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Dynamic adjustment of OLTC parameters using voltage sensitivity while utilizing
DG for Volt/VAr support

Abstract

Voltage regulation in medium voltage (MV) distribution systems is still widely performed with the aid of
substation on-load tap changer (OLTC). An OLTC can be operated with or without enacting the line drop
compensation (LDC) module embedded in the OLTC control. However, in case of distribution systems
with higher penetration of renewable and distributed generation (DG), it is well known that the DG reverse
power flow can increase the number of OLTC tap operations under certain system conditions. On the
other hand, voltage correction by DG is one of the promising concepts highly regarded by the researchers
and engineers. In this paper, a methodology is proposed for Volt/VAr support by means of DG and
dynamic adjustment of OLTC parameters. As an assessment tool, first order sensitivity of the regulating
point voltage, estimated by LDC scheme, to change in reactive power support provided by voltage support
DG is derived. The simulation studies are carried out on a test system using MATLAB software, and
results have demonstrated the accuracy of proposed sensitivity and its application for dynamically
updating the OLTC parameters for ensuring effective voltage control with the aid of synchronous machine
based voltage support DG.
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Abstract--Voltage regulation in medium voltage (MV)
distribution systems is till widely performed with the aid of
substation on-load tap changer (OLTC). An OLTC can be
operated with or without enacting the line drop compensation
(LDC) module embedded in the OLTC control. However, in case
of distribution systems with higher penetration of renewable and
distributed generation (DG), it iswell known that the DG reverse
power flow can increase the number of OLTC tap operations
under certain system conditions. On the other hand, voltage
correction by DG is one of the promising concepts highly
regarded by the researchers and engineers. In this paper, a
methodology is proposed for Volt/VAr support by means of DG
and dynamic adjustment of OLTC parameters. As an assessment
tool, first order sensitivity of the regulating point voltage,
estimated by LDC scheme, to change in reactive power support
provided by voltage support DG is derived. The simulation
studies are carried out on atest system using MATLAB software,
and results have demonstrated the accuracy of proposed
sensitivity and its application for dynamically updating the OLTC
parameters for ensuring effective voltage control with the aid of
synchronous machine based voltage support DG.

Index Terms--distribution system; line drop compensation; on-
load tap changer; voltage regulation; voltage support distributed
generation.

|. INTRODUCTION

In [1], a voltage control strategy which is designier
maximizing the DG voltage support is presented.the
controller design discussed in [1], there is anpéide control
strategy to utilize DG power factor control modesgdion for
voltage support. A reactive power control schemgraposed
in order to utilize a doubly fed induction generaoFIG) for
voltage support in [2]. Also in [3], a strategypsoposed for
voltage control by direct active and reactive powaentrol of
grid connected DFIG based wind system using slidimagle
control principle. A local control scheme is propdsfor
voltage regulation by a DFIG based wind systemdin The
controller proposed in [4] provides adjustmentsréactive
power based on the active power generated by th& DARit,
in order to support the system voltage. In [5],imas design
options for controlling the reactive power genedatby
photovoltaic (PV) units have been tested. It iseaino utilize
PV systems for voltage support against the voltag@tions
caused by varying irradiance conditions. A congtohtegy is
proposed for night time application of PV solarnfar to
support the grid voltage in [6]. It utilizes the RWdlar farm as
a static synchronous compensator for voltage stippdren
PV farm does not produce any active power. In §/¢ontrol
strategy is designed for maximizing and prioritgithe DG
voltage support. Also, a practical implementatitnategy for
proposed control is presented in [7], which is didey a

A CCORDING to the IEEE Application Guide for IEEE(istribution management system (DMS).
Standard 1547, the general guidelines state that|n this paper, a methodology is proposed to asbes®G

distributed generation (DG) units are expecteddmperated
at or near unity power factor to avoid actively toling the
system voltage. However, in cases where in the DI may
significantly affect the network parameters, thegncbe
operated at a specific power factor. Numerous esjies and
controls have been proposed in the literature foerating

impact on voltage correction by on-load tap char(@TC)
through sensitivity analysis, and accordingly upddte line
drop compensation (LDC) settings for effective agh control
assuming DG units are operated for voltage supjmothe
network. The reactive power capability of differddG units
(i.e., synchronous machine based DG, DFIG and Rg)uior

both renewable and non-renewable DG units for Bysteoltage support has been detailed in [8]. MATLABu&ed for

voltage support. The DG reactive power can be otiatt by
exporting and absorbing reactive power (VAr) forxinazing
the voltage support.

