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Purpose — The aim of the paper is to design the compensation network of a dynamic wireless power transfer
system, considering the movement of the receiving coil along an electrified track with a large number of inductors
buried on the road.

Design/methodology/approach — A Finite Element model has been developed to calculate the self-inductances
of transmitting and receiving coils as well as the mutual inductances between the receiving coil and the
transmitting ones in the nearby and for various relative positions. The calculated lumped parameters, self-
inductances and mutual inductances depending on the relative positions between the coils, have been considered
to simulate the compensation network of the active coils, which is composed of three capacitive or inductive
reactances T connected. The optimal values of the 6 reactances, 3 for the transmitting coils and 3 for the receiving
one, have been calculated by resorting to the Genetic Algorithm NSGA-II.

Findings — In the paper, a broad discussion about the results obtained by means of the optimizations has been
done. The optimal values of the reactances of the compensation networks show a clear trend in the receiving part
of the circuit. On the other hand, the problem seems very sensitive to the values of the reactances in the
transmitting circuit.

Originality/value — Dynamic Wireless Power Transfer System (DWPTYS) is one of the newest ways of recharging
electric vehicles. Hence, the design of compensation networks for this kind of systems is a new topic and there is
the need to investigate possible solutions to obtain a good performance of the recharging system.
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INTRODUCTION
Dynamic Wireless power transfer systems, DWPTSs, are object of intensive researches since they are expected
to enhance the electric vehicle range [1,2]. The first Wireless Power Transfer Systems (WPTSs) were developed
as a static recharge station, with the transmitting coil buried in parking area, and intended in substitution of
classical plug-in recharger [1,3-5]. The static recharge, already standardized by SAE [5], requires the stop of
vehicle in a equipped park area for the time required for battery recharge. Innovative Dynamic systems might
allow to recharge the batteries while driving and are the current challenge in vehicle recharge [1,2,6-10].



A Wireless recharge system, both in static and dynamic solution, comprises a receiving coil mounted on the
bottom of the vehicle car frame, and one or a set of inductors, the transmitting coils, positioned under the road
surface [1,11]. Wireless power transfer systems make use of magnetic induction to transfer the power from the
transmitting coil to the receiving coil [2,4,12]. Each coil is equipped with a ferrite layer to concentrate the
magnetic flux and to shield the leakage electromagnetic field. The width of the air gap between the coils depends
on the vehicle model [5].

The power transferred to the load, i.e. the battery, depends on the compensation network connected to both the
transmitting and receiving coil [13-16]. The design of the compensation network aims to improve the power
transferred to the load [17,18]. During static recharge the receiving and transmitting coil are in a fixed position
that must guarantee a good electromagnetic coupling of the coils, this way the design of the compensation network
is relatively easy since the mutual inductance between coils is known and constant. Conversely, in the dynamic
recharge of a vehicle the transmitting coils are organized in strip and the mutual inductance varies, depending on
the mutual position of the receiving on the transmitting coils [19,20]. This way the mutual inductance experiments
a variation during the vehicle movement and the compensation networks have to be designed in order to match
different alignment conditions.

In this paper a strip of inductors buried on the road and one receiving coil that shift over the strip are simulated
using Finite Element Analysis (FEA) in order to compute the mutual and self-inductance for different reciprocal
positions. The obtained mutual and self- inductances were used in the circuital model of the resonant system in
order to optimize the compensation networks (CNs) able to guarantee the best performance in the efficiency and
power transmission. The considered CNs are formed by three reactive elements arranged in a “T” topology. With
a proper selection of their reactances, this layout allows to reproduce the behaviour of most of the CNs considered
in the literature [XX]. For this reason, these CNs have been considered in [29], devoted to the optimization of a
static WPTS. A dynamic WPTS is analyzed in [Y Y], where the “T” CNs are optimized considering the receiving
coil coupled with only one transmitting coil at a time. The presented paper, instead, considers a dynamic WPTS
where the receiving coil is coupled with two transmitting coils at a time, thus representing a much more realistic
condition. Moreover, the objective functions (OFs) minimized during the optimization are focused on the average
of the efficiency and of the transferred power over different positions, in an attempt to compensate for the variation
of the coupling coefficient between the coupled coils while the vehicle moves over the track.

