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Abstract

The paper presents a DWPT system time domain model which considers speed (x,y, Z) and position
(x,v,2z) coupling effects. The speed effect compared to static WPT, presents an active behavior that
should be considered during the coil design stage. The model is generalized and validated for resonant
WPT systems and dynamic speed influenced DWPT systems.

1. Introduction

Greenhouse Gas Emissions GHG are increasing and are the main contributors to the global warming
effect, breaking new temperature records since data calculation started in 1880 [1]. 72% of the GHG
emissions generated are due to the energy sector, where road transportation (light-mid-heavy vehicles)
are responsible of the 11.9% of the emissions [2]. For this reason, the electric vehicle is a great asset or
candidate to help in the mitigation of the GHG emissions in the XXI century [3].

For the massive insertion in society of the electric vehicle, two major challenges must be solved:
improving battery technology and designing a sustainable charging infrastructure. Referring to the
charging infrastructure, this infrastructure must offer a great diversity of charging methods, be
sustainable and at the same time have the capacity to supply the power of electric vehicles. There are
different charging methods. Some differ by charging power (slow charging - fast charging). Others differ
by the charging method (wired charging, wireless etc). Wireless charging systems are mainly static
systems but dynamic wireless power transfer systems DWPT [4] are emerging as a new alternative
within the charging infrastructure. DWPTs Fig. 1 a) allow the reduction of stops for battery charging,
minimize the DOD of the batteries, increasing the useful life and even allow the optimization of the size
of the battery [5]. In turn, this enables the use of smaller batteries, reducing the costs and facilitating the
insertion in society of the electric vehicle [6].

Although DWPT technology is incipient and novel, there are studies that try to analyze and understand
the problem of wireless charging systems. DWPT systems suffer mainly from misalignments, with some
studies analyzing the effect of misalignments in the longitudinal road direction (x axis in this article) in
steady state [ 7]-[9]. Low number of Publications make reference to misalignments in other axis as lateral
misalignment, and they are classically limited to steady state analysis [10]. Limited analysis has been
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Fig. 1: a) Classical Dynamic Wireless Power Transfer DWPT schematic diagram. EMITTER: The
energy comes from the AC grid, rectified and transformed to the emitter coil through a high frequency
wireless charging unit. RECEIVER: The receiver is the Electric Vehicle where the energy is obtained
through the wireless charging unit receiver coil, inserted to the battery through a high frequency
converter and after transformed to mechanical energy by a power train composed of an inverter and a
motor. WIRELESS CHARGING UNIT: Wireless charging unit composed of 2 high frequency AC-DC
converters in emitter and receiver coupled by 2 air coupled coils. b) Developed 3D experimental
platform for speed (X, y,Z) and position (x,y, z) misalignments analysis in DWPT systems.

done related to the influence of speed in DWPT systems, mainly concluding that the speed is not relevant
in DWPT systems [11], [12]. Different control structures have been analyzed in order to maximize the
transferred energy, but they are limited to steady state analysis [11], [13]-[16].

After the analysis of DWPT state of the art it is clear that there is a lack of modelling effort regarding
different topics.

e DWPT modelling is mainly focused on steady state phasor modelling and there is a lack of
investigation regarding dynamic time domain models.

e DWPT is clearly influenced by misalignments. However, the state of the art presents reduced
number of analysis regarding misalignment effects. Longitudinal (x), lateral (y) and vertical (2)
misalignments should be taken into account.

e DWPT systems permit to charge EVs during movement. The moving effect inserts another
uncertainty to the modelling issue, the coupling of this speed (x, y, Z) in the DWPT system. This
coupling is not deeply analyzed in the state of the art.

The contributions of this research paper will try to mitigate the lack of investigation in DWPT modelling,
by developing a dynamic time domain model for DWPT systems where longitudinal (x, x), lateral (y,
y) and vertical (z, Z) position and speed coupling are considered.

The research paper starts with an introduction regarding the state art and the main contributions of the
research paper. Section 2 presents the basics regarding wireless power transfer systems modelling.
Section 3 develops the 3-axis speed and position coupled model. Section 4 analyses how to augment the
model order to implement a static resonant WPT system. Section 5 validates the model under a dynamic
behavior analyzing the model sensitivity to speed variations. Finally, the main conclusions of the paper
are presented.

