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Abstract

This paper proposes an extended state observer (ESO)-based second-order sliding mode
control (SMC) for dynamic voltage restorers (DVRs). Unlike the conventional first-order
SMC and some second-order SMC (SOSMC) methods that suffer from chattering, the
proposed control method can alleviate chattering and achieve finite-time convergence.
Chattering suppression (i.e. eliminating discontinuities) is achieved via continuous con-
trol input which is also used to generate the pulse width modulation signals. However,
while removing the discontinuities in the control input, the performance of the control
method is degraded when it is subjected to disturbances. Therefore, an active disturbance
rejection (ADR) based on an ESO is proposed to enhance the performance. In addition,
an advanced single-phase phase-locked loop (PLL) using linear observer and quasi-type-1
PLL is also proposed. The effectiveness of the proposed method is verified through sim-
ulation and experimental results which are compated with the results of the existing SMC
methods applied to DVR.
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1 | INTRODUCTION

The power quality degradations caused by power interrup-
tion, voltage sag, voltage swell, and harmonic distortion have
attracted tremendous interest due to their detrimental effects
on sensitive loads. To mitigate these disturbances, active filters
based on power electronic custom devices are introduced in
literature [1, 2]. The resilient control of such devices with the
aim of injecting the desired compensating voltage (or current)
into the grid is extremely important. A dynamic voltage restorer
(DVR) is a series compensation device that compensates the
voltage disturbances by injecting a compensating voltage to the
point of common coupling (PCC) [3]. With the aim of protect-
ing sensitive loads from such disturbances, numerous studies are
carried out on the topology and control (linear or non-linear)
of DVRs [4-14]. The proposed controllers in the literature are
based on optimized proportional-integral (PI) controllers [4],
feedback theory [5, 0], repetitive control [7], and sliding mode
control (SMC) methods [8—14].

However, the non-linear control methods are more effec-
tive than the linear ones in achieving the desired dynamic

response and robustness (insensitivity to parameter vatiations
and disturbances) due to the non-linearity of the model of the
custom power devices. One of the most popular non-linear
control methods is the SMC method. This method offers sig-
nificant advantages such as the minimum steady-state error, fast
dynamic response, and disturbance (internal or external) rejec-
tion. In addition, its implementation in practice is easy since it
does not need the mathematical model of the system. However,
it suffers from the high-frequency fluctuations in the control
input referred to as the chattering which is not preferred in
practice.

Although the conventional first-order SMC method applied
to DVR has strong robustness, it is not able to achieve chat-
tering suppression entirely [8, 9]. In [10], a pseudo-SMC based
on the boundary layer method is introduced to eliminate the
effect of chattering, Nevertheless, the boundary layer method
is a tradeoff between the steady-state error and the chattering,
Morteover, due to the requirement for the relative degree of the
sliding variable to be equal to one, it needs the derivative of
the state variable. In addition, in a linear sliding manifold, the
state variables converge to the origin asymptotically. One of the
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effective chattering mitigation methods proposed recently is the
high-order SMC method [11, 15-17]. Unlike the conventional
first-order SMC that should be designed for a system with
relative degree one, the high-order SMC can be designed with
higher relative degree sliding manifolds [15]. Since most of the
practical systems ate of second or higher order, it is reasonable
to use a higher-order SMC method instead of the conventional
first-order one. The second-order SMCs (SOSMCs) available
in the literature have also discontinuities in the control input
and need a derivative of the state variable [16]. Even though the
super twisting SMC (STSMC) is one of the SOSMCs introduced
to diminish the chattering effect, it has a constraint of relative
degree which should be equal to one for the sliding variable
design. In [11], the idea of STSMC is successfully applied to
DVR. However, this method has three drawbacks:

(i) Unlike other SOSMCs, this method can only be applied
to a system with relative degree one (i.e. same as the con-
ventional SMC). This means that the control input should
appear in the first derivative of the sliding variable [17].

(i) It does not have a satisfactory dynamic response under
disturbances due to steady-state error. Moreover, if one
chooses a linear surface, then the states converge to the
origin asymptotically [18].

(i) The control parameter tuning is very complicated due to
the dependence on the derivative of disturbance bound-
aries. Hence, the control parameters are determined by the
trial-and-error method [19].

On the other hand, in the case of a linear sliding manifold,
the state variables have asymptotic convergence while the sys-
tem requires an input relative degree equal to one. However,
the non-linear sliding surface attains finite-time convergence
without having any restriction on the relative degree [20]. For
achieving both the finite-time convergence and chattering elim-
ination for a double integrator system, Levant suggested a
third-order SMC [15]. However, this method needs exact infor-
mation on uncertainties due to the third state which complicates
the design.

