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Abstract: High penetration of distributed generators (DGs) using renewable energy sources (RESs)
is raising some important issues in the operation of modern power system. The output power of
RESs fluctuates very steeply, and that include uncertainty with weather conditions. This situation
causes voltage deviation and reverse power flow. Several methods have been proposed for solving
these problems. Fundamentally, these methods involve reactive power control for voltage deviation
and/or the installation of large battery energy storage system (BESS) at the interconnection point for
reverse power flow. In order to reduce the installation cost of static var compensator (SVC),
Distribution Company (DisCo) gives reactive power incentive to the cooperating customers. On the
other hand, photovoltaic (PV) generator, energy storage and electric vehicle (EV) are introduced in
customer side with the aim of achieving zero net energy homes (ZEHs). This paper proposes not only
reactive power control but also active power flow control using house BESS and EV. Moreover,
incentive method is proposed to promote participation of customers in the control operation. Demand
response (DR) system is verified with several DR menu. To create profit for both side of DisCo and
customer, two level optimization approach is executed in this research. Mathematical modeling of
price elasticity and detailed simulations are executed by case study. The effectiveness of the
proposed incentive menu is demonstrated by using heuristic optimization method.

Keywords: Voltage control; Electric vehicle; Battery energy storage system; Demand response;
Load Flexibility; Price elasticity

Nomenclature

Bia: Priority factor of device d at node i. Ppase: Rated power of the distribution system.
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1. Introduction

Nowadays, renewable energy sources (RESs) are catching a lot of attention toward a
low-carbon society without using fossil fuels. Moreover, distributed generators (DGs) using RESs
are installed for self-sufficiency of electric power energy in distribution systems [1]. Huge amount of
photovoltaic (PV) generator mainly has been introduced because of simple structure and easy
maintenance. Wind turbine generator (WG) can generate power both in the day and night [2].
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However, the output power of RES includes uncertainty [3,4]. As results, voltage deviation and
reverse power flow have occurred by high penetration of DGs using RES [5-8]. A large blackout is
caused by voltage deviation and reverse power flow. The voltage deviation problem has solved by
using the method of reactive power control by static var compensator (SVC) [6,9,10]. On the other
hand, problem of reverse power flow has been solved by absorbing power using large capacity
battery energy storage system (BESS) at the interconnection point of power system [11-14].

Technically, the above solution methods have been found to be adequate for the described
problems. However, the huge capital cost for the introduction of these control devices cannot be
overlooked. Therefore, a method of reactive power control from PV inverter installed on the
customer side is proposed to reduce the cost of additional SVC device [15]. Also, a reactive power
incentive method was proposed to promote cooperative support from the customers [12]. DisCo
provides reactive power incentive for their clients in order to reduce the need for introduction of
additional control devices [16].

While it is becoming a common practice to provide incentive to customer based on reactive
power control for voltage quality improvement. A little attention has been given to active power
control incentive approach. Active power is easily affected by sale or market contract of
electricity [17], so to adapt incentive system based on active power consumption has not attracted
much attention. Recently, methods of load-shedding and demand response (DR), using real-time
pricing (RTP) for peak cut of demand and load leveling, respectively, have been proposed [18,19,20].
Load shedding method is an important concept; but, the customers suffer severe hardship when the
needed electricity supply is suppressed during the peak hour or busy season. In addition, it becomes a
problem because the effect of DR to these short term measures are small, since the short term
elasticity price index by RTP has very little value [21]. Electricity is a necessary form of energy for
daily activities, so it is called an inelastic good. As a result of this, the DR of electricity consumption
cannot be adequately controlled by RTP.

Therefore, in this paper an incentive system of DR instead of RTP system has been proposed.
This method reveals how utility company can coordinate efficient electric energy trading that will
enhance the stability of the power system. In this approach, the incentive is offered separately from
the electricity consumption tariff. In other words, it is not necessary for all customers to obey this
incentive system, since the conventional pricing system will not be changed. The consumers who
want to receive incentive may shift part of their load consumptions off the normal peak periods, and
this will possibly help to achieve a better power quality, reduction of the power losses within the
system, and the cost of introducing more control devices could be reduced [22].

In the liberalized electricity market, both the DisCos and the consumers are concerned with how
to maximize their individual profit, with little consideration for the other players. While the
consumers’ main concern is how to enjoy maximum satisfaction at a reduced cost of service, the
DisCos are concerned about providing high quality power supply, achieving few distribution losses
sometimes by limiting the load demand from the consumer end. This is often achieved through load
shedding and whenever this is done, the satisfaction levels of the customers reduce. Generally, it can
be seen that there is a conflict of interest between the DisCos and the consumers, especially during
the peak period of load demand; and it is difficult to satisfy all goals of the players at the same time,
because those goals sometimes contradict each other in the trade-off relationship [23,24]. Thus, a
two-level hierarchical optimization approach is applied to the system being considered in this paper
as explained below:
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First level: DisCo use daily load and weather forecasting to determine some optimal scheduling
strategies that will bring about cost reduction and improved power quality. Using these scheduling
strategies, DisCos make offer to the customers for cooperative operation of the power system. In
order to ensure participation from the customer, DisCo provides incentive options using suitable DR
menus.

