> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Distorted Stability Space and Instability Triggering
Mechanism of EV Aggregation Delays in the
Secondary Frequency Regulation of Electrical
Grid-Electric Vehicle System

Chaoyu Dong, Qian Xiao*, Member, IEEE, Mingshen Wang, Student Member, IEEE, Thomas Morstyn*,
Member, IEEE, Malcom McCulloch, Senior Member, IEEE, Hongjie Jia Senior Member, IEEE

Abstract—Aggregated electric vehicles (EVs) are
emerging as promising resources for the frequency
regulation of the electrical grid, but the aggregation
dynamics caused by various aggregation delays make
unknown threats against the frequency stability. To
address this stability uncertainty, a general aggregation-
delay model is established for the electrical grid-electric
vehicle system, which integrates heterogeneous-delay effect
and reveals the sequential impact process of aggregation
delays during the frequency regulation. To precisely
visualize the aggregation delay influence, the maximum
aggregation delay interval is discretized by the Chebyshev
nodes, which formulates a delay distorted matrix reducing
the infinite operator dimension. With this matrix, the
damping ratio and the sensitivity indexes are then
extracted constructing a complete workflow to characterize
the asymptotic stability for EV aggregation delays. By the
proposed approach, the distorted stability space and
uniform target eigenvalue are accurately revealed in a
typical electrical grid-electric vehicle system. It is also
demonstrated that the aggregation delays infect the
frequency stability through three unstable modes in a
low-frequency oscillation form.

Index Terms— Distorted stability space, aggregation
delays, electric vehicles, delay distorted matrix, instability
mode, sensitivity, uniform target eigenvalue.

. INTRODUCTION

The penetration of electric vehicles (EVS) has been treated as a
feasible way to provide the auxiliary frequency service without
examining the aggregation delay concerns. The frequency of
electrical grid plays an important role in the normal operation
and maintenance of the whole electricity industry. As one of the
main features of the alternating current, a unified frequency
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Fig. 1. Frequency fluctuation during 01-07 July 2019.

value is usually regulated at a national scale. The grid
frequency in Great Britain and China is 50Hz, while America
and Canada use 60Hz as the frequency standard. According to
the National Electricity Transmission System Security and
Quality of Supply Standard, the steady state of the grid
frequency in the UK should fall in the limits between 49.5Hz
and 50.5Hz [1]. The generating station acts once the frequency
declines lower than 59.75Hz or rises higher than 60.25Hz
directed by the PJM system operator in the US [2]. In China, the
grid supplied by more than 3GW capacity generators should
maintain the frequency deviation within 0.2Hz [3]. The
time-varying changes in supplies and demands for electricity
could have notable impacts on the grid frequency. On the basis
of the data from GridWatch website [4] shown in Fig. 1, the UK
grid frequency fluctuates frequently during 01-07 July 2019.
The difference between the peak and valley had reached
0.15Hz within one week. If frequency accidents occur, load
curtailments, frequency drops, or even blackouts might be
triggered. Due to the decline of frequency to 48.88Hz, the
blackout on 9-August-2019 disrupted around one million
people in England and Wales [5]. Thousands of rail passengers
were left stranded because of the electric train halt. As the
operation and progress of whole society crucially depend on the
electricity supply, it is important to guarantee the frequency
stability of electrical grid.

The development of battery technology boosts the boom of
electric vehicles (EVs), which has attracted numerous attention
in recent years. The battery technology has evolved from a
strongly acidic or alkaline aqueous electrolyte with protons as
the working ion to an organic liquid-carbonate electrolyte with
Li* as the working ion in a Li-ion battery [6]. The LiFePO,
cathode and the Li,TisO1, anode have shown safe and rapid
charge and discharge over many cycles [7]. In 2018, Telsa
delivered a total of 245,240 vehicles: 145,846 Model 3 and
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Fig. 2. EV aggregation in the electrical grid.

99,394 Model S and X [8], powered by lithium-ion cells from
Panasonic [9]. In the national long-term development plan
(2006—2020) of China, electric vehicles have been set as one of
the prior themes [10]. The road range of EV600 vehicle from
BYD has reached 520km [11]. With the increasing energy
density and the sale volumes, EVs have the potential to
participate in the secondary frequency regulation of the
electricity grid shown by Fig. 2. Different from the inherent
response of resources and load in the primary control facing
short-term frequency changes in seconds, the secondary
frequency regulation is a relatively long-term control, which
aims to restore the grid to its scheduled frequency within the
recovery period of 1-10mins [12]. Through the mixed integer
linear programming, a power management scheme was
developed for EVs to participate in the secondary frequency
control [13]. On account of the uncertainties from energy and
frequency regulation prices, the day-ahead dispatch and
bidding size were investigated for EVs [14]. By the
sliding-mode controller and the adaptive dynamic
programming, the aggregated EVs and electricity grid were
integrated for the long-term frequency deviation compensation
[15]. Large-scale EV resources are aimed to be dispatched by
those strategies to meet a minimum regulation capacity, which
raises aggregation delay concerns.

During the aggregation process, the latency of EV power
output is made up of several processes between the detection of
a frequency fluctuation and the contribution of lumped EVs.
According to the real-time frequency difference, the automatic
generation control (AGC) system allocates the power ratios
between aggregated EVs and electrical plant [16]. Receiving
the dispatch signals, each EV aggregator then analyses the
respective power command and available resources [17]. After
the determination of EV number and locations, aggregation
orders are distributed through the communication network
guiding EV participation [18]. As the response chain consists of
the deviation detection, AGC forming, aggregator dispatch,
aggregation  delays would be accumulated in the
communication channels, which affects system performance.

To explore the delay impact on frequency regulation, some
researchers have investigated different aspects. In [19], stability
criteria are developed based on the Lyapunov theory and linear
matrix inequality method to obtain a less conservative delay
upper-bound. Lumping processing time and the measurement
time as a single delay, simulations in [20] showed the time
delay could lead to the failure of a frequency controller.
Increasing the delay value in simulations, it reported that two
identical delays during the EV dispatch might destabilize the
frequency deviation [21]. As different EV aggregators could

vary in terms of wvehicle numbers, charging/discharging
devices, power rates, and communication infrastructures, the
frequency regulation process between the frequency deviation
detection and the EV power generation would suffer from
heterogeneous delays, especially for the aggregation of large
EV numbers. Those heterogeneous delays would not only
affect the power system operation due to the delayed frequency
regulation power from EVs but also interact with each other to
distort the stable operational space of the power system.
Different from the conservative results obtained through the
Lyapunov theory and linear matrix inequality method,
eigenvalue-based methods determine the time-delay margin by
computing purely imaginary roots of characteristic equations,
which can deliver more exact results. The comparisons of
Chebyshev polynomial, Pade approximation, the solution
operator, and the linear multistep discretization in [22]
concluded that Chebyshev approach was the most accurate and
robust among those four methods. According to [23], the error
of Chebyshev approximation is less than one-fourth of that
caused by Pade approximation. Notwithstanding the merit of
the Chebyshev polynomial, whether it is suitable for the
stability analysis of EV aggregation, how to implement this
technique, and the stability space feature have not been
investigated so far.