2. Wireless charging basics modelling

Wireless charging units are composed by two power converters working in the emitter (infrastructure
side) and the receiver (EV side) and a wireless coupling system composed of coils. The power converters
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Fig. 2: Wireless power Transfer coil modelling. Model for 2 coupling coils represented by a) and b)
generalized model for j coupled coils, where coils could be part of the transmitter or receiver circuit.

could be represented as 2 voltage sources for the sake of simplicity. The coupling between the emitter
and the receiver is developed by 2 coils. Instead of a high coupling magnetic core, due to the inherit
need of Wireless Power Transfer systems, the coupling media of these 2 coils is air.

The basic WPT system is modelled by the 2 auto inductances L;; and L;; of the emitter and transmitter
coils, and the coupling inductor L;> = L;; which models the coupling flux between both coils Fig. 2 a).
This coupling inductance is related with the auto inductances by the coupling factor k£ which could be
identified as k;2 for the basic coupling between 2 coils. The voltage induced in each coil u is directly the
time derivative of the flux linkage W of each of the coils. This magnetic analysis can be written by
equations ( 1) and ( 2 ) and wrapped in a matrixial way by ( 3 ).
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The problem analyzed for 2 coils WPT could be generalized to j number of coils as presented in Fig. 2
b). The generalized form composed by j coils could implement different configurations (1 receiver, j-1
transmitters; j-1 receivers, 1 transmitter, etc.) which leads to a general model that could model any
DWPT or WPT configuration. The general model presented in Fig. 2 b) could be expressed by equations
(4)and (5) for any coil n,m which belongs to the j coils. Equations (4 ) and ( 5 ) could be merged in
( 6). The voltage of each inductor could be merged by equation ( 7 ) where the auto inductances and
mutual inductances are represented by the general inductance Lym.
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However, this generalized model does not include the dynamic (speed (x,y, Z) and position (x,y, z)
misalignments) effects of DPWT systems, so this model should be modified in order to undercome
DPWT system modelling and simulations.

3. DWPT modelling: (x,y,z) speed and position coupling

Compared to the general static model presented in Section 2 which represents constant values for the
auto inductance and mutual inductances of different transmission coils, a DWPT system has variable
parameter values that could be modelled due to the changing value of the coupling factor k.

According to equation ( 7 ) any » inductor could be defined by the sum of all the coupling voltages.
However in a DPWT system the inductance value is variable as a function of the position (x,y,z) as
defined by equation ( 8 ).

L,, (@)= £, (x(2), (1), 2(1)) (8)

Equations (2 ),( 5) and ( 7 ) are a simplified version of the derivative of flux due to the assumption of
constant inductors in static WPT systems; as it is presented in equation ( 9 ). However, DWPT systems
do not have constant inductance values as presented in equation ( 8 ), so the derivative of flux is
expressed by equation (10).
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The general DWPT expression presented in equation ( 10 ) presents a speed term dp/dt. If this speed
term is expanded as op/dt = (x,y, z) equation ( 10 ) could be expressed as equation ( 11 ).
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Equation ( 11 ) presents the main difference of a DWPT system vs a static WPT: The influence of speed
to the system. Analyzing equation ( 11 ) 2 different components could be analyzed:

e REACTIVE BEHAVIOUR (v, =L -di/dt): Same behavior as in a static WPT system
presented in equation ( 7 ) but with variable and position dependent inductances Lu.(?) defined
in(8).

e ACTIVE BEHAVIOUR (v = R - i): The voltage induced in the inductor is influenced by a
speed dependent parameter multiplied by the current flowing in the inductor, modelled by an
active behavior.
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Fig. 3: Analysis of a series compensated resonant system. a) Modelled circuit with equivalent
phasor/sinusoidal voltage generation or real converter operation. b) Developed experimental WPT
system for model validation with 350 mm x 350 mm square WPT coils. ¢) Model results WPT resonant
converter: LEFT: Real converter square excitation RIGHT: Phasor/Sinusoidal excitation. Results for
primary side instantaneous voltage, current and power (i7,v.,pi).