The authors are with the Australian Power Qualitgt &eliability Centre,
School of Electrical, Computer and TelecommunicatioEngineering,
University of Wollongong, New South Wales 2522 Aaba. (e-mail:
dssrr987@uowmail.edu.au; ashish@uow.edu.au; kashenw@du.au)

*This paper was selected for presentation sesdidhedBest Conference
Papers on Integrated Power System Operations in |EEE-PES General
Meeting, 2014, Washington DC.

modeling and simulation, and the results are ptesen

II. DG IMPACT ONVOLTAGE CORRECTION BYOLTC

An OLTC enabled with LDC can be used to control the

voltage at a remote regulating point (load centeithin a
specified dead-band (DB) limit. In this sectiontsfi order
sensitivity of the regulating point voltag¥,c estimated by
LDC scheme to voltage support DG response is derilz&
VAr limits can be controlled for ensuring voltagepport in
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distribution systems. Therefore, the sensitivitgoasated with The LC1 toLC4 terms in (1) can directly be obtained from
the change in voltage with respect to the changeeattive the equation folV c. In order to obtain the terms associated
power injectionAV,c/AQpg is considered. with AVo,1c, dooLte, 41, and46 in terms of small change in
DG reactive power injectionQpg, firstly the expression given
by (2) is derived using the phasor diagram showrign 2 and
the cosine rule. The phasor angle of sending eftdg®isag
éh . ag =aoL7c) and phasor angle of the receiving end voltage

A. Proposed Voltage Sensitivity

From the variables of LDC, (1) is derived. The mniagte
and phasor angle of transformer secondary bus geltae
Vorte and aoire, magnitude and phasor angle of the bran
current seen at substation transformer secondamy Sr*V (i.e.ae =aoL1cH)-
respectivelyl and 6, while the LDC settings arB andX.. | _
The topology of a sample distribution system wititvsation 5 | al
OLTC is shown in Fig. 1, where the respective phasagram (?j ( j= 12, (fj =13

1 \/(EZ +V2-2EV xcos(ﬁ))

a5
for 6-lagging power factor case is shown in Fig. 2. In
conventional notation, the sending end voltage ritage, E 4! = (10)4E +(12)aV +(13)45 ()

(i.e. E=Vourc), receiving end voltage magnitude/ (i.e. Secondly, from the same triangle which is used dtive

V=Vourc+), branch current magnitude] ard branch 5y ang applying the cosine rule, the equatiorig@erived.
impedanceZ are used for analysis in the branch defined by

substation secondary bus and the bus next to thstation V = \/( 272 + E2 - 21ZE x cos(g - ¢+5))

secondary. (%\I/j o1, (g\é] 02, (%\é] 03, (%\;] 04
TSaubstation . 40 :(1_9“2]4\/ —(02+91|1jAE _(04+9:LI3]A(5 (3)
p Changer Distribution 63 03 03
I — Sysgem Thirdly, the AV,c/AQoe Sensitivity is derived using the
Primary Secondary change of voltage and current magnitudes and {higdsor

angles inthe branch defined by substation secondary bus and
Fig. 1. Topology of distribution system with sudtian OLTC. the bus next to the substation secondary for satehge in
DG reactive power response, which can be obtaised)uhe
system Jacobian matrix as given below. They areagel
magnitude change for small change in DG reactivergpo
response at the substation secondary BMgg)icx and the
bus next to the substation seconda®yd)oic+15 and voltage
phasor angle change for small change in DG reagtoxger
response at the substation secondary ig)§ix and the bus
=~ (ﬂ next to the substation secondam,§)orc+1,. It is assumed that
~ the DG unit is connected to tk8 bus ofn bus system.

Fig. 2. Phasor diagram férlagging power factor case. AVOLTC _ (M ) Ao oLtc _ (M )
. . . 4 VQ Jopie 4 aQ Joite k
In this paper, the equations are presented onlg-fagging ~ “oc ote s ole
power factor case. F@éunity and leading power factor cases,
similar analysis can be done. =(11 x(|v| ) +(12 x(M ) +(13)x
y 4Q DG ( ) VQ Yoltc k ( ) vQ (oltc +l),k ( )
VLC ) \/(VOLTC ! Z ZVOLTC g L cos (6 " ’ %oLre )j * [(M aQ )oltc k - (M oQ )(Oltc + l)k j
X
— -1 L — 2 2
=tan —1, Z =,|R"+X
oL [RL} L ( L L) 40 _(1-0112 X(M ) _(02+0111)
Qg 03 VR Noric + 1)k 03

