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SARFIx improvement for distribution system
by dynamic voltage restorer considering its
limited current

Bach Quoc Khanh

Abstract—The paper introduces a new method for
optimizing the placement of a Dynamic Voltage
Restorer-DVR for voltage sag mitigation in
distribution systems. The location of DVR is
optimally selected on the basis of minimizing the
system average RMS variation frequency index —
SARFIx of the system of interest. The problem of
optimization is introduced where the modeling of
DVR using Norton’s equivalent circuit in short-
circuit calculation and voltage sag calculation using
the Thevenin’s superposition principle are combined
for determining the objective function which is the
SARFIx of the system with the presence of one DVR.
The DVR’s effectiveness of system voltage sag
mitigation is considered in the case of a given
maximum current generated by DVR. The paper uses
the IEEE 33-buses distribution feeder as the test
system for voltage sag simulation and influential
parameters to the outcomes of the problem of
optimization are considered and discussed.

Index Terms—Distribution System, Voltage Sag,
SARFIx, Dynamic Voltage Restorer-DVR.

1 INTRODUCTION

Voltage sag/dip [1] is one of power quality (PQ)
issues that occurs rather frequently because its
main cause is the fault in power systems. A single
voltage sag event may not cause serious problems
to a large number of customers, but its high
frequency of occurrence still results in costly
damage, especially in distribution systems. With
the recent development of power electronic
application, the phenomenon can be effectively
mitigated by using the custom power device (CPD)
[2, 3] under two approaches named “distributed
improvement” [4] and “central improvement” [5].
The first is mainly considered for protecting a
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single sensitive load while the latter is introduced
for systematically improving PQ in the power
system that is mainly interested by utilities.

Among CPD based solutions for voltage sag
mitigation, using the Dynamic Voltage Restorer
(DVR) is proved to be effective for “distributed
improvement” [6, 7, 8] with regard mainly to
DVR’s controller design improvement for
mitigating PQ issues at a specific load site. When
DVR is used for “central improvement” of PQ in
general, the problem of optimizing its placement
and size always needs to be solved and [5]
overviews various researches for modeling and
solving the problem. However, the number of
reports for “central improvement” of PQ using
CPD, especially DVR is much fewer than that for
“distributed improvement” of PQ. The main
difficulties  for  researches on  “central
improvement” solutions are: i. To find suitable
steady-state or short-time modeling of CPD for
systematically mitigating different PQ issues, ii. To
optimize the use of CPD (sizing and locating).
Regarding DVR’s application, the research review
can be summarized by remarkable reports as
follows: [9] introduced an interesting research for
optimizing DVR’s location and size, but the
objective function implies the improvement of
system reliability with regard to the events of
supply interruption only. [10] also considered the
optimization of DVR’s location, but it’s used for
individual fault events. [11] introduced the solving
of the optimization problem for the application of
Static Compensator (Statcom) under “central
improvement” approach that is probably applicable
to other CPD like DVR. This research deals with
the mitigation of various PQ issues including
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voltage sag and multi-objective optimization
approach for Statcom locating, but such an
optimization problem can rarely get the best
performance for voltage sag mitigation only.
References [13, 14] deal directly with the voltage
sag mitigation using FACTS devices, but the
modeling of FACTS devices for short-circuit
calculation still needs to be further improved.
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a) Voltage source b) Norton’s equivalent
model of DVR current source model
Upvr: Series voltage source of DVR
Iovr: Current injected by DVR
Zpvr: Internal reactance of DVR
Z;: Impedance of the branch j-k
Fig. 1. Norton’s equivalent current source model for DVR

This paper introduces a novel method for
estimating the effectiveness of system voltage sag
mitigation by the presence of a DVR in the short-
circuit of a distribution system. This method
optimizes the placement of DVR basing on
minimizing a well-known system voltage sag index
— SARFIX that allows considering not only a single
short-circuit event but also all possible short-circuit
events in a system of interest. In solving the
problem of optimization, the modeling of DVR
compensating system voltage sag in short-circuit
events is introduced and discussed. The research
uses the IEEE’s 33-bus distribution system as the
test system. Short-circuit calculation for the test
system as well as the modeling and solving of the
problem of optimization are all programmed in
Matlab.

