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Abstract—High penetration of renewable energy sources and
energy storage systems has considerably increased the flexibility
in power distribution networks operation. However, employing
converter-interfaced energy and storage sources may significantly
reduce the mechanical inertia and as a result, the power grids may
confront serious stability challenges during transient conditions.
This article introduces a strategy for enhancing transient stability
margin of active distribution networks with high penetration of
electric vehicles (EVs). The proposed optimization strategy intends
to control EVs contributions during transient stability conditions.
The EVs contributions are controlled through a new index pro-
posed based on the system’s total corrected critical kinetic energy
(TCCKE). The proposed procedure for TCCKE -calculation is
driven by a hybrid algorithm taking into account the equal area
criterion and sensitivity analysis. The suggested procedure for
TCCKE only depends on the during fault data and as a result,
the proposed optimization strategy is useful to prevent transient
instability in the case of first swing instability. The proposed opti-
mization is applied and evaluated on the IEEE test systems. The
results clearly demonstrate the applicability and efficacy during a
multitude of fault and emergency conditions.

Index Terms—Converter-interfaced, distributed generation,
electric vehicle (EV), optimization, transient stability.
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NOMENCLATURE

The list of parameters, acronyms and abbreviations in this
article is as follows.

CBC Converter-based connected.

CDGs Converter-interfaced distributed generators.
CKE Critical kinetic energy.

DG Distributed generation.

EAC Equal area criterion.

ESSs Energy storage systems.

LDG Less disturbed generator.

OF Objective function.

pPCC Point of common coupling.

PEV Plug-in electric vehicle.

PV Photovoltaic.

RES Renewable energy source.

SDG Severely disturbed denerator.

TCCKE Total corrected critical kinetic energy.
VSG Virtual synchronous generator.

ovsa Phase angle of the internal voltage.
wysag  Virtual angular speed.

wo Rated angular speed.

P, Reference active power.

Pysa  Active power output of VSG.

Qm Reference reactive power.

Qvsc  Reactive power output of VSG.

E{ ¢ RMS value of the internal potential.

Vpcc  RMS voltage at PCC.

X ’f Filter impedance.

TVSG Time constant of VSG.

Jp Damping coefficient of VSG.

TK.i Time constant related to reactive power loop.

Jq Damping coefficient related to the voltage control
loop.

do Prefault operating point.

Oc Critical clearing point.

Omax Post fault operating point.

Ke(t)  Time domain kinetic energy.

I. INTRODUCTION

ITH the growing concerns over environmental chal-
lenges of the conventional fossil-fueled power plants,



the penetration rate of renewable energy sources (RESs) has
been extensively enhanced in electric power systems worldwide.
Wind- and solar- energies serve the highest contribution to the
total share of RESs [1], [2]. The majority of RESs are connected
to power grids through power electronic interfaces. Additionally,
power electronic interfaces have also been widely utilized due to
their application in energy storage systems (ESSs) and electric
vehicle (EV) stations which have been growingly applied in
smart distribution grids. Due to no mechanical inertia, employ-
ing power electronic interfaces connected RESs have brought
challenges the power system security. Compared to bulk inter-
connected power systems, such impacts more profoundly affect
active distribution grids, since for representing less strength [3],
[4]. This article discusses the contribution of converter-based
connected (CBC) power generation and energy storage on the
dynamic security of the power distribution systems.

Due to power system deregulations owing to proliferation of
RESs, power system dynamic security assessment, and transient
stability challenges have drawn lots of attention in recent years
[5], [6]. Transient stability discusses the ability of preserving
synchronism between generators when the system is subjected
to a large perturbation. Such a large perturbation on transmission
grids may result in a widespread blackout. Considering the
rapidly increasing integration of large-scale rotational wind tur-
bines in power transmission grids, the transient stability analysis
of both synchronous and asynchronous generators has been
addressed in many recently published works [7]-[9]. Concen-
trating on the distribution networks, it can be observed that
due to remarkably enhancement of directly connected RESs
to distribution network, the significance of active distribution
networks impact on the instability of the system in the event
of a large perturbation in the grid has become a challenging
issue.

