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ABSTRACT

This paper presents new technique fothe voltage
regulation of aradial medium voltage (MV) distribigin
grid in presence distributed generatiofDG) units. The
proposed technique consists of taordinatedaction of
onload tap changer (OLTC) of transformer and reactive
power compensation b¥p-STATCOM Managing the
system voltagasingtheactionof OLTC is one of the most
common ways for otage regulation of MVsystems
However, OLTC canndie usedor voltage regulation of
long radial distribution feeders as it changes the sending
point voltage of the feker. In this study, theroblemof
using OLTC for thevoltage regulation of aradial
distribution feeder will be solvelly using reactive power
compensation at the DG connected l&isulation results
reveal that the proposedontrol method is capable of
maintaining the system voltage withime permitted range

in theworstscenaris of thetestsystem.
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inversed aneve must deal wittavoltage rise probleratthe

DG connected budherefore, in the presence of DG snit
thevoltage violation depends on the amount of load demand
as well aon theamount of DGpower. When the injected
DG poweris maximaland the demandf loads is low, the
voltagerise may exceethe permitted range

Traditionally, DSOshave managetther distribution system

at the planning stadmsed on thét and forget policy using
deterministic load flow studieéconsidering the critical
case} in orderto meet the forecast load and to verify
protection actions, lines capacity and voltage regulation
issues In presence of DGsasther output power varies
during the day,the uncertaintyin distribution system
managements increasedand the safeoperationof the
system becomes more complicatdd. this situation
implementing an ofine control system based on Hxtive
network managemepblicy becomes more crucial.
Inrecent years, several control strategies have been applied
to maintain the vitage of distribution systesrwithin the
defined rangeTheoretically different methods can be
applied for voltage regulation of distribution systems but the
most applicable methods are curtailment of DG power,

During the recent years, the conventional structure of network reinforcement, OLTC action and reeetpower
electrical power systems has been changed by the presenc&ompensatiorSince the vltagerise problem is caused by
of distributed generation usi Previously, the electric  the injected power of D@urtailment of DG active powe
power was generated in large generating stations at a smallis one possible method butlives not allow to maximize the

number of locations (called centrgéneratioh In these

benefits of integrating DG unit$ hevoltageprofile along

stations, voltage was stepped up to high voltage (HV) to be the feedeis strictly dependent on the impedarafelines.

transmitted through interconnected HV transmissio
networls. The voltage was then stepped down to medium
voltage and low voltage and distributed through radial
distribution networks to thenduserslin recent years, there
has been a considerable growth in the amount of
decentralized generationonnectedto the distribution
systemsAs a resultcurrently,power systems are astate

of transition from conventional systems with unidirectional
power flows to active networks with-directional power
flows. Therefore, new technical challenges have emerged
for distribution system operators (DSOs).

Presenceof DG units alters the conventionalvoltage
regulation schemes of distribution systemis the
conventionatistribution feeder (without DG unit), voltage
decreases towards the end of the feeder, as fieelance of
line causes a voltage drophus, thebiggest voltage drop

Therefore, network reinforcementis another possible
method but it is expensiyé needs long delaygndDSOs
normallyconsider it as the last possible opti@enerally,
OLTC actionand reactive power copensation are the best
possible methodbut each of these methods has its own
advantages and drawbacighich are explained in the
following sectionsin reference [1], a coordinated voltage
control method has been proposearderto manage the
tap changeaction of transformer artd control thereactive
power of DG unitsAlso, coordinated control of OLTC and
STATCOM based on artificial neural network has been
presented in [2].

