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ABSTRACT At present, it is safe to say that the future belongs to sustainable technologies. Electric vehicles
are one of the most representative sustainable solutions for mobility. Some of the many advantages they offer
are a clean operation, a profit gain from a possible power return to the grid in vehicle to grid applications,
grid power support, etc. As it is expected, an increase in the production of electric cars, and other battery-
based systems, lead to an increment in battery chargers. Therefore, energy distributors must deal with many
different schemes in the grid and with the amount of energy demanded from a fleet of cars and other electric
vehicles. This paper deals with the modeling of AC/DC battery chargers by identifying the transfer functions
in any operating condition without knowing the specific details inside those chargers. This approach is called
black-box modeling and the strategy is based on the information provided by the input and output variables
of the charger. The research illustrates the flexibility of the model to work with single-phase and three-phase
AC/DC chargers which are linked to on-board and off-board charging stations. An extensive set of tests is
shown, verifying the accuracy of the proposed models in a wide variety of operating conditions.

INDEX TERMS AC-DC power converters, battery chargers, black-box models, electric vehicles, modeling,

power system dynamics, single-phase electric power, system identification, three-phase electric power.

I. INTRODUCTION

Different kinds of Electric Vehicles (EV) already exist on
the market, like EVs (100% electric), Plugin Hybrid EVs
(PHEV), and Fuel Cell EVs (FCEV) [1], [2]. Also, the battery
chargers of the EVs come in different structures. The well-
distributed approach is unidirectional, where battery chargers
can only take the energy from the grid to charge the battery.
However, a big amount of EVs requesting power at the same
time can cause a huge drain in the grid. In order to add flex-
ibility, bidirectional battery chargers have been introduced
permitting either to take energy from the Grid to the Vehicle
(G2V) and the opposite, taking the energy from the Vehicle
to the Grid (V2G).

Another strand about EVs is whether to choose an on-board
charger or an off-board charger [3], [4]. The main difference
between them is the battery charging time based on different
power ranges. On-board chargers used to have lower power
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ranges due to constraints in weight and volume. Nevertheless,
each part has well-established advantages and disadvantages.

Bidirectional battery chargers let EV users interact with the
grid in a more flexible fashion. The energy exchange gives
an opportunity to reduce the charging cost and to provide
ancillary services such as load peak leveling [5]-[10]. This
is obtained by feeding back to the grid some of the stored
energy, during some specific periods, leading to an economic
profit. Furthermore, the energy stored in the batteries can
be used to support the grid providing voltage and frequency
regulation services [11], [12]. EVs are gaining more and
more supporters and the companies are looking for different
types of EVs aiming for more efficient and cheaper chargers.
A huge increment of the power demanded to the grid is
expected as a result of the increase in the number of EVs,
hence, it would be desirable to have models able to estimate
the grid behavior in this new scenario.

The approach used in this work is based on the black-
box models of battery chargers. The black-box approach
can identify the behavior of a device (with limited insight
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information of this component) by using the information
provided by the accessible input and output variables, com-
bined with identification methods, to create a behavioral
model [13]. Black-box models can reduce the time-to-market
of the installation, simplify the design of protections systems,
and reduce the risk of destruction of components due to
unexpected behaviors. In the literature, most of the black-
box proposals for electronic power converters are dealing
with DC/DC converters [14], [15]. Modeling approaches are
grouped by the kind of behavior that the model is capable
to reproduce. The most popular are the small-signal linear
models. The process of obtaining the transfer functions in
this approach can be implemented in time [16] and in the
frequency domain [17], [18], with an accurate representation
of the dynamic behavior around an operating point of any
converter.

In the literature, only a few examples of black-box models
for AC/DC or DC/AC can be found due to its complex con-
struction. Most of the approaches use the d-q rotating frame-
work to transform the AC signals in DC ones, so most of the
techniques applied to DC/DC converters can be used. In [19]
amethod to identify the input and output impedances of three-
phase voltage source converters is proposed, where the focus
is on the stability analysis. In [20] and [21] the authors also
consider DC/AC converters and the goal is to obtain a behav-
ioral model extending the structures used for DC/DC convert-
ers. The former considers a voltage source inverter, whereas,
the later deals with a grid-supporting inverter. Finally, it is
possible to find also examples of AC/DC converters as [22],
where the authors use frequency domain identification to
obtain the black-box model of a simulated three-phase rec-
tifier. Also [23] shows a black-box model of a rectifier,
but for a radio-frequency application and the approach is
completely different, based on a support vector regression
machine.