With the rushing arrival of power electronic-interfaced dis-
tributed energy resources (DERs), such as photovoltaic farms
(PV), ESSs and EV stations, the contribution of CBC power
generation to the traditional transient stability measures have
become more critical [10], [11]. The role of the CBC power gen-
erations has been addressed in several publications [12]-[15],
where the focus has been primarily on both transient stability
and frequency stability analysis. Various algorithms have been
presented to design optimal frequency control mechanisms by
monitoring and managing the virtual inertia of DERs. How-
ever, the transient stability enhancement of active distribution
networks with high penetration of CBC power generations and
storage systems have not been fully investigated.

Among CBC storage systems, EVs stations are considered
as the storages that provide power to charge EVs and plug-in
hybrid EVs batteries for vehicular operation. Concentrating
on active distribution networks, research studies have reported
that as the number of EVs increases, the uncertainty in load,
power losses, and voltage profile across the system will also
dramatically change. As a result, the integration of large-scale
EVs significantly impacts the power distribution grid operation.
Several research studies have been conducted to address the EV
charging mechanisms and the optimal allocation of charging
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stations considering distribution grid constraints [16]-[19]. Op-
timal algorithms for allocation and control of the ESSs are also
presented with the main goal to achieve an optimal frequency
control in islanded microgrids [20]-[22].

Some research studies are conducted for the impact of gridable
vehicles (GVs) and ESSs on the improvement of the power qual-
ity and transient stability at local transmission power systems
[23]-[27]. These investigations reveal that charging/discharging
facilities such as parking lots, public areas, and communities
can improve the transient stability margin of the power system.
Specifically, in [27], it has been suggested the use of GVs
in a combination of superconducting magnetic energy storage
(SMES) to enhance the transient stability of transmission level
power system. While both GVs and SMES have the distinc-
tive merit of fast response and are also able to control the
power system’s active and reactive power simultaneously with
low losses and low toxic emissions, it should be noted that
SMES is rather costly and can only afford to store a limited
amount of energy. However, the majority of the past works
on EVs are mainly concerned with the static and economic
aspects of the EV contributions to the distribution grid, with
no or minimum discussions on their impacts on the transient
stability.

In this article, we investigate the problem of preserving tran-
sient stability in active distribution networks with high prolifera-
tion of PEVs. This article specifically concentrates on the control
of PEVs during transient stability conditions while maintaining
the optimal performance during normal operating conditions.
As a matter of fact, this article aims to study the deterioration of
transient stability due to the high penetration of CBC RESs.

The following contributions are highlighted in this article.

1) In order to mathematically model the transient stability in
power distribution grids with PEVs, the concept of virtual
synchronous generator (VSG) is employed.

2) An index based on the total critical corrected kinetic en-
ergy (TCCKE) is proposed, simultaneously reflecting the
impacts of effective kinetic energy of all VSGs. TCCKE
assessment is conducted in three stages: an assessment of
the critical kinetic energy (CKE) using the proposed equal
area criterion (EAC) is conducted first for each individual
VSG; the assessment of the corrected CKE (CCKE) to
capture the effects of fault trajectory and topology changes
is next pursued using the proposed sensitivity analysis;
finally, the TCCKE is quantified to find the transient
stability response of the entire distribution network.

3) Founded on the proposed TCCKE measure, a new OF is
presented in which the contribution of the EV charging
station during fault conditions is controlled so as to im-
prove the transient stability margins.

The rest of the article is organized as follows. Section II
discusses transient stability modeling requirement of EVs and
introduces the mathematical formulations for TCCKE. The de-
scriptions regarding the suggested OF and constraints are dis-
cussed in Section III. Evaluation and verification of the proposed
approach are presented in Section IV. Concluding remarks are
eventually provided in Section V.
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II. TRANSIENT STABILITY PROBLEM IN CONVERTER
INTERFACED POWER SOURCE

The active power distribution systems are featured more and
more with asynchronous and converter-interfaced generating
units, rather than synchronous generators. Also, significant pen-
etration ESSs and EVs in active distribution networks may result
in poor transient stability performance due to the less mechanical
inertia of CBC generating units [28]-[29].