To resolve the aggregation delay uncertainties and to
investigate the feasibility of Chebyshev polynomial, this paper
derives and investigates an aggregation-delay model for the
electrical grid-electric vehicle system as well as its internal
structure. The heterogeneous delays during the EV dispatch are
characterized in terms of an infinite-dimensional operator. This
is then replaced by Chebyshev polynomials of the first and the
second kind so that a delay distorted matrix is formulated. On
the basis of the delay distorted matrix, the damping ratio,
oscillation frequency, and the parameter sensitivities are
extracted, which generates a complete workflow for
investigating the aggregation delay stability.

The contributions of this paper are summarized as follows.

1) Dissecting the EV aggregation delays into three sequential
paths, i.e., control, combination, and coupling, the sequential
impact process of heterogeneous delays is visualized and
established to investigate the relationship between EV
aggregation delays and grid frequency. In essence, it is found
that heterogeneous aggregation delays misdirect the EV
regulation process with asynchronous grid frequency signals,
which disrupts the real-time EV aggregations.

2) Accurate stability space determination. The stability
space determined by the proposed method is more accurate than
existing methods. To accurately quantify the aggregation delay
impact, the developed method directly formulates a delay
distorted matrix integrating the electrical grid-electric vehicle
system model and aggregation delays. Through the delay
distorted matrix including the grid, EV statuses, and the
aggregation delays, the accurate stability space can be
presented revealing the stability space feature.

3) Efficient stability assessment. The implementation of the
proposed method is more efficient compared with existing
algorithms. As the stability assessment of heterogeneous delays
is concentrated based on Chebyshev polynomials, the analysis
result can be rapidly generated. The maximum delay-tolerant
interval is mapped to a normalized interval, which reduces the
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Fig. 3. System configuration with heterogeneous time delays.

infinite-dimensional operator induced by the delays. However,
the existing stability criteria depend on the linear matrix
inequality calculation, which require longer computation time
to search matrices satisfying the conditional inequalities.

4) Concise workflow design. A new complete and
computationally tractable workflow is proposed for the EV
aggregation. The extracted damping ratio, oscillation
frequency, and sensitivity comparison construct a concise
stability analysis flow. It is easy and convenient for any
dispatcher to assess the potential risk and consequence caused
by the EV aggregation. The communication infrastructure can
also be conveniently adjusted avoiding the unstable space.

5) Instability mechanism discovery. On the basis of the
proposed approach, it is found that aggregation delays will
trigger the electrical grid-electric vehicle system instability
with a form of low-frequency oscillation, which gradually
deteriorates the asymptotic stability forming the distorted
stability space. The dominant eigenvalues and movement traces
are determined, which reveals unstable modes due to EV
aggregation delays in a particular set of cases. From the three
aspects of instability mechanism, triggering form, and stability
space shape, this work provides a complete reference for the
EV aggregation delay investigation.

Il. AGGREGATION-DELAY MODEL OF ELECTRICAL
GRID-ELECTRIC VEHICLE SYSTEM

The large-scale EV aggregation provides a virtual
dispatchable resource for the frequency regulation of electrical
grid. To reveal the impact mechanism of time delays, the
system configuration and the time-delay issue are illustrated
from the model structure aspect.

A. Heterogeneous Time Delays during EV Aggregations

Lumping the power plant and EV aggregators [19], the grid
frequency dynamic is presented in Fig. 3, in which the electrical
grid consists of speed governor, reheat steam turbine, rotating
mass and load [27]. Because of the real-time power mismatch
between generator output APy(t) and demand APg(t), the
frequency f(t) is disturbed in the following form

Af (t)= —5&‘ (t)+%[APg O -AR,M®] (1)

where M and D are the lumped inertia and damping coefficients
of the electrical grid.

According to the instant frequency deviation, the valve
position AXy(t) of the speed governor is continuously adjusted
via the drop coefficient R

AX (t)_—iAf(t) L Ax ,® )
RT, T,
On account of the time constant T, from main inlet volumes
and steam chest, the power APs(t) of high-pressure and
high-temperature steam is obtained as

AB (0=~ AR (O+ = AX, (0 4

Crossing the reheater, the turbine generates the power APg(t)
to compensate the power fluctuation
FAX (1) AP (t) T, —-FT
A0 0 L5 v @)
T, T TT,

where T, is the reheater time constant, F, is the fraction of total
turbine power generated by high-pressure part.

Detecting the difference between real-time frequency and the
rating value, the area control error ACE(t) signal of the power
system is obtained with the bias factor

ACE(t) = BAf (b) (5)

Receiving the error signal in (5), the dispatch center forms
the automatic generation control (AGC) command via the
proportional-integral (PI) process

AGC(t)=—K,ACE(t)—K, j ACE(t)dt (6)
where Kp indicates the suppression of current ACE value, K; is
tasked to cope with the accumulated frequency deviation.

According to the dispatch command in (6) and the allocation
coefficients ag, au,..., ai, ..., an, the control center regulates the
electrical grid and EV aggregators with the following signals

u, (t) = o, AGC(t) , i=0,...,n @)

With (6)-(7), it can be seen that the equivalent control gains
for the i" EV aggregator is K} =K, and K| =K, , which
can be flexibly adjusted with different «; for different electric
vehicle aggregators.

Seen from Fig. 3, the aggregation of EVs experiences three
time-consuming procedures: deviation detection (z1), AGC
formation (zc2), and EV dispatch (zc3). 7c1, 7c2, and zc3 are the
delays associated with these processes. Because of the different
communication channels and schedules adopted by different
aggregators, the EV dispatch delay may vary for each
aggregator leading to z.,, i=1,...,n. Lumped with zc; and zc,
the aggregation delay value for the i"" EV is obtained as

TiEv STy tT,t 723 (8)

Due to these embedded delays in (8), each EV regulation

signal in (7) has to be rewritten as

U, (t—75,) =~ K, ACE(t— 74, )~ K, [ ACE(t— 7L, )dt (9)

Substituting (5) into (9), the delayed command is related to
the past frequency deviation in essence

U, (t =78, ) = —a AIKAF (-2, )+ K, [ A (t— 7L, )dt] (10)

AP, (t)=
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Fig. 4. Sequential impact process of heterogeneous aggregation delays.

