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Impact of Electric Vehicle Aggregator with
Communication Time Delay on Stability
Regions and Stability Delay Margins in

Load Frequency Control System
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Abstract——This paper investigates the impact of electric vehi‐
cle (EV) aggregator with communication time delay on stability
regions and stability delay margins of a single-area load fre‐
quency control (LFC) system. Primarily, a graphical method
characterizing stability boundary locus is implemented. For a
given time delay, the method computes all the stabilizing pro‐
portional-integral (PI) controller gains, which constitutes a sta‐
bility region in the parameter space of PI controller. Secondly,
in order to complement the stability regions, a frequency-do‐
main exact method is used to calculate stability delay margins
for various values of PI controller gains. The qualitative impact
of EV aggregator on both stability regions and stability delay
margins is thoroughly analyzed and the results are authenticat‐
ed by time-domain simulations and quasi-polynomial mapping-
based root finder (QPmR) algorithm.

Index Terms——Communication time delay, electric vehicle
(EV) aggregator, frequency regulation, proportional-integral
(PI) controller design, stability delay margin, stability region.

I. INTRODUCTION

LOAD frequency control (LFC) systems aim to regulate
the frequency and to keep the scheduled tie-line power

exchange in an interconnected power system with indepen‐
dently controlled multiple areas [1]. Due to the increasing
environmental concerns, the gradual depletion of fossil re‐
sources and the increased penetration of highly variable re‐
newable energy (RE) power generation, frequency control
and stability are becoming more and more important [2].
Electric vehicles (EVs) with vehicle-to-grid (V2G) technolo‐
gy have become a promising tool that can mitigate the inter‐
mittent effects of RE sources and regulate the system fre‐
quency. This is due to the fact that batteries in EVs can

quickly adjust the power output as compared with conven‐
tional generators. This quick response characteristic increas‐
es the dynamic performance of LFC systems. EVs can be op‐
erated as loads or generators. Therefore, they reduce fluctua‐
tions in demand or generation and improve frequency re‐
sponse [3]-[6]. For the practical participation of EVs in fre‐
quency regulation market, a new entity, i.e., EV aggregator,
is required to aggregate and control a large number of EVs
in order to satisfy the frequency regulation criteria [7]-[10].
The main function of an EV aggregator is to send and re‐
ceive the information regarding the charging status of EVs
and their available electric power and energy capacities to
LFC center, and to rearrange the control signals dispersing
EVs in order to adjust their power output using an automatic
generation control (AGC).

For the AGC system, EV aggregator requires a dedicated
or an open communication network to transfer the control
commands to EVs. The latter is preferred due to its low
cost, but it is prone to time delays in the communication net‐
work [11]-[13]. These delays can adversely affect the dynam‐
ics of LFC system and its stability against the expectation
that EVs can enhance the dynamic performance of LFC
[14], [15]. Therefore, it is important to investigate the delay-
dependent stability of LFC systems enhanced by EVs denot‐
ed as LFC-EVs, and to compute the stability delay margins
defined as the allowable upper bound on the communication
time delay. Besides, the determination of all parameters of
the stabilizing proportional-integral (PI) controller is re‐
quired to guarantee the stability of LFC-EVs in the presence
of communication delays.

Even though the EVs are widely used in future smart
grid, the reported research that studies the impact of both
communication delay and the integration of EVs on the fre‐
quency regulation is very limited. For example, in [14], an
indirect method based on Lyapunov stability theory with lin‐
ear matrix inequalities (LMIs) has been implemented to cal‐
culate stability delay margins of a single-area LFC-EVs. In
[15], a combination of frequency sweeping test and the bina‐
ry iteration algorithm is used to compute the stability delay
margins of single-area LFC-EV system for different load
sharing scenarios between conventional generator and EV ag‐
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gregator. The time-domain method in [14] gives more conser‐
vative stability delay margin results than the frequency-do‐
main methods. The frequency sweeping test in [15] also
gives exact delay margins. However, the selection of the fre‐
quency range for the sweeping test requires undesired com‐
putation effort.