In this context, the main contributions of this research are:

o To propose a black-box small-signal structure for the
specific case of battery chargers, where both the input
and output voltages are imposed.

« To include the effect of changes in the control references
in the dynamic response of the output variables of the
model.

« To propose a methodology to consider both single and
three-phase AC signals in the modeling structure.

The paper is organised as follows. In Section II, a short
review of black-box modeling techniques is included,
describing the proposed small-signal black-box model struc-
ture. In Section III, the modeling strategy is applied to a
detailed switching model of a battery charger, which is used
as a reference. The results offered by the behavioral black-
box model and the detailed switching model are compared
through simulations. In Section IV, the black-box modeling
strategy is applied to an actual battery charger, comparing
the actual measurements and the results provided by the
black-box model. Finally, in Section V some conclusions
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are provided, establishing the good behavior of the proposed
model.

Il. PROPOSED BlackBox MODEL FOR EV CHARGERS

The main purpose of this paper is to model accurately
AC/DC converters with limited information about their inter-
nal design. In order to obtain such a model, the black-box
approach will be applied. The idea behind the black-box
modeling is the application of system identification tech-
niques to obtain the converter transfer functions based on
the information offered by the accessible input and output
variables of the battery charger in a collection of tests.

The black-box modeling structure is well known in DC/DC
converters [24]-[29]. To extend this modeling technique to
AC/DC converters, the transformation of AC signals to DC
signals through Park transformation is required. In general,
the variables imposed to the system are set as input variables
of the black-box model, whereas the remaining variables in
the input and output ports are set as outputs of the model.
Additionally, the control references of regulated converters
can be included as additional inputs. In three-phase AC/DC
battery chargers, typically, the variables imposed to the sys-
tems are the input and output voltages and the control ref-
erences. In this case, it will be considered that the battery
charger controls the battery current and the reactive power
exchange with the grid, which can be used to provide reactive
power support.

Consequently, the three-phase AC voltages (V,.), the bat-
tery voltage, the charging current reference (I,.r), and the
reactive power reference (Qyef) are set as input variables in
the model; whereas, the battery current (/,,) and the three-
phase AC input currents (I,5) are set as output variables in the
model. However, the battery voltage can be considered con-
stant in the time scale of interest (the order to milliseconds),
so it can be neglected in the small-signal model.

The three-phase voltages and currents can be transformed
in DC variables in the d-q rotating axis through the Park
transformation as indicated in Fig. 1 (a). Then, the new model
has only DC variables, V4, Vy, Irer, and Q. as inputs and Iy,
14, and I as outputs. This model structure with DC input and
output variables will be used throughout the paper.

In single-phase AC/DC converters an artificial Park trans-
formation is applied, assuming the input voltage as V,, in
the aB plane, generating Vg by a 90° phase shift of V,
and then making the transformation from the o axis to the
rotating d-q axis, as depicted in Fig. 1 (b). Through this
transformation, both the single-phase and the three-phase d-q
black-box models show a similar structure [30], [31].

If the small-signal conditions are met around an operat-
ing point, then the system could be considered linear, and
the small-signal black-box model is easier to be obtained.
Applying a small-signal step perturbation in one of the input
variables and observing the perturbation in the output vari-
ables, a collection of transfer functions are easily obtained
through identification algorithms. Doing the same with all
the input variables, it can be obtained a number of transfer
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FIGURE 1. Battery charger transformation to D-Q framework: a) 3-ph AC/DC battery charger transformation to D-Q framework;
b) 1-ph AC/DC battery charger transformation to D-Q framework.
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FIGURE 2. Block diagram of the black-box model.

functions equal to the number of output variables multiplied
by the number of input variables. As linearity is assumed,
the superposition theorem can be applied, and the small-
signal model structure is represented in Fig. 2. Please note
that, in that figure the variables are perturbations of the input
and output variables around the operating point, and they are
represented by X letters.