This article aims to enhance the robustness of the active
distribution networks during transient stability conditions. We
specifically aim at controlling the EV charging stations during
faults so that a maximum transient stability strength can be
achieved. To such aim, the following sections have provided
the modeling of ESS for transient stability VSG concept which
are employed in the proposed solution.

A. EV Charging Station Structure

With a myriad of commercial technologies available in the
market, modeling ESSs has remained a complicated and chal-
lenging task. So far, several studies have addressed the ESS
modeling in economic and electricity market applications [16],
[17]. This section is focused on the battery energy storage system
(BESS) models that can be used in the transient stability analysis.
In this regard, authors in [30] presented a generic VSC-based
model for ESSs, illustrated in Fig. 1.

The general goal for an ESS here is to control the system
frequency compared with the center of inertia frequency or to
manage the power flows in the transmission lines.

To accomplish modeling the ESS presented in Fig. 1, it is
required to derive a dynamic model for BES. Shepherd model
of BES is known as the most commonly used for representing a
rechargeable battery in dynamic analysis.

The Shepherd model for BES is mathematically expressed as
follows [30]:

dqe o Z.b

= 1
dt 3600 (12)
di,, iy —
S 1 " m 1b
dt Tm ( )
0 = Voe — Up(Ge, tm) + vee e — iy — vp (1c)

7'EinL + kzzqe

i charge mode (i, <0
Up(destm) = { it pas (im <0)

e discharge mode (i, > 0)
(1d)

Fig.2. General structure of a VSG.

Soc = I e,
qn

Note that expression (1) is that the nonlinearity of v, generally
results in two different sets of equations. Hence, depending on
the state of the BES, the mathematical model is able to cover both
BES operation modes. The modeling given in [30] is suitable for
time domain transient stability analysis of the BESS. However,
for the goals of this article, it is mandatory to use power-angle
characteristics of BESS which is described in the following
section.

(Ie)

B. Concept of VSG

The concept of VSG is introduced as a flexible strategy for
controlling power electronic converters in grid-connected and
stand-alone applications. Several VSG implementations have
been proposed, with the emulation of inertia and damping of
a traditional synchronous generator as their common feature.
The implementations are mostly performed considering system
nonlinearity in synchronous reference frame [31]-[32]. How-
ever, as discussed, the aim of this algorithm is to find a strategy
to control the contribution of EVs so that the transient stability
of the system is preserved. To take into account the DGs and
EVs for calculating TCCKE, the representation of VSG concept
in [33] is used to obtain P-§ equation form.

A general structure of a VSG connected to a three-phase power
distribution network is shown in Fig. 2. The structure consists
of a set of inverters/converters that transmit the power between
dc and ac sides through a filter. Also, the transformer shown
in Fig. 2 can be used as a coupling between the EV charging
station as BESS and the distribution grid [33]. As one can see
in Fig. 2, a control unit named VSG control covers two control
loops including the active power control loop (P-9) and reactive
power control loop (Q-V droop).

In [31], the dynamic mathematical equations of VSG are
expressed as follows taking into account the VSG controller:

51}89 = WO(stg - 1) (za)
T’Usgw’usg =P, — vag - Jp(wvsg - 1) (2b)
TkElvsg = Qm - stg - Jq(Vpcc - 1) (2¢)
E sV,

va = 29 P 61}5 _Gcc 2d
g X/filter Sln( g p ) ( )

E/2 - E/vs V ce COS (svs - 9 cc
Qusg = 7L ( ? P ) (26)

X/filter
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E’ . and Vpee are in per-unit values.
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III. PROPOSED STRATEGY

To evaluate the TCCKE in the active distribution networks, it
is essential to first assess the critical corrected kinetic energy of
each EV charging station.

