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Flexible Regulation of Active and Reactive Power
for a Fully-controllable V2G Wireless Charger

Abstract—Electric Vehicles (EVs) will be an important asset
in future power grids, with a dual role as flexible loads and
mobile generators. In order to implement a complete set of
Vehicle-to-Grid (V2G) services, the EV chargers should be
adapted for bidirectional power flow considering both active and
reactive power. This paper proposes a simple but effective four-
quadrant controller to adjust the two types of power (active
and reactive) consumed or generated by the EV. Based on a
theoretical analysis, it is developed the formulation to configure
the power converts given a command of active and reactive
power generated/consumed. As a novelty compared with previous
works, any combination of the powers is possible to enable a
flexible operation of the V2G wireless charger so that the vehicle
can also participate in a wide range of V2G services through a
wireless charger. The system is based on the Series-Series (SS)
compensation topology, which is one of the most typical structures
in wireless chargers. Experimental results at charging power up
to 1 kW with a SAE J2954 EV charger prototype demonstrate
the validity of the analytical study, in each of the eight operation
modes.

Index Terms—active power, bidirectional, electric vehicle, har-
monic approximation, magnetic resonant coupling, operation
mode, reactive power, V2G control, wireless power transfer.

NOTATION
Parameters
L; Coil self-inductance [H].
C; Capacitor value of compensation network [F].
R; Coil resistance [€2].
M Mutual inductance [H].
n Order of harmonic.
Wo Operating angular frequency [rad/s].

Vbe  Primary DC bus voltage [V].
Vpar Equivalent battery voltage [V].

Variables

i Subscript adopting the values p for primary and s for
secondary circuit.

vty  Converter output voltage [V].

v Converter output voltage, first harmonic approxima-
tion [V].

Vi Converter output voltage, first harmonic approxima-

tion, RMS value [V].
I Current value [A].
P; Active power [W].
Q; Reactive power [VAr].
Simplified value of active power [W].
Simplified value of reactive power [VAr].
Objective active power [W].
Objective reactive power [VAr].
1 Delay between primary and secondary converters [°].
Phase shift angle for the converter operation [°].

I. INTRODUCTION

The transport sector generates a significant impact on our
environment. According to the United States Environmental
Protection Agency (EPA), 29% of the nation’s greenhouse gas
emissions in 2019 were derived from the transportation sector,
surpassing the contributions from industry and electricity [1].
These emissions are caused primarily by burning fossil fuels,
and could be reduced by developing and adopting sustainable
modes of transportation. The EPA foresees Electric Vehicles
(EVs) as an opportunity to alleviate this problem. According
to the International Energy Agency, the global EV stock is
estimated at 140 million with a predicted demand of at least
230 TWh in 2030 [2]. The magnitude of this figure presents
both challenges and opportunities for future power systems
with a high penetration of renewable energy sources. In this
context, EVs can be seen as flexible, controllable loads or
mobile generators with a practically null inertia. Vehicle-
to-Grid (V2G) refers to the capability of the EV and the
charger to revert energy to the grid so that a set of vehicles -
controlled by an aggregator - acts as a provider for obligatory
and ancillary services such as demand response management,
peak power supply, power smoothing and voltage stability
[3]. The most common interaction for the bidirectional power
flow relates to active power for operational activities such
as economic dispatch and frequency regulation [4]. Several
works have already analysed that controlled and coordinated
consumption/delivery of active power in/from the EVs is
effective for the frequency regulation in power systems [5]. In
addition, EV chargers can also provide effective services for
voltage regulation, for which they perform a compensation
by injecting or consuming reactive power [6]. In fact, the
EVs could generate/consume reactive power at any State-of-
Charge level without impacting life cycle of the batteries.
Dealing with the reactive power, the EVs help to regulate
the bus voltages in the power system with a fast dynamic
and local response [7]. When charging or discharging, EV can
inject/withdraw reactive power for the voltage support to the
grid [8] . This support can be even provided without any active
power consumed by the battery, as stated in [9]. Considering
the previous services, it would be suitable to provide the
charger with the capability of configuring any combination
of active power (P) and reactive power (Q) [10]. The number
of modes provided by a control indicates the capability of the
EV to participate in the aforementioned grid services.

