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Abstract—This paper proposes a model of a single-phase
bidirectional electric vehicle (EV) charger with capability of
operating in all four quadrants of the P-Q plane. The steady-state
and step responses of the proposed model are used to validate it,
based on the actual responses of a bidirectional charger prototype
for different P-Q requests. The model can be used efficiently
in time-domain simulations that require models of a number
of EV chargers, such as EV integration studies in low-voltage
(LV) distribution networks. A practical case study is presented
to demonstrate and test the proposed smart charger and model,
investigating the provision of vehicle-to-grid (V2G) for active and
reactive power in an LV residential distribution network. These
results demonstrate the advantages of the presented charger
model for developing V2G strategies in distribution networks.

Index Terms—Charging control, distribution networks, electric
vehicle (EV), EV charger modeling, smart battery charger, V2G.

GLOSSARY AND NOMENCLATURE

Acronyms
ADC  Analog-to-digital converter

CC Constant current

CCU Central control unit

CpP Constant power

CvV Constant voltage

EV Electric vehicle

LV Low-voltage

PHEV Plug-in hybrid electric vehicle

PI Proportional-integral

PLL  Phase-locked loop

PR Proportional-resonant
PWM Pulse width modulation
V2G  Vehicle-to-grid

VSC  Voltage source converter
Parameters

w Angular frequency [rad/s]
C Capacitance [mF]

k; Integral gain constant

kp Proportional gain constant
L Inductance [mH]

N, Number of EVs connected in each phase
R Resistance [€2]
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SW  Switch

T Period [s]

Indices

« «-axis component in af transform
8 [-axis component in a3 transform
b Battery

c Coupling

d Direct-axis

dc Direct current

f Filter

meas Measured

mod  Modulation

oc Open circuit

q Quadrature-axis

ref Reference

req Request

S System

Variables

0 Angle [rad]

D Duty cycle

i, 1 Instantaneous and RMS current [A]
M Modulation index

m Modulation signal

P Active Power [kKW]

Q Reactive Power [kVAR]

S Apparent Power [kVA]

SF Switching Function

SoC  State of Charge

v,V Instantaneous and RMS voltage [V]

I. INTRODUCTION

N the last two decades, plug-in and plug-in hybrid electric

vehicles (EVs) have emerged as adequate alternatives to
internal combustion engine vehicles to reduce greenhouse gas
emissions. However, many experts have expressed concerns
about the effects of mass deployment of EVs on power
systems, and thus a number of studies have been carried out
to analyze these impacts. Nowadays, there is a consensus
among researchers that the bottleneck for EV mass deployment
will be distribution systems, since beyond some relatively low
penetration levels, problems such as undervoltages in system
nodes and overloadings in feeders and transformers are likely
[1].

To alleviate the negative impacts of EVs on distribution
systems, several researchers have proposed smart charging
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strategies, which consist of enforcing controlled EV charging
profiles to reduce energy costs, avoiding to exceed the opera-
tive limits of power systems, and decreasing system losses [1].
One of these strategies is vehicle-to-grid (V2G), which uses
the EV battery to store energy during low-consumption/low-
price hours, and discharges the battery when the energy is
needed [2]. This approach requires EVs to be equipped with
bidirectional chargers, and various works have demonstrated
the feasibility of these types of chargers, exploring several
converter topologies and control strategies; in fact, Nissan has
announced the release of an EV Leaf with V2G capabilities
[3]. These chargers include three-level pulse width modulation
(PWM) ac/dc converters based on neutral point clamped
control [4], single-phase half-bridge rectifier for power quality
compensation [5], or split-phase three-phase converter with
protective earth at one of the legs and a proportional-resonant
(PR) controller [6]. Additionally, other experimental works
have been reported on bidirectional chargers that are able to
operate in a wide range of power factors, thus enabling reactive
power control. These papers explore various topologies and
control strategies, such as PR controllers to regulate the utility
line current with full bridge ac/dc converters [7], single-phase,
three-wire charger with unbalanced current compensation [8],
single-phase charger with power angle control [9], three-phase
off-board charger with boost rectifier [10], and single-phase
two-stage bidirectional EV charger for V2G reactive power
operation [11].

