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Abstract—In response to government’s global warming tar-
gets, electric vehicles (EV) penetration is increasing rapidly.
To support the uptake of EVs and facilitate their charging
demands, the charging technology and infrastructure also need
to be developed. In this paper, the modelling of a wireless
power transfer (WPT) system is developed considering a static
scenario and then adapting the model for a dynamic charging
scenario. This research work is aiming to replace previously used
transformer approximation of WPT, before adapting the model
for dynamic charging. Using the proposed implementation, it is
possible to easily vary system parameters, design and control,
providing a solid foundation for future research. The resulting
model uses a pair of inductive coils and allows full control over
coil misalignment (in three dimensions), further facilitating the
use of variable misalignment for dynamic application.

Index Terms—Electric vehicle, Dynamic, Wireless charging

I. INTRODUCTION

In order to reach global climate change targets of 1.5◦C
[1,2], different sectors and industries require decarbonisation.
UK government has committed to reducing emissions by 78%
by 2035 [4]; becoming a milestone toward reaching their goals
of becoming a net zero emissions nation by 2050 [5]. To
reduce the emission from transport sector, the UK government
banned the sale of new petrol and diesel cars by 2030 and the
sale of hybrids from 2035. The ambition is to all new cars and
vans be fully zero emission at the tailpipe from 2035 [6], as
the transport sector is the largest-emitting sector accounting
for 23% of UK emissions [3]. As freight and road transport
continue to grow the transport sector is forecast to continue
increasing its environmental impact, therefore it is important
to see technological advancements to support decarbonisation
and meet the aforementioned targets.

With the increased uptake of electric vehicles (EVs) across
various sectors of transportation, charging technologies are
also receiving increased attention to provide viable solutions
to meet demand, increase output power and quality. Most
currently available charging solutions are conductive (plug-in)
chargers, most commonly available in the range of 3-50kW for
currently available vehicles. With 50-80% of charging events
taking place at residential homes [7], and 35% of EV drivers
charging at home with off-street parking [8].This requires
the user to install a charger at home, increasing the initial
cost of ownership for EVs, likewise workplaces also have
this cost associated to provide their employees with charging
solutions. In the future with higher market penetration this will
also increase the power demand on distribution grids, leading
to necessary system upgrades. Conductive plug-in chargers
require the user to stop at a designated location to charge,

resulting in waiting times which for some sectors such as
freight or public transport will become a point of concern
when adopting EVs. One option is to use wireless power
transfer (WPT) solutions which are based on a magnetic field
created by primary inductive coil (on the ground or in the road
surface), which in turn induces a voltage on the secondary coil
(on the vehicle) resulting in WPT.

Static WPT chargers are able to achieve >90% efficiency
[9] with different alignment and air gap tolerances. However,
for peak efficiency the displacements between the coils can
be designed around, for the system to function at (or close to)
resonance. Static WPT solutions still require the user to park
in a designated area, over a charging pad, however they do
provide the conveinience of not having to plug-in manually,
reducing the amount of equipment taking up space on the
roadside, driveway or garage. The dynamic wireless power
transfer (DWPT) is similar with the wireless static charging but
with multiple chargers’ side by side, allowing vehicles to drive
over while charging. During DWPT, power transfer for a pair
of coils varies over time as the receiving coil moves over the
transmitting coil and therefore using an array of transmitting
coils can provide WPT over a longer distance. Implementing
a dynamic solution can reduce the frequency of charging stops
or possibly eliminate it, overcoming the issues seen for larger
vehicles. Applications of DWPT achieved system efficiency of
89.54% [10](up to 80kW) with lower power (400W) achieving
up to 90.2% [11]. This drop in efficiency (compared to static
WPT) is due to the dynamic nature of the system, where
the mutual inductance between transmitter and receiver varies
overtime, resulting in a reduction ofthe coupling coefficient,
which describes power transfer between two coils as well as
varying resonant frequency of the system reducing efficiency.
Previous research and projects on DWPT present systems with
multiple primary coils and one receiving coil [12]–[14].

