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Abstract—The paper proposes a simple solution to a safety
problem encountered during the development of a series-series
compensated IPT system for electric vehicles. This problem is
related to the equivalent current source behavior of the receiver
side in presence of an unpredicted load disconnection. A pure
analog hardware system able to manage this fault protecting
the filtering elements of the system is proposed. The system is
investigated by means of a circuit simulation then its physical
implementation is presented. The effectiveness of the proposed
solution is experimentally proven.

Index Terms—Power system protection, inductive power trans-
fer (IPT).

I. INTRODUCTION

Despite the limitations still presented by batteries, the mar-
ket of electric vehicles (EVs) is continuously growing and car
manufactures are producing new electric models. This change,
in the view of private and public transportation, is forcing the
creation of an electrical infrastructure for the charge of electric
vehicles. At the same time, this is introducing the need for
safer and easy to use charging systems that can be installed in
the urban environment without demanding high maintenance
costs and the necessity of strong modifications in the existent
infrastructure.

In EVs context, the wireless charging systems are en-
countering a continuously growing interest. In particular, the
development of a series of market-ready products based on
the inductive power transfer (IPT) is ongoing. This process
is accompanied by the creation of a series of international
standards [[1]].

IPT is based on the inductive coupling of a coil fixed
on or under the ground level, named transmitter, and a
second coil placed under the vehicle floor called receiver.
The transmitter is powered through a power electronics (PE)
converter providing a high-frequency current that gives rise
to a high-frequency magnetic field. This magnetic field links
with the receiver allowing the transfer of electrical power. By
means of the connection of a rectification stage, the transferred
power can be used to charge the EV battery. Thanks to the
absence of electrical contacts, the two parts of the system
can be independently enclosed, the transmitter can be placed

directly under the ground pavement eliminating the necessity
of external installations.

A generic scheme of an IPT system for EVs is depicted in
Fig. [T} The impedances of both transmitter and receiver coils
are compensated by introducing capacitive elements that can
be directly connected in series or in parallel or by creating
more complex network of reactive elements [2[]-[5]. The
compensation is mandatory to maximize the power transfer
capability of the system reducing at the same time the VA
rating and then the cost of the source [6].

The present paper focuses on a hardware protection system
developed for a series-series compensated system supplied by
a VSI converter. The presented solution has come from a
direct experience in the development of an IPT system able to
transfer up to 11 kW to the vehicle battery. As it is better de-
tailed in the next sections, the developed protection circuit has
stemmed from the need to protect the power electronics and
the capacitive filters on the receiver side against unpredicted
sudden disconnections of the load. However, the presented
results can be applied to other system architectures.
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Fig. 1. General scheme of an IPT system.

II. SYSTEM MODEL AND EQUATIONS

The IPT system sketched in Fig. [I] can be represented
through the simplified circuit model of Fig. 2] where L; and Lo
are the self-inductances of transmitter and receiver respectively
and M is the mutual inductance between them. The source is
modeled by means of a sinusoidal voltage source representing
the first harmonic of the voltage at the output of the DC/AC
converter that powers the system. This PE stage is generally
based on an H-bridge architecture [3], [7]-[9]. In several
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Fig. 2. Circuit model of the series-series compensated IPT system.

applications, the rectification stage is constituted by a diode
bridge connected to the battery by means of a capacitive filter
[3]], ['7]], [10]. In some cases, a synchronous rectifier or a chain
of a diode bridge and a DC/DC converter is also proposed
[8], [11], [12]. In each case, this stage can be conveniently
modeled through an equivalent resistive load Ry, representing
the ratio of the first harmonic of voltage and current at the
AC/DC converter input. The two capacitors C; and Cs are
connected in series with the respective coil on the base of the
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where wy is the global resonant frequency of the system i.e. the
working frequency of the source. In this case the resistances of
coils and capacitors are not considered as this approximation
does not affect the analysis and the derived results.

The entire IPT system can be described, at the source
terminals, by the total impedance Z. This impedance, is equal
to the ratio of the first harmonic of voltage and current at the
DC/AC converter output and it is defined as:
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At the resonance, i.e. w = wy, the coils and capacitors
impedances compensate each other and the total impedance
presents only a real component expressed as:
w2M?
Zr = e 3)
The voltage V; and the current /; are then in phase, so it is
possible to express the transmitter current as:

Ry,
w2M?
The current I; gives rise to an induced voltage V,. in the
receiver defined as:
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This voltage is called open-circuit voltage as it can be mea-
sured at the receiver terminals when no load is connected. At
the resonance, V. is directly applied to the load, hence the
induced current in the receiver can by expressed as:
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By substituting (@) into (6) it is possible to rewrite the receiver

current as:
Vi
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This last equation shows that, for a certain voltage V}, the
current [, is independent of the load. This means that the
receiver part behaves like a current source. This behavior can
be extremely dangerous in case of a fault that leads to a
sudden disconnection of the load. In fact, also if the load is
disconnected from the output of the DC/DC converter, the
current I would continue to flow in the filter capacitor at the
AC/DC converter output. This causes an abrupt increase of the
capacitor voltage that can lead to the dielectric break down of
the component with consequent risks of explosion.

