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Robust LFC in a Smart Grid With Wind Power
Penetration by Coordinated V2G Control and

Frequency Controller
Sitthidet Vachirasricirikul and Issarachai Ngamroo, Member, IEEE

Abstract—In the smart grid, the large scale wind power penetra-
tion tends to expand vastly. Nevertheless, due to the intermittent
power generation from wind, this may cause a problem of large
frequency fluctuation when the load-frequency control (LFC) ca-
pacity is not enough to compensate the unbalance of generation
and load demand. Also, in the future transport sector, the plug-in
hybrid electric vehicle (PHEV) is widely expected for driving in the
customer side. Generally, the power of PHEV is charged by plug-
ging into the home outlets as the dispersed battery energy storages.
Therefore, the vehicle-to-grid (V2G) power control can be applied
to compensate for the inadequate LFC capacity. This paper focuses
on the new coordinated V2G control and conventional frequency
controller for robust LFC in the smart grid with large wind farms.
The battery state-of-charge (SOC) is controlled by the optimized
SOC deviation control. The structure of frequency controller is
a proportional integral (PI) with a single input. To enhance the
robust performance and robust stability against the system un-
certainties, the PI controller parameters and the SOC deviation
are optimized simultaneously by the particle swarm optimization
based on the fixed structure mixed control. Simulation
results show the superior robustness and control effect of the pro-
posed coordinated controllers over the compared controllers.

Index Terms—Battery state-of-charge, mixed control,
particle swarm optimization, plug-in hybrid electric vehicle, smart
grid, vehicle-to-grid.

NOMENCLATURE

AR Area requirement.

LFC Load-frequency control.

PHEV Plug-in hybrid electric vehicle.

PSO Particle swarm optimization.

SOC State-of-charge.

V1G One-way charge.
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V2G Vehicle-to-grid.

Load damping coefficient in area 1
and area 2.

Inertia constant in area 1 and area 2.

Maximum V2G power output.

V2G power output.

Change of system frequency in area
1 and area 2.

Change of tie-line power flow from
area 2 to area 1.

Change of AR in area 1 and area 2.

Change of power output of thermal
power plant in area 1 and area 2.

Change of V2G power in area 1 and
area 2.

I. INTRODUCTION

C URRENTLY, THE widespread penetration of large scale
wind power has been increasing largely because of plen-

tiful availability and reduced emissions [1]–[3]. However,
the wind power is intermittent in nature. This may cause an im-
balance of supply and load demand and lead to a severe fre-
quency oscillation problem [4]. Particularly, this problem may
occur considerably when the capacity of LFC is insufficient
during the night period [5].
On the other hand, in the future transportation system, the

PHEVs are used extensively for driving in the customer side
because of low-cost charging, reduced petroleum usages and
reduced greenhouse emissions [6]–[8]. For example, as in the
U.S. Department of Energy projects, approximately 1 million
PHEVs will be on the road by 2015 and 425 000 PHEVs will be
sold in 2015 [9]. Also, in China, it is approximated that by 2050
the number of electric cars will reach 200 million for driving
[10]. Moreover, there are upward trends to install the PHEVs as
the controllable loads in the future smart grid [11], [12]. Mainly,
the power of PHEV is charged in the night period owing to the
cheap electricity price [13]. Therefore, the V2G power control
can be applied to compensate for the LFC capacity in the night-
time [14]. Reference [15] proposes an autonomous distributed
V2G control of grid-connected PHEV and EV to the actual fre-
quency measurements in Eastern 50 Hz system and Western
60 Hz system of Japan. In [16], the V2G control based on the
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average battery SOC deviation control is applied to compen-
sate the LFC capacity in the system. Reference [17] concen-
trates on the autonomous distributed V2G control considering
the charging request and battery condition for suppressing the
fluctuations of frequency and tie-line power flow in the two-area
interconnected power system. The battery SOC is controlled by
the SOC balance method. In addition, the smart charging con-
trol technique is proposed for satisfying the scheduled charging
by the vehicle user [18].
However, the V2G control and frequency controller parame-

