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Abstract — A large penetration of photovoltaic and wind
power generation causes the imbalance between supply
and demand in power systems because their output is
intermittent. To alleviate the mentioned problem, many
researches on Load Frequency Control (LFC) using Elec-
tric Vehicles (EVs) as controllable loads have been studied.
In this paper, we propose a new LFC method using EVs,
which is named the State Of Charge (SOC) synchroniza-
tion control. In the control method, a number of EVs can
be considered as one large-capacity battery energy storage
system. Moreover, the EVs are plugged-in/out anytime
when the users like and store the sufficient energy for the
next trip at plug-out. This paper shows the modeling of the
EVs and the evaluation of the control method.

Keywords: Battery Energy Storage System (BESS),
Electric Vehicle (EV), renewable energy, smart grid,
Vehicle-to-Grid (V2G), Load Frequency Control
(LFC)

1 INTRODUCTION

Recently, photovoltaic generation and wind power
generation have become the most popular renewable
energy based generation for solving the environmental
problems such as greenhouse gas emission throughout
the world. However, their power generation cannot be
kept constant and sometimes cause the imbalance be-
tween supply and demand in power systems. To allevi-
ate the mentioned problem, a large-capacity of Battery
Energy Storage System (BESS), which is significantly
expensive, is indispensable. Therefore, many researches
on the contribution of controllable loads such as heat
pump water heaters and Electric Vehicles (EVs) to the
Load Frequency Control (LFC) have been studied for
the reduction of the BESS installation. In this paper, the
EVs are considered as controllable loads.

EVs which have electric motors instead of engines
have gained much attention as the next generation vehi-
cles. EVs can be controlled such as BESS in the grid
because the batteries of EVs with two-way power con-
verters can be charged and discharged corresponding to
a control signal from the Central Load Dispatching
Center (CLDC). EVs are now expected to be charged or
discharged with the reasonable control scheme to solve
the problems caused by a large penetration of renewable
energy, e.g. surplus power, frequency fluctuation and
voltage rise [1][2]. In this paper, the problem afflicted
with the frequency is focused.

Our research is based on Vehicle-to-Grid (V2G)
which is a concept of charging and discharging between
the batteries of the EVs and the power system in order
to contribute to the power system operation and control.
Especially in this paper, the EVs are under the central-
ized control with a two-way communication network
between the EVs and the power system. It is assumed
that the CLDC sends the control signal to the EVs and
receives the information from the EVs via the Local
Control centers (LC centers). There are two problems in
the V2G because the EVs are not control equipment on
the supply side like BESS but users’ equipment on the
demand side. The first one is the EV users’ conven-
ience. The EVs should be plugged-in/out anytime when
the users like and should store the sufficient energy at
plug-out for the next trip. The second one is the EV
users’ uncertainty. State Of Charge (SOC) of the batter-
ies is different from EV to EV. When some EVs stop
charging/discharging due to their full/empty battery
energy or being plugged-out, the performance of the
power system control using the EVs becomes worse.
The power system needs to reduce the risk of such un-
certainty.

In this paper, a lumped EV model is designed con-
sidering EV users’ convenience and uncertainty. More-
over, a frequency control method based on the lumped
model is proposed. In addition, a dispatching method of
the control signal (LFC signal) to the EVs, which en-
ables the SOCs of all the EVs to be synchronized, is
proposed. Effectiveness of the control proposed meth-
ods is evaluated by numerical simulations conducted on
the power system model. It is assumed in this paper that
EVs can both charge and discharge via usual outlets
such as household wall outlet and that such outlets are
sufficiently installed to car parks at offices, supermar-
kets, etc. in the future. Charging infrastructure such as
quick charger/discharger is not necessary.

2 SOC SYNCHRONIZATION CONTROL

2.1 The states of EV

All the EVs respond to the LFC signal after complet-
ing to charge batteries to a sufficient level. As shown in
Fig. 1, three main states of EVs are defined in this pa-
per, i.e. driving, charging, and controllable states. Fur-
thermore, there are three transitions from state to state,
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i.e. plug-in, plug-out, and control-in. Each state and
transition is described in details as follows:

Figure 1: State and transition of the EV.