FORWARD PROBLEM

The layout of the DWPT systems consists of a string of transmitting coils (TxCs) buried below the road surface.
When a vehicle runs over the track with inductors, the receiving coil, denoted as “pickup coil”, is coupled step by
step with one or more coils of the track. This arrangement has been studied by means of FEA. The simulated
geometry includes 5 TxCs and the pickup, considered perfectly aligned with the main axis of the track [21]. The
TxCs and the pickup are identical and composed by 15 turns with an external diameter of 390 mm [22]. The
distance between the centres of the TxCs is set to 750 mm. All the coils are equipped with a ferrite layer, a plate
with a side of 400 mm and a thickness of 6 mm with an initial relative magnetic permeability of 3000. The model
used for the FEA is represented in Fig. 1.

Given the geometry in Fig. 1 FEA solves a time harmonic magnetic field problem using Flux 3D (software
released by Altair Engineering?, Inc. Troy MI, USA[21]). The coils are represented as ideal current windings that
act as magnetic field sources and are characterized by absence of discretization (non-meshed coils). the magnetic

! https://altairhyperworks.com/product/flux



field produced by the non-meshed coils is evaluated using Biot-Savart formula [23] in a semi-analytical way. In
the air volume, the reduced scalar magnetic potential, &g, formulation that takes into account the magnetic field
produced by the ideal current paths, is applied while the influence of the ferrite volume is treated by the scalar

magnetic potential [24-27]:

VepoHg = V- 1o Vdp 3

H=H, - Vo, (4)

where His the magnetic field generated by the coil and computed using the Biot-Savart law.

The ferrite volume is described as a continuous strip. The material of the strip is modified according to the position
of the coil, and it is air if the coil is not faced on and it acquires the ferrite properties when a coil is faced on a
given position [25]. The typical mesh has 344,000 nodes and 1,975,000 first order volume elements.
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Fig. 1: Layout of the DWPT system model considered for the FEA

FEA is used to evaluate the lumped parameters of the equivalent circuit representing the recharge system. In
particular, the self-inductance of the TxCs and pickup have been assessed, and their mutual inductance for

different relative positions like in [28].

To this end, the FEA has been performed by supposing that the pickup is supplied with an alternate current having
amplitude of 1 A at the frequency f,=85 kHz [6]. A number of simulations have been performed considering
different positions of the pickup, starting from the position A of Fig. 2, centred over the TxC a, and moving on
the right with step of 50 mm up to reaching position B, centred on the TxC b. In each position the mutual
inductance between the pickup and five TxCs, i.e. coils TxCa, TxCh, TxCc and the ones on the right of “b”, TXCd,
and on the left of “c”, TxCe, have been computed.
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Fig. 2. Pickup positions considered for the FEA.

From the FEA, it resulted that when the pickup is aligned with one of the TxCs, its coupling with the two adjacent
ones is about 1% of the coupling existing with the aligned coil. For each position of the pickup coil on the strip
of transmitting coils the self and mutual inductances are computed. In particular, Fig. 3 shows the mutual
inductance at the terminals of the transmitting coils TxCa and TxCb for different position of the pickup coil. When
the pickup coil is aligned to the coil TxCa mutual inductance is maximum at TxCa terminals and minimum at

TxCb terminals and vice versa. DESCRIVEFRE COSA SI VEDE IN FIG 3
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Fig. 3. Mutual inductance M, (solid blue) and My, (dashed red) obtained by FEA.

For this reason, the model is accurate even if only two TXCs are considered in the simulation. This condition also
entails that in a real system only two coils can be energized at a time, given that there is no advantage in supplying
more than two.

OPTIMIZATION PROBLEMS

The performance of a DWPT system is greatly influenced by the compensation networks (CNs) of the coils. The
CNs are formed by reactive elements and operate as interfacing circuits between the power supply generator and
the TxCs and between the pickup and its equivalent load.

The proposed design considers the pickup equipped with three capacitive or inductive elements and assumes that

all the TxCs are connected to equal CNs, each formed by three capacitive or inductive elements. Following from
the results of the FEA, the equivalent electrical circuit of the pickup and of the TxCs can be represented as in Fig.

4

Fig. 4. Equivalent electric circuit of the pickup and of the two coupled TxCs.