For this purpose, the paper is structured as the
following parts: Section 2 introduces the modeling
of DVR’s effectiveness for system voltage sag
mitigation in the problem of short-circuit
calculation in a distribution system. Section 3
introduces the problem of optimization where
objective function and constraints are defined and
the modeling of DVR is built in the test system
modeling for short-circuit calculation. Finally, the
results for different scenarios of DVR’s parameters
are analyzed in Section 4.

2 MODELING OF DVRWITH LIMITED
CURRENT FOR SHORT-CIRCUIT
CALCULATION

2.1 DVR’s basic modeling

DVR is a FACTS device that is connected in
series with the load that needs to be protected or
connected to the source generating PQ issues to
limit its bad influence to the power grid operation.
The description of the DVR in the steady-state
calculation is popularly given as a voltage source
[3] connected in series with the impedance of the
branch as Figure 1.a. In modeling the power system
for short-circuit calculation, the method of bus
impedance matrix is often used and such DVR’s
model of a series connected voltage source is
difficult to apply. However, the problem can be
eased by replacing the voltage source model with
the Norton’s equivalent current source as shown in
Figure 1.b.

- Invr +Ipve

Fig. 2. Model for DVR for steady state analysis

In power system modeling for steady-state
calculation, the Norton’s equivalent current source
model of the DVR can be represented as a load
current at the output node (j) and a current source
at the input node (k) as shown in Fig. 2 [15].

Note that the node K is the position of which the
voltage is compensated by DVR. In the radial
distribution system, node j is nearer to the source
while node k is farer to the source (i.e. nearer to the
load side).

2.2 Modeling of DVR for system voltage sag
mitigation
2.2.1Modeling the test system in a short-circuit
event

For modeling the effectiveness of the DVR for
system voltage sag mitigation, the paper also
introduces the application of the superposition
principle according to the Thevenin theorem for the
problem of short-circuit calculation in distribution
system [10]. It’s assumed that the initial state of the
test system is the short-circuit without the presence
of DVR. Thus, we have the system bus voltage can
be calculated as follows

[U°] = [Zpys] x [1°] @
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where

[U°]: Initial bus voltage matrix (Voltage sag at all
buses during power system short-circuit)

[1°]: Initial injected bus current matrix (Short-
circuit current).

Uségll
[0°] = | U @)
Usagn
I
1= | in | 3)

li, |
[Zbus]: System bus impedance matrix calculated
from the bus admittance matrix: [Zpys]= [Yous] ™. If
the short-circuit is assumed to have fault
impedance, we can add the fault impedance to
[Zbus]~
With the presence of DVR, according to

Thevenin theorem, the bus voltage equation should
be modified as follows [16]:

[U] = [Zpus] x ([1°] + [AID)
= [Zpus] ¥ [1°] + [Zpys] X [AI]

= [U°] + [AU] (4)
where
[AU] = [Zpys] x [AT] (%)
@] A
: [zbus] Q'.....I 5
Ak ®ay @ Al
\@| ______ A ;

Fig. 3. Test system modeling using [Zbus] with
the presence of one DVR

AU, Al

or |AUk = [Zpys] X |Aik (6)

lai, |

lav, |

AUi: Bus i voltage improvement (i=1+n) after
adding the custom power devices in the system.

Al;: Additional injected current to the bus i (i=1+n)
after adding the custom power devices like DVR in
the system.

2.2.2Modeling the test system with the presence of
DVR
Assuming a DVR is placed on the branch j-k.
Basing on the DVR modeling in Fig. 3, in the
matrix of additional injected bus current (6),
there’re only two elements that do not equal zero

(Fig.3). They are Alx = + Ipvr and Alj = —lpyr.
Other elements equal zero (Ali = 0 for i=1+n, i#j
and i=Kk).