ters in [17], [18] are separately determined for each area. Hence,
they cannot guarantee the well coordinated control effects of
V2G and frequency controllers. Moreover, these research works
does not take both robust performance and robust stability of the
designed controller against system disturbances and uncertain-
ties such as various system operating conditions, unpredictable
wind power patterns, and system parameters variation, etc., into
account in the design problem. Accordingly, the performance
and robustness of designed controllers cannot be guaranteed.
The controllers with the high performance and robustness are
greatly expected for LFC in the smart power grid.
In order to enhance both performance and robustness of

the designed controllers, the conventional mixed
controller has been presented in [19], [20]. By optimizing the
and norms, the robust performance and robust stability

margin can be improved. Nevertheless, the resulted
controller still has a high order [19], [20]. As a result, it is
difficult to implement in actual power systems. Generally,
the controller structures such as lead-lag compensator, and
proportional integral (PI) etc., are preferred in practice because
of their simple structure and low order [21].
To overcome above problems, this paper proposes the new

coordinated V2G control and conventional frequency controller
for robust LFC in an interconnected power system with large
wind farms. The battery SOC is managed by controlling the
optimized SOC deviation based on the balanced SOC control.
System uncertainties are formulated by the multiplicative uncer-
tainty [22]. The structure of frequency controller is a PI compen-
sator. The PI parameters are tuned by the PSO [23] based on the
fixed-structure mixed control. Simulation studies ex-
hibit the superior robustness and coordinated control effects of
the proposed V2G control and PI controllers in comparison to
the V2G control and PI controllers in [17], [18] and the V1G
control and PI controllers.

II. SYSTEM MODELING

Fig. 1 shows a smart multi-area interconnected power system
with large wind power penetration. The V2G-based PHEVs is
applied to compensate the unequal real power in each area when
the LFC capacity is not enough. Here, a two-area interconnected
power system with large wind farms and PHEVs is considered
for the simulation study. With the studied system, each area
consists of the wind power, thermal power plant, LFC, PHEV,
and load. In area 1, the power capacities of the wind power,
thermal power plant, LFC, PHEV, and load are 3600MW, 24252
MW, 496MW, 500MW, and 33090MW, respectively. Also, the
power capacities of the wind power, thermal power plant, LFC,
PHEV, and load in area 2 are 3000 MW, 5560 MW, 106 MW,
500 MW, and 7090 MW, respectively.

Fig. 1. A smart multi-area interconnected power system.

Fig. 2. Linearized model of the smart 2-area interconnected power system.

Due to the sudden power change from the intermittent wind
power and the load fluctuation, the thermal generator may not
compensate sufficiently the power because of its slow dynamic
response [24]. The fast dynamic response of vehicle battery-
based multiple PHEVs is greatly expected to compensate ad-
ditionally the real power unbalance in the system when the LFC
capacity is inadequate.
By taking the dynamic response into consideration, the PHEV

is faster than the turbine and governor of thermal generator.
Consequently, the operational tasks are assigned according to
the response speed as follows. The PHEV is responsible for
damping the peak value of frequency oscillation rapidly. Subse-
quently, the turbine and governor of thermal generator are uti-
lized for eliminating the steady state error of frequency fluctu-
ation. The linearized model of the smart 2-area interconnected
power system is shown in Fig. 2.
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Fig. 3. LFC model.

Fig. 4. Thermal power plant model.

Fig. 5. V2G model.

Fig. 6. V2G power control.

The models of LFC, thermal power plant, and V2G are shown
in Figs. 3, 4, and –5, respectively. In the V2Gmodel, the transfer
function for calculation delay is approximately represented by
the first-order transfer function with the time delay .
The parameters for system, battery model and V2G control [17]
are provided in Appendix.
In Fig. 2, the linearized state equations can be expressed as

follows:

(1)

(2)

(3)

(4)

where the state vector

. and are the changes
of frequency and AR in area 1, respectively. , ,

and are the changes of output power of thermal
power plant in area 1. is the change of V2G power
in area 1. is the change of tie-line power flow from area
2 to area 1. and are the changes of frequency and
AR in area 2, respectively. , , and
are the changes of output power of thermal power plant in area
2. is the change of V2G power in area 2. The output

vector , the control output signal
. and are the

changes of the AR output signal in area 1 and area 2,
respectively. and are the proposed robust
PI controllers of LFC in area 1 and area 2, respectively. The
system in (1) is a multi-input multi-output system and
referred to as the nominal plant .