Batteries require CC/CV modes depending on their state-
of-charge (SOC), hence topological solutions aren’t ideal,
hence control should be implemented on either the primary
or secondary side of the system.Research for WPT shows
the system can be designed to provide constant current (CC)
or constant voltage (CV) characteristics using different com-
pensation topologies [20] or with primary side control [21].
Existing models approximate the load (DC/DC converter and
battery) to be a resistive one [22]. Commonly used approaches
result in load dependant equations and in order to simplify
the load (DC/DC converter and battery) is often taken as a
constant the resistive load [23]–[25]. This approach allows
system analysis and design at specific parameters. Previous
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research focuses on step response of stationary systems which
can be used as a first approach to the problem, however
showing the dynamic response of the system is of interest
for future research and better show of the system response.

This paper focuses on the modelling of DWPT systems,
first introducing the basic system and working principles,
followed by further expanding the wireless coupling between
the coils as a function of displacement, before showing the
model implementation for a dynamic system with control over
vehicle speed and misalignment. This model was developed
using MATLAB Simulink.

II. MODEL EXPLANATION

A. Theory Model

Fig. 1. Circuit diagram of WPT

The inductive power transfer model is approximated to
function like a transformer, with the absence of a closed-
core. Functionally the core provides a high mutual inductance
between the two coils, allowing for more efficient power
transfer, in the inductive WPT case, the mutual inductance is
a function of position between the two coils. While different
topologies can be used for AC & DC charging, this relies on
high frequency inverters to maximise the power transferred
while minimising compensation component size [26].The link
between primary and secondary side for WPT is the mutual
inductance between the primary and secondary coils. Both coil
parameters (resistance and inductance) remain the same with
the exception of mutual inductance as this varies based on
separation distance of the coils. For a dynamic case, the mutual
inductance will: start to rise as the secondary coil (vehicle)
approaches the primary coil; peak when the two coils are
vertically aligned; decrease as the vehicle drives away from
primary coil.

B. Inverter

The H-bridge topology is commonly used for inverter design
with differences in switches and passive components. One such
application is the high frequency proposed for space stations
[27], where the topology can be rearranged to show a H-bridge
inverter connected to a passive LC filter. The H-bridge forms
the basis for the most commonly used inverter topologies and
the most common addition is a resonant network connection
(an LC filter) to improve power quality of the output voltage
[28]. A voltage source inverter is required to drive the WPT
system at resonance for optimal power transfer. For this
purpose, a full bridge inverter is used with sinusoidal PWM

control to drive the system at a fixed modulation index and
frequency (both switching and reference). The reference signal
frequency (f ref) should be set to the natural frequency of the
power transfer coil and compensation.

C. Inductive power transfer

Isolating the inductive coil part of the system, a high
frequency sinusoidal input is expected to the primary coil,
this creates an electromagnetic field (EMF) around the coil.
As the secondary coil intersects the EMF a potential difference
(voltage V 1) is seen across the coil according to Lenz’s law.
This means the voltage (V 2) induced in the is a function of
the current in the secondary coil is a function of the primary
coil current (I1), and vice versa as seen in Figure 2. The link
between both coils is described by the mutual inductance such
that:

M <
√

L1L2 (1)

V1 = −sMI2 (2)

V2 = sMI1 (3)

Fig. 2. Equivalent circuit for WPT coils

The mutual inductance between two coils is a function
of their physical properties (their size, shape, material), the
separation between both coils and the material between them
(permeability) [16] and its equation can be seen in (A)1. To
implement dynamic behaviour, the displacement of the coils
is updated based on velocity, which is fed into equation (A)
to find the value of mutual inductance over time for different
position, hence achieving dynamic behaviour. Figure 3 shows
the simulation implementation replacing the WPT block in
Figure 1 to realize equations (2) and (3).

Fig. 3. WPT implementation



D. Compensation circuits

Designed to improve the power transfer characteristics of
the model, the topology of compensation will impact the
system characteristics. In this model a series-series (SS) com-
pensation topology was used due to its high output power
and efficiency as identified in literature [20]. Once topology
is decided, the size of components is chosen according to coil
inductance to match the resonance of both the secondary and
primary circuits.

III. MODEL SPECIFICATION

As mentioned in II-D, the model uses SS compensation
and further models a pair of square coils due to ease of
manufacture for later research.

