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Abstract—This paper aims to investigate the dynamic
charging performance of an 11 kW dynamic inductive power
transfer (DIPT) system. First, a multi-objective optimization
(MOO) method is proposed to find the Pareto front of the DD
charging pad. Then, the optimal design with a 96.82% efficiency
is selected as the target design for the DIPT system. Based on the
coupler mutual inductance at different misalignment, the
orientation of the transmitter (Tx) and receiver (Rx) pads and
the distance between Tx pads are studied and optimized. To
obtain the dynamic characteristics of the DIPT system, the
impact of mutual inductance variation is investigated, and a
dynamic model using Laplace phasor transformation is built to
solve the waveform amplitude of electrical variables. Finally, a
time-variant circuit model is built. Based on the simulations, the
dynamic model is proved to be accurate, and the proposed DIPT
system displays a good dynamic charging performance.

Keywords—dynamic inductive power transfer, multi-objective
optimization, dynamic modelling method, dynamic characteristics

I. INTRODUCTION

In inductive power transfer (IPT) systems, the energy
transferred from the transmitter (Tx) to the receiver (Rx) pads
relies on the magnetic coupling. A high coupling is favourable
for the efficiency of high power applications since less Tx side
winding current is required [1]. As a price of high coupling,
the size of charging pads may be designed larger and,
consequently, becomes more costly. The misalignment
tolerance can also be improved by enlarging the size of the
charging pad. Considering the fact that the allowed
construction volume is limited on the EV side, a trade-off
emerges among the power transfer efficiency, power density
as well as misalignment tolerance. Therefore, a multi-
objective optimization (MOO) design is recommended for an
IPT system.

A comprehensive comparison is reported between the
double-D (DD) and rectangular charging pads in [2], where
the Pareto fronts among different aspects of system
performance are obtained. A broader study of different
charging pad topologies is implemented in [3], where circular,
rectangular, DD and DD-Quadrature (DDQ) charging pads
are evaluated. The optimal efficiency is attained by adopting
dual-side control [4], where two dc/dc converters are deployed
on Tx and Rx sides, respectively. These two dc/dc converters
are controlled to realize power regulation and impedance
matching for maximum system efficiency.

Usually, the system performance at the perfectly aligned
pads point plays a dominant role in the static IPT system
design. In contrast, the performances of dynamic IPT (DIPT)
systems are equally important at each point within the range
of the misalignment in the electric vehicle (EV) travelling
direction. Thus, a flat and high coupling is preferred when the
EV moves along the lane in DIPT systems. However,

XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE

978-1-7281-5660-6/21/$31.00 ©2021 IEEE

751

considering the relatively large operation range of DIPT
applications, the MOO loop may dramatically increase,
regardless of the deployment of Tx pads, selection of
movement trajectory and control of the power supply. It may
be practical to implement MOO for a static scenario, taking
the misalignment tolerance into account, and optimizing the
Tx side configurations based on the charging pad obtained
from the MOO.

In DIPT systems major technical challenges are the
inevitable fluctuation of mutual coupling, power pulsation
minimization [5], [6] and modelling of the dynamic
characteristics [7]-[10]. To eliminate the zero-coupling point,
DD couplers are overlapped [5], [6], while the material cost is
high. A compromise could be realized by investigating the
misaligned coupling and optimizing the distance between one
Tx pad to another. Depends on the compensation topology, the
order of the ac link ranges from four [7]-[9] to eight [10].
However, the modelling is mostly for time-constant systems
where the mutual inductance is fixed. As the DIPT system is
a time-variant system, the feasibility of the existing dynamic
modelling method should be studied, which makes it essential
to investigate the system dynamic characteristics and time
charging rate of the mutual coupling.

This paper first implements the MOO of an 11 kW IPT
coupler for static applications, and objectives include the
gravimetric power density, system efficiency and
misalignment tolerance. Then, the optimized coupler is
analysed in terms of its mutual inductance and winding current
at different misalignment conditions. Then, the optimized
coupler is used to investigate the deployment configuration of
the DIPT system. To analyse the transient characteristics of
the DIPT system, the impact of mutual inductance variation is
investigated, and a dynamic model is built. Finally, simulation
is conducted to verify the accuracy of the dynamic model and
validate the performances of the proposed DIPT system.