III. V2G POWER CONTROL

In [17], the V2G power control can be described as follows.

A. V2G Power Control

As illustrated in Fig. 6, the V2G power output can
be controlled by the droop characteristics against the frequency
deviation as

(5)

where is the V2G gain tuned by taking a tradeoff between
the V2G effect and the battery SOC deviation range into consid-
eration. is the maximum V2G power defined by the 200
V/25 A home outlet. Also, can be computed by

(6)
where , , , and are the
minimum battery SOC, low battery SOC, high battery SOC,
maximum battery SOC, and design parameters, respectively.
The SOC can be controlled by the SOC balance control. Next,
the V1G power is calculated by

(7)

where is the maximum V2G gain. As mentioned in [16],
the average length for driving a car in Japan is short. Almost all
cars are parked and plugged in the power grid. Normally, the
battery SOC will become full during few hours because of the
short driving distance. Accordingly, it is supposed that the av-
erage driving distance of all PHEVs in both areas is no long and
almost all PHEVs in each area are plugged in the utility grid.
Besides, based on [17] considering the charging need of user
for the future journey and the various battery operating condi-
tions during the V2G and V1G modes, it is assumed that there
is no V2G control in each area during the first 4 hours and the
V2G mode in area 1 is changed to the V1G mode at
for charging the power of PHEVs with full charge during es-
timated 3–4 hours for next trip. Also, there is no V1G mode in
area 2. The PHEVs installed in area 2 are not plugged out during

in order to study the effect of battery SOC bal-
ance control around 50% without the PHEVs power charging
with full charge. As a result, the time scale of simulation test is
expanded to 24 hours.

IV. PROPOSED DESIGN TECHNIQUE

The proposed design method is explained as follows:
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Fig. 7. Control system with inverse output multiplicative perturbation and ex-
ternal disturbance.

A. Fixed-Structure Mixed Control Approach

To tune PI controllers of LFC in each area, the inverse output
multiplicative perturbation is applied to model the system un-
certainties [22]. The control system with inverse output mul-
tiplicative perturbation and external disturbance is shown in
Fig. 7 where is the nominal plant, is the designed PI con-
troller, is the reference input, is the error tracking,
is the external disturbance, is the output of the system, and

is the unstructured system uncertainties such as various
generating and loading conditions, variation of system param-
eters, etc. Note that is formed by a multiplicative uncer-
tainty. Based on the small gain theorem, for a stable multiplica-
tive uncertainty, the system is stable if

(8)

then,

(9)

The right hand side of (9) implies the size of system uncer-
tainties or the robust stability margin against the system uncer-
tainties. By minimizing , the robust stability
margin of the closed-loop system is maximum. This concept can
be applied to design the robust controller as the cost function

(10)

In addition, the tracking error performance of the designed con-
troller is also considered. The tracking error can be defined by
the integral of the squared error as the cost function

(11)

where is the error which can be obtained
from the inverse laplace transformation of with
and as

(12)

B. Battery SOC Deviation Control

Based on (5) and (6), can be controlled by tuning the
gain against the frequency deviation. can be ad-
justed by the SOC deviation control within the specified SOC
range. Here, the initial SOC and target SOC in area 1 are set at
20% and 90%, respectively. Also, in area 2, the initial SOC and
target SOC are set at 50% and 50%, respectively.
By taking the reach of the target SOC in area 1 and the ini-

tial and target SOC balancing in area 2 into account, the inte-

gral absolute error (IAE) values of the SOC deviation in area 1
and area 2 are applied in the de-

sign problem as follows:

(13)

(14)

