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Abstract—Fast electric vehicle (EV) charging stations have
become one of the fastest-growing penetrated power electronics
(PE) interfaced loads to the electric power system. The lack of
accurate model of the fast EV charger in transient stability (TS)
simulation tools limits the effectiveness of power system dynamic
performance evaluation and stability analysis. In this paper, The
electromechanical model of a fast EV charging unit is proposed,
which is suitable for large-scale power system dynamic analysis in
TS simulators. The EV charger model is simplified to guarantee
a balance between model accuracy and simplicity. The validity
of the proposed model has been demonstrated by a comparative
study with the benchmark model created in PSCAD/EMTDC.

Index Terms—electromechanical modeling, electric vehicle fast
charging, TSAT, PSCAD/EMTDC, transient stability

I. INTRODUCTION

Power electronics (PE) interfaced loads have become one
of the most common types in the electric power system.
They range from high-power-rating applications, e.g., fast
electric vehicle (EV) charging stations, to low-power-rating
appliances, e.g., consumer chargers, and among which, the
DC fast EV charging stations have increasingly penetrated
into the power grid [1]. Moreover, the fast EV charger is a
typical nonlinear load with high power consumption, which
affects the grid transient stability (TS) when integrated into
the conventional ac network [2]. Therefore, it is of great
importance to investigate the dynamic performance of fast EV
charging load.

Load models are classified as static models and dynamic
models in the TS analysis. According to the survey on the
international industry load modeling practice conducted by
CIGRE (International Council on Large Electric Systems) in
2013, the PE interfaced load is mostly represented by the
static load in the TS analysis [3], [4]. However, applying the
dynamic model of PE interfaced load to the TS simulators
will promote the accuracy of the TS analysis since the static
model cannot fully characterize the load dynamics, especially
considering system transients.

Although the dynamic performance of EV charging units
has been widely modeled and analyzed in electromagnetic
transient (EMT) simulators, such as PSCAD/EMTDC [5], it
is critical to develop the dynamic EV charger model that
is adaptive to TS simulation tools. It is because the short
simulation time step in the EMT simulator computationally
prohibits the study of the large-scale transmission network.
Comparatively speaking, the TS simulator, which focuses on

the electromechanical transients and oscillations between 0.1
∼ 3 Hz [6], is more suitable for large-scale network simulation
analysis.

According to existing investigations, the dynamic PE in-
terfaced load model can be classified as 1) equivalent circuit
model, which includes the detailed and the average equivalent
model [7]–[9]. The equivalent circuit model is complicated
for TS simulators since it features the load circuit topol-
ogy; 2) general state-space model, where the load electrical
component and control strategy are described by differential
equations. State-space models are more suitable to be used
in TS simulations compared with equivalent circuit models,
but reasonable simplification is required considering the ac-
cessibility to the large-scale network simulation. Some other
PE interfaced devices, including both electric sources and
load, have been modeled by this approach, e.g., the PE-based
variable speed drive (VSD) modeled in the commercial TS
simulation software are proposed in [10]–[13], the model of
photovoltaic (PV) generation resources and battery energy
storage system (BESS) have been proposed and adopted by
commercial software [14]–[16].

However, the EV fast charging unit modeled by this ap-
proach has not been sufficiently studied to the best of the
authors’ knowledge. In the limited literature that has proposed
the dynamic model of EV charger, the application in the
TS simulator is rarely mentioned, e.g., in [17] the state-
space model based EV charging unit is developed for voltage
stability analysis without considering the dynamics of charger
controller and battery load. Furthermore, the modeling of
fast EV charging unit is different from the above PE based
devices in the following aspects: 1) the EV charging units have
different control scheme and physical configuration compared
with VSD loads; 2) there is no internal induced voltage in EV
charging units compared with the PE based PV generators; 3)
EV charging units have distinct operation mode that should
be specified in the corresponding load model, e.g., the low-
voltage ride-through (LVRT).

In this paper, the model of fast EV charging unit is
developed in TSAT (Transient Security Assessment Tool)
by the user-defined model (UDM) editor. The proposed EV
charger model is derived based on the average model of
PE devices, which guarantees a balance between the model
accuracy and simplicity. Meanwhile, the proposed EV charger
model specifies the LVRT capability. The paper is organized as



(a) Detailed model of the single fast EV charger. (b) Average model of the single fast EV charger.

(c) Control scheme of three-phase rectifier and DC-DC converter.

Fig. 1. The circuit diagram and control scheme of fast EV charging unit.

follows: Section II introduces the circuit topology, the control
algorithm, and the model simplification principle of the EV
charging unit. Section III explains the EV charger model in the
TS simulator, which specifies the integration of the equivalent
circuit model and the controller model in the phasor domain.
Part IV presents the model verification of the EV charger
load considering various testing conditions, and conclusions
are drawn in section V.