For these services, the electronics and the controllers of
the EV charger must be adapted to allow bidirectional power
flow. This adaptation must be performed even for advanced
chargers such as EV wireless chargers. For V2G operations,
wireless chargers are considered particularly convenient as
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they allow the EV charge/discharge to activate autonomously,
i.e. without requiring a user to actively participate. Wireless
Power Transfer (WPT) includes several technologies, but the
most mature of these is based on the induction principle [11].
The basis for this kind of charger is a magnetic field flowing
between two air-core coupled coils in the range of 80-90
kHz. Due to this operational frequency, power converters in
wireless chargers have a different composition, topology and
control when compared with wired chargers. The work in [12]
presents a review of the topologies of the power converters
in bidirectional wired and wireless chargers. With regard to
control, the review in [13] differentiates two main strategies
to control the power flow in bidirectional wireless chargers.
The difference lies in the way the power converters on the
primary and secondary sides are activated. The first strategy
consists in activating/deactivating the power converters so that
only one acts as an inverter and the other as a rectifier. If the
primary converter is configured as an inverter, the power flows
from the grid to the battery. Alternatively, when the secondary
power converter is controlled as an inverter, the battery delivers
power to the grid. In contrast, the second strategy is based
on maintaining both power converters as fully controllable,
but the activation of both has a delay. In this way, the delay
sets the direction of the power flow. This second approach
is more complex but results in a more controllable power
flow. Grouped according to the previous strategies, Table I
extends the analysis done in [13], with a summary of the
most relevant and recent contributions on V2G control for EV
wireless chargers. They are characterized by the types of power
converter they use, their compensation topologies, the goal of
the proposed controller and the operation modes they can offer.
In this table, ’P* and ’S’ stand for the primary and secondary
sides respectively. The eight operation modes are illustrated
in Fig. 1. Each mode represents a type of combination of P
and Q to be delivered or absorbed by the wireless charger. As
previously described, the setting of a mode may be linked to
the provision of a grid service.

Most V2G proposals for wireless chargers in Table I opt for
controlling the flow of active power, that is, they operate at
Mode I and II. This is the case of the controller proposed in
[14], which is based on the activation and deactivation of the
power converters according to the sense of the active power
flow. In [15], the same strategy is followed for the control
of the power flow but it forces Zero Phase Angle (ZPA) and
maximum efficiency. In [16], the authors opt for using the
power transfer to code data for the control. A fuzzy logic con-
trol is added to adapt the wireless charger to misalignments.
The work in [17] also relies on the activation/deactivation
of power converters to transfer the power in both senses
with asymmetrical input-voltage levels. Based on the delayed
activation of the power converters, the works in [18] and [19]
also controls the active power flow. The work in [18] proposes
a control on the secondary side that does not require any data
from the primary side to synchronise the power converters.
[20] also focuses on the synchronised power transfer in both
senses for active power. The authors in [19] present a novel
power stage for the primary side, which is used to transfer
the active power flow in both senses with no reactive power.

With the described methods, the EVs could not participate in
voltage regulation [21]. The work in [22] allows the injection
or absorption of reactive power, but its amount is determined
by the grid connection and it is non controllable (NC). In fact,
no analytical formulation is provided for the setting of reactive
power. The proposal in [23] describes a controller which can
be set with four different goals. With two of the goals (unity
power factor and zero power factor), the controller offers a
precise performance of the charger for Modes I, II, III and
IV. Any combination of non-null values of P and Q cannot be
achieved as the remainder goals of the controller (maximum
active power and maximum reactive power) makes the system
operate with maximum active or reactive power. Setting one
of this type of power to its maximum value already fixes the
amount of the other type of power, without any option to adjust
its value. The review of the related work shows that there
is not a proposed algorithm flexible enough to allow setting
any combination of P and Q values. For a fully integration
of the EV into the grid services, the power electronics need
to be controlled to inject or absorb an accurate amount of
active and/or reactive power, that is, to operate in any of the
8 operating modes. The challenge addressed in this paper is
how to derive a simple but effective control that enables the
participation of the EV in the complete set of the operation
modes. This is done with a typical configuration of the power
converters and a topology for the compensation systems which
is widely used.