From (10), it can be seen that various time delays penetrate
the system dynamics through three sequential paths in Fig. 4:

1) Control: the past frequency state is detected and regulated
with proportional coefficient Kp or integral coefficient Kj,
respectively. Different from the instant delay impact in the
proportional controller K,Af(t-z;,) , the delay impact
continuously accumulates in the second item of (10), i.e.,
K,J'Af (t—7L,)dt . The response speed and the error

elimination process are both affected.
2) Combination: apart from the individual impact from

KpoAf(t—7,) or K,IAf(t—ri)dt , these two dynamics are

combined simultaneously in (10), which distorts the dispatch
command together.

3) Coupling: since various EV aggregators participate in the
frequency regulation, multiple aggregation delays couple
indirectly through respective regulation routes. Since the
aggregation processes of different EV aggregators could vary
with vehicle numbers, charging/discharging states, power
ranges, and communication infrastructures, their aggregation
delays cannot be assumed with an identical delay value 7 for all
the aggregators. Therefore, independent variables g, ,..., zJ,

are employed to reflect these heterogeneous delays for EV
aggregators.

The Kp and K; controllers reflect the AGC components for
instant deviation and accumulative deviation regulations,
respectively. It should be mentioned that the control and
combination paths actually affects the stability of the system
simultaneously. The dissection of these two paths is to indicate
Kp and K; might interact differently with aggregation delays.

After aggregators cluster available EVs to participate in the
frequency service, the first-order transfer function in [21] is
employed to indicate the EV battery dynamics

i K
G (8)= 1+ SE.;./i
EV

(11)

where K, is the battery coefficient of the i" EV aggregator,

T,, is the corresponding battery time constant.
Because of the time-delay influence, the power contribution
from the k™ aggregation group is then distorted as

5 1 i K¢ i
AP, ()= _T_iAPEV (U"’%ui (t-7g) (12)

EV EV

With (12), heterogeneous time delays z;, ,..., zf, during the
aggregation process insert into the electrical grid determining

the real-time power mismatch APpis
AR, (1) = AP, (D) + > AP, (D -AR (D (13)
i=1

The whole heterogeneous time-delay loop is closed by (13)
from the aggregation procedure to the power.
B. Aggregation-delay Model for EV Regulation System

To further investigate the impact of aggregation delay on the
whole system, the non-delay part, i.e., the electrical grid, is first
modeled. Denoting [Af(t), AP, (t), AR, (t),AX g(t),J'AACE(t)dt]T as
the grid state vector Xg(t), the non-delay model of electrical
grid is derived combining (1)-(7)

XEG ®= AEG Xee ®+ BEGAPEV ®+ FEGAPd ® (14)

where
_b 1 0 0 0
M M
0 1 =R R 0
T, TT, T,
A = 0 0 1 1 0 ’
TC TC
_1+¢,RK, 0 0 1 K,
RT, . T,
LB 0o 0 0 |
_ Fy 1]
1 1 1 P -——
M M M : 0
o - 0 -0 , Pey = PEiv ,Fee = :
Beo = i :
T - | P | '
|0 -+ 0 - 0] L 0]

Without the injection of aggregation delays, the deviations of
system states can be seen from (14), which is represented by a
linear differential equation. However, heterogeneous time

delays during the EV aggregations penetrate through the Py, .
Setting the EV variables Xg, (t) =[APS, (1),...,APL (D], the
state of EV aggregation system is established via (8)-(12)

Xey (1) = Agy Xy (1) + Zn: BiEv AGC(t- TiEv ) (15)

where
BT 0 -
Tey 0
1 - aK!
= 0 - ce O BI = — .EV
AEV TEI\/ 1y “EV TEIV
0 - 0 . - 1n L 0 ]
L TEV B
As shown in (15), the delayed system states are merged with
Bty ...., By ,..., B, . The impact transmission channel of

control, combination, and coupling in Fig. 4 are indicated with
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Z BL, Xgy (t—7,) . Substituting (15) into (14), the aggregation
i=1

delay model of hybrid system is established

n .
X(t) = AX(t) + > AX(t—74, )+ FAP (t) (16)
i=1
where X(t) =[Xes, X I,
M M M M
1 T-FT F
0 71 c p'r _pr O 0 O
Tr TrTc TC
0 0 ;1 i 0 0 0
T, T,
Ao | HHaARK 0 1wk 0|
RT, Ty g
. 0 0 0 0 0 0
0 0 0 o o - 0
TEV
0 0 0 0o 0 0 =
| TEV
T 000 0 0. 0 - 0 =
0 000 0 0 i 0 '\(/)l
0 00 0 0 0 00 0
0 00 0 0 0t 0 0
0 00 0 0 0 0 0F o g |
A - 0 00 0 0 0 - 0 - 0f 0
_MOOO—%O'“O'“O 0
TEV TEV N
0 0 0 0 0 0O .- 0 -0

Different from (14) and (15), several very sparse matrices A,
(i=1,2,...,n) are formed in (16). With the increasing number of
EV aggregators, there would be more and more time delays to
interact in the frequency regulation system. As pointed by the
three sequential impact processes of heterogeneous delays,
aggregation delays essentially mislead the control center to
dispatches based on asynchronous frequency deviations, which
raises two stability concerns:

1) Instability approach: If time delays are ignored, A and
As,..., Ai,..., As could be directly added as a whole matrix.
Nevertheless, due to the disorder caused by i, ,..., 7, , these

coefficients are separated from (A+Ai+...+Ai+...+Aq). As the
original non-delay model has been transformed into a
heterogeneous-delay model, it is necessary to figure out the
change caused by the aggregation delays triggering the
frequency instability.

2) Stability space: According to the instability mechanism,
the accurate assessment of stability space is critical for the
normal operation of power system with EVs integration.

The approach shown in Fig. 5 has three components: the
sequential process of delay impact, instability triggering
mechanism, and precise stability space. The descriptions of
instability triggering mechanism and precise stability space are
detailed in Section 3 with the proposed workflow, which
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Fig. 5. Stability uncertainties caused by the aggregation delays.

constructs a clear and complete stability assessment for the
large-scale aggregation of EVs in the frequency regulation.