Replace the assumed values of Al; in (6), we get
AUy = Zyg, X Ay + Zyj X Al
= (Zik — Zi) X Ipyr (7)
According to the DVR modeling in Fig. 2, the
voltage of bus k is compensated up to the desired
value. [10] proposes the desired value is 1pu. It
means the bus k voltage is boosted by DVR from
Up = Ugagi to Uk = 1p.u.
S0, AU, = 1 — Ugygx (8)
Replace (8) into (7), we get Ipvr
AU 1-Ugagi
Zgk—Zk;j B

)

However, [10] only considers individual fault
positions because the objective function is a kind
of eventindex [17]. If we consider all possible fault
positions in the system for calculating a system
index like SARFly, it’s obvious that there’s fault
position that is very close to DVR’s location and to
boost the voltage to 1p.u., it needs a large inject
current from DVR that possibly exceeds its
maximum value, say lpvrmax. Therefore, this paper
newly assumes the condition for voltage sag
mitigation by a given limited current injected by
DVR as follows

- If Ipvr calculated by (9) is not greater than a
given Ipvrmax, the voltage of bus k is boosted up to
1p.u. And the upgraded voltage for another bus i

(i=1-+n; i#K) in the test system can be calculated as
follows
AU; = Zy X Aly + Zy; % Al

= (Zx — Zj) x Ipvr (10)

- If Ipyr calculated by (9) is greater than lpvrRmax,
the voltage of bus k is calculated as follows

Uk = (Zkk - ij) X iDVRma\x + Usag.k < 1p.u.

(11)

The upgraded voltage for other bus i (i=1+n;

i=K) in the test system can be calculated as follows

Ipyr = Al = T
)
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AU; = (Zik — Zij) X Ipyrmax (12)
Finally, bus voltages with the presence of DVR
Ui = AU1 + Usag.i (13)

3 PROBLEM DEFINITION

3.1  The problem of optimization

3.1.10bjective function and constraints

In this research, the use of DVR for total voltage
sag mitigation is assessed based on the problem of
optimizing the location of DVR in the test system
where the objective function is to minimize the
System Average RMS Variation Frequency Index
— SARFIx where X is a given RMS voltage
threshold [17].

Z}\Ll njx ;
SARFIy = ==== = Min (14)
where
n;.x: The number of voltage sags lower than X%
of the load i in the test system.

N: The number of loads in the system.

START

| Input network parameters k

!

Calculate system bus
impedance matrix [Zous]

!

‘ Input sag threshold (X) |

1

Calculate objective function STOP
SARFIx without DVR
i

‘ Input limited current Ipvkmax ‘ Printout Min
! and postop
‘ k=1(keM), postop=1, Min=B | Yes
No
1‘ k>M

Calculate objective function
SARFIx« with DVR

¥
N°
Yes
‘ Min = SARFIxk, postop =k |

Fig. 4. Block-diagram of solving the problem of optimization

For a given fault performance (fault rate
distribution) of a given system and a given
threshold X, SARFIx calculation is described as the
block diagram in Fig. 4.

For this problem of optimization, the main
variable is the scenario of positions (branches)
where the DVR are placed. The test system has 33
buses so it features 32 branches for possible DVR

connection. Each candidate scenario to be tested is
a branch on which the DVR is series connected.

The problem of optimization has no constraint,
but there’re two important assumptions that are
being considered during estimating each candidate
scenario: Firstly, a DVR’s parameter which is the
limited current of DVR is in-advance given. The
modeling about how DVR with a limited current
can compensate system voltage sag is introduced in
Section 2.2.2. Secondly, the DVR’s operation is
assumed [6, 7, 8] that DVR only works if it is
placed on the branch that is not a part of fault
current carrying path (from the source to the fault
position). In this case, the bypass switch is actually
closed to disable DVR’s operation.

3.1.2Problem solving

For such a problem of optimization, with preset
parameters (X%, and DVR’s limited current), the
objective function — SARFIx is always determined
for any candidate scenario of DVR’s placement.
So, we use the method of direct search and testing
all scenarios of DVR positions. The block-diagram
of solving this problem in Matlab is given in Fig.5.

In this block-diagram, M = 32 (branches) is the
set of candidate scenarios of DVR location.
SARFIx of the system without DVR is first
calculated as shown in Fig. 5 without the part
surrounded by the dashed line.