Nevertheless, the conventional SMC is a high-performance
controller under various uncertainties, but it is vulnerable to dis-
tortion and uncertainties when chattering alleviation methods
are applied to the system. To diminish the effect of such uncer-
tainties, active disturbance rejection (ADR) controllers have
been embedded in the SMC method in recent studies [21-25]. A
crucial benefit of this new scheme is that it can handle the uncer-
tainties through an extended state observer (ESO) by estimating
the disturbances and compensating them in a feedforward way.
The combination of the ESO and SMC to observe the distut-
bances in the system and feedback on the SMC scheme is mostly
applied to the permanent magnet synchronous motors (PMSM)
for speed control [21-23, 25]. However, these strategies use the
conventional SMC with a sign function in the control input
which is a robust system itself that can handle the uncertainties
effectively and the ESO seems unnecessary. On the other hand,
the system suffers from chattering and high-frequency noises
due to the non-smoothed control input. Furthermore, a finite-
time adaptive ESO-based dynamic SMC for hybrid robots has

been proposed in [24] which is suffering from chattering due
to the discontinuous control input. Hence, a finite-time con-
vergence SMC method with continuous control input as well
as strong robustness under high uncertainties is not explored
yet.

Therefore, this study intends to combine a chattering-free
non-linear SMC combined with an ESO to address both
uncertainties and discontinuity of the conventional SMC.

Furthermore, an important part of the overall DVR control
system is the generation of the reference voltage. In the ideal
setting, the measured grid voltage can be ditectly used to gen-
erate the unit voltage template. However, in practice, the grid
voltage is often corrupted with harmonics and noise. More-
over, grid frequency is also variable. To address these issues,
phase-locked loop (PLL) is often considered a suitable choice
for generating the unit template from the measured grid voltage.
Conventionally, synchronous reference frame PLL (SRF-PLL)
is the most popular choice [26]. However, this PLL is only
applicable for three-phase systems. In the case of single-phase
system, that is, our case, an additional quadrature signal gen-
erator is required. There are numerous solutions available in
the literature. Out of them, linear obsetver [27] can be consid-
ered a suitable choice. This method is easy to implement and
tune. Once the quadrature signal is generated, the implementa-
tion of SRF-PLL is straightforward. However, SRF-PLL cannot
be made fast enough without sacrificing the harmonic robust-
ness. Unlike SRF-PLL, quasi type-1 PLL (QT1-PLL) [206, 28]
can address this issue as it has a simpler lower-order loop filter
structure. As such, this approach has been selected in our work.

Considering the dynamic response advantage of QT1-PLL,
several PLL methods involving this architecture have been pro-
posed in the literature [29-35]. However, most of them [29-32,
35] are dedicated to the three-phase systems. To the best of our
knowledge, very few results are available for the single-phase
case. In [33], a QT1-type open-loop estimator has been pro-
posed for the single-phase system. This system is suitable for
grid monitoring purposes. However, when it comes to utilizing
this method in a closed-loop converter control, the implemen-
tation can be tricky due to the lack of a small-signal model.
In addition, several filters and correction factors need to be
calculated in real time, which further increases the real-time
implementation complexity. In [34], a frequency-fixed all-pass
filter (APF)-based QT1-PLL has been proposed. This method
can eliminate DC offset and provides good harmonic robust-
ness. However, it has higher computational complexity. It uses a
half-cycle delayed signal cancellation block for DC offset elim-
ination and two half-cycle moving average filters for odd-order
harmonics rejection. This significantly increases the memory
requirement. In addition, due to the use of frequency fixed APFE,
additional amplitude and phase corrections ate also needed to
be implemented in real time. To address the limitations of exist-
ing single-phase QT1-PLLs, a simple structure is considered
here. First, a frequency adaptive Luenberger observer is used
as the quadrature signal generator. Unlike similar methods such
as second-order generalized integrator (SOGI) [36], the Luen-
berger observer does not use estimated frequency in the output
error injection term. This makes the observer less sensitive to
frequency variation, compared to SOGI. Secondly, to provide
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harmonic robustness, a low-pass filter is used as opposed to
the conventionally used moving average filters. This lowers the
computational burden of the proposed method over similar
techniques from the literature [33, 34].

Therefore, the contributions of our paper can be listed as

1. An SOSMC with a chattering alleviation feature and non-
linear sliding variable is introduced in this paper. Different
from the recent method [12] which suffers of stability under
transient disturbances, the proposed method strengthens the
robustness of the scheme under disturbances with an ADR
capability based on ESO to estimate the disturbances and
improve the performance of the strategy.