I1l. DELAY-DEPENDENT AGGREGATION DELAY STABILITY
ANALYSIS

As the coupling of aggregation delays and the time in the EV
regulation model (16), the direct analysis of asymptotic
stability is challenging. To remove this burden for the
investigation of triggering mechanism and stability space, the
non-delay and delay components in the system model are firstly
integrated to an infinite-dimensional operator, which uniformly
presents the delay and the system features. To further reduce
the analysis dimension, the Chebyshev polynomials are then
employed transforming this operator to a finite-dimensional
delay distorted matrix. By the formulation of this matrix, the
original coupling of aggregation delays and the time is
represented discretely, which contributes to the concise
workflow establishment of stability analysis.

A. Delay Distorted Matrix

If a transition time step Te[0, 7" ] is set, rfv* = max (g, ,
i =1,...,n), the system state transition could be classified into
two parts according to (16):

If te[- 7ov°, -Tl, t+T e [- 757 +T, 0]. As (16) is only
activated after t>0, the electrical grid and EV states would
maintain to be the initial ones X(0). The aggregation delays

5
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Fig. 6. Chebyshev node discretization on aggregation delay interval.
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would not affect the asymptotic stability of the regulation
system.

If t € [-T, + o], t+T > 0. Since (16) is activated, the whole
system changes are represented as an integral equation

x(t) = X (0) + jo Ax(h) +i/\ x(h—7.,)+ FAP, (h)dh (17)

Equation (17) is the time-domain solution of the
aggregation-delay model. Given the initial system state X(0)
and the external disturbance P(t), the asymptotic stability of
this system is determined by the coefficients A, A, i=1,....n
and the aggregation delays 7ty ,...,zpy . To further transform the
asymptotic stability analysis of this time-domain solution to the
investigation of eigenvalue locations, introducing an
infinite-dimensional operator A [24], an abstract ordinary
differential equation (18) can be established

X(t+&)=Ax(t+¢) (18)
where & e[-r4v",0]. According to (17)-(18), it can be found
that the aggregation delay impact is initialized at the last delay
interval [-T, + o], which introduces an infinite-dimensional
operator. Due to the items x (t-zy) , i=1,...n, the
finite-dimensional operator (A+As+...+A,) is replaced by an
infinite-dimensional operator A , which distorts the original
finite-dimensional model.

To further explore the delay impact, the maximum
aggregation delay interval [-z2, 0] is interpolated with the

points of &,..., ,..., h+1 in Fig. 6 to reduce the model
dimension. A point-to-point mapping is established between
the delay interval and the Chebyshev nodes within [-1, 1]

z_max
0, ="5~(a;,-1) (19)

Y=o, ..,
N+1'

interpolation points are reflected by ¢ within [-1, 1].
Denoting f = arccos(e), the N"-order Chebyshev poly
nomials of the first and the second kind are then obtained [25]

where a; = N are shift coefficients. The

Ty (a;) =cos NB, (20)
sin(N +1) g
U =" "7 21
v(@) sin 3, (21)
According to the normalized points oo,..., @j,..., On+1

corresponding to N+1 Chebyshev nodes, the grid and EV states
X(t) in the range of [t—zg",0] is discretized into N+1 state
variables X(t+&,),..., x(t+8,),...,x(t+6,) . Transcendental
items Xx(t-zi,) , i=1,...,n, resulted from the aggregation
delays are simulated with N"-order Chebyshev polynomials
i N 2(t—71,)
x(t—rEV)zz(;chj[TEV
e
Considering the dynamic model (16) of x(t) and the
interpolation states  X(t+6,),..., X(t +6,),..., x(t +6) ,
connection between Xx(t) and the previous states can be
established as

+1x(t+6;) (22)

EV

\ 2(t - TEV )

x() = AxO)+ Y A el FAXE+6)  (23)

EV

As the asymptotic stability is consistent along [0, «), the tin
(23) can be shifted to 0 for the analysis. In the meantime, the
interpolation states in (23) are differentiated on account of the
relationship between the first and the second kind Chebyshev

polynomials, i.e., T, (@;)=NUy ,(a;) , which derives the
dynamic equations for x(¢,), j=1,...,N
x@) | | Us(a)l, NU ()1, || x(6))
o= : : o(24)
X(@0y)] [Yola)l, NU, ()1, || x(6y)
Combining (23) and (24), the system model for the
asymptotic stability is formulated introducing the new state

variables x, (0)=[x"(0) X' (6)
the transcendental items caused by the aggregation delays

AocT(1)+ZAch(- 21z, +1) ACT, (1)+ZAch(— 21z, +1)

x" (6, )]T removing

Onxn Uo(al)
| Opn Ug(ay)
Ac,T, (1)+ZA,(C T, (- ZTEV 1) x(0)
' o (@) | |
NU, () =%, (0) (25)
NU, () X6

With (25), the infinite-dimensional characteristic equation
for (18) is then reduced to (N+1)(n+5) dimension [26]

1 T T.0  TQ |
1 T(e) Tyala) Ty(ew)
detial: 1 i ;oI -
_l T, (aN ) LI (aN ) Ty (aN )_
_Ro R1 Rz RN 1
2 4 2N
0 HUO(%)Ims Hul(%)lms U L)l
Ty EV o (26)
. . 0
2 4 2N
0 max UO aN)|n+5 Wul(aN)lmﬁ Y Thax N—l(aN)IrHS
L Ev EV EV ]

where Ry =A+) AT, (- 2:5;’ +1) , ® is the Kronecker product.
i=1 EV
Considering the relationship between the first and second
kind Chebyshev polynomials Ti(e;)=0.5U1(¢;), Tn(e;)=0.5Un
(@)-0.5Un-2(a5), N>2, the eigenvalue constraint in (26) can then

be transformed to
det(AIT, -X,)=0 (27)

where TT, € RIND™NDN s 3 companion-type matrix and

Ty € RN s 2 hlock upper triangular matrix,
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Fig. 7. Asymptotic stability analysis flow of EV aggregation delays.
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The delay distorted matrix is formed to reflect the frequency
variations and EV aggregation delays

Ay =TI 2y (28)

It can be seen from (28) that at least N(n+5) extra variables

will be triggered by the EV aggregation delays, which adds on

the original frequency fluctuations. Since the aggregation

delays 7ty ,..., zf, are involved in the Ay, the developed

stability analysis is delay-dependent.

