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ABSTRACT Increasing penetration of replenished renewable energy sources (RES) to the power grid is
inevitable and brings stability challenges to traditional electric power systems (EPS). One of them is the
frequency fluctuation due to the high participation of RES in the EPS. To reduce the grid frequency deviation,
in this paper, an autonomous frequency regulation (FR) controller is proposed using the power of battery
energy storage systems (BESS) in electric vehicle charging stations (EVCS) while providing the charging
service. A proportional-integral (PI) controller scheme with a contribution factor is used in the proposed FR
controller. The contribution factor determines the maximum power from BESS used for the proposed FR.
The required power for the FR is then used to generate the setpoint for the inner-loop current controller of the
grid-connected inverter (GCI). An impedance-based stability analysis considering the PI current controller
and PLL gains for the LCL-filtered GCI is conducted. For the performance evaluation, the proposed FR
controller is demonstrated in the IEEE 14-bus power system in PSCAD simulation.

INDEX TERMS Frequency regulation, battery energy storage system, random power load, grid service,
renewable energy source.

I. INTRODUCTION The conventional EPS frequency control scheme con-

The diversification of electric vehicles (EV) is explosively
increasing, and the demand for fast charging is also rapidly
growing. However, the expansion of fast-charging facilities
is not keeping up with the demand due to the current
electricity tariff structure and power restrictions on the
existing distribution network [1]. One solution is using the
battery energy storage system (BESS) to limit the peaking
electricity demand or to cooperate with nearby variable
renewable energies (VREs) [2], [3], [4], [5], [6], [7]. These
BESSs in rapid EV charging stations will be deployed
over large areas, and if there are some BESSs resting,
those unassigned resources may be utilized in the frequency
regulation (FR) for the electric power system (EPS) flexibility
enhancement [8], [9], [10].

The associate editor coordinating the review of this manuscript and
approving it for publication was Shafi K. Khadem.

sists of primary frequency control (PFC), secondary fre-
quency control (SFC) called automatic generation control
(AGC), and tertiary frequency control [11], [12], [13]. PFC
autonomously increases the output power proportional to the
frequency deviation by deploying the PFC reserve if the
frequency deviation exceeds the deadband of the governor of
the synchronous generators. In contrast, to eliminate steady-
state frequency errors either after PFC is terminated or
under normal operation, AGC sends the incremental power
to the individual online generators every four seconds. That
is why it has a slow response time from tens of seconds
to over 10 minutes [14]. Thus, AGC is generally not fast
enough to respond to continuously varying loads, which
causes large random frequency deviations from the nominal
value under normal operation. This inevitably activates
PFC if the frequency deviation goes over the £36 mHz
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band for the Korean EPS. As a result, the PFC reserve is
deployed and thus the EPS frequency stability is unable to
be secured until the PFC reserve is fully recovered [15].
In addition, the frequent PFC activation under normal
operation results in the mechanical actuators aging of the
governor.

BESSs, which use electrical energy stored in batteries,
can provide a faster FR response and react to frequency
deviations less than +36 mHz, thereby reducing the number
of primary control activations [16], [17], [18], [19], [20], [21].
Researches on FR using dedicated large-scale BESSs started
since the last three decades ago [16], [17]. The advantages
of the instantaneous power response of the BESS were
presented in [16], but the dynamics and nonlinearities
in the governor in the EPS such as the deadband, rate-
limiters, and AGC were ignored. In [17], more detailed
dynamics and the nonlinearities were considered, and a
damping effect of the BESS on EPS frequency was described.
The use of aggregated BESSs in the EPS for FR were
studied by employing a centralized EPS controller while
taking the BESS state of charge (SOC) into consideration
in [8], [l6], [17], [18], [19], [201, [21], [22], [23],
and [24]. In [25], the limitations of the centralized
controller to manage many distributed BESSs were
addressed.