2. The proposed SOSMC is designed based on the non-linear
sliding manifold which is a kind of terminal SMC that
achieves finite time convergence of the states. Contraty to
the recent studies [37] which are utilizing a linear sliding man-
ifold, the proposed method converges to the new setpoint
under dynamic situations in less time.

3. On the contrary to the recent studies [23] which are using
ESO with the conventional SMC to strengthen the robust-
ness of the scheme, but are suffering of the chattering, the
proposed control method in this study is based on an integral
of the sign function to smooth the control input and alleviate
the chattering effect while also the robustness is guaranteed
by a disturbance rejection method.

4. A single-phase quasi type-1 PLL (QT1-PLL) using a Luen-
berger observer is proposed as the quadrature signal
generator. Conventionally, QT1-PLL is only applicable to
three-phase systems. So, the novelty of the proposed PLL
is the extension of the three-phase system to a single-phase
system. Moreover, the small-signal model and constructive
gain tuning procedure are also discussed. On the other
hand, the proposed single-phase QT1-PLL can provide

good robustness against harmonics.

The paper is organized as follows. Section 2 presents the
mathematical model of DVR. Section 3 introduces the basic
concepts of the ADR with ESO. Section 4 outlines the main
second-order SMC design methods. Section 5 describes the
PLL-based reference voltage generation. Section 6 describes
the simulation and experimental results and finally Section 8
concludes the papert.

2 | MATHEMATICAL MODEL OF DVR

Figure 1 shows a single-phase DVR injecting a voltage between
the grid and load for compensating the voltage fluctuations in
the grid. The voltage injection is done through a transformer (T)
which isolates the DVR from the grid. The mathematical model
of the system can be written as
ap
Ly—rtrpip=0—u

" M

Cr =4

Sensitive

load I
VL

FIGURE 1 Single-phase DVR. DVR, dynamic voltage restorer.

where i, is the grid current, 7 7 s the inductor current, », is the
compensating voltage, ., and C are the filter inductor and
capacitor and 7 is the resistor related to L, respectively. Con-
sideting »; = ul7;,, %1 = v, — ) and x, = %y, one can obtain the
following state space equations:

.>.C1 = X2
. 2

Xy = F+ bgﬂ ( )
where # is the control input, » is the compensating voltage
reference and /7 = py + p; is the lumped disturbance of the
system defined as the summation of the internal and external
disturbances given by

p1=—wx = 7% ©)

Crdt Ly dt dr?

where ®,? = 1/Lfo and b, = @,V It is assumed that
the lumped perturbation is bounded by a known function as
follows:

l[F=p1+pl<nu ®)

The disturbance of the system is in the class of the matched
disturbances which can be circumvented through the conven-
tional SMC entirely. However, the chattering still exists, and state
convergence is asymptotical [16].

3 | ACTIVE DISTURBANCE REJECTION
WITH EXTENDED STATE OBSERVER

The active disturbance rejection control (ADRC) method is
a robust control scheme based on the extension of the sys-
tem model while creating a fictitious state variable. This virtual
state variable is a delegate of the whole uncertainty and distur-
bances that have not been included in the model of the system.
Then the method is leveraging a state observer to estimate the
virtual state and then uses it in the control loop in order to
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Magnitude
(dB)

Frequency (rad/sec)

FIGURE 2 Bode plot of the transfer function (8).

decouple the system from the actual perturbation existing in
the system. The ESO used in this study is a kind of ADRC
method which is not only to observe and estimate disturbances
and eliminate them in the control law but also to estimate the
second state variable without the requirement for calculating
it in the control loop using the derivative operator or an extra
sensof.

By applying the ESO, /7 can be estimated based on the
following state space model:

X1 0 1 0% 0 oy
562 =10 0 1 .5\(2 + 170 u+|a|e (6)
2 0 0 Of|lF 0 o

where ¢ = & —x7 and L = [y, &, &3] is the observer gain
vector. Obviously, the observer assigns the disturbances a third
state variable and estimates all disturbances. The observer gain
vector can be derived by using pole placement assignment meth-
ods. The observer parameter tuning is considered in such a
way to have a tradeoff between the least sensitivity to noise
and fast response. In [38] and [39], the gains are selected as
follows:

— — 2 — 3
o = 36‘);’ a = 36‘)_“ » A3 = W (7)

where @, is the observer bandwidth that can be determined
on the basis of inverter system bandwidth. In this papet,
@, = 27 f, where f; is the sampling frequency. If the observer
gains are computed according to (7) and substituted into (0),
then the transfer function from ¥, to /' can be derived as
follows:

w;

- 8
C+w) ®

Trs0 =

Equation (8) is a low pass filter with three poles located
at the left-half of s-plane proving the stability of ESO. To
further assure the stability of the designed ESO for the
DVR the bode plot of the transfer function given in (8) is
depicted in Figure 2. Obviously one can see that both gain
margin and phase margin of the proposed transfer function
determine the stability of the proposed disturbance rejection
observer.