In this paperin orderto maximizethe benefits of OLTC
action and BSTATCOM responsgea hew voltage control
methodis proposedThe main idea is teoncentratehe
response ofeach controller in its most suited working

happens at the end of the feeder based on the amount offangesand to consequentlyuse each controller in the

load demandwith the presence of D@, its powerexceeds
the local demand of load, the power flow direction \wél
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ON LOAD TAP CHANGER ACTION OF
TRANSFORMER

Using OLTC action is thenost populamethod in voltage
regulation of distribution systesrbecauset is easy to
implement and desigin this method, théurn ratio ofthe
transformer windingis adjusted by the ta changer
mechanism ofthe transformerwhen the voltage ofthe
systenmexceeds the specified randée tap changer action
is normallyadjustedyy an automatie/oltagecontrol (AVC)

relay which continuously monitors the system voltage and

controls the actio of tap changerThe AVC relay works
based on the two controlling parameters which thee
reference voltage dheregulated point and a defined dead
band. Thisdead band is designed to lirtlie unnecessary
actiors of thetap changerThe ap changingperationis
normally done with a time delaydue to the dynamic
response othe OLTC mechanism

Thedrawback otheOLTC methods that itcamotbeused
in voltage regulation ofong radial distributionsystens
becausét changs the voltageof the feedersendingpoint
while the biggest voltage violationccursat theendof line
(ending point of the feeder)n this situation, in order to
return theending pointvoltageinsidethe permitted range,
OLTC mustchangenoticeablythe sending pointoltage
and it canlead tovoltage violation at this point of the
feeder

REACTIVE POWER COMPE NSATION

Reactive power compensatioraigseful method for voltage
regulation of distribution system Traditionally in
distribution systemscapacitor bank$iave been usetb
keep thepower factorclose to Jandto compensate voltage
drop inthe heavy load situations. Ithe DG connected
distribution systemsswe must deal with both voltagieop
and voltage rise problesnwe needa source of reactive
power with the abilig to work ininductive and capacitive
modes. Absorbing reactive power can increaseenergy
losses, decreashe networkcapacity and influencéhe
loading capacity ofhe system.Moreovet reactive power
compensationis not an effective way for the voltage
regulationof distribution systemmwith a high ratio of R/X
The neededeactive powenf the systentan be provided
by synchronousnachinebased DG unitshat are able to
adjust their output reactivpower in orderto affect the
system voltageConventioml control systemdor reactive
power control ofsynchronous machineare automatic
powerfactorcontrol(APFQ systemandautomaticvoltage
regulation(AVR) system In the automaticpower factor
control modethereactive power of DGQpg) follows any
varnation of the active power of D@Ppg); therefore the
Poe/Qpg ratio is maintained constait orderto keep the
system voltage within the limitélowever,this mehod is

not an &ective way to regulate voltage because it does not

consider the load varians ofthe system.

betweerthe actualbus voltageand a set reference voltage
defines the needed reactive power of the sy$&nThis
actioncanbeexplainedby a droopcharacteristicthis droop
showstherelationshipof theneeded reactive powef DG

in accordancevith the voltage othe system. In reference
[4], a dead bandf this characteristi@Qpc=f (V)) has been
definedin orderto limit the exchange reactive power of
DG in the unnecessamange.In reference 5], a new
voltage control method has been propashithcombines
the advantages of AVR adPFCcontrolsystemslt must
be noted thathe operatiorof DG unitsin AVR modecan
cause some problems like high field cursziotverheatig
and triggeringf over current protection systenflso, the
reactive power compensation is not bggble in
asynchronous machifmsed DGunits like doubly fed
induction generator (DFIG). Thereforegedicating an
external source akactive power candma better solution.
Power electrongbased compensatiike D-STATCOM
(distribution STATCOM) can be used to tackle the current
limitations of DGs in reactive power compensatioodes

D-STATCOM

D-STATCOM is a member of FACTS (Flexible AC
Transmission $stem)devicesatthe dstribution level It is
a voltage source convert§¥SC) based device which
converts a DC input voltage intbbalanced set of three
phasesinusoidal voltages at the fundamental frequency,
with rapidly controllable amplitude and & angle.
D-STATCOM can provide a superior solution for voltage
regulation flicker elimination and improvement of power
quality. In voltage regulation modd, controlsthevoltage
of theregulatedpointby adaptinghe amount of injected or
absobed reactive poweAs long as the exchanged reactive
power stayswithin the maximal and minimdimits, the
voltage is regulated dhe target voltagevalue Figurel
shows a typical M characteristic oD-STATCOM.

v
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Figure 1: Typical V-l characteristiof D-STATCOM

lC max

As it can be seen, if the voltagetb&system is lower than
the reference voltage Mge)), STATCOM works in
capacitive mode and if it is higher th¥per, STATCOM
works in inductive mode.