From (13), the high IAE value of will give the
rapid 90% target SOC arriving compared with the low IAE
value of . Also, in (14), the small IAE value of

will provide the good performance of the 50% ini-
tial and target SOC balancing. The maximum IAE value of

in (13) and theminimum IAE value of
in (14) are highly expected in the optimization. Note that the in-
version of the maximum IAE value of is the min-
imum IAE value of .
As a result, the optimization problem can be formulated by

(15)

(16)

where and are the minimum PI gains
of LFC in area 1 and area 2, respectively. and

are the maximum PI gains of LFC in area 1 and
area 2, respectively. Note that the problem (15) is solved by the
PSO [23].
Next, the enormous combination of PHEVs gives the high ca-

pability of V2G [14]. In [17], [18], the lumpedV2G group-based
large PHEVs can be controlled by the identically synchronized
control of multiple PHEVs as the one controlled object for com-
pensating the unbalanced power in the system. Here, the IAE
values of and in (13), (14) are cal-
culated based on each vehicle’s SOC. Based on the SOC syn-
chronization control among huge PHEVs in [17], [18], the IAE
values of the SOC deviation in the case of multiple PHEVs can
be computed approximately by multiplying the total number of
PHEVs in each area with the IAE values of and

in (13), (14) as follows:

(17)

(18)

where and are the total number
of PHEVs in area 1 and area 2, respectively.
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Fig. 8. Wind power output fluctuation.

Fig. 9. Random load deviation.

Fig. 10. Objective function versus iteration.

Fig. 11. Frequency deviation in area 1 under the step increases of wind power
and load in the system model without governor and turbine.

V. SIMULATION RESULTS

In this section, the searching parameters boundary and PSO
parameters are set as follows: ,

, , ,
, , , and .

To optimize simultaneously the PI control parameters of
LFC in both areas and the IAE values of and

, it is assumed that the wind power output fluc-
tuation with the maximum deviation band in each area and
the random load deviation in Figs. 8 and 9, respectively are
subjected to the considered smart power system.
From (12), is selected instead of the step

as the reference input to accomplish the norm value. As a
result, the convergence curve of objective function is illustrated
in Fig. 10. The proposed robust PI controllers of LFC in area 1
and area 2 ( and ) are

(19)

In the simulation study, the and cooper-
ated with the proposed V2G control called “PLFC & PPHEV”
is compared with the conventional PI controllers of LFC in area
1 and area 2 combined with the V2G control in [17], [18] de-
noted as “CLFC&CPHEV” and the conventional PI controllers
of LFC in both area 1 and area 2 joined with the only V1G
control based on (7) called “RLFC & RPHEV.” Here, in the
case of RLFC & RPHEV, the PI controller parameters of LFC
in both areas are designed by minimizing the IAE values of the
frequency deviation in area 1 and area 2 under the
wind power output fluctuation and the random load deviation in
Figs. 8, 9 as in the following objective function:

(20)

(21)

In (20), the PI control parameters of LFC in area 1 and area
2 are automatically adjusted by the PSO under the same tuning
parameters range of (15). After minimizing (20), the conven-
tional PI controllers of LFC in area 1 and area 2 ( and

) are

(22)
To test the dynamic response of the PHEV and the thermal

generator, it is assumed that the only 3000 MW step increase of
wind power at in area 1 and the only 1500 MW step
increase of load at in area 2 are subjected to the system
model without and with governor and turbine, respectively. The
frequency deviation under the step increases of wind power and
load in the systemmodel without governor and turbine is shown
in Figs. 11 and 12, respectively.
As seen in Figs. 11 and 12, the peak values of frequency oscil-

lation in area 1 and area 2 under the V2G control-based PHEVs
can be highly suppressed in comparison with those of no PHEV.
These demonstrate that the PHEV is used to damp swiftly the
peak value of frequency fluctuation. Also, the frequency devi-
ation under the step increases of wind power and load in the
systemmodel with governor and turbine is illustrated in Figs. 13
and 14, respectively.
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Fig. 12. Frequency deviation in area 2 under the step increases of wind power
and load in the system model without governor and turbine.