The aforementioned works demonstrate the practical fea-
sibility of bidirectional chargers; however, there is a need to
study their voltage interactions with other chargers and loads in
distribution systems, which can last from tens of milliseconds
to a few seconds, depending on the dynamic characteristics
of the electrical devices connected to the distribution network.
Usually, the impacts of these interactions are analyzed on the
primary distribution system, considering EVs as aggregated
loads (e.g., [12], [13]). Furthermore, very few studies have
been performed on the effects of EVs on the secondary
distribution system, even though an EV charger demand can
be as high as a typical household peak demand, thus impacting
directly voltage levels in distribution systems, and the loadabil-
ity of distribution transformers. To understand the effects of
EV chargers in secondary distribution systems, and implement
control strategies to mitigate those effects, it is required to
model, in detail, the equipment connected to the secondary
distribution network. Hence, such a model should consider
switching dynamics, thus requiring small simulation time steps
in order to account for the high switching frequency (that can
be in the order of 20kHz), demanding time-consuming and
costly computations [14]. This is impractical for distribution
network types of studies which involve multiple chargers and
various other equipment models.

To overcome the previously mentioned problem, average
modeling has been used in power electronics. This modeling
approach concentrates on converter cycle-to-cycle behavior,
and neglects the switching dynamics within a switching pe-
riod, improving the simulation efficiency without sacrificing
the capability of predicting the converter steady-state and
dynamic responses [15], thus making it a practical approach

for simulating EV chargers in distribution system studies.
However, not much has been reported on EV charger average
modeling. For example, in [14], an average model is proposed
for a unidirectional EV charger composed of a diode bridge
rectifier, a power factor corrector stage (boost converter), and a
dc/dc converter, which is then used to study voltage regulation
effects of EV chargers in a distribution network. On the other
hand, for bidirectional chargers with single-stage topologies,
average models have been reported, mainly for full-bridge
ac/dc converters [16], [17]; however, these papers have focused
on small-signal modeling for controller design and not for
grid impact analysis. For two-stage and integrated bidirectional
charger topologies, some works have proposed average models
for the study of individual stages of these chargers (e.g., [18],
(19D).

The objective of this paper is to describe a new average
model of a single-phase, two-stage bidirectional charger, that is
able to operate in all four quadrants of the P-Q plane, in order
to efficiently study the interaction of several of these chargers
in a practical secondary distribution system using time domain
simulations, as demonstrated here. Four quadrants operation
is considered here to add controllability to the distribution
network through EV chargers, which are used here as reactive
power sources to improve the household power factors and
contribute to voltage regulation in distribution networks. Thus,
the main contributions of this paper are:

o An average model of a single-phase, four-quadrant bidi-
rectional EV charger, which can be easily integrated into
time-domain simulations to analyze the impacts of this
type of chargers in distribution networks, is proposed

o The proposed average model is validated with an actual
bidirectional EV charger prototype.

o Three operation strategies of bidirectional EV chargers
in LV distribution systems are presented and discussed,
illustrating their application through time-domain simu-
lations based on the proposed average model.

Thus, Section II presents the characteristics of the bidirec-
tional charger that is analyzed in this paper. Then, Section
IIT describes the formulation leading to the average model
of the chosen bidirectional charger topology. In Section 1V,
the average model is validated by comparing its responses in
steady state and dynamic conditions with those of a developed
charger prototype. Section V illustrates the use of the average
model to study the impact of several bidirectional chargers
in a residential secondary distribution system, exploring three
V2G control strategies that may be employed with such EV
chargers. Finally, Section VI highlights the main conclusions
and contributions of the presented work.

II. BIDIRECTIONAL CHARGER

A. Charger Topology

The bidirectional charger analyzed in this work is a Level 1
charger rated at 1.92 kVA/120 V, and has a two-stage topology.
This configuration was chosen because of its popularity and
simplicity [20]-[23]. Stage 1 is a full-bridge ac/dc converter,
and Stage 2 is a bidirectional buck-boost dc/dc converter, as
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Fig. 1. Single-phase bidirectional battery charger topology.

shown in Fig. 1. The role of Stage 1 is to regulate the dc-
link voltage at the desired power factor at the grid interface;
the role of the Stage 2 is to control charging and discharging
of the battery according to the desired active power level.
This necessitates decoupling of the active and reactive power
controls, with reactive power requests being processed by the
ac/dc controller and active power requests being processed
by the dc/dc controller. In the next subsections, the control
strategy that ensures decoupled control of active and reactive
power is explained. Based on the significant advantages of
using a direct-quadrature (dq) controller highlighted next, this
is used here as the ac/dc reactive power controller.