B. Damping Ratio and Oscillation Frequency Extraction
With the delay distorted matrix An of (N+1)(n+5) x (N+1)

(n+5) dimension, the eigenvalues of this time-delay system can
be calculated showing its asymptotic stability status.

As eigenvalues are usually expressed in the conjugate form
of = ox £ jax, it is feasible to determine the oscillation modes
of the system. If the real part ox is positive, the oscillation of the
system will increase. The frequency fluctuation attenuates with
a negative ox. The oscillation frequency is determined by the

imaginary part of the eigenvalue fi=a/2n, and the
corresponding damping ratio is [27]
S :_O'k/\/O'If"’a’kz (29)

When & < 0, the eigenvalue reflects an unstable oscillation
mode; when & = 0, it causes the persistent oscillation of grid
frequency; when & > 0, the eigenvalue does not lead to the
frequency instability. The larger damping ratio indicates a more
stable status. The eigenvalue with the maximum real part is the
dominant one, which directly influences the frequency.

C. Aggregation Delays and Parameter Sensitivities

Denoting A« as one eigenvalue of the delay distorted matrix
A, its normalized sensitivity with respect to aggregation delay
can be obtained as

oh _| Aty +Are) = A |/ [ oy )

i
OTgy

(30)

Aty /|z'iEv|
where AriE\, is the delay increment for i" EV aggregator.

Similarly, the normalized sensitivity of Ax with respect to
other parameter p, is derived in (31)

[ [ﬂk(pl +Ap|)_ﬂk(p|)]/|/1k(p|)|
op, Ap /| p||
On the basis of (30)-(31), the correlation of system
parameters with delay stability can be quantitatively assessed
through the sensitivities calculation. This helps to establish the
complete stability analysis flow in Section I11.D and discover
the dominant reason for instability triggering the aggregation
delay instability.

(1)

D. Asymptotic Stability Analysis Flow

With the EV aggregation model (15), aggregation-delay
model (16) in Section Il and stability analysis approaches
(20)-(31), the analysis flow for the asymptotic stability of
electrical grid-electric vehicle system is shown in Fig. 7, which
organizes the whole quantitative analysis procedures in seven
stages.

IV. CASE STUDIES

TABLE | ELECTRICAL GRID-ELECTRIC VEHICLE SYSTEM PARAMETERS

Parameters Values
Inlet and steam chest constant T 0.3
Reheater constant T, 12
High pressure fraction F 1/6
Governor constant Ty 0.2
Inertia constant M 8.8
Damping coefficient D 1
Droop coefficient R 1/11
Bias factor g 21
Grid contribution rate ag 0.8
Aggregator 1 rate oy 0.1
Aggregator 2 rate o 0.1
Charging/discharging coefficient Ki, , K2, 1
Battery time constant T2, , T2 01
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A. Electrical Grid-Electric Vehicle System

For the asymptotic stability analysis of EV aggregation
delays, a typical electrical grid-electric vehicle system in [19] is
adopted listing parameter values in Table I. Referring to [27],
the power grid of the frequency regulation system is
represented by three parts: speed governor, turbine, rotating
mass and load. The speed governor controls the admission of
steam to the turbine, which is represented by the speed droop R

and . The droop coefficient reflects the steady-state

sT, +1

9
speed versus load characteristic of the generating unit, which
equals to the ratio between frequency deviation and change in
valve gate position. Ty is the time constant of governor
reflecting the steady-state feedback loop from the shaft to the
valve adjustment. The stored energy of high pressure and
high-temperature steam is converted into the rotating energy by
a steam turbine. Through a reheat, the steam leaving the
high-pressure section is returned to the boiler for the efficiency
improvement. Simplifying the time constant of crossover
piping and low-pressure inlet volumes to 0O, the relationship
between the turbine torque and the valve position is modeled as
SF,T, +1
(ST, +1)(sT, +1)
fraction of total turbine power generated by high-pressure part,
the time constant T is introduced considering main inlet
volumes and steam chest. The part of rotating mass and load
mimics all the generator and the motor loads in the power

. Ty is the time constant of reheater, Fy is the

system with . The rotating masses from grid generators

Ms+D
provide the inertia M to overcome the instant power imbalance.
Because of motor loads in the power system, their electrical
power changes with frequency due to the changes in motor
speed, which introduces the damping coefficient D in the power
system.

The analyses are implemented in Matlab 2018b with
m-script and verified through Simulink. A 0.1p.u. load change
is imposed at 10s as the external disruption. The processor is
Intel (R) Core (TM) i7-7500U CPU and the installed memory is
24.0 GB.

According to Table | and (14)-(15), the grid coefficient Aec
and EV coefficient Agy are obtained

011 011 0 0 0
0 -008 -047 056 0
, -1 0](32)
Ao=| 0 0 333 333 0 |'Ay-= .

-7180 0 0 -5 -0.80
21 0 0 0 0

The eigenvalues of the corresponding damping ratio of Agc
and Agy are listed in Table 11 (a)-(b). The maximum damping
ratio of Agc is 1, while the value is 0.25. Besides, both
eigenvalues of Aey are -10. It reflects that the electrical grid and
aggregated EV system can provide sufficient damping to
maintain respective asymptotic stability. To detect the
asymptotic stability of whole system without time delays, the
eigenvalues of (A+A;+A;) in (16) are further calculated
assuming rt, =72, =0. Seen from the blue part of Table I, the

involvement of EV system further enhances the electrical grid

TABLE Il EIGENVALUES AND DAMPING RATIOS WITHOUT DELAYS

Eigenvalues Damping ratios
-5.3724 1
@) -2.7440 1
Electrical grid -0.1034+ j0.4038 0.25
-0.1034- j0.4038 0.25
-0.2070 1
(b) -10 1
Aggregated EVs -10 1
5.3823 1
-2.7264 1
-0.1738+ j0.4997 0.3285
(c) -0.1738- j0.4997 0.3285
Electrical grid-EV -0.1628 1
-9.9112 1
-10 1

stability, which increases the damping ratio from 0.25 to 0.33.
B. Single Aggregation Delay
Assuming the two EV aggregation delays are identical r, =

4, =t , the zero-delay coefficient (A+A.+A,) is disassembled
to the non-delay component A, and single-delay component

0O 000 0 00
0O 000 0 00
0 000 0 00

A, .=A+A= 0 000 0 00 (33)
0 000 0 00
420 0 0 0 020 0 0
420 0 0 0 020 0 O

The time-delay coefficient in (33) is sparse with only four
elements are non-zero. The eigenvalues of A are -10, -10, -5.37,

