 | 183 | 234 | 213 | 196 | 239
control

The performance of the DVR with the conventional Pl
control under the conditions of grid voltage sags and
nonlinear loads is shown in Figure 6, in which voltages of
phases a, b, and ¢ also drop to 50%, 75% and 50%,
respectively for 40 [ms] . The DVR output voltage is shown
in Figure 6(b). The waveform of the load voltage is
distorted due to the influence of the nonlinear load Figure
6(c). This shows that the conventional control method do
not respond well. The actual values of the dg0 axis DVR
voltage components are shown from Figure 6(d) to (f),
respectively. The load currents are illustrated in Figure
6(g). On the contrary, for the proposed control method, the
control performance of the DVR is shown in Figure 7. As
can be seen from Figure 7(d) to (f) that, the actual values of
the dq0 axis DVR voltage components with the proposed
strategy follow their references well, which are much better
than those of the conventional ones, as shown in Figure 6
(d) —(F), respectively. Figure 7(c) shows the load voltages,
which are kept at nominal values even though the grid
voltages drop, and no distortion due to the influence of
nonlinear load as shown in Figure 7(a). The output voltages
of the DVR to compensate for the voltage sags are shown
in Figure 7(b).

Based on THD analysis results in Table 3 for the case
of using nonlinear loads, it can be seen that THD of the
proposed controller has better results than the PI controller.
Finally, with the same condition, the DVR control in the
proposed method works satisfactorily, since the d-q
component voltages of the DVR are well regulated.
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Figure 4. Dynamic response of Pl control method under the
conditions of grid voltage sags and linear loads. (a) Grid
voltages. (b) DVR output voltages. (¢) Load voltages. (d)
d-axis

voltages of DVR. (e) g-axis voltages of DVR. ()]
Zero-sequence voltages of DVR. (g) Load currents.
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Figure 5. Dynamic response of proposed control method
under the conditions of grid voltage sags and linear loads.
(a) Grid voltages. (b) DVR output voltages. (c) Load
voltages. (d) d-axis
voltages of DVR. (e) g-axis voltages of DVR. ()]
Zero-sequence voltages of DVR. (g) Load currents.
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Figure 6. Dynamic response of Pl control method under the
conditions of grid voltage sags and nonlinear loads. (a) Grid
voltages. (b) DVR output voltages. (c) Load voltages. (d)
d-axis

voltages of DVR. (e) g-axis voltages of DVR. ()]
Zero-sequence voltages of DVR. (g) Load currents.
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Figure 7. Dynamic response of proposed control method
under the conditions of grid voltage sags and nonlinear
loads. (a) Grid voltages. (b) DVR output voltages. (c) Load
voltages. (d) d-axis
voltages of DVR. (e) g-axis voltages of DVR. ()]
Zero-sequence voltages of DVR. (g) Load currents.

V. CONCLUSION

In this paper, an advanced control strategy for the DVR
was proposed. The effectiveness of the proposed control
strategy was verified through simulation tests, in which the
load voltage is almost sinusoidal and in-phase with the
supply voltage even under the conditions of grid voltage
sags and linear or nonlinear loads. The feasibility of the
proposed control is verified by simulation results, which
show the better performance than conventional P method.
For the further work, the experiment must be implemented
with using DSP F28379D to show effectiveness of the
proposed control in the real system.
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CHIEN LUQC PIEU KHIEN BQ LUU TRU PIEN
AP PONG TRONG DPIEU KIEN SUT PIEN AP
LUOI VA TAI PHI TUYEN

T6m tdt - Trong bai bao nay, md hinh diéu khién phi
tuyén cho bo luu trit dién 4p dong (DVR) dugc dé xuit dé
giam nhiéu dién p cho tai dudi diéu kién sut dién ap ludi
va tai phi tuyén. Dau tién, md hinh phi tuyén cua hé thong
bao gom b loc LC dugc biéu dién trong hé quy chiéu dong
b6 dg0. Sau d6, qua trinh thiét ké bo diéu khién dugc thuc
hién bang cach sir dung bo diéu khién truot, trong d6 dién
ap tai dugc duy tri gan nhu hinh sin bang cach diéu khién
céc thanh phan truc dgo cua dién ap ngd ra bo DVR. Vi
mé hinh nay, chat luong dién ning dugc cai thién dang ké
s0 vai bo diéu khién tich phan ty I& (PT) théng thudng trong
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diéu kién sut dién ap ludi va tai phi tuyén. Cac nghién cau
md phong dugc thyc hién dé kiém tra hiéu qua cta phuong
phap duoc dé xuat.

Tir khéa - BO luu trit dién 4p dong, tai phi tuyén, diéu
khién truot, sut ap.
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