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ABSTRACT Wireless Power Transfer (WPT) is a key enabling technology towards the transportation
electrification, able to overcome some limits of the plug-in charging of the Electric Vehicle (EV). In this
frame, a special attention is paid to the dynamic WPT systems, where the EV is recharged during motion.
This paper presents a model and a resultant method for the system level design of a series-series WPT
Dynamic Battery Charger (WPT-DBC) for EVs. The model allows analyzing the joined influence of coil
pair characteristics and power converter stages controls on the global performances of WPT-DBCs. The
design method provides general guidelines for system level optimization, matching the characteristics of the
power and control elements of a series-series WPT-DBC, to achieve the desired efficiency, receiver power
loss and battery charge.

INDEX TERMS Charge transfer maximization, dynamic battery charger, energetic efficiency, optimal
control, wireless power transfer systems.

I. INTRODUCTION
The development of Wireless Power Transfer Dynamic Bat-
tery Chargers (WPT-DBC) for Electric Vehicles (EVs) has
approached a quite good technological maturity level [1], [2].
Today several solutions implementing effective coil geome-
tries and magnetic couplers, convenient power conversion
architectures and control strategies are available [3]. A recent
overview and comparative analysis on existing power con-
version architectures and control methods in WPT-DBC for
EVs is presented in [4]. Such a review paper discusses in
details the typical magnetic couplers, the converter stages for
the primary and the secondary side and the control handles
associated with them, the compensation networks and their
characteristics.

Fig. 1 shows the block diagram of a WPT charger,
including transmitter (TX) and receiver (RX) coils and rel-
evant power conversion stages. The coil pair characteristics,
the compensation topology, the power conversion stages
architecture and relevant controls, and the vehicle trajectory
and speed determine the overall performances of a WPT
charger.
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approving it for publication was Qingchun Chen .

FIGURE 1. Block schematic of the different stages of a dynamic wireless
power transfer system.

Normally, the development of a WPT charger starts from
the coil pair design, based on given power ratings. Coil design
constraints involve minimum efficiency requirements, safety
issues relevant to the limitation of the leakage magnetic
field, misalignment performance, cost, volume and weight.
Some limitations on these issues are defined under standards
like SAE J2954/1 [5] and IEC 61980-1:2015 [6]. Given the
desired constraints to fulfill, the coil pair design process
involves a series of steps, starting from practical choices (e.g.,
the minimum coupling to be ensured or the type of ferrite to
be adopted), passing through the adoption of numerical and
analytical modeling, to the final validation with the thermal
modeling of the coil pair. In such a chain, the impact of
compensation techniques cannot be neglected, and can be
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studied by analyzing the input impedance seen by the power
supply [7].

Recent progress in coil pair design for EVs are dis-
cussed in [8], where a summary on types, objectives, con-
straints, optimization algorithms and methodologies adopted
for their design is provided, with a full discussion on the
main coil structures properties (e.g., system complexity, mis-
alignment tolerances, etc.). For example, in [9] unipolar
and double D (DD) rectangular-shaped coils for wireless EV
chargers are investigated. The coil pair sizes are designed
to achieve the maximum coupling coefficient and efficiency.
In [10] a new set of coil design formulas for high-efficiency
and low harmonic currents with low magnetic field leak-
age for high-power WPT chargers is presented. Since the
lower transfer efficiency is directly connected to low coupling
coefficient, many efforts have been done in order to adapt
the loosely coupled coil pair in WPT chargers. A bipolar
DD coupler structure with a compensation-integrated fea-
ture is also proposed in [11], where an additional coil with
smaller size is placed between the main TX coil and a
ferrite layer for coupling enhancement. A novel array-type
primary resonant coil design is proposed in [12], allowing to
mitigate coil misalignments impact and improve the power
transfer efficiency thanks to multiple independent TX coils,
selectively powered based on their relative position with
respect to the RX coil. Several optimization design processes
have been proposed in the literature to support the optimal
and innovative design of new coil pair structures, aiming
to achieve maximization of the coil pair efficiency [13],
power transfer capability [14], power density [15], weight
and volume [16]. Enhanced evolutionary algorithms have
been also proposed in the literature. An interesting advanced
machine-learning algorithm has been applied to EV coil pair
design to find a ferrite core structure with high magnetic
coupling between the TX and RX coils [17]. Improved pad
structures and a systematic design approach to achieve opti-
mal primary DD pad have been also presented [18], based
on a joint finite element method simulations and genetic
algorithm.