In frequency regulation service, the response time to the
regulation command from independent system operator
(ISO) is critical. In general, the aggregator receives a regula‐
tion command from ISO every 2 to 6 s [16]. ISOs usually
have their own communication requirements for the maxi‐
mum allowed delay to respond to their regulation signals.
For example, the requirement of California ISO for the com‐
munication time delay between the aggregator and EVs is to
be within 4 s [17]. For any given communication delay limit
imposed by the ISO, it is essential to determine all stabiliz‐
ing PI controller gains for a stable operation of LFC-EV sys‐
tems.

This paper presents an efficient analytical method to com‐
pute all stabilizing PI controller parameters, which constitute
a stability region of a single-area LFC-EV system in the pa‐
rameter space of controller with communication delay. The
technique relies on the stability boundary locus that can be
simply obtained by equating the imaginary and real parts of
the characteristic equation of LFC-EV system to zero [18].
The suggested method has been effectively applied to a sin‐
gle-area and two-area LFC system containing single delay
without EVs, respectively [19], [20]. In this paper, stability
regions are obtained using various delay values and load
sharing schemes to evaluate the effect of EV aggregator and
time delay.

In addition to stability regions, a frequency-domain direct
method based on the removal of the exponential terms [21]
in the characteristic equation of the LFC-EV system is also
implemented to determine stability delay margins. The pro‐
posed technique is an exact method and has been effectively
utilized for the delay-dependent stability investigation of con‐
ventional LFC system without the inclusion of EVs [22].
The impacts of EVs and controller gains on stability delay
margins are thoroughly investigated.

Time-domain simulations [23] along with an independent
algorithm, i. e., quasi-polynomial mapping-based root finder
(QPmR) algorithm [24], are used to validate the correctness
of the boundaries of stability regions and the exactness of
stability delay margin results. This root finder algorithm is a
mathematical approach for calculating the spectrum of zeros
of quasi-polynomials in the s-plane.

This paper presents a comprehensive delay-dependent sta‐
bility analysis of a single-area LFC-EV system and makes
the following main contributions.

1) Identification of stability regions in the parameter space
of PI controller using stability boundary locus method. With
the help of stability regions, one can easily adjust PI control‐
ler gains that will ensure the stability of LFC-EV system
and reduce the adverse effect of communication delays on
frequency regulation.

2) Computation of stability delay margins for a wide
range of PI controller gains using a frequency-domain exact

method. Stability delay margins are expected to guide the de‐
termination of communication and delay requirements for
EV aggregators participating in frequency regulation service
for a given PI controller.

3) Verification of stability regions and delay margins by
an independent algorithm. The QPmR algorithm clearly
proves the effectiveness and accuracy of the stability bound‐
ary locus method used for obtaining stability regions and the
frequency-domain direct method for computing stability de‐
lay margins.

II. SINGLE-AREA LFC SYSTEM MODEL WITH EV
AGGREGATOR

To utilize EVs in frequency regulation, numerous EVs are
required to be plugged into the power grid. An EV aggrega‐
tor is a control center of EVs, which manages the charging
and discharging behavior of each EV in an aggregator. The
dynamic model of the ith EV in the EV aggregator is de‐
scribed by the following first-order transfer function
[14], [15]:

GEVi (s)=
KEVi

1+ sTEVi
(1)

where KEVi and TEVi are the gain and time constants of the ith

EV battery system, respectively.
The communication delay from an EV aggregator to the

ith EV and the scheduling delay in the EV aggregator is gen‐
erally lumped and modeled by a transfer function of e-sτi,
where τ i is the delay time taken for receiving control signals
from the EV aggregator. The delays τ i for all EVs and the
time constants TEVi (i = 1 2 ...N) are assumed to be equal
in an average sense, denoted by τ and TEV, respectively. With
the assumption, an aggregated model of several EVs consist‐
ing of one delay function and one EV dynamics is obtained.
The use of an aggregated model of EV fleet seems to be rea‐
sonable since a cluster of numerous EVs as well as tradition‐
al generators are controlled together to change their power
injection to follow the load disturbances [25], [26].