Second level: Willing customers consider the offer, and their preferred schedule strategies are
determined by evaluating their demand priority, the provided incentive from the DisCos and their
level of tolerable dissatisfaction. Then, the system returns the preferred schedule of each customer to
the DisCos for planning the system operation.

P+j
v, rtjx I v,

Load

Figure 1. Basic two bus power system model.

Finally, the schedule strategy that produces optimal profits for both sides, as created by the
two-level optimization approach, is implemented by the DisCo for individual customer based on the
customer’s preference.

1.1. Contribution of this paper

The DisCo and its customers can gain profits by using the proposed active and reactive power
incentive method rather than the conventional method. This method provides a cooperative control of
the distribution system instead of the marginalize control provided by the conventional method. The
proposed method is different compared to the pricing-based menu of the conventional DR, and can
also be distinguished from the incentive-based menu of interruptible loads (ILs) or some other
incentive-based menus [25]. Customers can buy or sell active power for use in a management
approach which is different from common unilateral contracts prevalent in DR. It means that these
customers can receive as many incentive profits as possible without being forced to make load
consumption changes that can significantly affect their life style. In order to ensure mutual benefits,
two-level optimization approach that has been earlier discussed is applied and the effectiveness is
verified by simulation results. At their end, the DisCos can achieve reduction in the required capacity
of BESSs, required numbers of SVC installations and the amount of distribution losses [12], while
the customers also make profits by participating in energy management through the active and
reactive power control incentives that are made available by the DisCos.

The remaining sections of this paper are organized as follow; Section 2 explained the problems
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associated with the high penetration of DGs in the smart distribution system, section 3 provided an
overview of energy management strategies in electricity market, section 4 described the problem
formulation and the adopted two-level optimization solution approach. Simulation results and
conclusion were given in section 5 and 6 respectively.

2. Problem of the Smart Grid System
2.1. Voltage deviation

It is expected that an amount of 10% to 50% of RESs capacity are connected to distribution
network that has high penetration of DGs. As a result, the problems associated with voltage
fluctuation such as voltage drops or voltage deviation from upper limit are inevitable in such a
network. Generally, the following equations of Figure 1 explained the effectiveness of using reactive
power for controlling the terminal voltage.

. o A A
P+jQ = Vixie =V, x (25F) (1)

(P +jQ)(r + jx)* = [V;|(cosh, + jcosB,){|Vs|(cosb + jcosbs) — |V,|(cosb, + jcosh,)}  (2)
(rP+xQ) +j(rQ —xP) = (VsVrcos(0s — 0r) —V,2) — j(VsVrsin(8s — 6r)) (3)

(rP+xQ)+j(rQ —xP) = (VsVrcosd —V,?) - jVsVrsind 4)

where, 8 is the phase difference of 6; and 6,.. Eq. (4) can be divided into real and imaginary parts
as follows:

Re(Eq(4)): (rP + xQ) = VsVrcos — V;? (5)
Im(Eq(4)): (rQ —xP) = —VsVrsin@ (6)

Since sin? @ + cos? 6 = 1, Eq. (4) can be written as follows:
(rP +xQ + V22 + (rQ —xP)2 = (VsVr)? (7)

In order to find sensitivity of the receiving-end voltage to active power and reactive power, the
relationship is assumed as follows:

Vr = £ (P,Q) (8)
Partial differential values of receiving-end voltage %,Z—‘g are provided from Eq. (7) and
Eq. (8).
2 vy 2 vy
{20P + xQ + V) x (r + 24, 52)} + (20rQ — xP) X (—x0)} = Vi? x 2V, 5% 9)
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vy (r2+ x2)P+r V2
P Vp{vZ-2(rP+xQ+V2)}

(10)

where, Z = (r? + x?) is the line impedance between node s and r; then Eq. (10) can be expressed
as:

vy _ Z2.P+r-V? (a1
P Vp{vZ-2(rP+xQ+V2)}
. vy . v,
Similarly, the 20 8 calculated as well as the T
vy Z2-Q+xV?
= (12)

9Q v {vZ-2(rP+xQ+V2)}

The voltage regulation rate of receiving-end by active power or reactive power are compared as
follows:

_ _ Z-P+7-Pg
P=avr = 7 gexp,

(13)

where, Ps = V,2/Z is the short circuit capacity at the receiving-end. Obviously, P, > Q and Z =~ x
are realized on any distribution line, therefore, Eq. (14) is established:
AL L (14)
p= xPs Py x a0 apP
The effectiveness of reactive power control for maintaining the terminal voltage is recognized
from Eq. (14).

2.2. Reverse power flow

At the time when there is a huge flow of surplus power from the DGs in the network, reverse
power flow may occur; even after the distribution voltage profile has been controlled by reactive
power control devices. Therefore, it is necessary to introduce BESS to absorb surplus energy and
prevent reverse power flow towards the generators [12].