The critical corrected kinetic energy of each EV charging
station is assessed in two stages: 1) an initial guess of the CKE
based on the EAC and the single machine infinite bus concept;
and 2) assessment of the critical corrected kinetic energy based
on the proposed sensitivity analysis to consider the effects of
fault trajectories.

A. Assessment of CKE

In order to calculate the critical corrected kinetic energy, the
CKE of each individual VSGis first evaluated. Critical corrected
kinetic energy is defined as the kinetic energy for three-phase
fault to ground at the PCC bus. Therefore, it can be assumed that
the electrical output power of the VSG (P, ) is almost equal to
zero. Also the mechanical input power (£, ;) is assumed almost
constant in transient stability studies [7]. Applying the EAC on
the three-phase fault at the PCC terminal, the following can be
concluded:

e Omax
/ Prddysg = / (Pysg — P )d0ysg-
do Oc

3)

According to (2), during fault, the electrical output power of
VSG (P,44) to the power grid is represented as follows:

/
P o E vsngcc
vsg —

4
X titter

sin(dypsg — Opec)-
Substituting (4) in (3) and simplifying the integration (3), the
following can be achieved:

P, (0. — d0) = E”/LV%'CC (cos(Omax — Opec) — €08(0c — Opec))
X filter

- Pm((smax - 60) (5)

In [8], it has been demonstrated that d,,,, can be assumed
as ™ — dg. As a result, the clearing angle is calculated from
expression (5) as follows:

8, = cos ! C/OS(W - %0 = Opec) +0 (6)
c = _A'_—LE/:j:e‘;j:n (250 — 71') pce-

From (6), the CKE is assessed as follows [8], [9]:

Keerit = Pm(éc - 50) (N

B. Correction of CKE Accounting for Fault Trajectories

As mentioned earlier, the CKE metric is calculated for fault
scenarios near generating units. However, fault location is vari-
able, which may in turn result in significant variations in CKE.
Hence, taking into account the effect of fault trajectory is critical.
In so doing, this article proposes to evaluate the critical corrected
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kinetic energy as follows:
0K ecr
corr crit
Kegri = Keerit + 07 (3)

where Z is an interim variable, reflecting the impact of the fault
location. From (8), it can be found that F; ,, and V. vary for

each fault trajectory. As a result, the CKE sensitivity to the fault
trajectory is computed as follows:

aKecrit o aKecrit + aKecrit
0Z  OF' s, Wpee
X/filterpm(ﬁ + E’isg)

! . 2
(Vpee % E'Usg)\/l— (COS(’]T —d0) + %i’c“—‘}i’:(%o — 7r))
)

Accordingto (9), critical corrected kinetic energy is calculated
as follows:

0Kecr;
Kol = Keeri + =52 = Keoru
1 1
. X' pitter Pm(5— + 7,2)

!, 2
X leterP-m, (250 o 77))

(Vpee X E’Usg)\/l— (cos(ﬂ' —do) + ol T
(10)

C. Total Critical Corrected Kinetic Energy

During a disturbance, not all generators contribute to the
instability of the system [6]. In other words, there are two sets of
generators that contribute to the instability of the system during
a disturbance. The first group of generators that contribute to
system instability are named as severely disturbed generators
(SDGs), while the other group of generators with less sensitivity
are named less disturbed generators (LDGs).

The members of SDGs and LDGs are different in any real-
ization of fault scenarios (location). In [6], a criterion based on
the rotor speed and acceleration are introduced to identify the
system SDGs and LDGs. With the SDGs and LDGs known, the
TCCKE metric can be obtained as follows:

corr __ crit 2
TKecrit - 5‘]7)89,6(1 X (w'usg,eq) (1 1)
nspaG
vag,SDG: E vag,i (lza)
=1
NLDG
vaLq}LDG: E vag,i (12b)
i=1
J o stg,SDG X J’USg,LDG 12
vsg,eq — ( C)
vag,SDG + vag,LDG
nspaG erit
crit _ ZiZl JUSQvlw'usg,i (13 )
wvsg,S’DG - n 7 a
Zi:l v8g,i
NLDG ., erit
crit o Zi:l JUSngvsg,i (13b)
wvsg,LDG - nLDG T
Zi:l v8g,i
crit _.crit _ . crit (13 )
wvsg,eq - wvsg,SDG wvsg,LDG’ c



Fig. 3. IEEE 69-bus test system.