The block diagram of a single-area LFC system including
an EV aggregator and delay block is presented in Fig. 1 [14].

The PI type controller is adopted as LFC controller. In
Fig. 1, Δf, ΔXg, ΔPm, ΔXg, ΔPEV and DPd are the deviation of
frequency, valve position, mechanical power output, genera‐
tor power output, EV aggregator power output and load dis‐
turbance, respectively; D M R β Fp, Tg, Tr and Tc are the
damping coefficient, generator inertia constant, speed drop,
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Fig. 1. System model of single-area LFC with EV aggregator.
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frequency bias factor, fraction of the total turbine power,
time constant of the governor, reheat and turbine, respective‐
ly; and KP and KI are the PI controller gains. Because of any
sudden changes in load demand, the area control error ACE
as a control signal is transmitted to the PI controller and
then the output signal of the PI controller is sent to the re‐
heat steam turbine and the EV aggregator based on their par‐
ticipation factors α0 and α1 for regulating the system frequen‐
cy. The control signals transmitted to the EV aggregator
through the communication networks ensure that the EV ag‐
gregator participates in frequency regulation service to the
grid.

It should be noted that communication delays observed in
the transmission of regulation signal from ISO to the conven‐
tional generators are not considered in this study, since the
delays from EV aggregators to EVs are more significant
[12], [14], [15]. One reason for this assumption is that the
communication link between ISO and conventional genera‐
tors is generally deployed by the ISO itself and communica‐
tion delay requirements of this link is ensured by ISO. An‐
other reason is the utilization of open communication links
between EV aggregator and EVs. These links include wire‐
less mobile communication networks, Internet, power line
communication (PLC), WiFi, and ZigBee depending on the
geographical distribution of EVs. Such communication net‐
works cause significant delays as compared with those ob‐
served between ISO and power plants. Moreover, there exist
scheduling delays since EV aggregators have to control both
charging and regulation of a large number of EVs [12], [25].
Additionally, [14] has shown that the stability and frequency
regulation of LFC systems are more severely affected by the
communication delays in fast-response resources such as
EVs, compared with those in conventional generators, when
EVs with communication network delays participate in fre‐
quency regulation service.

For stability region and delay margin computations, it is
necessary to obtain the characteristic equation of the single-
area LFC-EV system. This could be easily obtained from
Fig. 1 as the following equation:

Δ (sτ)=P(s)+Q(s)e-sτ = 0 (2)

where Δ (sτ) is the characteristic equation; and P(s) and Q(s)
are the two polynomials with real coefficients in terms of
system parameters. These polynomials are:

{P(s)= p6 s6 + p5 s5 + p4 s4 + p3 s3 + p2 s2 + p1 s+ p0

Q(s)= q4 s4 + q3 s3 + q2 s2 + q1 s+ q0

(3)

The coefficients of P(s) and Q(s) polynomials depend on
the LFC-EV system parameters and PI controller gains.
Those coefficients are given in (A1) and (A2) in Appen‐
dix A.

III. COMPUTATION OF STABILITY REGIONS

To identify the boundary of the stability region in the pa‐
rameter space of PI controller, (KPKI)-plane for a given
time delay τ, s= jωc and the crossing frequency ωc > 0 is sub‐
stituted into (2). The PI controller gains are then separated
to obtain a new equation as follows [17]-[19]:

Δ(jωcτ)= p6 (jωc)
6 + p5 (jωc)

5 + p4 (jωc)
4 + p̄3 (jωc)

3 +

p̄2 (jωc)
2 + p̄1 (jωc)+KP ( )p'3 (jωc)

3 + p'2 (jωc)
2 + p'1 (jωc) +

KP ( )q'4 (jωc)
4 + q'3 (jωc)