) 04+0113 ( ) _( )
function of Vo 1¢, aolte, |, 8, R andX_ whereR_ andX, are s jx( M. ook M. lote + 1)k
constants.
Vie = FVorre aorre b B R, X, ) Finally, theAV c/AQpg sensitivity is derived by substituting
oV c oV c oV c AVOLTC/AQDGa AaOLTC/AQDGa Al/AQDG and AH/AQDG terms to
AVc = K |AVorre + £ daoLre +{ LAl + equation (1), and it is given by (4)
VoLt daoLrc 0 q . L 9 Y &) . .
(aVLC j The detail derivations are shown in Appendix-I.
+ 40

From the equation fo¥ ¢, it can be seen that thgc is a ( )
M —_
* VQ Jolick [

AV ¢ = (LCD)aV g e + (LC2)dagre +(LC3)4l +(LC4)40 (1)



AVie _ (Lc1)x
4Qps

+(|_c3)x[A

(M vQ )Onck * (LC 2) X (M oQ )oltc,k *

e 1)

For a case with multiple DG units distributed tdasger

Al

DG

40

DG

4)

extent (i.e. 1, ...g), the superposition law can be applied to

derive the respective sensitivities as given by (5)

4Qps  4Qpg1 4Qpg2 4Qpss 4Qpc4
AV AV
. . e, 4Vic (5)
4Qpg(g1) 4Qpayg

B. Application Example for Testing the Proposedhdd of
Determining Voltage Sensitivity

The proposed methodology is tested on a five-bgs te

system given in [9]. The sensitivity values are etically
obtained for different cases through simulations.

@
C D DG
Zone Substation ; Load

Fig. 3. Five bus test system.

The test cases include (a) testing proposed sétgsiti
assuming that the load centre is exactly at bush€revLDC
settings R, X.) equal to resistanceR} and reactanceX|
values of the branch between ‘B’ and ‘C’ and (bjtitegy
proposed sensitivity assuming that the load cesta bus-B

0.29
0.28 | Proposed method
’ @ Direct Method
2 027
=
% 0.26
g 0.25
0.24
1.0 0.9 0.8 0.7 0.6 05 0.4 0.3
Load Factor

Fig. 4. Variation of sensitivity values deriveding proposed and direct
methods (Table | data).

TABLE Il
RESULTS FORDGP=25MW AND DGQ= (+) 6.6 MVAR — EXPORTINGVAR

Load Factor Proposed Direct |Mismatch|
method method /(%)
1.000 0.2619 0.2544 2.9
0.900 0.2588 0.2514 2.9
0.800 0.2559 0.2487 2.9
0.700 0.2551 0.2482 2.8
0.600 0.2460 0.2440 0.8
0.500 0.2438 0.2420 0.7
0.400 0.2410 0.2403 0.3
0.300 0.2380 0.2386 0.3
0.27

0.26

B Proposed method | |
@ Direct Method

2 025
=
B 024
z§ 0.23
0.22
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3
Load Factor

Fig. 5. Variation of sensitivity values deriveding proposed and direct
methods (Table Il data).

The results for case (b) are given in Table Il dadble IV

where R =0 and X =0. For all simulation case studies, thgor the same simulated system operations as in(@stn this

substation secondary voltage is kept equal to .0 p

The results for case (a) are given in Table | aadlg II. It
can be seen that the maximum value of magnituaeisrhatch
between the sensitivity values derived using predasethod
and direct method is 2.9% for simulated differegstem
operations. The variation of sensitivity valuesivdsd using
proposed and direct methods are shown in Fig. 4~ancb.

TABLE |
RESULTS FORDGP=25MW AND DGQ= (-) 6.6 MVAR—ABSORBINGVAR
Load Factor Proposed Direct |Mismatch|
method method /(%)
1.000 0.2775 0.2837 2.2
0.900 0.2735 0.2798 2.3
0.800 0.2699 0.2763 2.3
0.700 0.2667 0.2721 2.0
0.600 0.2644 0.2702 2.1
0.500 0.2625 0.2675 1.9
0.400 0.2612 0.2653 1.5
0.300 0.2605 0.2632 1.0

case study, it can be seen that the magnitude sinatch
between the sensitivity values derived using predasethod
and direct method is zero for all simulated systgrarations.

