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Abstract. Renewable energy resourses such as photovoltaic LRT SVR
(PV) power and wind power have been installed in power
networks as one of the countermeasures for global warming and —@ B = = )

depletion of fossil fuels. In particular, PV is the most promising

i A AN AN
of all ren_ewable energy sources in Jagdawever, the voI_tage nain=in=sln=sinstin=ihlE
may be risen due to the reverse power flow by connecting them B
to the distribution network. As one of the solutions Yoftage e
problems due to the large scale penetration of PV generation, :F-ﬁ __________ Iﬁ target
Voltage regulation by SVR (Step Voltage Regulator ) has been | 77T

expected. In this paper, we examine the optimal allocation and
planning of the SVR for stabilizing voltages when PV generators
are installed to a large extent into distribution networks. As a
result, he voltage deviation can be reduced 84.5% on

average with introducing a SVR. The optimal allocations W_ith control equipment on d_istribution networks. In
are depended on capacities of PV generators. In addition, Fi9-1, the battery or SVC(Static Var Compensator) are

the voltage deviations are decreased 2.17% on average in@Ple 10 suppress the surging voltage with the quick

Fig.1 The outline of voltage operation with control
equipment on distribution networks.

reported. Fig.1 shows the outline of voltage operation

every PV installation plan by replacement a SVR. response speed. These devices have the disadvantages to
adjust voltages since the capacity would be large. On the
Key words other hand, LRT (Load Ratio control Transformer) and
Photovoltaic generation, Locational allocation, Demand growth, SVR (Step Voltage Regulator) have the advantage to
Optimal facility planning control the voltage with changing tap ratio. Especially, as
one of the solution to the rising voltages due to the
1. Introduction surplus energy of supplied power from PV, applying

In recent years, reduction of greenhouse gas emissions SVR has been considered. The optimal allocation and
has been a serious issue through against global warming. operation methods of SVR have been reported in the
Japanese government aims to reduce 25% of the emissionspast[1-5]. However, it is thought that the load such as
in 1990 by 2020. After the nuclear incident in Fukushima demand and PV generators would be further introduced
in Japan, the power sector have to take responsible for in distribution network from now onThere are few
reducing 25% of the greenhouse emission by the reports of the optimal arrangement and the advantage of a
expansion of the use of renewable energy more than ever. SVR installation considering the LDC (Load Drop
Among renewable energy sources, the PV is expected to Compensation) control of LRT.
play a key role in the expansion of renewable energy due In this paper, we propose the optimal allocation of
to its simple introduction, and by 2020, PV is hoping to SVR in distribution networks to stabilize voltages when
generate about 28GW, and 53GW by 2030. In particular, installation of PV generators is increased. Furthermore,
PV would be installed in residence area from the planning and evaluation approaches of SVR are
background of FIT(Feed-In Tariff). However, the voltage presented in case of large scale installation of PV
may be risen due to the reverse power flow by connecting generation.
them to the distribution network. In addition, the PV
output changes have possibility to cause the voltage 2. Structure and operational condition of
fluctuation. Up to the present, the studies on the optimal test network
capacity and locational configuration of phase modifying 2.1 Structure of Test model
equipment and voltage regulators aiming at voltage In this study, we decide the allocation and replace SVRs
maintenance value (101+6,202+20V etmve been in a distribution network. The structure of the test

distribution is shown in Fig.2.
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Fig.2 40bus distribution network model.

Features of the distribution network are as follows;

-All nodes are P-Q specified nodes.

-The distances of each branch are 0.3km.

- The based capacity of the network is 4MVA and the
slack node is set to the primary bus on a distribution
substation (branchl).

-The resistance is 0.082and the reactance is 0.@Y2n
every branch.

2.2 Daily Profile of Demand

A day with off-peak demand is used in simulations.
Daily demand data is measured every hour at a site in
Saitama prefecture, Japan. The off-peak demand was
observed to 2009/4/26. The active and reactive power is
calculated on condition that the power factor is 0.9. The
demand curves are shown in Fig.3.
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Fig.3 Daily Profile of Demand.

