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Abstract

Renewable energy sources are usually integrated with a distribution system through a small-size-generator with low
voltage level. As a consequence, distributed energy storage systems have been connected to a distribution system to
help with renewable energy resources integration. Community Energy Storage (CES) is a small distributed energy
storage connected to the secondary part of a transformer and is an advanced energy storage system close to the
customer. CES provides many benefits such as peak shaving, load shifting and voltage control. Meanwhile,
distribution system operators conduct Conservation Voltage Reduction (CVR) to reduce power consumption in the
system. To implement CVR on the system, flat voltage profile is required. CES is distributed in the distribution
system and is capable of controlling system voltage. In this paper, a control method of CES is proposed in order to
implement CVR. Based on day-ahead load forecasting, power consumption including load demand and active power
loss is reduced by the optimal schedule of CES output power and On-Load Tap-Changer (OLTC) operation. With a
case study using Matpower, this paper validates the effect of the proposed method.
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1. Introduction

Nomenclature

Eqrig ° Primary bus voltage of transformer E, : Sending part voltage of distribution system
E, : Receiving part voltage of distribution system E. : Bus voltage connected with CES
Pyio ,Q orid - Active/reactive power from transmission system to distribution system

P g+ Quoaq - L02d demanding active/reactive power

P,,Q, : Active/reactive power from sending end to receiving end
Pees» Qces - EXchanged active/reactive power with CES
R,, X : Equivalent resistor/reactance of distribution line

X,  Equivalent impedance of transformer

¥ @ Turn ratio of transformer @ : Grid angle
hoo. : . ; i ot ti

P" . : Power loss of system at time h PhCES,i : Active power of CES i at time h

Voo Vi - Maximum and minimum voltage of system allowance V" : Voltage of bus k at time h

tap,,..tap,,, - Maximum and minimum of tap position tap": Tap position of OLTC at time h
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QhCES,i : Reactive power of CES i at time h

Pegs max: Pees min - Maximum and minimum active power of CES
socC, .., SOC,,,: Maximum and minimum of CES SOC

SocC", : State of charge of CES i at time h
Z 1 _,P_: Active power of load ZIP coefficient

pr p’tp
Zq, Iq, Pq: Reactive power of load ZIP coefficient
P“k > Injected active power to bus k at time h Q", : Injected reactive power to bus k at time
h

P"G_K : Generated active power of bus k at time h QhG,K : Generated reactive power of bus k at time h
PhL,K : Consumed active power of bus k at time h QhL,K : Consumed reactive power of bus k at time h
P“LO’K : Nominal consumed active power of bus k at time h

QhLO‘K : Nominal consumed reactive power of bus k at time h

N : Number of time intervals B,, : Number of buses consisting of a distribution system

C,, - Number of CES connected to a distribution system

Renewable Energy Sources (RES) are directly integrated into a distribution system because they are
small and the output voltage is low [1]. An Energy Storage System (ESS) is integrated with a distribution
system to mitigate the output of RES. A distributed ESS is also used to control grid voltage and supply
the reserve for frequency regulation [2]-[3].

Recently, ESS is installed similar to Community Energy Storage (CES) due to the small scale of RES,
which is close to the consumer such as a domestic Photovoltaic (PV) panel [4]. CES is a type of ESS,
which has small capacity and is connected to the secondary part of a distribution transformer. Because
CES is located near the customer, reliability of CES is more credible and efficient than the reliability of
ESS. CES is than ESS. In addition, CES is widely spread and has easy to control voltage with small
capacity. Thus, CES is cheap to maintain and has a minor influence on the grid [5]-[7]. The operation of
CES for reducing peak load in a distribution system integrated with PV generation and optimization of
CES output for load leveling is presented in [8], [9]. In [10], using predicted load and price information, a
method for maximizing operational advantage of CES is used to achieve an economic profit. Also,
minimizing the fluctuation of system voltage due to intermittent PV generation with CES is proposed [11].

This paper proposes CES could be used for CVR. CVR is a method that reduces the whole active
power of a load maintaining a low voltage level with a range of allowance. The earlier versions of CVR
use a Step Voltage Regulator (SVR) for the feeder, shunt capacitor (ShC) and On-Load Tap-Changer
(OLTC) of the transformer to flatten the voltage of the system. CES is distributed to a system and can
control voltage by using output controlling. Thus, flattening voltage using CES could be used for CVR.

In this paper, we consider CES integrated with a distribution system of which voltage is controlled by
the OLTC and CES which reduces a voltage of a connected point of the system through active/reactive
power. Therefore, we propose coordinated control for reducing the loss and load power with CVR. The
voltage for each bus, and all scheduling intervals for the State of Charge (SOC) and output must be kept
within a range of constraints. The interior point solver of MATPOWER is used for the simulation results.
This paper is organized as follows. Section 2 provides theoretical analysis of CES output control. Section
3 proposes CES output scheduling. Section 4 provides simulation and experimental results. Section 5 is
the conclusions.