One of the tangible problems of the centralized controller
is the computational burden of generating charge/discharge
commands for the individual BESS. In [26], the BESS
inside the traditional power plants was used to assist the
AGC to reduce the frequency deviation while keeping the
BESS degradation as small as possible in terms of SOC
and DOD levels. This solution could not be cost-effective
when the installation and operation cost of BESS inside
the traditional generators is not covered by providing some
local load services. The concept of commercial buildings
is proposed in [27] to use the BESS inside the buildings
for the FR service while charging the EV. Among the
commercial buildings, the V2G function is enabled, and
a number of BESS, including EV batteries, were used
to compensate for the load demand variation. The high-
frequency component of the load was effectively provided by
the network of BESS resulting in a reduction of frequency
deviation at each building. In this FR scheme, the primary
and secondary frequency control signals are sent to the
BESS, however, the effect of communication delay on the
FR is not comprehensively provided. Therefore, an FR model
for a large interconnected power system using various ESS
considering the impact of the communication delay on the
stability and ESS management was investigated in [28].
To avoid the communication delay, autonomous operation of
BESSs for FR is gaining an attention [25], [29], [30], [31].
The FR performance degradation due to the delays that
occur during the communication process was addressed
in [25]. However, the scheme in [25] may not be called
autonomous because it is still taking commands from the
centralized controller. In addition, the frequency deviation
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threshold of 2100 mHz set in [25] has limitations to fully
avoid the primary control activation under normal operation.
In [30], the BESS controller is dedicated to the FR service,
and it is not used for other charging tasks. The optimal
control action of BESS is then presented while keeping
BESS degradation to a minimum. In [29] and [31], the V2G
function is the focus of the proposal for the smart grid.
When the EVs are charged at home, a smart charging control
is proposed to primarily satisfy the scheduled charging by
the vehicle user while providing the FR service. The V2G
function is a bi-directional power transfer, so this operation
can harm the EV battery life. Therefore, in our proposed
method, the BESS in the charging station is utilized for
the FR, not the EV batteries. EV users only need to wait
for a longer charging time when they agree to participate
in the FR service without degrading their EV’s battery
life.

Another important aspect of autonomous operation is the
frequency measurement method, but a proper phase-locked-
loop (PLL) was not considered in [31]. In addition, the
multitasking ability of the BESS is essential to achieve a
higher economic viability. The FR function of the BESSs
should be operable to the originally committed functions
e.g., load shifting BESS, peak shaving BESS, uninterruptible
power supply etc. to recruit various kinds of distributed
autonomous BESSs.

This paper addresses the autonomous FR of the BESSs
installed in the fast-electric vehicle charging stations
(FEVCSs). The primary task of the BESSs is charging
the electric vehicles (EVs) when EVs require energy.
However, when the BESS is not fully occupied or in a
retention mode, the BESS is able to participate in the
autonomous FR to mitigate the frequency fluctuations under
normal operation of the EPS. Unlike the research in [25],
the proposed autonomous FR method uses no deadband
and thus the frequency fluctuations can be significantly
mitigated while forcing the frequency deviation within the
governor deadband of the synchronous generators. As a
result, the PFC activation is significantly avoided under
normal operation, thereby maintaining the EPS frequency
stability. The modified IEEE 14-bus system are used to
investigate the performance of the proposed method. In the
modified IEEE 14-bus system, six BESSs are installed in
six distributed fast EV charging stations to support the
charging EVs.
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FIGURE 1. A simple EPS for the concept explanation.
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Il. PROPOSED FR METHOD FOR THE BESSs

IN THE FEVCSs

This section describes the proposed autonomous FR method.
FIGURE 1 shows the simple EPS that includes one steam-
turbine synchronous generator and one FEVCS. The BESSs
in the FEVCSs are primarily dedicated to charge the EVs.
The frequency deviation (Af) from the nominal frequency
(fo) is caused by the continuous load variation under normal
operation of the EPS. Ignoring the losses in the transmission
system, the power (P,,) delivered from the prime mover
should be kept the same as the load (P,) consisting of the
varying load component (AP, ) and the fixed load (P.p). If the
average generator power input (P,,) and the average loading
(P,) are the same, and the frequency of the synchronous
generator (wj,) remains at the nominal value (w,,0). However,
since the aggregated load is continuously changing, the
frequency can be kept at w,,0 only when the load fluctuations
are compensated by adjusting P,,.

