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Abstract- Distribution System consist of different types of loads like linear and nonlinear load. Due to differsruftiqeals,
voltage unbalance and other power quality related issues will occur. To overcome this problem, a voltage source irdverter
device called distribution static compensator can be used. In this work, an improved voltage controller foredistdiat
compensator, based on power balancing theory is presented. The improved controller uses only voltage sensors al
controller is developed by considering unbalanced load conditions. Proportional Integral controller is used for maintai
terminal voltage and DC link voltage. The controller is verified for different voltage disturbances such as sag and sv
MATLAB/SIMULINK package is used to verify the controller using simulation. The controller is also verified using Hardwa
in the loop similation using DSPACE and results are presented for different voltage disturbances.

Keywords: Hardware in the loop simulation; Pl Controller; Voltage sag; Voltage swell; Voltage source Converter.

1. Introduction (CPD) [2]. Distributed Static Compensator (DSTATCOM) is
one of the shunt connected voltage source converter (VSC
The power system is divided into three pansich are based CPD.
generation, tran_sm|§S|on and .dlstr|bu_t|on. In the power DSTATCOM perform a noteworthy part in voltage
system, the distribution network is considered as the Weakegt . ; ) : .
. . alancing, improving voltage profile and lowering power
part because the major portion of power loss takes place

. ; co T © 0sses in the system, umdelynamic and steady state
this section. The distribution system has low VOItage.prOf'l.eéonditions. The optimal performance of DSTATCOM
and various types of faults and radial structure, which will

affect the reliability of the distribution network. Compared todepends on the control algorithm used. In literature, many

transmission network, distribution network has greater R/)EOIOOIOgIeS and control algorithms are proposed]3An

. . . . Improved current control algorithm is proposed using the
rgtlo due to Wh'ch prob.lems .SUCh as voltage |nstqb|l|ty an(:églf-tuned fiter in DSTATCOM based on instantaneous
high power lossarise. It is estimated that th&Rl loss in the

distribution network is 13% of the total power generated [1]react|ve power theory for the extraction of .fun_dam.ental
: L component of load currents and reduce the switching ripples
Most of the loads in modern distribution network are

. . . :[6]. In literature, the proportional integral controller is used
inductive and nonlinear loads. Therefore, the system wi ;

. - ; as controller. But the tuningroblem must be resolved
have lagging power factor and thigill result in the

reduction in the voltage profile, increase in loss and increa Sé;ltisfactorily. To overcome this issue, a fuzzy PI controller
i harmonics 9e p ' Pased algorithm is used in DSTATCOM to maintain the

e . . . voltage stability in distribution network [7]. The control
Traditionally the voltage is maintained by connecting theal orithms are also proposed based on intelligent
shunt capacitors to the distribution network. The major 9 brop 9

limitation of shunt capacitor is that thegnnot generate the computaion methods such as learming vector guantization,

. : . — .~ leaky least mean square, back propagation algorithms, etc. t
consistent variable reactive power. Because of this I'm'tatlonenhance the power quality-J2]. The different topologies
the idea of FACTS devices is evolved. FACTS devices aré P q Y ' polog

. . . . : are presented for four wire and three wire networks and aim
typically used in the transmission line. FACTS devices in th?o repduce the dc link timg. Supply of both reactive and real

distribution network are termed as custom power dev'cepower from DSTATCOM is achieved by connecting active
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source to the VSC [13], [14]. A hybrid particle swarm
optimisationbfirefly algorithm based controller is proposed
to enhance the power quality in wind power digttion
system [15]. A study on the performance of DSTATCOM on
power quality i_ssues with the presence _of wind energy is Q1,10 (6)
analysed. In this case, a DSTATCOM with battery is used

with synchronous reference frame (SRF) based control ]

algorithm [16]. The seleain of topology and reference  The delivered power to the PCC and output power of VSC
algorithms are mainly dependant on the system requiremenin SRF are written adiswn in eq (7), (8), (9) and (10).