An EV transits from the controllable state to the driv-
ing state (plug-out) for the trip. In the driving state, the
EV is on road and disconnected from the power system.

An EV transits from the driving state to the charging
state (plug-in) after the trip to charge its battery. Such
EV cannot yet respond to the control signal from the
power system, i.e. it is uncontrollable.

An EV transits from the charging state to the control-
lable state (control-in) to respond to the control signal
from the power system. The SOCs of the EVs fluctuate
depending strongly on the signal. In this paper, how-
ever, the EVs are controlled within the SOC of the EVs
between 80% and 90%. Therefore, the EVs are
plugged-out with the sufficient energy for the next trip
anytime when the uses like.

An EV has a difficulty in going on a long trip be-
cause the driving distance of an EV per one charging is
shorter than that of a gasoline vehicle per one fill. On
the other hand, an EV can be easily charged every-
where, i.e. at a garage, at a parking lot of an office or a
supermarket, although a gasoline vehicle can be filled
up only at a gas station. Therefore, it is expected that
the EV users intend to charge frequently. In general,
there are only a few cars driving on road in contrast to
the number of cars not driving especially in Japan [3].
That is to say, almost all the cars are usually parked and
this situation is expected to be the same in the future
with a large penetration of the EVs. As a result, almost
all the EVs are plugged with nearly full SOC. Although
the number of the EVs in the controllable state changes
according to the mobility behavior of the EVs, it is
expected to be large enough for the LFC. In this paper,
only the EVs in the controllable state are controlled.

2.2 SOC synchronization control

An SOC synchronization control method, which en-
ables the SOC of the EVs to be synchronized, is pre-
sented in this subsection. The SOC of the battery of an
EV is equivalent to the amount of gasoline tank of a
conventional vehicle. The control method enables us to
treat a number of the EVs as one large-capacity BESS.

It is assumed that the CLDC sends the control signal
to the EVs and receives the information from the EVs
via the LC center. As shown in Fig. 2, it is assumed that
there are 500 local control centers and 50,000 EVs in
the study area. Each local control center is assumed to
control 100 EVs. The SOC synchronization control
system consists of the system between the CLDC and
the LC centers (upper layer) and that between the LC
centers and the EVs (lower layer). The CLDC receives

the information on the sum of the inverter capacity of
the EVs and the synchronous SOC (discussed in section
3.1) from the LC centers. The EVs send the information
on their states when the EVs change those to or from
the controllable state (control-in, plug-out). In addition,
the EVs send the SOC to the LC center every 30 sec-
onds. The CLDC calculates the LFC signal from the
frequency fluctuation. In this paper, the CLDC dis-
patches the LFC signal to the LC centers by the dis-
patching method in the upper layer. The LC centers
dispatch the LFC signal to the EVs by the dispatching
method in the lower layer. The both dispatching meth-
ods of the LFC signal of the upper/lower layer are pre-
sented as follows:

-
Central Load
Dispatching Center

Upper layer =< g¢ signal Sum of battery capacity of EVs

Synchronous SOC signals

' 500 Local Control Centers

Control-in/plug-out
LFC signal /plug
Battery capacity of EV

SOC signals

50,000 EVs
"~

Figure 2: SOC synchronization control system.

Lower layer =

In the dispatching method of the LFC signal in the
lower layer, the charging and discharging priorities of
the EVs are determined according to their SOCs. The
charging signal is dispatched to the EVs in ascending
order of the SOC, whereas the discharging signal is
dispatched in descending order of the SOC.

Figures 3 and 4 show examples of the dispatching
method of the LFC signal in the lower layer when the
LC center sends 60 kW of the charging LFC signal and
60 kW of the discharging LFC signal as shown in Figs.
3 and 4 respectively.

charging signal +60kW

Local Control Center

=
;3w o g iy, x .
S B o By .y . i
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(Ascendingorder)

Figure 3: Example of dispatching method of 60kW charging
signal in the lower layer.
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Figure 4: Example of dispatching method of 60kW dis-
charging signal in the lower layer.