Fig. 13. Frequency deviation in area 1 under the step increases of wind power
and load in the system model with governor and turbine.

Fig. 14. Frequency deviation in area 2 under the step increases of wind power
and load in the system model with governor and turbine.

With Figs. 13 and 14, the values of steady state error in the
case of no PHEV and PHEV can be decreased to be zero. These
show that the governor and turbine of thermal generator is uti-
lized to manage the steady state error of frequency change. Con-
sequently, the disturbances of wind power or load can be elimi-
nated productively by the well coordinated control of the PHEV
and the thermal generator.
In order to investigate the coordinated control of the V2G-

based PHEVs and the LFC, the controls of only LFC, only V2G
and LFC & V2G are applied to compensate the real power un-
balance in the studied system separately. The frequency devi-
ation in area 1 and area 2 under the only LFC, only V2G, and
LFC & V2G controls is shown in Figs. 15 and 16, respectively.

Fig. 15. Frequency deviation in area 1 under the controls of only LFC, only
V2G, and LFC & V2G.

Fig. 16. Frequency deviation in area 2 under the controls of only LFC, only
V2G, and LFC & V2G.

Fig. 17. Frequency deviation in area 1.

For Figs. 15 and 16, the PLFC & PPHEV can suppress ca-
pably the frequency oscillation in both area 1 and area 2 com-
pared with those of the PLFC and the PPHEV. These indicate
that the control of only LFC is greatly enhanced by the proposed
V2G control.
In the normal case, the fluctuations of frequency and tie-line

power flow are demonstrated in Figs. 17, 18, and 19, respec-
tively.
The frequency and tie-line power flow deviations are greatly

damped by the PLFC & PPHEVcompared with those of the
CLFC & CPHEV and the RLFC & RPHEV. The fluctuations of
frequency and tie-line power flow in the negative regions cannot
be improved by the RLFC & RPHEV because there is no dis-
charge mode. Also, the battery SOC and power outputs of V1G
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Fig. 18. Frequency deviation in area 2.

Fig. 19. Tie-line power flow deviation.

Fig. 20. Battery SOC in area 1 and area 2.

Fig. 21. V1G and V2G power outputs in area 1.

and V2G in area 1 and area 2 are shown in Figs. 20, 21, and –22,
respectively.
In Fig. 20, the PLFC & PPHEV in area 1 can reach fast the

90% target SOC. Also, in area 2, the PLFC & PPHEV can

Fig. 22. V1G and V2G power outputs in area 2.

Fig. 23. V2G gains of charge and discharge in area 1.

Fig. 24. V2G gains of charge and discharge in area 2.

suppress effectively the battery SOC around 50% in compar-
ison with the CLFC & CPHEV. These result in the better V2G
power control effects based on the proposed optimized battery
SOC deviation control as exhibited in Figs. 21 and 22. Also, the
RLFC & RPHEV can control satisfyingly the only V1G power
charging in each area. Thus, the frequency and tie-line power
flow oscillations in the positive zones can be alleviated as seen
in Figs. 17, 18, and –19, respectively. The V2G gains of charge
and discharge in area 1 and area 2 are demonstrated in Figs. 23
and 24, respectively. The proposedV2G gains for the charge and
discharge in each area can be controlled efficiently in compar-
ison to those of the conventional V2G gains. Note that the V2G
mode in area 1 is switched to the V1G mode since .
To investigate the robustness of the PLFC & PPHEV

against the system parameters change, the absolute maximum
frequency deviation in area 1 and area 2 ( and

) and the absolute maximum tie-line power flow
deviation are tested under the wind power output
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Fig. 25. Absolute maximum frequency deviation in area 1 and area 2.