This block diagram of the small-signal model can be also
represented by the following matrix equation (1):

ia(s) Yaa(s)  Yag(s)  Ha(s)  Hao(s)
Aiq(s) =| Yu(s) Yy(s) Hy(s) Hyp(s)
ipar (S5) Ybara(s)  Yparg (s)  Hpar(s) Hparg(s)
Va(s)
‘,}q (s)
% ,l:ref () %
5] ref (s)
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where, Y;4(5), Yag(8), Y4a(8), Yqq(8), Ypara($), Yoarg(s), Har (s),
Hy1(8), Hpan (5), Hag(s), Hyp(s), and Hpao(s) are the transfer
functions that describe the dynamic response of the system,
where the first subindex refers to the output and the second
subindex refers to the input variable involved. For instance,
Y44(s) is the transfer function that describes the dynamic
response of the d-component of the input current when the g-
component of the input voltage is perturbed and the rest of the
input variables are kept constant. The mathematical descrip-
tion of this transfer function can be expressed as follows:

@

D (5)=0, Zref (5)=0

The rest of the transfer functions can be defined analo-
gously. The small-signal model defined in (1) can be repre-
sented by the equivalent circuit depicted in Fig. 3.
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FIGURE 3. Equivalent circuit of the black-box model.

The limitations of this model come from the definition of
small-signal average models and the use of the D-Q syn-
chronous reference frame. Therefore, this model is useful for
systems with a linear response or nonlinear systems around
a specific operating point, which is considered as a dc bias
in the model. On the other hand, it does not consider the
switching ripple but it provides information about the aver-
age dynamic performance of the system. The synchronous
reference frame restrains the model to balanced conditions
of the grid and it only provides useful information about
its fundamental frequency. Consequently, this paper provides
information, through simulations and experimental results,
about the usefulness of the model to describe the dynamic
response of battery chargers.

A. MODELING PROCEDURE

The procedure to obtain the model is as follows. First,
an operating point is selected, defined by the values of the
inputs and outputs variables in steady state. Then, associated
to this operating point, a small-signal model is generated.
This small-signal model is characterized by twelve trans-
fer functions as in the block diagram of Fig. 2. To obtain
these twelve functions, small-signal steps around the oper-
ating point values are applied to every input, one by one,
observing the perturbation in the output variables, while the
rest of the input variables are kept constant. With this infor-
mation by means of identification algorithms in MATLAB,
the transfer functions represented in the block diagram of
Fig. 2 are generated. The small-signal model can be also
represented by the equivalent circuit of Fig. 3. The order
of the transfer functions identified should be the lowest
value that provides the highest degree of accuracy. The order
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selection often becomes a trade-off between accuracy and
complexity.

The model structure proposed has four inputs: vy, vy, Lref,
and Q.. Therefore, four tests are necessary to obtain the
transfer functions that describe the system. The first test
should perturb the d-component of the input AC voltage,
while the g-component is kept constant, as well as the ref-
erences of the battery current and reactive power. The input
AC voltage in a balanced three-phase system can be defined
as follows (3):

Va=Vp-cosQ2-7 - foria -t +0)

2.7
Vb=Vp'cos(z-nofgrid.t_T+9)

2.7
V. = p-cos(2~7r~fgrid~t+—3 + 0), 3)

where V,, Vj, and V. are the phase voltages of the three-phase
AC input port, V), is the amplitude of the phase voltage, f,ia
is the frequency of the three-phase AC input voltage, and 6 is
the angle between the rotating vector that defines the three-
phase AC input voltage and the d-component of the rotating
D-Q frame, as depicted in Fig. 4(a). In this context, the d and
g-components of the input voltage can be defined as (4):

Va = Vp - cos(0)
Vy =V, - sin(0). “)

In order to perform steps in the d-component keeping the
g-components constant and vice versa, it is useful to define
Vp and 0 according to the desired values of V; and V, as
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FIGURE 4. Three phase AC input voltage in the D-Q framework: (a) Operating point; (b) Step in the d-component; (c) Step in

the q-component.

follows (5):

\%
V, = d
Vy
cos | atan | —
Va
\%
0 =atan| -1 ). (®)]
Va

Therefore, due to the coupling between the d and
g-components of the input voltage, it is necessary to change
both the amplitude of the input voltage and its phase to
make steps in each components without perturbing the other.
In Fig. 4(b) it is depicted the V},” and 6’ necessary to generate
a step V;’ without modifying V,, whereas in Fig. 4(c) it is
depicted the V,”” and 0 necessary to generate a step V,’
without modifying V.