It can be observed that most control techniques proposed
in the related literature for bidirectional wireless chargers rely
on configuring the full-bridges on the primary and secondary
sides. Wireless chargers are usually equipped with these con-
verters as they have to tune the system configuration according
to the variable conditions on which they may operate, mainly
due to coil misalignments [24]. It could be also possible
to incorporate a DC/DC converter on the primary side to
adjust the power flow as the work in [25] proposed for
wired chargers. It basically consists of modulating the voltage
of the DC-link. This technique would incur in additional
costs. Moreover, the control complexity would increase for
a wireless charger to provide the required performance with
misalignment. For a precise control of the reactive power, a
controlled rectifier may be also necessary between the grid
and this new converter. The proposal in [26] demonstrates
the increment of the control complexity with the inclusion
of the DC-DC converter on the primary side as it requires the
adjustment of the three power converters, instead of the two
that are controlled with the common topology of the power
converters. Consequently, our controller is designed for a full-
bridge/full-bridge configuration. Regarding the compensation
topology, Series-Series (SS) is the predominant in the related
work. There are also some proposals for LCC-LCC and LCL-
LCL.

The main contributions of this paper are:

o It presents the design and implementation of a V2G
wireless charger with a typical configuration of two
full-bridges and a Series-Series compensation topology.
The topologies of the power converters are common in
EV wireless charger so the proposed controller can be
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TABLE I

SUMMARY OF THE MOST RELEVANT CONTRIBUTIONS ON V2G CONTROL FOR EV WIRELESS CHARGERS.

Category Ref. Power Converters Compensation Controller Goal M1l M2 M3 M4 M5 M6 M7 M8
topology
[14] P:Half-bridge P: C-LC Sense of the active power flow v v
g (two-switch leg) S: LC
k| S:Half-bridge
st (two-switch leg)
3 [27] P:Full-bridge P:Series Sense of the active power flow with ZPA and v Vv
e S:Full-bridge S:Series maximum efficiency
s [16] P:Full-bridge P:Series MPPT control v
=] S:Full-bridge S:Series
2 [17]  P:Full-bridge P:LCC Sense of the active power flow v v
< S:Full-bridge S:LCC
[28] P:Full-bridge P:.LCL Sense of the power flow with: (i) Maximum active v v v v/ NC NC NC NC
S:Full-bridge S:LCL power (i) Unity power factor (iii) Maximum
reactive power (iv) Zero power factor
[18] P:Full-bridge P:LCL Regulate the amount and sense of the active power vV
S:Full-bridge S:LCL on the secondary side without communication
with the primary side.
z [19] P:Single stage AC/AC  P:Series Sense of the power flow with unity PF v v
o) S:Full-bridge S:Series
B [22] P: Full bridge with  P: Series Sense of the power flow with unity PF and ZVS v~ v NC NC NC NC NC NC
PFC S: Series
S: Full-bridge
[29]  P:Full-bridge P:LCC Sense of the power flow with unity power factor v~ Vv
S:Full-bridge S:LCC
Proposal P:Full-bridge P:Series Any combination of P and Q in both sensesof v v v VvV VvV VvV V V
S:Full-bridge S:Series the power flow

Q=0

Fig. 1. Operating modes for all four quadrants for a bidirectional wireless
charger.

easily adapted for a wide set of systems. As for the
compensation network, there is a wide set of EV wireless
charger designs with multi-resonant structures but there
is also a relevant number of recent proposals with the
Series-Series topology. SS is widely used in EV wireless
chargers as it can easily cope with coil misalignment
and offers high efficiency for the power levels typically
managed in these applications [30]. Complementary con-
trol techniques (e.g. coil positioning [31] or estimation
of the mutual inductance [32]) are considered more
advanced and robust when they are based on a Series-
Series compensation topology [27].

o The controller functions by delaying the activation of the
power converters on the primary and secondary sides.
Based on an analytical study, we derive the equations to
configure a controller that can effectively work in any
position of the four-quadrant diagram with any relation
between the active and reactive powers (P°% and Q°%
respectively). With this control, the EV gains flexibility to
participate in diverse ancillary grid services not only for
frequency control - as most of the previous works - but
for voltage regulation. As shown in Table I some previous
works are restricted to work in some specific conditions
(e.g. maximum active power transfer, unity power factor)
so they do not contemplate any combination of P and Q ,
that is, they cannot participate in all the potential services
provided for EV conductive chargers.

o The control has been implemented with a synchronisation
algorithm and tested for the eight operation modes. From
the results, it is concluded that the efficiency is not
equivalent for similar power demands with opposite sense
of the power flows. Previous works included results for
some operation modes (mainly Mode I and II) only as
they cannot work in the complete P-Q four-quadrants.

