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Abstract: This work dealt with a modeling and a PQ theory-based control of a vehicle-to-grid (V2G) three-
phase battery electric vehicle (BEV) charger. This studied system consists of a bidirectional ac-dc three-
phase power converter associated with an EV battery pack via an LC filter. The control of the studied
system is performed in order to meet all control objectives, namely : (i) Guaranteeing a unity power factor
(UPF) during the grid-to-vehicle (G2V) operating mode; (ii) Regulating the reactive power injected during
the V2G operating mode; and (iii) Ensuring the battery charging and the battery discharging, safely. To
achieve all these objectives, a backstepping controller using the PQ theory has been designed. Therefore,
an imbricate-loops structure has been adopted to regulate the reactive power injected into the power grid
and to ensure the charging and discharging of the battery. The achievement of all the objectives of the
proposed nonlinear controller was confirmed by numerical simulations performed using the

MATLAB/Simulink software.

© 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.

Keywords: BEV charger, Bidirectional three-phase ac-dc power converter, Nonlinear control,
Backstepping-based controller, PQ theory, V2G charger, V2X technology.

1. INTRODUCTION

Nowadays, energy storage is one of the fundamental axes of
international treaties on climate and energy. Much of the
renewable energy is already produced, but the storage of
this energy hardly takes place. Therefore, by intelligently
addressing the issue of storing clean and renewable solar
and wind energy, we can accelerate the transition to a zero-
emissions world without major investments in the power
grid. In this matter, the electric vehicle (EV) can play a very
large role. Indeed, due to the vehicle-to-everything (V2X)
technology, the EV can now be used to temporarily store
energy, but also to restore it later (Rachid et al., 2019a). For
example, we can power the home in the evening by using
the EV battery while during the day we can recharge the EV
battery with the office's solar panels. Truthfully, V2X is a
collective concept which means that the energy can not only
be returned to the power grid (i.e. the vehicle-to-grid (V2G)
operating mode), but also to the home electrical installation
(i.e. the vehicle-to-home (V2H) operating mode) or e.g. at
the camping (i.e. the vehicle-to-live (V2L) operating mode)
(Rachid, El Fadil & Giri, 2018). To ensure this
functionality, namely bidirectional charging, EVs are
equipped with so-called V2X battery chargers that can
allow the electrical energy to flow in both directions: from
the power grid to the battery (i.e. the charging mode: Grid-
to-Vehicle (G2V)) as well as from the battery to the power
grid (i.e. V2G discharging mode) (Rachid et al., 2017).

In the last two decades, various topologies have been
proposed to best meet the requirements for V2X
technology. Thus, many structures of the bidirectional
chargers have emerged: onboard or offboard, conductive or
inductive, dedicated or integrated, single-stage or dual-stage
which can be supplied by single-phase or three-phase power
grid (Mahmud et al., 2018; Rubino, Capasso & Veneri,
2017; Yilmaz & Krein, 2013).

In this work, we propose a single-stage V2G three-phase
BEV charger with a rated power of 22KW. It consisting of
a single ac-dc power converter acting as a power factor
controller (PFC) and ensuring the battery charging and the
battery discharging during the G2V mode and V2G mode,
respectively. The injected reactive power regulation is also
guaranteed by the control and management unit (CMU)
(Buja, Bertoluzzo & Fontana, 2017). The diagram block of
the whole studied system is illustrated by Fig. 1.

The rest of the paper is organized as follows: In section 2
the single-stage V2G three-phase BEV charger is described
and modeled; section 3 is devoted to backstepping
controller design; in section 4, numerical simulations are
carried out in order to illustrate the effectiveness of the
proposed controller, and Finally, a conclusion and a
reference list end the paper.

2405-8963 © 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
Peer review under responsibility of International Federation of Automatic Control.