So as a conclusion, for modelling a DWPT system is mandatory to obtain the variable magnetic coupling
components L,»(2) and the model will suffer some active behavior due to the speed of the DWPT system.

4. Model Use Case 1: Augmented static model for resonant coupling.

Models developed in Section 2 and 3 are representative for static and dynamic wireless transfer systems.
The developed models only focus on the magnetic coupling between the different coils of a wireless
power transfer system. However, wireless power transfer systems need a compensation network in order
to maximize the transferred energy between the emitter and the receiver coils. This compensation
networks are resonant networks that are tuned in order to maximize the coupling effect of the WPT coils.
The model presented in Section 2 and 3 should be easily augmented to a resonant circuit in order to
represent a real WPT system with the compensation resonant network.

Fig. 3 represents a classical series compensated resonant WPT system architecture. In order to increase
the model order to a series resonant configuration, input voltages v;,v> and resonant capacitor voltages
ver,vez should be inserted to the model.

Input voltages v; and v, could be modelled by the simplified sinusoidal approach used in resonant
converters or could be modelled by the square wave generated by a classical front-end full bridge
converter.

Converter voltages v; and v> could be defined by equations ( 12 ) and ( 13 ) depending on the adopted
modelling option (sinusoidal approach or square wave approach)

4-Voer . 4.V, . . .
v = T”“sm(a)t +);, v, = TDczsm(a)t +¢,) ; Sinusoidal fundamental approach (12)

v, =Vpe -square(t,@,); v, =V,., -square(t, @, ); Power converter square wave approach (13)

The square function (square(z,¢)) represents the power converter modulation technique. ¢; and ¢:
represent the phase shift difference between the voltage introduced to the WPT system and is classically
used to control the power transferred between Vpc; and Vieo.
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Fig. 4: Simulation results of the developed validation environment presented in Fig. 3 and
parametrized in Table I. Compared variables: average power (P = % ) OT p(t)dt) P1(solid) and

P2 (dashed), in the proposed time domain model (red), steady state phasor model (blue) and
experimental platform (green circles)

The voltage u; and u; in the coupling WPT system is defined by equations.

U=V, = Ve Uy =V, = Vo (14)

dve, |

; (15)

dv
cl. . o_ . _
I =i, =C,

dt’ dt

=i, =C

The combination of equations ( 14 ) and ( 15 ) with equation ( 3 ) permits to model the dynamic
time domain behavior of a series resonant WPT system.

In order to validate the time-domain modelling approach, the time domain model is compared
to a classical phasor steady state model and an experimental platform. The modelled system is
described in Table I.

Table I: Parameter and variable definition for the simulation analysis of a series resonant WPT
system.

Common parameters | Primary parameters / variables Secondary parameters / variables
o =2nf k Ci | Lu | o Vi Vocr | G Ln | @2 ) Ve
2n85kHz 0.22 |94 nF|38 uH| 0 |sinusoidal | 100 V |94 nF |38 pH |-m...n | sinusoidal | 100 V

Regarding Table I parameters, L;; and L, self inductances presented in Fig. 3 b) are experimentally
measured by a LCR equipment. C; and C; are calculated to be in full resonance with the self inductances
L;; and Lj; at 85 kHz working frequency. The coupling factor k is experimentally measured for a
constant z distance of 100 mm.

The obtained results are presented in Fig. 4 for a secondary phase variation ¢, from -n to m. The
compared parameters are the active power of the input ports P1 and P2. The active power is calculated
from the time-domain simulation as the average of the instantaneous power during a whole period. The
active power from the phasor analysis is the real part of the apparent power which is defined by the
multiplication between the voltage and the conjugate of the current. The active power of the
experimental platform is calculated for a single ¢, value equal to -n/2 in order to check the maximum
power transfer point.