2. Theoretical Analysis of CES Output Control

In this section, a system voltage equation is derived when CES is connected with a distribution system.
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Also, we verified that the control of active/reactive power of CES can control system voltage and loss.

E i . E E P, +j0 E
grid -1 s R CE, JUcEs 4
r R, X, e
@ —M—IWY" < i E > CES
Grid Pyria + jQgria Tr Pr +jQr r

Pload + leoad
Fig. 1. CES connected to radial distribution system.

2.1. System voltage control and loss using CES output

Fig. 1 shows a simplified distribution system for theoretical analysis. OLTC and CES can be used to
control system voltage. CES also controls system voltage for controlling active/reactive power. We
assume that system voltage is near rated voltage and that CES can supply/absorb active/reactive power as
operator instructions. Also, we assume that the loads consist of a constant power model and the cooper
loss of the transformer can be ignored.

The receiving part, sending part voltage and power loss were represented by the following equations:

-B++/B*—4AC
ER = 1

2A

A=1B= _E82 +_2(RLPR + XLQR)aC = (RL2 + XLZ)(PRZ +QR2)

E? 2E
E, =, [(—X4)?  — o X (Q, cos® + P, sin®) + (ﬁ)Z(PR2 +Q.%) @)
r rEg =
_ 2 _ PR - JQR 2 H _ -
Ploss _l IR | RL _l E—l RL ’ PR + JQR - (Road + PCES) + J(Q|oad +QCES) (3)

R

P, and Qg were determined by P..g and Q. , respectively. Consequently, voltage and active

power of the sending part and receiving part were decided by Py, Qs and the tap position of the
OLTC in the following equations:

ER = fl(PR’QR) = fZ(PCES’QCES’ta’p) 4)
Es = gl(PR’QR) = gZ(PCES’QCES1tap) Q)
Ploss = hl(PR1QR) = hZ(PCES ’QCES 1tap) (6)

3. CES Output Scheduling

Scheduling with OLTC and CES is performed using Matpower [12]. For optimal scheduling, the
objective function and constraints have to be determined.
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3.1. Objective function

The object of this paper is that when a load is changed with time in a distribution system connected
with CES, power loss and load power are reduced to maintain the system voltage level with the proper
range. Unlike an earlier CVR operation using OLTC, SVR and ShC, the output power control method
using CES with OLTC is proposed. The sum of load power and loss is the objective function.

N BN
J = Min(zz P +P" ) ©)
h=1 k=1

3.2. Constraints

There are several constraints for finding the optimal solution to an objective function.
First, system voltage and OLTC have constraints based on the operation of the distribution system.

V. <V" <v_ for h=12---Nand k=12,--- B, ®)
tap,, <tap" <tap,, for h=12---N ©)
The output and SOC of the CES are given by the manufacturer.

Pecs.min < P"cesi < Pogsmax fOr h=12,--,N and i=1,2,---,C, (10)

soc,, <SOC" <SOC,, for h=12,--Nand i=12,--C, (11)

min —
The maximum and minimum reactive power of CES is determined by S.gg .., and Pogg :

2 h 2 h 2 h 2
_\/S CES,max P CES,i <Q CES,i S_\/S CES,max P CES,i

for h=12,---Nand i=12,--C, (12)
The active power of CES and the SOC of CES are expressed as:

SOC™ —SOC", + P";xc=0 for h=1,2,--,N and i=12,---,C, (13)
For the next period of scheduling, the end and start values of the SOC are the same.

SOCli —SOCN+1i =0 for i=12,---,C, (14)
The buses are not connected with the CES and have constraints.

P" —P" +P" =0 for h=12,---N and CES ¢k (15)

Q" —Q", +Q" =0 for h=1,2,--N and CES gk (16)

The buses are connected with the CES and also have constraints.
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P =P +P"  —P"; =0 for h=1,2---Nand CESgk @

Qhk _QhG,k +QhL,k _QhCES,i =0 for h=12,---N and CES ¢k (18)

For applying CVR, there are constraints for the system load model.

h
P - LOk(Z( k) +1 \</—+P) 0 for h=12,---Nand k=12,--,B, (19)

h h
Qhka—QhLoyk(Zq(\%)ZHq\%jt P)=0 for h=12,-Nand k=12,-,B; (20
0 0

3.3. Matpower for CES output scheduling

The interior point solver from Matpower is used to draw optimal coordinated scheduling, which satisfy
the above objective function with constraints. The variables used for the interior point solver are

X= [PhCES,i ’QhCES,i ’ SOChi 1taph 1V hk ’ ghk’ PhG,k ’QhG,k’ PhL,k’QhL,k]T (21)

4. Case Study

For verifying a reduction of load power and power loss, a distribution system is formed based on the
IEEE 13 test bus system. The simulation system is composed of 13 buses and 32 tap positions of the
OLTC. The OLTC controls the voltage of Bus 2 in order to regulate the voltage of the whole distribution
system. On Buses 5, 12 and 13, a PV generator and CES are connected. Four of the CES are connected
with the secondary part of a distribution transformer. The capacity and maximum output are based on [13].
The initial SOC state is 0.6 and the SOC is maintained from 0.3 to 0.9 for the life cycle. The maximum
output of the PV generator is 0.LMW. Simulation system is shown in Fig. 3.
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Fig. 2. Active power of total loads, load on Buses 5, 12 and 13, and PV generator.