Fig. 26. Absolute maximum tie-line power flow deviation.

fluctuation and the random load deviation as shown in Figs. 8
and 9, respectively.
Figs. 25 and 26 demonstrate the values of ,

and while all system parameters are
decreased from 0% to 40% of the normal values in each area.
The values of , and in the case
of CLFC & CPHEV increase highly when all system parame-
ters decrease. On the contrary, the PLFC & PPHEV provides
the greatly lower , and values.
These indicate that the PLFC & PPHEV is very robust to the
system parameters variation.
In the case of changed system parameters, it is supposed that

the considered system is operated under the wind power output
fluctuation and the random load deviation in Figs. 8 and 9, re-
spectively. During the simulation, it is assumed that the in-
stalled PHEVs in area 2 are decreased to as 30 000 from 60 000.
This exhibits that the total V2G power capacity in area 2 is
half reduced. In addition, it is supposed that the and
are decreased by 40% from the normal values. Next, normally,
the load damping coefficient can be changed from the positive
damping to the negative damping when the considered system
is operating at the unstable point. For example, in the extreme
case of a heavily loaded generator operating on a long transmis-
sion link, it may result in the leading of negative damping to
an oscillatory loss of stability [25]. Accordingly, it is assumed
that the is changed from 2 (positive damping) to 0.9975
(negative damping) at . This implies that the studied
area 2 is changed from the stable mode to the unstable mode
at . Simulation results of the frequency deviation and
tie-line power flow fluctuation are demonstrated in Figs. 27, 28,
and –29, respectively.
The CLFC & CPHEV and the RLFC & RPHEV failto damp

the frequency and tie-line power flow fluctuations totally. The

Fig. 27. Frequency deviation in area 1 (changed system parameters).

Fig. 28. Frequency deviation in area 2 (changed system parameters).

Fig. 29. Tie-line power flow deviation (changed system parameters).

system becomes unstable entirely. On the contrary, the PLFC
& PPHEV can compensate the unbalanced real power in the
interconnected power system productively.
Next, the battery SOC and power outputs of V1G and V2G

in both areas under the system parameters change are illustrated
in Figs. 30, 31, and –32, respectively.
In Fig. 30, the CLFC & CPHEV in area 1 reaches slowly

the 90% target SOC. Besides, in area 2, the battery SOC of the
CLFC & CPHEV is raised up. On the other hand, the PLFC &
PPHEV is capable of controlling the battery SOC in both areas.
With Figs. 31 and 32, the RLFC & RPHEV cannot control the
V1G power outputs in each area during 20–24 h. In the case of
CLFC&CPHEV, the V1G power charging in area 1 for the next
trip is charged at the level of maximum power during 21.5–22 h.
Also, the V2G power output in area 2 is charged at themaximum
power level during 21.5–24 h because the system is performed
in the unstable mode since . On the contrary, the
PLFC& PPHEV can manage efficiently the V2G power outputs
in each area. These results confirm the superior robustness and
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Fig. 30. Battery SOC in area 1 and area 2 (changed system parameters).

Fig. 31. V1G and V2G power outputs in area 1 (changed system parameters).

Fig. 32. V1G and V2G power outputs in area 2 (changed system parameters).

LFC control effects of the PLFC & PPHEV beyond the CLFC
& CPHEV and the RLFC & RPHEV.

VI. CONCLUSIONS

The new coordinated V2G control and frequency controller
for robust LFC in the smart grid system with wind power pene-
tration has been presented in this paper. The V2G power output
considering the proposed optimized battery SOC deviation con-
trol can be controlled effectively. The PSO based on the fixed-
structure mixed control technique is applied to tune the
PI control parameters of LFC concurrently. Simulation results
demonstrate the robustness and coordinated control effects of
the proposed V2G control and PI controllers of LFC against the
changed system parameters and various operating conditions.

APPENDIX A
SYSTEM PARAMETERS

TABLE I
SYSTEM PARAMETERS

APPENDIX B
BATTERY MODEL

The battery SOC is updated as follows:

(B.1)

where is the efficiency of charge and discharge. Also, the bat-
tery CCV (closed circuit voltage) is defined as follows:

(B.2)

where , , and are the gas constant, faraday constant,
battery temperature and internal resistance, respectively.

TABLE II
BATTERY MODEL PARAMETERS

APPENDIX C
V2G CONTROL PARAMETERS

TABLE III
V2G CONTROL PARAMETERS
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