2.3 Daily profile of PV output

The PV output data on a sunny day is used to conduct
simulation and analysis. The PV output on the sunny day
is actual data measured in Tokyo area. The normalized PV

power is shown in Fig.4.
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Fig.4 Normalized PV power profile on a sunny day.
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Fig.5 The logic of LDC control.

3. Components of distribution network
and formulation of control mode

3.1 Control of LRT by using LDC

Most of the load ratio control transformers (LRT) are
controlled to adjust voltage in the network by a line drop
compensator (LDC). Absolute values of current and
voltage on the secondary side are measured and transfer
tap ratios of LRT are regulated based on those measured
values. The logic of control modes is shown in Fig. 5.
Vuax: Vuin, Imin @and yax are decided by the number of
customers in the network and the total amount of demand.
They show the zigzag curves which has a dead zone. The
tap in LRT is changed to maintain the secondary voltage
within this dead bound. The number of taps is 17, and
Vuax=6800V, yn=6400V, Mn=40A lyax=240A in this
network. The dead bound is +1% of voltage base in Fig.
aa. The secondary voltage can be controlled from 6000V
to 7200V by changing tap and its step size is 0.075V. The
transformer ratio of LRT and secondary voltage can be
expressed as follows.

N LRT — 1.2~ SLRT 7 - TapLRT )

V2,LRT = NLRT |Nll,LRT

where,

Nigrr : Transformer ratio of LRTSkr : Step size of the
LRT ratio, Tap.grr : LRT tap position,Vy rr, Vaoigrr :
Primary, Secondary voltage of LRT

3.2 SVR model

The voltage regulation is carried out with switching the
tap of SVR (Step Voltage Regulation). The sudden
voltage sag is not regulated only by changing the tap of
SVR. However, SVR isusually installed in distribution
networks since it is low cost and esay to introdune.
installing SVRs, it is also necessary to take the tap
position and ist control into consideration.

= 66105+ Sy Taps, — 1)) /100-(3)

Nor

VZ,S/R — "YSwR 1SR
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where,

Nsvr : Transformer ratio of SVRSR:Step size of the
SVR ratio, Tapsr : LRT tap position,Visr Vosr :
Primary, Secondary voltage of SVR

Tablel.The relationship of tap ratio and tap position.

Tap 1| 2 3] 4| 5| 6| 7| 8| o
position
Tapratio| 95| 9625 973 9875 10p 10125 1d25 14375 [o5

Transformer ratios of SVR and secondary voltage can be
expressed as equation (3) and (4)this study, the SVR is
assumed to have nine taps aid step size is 1.25%.The
relationship of tap ratios and tap position is described in
table.1[4].

4. Allocation of SVR for voltage regulation
4.1 Increase of PV generators

In this paper, the optimal allocation of SVR is carried
out to maintain the voltage stability when the installed
capacity of PV generators is increased. In the test model,
areas in the frame in the Fig.6 is asuumed to consisit of
commercial districts or industrial districts. The others area
is asuemmed to consisit of residential districts.

- Commercial or
" Industrialdistricts

. The arrangements
" of PV generators

Fig.6 The constitute of the network model.

4.2 Objective Function of SVR allocation

In this study, optimum SVRs are allocated to keep
voltage within a disireble range by taking LDC control of
LRT into consideration. An objective function févVR
alocationis configured as in equation (5) .

[Objective function for SVR Allocation]
Minimization of the voltage deviation

T M 2
f=mind > (V, Vi) ~(5)

t
Where,
f : Objective function,M : Number of Nodes,T :
Number of time cross section to consid€g,: Nodei,
the voltage sectiort, V,« : Voltage reference value
(6600V)

4.3 Constraints of SVR allocation

When SVRs are allocated, the power flow and the
voltage limits and tap bounds of LRT and SVR are set as
constraintsConstraints are shown in belolm.this study,

the Newton- Raphson method is utilized to obtain each
bus voltage and the line flow constraint.

