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Abstract: Battery-powered electric vehicles have arrived
on the streets. Most electric vehicles have to be recharged
by plugging-in a cable. A wireless charging system with
induction makes the process more comfortable. The
primary coil, build in the parking lot, transforms the
electric energy into field energy. The secondary coil, build
in the vehicle, receives the energy and transforms it into
electric energy and recharges the battery. To ensure safe
and efficient charging, the coil pair must be coupled
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sufficient. This is done by positioning the vehicle well
enough over the primary coil. This paper presents a simple
and cost-effective way to verify whether the coupling
between the coil pair is sufficient enough for charging. A
resistor, on the secondary side, simulates the load of the
battery on the wireless charging system in defined
operating condition. The voltage across the resistor can be
used to estimate the coupling between the coils. This
relates to the positioning of the vehicle. The paper
explains the concept on the basis of mathematical and
physical principles. The results are evaluated on a real

wireless power transmission track.
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The range of electric vehicles has been massively
increased in recent years. Nevertheless, for everyday
use vehicles must be recharged frequently. In
conventional electric vehicles, this is done by
connecting the vehicle to a charging point with a
cable. Since the installed charging power in private
parking lots 1s often low, the vehicles must be
connected to the charging point every day. Inductive
Here, the

vehicles are recharged by electromagnetic field

charging systems can make a relief.

energy. The transmission medium is air. This means
that no cable has to be connected to the vehicle to
recharge it. The electric energy is transformed into an
The

secondary coil, build inside of the vehicle, will

electric field energy by the primary coil.

receive the field energy and convert it back to electric
energy. For this to happen, the coils have to be
coupled. This is done by positioning the vehicle,

with the secondary coil, well enough over the primary
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coil. To make the wireless charging safe and
efficient, it has to be ensured, that the coupling is
sufficient enough.

In this paper a simple and inexpensive method is
introduced to estimate the coupling between the coil
pair. The method is easy to automate and uses the

already existing infrastructure inside the vehicle.

1 Inductive charging system

The energy is transmitted by two coupled coils.
The primary coil is located in the parking lot and can
be installed level with the road The

secondary coil is mounted on the underbody of the

surface.

vehicle. The primary coil is supplied with a high-
frequency electrical alternating voltage. This must be
generated from an inverter. Typical frequencies of
inductive energy transfer systems for electric vehicles
are between 79—90 kHz™. As soon as the secondary
coil in the vehicle is brought over the primary coil,
the field of the primary coil couples into the secondary
side. This leads to a current flow in the secondary
side. After the current is rectified, it can be used to
charge the battery of the electric vehicle. Since
alternating voltages generate a lot of reactive power in
a coil, these must be compensated with a capacitor.
The capacitor can be introduced parallel or series to
the coil. Since there is a primary coil and a secondary
coil in an inductive charging system, this results in 4
topologies'".

The first topology is the 1p2p topology is shown
in Fig. 1. The capacitor is connected in parallel (p)
with the primary coil (1) and the secondary coil (2).
This results in the second topology to the 1s2s
topology, which is shown in Fig. 2. In this case the
capacitors are connected in series (s) to the respective
coil. The next two topologies are the 1p2s and 1s2p
topologies. In the 1p2s topology, the primary side is
compensated in parallel and the secondary side is
compensated in series. It is exactly the other way
round with the 1s2p topology, as shown in Fig. 3
and 4.