TABLE 1ll
RESULTS FORDGP=25MW AND DGQ= (-) 6.6 MVAR (ABSORBINGVAR)
Load Factor Proposed Direct |[Mismatch|
method method /(%)
1.000 0.2048 0.2048 0
0.900 0.2016 0.2016 0
0.800 0.1987 0.1987 0
0.700 0.1961 0.1961 0
0.600 0.1938 0.1938 0
0.500 0.1918 0.1918 0
0.400 0.1899 0.1899 0
0.300 0.1883 0.1883 0

In summary, test results have revealed the accuwhdye
mathematical model used for deriving the proposeitivity.
Hence, theAV c/AQps sensitivity can be used to accurately
estimate the voltage change by DG voltage suppgmetation
at the fictitious load centre defined for LDC. Acaay of such
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estimation is also tested for different system afiens and the diagrammatic representation of proposed systemgdews

results are shown in Table V and Table VI.

TABLE IV
RESULTS FORDGP=25MW AND DGQ = (+) 6.6 MVAR (EXPORTINGVAR)

shown in Fig. 6.

Load Factor Proposed Direct [Mismatch|
method method /(%)
1.000 0.1828 0.1828 0
0.900 0.1804 0.1804 0
0.800 0.1782 0.1782 0
0.700 0.1762 0.1762 0
0.600 0.1744 0.1744 0
0.500 0.1729 0.1729 0
0.400 0.1715 0.1715 0
0.300 0.1703 0.1703 0
TABLE V

RESULTS FORDGP=25MW, DGQ= (-) 6.6 MVAR AND
LOAD CENTER IS ATBUS-C (ABSORBINGVAR)

Load Factor Proposed | Multiple Power |Mismatch|
method/(pu) Flow/(pu) /(pu)
1.000 0.0183 0.0182 0.0001
0.900 0.0181 0.0179 0.0002
0.800 0.0178 0.0177 0.0001
0.700 0.0176 0.0174 0.0002
0.600 0.0175 0.0173 0.0002
0.500 0.0173 0.0171 0.0002
0.400 0.0172 0.0170 0.0002
0.300 0.0172 0.0169 0.0003
TABLE VI

RESULTS FORDGP=25MW, DGQ= (+) 6.6 MVAR AND
LOAD CENTER IS ATBUS-C (EXPORTINGVAR)

Load Factor Proposed | Multiple Power [Mismatch|
method/(pu) Flow/(pu) /(pu)
1.000 0.0173 0.0172 0.0001
0.900 0.0171 0.0171 0.0000
0.800 0.0169 0.0169 0.0000
0.700 0.0168 0.0171 0.0003
0.600 0.0162 0.0165 0.0003
0.500 0.0161 0.0164 0.0003
0.400 0.0159 0.0163 0.0004
0.300 0.0157 0.0161 0.0004

According to the results shown in Tables V and i¥/tan
be seen that the estimated value of voltage chapdeG at
the load centre, which is derived using proposeatsiteity
can be used to assess the impact of voltage supy&ron

operation of LDC.

I1l. DYNAMIC ADJUSTMENT OFOLTC PARAMETERS

Remote & Local

easur

Communication
A

Tap Changer
| -

Pri Distribution
rimary Tap

Secondary

Up/Down System

1, Vorre

Substation

Fig. 6. Topology of system design for proposedasyit operation of OLTC.

A. Algorithm
The algorithm of proposed strategy is outlined beldhe

objective

of updating LDC settings is based on mining the

number of OLTC tap operations and thereby miningjzine
system voltage variations attributed to tap opendti

Step - 1:

Step — 2:

Step — 3:

Step — 4:

Step - 5:

Step — 6:

Estate estimation and power flow infdromafrom
DMS are executed.

Requirement of wupdating LDC settings is
determined as given below. The set voltage for
OLTC control isVse: The magnitude of difference
betweenVg;andV, c is Vg

Verr = Nset_VLC‘

Update. DCsettings- { Gotstep:3

Gotdstep 1l

if Vg, >DB/2
Otherwise

ProposedV,c/AQps sensitivity value is derived
using initialR_ andX_ settings.

New value foAV, c/AQpg sensitivity is defined
using parametei ygae Which minimizes theVe,
where system voltage is controlled within stiputiate
limits. A hysteresis tolerance value, (+/-) is
introduced to compensate the error in estimatieg th
voltage change by DG using tha&V, c/AQpg
sensitivity. Next, the newr_ and X, settings for
LDC are derived and assigned.