[Constraints]
i ) Power flow constraint
=YV
ii ) Voltage upper and lower limit
Vlower = Vi éVupper
iii) SVR tap bounds
S\/Rtap,m‘n = SVRtap = S\/Rtap,rmx
iv) LRT tap bounds
LRTiapmin = LRTiap = LRTiapmex

(6)
(7)
(8)
(9)

Where,

PV generators are assumed to be equally installed at the |, V : Current and Volatage in each bis; admittance

end of network bus 32, 37 and 40 PV generators are
installed according to three plans of Fig.7. In each plan,

matrix, Vs : Voltage lower limit (6300V) , Vmax :
Voltage upper limit (6900V) , SVRupmini SVRuapmax

the insatalled capacity of PV generators is increased and SVR tap bounds, SV, : SVR tap position,LRTispmin,

accumulated gradually at ten different sections from 3.75%
to 37.5% of system capacity. In addition, the power factor
of PVs is set to be 1.0 and the output of PVs is known.
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Fig7. PV installation plans.
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LRTiapmex © LRT tap bounds, LR, : LRT tap position

SVRs are allocated by solving the above optimal power
flow calculation with constraints equations (6)-(9).

5. Application to A Test Network
5.1 Decesion a SVR allocation in PV patternl

First, we decide to allocate a single SVR to 10 cadiadte
sections in distribution feeders under PV insatallation plan-1.
The voltage deviations and the placements of a SVR are
shown in Fig.8. In Fig.8, the deviation can be reduced
84.5% on average by introducing a SVIRe results of
the simulation is summarized to below.
(1) After the SVR allocation to section 2, the optimal
installation site changes. This is because the voltage drop
is improved, since PV generators are introduced and
power flow on line is decreased.
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Fig.8 The voltage deviations and the allocations
of a SVR in PV planl.

(2) The voltage deviations increased in some years
without SVR by setting lower sending voltage caused by

LDC control.

(3) The tap position of SVR is stepped down due to the

reverse flow at the section 10.

5.2 Comparison of the optimal allocation of a SVR in

different PV patterns

Fig.10 shows voltage deviations and the allocation of a
SVR. The voltage deviation can be reduced drastically by

introducing a SVR in each PV pattern.
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Fig.9 The tap position of LRT and SVR.
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Fig.10 The comparison of the voltage deviations and
the allocations of a SVR in each PV plan

The deflections of each pattern are different due to the
position of LDC when the section is 2-5. Even though the
width of voltage drop is even lower, the deviation is
increased because the sending voltage is set to high at PV
pattern 1 and 2. In pattern 3, on the other hand, the
deflection is gained when the voltage is increased due to
the reverse flow at the section of 6.

5.3The optimal replacement of SVR

Since the optimal allocation depends on capacities of
PV generators, SVR allocation and installation plans are
determined to minimize the total cost of insatallation in
several sections. We defined the costs of allocation as
follows. The count of initial cost is 3 points, and the
displaced cost are 2 and the operational cost is 1. Then,
we calculated the cost and sum of voltage deviation.
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Fig.11 The relationship of the cost and the deviations
until the 10 section
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The relationship of the cost and the deviations until the 10
section is shown in Fig.11. Fig.11shows the voltage

deviations are decreased if more cost are paid. The sum of Ryo Watanabe

the voltage deviation is the smallest in PV pattern3. In
addition, the voltage deviations are reduced 2.17% in PV
planl, 3.02% in plan2, 1.32% in plan3 by displacing a
SVR.

6. Conclusion
We proposed an approach

distribution feeders in case of large scale insatallation of
PV genrators in this paper. As the first step, the LRT

model
formulated. As the second step, the arrangement of aSVR
is determined by solving the optimal

using LDC control and the SVR model is

power flow

calculation utilizing enumerative methodhe voltage

deviation can be reduced to 84.5% in average with
introducing a SVR. Conducted simulations shows that the
optimal allocation is depending on capacities of PV
insatlled generators. Finally, The optimal replacement of
SVR is conducted. The voltage deviations are reduced
2.17% in PV planl, 3.02% in plan2, 1.32% in plan3 by
displacing a SVR. As a future subject, the cooperative

control

with  SVC are to conduct considering the

intermittency of PV generators.
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