PFC and SFC have been used to adjust P,,. PFC is activated
without any command signal from the EPS operator if Af
exceeds the deadband. As SFC, AGC sends a command signal
(AP,) at every 4 s in the Korean EPS to eliminate Af
under normal operation. SFC is activated whenever Af exists.
Conversely, PFC is activated only when if Af exceeds the
deadband. Note that PFC is generally designed to arrest the
frequency decline by deploying the PFC reserve following a
frequency event such as generator trip.

Note that AGC through the synchronous generators is quite
slow because it takes quite a long time to convert the fluid
of steam into P, through mechanical turbines and an AGC
signal is issued at every 4 s. In addition, even aggregated
load in the EPS varies too fast for a mechanical-based system
to respond. Thus, Af that always occurs is unable to be
completely eliminated through AGC. Sometimes Af can
exceed the governor deadband, thereby deploying the PFC
reserve. As a result, the EPS stability can be degraded.

In order to handle this frequency regulation issue, BESSs
can participate in mitigating the frequency fluctuations either
centrally or autonomously. In this paper, to achieve the higher
frequency mitigating capability, an autonomous FR strategy
using the distributed BESSs in FEVCSs without receiving the
command signal from AGC will be presented.

By assuming that there exists a BESS in the FEVCS for EV
charging support, the power relation at the charging station
can be written as:

Peycs = Ppgss — Pev, (1)

where Pgycs is the EVCS power injecting to the utility grid
in FIGURE 2, Ppgss is the BESS power, and Pgy is the power
used to charge the EV at the EVCS.

The BESS power Pggss is physically constrained as:

min MaAxX
Ppres < PESS<Pprss ()

where Pgrcg and P}?gss are the maximum and the min-

imum power for the BESS, respectively and typically,

min max
PBESS - _PBESS‘
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FIGURE 2. FEVCS with an assisting BESS.

Note that the reference for Pgy is generated from the
EVs when the charging service starts, and its portions
are determined by the energy management system (EMS)
of the FEVCS as:

P%v = PIOBESS - PIOEVCS’ 3)

where Pgy,, Pgpes and Py represent the pre-computed
reference for Pgy, Ppess and Pgycs by the EMS of EVCS,
respectively. If the EVCS is not assigned for the FR
service, then these pre-computed references will be the actual
references. However, the EVCS is assumed to participate the
FR service in this paper, so the actual reference for the BESS
and EV will be determined by the following FR controller.

It is assumed that P%V > 0, i.e. the vehicle-to-grid
power transmission is not permitted. The FR controller to
compensate for Af is designed as:

t
Prr () = Kyr-AF () + K - /0 Af (dT (@)

where K,rr and K;pg represent the proportional and integral
gains of the FR controller, respectively. Here, Af = f, — f
has a mean value of zero, f, is 60 Hz, and f is the estimated

frequency using PLL. This FR operation will be bounded by

|Prrl < a.Pgrsg, (0 <a < 1), 5)
where « is a contribution factor used to determine how much
percentage of the BESS power will be assigned for the FR
service.

Considering the physical constraint (2) and the required
power for the FR service, the power references for Pggss and
Pgy will be modified as:

o [P?;ESS +Prr (1), if |Pypss + Prr (0)| < Phgss
BESS = | pmax

BESS » otherwise,

(6)
and

O
PZ‘V — PEV’
Bies — Prr (1),

if |Pgess + Prr (1] < P
otherwise

N

Finally, the actual reference for BESS and EV are Py ¢, and
PZV as defined in (6) and (7), respectively.
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From (7), the EV charging operation could be altered by
the FR operation when Py ¢ + Prg (t) violates the physical
limit of the BESS.

