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Abstract——The growing deployment of electric mobility calls 
for static and dynamic grid studies to investigate to which ex‐
tent it affects the grid operation and how to validate the coun‐
termeasures. Detailed electric vehicle (EV) models, which allow 
analyzing electrical variables at the EV charger and battery lev‐
els, are inadequate for this purpose, as they can have an exces‐
sive complexity and are computationally burdensome for large-
scale grid studies. To address this issue, we exploit a detailed 
EV model using an analytical approach, and develop an equiva‐
lent model of EVs with fast chargers that is easy to implement 
and computationally efficient, while retaining adequate accura‐
cy. Simulation results of distribution and transmission systems, 
modified by adding fleets of EVs, are used to demonstrate the 
compatibility of the proposed model for static and dynamic 
grid studies, even when different cathode chemistries and charg‐
ing strategies are adopted.

Index Terms——Electric vehicle (EV), electric mobility, fast 
charger, equivalent model, distribution system, transmission sys‐
tem, power system simulation, small-signal model.

I. INTRODUCTION

ELECTRIC mobility has grown significantly in the past 
few years, leading to a global fleet of over 25 million 

electric vehicles (EVs) in 2023 [1]. However, the rising pop‐
ularity of EVs challenges modern power systems, because it 
induces larger voltage drops and losses as potential adverse 
effects of grid overloads [2]. A vast literature was produced 
to analyze these phenomena and develop countermeasures 
such as delayed or controlled charging strategies, which post‐
pone or minimize the need for grid reinforcements [3]. 
While the effectiveness of these strategies was studied at 

considerable length [4], [5], relatively little attention has 
been paid to the derivation of static and dynamic reduced-or‐
der EV models, which are essential to accurately and quick‐
ly assess the impact of electric mobility on the grid. Detailed 
EV models, which allow analyzing electrical variables at EV 
charger and battery levels, are inadequate for this purpose, as 
they lead to prohibitive central processing unit (CPU) time and 
an excessive degree of accuracy for large-scale grid studies.

Reduced-order load models can be grouped into three cate‐
gories: statistical, artificial intelligence (AI)-based, and deter‐
ministic [6]. The main issue in developing models that be‐
long to the former two categories is that a large amount of 
data from different EV chargers are needed. For example, in 
the case of statistical models, such data are used to build 
probability density functions that describe the EV charging 
time, location, duration, and initial state of charge (SoC). Un‐
less open datasets such as those in [7] are used, gathering 
this information may be complicated and time-consuming. 
On the contrary, deterministic models, which are the focus 
of this paper, are easier to develop since they are usually de‐
rived by simulating or observing small-scale systems (e.g., a 
single EV charger). These models can be static or dynamic 
and consist of simple mathematical representations that re‐
late the EV charging power and voltage.

Concerning static models, several works describe EVs as 
devices more complex than constant PQ loads (i.e., the prev‐
alent model in the literature). Through a measurement-based 
approach, [8] - [10] represent EVs with a ZIP model. Other 
works resort to a multi-stage ZIP model, where the EV pow‐
er exchange is described with piecewise functions. Each in‐
terval is defined by different ZIP model parameters and rep‐
resents a given EV working condition (e. g., charging time 
[11] or SoC [12]). Lastly, [13] employs an exponential mod‐
el, which is extended to the multi-stage version in [14]. The 
derivation of each model hinges on a measurement-based ap‐
proach, which consists of simulating or recording voltage 
disturbances at the EV point of connection and tuning the 
model parameters to fit the EV power exchange.

The models described so far are exclusively adequate for 
static grid studies (e.g., power flow (PF)), but not for dynam‐
ic ones (e. g., time-domain simulations), as they mirror the 
behavior of EVs only at steady state instead of during the 
regular EV charging process or after disturbances. For this 

Manuscript received: November 6, 2024; revised: April 5, 2025; accepted: 
June 27, 2025. Date of CrossCheck: June 27, 2025. Date of online publication: 
July 28, 2025.

This work was supported by the EU fund Next Generation EU (CUP 
D43C22003090001 PNRR NEST Spoke 6), the EU fund Next Generation EU
(CUP D53D23001650006 MUR PRIN SCooPS), and the European Union’s Ho‐
rizon Europe Research and Innovation Programme (No. 101160665 – AHEAD 
project).

This article is distributed under the terms of the Creative Commons Attribu‐
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

D. del Giudice (corresponding author), A. M. Brambilla, F. Bizzarri, D. Lin‐
aro, and S. Grillo are with Politecnico di Milano, Milano 20133, Italy (e-mail: 
davide.delgiudice@polimi.it; angelo.brambilla@polimi.it; federico.bizzarri@poli‐
mi.it; daniele.linaro@polimi.it; samuele.grillo@polimi.it).

DOI: 10.35833/MPCE.2024.001204

695



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 14, NO. 2, March 2026

latter instance, dynamic models are needed. However, the lit‐
erature on such models is limited. Reference [15] presents a 
stability analysis of a simple grid with an EV by analytically 
developing its small-signal model, which, however, is too 
complex and with too many state variables to be efficiently 
used in large-scale grid simulations. Dynamic models are de‐
veloped in [16] and [17] through a measurement-based ap‐
proach, where the transient EV power after a voltage distur‐
bance is fitted by a first- or higher-order dynamic response. 
In this approach, the fitted response depends on the operat‐
ing point of the system and the EV internal variables (e.g., 
SoC): if one of them changes, the fitted response may differ 
from the true value. Another missing feature of all these 

models is that they do not mirror the evolutions in SoC and 
power during the charging process. The main features and 
limitations of the most relevant deterministic EV models in 
the literature are summarized, and the comparison results are 
given in Table I, where “NS”, “MEA-B”, and “MOD-B” rep‐
resent “not specified”, “measurement-based”, and “model-
based” (i.e., analytical), respectively; CCCV and CPCV repre‐
sent constant current constant voltage and constant power con‐
stant voltage charging strategies, respectively; and LPF, LMO, 
NMC, and NCA represent lithium iron phosphate, lithium 
manganese oxide, nickel manganese cobalt oxide, and nickel 
cobalt aluminum oxide cathode chemistries, respectively.

In this paper, we propose an equivalent model of EVs 
with fast chargers, which is easy to implement, accurate, 
computationally efficient, and compatible with static and dy‐
namic grid studies. The proposed model is derived using an 
analytical approach by considering a detailed EV model and 
exploiting the fact that fast charging stations usually need 
one hour or more to charge a vehicle. Thus, the SoC and 
other battery-related variables can be deemed slow-varying, 
and, as such, given by a predominant low-frequency compo‐

nent. Hence, their high-frequency components can be safely 
neglected to obtain a simpler yet accurate equivalent model.

The key features of the proposed model are described as fol‐
lows.

1) The proposed model mirrors the dependence of EV 
power exchange on the SoC, voltage, charging strategy (i.e., 
CPCV and CCCV), and cathode chemistry. This latter aspect 
is novel since previous works in Table I typically considered 
Li-ion batteries without specifying the cathode chemistry. 

TABLE I
COMPARISON RESULTS AMONG STATIC AND DYNAMIC MODELS AND PROPOSED MODEL IN THIS PAPER

Reference

[8], [10]

[9]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

This 
paper

Description: how is EV power exchange PEV 
modelled? If SoC evolution is considered, how 

is it modelled?

