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Abstract—The uptake of variable Mega Watts(MW) from
Photovoltaics(PV) challenges distribution system operain. The
primary problem is significant voltage rise in the feeder tha
forces existing voltage control devices such as on-load tap
changers and line voltage regulators to operate continuolys
The consequence is the deterioration of the operating lifefahe
voltage control mechanism. Also, conventional non-coordated
reactive power control can result in the operation of the lire
regulator at its control limit (runaway condition). This pa per
proposes an optimal reactive power coordination strategy ased
on the load and irradiance forecast. The objective is to minhize
the number of tap operations so as not to reduce the operating
life of the tap control mechanism and avoid runaway. The
proposed objective is achieved by coordinating various redive
power control options in the distribution network while satisfying
constraints such as maximum power point tracking of PV and
voltage limits of the feeder. The option of voltage supportom
PV plant is also considered. The problem is formulated as
constrained optimization and solved through the interior point
technique. The effectiveness of the approach is demonstet in
a realistic distribution network model.

Index Terms—PV, distribution networks, voltage control, reac-
tive power optimization.

. INTRODUCTION

For instance, the German grid has 22 GW of solar. However,
because of the voltage rise issue only% of the total capacity

is paid through feed-in-tariff for plants smaller than 30W
The result is that PV owners are discouraged to operate their
plants at full capacity [6]. With voltage source converters
interfaced with DG, the option of reactive power control is
available in medium voltage(MV) network [7]. Though till
now PV operation is at unity power factor, some of the
technical standards [8] [9] are supportive of this featuwre t
be exploited giving PV plants the opportunity to particgat
voltage/reactive power control.

The Distribution Network Operators(DNOs) maintain ap-
propriate voltage profile across the network with the help of
on load tap changers(OLTCs), voltage regulators(VRs) and
capacitors. In most of the distribution feeders these @svice
controlled based on the local signals, for example, bugsgelt
for OLTC and VR and time control or local bus voltage control
for capacitors. In this conventional voltage control metfadl
devices operate autonomously in a non coordinated manner.
This non coordinated approach and unity power factor PV
generation impacts the operation of OLTCs and VRs. The
presence of PV on distribution feeders will lead to increase
number of OLTC and VR operations and wear and tear of the

The proportion of PV generation into existing power systeffevices [10], [11]. The result is an increase in the OLTC and
generation mix has significantly increased in recent timegr maintenance/overhaul cost incurred by the DNOs. Under
The PV has cumulative global installation of 70 GW withne scenario of significant power injection by PV, power flows
21.9 GW of new installation in Europe alone in 2011 [1llean reverse on a distribution feeder. Some OLTC constmuctio
Most of the PV plants are getting connected to low/mediufg sych that permissible reverse power flow is less than the

voltage distribution level as Distributed Generation(D&yw-

apparent power rating of the transformer [12]. Under specifi

ever, this has led to many problems from the power systejperational scenario VR fails to control voltage at the tetga
operation perspective. One of the operational problemses ths and reaches lowest or highest tap limit. This phenomenon
variable voltage rise on distribution feeders due to DG [2} widely referred to as ‘reverse power tap changer runaway’
The overvoltage can be managed by curtailing active powesndition [13] [14]. This highlights the fact that in the pence
injection [3]. In the low voltage network this approach isf pv on the feeder, an appropriate consideration of OLTC,
required due to lower X/R ratio [4] [5]. Though necessary/R and their control settings are necessary for an effective

this directly results in suboptimal capture of energy fro@D
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voltage control strategy. Most of the recent approachdacep
local autonomous control of the voltage control deviceswit
communication based supervisory control [15] [16]. In [15]
voltage control devices are remotely dispatched on an yourl
basis through a communication channel to achieve flat veltag
profile in the system without DG. Unity power factor PV in
distribution systems is considered in [16]. Further, twoysva
communication based real time smart grid Volt-Var control
is proposed in [17]. Though the above mentioned schemes
will certainly be able to alleviate the challenges, theyuieg
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communication with all voltage control devices. Howeves th | << o :
operation of VRs is still autonomous based on local signals, | - |