3 + q'2 (jωc)
2 + q'1 (jωc) e-jωcτ +

KI ( )p″2 (jωc)
2 + p″1 (jωc)+ p″0 +

KI ( )q″3 (jωc)
3 + q″2 (jωc)

2 + q″1 (jωc)+ q″1 e-jωcτ = 0 (4)

It should be noted that p6, p5 and p4 coefficients in (4) are
those given in (3) and (A1), and that the coefficients of p̄1,
p̄2 and p̄3 represent the terms of p1, p2 and p3, respectively in
(A1) that do not contain KP and KI. On the other hand, p′
and q′ coefficients in (4) corresponds to the remaining terms
of p and q containing KP in (A1), respectively, after KP is ex‐
tracted from them, while p″ and q″ coefficients in (4) corre‐
sponds to the remaining terms of p and q, respectively, in‐
cluding KI in (A1) after KI is extracted from them.

Substituting e-jωcτ = cos(ωcτ)- j sin(ωcτ) into (4) and sepa‐
rating the imaginary and real parts, a more compact form of
(4) is obtained as:

ì

í

î

ïï
ïï

Δ(jωcτ)=KP A1 (ωc)+KI B1 (ωc)+C1 (ωc)+
j( )KP A2 (ωc)+KI B2 (ωc)+C2 (ωc) = 0

Δ(jωcτ)=Â{ }Δ(jωcτ) + jÁ{ }Δ(jωcτ) = 0

(5)

where Â{×} and Á{×} represent the real and imaginary parts
of the characteristic equation, respectively. Moreover, the ex‐
pressions for A1, B1, C1, A2, B2 and C2 are given in (A3)
and (A4).

Setting both the imaginary and real parts of Δ(jωcτ)= 0 in
(5) to zero, the following equations are obtained:

{KP A1 (ωc)+KI B1 (ωc)+C1 (ωc)= 0

KP A2 (ωc)+KI B2 (ωc)+C2 (ωc)= 0
(6)

Equation (6) is solved for (KPKI) to identify the stability
boundary locus ℓ(KPKIωc) in the (KPKI)-plane shown as:

ì

í

î

ï
ï
ï
ï

KP =
B1 (ωc)C2 (ωc)-B2 (ωc)C1 (ωc)

A1 (ωc)B2 (ωc)-A2 (ωc)B1 (ωc)

KI =
A2 (ωc)C1 (ωc)-A1 (ωc)C2 (ωc)

A1 (ωc)B2 (ωc)-A2 (ωc)B1 (ωc)

(7)

This stability boundary obtained by (6) is called as com‐
plex root boundaries (CRBs) of the LFC-EV system. It is
noted that a real root of (2) may cross the jω-axis across the
origin. Moreover, it can be observed from (5) and (A3) that
such a stability change occurs only for KI = 0, defining anoth‐
er boundary called as real root boundary (RRB) locus. As a
result, the (KPKI)-plane is divided into stable and unstable
regions by the RRB locus KI = 0 and the CRB locus
ℓ(KPKIωc) determined by (7).

IV. COMPUTATION OF STABILITY DELAY MARGINS

The aim of studying the stability of time-delayed system
is to determine whether the stability is delay-dependent or
delay-independent. For the former type, the system remains
stable for τ < τ*, where τ* is the stability delay margin. How‐
ever, the system becomes unstable when the delay exceeds
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the margin, i.e., τ > τ*. Whereas, in the latter case, the system
remains stable for all finite values of time delays. The stabili‐
ty delay margin is the basic requirement for the stability as‐
sessment of LFC-EV systems and it should always be more
than the total time delays observed in the system. In order to
assess the stability of the single-area LFC-EV system shown
in Fig. 1, it is necessary to have information on stability de‐
lay margins for a wide range of system parameters.