PEV is modelled as a ZIP load, whose parameters 
do not change with SoC

PEV is modelled as different modified ZIP loads, 
whose power exchange depends on current 
rather than voltage. Regardless of load model 
used, its parameters do not vary with SoC

PEV is modelled as a multi-stage ZIP load, whose 
parameters change with charging time

PEV is modelled as a multi-stage load, whose pa‐
rameters change with SoC

PEV is modelled as an exponential load, whose 
parameters do not change with SoC

PEV is modelled as a multi-stage ZIP/exponential 
load, whose parameters change with SoC

PEV variations following disturbances are de‐
scribed through a small-signal model

PEV at steady state is modelled as a multi-stage 
ZIP/exponential load, whose parameters 
change with SoC. Changes in PEV after distur‐
bances are mirrored by an additional exponen‐
tial recovery load model that synthesizes only 
first-order responses (i.e., exponentials)

PEV is described with a dynamic load model 
based on the vector fitting technique, which 
can synthesize responses of any order through 
a frequency-dependent block

PEV at steady state and SoC are described by 
compact representations that can consider dif‐
ferent cathode chemistries and methods. 
Changes in PEV after disturbances are mirrored 
by a couple of transfer functions that can also 
synthesize oscillatory responses

Type

MEA-B

MEA-B

MEA-B

MEA-B

MEA-B

MEA-B

MOD-B

MEA-B

MEA-B

MOD-B

Charging 
strategy 

used

CCCV

CCCV

NS

NS

NS

CCCV

NS

CCCV

CCCV

CCCV, 
CPCV

Cathode 
chemistry 

used

NS

NS

NS

NS

NS

NS

NS

NS

NS

LFP, 
LMO 
NMC, 
NCA

Compatibility 
with static 

grid studies 
(e.g., PF)

√

√

√
√
√
√
×

×

√

√

Compatibility with dynamic grid studies 
(e.g., time-domain simulations)

Is EV behavior 
after disturbances 

replicated?

×

×

×

×

×

×

√

√ (only if 
behavior is 
exponential)

√

√

Is SoC updated 
during EV charging 

process?

×

×

×

×

×

×

×

×

×

√
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However, this feature is important in static grid studies. In‐
deed, in some cases, the power absorbed by EV at a given 
SoC changes with the cathode chemistry. In the grids with a 
significant share of EVs, disregarding this aspect (e.g., by re‐
placing EVs with only constant PQ loads) would lead to an 
incorrect estimation of the true grid overload and losses in‐
duced by EVs. In this paper, we select the most popular cath‐
ode chemistries available today on the EV market [18], [19]: 
LFP, LMO, NMC, and NCA.

2) Contrary to other models in Table I, the proposed model 
replicates how both the SoC and power exchange evolve dur‐
ing regular EV charging process and after disturbances.

II. EVS IN A NUTSHELL

Developing an equivalent model of EVs with fast chargers 
requires executing three preliminary steps: ① identifying the 
EV components that are most relevant, ② defining the EV 
charging control scheme, and ③ selecting realistic compo‐
nents and control parameters.

A. EV Components

When parked for charging, the most relevant elements of 
EVs are the battery pack and charger. Figure 1(a) depicts an 
implementation example, where the EV charger includes a 
two-stage AC/DC converter and DC/DC converter [8], while 
the battery comprises Ncellp

 parallel branches of Ncells
 series-

connected cells. vAC is the AC-side voltage of the converter. 
The specific EV model that we are trying to reduce is given 
by the blocks in Fig. 1. Hereafter, variables with “~  ” nota‐
tion are in per unit (p.u.), those with subscript “ref” are the 
reference values, and those with subscript “PF” refer to the 
PF (i.e., the steady-state solution).

In Fig. 1(b), the AC side of the AC/DC converter is de‐
scribed by a single-phase schematic, which includes an RF-
LF filter and an er-ei dependent voltage source, where RF 
and LF are the resistance and inductance of the filter, respec‐
tively; and er and ei are the real and imaginary parts of the 
dependent voltage, respectively. As in PowerFactory, we as‐
sume voltages/currents of the external grid to be formulated 
in the global synchronous reference frame and given by a re‐
al component r and imaginary component i [20]. A phase 
locked loop (PLL) synchronizes this frame with the dq one, 
which is internal to the converter. The DC side of the AC/
DC converter is given by a capacitor CDC1

 and a dependent 

current source iconv acting as an ideal active power coupler 
by enforcing erir + eiii = vDCiconv, where vDC is the DC-side 
voltage of the converter, at which the capacitor CDC1

 oper‐

ates; and ir and ii are the real and imaginary parts of the cur‐
rent at the point of connection of the EV charger, respectiv‐
ley. The dependent sources δiDC and δvDC, together with the 
LDC-CDC2

 filter, implement the lossless average model of the 

DC/DC converter described in [21]. Lastly, a dependent volt‐
age source mirrors the voltage due to the series connection 
of Ncells

 cells. Note that in Fig. 1(b), QEV is the reactive pow‐

er absorbed by the electric vehicle charger; Pconv and Qconv 
are the active power and reactive power absorbed by the AC/
DC converter, which basically correspond to PEV and QEV mi‐
nus the losses inside the converter, respectively; Pbatt is the 

power absorbed by the battery; ibatt is the current absorbed 
by the battery; vbatt is the battery voltage; vcell is the voltage 
of one of the cells that make up the battery; iDC is the cur‐
rent absorbed by the DC/DC converter; PDC is the power ab‐
sorbed by the DC/DC converter; vr and vi are the real and 
imaginary parts of the voltage at the point of connection of 
the EV charger, respectively.

Figure 1(c) depicts the schematic of a single battery cell. 
The dependent current source relates the cell and battery cur‐
rents icell and ibatt through the number of parallel branches 
Ncellp

. The single cell can be described through models of dif‐

ferent degrees of accuracy [22]. Here we represent it with an 
equivalent resistance Rcell and a dependent voltage source 
that imposes the open circuit voltage (OCV) vOCV. As shown 
in Fig. 1(d), this voltage depends on the SoC of battery cell 
through a non-linear relationship f (×). In turn, the SoC 

evolves as 
dSoC

dt
=

icell

3600Qcell

, where Qcell is the nominal ca‐

pacity. Indeed, SoC is the ratio between the charged energy 
stored in the battery cell (i.e., the integral of icell over time) 
and the maximum capacity, related to the nominal value 
Qcell. This expression, referred to as Coulomb counting, in‐
cludes the constant 3600 at the denominator since icell is in 
Ampere, Qcell is in Ah, and the elapsed time is in second.

In this paper, we select the vOCV-SoC relationship of the 
cathode chemistries depicted in Fig. 1(e), obtained from the 
experimental results reported in [23].