In the equivalent circuit, only the two TxCs, which the receiving coil is overlapped to, are considered; the mutual
coupling with the other coils can be disregarded. The actual load connected to the CN of the pickup is constituted
by the cascade of a rectifier/battery charger and by the battery. All these elements absorb only active energy so
that they can be represented by the equivalent resistance R.

In order to solve the optimization problem, three Objective Functions (OFs) are formulated as follows:

IS PLiCx)
PLS = % (1)
_ PrrToT
= et )
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where Py is the average power on the load, Py; is the power on the load in the x; position with respect to the
transmitting coil strip, Ns is the number of reciprocal positions of the RX-TX coils considered in the computation
(e.g. in the example Ns=16), n, is the average efficiency computed as the ratio between the total power supplied
to the load, P, tor, and the total generated power F,;, Pr is the product between power and efficiency evaluated

as power times the efficiency in each considered position.

Two different optimization problems have been solved: find the values of the 6 reactances of the compensation
networks that simultaneously maximize:

1) the average of the power transmitted by the TxCs to the pickup over different positions (OF1) and the average
efficiency of the power transmission over different positions (OF2).

2) the average product of the transmitted power times the relevant efficiency over different positions (OF3) and
the average efficiency of the power transmission over different positions (OF2).

Problem (1) is focused on the performance of the DWPT system, in terms of transmitted power and efficiency.
The first OF in the problem (2) is introduced to avoid solutions with high transmitted power but low efficiency or
low transmitted power and high efficiency.

Moreover, the selected CNs must satisfy an additional condition about their impedance at high and low frequency.
Both of them must be very high in order to avoid the circulation of any direct current component in the TxCs and
to solicitate the DWPT system active and passive elements with undue high frequency current components. To
this end, the CNs whose impedances at the frequency fo/100 and/or fy-100 are lower than their impedance at fo are
not considered in the optimization.

OPTIMIZATION ALGORITHM
The design variables of the optimization problem are the six reactances, 3 reactance for the receiving side and 3
for the transmitting side, since the authors hypothesize the same compensation network for all the coils that form
the transmitting strip.



In this paper the classical NSGA-II algorithm was used to optimize the two optimization problems 1-2 [29,30].
The population size is 50 individuals and NSGA-II run 200 times to find the Pareto front.

OPTIMIZATION RESULTS
Optimization problem 1)

In this problem, the optimized quantities are the average transmitted power, equation (1), and the average power
transmission efficiency, equation (2), both computed considering different positions of the pickup with respect to
the TxCs.

The Pareto front obtained by solving the optimization problem 1) is shown in Fig. 5.
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Fig. 5. Pareto from coming from optimization problem (1).

Each of the lines reported in Fig. 6 represents the actual values of the efficiency vs the transferred power achieved
in the different positions of the pickup. The circle at the tip of each line highlights the transferred power-efficiency
condition relevant to position A (fully-aligned position, see Fig. 2). When the pickup moves toward position B
the efficiency and, in most of the cases, the power decreases to zero. This condition is reached when the pickup
lays in the middle point between TxCa and TxCb. From this point forward, the efficiency and the power grow
again up to coming back to the point highlighted by the circle, this time in correspondence with position B.

The lines relevant to the 50 individuals can be roughly split into two sets by the dashed straight-line. Over this
line, the transferred power is nearly maximum in positions A and B. Under this line, the transferred power
increases for a while after the pickup leaves position A and grows to the maximum before the pickup reaches
position B.
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Fig. 6. Efficiency vs. transferred power characteristic of 50 individuals. Each coloured line refers to one point in
Fig. 5 and is relevant to the trajectory from A (circle, fully-aligned coils) to B (origin of the axes, fully
misaligned coils).

In the following analysis some individuals of each set are considered: three individuals characterized by a
transferred power around 10 kW and by a rather high efficiency, highlighted by the red circles in the high-left end
of the Pareto front of Fig. 5, and the three individuals that transfer the maximum power at the expenses of a lower
efficiency, corresponding to the red circles in the low-right end of the front. These two triplets are denoted as the
high efficiency individuals (HEIs) and the high-power individuals (HPIs).