The operation mode of the BESS is expressed in two ways
according to the polarity of Ppp¢. In one mode, Pgy is
partially or wholly supplied by the BESS (Pj.¢¢ > 0). In the
other mode (PEESS < 0), the BESS and the EV are charged
from the grid.

The mean value of Prr can be assumed to be zero because
the integral action of AGC removes the frequency offset in
Af over the long period.

In FIGURE 2, a detailed diagram of the FEVCS is
illustrated. As the main charging power is from the grid,
an efficient DC/AC interfacing unit, an active front end
converter are adopted, and PEESS is made into Ppgss
synchronized with the phase angle () in a phase-locked-loop
(PLL) [32]. The PLL uses the locally measured voltage v pc
and thus a communication signal from centralized controller
is not required. To obtain the current reference for the
synchronous reference frame (SRF) quantity (ij}q) a power to
current conversion gain is calculated as,

* _ é PhEss
/3 rms (virabe)

where vy gpc is the line-to-line value of vy and rms() is root
mean square function.

The SRF quantity of the line current (i44) is converted from
the phase current (i4p.) and an inner-loop PI current controller
works to regulate iy, to track ij;q in FIGURE 2. The output
of the current controller is given to the space-vector pulse-
width-modulator (SVPWM) to generate the corresponding
gate pulses for switches. As a result, the battery power with
the voltage (vpc) is modulated and filtered to supply the exact
amount of Pggss.

Typically, the EV chargers in FEVCS receive upper power
limits from all connected EVs and the chargers can decide
how much power would be delivered depending on the EVCS
power conditions. Therefore, Pry can be reduced as (7)
according to the FR conditions while providing the EV
charging services, and finally it will track Pj;,, and decrease
to zero when EVs is fully charged.

i =0,

®)

lll. MODEL SYSTEM

As shown in FIGURE 3, the modified IEEE 14-bus system
is chosen as the test system to investigate the performance of
the proposed FR scheme based on a PSCAD simulator. Ten
fluctuating loads are added in addition to the existing eleven
fixed loads. The total load ranges from 250 MW to 260 MW
under normal operations. The nominal bus voltage of the
model system is 138 kV, and the RMS voltage used at
the EVCS is 400 V using the step-down transformer as
shown in FIGURE 2. The power ratings and inertia constants
of the synchronous generators are defined in FIGURE 3,
ie. 120 MVA and H=4 s at Bus 2. Six BESSs (each
500 kW/500 kWh) are added to the IEEE 14-bus system

97692

Bus 13
ke Bus 14
Busil] - T;
Bus 8
Bus 9
0 MVA
Bus 10 % H=3s
120 MVA :
BESS #6
H=4s I ? Bus 7 AP e
Bus6 |(mm ik
Bus4 BESS 3
AP,co1T”"Bus1  8OMVA Hi
ha T BESS 74 £l
Ylmee = o' Ve
Bus 5
Synchronous
L Genenator
BESS 1 BESS B @Transﬁ\rmer w/
,*G s am m % Tap Chan ger
S Bus 3 Random
120 MVA us Load
H=4s N
100 MVA, Fixed
AP e H=4s = l Load

APge

FIGURE 3. Modified IEEE 14-Bus system.

assuming that they originally used to charge the EVs at the
rapid charging stations. The total capacity of the six BESSs
is 3.0 MW, which is approximately 1.2% of the total average
load.

Rate
limiter

Rate
-1.65 limiter

(a) General Electric's mechanical hydraulic governor model

Ky Ky =025
K5, Ky =0.125
Ks Kg=0.1

Ky, Ky =0.025

(b) Generic turbine model including intercept valve effect

FIGURE 4. The governor and turbine model [33].

TABLE 1. Parameters of governor and turbine models.