In many works, current control algorithms are presented. 3
But very less work is done on voltage control mode W= g+ y) ()
algorithms [17], [18]. The current sensorless voltage '
contollers based on power balancing theory are proposed in I
[19]. In this, the authors considered only balanced voltage Q! +(valg! vla) (8)
condition and have not tested for unbalanced and nonlinear '
load conditions. In this paper, an improved current sensorless !
voltage controller is presented for unbalanced load fe'! T(e! h!oeglg! ! !!!!) ©)
conditions. The improved controller is developed using '
power balancing theory using the synchronous reference
frame. The presented controller is simulated in MATLAB Qe = E(!! )
and also verified usinbardware in the loop simulatiorsing
DSPACE. The organization of this paper is done in the The loss in power at the filter components are given by
following way. Section 2 gives the details about the
controller. Section 3 provides results of simulation and
hardware in loop simulations and in section 4 conclusion is

PREY-NE (5)

(10)

!
given. ! !—(!!2! i " )Ry (11)
2. Control Algorith !
ontro gOl‘l m 'f ='_(ldl ' |!|)||l | (12)
A power balanced theory based improved voltage PCcC

control algorithm is presented. The DSTATCOM is in
parallel with the load, which consists of a filter and the VSCW
Ls and R represent the line impedance. The regulation of

voltage at the point of common cding (PCC) is v
DSTATCOMSs main function. :

In steady state condition, real and reactive power of thre
phase system in terms of SRF quantities are as shown
equation (1) and (2). {vvq, Vo) and (i, iq, io) are the SRF
components of voltage and currentpestively. P and Q are I
real and imaginary power respectively. I

1 L
P! E(!!!!+v!!!! i) 1) Cae
Fig. 1. Single line diagram

|
Pl = (vgig ! i 2
H 2 (vdlq ' Iqld) @ Substituting (7), (9) and (11) in (5) @r§8), (10) and (12)

in (6) yield
The total power supplied from the VSC is equal to the sum (6) yields

of the power delivered to the PCC and the loss in the filter 3 !
components. The power flow froWSC to the PCC is shown T(eq!! L)t E(i! "1 )R,

in fig. 1. The total power is given eq. (3), whete§ and $ L (2l ) (13)
are the power from VSC, power at PCC and loss in the filter Pz \&olo F gl T T
respectively. | |
;—(!!!! —1ig)! ;—(id! L
LS, @) - g (14)
! E(!!!! -v!)
R+ttt (hrr)t (W) ) It is assumed that thé"@omponent generated from VSC
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is equal to the actualt“Ocomponent of PCC, i.e.q®v. Where kg and kg are the Pl contiller gains which are
Therefore, from Eq. (13) and (14) yields used to control the DC link voltage. Similarlypakand ksc

are the PI controller gains which used to regulate the PCC
voltage. Substituting Eq. (18) and (19) in Eqg. (15) and (16),

ey ) (15)
P g |
Lot (gt )y, (16) !a=(!pdc!!—)(Vr-'! Lac)! 5
(e ) ), @O
e and g are obtained fromgj iq, R, and L as shown in )
equations (15) and (16). Fig. 2 shows the block diagram of
the presented control strategy DSTATCOM. As shown in ! g
the figure, three phase to dqO transformation is done using Ig! (k!--# +|—> (T 1 L 1,
. (17). ’
eq. (17) I . 1)
. Ly (fe 1) (et =)
L
¥
! i Io! v' =1, (22)

!
-| VT VT VT w7
: I 2! '
! \/,: gl "y (! ! |_> cos (! ! ?> [! !] The reference value of output voltage of the inverter is
' ’ obtained using transformation, which is shown in Eq. (23).
I I
I"# (9! '—> I"# (! ! |_>

I"# 0 !"#(9! ZI—I) !"#(! +¥)
5 e 3] o
"4 (9! ,—) I"# (9! T)

h*
From fig.2., it is observed that the regulation of DC Iink}‘[| ' *] | \/I
!
The modified control algorithm is derived by considering

voltage is done by the PI controller, and the output of whic
is taken asg4i as shown in Eq. (18). Similarly, is obtained
from the PI controller which regulaethe PCC voltage,
given in Eq. (19).
il (k.--# | i) (g —10) (18) the unbalana® condition. The modified controller is
: ¢ simulated for different operating conditions of the
distribution system. The simulation results and hardware in
I = (, » +!!i> W'l 1) (19) the loop simulation results are presented in the following
: ! : : section for different voltage disturbances.

cos @ I"# 1

=gl al -

Va Vi Ve
* * A ‘ 3. Simulation Results
abc to dq0

In this section simulation and hardware in the loop
results are presented. Details of the system considered fo
simulation is given in the appendix. The system consists of
the nonlinear and unbalanced load. The nonlinear load is &
threephase rectifier with RL load. For simulation MATLAB
Simulink is used. Hardware in the loop simulation is a virtual
real time simulation where the real version of controller and
virtual plant model is considered for verification. In this
section, hardwareni the loop simulation results are also
presented. Table 1 presents the different cases considered fc
the simulations and hardware in the loop simulations.