-2.74,-0.21, -0.10+ j0.40, while all eigenvalues of A|T1 _ are

0. Due to the inaccessibility of (A+Aie”ﬂév +A2e’AQTéV)
eigenvalues, the delay distorted matrix Ay in (28) is formed
with N=10 as an example. If the eigenvalues are in the left
half-plane of the complex domain, the hybrid system is
asymptotically stable, otherwise instability would be triggered.
According to the eigenvalues calculated, the stability area of

(a) T-Kp stability space, K=0.2

1.0 x
Stable area

0.8
. 0.6
s OR " © © ()

0.4

0.2

0 N - -

L0 (b) 7-K7 stability space, Kp=0.2

O

0.8 Stable area |
_ 06
[

0.4

0.2

0 10 20 30 40 50

Aggregation delays (s)

Fig. 8. Distorted stability space in z-Kp and z-K; domains.
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Fig. 9. Stable area in the Kp-K|-7 space.

the electrical grid-electric vehicle system is depicted in Fig. 8,
where 7-Kp and 7-K; spaces are both distorted by the two
aggregation delays. These two domains are extracted from the
Ke-Ki-t space in Fig. 9 to reflect the different delay impacts
interacting with Kp and K. To help the explanation of Kp-K;-z
space, these two profile maps at K;=0.2 and are Kp=0.2 are
respectively formulated Kp-t- and K-t directions. After that,
the profile maps are rotated to unify the horizontal axis as the
aggregation delay, which generate the figures of those two
domains in Fig. 8. The distorted approaches are different for the

50.3 T |
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g 50.1 :\z(Kp:OA-l‘) 4
5 50 S\ d*Q ,{\ ) J
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= 498 Kp=0.2, =3.6s
’ ﬁQGs |
49.7 . . ‘ . . i
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Time (s)
Fig. 10. Persistent low frequency oscillation with Kp=0.2, 7,5=3.6s.
50.3 i T
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501 ¢ By (K0.4) 3
g 50 —
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Fig. 11. Grid frequency fluctuations with K, from 0 to 0.4, 7,,=3.6s.
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Fig. 12. Frequency waveforms with 7y from 3.6s to 10.8s, Kp=0.2, K,=0.2.
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(¢) Mode III: Eigenvalues crossing with 7, from 3.6s to 10.8s Kp=0.2, K=0.2.
Fig. 13. Three unstable modes.

proportional and integral controllers. In Fig. 8(a), the z-Kp
space is divided into four isolated stable areas, while a small
continuous stable area is left in the -K, space. To explore the
instability mechanism, the frequency waveforms at
Ao(tmax=3.65, Kp=0), Q(tmax=3.6s, Kp=0.2), Az(tmax=3.68,
Kp=0.4) are shown in Fig. 10.

Coinciding with the distorted stability space in Fig. 8, f
persistently oscillates at Q in Fig. 10, i.e., Kp=0.2, tmax=3.6s.
Through the detection of the oscillation amplitude in the
simulation waveform, the accuracy level of the proposed
method can reach 0.0001s. Taken this critical point Q as an
example, the exact value calculated by the developed method is
3.5866s. The oscillation amplitude of frequency waveform
decreases at 7=3.5866s, while the amplitude increases at
7=3.5867s, which indicates the method accuracy can reach
0.0001s. The frequency deviation is within £0.02Hz, and the
oscillation frequency is 0.07Hz. When Kp=0.4, the disturbance
caused by the external load gradually attenuates due to the
adequate system damping. However, the frequency stability
cannot be maintained at Ay, i.e., Kp=0, tmax=3.6s, which breaks
the frequency variation range at t=86s, i.e., Point A.
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TABLE Il EIGENVALUE VARIATIONS WITH THE AGGREGATION DELAY

7=0s 7=3.65 7=7.2S 7=10.8s
-10 -10 -10 -10
-9.91 -9.94 +j3.64 —-8.86 -9.58
-5.38 —4.99 —4.58 -5.57
—2.72 -2.12 +j6.42 -1.22 +j3.44 -0.82 +£j2.42
-0.16 -0.12 -0.13 -0.15
—0.17+j0.50 + j0.47 0.01+ j0.36 0.01+ j0.29

To compare with the Kp influence in Fig. 10, the integral gain
is varied in Fig. 11 corresponding to Bo(tmax=3.6s, K=0),
Q(mmax=3.6s, Ki=0.2), Bi(tmax=3.6s, K|=0.4). Having the same
aggregation delay, it can be seen that the frequency stability
rapidly loses at Point B after only 41s, which means the
coupling of K, and z is tighter than Kp. Moreover, the blue line
with K;=0 shows no oscillation, which shows enough damping
facing the 3.6s aggregation delays. Comparing the orange curve
(Kp=0, K;=0.2, tmax=3.6s) in Fig. 10 and the blue curve (Kp=0.2,
Ki=0, mmax=3.68) in Fig. 11, it indicates that the non-zero values
of K and 7 contribute more to the time-delay instability.

For further verification of this phenomenon, the aggregation
delay is changed from 0 to 10.8s in Fig. 12. Coinciding with the
distorted stability space, the grid frequency is asymptotically
stable under both 0s and 10.8s aggregation delays, but
instability occurs with tmax=7.2s. The stability space of -Kp is
distorted due to the EV aggregation delays. The damped
waveform with z=0s also verifies that the coupling of K, and z is
the main factor triggering the frequency instability because of
the accumulated error in the integral controller.