PROPOSED VOLTAGE CONTROL METHOD

In this study, thedrawback of using OLTC irvoltage
regulation ofa radial distribution feeder with D@hit at the

In the automatic voltage control mode, the difference end of the lineis solved by using reactive power
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compensation(offered by DSTATCOM) at the DG
connected busn order tamplement this methodlifferent
working ranges ar@efinedfor the action ofthe above
mentioned voltage control methods

Generally, the safe operation tb network is defined by
the permitted voltage limitsin this paper, the permitted
range of voltage isqual totx 3% of the referenceoltage
(100%).Therefore, if the voltage of the regulated point is
within these limits (103% and 97% for the maximum and
minimum permitted values, respectively), no corrective
action of the controller is needdd.theradial distribution
feeder with DGunit at the endf the line, the biggest
voltageviolationhappenst the end ofheline. Thus, in this
study, the DG connected bus is chosen as the regulated
pointin order to ensure the voltage of all buses is within the
safe rangeOLTC in conjunctionwith AVC relay receives
the ending point voltage of tHeeder andegulates the
voltagetowardsthe feeder. However, @se OLTC action
changsthe sending point voltage tifefeeder to keep the
ending point voltag&vithin the permittedlimits, theaction

of OLTC canonly manage the voltage violatistowerthan

+ 3% (the permitted range) of the reference voltage.
Clearly, if the action of OLTC is allowed to manage the
voltage variations of more that 3%, the sending point
voltage will be violated fromhte toleratedrange. In this
paperin order to ensure the safe operation of OLTC action,
its actionhas been limiteénd it can manage the voltage
violations lower thant 2.5% fromboth permitted values
(103% and 97% Thisis anoptimal rangen order tolimit

the frequent use of EBTATCOM (as it can lead to the
increase ofthe systemlosse$. Also, 0.5% marginis
consideedfor theimpactof reactive power compensation
(at the end of the lineon the sending pointoltageof the
feeder Figure2 shows tle working ranges of OLTC action.
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Figure 2: Working ranges of each controller in th@posed voltage
regulation schemat the regulategoint

94.5%

Thedead band of OLTC action sonsiderecequal tothe
permitted range of voltage 3%). Thus, if the voltagef
the DG connected bus is withimepermitted range, OLTC
will not act When the voltage of the regulated point
exceeds the permitted range, with fitveed(since it is not
actually the normal limitation of the OLTC mechanism)
limitation of the OLTC (* 2.5%), it changes the sending
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point voltage in order to adjust the ending point voltage of
the feeder.
As it can be seen in figu& whenthe voltage violation is
outside of the range thiads beendefined for OLTC action,
reactive power compensatitny D-STATCOM is used to
return the voltage of DG connected bus inside the range that
is acceptable for OLTC actionln other words
D-STATCOM is only used when OLTC actioeachests
limits (105.5 and 94.5 foits upper and lower limits,
respectivelyland OLTC cannot work anyore In this
situation, the OLTC action managef.5% of the voltage
violation and the rest of the voltage violations
compensated by 3TATCOM. Therefore, in the extreme
voltage violation conditions, ISTATCOM with its fast
response instantlgrings backhe volage to the upper or
lower limit of the OLTC action (105.5 and 94.5
respectively. In this way, thanks to the action of
D-STATCOM, the voltage violation will bewithin the
defined rangef OLTC actionand OLTC can effectively
manage the voltage problgsee figure 2)
Figure 3 shows the proposed -V characteristic of B
STATCOM. The defined dead band enables us to limit the
D-STATCOM action in the unnecessary situations and only
use it in the etxeme voltage violations.
V [%]

105.5 %
Dead band of D-STATCOM
action 94. 5%
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< >
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Figure 3: Proposed M characteristic of EETATCOM
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SIMULATION RESULTS

In order to validate the proposed voltage regulation scheme,
a radial distribution system is considerettich is shownin
figure 4 The system under studgonsists of aDG unit
which is located at the end of the feeder where
D-STATCOM is also installedThe OLTC mechanism is
installed on the secondary side of thé/MV transformer
(7011 KV).