3. Energy Management in Electricity Market

Worldwide liberalization of electricity market has promoted research on the deployment of DR
in solving some of the problems associated with power system congestion management. So far,
various DR models have been proposed [26,27], and some DR menus have been demonstrated by
simulation [28,29]. DR provides a good opportunity for customer to play important part in the
operation of power system. System manager can maintain power system safely by adopting customer
side management of DR. The recent development in smart grid technology has made it more possible
for carrying out system management from consumer side. However, a management approach is
required that can yield profit for both the consumer and the distribution company. Therefore, system
operators provide DR menu that can be divided into two categories namely price (or time) based and
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incentive based DR approach, as shown in Figure 2. In this paper, DR menus that involve incentive,
based on the control of both the reactive power and active power, are proposed. Previous works that
involve traditional DR menus have focused on DR menus that involve only the active power
consumptions; reactive power control incentive is not usually included. However, providing
incentive to consumers based on the reactive power consumption is capable of improving the voltage
profile along the power system. The traditional DR menu provide compensation for system’s
frequency and real power consumption with little consideration for maintaining the voltage
profile [25,27]. Also, in real time pricing (RTP) strategy, the cost of electricity depends on the
amount of active power consumed; and in most cases, the cost per kWh which varies from time to
time, is exclusively determine by the DisCos based on the density of the active power consumption
at a particular time. Hence, consumers are expected to schedule their load demand to period of less
density, if they want to pay low bill. But customers who cannot change their load demand pattern,
due to the sensitive nature of their loads, will not be able to benefits from this kind of approach and
they are at a loss, most times. Therefore, the incentive-based menu, which provides some price
flexibility based on individual customer situation and preference, is being proposed in this research
instead of the price-based DR menu.

Demand Response menu
—|.’|‘1m.--l]|'rw based menu ‘ 4‘ |
Voluntary
—-l'[‘ime of use (TOU) kpl‘ugram
‘_,l Real time pricing (RTP) | | Direct load control

Load as capacity resourse ‘ —ﬁ Emergency demand response (EDR) |

Mandatory program

Critical peak pricing

| Interruptable load (IL) ‘ Spinning reserve (SR)
Critical peak pricing | | .
with control - "
—{Markcl clearing pl‘Ogmlﬂ) I ‘ Reactive power incentive ‘ |
|
Syslelm P‘_f"‘lk WSP(')HS‘f I ‘ Active power incentive ‘ |
transimmision tariff | Demand bidding and buyback (DBB)| L - _ _ _ —____ a

Ancillary service markets (ASM) |

Figure 2. Demand response menu.
3.1. Load flexibility

Traditionally, electric loads are treated as inelastic goods. However, load side management
using EVs and house BESS can change these existing conventions. Also, it is possible to develop
load models that have huge flexibility by incorporating some price elasticity models in economics. In
this research, load flexibility depends on SOC of EV and house battery; and an hour ahead
calculation for load flexibility modeling is employed in this study. Therefore, load flexibility
equations are determined by the following equations.

3.2. Price elasticity

Price elasticity of load is defined as follows [25]:
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- (aD (i)
PED(i,i) = PED;; = gl(ll)a—Pl(i) (15)

According to Eq. (15) the price elasticity at term i,j can be defined as [25]:

.. (jHop(i
PED(i,j) = PED; = % (16)
Some of the load such as the interruptible loads in Figure 2, can easily be turn on or off, such is
called “self-elasticity” and the self-elasticity has ordinary negative value. On the other hand, for the
alternative goods such as shiftable loads in Figure 2, it is possible to shift the usage of the loads to
off-peak time from peak-time, that is called “cross elasticity”. Generally the cross elasticity is a
positive value.

[AD(l)] PED(1,1) PED(1,2) PED(1 ) [Am(l)]

AD(2) [PED(ZJ) PED(2,2) o ] Api(2)

Al 2 PED() PED(,)) - 17
|20 | PEDG,) RS
lap2ay)l LPEDG,24) .. .~ PED@2424) lap,24)]

In this research, load flexibility is determined by Eq. (17); simulation period is considered as 24
hours. The diagonal elements represent self elasticity and non-diagonal elements correspond to cross
elasticity.

PED; = ¥ PED(i, )) (18)

Total price elasticity during one day at node i is obtained from Eq. (18). In Figure 3b the
elasticity balance for LF is assigned —0.12, —0.24, and —0.40 [21]. An example of LF is illustrated in
Figure 3. Figure 3a shows the RTP approach and 3b shows the price elasticity approach using Eq. (17)
and Eq. (18).

40 v - - - - <10

110
= .
}2 35 E 100
o =, 90 TS
2
B3¢ = -
= ¢ S 8o = ——
= = ;
S 25 5 70 B - : Real Load
] = 60l : Next Year
] 20 (=3 Load Flexibility : After 3 Years
- = 50 : After 25 Years
£ s 10 1s 20 o s 10 15 20
Time [h] Time [hl]
(a) Electricity price (RTP). (b) Load flexibility considering price elasticity.