4 | SECOND-ORDER SLIDING MODE
CONTROL

The design of the SMC is based on formulating the sliding man-
ifold and selecting a control input such that the existence of
the sliding mode is assured. In the case of DVR control, the
reference compensating voltage can be obtained by subtracting
the measured grid voltage from the reference load voltage as
follows:

s«

Ve

—_

UL Th ©)

where 77 is the reference load voltage. It is apparent that 2,* =

Owhen there is no fluctuation in the grid voltage (i.e. 7, = V7).
Now, let the non-linear sliding function be defined as follows:

§ = aley M sign(y) + %, (10)

where x; € R is the state variable, &« > 0,and 0 < A < 1. Obvi-
ously, one needs either a differentiator to obtain a high accuracy
estimation of % or by measuring the capacitor current and mul-

tiplying it by % Clearly, following the second method needs

the circuit parameters and disrates the robustness of the system
while it needs another current sensor to measure the capacitor
current. Thus, considering (2) and (0), the estimation of x|can
be easily substituted into (10) as previously has been derived
by the ESO method. Moreover, in a non-linear sliding variable,
there is no need to consider the relative degree for designing the
control input. The addition of the term |5 |*sign(x; Jaugments
the convergence on the road to the equilibrium point. The
closer to the equilibrium, the faster the convergence, leading
to finite-time convergence. The reaching time is adjustable by
tunning parameters A and .

Taking the first derivative of (10) and making use of the
estimated state variables, one can obtain

3 = a/lk1sz;gﬂ(x1)|x1 |/1_1 + .9;\62

e -1, ¢ 1D

= aA (%) sign(oe) | |” + F + by + aze

Thus, the control input can be designed as follows:
"=ty + Uy, (12)

where #,, and #;, denote the equivalent control and switching

control, respectively. The equivalent control is derived from §=
0 as follows:

_ AN A—1 A
g = b (~ad Go)sign(oe) |3 | —ape— Py (13)
Thanks to the ESO mentioned before, the disturbance term

(F) estimated from (6) can be substituted into (13) to compen-
sate the disturbances in the system. Thus, the closed form of
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(13) is as follows assuming that /(0) = 0.

T

Uy = by (— oA () sign(xq )| xy |}L_1 — e — / asedt)  (14)
0

The switching control input is considered as follows:

T
Hyy = —k / sign(8)dt (15)
0

where £ is the switching control input constant which can be
selected through the existence condition rules. According to
[15] the chattering can be significantly diminished by inserting
an integrator in the controller provided that the sliding mani-
fold and its derivatives are kept close to zero. Hence, the main
aim of the switching control is to suppress the chattering. To
prove the finite time convergence, one can equalize the sliding
variable (§) to zero which results:

N A .
Xy = =t | sign(oe) (16)

Since in the steady state all the estimation errors converge to
zero, therefore the estimation error (¢) will converge to zero in

the steady state and %, = x, = ;. Substituting sign(x;) = |>\1_|/1
X1

into (10) yields
5 = —axyt 17)

Therefore, the time (#.) taken for x; to travel from the initial
point (x1 (%)) to equilibrium is given by

1-2)

= mlm (fo)|( (18)

Equation (18) means that xjcan converge to zero in finite
time. Also, due to the relation of x; and xyin (2), xtravels to
equilibrium point in finite time similarly.

Selecting the parametet 4 in the sliding vatiable in (10) is thot-
oughly aimed in such a way to minimize the reaching time. As
(18) shows, the reaching time is dependent on the initial value of
the state variable (xq (4))) and awhich is called the sliding coeffi-
cient. To pick the optimum value for 4, the minimum reaching
time occurs when the derivative of the reaching time in terms of

A is zero.
dt, %)) =5 1
= a T —Lu(|x@)]) ) =0 @19

Evaluating (19) displays that the suitable value for A4 is depen-
dent on the initial value of the state variable. In the proposed
method the approptiate value for 4 is selected equal to 0.5 based
on the initial value of the state variable.