Nowadays it is possible to design power stages with very
high efficiency values, thus ensuring convenient power con-
verters performances. In WPT static chargers it is also easy
to set power converters control so as to achieve optimal
performances within a given range of misalignment between
the coils. However, in WPT-DBC additional goals must be
accomplished, such as maintaining the power flow control
regardless misalignment and velocity of the vehicles, and
implementing segmentation control to energize the TX pad
only when the vehicle is crossing it [19]. The simplest
way to achieve these goals is based on controlling the
power transfer on the transmitter side only, with a receiver
side realized as a simple passive diode rectifier [20]–[22].
This simplifies the control, but limits the load (battery)
regulation capability. Active receiver regulation makes the
control more complex and may require additional sensors
and communication between the primary and secondary

sides [23], [24]. An effective WPT-DBC control is based on
the impedance regulation on the receiver side, achieved by
modulating the post-regulator duty-cycle so that the value
of the equivalent load resistance at the rectifier output maxi-
mizes the power or efficiency rate. In [22], an optimal design
against misalignment conditions in a Series–Series (SS)
WPT-DBC is presented, providing optimal load matching
thanks to a DC–DC converter, which guarantees the highest
average transfer efficiency. In [25], a new charging technique,
based on a sensorless identification of the actual presence
of the vehicle over the receiver, realizes the load resistance
matching to obtain the maximum power transfer in condition
of nominal mutual coupling.

All cited prior studies are based on the use of nomi-
nal mutual coupling inductance for the WPT-DBC design.
However, in WPT-DBC the mutual coupling inductance
depends on the relative instantaneous positions of the TX-
RX coils. Therefore, the magnetic coupling profile along
the vehicle trajectory must be considered to achieve optimal
performances. This is the real motivation of the WPT-DBC
modeling and design discussed in this paper. In particu-
lar, we aim to achieve the system-level optimization of
a WPT-DBC based on the optimal matching of coil pair
mutual coupling profile and power conversion control setup.
First, the paper provides the complete analytical model of
coil pair and control system referring to a SS-WPT-DBC.
Then, a novel system-level design approach is proposed,
to effectively match coils characteristics and power electron-
ics control setup on energy and efficiency performances. The
proposed design approach is valid for any WPT-DBC archi-
tecture and is scalable, as the analysis and design equations
are derived by using dimensionless factors, parameters and
metrics.

The paper is organized as follows. In Section II, the
unified analytical model of a SS-WPT-DBC is presented.
In Section III, a method allowing the set-up of optimal
inverter and post-regulator controls and mutual inductance
profile is proposed. In Section IV, a real SS-WPT-DBC pro-
totype is considered to validate the model and design method
presented in the paper. The results of PSIM simulations con-
firm the theoretical model predictions. In Section V, conclu-
sions are eventually drawn.

II. WPT-DBC ANALYSIS
The block schematic of a dynamic WPT system is shown in
Fig. 1. The inverter stage – in its multiple configurations, e.g.
voltage fed single-phase or multi-phase [26], [27], current
fed push-pull [28], etc. – normally uses duty-cycle and/or
phase-shift control actions, to realize the transmitter regu-
lation. The receiver side is typically made of a full-bridge
diode rectifier [20], followed by a DC-DC converter (buck,
boost or buck-boost) with duty-cycle control, and a possible
battery management system [29]. In this paper, the SS-WPT-
DBC shown in Fig. 2 is considered as reference case study
to illustrate the proposed system-level modeling and design
approach for WPT-DBC systems. Nevertheless, with no loss
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FIGURE 2. Series-series resonant wireless power transfer dynamic
battery charger.

of generality, the same modeling and design approach can be
applied to different compensation topologies and conversion
architectures.

The SS-WPT-DBC of Fig. 2 is comprised of a Pulse-
Width Modulated (PWM) inverter feeding the TX coil,
a diode bridge rectifying the RX coil current, and a PWM
DC-DC boost back-end converter. The coils and the reso-
nant capacitors determine the TX and RX total resistances
R1 and R2. At resonance, the First-Harmonic Approxima-
tion (FHA) model of the WPT system is given by (1):

V1 = R1I1 − jωoMI2 (1.a)

V2 = RacI2 = jωoMI1 − R2I2 (1.b)

where Ī1 and Ī2 are the currents in the TX and in the RX,
respectively,ωo is the chosen resonance angular frequency,M
is the mutual coupling, Rac=V2/I2=8 RL /π2 is the equivalent
FHA resistance at rectifier input, and RL = Vrect /Irect is the
equivalent load resistance at the boost converter input [25].
Solving (1) yields the nominal amplitude of the currents on
the two side of the system:

I1 =
4Vin
πR1

[
ni (1+ rac)
1+ m+ rac

]
(2.a)

I2 =
4Vin
πR12

[
ni
√
m

1+ m+ rac

]
(2.b)

where R12 =
√
R1R2 and the following dimensionless factors

have been introduced:

m =
ω2
oM

2

R1R2
(3)

rac =
Rac
R2
=

8Vdc
π2R2Idc

n2p (4)

ni =
π

4
V1
Vin
= sin

(π
2
Di
)

(5)

np =
Vrect
Vdc
= 1− Dp (6)

Di and Dp being the PWM inverter and boost converter
duty-cycles (see Fig. 2). From (2), the inverter input current
and the load output current are then determined as given
in (7.a) and (7.b). In addition, the current Idc can also be
obtained from (4), resulting in (7.c).

Iin =
2
π
niI1 =

8Vin
π2R1

[
n2i (1+ rac)
1+ m+ rac

]
(7.a)

Idc =
2
π
npI2 =

8Vin
π2R12

[
ninp
√
m

1+ m+ rac

]
(7.b)

Idc =
8Vdc

π2racR2
n2p (7.c)

Equations (7) highlight that the DC input and output currents
Iin and Idc, which determine the power rating and the effi-
ciency of theWPT-BDC, depend on the dimensionless factors
given in the square brackets. These factors are determined by
the normalized squared mutual inductancem, the inverter and
post-regulator conversion ratios ni and np, and the normalized
equivalent load resistance rac seen at the input of the rectifier
stage. The vehicle trajectory and speed determine the mutual
inductance time evolution m (xt , yt ), where (xt , yt ) are the
coordinates at the time t of the trajectory of the RX coil
mounted on-board the vehicle, moving with respect to the TX
coil fixed to the ground.

The inverter and post-regulator converter duty-cycles are
determined by the relevant controls, which are set to regulate
the TX current at a given reference value I1,ref , and the
rectifier input resistance at a given reference value rac,ref .
Accordingly, (7.a) and (7.c) can be solved for ni and np (or
equivalently, for Di and Dp), yielding (8.a) and (8.b):

ni =
1+ rac,ref + m

νin
(
1+ rac,ref

) (8.a)

np =
rac,ref

√
m

νdc
(
1+ rac,ref

) (8.b)

where the coefficients νin and νdc are given in (9)

νin =
4Vin

πR1I1,ref
(9.a)

νdc =
4Vdc

πR12I1,ref
(9.b)

The inverter and post-regulator converter duty-cycles must
ensure Dimin ≤ Di ≤ Dimax and Dpmin ≤ Dp ≤
Dpmax. Dimin and Dimax are determined by the minimum
ON time and OFF time of the inverter control, and by the
dead time between the ON/OFF commutations of the two
MOSFETs of each inverter leg. Dpmin and Dpmax are deter-
mined by the minimum ON time and OFF time of the post-
regulator control. From (8), given Vin, Vdc, I1,ref and rac,ref ,
the inverter duty-cycle Di and post-regulator duty-cycle Dp
are subjected to the following conditions:

Di =
Dimin m < mDimin (10.a)

2
π
sin−1

[
1+ rac,ref + m

νin
(
1+ rac,ref

)] mDimin ≤ m≤mDimax (10.b)

Dimax m > mDimax (10.c)
Dp =

Dpmax m < mDpmin (11.a)

1−
rac,ref

√
m

νdc
(
1+ rac,ref

) mDpmin ≤ m≤mDpmax (11.b)

Dpmin m > mDpmax (11.c)

166544 VOLUME 9, 2021



G. Di Capua, N. Femia: Optimal Coils and Control Matching in Wireless Power Transfer Dynamic Battery Chargers for EVs

where

mDimin =
(
1+ rac,ref

)
(νin nimin − 1) (12.a)

mDimax =
(
1+ rac,ref

)
(νin nimax − 1) (12.b)

mDpmin =

[
νdc npmin

(
1+ rac,ref

)
rac,ref

]2
(13.a)

mDpmax =

[
νdc npmax

(
1+ rac,ref

)
rac,ref

]2
(13.b)

