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Abstract—The regulation market is scheduled to be launched 
in 2020, distributed generations and energy storages could 
participate to the market. Massive pure plug-in electric 
vehicles (PEV) would be on the road, the potential of the V2G 
is also dramatically increasing toward 2020. In this paper, the 
proposed V2G control schemes is implemented to the actual 
PEV and the V2G capable charging system as a first V2G 
system in Japan. Accuracy of the grid frequency and voltage 
measurements, response of the system, and communication 
capability, and so on, are verified on two different type PEV 
system. Suppression of frequency fluctuation could be 
confirmed under test conditions close to the real environment. 

Keywords-component; Power System; Electric Vehicle(EV); 
Vehicle to Grid(V2G); Virtual Power Plant(VPP); Frequency 
Control; Hardware In the Loop(HIL); Smart Grid 

I.  INTRODUCTION  
Recently, new types of plug-in PEV and PHEV have 

been announced and released one after another, and which 
equipped with batteries are widely spreading. Driving 
distance in normal days is relatively short, so it can be said 
that V2G is getting real. Various V2G control schemes have 
been proposed by the simulation study [1], [2], and 
demonstration projects receiving ancillary service signal 
from the utility [3], [4]. Last year, the authors conducted an 
HIL(Hardware In the Loop) using an EV battery test bed 
and a power conditioner (PCS: Power Conditioning System). 
The effectiveness of the PEV-FFR(Fast Frequency 
Response) characterized by high speed response and the 
PEV-LFC(Load Frequency Control) used mainly for 
adjusting the thermal power generator was confirmed by test 
[5]. 

In this paper, we will introduce the verification test of 
V2G which is the first case in Japan. We tests V2G control 
scheme through the HIL(Hardware In the Loop) consisted 

by a real-time power system simulator assuming massive 
integration of renewable energy generations and PEVs into 
the power system, two PEVs with different battery 
capacities, and two V2G capable power conditioning 
systems (PCS) with different output, communication and 
control method. 

II. HIL CONFIGURATION AND MODELS 

A. Overview of the HIL 
Fig. 1 shows the experimental setup in our laboratory, 

and Fig. 2 shows component of the HIL. The power HIL 
targeting the EV battery and PCS system [6] is conducted by 
the frequency fluctuation calculation on the real-time 
simulator and the power amplifier. Communication HIL is 
also conducted through the laboratory Ethernet. 

 
Figure 1.  Experimental setup of the HIL. 

The frequency value calculated by the power system 
supply and demand balance calculation model on the real-
time simulator (OPAL-RT Technology, OP 5600) is 
transmitted to the power amplifier (California Instruments, 
MX 15, rated: 15 [kVA]). The power amplifier reflects the 
frequency variation value, and outputs the instantaneous 
voltage value.  
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The control corresponding to FFR is performed by EV 
controller (dSPACE, Micro Auto Box II) and EV1 (Nissan 
Motor Co., Ltd., e-NV200 ZAA-ME0, capacity: 24 [kWh]). 
The EV controller controls and determines V2G power 
according to its own frequency. 

The control corresponding to LFC is performed by 
“Smart V2H” (Mitsubishi Electric Corporation, EVP-
SS60B3-M7-R rated: 6.0 [kW]), which is a household EV 
charger with built-in PCS equipping V2G function, and EV2 
(Nissan Motor Co., Ltd., LEAF ZAA-AZE0 capacity: 30 
[kWh]). The Smart V2H receives the LFC command value 
from the real-time simulator and performs charging and 
discharging. The communication protocol from the real-time 
simulator is as shown in Table 1. 

In both cases, feeding back measured value of the active 
power to the real-time simulator, the frequency fluctuation 
calculation of the next step is performed. This series of 
operations is repeated in real time.  

TABLE I.  COMMUNICATION PROTOCOL OF THE SMART V2H 

OSI reference model Standard 

Application layer 
ECHONET Lite Presentation layer 

Session layer 
Transport layer UDP 
Network layer IP 
Data link layer MAC 
Physical layer Ethernet 

B. Simulation and HIL Cases 
In order to evaluate each contribution of measurement 

characteristics, communication delay, and control response, 
following three cases were assumed. 

Case1: HIL test using the EVs and PCS systems. 

Case2: Real-time simulation with ideal EV response 
inside the model. 

Case3: Real-time simulation without EV control 

Corresponding models and actual hardware are 
implemented in the real-time simulator at the same time. 