Vie !
Q m - 3.1.Qase I: .
In this case, the system with the unbalanced and

Vi nonlinear load without DSTATCOM is simulatend results
are presented. Fig 3 shows the pu voltage (RMS) at the PCC
Fig. 2. Control Strategy of DSTATCOM The voltage at PCC is 0.92 pu. Instantaneous voltage
waveform is shown in fig. 4, and it is observed that
waveform is distorted because of the nonlinear load. Fig 5

vy Vq Vo

INMdS
EEEER

aqe o3 gbp

395



I"HB%"&HI" & ()M +%6"&(), ) %$"$.&/($)$"$%01)%$2$&%34) )
25657585)29)&:;)2<56=5)>X @AY 9IB)DBY', IB)56F<B)GHED

shows three phasvoltage waveform and the pu value of the

. . . . . I ‘HII‘“ "ll"‘ wuw i “HHUU el “'Il‘r “‘"nllﬂq ”HM” “*WHW“W AT o wmw iy wnu
voltage at PCC obtained in hardware in loop simulation. P
fﬂmm il .u||h ‘«'II« wwmuHU ‘Hh‘mm I LMLH ﬂ\\HHhu AR wHU\ mullllllllllllu mtl“« i
Table 1. Different cases for simulations & ‘
CII\IEZSE Details \ /§ | tlueepﬁlase\,olmzenl’(( lOOV/le
| VAR AN A
| Without DSTATCOM with the unbalanced an '/\ f’\’ I\ .‘(‘\ /\4 /\ ‘\‘“ I\ /\ ‘»“\ I\ '“W i ‘F\ AT
nonlinear load. E \ H \ /‘\ ﬁ\ { M :\ /\ ‘;‘ T m 1
\ AU LA
" With DSTATCOM with the unbalancedd 4| H \ 1‘ | / y\\ ‘\ bt i i \ / , T
nonlinear load. / || hw \.”J / ‘\/ M‘ w/ \(‘ 3\‘// \u\“ ! \/} \f‘ “M} ‘U \\/‘\ :
. . O AR
1] With sag and without DSTATCOM j \/ \ U{ | \V | \/ \j \/ NV ' h
\Y With sag and with DSTATCOM < T RS PCCTV
v With swell and without DSTATCOM Fig. 5. RMS voltage andinstantaneougoltage at PCC
without DSTATCOM (Hardware ioop)
Vi With swell and with DSTATCOM L RMS voltage at PCC
. RMSI Voltage at ‘PCC . . . ?0.8 r
ol i 1 15 2 25 Timlc © 35 4 45 5
°L ‘ L ‘ . ‘ ‘ : ‘ ] Fig. 6. RMS voltage at PCC with DSTATCOM
E (MATLAB Simulation)
Fig. 3. RMS voltage at PCC without DSTATCOM
(MATLAB Simulation) ; : Tpres phe yoltage wan i o T

Three phase voltage waveform at PCC

Voltage (pu)

Voltage (pu

05 1\\\‘\\w‘\\“w\§w\Mw\\‘}\\’n\;:1|K\N‘H1!Uw! “W‘”\“\‘”“1\“”\‘“|‘3“!‘”““\“‘”“1‘”““\“1““‘”‘W‘”Mf;[[“‘““‘ ‘\'H‘\‘ll“‘if“W‘VM‘”1U‘W‘N‘”\‘“Hl“‘l!“”\‘“l'!
v

. .
—2s— 3 35 4 45

Time (s) —

Three phase voltage at PCC

// /\/\/\//

W MMM ]

Voliage (pu)

12
Time (s)

Fig. 7. Instantaneousoltage at PCC with DBATCOM

(MATLAB Simulation)
Fig. 4. InStantaneouso“ageat PCC WIthOUt DSTATCOM Active and Reactive Power from DSTATCOM
(MATLAB Simulation) ool I ‘ x - : :
3.2.Case II: %%lsmi
In this case, the results are observed by connecting trz2™"[ ]
DSTATCOM. Fig 6 shows the RMS value of the voltage ats3 ™| :
PCC which is maintained at 1 pu after connecting the = | 7

DSTATCOM. After connecting DSTATCOMhe voltage at | T s 25 3 3 . 25

PCC becomes pure sinusoidal and voltage is balanced, whicn Fie. 8. Reactive and ;gzi(:;e ower supplied from
is shown in fig 7. The reactive power supplied from 18- S P PP

DSTATCOM is shown in fig 8. Fig 9 shows the results of DSTATCOM (MATLAB Simulation)
hardware in the loop simulation. From the results, its

observed that the Wage is balanced and regulated at

reference value.
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Fig. 9. RMS voltage andnstantaneousoltage at PCC
with DSTATCOM (Hardware ifloop)