with nimin and nimax given by (5) for Di = Dimin and Di =
Dimax, and npmin and npmax given by (6) for Dp = Dpmax and
Dp = Dpmin, respectively. During the vehicle transit over the
TX coil, the value of m varies from a minimum value (when
the RX coil starts overlapping the TX coil) to a maximum
value (named as peak value, mpk ), and returns to a minimum
value again (when the RX coil ends overlapping the TX coil).
In theory, according to (10)(11), there can be up to nine
different possible operating conditions for the inverter and
post-regulator converter stages, depending on the values of
mDimin, mDimax, mDpmin and mDpmax. In reality, some of these
conditions never occur. In fact, the post-regulator can operate
at the maximum value of the duty-cycle (Dpmax ≈ 1) with
consequent mDpmin ≈ 0, according to (13.a). This condition
allows an easier detection of the vehicle (RX coil) while
approaching the TX coil, as shown in [25]. Moreover, the
saturation down to Dpmin of the post-regulator duty-cycle is
quite unlikely, as mDpmax is normally very high, according
to (13.b). Therefore, it makes sense to consider the inverter
duty-cycle saturation only, with the post-regulator duty-cycle
Dp valid for mDpmin ≤ m ≤ mDpmax. Based on (7) and (10),
we get:

Iin =

Iin0
n2iminνin

(
1+ rac,ref

)(
1+ m+ rac,ref

) m < mDimin (14.a)

Iin0

(
1+ m+ rac,ref

)
νin
(
1+ rac,ref

) mDimin ≤ m ≤ mDimax (14.b)

Iin0
n2imaxνin

(
1+ rac,ref

)(
1+ m+ rac,ref

) m > mDimax (14.c)

Idc =

Idc0
n2iminv

2
in rac,refm(

1+ m+ rac,ref
)2 m < mDimin (15.a)

Idc0
rac,refm(

1+ rac,ref
)2 mDimin ≤ m ≤ mDimax (15.b)

Idc0
n2imaxv

2
in rac,refm(

1+ m+ rac,ref
)2 m > mDimax (15.c)

where

Iin0 =
2I1,ref
π

(16.a)

Idc0 =
R1I21,ref
2Vdc

(16.b)

The post-regulator duty-cycle Dp expressions are given by:

Dp =

1−
niminνin rac,ref

√
m

νdc
(
1+ m+ rac,ref

) m < mDimin (17.a)

1−
rac,ref

√
m

νdc
(
1+ rac,ref

) mDimin ≤ m ≤ mDimax (17.b)

1−
nimaxνin rac,ref

√
m

νdc
(
1+ m+ rac,ref

) m > mDimax (17.c)

where (17.a) and (17.c) are obtained from (7.c) by imposing
ni = nimin and ni = nimax, respectively.
The charge absorbed by the system and the charge deliv-

ered to the battery during the vehicle transition over the TX
coils are given by (18) and (19):

Qin =

te∫
ts

Iin(t)dt (18)

Qdc =

te∫
ts

Idc(t)dt (19)

where ts and te represent the time instants when the RX coil
starts and ends overlapping the TX coil (where m ≈ 0),
and 1t = te − ts is the time the RX coil takes to transit
over a single TX coil at constant speed. During the interval
[ts, te], we can identify a subinterval [tDimin, tDimax], wherein
mDimin ≤ m ≤ mDimax (no inverter duty-cycle saturation),
and two subintervals [ts, tDimin] and [tDimax , te], wherein
m < mDimin and m > mDimax, respectively. From (14)(15)
and (18)(19), we get:

Qin = Iin0

[
1t0
νin
+

0m0

νin
(
1+ rac,ref

) + νin (1+ rac,ref )0m1]
(20.a)

Qdc = Idc0rac,ref

[
0m,0(

1+ rac,ref
)2 + ν2in0m2

]
(20.b)

where the following integrals have been adopted:

0m0 =

tDimax∫
tDimin

m (xt , yt) dt (21.a)

0m1 =

tDimin∫
ts

n2imin

1+ m(xt , yt )+ rac,ref
dt

+

te∫
tDimax

n2imax

1+ m(xt , yt )+ rac,ref
dt (21.b)

0m2 =

tDimin∫
ts

n2iminm(xt , yt )[
1+ m(xt , yt )+ rac,ref

]2 dt
+

te∫
tDimax

n2imaxm(xt , yt )[
1+ m(xt , yt )+ rac,ref

]2 dt (21.c)
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Equations (20)(21) provide the basis to investigate two dif-
ferent kind of problems:

1) optimize the WPT-DBC performances, given the oper-
ating conditions and the mutual inductance;

2) optimize the mutual inductance, given the operating
conditions and the required WPT-DBC performances.