C. Power system model  
The power system model is assumed to be a prefecture 

level with a population of about 9 million people. Supply 
and demand imbalance (ΔP) are calculated by a thermal 

power generator with EDC (Economic Dispatch Control) 
and LFC, the PV modeled as natural variation on active 
power, the aggregated load based on historical 
measurements, and the EV system, as shown in Fig. 3. The 
frequency deviation (Δω ) is estimated considering the 
power system inertia constant (M) and the power system 
damping constant (D). In this paper, system inertia and 
damping are set as 9 [s], 2 [p.u.], respectively. 

 
(a) For Case1, 2 

 

(b) For Case3 

Figure 3.  Power system models of each case 

Fig. 4. shows the thermal power generator model 
consists of a turbine and a speed governor, and the 
parameters are summarized in Table. I [7]. The power 
output of the thermal power generator is determined based 
on the EDC, the LFC, and the governor free control. Rate 
limiter of the LFC and the EDC is 5 [% p.u./min], 
respectively. The power capacity for the governor-free 
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Fig. 3.7 信号源の記号　 (a)電圧源（交流，サイン波）, (b)電圧源（三角波）, (c)電圧源（矩形波）

Fig. 3.8 電圧源と短絡，電流源と開放　 (a) 短絡した電圧源, (b) 開放した電流源

3.3.1 電源と信号源の向き
電源，信号源にかかわらず記号は原則として縦に描く．直流電源の場合，回路図の描き方の
暗黙のルールにしたがって，上側がプラス，下側がマイナスとなるように描くのが普通であ
る．交流電源，信号源の場合は，接地点（0V）に対しての極性を考え，上側がプラス，下側
がマイナスとなるように描くのが普通である．

3.4 制御 (従属)電源
電圧源の電圧，電流源の電流が別の端子間の電圧，または電流で制御される場合，制御電
源または従属電源と呼ぶ．制御を電圧，電流で行うかと，電源が電圧源か電流源かで 4通
りの組み合わせが存在し，それぞれを電圧制御電圧源 VCVS (Voltage Controlled Voltage

Source)，電圧制御電流源 VCCS (Voltage Controlled Current Source)，電流制御電圧源
CCVS (Current Controlled Voltage Source)，電流制御電流源 CCCS (Current Controlled

Current Source) と呼び，Fig.3.9(a),(b),Fig.3.10(a),(b) の様に表現する．これらの制御電
源の制御端子は電圧，電流源の制御する電圧の名前，電流の名前を表記することで省略され
ることもある． 制御電源はバイポーラトランジスタ (BJT)や MOS FETなどの能動素子
をモデル化するために使用され，現実の部品として存在することはない．
VCCSを使用した BJTの小信号モデルを Fig.3.11(a)に，VCCSを用いたMOS FETの

小信号モデルを Fig.3.11(b)に示す．Fig.3.11(a)の BJTの小信号モデルではベースエミッ
タ間の入力電圧によりコレクタ電流が制御され，その係数を相互コンダクタンス gmで表現
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Figure2.  Component of the HIL 



control and the LFC is 5 [%] and 1.5 [%] on the system 
capacity, respectively. 

 
Figure 4.  Thermal power generator model 

TABLE II.  PARAMETERS OF THERMAL POWER GENERATOR 

d Permanent Speed Variation [%] 5 

T1 Speed Relay Time Constant [s] 0.2 

T2 CV Servo Time Constant [s] 0.2 

T3 CV Servo Open Time [s] 5 

T4 High Pressure Turbine Time Constant [s] 0.25 

T5 Low Pressure Turbine Time Constant [s] 9.0 

T6 CV Servo Close Time [s] -0.001 

K High Pressure Output Dispatching Rate [p.u.] 0.3 

 

The EDC signal is simply made from the difference 
between the demand fluctuation and PV output. Zero-order 
hold time is 5 [s], and the time constant of the first order lag 
is set to 30 seconds. 

Fig. 5. shows the LFC system model, and the parameter 
for the LFC is summarized in Table. II. The PI control with 
anti-windup function is considered to the area requirement 
estimated by the frequency deviation. In LFC control, the 
generated LFC signal is preferentially dispatched to the EV, 
and residual signal is also dispatched to the thermal power 
generator.   

 
Figure 5.  LFC system model 

TABLE III.  PARAMETERS FOR LFC 

TAR Calculation Cycle Time of Area Requirement [s] 1 

Kp PI Controller Proportional Gain [p.u.] 1 

Ti PI Controller Integral Gain [p.u.] 0.1 

D. EV model 
The number of passenger cars owned in the target region 

is about 3 million. The 2030 target ratio of EV to the total 

stocks is about 16 %. Therefore, we assumed the number of 
EVs to be about 480 thousand. 

In LFC control, V2G power is determined by the LFC 
signal. It is assumed that all the EVs receive the same LFC 
signal. In Case 2, V2G power is determined by the 
frequency deviation detected at plug-in terminal. 
Autonomous droop control with 4000 [W/Hz] gain is 
implemented to the modeled EV and the actual EV(EV1) 
battery and PCS system. 