In many cases, the use of a PLL (Phase-Locked Loop)
makes V,, equal to zero. In those cases, V4 can be stepped by
just making a step in V),; and the input V, and the transfer
functions related to it (¥Yz4(s), Y4q(s), and Ypu(s)) can be
neglected. This simplification further reduces the number of
transfer functions of the small-signal model to nine.

The third test should perturb the reference of the battery
current (1, ), while the d and gq-components of the input AC
voltage and the reference of the reactive power are kept con-
stant. Similarly, the fourth test should perturb the reference of
the reactive power (Q.), while the d and g-components of
the input AC voltage and the reference of the battery current
are kept constant.

Once all the transfer functions are completed, steady-state
values of the output variables will be added to the perturba-
tions to obtain the entire value of the output variables. The
same procedure is used to create the perturbations on the
input side of the model by subtracting the steady-state value
of the input variable from the entire values of these variables,
as depicted in Fig. 2 and Fig. 3.

Ill. SIMULATION RESULTS

In this section, the accuracy of the small-signal black-box
model is verified through simulations. A single-phase bidi-
rectional AC/DC converter is modeled in detail using the
PSIM simulator, assuming this switching model is an accurate
representation of the actual battery charger. Then, several
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tests are applied to the converter switching model using the
simulator, following the procedure indicated in Section II-A.
With the information provided by the input and the output
variables, the transfer functions of the model are derived
using MATLAB, and the black-box model is generated. Then,
the responses of the black-box model and the switching
model are compared in different conditions, showing a very
similar dynamic behavior.

In Fig. 5, the schematic of the bidirectional battery charger
is represented. It consists of an AC/DC boost rectifier, con-
trolling the DC input voltage of the DC/DC converter and
performing power factor correction. The rectifier is cascaded
with a DC/DC Dual Active Bridge Converter, controlling
the output current, which is followed by a battery. From
this topology, a detailed switching model is generated using
the PSIM simulator. Details about this model can be found
in [32]. Using this model, it is possible to check the dynamic
performance of the charger under different operating condi-
tions and it is also used as a virtual equipment to be modeled
using the black-box approach.

In Fig. 6, it can be observed the response of the AC input
current (,) and the battery current (I, ) when a step from 3 A
to 9 A is given to the reference of the battery current (/) at
0.05 s. The switching model in Fig. 6 is in orange colour and
the black-box model in blue colour. Also, in yellow colour it
has been included the AC voltage as reference of the phase
of the AC current. As it is depicted in Fig. 2, the AC current
of the black-box model comes from the combination of the
small-signal response of both the d and g-components of
1,, plus the addition of their corresponding operating points,
and finally the transformation from the D-Q framework to
the af plane. Therefore, the similarity between the switch-
ing model and the black-box model, both in amplitude and
phase, demonstrates that the black-box model structure is
adequate to reproduce the dynamic response of the input
port of the battery charger when its control reference is per-
turbed. Similarly, Fig. 6 shows the comparison of the dynamic
response of the controlled variable (output current) when
its control reference is modified. This dynamic response
includes the effect of the controller and the output filter of the
converter, which is accurately reproduced by the black-box
model.

VOLUME 8, 2020



A. Naziris et al.: Black-Box Small-Signal Structure for Single-Phase and Three-Phase EV Battery Chargers I E E E ACC@SS

L T Jg: T, J:J___ Tax J% TA2¢ TBlEL__ Taz J% Rsi Cpp L % Ris
L Cis R
Vac G — " ; E C = ®
R3B
T h i T b Tl (Tl TesJy 4 Tealy TVDC
= =
AC/DC converter DC/DC converter EV battery
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the small-signal black-box model for a 6 A step in the reference of
charging current in G2V operation: AC input current, D-Q input currents,
and battery current.

In the second test, the reactive power control reference of
the rectifier is perturbed. In this case, the reference is changed
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AC voltage (V)

Voltage (V)

TABLE 1. Identified transfer functions from the switching model.