without communication links on many distribution feeders | _ __ _ _Qeec _ o
[18]. The switched capacitors also lack communicationdink o
on some feeders and timer control is still operational indper Figure 2. Generic grid integrated PV’ topology
[19] [20]. Considering this fact in [19], a combined localdan Active Power
remote voltage control strategy is discussed. It propokad t Rated MW A
by opting complete remote control of voltage control desjce e
they could loose their ability to react to load changes. A
local communication-less Volt-Var control in the presende
synchronous machine based DG is considered in [20]. Most .
of the available literatures do not consider detailed inhpac /\
of DG such as PV on autonomous local control setting of - Reacte Power
VR. It is also important to have an insight into what possible Powerfactor Range
interaction a PV and its reactive power settings will havéhwi Figure 3.
the autonomous operation of a VR.

In this work, the detailed impact of PV on VR and OLTC
is considered. A coordination strategy is proposed to @tev  The DNOs have an option of setting fixed reactive power
the negative impact on OLTC and VR using reactive powey fixed power factor of PV plant as real power varies. The
option from PV plant. Following this introduction, Sectidin operator also has an option to define variable power factor
describes details of voltage control devices in the distitm as active power varies (power factor(P)), or variable ieact
system. Section Il details coordination between PV and VBower as voltage varies (Q(U)). PV connected to a strong
and discusses operational challenges. Section IV desdtilge substation bus is controlled more effectively in these tieac
optimal coordination strategy. Section V presents a cas#yst power or power factor control modes. Depending on the
and presents results. Section VI summarizes contributiods capacity of PV plant and fault level at PCC, PV can be

Oversized Solar

/ Inverter

Solar generation capacity curve

conclusions of the work. operated in voltage control mode. The PV can regulate the
voltage of a weak bus having lower fault level. Thus voltage
Il. VOLTAGE CONTROL DEVICES variation will be compensated by PV reactive power support.

Fig.1 shows a MV radial distribution system diagram. This Fig. 4 is simple equivalent circuit showing PCC voltage
has PV along with its reactive power control capability. Theontrol by PV plant. In Fig.4/; is constant reference voltage.
other voltage control devices are OLTC and VR. The VRoltage dropAV is given by,
operates i_n an autonomous mode. It consists of nqrmally open AV - R(Pioad — Ppo) + X (Qroad = Qpo) L
switch which connects to an alternate power feeding point. = v (1)

PV generation MPPT active power is denoted By, and
A. \Voltage support from PV reactive power output i§),,,. Load power is denoted b,
A grid integrated PV model is shown in Fig.2. The converteind Q;,.4. R + jX represent impedance of the line. So any
control achieves the best possible active power captuoe ¢ir
maximum power point tracking(MPPT). As shown in Fig. 2,

PV also offers voltage support by controlling reactive powe Vi _ Va

at the point of common coupling (PCC). The reactive power %_ 7
output and hence PCC voltage control capability of PV will be P Qo
limited by the inverter apparent power rating. The cappbili 1

curve in Fig. 3 shows the real and reactive power output Pload Qload E

possible from the PV plant. In order to give reactive power
support at peak active power injection, overcapacity of the
inverter is necessary as sketched in Fig. 3. Figure 4. PCC voltage control by PV plant
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variation in voltageV; and henceAV due to Pioad, Qioad i
and P, can be mitigated by varyin@,, to either inductive
or capacitive value. Thus PCC voltagé can be controlled
or kept constant by the PV plant [19] [21].

/\Va

B. \oltage Regulator s \Regulmed

VR is typically an autotransformer with10% voltage reg- Viow "% Vigg,
ulation capability. Fig.5 shows, the voltage regulationchne Forward Power flow Reverse ponerfow

anism to compensate the voltage drop in the feeder betw%rlagr&re .
the source and load for different load current levels. This | '
widely known as line drop compensator. The details of the

ope_ratmg_prmmple, settings gnd_compensatmg 'mpedme when alternate feed is activated by changing the status of
available in [22]. The VR maintains the load terminal vol%tag‘mm%1I|y open’ (NO) switch to ‘normally close’ (NC) as

at ;et value by adjusting the tap position as the load currentvn in Fig.1. In the “NO’ position of switch, unity power
varies.