II. MOO DESIGN
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Fig. 1. Schematic of the studied IPT system

A. Power Losses Modeling

To obtain the dc input-to-dc output efficiency, power
losses of the IPT system components are modelled, including
power converters (inverter and rectifier), capacitors, and
charging pads consisting of litz wires, ferrite cores, and
aluminium shielding.
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The Litz wire loss P., is composed of the dc ohmic loss
P4 and the ac losses led by skin effect Py, and proximity
effect Pprox, o (internal Pprox,ine and external Ppyox, exr).

A

1
Ric + R‘kin = nstr rchR (f;; )(n_)z Lcoil
str
It
})Prox,int = nstr rdc GR (f; ) Fd{lz Lcoil ( 1 )

N A
})prox,cxt = Z ns/rrdc GR (f; )j Hexz (l)zdl
i=1 ;

where 7y, is the number of strands in the litz wire, 74 is the dc
resistance per unit length of a unit strand of the litz wire, d, is
the diameter of the litz wire, H.., is the external magnetic field
penetrating the individual coil turns, f, is the operating
frequency set to be 85 kHz, Fr(fs) and Gr(f,) are frequency-
dependent factors.

The ferrite core loss Py is calculated by using Steinmetz
equation and integrating it over the core volume

P, = ([ B av @)

where Steinmetz parameters k, a and £ depend on the core
material.

The aluminium shielding loss due to the eddy current is
calculated using the surface current density Js equation

Py =[5 G)

As the optimal load Ry, is related to the equivalent ac
resistance R, of the charging pads, and R, is calculated
_ })c'u + Pfe + })al
LT

rms

“4)

ac

Then, Ry, can be obtained using (5) when the series-series
(SS) compensation is applied [11]. The ac link efficiency
changes at different load resistance and peaks when Ry, is
attained as shown in Fig. 2.

Racz
RL,ap1 = oM E

)

09

M=20H |
M=30;H
M=404H [~

08

0.7

0.6

05

04
20

R, [0

30 40 50

Fig.2. The ac link efficiency under constant output power of a SS
compensated IPT system
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The full-bridge inverter consists of four SiC power
MOSFETSs (Cree C2M0040120D). The rectifier is comprised
of four SiC freewheeling diodes (Cree C4D40120D). The
conduction and switching losses of the MOSFETSs and diodes
are calculated according to [12] and the manufacturer’s
datasheet.

Based on the modeling method, the MOO aided by particle
swarms optimization (PSO) is validated. The PSO is realized
in Matlab, and the finite element (FE) models are built in
COMSOL.

B. Validation of FE Model Accuracy

To verify the accuracy of the model approach, the
magnetic parameters of the FE model built in COMSOL are
benchmarked with a DD coupler, as shown in Fig. 3. The
specifications of the DD coupler are listed in Table I. The
magnetic parameters are measured by an impedance analyser
(Agilent 4294A, 40 Hz to 110 MHz). It can be observed from
Fig. 4 that both self-inductance and mutual inductance are
calculated accurately by the FEM model. The error of self-
inductance estimation is around 1%, and that of the mutual
inductance is below 3%, which means COMSOL could
accurately compute the magnetic parameters of charging pads.

TABLE L. SPECIFICATIONS OF THE DD COUPLER

Part Property

Material: Ferrite N87
Magnetic Core
Number of bars: 3

Type: AWG 41
Litz wire
Number of strands: 525
Coil Number of turns: 30
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Fig. 4. Calculated and measured magnetic parameters of the coupler under
misalignment, (a) and (b) self-inductance, (c) and (d) mutual inductance
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C. Results

The MOO applies COMSOL to compute the magnetic
field and analytically calculates the power losses of the IPT
system according to the introduced power losses modelling
method. The optimized target is an 11 kW DD coupler
applying SS compensation. The objectives include aligned
efficiency, misaligned efficiency and area/gravimetric power
density. The MOO design search space and constrains are
listed in Table II and III, respectively.

The MOO gives 321 sets of designs delivering an aligned
efficiency higher than 93% and the highest is found to be
96.82%. Pareto fronts among design objectives are illustrated
in Fig. 5. It can be seen that the aligned/misaligned efficiency
present trade-offs with the gravimetric/area power density.
The price of higher efficiency is a larger size of the coil and
more cost of the material. By enlarging the pad size, higher
coupling coefficient can be obtained. With the output power
constant, the high coupling leads to decrement of winding
current, thus lower power losses in the IPT system. When the
power density is fixed, designs of high mutual inductance tend
to be more efficient, as presented by the colour of points in
Fig. 5. Besides, enlarging the pad size also boosts the
misalignment tolerance of the IPT system. With the pad size
increased, the variation of the mutual inductance is less
sensitive to the misalignment.