[ 1F ] Identified TF
Har(s) —1452 + 4051 + 1.285¢5
S
a s3 + 59.952 | 3605 + 4.7¢4
Hyr(s) —0.15553 4 48.3952 — 60935 — 3845
S
o $3 + 71.57 + 4218s + 9.977ed
—30.465 + 6.21e4
H
bat1 (5) 52 + 92745 + 6.21ed
Hao(s) —0.192452 + 1.6411s — 3.519
S
aQ 3 + 70.6452 + 43405 + 69110
Hao(s) —0.1924s2 + 1.6411s — 3.519
S
aQ 3 1 70.6452 + 43405 + 69110
l Hyarq(s) H Neglected ‘

from O to 1000 var at 0.05 s. In Fig. 7 the response of the
AC input current (I;) of the switching model is compared
with the black-box model. As the battery current remains
constant, Hp;q is neglected. The switching model is included
in orange colour, whereas the black-box model is presented in
blue color. Also, the AC voltage has been included in yellow
colour as reference for the phase of the AC current, which
is especially relevant in this test. The control reference is the
reactive power reference (Qyer), which can be included in the
model structure analogously to the case of the battery current
reference (/,.r) in Fig. 2.

The approach to identify the model is the same: the AC
current is decomposed in its d and g-components by means
of an orthogonal signal generator, the transfer functions that
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FIGURE 7. Comparison between the response of the switching model and
the small-signal black-box model for a 1000 VAr step in the reference of
reactive power: AC input current and D-Q input currents.

represents the dynamic response of these components are
identified, and the AC signal is composed by adding the DC
operating points to the response of the transfer functions and
performing the transformation from the D-Q framework to
the o plane. It can be seen that this structure is able to
reproduce with high accuracy the amplitude and phase of the
single-phase AC current when a step in the reactive power
reference is performed.

Consequently, the results shown in Fig. 6 and Fig. 7
demonstrate that the black-box model structure proposed
for single-phase battery chargers is able to reproduce the
dynamic response of their input and output ports when the
control references are perturbed. The transfer functions iden-
tified for these experiments are included in Table 1.

IV. EXPERIMENTAL RESULTS

The experimental setup consists of a bidirectional AC/DC
converter (Cinergia B2C-30), which is the main component
of the setup and 2 E-BIKE Batteries (Electric Bicycle Bike

170502
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FIGURE 8. Experimental setup: (a) Electrical scheme; (b) Setup image.

TABLE 2. Main characteristics of the components and instruments in the
experimental setup.

Device H Model H Specifications ‘
DC part (independent
Bidirectional Battery B2C30 mode): 750 Vmax
Charger. ’ (using 400 V), +-30
A.
GC  E-BIKE Electric Bicycle Bike
E-BIKE Batteries. Battery 48 V Silverfish Li-Ion Bat-
20.4 Ah. tery
ROHDE &
Oscilloscope. SCHWARZ 1 GHz, 5 GSa/s.
RTE 1104.
Differential (Voltage) TESTEC TT +-7 Kv at1/1000 or +-
probe. -S19010. 700 V at 1/100.
Current probes. RT-ZC20B. %1 V/A, 100 Mz, 30
rms.

Silverfish Li-Ion Battery). The details about the components
included in the experimental setup are described in Table 2.
In Fig. 8 the experimental setup is depicted.

The Cinergia converter is very flexible and it can work
in different operating modes, but in this experiment is
working as a current source following the battery current
reference (I.r). The DC output current of the Cinergia con-
verter throughout the experiment is circulating through the
2 E-BIKE Batteries, which are connected in series. On the
charging state, the maximum voltage that can be used is
50 V, while the current can reach up to 5 A. Both batteries
are provided with a Battery Management System (BMS).
The manufacturer provides some vague information about
its topology, which is a back to back topology with active

VOLUME 8, 2020
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FIGURE 9. Comparison between the response of the actual charger and
the small-signal black-box model for a 2 A step in the reference of
charging current in G2V operation: 3-ph input currents, D-Q input
currents, and battery current.

rectification and a three-phase inverter using a proportional
resonant controller [33].
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FIGURE 10. Comparison between the response of the actual charger and
the small-signal black-box model for a 3A step in the reference of
charging current in V2G operation: 3-ph input currents, D-Q input
currents, and battery current.