Figure 3. Load flexibility by RTP.

3.3. EV management

EV management can compensate power ramp of PV output and it is effective for leveling load
demand. This is possible without changing the actual load pattern of human life style by using the
EV connected to the distribution network. However, load flexibility by EV management depends on
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the number of connection rates of EVs and EV SOC. The management strategies for each customer
can be generalized as Eq. (19).

ol 2
Xig = [Xig Xig - X[4] (19)

Each of these strategies are constrained by the capacity of the attached inverter d as shown in
Eq. (20).

lel‘U min S xld — lelU max (20)

Hence, EV charging or discharging strategy is determine as x; gy and each strategy can be
limited within the output constraints of the EV inverter as shown in Eq. (21).

EVinv,min < xl EV < Eva max (21)

From Eq. (21), the load flexibility and the upper and lower bounds of the EV schedule are
estimated by Egs. (22) and (23), respectively:

LFgy(t + 1) = X1 [Re (x; gy (t + 1)) X (@1 gy (t + 1] (22)

LFgyp(t+1) = Nnude[Re(xlEV(t + 1) X (@it +1)7] (ZNEV Xiey(t+1) = 0)

" . (23)
LFpy;p(t +1) = X, [Re(x; gy (t + 1)) X (@i v (t + 1))T] (22 Xyt +1) < 0)

The upper and lower bounds depend on the constraints of the EV strategy x; gy. And a strategy
group is determined as (24).

Yigy = [Wlev, Viey, 'IPZVEI?]‘// ) Vi € {1,0} (24)

where, x;gy is a EVs strategy group of the EVs connected at node i. ;g is a factor that
represents the connection state of EVs into the distribution network. This factor is represented as
binary code; here, a “1” shows that the EV is connected, a “0” means that the EV is used as vehicle
away from the system.

EVs SOC are represented by Eq. (25), and these determine the three status of the EV battery.

i, EV (E)XYPi
Goy (8) = UL 5 22 Gy in (8) (i () 2 0 A iy () = 1)
i, Ev ()XY
Cup (£ +1) = { Sy () = UV 5 < Gy o (6) (v (O < OAYiey(®)=1)  (25)
LEV(D)[X(1-;
L a0y - e DO 2 < Gopman(®) Wi () = 0)

The first line represents discharging, second line is charging state and the third line represents
when the EV is disconnected from the power system. Figure 4 shows the comparison between load
flexibility using RTP and EVs management strategies.
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(a) EVs SOC. (b) Connection rate of EVs at distribution system.
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Figure 4. Load flexibility comparison RTP and EVs.

3.4. Home energy management using house BESS

The house battery storage system is introduced for effective usage of PV output surplus. Instead
of abandoning the surplus power from the PV system by technical saturation, this surplus from the
PV output is used for charging the battery. The available energy from the charged battery is used at
peak load time to meet the excess load demand. Therefore, it is possible to manage the battery from
the consumer side. Similar to EV management in section 3.3, strategy constraint, load flexibility,
flexibility limits, and SOC of house batteries are formulated as shown in Egs. (26)—(29), respectively.

House BESS strategy may have assigned values similar to that of Eq. (19), hence, the strategies are
limited as:

n
SBinv,min < xi,sB < SBinv,max (26)

Where, sB represent house BESS. From Eq. (26), load flexibility is estimated as follows:

LFp(t + 1) = %1 0%[Re (x;,65 (t + 1))] (27)

and the upper and lower bounds depend on constraints of house BESSs strategies x; ¢p.

{LFSB ub(t + 1) = ZNnOde[Re(xl sB(t + 1))] (ZNSB xl sB(t + 1) 2 0)

Nnode Ngp (28)
LFSB lb(t + 1) - Z [Re(xlsB(t + 1)) (Z xl sB(t + 1) < 0)
Where, x;sp = [xil,sB' xfsB, ey X; SB] is a house battery strategy group of smart house at i node.
xisB(t)
(lSB(t) - X > {lSB mm(t) (xl sB(t) = 0)
Gisp(t+1) = (29)

(l EV(t) xLEV( ) X n < (l SB, max(t) (xl sB(t) < O)
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House battery is different from EV’s battery because house battery is fixed at a house. Hence, it
is unnecessary to consider connection rate in house battery management as it is in EVs management.
Figure 5 shows load flexibility by considering both EV and home battery management.

100
Q0
B0
7O
GO
50 p

30

20
10
O

House Battery SOC [%]
Load Demand [MW]

s O s 20 s 10
Time [h] Time [Ih]

(a) SOC of house battery. (b) Load tlexibility considering house batter. management.