The necessary condition for the single-area LFC-EV sys‐
tem to be asymptotically stable is that all the roots of (2)
must be in the left half of the s-plane. In consideration of
the single delay, the delay margin computation can be done
by finding values of τ* for which (2) has roots (if any) on
the jω-axis. Here, Δ(sτ)= 0 is an implicit function of s and τ
that may or may not cross the jω-axis. To simplify the task,
it is assumed that Δ(s0)= 0 has all the roots placed in the
left half plane, that is, the system with no delay is already
stable. Note that (2) has an exponential term e-sτ that results
in infinitely many finite roots. This makes the computation
of the roots and stability delay margin a challenging prob‐
lem. However, the determination of these infinite numbers of
roots is not necessary for delay-dependent stability assess‐
ment of the LFC-EV system. The roots located on the jω-ax‐
is and the corresponding delay value are required to be deter‐
mined. If, for some finite value of τ*, the characteristic poly‐
nomial of Δ(sτ*)= 0 has a root on the imaginary axis at s=
jωc, the equation of Δ(-sτ*)= 0 will also have the same root
on the imaginary axis for the same value of τ* and ωc due to
the complex conjugate symmetry of complex roots. That
means s= jωc will be a common root of the following equa‐
tion:

{Δ(sτ*)=P(jωc)+Q(jωc)e
-jωcτ

*

= 0

Δ(-sτ*)=P(-jωc)+Q(-jωc)e
jωcτ

*

= 0
(8)

By eliminating the exponential terms between the two sub-
equations in (8), the following augmented polynomial is ob‐
tained:

W (ω2
c )=P(jωc)P(-jωc)-Q(jωc)Q(-jωc)= 0 (9)

By substituting the polynomials of P(jωc), P(-jωc),
Q(jωc) and Q(-jωc) into (9), the augmented polynomial of
W (ω2

c ) can be represented as:

W (ω2
c )= t12ω

12
c + t10ω

10
c + t8ω

8
c + t6ω

6
c + t4ω

4
c + t2ω

2
c + t0 = 0 (10)

where t12 = p2
6; t10 = p2

5 - 2p6 p4; t8 = p2
4+ 2p6 p2 - 2p5 p3 - q2

4;
t6 = p2

3 - 2p6 p0 - 2p4 p2 + 2p5 p1 + 2q4q2 - q2
3; t4 = p2

2 + 2p4 p0 -
2p3 p1 - 2q4q0 + 2q3q1 - q2

2; t2 = p2
1 - 2p2 p0 + 2q2q0 - q2

1; and
t0 = p2

0 - q2
0.

It is observed that the characteristic equation of (2) with
exponential terms is now converted into a polynomial (10)
without transcendental terms. More importantly, the real posi‐
tive roots of (10) exactly coincide with the imaginary roots
s=±jωc of (2). The roots of (10) can be easily computed us‐
ing any standard method. The following situations may oc‐
cur depending on the roots of the new polynomial:

1) The system is stable for all finite delays τ ³ 0, indicat‐
ing that the system has delay-independent stability. This hap‐
pens when (10) does not have any positive real roots, which

infers that (2) does not have any roots on the jω-axis.
2) The system has delay-dependent stability in the interval

of [0 τ*]. This happens when (10) has at least one positive
real root, which infers that (2) has at least one complex
roots pair on the jω-axis.

The corresponding value of τ* for a real positive root ωc

is simply obtained by using (2) as [22], [23]:

τ* =
1
ωc

arctan ( a9ω
9
c + a7ω

7
c + a5ω

5
c + a3ω

3
c + a1ωc

a10ω
10
c + a8ω

8
c + a6ω

6
c + a4ω

4
c + a2ω

2
c + a0

)
(11)

where a10 =-p6q4; a9 =-p6q3 + p5q4; a8 = p6q2 - p5q3 + p4q4;
a7 = p6q1 - p5q2 + p4q3 - p3q4; a6 =-p6q0 + p5q1 - p4q2 + p3q3 -
p2q4; a5 = p5q0 - p4q1 + p3q2 - p2q3 + p1q4; a4 =-p3q1 + p2q2 -
p1q3 + p0q4; a3 =-p3q0 + p2q1 - p1q2 - p0q3; a2 =-p2q0 + p1q1 -
p0q2; a1 = p1q0 - p0q1; and a0 = p0q0.