3.3.Case Il
In this case, the resistive load of 10 ! atakaphase is

Fig. 12. RMS voltage andhstantaneousoltageat PCC
with sag without DSTATCOM (Hardware-ioop)

3.4.Case IV:
In this case, sag is created at 2 s and it is cleared at 3 ¢

switched on at 2 s to create voltage sag and it is cleared ab@t in this case DSTATCOM is connected. When sag occurs
s. At the time of sag, RMS voltage is reduced to 0.82 pu, ad 2 s, the controller takes 0.2 s time to settle and maintain
shown in fig 10. Fig 11 shows the voltage waveform at PCGhe voltage at 1 pu. Similarly, when sag is cleared, the

in the absence of DSTATCOM. Similar results are observe
in hardware in loop simulation also, which is shown in fig
12.

s RMS value of Voltage at PCC
2 T T T T
s
.
_08F
3
S
S 06
g
S04
>
02
ok
| L L I | | . L
1 15 2 2.5 3 35 4 45
Time (s)

Fig. 10. RMS voltage at PCC without DSTATCOM
with sag (MATLAB Simulation)

Voltage waveform at PCC
T T T

O

L[Mua \w/

245
Time (

Fig. 11. Instantaneousoltage at PCC without DSTATCON
(MATLAB Simulation)

Voltage (V)

dontroller takes time of 0.2 s and maintains the voltage at
1pu, which is observed from PCC voltage waveform shown
in fig 13. Fig 14 shows the RMS voltage at PCC and power
supplied from DSTATCOM. Fromid 14 it is observed that,
during the sag the reactive power supplied from
DSTATCOM is increased such that voltage is maintained at
1 pu. Fig 15 and 16 shows the three phase voltage waveforn
during starting of the sag and end of the sag respectively.

Voltage waveform at PCC

/\
O 10 e e e

Voltage (pu)

O e e ‘Hw I W A el e

35
\ / Voltage waveform st
1" [
U |

1 1 111
H\" \H‘ Hw‘w'v}‘[-;w‘:}\

Voltage waveform at PCC (Starting o sag)

Fig. 13 Instantaneousoltageat PCC with
DSTATCOM and with sag (MATLAB Simulation)

3.5.Case V:
In this case, swell is created by switching off the large
resistive load at 2 s for the duration of 1 s. In this case
DSTATCOM is absent. Fig 17 shows the RMS vgéaat
PCC. Fig 18 and 19 show the instantaneous voltage
waveform in MATLAB simulation and Hardware in loop
simulations.
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RMS voltage at PCC
12 T T T T T T T
; L N
| |
08 1 1 4
':‘; I |
206 ! ! -
g | |
S04 1 | 1
> [ 1
2 | I 4
92 | I
I I
U | | 7
1 1 1 1 i 1 1 |
1 15 ﬁl 25 :ll 35 4 45
| Time (s) |
I I
I |
%10 Activd and Reactive power From DSTATCOM
2F T T tr T t T T
| Active Power
15F | | Reactive Power |-
2 | |
=% L I I
2> | |
o
|
gg0s I |
2% ! In
o5 e i s ——— - B P bR
2>
3 5-0.5
%
< L
1.5
|
1 15 2 25 3 35 4 45 5
Time (s)

Fig. 14. RMS voltage at PCC and power supplied from
DSTATCOM with sag (MATLAB Simulation)

Y
Y‘W "'W"v " "‘v"

g.AALAAAA.‘

three phase voltage at PCC 100V/div

Al Al "H"Ilul vl b b e ol e
I E

) T ”'f pu RMS at PCC TV

Fig. 15. RMS voltage andinstantaneousoltageat PCC
starting of sag with DSTATCOM (Hardware-loop)

1

A |
R D 2 SR S B ¢ T S (o S, A G

QRIS GR" G AN PR o Y PGl G i

three phase voltage at PCC 100V/div

TURURIRL LR b b d adand d astd bbb sdob ot ob s bbb stbsl s s adod ook o0 4
ji (13 ‘ (A .
F L f ‘ ““;: [ |

e e

<L BB LI L O “\\\"‘|I|v.l|:[‘.||1 0 100 0 O RO L o R

T T R RMS @ PCC TV

Fig. 16. RMS voltage andinstantaneousoltageat PCC
ending of sag with DSTATCOM (Hardware-lioop)

RMS Voltage at PCC
T T

I . I . I . I .
05 1 15 2 25 3 35 4 45
Time (s)

Fig. 17. RMS voltage at PCC without DSTATCOM
with swell (MATLAB Simulation)