As will be detailed in Section the rapidity of this
fault event cannot be managed by a current control on the
transmitter side. It is worth noting that, from @, the absence
of the load results in an equivalent short circuit behavior of
the total impedance that can lead to an increase of the current
1.

The carried out analysis demonstrates that, the fast dynamic
introduced by an eventual load disconnection fault, has to be
already carefully taken into account during the design of the
system. The intervention of the protection must be as fast as
the filter capacitor voltage rate of rise so an analog hardware
system has been considered to be the most suited solution.

III. FAST HARDWARE PROTECTION

The scheme of the protection circuit is shown in Fig. 3] It
is inserted close to the component that have to be protected
(i.e. the filter capacitor C'¢) between the AC/DC converter and
the load. The same position would be used also in presence of
an additional DC/DC converter that interfaces with the load.
In this way all the components downstream of the DC/DC
converter are intrinsically protected.

The role of the protection circuit is to intervene by
short-circuiting the receiver once the voltage over the capacitor
C exceeds a certain safety threshold. The short circuit is
a compatible condition with respect to the current source
behavior of the receiver. At the same time, as can be noticed
from @]), the short circuit of the receiver leads to an open
circuit behavior of the equivalent impedance that forces the
current /7 to zero. In this way, the fault and the intervention
of the protection can be easily detected at the transmitter side
without the need for communication between the two sides of
the IPT system.

The protection circuit is based on three Zener diodes D,
D5 and D, 3 and the thyristor 7'. The Zener diodes are chosen
in order to obtain an overall breakdown voltage equal to the
maximum allowable voltage over the capacitor. This voltage
level is chosen to be compatible also with the load (e.g.
maximum tolerable voltage of the EV battery). If the voltage
over the capacitor exceeds the total breakdown threshold, the
Zener diodes start to conduct giving rise to the activation of
the thyristor that short-circuits the receiver. This short circuit
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Fig. 3. Scheme of the protection system and its connection in the IPT system.

causes the discharge of the filter capacitor whose voltage is
lowered.

Additional components are introduced to guarantee a com-
patible and safe intervention of the protection circuit. The
resistor R, is placed in the Zener diodes branch in order
to limit the current when the diodes start to operate in the
breakdown region. Similarly, the resistor 12, is used to limit the
current that can flow in the thyristor gate to a compatible level.
The diode D, connected between the thyristor gate and the
cathode, is placed to avoid possible inversion of the polarity
of the gate voltage that can be due to the resonance of the
circuit parasitics stimulated during the thyristor transition.

As the intervention of the protection circuit consists in an
abrupt discontinuity in the capacitor voltage, this component
reacts by injecting a current pulse in the thyristor. While the
peak of this current pulse has to be limited to protect the
capacitor, the rate of rise of this current has to be limited in
order to avoid the break of the thyristor. This issue is faced
through the insertion of the inductor L; whose role is to limit
the time derivative of the current to a value compatible with
the thyristor characteristics.

Finally, the diode Dyock i necessary if a battery is directly
connected as load. When the short circuit is carried out, this
diode avoids the inversion of the battery current towards the
receiver coil.

IV. SIMULATION

The effectiveness of the proposed solution has been pre-
liminary tested by means of a circuit simulation using a
SPICE software. As shown in Fig. {] the simulation has been
performed taking into account both sides of the IPT system.
The values of the system parameters and the values of the
considered components for the simulation of the protection
circuit are reported in Table [I|

In the tested prototype, the AC/DC converter is constituted
of a diode bridge. The capacitive filter consists of the parallel
of three capacitors Cf;, Crp and Cts whose equivalent series
resistance (ESR) and inductance (ESL) have been modeled.
The Zener diodes and the thyristor have been modeled by
adapting already available SPICE models. The overall thresh-
old voltage of the diodes has been set to 450 V. The load has
been simply modeled with a resistance whose disconnection
is carried out by a time dependent switch that turns off
once the system reaches the steady-state. The transmitter side
is supplied by a square wave voltage source. The value of

the inductance L; has been chosen in order to limit the
time derivative of the current to a value of 250 A/us in
correspondence to an applied step voltage equal to the overall
breakdown voltage of the diodes. For the sake of simplicity,
possible phenomena of saturation of the inductor core have
been neglected then L, has been treated by using a linear
model. Despite this simplification, the effectiveness of the
current derivative limitation resulting from the simulation can
be considered valid for the first instants following the turn on
of the thyristor. Once the turn on transition is completed, this
limitation is less stringent so a non linearity of the inductor
does not lead to problems of compatibility.