factor PV can cause a reverse power flow through VR. This

Fig. 6 ShO.WS _the equivalent circuit of _MV dls_tnbutlonwi" result in the VR controlling voltagé’; on the substation
feeder. In a situation where part of the load is supplied by P¥ide. If the substation is the stronger source, i.e. with low

El\a;m dov;/nitream, the fslltuatlpntrc]:hanges. Pg\_rtlci!arlﬁ@’u h riving point impedance, VR fails to set the required vodtag
penetration, power TIows in the reverse direction towarez, point and reaches the highest or lowest tap position; i.e

the source substation. This causes rise in the load voltag ffhaway condition. Under this situation the VR is ineffeeti
can be seen from vector diagram in Fig. 7. The voltage Contriﬂlproviding voltage regulation that will result in voltag;

challenge will be more complex where PV plant has a reacti ?ldV4 outside the prescribed limit on the side of PV. In a

power control option. There will be interaction betyveen V cenario when the substation side driving point impedasce i
and PV voltage control. The nature of the control interacti

b VR and PV and i | effect d igher and PV is capable of supplying reactive power, the
etwegn an and its overall e e_ctlv_eness eDenlq%away situation can be avoided. However it should be noted
on various factors such as the driving point impedance,

) . ! . PtNat PV having a reactive power capability is necessary but
capacity, PV reactive power setting, \./R_ setting, and SYSt&lt sufficient. The PV should inject the optimum value of
topology. Table | summarizes generlg interactions petwe ctive power and target optimum voltage setpdinso that
\g a;étlonltzrpous trg_c;fgie I??d PV regc;tlvteh riofwe: set(;mg [1 e VR does not operate close to its limit. Any positive votia
[23] [24]. 1t is not difficult to appreciate that for low dring control contribution from the VR only helps to run the PV with

point impedance i.e. strong voltage source there is rekl MSduced losses because of reduced reactive current.
of VR hitting its limit or operating in runaway condition

S 7 : Co-generation mode :In this mode the line drop com-
thus compromising its control effectiveness. The detdilhe . .
operational challenges are discussed next with referenttet pensator_settmgs are altered at the time of reverse power
model feeder topology of Fig. 1 flow. Dl_mng forward power ro_vv the VR regulates voltage
T V4. During reverse power flow it regulates voltage When
voltage control option from a large PV plant is available the
VR should always regulat®s in this mode as it will have
There are primarily two autonomous operational modes fitle influence on the voltagé’,. High capacity PV with
VR where they can potentially interact with PV voltage cohtr lower driving point impedance can even drive the VR into
action. a runaway situation while the VR is controlling the voltage
Bidirectional mode: In this mode the VR will switch its V3. In this mode, regardless of the direction of active power
target voltage control node depending on the direction f@c flow the VR continues to regulate the voltage in the forward
power flow through it. In the context of Fig. 6 during forwardlirection that isV5 or V4. In the context of Fig.1, where
active power flow VR regulate®; or V, and during reverse alternate feed is activated by changing NO switch to NC,
active power flow VR regulate®,. This VR mode is useful this mode will still continue to regulate voltadé which is

Vector diagram of a radial system

[11. OPERATIONAL CHALLENGES
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Table |

INTERACTION BETWEENPV REACTIVE POWER SUPPORT MODE AN/ R AUTONOMOUS SETTING

PV
VR

Unity power factor

Constant Q or power factor,
power factor(P) or Q(U)

Constant Voltage

Bidirectional

Caution: Runaway during re-
verse power flow if low substa-
tion driving point impedance.

Caution: Runaway during re-
verse power flow if low sub-
station driving point impedance
and no optimum Q from PV.

Caution: Runaway during re-
verse power flow if low sub-
station driving point impedance
and no optimum voltage set
point from PV.

Reactive Bidirectional
(Not available with all
manufacturers)

Mostly for loop distribution
systems. No impact on reactive
current setting of VR due to PV.

Mostly in loop distribution sys-
tems. Caution: Reactive cur-
rent set point of VR can be
impacted by PV.

Mostly in loop distribution sys-
tems. Caution: Reactive cur-
rent set point of VR can be
impacted by PV.

Co-generation

Caution: Interference with the
line drop compensator setting.