Figure 5. Load flexibility estimation by using house and EV batteries.
3.5. Incentive menu and method

In the Previous section, management of active power consumption by battery and EV charging
and discharging actions had been discussed. However, customers can also participate in the
electricity market by using cooperative reactive power control for maintaining the voltage. DisCo
can reduce the cost of introducing and maintaining power control devices by providing incentive to
customers that are willing to enter into the cooperative operation of the power system instead. The
amount of incentive profit obtainable depends on each customer’s contributions to the reactive power
control of the power system. The contribution factor is shown in Figure 6 and the incentive is
calculated by Egs. (30)—(33). The investment cost for some of the real power control devices without
and with reactive power control coordination is shown on Table 1 and Table 2.

Table 1. Capacity of investment cost for DisCo.

w/o coordination with coordination
Large BESS capacity 100 MWh 25 MWh
Capacity of inverter interfaced large BESS 5,000 kW 2,000 kW
SvC 250 kW x 15 -
SVR 3 devices -

Table 2. Reduced capacity of devices and incentive unit prices.

variable introduce cost, capacity, and incentive unit price
Active power incentive Cip 1.0 x 1010 [yen]
Sup 2.0 x 10% [kWh]
Vp 2.9 [yen/kWh]
Reactive power incentive Csve 1.5 x 108 [yen]
Covr 3.0 x 108 [yen]
Co 3.15 x 107 [yen]
Ssve 250 [kVar]
vq 4.8 [yen/kVarh]
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3.6. Unit price of active power incentive

Reduced investment cost of 33% is distributed for cooperating customers, and the incentive unit
price per kWh rate of active power is calculated by Eq. (30):

CLB (30)

Vp = ——.
20X365X24XSp

The depreciation term of large BESS and inverter is estimated as 20 years. The incentive price
is applied to both the house battery and EVs managements.

3.7. Unit price of reactive power incentive

The unit price of reactive power incentive per kVarh v, depends on the amount of reduced
control devices by cooperative operation from customer side. The unit price is described by Eq. (31);

— Co (31)

v, =
20X365X24XSsycXNnode

And, C, can be described as:
Co = Csyc X Npoge + Csyr X 3 (32)

Where, N is total number of nodes in the distribution system, depreciation term is determined as 20
years.Csyc, Csyrp are devices and installation cost of SVC and SVR, respectively. It is necessary to
install SVCs at each node and three SVRs between nodes 3—4, 2—7 and 4-11 without cooperative
operation. However, with cooperative operation, the reduced total cost C, will be distributed as

reactive power incentive.
3.8. Profit of customer side by incentive options

The customer who participates in cooperative operation market can gain profit from active and
reactive power incentive. The profit of customers are calculated as follows:

vpro = {(PPV + UPV) + (Pi,nv,sB + Pi,nv,EV) X (Qlfnv,sB + QL{nv,EV) X Uq} X Pbase (33)

Pip = |Psp| X Ky (34)
Pry = |Pgy| X ky (35)
Qinv = |1Qinv| X k3 (36)
Qry = |Qgpv| X k4 (37)

Where, Ppy is PV output power and vpy, is selling price of PV output. P}, sp, Py, gy are active
power contribution from house BESS and EV system. Similarly, Q/,,s5, Qinypy are also

contribution from reactive power of house BESS and EV. The k,_, represent contribution factors,

those values take positive and negative values. The images of the contribution factors are shown in
Figure 6. When the order value for cooperative operation is negative, it means negawatt trading.
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Figure 6. An example of contribution factor of active power incentive.
4. Two-Level Optimization in the Smart Grid System

In previous research, multi-objective optimization has provided an evaluation criterion for
trade-off relationship. However, in order to achieve more realistic trading process, two-level
optimization is applied in this paper. Moreover, this approach was able to find a solution with less
computational requirement than the multi-objective optimization method. the procedure is described
as follows:

A provisional optimal schedule is made by DisCo from day-ahead forecasting data of DG output
and load profile.

Step 1: The factor of incentive and desirable values for cooperative operation are provided by using
provisional optimal schedule in Step 1.

Step 2: Second level optimization schedule is customer side management. This schedule is made for
all customer in each node, with respect to priority factor of each nodes and incentive, as preferred by
each customer.

DisCo decide an optimal control schedule considering each customer’s preferred strategies.

4.1. DisCo side optimization

In this study, optimal scheduling is used to minimize distribution losses as follow:

min: Fy (P.g, Qrg, Psp, Qinys Pev, Qev, Ti) = 2%31 ?:nfde PLoss,i(t) (38)

The DisCo decides the contribution factor shown in Figure 6, as results, maximum contribution
from the customer is archived when losses are minimized. Active and reactive power incentive
profits are maximized when first objective function is satisfied. To avoid the problems of voltage
deviation and reverse power flow, constraints are provided as shown in Egs. (39)—(41):

Vmin < Vi(t) < Vmax (39)

PN < Py(t) < PP (40)
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QF™ < Qf (1) < QP (41)

Voltage constraint used at all nodes, and also power flow constraints are given as shown in
Eq. (39), (41) and (40) in order to avoid reverse power flow. Maximum and minimum reactive power
flow constraints are determined from high power quality point of view. Therefore, those values are
given as follows:

Q™ = —Ps(t)tan (cos™*(0.85)) (42)

Qmm Pr(t)tan (cos~1(0.85)) (43)

Power factor is maintained at least as 0.85 at the interconnection point. DisCo and customers
have battery as control devices and management facilities, inverters are attached to all batteries and
the battery outputs depend on inverter capacity. Each inverter capacity constraints are determined as
follows:

\/ P3(t) + Qj(t) <S4, d 3 {LB,EV,sB} (44)
Camin < da(t) < {d,max [%] (45)

Ca(® =P (pa(6) 2 0)

Calt +1) = :
‘ Za(t) — ”d“" (pa(t) <0)

(46)

The set of control devises d includes inverters. The capacity and SOC constraints are
represented by Eq. (44) and Eq. (45), respectively. The inverter efficiency is considered, therefore,
charging and discharging losses are included at Eq. (46). All SOC minimum values are set as 20%,
and maximum values are set as 80% except EV’s battery. EV battery can charge up to 100%. House
BESS inverter is also connected to PV, thus the inverter capacity constraint is represented as follows:

V(Pry(t) + Pep(£))* + Q% (1) < Sz (47)

Finally, tap changing transformer LRT constraint is described by Eq. (48):
T/ < T (t) < T, (48)
4.2. Customer side strategy
Each customer group requires different satisfaction option such as lower electricity price or high

power quality, etc. The customer objective function is shown in Eq. (49), as the difference between
incentive profit and dissatisfaction factor.

max: Fy(%;0) = L4 Bim0te {0, (6) — 34 (@10, ()}, d3{EV,sB}  (49)
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The dissatisfaction factor is expressed as follows:
Pig = ePia(1-Uia/Uig)) _ 1, Bia>0 (50)

In Eq. (50), B4 is defined as priority factor for each of devices. The part of (U;q/U;4)
represents response of power usage as a result of cooperative operation. Each devices strategy is
decided in the second level optimization based on Section 3.3, 3.4, and Eq. (45).

4.3. Adaptive inertia weight particle swarm optimization

There are many methods to solve optimization problem. In this paper, PSO method was selected
to solve the above optimization problem [30,31]. This method modeled an action of swarm such as
fish, the swarm find the path to food through cooperation. In this paper, modified method of PSO
referred to as AIWPSO [32,33] is verified. The flowchart is shown in Figure 7.

| Set swarm size and iteration number. |

I Initialize particle’s position and velocity. }

[ Tteration counter i=1 |

[ Not updated number Ne=0 |
[

1
Evaluate the objective function using

each particle’s searching points.

gbest(i-1) > pbest(i) ?

[ Update position and velocityl

I Update inertia weight |

yes

Nu=507?
no

no
Satisfied end condition?

yes

end

Figure 7. Flow chart of AIWPSO.

The AIWPSO searching algorithm communicates information about the best positions to all
swarms, and each continues updating their own positions and velocities until searching is finished.
The updating of velocity and search position is decided by the following equations:

vi(i+1)=w; v;(k)+c, - rand - (pbest(k) — Si(k)) + C, - rand - (gbest — S;(k)) (51)

Sie41(D) = Sk (@) + V41 () (52)

where, Vj,1(i): i-th Particle velocity in k + 1-th search, rand1: uniform random numbers from 0 to
1, Si41: search position of i-th particle in k-th search, w; is adaptive inertia weight, ¢; and c,
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express weight for position of current best particle and for best position of particle swarm,
respectively. pbest is the position of current best particle and gbest is best position of particle
swarm.

The inertia weight [34] is updated by

e™mit_q

wi(k +1) = w(0) + (w (i) = w(0)) X (53)

gbest—current
m; (k) - gbest+current (54)

Where, w; is updated inertia weight value, nh represents particle number n;, at generation h, m;
is adjustment value of inertia weight at generation h. Swarm acceleration is adjusted by the adaptive
inertia function. As the objective function value improves, the AIW value becomes smaller. This way,
the AIW function helps to find a more accurate solution than the conventional PSO method.

5. Simulation Results on Case Studies

This section describes the simulation results of the proposed methodology. Based on the
situation before application of the proposed cooperative operation from customers and DisCo, as
shown in Figure 8, 9 and 10, it can be noticed that:

(1) The simulation model shown in Figure 8 distinguishes office and residential area so that EV
activities can be separately analyzed for each.

(2) The PV output and the load demand curves, according to illustrations in Figures 9a and 9b, do
not match due to fluctuating nature of RESs (no PV output in some hours).

e 71 Residential area

Trunsmi;{sion ‘\ '%'% m
networ;
+ // . i

Interconnect onj— I 4 I S

= 2
point ?
Subslall
LRT %
Distribution |

system BESS 1] 12 | 131

Ofﬁce area

Figure 8. Model of distribution system.

0.08

0.08

0.06 0.06 Office area

.