Next Section discusses these design optimization goals.

III. WPTS DESIGN
A. INVERTER AND POST-REGULATOR OPTIMIZATION
Let us start by investigating the problem 1), by searching
the values of rac,ref and I1,ref that can optimize the charge
and efficiency performances, given the operating conditions
and the normalized squared mutual inductance. The first key
point to be clarified is the impact of the inverter duty-cycle
saturation, which involves the presence of the integrals 0m1
and 0m2 in (20). The values mDimin and mDimax that always
allow to prevent the inverter duty-cycle saturation are given
by (22):

mDimin ≤ 0⇒ Dimin ≤
2
π
sin−1

(
1
νin

)
= D0 (22.a)

mDimax ≥ mpk ⇒ rac,ref ≥
mpk

νinnimax − 1
− 1 (22.b)

Accordingly, if it is possible to set mDimin and mDimax so that
the inverter duty-cycle never saturates, then from (20) we get:

Qin = 1t0
R1I21,ref
2Vin

1+ mav + rac,ref
1+ rac,ref

(23.a)

Qdc = 1t0
R1I21,ref
2Vdc

mavrac,ref(
1+ rac,ref

)2 (23.b)

wheremav = 0m0/1t0 is the average value ofm over the vehi-
cle trajectory. Consequently, (24) gives the resulting energy
efficiency:

η =
VdcQdc
VinQin

=
mavrac,ref(

1+ rac,ref
) (
1+ mav + rac,ref

) (24)

In (23)(24), the influence of mav and rac,ref is separated.
This allows understanding their independent impact on the
WPT-DBC performances. Evidently, both the charge deliv-
ered to the load and the energy efficiency increase if mav
increases. As for rac,ref , the charge delivered to the load
decreases if rac,ref increases for rac,ref > 1, whereas the
efficiency increases if rac,ref increases for rac <

√
1+ mav.

Based on (22.b), the joint achievement of inverter saturation
prevention and maximum efficiency is guaranteed if inequal-
ity (25) is verified:

νin nimax − 1 ≥
mpk

1+
√
1+ mav

(25)

Equations (22)-(25) allow achieving a well predictable oper-
ating condition, providing a trade-off between the charge
delivered to the battery and the resulting energy efficiency,
by optimizing the control setup. In fact, if (25) is ful-
filled, we have the maximum efficiency at the boundary of

the inverter duty-cycle saturation. Accordingly, the resulting
inverter and post-regulator control references, given in (26),
provide the inverter and post-regulator control set up ensuring
WPT-DBC optimal performances:

I1,ref =
4Vin
πR1

nimax
(
1+
√
1+ mav

)(
1+ mpk +

√
1+ mav

) = I1,opt (26.a)

rac,ref =
√
1+ mav = rac,opt (26.b)

It cannot be excluded that accepting the occurrence of the
inverter duty-cycle saturation may provide some advantage in
terms of increased charge or increased efficiency, if compared
to the non-saturating inverter duty-cycle operation. However,
the assessment of this eventuality is not easy to be analytically
done, due to the integrals 0m1 and 0m2. For this analysis,
numerical computations are required, as it will be shown in
Section IV.

B. MUTUAL INDUCTANCE OPTIMIZATION
Let us now consider the problem 2), by defining a criterion
to determine the optimal values of mpk and mav ensuring
the desired efficiency and charge performances. In particular,
if we assume non-saturating inverter duty-cycle operation,
then we can analyze the battery charge and the energy effi-
ciency when rac,ref = rac,opt and I1,ref = I1,opt . From (23)
and (24) we get:

Qdc = Q0
mav
√
1+ mav(

1+ mpk +
√
1+ mav

)2 ,
Q0 =

8V 2
inn

2
imax

π2R1

1t
Vdc

(27)

η =
mav(

1+
√
1+ mav

)2 (28)

Let us assume mpk = Kmav, with K > 1. Then, (27) and
(28) highlight that increasing mav reduces the charge and
increases the efficiency, while increasing mpk reduces the
charge. Therefore, some other elements are needed to identify
the best combination of mpk and mav values.