The rest of this paper is structured as follows. In Section
I, the analytical study to obtain the equations of the powers
in the system is described. We also propose and validate a
simplified version of these Equations. Using this analysis,
the proposed control is developed in Section III. Section IV
describes the experimental validation of the control. Finally,
Section V concludes the paper.
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II. ANALYTICAL STUDY

As mentioned previously, the schematics used in this study
follow a conventional topology with a full-bridge controllable
DC/AC on the primary and secondary sides. The circuit is
shown in Fig. 2. Vp¢ stands for the voltage derived from
a primary rectifier and a DC link. Vg7 represents the
equivalent model of a conventional battery.

The power converters are operated as shown in Fig. 2. It
is assumed that the power flow control is based on a phase-
delay [13] so that § corresponds to the time shift of the two
converters. Both power converters also execute phase-shifting
techniques to control the amount of power flowing in the
system by generating a three-level voltage at their output.

In order to obtain the equations of the charger in Fig. 2, it is
necessary to know the output voltage of the converters (defined
as signals v, (¢) and v,(t)). They correspond to the three-level
output of the full-bridge converters. As performed in [13], it
can be derived Equations 1 and 2 with a harmonic analysis.
The parameter ¢ is the phase delay between the output of
the primary and secondary converter, o« and [ are the phase
shift angles for the operation of the primary and the secondary
converter respectively, n is the order of the harmonic and w,
is the operating frequency.

oo

vp(t) = (%) Vbe Z %cos (nwot — %) sin (%) (1)

n=1,3,...

_ (4 Lo na in (2
vs(t) = (;) Vear n:lzsm —cos (nwot -3 + né) sin ( 3 )
2
Assuming a first harmonic approximation as performed in
[33], we obtain the system of equations defined in 3 and 4.

V, = <Rp + jwoLp + ) I, — jwoMI, = ZyI, — jw,MI,

3)

1
JwoChp

Vi = jwoMI, — (RS + jwoLs + > I = jwoMI, — Z.I,

JwoCs

= 4)
where V, = Vysin ($) /0 and V, = Visin (4 ) /=0. For this
formulation, we use RMS phasors so, V), = QW—‘EVDC and

Vs = %VBAT-

Current I; is obtained from equation 3 and I is calculated
in Equation 4 after substituting the value of I; into Equation
5, which yields to:

P ‘%“!‘jwoMﬁ

i ’ s)
P
'woM\; 7 — —
[—»_szp_vs—jw"MVp_Vszp ©
Tz M WIMP + 2,7

p

where

1
Zp = jwo L —_—
o= (ot skt 55 ) v

1
Zs = s j oLs 3
(R ekt szcs) ®

and w, = 27 f,.
Using Equation 6 in Equation 5, we obtain the following
term:
o ZV, — jwoMV,
I, =2s7p _JWo Vs
P weM2 4+ 7,7, ©)
In order to derive the power, the previous current are defined
in a rectangular coordinate form as in Equations 10 and 11,

R Vpsin(5) — jMonssm(g) (cos (8) — jsin (4))

I, = 10
P R,Rs + M3w? (10)
Y JMw,Vysin(§) — Vssin(g)Rp (cos (8) — jsin (4)) (11
o R,Rs + M?w?
assuming that at the working frequency w, the system is
configured so that jw,L, = % and jw,Ls = - lc . Thus
JwoCyp jwoCl

the primary and secondary impedances can be simplified as
Z, =R, and Z, = R;.

By knowing the currents, it can be determined the active and
reactive powers on the primary and secondary sides. Specifi-

cally, on the primary side we can state that P, = (V_;I;%)
and @, =< V;,I;f). For the secondary side, the powers are

P, =R (‘7'5.7_55‘ and Q; = < (‘ZI}) With Equations 10 and
11, we derive that:

Vpsin (%) Rs — Mw,V; sin (%) sin (§)
R,Rs + M2w2

P, =V, sin (%)

(12)

MwoVs . .
Qr=V, (m) sin (%) sin (g) cos(d)  (13)
pLLs o

P, — V.sin 8 ~ViRpsin (£) — Mw,V, sin (%) sin (4)
2 RyR, + M2w2

14)

—Muw, . .
Qs =V, (Wwvng) sin (%) sin <§> cos(6)  (15)
pRs + M?w3

According to the previous equations, the charger, as a
complete load, consumes an active and reactive power (P,
and @), respectively), which may be generated power if their
values are negative. The values of these powers depend on §,
« and $3 in a non-linear way. For our further study, it is assume
that o = B. Fig. 3 illustrates for a generic prototype — such
as the one in [34] — how the P and @) can be modulated by
the § and o parameters. With §, we could mainly set the sign
of these two powers. By setting «, it could be configured the
amount of power.