D. Implementation

One can see in the procedure of T Kef; assessment, the

TCCKE can be updated in each time-step of simulation. Increas-
ing the T'Kell7/ results in an enhanced ability of the active
distribution system to withstand the short circuit faults. One
approach to control T'Ke(?:/"is controlling the kinetic energy
of the generators. This article proposes a new objective function
which can help control the contribution of the system generations
by modifications in the state of charge (SoC).

The proposed objective function is as follows:

OF = Minmization {1 f1 + asfo} (14)
TKecrit
_ 15
= TRemy -
Nga
AKe;(t)
= 16
f2 ; Kecrzt,z ( )
o1 + o = 1. (17)

With the proposed OF being minimized, the system strength
in withstanding the fault scenarios will be maximized and as
a result, the ability of each EV parking station to preserve the
transient stability will be enhanced.

IV. SIMULATION RESULTS AND DISCUSSIONS

This section provides discussions on the performance of the
proposed objective function in dealing with transient stability
conditions in active distribution networks with high integration
of EV charging stations. The performance of the proposed
scheme is comprehensively validated utilizing two IEEE distri-
bution networks including IEEE 33-bus, IEEE 69-bus, and IEEE
119-bus test systems. The specifications of the test systems are
adopted from [5], [8], [34], [35], and [36].

In the IEEE 33-bus test system, there are three DGs (including
wind turbine and PV panels) and one EV charging stations. For
the IEEE 69-bus test system, there are six DGs and three EV
charging stations. Finally, ten DGs and five EV charging stations
are considered in the IEEE 119-bus test system. The schematics

Fig. 4. IEEE 119-bus test system.
Fig. 5. IEEE 33-bus test system.
TABLE I
GENERATOR DATA

Nominal power (MW) 1.5
Frequency 60
Stator Resistance (R, (pu)) 0.00706
Stator Inductance (Lis (pu)) 0.171
Rotor Resistance (R (pu)) 0.005
Rotor Inductance (L (pu)) 0.156

Magnetization Inductance (Lm (pu)) 2.9

Inertia Constant (S) 5.04
Friction Factor 0.01
Pairs of Poles 4

of the test systems and data of DGs are provided in the Figs. 3
-5 and Tables I-V.

In order to ensure preserving the voltage constraints as de-
sired, the optimal allocation algorithm in [37] is applied in each
test system to find the optimal size and location of DGs and



TABLE II
TURBINE DATA
Nominal wind turbine mechanical output power (MW) 1.5
Power at point C (pu/mechanical power) 0.73
Wind speed at point C (1m/s) 12
Pitch angle controller gain [Kp] 500
Maximum pitch angle (deg) 45
Maximum rate of change of pitch angle (deg/s) 2
TABLE III
EV DATA
Internal Resistor each Vehicle to plug in the | 0.02 (Ohm)
Network (R VSC)
Internal admittance each Vehicle to plug in the | 1.4e-6 (Ohm)
Network (X VSC)
Voltage for VSC to plug in the Network V_VSC 1.05 (puw)
Admittance for power transmission (Xs) 0.06 (pu)
Max SOC 0.99
Station parking capacity (kW) 2000
charging slot 5
DC voltage of charging slot (V) 200
maximum DC current of charging slot (A) 2
TABLE IV
MODULE DATA
Maximum Power (W) 414.8
Open circuit voltage Voc (V) 85.3
Temperature coefficient of Voc (%/deg.C) -0.229
Short-circuit current Isc (A) 6.09
Temperature coefticient of Isc (%/deg.C) 0.030706
TABLE V
INVERTER DATA
Capacitance DC Link (F) 0.11
Internal Resistor each PV Module (R PV) 0.038 (Ohm)
Internal admittance each PV Module (X PV) | 1.0le-6 (Ohm)
Voltage mag for PV Module V_PV 1.04 (pu)
Admittancc for power transmission (Xs) 0.042 (pu)