A desirable goal is to limit the winding losses, especially
in the RX coil. In fact, as the RX coil is on board the vehicle,
it must be as small as possible and as light as possible. The
size and weight of the RX coil are determined by the winding,
the casing and the heatsink, which can be quite large and
heavy, if the RX coil power dissipation is high. Let us then
consider the TX and RX coils dissipation when rac,ref =
rac,opt and I1,ref = I1,opt . Under these conditions, the active
power dissipated by the TX coil is constant during the time
interval 1t . Based on (2.a), the average power dissipated by
the TX coil is given by (29):

PR1 = P0

(
1+
√
1+ mav

)2(
1+ mpk +

√
1+ mav

)2 ,
P0 =

8V 2
inn

2
imax

π2R1
(29)
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The active power dissipated by the RX coil, instead, is not
constant during the time interval 1t . Therefore, we must
calculate the average value of the active power over this
interval based on (2.b), thus obtaining (30):

PR2 =
1
1t

t1∫
t0

pR2 (t)dt = P0
mav(

1+ mpk +
√
1+ mav

)2 (30)

Equations (28), (29) and (30) provide the bases for the coil
pair design, oriented at identifying the combination of mpk
and mav allowing to:
a) keep the RX coil power losses under a given value;
b) ensure an efficiency above a given value;
c) provide a charge above a given value.
If the RX coil power loss target is a given value PR2max,

as suggested by goal a), then from (30), we must fulfill the
condition (31):

m2
pk + 2

(
1+

√
1+ mav

)
mpk + mav

(
ρ − 1
ρ

)
+2

(
1+

√
1+ mav

)
> 0 (31)

where ρ=PR2max/P0. Solving (31) with respect to mpk
yields (32):

mpk > −
(
1+

√
1+ mav

)
+

√
mav
ρ
= mpk min (32)

If the efficiency target is a given value η, as suggested by
goal b), then from (28) mav must fulfill the condition (33):

mav(
1+
√
1+ mav

)2 > η (33)

Solving (33) with respect to mav yields (34):

mav > mavmin =
4η

(η − 1)2
(34)

Finally, if the charge target requires a minimum threshold
Qdcmin, as suggested by goal c), then from (27) the vehicle
speed must fulfill the condition (35):

v < vmax = v0
mav
√
1+ mav(

1+ mpk +
√
1+ mav

)2 ,
v0 =

P0L
VdcQdcmin

(35)

where v = L/1t is the constant speed of the vehicle, cov-
ering the distance L between the start and end points of the
trajectory.

C. OVERALL SYSTEM OPTIMIZATION
Based on the equations discussed in the previous two sub-
sections, given the input voltage Vin, the output voltage Vdc,
the TX coil resistance R1, a procedure for optimal RX coil
design can be formulated as follows:
step#1. calculate the minimum average value mavmin

using (34), based on the required minimum energy
efficiency η;

FIGURE 3. Case study: TX and RX coils.

step#2. calculate theminimum peak valuempkmin using (32),
based on the maximum RX coil power dissipation
PR2max;

step#3. select mav and mpk just above mavmin and mpkmin;
step#4. evaluate themaximumvehicle speed vmax using (35),

based on the required minimum charge Qdcmin;
step#5. optimize the control based on (26);
step#6. design the RX coil so that the mutual inductance M

and resistance R2 fulfill the reference values of mpk
and mav.

In step#3, mav and mpk must be as close as possible to mavmin
and mpkmin to allow higher vehicle speed according to (35).

IV. CASE STUDIES
A. SYSTEM ANALYSIS
The WPT charger configuration and operating conditions
adopted for our case study are referred to a real SS-WPT-DBC
investigated in the frame of the European H2020-EMPIR
MICEV project [30] and [31], characterized by the values of
the parameters listed in Table 1. The details of inverter and
post-regulator implementation are described in [25]. The coil
pair of this WPT-DBC is shown in Fig. 3. Under low-speed
conditions and in case of no lateral displacement, it has been
proved that the analytical behavioral model of the mutual
inductance of this coil pair is given by (36), as discussed in
detail in [32], [33]:

M (xt , yt = 0) = p0 tanh
[
p1(x2t + p2)

]
+p3 tan−1(|p4xt |p5 )+ p6 (36)

where M is the mutual inductance in µH, xt and yt are the
longitudinal and lateral displacements between the center of
the RX and TX coil at the time instant t , in meters, and the
coefficients p0, . . . , p6 are listed in Table 2. The RX coil is
assumed placed 20 cm above the TX coil.

According to (36), Fig. 4 (a) shows the plot of the normal-
ized squared mutual inductance factor m while the vehicle
is moving (vehicle speed of 4 km/h) along the trajectory
corresponding to the longitudinal symmetry axis of the TX
coil, represented by the black arrow in Fig. 4(b).

