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Abstract

In this paper, an indirect adaptive sliding mode controller has been designed to control distribution static
compensator to improve power quality in a three-phase distribution network. Steady-state error flow control
compensator is reduced using the proposed controller. The proposed control strategy is more resistant compared
to disturbances in the transient and steady state. The controller is used in frame of B« rotating reference. Using
an observer for estimating parameters, the controller performance has been improved. The accuracy of controller
performance has been proven in the software package of MATLAB.

Keywords: Reactive Power Compensation, Adaptive Sliding Mode Controller, DSTATCOM, Observer.
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1 Introduction

Among the main challenges associated
with electric power distribution networks can
be pointed to the issue of quality. Problems of
voltage, current and frequency, followed by
misbehaving  electrical
proposed as the power quality problems as
well as a lack of voltage and voltage flicker

equipment  are

[1]. Some of these problems can be pointed to
the lack of voltage and voltage flicker. These
phenomenon are the most important issues of
induction motors startup that are included
almost 80% of power quality problems in
power distribution networks. Based on the
IEEE 1159-1995 standard, voltage shortage is
a reduction between 0.1 to 0.9 pu in the
amount of effective voltage with power
frequency for a time of a half cycle to one
minute. Different reasons can be cited for the
occurrence of this phenomenon. Some of the
main reasons of that can be pointed to the
errors types of short circuit, large induction
motors startup, sudden load changes and
transferring energy to transformer leading to
transformer inrush current [2]. According to
the IEC 61000-4-15 standard, voltage
fluctuations in the frequency range of 1 to 35
Hz can produce voltage flicker [3]. Some of
sources of flicker generation are electric arc
furnace, metallurgical machinery, wind
turbines, generators producing electricity
from sea waves, induction motors startup and
frequency converters. This phenomenon can
cause eye irritation as a human factor as well
as interfere in sensitive electrical equipment
such as medical and telecommunications
devices as an industry factor [2]. Due to the
use of equipment in modern
industrial projects such as control process,
PLC, speed adjusting drives and robots, other
phenomena of voltage shortage and voltage
flicker in power distribution networks are not
tolerated and various ways have been used to
reduce it.

sensitive

in this context
capacitor banks,

Conventional methods
involve the wuse of
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construction of new parallel feeders and
installation of un-interrupted power supplies
(UPS), but in years
compensator based on current and voltage

recent using the
source converters has been considered by
power experts due to the
development of the semiconductor industry.

industry

These equipment namely Flexible Alternating
Current Transmission System (FACTS) can
compensate rapidly and controllable [4]. Set
of FACTS devices that are used in distributed
systems to improve power quality are called
D-FACTS devices or custom power [5].

Distribution static synchronous
compensator (DSTATCOM) is one of the most
important devices of a distributed flexible
alternating current transmission system
(DFACTS). With an appropriate control
strategy, DSTATCOM can have features such
as reactive power compensation, harmonic
filtering and eliminating voltage fluctuations
and flicker [6] and [7]. DSTATCOM control
method usually uses direct power control by
injecting a current with a constant amplitude
and positive direction with respect to the
current compensation for reactive power
compensating and harmonics filtering.
Control strategy of DSTATCOM is usually
based on PI controller combined with pulse
width modulation. This traditional controller
has many disadvantages such as the need for
complex hardware, large error and slow
response, so an accurate compensation is
obtained too difficult.

The second major changes in error is
because of constant frequency of power
electronic equipment [7]. In this paper, an
indirect adaptive integral sliding mode
variable structure controller method based on
the coordinate system Pa has been used for
DSTATCOM, which is a fast reactive power
compensation and is followed by harmonic
filtering. This method reduces the number of
controllers compared with the methods used
to control the wvariable structure of
DSTATCOM, and it is compatible with the



system parameters [9-7]. Adaptation of
controller to unknown parameters of the
system increases the resistance of the

controller.

Sliding mode control based on variable
structure control compared to traditional
method has
including

control several advantages,

robustness under parameter
variations and external disturbances as well
as good and fast dynamic response [10].
Adaptation of controller to the system work
point changes and disturbances causes to
improve the accuracy and performance of the
controller, and steady-state error becomes

closer to zero.

Control algorithms including synchronous
reference frame theory (SRFT), instantaneous
reactive power theory (IRPT), ADALINE
algorithm [11], instantaneous symmetrical
component theory (ISCT), Icos@ algorithm
[12], power balance theory (PBT) algorithm,
control algorithms based on neural networks
and fuzzy logic to correct the power factor,
voltage adjustment, balancing charge and
harmonic elimination have been used.