A. Specification used

TABLE I
SYSTEM SPECIFICATIONS

Input voltage 415V

Inverter Switching frequency 1MHz
Fundamental frequency 82 kHz

Primary side
Compensation capacitor 6.2969 µF

Coil self-inductance 598.2 µH
Coil resistance 177.8mΩ

Secondary side
Compensation capacitor 6.2297 µF

Coil self-inductance 604.65 µH
Coil resistance 192.6mΩ

LPF
Capacitor 1mH
Inductor 10 µF

Cut-off frequency 1.59 kHz

Battery Specifications Nominal Voltage 400V
Capacity 75Ah

Mutual inductance is a function of permeability, coil di-
mensions and coil displacements. As the coil parameters (e.g.
size, inductance, shape) remain constant, further, in this model
a constant permeability is assumed, using the permeability
of free space. This may be different with the presence of
rainfall, snow, ice or other materials. Mutual inductance then
becomes a function of displacement of the two coils, such that
M (x, y, z).

IV. RESULTS ANALYSIS AND COMPARISON

Changing system parameters affects the mutual inductance
between primary and secondary coils. The change in mutual
inductance is related to the resulting output power as an
increase in mutual inductance leads to higher power transfer,
the impact of varying different variables within the system is
explored and the output power and mutual inductance is shown
for each case. Primary and secondary coil width and height are
0.3m, an air gap of 0.3m as the parameters when designing the
system. For most simulation a velocity of 100ms-1 (224mph)
is used to reduce simulation time, the impact of varying travel
speed is also explored in Section IV-B.

A. Varying ride height

Fig. 4. Output power and mutual inductance over time.

The results in Figure 4 show the significant impact of ride
height on mutual inductance and its resulting power transfer.
While the ride height of a specific vehicle is not expected to
change drastically, the height may vary for different types of
vehicles (especially for laden transport vehicles). Hence this
needs to be considered when designing a DWPT system.

B. Varying speed

Fig. 5. Output power and mutual inductance over time for different travel
speeds.



Fig. 6. Output power and mutual inductance over displacement for different
travel speeds.

Figure 5 shows the effect of travelling at different constant
velocities. As it is expected, lower velocities are able to stay
at a higher value of mutual inductance for a longer period
of time, resulting in a higher power transfer over the whole
charging event. Figure 6 uses the relative displacement of the
coils as opposed to time, verifying the simulation accuracy
as mutual inductance is expected to be the same for a given
position. This also shows the impact travel speed has on the
instantaneous power in the system.

C. Changing primary coil size

Fig. 7. Impact of varying primary coil height.

Fig. 8. Impact of varying primary coil width.

Figure 7 and 8 show the effect of changing the height and
width of the primary coil respectively. Note, the simulation
maintains the same operating frequency each time and has
been optimised for a coil size of b=0.3m and a=0.4m. Hence
variation is expected to transfer less power, even if mutual
inductance is increased, as the increase/decrease in size will
affect the inductance of the coil and therefore change the
natural frequency of the system.

D. Changing secondary coil size

Fig. 9. Impact of varying secondary coil height.



Fig. 10. Impact of varying secondary coil width.

Figure 9 and 10 show the effect of changing the height and
width of the secondary coil respectively. Note, the simulation
maintains the same operating frequency each time and has
been optimised for a coil size of b=0.3m and a=0.4m. As for
the primary coil the performance is expected to be lower when
not operating at resonance.

E. Discussion

The mutual inductance model performs as expected, show-
ing symmetrical behaviour as a function of lateral misalign-
ment, as expected for a pair of symmetric coils. The peak value
is also expected at zero misalignment, when the distances
between coils is minimised, hence the receiver coil is in
a region of maximum flux density. The presence of both
aforementioned characteristics indicates the mutual inductance
model is correct, and the resulting model is approximating the
dynamic charging scenario. Other research in this field show
similar waveforms for mutual inductance (Figure 11).

Fig. 11. Variation of the mutual inductance over time. [31]

The modelling of dynamic wireless charging has been
achieved, gaining the benefit of a dynamic system response

over previous static models [32,33]. The system response
shows similar characteristics to test results for dynamic in-
ductive charging [34], further supporting the accuracy of the
model. To fully verify this, the model should be set up to match
physical characteristics of a test rig to best show differences
in response and fully compare accuracy of the simulation vs.
test results. With additional transmitter coils, the output current
Figure 4 would be similar along the misalignment direction,
repeated every 0.4m (coil size at 0.4m in direction of travel).
The fluctuation of current would repeat in a similar fashion
(with some overlap between the coils power transfer), however
the output current oscillation frequency would be a function
of the driving speed.

