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Abstract

Renewable energy like photovoltaic and wind power will be introduced into power system with a large
percentage of total power generation. Battery energy storage is used for smoothing natural variability of
renewable energy in Mega Solar, Wind Park, and Micro Grid. And total capacity of the battery is reduced
in Smart Grid because of the grid-wide smoothing effect of renewable energy and the load dispatch by not
only battery energy storage but also controllable distributed generator, networked demand equipment, and
G2V or V2G of grid-connected EV.

We propose an autonomous distributed "Smart Storage" concept making full use of vehicular battery's high
power and fast response features. Smart Storage is able to behave as governor free or spinning reserve for
the power system by using modeling technique about battery itself and power system. A central load
dispatch center take care of the final load frequency control considering the frequency dependent
characteristic of power system generator, load, and Smart Storage.

In this paper, a system structure of intelligent and networked Smart Storage on electric vehicle, battery
modeling, power system modeling from demand side power outlet where electric vehicle is plugged-in, and

outline of information stream between vehicles and power system, are explained.
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controllable distributed generator or networked
1 Introduction demand equipment.
As a kind of demand response, V2G (Vehicle-to-
Grid), in which high power onboard battery of

introduce?d over 30% of the peak demand (e.x. grid-connected EV and PHEV can be used for
179TW in 2007 summer) until 2030 shown in . . S .
power grid operation, is investigated and

[1] . . .
Tablgl - Mega solar, wind park, and Micro Qnd demonstrated™). Maximum 40% of Japanese 64
require the battery energy storage for smoothing million vehicles will be replaced to the next-

gamﬁll \gr.?blhéy Ofrf}?e“;atzli energy..t £ th generation vehicle including PHEV and EV until
b“tlta B“ e “t;e f°d o g Capact;l.y ° " et 2030. Only 5% grid-connected PHEV and EV with
attery. because the ghid-wide smoothing clicc 50kW battery is assumed, total power output for

of renewable energy is obtained, and residual V2G (64000MW) is equals to photovoltaic and
power fluctuation is managed to be dispatched by wind power (59820MW) shown in Table1
not only battery energy storage but also '

In Japan, photovoltaic and wind power will be
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Tablel: Actual achievement and future maximum introducing case

of renewable energies and next-generation vehicles in Japan

(1]

actual achievement

maximum introducing | maximum introducing

until 2005 case until 2020 case until 2030
Photovoltaic power 1420 MW 14320 MW 53210 MW
Wind power 1080 MW 4910 MW 6610 MW

Next-generation vehicle | 0% of total vehicles

20% of total vehicles | 40% of total vehicles

64 million vehicles
50kW battery
5% grid-connected

0 MW

32000 MW 64000 MW

To realize V2@, a battery management based on
the battery state estimation is premise for
additional charge-discharge cycles by V2G. And
simple information exchange between vehicles
and power grid is expected for spinning reserve
to the sudden supply-demand imbalance and the
load frequency control of power grid considering
the whole vehicle's behaviour.

We propose an autonomous distributed "Smart
Storage" concept realizing V2G with fast
response and smart cooperation to the power
system. A structure of intelligent and networked
Smart Storage is described in this paper. And an
outline of the information stream between
vehicles and power system and the power system
operating method is introduced.

2 Smart Storage Concept

2.1 System Structure

A system structure of Smart Storage concept is
summarized in Figurel. EV motor is generally
driven at higher voltage than battery voltage in
order to reduce the ohmic loss of motor. A DC-
DC converter is used as boost chopper, and about
500V AC is supplied through an inverter. These
power electronics circuits could be appropriated
to the grid-connection.

Each EV's ECU (Electric Control Unit) acquire
self battery model by a model identification test.
Battery SOC is momentarily estimated based on
the acquired model, and battery capacity and
internal resistance, which is concerning to battery
SOH, is evaluated as model parameters. Concrete
procedure of the battery modeling and SOC
estimation is described in a chapter 3.

It is well known that supply-demand imbalance
cause the frequency deviation all over the power
system, which is likened as the scales in Figure2.

Therefore, the supply-demand imbalance of the
power system is observed from the frequency
deviation. PMU (Phasor Measurement Unit)[4]’[5]
technology enables accurate and synchronized
frequency measurement from the power outlet,
where EVs are plugged-in. Details of frequency
measurement are explained in a chapter 4.

Each grid-connected EV recognize the supply-
demand imbalance by measured frequency, and
immediately take a charge restraint or an
additional G2V or V2G depending on the
estimated self SOC and the power system state.
This autonomous distributed method shows EV
batteries ability to the full, that is high power and
fast response. The battery of grid-connected EV,
that is called "Smart Storage" in this paper, could
effectively contribute the spinning reserve for
sudden generator trip and the smoothing the fast
natural variability of renewable energy.