From (36), we can evaluate the peak value of the normal-
ized squared mutual inductance for xt=0, as given in (37):

mpk =
ω2
oM

2
0

R1R2
=

ω2
o

R1R2

[
p0 tanh (p1p2)+ p3

π

2
+ p6

]2
(37)

where M0 is the value of the mutual inductance when the
centers of TX and RX coils are perfectly aligned. From (37),
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FIGURE 4. (a) Plot of the m for the nominal trajectory of the RX coil
moving along the longitudinal axis of the TX coil (no lateral
displacement). (b) Nominal trajectory of the RX coil (red rectangle) over
one TX coil (blue rectangle).

TABLE 1. Case study: WPT-DBC parameters.

TABLE 2. Coefficients of model (36) for the given RX coil.

based on coefficients shown in Table 2, we have mpk =245
and mav =154. From (22.a), we get D0 =0.03. Accordingly,
we adopt Dimin = 0.02 to prevent the inverter duty-cycle
saturation to Dimin. Moreover, to fully optimize the inverter
and the post-regulator control setup, from (26) we get I1,opt =
42.4 A and rac,opt = 12.5. With a vehicle speed of 4 km/h,
based on (29)(30) the resulting average power PR1 and PR2
dissipated by the TX and RX coil are about 700W and 600W,
respectively. Based on (27), the charge delivered to the battery
is 36.6 C.

Let us now analyze the impact of the control setup. The
WPT-DBC model based on (10)(14)(15)(17)(20)(21) has
been implemented and solved numerically in MATLAB.
Figures 5 and 6 show the plots of the inverter and post-
regulator duty-cycles, the DC input and DC output currents,
the charge delivered to the battery, and the input and output
energy, for different values of rac,ref . In particular, we con-
sider a series of values symmetrical with respect to rac,opt :

FIGURE 5. (a) Inverter duty-cycle (blue) and post-regulator duty-cycle
(red) for rac,ref = rac,opt (1-ε) (dark color) and rac,ref = rac,opt (1+ε)
(light color). (b) Inverter input current (blue) and post-regulator output
current (red) for rac,ref = rac,opt (1-ε) (dark color) and
rac,ref = rac,opt (1+ε) (light color).

FIGURE 6. Charge transferred to the battery for rac,ref = rac,opt (1-ε)
(dark color) and rac,ref = rac,opt (1+ε) (light color). (b) Input
energy (blue) and battery delivered energy (red) for rac,ref = rac,opt (1-ε)
(dark color) and rac,ref = rac,opt (1+ε) (light color).

namely, rac,opt (1-ε) and rac,opt (1+ε), with ε = {0.00, 0.05,
0.10, 0.15, 0.20, 0.25, 0.30}. The curves with dark colors
correspond to the series of lower values rac,ref = rac,opt (1-ε),
for which the inverter duty-cycle saturates to Dimax, whereas
the curves with light colors correspond to the series of upper
values rac,ref = rac,opt (1+ε), for which the inverter never
saturates.
The resulting values of the total input and output charges

and of the energy efficiency for each value of ε are plotted
in Fig. 7, showing that the charge delivered to the battery
is maximum for rac,ref = 0.85 rac,opt = 10.6, whereas
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FIGURE 7. (a) Input charge, (b) output charge, (c) energy efficiency, for
rac,ref = rac,opt (1-ε) (dark color) and rac,ref = rac,opt (1+ε) (light color).

FIGURE 8. (a) Inverter duty-cycle (blue) and post-regulator duty-cycle
(red) for rac,ref = 0.85 rac,opt (dark color) and rac,ref = rac,opt (light
color). (b) Input dc current Iin (blue) and output dc current Idc (red) for
rac,ref = 0.85 rac,opt (dark color) and rac,ref = rac,opt (light color).

the maximum efficiency is reached for rac,ref = rac,opt =
12.5. From Fig. 7(b) and Fig. 7(c), the charge and the effi-
ciency for rac,ref = 10.6 are respectively +6.9% higher
and −0.7% lower than the charge and the efficiency for
rac,ref = rac,opt .
The plots of Fig. 8 compare the inverter and post-regulator

duty-cycles and the inverter input current and the post-
regulator output current for rac,ref = rac,opt and rac,ref = 0.85
rac,opt . These numerical results show there can be an incre-
mental charge benefit while accepting inverter duty-cycle
saturation to Dimax, with almost negligible efficiency degra-
dation. Unfortunately, the optimal rac,ref setting ensuring
the inverter duty-cycle saturation and the maximum charge
increase, is not analytically predictable.
The predictions of WPT-DBC operation based on the

model previously implemented in MATLAB have been fur-
ther validated by means of PSIM numerical simulations,
based on the schematic shown in Fig. 9. The instant value
of M is generated by a C-block that calculates the mutual
inductance as a function of the instant position x of the RX
coil center, according to (37), given by a generator emulating
the constant speed transit of the vehicle. The plots in Fig. 10
show the results of PSIM simulations for rac,ref = rac,opt .
The inverter duty-cycle and current (blue curves) and the