In the dispatching method of the LFC signal in the
upper layer, the charging and discharging dispatching
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priorities of the LC centers are determined according to
their synchronous SOC (discussed in section 3.1). The
charging signal is dispatched to the LC centers in as-
cending order of the synchronous SOC, whereas the
discharging signal is dispatched in descending order of
the synchronous SOC.

Figures 5 and 6 show examples of the LFC signal
dispatching method in the upper layer when the CLDC
sends 60 MW of the charging LFC signal and 60 MW
of the discharging LFC signal respectively. The CLDC
dispatches the LFC signal to the LC centers according
to the number of the controllable EVs in each LC cen-
ter.

Central Load
Dispatching center

charging signal +60MW

294y

A *
N A 2, x
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Center Center Center center | """ | center |"° "
100 EVs 99 EVs 100 EVs 98 EVs 97 EVs L
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SOC 80% 80% 82% 84%
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81% 90%

Figure 5: Example of dispatching method of 60MW charg-
ing signal in the upper layer.
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Figure 6: Example of dispatching method of 60MW dis-
charging signal in the upper layer.

3 MODELING OF EVS IN V2G CONTROL
SYSTEM

3.1 Evaluation of the SOC synchronization control in
the lower layer

Two kinds of batteries of the EVs are assumed as
shown in Table 1. Figure 7 shows the detailed EV
model which stands for the behavior of the battery of
one EV. The input to this model is the LFC signal dis-
patched to one EV in Fig. 2. The output is the power of
one EV. In this subsection, one LC center and the EVs
which are assigned into the LC center are simulated. Cy,,
is the inverter capacity (kW capacity: limit of charging
and discharging power) of battery and Cyy; is the bat-
tery capacity (kWh capacity: limit of stored energy) of
the battery in Fig. 7. The EV can be charged and dis-
charged only within the range of =+ Cyw. However,

Energy of one EV hits the upper limit (90% of the
SOC), the EV cannot be charged responding to the LFC
signal. As well, Energy of one EV hits the lower limit
(80% of the SOC). The EV cannot be discharged re-
sponding to the LFC signal.

The number of the controllable EVS (Neonmonapie) 18
fluctuated in association with the accumulated number
of the control-in and plug-out of the EVs (N.ouorins
Npiug-our) Shown in (1). N is the initial number of
controllable EVs. Their data are assumed to be plotted
in Fig. 8 [3].

Ncummllable (t) = Ninitiul - Nplugﬂ)ut (t)+ N(rumrulfin (t) (1)

Table 1: EV data.
Type A | Type B
Inverter capacity of battery [kW] 3 3
Battery capacity of battery [kWh] 15 25
Installed rate [%] 34 66
Ciw
LFCsignal ¢,
vty | |1 [ _J = L eey
1+Ts [| ° ] EK : rJ'EF_’

T oot ’ _/ -

Figure 7: Detailed EV model.
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Figure 8: Accumulated number of control-in, plug-out,
controllable EVs [3].

The SOC fluctuations of the 100 controllable EVs
are simulated. The inverter capacity per EV is 3 kW and
the total is 300 kW in this simulation. All the EVs are
assumed to be controlled in at 85% of the SOC. The
total LFC signal dispatched to the EVs is shown in Fig.
9. It is calculated by a random function. In this subsec-
tion, the 100 detailed EV models are used. Two cases
are simulated. Case A is that the LC center makes the
LFC signal dispatched to the EVs with the SOC syn-
chronization control method in the lower layer as de-
scribed in Figs. 3 and 4. Case B is that the LC center
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generates the LFC signal dispatched to all the EVs

equally without SOC synchronization control method.
300

Power [kW]