B. AC/DC Converter Controller

Presently, most applications of PWM voltage-source
converter (PWM-VSC) use a PWM-Current-Control (PWM-
CC) technique, which provides benefits such as good control of
current and regulation of dc-link voltage, and compensation of
semiconductor device voltage drop and switch dead time [24].
A good part of the literature available on this subject agrees
that the two top choices for linear non-predictive control are
the stationary frame PR controller and the synchronous frame
dq controller [25]-[27].

Synchronous frame controllers are widely used in current
control of three-phase voltage-source converters (VSCs), due
to their ability to achieve zero steady-state error. The idea
behind synchronous frame control is to transform time varying
quantities, such as current and voltage, into time-invariant
quantities, so that linear control can be implemented without
introducing steady-state error. In three-phase systems, the most
common transformation is the direct-quadrature-zero (dqo)
transform, which cannot be applied directly in single-phase
systems since it requires at least two signals. A common
approach in single-phase systems is to apply first an /3 trans-
form by keeping the original signal as the o component, and
introducing a delay of 90° over the original signal to obtain
the 5 component; after that, the o3 signals are transformed to
dq components [28]. In this kind of controllers, a phase-locked
loop (PLL) is needed to determine the fundamental frequency,
as well as to produce an angle 6 to synchronize the dq frame
to the grid voltage. The block diagram for a dq-controller is
given in Fig. 2 [26]. In this controller, the error term for the
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Fig. 2. AC/DC dq controller with reactive power support.

dc link voltage V. is fed through a proportional-integral (PI)
regulator and then used as the reference term for I;. The I,
reference is derived from the desired reactive power. Thus, for
Vy = 0, due to the PLL action, one has that:

S =P, +jQ, =0.5Vyly — 0.55Vyl, (1)

where all variables in this and other equations and figures
in the paper are defined in the Nomenclature section. The
only controllable variable on the right hand side of (1) is [,
since V; is determined by the system voltage vs, and I; is
determined by the battery current and losses in the system.
Therefore, by setting I, ,.. s, reactive power can be controlled,
decoupled from active power control. To obtain this value,
Qrey is subtracted from @ eqs, then divided by —0.5V;, and
fed to a PI regulator to produce I .¢. This solution allows
reactive power to be readily calculated with its control being
decoupled from active power control.

The remaining part of the controller implements the relation
between the system voltage v, and the coupling voltage v,
scaled down by V. to produce a usable value for v,,,q. The
dqg-af transform is performed on these values, resulting in vg
being discarded and v, = vpmoq. Since this controller operates
on time-invariant dc quantities, it is able to achieve zero-steady
state error and high-quality voltage regulation, and is highly
immune to disturbances [29], [30]; moreover, it inherently
makes it easy to control reactive power.

C. DC/DC Converter Controller

The active power flow from/to the grid is dictated by the
battery current, battery voltage, and losses in the charger. The
function of the ac/dc controller is to regulate the dc link
voltage, and if properly tuned, it will be able to automatically
respond to changes in the dc link voltage by either pulling
power from the grid, if the dc link voltage drops, or pushing
power to the grid, if the dc link voltage rises. Thus, by
controlling the charging and discharging of the battery with
the dc/dc converter component of the charger, active power
control can be achieved.
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Fig. 3. DC/DC converter controller.

The proposed control uses the active power request at the
grid interface (P,.r) sent by the utility to dictate the charging
current, as shown in Fig. 3, where P,,..s is the calculated
real component from (1), representing the active power at the
point of common coupling; the error is processed by a PI
regulator to determine Iy ,.s. This is a nested-loop control
structure where the outer loop has a slower response than the
inner loop. This controller is also able to perform constant
current (CC)-constant voltage (CV) charging, as it is normally
done with lithium-ion batteries, which is the most common
battery chemistry for EVs. Thus, the controller can be switched
between three alternatives, i.e., constant power (CP), CC, and
CV, depending on the desired mode of operation. The output
for all control modes is the duty ratio of the buck switch SW5.