The eigenvalue traces of Fig. 10 to 12 are depicted in Fig.
13(a)-(c), respectively. It can be seen that three unstable modes
are targeted with the same pair of conjugate eigenvalues from
electrical grid, which crosses the imaginary axis at £j0.47. In
Fig. 13(a), the instability happens when Kp decreases below 0.2,
while the increasing values of K, and 7 lead to the system
oscillation in Fig. 13(b)-(c). According to (29), the damping
ratio variations of these three modes are also shown in Fig. 13,
where the critical & experiences the largest change in Mode Il
from 0.41 to -0.17. As the delay rises, a periodical stable
phenomenon occurs, which is caused by the back and forth of
the conjugate eigenvalues in Fig. 13(c). The eigenvalues in Fig.
13(c) is further listed to clearly explain the modes affected by
the delay. Since the delayed system induces an infinite number
of complex eigenvalues, the variation of the seven eigenvalues
at =0s is displayed as examples. Except for -10, other modes of
the system are affected by the delay in Table Ill. Not only the
value is varied, the eigenvalue number is also changed due to
the delay. For example, the second eigenvalue —9.91 is replaced
by the conjugate eigenvalues —9.94+ j3.64 and —9.94— j3.64
when 1=3.6s. As the delay increases, this conjugate eigenvalue
pair is reduced to a real value when t=7.2s and t=10.8s. The
value and the number are both changed due to the aggregation
delays. In Table IV, the magnitudes of z and K sensitivities are
both around 2 times larger than that of Kp, which indicates the
coupling of 7 and K; triggers the frequency instability through

TABLE IV CRITICAL EIGENVALUES SENSITIVITIES

Critical eigenvalues T Kp Ky
+j0.47 0.12-j0.28  -0.05+j0.13 0.25+j0.13
—-j0.47 0.12+j0.28  -0.05-j0.13 0.25-j0.13

Sensitivity magnitude 0.30 0.14 0.28
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Fig. 14. Distorted stability spaces in heterogeneous-delay domains.

the most fragile eigenvalue in the electrical grid.

C. Heterogeneous Aggregation Delays

During practical dispatch, the aggregation delays of different
EV aggregators are often different, which introduces
heterogeneous delays in the whole system. To investigate the

heterogeneous-delay impact, the stable areas in 73, — 73, — Ko

and g, — 72, — K, spaces are described in Fig. 14.

From Fig. 14, it can be seen that the whole stability region is
dependent on a nonlinear interaction between the delays of the
two aggregators. Furthermore, the dominant eigenvalue routes,
which first leads to the instability, are plotted in Fig. 15 to
explore the instability mechanism. Marked by the red line, it is

found that 7, and zZ, both affect the same target eigenvalues.

The instability occurs only if both delays exceed 3.6s.
Otherwise, the instability is not triggered.

The accuracy difference between proposed method and the
stability criteria in [19], [28] is shown in Fig. 16. It can be seen
from Fig. 16(a) that the proposed method is able to precisely
determine the stability space of two aggregation delays. In the
[0, 25s] x [0, 25s] stability space, it is revealed by the
developed method that the aggregation delays induce four

D, (rjsV = O>T§IV =0)

Imaginary 4
= o6 D1(T}51'V = OJ;:VZ: 7.2)
Dy 2™ 4 D, Dz(TfV =3.6, T?, =7.2)
D, Ds 0.3 D,(ry, =727, =7.2)
0 Real
-0.2 -0.1 0.1
).3
A
e | Ty ¢ -
06 Unstabe route
——Stabile route

Fig. 15. Instability triggering route of heterogeneous aggregation delays.
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unstable holes, while the existing methods in Fig. 16 (b) cannot
reveal this phenomenon and obtain small stability regions.
Table V lists the computation time of the two-delay scenario for
the efficiency comparison. Seen from Table V, the proposed
method averagely takes only 0.072s for the assessment of each
point in the stability space. However, the time domain stability
criteria in [19] and [28] take 1008.260s and 1815.543s,
respectively. Since 37 matrices are required to be solved by the
existing method in [19] and 32 matrices to be calculated in [28],
the assessment time of existing approaches is longer than the
delay distorted matrix derived by the proposed method.
According to the regional transmission organization PJM
[12], the timeframe of secondary frequency regulation is 1-10
minutes. When the number of EV supply equipment is more
than 350, it was reported in [29] that the average delay from
dispatch message arrival at EV aggregator to the scheduling

TABLE V ASSESSMENT EFFICIENCY COMPARISONS

Proposed Existing Jensen inequality-
method method [19]  based criterion [28]
Average assessment
time for each point 0.072s 1008.260s 1815.543

in the stability space
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Fig. 17. The frequency instability due to delay increase.
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Fig. 18. The frequency re-stabilization because of unstable hole induced by the
delays.

message arrival at EV's would be larger than 10s. Therefore, the
aggregation delay could be in the range of 10s to 10mins. If the
existing technique is employed, it is seen from Fig. 16 (b) that
the EV aggregators will not provide the ancillary service
because there is no stable area. However, referring to the stable
delay area obtained by the proposed method, the EV
aggregators are still able to participate in the frequency
regulation to secure the grid stability within the red curve in
Fig. 16(a).

According to the distorted stability space determined in Fig.
16(a), the grid frequency waveforms at Co( 73, =172, =0s),

Q( gy =74 =36s ), Fi 714 =75 =655 ), F
( TEV :Tév =9.3s ), Fy( Tév :Tév =129s ), Fa ( Tév =
6.5s,75, =0s ), Fs( s, =6.5s,75, =3.65 ) are simulated to

indicate the three delay effects of frequency instability due to
delay increase, unstable hole, and heterogeneous-delay
interaction.

» The frequency instability due to delay increase (Co, Q,
F1)

The consequence of growing delay value is shown in Fig. 17.
With the aggregation delays 7, and 77, raised from Os to
6.5s, the system damping is gradually reduced leading to the
frequency instability. In the delay scenario of F;
(i, =72, =6.5s), the frequency deviation grows to 50.05Hz
facing a 0.1 p.u. disturbance. This phenomenon can be
explained by the aggregation delay model (16) of hybrid
system. The divergent oscillation is caused by the coupling of

time and delays in ZAx(t—r‘EV) . As A; (i=1,...,n) are made
i=1

up of the charging and discharging coefficients K, , battery

time constant T, , and automatic generation control (AGC)
parameters, the power aggregation state of EVs can be reflected
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Fig. 19. The heterogeneous-delay interaction.

by > Ax(t-ry,). The larger 7;, and 7, would disorder

i=1

the normal participation of EV's more seriously via the t -z, ,
which enlarges the grid frequency oscillation.

» The unstable hole induced by the delays (F1, F2, Fs3)

The simulations at F1, F2, F3 are presented in Fig. 18 to depict
the unstable hole induced by the delays. When the aggregation
delays continue growing to 12.9s in Fig. 18, the oscillation of
frequency waveform is gradually reduced in the black curve.
The characteristic equation of the aggregation delay model (16)
can be expressed as

n
det (sl - A=) Ae =) =0

i=1

(34)

Due to the transcendental items e"'EVS, i=1,...,n, introduced
by aggregation delays, the periodic eigenvalue crossing of the
imaginary might occur as the delay increase. This induces
unstable holes in the stability space distorting the continuity of
stable area.