Most of the control algorithms are used the
load
reference current of source. Various control
algorithms with different topologies have
been proposed to control DSTATCOM [13-11]
that reduce supply current sensors, load
currents, point of common coupling (PCC)
voltages and DC link voltage as well as
feedback signals for the dynamic performance
of DSTATCOM. The advantages of using the
sliding mode controller (SMC) is estimating
the reference current through the DC link
voltage of variable structure control (VSC)
used for DSTATCOM. Another advantage of
SMC is regulation of DC link voltage. The DC
link voltage changes under disturbances such
as load changes in the SMC controller is
negligible compared with PI controller [14-
13]. In the sliding mode control,
compensation currents of DSTATCOM are
controlled to follow the reference value. SMC
control algorithm detects deviations from the
reference value and immediately changes

measured current to estimate the
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switching strategy to follow the reference
path [19-13]. SMC controller shows a robust
performance under change of parameters. In
[13], the importance and benefits of SMC
controllers compared with PI controller have
been described and clearly modeled.

In this paper, an indirect adaptive sliding
mode controller has been used to control
DSTATCOM that the proposed observer
This
article is classified as following: In section (2),
configuration of a DSTATCOM with the
dynamic of the system has been provided in

estimates the system’s parameters.

the form of rotating dq. In section (3),
designing of the observer, the sliding mode
controller and stability analysis have been
investigated. In section (4), Simulation results
under different conditions such as nonlinear
loads has been provided. At the end, final
conclusion has been presented in section (5).

2 DSTATCOM Model

DSTATCOM main circuit has been shown in
Figure 1 [20-21]. Equation (1) shows the
model of the state of the system where L is
the inductance between the inverter and PCC,
R is the resistance of inverter losses, us is the
equipment connection point voltage and ut
shows the inverter output voltage.
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Figure (1): DSTATCOM main circuit
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d. .
Lala +Ri; = ug — g

d. .
Lol +Rip = ugp —uy

d, .
Lal: + RL|: Uge — Uge

(1)

In order to achieve a quick and accurate
control for DSTATCOM, an indirect adaptive
control method has been used in this article.
Axis component references of dq are obtained
from compensation of currents required for
idref and iqref by using real-time detection of
reactive and harmonic currents based on
instantaneous reactive power theory [21]. By
converting the aff rotating coordinate system,
above references are used as VSC integral
input. VSC integral outputs are uto.ref and
utp.ref. SVPWM method has been used to
control turning on and turning off the
inverter switching components. In general,
DSTATCOM control is based on the state
model in the dq rotating coordinate system
[22]. Because of the combination of
components dq, the required separation trend
increases the complexity of control. Control
system strategy proposed in this paper is
based on the state mode in aff rotating
coordinate system that there 1is no
combination between the components of two
axis.

By converting equation (1) to «f
coordinate system, the state equation is obtain
as following;:

d . .
Laln'l'Rln:usn. — Uy

d. | o ()
LELE + Rlﬁ = L'I.SE — '-H|3
where,
[ig [ﬁ]r:]‘ahn.-'uﬁﬁi i [E]T
[Uew Usp]® = T:lhl:.-'uﬁ [z ugp ug]T
[Wa wp]" = T:lhl:.-'uﬁ We W Ue]T
1 1

e[t 2 Tz

Ts.bl:,-'nﬂ = E V3 ﬁ
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3 Designing Observer, Sliding Mode
Controller and Stability Analysis

3.1 Designing Observer

Equation (1) is considered as a dynamic
R and Udc are
considered as system’s uncertain parameters. it

system. In current study,
is assumed that x is available and measurable.
However, an estimator has been used to
facilitate designing the parameters adaptation
roles for R and Ug.. Where, R and Uggare
estimation parameters for R and Uge,
respectively. It is shown that R—R and
ﬁdc—ir Ug.. For this purpose, the following

estimate has been considered.

d, .
Lala-l_ma:usa_U-tE - dt

Lta —K(x =)
®)

where, k defines as observer yield and ¥ is
the value of x estimation:

o
x —_— =

=x— £
E=rR-E - E=

== (-]
—~~
N

i —
R —

Uge = Uy, — Uy = Uy

By substituting equation (4) into (3),
equation (5) is retrieved:

—X=-——-x—-u, —Kx (5)

The following Lyapunov function is
examined to create the adaptation role and
analysis the stability:

fo=+:;1H=+iUdf,-gl:=-n,B:::-n )
?:Lﬁ+ﬁ—tf{f{+ﬁ—tﬂdnﬂdn{ﬂ %

By substituting equation (5) into (7), then we
have:



V= —K,L&* + (—xx +E—11FE:|H + (2 +5 Ol ®)

Since the parameter of —K,L%%is a negative
number, the parameters in parentheses must be
zero for the derivative of Lyapunov function
becoming negative that this fact guarantees
stability of the system, so we have:

—x:T:+E—11f{=U — f{=|31x:7: 9)
~g 4o Up =0 - U4 =82 (10)

Unknown parameters of the system such as
R and Uac are estimated from the relations (9)
and (10), respectively.