III. AVERAGE MODELING

In the analysis of the impact of bidirectional chargers on the
LV distribution system, a number of these chargers need to be
considered. Hence, using a detailed model of the bidirectional
charger could require a significant amount of computational
time, because of the high switching frequency. Hence, an
average model of the charger is developed in this section
to be used in LV distribution system integration studies, as
demonstrated in Section V. This model can also be used to
derive a small signal average model and obtain a transfer
function, which is useful in design and tuning of the control
strategy of the smart charger.

The following switching functions can be defined for the
two legs of the full-bridge ac/dc converter of Fig. 1:

. 1—>SW1
SFl_{O—>SW1

:ON,SWy : OFF @)
:OFF,SW5 : ON

:ON,SW, : OFF

o 1—>SW3
5F _{ :OFF,SWy: ON 3)

0— SW3
One can write v, and i, in terms of SF; and SF5 as follows:
Ve = (SFl — SFQ)UdC (4)
ide = (SF1 — SFy)is (®)]

In average modeling, SF; and SF'5 can be replaced by their
low-frequency components, as follows:

SF =~ 0.5+ 0.5my (6)

SFy =~ 0.5+ 0.5mq (7

where m, and my are the modulation signals (normalized to
the peak value of the triangular carrier signal) used to control
the switches, represented as:

my = Mcos(wt + 0) = Vmod ®)
mg = —Mecos(wt + 0) = —Vped 9)

where M is the modulation index that is allowed to vary
between 0 and 1 in the linear range of PWM. Therefore, from
(4) to (9), and excluding the high-frequency contents, v. and
i4c can be written in the following form:

(10)
(1)

Assuming complementary switch control signals for SWj
and SWg, two topological modes can be identified for the
bidirectional buck-boost converter:

o Topological mode 1: In this case, SW5 is ON and SWg
is OFF, resulting in:

Ve = 05(m1 - mz)’l}dc = UmodVdc

ide = 0.5(my1 — M2)is = Umodis

di, 1 1
— Vg — — 12
7 Lfvd Lbe 12)
d’l)dc 1 . 1 .
= g — —— 13
dt  Cgo %™ Oyt (13)
% 1 1. (14)

dr G T

o Topological mode 2: Here, SWj5 is OFF and SWg is ON,
yielding:

dir, 1
- 15
dt Ly (15

dvdc 1
= iy, 16
7 Cdcld (16)

d 1 1

o _ - i (17)

da  C f Ly~ CT"
Averaging the first-order differential equations (12)-(17) over

a switching period, one can obtain the following expressions,
where Dgyy, is the duty cycle for SW; in Fig. 1:

diy,
dt

1 1
=Dgw, | —Vde — —
SWs <L2 Udc I; Ub>

+ (1 - Dsw,) <_L1f“b>

av

(18)
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Fig. 4. Average model of bidirectional charger.

dvac -D 1 L
dt av T Cdc tde CchLf
1
+ (1 = Dsws) (idc> (19)
Cdc
ir,
=9 c — D S
Cdcld SWs Odc
d’l)b 1 1
L 20
a |, CfZLf Cf“ (20)

From these average expressions, the equivalent circuit of Fig.
4 can be derived. Note that this model does not account for
converter losses to keep it simple, since considering them
implies modeling the non-idealities of switches, diodes, ca-
pacitors and inductors, which is needed if the efficiency of the
converter is under investigation, which is not the case here, as
the model concentrates on properly representing the dynamic
response of the developed smart charger. The losses can be
readily approximated by adding resistances to the controllable
voltage and current sources that represent converter switches
in the model. Moreover, the battery is modeled as a Thevenin
equivalent, with v,. and R} being functions of SoC and ;.

The main purpose of the model is to speed-up time domain
simulations involving several chargers in a distribution grid.
The model is mainly intended to capture low-frequency dy-
namics, neglecting the switching frequency dynamics, which
are very small due to filtering, and thus allowing to determine
set points for smart charging in LV networks, which is the
main application of the proposed model. The model also
allows to design the smart charger controller, as it captures
the main relevant dynamics for that purpose. Furthermore, it
allows studying the effects on batteries of the smart charger,
which will not be possible with a simpler model with a
controllable load and source.