» The heterogeneous-delay interaction (F1, F4, Fs)

To investigate the interaction of heterogeneous delays, the
grid frequency performance facing heterogeneous delays is
displayed in Fig. 19. By the decrease of 72, from 6.5s to Os, it
can be seen that the frequency fluctuation is secured within
[-49.98Hz, 50.02sHz]. Despite the existence of aggregation
delay 77, =6.5s, the system stability is notably maintained by
avoiding the identical aggregation delay value. If the
aggregation delays are identical, the delayed power from
various EV aggregators would directly couple with each other
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I .
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Fig. 20. Distorted stability space of three EV aggregators.

n
via Z A, , which aggravates delay instability shown at F;.

i=1

To further investigate the heterogeneous-delay impact, the

scenario of three aggregation delays with one more EV
aggregator is shown in Fig. 20. It can be seen that the
interaction of three heterogeneous delays further leads to eight
isolated unstable areas in the range of [0,25s] x [0,25s] x
[0,25s], which breaks the continuity of delay stability space.
From the stability space of two aggregation delays in Fig. 16(a)
and that of three aggregation delays in Fig. 20, due to
heterogeneous delays, not only the number of unstable areas
increases with the participation of more EVs, the diverse shapes
of those unstable areas also imposes more unstable risks for the
whole grid-vehicle system.

D. Mechanism Discussion and Control Desigh Guidance

According to the determined stability space, the dissection of
three sequential paths benefits the identification of three
different roles in the relationship between EV aggregation
delays and grid frequency: prerequisite, aggravation, distortion.

Control path (prerequisite): The Kp and K; controllers
represent the AGC components for instant deviation and
accumulative deviation regulations, respectively. From Table
IV, it can be seen that K, and = almost contribute the same to the
system instability around 0.30. The magnitudes of 7 and K|
sensitivities are both around 2 times larger than that of Kp,
which indicates the z and K, coupling is the prerequisite for the
instability risk of aggregation delay.

Combination path (aggravation): From the stability space
in Fig. 8, the combination of proportional control channel (Kp,
7) and integral control channel (K,, ) further aggravates the
stability space. Different from the continuous stable area in z-
K, space of Fig. 8(b), the participation of proportional control
channel (Kp, 7) chops the stable space into several isolated
fragments in Fig. 8(a).

Coupling path (distortion): Besides the effects from the
control and combination paths, the hybridization of various EV
aggregators further distorts the stability space due to the
heterogeneous-delays. It can be seen from Fig. 16(a) that, due
to the two EV aggregation delays, the continuous stable areas
are distorted by four unstable holes.

However, without the path dissection, these three sequential
paths would be lumped as one process, which can only obtain a
bound value for the aggregation delays. It is unable to find out
their different roles related to the aggregation delay instability.

Targeted these three paths and their respective roles in
triggering the instability, the step-by-step guidance can be
made to controller design for the asymptotic stability
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Fig. 21. Maximum limitation of K, for the stable area continuity.
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improvement.

» Control path (limit maximum K to enlarge the stable
area continuity): As the coupling of K, and 7 is the main reason
inducing the instability risk. The maximum value of K, could be
set to reduce this risk. In Fig. 21, there is a K| range of (0, 0.17],
in which the allowable aggregation delay can continuously
reach 50s. By limiting the maximum value of K, within 0.17,
the continuity of stable area for the aggregation delay can be
significantly guaranteed.

» Combination path (select local extreme point for Kp to
minimize the isolation gap): Considering the combination
with the proportional control loop, the proportional gain Kp is
then increased to further enhance the asymptotic stability and
the regulation dynamic. As can be seen from Fig. 22, there
exists an extreme point P in the first continue stable area, which
maximizes the aggregation delay range even if the stable area is
chopped into four isolated fragments.

» Coupling path (avoid the resonance of heterogeneous
aggregation delays): As can be seen from Fig. 23, the
minimum delay value is reached at Q(3.6s,3.6s), where the two
aggregation delays are identically coupled. If the two

aggregation delays 7z, and 2, are different, the tolerant

aggregation delay point is extended to Q1(3.6s,17.1s). The
allowable aggregation time for the second EV aggregator is
able to increase from 3.6s to 17.1s. Thus, the avoidance of
various delay resonance helps to improve the asymptotic
stability of the system.

In the practical method, the control gains are usually

determined through three procedures: model derivation,
stability analysis, control performance simulation.
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Fig. 23. Avoiding heterogeneous aggregation delay resonance.

In the procedure of model derivation, the main concern and
the key components should be effectively represented in the
system model. As the main concern of this work is the
aggregation delays and the key component is the electrical
grid-electric vehicle system, the concise integration of these
factors is necessary for the following analysis.

With the derived model, the accurate and efficient stability
assessment plays an important role in the tuning of the control
gains. If the result is conservative, the controller performance
cannot be optimized. Besides, the speed of analysis method
should also be guaranteed.

On the basis of the model and stability assessment results,
the range of control gain is effectively and efficiently
determined. Depending on the accuracy of gain range provided
by the analysis, the simulation is implemented to test the
control gains to guarantee the controller performance.

The established model, analysis method, and simulation
efficiency contribute to the complexity of the control gain
tuning. It can be seen that the accurate, efficient and systematic
stability approach dominates the controller performance and
the tuning efficiency, especially considering huge amount of
electric vehicles with various gains.

V. CONCLUSIONS

To address the aggregation delay uncertainties caused by
electric vehicles during the grid frequency regulation, the
precise stability space is determined by the proposed analysis
method, which discovers the distorted stability space and
triggering mechanism of system instability. Heterogeneous
time delays during EV aggregations infect the system through
control, combination, and coupling procedures disturbing the
power dispatch with asynchronous frequency signals and
reconfiguring a delay distorted matrix for the electrical
grid-electric vehicle system.

Due to the deviation accumulation, the influence of EV
aggregation delays mainly penetrates through the integral
controller. By the form of low-frequency oscillation, the most
fragile eigenvalue in the electrical grid is targeted by
heterogeneous delays, which is manipulated to distort the
stability space of grid frequency. Moreover, the distortion of
stability space reveals three unstable modes of the electrical
grid-electric vehicle system. Due to the interaction among
different aggregation delays, holes and folds are generated in
the stability space. Because of the distorted stability space,
heterogeneous delays between transmission system operators
and aggregators providing frequency response need to be
carefully considered to avoid the risky stability areas. The
implications of the stability space and instability mechanism
are standard PI tuning techniques designed for systems without
delay may not be suitable for electrical vehicle aggregation.
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