3.2 Designing Sliding Mode Controller

In sliding mode variable structure control,
the switching function for the first order system
is often defined as follows:

S=CX (11)

where, C is the switching line factor, X is the
system state variable. In the current tracker
control, the state variable is normally selected
like X = i-iref. Sliding mode only appears at X =
0. Before reaching the X state to the source, the
system acts like a linear state feedback system,
it means that the dynamic response of the
system can not be pre-determined by the sliding
mode dynamics and the stability of the system
can not be guaranteed. So the swiching line,
which has been defined by equation (11), is not
suitable for the first order systems. For this
reason, an integral term is introduced to follow
the error in the switching function [23] and [24].
Thus, the switching function is designed as
follows:

S=X+cl _Xndn
(12)

The equation § =35 =0 is as same as the
equation ¥ = —cX, that the solution is as
follows:
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=X (13)

Equation (13) shows that the system state
variables X with exponential function and
constant time of 1/c becomes close to zero that
implies sliding motion features, which can be
pre-determined by  the
Considering the formula (13), it is also found
that the dynamic response of integral sliding

coefficient c.

mode variable structure system integrator
changes with an initial amount of integral term.
The initial value of the integral term is selected

as follows:
hy = [°_X(n)dn (14)

Thus, in order to guarantee the sliding mode
input at the initial time must be Sli=g = 0, the
system must be Xo + cho = 0, thus the following
equation is obtained:

hy = X, /c (15)

where, Xo and ho are initial values of the
state integral  term,
respectively. Xo initial value is always clear,
VSC integrator is completely resistant. Thus, the
switching function is selected as follows:

variable and the

S=X+cfiXdn — X, (16)

For current integrator VSC, state variable X
is selected as an error vector between actual
current and reference current in af3 coordinate
system. Selected switching function is defined
as follows:

t
Sn. = Xy + E’B.J‘ x[,_':ﬂ:] Ifh‘] — Epp
o

t
Sg =xp + cp Jy xg(nddn — xp, (17)
Where
¥y = g — Loper- Ep = IE - EE[‘Ef

The equivalent control method is obtained
based on the variable structure sliding mode



control theory [25]. The equivalent control must
be satisfied the following conditions:

With the help of two equations (2) and (17),
the equivalent control is obtained in the
following form:

- 1
Upen = Uy — Rig + cglxg — Ligper

Breg = Usg — Rig +cglg — Ligrers (18)

The switching control is defined as the
following form:

281

control can guarantee achieving the desired
value.

The conditions, SS° <0, is in the nonlinear cases
and external disturbances, so the system can
achieve to the equivalent control slip level,
stable performance, tracking current changes
and being resistant.

4 Simulation Results

The proposed control strategy has been
simulated with a power system in MATLAB
software. Simulation parameters (Fig. 1) has
been given in Table 1, simulated non-linear
load is an uncontrolled three-phase rectifier
like a harmonic source.

Table (1): Parameters of Simulated System

Value Symbol Quantity
Burg = Kpn%g + Koy 0.15Q2 R Equivalent Resistance of
Burg = Kpyxp +Kgg (19) Inverter Losses
0.001H |L Inductance
Based on the convergence conditions, SS* <0, 380V Us Network Line Voltage
the solution of inequality is obtained as follows: | 144 R1 Linear Load
33mH | L1
8Q R2 Non-linear Load of DC Side
K. — IK; = max(—AR + ALc,) Sa¥y = 0 0.05H 12
ol — - . .
KG < min(—4R + ALeg) Sa¥y < 0 5KHz fs Switching Frequency
2 By Observer Parameters
< {KE >max(—AR +ALcg)  Sgxg=0 [ 500 B
Pt |K; < min(-AR +ALeg)  Spp < 0

kg = max':.ﬂum — ARigpes — ‘I:I'L[ﬂ.['[-f:]
kgzz <min(AUy — ARigrer — ALigrer)

ol

K

I
-

In reviewing practical applications, the
nonlinear components are spread with
increasing the capacity of installed capacitor.
On the other hand, transformer non-linear
magnetic circuit may generate AL. On the other
hand, the non-linear factors are created because
of switching elements GTO / IGBT and diode is
presented as AR [26]. Network voltage
instability is expressed as Aus. Above switching

ki, > max(AU.g — ARigper — ALigrer)
k, < min(AUz — ARigper — ALigrer)
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As observed in formula (13), the values ¢,
angl ¢g indicate the dynamic implementation

efgthe system, which related with inverse of
the electrical time constant.