Caution: Interference with the
line drop compensator settings

Caution: Runaway for for-

ward/reverse active power flow
if PV driving point impedance
is low for high capacity PV.

not appropriate from the feeder operation point of view. Theactive power dispatch problem subject to meeting th@uari
operational requirements with respect to OLTC and VR in theetwork operational constraints.
presence of PV are summarized as :

described in Table I.
o The voltage control in distribution system has to be

1) Objective function: The objective is to minimize the

« The VR should not run away under any system scenatiefal number of tap operations over the 24 hours; subject to
various equality and inequality constraints

t=N T=N;,

achieved with minimum tap counts of OLTC and VR. Minimize foount = Z Z |Tap;r — Tap;—1.7|  (2)
This requires optimal control coordination. '

IV. OPTIMAL COORDINATION

A. Control Srategy

t=1

T=1

wheret is time instant,N number of time instants considered
in a day. The total number of time instam& will depend on
the size of the time interval between instantand¢ + 1. T’
With reference to the equivalent circuit of Fig. 6 onds the transformer numbel, is total number of OLTCs and

possible situation can be that the PV is of high capacity af®Rs. The constraint related to VR runaway is included as a
both sources, substation and PV, are controlling voltdges Penalty in the objective function which is discussed later.
andV; respectively. Usually field settings should be such that2) Constraints:  Different  equality and  inequality
the weaker source (higher driving point impedance valueg)nstraints are as follows:

side voltage is regulated by the VR. For weaker substatiétirrent balance: Equality constraints are represented by
source, during reverse power flow, the VR will be set t8 set of nodal current injection equations formulated in
regulateV,. During forward power flow, for the cases withrectangular coordinates. For generic load Busonnected
weaker PV source, VR can regulatg effectively. V; and With generation bug;, the mathematical model and Newton
V, are tightly regulated by substation OLTC and large PRaphson algorithm can be represented in schematic form as,
plant when both sources are stronger (smaller driving point

impedance values), and in that situation the VR will neither ﬁﬁ%gé ﬁ“ﬁ}gi

be able to control;, nor V3. However, the VR will still be rel | =J iml (3)
useful for reactive power flow control. By varying the tap Aliggg Avigég

value, the shunt elemerft — tap)y23 and tap(tap — 1)ya3 Al AQj

will change their inductive or capacitive reactance. Thi w |, (3) AI% and AI%* are real and imaginary current
make the PV plant and substation OLTC to alter their reactiy§ismatch AV et and AVebe are real and imaginary voltage
¥ Te m

power injections. From Fig. 6, it can be seen that whefgismatch, ands is the Jacobian. The detailed algorithm of
both the PV and substation will have realistic driving poinfe current injection method and modeling of voltage cdntro
impedance values, VR runaway can be avoided by adjustmggiices are formulated as per reference [25] and [26].

of OLTC bus voltageV, and PV bus voltage/s. This is \pltage limits: Steady state voltage at all the buses in the

achieved through coordinated and optimum voltage set poiiktribution system must be maintained within the prestib
adjustment of OLTC and PV. limits.

B. Optimization Viow < Vi < Vhigh (4)

The coordination between PV reactive power control C®ranch flow constraints: In steady state the maximum

pab|l|ty. a_nd _voltage control o.ptlon Of_OLTC and_ VR 'Samount of current flow on the line is constrained by feeder
an optimization problem and its goal is to contain eXCeFarmal limit. hence for each feeder

sive/unnecessary operations of OLTC and VR and avoid VR

runaway situation. This is formulated in this section asropt I < Inaw (5)



- —_—
- ~ - N

Transformer capacity constraints: The maximum amount of / A\ = \

apparent power flow through a transformer will be limited by .'l \l \‘,
its MVA rating. As explained earlier and described in [12], \ / \ ;
the mechanical construction of OLTC in certain transforsner e’ .4

will limit the reverse power MVA to less than its MVA Non Preterred M e
rating. DNOs should include this particular constraintdzhs Renalty L

on the OLTC mechanism in the transformer. Hence forward
and reverse power flow constraints are as follows,