For each scenario of DVR’s placement (each
branch), calculating SARFIx of the test system
with the presence of DVR is performed by adding
the part surrounded by dash line where the DVR’s
location is first checked to see if the DVR-
connected branch is on the fault current carrying
path for disabling the DVR. After that, the
condition of voltage sag mitigation in case of
DVR’s limited current as introduced in Section
2.2.2 is performed for calculating system bus
voltage and the corresponding SARFIx is
calculated.

In the block-diagram, input data that can be seen
as the above said preset parameters. “postop” is the
intermediate variable that fixes the scenario of
DVR’s location corresponding to the minimum
SARFIx. The initial solution of objective function
Min equals B (e.g. B=33) which is big value for
starting the search process. All calculations are
programmed in Matlab. The scenarios for
parameters of fault events are considered.

3.2 Short-circuit Calculation
The paper only considers voltage sags caused by



TAP CHI PHAT TRIEN KHOA HQC VA CONG NGHE - 51

KY THUAT & CONG NGHE, TAP 1, SO 3, 2018

the fault. Because the method introduced in this
paper considers SARFIx, we have to consider all
possible fault positions in the test system.
However, to simplify the introduction of the new
method, we can consider only three-phase short-
circuits. Other short-circuit types can be included
similarly in the model if the detailed calculation is
needed.

Three-phase  short-circuit calculations are
performed in Matlab using the method of bus
impedance matrix. The resulting bus voltage sags
with and without the presence of DVR can be
calculated for different scenarios of influential
parameters as analyzed in Section 4.

‘ Specify all fault positions (N) ‘

1

‘ Fault rate distribution rg, feN |

i
f=1; SARFIx=0
v

Calculate 3-phase fault current Isc r and
bus voltage sags Usagif <X;1eN

AUj =1- Usag.i.k (vieN)
Calculate [Ipyrlk : [AU]k = [Zpus] X [Allx
Ipvrik = Ipvrik (Vk € M)

!

Calculate [AU]ys = [Zpys] X [Allk;
[Uls = [AU]s + [Usag]kf

]

Yes

Fig. 5. Block-diagram of the part of SARFIX calculation
without or with the presence of DVR

4 SIMULATION RESULTS

4.1 Test System

For simplifying the introduction of the method
in the paper, the IEEE 33-bus distribution feeder
(Fig. 6) is used as the test system because it just
features a balanced three-phase distribution
system, with three-phase loads and three-phase
lines.

23 24 25

26 2|7 218 219 3[0 3|1 %Z 1153
R P v o |

9 10 11 12 13 14 15 16 17 18
(o i ol il s i i N

T T T 1 U T T T T T 1

Fig. 6. IEEE 33-bus distribution feeder as the test system

This research assumes base power to be
100MVA. Base voltage is 11kV. The system
voltage is 1pu. System impedance is assumed to be

0.1pu.
23 24 25

26 27 DVR 28 29 30 31 32 33
8 9% 1112 13 14 15 16 17 ]8
I
\ 19 20 21 22

Fig. 7. Checking the locations where DVR is disabled for a
give fault position

4.2 Preset parameters

The research considers the following preset
parameters:

- For calculating SARFIy, the fault performance
which is fault rate distributed to all fault position.
The paper uses uniform fault distribution as per
[18] and fault rate = 1 time per unit period of time
at a fault position (each bus).

- For RMS voltage threshold, the paper
considers voltage sags so X is given as 90, 80, 70,
50% of Un.

- For DVR’s limited current, the paper considers
lovrmax = 0.1, 0.2, 0.3 and 0.5p.u.

4.3 Result analysis and discussion

In solving the problem of optimization
considering above said preset parameters, results
are step-by-step introduced for better analysis and
discussion. For a case of preset parameters, we
initially consider sag X=80%, Ipvrmax = 0.2p.u. For
calculating SARFIx of the test system with the
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presence of DVR at a certain location, we have to
collect the sag frequency for all load buses (33
buses) caused by all possible fault positions (33
buses). For each fault position, firstly the algorithm
will check to see whether the DVR is on the fault
current carrying path or not. For example, if the
fault occurs at the bus 10, branches on the path
from bus 1 to bus 10 (marked in Fig. 7) are the
locations DVR is disabled if it’s placed on these
branches.