The experiments in the current section are oriented to
check the accuracy of the small-signal black-box models in
three-phase battery chargers. The models should be able to
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TABLE 3. Identified transfer functions from the experimental setup.

| TF [ G2V [ v2c
126.8 17.64
H . - -
are; (3) s + 480.3 s +115.3
1.338¢6
Hyrey(s) © Neglected

s2 4 2740s + 2.124e7

574.5 7746

H _ 9000 =
batres (5) s +574.5 s+ 7746

foresee the charger behavior through the estimation of the
battery current and the three-phase AC input currents when
small steps are given in the battery current reference. In the
experimental setup the model is compared with the actual
equipment. In this approach, the reference battery current
is considered as the unique input variable to the model,
assuming that the AC input voltage keeps constant. On the
other hand, the battery current (I54;) and the three-phase AC
currents (I,p) are the output variables to be estimated by the
model.

In the first experiment, a step in the reference of battery
current is applied. The battery current reference is increased
from 1 Ato3 A at0.28 s, working in G2V operation. In Fig. 9,
it can be seen the comparison between the black-box model
and the measurement from the actual equipment, where it is
shown the AC input current, the d and q components of the
input current, and the battery current. The model output is
represented in orange colour and the actual measurements
in blue colour. Again, the black-box AC input current is
the result of the combination of the small-signal dynamic
response of its d and q-components, the addition of the
operating point, and the D-Q to ABC transformation (see
Fig. 2). The D-Q framework has been set such that the g-
component of the three-phase voltage is zero. It can be seen
that it represents reasonably well the amplitude and phase of
the three-phase AC input current of the battery charger.

The second experiment represents a discharge step in the
battery. In order to discharge the battery, the polarity of
the current induced is reversed. The battery current refer-
ence increases from —11 A to —8 A at 0.28 s. In Fig. 10,
as in Fig. 9, it can be seen the comparison between the black-
box model and the measurement from the actual equipment.
The model output is also represented in orange colour and
the actual measurements in blue colour. It can be seen how
the Cinergia converter demands some reactive power, which
remains constant, when working in V2G mode.

Looking at the waveforms in Fig. 9 and 10, it is quite easy
to conclude the good accuracy of the black-box model in
the tested conditions for three-phase battery chargers. How-
ever, it is highlighted that the battery charger has a different
dynamic behavior depending on the direction of the power
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flow, it can be seen how the transient behavior of the converter
is much faster in G2V mode than in V2G mode, and that it
demands some reactive power when working in V2G mode.
The most relevant reduced order transfer functions identified
have been included in Table 3. The small-signal black-box
model structure proposed is able to reproduce the dynamic
behavior of the battery charger in both operating points under
small-signal perturbations, however, a nonlinear black-box
structure would be necessary to account for changes between
G2V and V2G operation in this case.

V. CONCLUSION

The proliferation of electric vehicles will be associated with
a huge increase in the number of battery chargers, which will
manage the exchange of energy between the electric vehicles
and the grid. The integration of a huge number of AC/DC
converters in the power distribution system, especially in
islanded systems, can have a negative influence in its dynamic
behavior. Furthermore, the variety of commercial battery
chargers, about which the information is very limited, make
the system-level analysis of these architectures very difficult.

A possible solution is the use of black-box models, which
can approximate the dynamic behavior of power electronic
converters by analyzing the response of the output termi-
nals of the devices to specific perturbances. The black-box
approaches have been successfully applied to DC/DC con-
verters and DC microgrids, however, the number of stud-
ies about AC/DC converters is very limited due to their
complexity.

This work extends some of the black-box modeling tech-
niques applied to DC/DC converters to single-phase and
three-phase AC/DC converters, in particular to electric vehi-
cle AC/DC battery chargers. The small-signal model is
described, identifying the input and output variables and
transforming AC signals in DC ones by means of the Park
transformation. This model has been both mathematically
defined and represented with an electrical equivalent model.

This approach has been validated by means of simulations
and experimental tests. The obtained results show how the
black-box small-signal model is able to approximate the
dynamic behavior of single-phase and three-phase AC/DC
battery chargers. It is true that the accuracy of the small-
signal models is limited by the amplitude of the perturbations
in the input variables. However, both through simulation and
experiments, the proposed model shows a good accuracy in
all conditions.
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