Str gt < Smva (6)

piTapt+ P2 psTapi+ pa
Str,r,t < Srev,IVIVA

Where Sy, ¢ and S, are forward and reverse apparent
power flow through transformet,;y 4 is MVA rating of the

Tap
Preferred
Zone

transformer ands,..,, vy 4 is reverse power flow permissible ‘ b_’Tap
Lowest Highest Value
through transformer. T T

Solar generation constraints:There are equality and inequal-

ity constraints associated with PV plant operational perfoFigure 8. Proposed penalty function to avoid runaway

mance. The PV owner will always prefer to inject maximum

possible active power as it is linked to revenues. The solar

generation reactive power support will be limited by ités limit, an additional non-preferred zone of operatiootard
inverter rating. Hence, the equality and inequality caaiats the tap limit is defined. This penalty function can be quadrat

should be considered as, or piece wise linear as shown in Fig. 8. The piece wise linear
penalty function is included in the objective function ir) €
Psotart = Pupprt (7) follows,
t=N T=N¢, t=N
2 2
\/PSOlar,t + Qsolar,t < Ssolar- (8) ftap =W, Z Z |Ta‘pt,T - Taptfl-,T| + W Z |Pt|
In (7) Psotar,r andQo1ar,¢ are the solar active and reactive =2 =t (10)
power. The solar inverter MVA rating is denoted By,;q,
and Py ppr,; is active power output set by MPPT. In this P, >0,P, > p1Taps + pa, P > psTaps + pa

study, the PV is considered in the voltage control mode. It is

also assumed that DNOs will be able to issue a daily voltagfe (10), W. and W, are scalar weightsf; is the penalty,

set point schedule for the PV plant. PV inverter overrating 1, P2, P3 andp, are penalty function parameters.

offer this voltage support is considered such that PV is tble  The proposed objective function can be combined with the

operate at 0.95 lead or lag power factor at rated active povf@nventional objective function such as power loss mingmiz

output [9]. tion but this work mainly focuses on tap operation counts
Tap limits: Tap Changer W|nd|ng has limited number of ta‘f)ninimization. The overall generiC Optimization prOblem—fO

pOSitionS for both OLTC and VR. Typ|ca||y a tap W|nd|ng haénulation in the radial distribution SyStem of Flg 1 haVing

a total of 32 number of steps. Each step is designed to chafJel C, PV and autonomous VR is conveyed through a flow

0.625% of voltage. Tap changer turns ratio of each transformgéfart in Fig. 9. The load and solar irradiance pattern will

must satisfy the following constraints, have a major change due to change of season. The set points
of communication-less devices are readjusted seasoinldy.
Tapiow < Tapy < T'aphign (9) daily variations in irradiance and load are taken care of by

o _ communicating voltage set points to OLTC and PV. The next
In order to solve the above optimization problem described Bection describes a case study to demonstrate the apmiicati

EQ(Z)-(Q), the primal—dual interior point technique isoskn and effectiveness of the proposed scheme.
due to its features such as fast convergence, efficient imagndl

of sparsity and ease of dealing with the inequality constsai V. CASE STUDY

The OLTC and PV control set points are calculated based on

the day ahead irradiance and load profile. The implementati¢: System model

of the proposed strategy assumes that one day ahead forecabhe UK Generic distribution system (UKGDS) is consid-
of PV and load are known with sufficient accuracy. The VRred. All the 95 buses in the system are at 11kV voltage
operates in autonomous mode whereas PV and OLTC in tlegel. The network parameters and load data are obtained fro
substation have access to a communication link that can hg2@]. The topology of the UKGDS is shown in Fig. 10. This
coordinate the voltage control in the system. In the prichad test system considers a typical bus which serves a mixture
interior point method, the inequality constraints are haddy of four types of consumers: domestic unrestricted, domesti
the introduction of barrier parameter and logarithmic teaurr economy, industrial and commercial. The load profiles fahea
function. In order to reduce the operation of the tap close tmnsumer class are defined in this system. The load profiles at
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Evaluate reverse power flow
possibilities in OLTC and VR.
Consider type of DG and its voltage
support capability .

Conventional

objectives

Power loss,
Voltage

profile etc.

Can VR and OLTC carry
00% of reverse power ?2

Include Reverse
»| power limitas a

constraint.