Due to the nonlinearities of the previous equations, it is
necessary to further work with the formulae in order to obtain
an effective control that could set § and « in a straightforward



IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL X., NO.4, MONTH XXXX. 5

Primary Side

Secondary Side

RS

—

/‘/,t/\

Vbe
&

Sia E} S E}

SQE} SQE} Al I

I fehEE iR
O

Sﬂh

VBar

T
\_N_l
0
=
T
\_N_l

A Reference
time
S11 | Qs
B I
— I —
Q SIST [ i 7
S14 : : |
T —  — )
| | |
/)u/,,
Q% Controller
—p ), 0

Fig. 2. Complete bidirectional charger circuit with a Series-Series topology.

way. Accordingly, it is assumed that the first term of the
numerator in Equation 12 can be reduced so that:
e . (B .
Vpsin (5) Rs << Mw, Vs sin (§> sin (9) (16)
This simplification will be verified in Section IV, once the
control is developed. Since the resistances of the power coils
are very low, it is also possible to suppress the term R,R;
in the denominator. If we apply these two simplifications, we
obtain a simplified active power on the primary side ( P;'””p)
in Equation 17.

P;imp =V, (]\_47‘:;0) sin (%) sin (g) sin (9) a7
sim -V . : :
pme vy, <Mwi) sin (%) sin (g) sin () (18)

As shown in Fig. 4, the simplification involves a mini-
mal variation on this power for 85 kHz. We verified that
the simplifications applied previously are indeed valid with
different operational frequencies and coupling coefficients, as
they both have an effect on the second term of the numerator
in Equations 12 and 14. Some controllers vary the operational
frequency of the wireless charger to adapt to the varying
conditions in which the system may operate [34]. In order
to verify the approximation made for different frequencies,
we opted to vary this parameter in the range 79 kHz to 90
kHz, which corresponds to the interval set as valid operational
frequencies by SAE J2954 [35]. Fig. 4 shows that the variation
between the theoretical power and the simplified power is
almost imperceptible, especially in the 81 kHz and 84 kHz
cases. For the 85 kHz case, a higher value is obtained, but the
major difference is observed at 90 kHz, both for P, and F;.
This slight variation is an offset in the output signal, keeping

Coils S21 1

Controller

the amplitude of the peak-to-peak curve constant. For the case
of 1 kW, which is the power value reached in our experimental
tests, the error is around 1 % with respect to the maximum
value of the curve so it can be considered acceptable according
to SAE J2954 power levels.

We carried out a similar analysis to check the validity of the
simplified equations in misalignment conditions, which may be
frequent in EV wireless chargers. We observed an analogous
behaviour for the variations of the coupling coefficient, as
can be seen in Fig. 5, where k coefficient varies from 0.2
to 0.35. The differences between the simplified power and the
initial power are negligible, with a slight deviation observed as
the coupling coefficient £ decreases. For both tests, the same
conclusions are derived for the active power on the secondary
side.

III. PROPOSED CONTROL

Based on the previous analytical study, it is proposed a
simple and effective control to set the wireless charger as a
consumer or generator of active and reactive power. With an
objective of power consumption P°% and Q°%, the system
adapts the power converters on the primary and secondary
sides to perform accordingly. Specifically, the angles J, o and
B will be calculated to consume the powers set as a goal.
Please note that if these variables are set as negative, the
system will generate power instead of consuming it.

First, we use Equations 17 and 13, where the tangent of the
angle ¢ can be deduced. In order to simplify the control, we
can determine that « = 3. In this way,

obj
§ = arctan ——

Qobj
As there is a division in this computation, it is necessary to
carefully set the value of J so it belongs to the exact quadrant

19)
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of Fig. 1. This step is needed because the controller is able
to operate in any of the eight modes depicted in the previous
Figure. Thus, considering a precision on the setting of the
power of 0.001, the ranges for the ¢ angle can be derived
as summarized in Table II. For each mode, we check the
simplification formulated in Equation 16, which was required
to derive the proposed control. We can conclude that the
simplification and, in turn, the control is valid when R, /M is
between 503404 and 503.34. This condition generally holds in

5000 -

4000 -

> *—e
L 4
= 3000 - » et
o o A
Y.
2000 v /
'//
1000
7

o . . . . . . . .
180 -160 -140 -120 -100 -80 60 -40 20 O
5

Fig. 5. P, approximation according to k variation.