B. EV Charging Control Scheme

The two conversion stages in the EV charger have distinct 
roles. By exploiting variables in the dq frame [24], the AC/
DC converter control in Fig. 1(f) keeps the voltage vDC 
across the capacitor CDC1

 at vref
DC, and no reactive power of 

EV QEV is exchanged (i.e., Q͂ref = 0). These controls (i.e., out‐
er loop) define a reference value for the currents i͂d and i͂q, 
translated by an inner current loop into the e͂r and e͂i compo‐
nents of the dependent voltage source. To implement these 
controls, a PLL is used, which synchronizes the internal ref‐
erence frame (i.e., dq frame) with the external one by deriv‐
ing the value of the angular frequency of the system ω. In 
Fig. 1(f), v͂d, v͂q, i͂d, and i͂q are the counterparts of v͂r, v͂i, i͂r, 
and i͂ i in the dq frame, respectively.

The control scheme of the DC/DC converter, as shown in 
Fig. 1(g), regulates the duty cycle δ so that the power absorbed 
by the battery pack matches the reference value Pref. This value 
is defined based on the pseudo-code in Fig. 1(g), which consid‐
ers two main charging strategies: CPCV or CCCV [22].

In both strategies, the cell voltage vcell is compared with a 
threshold value vth. If vcell is lower than vth, the converter 
control works in the constant power (CP) or constant current 
(CC) segment if CPCV or CCCV charging strategy is adopt‐
ed, respectively. Otherwise, it works in the constant voltage 
(CV) segment. In Fig. 1(g), the segment considered at a spe‐
cific time step is denoted by the flag variables CP, CC, and 
CV. As specified by the pseudo-code, only one variable at a 
time can be 1, while the others are 0. Based on the segment 
considered, the DC/DC converter control scheme regulates 
either the battery power Pbatt, current ibatt, or voltage vbatt to 
track a reference value given by the superscript “ref”. In 
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turn, as shown in Fig. 1(g), iref
batt, P ref

batt, and vref
cell determine P ref 

through a proportional-integral (PI) controller.
C. Realistic Components and Control Parameters

The proposed model in this paper stems from real EVs 
with fast chargers. We choose a fast charger with nominal 
power PEVnom

= 50  kW (a value compatible with [2]), and 

nominal AC and DC voltages vACnom
= 400  V and vDCnom

= 800  

V, respectively. The 2017 Tesla Model S is picked as refer‐
ence EV with a battery capacity EEVnom

= 75  kWh [25] and a 

nominal battery voltage vbattnom
= 400  V. The other parameters 

in Table II are used to describe each cathode chemistry em‐
ployed in the EV battery pack, converter, and PI controller. 
Note that kp1-kp5 and ki1-ki5 are the proportional and integral 
gains of the PI controllers PI1-PI5, respectively

III. PROPOSED EQUIVALENT MODEL OF EVS WITH FAST 
CHARGERS

Figure 2 depicts the proposed equivalent model of EVs. It 
uses the components of the EV voltage vr, vi at its point of 
connection and its initial state of charge SoC0 as inputs, 
while it provides the SoC and active power exchange PEV 

TABLE II
PARAMETERS OF EV WITH FAST CHARGER

Type

Battery cell 
parameters

Charging station 
parameters

Control 
reference values

PI controller 
parameters

Parameter

vcellnom
 (V)

Qcell (Ah)

Rcell (Ω)

vth (V)

RF (mΩ)

LF (mH)

CDC1
 (mF)

LDC (mH)

CDC2
 (mF)

vref
DC (V)

Qref (var)

P ref
batt (kW)

vref
batt (V)

iref
batt (A)

kp1, ki1

kp2, ki2

kp3, ki3

kp4, ki4

kp5, ki5

Cathode chemistry

LFP

LMO

NCA

NMC

LFP

LMO

NCA

NMC

LFP

LMO

NCA

NMC

LFP

LMO

NCA

NMC

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Value

3.2

3.7

3.6

3.6

2.6

2.6

3.0

2.0

0.080

0.087

0.088

0.060

3.488

4.188

4.188

4.183

3.20

0.2

25

0.1

0.5

800

0

PEVnom

Ncells
vth

P ref
batt /vbattnom

490, 122500

0.6, 1

100, 1000

0.142, 44

1000, 0.1

vAC

vDC

vDC δvDC

iDC

vbatt
vcell

vcell

vcell
vOCV

v O
CV

 (V
)

vOCV

icell

icell

icell
Rcell

ibatt

ibatt

ibatt

vbatt

iconv

iconv

Pconv

Pconv/vDC

PDC

PDC

PDC

Pbatt

Pbatt

CDC1
CDC2

PEV, QEV

PEV, QEV

PEV, QEV Pconv, Qconv

AC/DC converter DC/DC converter Cell

Cell

Ncells

Ncells

vcellNcells

Ncellp

BatteryEV charger

(a)

(b)

(e)

(f)

(g)

(h)

(d)(c)

+
+

�

�

+
�

+ �

RF

CDC1
CDC2

LF LDCiDC
δiDC

vr, vi
ir, ii

er, ei

+
�

RF LF

vr  , vi
ir   , ii

er   , ei

ibatt, Ncellp

1/(3600Qcell)

dSoC
dt 1

s

1
s

+

+

SoC0

SoC

SoC (%)

+
+ f(·)

4.20
3.86
3.52
3.18
2.84
2.50

0 10 20 30 40 50 60 70 80 90 100

LFP; LMO; NCA; NMC

Synchronization (PLL)

vr
~

vDC
~

QEV
~

vDC
~vd

~ vd
~

vq
~

ωLF
~ ~

ωLF
~ ~

ed
~ er

~
vq
~vi

~ ri
dq

ir
~ id

~

iq
~ii

~ ri
dq

+

+

+

+

+

+
+

+
+

+
+

+

+
+

+

+

+
+

+
+

+
+

+

ωnom

ω
Δω

+ + +

ei
~

θ
θ

PI1

PI2 PI4

Inner current loopQ control

DC voltage
control

ref

Q~ref

id
~

id
~

iq
~

ref

eq
~

++ + +PI3

PI5

PI4
iq
~ref

�

�

�

�

dq

ri

if vcell<vth
   if charging mode is CPCV
      CP=1, CC=0, CV=0
   else if charging mode is CCCV
      CP=0, CC=1, CV=0
   end
else
   CP=0, CI=0, CV=1
end

Pbatt

Pbatt

Pref

ref

+
CP

ibatt

vbatt

ref

+ + +
CC

vbatt

ibatt

ref

+
CV

�

1/PEVnom
δ

+
�

vDC
PFiconv

Pconv/vDC

PF

PF PF

δPFvDC
PF

δPFiDC
PF

PF

PF
vbatt

PF

iDC
PF

PF PF

PF PF

Pconv, Qconv
PF

PF PF

PF PF

PF PF Pbatt
PF

Fig. 1.　Schematic of EV components. (a) Implementation example of EV 
charger and battery. (b) Schematic of AC/DC and DC/DC converters. (c) 
Schematic of a single battery cell. (d) icell-vOCV relationship of a single cell. 
(e) vOCV-SoC relationship of cathode chemistries. (f) EV charging control 
scheme. (g) Control scheme of DC/DC converter. (h) Schematic of convert‐
ers at steady state.
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over time as outputs (QEV = 0 as enforced by the EV power 
control). In Fig. 2, the LPF label denotes a low-pass filter; 
the notation Ð(×) denotes the phase; and L and L-1 denote 
the direct and inverse Laplace transforms, respectively. 