~ . =
0.04 ,,_i . Residence area N
0.02 /\ 14.

0.04

0.02F

PV output Py [pu]

Load demand P, [pu]

2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
Time 7 [h] Time r [h]

(a) PV output. (b) Load demands profile.

Figure 9. Output of PV system and load demand.
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The Table 3 shows contents of case studies such as operation type, optimization approach and
method.

Table 3. Comparison of operation and optimization method in three different cases of the
smart distribution system.

Case studies

case | case 2 case 3
Operation type Without control ~ DisCo control with reactive power control devices Cooperative operation
Optimization approach - Only DisCo side optimization Two level optimization
Optimization method - PSO, AIWPSO PSO, AIWPSO
Distribution losses 7,513 kWh 3,743 kWh 1,814 kWh

5.1. Case 1

The case 1 operation is without coordination, there is a huge node voltage deviations, beyond
and below the admissible range, according to illustration in Figure 10a. Figure 10b, shows reverse
power flow at the interconnection point in some hours of the day, with huge deviations from the
acceptable range. Also, at the interconnection point the reactive power flow goes beyond the
acceptable range, as depicted in Figure 10c. These conditions show that the recommended power
factor of 0.85 cannot be achieved at this point and this adversely affects the active power flow.

0.8 heavy load

—
— 0.6} Acceptable tuy:c \

B o4 __— _ J'
— 0.2} i
s g |
-0.2}F —
-0.4 F Reverse power flow -

0.9
0.8
0.7

Vi lpu]

Node voltage
Active power flow

0.6 - Voltage dorops by heavy load demand 0.6

2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
Time ¢ [h] Time ¢ [h]
(a) Nodes voltage. (b) Active power flow at interconnection point.

0.8

0.6 1
— 0.4 _{/ff_"“:w—,/-\
" _ - 4

= 0.2 - ~_/

Reactive power flow

= 0 & —
Rl S T\ P72
N ~ e
-0.4 Acceptable range N -
-0.6 2 4 o6 8 10 12 14 16 18 20 22 24

Time ¢ [h]

Figure 10. Simulation results without control (case 1).
5.2. Case 2

In the previous work done by the authors [35], the use of the conventional methodologies to
solve the above mentioned problems, showed that there is a need for large values of BESS, SVCs,
LTR and SVRs. These equipment help in solving the node voltages, bringing them to the acceptable
range, as illustrated in Figure 11a. They also allow acceptable active and reactive power flow at the
interconnection point, as depicted in Figure 11b and 11c. The BESS installed in the interconnection
point gives outputs according to representation in Figure 11d and 11le, which depends upon the SOC
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represented in Figure 11f. The SOC of the BESS is limited within the range of 20% to 80% in order
to avoid deep charging and discharging. On the other hand, the SVC guarantees the compensation of
reactive power by outputting in each node reactive power as depicted in Figure 11g. The regulation
of voltage is guaranteed by setting the tap changer position according to the representation in Figure
11h, bounded in the range of 0.98 to 1.03. The combination of this devices reduces the node active
power losses as depicted in Figure 11i. The only problem of applying all these equipment is the
capital cost involved, which sometimes affect the feasibility of its implementation.
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Figure 11. Simulation results of optimal operation for DisCo control (case 2).
5.3. Case 3

The proposed methodology reduced the number of BESS and LRT that needs to be installed by
DisCos, as the customer participates by managing EV, PV and house BESS inverter. This makes the
capital cost less than that of the conventional methodology. As the DisCo controls the BESS and LRT,
the behaviors of the system in terms of node voltages, active and reactive power flow at the
interconnection point, active and reactive power output of the BESS at the interconnection point, the
SOC of the BESS, tap position of LRT and distribution losses are depicted by Figures 12a to 12h,
respectively. Comparing the proposed method (Figure 12) to conventional method (Figure 11), it was
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observed, from the simulation result, that it is not necessary to install SVCs at every node for
achieving voltage security in the proposed method. Also, from the simulation results of case 3 shown
in Figure 12h, it can be seen that there is a reduction in the distribution losses when compared to the
conventional methodology (case 2).

Node voliage

T2 4 6 & 10 12 14 16 18 20 22 24 2 4 o & 10 12 14 16 18 20 22 24
Time ¢ [h] Time ¢ [h]

(a) Node voltages. (b) Active power flow at interconnection point.

= . — LU AN e —] — -

NP/

e
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T2 4 6 8 10 12 14 16 18 20 22 24 . 2 4 6 & 10 12 14 16 I8 20 22 24
Time ¢ [h] Time s [h]

(c) Reactive power flow at interconnection point. (6) Active power output from large BESS at

= : 2 4 & B 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
Time ¢ [h] Time ¢ [h]

(&) Reactive power output from large BESS at (f) State of charge of large BESS.
interconnection point.

2 4 6 8B I0 12 14 16 I8 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
Time ¢ [h] Time ¢ [h]

interconnection point.

wio incentive —__ 7
. By bauery managemeny "\
' with incentive . \

(g) Tap positions. () Distribution losses.