EV wireless chargers due to the low values of the resistance
of the secondary coil. In fact, the simplification is correct for
the prototypes described in the related literature such as those
in [27] and [19].

TABLE 11
RANGE OF Rs/M ACCORDING TO &

(%) G
Mode I 270 Re <53407.08
Mode II 90 Re <53407.08
Mode III 180 £ >279.64
Mode IV 0 Re >279.64
Mode V. 269.42 < § <180.54  503.34 <2 <503404.34
Mode VI 179.42 <§ <90.54  540.63 <Xz <503404.43
Mode VII 89.42 <§ <0.54 53130 <Xz <503404.43
Mode VIl -0.54 <6 <-89.42  531.30 < X2 <503404.34

M

For the second part of the control (« calculation), « can be
cleared directly by substituting the value of § in the desired
active or reactive power. According to Boucherot’s theorem,
when the system is configured as jw,L, m and
JwoLs = ﬁ, and the coils have a low internal resistance,
P, =~ P,. In this case, we used the secondary power to
calculate o, as shown in Equation 20.

a = 2arcsin M
- —VpVssind

As previously commented, the derivation of this control is
based on the assumption that Equation 16 is valid. For those
values of §, where this condition does not hold, it is necessary
to apply a correction factor.

To implement this algorithm, two controllers should be
installed in the wireless charger, as depicted in Fig. 2. Fig.
6 shows the pseudocode of the two controllers. The main
controller is installed on the primary side, which receives
the commands P°% and Q°% to set. From these inputs, the
control algorithm first decides the value for § with Equation
19. Tt then checks the quadrant and manipulates the delta value
accordingly. Next, it computes « and 3 according to Equation
20. With the parameter «, the controller on the primary side

(20)
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Algorithm 1 Control of primary power converter

1. Input data: M, L1, Ly, C1, C2, Ra, Ry, cag, P, Q8
2. Compute § (Eq.18)

3. Compute a (Eq.19)

4. Timer configuration: a,  phase shift

5. while (1)

6. Signal generation: (811, §13)

7. end while

Algorithm 2 Control and synchronization of secondary power converter

1. Imputdata: M, L1, L2, C1, C2, R2, Ro, @o 0, &
2. Reference signal generation

3. Measure initial phase delay

4. Timer configuration: a,  phase shift

3. while (1)

6 Phase delay measurement

7 Compute PI+I control

3 Compute synchronized 8

8. Signal generation: (821, 823)

10. end while

Fig. 6. Pseudo-code of algorithms for primary and secondary converters

configures a Pulse Width Modulation (PWM) to adjust the
activation signals of the primary converter. This controller
also communicates with the controller on the secondary side.
With lower computational tasks, this second controller receives
the parameters § and /5 from the primary controller and sets
the corresponding PWM signals for the secondary power
converter. A wireless communication is established between
the primary and the secondary controllers. The two power
converters should be synchronised to have the same time
reference for the setting of §, that is, the phase difference
of the output voltage phasors must be maintained at a given
constant value equal to §. For our application, it is necessary
to synchronise with a fine resolution as the period of the
power signals is 11.76 ps. Estimating the communication
latency with a high precision is not trivial as the sequence
of communication phases (neighbour discovery, data error,
etc.) are not always the same. Moreover, the time for a
phase strongly depends on weather conditions or interferences
[36]. In the related literature, we can find several electronics
solutions for this synchronisation in bidirectional wireless
power transfer (BWPT). The work in [37] proposes using an
auxiliary coil on the secondary side to detect the phase on the
primary circuit. In [38], the authors describe how performing
small disturbances on the relative phase helps to set the correct
value. An analysis of the power is done for every perturbation
and then, small adjustments are performed accordingly. The
algorithm explained in [39] bases the synchronisation in a
previous circuital analysis and a Phase Locked Loop (PLL).
All these methods could be applied in our controller.

If coil misalignment is a possibility, a technique to estimate
M is necessary to address Equation 20 correctly. The work in
[34] includes the description of a technique to carry out this
estimation for a Series-Series WPT as the one used in this
paper so it could be easily incorporated for the bidirectional
controller. Other parameters as I?,, and R, are constant for the
operational frequency range so they can be measured during
the manufacturing process and the control could be configured
accordingly to these data.