-Jk Me g
(AQDG]neW { uF)dmex(Z'QDG ]}

If there is no feasible solution in Sdefor newR_
andX_ settings, their initial values are assigned.
For the subsequent state. { =t +1), repeat the

The severity of DG impact on operation of LDC iséd on
how much the voltage change by DG at load centnériboites
to violate the DB limit or supports to minimize theltage
error for OLTC control. On that basis, the propos&etegy
for dynamically updating the LDC settings in preserof
voltage support DG is developed. It is proposegraztically
implement this strategy using a substation cent&®Ilb for

on-line voltage control [7]. Additional software cahardware

required for enacting the proposed strategy foradyioally

procedure from Step — 1.

B. Time Domain Simulation
Simulations are used for testing the proposedegjyatit is

assumed that the LDC settings are conventionallyvele
using the method given in [11]. The initial timelalge T,

mechanical time delayl;,,and DB of the tap changer are 30 s,

3 s and 1.0%, respectively. It is assumed thatQh&C taps
are incorporated in primary winding of the substati

updating LDC settings is embedded in the DMS. Theansformer. Assumed system voltage bandwidth 4 pQ.



The following power flow simulation elaborates thew
its mechanism for dynanycalla

proposed algorithm and
updating the LDC settings in presence of synchremoachine
based voltage support DG. A representative stat86d336
MVA (peak) step load is considered assuming thatititial
OLTC tap is at its nominal position. The synchramowachine
based DG unit supplies 25 MW power to thestem where
reactive power support provided by DG for voltagpport is
6.6 MVAr. The conventionally derived LDC settinge#& =
5.003Q (~ 5.0Q) andX = 2.121Q (~ 2.1Q). The values of
Vsey Verr aNdAV, c/AQps sensitivity arel.0000 pu, 0.0561 pu
(Verr > DB/2 = 0.0050 pu) and 3.1345, respectively. Vakie

assigned fore is zero. Fig. 6 shows the number of tap

operations and resultant voltage variations at tatibs
secondary bus and bus-C.

» I T
= e T
® |
o] |
o
@) |
|
&
e e R E |
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Time (s)
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0 30 33 45 70
Time (s)
(b)

Fig. 7. (a) Tap operations of OLTC and (b) voltajsubstation transformer
secondary bus and bus-C, under proposed LDC sgtting

IV. CONCLUSION

A novel methodology is proposed in this paper &eas the
impact of voltage support DG on voltage correctiand
update the OLTC parameters dynamically. As an ansas
tool, first order sensitivity of the regulating pbvoltage to the
change in reactive power support provided by veltagpport
DG is derived. The estimated value of voltage ckabyg
means of VAr support by DG at the load centre, ioleth
using proposed sensitivity analysis, is used tesssthe impact
of voltage support DG on the operation of LDC. Rhsm
such information, a strategy is proposed to dynaltyicipdate
the OLTC parameters for effective voltage contnol the
presence of voltage support DG. The simulationltesinow

Fig. 6. (a) Tap operations of OLTC and (b) voltagsubstation transformer the accuracy of the mathematical model used folysisaand

secondary bus and bus-C, under conventionally e@iDC settings.

In this case, the estimated value of voltage chatdead
centre by voltage support DG is 0.2069 pu. Howetes
voltage change by DG does not lead to violate tBelibnit,

because th¥,, without DG reactive power support is 0.0728

pu. Therefore, first a new set of LDC settingsaarshed using
Kupdae™ 1. If there is not a feasible solution #gae> 1, New

LDC settings are searched usiKgy..< 1. In this case, the

new R and X_ settings are derived usingypdae value of
0.4400 (< 1.0000) assuming that the initial seftiage equal
to conventional settings, and they &e= 1.15Q (~ 1.2Q)
andX_ = 2.31Q (~ 2.3Q). For finding a value foKpgae @
quartic equation is solved faf, with assumedX /R.) ratio.
With the updated LDC settings, thg, is 0.0394 pu. Fig. 7 (a)
shows the number of tap operations with new LDQGirggt
which is less than that with conventionally tunesttings,
while Fig. 7 (b) shows the variation in voltagdassinoted that
in case where the voltage change by DG does leaiblate
the DB limit, first a new set of LDC settings isasehed using
Kupdae< 1. If there is not a feasible solution #pgae< 1, New
LDC settings are searched usiggaie> 1.

its successful implementation.
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