2.2 Cooperation with Power System

Central load dispatch center grasp the state of
Smart Storage. Time interval of information
gathering might be relatively late, for example
fifteen minutes. Because battery behaviour can be
predicted by the battery model and battery SOC at
the beginning of gathering interval. Therefore, the
model parameters, for example, battery capacity,
internal resistance, and so on, are collected in
addition to the estimated battery SOC.

Finally, a load frequency control of the power
system is operated considering the frequency
dependent characteristics of power system
generator, load, and Smart Storage. The frequency
dependent characteristics of Smart Storage are
acquired by accumulating the product of measured
frequency deviation and appropriate preset control
gain of each Smart Storage. The control gain are
dominated by the battery SOC.
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Figurel: Smart Storage concept for grid-connected electric vehicles
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Figure2: The scales characteristics between supply-demand balance and power system frequency
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3 Battery Modeling'®

3.1 Model Structure

Battery SOC is generally estimated by coulomb
counting. As charge and discharge cycle is
increased, estimation error is accumulated by
calibration error of current sensor, side reaction
and self discharge of the battery, and so on.
Therefore the relationship between OCV (Open
Circuit Voltage) and SOC, which is based on
Nernst equation, is used in combination.
However voltage hysteresis!"®"°! and relaxation
make the measurement of OCV difficult.
Measured OCV after charge (discharge) is higher
(lower) than estimated OCV by Nernst equation,
and is slowly relaxed with time constant from
few minutes to few hours. This voltage hysteresis
has been modeled by adding simple voltage
modification term to Nernst equation!'”'") by
using a SOC-dependent voltage source including
hysteresis!' M,

In this paper, to express voltage hysteresis and
relaxation of NiMH battery, which is in
commercial use as a HEV battery, three layers
model concerning Nickel active materials is
proposed. Figure3 shows a schematic diagram of
NiMH battery and a proposed model during
charge. A voltage gap between surface and inside
of Nickel active materials is introduced, and
voltage hysteresis is modeled as surface partial
battery decides OCV of the whole battery.
Voltage relaxation is also expressed as
equalization between surface layer and relaxation
layer with higher internal resistance. After
charge-discharge, internal charge exchange flows
according to potential difference between surface
layer and relaxation layer.

3.2 Experimental Validation

Proposed model is applied to the experimental
results of 7.2V 6.5Ah NiMH battery module. In
advance, the model parameters, capacitor ratio of
three layers, two internal resistances, and forward
voltage of diode, are carefully decided through a
model identification test. Then an initial state of
the model is adjusted by using EKF (Extended
Kalman Filter).

The voltage hysteresis and relaxation in each
SOC range and its dynamical behaviours are
confirmed to be modeled as shown in Fiure4.
Internal state including battery SOC can be
estimated by proposed model. And information
about battery SOH is also evaluated by periodical
model identification test.
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Figure4: Modeling of battery voltage
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4 Power System Modeling

PMU is in the spotlight as a key technology of
WAMS (Wide-Area Measurement System), and
some applications making use of a merit that
synchrophasor shows the snapshot of power
system state have been developed for world-wide
power systemsls]. Recently, PMU/WAMS
network is spread into lower voltage power outlet
at distribution level. The power system frequency
is used for evaluating power system event such
as a sudden %enerator trip and power system
modeling! "],

We believe that these distributed level PMU
technology have a great potential. Very huge
constituents of future Smart Grid, that are
distributed generators, demand side equipments,
and grid-connected Smart Storages proposed in
this paper, can understand the power system state
at self interconnected terminal with synchronism.
These "Smart Grid devices" contribute the power
system operation such as governor free, spinning
reserve, and demand response by taking the
power system frequency by PMU as a common
index. Of course, synchronizing action is easily
accomplished at the same time.

Authors have been developed Campus
PMU/WAMS!"® for another research project as
shown in Figure5. Figure6 show the grid-wide
synchronized frequency measurements when a
sudden generator trip occurred. Common
tendency of frequency drop is confirmed as
shown in Figure6.

5 Conclusion

In this paper, a system structure of autonomous
distributed Smart Storage concept for grid-
connected electric vehicle is proposed. Each
Smart Storage understand the power system state
from synchronized frequency measurement at
self interconnected terminal. On the other hands,
the power system understand the aggregated
behaviour of Smart Storage from a simple
information about battery model and SOC.

Fast response of vehicular battery realize
smoothing of fast natural variability of renewable
energy. And information stream between
vehicles and power system would be simplified
for future Smart Grid.

Future work is a battery modeling of lithium ion
battery by the proposed three layers model and a
battery SOH evaluation by the model parameters.
Numerical simulations are necessary for the
power system load frequency control considering
Smart Storage.
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measurements
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