To prove the stability of the proposed controllet, a Lyapunov
function candidate is defined as

== (19)

For stability, the derivative of the Lyapunov function should
satisfy

7 =38<0 20)

Substituting (13) and (15) as the control input into (20) the
closed form of the inequality yields

1
35 = Sﬂ(%(fcz)s{gﬂ(xl)lm |_2 + F 4+ b+ aye) <0

T
=S, + F — [ asedr) 21)
. B OA a2
< — |3 0k [ sign($)dT < —bk|3|” <0
0

T

where /ﬂgﬂ(&)d‘[ < |3 and F = /ched‘[ Therefore, the

closed- loop designed control system has finite time stability. On
the other hand, considering any positive parameter for £ can
guarantee the stability of the system whereas this coefficient
plays a role in improving the stability of the system and reaching
time; it is also responsible for alleviating the chattering in the
control input.

5 | PLL-BASED REFERENCE VOLTAGE
GENERATION

The load voltage reference should be generated as follows:
vy = 17" sin(0) (22

where ;" is the targeted reference amplitude of the load and €
is the phase angle which should be synchronized with #,. Thus,
in order to synchronize »; with »,, the following PLL strategy is
proposed in this section.

A single-phase grid voltage can be written as
,(t) =y =V, cos(@zt + ¢, (23)

where the amplitude, frequency and phase are denoted by I, w
and, @, respectively. Instantaneous phase in (23) can be defined
as @5g = w,t + ¢, . To ensure efficient operation of the DVR,
estimation of sin(§,) (i.e. unit sine template) is essential. For
this purpose, a QT1-PLL with low-pass filter is considered in
this work [26, 28]. Actually, the QT1-PLL is designed for the
three-phase system. In the single-phase case, only one signal
is available for measurement. As such, the generation of the
quadrature signal is required. This is considered below.
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5.1 | Quadrature signal generator (QSG)

To generate the quadrature signal, let us consider that y = #,
and yg = = 17;sin(8,). Then, the state-space model of the
grid voltage can be found as

§ =& (24)
y=Ct 25)
T O _C(),, 1/“
where § = [1q08]", A= l, o and C' = [} - For system

(24) and (25), estimating the quadrature signal yg from y is an
essential problem of designing an appropriate observer/filter.
In this work, the Luenberger obsetver is considered for system
(24) and (25) as follows [40]:

E=ab+Lp—O)f (26)

j=cé @)

where © denotes estimated values and 2. = [/ 0]”, /> 0. The
transfer functions of the estimated variables are given by

) Is

L= — (28)
J 2+ s+ w;

@/3 Is

—()=—— 29)
J 54+ @, + @,

The second-order transfer functions (28) and (29) show that
the linear observer has band-pass filtering characteristics and
there is a 90° phase difference between the estimated vati-
ables. This is very useful for grid-synchronization application
where harmonics are often present. Band-pass filtering helps
to extract the fundamental component from the harmonically
distorted grid voltage signal. By assuming ¢, = 0, the time-
domain response of the transfer functions (28) and (29) is given
by

—/

(1) = 1, cos(6,) — 1e 2t (cosh(z/*) — / sinh(#/*)/2/*)
' - (30)

—It

Pp(r) = Vsin(@,) — Ve 2 (w,sinh(t/*)/1%)  (31)

\/ (//2)2 - cog Time domain responses in (30)
and (31) show that both equations have an exponential decay
rate of / /2. As such, as t = o0, the estimates will become equal
to the actual values. So, by tuning the gain /, the convergence

where /* =

time of the observer can be manipulated. Due to the presence
of the exponential decay term, the dynamics of the Luenberger

=
l’g Luenberger | Ve
QsG ~
%5,
7}

FIGURE 3 Block diagram of the proposed single-phase QT1-PLL.
QT1-PLL, quasi-type-1 phase-locked loop.

observer can be approximated by a first-order low-pass filter

(LPF) as

1

(T 5+ 1) (32)

Gose (s) =

where the time constant is given by 7, = 2//. It is well known
that the settling time # of a first-order transfer function (29)
is given by 47,. Then, the gain / can be tuned by using the
following formula:

/=7 (33)

It is to be noted here that in developing the Luenberger
observer, it is assumed that the grid frequency @, is known.
In practice, this value is unknown and a PLL can be used to
estimate the grid frequency in real time.