If DVR is not on the fault current carrying path,
for example, DVR is on the branch 27 (between
bus 27 and bus 28), the bus voltage improvement
is shown on Fig. 8 to illustrate the performance of
DVR’s model as introduced in Section 2.1 and 2.2.

1.2
mm Without DVR ~ —==With DVR

I -

; I

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
System bus
Fig. 8. Bus voltage without and with DVR placed on the
branch 27 (27-28) for the short-circuit at bus 10

<4
&

Bus voltage (p.u.)

e

With the DVR placed on the branch 27, the
voltage at bus 28 is boosted to 1pu and the required
injected current from DVR is 0.3p.u. The buses
from bus 28 to the end of this lateral tap are all
compensated to 1p.u. Other bus voltages are
unchanged.

For the X=80%, 22 buses experiencing voltage
sag are counted. However, with the presence of
DVR, only 16 buses having the voltage lower than
80% U, are counted.

(19.3333)

20
18 4
16
14
12

12345678 91011121314151617 181920212223 242526272829 303132

Branch (DVR's placement)

24

Fig. 9. SARFlg, for all scenarios of DVR placement and the

case lpyrmax = 0.3p.u.

Similarly, the algorithm (as shown in Fig. 5)
calculates the frequency of voltage sag for the

magnitude X (resulted by all possible fault
positions) at all buses and finally, the SARFIx is
obtained. For all DVR’s locations, the
corresponding SARFIg is calculated. Values of
SARFlg for all scenarios of DVR placement are
depicted in Fig. 9 for comparison.

® Without DVR = With DVR

h . B Syslel;li:}us___"_m_--- N
Fig. 10. Sag frequency for X=80% at all buses without and
with DVR optimally placed on Branch 6, lIpyrmax = 0.3p.u.

The DVR’s location resulting in the minimum
SARFIx = 19.33 for the mentioned above case of
preset parameters is at branch 6 (between bus 6 and
bus 7). Sag frequency at all buses without or with
DVR placed at branch 6 are plotted in Fig. 10.

SARFIg
B

IS @ w03 w02 @ Eimme0.l

03213130 20 38 1726 2524 23 2 21 B B LT 16 18 14 EEEEEEEEE

Branch (DVR's placcn:mli)“
Fig. 11. SARFIx for X=80% for all scenarios of DVR
placement, lpyrmax = 0.1, 0.2, 0.3, 0.5p.u.

For analyzing the influence of DVR’s limited
current on SARFIx, we consider other cases of
lovrmax = 0.1p.u., 0.2p.u. and 0.5p.u. with X=80%
in the same way, the SARFIlg corresponding
DVR’s placement for different values of Ipvrmax
are integrated in the same chart as shown in Fig.
11. “0” means the SARFIg for the case without
DVR. Higher limited current results in better
(smaller) SARFI improvement. The corresponding
bus voltage improvement for the optimal location
of DVR is plotted in Fig. 12. The low sag
frequencies are found for buses from 18 to 25
because the points of common coupling for the
lateral taps feeding to these buses are close to the
source (bus 2 and 3).

For considering the improvement of SARFI for
different levels of voltage sag magnitude X, the
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results of SARFIx for X=50%, 70%, 80% and 90%
with the Ipvrmax = 0.3p.u. are shown in the Fig. 13.
“0” means the SARFIx without DVR.

Sag frequency
=

3303231 302025 272625 M 2322 2120 0 181716 15 W13 12 1110 9 8 T 6 5 4 3 3 1

System bus
Fig. 12. Sag frequency at system buses for optimal scenario of
DVR placement, Ipvrmax = 0.1, 0.2, 0.3, 0.5p.u.