10.1016/j.ifacol.2019.12.624



74

Three-phase bidirectional

Power Grid ac-dc power converter

y

EV Battery

Control and
Management Unit

Fig. 1. The diagram block of the studied system

2. SYSTEM OVERVIEW AND MODELLING
2.1 System Overview

The global studied system is a single-stage bidirectional
three-phase BEV charger which is able to charge and to
discharge EV HV batteries. Its electrical circuit illustrated
by Fig. 2 is consisting of a single power converter linked to
EV battery via an LC filter. The converter is a bidirectional
three-phase ac-dc power converter composed of six current-
reversible power switches namely K;, K,, K3, K,, K5, and
K. Each switch is an IGBT mounted upside down with a
power-diode to ensure the current-reversibility. The LC
filter composed by the capacitor Cy4. and the coil {Lf, 77}
makes it possible to reduce the ripples of the voltage V. at
the output of the converter as well as those of the battery
current [,,. In this work, the EV battery is modeled by its
equivalent electrical circuit consisting of putting in series
two elements: the resistance Ry and the voltage source U,
(Anon, 2017; Mi & Masrur, 2017). Rgp is the battery
Equivalent Series Resistance (ESR) while U,, represents
the battery Open Circuit Voltage (OCV) which is a
nonlinear function of the battery State of Charge (SOC) (see
Fig. 3). The studied charger is supplied by the three-phase
power grid voltages {e;, e, e3} through three smoothing
coils {Lg4, r;} making it possible to reduce the ripples of the
three-phase power grid currents {i;, i,, iz}. The whole
system is controlled by a double three-phase SPWM
(Sinusoidal Pulse Width Modulation) switching signals
{uy, u,, uz} and {uy, u,, U3} which are generated by the
Control and Management Unit (CMU) (see Fig. 1).

b »
1 Y
1y Ky uJ K; uJ Ks H
§ '
sTo :
L o '

c
Power Grid
KA= I K= I K=
u B 5

Bidirectional three-phase ac-dc power converter

EV Battery + Filter

Fig. 2. The electrical circuit of the bidirectional three-
phase BEV charger
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2.2 System Modelling

For the inspection of Fig. 2 and using Kirchhoff's laws, the
following instantaneous model of the whole studied system
is obtained(Rachid et al., 2019b)

disgs _ _Tg, _ 1 2
ac L l123 Ly Kuy 3V + Ly e123  (la)
Wae _ 1 ey L
at . Cae (U123) 1123 Cae Iy (1b)
ﬂ _ i _ (Tf+RB) _ i
dt - Lf dc Lf Ib Lf UOC(SOC) (IC)
d(soc i
aso0) _ Ip (1d)
dt Qn

where ij,3 = [i1 iy i3] are the power grid line currents;

E, sin (wt)
€ . 21
€123 = [ez = | Em sin (wt — ?) are the power grid
€3 E,, sin (wt — 4?”)
. 2 -1 -1
phase-neutral voltages; K = ;-1 2 -1 is a constant
-1 -1 2

matrix; V. is the dc-bus voltage; I, is the battery current;
U,. is the battery OCV; Q,, is the battery capacity and
finally, Uy, = [U1 U2 U3]® are the PWM switching
signals of the three-phase ac-dc power converter.

In this work, the PQ theory is used to control the active
power P and the reactive power Q . To this end, it is more
convenient to rewrite the instantaneous model (1a-d) in the
afy coordinates. Therefore, the instantaneous model (1a-¢)
of the studied system can be easily rewritten in the off
coordinates as follows

d:i;‘t‘ﬁ =— i(qio‘g - incuaB + ieaﬁ (22)
d;f” = éci“u“ + éciﬁuﬁ - éclb (2b)
e g o) 09
w00_1 ), g

Uq . I .
Where uaﬂ = [uﬂ] = Tu123 5 laﬁ = I:iﬁ] = TI‘123 5 eaﬁ =
e
[ ea] = Te;,3 and T is the aff transformation matrix which
B
1 1

L 2 2 2
1sg1venbyT=\/; 0 3 73

3 3

For control design purpose, it is more convenient to
consider the following averaged model, obtained by
averaging the instantaneous model (2a-e) over one
switching period (Krein et al., 1990)

. T 1 1
X1 = _ixn - g#aﬁx3 + zeaﬁ (3a)
. 1 1 1
X3 = o HaXs + o HpXy — o Xa (3b)



Aziz Rachid et al. / IFAC PapersOnLine 52-29 (2019) 73-78 75

. 1 rf+R 1

g= i -y loegy 6o
f f f

. 1

X5 = - X (3d)

where x4, x,, X3, x, and x5 denote the average value of the
current iy, the current ig, the de-bus voltage Vg, the battery
current [, and the battery SOC, respectively. ¢ (xs) denotes
the open-circuit voltage U,, which is a nonlinear function
of the battery SOC (See Fig. 3). The control inputs
Ug and g, so-called duty ratio functions, denote the
average value of the switching signals u, andug,
respectively.

Battery charge profile UOC(SOC)

0 10 20 30 40 50 60 70 80 90 100
SOC(%)

Fig. 3. Battery charge profile U,. = f(SOC)

After this modeling stage, the focus will be made on the
controller design.

3. CONTROLLER DESIGN

The control of the studied system will be implemented to
achieve the following objectives: (i) Providing a Unity
Power Factor (UPF) during the G2V operating mode; (ii)
Regulating the reactive power injected during the V2G
operating mode; and (iii) Ensuring the battery charging and
the battery discharging, safely.

As the system model (3a-d) is nonlinear, a backstepping
design technique is used(Krsti¢, Kanellakopoulos &
Kokotovi¢, 1995; Fadil et al., 2017; Belhaj et al., 2019). To
meet all the objectives, the controller design will be
developed in two stages: First, two current loops will be
designed to ensure the first two objectives, then an outer
loop will be performed to achieve the last objective.