Symbol Quantity
fo.f nominal SG and turbine frequency
R frequency droop gain (0.05 p.u.)
Vinie control valve initial position in per unit
APyce power adjustment signal from the Secondary control
Tsr » Tsm time constants of the speed relay and servo piston
Cy, I, governor output signals for turbine control valve and
intercept control valve
Pup , Pip mechanical output of high-pressure and low-pressure
turbine
Ki~Kg contributions to mechanical power of various turbine
sections
Ty~T; time constants for the high-pressure turbine blow, the

reheater, the crossover, and the double reheat unit
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All synchronous generators in the modified IEEE 14-bus
system are assumed to be steam turbine generators. For the
governor, the mechanical hydraulic control model [33] is used
(see FIGURE 4) and its parameters are listed in Table 1. The
droop and dead bands in the governor response are set to 5%
and 36 mHz, respectively. FIGURE 5 shows the AGC’s logic
diagram to generate the power reference of each synchronous
generator (APagc). In this paper, the AGC generates the
control signal at every 4 s and is deactivated if Af exceeds
£200 mHz, as mentioned in [15]. Kiagc and Kpage in
FIGURE 5 are set to 0.336 and 3.0, respectively. Table 2
shows the detailed controller gains and power capacities on
the EV charging BESSs.

TABLE 2. Parameters for the BESS and FR controller.

Symbol Quantity Value
PO power rating 500 kVA
a contribution factor 0~1
S0C™" S0C™**  allowable range of SOC 10~90%
Kprr proportional gain of FR controller 100
Kirr integral gain of FR controller 10e3
K, proportional gain of current controller 0.1
K; integral gain of current controller le2
Kpprr PLL proportional gain 25
Kipi1 PLL integral gain 355

AGC (Tyamp=45)

+ wsum K DI
.fl(p.u)—fsmu)ﬁum,u,) ¥ proc[ &) APasc

Jotww)
S, - Ssepu): Frequencies of five SGs (SG1 to SGS5) in per unit.
Soum(p.u): Weighted sum of the five SGs frequencies in per unit.
fo.u): Nominal frequency in per unit.
Kyu6¢, Kiage: Proportional and integral gains of AGC.
AP 46¢c: An AGC output signal distributed to each SG.

FIGURE 5. AGC logic.

IV. STABILITY ANALYSIS

The proposed FR controller (4) will provide the power
reference PEESS for the BESS, and the current reference
(i3, iy) of the battery inverter is computed based on Pgpgg
using (8). To ensure the stable tracking of the actual current to
the assigned reference, the PI current controller and the PLL
gains are selected based on the impedance-based stability
analysis in [34]. The small-signal impedance model [34] of
the grid-connected inverter with the consideration of both
the PLL gains and the current controller gains is used. This
small- signal current model of inverter and grid system can
be described as:

©))

I, (s) = [lmv ) — 29 } !

Zinv (S) 1+ Zg (S) /Zinv (S)
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where (V,,1,) are the grid voltage and current, I, is
the inverter current, Z, and Z, are the grid and inverter
impedances, respectively. It is assumed that the inverter can
operate properly with the ideal grid, i.e. Z; = 0. To stabilize
the system (9) under the non-zero grid impedance, the inverter
impedance should be designed so that the ratio Zg/Z,
satisfies the Nyquist stability criterion. In this paper, the
grid impedance Z, is measured in the PSCAD simulation
of the modified IEEE 14-bus system using the current
injection method in [35]. Instead of a simple L-filter in [34],
an LCL-filter is used after the battery inverter. The inverter
impedances with three different integral gain K;; are plotted
with the measured grid impedance in FIGURE 6. The inverter
impedances intersect with the measured grid impedance at
two different frequencies, i.e. at Point 1 (3Hz) and Point 2
(1203Hz). At Point 1, the phase margin is positive as
PM=80deg, which indicating the stable condition. Around
Point 2, only the inverter impedance with K;; = le4 intersects
with the measured grid impedance and the phase margin at
this point is negative, i.e. PM = —123deg in FIGURE 6(c-d).
This indicates the instability of the grid-connected inverter,
which is then occurred in the current control simulation
when the integral gain Kj; is changed from 1e3 to le4
in FIGURE 7.