Evaluate runaway possibality from

v

Table I. Choose appropriate voltage
set points or reactive power .
injections by DG at PCC so VR does

Combine with
Tap count
minimization

not operate close to limit.
Introduce penalty .

Formulate reactive

End Power dispatch

N
[

Active Power Demand [pu]

15
Hours

Figure 11. UKGDS system load profile

Active Power Output [pu]

0 5 10 15 20 25
Hours

Figure 12. Solar active power profile

Figure 9. Problem formulation considering impact on OLT@ &R

plant continues to offer reactive power support in a STATCOM

mode. In Fig. 10, two VRs are connected between bus 24 and

Power bus 23 and between bus 54 and 75 and control the voltage of

Figure 10. UKGDS 95 bus test system

° @}.@ the same buses. The system voltage values at different buses
85 . . .
Trensformer without PV are shown in Fig.13.
B. Results

The UKGDS system considers two DG at bus 18 and
89. The PV generation plants are considered at the same
locations. The VR is considered in an autonomous mode
and both OLTC and PV generation plants are coordinated
to achieve voltage control. The objective function guagaat
reduced tap counts and reduced operation of VR in non
preferred zone in a preferential manner formulated using
weighted combinations. The scalar weighig. and W,
are varied such thatV. + W,. = 1. Table Il demonstrates
simulation results for different values of weights. In Tabl
II, VR 1 represents VR connected between bus 54 and 75,
and VR 2 represents VR connected between bus 24 and 23.
Parameters for penalty function are chosen such that, the
penalty function value should not be too small or too large
as compared to base case tap count objective function when
equal weights are assigned for both objective functions. At
the end of the control range for the voltage regulator (at
tap position+16), the penalty value is significantly higher

different buses are generated based on the data and precefhin the tap count objective function (when the weigkit
discussed in [27]. The resultant load profile on 100kW basedgrresponding to the voltage regulator runaway is non zero)
shown in Fig. 11. There are two PV plants considered in this

system each of 1 MW capacity. The PV plants can operate at
0.95 lead/lag power factor during peak active power ingacti
Appropriate inverter overrating is considered. The sotdiva
power output profile on 100kW base is shown in Fig.12.
The same irradiance profile is considered for both the plants
Half hourly load variations data are considered from [27].
The solar active power output is adopted from practical 30
second based measurements at Loughborough, England in the

month of August 2012. It is assumed that at night times PRigure 13.

Peak Load condition without Solar
1.05 T T T

Voltage [pu]

1 38 5 75 95 73 8 23 18
Bus Number

UKGDS system voltages during peak load conditithout PV
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Table Il
UKGDS 95BUS SYSTEM

Weights Tap Count Operations in non preferred zone
Case Wc Wr OLTC VR 1 VR 2 Total VR 1 VR 2 Total
Case 1 - - 40 19 17 76 11 8 19
Case 2 0.0 1.0 40 4 17 61 0 8 8
Case 3 1.0 0.0 29 2 2 33 9 12 21
Case 4 0.8 0.2 25 14 2 41 12 0 12
70 : : : : 10 ] ! !
: : : —@— Tap Counts ! | VR 1
60— g@— . | -k- VR non preferred zone 8- Tap pref:erred | N VR 2 H
I 1 1 . zone T

Preferred Ta

VR Control Margin

0.6 0.7 0.8 0.9 1
Weiaht(Wc)

0 0.‘1 012 O‘.S 0.‘4 0.‘5 0.‘6 0.‘7 0.‘8 0.9 1
Weight(Wc) N . . .
Figure 15. VR control margin at different weights

Figure 14. \Variation in both objective function values dfatent weights

case is decided. In this simulation study it is considered

. Step 5: The values ofiV. are varied in steps of 0.1 frofto
This ensures that even for the smaller value of Wr the voltaqe.lf)he values of both objective functions are noted. Fig. 14
reg_ulat_or operation at absqlute limit is avoided. In order ts ows the variation in both objective function values. Chse
maintain the control margin for the voltage regulator an count is76, considering target tap count reductionto,
avoid runaway, higher tap non-preferred zone is defined. T (% weight ran'ge selected 15 from 0.6 to 1

preferred zone for both VR is considered to be between tg?ep 6: While selecting the final value dW,. (from 0.6 to 1)

positions +10 to —10. Case 1 is considered at unity povVe%long with the frequency of operation of voltage regulators

factor non-coordinated operation. It can be observed that .| L
. in_non preferred zone, the voltage regulator control maigjin
Case 1 the total number of tap count is 76 and number of P ge reg