The proposed model is designed to be integrated in math-
ematical models of the LV distribution system network to
calculate control settings of the actual smart charger. These
settings are obtained here based on a heuristic approach to
avoid overloading of the distribution system transformer and
improve voltage profiles in the LV network, thus becoming
an integral part of smart charging strategies in distribution
feeders, as explained and demonstrated in detail in Section V.

IV. VALIDATION OF AVERAGE MODEL

In this section, the charger’s average model developed in
Section III is verified against a prototype of a Level 1, 1.92
kVA/120 V bidirectional charger built in the lab (see Fig. 5)
[31]. The prototype receives control signals through a Wi-Fi
link, which allows an external agent, such as an aggregator or
distribution system operator, to remotely control the charging
or discharging of the EV battery. The main components of the
prototype are:

1) The power converter, which implements the topology
described in subsection II-A, with the parameter values
given in Table 1.

2) The control board, which interconnects all voltage and
current transducers, gate drive modules and the cen-
tral control unit (CCU), that in this prototype is a
TMS320F2808 DSP, and is mainly in charge of per-
forming the control strategies described in subsections
II-B and II-C, using the parameters depicted in Tables
I and II. These parameters were selected following the
typical design procedure found in the technical literature
for full-bridge and bidirectional buck-boost converters
[32], with the exception of the dc-link capacitor, which is
dimensioned considering that the converter is also used
as a reactive power source, as per the method described
in [7].

3) The lithium-ion battery model GBS-LFMP40AH from
Elite Power Solutions (4.1 kWh, 102.4 V) and the
corresponding battery management system.

4) The communications controller, which enables the re-
mote control of the charger using a web page that was
implemented using the SN8200 EVK Wi-Fi module
from Murata. Wi-Fi technology was chosen because
most of the current home energy management systems
(e.g., Peaksaver Plus systems in Ontario [33]) are being
designed to communicate with the user and utilities
through Wi-Fi interfaces and the Internet . Thus, the
chosen Wi-Fi controller broadcast a web page with a
user interface to select the mode of operation of the
charger (CC-CV or smart charging), so that P and Q set
points can be defined in smart-charging mode. This web
interface also provides operational information such as
dc-link voltage, ac voltage, ac current, P, Q, battery SoC
and status messages, which is useful for measuring and
monitoring purposes.

To compare the performance of the average model with that
of the prototype, a charger with the same characteristics of the
prototype was simulated in the PSCAD™ environment [34],
using the average model. The charger parameters used in the
simulation were the same as those of the prototype, as per
Tables I and II. The average model simulation was performed
using a 50 ps time step, which was defined through trial and
error as an appropriate value to capture all the variations in
voltage and current signals. It is important to mention that
if a switching model was used, a 50 ps time step would
be insufficient to capture the dynamics of the 20 kHz PWM
signal.
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A. Steady-state Response

To compare the steady-state response of the average model
in the four quadrants of the P-Q plane, as well as on the
boundaries of the quadrants, the simulation and experimental
results are presented in Fig. 6. These plots demonstrate that
the charger is capable of four-quadrant operation, with the
average model being able to represent the operation with
high accuracy. Purely reactive requests are also demonstrated,
where the current lags or leads the voltage by 90°. Observe that
the steady-state current and voltage signals from the average
model and the prototype are very similar for all analyzed P-Q
plane operating points.

The prototype signals contain some noise, and in several
cases a third harmonic can be observed in current signals,
signified by flattening of current signal around zero-crossing
points. This current harmonic can appear in a full-bridge ac/dc
converter when the dc-link voltage measurement signal is
passed to the control loop without appropriate filtering of the
second harmonic ripple [35]; potential solutions to this include
improving the filtering of input control signals, increasing the
size of the coupling inductor, and retuning the PI regulators in
the ac/dc converter. There were also issues producing a stable
current wave shape which is a result of poor current tracking.
This is in part a result of the chosen current sensor, and the
ac current conditioning circuit linking the measured current to
the analog-to-digital converter (ADC) on the CCU.