FIGURE 9. PSIM simulation schematic: (a) WPT charger complete
schematic and (b) detail of coupled inductor implementation, with the
mutual inductance value given by a C-block calculating M as a function of
the instant position x of the RX coil center.

FIGURE 10. PSIM simulation results. (a) Inverter duty-cycle (blue curve)
and post-regulator duty-cycle (red curve) for rac,ref = rac,opt , versus
MATLAB results (black dotted curves). (b) Inverter current (blue curve)
and post-regulator current (red curve) for rac,ref = rac,opt , versus
MATLAB results (black dotted curves).

post-regulator duty-cycle and current (red curve) have been
compared to the corresponding theoretical predictions (black
dotted curves), obtained by implementing the model previ-
ously discussed in a MATLAB routine. The PSIM simula-
tions results clearly confirm the MATLAB theoretical model.

B. SYSTEM DESIGN
The purpose of this second case study is to discuss the system-
level performance optimization. The physical design of the
RX coil given the desired values ofmav andmpk is not the goal
of this case study analysis. Nevertheless, it is worth to point
out that a moderate change of the mav and mpk values can
be practically achieved by accommodating different ferrite
pads on the TX and RX coils without changing the coil pair
windings.
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FIGURE 11. Shape of m for the modified RX coil, which moves along the
longitudinal axis of the TX coil.

TABLE 3. Coefficients of model (36) for the new RX coil.

FIGURE 12. (a) Inverter duty-cycle (blue) and post-regulator duty-cycle
(red) for rac,opt = 14.4 and I1,opt = 38.5 A. (b) Inverter input current
(blue) and post-regulator output current (red) for rac,opt = 14.4 and
I1,opt = 38.5 A.

Let us suppose that our target is to achieve ηmin = 87%,
Qdcmin = 50 C and PR2max = 500W, over a distance L = 2m.
From (32), (34) and (35), we get mavmin = 206, mpkmin =

311, and vmax = 0.7862 m/s (∼= 2.83 km/h), respectively.
The RX coil must be modified to achieve the new values
of mav ≥ mavmin and mpk ≥ mpkmin. Accordingly, the
coefficients p0, . . . , p6 listed in Table 3 have been adopted,
which refer to an RX coil ensuring mav = 207 and mpk =
311. The vehicle speed has been fixed 2.8 km/h.

Fig. 11 shows the modified shape of m along the nominal
trajectory of the RX coil over the TX coil. By using these
values of mav and mpk , from (26) we get I1,opt = 38.5 A and
rac,opt = 14.4.

The plots of Fig. 12 provide the MATLAB results of
the inverter and post-regulator duty-cycle values, and of
the input and output current for the given values of rac,opt
and I1,opt . Finally, the plots of Fig. 13 show the input and

FIGURE 13. Left-side: input energy (blue) and battery delivered energy
(red). Right-side: input charge (blue) and charge transferred to the
battery (red) for rac,opt = 14.4 and I1,opt = 38.5 A.

output energy and charge, thus confirming that the minimum
required charge (Qdc = 50.8 C > Qdcmin) and the minimum
required efficiency (η = 87%) have been achieved.

V. CONCLUSION
A system-level approach is required to match the control
parameters with the coil pair characteristics, in order to
fulfill the efficiency, power dissipation and charge require-
ments of a Wireless Power Transfer Dynamic Battery
Charger (WPT-DBC) for electric vehicles. To this purpose,
a novel dimensionless model and a design method have been
presented in this paper, providing guidelines for optimal
inverter and post-regulator controls setup in a series-series
WPT-DBC. The analysis and design equations presented in
the paper are scalable, since they are derived for dimen-
sionless setup factors, physical parameters and performance
metrics. The architecture of power converters and relevant
control of a real series-series WPT-DBC prototype, previ-
ously discussed in the literature, have been considered to
validate the theoretical predictions provided by the method
presented in the paper.
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