The presented results validate the developed WPT series resonant time-domain model. The results are
nearly identical to the steady state phasor model. The experimental results have similar values that the
simulation results. The experimental power is slightly lower due to losses in the power converter and
circuit parasitic resistance.
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Fig. 5: Simulated DWPT system. a) Example of coil alignment and position reference definition in a
DWPT system. b) Coupling factor k as a function of longitudinal misalignment x. ¢) Mutual inductance
L;; as function of longitudinal misalignment x. d) Derivative of the mutual inductance respect to
longitudinal position with a maximum value in x= -50mm of 0.102 uH/mm

5. Model Use Case 2: Speed influence in power loses.

The DWPT model proposed in Section 3 will be parametrized in order to analyze the speed influence in
the “active behaviour” component presented in equation ( 11 ). The speed influenced model will be
analyzed for the coupling effect between 2 single coils (Emitter E and Receiver R) in the longitudinal
position x = -50mm E1 Fig. 5 a), where the change in the mutual inductance due to the position is high.
In order to simplify the problem, only the longitudinal speed (X) effect will be analyzed. The
misalignment in the lateral position y and height z will be kept constant. The auto inductance of the
receiver and the emitter L;; and L, will be assumed as constant. This assumption is valid for high z
distances, where the self inductance of the receiver is not affected by the emitter and vice versa. Thus,
only the mutual inductance M(x,#) =L2i(x,t) =L12(x,t) will vary in function of longitudinal position x. In
order to obtain the active behavior of the speed influenced model presented in ( 11 ), the derivative of

the mutual inductance with respect to the longitudinal position x. (JL 12/0x) is required.

First, the mutual inductance variation effect between 2 DWPT coils is defined. The Lzs(x,?) inductance
variation is totally dependent on the geometry, type and construction of the DWPT coils. The maximum
coupling factor k is defined as 0.22 and is obtained when the longitudinal position is equal to 0 mm Fig.
5 b). The mutual inductance is plotted for a = 175 mm deviation which is represented in Fig. 5 ¢) for a
defined coil of 350 mm total length.

After defining L2s(x,?) the derivative 0L;»/0x is obtained. The derivative will be analyzed in x =-50 mm,
where the influence is maximum. As presented in Fig. 5 d) the 6L ;»/0x value for x= -50 mm is 0.102
pH/mm. (0.000102 H/m).

The OL;»/0x value 0.102 uH/mm for x= -50 mm will be analyzed in order to check the voltage drop
derived from the active behavior analyzed in equation ( 11 ). The analysis will be performed for RMS
currents from 0 to 150 A (Ranges in the order of 0 to 50 kW DWPT systems) and a speed range in the
longitudinal axis x from 0 km/h to 120 km/h.

The results presented in Fig. 6 show that voltage drops of 0,5 V and power losses of 80 W are possible
in DWPT system. These drop/losses could also increase depending on the coil geometry/sizing and if
(y,Z) misalignments are considered, so should be analyzed during the design process.

The developed model will be validated in future research works by the 3D experimental platform
presented in Fig. 1 b) where speed (X, ¥, Z) and position (x, y, z) misalignments will be analyzed.
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Conclusions

The develop research work presents a full Dynamic Wireless Power Transfer DWPT time-domain model
that simulates the behavior of any generalized DWPT system. The developed model considers
misalignments and coupling effects in the space/position domain (x,y, z) and speed (X,y,Z) domain.
It is clearly presented that in DWPT systems there is a classical REACTIVE BEHAVIOR of magnetic
coupling systems, but there is also an ACTIVE BEHAVIOR due to the influence of speed that should
be considered.

The developed time domain model is easily augmented to reproduce a classical series resonant WPT
system. The time-domain model presents same average power results as a classical phasor steady state
model, and it is also validated by an experimental platform with 350mm x 350mm square WPT coils.

In order to analyze the DWPT ACTIVE BEHAVIOR under speed and current variations, the model is
parametrized for a varying coupling factor k in function of the position x. The model presents a
maximum voltage drop of 0.5V and power losses of 80 W for a 120 km/h and 150 A RMS values. The
voltage drop and the power loss is directly dependent on the coupling factor shape and the derivative
with respect to position, so it should be taken into account in the manufacturing process of DWPT coils.

The developed model will be fully validated under (x, y, z) - (x, y, Z) variations in future research works.
A 3D experimental platform presented in Fig. 1 b) will be used in order to validate the developed time
domain model.
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