TABLE VI
SPECIFICATION OF TEST CASES FOR PERFORMANCE EVALUATION OF THE
PROPOSED SCHEME CONSIDERING HIGH PENETRATION OF WIND TURBINES

Case 1 Case 2
Fault type LLLG LLLG
Fault location 10 26
Fault time initiation 0.1s 0.1s
Fault duration 0.1s 0.15s
Number of Wind Turbines (WT) 4 4
Number of Photovoltaic panels (PV) 2 2
Number of EV charging stations (EVS) 3 3

EV charging stations. The particle swarm optimization (PSO)
algorithm is used to find the optimal solution [38].

The step time At for solving differential equations during the
fault scenarios is selected 0.0001 s.

A. IEEFE 69-Bus System Highly-Penetrated With Wind Farms

In order to validate the performance of the proposed scheme,
two cases are provided in Table VI, where the following three
conditions are investigated.

1) Condition 1 (CI): No control action is applied on the EV

charging stations.
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2) Condition 2 (C2): The proposed scheme is applied on
the EV charging stations with the constraint on SoC that
should not fall below 40% during each fault scenario.

3) Condition 3 (C3): The proposed scheme is applied on the
EV charging stations with no constraint on the SoC.

With the test cases introduced in Table VI, the numerical
results of the rotor angle are presented in Figs. 6 and 7. As one
can see in Fig. 6, the WT1, EVS1, and EVS3 become unstable in
Case 1 and without considering the proposed scheme. However,
applying the proposed scheme in C2 will result in only WT4
to become transiently unstable. As shown in Fig. 6(c), when
there is no limitation enforced on the SoC discharge level, no
generator instability is observed. For Case 2, according to Fig. 7,
an instability of WT4 and EVS2 is observed, while utilizing the
proposed scheme in C2 only results in the transient instability
of WT4.

Additionally, focusing on C3, the proposed scheme with no
constraints on the SoC discharge has resulted in the complete
stability performance. From Figs. 6 and 7, it can be concluded
that enforcing the constraints on the SoC level further restricts
the optimization process and will lead to a lower control mecha-
nism for managing the contributions of the EV charging stations
during fault conditions.

In order to demonstrate the effectiveness of the proposed
scheme in the entire active distribution network, it is essential
to verify the ability of the proposed scheme in improving the
transient stability margin of the entire grid.

In so doing, the probability density function (PDF) of critical
clearing time (CCT) for the entire system can be employed [7].
PDF of CCT is recognized as a comprehensive index which can
determine the overall stability margin of the whole network [7].

Utilizing random variables in [5] and [7], the PDF of CCT
with/without considering the proposed scheme is calculated in
2000 Monte Carlo simulation scenarios. As it can be seen in
Fig. 8, the PDF of CCTs considering C3 shows a significant rise
in the system’s transient stability margin.

B. IEEE 69-Bus System With High Penetration of PVs

Different from the previous case study, where WTs had a big
portion of the system RES, this test case studies a scenario where
the penetration of PVs is assumed greater than that of WTs. In
other words, the mechanical inertia is reduced in comparison
with the previous test case.

Similar to the previous test case, the performance of the
proposed scheme is evaluated in two conditions provided in
Table VII. For Case 1 in Table VII, the rotor angles in Fig. 9
demonstrate that WT'1, PV2, EVS1, and EVS3 become unstable
when the proposed control scheme is not applied. However,
applying the proposed scheme in C2 has resulted in only PV2
to experiencing transient instability. Furthermore, according to
Fig. 10, in Case 2 under C1, all RESs become unstable, while
considering the proposed scheme under C2 results in only WT1,
EVSI, and EVS3 becoming transiently unstable. The studied
cases in this subsection highlighted that the high penetration of
PVs results in less mechanical inertia. However, the proposed
scheme is able to harness the role of converter connected RESs
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test system with four WTs, two PVs, and three EVS.