II. EV CHARGING UNIT DYNAMIC CHARACTERIZATION:
TOPOLOGY AND CONTROL

A. EV Charger Detailed and Equivalent Average Model

The circuit topology of the DC fast EV charging unit studied
in this paper is illustrated in Fig. 1(a), which includes the
terminal AC bus Vt, the charging circuit, and the battery
load. Generally, the charging circuit consists of two power
stages, one of which is the three-phase active front end rectifier
transferring the ac voltage supply to a stable DC voltage, the
other is a DC-DC converter regulating the battery charging
mode.

The EV charger average model in the dq coordinates is
adopted in this paper as the basic circuit configuration since the
switching dynamics of PE devices are not considered in the TS
analysis. As illustrated in Fig. 1(b), the EV charger dynamic
performance of different power stages is characterized by
modulation index md, mq and Db respectively.

The lithium-ion battery expressed by Shepherd model is
selected as the battery load model in this paper since it is one
of the most frequently used types of battery for the EV [18].

B. Control Schemes of Fast EV Charging Unit

The control schemes of the three-phase rectifier and DC-
DC converter are illustrated in Fig. 1(c), which characterize the
dynamic performance of the corresponding charging circuit. In
this paper, vector control is selected for the three-phase recti-
fier, which regulates the voltage across the DC-link capacitor

Cr and provides unity power factor. The DC-DC converter is
regulated as two basic charging modes, the constant current
(CC) and constant voltage (CV) mode [9], based on the battery
state of charge (SoC).

C. EV Charging Unit LVRT Controller Design

The EV charger is supposed to perform the LVRT for 12
cycles as regulated in [19], or else it may induce a significant
voltage swell after the terminal voltage is recovered due to a
large amount of load loss. However, the LVRT scheme is not
clearly specified according to authors’ best knowledge. So an
LVRT control is designed and adopted by the fast EV charger
studied in this paper to present a more practical load response.
The LVRT algorithm adopted in this paper is illustrated in Fig.
2 and expressed in (1):

Ibatt,ref =


Ibatt,ref,nom, when Vmag > Vth1

(−Vth2 + Vmag)/(Vth1 − Vth2),
when Vth2≤ Vmag≤ Vth1

0, when Vmag < Vth2

(1)

where Ibatt,ref represents the battery current control reference,
Ibatt,ref,nom represents the current reference at the nominal
operating condition, Vmag represents the voltage magnitude
of Vt, and Vth1, Vth2 represent the threshold voltage of Vmag .

D. EV Charging Unit Model Simplification

The following simplification approach is adopted in this
paper: 1) The average model is used to characterize the
EV charger circuit topology. 2) The battery charging current
is supposed to closely follow the Ibatt,ref considering the
high control bandwidth of the DC-DC converter, of which
the verification process is not presented here considering the
length of the paper. So the battery load and DC-DC converter
are regarded as a current source, of which the load current
is varied according to the Ibatt,ref . 3) The dynamics of the
three-phase rectifier inner current control loop is simplified as



a first-order system due to its high control bandwidth. Detailed
information is presented in Section III.

Fig. 2. EV fast charging unit LVRT control scheme.

III. EV CHARGER REALIZATION IN TS SIMULATOR

According to existing studies [20]–[22], the positive-
sequence model of PE interfaced devices in the TS simulator
is usually divided into the following 3 parts:

• The AC side dynamic model, which includes the point of
common coupling (PCC), the decoupling inductance, and
the equivalent AC side model which is usually specified
as an AC voltage source.

• The DC side dynamic model, which specifies the dynamic
performance of the DC energy storage component Cr.

• The dynamic controller model, which characterizes the
dynamic performance of the AC and DC side models.

According to Fig. 1(b), the equivalent physical model of
the fast EV charger in the TS simulator is illustrated in
Fig. 3, which characterizes a combination of the AC and
DC side models without a controller specifying the dynamic
performance. The Vev and I in Fig. 3 represent the equivalent
AC voltage source specifying the EV charger, and the load
current at AC side respectively.

Fig. 3. Equivalent physical model of fast EV charger in TS simulator.

A. Electrical Variables Transformation between TS and EMT

The AC equivalent model of the EV fast charging unit
should be represented in the phasor domain considering the TS
simulator requirement. Therefore, the transformation between
the dq coordinates and the phasor domain is necessary. The
phasor domain coordinates, denoted as RI coordinates in the
following passage, is illustrated in Fig. 4 by solid black lines,
where the real and imaginary axes are used to represent the
phase angle and the amplitude of the electrical variables [23].
The corresponding phasor variables remain static at the steady
state operating point in the static RI coordinates. The dq axis,
which is illustrated by the black dash line in Fig. 4, rotates
at the fundamental frequency of the adjacent AC grid. The V

and I are illustrated in Fig. 4 as an example of the voltage
and current in RI coordinates. In this paper, the PCC voltage
Vt is aligned with the d axis, so the transformation from the
dq coordinates to the phasor domain is expressed as follows:

IR =
√
i2d + i2q · cos (θ2)

II =
√
i2d + i2q · sin (θ2)

(2)

θd = θ2 − θ1 = arctan (iq/id)

θ2 = arctan (VI/VR) + θd
(3)

where id and iq represent the current I in the dq coordinates;
VR and VI represent the voltage V in the RI coordinates; IR
and II represent I in the RI coordinates; θ1 and θ2 represent
the V and I phase angle; θd represents the angle difference
between θ1 and θ2.