These transforms exist just for mathematical rigor: during 
simulation, the operations in block ⑥ are actually carried 
out by solving a linear time-variant system of ordinary differ‐
ential equations. The coefficients in blocks ② and ③ will 
be defined in the equations in the following text.

Assume that a generic variable x can be seen as a sum of 
a low-frequency component xLF and high-frequency compo‐
nent xHF, indicated by superscripts LF and HF, respectively. 
The proposed model relies on the observation that some vari‐
ables in the EV are characterized by a predominant low-fre‐
quency component. For instance, the EV selected in this pa‐
per requires EEVnom

/PEVnom
» 1.5  hours for a full charge. Hence, 

its SoC is a relatively slow-varying quantity, and thus, SoC »
SoCLF (and the same holds for other battery-related vari‐
ables). On the contrary, the active power exchange of EVs 
includes both components, so that PEV =P LF

EV +P HF
EV. P LF

EV mir‐
rors the power exchange due to the regular EV charging, 
while P HF

EV is linked to the EV power response to voltage dis‐
turbances, which usually lasts for less than a minute based 
on the control parameters used.

Figure 2 includes several blocks. Through the voltages vr 
and vi and the LPFs, block ① derives their low-frequency 
components vLF

r  and vLF
i  (and their p.u. counterparts v͂LF

r  and 
v͂LF

i ), as well as the angle θ LF
PLL that would be provided by the 

PLL. The cut-off frequency of the LPF fc is set to be 0.1 Hz. 
This tuning, detailed in Supplementary Material A, grants 
the high accuracy of the proposed model in dynamic grid 
studies. The low-frequency component of power exchange of 
battery pack P͂ LF

batt is calculated in block ② , while block ③ 
updates the SoC over time starting from its initial value 
SoC0. Both blocks include expressions that depend on SoC, 
as well as the charging mode (i.e., CP/CC/CV). At each time 
step, block ④ selects the charging mode to be considered by 
comparing the SoC with a threshold value SoCth and know‐

ing if the EV employs either CPCV or CCCV charging strat‐
egy, thus mirroring the pseudo-code of Fig. 1(g). Block ⑤ 
computes P͂ LF

EV, while in block ⑥ , two transfer functions are 
used to translate any change in EV voltage with respect to 
vLF

r  and vLF
i  into an active power variation DP͂EV, which corre‐

sponds to the high-frequency component of active power 
P͂ HF

EV. This variable is summed to P͂ LF
EV and multiplied by PEVnom

 

to obtain the total power exchange PEV at any time instant.
So far, the proposed equivalent model of EVs is described 

only at high level. The next subsections detail how the equa‐
tions and parameters inside the blocks in Fig. 2 can be derived.

A. Equivalent Model Behavior at Steady State

If static grid studies are executed, SoC = SoC0, DP͂EV = 0, 
and the LPFs in block ① of Fig. 2 are inconsequential, as 
the input and output are identical in the PF analyses. Thus, 
variables with superscripts “PF” and “LF” convey the same 
information only at steady state. The underlying approxima‐
tion put forward in the equivalent model in Fig. 2 is that the 
equivalence between these two sets of variables persists in 
the whole low-frequency range. This approximation does not 
affect the accuracy of the proposed model, which will be 
shown in Section IV.

The voltages v͂d and v͂q in Fig. 1(f) depend on vr and vi:

ì

í

î

ï
ïï
ï

ï
ïï
ï

v͂d = ( )vr cos θPLL + vi sin θPLL

1
vACnom

v͂q = ( )-vr sin θPLL + vi cos θPLL

1
vACnom

(1)

LPF

LPF
vi

vi

vr

vr

vr

Filter input voltage 

vr
LF

vi
LF

vr
LF

LF

1/vACnom

1/vACnom

~

Pbatt
LF LF LF LF

~

Pbatt
LF~

PEV
LF~

PEV PEVnom

~

vi
LF~

�(·)
θPLL

Compute battery power at low frequency

Pbatt=
~LF

aCP

aCC�bCC
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Fig. 2.　Proposed equivalent model of EVs with fast chargers.
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This transformation is power-invariant. Thus, we have:

ì
í
î

ïï

ïï

P͂EV = v͂ri͂r + v͂ii͂i = v͂di͂q + v͂qi͂q

Q͂EV =-v͂ri͂i + v͂ii͂r =-v͂di͂q + v͂qi͂d

(2)

When the PF solution is found, the input of each PI con‐
troller in Fig. 1(f) and (g) is zero, and the schematic of con‐
verters becomes the one in Fig. 1(h). These two features al‐
low us to derive:
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d i͂LF
d +

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q i͂LF
q

0

= P͂ LF
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(3)

Considering these properties and Fig. 1(h), the active pow‐
er exchange P͂ LF

EV can be rewritten as:

P͂ LF
EV = v͂LF

d i͂LF
d = ( )e͂LF

d + R͂Fi͂LF
d i͂LF

d =

P͂ LF
batt + R͂F( i͂LF

d ) 2
» P͂ LF

batt + R͂F( P͂ LF
batt

v͂LF
d ) 2

(4)

where the last approximation is performed assuming that the 
filter resistance R͂F is small enough so that the voltage drop 
across it can be negligible, and i͂LF

d » P͂ LF
batt v͂

LF
d .

Expanding (4) requires finding a formula of the power ab‐
sorbed by the battery pack P LF

batt = vLF
batti

LF
batt. This value mainly 

depends on two factors: the SoC of the battery pack and the 
charging mode (i.e., CP, CC, and CV). As stated in Section 
II-B, based on the charging mode, one of P LF

batt, iLF
batt, and vLF

batt 
equals its reference value. Considering Fig. 1(h), P͂ LF

batt can be 
computed in each charging mode as:

P͂ LF
batt =
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í
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ï

ï
ïï
ï
ï

ï

ï

ï

ï
ïï
ï
ï

ï

ï

ï

P ref
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2
+ I ref

batt Ncells
vOCV( )SoC

PEVnom

    CC charging

vref
batt( )vref

batt -Ncells
vOCV( )SoC

Rbatt PEVnom

              CV charging

(5)

where Rbatt =Rcell Ncells
Ncellp

. Contrary to the case of CP charg‐

ing, the computation of P LF
batt with CC and CV charging re‐

quires knowing vOCV over the whole range of SoC during the 
EV charging process. However, one has to store in a look-up 
table as many entries of P LF

batt as the number of SoC values con‐

sidered (as done in multi-stage EV load modeling [11]). Albeit 
not problematic from a computational standpoint, we follow a 
different approach and derive an analytical expression for P LF

batt, 
which grants a more compact representation of the overall EV 
model. To achieve this, we fit the non-linear relationship f (×  ) 
between vOCV and SoC in Fig. 1(e) with the model [26] as:

vOCV( )SoC =E0 -K
1 - SoC

SoC
Qcell +Ae(1- SoC)BQcell (6)

where E0, K, A, and B are the cell parameters that vary with 
the cathode chemistry. This formulation is also used in the 
battery model of Simulink [27].

By using (6), (5) is specialized as (7). These equations ap‐
pear in blocks ② and ③ of Fig. 2, which allow computing 
the steady-state active power exchange of EVs.
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(7)

In the next subsections, we show how the proposed model 
also captures the following concerns: ① how the SoC 
evolves over time through charging, and ② how the active 
power exchange of EVs varies after a voltage disturbance oc‐
curs at terminals.