To charge the electric vehicle, the 1s2s topology

has the greatest advantages. The serial compensation
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Fig.4 1s2p

on the secondary side results in a constant current
source. As the battery voltage increases during
charging, the 1s2s topology does not require the
primary side to readjust the power source to meet the
greater voltage demand of the battery. The following

findings are applied based on a 1s2s topology .
2 Coupling

The coupling determines how much field energy
flows from the primary side into the secondary side.
For safe and efficient power transmission, the
transmission line is designed for a certain coupling

range. Typical values for coupling are between 0. 25

and 0.35%. With ideal coils, the coupling is
calculated to*';
L,
k= |1— QP)
L,

where: L, 1s the measured inductance at the primary
coil in position with the secondary coil, the secondary
coil is in open circuit; Correspondingly, L; is the

inductance of the primary coil with the secondary coil
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shorted. This measurement method determines the
influence of the secondary coil on the primary coil.
Disturbances are avoided, since the position, and
Such a

measuring method is very complex. The primary side

thus parasitic effects, does not change.

has to be separated from the compensation capacitor
and connected to a measurement device. In addition,
the secondary side must also be disconnected from the
compensation capacitor. Two measurements must be
made with the secondary side shorted and the
secondary side opened at the transmission frequency.
Therefore this procedure only takes place in
laboratories.

For the operation of an inductive energy transfer
charger for an electric vehicle the exact coupling
factor is not interesting. An estimation of the current
coupling is much more sufficient to enable safe and

efficient charging.
3 Transfer function of a 1s2s topology

In the following, the relationships of the
voltages of an inductive power transmission line are

presented (See Fig. 5).

1jwC,

Fig.5 Equivalent circuit of transmission path

From the source [1] the equation can be taken.
The equation describes the voltage transfer function:
U, R,

U, wok m

The function is only vald ifw,= w,= w,.

)]

Thus, the primary side and the secondary side must
be tuned to the same frequency. This is desired for an
efficient power transmission line. The equation is
used to describe a relationship of the coupling and the
load

resistance for the frequency w, can be taken from the

resistance. Furthermore, the characteristic
source [1] to:
Rl,,ch%kwiﬂll2 (3)

The characteristic resistance describes the most

efficient point of energy transfer. For 1s2s inductive
charging system, the characteristic resistance should
be targeted as a load, but should not be undercut,
because then the resonant frequency of the charging
system changes. The input impedance at the system
can also be taken from the source [1].
212
|Zl\~|=[1]1126‘)°/€RI;le (4
The used circuit has a primary side with an
inductance of 35 pH and is compensated with a 100
nF capacitance. The secondary side has a 55 pH
primary inductance and a 62 nF capacitance. This
results in a natural frequency of 85kHz for the primary
side and 86kHz for the secondary side.

4 Rectifier

The rectifier is located between the secondary
coil with the compensation capacitor and the battery.
A full bridge rectifier is used for efficient charging.
This allows the maximum power to be transferred
from the system. However, for the position
detection, a rectifier is needed that can cut back
power. Therefore, the rectifier is equipped with a
Transistor Q;to obtain two operating points, as

shown in Fig. 6.

i(t)

O
[ Dk QNV\ =

Fig.6 Rectifier with turned on transistor and current

waveform

When Q, is turned off, this is a full-bridge
rectifier. The equations apply to:

17, 272
T vn :?J | is(1) ’dtzil&of(~ 0.915. (5)
0 T
21 1
Ui v = E Us, ™= @ Us, et (6)
The transistor Q, can be used to short-circuit the

diode D,. Negative half-waves are thus short-
circuited via the transistor through the diode D;. This
ensures a continuous current flow, so that the field in

the coil L, is sustained. The output voltage of the
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rectifier corresponds to that of a 1-diode rectifier.

Thus, the current and voltage equations apply to:

Ihm,HB:%JI\is(z‘,)]dz‘,:@I&e“%OABIS,e“ S8
0 T

Uvaiis = % Us ™ 0715 Us, it (8

This allows the power behind the rectifier to be

reduced by a factor of four, when the rectifier is

The

considered ideal and lossless in this paper.

switched in half-bridge mode. diodes are

5 Estimation of coupling by using a
resistor

To estimate the coupling of the electric vehicle,
the load behind the rectifier is simulated by a resistor.
The traction battery is not suitable as a load, because
the voltage of the battery changes strongly depending
on the state of charge (SOC). Therefore, the battery
must be disconnected from the charging system and a
The

resistance should be as close as possible to the

defined resistor must be connected into it.