SARFIx

mXS0% mX=TO% mX-BO% = X-00%

i

EEEEE R

2030019 1817 46 18 14 03

Brsmch (DVR's placcmcnl)
Fig. 13. SARFI for all scenarios of DVR placement for
different voltage sag magnitude (50%, 70%,
lovRmax = 0.3p.u.
®DVR

a) X =50% ®NoDVR

Sag frequency

"
10 }
127345

6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

System bus

®No DVR =DVR

b) X =70%
s0]

quency
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|
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| 1l

12345678 9101112131415161718192021 22
System bus

2324 25 26 27 28 20 30 31 32 33

35

¢) X =90%

il

12345678 9101112131415161718192021222324252627282930313233
System bus

Fig. 14. Sag frequency at all buses for X=50, 70, 90% without
or with DVR (at optimal placement), Ipvrmax = 0.3p.u

#NoDVR

Sag ﬁcqucnc_v

80% and 90%),

In more detail, the corresponding sag frequency
improvement in the cases of optimal location of
DVR is depicted in Fig. 14. For low value of X, the
voltage sag improvement is small, but the SARFIx
is also small. A higher value of X results in higher
SARFIx but it also has a greater improvement of
voltage sag.

Finally, remarkable results for all
parameters are summarized in Table 1.

We can see that the SARFIx improvement is
generally not big for DVR because DVR can only
compensate for the voltage of the buses from the
DVR’s location toward to load side.

preset

5 CONCLUSION

This paper introduces a new method for system
voltage sag mitigation by using DVR in the
distribution system where the effectiveness of
system voltage sag mitigation by DVR for the case
of limited maximum current is modeled using
Thevenin’s superposition theorem in short-circuit
calculation of power systems. This method allows
us to consider the DVR’s effectiveness of system
voltage sag mitigation not only for event index but
also for site and system indices. As the result, the
optimal scenario of DVR placement is found by
minimizing the resulting SARFIx for preset
parameters including the voltage threshold X and
the maximum injected current.

TABLE 1. RESULTS FOR USING ONE DVR
Ipvemax (p-u.) NoDVR 0.1 0.2 0.3 0.5

X=50%
minSARFIx 13.72 13.09 13.06 12.51 10.09
DVR branch NoDVR 5 7 16 8
X=70%
minSARFIx 18.57 1757 1675 16.15 14.57
DVR branch NoDVR 7 8 8 12
X=80%
minSARFIx 2224 21.51 2042 1933 1824
DVR branch NoDVR 12 6 6 6
X=90%
minSARFIx  24.84 2439 23.03 2193 20.84
DVR branch NoDVR 22 6 6 6

For the purpose of introducing the method, some
assumptions are accompanied like the type of
short-circuit and the fault rate distribution. For real
applications, the method can easily include the real
fault rate distribution as well as all types of short-
circuit. DVR’s effectiveness of system voltage sag
mitigation is relatively limited as DVR can only
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compensate the voltage of buses from the DVR’s
location toward load side and it’s also disabled if it
is coupled on the fault current carrying path.
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Cai thién chi tiéu SARFIx cho lud1 phan
phoi str dung thi€t bi diéu ap dong co xeét
dén g161 han dong dién
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Tom tit—Bai bao gi6i thiéu mot phuong phap
méi toi wu héa vi tri dit ctia mot thiét bi diéu ap
dong DVR nham cai thién hién twong sut giam
dién ap ngin han trong lwéi phan phéi di¢n. Vi
tri diit ciia DVR sé dwgre lya chon t6i wu dya trén
viéc tdi thiéu hoéa chi tiéu tin suit sut giam dién
ap ngin han trung binh SARFIX ciia lwéi dién
dang xét. Bai toan tdi wu hoéa dwge dé xuit trong
do6 viéc moé phéong DVR sitr dung mé hinh mach
Norton twong dwong dé sir dung trong tinh toan

ngin mach va xac dinh sut giam dién ap ngin
han theo nguyén 1y xép chong Thevenin dé tir d6
xac dinh ham muc tiéu la chi tietu SARFIx cia
lwéi dién khi cé lip dit DVR trong hréi. Hiéu
qua cai thién sut giam dién 4p ngin han caa
DVR dwgc xem xét trong truwong hgp cho truée
dong dién 16n nhat ma DVR c6 thé bom vao luéi.
Bai bdo sir dung lwéi phin phoi miu 33 nat caa
IEEE dé mé phéng tinh toan sut giam dién ap
ngin han va xem xét cic tham s6 anh hwéng dén
cac két qua cua bai toan t6i wu.

Tir khéa—Luwéi phan phéi dién, sut giam dién ap ngian han, SARFIx, thiét bi diéu ap dong-DVR