B. SoC Update of Equivalent EV Model

Based on Fig. 1(d), the derivative of SoC during the 
charging process is expressed by:

dSoC
dt

=
1

3600 Qcell

icell =
1

3600 Qcell Ncellp

ibatt   (8)

The expansion of this formula requires determining how 
ibatt differs in each charging mode. Considering again how 
each of them operates, ibatt can be computed as:

ibatt » iLF
batt » iref

batt »

ì
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ï

ï

ï

ï
ïïï
ï

ï

ï

ε
P ref

batt

Ncells
vOCV × SoC

    CP charging

iref
batt                               CC charging

P͂ LF
batt PEVnom

vref
batt

                 CV charging

(9)

where ε is a correction factor. Such formulas are approxima‐
tions for two reasons. First, one assumption common to all 
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charging modes is that each variable of the battery is as‐
sumed to track perfectly its reference counterpart (e.g., ibatt =
iref

batt with CC charging). Although this is true for steady-state 
operating conditions, it may not be exact during time-do‐
main simulations, where disturbances such as voltage varia‐
tions at the point of connection of EV may be analyzed. 
However, as already stated, EV charging is a relatively slow 
process compared with its power response after a distur‐
bance. Thus, during a short disturbance, one can assume that 
the SoC will not deviate significantly from its pre-distur‐
bance value, which is captured by its low-frequency compo‐
nent. The same also holds true for all the other battery-relat‐
ed variables including ibatt, and hence ibatt » iLF

batt » iref
batt in (9). 

Concerning the CP charging, ibatt is computed by neglecting 
the voltage drop across the battery resistance Rbatt, so that 

ibatt =
P ref

batt

vbatt

»
P ref

batt

Ncells
vOCV × SoC

. On one hand, this assumption 

grants a compact expression of 
dSoC

dt
 during CP charging, 

but on the other hand, it leads to a loss in accuracy. To ad‐
dress this issue, (9) includes a correction factor ε, which is 
heuristically set to be 0.97 with a fitting process aimed at 
minimizing the difference between the derivative of SoC in 
the proposed model.

Through (6) and (9), (8) can be recast as:
dSoC

dt
=
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C. Active Power Response of Equivalent EV Model

We now show how to derive the transfer functions of 
block ⑥ in Fig. 3, which mirror how the active power ex‐
change of EV varies after a voltage disturbance at its point 
of connection. This derivation is based on the following 
three assumptions described as follows.

1) The inner current control loop has an infinite band‐
width (i. e., the inner current loop is so fast that iref

d » id and 
iref

q » iq; thus, we have their small-signal variations Diref
d »Did 

and Diref
q »Diq). Indeed, PI control parameters of the inner 

control loop are often tuned so that their cut-off frequency is 
at least one decade higher than that of the outer loop.

2) During the response to a voltage disturbance, the SoC 

of EV batteries can be considered constant (equal to its pre-
disturbance value) because the EV charging is a relatively 
slow process.

3) Regarding the parameters of DC/DC converter con‐
trol, PDC in Fig. 1(b) is almost constant right after a dis‐
turbance and equal to P LF

batt. Its corresponding small-signal 
variation is thus zero. P LF

DC can also be computed as P LF
batt =

PEVnom( )P͂ LF
EV - R͂F( )i͂LF

d

2
, where R͂F is the per unit value of the 

filter resistance in Fig. 1(b); and i͂LF
d  is the low-frequency per 

unit counterpart of d-axis current flowing through the AC/
DC converter.

The small-signal model of EVs can be written as:

DθPLL = (kp1 + ki1 s)Dv͂q s (11a)

Di͂d »Di͂ref
d =- (kp2 + ki2 s)DvDCvLF

DC (11b)

Di͂q »Di͂ref
q = (kp3 + ki4 s)DQ͂EV (11c)

Dv͂d =
Dvr cos θ LF

PLL +Dvi sin θ LF
PLL

vACnom

-

( )vLF
r sin θ LF

PLL - vLF
i cos θ LF

PLL

vACnom

DθPLL (11d)

Dv͂q =
-Dvr sin θ LF

PLL +Dvi cos θ LF
PLL

vACnom

-

( )vLF
r cos θ LF

PLL + vLF
i sin θ LF

PLL

vACnom

DθPLL (11e)

DP͂EV = v͂LF
d Di͂d + i͂LF

d Dv͂d + v͂LF
q Di͂q + i͂LF

q Dv͂q
(11f)

DQ͂EV = v͂LF
q Di͂d + i͂LF

d Dv͂q + v͂LF
d Di͂q + i͂LF

q Dv͂d (11g)

DPconv =PEVnom(DP͂EV - 2R͂Fi͂LF
d Di͂d - 2R͂Fi͂LF

q Di͂q ) (11h)

Diconv =
DPconv

vLF
DC

-
Pconv

( )vLF
DC

2
DvDC (11i)

Diconv = sCDC1
DvDC +

DPDC

vLF
DC

-
P LF

DC

( )vLF
DC

2
DvDC (11j)

DPDC = 0 (11k)

where the small-signal variation of a generic variable x is de‐
noted by Dx and is expressed in the Laplace domain.

Equations (11a) - (11c) are the small-signal model of the 
PLL, DC voltage, and reactive power control in Fig. 1(f), re‐
spectively; while (11d), (11e) and (11f), (11g) are lineariza‐
tions of (1) and (2), respectively. As to (11h), (11i), they can 
be obtained by linearizing Pconv =PEVnom

(P͂EV - R͂Fi͂2
d - R͂Fi͂2

q ) 

and iconv =PconvvDC. Lastly, (11j) implements Kirchhoff’s cur‐
rent law at the node where CDC1

 is connected, as shown in 

Fig. 1(b). The resulting small-signal equation includes PDC, 
whose small-signal variation is assumed to be zero in (11k) 
as previously stated. All linearizations are carried out around 
the low-frequency component solution. Through (11) and the 
data derived at steady state in (3), the small-signal active 
power variation DP͂EV to changes in voltages vr and vi can be 
computed as:
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DP͂EV = P͂ HF
EV =Gr( )s Dvr +Gi( )s Dvi (12)

where the expressions of Gr( )s  and Gi( )s  are given in (13), 
and the subscript “approx” represents the approximate ver‐

sion. The steps to derive the expressions of Gr (s) and Gi (s) 
are not shown here as they are lengthy and of limited-added 
value. A Mathematica notebook that symbolically derives 
them is available at the GitHub repository [28].
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PLL

(13a)
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PLL (13b)
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(13c)

Giapprox( )s = lim
R͂F® 0
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PLL (13d)

As shown in (13c) and (13d), these expressions can be fur‐
ther reduced by neglecting the filter resistance R͂F, at least 
for the EV small-signal response, thus giving shape to the 
transfer functions depicted in block ⑥ of Fig. 2. As shown 
in the following text, this simplification has negligible im‐
pact on the accuracy.