characteristic resistance. This additionally depends
on which type of rectification is used. This results in

the following for the load resistance for a full-bridge

rectifier:
P,=P, ¢ 9
U;  Uipe
= (10)
R, Ry ne
U;
R, = Ul R, ne ap

R, =0.9°R; ve.rs (12)
For a HB-rectifier the results in a resistance are :
R, =0.45R, pe.ms (13
This means that positioning should be carried out
in half-bridge mode, because less Power has to be
dissipated from the resistor. The voltage at the
resistor U, e results for equation (2) with equation
(7) to:
R, U e
0.45%w.k L L,

U, pe= 0.45 R pe.ims Urpe s

0.45wok JLiL,

(14)

2.DC

o RL, DC, HB Ul, DC

Upype="""7"7-—
wok«/Lle

Using equations (4) and (8), the voltage U,

(16)

can be given as a function of the current I pc:

U _ RL,DC,HB ULDC >< Il,DC (17)
2,DC
wok \/m I e
U, pe= R vcmm X Wik Ll X II‘DZC (18
w()k Y, L.L, RL,I)C,HB X 0.45
I -
Uz,nczﬁwokm (19)

This results in 2 equations (16 and 19) for the
relationship between the voltage across the resistor
and the coupling. Equation 16 results for a constant
voltage source at the primary side. If a constant
current source supplies the primary side, equation 19
is suitable. A constant voltage source leads to the fact
that with a 1s2s path, the voltage in the secondary
side becomes very large with poor coupling. In
addition, the current on the primary side increases
greatly.

Therefore, this option is not open-circuit proof
and is only suitable for position detection to a limited
extent. With a constant current source at the primary
side, the voltage on the secondary side is limited.
This makes the system open-circuit proof and makes
it very suitable for using the method even by poor

couplings.
7 Measurement result

The measurements were performed on an
existing system. The following data should give an
idea of how the system can be used. The Systems
can move one of the coil pair in the x-axis and y-axis.
Here only the x-axis is presented, because the results
of the y-axis 1s similar. The z-axis was not
investigated. Lower vehicles will couple better.
Therefore, the counter coupling could be higher than
the minimum coupling that is required. This has to be
evaluated especially for low vehicles.

In Fig. 7, the course of the coupling can be
seen. The system was aligned in such a way that the
best possible coupling of 0.26 is achieved. Better

couplings are not possible due to the distance between
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the vehicle's underbody and the road surface. Then
the secondary coil was moved in the direction of the
vehicle. This corresponds to a reverse parking
process.

In this case, the coupling decreases with greater
distance. The voltage at R; pcus drops in the same
way as the coupling. At a distance of 270 mm, the
coils start counter-inducing. Thus the coupling
increases again up to a value of 0.13. That means,
the system is unique for a coupling range above 0. 13
and a coupling factor can be assigned to each voltage
in this range. For couplings below 0.13, more than
one position can be assigned to the vehicle.

For example, with a coupling of 0. 1, the vehicle
could be located at position 170 mm, 370 mm, and
500 mm. Since in this system a minimum coupling of
0.18 and higher is required to start the charging
process, the system can make a statement as to
whether the vehicle is sufficiently well positioned for
charging.

Coupling Voltage/V

Coupling k 32
28
24
20
16
12

Voltage at R L.DC
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Fig.7 The change of coupling with increasing distance
from the optimized coupling

8 Conclusions

The method that is presented in this paper can
approximate the coupling of the coils of an inductive
charging system for electric vehicles in the necessary
area. The method can only show, if the vehicle is
positioned correctly and therefore can only be used as
a safeguard. It is not suitable to show the driver, how
he has to correct the position of the vehicle, for a
better coupling. There for a combination with another
system has to be integrated. The system presented by
Dean Martinovic, is very suitable for this Ref. [6].
In the paper special sensors are used to detect the field

and position of the primary side.
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