B. Dynamic Response

A comparison between the dynamic behavior of the pro-
totype and the average model was also performed. For this
purpose, the step response for Vi, Is, Ps, Qs, Vi, Vg, and
I, in two transitions were captured. The first transition was
from 1.1 kW and O kVAR to -1.1 kW and 0 kVAR, and the
second transition was from -1.1 kW and 0 kVAR to 1.1 kW
and 1.1 kVAR. The results of these scenarios are presented in
Fig. 7. Note that the dynamic response of the average model
for Vi, I, Ps, Qs, Vae, Iy and 'V, follows very closely the
corresponding prototype signals. However, observe that V;. on
the prototype presents larger overshoots during the transition
of P and Q references, and that battery voltage values are not
in close agreement. These differences can be attributed to the
battery model, which only considers a voltage source behind
a resistor, and does not represent the actual dynamic behavior
of the battery. To obtain a closer agreement between the result
of prototype and those of the average model, a dynamic model
of the battery should be used. Additionally, it can be observed
that the controller has a slow response, as intended. Since there
is no inherent advantage to having a fast time response, which
can lead to overshoot, potentially charging the battery beyond
the limit it is rated for, the dc filter values were chosen such
that it would not only filter the ripple in the P-Q requests,
but also slow the response down and eliminate overshoot. The
response time of the active power controller is much shorter
than that of the reactive power controller, since the active
power controller is directly coupled to the battery current.

|| Battery

-

!

Gate Driver and

d [0 Smart Charger (R
B Control Board 5
g‘ Sensor Connectors

{ 1 Battery Current I8
~ ACCurrent {¢ < K. 2 Trfns_{u:fl

Transducer
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Inductor

(@) (b)

Fig. 5. Bidirectional charger prototype (a) smart charger-battery pack layout,
and (b) smart charger side view [31].

TABLE 1
SYSTEM PARAMETERS

Description Parameter Value  Unit
Smart Charger VA Rating S 1.92 kVA
Absolute Maximum Reactive Power Qs 1.92 kVAR
Absolute Maximum Active Power Ps 1.92 kW
Grid Voltage Vs 120 \%
Maximum AC Current Is 16 A
Absolute Maximum Battery Current Iy 20 A
Nominal Open Circuit Battery Voltage Voe 105 Y
DC Link Voltage Vie 280 v
Coupling Inductor Lo 1.65 mH
DC Link Capacitor Cae 2 mF
DC/DC Filter Inductor Ly 1.5 mH
DC/DC Filter Capacitor Cy 1 mF
Switching Frequency fs 20 kHz

TABLE 11

CONTROLLER PARAMETERS

PI controller (1) (2) 3) @ (5 (6) (7) 8)
ks 2.5 160 5 80 0.5 1 1

k, 025 15 0.07 10 0.1 0.001 0.001 0.001

V. LOW-VOLTAGE DISTRIBUTION SYSTEM EV
INTEGRATION

A. Results

The average model of the bidirectional charger was used to
simulate a typical secondary distribution system composed of
10 residential loads, fed from a 50 kVA, 12.47 kV/240 V-120
V single-phase transformer (see Fig. 8), and 10 EVs that were
connected to each residential load. The specifications of the
secondary distribution system correspond to the residential CI-
GRE benchmark of a North-American secondary distribution
system presented in [36]. Residential loads were assumed to be
evenly distributed between the split secondary system phases,
and follow the demand curves and power factors specified in
the CIGRE benchmark. It was assumed that each residential
load had an EV with a single-phase charger, according to the
specifications of the prototype introduced in Section 1V, i.e.,
1.92 kVA/120 V, and a 16 kWh battery. The simulations were
implemented using the PSCAD™ software [34].

A three-winding transformer model was used for the dis-
tribution transformer, and a coupled wire model was used for
service cables. Residential loads were modeled as constant-
impedance loads, with the impedances determined by the given
power in a time interval and the nominal voltage. The bidi-
rectional chargers and their average models were implemented
using controlled voltage and current sources available in the
PSCAD™ library. The controllers described in Section II
were implemented using the parameters of Tables I and II.
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Fig. 6. Steady-state responses for different PQ requests.

For all case studies, the simulation time was 288 s, and the
simulation step was 50 us, representing an advantage in terms
of simulation time steps and simulation times when compared
to using a complete model considering the switching effects,
which requires much smaller simulation steps. Each second in
the simulation represents the loading conditions in a 5 minute
interval; thus, the power references for the residential loads are
adjusted each second, and active and reactive power references
for bidirectional chargers are adjusted depending on the type
of control, as explained next.