The previously derived transfer functions deserve some 
further comments. To begin with, P HF

EV depends only on the 
parameters of the PI regulators devoted to DC voltage con‐
trol (i.e., kp2 and ki2). This is in line with [17], which states 
that such parameters are those primarily responsible for the 
EV active power response. Moreover, the reliance on LPF in 
block ① of Fig. 2 is such that the dynamic response ob‐

tained by block ⑥ is valid through the whole EV charging 
process, rather than only for working conditions close to the 
PF solution. This is in contrast with measurement-based 
models [17], which may not yield accurate results if the EV 
dynamic response is analyzed starting from an operating 
point different from where the recorded response is fitted.

By fitting the vOCV-SoC curves in Fig. 1(e) with (6) (see 
Supplementary Material A for more details on this aspect), 
using the data in Table II, and exploiting (7), (10), and (13), 
the parameters in Tables III and IV are derived. These pa‐
rameters are needed to simulate the proposed model with 
each cathode chemistry and charging mode.

IV. VALIDATION OF PROPOSED MODEL 

In this section, we validate the proposed model for static 
and dynamic grid studies. Such studies show that the pro‐
posed model, albeit relatively simple, provides results compa‐
rable to those obtained with detailed EV representations but 
with a lower computational burden. All the files needed to 
run the simulation shown hereafter are available in the same 
GitHub repository mentioned in Section III-C [28]. Simula‐
tions are performed on an Intel Xeon Gold-6238R-CPU @

2.20 , running Linux Mint 20.1.

A. Static Grid Studies of a Fleet of EVs

First, we consider the K1 distribution feeder, a test system 
developed by the Electric Power Research Institute, USA, 
given by 1384 loads associated to residential, commercial, 
and light industrial customers [29]. We pick this benchmark 
as it represents a real feeder in the Northeastern USA. Its ex‐
tension makes it a good mid-size option to test the effect of 
EV mobility. We modify the feeder by connecting a fleet of 
28 EVs, indicated by green crosses in Supplementary Materi‐
al B Fig. SB1. This addition leads to a grid overload of ap‐
proximately 30%. Assuming that all EVs have the same ini‐
tial state of charge SoC0, charging strategy, and cathode 
chemistry, we run a sequence of PF analyses by sweeping 
SoC0 with a 1% step between 10% and 90% (i. e., a range 
compatible with CC or CP charging). While doing so, we 
use CPCV and CCCV charging strategies, and the previous‐
ly cited cathode chemistries.

TABLE III
BATTERY-RELATED PARAMETERS REQUIRED TO SIMULATE EVS WITH EACH CATHODE CHEMISTRY AND CHARGING MODE

Chemistry

LFP

LMO

NCA

NMC

aCP

1

1

1

1

aCC

0.98

0.74

0.77

-2.00

bCC (10-3)

5

3

3

1

cCC

0.02

0.29

0.26

3.00

dCC

6.82

0.99

1.13

0.06

aCV

8.69

1.54

1.77

1.15

bCV

19.82

-0.23

-0.40

0.14

cCV

8.69

1.54

1.77

1.15

dCV

8.30

12.00

8.54

22.80

αCP (103)

5.90

4.59

4.90

-13.20

βCP

27.97

19.17

21.86

8.99

δCP (103)

0.14

1.85

1.74

19.80

γCP

6.81

0.99

1.13

0.06

αCC (10-3)

0.17

0.16

0.16

0.16

αCV (10-3)

0.17

0.16

0.16

0.16

SoCth

0.987

0.911

0.901

0.914

TABLE IV
FAST CHARGER-RELATED PARAMETERS REQUIRED TO SIMULATE EVS WITH 

EACH CATHODE CHEMISTRY AND CHARGING MODE

PEVnom
 

(kW)

50

vACnom
 (V)

400

vDCnom
 (V)

800

R͂F (p.u.)

0.01

CDC1
 

(mF)

25

kp2 (p.u.)

0.6

ki2 (p.u.)

1
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Moreover, we consider four different cases. In the first 
and second cases, we use the simulator PAN [30] - [32] and 
represent the EVs through the detailed EV model in Fig. 1 
and the proposed one in Fig. 2, respectively. To prove the 
ease of implementation of the proposed model, in the third 
case, we replicate its static behavior by creating an “ad hoc” 
model in the simulator OpenDSS [33], and use it to carry 
out the same PF analyses. In the fourth case, we still use 
OpenDSS and represent EVs through constant PQ loads at 
nominal power PEVnom

, as is customary in the literature. A de‐

scription of PAN and OpenDSS simulators can be founded 
in Supplementary Material B.

Figure 3 depicts the simulation results of the modified 
feeder. For each colored trace (refer to the legend in the fig‐
ure for their meaning), the diamond markers and dashed 
lines denote the results obtained with PAN by using the de‐
tailed EV model and the proposed model, respectively. The 
dots are the results of the proposed model by simulating the 
feeder and its EVs with OpenDSS. The numbers on the right 
side of Fig. 3(a) and (d) indicate the percentage variation of 
the results with respect to the case when EVs are replaced 
by constant PQ loads (gray horizontal line) whose nominal 
power is PEVnom

.

Figure 3(a) shows the active power exchange P͂EV of a sin‐
gle EV with respect to SoC0 (note that although SoC0 is 
swept with a 1% step, traces and markers are not shown 
with the same resolution for the sake of readability). With 
CCCV charging strategy, P͂EV increases with SoC0. The mag‐
nitude of this trend depends on the cathode chemistry consid‐
ered. Battery packs with LFP cells lead to a maximum pow‐
er variation DP͂EV (i. e., the relative difference between the 
markers at SoC0 = 10% and SoC0 = 90%) of about 6%. This 
value is larger and amounts to approximately 18% for the 
other cathode chemistries, which behave alike due to the 
similarity of their vOCV-SoC curves (see Fig. 1(e)). On the 
contrary, with CPCV charging strategy, P͂EV does not change 
with SoC0 or the cathode chemistry (i.e., all traces superpose 
so that only one trace is visible).

The accuracy of the proposed model is better exemplified 
in Fig. 3(b) and (c), which are insets of Fig. 3(a) for differ‐
ent ranges of SoC0. The results show an almost perfect 
agreement among the lines and markers, which proves the 
accuracy of the proposed model. This feature is also con‐
firmed by the maximum mean absolute percentage error 
(MAPE) between the results obtained with the detailed and 
equivalent models. The MAPEs in Fig. 3(a) and (d) are 
0.36% and 0.11%, respectively. This is due to the small yet 
inevitable differences between the true and fitted vOCV-SoC 
curves in Supplementary Material A Fig. SA1.

Lastly, Fig. 3(d) shows the active power loss of the sys‐
tem P loss. The observable trend with respect to SoC0 is simi‐
lar to that of P͂EV. It is also worth pointing out that replacing 
EVs with constant PQ loads (horizontal gray line) would 
lead to a maximum over-estimation of the loss DP loss (com‐
puted with respect to the case with SoC0 = 10%) of 1.84% 
for the LFP chemistry and 5.52% for the other ones when 
CCCV charging strategy is used. These errors increase with 
the penetration levels of EVs. This over-estimation is expect‐
ed, since the adoption of constant PQ loads generally im‐

plies consideration of a worst-case scenario [34].

The above results show that, when CCCV charging strate‐
gy is considered, the cathode chemistry can make a differ‐
ence in the results recorded during static grid studies (e. g., 
active power absorbed by EVs and losses). Disregarding this 
aspect (e.g., by replacing EVs with only constant PQ loads) 
would lead to mis-estimation of the true overload of the sys‐
tem induced by EVs, and, in turn, the losses. This estimation 
error is expected to increase with the penetration level of 
EVs scattered in the network.