The profiles of the efficiency and of the transferred power for the six selected individuals are reported in Figs. 7.
The Fig. 7b highlights the expected condition by which in the three HPIs the maxima of the transferred power do
not coincide with position A or position B. This behaviour is similar to that one found when the simple series-
series compensation is used and require to reduce the supply voltage of the TxCs whenever the pickup approach
them or departs from them in order to avoid any over-solicitation of the DWPT system components.
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Fig. 7. (a) Efficiency and (b) transferred power of the HEISs (top) and of the HPIs (bottom).

By comparison of the figures, it results that the HEIs and the HPIs exhibit a somehow dual performance: the three
HEIs have practically the same efficiency in all the positions of the pickup but transfer different power while the
HPIs transfer the same power but with different efficiencies.

The reactances that constitute the CNs of the selected individuals are listed in Tablel.
Table | Reactances of the CNs of the TxCx and of the pickup

HEIl1 HEIl2 HEIs HPI1 HPI2 HPI3
Xts -8.56 -8.44 -8.76 -7.79 -7.64 -7.53
Xip 12.55 12.72 12.69 9.25 9.20 9.06
Xic -54.79 -60.33 -61.15 -16.95 -22.72 -22.81
Xps -106.08 -106.00 -105.51 -107.37 -106.44 -107.12
Xpp 370.59 370.66 370.37 372.24 372.21 371.53
Xp.c 45.92 45.88 45.61 44.70 44.10 44.03

In all the considered individuals the reactance Xis of the CN element Z;, which is connected in series to the supply
system is capacitive, thus assuring that no direct component of current can flow in the circuit.

The reactances of individuals HEI; and HPI; have been inserted in a circuital simulation developed in the
Matlab/Simulik environment to check if the performance relevant to power transfer and efficiency, calculated
analytically by the objective functions used for the optimization algorithm, match with those coming from a more



realistic model. In the simulations, a vehicle running at 130 km/h has been considered, so that the time taken to
move from the position A to the position B is about 0.021 s.

Fig. 8a is relevant to HEI,. It shows the profiles of the total power Ps supplied by the supply generator and the
power P delivered to the equivalent load while the vehicle moves from position A to B and then ahead to the
next coil. The solid line plots refer to the simulation results while the dashed line plots refer to the analytical
values computed by the objective functions. Fig. 8b shows the power transfer efficiency obtained from the
simulation (solid line) and from the objective functions (dashed line). By inspection of the figure, it appears as
the matching between the simulation and the analytical results is good enough to be confident in the performance
of the objective functions.
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Fig. 8. (a) Supplied and transferred power and (b) Power transfer efficiency obtained from simulation (blue solid line) and
from the objective function (dashed red line).

The same quantities have been computed considering HPE;. They are plotted in Fig. 9. Also in this case the
correspondence between the simulation and analytical results is satisfactory.
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Fig. 9. (a) Supplied and transferred power and (b) Supplied and transferred power (simulation considers mutual coupling
between the TxCs).

The same simulations have been carried out again inserting in the model of the system the mutual inductance
existing between the two TxCs, which, depending on the position of the pickup, ranges from about 0.2 uH to 0.4
uH. The obtained results compared whit those coming from the objective functions are reported in the Figs. 10

and 11. The first of them, relevant to HEI,, demonstrates that the simulation results are nearly equal to those
obtained by neglecting the TxCs mutual coupling, so that it can be concluded that the optimized CNs are robust



against its variation. In the case of HPI4, considered in Fig. 11, the sensitivity of the CNs to the mutual coupling
results a little higher, especially when the pickup is not aligned with the TxCs, and this causes an increasing of
the supply power and a consequent decreasing of the efficiency. In any case, the results of the simulations are
comparable with those coming from the objective functions.
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Fig. 10. Solutions labelled HEI.: (a) Supplied and transferred power (simulation considers mutual coupling between the TxCs)
and (b) Power transfer efficiency obtained from simulation (blue solid line) and from the objective function (dashed red line).
Simulation considers mutual coupling between the TxCs.
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Fig. 11. Solutions labelled HPI1: Supplied and transferred power (simulation considers mutual coupling between the TxCs)
and (b) Power transfer efficiency obtained from simulation (blue solid line) and from the objective function (dashed red line).
Simulation considers mutual coupling between the TxCs).

Optimization problem 2)

In this problem, the optimized quantities are the average product of the transmitted power by the relevant
efficiency, equation (3),and the average power transmission efficiency, equation (2), both computed on the
different positions of the pickup with respect to the TxCs.