Figure 12. Simulation result of proposed method from DisCo side operation (case 3).

Figures 13a to 13h show the effect of including EV management. Figures 13d and 13h depict
the apparent power of the EVs at residential and office area, respectively; with the dashed lines
showing the boundary of the connection rates. From Figure 13a and 13b, it can be seen that there is
active and reactive power output from the EV at the residential area. This power outputs depend on
the SOC of the EVs, as seen in Figure 13c. Similarly, in the office areas the EV produced active and
reactive power output as shown in Figures 13e and 13f. Here also, both power outputs depend on the
SOC of the EVs for the office area, as shown in Figure 13g. For the house BESS management, the
house BESS when interfaced with the PV system and inverter produced active, reactive and apparent
power output that are shown in Figures 14a, 14b and 14d, respectively. The profile of the SOC of the
BESS during simulation is shown in Figure 14c. The results of profit gained from the cooperative
control of the active and reactive power consumption or supply based on the incentive strategy are
shown in Figure 15. It can be deduced from Figure 15 that there is a reduction in the total
consumption cost below the ordinary purchase cost. In both the active and reactive power incentive
results, it can be seen from Figure 15a and 15c, that office area (11-15 nodes) relatively gain profit.
This is because, these nodes absorb the surplus energy from the PV at daytime (7:00-18:00) from
Figure 15b and 15d, thereby preventing reverse power flow. This is necessary in order to preserve
power quality and to safely compensate for the fluctuation of PV output. By comparing the incentive
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profits, as shown in Figure 15e and 15f, it is observed that customers can gain more profit by reactive
power contribution than by active power. The profit gained by each customer depends on the
incentive unit price. In this research, the reactive power incentive unit price is considered to be
greater than the active power incentive price as shown in Table 2. Consequently, DisCo can achieve
and maintain a high power quality and reliability without compulsorily changing the consumption on
the customer side. This brings about mutual profits and satisfactions to the DisCo and the
participating customers.

E o008 E
E 1
sz 004 =
T o z
25 V7 2
2 T -0.04pY o
2 -o.0s 1 E 1
2 4 6 8 10 12 14 16 18 20 22 24 e 2 4 6 8 10 12 14 16 18 20 22 24
Time ¢ [h] Time ¢ |h]
(a) Active power output by EVs at residence area. (b) Reactive power output by EVs at residence area.
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Figure 13. Simulation result of proposed method from EVs management on the customer
side (case 3).
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Figure 14. house BESS management from customer side (case 3).

AIMS Energy Volume 5, Issue 3, 482-505.



502

2
= ;..
[} =
g -
= 25
S s 5 =
2 - ==
S =
- SE
= 12 34 56 7 89 101112131415 =
Mode number
(a) Active power incentive each node. point. (b} Hourly active power incentive.
x10" x10°
4 ———— : 2.5

Reactive power incentive

=
E
1 23 45 6 78 9101112131415 = 0 5 10 15 20 25
Mode number L Time ¢ |h|
(c) Reactive power incentive each node. (d) Hourly reactive power incantive.
x10* x10*
- 4 T
E' 3 =
s =
= < =
£ 1 £
1 2 3 45 6 78 9 101112131415 (1] 5 10 15 20 25
Node number Time ¢ [hl]
(e) Profit by P and Q incentive for each node. (f) Profit by hourly P and Q incentive.

Figure 15. Comparison of profit from active and reactive power incentive (case 3).

Table 4 provides the comparison between the proposed PSO optimization method (AIWPSO)
and the conventional PSO method. The time of decision-making to optimize the DisCo and customer
strategy is one day (24 hours). From the table, it is clearly shown that the ordinary PSO algorithm
took more time to achieve the optimal scheduling. Moreover, AIWPSO provided better results in
comparison to the conventional PSO method in all the cases considered.

Table 4. Comparison of proposed method.

Case studies

case 2 case 3
Simulation time Distribution losses Simulation time Distribution losses
PSO 27,752.61s 3,820 kWh 38,140,10s 1,955 kWh
AIWPSO 25,910.22 s 3,743 kWh 29,350.50 s 1,814 kWh
Reduction rate —6.64% -2.02% -23.0% -7.21%

6. Conclusion

In this work, the technical impacts of customer-side real and reactive power flow management
using DR incentive strategy in the smart grid system has been verified and a two-level optimization
approaches applied for mutual profits between both sides. Also, the superiority of a modified particle
swarm optimization technique over the conventional PSO was shown for implementing the DR
strategy. It can be concluded that by using cooperative DR management of distribution system, the
DisCo was able to achieve a significant reduction in the capacity of BESS and EV needed to be
integrated into the distribution system; and the necessity for the integration of SVRs and SVCs was
reduced as well. In this work, AIWPSO was presented as a suitable algorithm for implementing a
variable DR incentive strategy for achieving real and reactive power management in smart-grids, in
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terms of technical effectiveness and time-efficiency.
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