IV. EXPERIMENTAL VALIDATION

In order to validate the fully-controllable V2G algorithm,
we performed experimental tests on the prototype described
in Table III. Fig. 7 shows a photo of the electronics, power
sources and the coils used in the laboratory implementation.
The coils are made of AWG-38 Litz wire with dimensions
according to SAE J2954. They include ferromagnetic materials
and shielding on the secondary side.

TABLE III
CHARACTERISTICS OF THE ANALYSED WIRELESS CHARGER.

Design frequency (fo) 85 kHz
Primary coil dimensions 0.51 m x 0.66 m
Resistance of the primary coil (R)) 85.2 mQ2
Self-inductance of the primary coil (L) 60.32 uH
Secondary coil dimensions 035m X 0.35m
Resistance of the secondary coil (Rs) 118.7 mQ2
Self-inductance of the secondary coil (L) 42.08 uH
Mutual inductance (M) 14 uH
Distance between coils assumed in the design (gq) 0.10 m
Compensation topology Series-Series
Capacitance of the primary side (C) 56.50 nF
Capacitance of the secondary side (C's) 82.83 nF
Primary DC bus voltage (Vpc) 150 V
Battery voltage (Vg aT) 150 vV
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CCONVERTER

CURRENT
TRANSFORMER
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SOURCE BIDIRECTIONAL
POWER SOURCE

SECONDARY A
colL el

PRIMARY
CoIL

(b) Power sources and coils.

Fig. 7. Power electronics and coils of the prototype.
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On primary and secondary sides, we have connected an
AC voltage source and a bidirectional power source, model
ITECH-BSS2000 to conduct the eight different experiments.
They can be seen in Fig. 7.b. The electronics of the power
converters and the compensation systems are in Fig. 7.a. In
order to conform with the switching frequency and power
levels defined in SAE J2954, we developed the full-bridge
converter using Silicon Carbide (SiC) MOSFETs. Two CREE
evaluation boards KIT8020-CRD-8FF1217P-J make up both
legs of the converter. We included two CREE SiC MOSFETS
model C2M0080120D, as well as the activation and protection
circuitry on each board (e.g. the snubber circuits). These
SiC MOSFETs have a low drain-source resistance, which
leads to lower switching losses (R, = 80mf)). We also
designed the circuit boards so that they reduce switching
oscillations and, as a result, electromagnetic interferences
(EMI). In order to implement the compensation system, we
placed some polypropylene capacitors in series with the main
coils. We developed the V2G control system by using a pair
of PICKIT4 device, together with two dsPIC30f4011 digital
signal processor (DSP) and 74LS04 hex inverters. PICKIT 4
is a programming and debugging development tool which can
be used via the graphical user interface of the MPLAB X
integrated development environment (IDE).

The operation of both DSPs is synchronised so that the
initial target power levels and flow direction are achieved.
For the devices synchronisation, a code has been developed
based on that described in [39]. First, in one of the DSPs,
the final value of 6 and « is generated according to the
target values of P and Q°%. These § and a values are
transmitted wirelessly to the second controller, which must
be synchronised. The principle of operation is based on the
fact that the secondary current is 90° phase shifted with
respect to the primary voltage. Therefore, by measuring this
current and shifting the signal through an RLC filter (whose
values are R = 14 Q, Ly = 33.85 pH and Cy = 103.73
nF, respectively), a signal synchronised with the primary
circuit is obtained in the secondary circuit. This signal will
be introduced into the secondary control circuit to be used as
a reference for the displacement of the § angle. By means of a
PI+I control, the ¢ angle value is progressively adjusted until
the desired final value is reached. The synchronisation time is
between 0.2 and 0.3 seconds.

We carried out a set of validation tests for the eight operation
modes, being modes V-VIII only possible with our controller
and not with other proposals described in the literature. To
confirm that we had obtained correct 6 and o, we established
different objective powers (P°% and Q°%7), with one combina-
tion for each operating mode. In Table IV experimental ¢ and «
values are shown (6c,p and aey, respectively). We can observe
that the experimental values are similar to the values calculated
theoretically (0;pc0 and aupeo). They are small differences due
to the discretization of the variables and the precision that
these micro-controllers have. The screenshot of mode V (Fig.
8) with the four different activation signals (S11, Si3, So1,
So3) is included as a representative example. In this figure, «,
0 and 3 angles have been highlighted. We can observe that o
is related to the activation signals of the primary side and /3 to

the gate signals of the secondary side. In our implementation,
we have set that « = 3, which can be visually checked from
this figure. The parameter § refers to the delay between the
two pairs of activation signal from different power converters.
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Fig. 8. Activation signals with «, 3 and ¢ angles for Mode V.
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In Table IV we can observe that the powers obtained (P,
and Q) are analogous to the setting (P°/ and Q°%) for
the eight modes of operation. The minor differences could be
due to measurement errors or the nonidealities of the power
converters, which were not included in the analytical study.
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TABLE IV

PRIMARY CIRCUIT EXPERIMENTAL RESULTS.