. . . 850 considered. The control margin of a voltage regulator i
?pe\r/aé'gns gf \'I{El n Te nondpreferretd tzonteh IS 1.1 _"’“?d f{.hgéfined as the difference between the voltage regulatot limi
(;rt 'Sr ﬁ N (ianntix r?ars1e refmrcr)nj rza ES Tf] m\;\?lrimzia 'Yhd the nearest operation of the voltage regulator to iti.lim
ot tap operatio e non preferred zone. The weigh Step 7: The voltage regulator preferred zone of operation

is set to 1 and no weight is attached to tap counts. It can Re - cidered between tap valugsi0 to —10. Hence a

observed that all the operation of the VR1 occurs in prederr(\e/alue aboves is a good control margin. For every value of

zone. But the total tap count remains 61 which is high. In the . :
. . ) ; . ht W, f . 1, th I f h vol
third case weight¥, is set to 1 and no weight is attacheciﬁelg LIV, from 0.6 to 1, the control margin for both voltage

. egulators is plotted. Fig. 15 demonstrates the controgmar
to the penalty function. Tap counts are reduced to 33 t? P g b

t ration instan in the non preferred zone are 9 rbothVRinthesystem.

\7|glopeda102 f s\?RZeSTh' € Od prete tet Otﬁ abe ep 8: 1t can be observed from Fig. 14 and Fig. 15 that
an or - [NIs case demonstrates the bene . equal t00.8 offers the same number of tap operations in

of penalty function. Conventional objective functions dat n

: non preferred zone ad/. equal to0.7 and the same control
consider the proposed penalty. It can be observed that tho ?rgin as can be achieved by, equal t00.9, hence the

tap counts are reduced, tap operation happens close to "rﬁhal selection of weights i$V. is equal t00.8 and W, is

Casg 4 gives the most satisfactory value of .the Ob!ecmé%ual to0.2. Thus the final optimal weight tuning is achieved
function. The following step by step procedure is con:5|der(?or Case 4 of Table I

while tuning weights.
Step 1: There are two objectives tap counts and operation in

non preferred zone. Tap count minimization is considered to Table 1l

be the preferred objective in this study. The weight tuniag i PERCENTAGE REDUCTION INOLTC AND VR TAP COUNT
done in preferential manner, so intuitively weight assijne Case 2 3 4

for t nt minimizatiorlV,. has to be higher OLTe 0% 2057 ST
ortap cou c gner. VRI+VR2 I1.66% 88.0% 55.56%

Step 2: W, is set to 1 andi,. to 0 and the best possible
objective value of the tap count is calculated. Table Il shiow
the values achieved. The results of Table Il are confirmed with 30 sec time step
Step 3: W, is set to 1 andi¥,. to O and the best possibleload flow. Table Il shows the percentage reduction in the
objective value of the tap in the preferred zone is calcdlateOLTC and VR tap counts. Typical life of transformer and
Table 1l shows the values achieved. VR is 30 years. The typical maintenance interval of OLTC
Step 4: The target reduction in tap counts from the basend VR is after 3 years. So in the base case, a total of 10
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Figure 16. OLTC and VR maintenance interval
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Figure 17. \oltages during peak load condition and peakr snjaction

maintenance schedules are considered for each VR and OLTC.
Fig. 16 shows a reduction in maintenance intervals for this
test system if the daily percentage reduction as in Tables |l

achieved. Fig.17 shows voltage values at different buses fo

Table V
TAP COUNT WITH NO REACTIVE POWER SUPPORT FROM SOLAR AT ZERO
IRRADIANCE
OLTC VR1 VR2 Total
29 10 11 50

I I
15 20

-2
25

Apperant Power

Apperant Power

when no reactive power support is considered from PV at zero

Case 4 during the peak solar injection and the peak load. It
can be observed that in both operating conditions, the gelt
profile across the feeder is maintained within%. Table 1V

shows OLTC and VR set points. The hourly voltage set poi

for both PV plants are shown in Fig. 18.