Concerning computational costs, the CPU time to perform 
these simulations with PAN using the detailed EV model 
amounts to 174.4  s. On the contrary, when the proposed 
model is used, it is reduced to 105.2  s (i. e., a reduction of 
about 40 %). In comparison, the CPU time to perform the 
simulation using constant PQ loads is 83.6  s (i. e., a reduc‐
tion of 52 %).

B. Dynamic Grid Studies of a Single EV

We consider again the K1 distribution feeder and focus on 
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the charging process of a single EV. At three different time 
instants during this process, we simulate a voltage step at 
the feeder substation to assess the capability of the model of 
capturing not only the evolution of SoC and power exchange 
but also its response after voltage disturbances.

Figure 4 shows the results of CCCV charging strategy of 
an EV with NMC cathode chemistry. The blue solid lines in‐
dicate the results obtained with the proposed model, while 
the red dashed lines with diamond markers refer to the de‐
tailed EV model. Figure 4(a), (c), and (e) shows the active 
power exchange P͂EV, SoC, and the voltage magnitude v͂ at 
the substation during the EV charging process (subject to 
three step changes of ±15%), respectively. The comparison 
between the blue traces and red markers confirms again the 
accuracy of the proposed model. The MAPEs between the di‐
amond markers and dashed lines in Fig. 4(a) and (c) are 
1.54% and 0.02%, respectively, which are lower than 2%.

As to P͂EV, the accuracy is better exemplified in Fig. 4(b), 
(d), and (f), which show P͂EV around the three voltage steps 
(i. e., the green shaded areas in Fig. 4(a), (c) and (e)). Re‐
sults show that the proposed model well replicates the behav‐
ior of the detailed one even if voltage disturbances have an 
amplitude quite different from that of a small signal (i. e., 
±15%). It is also worth noting that the last voltage distur‐
bance occurs a long time after the PF solution is computed, 
to the extent that the charging mode might have shifted from 
CC/CP to CV (the time instants when this shift occurs are 

denoted by green dashed vertical line). At this latter instance 
(i. e., Fig. 4(f)), one can notice that the black trace has a 
slight vertical offset with respect to the red markers. This dif‐
ference is due to an inevitably imperfect fitting of the vOCV-
SoC relationship in the CV segment (i. e., SoC values close 
to 100%), which is reported in Supplementary Material A  
Fig. SA1.

Analogous comments can be made for Fig. 5, which shows 
similar results with the LMO cathode chemistry and CPCV 
charging strategy. In this case, the parameters kp2 and ki2 are 
set differently from how they are reported in Table III. Indeed, 
they are equal to 0.4 and 5, respectively. As can be observed 
from Figs. 4 and 5, it is reasonable to expect that the power 
response after voltage disturbances lasts for less than one 
minute, which is significantly less than the time needed for 
a full charging (i.e., SoC = 100%). This justifies the second 
assumption put forward in Section III-C to build the small-
signal model, which assumes that the SoC is constant for the 
whole duration of its response to voltage disturbances. This 
claim is also supported by the insets in Fig. 4(c) and Fig. 
5(c), which shows the SoC right after a voltage disturbance.

The CPU time needed to perform the full charging with 
the detailed EV model and proposed model amounts to 2.14  
s and 0.71  s, respectively (i.e., a reduction of approximately 
73%). These numbers are obtained by using a variable time 
step integration, with absolute and relative error tolerances 
on the electrical variables of 10-9 and 10-6, respectively. If 
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fixed-time-step integration is to be used (as commonly done 
in commercial power system simulators), the CPU time 
would be much higher, but would anyway lean in favor of 
the adoption of the proposed model.

Additional simulation results can be found in Supplemen‐
tary Materials C and D, which aim at comparing the pro‐
posed model when the LMO and NCA cathode chemistries 
are used, and showing how the cut-off frequency fc of the 
LPFs is tuned.

C. Computational Efficiency of Proposed Model

We now pick as a benchmark the modified version of the 
IEEE 8500-bus system (please refer to Supplementary Mate‐
rial B). This large-scale system derives from a real distribu‐
tion system in USA and is widely adopted in studies of 
smart grids and integration of distributed energy resources 
[35]. Here, we use it to further confirm the computational ef‐
ficiency of the proposed model by adding several fleets of 
EVs, corresponding to the overload levels ranging from 0% 
to 100% with a step of 20%. It is worth mentioning that, 
when a 100% overload is considered, 240 EVs are connect‐
ed (i.e., much more than the 28 EVs installed in the K1 dis‐
tribution feeder). The numbers of equations required to simu‐
late the system in this condition amount to 7.7 ´ 104 and 6 ´
104 when the detailed EV model and the proposed model are 
used, respectively. On the contrary, when no EV is simulat‐
ed, the number of equations is reduced to 4.3 ´ 104.

For simplicity, EVs are assumed to have the same initial 
SoC with CCCV charging strategy and equipped with an 
LMO cathode chemistry. We modify the IEEE 8500-bus sys‐
tem by halving the nominal power of each load, including 
the EVs. This is necessary due to the limited power transmis‐
sion capabilities of the system, which would have otherwise 
led to instability. For each overload level, we run two analy‐
ses on the simulator PAN. First, as in Section IV-A, we run 
a sequence of PF analyses by sweeping SoC0 with a 1% step 
between 10% and 90%. Second, as in Section IV-B, we run 
an electromagnetic transient (EMT) analysis of about 3 
hours to simulate the whole charging process (this is twice 
the time of 1.5  hours cited in Section III as the EV rated 
power is halved). Table IV shows the CPU time required 
with different overload levels by the detailed and proposed 
models to perform static and dynamic grid studies. The val‐
ues inside parentheses have been obtained by exploiting cir‐
cuit partitioning (refer to Supplementary Material E and [36]-
[38] for further explanation) during simulation, while those 
without it have been obtained by running simulations as is.

As can be observed from the results of the static grid studies 
(i. e., middle columns), the reduction in CPU time granted by 
the proposed model ranges between 56% and 70% (i.e., when 
the overload level is 20% and 100%, respectively).

Concerning dynamic grid studies (i.e., rightmost columns), 
the CPU time for each model has been reported. When cir‐
cuit partitioning is not exploited, the reduction of CPU time 
granted by the proposed model ranges between 16% and 
28% (i.e., when the overload level is 20% and 100%, respec‐
tively). This range rises to 43% and 53% when circuit parti‐
tioning is exploited. As shown, the reduction of CPU time 

granted by the proposed model is always evident, but it 
changes in each case depending on the techniques used to 
simulate the grid under analysis, which may vary in different 
power system simulators.

D. Dynamic Grid Studies of a Fleet of EVs

As a final test, we consider the IEEE 14-bus benchmark 
system (please refer to Supplementary Material B). We pick 
this benchmark system because, although its size is not ex‐
cessively large, it allows connecting a reasonable number of 
distribution feeders with EVs to analyze the effect of EV 
mobility on the dynamic properties of the overall system. 
We modify the feeder by replacing the loads in the upper 
part of the grid with replicas of the K1 distribution feeder: 
for each replica, the rated power of the loads in the feeders 
(EVs included) is adjusted so that the overall power absorp‐
tion matches that of the loads originally connected to the sys‐
tem. It is worth noting that this connection is possible with‐
out resorting to additional transformers because the nominal 
voltage of the upper part of the system coincides with that 
of the substation of the K1 distribution feeder (i.e., 13.8  kV).