In this EV test system, 480 thousand cars are equally 
divided into models with battery capacity of 30 [kWh] and 
24 [kWh]. Also, the V2G power is set to 3 [kW] for the FFR 
control and 6 [kW] for the LFC control according to the 
PCS rating. 

E. Dataset of PV and Load 
Fig.6 shows dataset of PV power generation and load 

consumption during a cloudy day. The measurements of 
actual PV site in every second are used for the HIL. The 
introduction rate is assumed as 20 % of the system capacity 
considering Japanese 2030 target. From the viewpoint of 
protection of experimental equipment, the smoothing effect 
is simulated by a moving average of 5 seconds. The 
simulated frequency deviation is higher than that of the 
current power systems. 

The daily trend of the load consumption is generated by 
using historical dataset published by TEPCO (Tokyo 
Electric Power Company) [8], [9]. Amount of the load is 
proportionally divided to a prefecture level. Short cycle load 
fluctuation is interposed as white noise. Their standard 
deviation is determined as following well-known 
relationship. 

 σ" = γ%𝑃'())*+' (1) 

Where, γ is set to 0.9 in this paper. 

 

Figure 6.  Dataset of PV and Load 

The PV and load dataset of 700 seconds is used for the 
HIL test because the fluctuation components are significant. 
Dataset in every second is down sampled and inputted to the 
50 [Hz] power system model. Sampling time of the HIL 
simulation is 0.01 [s], it is enough for considering generator 
dynamics. 
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III. RESULTS 
The frequency fluctuations of Case 1, Case 2, Case 3 are 

shown in Fig. 7. There are parts where the frequency 
fluctuation locally increases and deteriorates. However, due 
to the control of the EV, the frequency fluctuation can be 
substantially suppressed. 

A comparison on the RMS value basis is shown in Fig. 8. 
Compared with Case 3 which did not control by EV, the 
frequency fluctuation can be suppressed by about 31.6 % in 
Case 2, which is an ideal EV battery simulation, and by 
about 16.4 % in Case 1 where HIL testing was performed. 

The comparison in the histogram is shown in Fig. 9 to 
Fig. 11. Comparing the frequency around the reference 
frequency of 50 [Hz] with Case 3 and Case 1, Case 1 in 
which the HIL test was performed is superior. 

Fig. 12 and Fig. 13 show measured values of V2G power 
obtained by both FFR and LFC control in Case 1. In 
addition, Fig. 14 shows a comparison between characteristic 
30 second frequency and V2G power by both FFR and LFC 
control. The positive side means charging and the negative 
side means discharging. From these graphs, the V2G power 
rise command is issued when the frequency rises, the down 
command is issued when the frequency is lowered, and the 
operation is correct. In Fig. 12, the data is interrupted in the 
vicinity of 200 [s], 400 [s], 460 [s] because the PCS 
temporarily stops operation. 

 
Figure 7.  Frequency fluctuation 

 
Figure 8.  RMS of frequency fluctuation 

 
Figure 9.  Histogram of frequency fluctuation (Case1) 

 

 
Figure 10.  Histogram of Frequency fluctuation (Case2) 

 

 

Figure 11.  Histogram of frequency fluctuation (Case3) 
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Figure 12.  V2G power of FFR control 

 

 
Figure 13.  V2G power of LFC control 

 

 

Figure 14.  Comparison between frequency fluctuation and V2G power 

 

Figure 15.  Comparison between LFC command value and measurement 
value 

A comparison between the LFC command value and the 
measured output value is shown in Fig. 15. The red line is 
the LFC command value, and the blue line is the measured 
value. It is conceivable that the command value indicates a 
stepwise waveform is a problem in terms of communication 
specification and influences the finish of control. In addition, 
the delay time between the command value and the 
measured value was about 0.8 seconds. In the centralized 
control type LFC, the communication and measurement 
delay time would be issued, and control performance would 
be deteriorated depending on the environment. 

IV. CONCLUSION 
In this paper, we implemented two control methods of 

centralized control type LFC and autonomous distributed 
type FFR on different PCS and EVs. Two controls 
confirmed to be working well from the HILs based on grid 
integrated supply and demand imbalance calculation with 
massive renewables and EVs penetration. 

We are evaluating control performance of the synthetic 
inertia response (SIR) based on df/dt measurements. 
Charging and discharging offset control considering 
differences in SOC (State-of-Charging) is to be designed. 

In this time, we tested remote control via the LAN 
(Local Area Network). It is also conceivable to control the 
remote PCS via the WAN (Wide Area Network) where the 
communication delay influences on the control performance. 
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