3.1 Current Loops Controller Design

The current loops design will be conducted in order to
regulate the active power P and the reactive power Q to their
references Proy and Q.r, respectively. In the PQ theory
used in this paper, this goal can be reached by enforcing the
two sinusoidal currents i, (x;) and ig(x;) to tracking their
references i, . (%1, f) and iﬁref (2, f)’ respectively. The

relationship is illustrated in the following equations

. 1
laresr = e’ +eg? (Prefea — Qrerep) (4a)
. 1
lBref = e—a2+eB2 (Prefeﬁ + Qrefeq) (4b)

Accordingly, let us introduce the following tracking errors
Z1 = X1 T Xy (5a)

Zy = Xy (5b)

- xzref

The control objective is to enforce the errors (z;,2;) to
vanish. To this end, one needs their dynamics which are
obtained, using (5a-b) and (3a), as follows

. Tg _ 1 1 .
Z1 = Iy X1 iy UaXz + I Ca = Xipor (6a)
. g 1 1 .
Zy=—-"X;——UgXz+—eg—X 6b
2 Ly "2 Lg#[s 3T, B 2ref (6b)

Now, the objective is to make the equilibrium point
(z1,2,) = (0,0) globally asymptotically stable (GAS). To
this end, the following Lyapunov function candidate is
chosen

1 1
Vi =3zf +57} ()

Its time derivative V; = 2,2, + Z,z, can be rendered
negative definite by choosing the derivatives of the tracking
errors z; and z, as follows

Zy = —C1Z4 (8a)
Zy; = —CZ, (8b)
where ¢; and ¢, being positive design parameters.
Indeed, with these choices the derivatives V; becomes
v, = —12f + =73 )

which shows that the equilibrium (z;, z,) = (0,0) is GAS
and, in turn, gives Eim(zl,zz) = (. The vanishing of the

errors z;and z,, clearly ensures the active power P
regulation and the reactive power Q regulation,
respectively.

Combining (6a-b) and (8a-b), the control law u, and pp are
obtained

1 .
Ha = g (Clzng —TgX1 teq — Lgxlref) (loa)
1 .
Ug = g(czzng —TyX, teg — Lgxzref) (10b)
3.2 SOC Loop Controller Design

The aim, now, is to design a controller which allows
imposing the active power reference P,.r necessary to
ensure the battery charging and battery discharging safely
during the G2V and V2G modes, respectively. To do so, the
following SOC tracking error is introduced

Z3 = X5~ Xspop (11)

Using (3d) and (11) and know that X5per = S0Cye5 = cste,
its dynamics is obtained as follows

. 1

Z3 = Q_n Xy (12)
By drawing up an instantaneous power balance transiting
from the power grid to the filtering coil, the absorbed power
reference Py..; can be written as follows

2 2 1 4 2 2 1 d 2
P = r:q(xl +x3) +§Lga(x1 +x3) +Ecdca(x3)

+X3%, (13)
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Then the equation (12) becomes

1 d
<Pref _7"g(x12 +X%) _ELgE

a(GD) (4

Gy = — (x? +x3) —

X3Qn

Now, the objective is to make the equilibrium point (z3 =
0) GAS. For this, the following Lyapunov function
candidate is chosen

1
V, =73 (15)

its time derivative V, = Z;z; can be rendered negative
definite by the following choice
Z3 = —C3Z3 (16)
where c; being a positive design parameter.
Then, the derivative V, becomes
Vz = _C3232, (17)
Finally, combining (16) and (14), the reference P, of the
current loop is obtained
1, d
Prop = —C323%3Q + 1, (xf + x5) + sLoo (2 +x2)+
1 d
2at(3)  (18)
The main result of this subsection is summarized in the
following Theorem.

Theorem 1. Consider the Single-Stage V2G Three-Phase
BEV Charger system illustrated in Fig. 2 and described by
its nonlinear model (3a-d) in the closed-loop with the
nonlinear controller represented by the control laws (10a),
(10b) and (18), then, one has the following properties

1) Using (8a), (8b) and (16), one can easily check that the
tracking errors vector z = [21 22 Z3]* undergoes
the following equation

7=z (19)

_Cl 0 0
b =< 0 —Cy 0 )
0 0 _C3

It follows that the vector z is a GAS system which means
that all tracking errors converge exponentially to zero
whatever the initial conditions;

with

2) The tracking error z; vanishes exponentially implying
that the active power tuning objective is achieved;

3) The tracking error z, goes exponentially ensuring the
reactive power regulation;

4) The tracking error z; decays exponentially to zero
ensuring the battery charging and the battery
discharging safely. [J

Proof: One can readily check that the matrix & is Hurwitz,
which means that the closed-loop system (19) is GAS. This
ends the proof of the theorem. [

4. SIMULATION RESULTS AND DISCUSSIONS

In this section, the aim is to improve the effectiveness of the
proposed PQ theory-based nonlinear controller.
Accordingly, many numerical simulations are performed
using the MATLAB/Simulink software and the obtained
results are illustrated in Fig. 5 to Fig. 7. To this end, the
instantaneous model (1a-d) is used for modeling the studied
system while the averaged model (3a-d) is only using for
controller design. The simulation workbench is illustrated
in Fig. 4 while the system parameters are listed in Table 1.