V. SIMULATION STUDIES
This section investigates the effectiveness of the proposed FR
scheme under various operating scenarios. The six BESSs
in FEVCS autonomously operate, relying on the frequency
measured at each terminal. This study analyzes the effect of
EV charging BESS on the grid frequency and EV owners
according to allocated FR power by adjusting « while
performing charging mission. The operation modes can be
described using four representative cases of « that can
represent the most cases. The « values selected here are
‘a =0, ‘a = 03, ‘a = 0.7 and ‘« = 1’ when EV
charging demands are 0.7 p.u. of the total BESS power. In the
‘@ = 0’ mode, the BESSs only provide the charging services
and do not assign power for FR. When ‘a = 1°, the entire
BESS power is assigned for FR regardless of the EV charging
demand. In this case, if the BESS is charging the EV, the FR
power passing to the system is increased as much as possible
by reducing the EV charging power. Conversely, when it is
necessary to absorb power from the grid, EV and BESS will
absorb power. The FR power has the highest priority for the
BESS power utilization and the EVCS output power, Peycs,
strictly follows the FR command in any FR mode (o« > 0).
To achieve this, one assumption for the EV chargers is that
EV charging power can be dynamically reduced from the
demand level and restored back to that level immediately
when needed. As a result, the EV charging pattern becomes
discontinuous and pulsating, and the EV owners may get a
longer EV charging time, but users may be able to participate
in the FR service to save on charging costs.

For 0 < @ < 1, it means that power is allocated according
to the BESS maximum output rating. That is, « = 0.3 means
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FIGURE 6. Bode plot of measured grid impedance and designed inverter
impedance in d-q channel with different Pl current controller gains.

that £30% of PMg‘S)g is the upper and lower power limit
of FR. The number 0.3 for « is chosen because it is the
maximum value of FR power that does not affect EV charging
in a situation where the EV consumes 0.7 p.u. of BESS
power in this assumed simulation condition. In another
case, « = 0.7 is selected as the one of representative
cases in which the FR requirement affects the EV charging
condition.

There are two main case studies are provided. Case I
deals with the autonomous FR performance for the modified
IEEE 14-bus system exposed to random load variations.
In addition, as all BESSs are relying on the PLL-based local
frequency measurement, the performance of the PLL is also
an important factor for FR. In Case II, the performance
evaluation is done for different PLL control bandwidths. For
all cases, at t = O s, the total load starts to fluctuate, and the
six BESSs start operation. For all cases, the initial SOCs of
BESS1, BESS2, ..., and BESS6 are set to 70%, 65%, 60%,

., 45%, respectively.
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FIGURE 7. Current control performance with different Pl controller gains.
(a) (b) grid-side current in dq frame. (c) the estimated frequency from
PLL.

A. CASE I: AUTONOMOUS FR PERFORMANCE

FIGURE 8 shows the results when EV charging demand is
less than the maximum power limit of the BESS. In this case,
the EV charging demand is set to 0.7 p.u. of the BESS power
limit. Beyond different o values to be compared, the load
applied in the modified IEEE 14-bus system is the fixed load
of 259 MW and an arbitrarily varying load within +£5 MW
(2% of the total load) throughout the simulation. The total
load continuously fluctuates as shown in FIGURE §(a). As a
result, FIGURE 8(b) shows how the fluctuation of the EPS
frequency that changes with different « values. By changing
o, the amount EV charging power can be adjusted.