Improving the power transfer efficiency is still prioritized
in the design considerations. In terms of the system efficiency,
two designs are highlighted as AD and BD in Fig. 5. It can be
seen that they are on all these four Pareto fronts, both of which
deliver good performance in aligned and misaligned points.
BD is slightly inferior to AD in aligned efficiency while
keeping a higher power density and misaligned efficiency. In
a DIPT system, the charging performances at aligned and
misaligned are equally important. Therefore, BD is selected as
the optimal solution of the 11 kW DD pad design.

TABLE IL MOO SEARCH SPACE
Variable Unit Range g)(ﬂ‘tlig:fl:
Number of turns - 15-60 31/31
Diameters of litz wire mm 24-48 4.8
Inner length mm 10-35 31.9/28
Inner width mm 10-35 25/13.3
Ferrite thickness mm 5-35 34
Ferrite width mm 15-45 15.8
Gap between ferrites % 20-100 20/43.7
Length of ferrite % 50-120 112.1/112.3
Number of ferrites - 1-7 5/3
TABLE IIL MOO CONSTRAINTS
Variable Unit Value
Maximum flux density mT 300
Core loss density kW/m’® 800
Aligned wind.ing current A/mm? 45
density
Misaligned Wir}ding current A/mm? 6
density
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referring as AD, has the highest aligned efficiency. The design highlighted
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02

§o18
2
E 0.16
o
2014
a
3
3 o012
0.1 0 ]
02 04 06 0.8 1 02 0.4 06 0.8 1
Gravimetric power density [KW/kg] Gravimetric power density [kW/kg]
(a) (b)
3 50
O Primary Primary " ¢, 0
O =N Q S8 oo
O 40 ”

<
30
D
. 20 Q v
02 04 06 08 1 02 04 06 08 1
Gravimetric power density [kW/kg] Gravimetric power density [kW/kg]
(c) (d)

Fig. 6. System parameters (a) coupling coefficient, (b) power loss, (¢) R
and (d) winding current. The selected design is highlighted using filled
points.

Fig. 6 shows the system parameters of different designs,
and the selected design is highlighted as filled points. The
selected design has a coupling close to the highest point in Fig.
6(a). It should be noted that too high coupling coefficient may
cause the load matching failure, due to the voltage limits of
the dc/dc converter on both sides.

In Fig. 6(b), the aluminium shielding constitutes the lowest
part of the power losses and keeps flat over the range of the
power density. Usually, the thickness is selected to satisfy the
skin depth, which is more sensitive on switching frequency.
The copper loss takes the second-lowest place and ranges from
5% to 20%. The core loss spreads almost the whole space, and
more than half of its results are above others. Compared with
the core loss, capacitors have a more concentrated distribution
of losses ranging from 20% to 50%. It can be concluded that
capacitor and core losses have the largest power loss
contribution.

R, of the primary and secondary charging pad is presented
in Fig. 6(c). Most points of the primary and secondary ac
resistance are overlapped and range from minimal to 2.5 Q.

Authorized licensed use limited to: TU Delft Library. Downloaded on September 03,2021 at 12:34:39 UTC from IEEE Xplore. Restrictions apply.



As shown in the highlighted optimal points, the optimal R, of
the primary and secondary are almost the same and found
around 0.2 Q. Correspondingly, the optimal winding currents
shown in Fig. 6(d) are the same with a relatively low
amplitude of about 23 A in the primary and secondary sides.
Therefore, keeping a balanced design might contribute to
higher efficiency.

III. TX PADS DEPLOYMENT CONFIGURATION

To analyse the dynamic performances of the selected
design in Section II, the coupling of the system at different
relative positions are investigated. When the misalignment is
relatively small, the Rx pad is only coupled with the nearest
Tx pad, named ROT coupling which is used to determine the
Tx pads orientation. As the Rx transits from one Tx to another,
the Rx pad may have considerable coupling with two Tx pads,
named RTT coupling which is used to determine the Tx pads
distance.

A. Tx Pads Orientation

Half Y-length
T

o1 02
y [m]

(©)

x[m]
(@)

x[m]
(b)

Fig. 7. ROT coupling at different positions, (a) overview, (b) x-axis
misalignment and (c) y-axis misalignment. The direction of the axis is
illustrated in Fig. 3.