V. RESULTS

This section presents the stability regions in the parameter
space of PI controller, the stability delay margin results for
single-area LFC-EVs, and the validation studies employing
time-domain simulations and the QPmR algorithm. The sys‐
tem parameters are: M = 8.8, D = 1, Tg = 0.2, Tc = 0.3,
Tr = 12, FP = 1/6, R = 1/11, β = 21, KEV = 1, TEV = 0.1 [14].

A. Stability Region Results

In this subsection, the impact of EV aggregator participa‐
tion factor α1 and the communication time delay τ on the sta‐
bility region is investigated. The stability region in the
(KPKI)-plane is firstly obtained without EV aggregator (α1 =
0). This scheme corresponds to the case where all required
control efforts for frequency regulation are provided by the
conventional generator (α0 = 1) and the communication time
delay τ = 0. The stability region is illustrated in Fig. 2.

Then, to investigate the impact of EV aggregator participa‐
tion factor on the stability region, three different EV aggrega‐
tor participation factors are selected, i. e., α1 = 0.1 0.2 and
0.3, whereas the time delay is fixed at τ = 0.5 s. These partic‐
ipation factors imply that 10%, 20% and 30% of the re‐
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Fig. 2. Stability regions for different values of EV aggregator participation
factors (τ = 0.5 s).
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quired control efforts are provided by the EV aggregator
with a time delay of τ = 0.5 s. Figure 2 compares the corre‐
sponding stability regions. Note that the largest region is ob‐
served when EV participation is not considered (α1 = 0).
More importantly, the size of stability regions decreases as
the EV participation factor increases, whereas the shape of
the regions is unchanged. Figure 2 clearly illustrates that the
stability regions get smaller as the contribution of EV aggre‐
gator to the frequency regulation increases due to the pres‐
ence of communication time delay.

The impact of time delay is then investigated for a select‐
ed EV participation factor. Figure 3 illustrates the stability re‐
gions for τ = 0.25 s, 0.5 s, 0.75 s and 1.0 s, when the partici‐
pation factors are chosen as α0 = 0.8 and α1 = 0.2, respective‐
ly. Figure 3 clearly shows that the stability regions shrink as
the time delay increases from τ = 0.25 s to τ = 1.0 s, whereas
their shapes remain unchanged. The stability regions in Fig.
2 and Fig. 3 illustrate that both EV participation factor and
the time delay associated with EV aggregator have signifi‐
cant adverse effect on the stability regions. These stability re‐
gions represent a set of all stabilizing PI controller gains
which ensures a stable operation of the LFC-EV system.

Finally, the accuracy of stability boundary locus CRB is
validated by the time-domain simulations and the QPmR al‐
gorithm. The PI controller gains are selected as KP = 3.203,
KI = 2.0 on the CRB locus of region R2 illustrated by the
dashed-line in Fig. 3.

Figure 4 shows the time-domain simulation along with the
QPmR algorithm based dominant root distribution and their
zoom picture. It can be seen that the LFC-EV system is mar‐
ginally stable due to undamped frequency response because
of a complex conjugate root pair located on the jω-axis for
the selected gains. This implies that the LFC-EV system will
be asymptotically stable with decaying oscillation in the fre‐
quency response for any PI controller gains inside the region
R2. Additionally, the LFC-EV system will become unstable
with growing oscillations in frequency for any controller
gains outside the region R2.

B. Stability Delay Margin Results

Stability delay margins are computed for a wide range of
PI controller gains. The theoretical stability delay margins
are shown in Table I for EV participation factor of α1 = 0.2.