For « = 0, the entire EV charging power comes from
the BESSs and no FR power exchange with the grid is seen.
For « = 0.3, the given EV charging demand becomes

0.7 p.u., Thus, the rest of the BESS power can be used
for FR. In this case, 30% of the BESS power suppresses
the frequency deviation and the probabilities for Af within
+36 mHz increases to 68.2% from 51.5% (see FIGURE 6(c)).
When 1 > o > 0.3, the FR power range can be retained by
reducing the EV charging amount. It means that the sum of
the EV demand and charging BESS power becomes P;,?}E”SS
when over-frequency condition (f > fy) and it becomes
Pgiss when under-frequency mode (f < fo). Evidently, the
higher the amount of FR power, the better the frequency
quality. The probabilities for Af within £36 mHz for
o = 0.7 and ¢ = 1 are 89.4% and 95.5%, respectively (see
FIGURE 8(c)).

FIGURE 8(d)-8(f) shows the sum of the output powers
of all BESSs, the sum of all EVCS side powers (the total
FR power) and the total EV charging power, respectively.
EV charging and FR power are not related if the sum of the
FR power and EV charging power does not exceed 1 p.u.
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FIGURE 8. Results for Case I.

As a result, the averages of the BESS outputs are almost
identical as shown in FIGURE 8(f) (see « = 0 and « = 0.3).
It is due to the FR power that we are considering is high
frequency component without DC bias and it is related to
AGC. No matter how random the load shakes the frequency,
the long-term average value of the grid frequency can be
maintained to the nominal value thanks to the AGC. In other
words, the long-term summation of the injected/absorbed
FR powers at each FEVCS are almost the same and has
no DC bias.

VOLUME 11, 2023

SoC (%)

Time (s)

(f) Total sum of BESSs' output powers with various a

=0 =
55 | —— —Q " BESS!I o BESS!1

=0 =0.3
-—-a a BESS3

BESS3

0 100 200

Time (s)
(h) SOCs of the BESS #1 and BESS #3 in the different EV loads

300

0.055

(pu)

a= 0.7

]
0 50 100
Time (s)

(j) AGC signal

Things get a bit complicated when o > 0.3. The EV
charging power starts to decrease from the original charging
level (see FIGURE 8(d) « = 0.7, « = 1). As a result, the
FR power increases above 0.3 p.u. of the maximum power.
Eventually, the FR power can reach to the maximum power of
the BESS (see FIGURE 8(e) @ = 1). Finally, for all « values,
the BESSs output power varying ranges are determined as
in FIGURE 8(f). The maximum becomes 1 p.u., and the
minimum becomes —0.3 p.u. by considering 0.7 p.u. of the
EV charging demand.

97695



IEEE Access

C. Yoon et al.: Autonomous Frequency Regulation Using Battery Energy Storage Systems

As mentioned earlier, the EV users have the disadvantage
of connecting the FR while charging the EV, resulting in
delays in charging time. FIGURE 8(g) compares how the
EV charging time varies with different o values. As the
test condition, for each EVCS, it is assumed that an
approximately 100 kWh vehicle is being charged by a super-
fast charging (350 kW). FIGURE 6(g) shows how the initial
SoC of EV1 in EVCS #1 rises. The initial EV SOC is
30% and the target SOC is 70%. As can be seen, ¢ =
0 and ¢ = 0.3 conditions show superimposed straight SOC
lines with a charging time of 8.2 min. For « = 0.7, the
charging time is delayed by 29.2%, and under the full FR
condition (@ = 1), the total charging takes 12.5 minutes,
which takes 152.4% of the time compared to the condition
without FR.

From the EV borrower’s point of view, the charging
time is partially increased in return for participating in FR.
In contrast, from the EVCS owner’s point of view, the
effect of sharing a portion of EV charging power to the
system during FR can be expected. As shown in Fig. 8(h),
as the FR participation rate increases, it can be seen that
the amount of battery energy consumed for EV charging
in BESS1 and BESS3 decreases (it applies to all BESSs
in the EPS). Based on the 500kWh battery, it has the
effect of preventing the consumption of SOC by 2.5% for
approximately 400 seconds.