Table 1. Parameters of the simulation system

Distribution lines Modified IEEE 13-bus test system

Transformer 115/4.16kV, 5SMVA, x=8%, r=1%

OLTC At HV side, -10% to 10% regulation with 32 steps
Loads ZIP_residential : Zp = 1.5, Ip = -2.31, Pp=1.81

Zq=17.41, Iq=-11.97, Pg=5.55
ZIP_industrial : Zp =1.21, Ip = -1.61, Pp=1.41
Zq=4.35, 1qg=-7.08, Pq=3.72

CESs Rated power : 25kW
Capacity : 50kWh
Efficiency : 100%
Maximum SOC : 0.9
Minimum SOC : 0.3
Initial SOC : 0.6
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We assume that load prediction is performed every hour and the load is comprised of constant power,
constant current, and constant impedance load. ZIP coefficient for Industrial load and residential load is
based on [14]. The parameters are shown in Table 1. Also, load and PV information is shown in Fig. 2.

The load consists of an industrial load and a residential load. Bus 5 is connected with the CES as a
residential bus. Buses 12 and 13 are connected with the CES as an industrial load.

Two cases are compared for verification of the study. Case 1 is the multi CESs connected system. Case
2 is the control for the system voltage using the coordinated control of OLTC and a single ESS connected
to a distribution system. Capacity and maximum output of a single ESS is the same as the capacity and
maximum output of a whole CESs. Location of ESS is decided as Bus 13, which can mostly decrease the
consumed power and loss branch. Case 1 and case 2 of the simulation systems are shown in Fig. 3.
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Fig. 3. Modified IEEE 13 test bus (multi CES connected system and single ESS connected system).
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Table 2. Scheduling results for Case 1 and Case 2

Case Case 1 Case 2 Casel — Case2 (Casel-Case2)/Casel [%]
Total load[MW] 26.225 26.193 0.03 0.114
Loss[MW] 0.438 0.417 0.02 4,566
Total load+Loss[MW] 26.663 26.62 0.053 0.199

Table 2 shows the optimal scheduling results for Case 1 and Case 2. In the situation where multi CESs
are connected to a distribution system, the consumed power is lower than the consumed power of a single
ESS connected case. The total load, loss, and sum of total load and loss fell by 0.114%, 4.56%, and
0.199%, respectively.
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Fig. 4. Voltage of each bus at the heaviest load time and the tap position of the OLTC.

Fig. 4 shows that the system voltage of the OLTC and multi connected CESs is lower than the voltage
of single connected ESS at the heaviest loading time. It is impossible to change to a lower tap position
because the voltage of Bus 5 is at a minimum tolerance range. As ESS is connected to bus 13, it is
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difficult to compensate for the voltage of Bus 5. However, as in the multi CESs connected cases, CES
connected with Bus 5 can compensate for the voltage of Bus 5. The tap position of the OLTC can also be
low and the system voltage can be maintained low.

Fig. 4 also shows the tap position of the OLTC for the two cases. The tap position for multi CESs
connected cases is lower than the tap position of a single ESS connected case for most of the time.
Because the distribution of CES in the system compensates each voltage of the bus effectively, system
voltage can be low and the tap position of the OLTC can be low.

5. Conclusions

ESS is distributed in a distribution system in order to directly connect the RES with a distribution
system for mitigating the output of RES. Distributed ESS not only mitigates the output of RES, but also
affects the control of system voltage, frequency regulation and demand response. Recently, the RES is
closed to customers. ESS is also installed as a CES near the customer. CES takes a small load and is
installed on a secondary part of a distribution transformer. CES is available to reduce the peak load,
system operation cost and control system voltage. Earlier versions of CVR control system voltage with
OLTC, SVR, and ShC. Because CES is distributed in a system and can control system voltage using
output control, we notice that CES could also be used for CVR.

This paper proposed a coordinated control method of OLTC and CES output for CVR, through ability
of reducing the voltage of an integrated branch in order to decrease consumed power. In other words,
based on the predicted load, schedule of active/reactive power of CES output and the tap position of
OLTC, load power and loss could be reduced. For scheduling derivation, this paper used the interior point
solver provided by Matpower.

Also, the proposed control method was verified by theoretical analysis and a case study was performed.
The case study showed that the proposed control method improved the reduction of load power and loss
power in comparison to a previous control method.

Consequently, the proposed control method showed that CES could be used for renewable energy
resources integration and could improve system operation efficiency through CVR.
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