Transformer
BUS (1)

@_Cm ]
HV/MV OLTC

Substation VG

BUS 2 BUS3  BUS4 BUSS BUS 6

rro

LOAD3 LOAD4 LOADS LOAD 6

BUS 1

)

LOAD1 LOAD2

Communication Link

Figure 4: The investigated system

The paraneters of the investigated system are as follow:
- Impedance ofhe each section of the distribution
feeder=04+j0.35q
- Nominal value of each load 0.8 MW (with the
lagging power factor equals to 0.9)
Maximum power of DG uni(Ppg)= 5.5 MW
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In this paper, the worst caseglievoltage regulation of the within the limits. However, it must be noted thidie
investigated system are@mulated The simulations are exchangedeactive poweof D-STATCOMcan leado the

carried outby using NEPLAN.The first test casgworst increase of energy loss@able 1 presesthe evaluation of
case 1)s when DG generates its maximum power and the system losses in the studied catasan be noticed that the
Y

demand of the load iminimal (10% of the nominal load). operation of BSTATCOM in the inductive mode increases
Figure 5 shows therofile of thevoltagealong the feeden the energy lossesf the system
this situation.

Hoy - - - Table 1: Energy loses of the system

L S B S ———e QDSTATCOM Plosss Qloss
G S N Testcase Poc | Ploads Mvan) | (MW) | (Mvan)
A s s b s s s s s et 12

T e e il worstcase 1 | oy | vin, 0 0.456 | 0.399
S = (without controller)

o e = =

| T worstcase 1 | o | Min 1.85 0585 | 0.512
o R S - | (proposectontroller) ) ) ) ) )

e e S worstcase 2 | iy | yax. 0 028 | 0.245

b I (without controller)

e Wit single action af OLTC worst case 2 -

ol —With the proposed idea (proposectontroller) Min. | Max. 75 0.217 019

925 1 2 3 4 5 [

Figure 5: Voltageprofile of the system busés the worst case 1 CONCLUSION

As thevoltage rise at bus 6 i_s more than the permitted range |, this paper, a new idea ftirevoltage regulation of radial
of the voltage(+ 3%), the single action of OLTC cannot isribution systems wh DG unit at the end of the line was

manage the voltage rise along the fee@ibe s'sngle acti_on presented. The proposed idea was based aoithiination
of theOLTC leads tavoltage drop at the sending point of ot g different control methodsvhich are OLTC action

the feeder 43.5% atbus 0). Figure 5shovs that the a4 reactive power compensatidine idea was to use the
proposed idea is capable of managing the extreme voltage o Tc action in the predefined rangdased on th

risr::atbu_s 6. ':*E it C6a_” b‘; seieg)i/thou;a;)nycc:jntroller, thg permitted range of voltajend allowD-STATCOM to
voltage nseat bus o Is about 9% and base on tpope manage the rest of the voltage violatid®isulation results
idea, 2.5% ofthis voltage rise wasnanagedoy OLTC revealecthat the proposed method enables weffioiently

action and the rest of the voltage rise (3.5%) was managethe voltage control problemof a radial MV
compensated by 3TATCOM response. In this case, the  gisyribution systemin the worg working conditions.

absorbedreactive power of EETATCOM is 1.85 Mvar Moreover, a the DSTATCOM is only used itheextreme
(inductive mode)The second worst cageorst case 2js voltageconditions(when OLTC cannot work anyore),it

considered when the injected power of DG is minimal goes not considerably increase network lossesuture
(Po= 0) and the demand of the load is maxiial0% of research, a practical evaluation and the cost of

the nominal load)Figure 6 shows the profile of the voltage implementation of the proposed method will be
along the feeder in this situation.
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Like the previous caséhe single action of OLTC cannot [3]
effectively manage the voltage drop at bus 6 (more than
6%) while the proposed idea with the combination of OLTC
action and DSTATCOM response is able to keep the
voltage of all buses within the predefined limits. In this
case, the reactive power of T ATCOM is equal t61.75 [5]
Mvar (capacitive mode).

Basednthe simulation results, it can be concluded that the
proposed method is able to keep the voltage of theisdidh
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