FIGURE 8(j) shows the AGC control signal for all SGs in
the EPS. During the control period of 4 sec, AGC generates
its power correction signals (AP4gc). Obviously, Af affects
the AGC output due to the FR support of the autonomous
BESSs. In addition, the variation range of the AGC signal is
significantly reduced by increasing the participating factor c.

As the considered system in FIGURE 3 above, there
are 6 EVCSs connected to the 14-bus power system with
five synchronous generators. The total power flows for
generation, load, EVCS, EV and BESS are shown in
FIGURE 9. At 50 seconds, the load power will start to have
fluctuated powers at 11 buses in the 14-bus power system.
Before that, only fixed load is added in the simulation. The
total generation power from five SGs, the total load power
and the total power of six EVCSs are denoted as Pgey,
Piouqa and P,,.s in FIGURE 9(a) and 9(b). Due to the small
value of EVCS power compared with generator and load
powers, the power sum of P,,¢s and Py, are used to represent
the contribution of EVCS power as the red solid line in
FIGURE 9(b).

It is difficult to justify the effectiveness of the proposed FR
by evaluating the power flows in FIGURE 9(a-b). Therefore,
the power mismatches between generation and load powers
are shown in FIGURE 9(c). This power mismatch in two
cases with FR and without FR are plotted as the red and blue
solid line in FIGURE 9(d). The mismatch levels in the two
cases are similar, but the peak value of the case with FR is
larger than that without FR. Under the continuous variation
of load disturbance, the larger power difference results in a
better frequency performance as shown in FIGURE 9(d). The
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FIGURE 9. Results of total generation, EVCS and load power differences
without FR (blue solid line) and with FR (red solid line).

frequency deviation with the proposed FR is almost twice
smaller than that without FR.

B. CASE II: EFFECTS OF THE PLL BANDWIDTHS

As the BESS purely relying on the PLL for grid frequency
estimation, and it may impact the FR performance when
different bandwidths are used from the various power
converter vendors. The PLL bandwidth in Table 2 is default
value given in PSCAD, which is equivalent to the one-fifth of
the line frequency fy, roughly.

To obtain detailed information about the effect of PLL,
it is compared with four different bandwidths of the BESS
PLL. That is, one-fifth, 1/20, 1/40 and 1/100 of the line
frequency (fy = 60Hz). The default PLL parameters given
in Table 2 are provided for the PSCAD inherent setting and
it is equivalent to one-fifth of fj. In the typical applications,
a more conservative gain is used which may create 1/20 of
fo [36]. As an extreme case, 1/100 bandwidth is simulated for
the worst-case scenario.

As shown in FIGURE 10, the FR performances are
compared in the case of @ = 1. The performance is almost
identical except for the very slight performance improvement
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when the bandwidth is as low as 1/20 of fy. However, when
the bandwidth is lower than 1/40 of the line frequency, the
FR performance deterioration becomes obvious. This may
be because the FR frequency to which the BESS responds
and the PLL bandwidth are adjacent to each other, and the
coupling effect between the PLL and the grid frequency
begins to appear.

VI. CONCLUSION

This paper proposes an autonomous FR scheme using the
dedicated BESSs for EV charging. The BESSs estimates the
grid frequency from the measured voltages at the terminal.
The proposed scheme adjusts the power from the BESS and
EV in association with the estimated frequency deviation.

Simulation results clearly demonstrate that the BESSs with
a small portion of the total load can significantly mitigate the
frequency fluctuations caused by the continuously varying
loads. In addition, the effects of the PLL bandwidths on the
performance of the proposed scheme is investigated.

The advantage of the proposed autonomous FR scheme
is that it can improve the EPS flexibility without additional
devices in a cost-effective way. Thus, from the EPS operator’s
viewpoint, more flexibility resources autonomously respond-
ing the frequency deviation are secured. In addition, from
the FEVCS’s viewpoint, the income will increase by being
paid by providing the grid services. Finally, the proposed FR
scheme can help maintain the frequency deviation within a
narrow band in the EPS that has a high variable renewable
generation resources.
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