15 18 21 24

o 3 6 9

12
Time [hour]
Figure 9: LFC signal.

Figure 10 shows the SOCs of the EVs without the
SOC synchronization control method. There are 100
lines in this figure. The mobility behaviors of the EVs
are taken into account. The SOCs of the EVs fluctuate
parallel and disperse with time in Fig. 10. The SOC
values of the EVs are plotted in Fig. 11, when the LC
center dispatches the LFC signals in the lower layer by
the SOC synchronization control method. As well, there
are 100 lines in this figure. The lines become to coin-
cide with the other in a short period in Fig. 11. It can be
concluded from the results that the proposed control
method synchronizes the SOCs of the EVs.

a0 - -
89
88
87
?Rh )
o 8s Wy A iy AN
S 84 A
83 v
82
81

RO(J 3 G ]

15 18 21 24

12
Time [hour]

Figure 10: SOCs of EVs without SOC synchronization
control.
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Figure 11: SOCs of EVs with SOC synchronization control.

In this paper, we define the average of the SOC of
the EVs in the SOC synchronization control in the
lower layer as the synchronous SOC of one LC center.

3.2 Development of lumped model of EVs in one LC
center

Figure 12 shows the lumped EV model in the lower
layer which stands for the behavior of the batteries of
the EVs in one LC center. The total charged/discharged

power of one LC center and synchronous SOC of the
EVs in the controllable state are calculated by using this
model. The stored energy model of one LC center en-
closed by a double line in Fig. 12 is described in detail
in Fig. 13, which calculates the total stored energy of
the batteries of the EVs in one LC center.

()

LFC signals
dispatched gt}
to one LC
center

Figure 12: Lumped EV model.

Power of
one LC

center
PLsc(t}—aE Evrc(t)

Ecantrol ‘t)

Figure 13: Stored energy model of one LC center.

The EVs cannot be charged/discharged over the in-
verter capacity of the batteries. The sum of the inverter
capacity of the controllable EVs at each time is calcu-
lated from (2). If the energy of the EV is within the
battery capacity, the EVs can respond to the LFC signal
dispatched to the EVs within the range of =By

s

By (t) =N couiror ([) Ck,,,, (kW] @)

where Neonirgs 1s the number of the controllable EVs in
Fig. 8. Cuy is the average inverter capacity of the
controllable EVs.

The sum of battery capacity of the controllable EVs
at each time is computed from (3). By, 1 is the lower
limit calculated from (4) and By v is the upper limit
calculated from (5). Cyy; is the average battery capac-
ity of the controllable EVs.

BkWhiL (t) < Ec(mtro/ (t) < BkWhiU (t) (3)

BkWhiL (t) = N(ontro[ (t) ' C:Wh x 0'8 [kWh] (4)

*

BkWhiU(t) = Ncon!ro[ (t) ! Ck

Figure 13 shows the total energy model which gener-
ates the total stored energy of the controllable EVs as
Econror 10 Fig. 12. From Fig. 13, E .0 18 calculated by
the following equation.

x0.9 [kWh] ®)

17" Power Systems Computation Conference

Ppscc

Stockholm Sweden - August 22-26, 2011



Ecumrul (t) = Einitia/ - ELFC (t) + Ec’ontrolfin (t) - Ep/ugfuut (t)

Q)
where, E;,. 1s the initial energy. E;pc is the energy
corresponding to the LFC signal and obtained by inte-
grating the power of one LC center (P;rc) by the fol-
lowing equation.

Eype(t) = [ Pye(2)dr (7

E onioin 18 the energy increase due to the EVs which
change the state from the charging one to the controlla-
ble one (control-in). It is obtained by multiplying N,,,.
wol-in DY the average charging energy (0.85*CkWh*). Iiis
because all the EVs are changed to the charging state
from the controllable state with the SOC of 85%. N,,,.
wol-in 18 the number of control-in EVs in Fig. 8.

E (t)=0.85-Cj,, - N [kWh) (®)

control—in control—in

Enug-ow 18 the energy decrease due to plug-out. The
total energy of the EVs plugged out at time ¢ is calcu-
lated from (9). E; is stored energy of battery of each EV.
Ryiug-our 1s differential value of N,jug.0. in Fig. 8.

Ropug—ou (1)
- SEW ©)

i=1

plug—out (

When all the controllable EVs are synchronized, the
energy of synchronized EVs and the average energy of
all the controllable EVs (E") are the same. Therefore,
Ejug-ou 18 calculated from (10).