V. CONCLUSION

Modelling of dynamic wireless (inductive) charging has
been demonstrated. The implemented system replaces previ-
ously used transformer-like approximations, using researched
mutual inductance models between conductive coils. The
resulting model allows easy control and change in system
specifications, design and control. This paper focused on
changing parameters such as coil dimensions, travel speed and
ride height (air gap) in order to demonstrate the flexibility of
the model. The system can be extended to include multiple
transmitter and receiver coils. Coils used are approximated to
a rectangular shape. The use of other shapes will required
appropriate calculation adjustments, however the rest of the
system remains unchanged, allowing future development for
example in coil structure or materials to be easily integrated
in the future.



APPENDIX

A. Mutual inductance for a pair of square coils

Using the following parameters:

d = a1 − a2 − c g = a1 − c

m = a2 + c p = b1 − e

q = b2 + e t = b1 − b2 − e

M =
µ0

4π
N1N2

×

[[
d ln

(
d+

√
h2 + (−t)2 + d2

d+
√

h2 + d2 + q2

)

+ h ln

(
g +

√
h2 + q2 + g2

g +
√
h2 + g2 + (−t)2

)

+ c ln

(
(−c) +

√
h2 + q2 + c2

(−c) +
√

h2 + c2 + (−t)2

)

+m ln

(
(−m) +

√
h2 + (−t)2 +m2

(−m) +
√

h2 +m2 + q2

)
+
√
h2 + q2 + d2 −

√
h2 + q2 + g2

−
√
h2 + q2 +m2 +

√
h2 + q2 + c2

+
√
h2 + (−t)2 + g2 −

√
h2 + (−t)2 + d2

+
√

h2 + (−t)2 +m2 −
√
h2 + (−t)2 + c2

]
−

[
d ln

(
d+

√
h2 + (−p)2 + d2

d+
√
h2 + d2 + e2

)

+ g ln

(
h+

√
h2 + e2 + g2

g +
√
h2 + h2 + (−p)2

)

+ c ln

(
(−c) +

√
h2 + e2 + c2

(−c) +
√

h2 + c2 + (−p)2

)

+m ln

(
(−m) +

√
h2 + (−p)2 +m2

(−m) +
√
h2 +m2 + e2

)
+
√
h2 + e2 + d2 −

√
h2 + e2 + g2

−
√
h2 + e2 +m2 +

√
h2 + e2 + c2

+
√
h2 + (−p)2 + g2 −

√
h2 + (−p)2 + d2

+
√

h2 + (−p)2 +m2 −
√

h2 + (−p)2 + c2
]

+

[
t ln

(
t+

√
h2 + (−g)2 + t2

t+
√
h2 + t2 + c2

)

+ p ln

(
p+

√
h2 + p2 + c2

p+
√
h2 + (−g)2 + p2

)

+ e ln

(
(−e) +

√
h2 + e2 + c2

(−e) +
√
h2 + e2 + (−g)2

)

+ q ln

(
(−q) +

√
h2 + (−q)2 + q2

(−q) +
√

h2 + c2 + q2

)
+
√
h2 + c2 + t2 −

√
h2 + c2 + p2

−
√
h2 + c2 + q2 +

√
h2 + e2 + c2

+
√
h2 + (−g)2 + p2 −

√
h2 + (−g)2 + t2

+
√
h2 + (−g)2 + q2 −

√
h2 + (−g)2 + e2

]
−

[
t ln

(
t+

√
h2 + (−d)2 + t2

t+
√
h2 + t2 +m2

)

+ p ln

(
p+

√
h2 +m2 + p2

p+
√
h2 + (−d)2 + p2

)

+ e ln

(
(−e) +

√
h2 + e2 +m2

(−e) +
√
h2 + e2 + (−d)2

)

+ q ln

(
(−q) +

√
h2 + (−d)2 + q2

(−q) +
√
h2 +m2 + q2

)
+
√
h2 +m2 + t2 −

√
h2 +m2 + p2

−
√

h2 +m2 + q2 +
√
h2 + e2 +m2

+
√
h2 + (−d)2 + p2 −

√
h2 + (−d)2 + t2

+
√
h2 + (−d)2 + q2 −

√
h2 + (−d)2 + e2

]]
(A1)
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