Fig. 7 shows the mutual inductance variation at different
misalignment condition. In a comparison of Fig. 7(b) and 7(c),
the discussed DD coupler presents a lower sensitivity to y-axis
misalignment, while a considerable mutual inductance can be
maintained at a larger region of x-axis misalignment. Due to
the property of DD pads, the mutual inductance has a zero-
crossing point along x misalignment. The zero-crossing point
is close to where one Tx D coil is aligned with one Rx D coil
at a certain x-axis misalignment. When the coupling is low,
the system may be shut down because of low efficiency and
high component stress.

1 300 1000
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Fig. 8. DIPT system performances under different mutual inductance, (a)
efficiency, (b) winding currents, and (d) input and output voltage.

100 100

When the SS compensation is applied, the system
operation heavily depends on the mutual inductance. To study
how to place the charging pads, the system operation should
be elaborated. Assuming that the load resistance is constant
and primary power regulation is applied. The output power
can be regulated at 11 kW by adjusting the input voltage as

11U, P
2 W*M?

R, (6)
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where Uyp is the amplitude of the primary resonant circuit
input voltage, R; is the equivalent load resistance derived by
the ratio between the output voltage and load current. The
system performances under different mutual inductance are
shown in Fig. 8. As the EV leaves the aligned point, the system
efficiency decreases, and the component stresses increase.
Therefore, the primary power supply should stop when the
mutual inductance becomes too low. According to the SAE
J2958 standard, IPT systems are required to operate with an
efficiency above 80%. As a recommendation, the Tx pad
power supply should stop when M7z is lower than 20 uH
(M7r_op). Comparing the curves in Fig. 8(b) and 8(c), the y-
misalignment provides a larger effective operation range
where Mrr>Mrr of is satisfied, even though the mutual
inductance distributes in a larger range of x-misalignment.
Therefore, the travelling direction of EVs is set to be the y-
axis of the DD coupler.

B. Tx Pads Distance

otro oTPO otPo 0

0 01

02
y position [m]
@

03 01 02 03 04
y position [m] y position [m]
)

®) ©

02 06

Fig. 9. RTT coupling at different postions when Tx pad distance satisfy (a)
d=0, (b) d=0.5 and (c) d=1.

The pattern of the mutual inductance variation is largely
affected by the distance between two adjacent Tx pads d
which is defined as the ratio of the Tx pads gap and the width
of the Tx pad. Fig. 7 presents the coupling when the Rx pad
moves from one aligned point to another adjacent one, and
also the power supply operation modes which include one Tx
pad operation (OTPO), double Tx pad operation (DTPO) and
zero Tx pad operation (ZTPO). DTPO presents when d ranges
from 0 to 0.5, and DTPO mostly works under low mutual
coupling. As shown in Fig. 8(a), the efficiency drops
dramatically at low mutual inductance region. Thus, both Tx
pads have relatively low efficiency in DTPO mode, which
suggests that DTPO mode is not favourable in the DIPT
system. Meanwhile, ZTPO should be eliminated to reduce
power pulsation. Therefore, d is selected around 0.5, where
both DTPO and ZTPO are avoided.

IV. DYNAMIC CHARACTERISTICS

A. Impact of Mutual Inductance Variation

When the trajectory and speed of the EV are known, the
mutual inductance can be defined as a function of time Mrg(?)
as shown in Fig 10(a). The Rx pad induced voltage V> can be
calculated

(7

The second term of (7) represents induced voltage contributed
by the relative motion. The ratio 44, between the amplitude of
the first and second terms in (7) can be expressed as

V,(t) = o |I,| M (t)cos ot + M 1, (1)'|1,|sin wt

— a)MTR (t)

MTR (t)' (8)

dy
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When the condition A4>>1 is satisfied, the induced voltage
resulted from the motion can be neglected. As shown in Fig.
10(b), Aay is larger than 2950 at the investigated range.
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Fig. 10. Time changing rate of the mutual inductance at a speed of 80 km/h.
The time for the EV to move 0.33 m (the Y length of Tx pad) is around 15
ms.

B. Dynamic Model

The conventional state-space model takes both amplitude
and phase of the winding current and capacitor voltage, while
the amplitude is more important for the evaluation of system
efficiency, power transferred and component stresses. In [13],
Laplace phasor transformation is proposed to derive the
amplitude and phase of a sinusoidal electrical variable. In the
Laplace phasor transformation model, the circuit is modelled
in phasor domain, and the instantaneous variable x and its
phasor X satisfy equation (9). The SS compensated IPT system
can be modelled as (10), and the Laplace phasor transformed
equivalent circuit is presented in Fig. 11. In (10), Ucy, 11, Ucz
and I, are the phasor transformation of instantaneous uc, i,
ucz and iz, Uyp is the fundamental component of instantaneous
UAB.