5.2 | Implementation in QT1-PLL

The block diagram of the QT1-PLL with the QSG developed in
Section 5.1 is given in Figure 3. Filtered signals 7y and 7g can be
directly used in the QT1-PLL. In the case of conventional SRF-
PLL [40], the estimated phase ég is used as the input to the Park
transformation to obtain the dg—axis voltages. In the case of
QT1-PLL, the time integral of the estimated frequency is used.
As such, the phase detector of QT1-PLL works by estimating
the phase angle ¢,. The outputs of the QT1-PLL phase detector
are given by [28]

= Veos@) 34

vy = Vesin(@,) (35)
Then, the phase can be estimated as
¢, = atan2(s,,1,) (36)

where atan 2 is the double-quadrant arc-tangent operation. To
enhance the filtering performance of QT1-PLL, low-pass filter
with cut-off frequency w, is considered at the output of »,; and
v,. Following Figure 3 and the QSG dynamics (32), small signal
model of the proposed PLL can easily be obtained and given in
Figure 4. The open- and closed-loop transfer functions of the
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FIGURE 4  Small-signal model of the proposed PLL. PLL, phase-locked
loop.

proposed PLL can be obtained as

1 w,
C Tt lsto, ks
or(s) = 1 , ; -
Ts+1s+w, ©7
.5+ ko,
TR+ (o, + 1)52
s+ k0,

Gy (5) = ‘ 38)

T8+ (T, + )2 +ws+ ko,

Transfer functions (37) and (38) are useful for gain tuning and
stability analysis purposes.

5.3 | Parameter tuning

The proposed PLL has three parameters to tune. They are QSG
gain /, low-pass filter cut-off frequency w, and the frequency
estimation dynamics gain £. Tuning of / can be done using
formula (33). For this purpose, one-cycle settling time can be
chosen as a good value for 7, that is, 7, = 0.02. This results in
/ = 400 according to (33). To tune the LPF cut-off frequency,
analogy with the moving average filter can be considered. In
the case of MAF half cycle window length can eliminate all the
odd-order harmonic components. The first-order Pade approx-
imation of MAF has the same transfer function as that of LPF
and is given by

2/ 1,

s+2/T, 59

Gy (5) =

where 7, is the window length. By comparing (39) with that of
low-pass filter, the cut-off frequency can be found as

w, =2/1, (40)

For 7, = 0.01 (half-cycle with 50-Hz fundamental fre-
quency), one can find that @, = 200rad/s. To tune the
frequency estimation gain £, open-loop phase margin can be
considered.

In the control system literature, open-loop phase margin in
the range of 30° — 60°is recommended. In this work, we are
considering the middle point which is 45°. Open-loop phase
margin calculated using (37) as a function of £, can be found in

Error Margin (degree)

FIGURE 5  Phase margin of (38) as a function of £, with / = 400and
@, = 200 rad/s.
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FIGURE 6 Closed-loop small-signal model (38) validation with, / = 400
@, =200 and £/ = 62.

Figure 5. Accordingly, it can be seen that £,= 62 corresponds
to phase matgin of 45°. As such, this value has been selected.
This completes the gain tuning process of the proposed PLL.

5.4 | Small-signal model validation

To validate the small-signal model of the proposed PLL, a phase
step change of +15°%s considered. Figure 6 shows that the
developed small-signal model (38) very closely follows the actual
response with the selected tuning parameter values. This shows
that the proposed model is very accurate. As such, local stability
of the PLL with selected parameters can be ensured.

6 | SIMULATION AND EXPERIMENTAL
RESULTS

The performance of the proposed method with the block
diagram shown in Figure 7 is investigated through MAT-
LAB/SIMULINK platform and experimental studies. The
system and control parameters used in these studies are listed
in Table 1. The DVR is built by using Mitsubishi CM 200DY-
12H IGBT modules and associated driver circuits. The dc
input of DVR has been obtained from a power supply. The
voltages #, and #, are measured by using LEM LV25-P. The pro-
posed SOSMC method is implemented via TMS320F28379D
in which the measured signals are digitized by using built-in
analog-to-digital converter and processed in compliance with
Figure 8.
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FIGURE 7 Block diagram of the proposed control method.

TABLE 1  System and control parameters.

Description and symbol Value

Grid voltage and frequency (2, f,) 120 V(rms), 50 Hz
DC link voltage (1) 120V

Inductance and capacitance (L 7Cr) 0.8 uH, 50 uF

ap, o, a; 3x10%, 3% 108,10'2
Switching frequency (f;,) 10 kHz

Observer bandwidth (w,) 27 X 10°

Sliding and integral gains (o, £) 10,000, 5000

2 .
Oscilloscope 2
Series Transformer

ot
Volrage
Measurement

FIGURE 8 Experimental setup of the single-phase DVR. DVR, dynamic
voltage restorer.

The efficiency of the proposed control method under three
different anomalies which are sag, swell and distorted grid volt-
age is analyzed in the simulation platform of MATLAB. The
results are described in Figures 9—11. The mentioned anomalies
are analyzed when the system is connected to a resistive load and
also connected to an inductive load to show that it can petform
successfully under various loads.