The results in Table I indicate that for a fixed value of KP,
the stability delay margin decreases when KI is increased,
which infers a less stable system. It is observed that the de‐
lay margins are not computed for the values of KP and KI

such that the delay-free system (τ = 0) is unstable. The corre‐
sponding locations are marked by * in Table I. Moreover,
the stability delay margin increases with KP for nearly all
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Fig. 3. Stability region for different communication delays for α1 = 0.2.
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TABLE I
RESULTS OF STABILITY DELAY MARGIN τ* FOR α1 = 0.2

KP

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

τ* (S)

KI = 0.2

1.7871

2.7435

3.5876

4.2535

4.6984

4.8590

4.6807

4.3114

3.9029

3.5170

3.1714

KI = 0.4

0.4230

0.8269

1.2000

1.5212

1.7766

1.9627

2.0821

2.1423

2.1533

2.1258

2.0700

KI = 0.6

0.0857

0.3494

0.6015

0.8325

1.0342

1.2018

1.3332

1.4292

1.4926

1.5266

1.5363

KI = 0.8

*

0.1338

0.3239

0.5031

0.6665

0.8104

0.9322

1.0311

1.1074

1.1621

1.1974

KI = 1.0

*

0.0131

0.1653

0.3111

0.4474

0.5713

0.6808

0.7746

0.8522

0.9137

0.9600
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values of KI. The EV aggregator participation factor should al‐
so be investigated for different values of KP and KI in order to
observe its impact on the stability delay margin. As shown in
Fig. 5, the stability delay margins decrease with an increase in
EV aggregator participation factor α1 for KP = 0.3 and KI = 0.6.

The theoretical delay margins are verified using time-do‐
main simulations and QPmR algorithm. The controller gains
are chosen as KP = 0.3, KI = 0.6, and the EV participation
factor α1 = 0.2. It is clear from Table I that the stability delay
margin is computed as τ*= 0.8325 s for this case. The domi‐
nant roots distribution of (2) and frequency response of the
LFC-EV system for τ*= 0.8325 s is shown in Fig. 6.

Note that the system has a pair of complex roots on the
imaginary axis. The frequency response exhibits sustained os‐
cillations which indicate the marginal stability of LFC-EV
system. If the time delay exceeds the stability delay margin,
the system will become unstable due to the growing oscilla‐
tions in the frequency response. Figure 6 clearly proves the
accuracy of the theoretical stability delay margin.

VI. CONCLUSION

This paper has presented a comprehensive study on the ef‐
fect of integrating EV aggregator with communication time
delay to conventional LFC system. For a given time delay
and load sharing scheme, a set of all stabilizing PI controller
gains that constitute a stability region in the parameter space
of the controller has been determined using a graphical exact
method. The impact of both time delay and EV aggregator
participation factor on the stability regions has been evaluat‐
ed. It is observed that the size of stability regions decreases
as the time delay and EV participation factor increase.

To complement stability region results, stability delay mar‐
gins have been determined for a large number of PI control‐
ler gains using a frequency domain exact method. It has
been observed that stability delay margin becomes smaller
with an increase in the integral gain. Moreover, for any giv‐
en PI controller gains, an increase in EV aggregator partici‐
pation factor results in a decrease in stability delay margin.
If the PI controller gains and participation factor of EVs are
not properly selected, the EV aggregator participation with a
communication time delay may cause instability and degrade
the dynamic response against an expectation that EVs can
improve the LFC dynamic performance.

It is expected that the results will allow us to determine
the communication delay requirements and the design of PI
controller for EV aggregators participating in frequency regu‐
lation service. Future studies may include the computation
of stability delay margin of multi-area LFC systems with
multiple EV aggregators with incommensurate time delays
using advanced clustering with frequency sweeping (ACFS)
[27], [28], and the design of PI controller.

APPENDIX A

The coefficients of P(s) and Q(s) polynomials in (3) are
given as:
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Fig. 5. Variation of stability delay margin regarding EV aggregator partici‐
pation factor for KP = 0.3 and KI = 0.6.
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Fig. 6. Dominant root distribution by QPmR algorithm and frequency re‐
sponse for τ*= 0.8325 s. (a) Root distribution. (b) Frequency response.
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The coefficients A1 (ωc), B1 (ωc), C1 (ωc) and A2 (ωc),
B2 (ωc), C2 (ωc) shown in (6) are given as:
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