Eplugfout (t) = J.O AEplugfout (‘[)df

4 *
= ORp/ugfoul(T).E (T)dT

E
= J.[:Rplugfour(z-). ]Vj:’:l::,(:_)dr [kWh]

(10)

Figure 14 shows the synchronous SOC of one LC
center shown in Fig. 11, which is calculated based on
the SOC synchronization control, and that calculated
from the lumped EV model in the lower layer shown in
Fig. 12. Here, the LFC signal dispatched to the LC
center shown in Fig. 9 is used. Both of the SOCs are
almost the same. Therefore, the lumped EV model in
the lower layer can approximate the actual total stored
energy of the controllable EVs in the lower layer even if
the EV users’ uncertainty are considered.

3.3 Evaluation of the SOC synchronization control in
the upper layer

In this subsection, supposing that the SOCs of the
EVs are synchronized in the lower layer, the effective-
ness of synchronization of a number of the synchronous
SOC of the LC center is evaluated. The SOC fluctuation
is simulated using 500 (the number of the LC center)
lumped EV models whose parameters are tuned to those

of the LC center. For simplicity, the LFC signal calcu-
lated in the CLDC is 500 times of that shown in Fig 9.
The CLDC makes the LFC signal dispatched to the LC
center with the SOC synchronization control method in
upper layer which is explained in Figs. 5 and 6.

Figure 15 shows the average of the synchronous SOC
of LC center and the synchronous SOC whose deviation
from the average is the largest of all. The result is simi-
lar to that shown in Fig. 14 because the same input
signal is used. It can be said from Fig. 15 that the con-
trol enables a number of the synchronous SOC of one
LC center to be synchronized in upper layer. These
results conclude that the SOCs of all the controllable
EVs are synchronized. In addition, SOCs of all the
controllable EVs are approximated by using the lumped
EV model shown in Fig. 12, whose parameters are
tuned to those of all LC centers. The lumped model is
used in next section.

90
%9 = Lumped model
—Detailed model

0 3 G 9@ 15 18 21 24

12
Time [hour]

Figure 14: Average SOC of detailed models and SOC of the
lumped model.
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Figure 15: The synchronous SOC of the LCs with the SOC
synchronization control.

4 EFFECTIVENESS OF FREQUENCY
CONTROL IN V2G SYSTEM

4.1 Frequency analysis model

Figure 16 shows the frequency analysis model used
in this paper. It can be used for the simulation in the
period from several hours to a day. This model consists
of the equivalent generator model, the thermal power
plant model [4], the wind power generation output, the
photovoltaic generation output, the load fluctuation, the
EDC system model [4], the LFC system model and the
EV model. The equivalent generator model has an iner-
tia constant M,, equal to the sum of the inertia constants
of all the generators. It is updated according to the total
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capacity of the connected generators. The load-damping
coefficient D is updated according to the total load
demand. The input into the EV model is the total con-
trol signal whereas the output is the total power from
EVs.

Nuglear
-1 Power
Plant

.| Thermal
. Fhozowaltaic

T Power 1 Generation

Plant

eoc | | L | Wind
Power
EDC=LFC System Generation

MY Electric
e

Vehicle

— Load

|_¢++;.

AP

Jati] i
My s+D

Generator model

Figure 16: Frequency analysis model.

As shown in Fig. 17, the LFC system model gener-
ates the LFC signal basically from the Area Require-
ment (AR). This AR is computed from the imbalance
between supply and demand. The LFC signal is then
sent to the thermal power plants. Moreover, as seen
from Fig. 17, there is a portion where the thermal power
plants cannot compensate. Therefore, the LFC signal is
also dispatched to the EV's to make up for this portion.

Thermal

Power Time [5]

Thermal
Power

Area Requirement [MW|

Figure 17: The CLDC and the LC center.