Three Phase voltage waveform at PCC
T T T T

. W iﬂ M ‘ ‘\ \i \\i H W_UM H‘ H“M‘WH I ””“ ‘ H i ‘\‘w | HMM ;M‘H‘Mi MHH I \\‘ ! ‘ H H ‘u ‘\ \HM W w
il Mu‘ I M DO uw I H\HM i M S ‘ AR AR \\ i

Voltage (pu)

Time (s)

Three phase voltage waveform during swell at PCC
T T

Voltage (pu)

225 23 235 24 245
Time (s)

Fig. 18. Instantaneousoltageat PCC without DSTATCOM
with swell (MATLAB Simulation)

three phase voltage at PCC 100V/div

>J|' TURTL \' T '1|"l" ‘|||||

‘ i I’HH" “ ‘\ |
H 'wa

JI ||\|I|

l\" I ‘ l "W‘L
‘.w ‘*»’Hth

T puRMS at P(z V7div]
L

Fig. 19. RMS voltage andhstantaneousoltageat PCC
with swell without DSTATCOM (Hardware itoop)

1.1.Case VI:

In fig 20, voltage waveform at PCC with starting and
ending of swell is shown. Previously to the swell, voltage
was maintained at 1 pu. When swell occurs at 2 s, voltage
starts to rise and controller takes 0.25 s to bring down
voltage at 1 pu and finally the swell is cleared at 3 s. Fig 21
shows the voltage (RMSat PCC and the real and reactive
power supplied from DSTATCOM. The reactive power
supplied from DSTATCOM is reduced when swell occurs
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and voltage is maintained at 1 pu. Similar results are

obtained in hardware in the loop simulatidtig 22 and 23 & ] '
show he three phase voltage waveform at the starting an,
ending of swell in hardware in the loop simulations.

o T | I ——
\ & ‘ A\ ‘ ! i three phase voltage at PCC 100V/div
I I A | I b e B ] A A AR AR AR AR AR
= o« L T T e T T T |
gﬂl | P (TR PR (PP T
1H‘M‘,HM‘H‘“;“‘ \p}q‘u‘;”w\ ‘HM‘“‘”““““Ml“”‘*l“”} ““”“““‘E“H“H‘U “‘““[\“}H‘H*‘H‘“““‘U‘.‘w“”“l}“““u“”“"‘”“H" \‘ \MM 1“”“”““‘”“““h“‘”H“”"M} U e | I (et b
o . ; ; . E i N eI
| IR H{\|I[ (1 Ui [11]
| .".W'“““W“'W" T T T T uRMS at PCC 1V,
4 ‘ Fig. 23. RMS value of voltage ankhstantaneousoltage
W at PCC ending of sag with DSTATCOM (Hardwardadop)
Fig.;.‘o.Instantaneousoltageat pCC with From tke results, it is observed that satisfactory

DSTATCOM and with swell (MATLAB Simulation) operation of the controller works for the unbalanced and
nonlinear load conditions. During the voltage disturbances

RMS voltageat PCC____ . K i.e. swell and sag, the controller is able to maintain the

l | | [/y voltage at the reference value, ile.pu. The reactive and
" ! : active power supplied from the DSTATCOM is also
%M : i observed. During the sag the reactive power supplied from
L E ! the DSTATCOM is increased, whereas during swell reactive
Sl ! : power supplied is reduced. Voltage is maintained at desired
| : i level in oth the cases. The active power in both the cases are
L ‘ ‘ 5 i s L maintained at constant value.
05 1 15 1{ e 1 4 45
E i
| I

4. Conclusion
Active and Reactive Power frlbm DSTATCOM
T T T T

In this paper, the current sendess controller is presented.
The controller is simulated in MATLAB and is verified using
hardware in loop simulation. It isbeerved that controller
shows the satisfactory operation under nonlinear and
[ ] unbalanced load conditions. The controller is also able to
1] reduce the distortion in voltage waveform and sustain
s ‘ s s s s ‘ s ] balance in voltage. During the voltage sag and swell
R v Paee Y %7 conditions, he voltage is maintained within standard values
Fig. 21. RMS voltage at PCC with DSTATCOM with by the improved controller.

swell (MATLAB Simulation)

|
l
|
|
|
|
|
|
|
|
v

Active Power (W)
Rcactive Power (VAR)
g
3

Appendix

S /c e 220V (W), 50 Hz: Line impedance: 085
I, 2.25 mH; Unbalanced load: 60+j62.73 !, 40+j78.5 !,
50+j50.24 !; Nonlinear load: Three phase uncontrolled

.., three phase voltage at PCC 100V/div rectifier with load of R= 251!, L=0.01 H; Gz 800 "F; R :
(01T GHTRET R A B i 0.2!; L 15 mH.
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