€123 %
Uy l123
11/ '
i, 77 »
B3| Y2 3l v2G three-phase Vac
> E U, BEV Charger >
i I,
n us (Fig. 2) bk
Uz
€123 %
<l
711
Hi23 <
PQ theory-based
#Ht nonlinear controller ¢ soc¢
4), (10) & (18) «— Qrer
— SOCref

Fig. 4. Simulation workbench of the V2G single-stage
three-phase charger

Table 1. System Parameters

Parameter Symbol Value
Grid phase-neutral voltage E 230V
Power grid frequency f 50Hz
Grid-side Inductor Lg, 1g 5mH, 0.1Q2
Switching frequency Fg 20KHz
DC-Bus Capacitor Cdc 2000uF
Battery-side Inductor | 1.5mH, 0.1Q
Battery ESR Rg 0.060
Battery Capacity Q. 40Ah
cq 1 000 000
Design parameters 2 100000
C3 10
Ty 0.0001

All of the simulation results, shown in Fig. 5 to Fig. 7,
clearly illustrate that all the objectives of the proposed
controller are achieved. Indeed, Fig. 5a-e illustrate the PQ
theory-based controller performances during V2G
operating mode. Fig. 5a shows the sinusoidal three-phase
power grid voltages e, e, et e; while the Fig. 5b illustrates
clearly that the three-phase power grid currents iy, i, and i;
are sinusoidal. Fig. 5c shows that the grid current i;is
sinusoidal and in phase with the grid voltage v;. This result
is the satisfaction of the UPF objective in the grid-side. Fig.
5d shows that the control laws p,, ,, and p5 are sinusoidal
and bounded between 0 and 1. Fig. Se illustrates that the
battery voltage V, is an increasing time function which
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fulfilling the G2V charging objective. At the charging end,
exactly at time 0.7h, the battery voltage V, shows a
discontinuity due to the voltage drop across the battery ESR.
Fig. Sfillustrates the battery current [, time-variation which
shows clearly that the battery charging is carried out using
the constant-current (CC) process with 1C (C-rate is a
current rate normalized to battery nominal capacity in this
work 1C =» 40A). Fig. 5g shows the voltage U,. which
evolves identically to the voltage V,. Finally, Fig. 5h
represents the battery SOC which linearly increases
(Constant-Current process charging) by 30% to 100%. This
proves that the battery is charging.

On the other hand, all of the curves shown in Fig. 6 illustrate
that the energy flows from EV battery to the power grid
correctly and all of the controller objectives in V2G
operating mode are reached. The grid current i; still
sinusoidal but in phase opposition with the power grid
voltage v,(Fig. 6¢). The battery is discharging with a
negative constant current [, (Fig. 6f) and the battery SOC
decreases from 100% to 30% (Fig. 6h). This proves that the
V2G mode is then activated and that the whole studied
system {combining the EV battery and the bidirectional
three-phase charger} is injecting active energy into the
power grid.

To substantiate that the reactive power regulation objective
in V2G mode is achieved, a simulation was performed in
the presence of injected reactive power step changes. Thus,
Fig. 7a-b, illustrate that the grid current i; and the grid
voltage v, are in phase opposition which means that the
studied bidirectional charger operates in V2G mode without
injecting a reactive power. Fig. 7c-d clearly show that the
charger also operates in V2G mode but with injecting a
22Kwvar reactive power.
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Fig. 5. PQ theory-based controller performances during
G2V mode
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Battery Current | b(A)
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Fig. 6. Controller performances during V2G operating
mode
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Fig. 7. Controller performances in the presence of injected
reactive power step changes

5. CONCLUSION

In this work, the problem of controlling V2G single-stage
three-phase BEV charger has been addressed. Accordingly,
a nonlinear controller was designed in order to meet all
control objectives namely: (i) Unity power factor during the
G2V operating mode; (ii) Injected reactive power regulation

during the V2G operating mode; and (iii) Battery charging
and battery discharging during the G2V mode and V2G
mode, respectively. It consisted of a multi-loops structure
using the backstepping technique and the PQ theory.
Theoretical analysis and numerical simulations have clearly
illustrated that all control objectives are achieved.
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