TABLE VII

SPECIFICATION OF TEST CASES FOR PERFORMANCE EVALUATION OF THE

220

240

PROPOSED SCHEME WITH HIGH PENETRATION OF PV's

Case 1 Case 2
Fault type LLLG LLLG
Fault location 5 18
Fault timc initiation 0.1s 0.1s
Fault duration 02s 0.25s
Number of Wind Turbines (WT) 2 2
Number of Photovoltaic panels (PV) 4 4
Number of EV charging stations (EVS) 3 3

Rotor angle for three cases given in Table I for a fault scenario at bus 26. (a) Without any control. (b) With the control scheme with SoC constraint. (c)

TABLE VIII
SPECIFICATION OF TEST CASES FOR PERFORMANCE EVALUATION OF THE
PROPOSED SCHEME WITH HIGH PENETRATION OF PVs

Casc 1 Casc 2
Fault type LG LG
Fault location 14 21
Fault time initiation 0.1s 0.1s
Fault duration 03s 0.35s
Number of Wind Turbincs (WT) 1 1
Number of Photovoltaic panels (PV) 2 2
Number of EV charging stations (EVS) 1 1

in active distribution networks to preserve and even improve the
transient stability performance across the network. As it can be
seen in Fig. 11, the PDF of CCT for the test system with 2 WTs,
4 PVs, and 3 EVS shows an improvement in transient stability
margin when the proposed scheme is applied.

C. IEEE 33-Bus System With High Penetration of PVs

Similar to the previous test case, the performance of the
proposed scheme is evaluated under two conditions provided
in Table VIIIL. The only difference is that the fault type is single
line-to-ground (LG) fault. Note that the severity of LG fault is
much less than LLLG fault type and it the most of case it may
not lead to transient instability. However, for the cases provided
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Fig. 9. Rotor angle for the three test cases given in Table II under a fault scenario at bus 5. (a) Without any control. (b) With the control scheme with SoC

constraint. (¢) With the control scheme with no SoC constraint.
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Fig. 10. Rotor angle for the three test cases given in Table II under a fault scenario at bus 18. (a) Without any control. (b) With the control scheme with SoC

constraint. (¢) With the control scheme with no SoC constraint.

Fig. 1. PDF of CCT with/without considering the proposed scheme for the
test system with two WTs, four PVs, and three EVS.

in the Table VIII, transient instability has happened. For Case
1 in Table VII, the rotor angles in Fig. 12 demonstrate that
all units become unstable when the proposed control scheme
is not applied. Even applying the proposed scheme in C2 has
not resulted transient stability of any units. However, applying
proposed scheme in C3 makes the system fully stable. Same
result is concluded for Case 2 from Fig. 13 considering applying
proposed scheme in C3.

The results of this case indicate that regardless of fault type
condition, the proposed scheme can control the contribution
EVS so that the kinetic energy of the whole system does not reach
to critical value and consequently the system remains transiently

stable.

D. IEEE 119-Bus Test System

In this section, the proposed approach is applied on the IEEE
119-bus test system with the following two scenarios.

1) Scenario 1: system contains seven WTs, three PVs, and

five EVS.

2) Scenario 2: system contains three WTs, seven PVs, and

five EVS.

For both scenarios, PDFs of CCT are assessed and demon-
strated in Figs. 14and 15. As it can be seen in both figures, the
transient stability margin of the network is generally improved.
However, in the scenario with high penetration of PVs, the
mechanical inertia and the CCT demonstrating the transient
stability margin are significantly less than those in the scenario
with lower penetration of PVs.

To show the impact of SoC constraint on the performance of
the proposed algorithm, some different constraints are consid-
ered which is tabulated in Table IX. Note that the number of
DGs is in accordance with scenario 2.