The waveforms of grid voltage (»,), compensation voltage
(v,), load voltage (v, ) and load current (7; ) are shown in Figure 9
when voltage sag occurs in the grid varying the grid voltage from
120 to 60 V (rms).

Figure 9a shows the waveforms while the system is connected
to a resistive load (R = 100 Q). It is appatent that DVR does not
inject any compensating voltage when there are no disorders in
the grid voltage but as far as the voltage sag arises in the grid,
the DVR replies instantly by generating a compensation voltage
so that the load voltage is not affected from the voltage sag. The

0.04 0.06 0.08 0.1 012 014 016 018 02 022 0.24

Time (S)
(a) )
200 Ve
0 \/\/\/\/\/\/\/\/\/\/\/\
=200

100
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0
-100
0
-100 i

0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 022 0.24
Time (S)
(b)

FIGURE 9 Waveforms obtained for voltage sag under: (a) resistive load,
(b) RL load.
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FIGURE 10 Waveforms obtained for voltage swell under: (a) resistive
load, (b) RL load.

compensation voltage becomes zero again when the sag period
is over.

It is worth mentioning that because the load is resistive under
all transient time slots both load current and load voltage are in
phase.

Same waveforms for voltage sag under inductive load
(100Q + 1H) are given in Figure 9b. Cleatly, the load voltage
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FIGURE 11 Waveforms obtained for distorted grid voltage: (a) resistive
load, (b) RL load.

is not affected from the voltage sag that occurred in the grid
voltage. The load current lags the load voltage due to the RL
load.

The waveforms of grid voltage (»,), compensation voltage
(v,), load voltage (;) and load current (7;) are shown in
Figure 10 when voltage swell occurs in the grid varying the grid
voltage from 120 to 240 V (rms).

The system under the voltage swell is tested for both resis-
tive and inductive loads and the results are given in Figures
10a and 10b, respectively. The behaviour of DVR under volt-
age swells when only resistive load (R = 100 €) is connected
to the load side is shown in Figure 10a. Obviously, the DVR
injects compensating voltage when the disturbance occurs and
stops generating when the disorder in the grid disappeats. On
the other hand, the load current and voltage are also in phase
due to the resistive load. The results of the voltage swell under
inductive load (100Q + 14) are shown in Figure 10b. The volt-
age swell lasts for seven cycles and DVR acts in such a way that
the load voltage is not affected from the voltage swell of the
grid.

On the other hand, having a load current waveform which
lags the voltage waveform under inductive load proves that the
DVR is working successfully under vatious types of loads.

To evaluate the behaviour of the DVR and the performance
of the proposed control method under a distorted grid voltage,
the grid voltage is distorted by harmonics (harmonics with third,
fifth and seventh orders) and the results are given in Figure 11.
Figure 11a shows the reaction of the DVR under resistive load
when the grid voltage is distorted. As one can see the load volt-
age is not affected from the grid side due to the swift reaction
of the DVR in injecting the compensation voltage.

Furthermore, the performance of the DVR under inductive
load (100Q + 1/) while instantly the grid is distorted by hat-
monics is shown in Figure 11b. Similatly, the system performs

promptly to the disorders and keeps the load voltage sinusoidal
under such a disturbance.

The experimental results of the voltage waveforms of 2, »,
and »; are depicted in Figure 12. Figure 12a shows the voltage
waveforms under a 50% voltage sag from 120 to 60 V. The volt-
age swells which depict a variation from 120 to 144 V are shown
in Figure 12b.

The effectiveness of the proposed control method under dis-
torted grid voltage (harmonics with third, fifth and seventh
orders) is also investigated as shown in Figure 12c. The ampli-
tude of the harmonic components over the grid voltage is 15%
of the fundamental value for the third harmonic, 10% of the
fundamental value for the fifth harmonic and 5% of the funda-
mental for the seventh harmonic. Therefore, the total harmonic
distortion (THD) of the grid voltage is 18.47%. Obviously, the
proposed method is quite effective in generating a sinusoidal
load voltage with THD = 1.18% and protecting the sensitive
load from the hazards of the harmonics in the grid. The results
in Figure 12 demonstrate that the proposed control method
reacts to the disturbances in the grid and compensates the
effects of these disturbances very fast and in finite time before
they reach the load terminals.