We try to determine the maximum overload (contributed 
also by the 28 ´ 7 = 196 EVs scattered in the feeders) that 
can be applied before the occurrence of instability. To this 
aim, we increase the power rating of every load in the modi‐
fied benchmark system (including those in the feeders and 
EVs) by a factor λ between 19 % and 25 % with a step of 
0.1 %. The power set-points of the slack and PV generators 
in the grid are adjusted accordingly. While doing so, we as‐
sume that for each EV, SoC0 = 10 %, and that each EV 
adopts the LFP cathode chemistry and CPCV charging strate‐
gy. For each λ, we perform a PF analysis and an eigenvalue 
analysis (i. e., stability analysis) to detect when there is at 
least one eigenvalue with positive real part, which indicates 
an unstable system.

Figure 6(a) depicts how the maximum real part of the ei‐
genvalues of the system σM evolves with λ. The colored 
lines (see the legend for details) correspond to the results ob‐
tained with different parameters of the PI controller that con‐
trols the DC-side voltage (i. e., PI2 in Fig. 1(f)). We change 
these parameters as they are the only ones that appear in the 
transfer functions (13) and block ⑥ of Fig. 2. For each of 
the green, blue, and red traces, the solid lines and diamond 
markers are the results derived with the proposed and de‐

TABLE IV
CPU TIME REQUIRED WITH DIFFERENT OVERLOAD LEVELS

Over‐
load 
level 
(%)

0

20

40

60

80

100

Number 
of EVs 

connected

0

48

96

144

196

240

CPU time needed to 
run a sequence of PF 

analyses (s)

Detailed 
model

2.61

10.17

12.98

16.47

20.38

24.48

Proposed 
model

2.61

4.46

5.34

5.79

6.53

7.38

CPU time needed to 
simulate whole charging 

process of 3 hours (s)

Detailed 
model

1.52 

9.22  (1.90 )

11.29  (3.88 )

13.21  (6.16 )

15.59  (8.56 )

17.65  (10.63 )

Proposed 
model

1.52 

7.76  (1.08 )

8.97  (1.79 )

10.22  (2.82 )

11.28  (3.95 )

12.67  (4.98 )
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tailed models, respectively. The fact that solid lines and 
markers superpose in each case confirms once again the ac‐
curacy of the proposed model, demonstrating that it is also 
suitable for stability analyses.

It is also worth noting that the value of λ leading to insta‐
bility (i. e., σM > 0) varies with the PI control parameters. If 
all EVs are replaced by constant PQ loads (gray line), this 
threshold value would not be estimated correctly. For in‐
stance, by comparing the red and gray traces, instability is 
reached for lower values of λ in the former case. This re‐
futes the claim that EV modeling as PQ loads always im‐
plies consideration of a worst-case scenario, and this is an‐
other reason why the proposed model might be useful. It is 
also worth adding that the CPU time needed to run these ei‐
genvalue analyses with the proposed model is half that need‐
ed with the detailed model.

As a further proof of the results obtained with the eigen‐
value analyses, we perform transient simulation of the modi‐
fied IEEE 14-bus benchmark system by setting λ = 22% and 
using the previous values of kp2 and ki2. Based on the eigen‐
value analysis and the above value of λ, the case with kp2 =
0.2 and ki2 = 100 (i.e., red trace) is unstable, whereas the oth‐
er ones (i.e., blue and green traces) are stable. Indeed, for λ =
22%, σM > 0 only holds in the first case. This is confirmed 
by Fig. 6(b), which shows the voltage deviations at bus 1 
around its steady-state value after a 10% step change at 10  s of 
load L2 (refer to Supplementary Material B for its location). 
As expected, only when kp2 = 0.2 and ki2 = 100 are the voltage 
oscillations not damped, leading to the instability of the sys‐
tem. If CCCV charging strategy is considered, instability 
would occur for values of λ higher than those obtained with 
CPCV charging strategy. This happens because, for the same 
value of λ, the actual level of stress in the grid (e.g., higher cur‐
rents and grid losses) due to the fleet of EVs is generally lower 
with CCCV charging strategy than with CPCV charging strate‐
gy, regardless of the value of SOC0. This feature, which can be 

observed in Fig. 3, translates into higher stability margins.

V. DISCUSSION

The simulation shown in the previous section may lead us 
to ponder if similar results could have been attained with the 
other deterministic EV load models shown in Table I.

Concerning the simulation results in Section IV-A, they 
could have also been retrieved with comparable accuracy by 
using the multi-stage ZIP or exponential models presented in 
[12] and [14]. This holds if the SoC values considered in 
each stage are enough to fit the whole interval adopted, for 
instance, in Fig. 3. As stated in Section III-A, this requires 
storing a large enough look-up table where the ZIP or expo‐
nential load parameter values are saved for each SoC. Albeit 
not problematic from a computational standpoint, the pro‐
posed model follows a different approach and mirrors the 
EV behavior at steady state with a compact representation, 
i.e., (4) and (7).

On the contrary, the multi-stage ZIP models in [12] and 
[14] are not capable of providing the same results as the pro‐
posed model during the dynamic grid studies carried out in 
Sections IV-B, IV-C, and IV-D. In this context, the dynamic 
models developed in [16] and [17] lack the capability of up‐
dating the SoC over time. Updating this parameter is neces‐
sary because it changes the working condition of the EVs 
during the charging process, and consequently, the dynamic 
behaviors of EVs. For instance, if CCCV charging strategy 
is considered, we expect the EV power absorption to in‐
crease with SoC in the CC segment and decrease in the CV 
segment. Specifically, the model in [17] can yield results 
similar to the proposed model only if simulation is short 
enough and the SoC does not change significantly from the 
value at which the model derivation takes place. In addition, 
the model in [16] can only synthesize first-order dynamic re‐
sponses.

VI. CONCLUSION 

We propose an equivalent model of EVs with fast char‐
gers for static and dynamic grid studies that is easy to imple‐
ment, accurate, and computationally efficient. The proposed 
model is compatible with CCCV and CPCV charging strate‐
gies, as well as the most popular cathode chemistries adopt‐
ed nowadays in the EV market. The proposed model can be 
used for both static and dynamic grid studies that involve a 
fleet of EVs. Contrary to the standard representation of EVs 
as constant PQ loads, the proposed model allows capturing 
how the active power of EVs varies with SoC during the reg‐
ular charging process, as well as after voltage disturbances.

Specific application scenarios of the proposed model are 
examined in Section IV. The proposed model can be used to 
describe a fleet of EVs installed in large-scale feeders to per‐
form PF analyses and determine how the increasing populari‐
ty of EV mobility affects voltage profiles, grid loading, and 
losses. In addition, the proposed model can be used in dy‐
namic grid studies to assess how the charging process of a 
multitude of EVs interacts over time with already existing 
power system components after disturbances, and whether 
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stability issues might arise.
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