The Pareto front obtained by the solution of the optimization problem 2) is shown in Fig. 12.
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Fig. 12. Pareto front coming from optimization problem (2).

The efficiency as a function of the transferred power in different positions of the pickup is represented in Fig. 13.
Also in this case, 50 individuals are considered, each line of Fig. 13 pertaining to one of them.
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Fig. 13. Efficiency vs. transferred power characteristic of 50 individuals. Each coloured line refers to one point
in Fig. 12 and is relevant to the trajectory from A (circle, fully-aligned coils) to B (origin of the axes, fully
misaligned coils).

The figure shows that in most of the individuals a comparatively high efficiency is maintained in a rather large
power interval while only the few individuals whose power-efficiency characteristics fall on the left of the dashed
line exhibit an efficiency constantly increasing with the transferred power. This feature is common in all the
individuals obtained by solving the problem 1).

In the following analysis two triplets of individuals have been selected. The first set is characterized by an
efficiency higher than 70% but their relevant transferred power is lower than 1 kW. It is highlighted by the red
circles in the left-upper end of the Pareto front in Fig. 12 and is denoted as the HEI set. The other set has a little
lower efficiency, higher than 65%, but allow to transfer a much higher power that reaches 7.5 kW. These three
individuals are positioned about on the first quarter of the Pareto front and are denoted as the HPIs.

The profiles of the efficiency and of the transferred power for the six selected individuals are reported in Fig. 14.
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Fig. 14. (a) Efficiency of the HEIs (top) and of the HPIs (bottom), and (b) Transferred power of the HEIs (top) and of the
HPIs (bottom).

Differently from the results coming from Problem 1), now all the individuals reach the maximum transferred
power in position A or in position B, where the pickup is aligned with one of the TXCs, whilst in some individuals
the maximum efficiency is reached out of these positions.

The optimal reactances that form the CNs of the TxCs and of the pickup are listed in Table Il. The CNs of the
three HPIs are quite similar one to the other while those relevant to the HEIs have some differences. For both the
sets of individuals the reactance X:c, connected in series to the TxC compensates for the self-inductance of the
coils itself, thus implementing a series compensation.

Table Il Reactances of the CNs of the TxCx and of the pickup

HEI:1 HEI.» HEI3 HPI1 HPI» HPIs3
Ats -15.35 -32.76 -14.44 -4.24 -3.85 -4.26
Kip 119.66 136.72 15.24 4.64 4.24 4.35
Xte -65.64 -65.85 -67.05 -64.46 -64.68 -64.64
Xp.s -89.56 -91.45 -104.86 -104.43 -106.57 -106.57
Xpp 325.23 276.44 332.07 330.06 331.68 331.88
Xp,e 27.13 30.46 48.29 46.52 49.05 50.37

Simulation have been carried out to check the correspondence between the results coming from the analytical
computation of the objective functions and those obtained from a more detailed model of the system that also
encompasses the effect of the mutual coupling between the TxCs. As an example, the efficiency and power
profiles obtained from the individual HPI; are reported in Fig. 15.
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Fig. 15. Solutions labelled HPI1: Power transfer efficiency obtained from simulation (blue solid line) and from the objective
function (dashed red line). Simulation considers mutual coupling between the TxCs, and (b) Supplied and transferred power
(simulation considers mutual coupling between the TXCs).

In both cases there is a good correspondence between the simulation and the analytical results that confirms also
in this case the low sensitivity of the CNs to the mutual coupling between the TcCs.

Conclusion

The paper presents the optimization of the CNs of a DWPTS based on a FE model for mutual inductance
calculation. The optimal design of the CNs improve the efficiency and transferred power during the electric
vehicle movement. This topic is particularly challenging since the pickup coil experiences good alignment and
bad alignment conditions periodically. The CNs have to be able to improve the power transfer to the battery
guaranteeing feasible conditions. The chosen CNs have to preserve efficiency in aligned condition and avoid too
high power, and of an unsuitable value, supplied by the transmitting generator. This paper investigates possible
solutions and the most suitable are the ones that improve the efficiency even if they present a power lower than
low efficiency solutions. Finally, the power transmitted to the vehicle battery at high efficiency is large enough
for practical implementation in the studied device.
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