=0
peR
L

By

2 ES -

Pe _PeR

=0
Cor L

Tg

g

where, P and Pg are positive constants,
which determine the convergence speed of
the control system response.

4.1 Simulation Without

Parameters

Changing




In this case, it is assumed that the system
works with load 1 and at time t = 0.5s, load 3
suddenly enters to the circuit. The value of €4
and £g has been selected 6000. The simulation
results have been shown in Figure 2.

Output voltage and
current

S o

y 1 1 L L 1
40&45 046 047 048 049 05 051 052 053 0.54 055
time in second

of the
without changing system parameters: one
phase voltage and source current

Figure (2): Results simulation

Figure (2) shows that after putting
DSTATCOM in the circuit, reactive power is
compensated and sensitive loads current
embedded in the circuit are controlled with
high speed and accuracy.

4.2 Simulation Under

Parameters

Change In

In this case, the load 1 enters the circuit at
the time t = 0.5s. €z = €g = 0 is selected. The
system parameters change domain has been
stated in the following:

-00.15Qe<e0AR  <00.15Q),
<00.001H

-00.001H <eoAL

To investigate the switching control
performance under parameters disturbances,
the system performance has been shown in
Figure 3. kal=kp1=5and ka2=k(32=0.1 have
been selected. As can be seen in Figure (3),
the controller shows an appropriate response
to follow the reference signal and also shows
an effective and ideal compensation.
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source voltage and current

K ! I I I
3?45 0.46 047 048 0.49 05 051 052 0.53 0.54 0.55
time in second

200 lalpha
150l -—-lalpharef

S ~ ~
100 Y /o

so- /A !

current

50

1001 Yo/ .

. L L L L L ) L L L
15&45 0.48 047 048 049 05 051 052 053 054 055

time in second

200+ Ibetaref
1501 Ibeta
100~ /A A

50- I oA [

current

0 | /

50 Vo \

400 Vo \

45D L L 1 L | |
1 045 0.46 047 0.48 049 05 051 052 053 054 055
time in second

Figure (3): The results of simulation under
parameters disturbances: voltage uz; and
source current ig,, following components B

4.3 Effect
Performance of System Under Parameter
Disturbance

of Factors €, and Cg on

Disturbance domain of system parameters is
as same as the previous section. In order to
investigate the effect of disturbance of ¢, and
Cg on system performance, values of €z and

Cg up to 6000 are increased without switching
control, for kal=kp1=ka2=k{32=0.
Compensator control under load 1 has started
at time t = 0.5s. The simulation results have
been shown in Figure (4), it is observed that
the control system accurately follows the

example

reference compensator current and also keeps
voltage and reference current at a same phase.



= Boe
8 8 =
) )
> ]
= ‘)___J
N
I
DI |

=

voltage and current

~ L I I L ~
045 046 047 048 049 05 0.51 052 053 0.54 055
time in second

Figure (4): The results of simulation under
load 1: voltage Uz; and source current izg

From the simulation results of section 1 and 2,
it can be concluded that when the system
parameter disturbance occurs in the system
parameter, introducing of the system
switching control is created in such a way
that compensator current correctly follows
the reference. In addition, the system can only
use the equivalent control and achieves to a
good result for tracker by adjusting €5 and
Cg values. Therefore, the capacity is in
permitted limit for DSTATCOM, if the control
method initially guarantees the entry of
sliding mode level system, the controller can
only consist of the equivalent control part
that causes the system not acting only in
steady state, but reduces the complexity of
the controller.

However, with the increase in equipment
capacity, if only equivalent control is used,
the condition of sliding mode system 5§ < 0
does not always hold, for example, s-value
may not go towards zero, and in this case, the
switching control is required.

5 Conclusion

Indirect adaptive sliding mode variable structure
control method is for the DSTATCOM state
model coupled in af rotating coordinate system,
which proposed observer has been used to
estimate the resistance unknown parameters and
DC link. This controlling method causes the
system enters quickly to the sliding mode at first
and compensates the reactive power. The
controller under sudden load changes shows a
quick dynamic response and is resistant to
disturbances parameters.
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