(a) Primary and secondary output
voltages.

(b) Primary signals.
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Fig. 11. Experimental results for Mode II: Ps = -1000 W and Qs = 0 VAr.

Thus, the control and the simplifications on which it is based
may be considered valid for this system. The efficiency has
also been quantified for active and reactive power (np and
7¢ respectively). The obtained results have been satisfactory,
reaching a maximum efficiency value of 96.17 % in mode
VIII. This value is within the maximum efficiency values
found in the articles in Table I - 96.208 % in [17] -. It
should be noted that the system is not symmetric (primary
self-inductance is not equivalent to the secondary one), so
the charger is not equally efficient in one direction as in the
other. For instance, setting the Mode I of the experiments
implies a primary current of 17.5 A but in Mode II the current
is 16.1 A. This configuration implies that losses due to the
coil internal resistances and/or due to non-totally compensated
reactive components are different for modes with similar
power level but with an opposite sense of the power flow.
If we pay attention to the § parameter, we can conclude
that zero voltage switching (ZVS) operation is not guaranteed
for all the operation modes. Working at ZVS imposes hard
restrictions on the § angle [40], as it has to be in a range of
—90° < 6 < 90°. With this restriction, we could not achieve
a simple and flexible control with any P and Q as the one
that we have developed, so that the possibilities are limited to
operation modes VII and VIIIL.

Three examples of the results can be seen in Fig. 9, where
the control was carried out for P, = 1000 W and @, = 0 VAr,

Mode  POPIW]  QOPIIVAIl 84505101 Sexpl®l  atpeol®l  aexpl®l  PpIWl  QpIVAI  npl%  ngl%
1 1000 0 269.99 269.28 67.87 68.21 1040 0 91.023 -
I -1000 0 90 90.57 67.87 68.21 -954 80 92.42 -
| 0 1000 180 182.17 67.87 68.21 22 1091 - 94.07
v 0 -750 0 0 57.82 58.32 23 737 - 90.07
v 1000 1000 225 226.44 83.19 83.89 1065 1063 80.46 81.87
VI -750 750 135 134.64 70.19 71.56 751 760 82.40 83.54
VIl -750 -750 45 46.51 70.19 71.56 764 -756 94.43 93.20
VI 750 -750 -45 -45.9 70.19 71.56 773 -781 96.17 88.30
. i ) . in Fig. 10 with P, = 1000 W and @, = 1000 VAr and in Fig.
RS S N 11 with P, = -1000 W and @, = 0 VAr. We completed Table
ouTPUT VoLTAGE - . Ll
A — | — L b, IV using these and other similar screenshots. We can observe
b b Y ssconomvsioe, L | F SIS VAT Sl that in Mode I, the first harmonic of the primary voltage and
8 ) N bt bt the primary current (Fig. 9.b) are in phase. As there is no
— - reactive power required, the system is operating at resonance.

However, for Mode V, this condition does not hold as the
system must deliver reactive power (in Fig. 10.b).

V. CONCLUSIONS

Wireless chargers are effective mechanisms for charging
EVs, but their performance must be adapted for the future
V2G context and services. It is therefore essential to be able
to configure them to generate or consume any combination
of active power and reactive power. In this paper, we have
developed a control algorithm that allows a fully-controllable
wireless charger for a common Series-Series topology. The
algorithm, which is supported by an analytical study, has
been validated by experimental results at charging power up
to 1 kW for the complete set of eight operation modes. In
contrast to the previous works, the flexible configuration of
all the modes, which represent any combination of P and
@, can only be guaranteed with our proposal. Similarly, we
have physically incorporated a synchronisation algorithm into
our V2G control so that by means of communication between
the primary and secondary controller, an exact regulation of
the delta angle is achieved in a range of 0.2 to 0.3 seconds.
We have demonstrated the validity of both the first harmonic
approximation and the mathematical simplification carried out
to obtain a simple and effective control.

As future work, we would like to extend the control to
search for other configurations of « and 3, which may reduce
the switching losses.
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