Figure 13 shows the simulation results comparison of the
proposed control method with STSMC under voltage sag with
50% decrement at #= 0.065 s. Conventionally, tunning the gains
of the STSMC depends on the gradients of the disturbances
appearing in the system, which is difficult to attain. Hence, to
tune the gains of the STSMC method, the proposed approach
in [17] is applied. The control inputs of STSMC and the pro-
posed method are represented by Us and Up, respectively.
Under approximately same chattering phenomena for both
STSMC and the proposed method which is shown in Figure
13a, the convergence trajectory, and the steady state error of
the STSMC, and proposed method are compared in this figure.
Figure 13b compares the steady-state error for both methods.
Clearly, the STSMC has a higher steady-state error than the pro-
posed method under same chattering alleviation. Comparing the
convergence trajectories in Figure 13c, one can see that the pro-
posed method outpetforms the STSMC in terms of response
time under a disturbance thanks to the use of non-linear sliding
manifold and ADR in the proposed method.

Table 2 displays a comparison between the typical SMC,
STSMC and the proposed method. Considering the merits of
the proposed method which are the finite-time response of the
state variables, fixed switching frequency, robustness and not
being restricted to the relative degree, this method outperforms
the other conventional strategies.

To describe the effectiveness of the proposed PLL method,
over the conventional second-order generalized integrator PLL
(SOGI-PLL) [36] both methods ate applied on the grid voltage
under the proposed control strategy and the THD of the load
voltage is calculated. The results of the THD of the load voltage
under both methods ate given in Figure 14. Obviously while the
proposed method shows 1.18% THD in the load voltage, the
THD of the SOGI method is higher which proves the privi-
lege of the proposed PLL scheme in alleviating the harmonic
distortions.
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FIGURE 12  Dynamic responses of 2,, 7 and 7 under: (a) voltage sag, (b) voltage swell, (c) distorted grid voltage.
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FIGURE 13  Comparison of the proposed method with the conventional STSMC under 50% voltage sag: (a) control input, (b) steady-state error, (c)

convergence trajectory. STSMC, super twisting sliding mode control.

TABLE 2 Comparison of typical SMC, STSMC and proposed control Table 3 compares the existing SMC methods for DVR and
methods. the proposed SMC-based strategy. Obviously, one can see
Item Typical SMC STSMC Proposed method that the proposed method outperforms the others considering
- - - - - finite time convergence, zero steady-state error and continu-

Control input Discontinuous Continuous Continuous . g . .

: ous control input while it is leveraging a unique QT-1 PLL to

signal ) ) B

) ) o synchronize the grid phase with the load reference voltage.

Convergence Asymptotic Asymptotic Finite time
Steady-state error  Zero Exists Almost zero
Disturbance No No Yes 7 | CONCLUSION

rejection
Chattering No Yes Yes In this papet, a second-order SMC combined with ADR is

suppression introduced for DVRs. It is shown that the proposed method
Relative degree  One One Not restricted to supptesses the chattering and achieves finite-time convergence

requirement

relative degree

SMC, sliding mode control; STSMC, super twisting sliding mode control.

of the state variables. Furthermore, the steady-state error and
robustness degradation atising due to the continuous nature of
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Comparison of the THD of the load voltage under 50% voltage sag and harmonics in the grid voltage: (a) SOGI PLL, (b) proposed PLL. PLL,

phase-locked loop; SOGI, second-order generalized integrator; THD, total harmonic distortion.

TABLE 3  Comparison of the existing SMC methods for DVR.
The applied Proposed
method [9] [10] [11] [12] [13] [14] [15] method
Topology 1 phase-H bridge 3 phase—12-switch 3 phase—half 1 phase-H 3 Phase PWM 1 phase 3-level 1 phase-H 1 phase-H bridge
bridge bridge chopper T-type inverter  bridge
Number of sensors 3 3 2 3 3 4 4 2
Control input signal Discontinuous  Discontinuous Semi- Continuous Discontinuous  Discontinuous  Not given Continuous
continuous
Convergence Asymptotic Asymptotic Asymptotic Asymptotic Asymptotic Asymptotic Asymptotic  Finite time
Steady-state error  Zero Zero Exists Exists Zero Zero Exists Zero
Disturbance No No No No No No No Yes
rejection
Chattering No No Yes Yes No No No Yes
suppression
Robustness Exists Exists Vulnerable Exists Exists None Yes Yes
Grid PLL Adaptive notch ~ Not applied Brockett SOGI-PLL PLL PLL Quasi type-1 PLL
synchronization filter oscillator
method

DVR, dynamic voltage restorers; PLL, phase-locked loop; SMC, sliding mode control; SOGI, second-order generalized integrator.

control input are eliminated by an ADR method based on an
ESO. Moreover, the proposed single-phase QT-1 PLL method
is offering good robustness against harmonics which is verified
through the simulation results. Ultimately, the proposed method
is compared with the STSMC method, and it is shown that the
proposed scheme not only possesses easier parameter tuning,
but also outperforms the STSMC method.
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