Table IV

OLTCAND VR SET POINTS

a

Set Points Dead Band
OLTC 1.01 0.02
VR1,VR2 1.02 0.02

The operation of both PV plants for a particular day under
consideration is represented in Fig. 19. The active power
and apparent power consumption of both the PV plants is

nt[gpresented in Fig. 19. The solid line represents the ievert

capacity. Fig.19 demonstrates sufficient reactive powegima
available at all the operating values. Also PV plant operate
MPPT at all instants. As can be observed from Fig. 18 there
are total24 optimal voltage set points calculated. The impact
of PV active power variability on PCC voltage and hence on
OLTC and VR is mitigated by these constant optimal voltage
setpoints. On a day having higher variability frequent disp

of PV voltage set points can be carried out by considering

Table V shows benefit of reactive power support from P¥hore number of PV active power states. This will ensure that
inverter at zero irradiance. Table V demonstrates Case 3 MPPT equality constraint in (7) is enforced frequently. Eve
which W, is 1 andW,. is 0. The comparison with case 3 inwith shorter time interval, underlying principle remairtget
Table 1l shows that, there is significant increase in tap t®ursame that tap count minimization and mitigation of runaway

1.04

1.03

1.02

Voltage[pu]

1.01 | ]

Bus 18 Solar

] mm——— Bus 89 Solar ||

Figure 18.

20

Hourly PV plant voltage setpoints

25

is possible with optimum setpoint selection.

As discussed in Section |, distribution feeders are sonestim
equipped with switched capacitors. The following case ystud
demonstrates that it is possible to consider capacitorten t
proposed strategy. Referring to Fig.13, it can be obseivat] t
although the voltage at the bus 52 is within the prescribed
limits, it is relatively low. Hence, at this bus, two switche
capacitor banks, namely C1 and C2 each of rating 200 kVAr
at rated voltage (1 pu), are assumed to be installed. In Europ
timer controlled switched capacitors are prevalent [20]. |
order to simulate this scenario, Capacitor C1 is switched on
at 17:00 hrs and switched off at 3:00 hrs. Capacitor C2 is
switched on at 17:00 hrs and switched off at 8:00 hrs.



Table VI
UKGDS 95BUS SYSTEM WITH CAPACITORS AT BUS52

Weights Tap Count Operations in non preferred zone

Case Wc Wr OLTC VR 1 VR 2 Total VR 1 VR 2 Total
Base Case - - 31 21 17 69 5 8 13
Optimal Case 0.5 0.5 27 16 2 45 6 0 6

1.04

Bus 18 Solar
= = =Bus 89 Solar

Voltage[pu]

25
Hours

Figure 20. PV plant voltage setpoints with capacitors at s

Peak Load condition
1.05

Voltage [pu]

0.95b—

75 95 73 89 18

Peak Solar injection

52 23

Voltage [pu]

95 73 89 18

e
Bus Number

1 38 52 24

Figure 21. \Voltages during peak load condition and peakr sojection with
capacitors at bus 52

Table VI demonstrates simulation results for the base caﬁ
S
points for the optimal case. It can also be seen from Fig.21

and the optimal case. Fig. 20 shows the PV plant voltage

The problem is solved by formulating weighted tap counts
minimization objective subject to power flow and other con-
straints including limits on node voltages, tap and maximum
power tracking from solar. The non preferred operating zufine
VR is modeled as penalty function in the optimization praces
The effectiveness of the scheme is tested through simakatio
on a realistic distribution network model. The case study
demonstrates that with the optimal daily proposed cootdtha
reactive power dispatch, tap counts are reduced withouit det
mental impact on the feeder voltage. The operation of VR
in non preferred zone is also limited and proper operation
of VR without runaway is ensured. Further, definition of non
preferred zone in penalty function ensures control margin f
VR. It is believed that the proposed approach is useful to
Distribution Network Operators to achieve voltage control
the presence of PV and autonomous VR while ensuring better
operating life of OLTC and VR.
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