4.2 Simulation condition and results

The simulation condition of the frequency analysis is
as follows. The system data is summarized in Table 2.
Table 3 shows the generator model data. The nuclear
power plant output is constant as 3,800MW. The total
rated capacity of the thermal generators connected into
the power system changes in proportion to the power
output as shown in Fig. 18. It is updated every 30 min-
utes to 1.25 times as much as the power output to the
thermal generators at that time. Fig. 19 plots the net
system load fluctuation including the wind power out-
put and PV output considered as negative loads. The
simulation period is 24hours on sunny weekday. In the
study area, there are 50,000 EVs and 500 LC centers.
The total capacity of EVs is 150MW/1080MWh. The
total controllable capacity of EVs is 150MW/108MWh
which changes according to the number of controllable
EVs.

[MW] Total Connected Capacity 4
X135 A

4 » 1125
1%1.25%, IS 1X.1126.+*" ...
' A oixias S e

X125 S e
| Total Povs}er Output
\

0 1 2 (]

Figure 18: Setting of total connected capacity of thermal

plants into the grid.

Table 2: System data.

Rated Capacity [MW]
Nuclear plant 4,000
Thermal plant (MAX) 12,000
Wind power generation 2,000
Photovoltaic generation 2,000
BESS (Case 2) 150(1080MWh)
Table 3: Generator model data.

Inertia constant of thermal plants (machine base) 9.01s
Inertia constant of nuclear plants (machine base) 9.03 s
Load-damping coefficient D 2.0 p.u.

14000
12000 'y W/“\\
E 1000 / \.ﬂf '\.“
g- J000 / \.
';“; nuut]\w"'/
5‘ 4000
€ 2000

LE} 3 [ 9 12 15 18 21 24
Time [hour]

Figure 19: Net load fluctuation.

The numerical simulations are carried out in three
cases. In Case 1, EVs are not controlled. In Case 2, the
EVs are controlled with the SOC synchronization con-
trol. In Case 3, the EVs are not controlled but the BESS
whose capacity is I50MW/1080MWh is penetrated.

Here, the performance on suppression of the system
frequency fluctuation is measured by the maximum
value of frequency deviation and the Root Mean Square
(RMS) value as written in (11).

Sar (11)

where N is the number of samples, and Af; is the
frequency deviation of the sample i.

The total power of the EVs calculated from the EV
model in Case 2 is shown in Fig. 20. It can be seen that
the total power is controlled according to the LFC sig-
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nal. The frequency fluctuations and their indices in
three cases are shown in Figs. 21 to 23 and Table 3. It
can be seen from Figs. 21, 22 and Table 3 that when the
EVs are controlled with the SOC synchronization con-
trol, the frequency fluctuation is suppressed.

\\ .|u|

Power [MW]

T"'I[I

15 18 21 24
Time |hour|

Figure 20: Total output power of the EVs.
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Figure 21: Frequency fluctuation in Case 1.
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Figure 22: Frequency fluctuation in Case 2.
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Figure 23: Frequency fluctuation in Case 3.

In comparison between Case 2 and Case 3, the effec-
tiveness of the SOC synchronization control is nearly
equal to that of the equivalent BESS. The difference of
the RMS value between Case 2 and Case 3 shown in
Table 3 is caused by the change of the total controllable
capacity of EVs

Table 4: MAX and RMS value of frequency fluctuation.

MAX [Hz] RMS [Hz]
Case 1 0.553 0.0509
Case 2 0.293 0.0332
Case 3 0.293 0.0330
CONCLUSION

This paper has proposed a new SOC synchronization
control method of EVs. In addition, the effectiveness of
the V2G control on the frequency regulation in the
power system has been made cleared. In this paper, the
EV users’ convenience and uncertainties are considered.
The power system does not need to consider some of
the EVs which are plugged-out or stop charg-
ing/discharging due to their full/empty battery energy
and the CLDC does not need to know the SOC of each
EV. The future work is to control the EVs in coopera-
tion with the other controllable loads such as heat pump
water heaters.

In the power system with a large penetration of re-
newable sources, the local control such as distribution
voltage control could conflict with the global one such
as frequency control. It is important to consider the
coordination of the local control and the global control
in power systems in the future work
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