Three case studies were implemented to analyze the impact
of EV charging and different V2G strategies on the residential
system. All cases simulate CC-CV charging, assuming that all
EVs start charging at 1:00 am with 20% state of charge (SoC),
until reaching 85% SoC. The battery voltage for all EVs is
calculated using the expressions V,. = 2.913250C + 104.08
for charging, and V,. = 3.5862S50C + 103.26 for discharging,
which approximate the voltage of the battery pack used in the
prototype. R; is assumed to be 0.0625 ) for charging, and
0.05625 ) for discharging. CC charging is switched to CV
charging when the battery reaches an SoC of 75%.
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Fig. 7. Step response (a) from P=1.1kW and Q=0 kVAR to P=-1.1 kW and

Q=0 kVAR, and (b) from P=-1.1kW and Q=0 kVAR to P=1.1 kW and Q=1.1
KVAR.

The V2G strategies are assumed to be applied following the
afternoon commuting, and EVs are divided in the following
three sets to study the effect of different arriving times: Set 1
is composed of EVs at nodes Rs, Ry, Rj2, and Ry3, following
the CIGRE benchmark notation, arriving at 6:00 pm; Set 2 is
composed of EVs in nodes Rg, Rg, and Ry, arriving at 7:00
pm; and Set 3 is composed of EVs at nodes R7, Ry, and R4,
arriving at 8:00 pm.

The first case study presents a Q compensation control by
an external agent. It is assumed that this external agent is
a controller located at the distribution transformer, receiving
real-time measurements of reactive power consumption of the
residential network. Thus, the controller determines Q com-
pensation requirements of the residential distribution system,
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and determines the Q references for all EV chargers that are
connected to the grid, as depicted in Fig. 9, where )y, for
this controller is assumed fixed at 4 kVAR, and the maximum
available Q per charger is assumed to be 1 kVAR.

The second case study presents a voltage droop function
which is implemented locally in all bidirectional chargers, as
proposed in [37] for the case of solar panel applications. The
droop function

1 V > 1.03pu
Qev =10 (V-1) 0.97pu <V < 1.03pu (1)
-1 V <0.97pu

determines a reactive power reference as a function of the
charger local voltage. Hence, the reactive power compensation
depends on the connection point, since this value is related to
local voltage.

The third case study is referred to as P compensation and
is identical to the first case, except that it is used for active
power. In this case, P, for the control strategy of Fig. 9 is
assumed fixed at 36 kW, and the maximum available P per
charger is assumed to be 1 kW.

Figure 10 presents the results for active and reactive power
at the distribution transformer. For the three cases, a new peak
appears during the early morning due to simultaneous charging
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Fig. 10. Active and reactive power at distribution transformer.

of EVs; however, this peak does not surpass the normal
evening peak. Q compensation and voltage droop operate by
decreasing the reactive power consumption during the peak
hours and are able to slightly improve the voltage profile, as
seen in Fig. 11(a) and (b), compared to the voltage at the
last node (Rj4) without EVs. The Q compensation strategy is
able to inject more reactive power, since it follows the actual
reactive power consumption; however, before 10 pm, the need
for reactive power surpass the capacity of EV chargers, as
it can be seen in Fig. 12(a). From Fig. 12(b), it is evident
that the chargers do not reach their reactive power limit when
operating in voltage droop control. Note that Figs. 10, 11,
and 12 contain two scales, i.e., the actual simulation time and
the corresponding equivalent real-time scale. The first scale
corresponds to a simulation time of 288 s, while the second
corresponds to 24-hours, so that 1 second of simulation time
represents 5 minutes of real time.