1jjoC, 1joC,

W g
RytjwL;

jeoMI+Mdl/dt
P

JoML+MdL/dt
%

Fig. 11. Laplace phasor transformed equivalent circuit model.

x = Re[ Xe’ ] Q)

1 1
Uy = Ll%+(1€l + joL)I, +M%+ja)MI2 +U,,
t t

[] — .l/Cl 4 Cl dUC]
joC, dt (10)
78 78

M%+ja)MI2 = Z%Hja)Lz +R, +R)I,+U,,

[2 — UCZ 4 Cz dUCZ
joC, dt

To simplify (10), it is assumed that the phase angle between
Uci (Ucz) and I; (1) is 90 degree, and U, and I, are in phase.
Thus, the open-loop transfer function between |I;|(s) and
|U4s|(s) can be solved as

&) 2L,s+R, +R,
U sl(s)  ALL,sS* +2((R, + R)L + L,R)s +(R, + R)R + &’ M,

)
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The decaying rate z; can be solved as

_RL,+(R,+R))L,
4LL,

(12)

d

Assuming the transient component decays to 5%, the transient
time #; can be solved

_ 4z L L,
RL,+(R,+R))L,

(13)

Iy

The mutual inductances are not involved in (13), which
means the #; is constant as the EV passes the Tx pad. The step
response of the discussed system has a #; of 0.12 ms.
According to Fig. 10(a), the variation of Mz during the
transient time #; is less than 1.2 xH, which is negligible to the
DIPT system. Thus, a feed-forward control is capable of
reaching a relatively stable output power.

V. SIMULATION RESULTS

A. Dynamic Response under Constant Mg

To verify the accuracy of the proposed dynamic model, the
circuit model is built in Simulink. The model details are listed
in Table III. The pad details are derived from MOO results.
The optimal load resistance is applied, which is calculated to
be around 43 Q, according to (5). The waveform of the
primary winding current under 400 V input voltage step is
illustrated in Fig. 12. The analytical prediction is based on
(11). The analytical curve fits the simulated waveform
perfected and the transient time is around 0.12 ms, which
proves the accuracy of the proposed dynamic model in (10)
and the simplified analytical solution in (11).

[
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\ | |
[l RN
. \ i o
5 | “H‘\‘\““\“ IRTERY
o0 simutation || || || [ AL
Anaytical [\ | U UV Vv

0 02 04 06 08 1 12 14 16 1.8 2

1A

Fig. 12. Comparison of simulated and analytical results under 400V step U,z
and My constant.

TABLE IV. SIMULATION MODEL DETAILS
Variable Unit Value
L, uH 504.7
L wH 4256

M uH 72.9

C nF 6.95

C, nF 8.24

R, Q 0.2
R Q 0.25

B. Dynamic Response under Varying Mrr

According to Section III, the distance between adjacent Tx
pads is around half of the Tx pad Y-length. In that case, the
effective charging zone can be continued, and the overall
power efficiency can be guaranteed above 80%. When the
lateral misalignment is zero, the coupling between the Rx pad
and Tx pad is illustrated in Fig. 13. Under the condition that
the EV trajectory and speed are fixed, the M can be
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predicted. According to Section IV, the variation of Mrz
during transient time is negligible. Therefore, the primary side
power regulation can be achieved using feed-forward control
strategy. Taking the constant output power as the target, the
primary input voltage can be controlled as

’UAB’ = a)MTR \/ aut r /R

where P, is the rated output power 11 kW.

(14)

80

| t[ms] |

| Effective Charging Zone |
_____ L L

the IPT system. Based on the Pareto front obtained, an optimal
solution is selected to design a DIPT system. By investigating
the mutual coupling at different misalignment, the deployment
of the Tx pads is investigated. It has been found that the
mutual coupling is less sensitive when the y-axis of the
coupler is set to be the travelling direction of the EV. To avoid
null power and low-efficiency operation region, the suitable
distance between two adjacent Tx pads is found to be roughly
half the Y-length of the Tx pad. Based on the configuration of
the DIPT system, the impact of mutual inductance variation is
studied, and a dynamic model using Laplace phasor
transformation is built. Based on the dynamic model, the
open-loop transfer function is derived, and the time-domain
solution is solved. Finally, a time-variant circuit model is
built. The simulation results validate the accuracy of the
dynamic model and performances of the DIPT system using
the proposed pad design and deployment configuration.
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