Fig. 4. Reference frame transformation [23].

B. EV Charging Unit AC Terminal Specification

Combining with the DC model and corresponding con-
trollers, the framework of the positive sequence EV charger
model proposed in this paper is illustrated in Fig. 5. With the
line current Id and Iq derived by the controller model in Fig.
5, the Vev in phasor domain is expressed as:

˙Vev = V̇t − (RL + jXL) ˙Iref (4)

where ˙Iref represents the current flowing through the trans-
mission line derived by the controller model, of which the
phasor expression is derived by (2), (3).

IV. EV FAST CHARGING UNIT MODEL BENCHMARK

The TS model of the fast EV charging unit is developed in
TSAT based on the modeling process presented in section III,
and the accuracy of the proposed electromechanical model is
verified in this section. As illustrated in Fig. 6, the EV charger
model is connected to the IEEE 3-machine 9-bus transmission
network at Bus 5. The overall load profile is listed in Table I.

The detailed EMT model of the network above has been
developed in the PSCAD/EMTDC as the benchmark model to
evaluate the accuracy of the TS model. The transmission line
disconnection and three-phase ground fault close/ remote to
the EV charger load bus are simulated and analyzed respec-
tively in the following subsections. Meanwhile, the different
dynamic performance between the proposed load model and
the static model is also specified.



Fig. 5. Framework of the positive-sequence EV charger model in the TS simulator.

Fig. 6. Fast EV charger integrated into the 3-machine 9-bus system.

Fig. 7. Transmission line disconnection between Bus 7 and 8.

TABLE I. Load profile at Bus 5,6 and 8.

Bus Load type Active Power
(MW)

Reactive
Power (MVA)

5 dynamic EV charger 80 0
5 constant impedance 45 50
6 constant impedance 90 30
8 constant impedance 100 35

A. Transmission Line Disconnection

As illustrated in Fig. 6, one of the transmission line between
Bus 7 and Bus 8 is tripped to evaluate the load model
performance during small grid disturbance.The transmission
line is tripped at t = 2.5 s and lasts for 0.2 s. The active
power consumption P and the AC voltage Vac at terminal
Bus 5. Simulation results are illustrated in Fig. 7, where red
curves illustrate the EMT model, and blue curves illustrate
the proposed TS model. It can be observed that the dynamic
performance of the proposed EV charging load presents a good
match with that of the equivalent EMT load model.

The comparison case in TSAT, where the proposed
EV charger model is replaced by the equivalent constant
impedance load at Bus 5, is illustrated by black dash curves
in Fig. 7. It can be observed that the static load cannot
represent the dynamic performance of the P compared with
the proposed dynamic load model.

B. Ground Fault Remote from the EV Charging Unit

A three-phase ground fault at Bus 8 is applied to evaluate the
load model performance during grid contingency. The LVRT
control is applied to the EV charger to withstand the low
terminal voltage. The Bus 8 is grounded with admittance at t
= 2.5 s and lasts for 0.2 s. The dynamic performance of the
EV charger AC and DC side model are both evaluated, where
the following variables are recorded respectively: P , Vac and
the DC-link voltage Vdc across the energy storage device Cev .
Simulation results are illustrated in Fig. 8(a). Both the ac side
and DC side performance of the TS model achieve a good
match with that of the EMT model. The simulation results
in TSAT with equivalent constant impedance load at Bus 5
also validate that the proposed EV charger load can reflect the
dynamic performance more accurately at system transients.

C. Ground Fault Close to the Terminal of EV Charging Unit

In this case, a three-phase ground fault is applied at
Bus 5 where the EV charger load is directly connected to,
so the ground fault influences the EV charger load more
severely compared with the last case. The simulation results
are illustrated in Fig. 8(b), and compared with those of
PSCAD/EMTDC models, it is observed that the performance
of the proposed EV charging model achieves a relatively good
match with that of the EMT model. Similar to last case,
simulation results with the equivalent constant impedance load
are different from that of with the proposed dynamic load
model at system transients.

V. CONCLUSION

In this paper, an electromechanical model for a fast EV
charging unit is proposed and developed in TSAT, which is
suitable for large-scale power system dynamic analysis. The
EV charger model is based on the PE converter average model,
as well as reasonable simplification on the battery load dynam-
ics and controller dynamics. Additionally, the LVRT control is
integrated into the model to present a more practical dynamic
performance during a grid contingency. The accuracy of the
TS model has been validated by comparing the simulation



(a) EV charger model: Response to remote ground fault at Bus 8. (b) EV charger model: Response to close ground fault at Bus 5.

Fig. 8. EV charger model subject to the three-phase ground fault at Bus 8 and Bus 5: active power, AC terminal voltage and DC-link voltage.

results with those of the PSCAD/EMTDC model subject to
the transmission line disconnection and three-phase ground
fault. According to the simulation results, the fast EV charger
model developed in TSAT can accurately reflect the dynamic
performance regarding the electromechanical transients.
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