P compensation shaves the active power curve at 36 kW
during the peak period, according to the fixed limit set for the
P of each charger, as seen in Fig. 10(c). This has an effect
on the voltage profile (see Fig. 11(c)), which is also improved
thanks to less current coming from the distribution transformer.
As seen in Fig. 12(c), the chargers inject P when needed after
the vehicles arrive, without reaching the limit of 1 kW. Note
that Figs. 10, 11 and 12 show transients at certain points,
which are due to the dynamic response of the average models
following a change in reference signals. As seen in Fig. 3,
the charger is able to change the mode of operation between
CC, CV and CP. When the charger connects, the control is
switched to CP mode, and the duty cycle changes its value as
per the PI controller; hence, the transients that are seen in the
graph for active power are due to the transitions in the mode
of operation and set points. To illustrate the actual duration
of these transients, a 300 s simulation was carried out for a
5-minute window in which the EV chargers switch from CV
to CP modes at t=150 s. The simulation took 1 hour and 2
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minutes to complete running in a 1.87 GHz Intel Xeon CPU,
which would result in about 13 days of simulation time to
complete a full 24-hour period in this time scale; this is the
reason why the simulations shown in Figs. 10-12 are carried
out using a faster time scale than real-time. The results of
this simulation are presented in Fig. 13; observe that in Fig.
13(a) the transient appears as an instantaneous transient when
in reality it has a duration of almost 0.5 s, as seen in Fig.
13(b). In practical implementations, these transients have to
be minimized in order to avoid harmful effects on charger
switches and EV batteries.

A fourth case study is carried out to analyze possible
dynamic interactions of bidirectional EV chargers in LV
distribution networks, considering set-point changes to the EV

9
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Fig. 13. Control mode transition between CV and CP.

bidirectional chargers in a short period of time. In this case, the
residential loads are assumed constant and at their maximum
levels, as defined in the CIGRE benchmark. EVs at nodes Rs,
R7, Rg, Ry1, and R;3 are assumed to absorb 1.92 kW each,
and EVs at nodes Rg, Rg, Ryg, Ri2, and Ry4 are assumed to
operate in voltage droop control mode. It is also assumed that
EVs start to operate in pairs every two seconds, following the
sequence R5-R6, R7-R8, Rg-Rlo, Rll'R127 and R13-R14. In
this case, the simulation time is 12 s, and the simulation step
was 50 us.

For the last case study, Fig. 14 shows the details of ac-
tive and reactive power dynamic transitions in EV chargers,
and Fig. 15 depicts the effects of these transitions on the
distribution transformer and node voltages, with and without
considering the operation of EVs in voltage droop mode.
Observe that the active and reactive power for all EVs have
a slow transition, as expected from the experiments presented
in Section IV, slowly and slightly increasing the total active
power at the distribution transformer. The transients observed
in Fig. 12, which appear as a consequence of the dynamic
response of the EV charger controller, also appear in Fig.
14, and have only a small effect on the node voltages and
transformer active and reactive power, as observed in Fig. 15.
Note that the voltages improve following the dynamics of the
droop controller and the charger.

B. Discussion

Options for controlling voltage profiles in LV networks are
very limited; thus, the presented case studies demonstrated
three control options that can be accomplished with bidirec-
tional EV smart chargers to help with this task. The results
show that P compensation strategy is better to boost the voltage
in LV residential networks, since power factor tends to be
high in residential loads. However, the main advantage of the
proposed injection of reactive power from the smart charger
is that it does not discharge the battery (except to compensate
for the ac/dc converter losses), since this can be accomplished
with the dc link capacitor. These types of chargers could also
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the reactive power capability of the charger only depends
on the full-bridge ac/dc converter, a practical implementation
approach of the proposed smart charging scheme to facilitate
control and provide more reliable services to the grid would be
to split the converter, thus integrating the Stage 1 into the EV
connection box, and keeping the Stage 2 on-board the vehicle.
This would require changing the ac EV charging interface to
dc, which could fit very well with fast charging standards.

VI. CONCLUSION

This paper presented the prototype and an average model of
a single-phase, two-stage, Level 1 bidirectional smart charger
composed of a full bridge ac/dc converter and a bidirectional
buck-boost converter. The ac/dc converter used a dq frame
controller with an additional loop to control reactive power,
and the dc/dc converter employed a PI controller with an
additional loop to control active power, thus giving the charger
the capability of independent P and Q control. The average
model was validated using measurements from an actual smart
charger prototype, verifying its steady-state response in all four
quadrants of the P-Q plane, as well as the step response when
P and Q references are changed. The results obtained from the
average model were shown to be generally in close agreement
with those of the prototype, although some improvements can
be made by including a dynamic model for the battery. Finally,
the average model was used in the integration study of the
smart charger prototype in a residential distribution system
for three V2G strategies. The model proved to be appropriate
for representing the steady-state response and cycle-to-cycle
dynamics of the chargers when interacting with a distribution
system. The proposed model will be used to design smart
charging and discharging strategies and analyze their impacts
on distribution feeders.
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