TABLE I
VALUES OF THE PARAMETERS FOR THE SIMULATION OF IPT SYSTEM AND
PROTECTION CIRCUIT

Parameters Symbol  Value
Working frequency fo 85 kHz
Amplitude of the source voltage Vok 500 V
Rms value of the source voltage 1% 450 V
Rated voltage at the diode bridge output  Vpc 300 V
Rated transmitter current I 285 A
Rated receiver current I 50 A
Rated total impedance ZT 15.8 Q
Equivalent load resistance Ry0ad 4 Q
Transmitter self-inductance L1 281 pH
Receiver self-inductance Lo 120 pH
Nominal mutual inductance M 14.3 pH
Transmitter resistance R1 0.78 Q
Receiver resistance Ro 0.53
Transmitter capacitor Ch 12.5 nF
Receiver capacitor Co 29.2 nF
Single filter capacitor Ct 3 uF
Single filter capacitor ESL L¢ 48 nF
Single filter capacitor ESR R¢ 2.8 mQ2
Current limiter inductor Ly 1.8 uH
Gate resistor Rg 10 ©
Zener diodes series resistor R, 100 ©
Zener diodes overall breakdown voltage Va 450 V

The results of the simulation are shown in Fig. [5] The load
is disconnected after 1 ms of simulation. At this time the
system reached the steady-state condition then the capacitor
is charged at its rated value Vpc = 300 V. After the load
disconnection, the filter capacitor voltage starts to immediately
increase with a rate of rise of 7 V/us while the transmitter
current I; remains practically unvaried in the first instants.
This justifies the modeling of the source by not considering
the presence of an active control of the current. In other words,
the dynamic of the transient on the receiver is faster than the
related dynamic in the transmitter and the fault can not be
promptly recognized from the source side. When the voltage
Vbe reaches the threshold voltage of the Zener diodes, the
activation of the thyristor occurs forcing the short circuit of
the capacitor. The forced discharge of the capacitor gives rise
to a high current peak of about 1000 A with a rate of rise
of about 250 A/us limited by the inductor L;. The current
peak is reached 8 ps after the thyristor turn on then the
current tends towards the value of the current at the diode
bridge output in the pre-fault conditions. It is worth noting
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Fig. 4. Scheme of the circuit for the SPICE simulation.

that, even if the current reaches a value of several hundreds
of amperes, its energetic content is limited to about one joule
(i.e. the energy stored in the capacitor before the protection
circuit intervention) so it can be transiently managed by the
PE switches without introducing thermal problems.

As visible in Fig.[5(b)] the short circuit of the receiver forces
the current in the transmitter towards zero via a series of sinu-
soidal pulsations. This behavior is typical of the magnetically
coupled resonant circuit [[13]] but is not here treated in detail.

V. IMPLEMENTATION AND TESTING

The ensemble of diode bridge, filter capacitors and protec-
tion circuit has been implemented and mounted in a unique
compact case that has been directly connected to the receiver
coil and the compensating capacitor. The resulting object is
shown in Fig. [6] and Fig. [7] while the adopted components for
the protection circuit are listed in Table

TABLE II
ADOPTED COMPONENTS FOR THE PROTECTION CIRCUIT

Components Symbol Model

Zener diode D,y 1N5368B

Zener diodes Do, D,3 1N5388B
Thyristor T MCO150-12iol
Filter capacitors ~ C'q, Cyp, Cp3  C4BSPBX4300Z

All the components have been chosen by considering a
safety factor of two with respect to the values obtained from
the simulation. The chosen thyristor is able to carry a rated
current of 158 A with a maximum forward surge current
of 2 kA. The same component can tolerate a non repetitive
current time derivative of 500 A/us. The overall threshold
voltage of 450 V has been obtained by combining two Zener
diodes IN5388B with a breakdown threshold of 200 V in
series with the Zener diode IN5368B having a breakdown
threshold of 50 V. The filter capacitors have rated voltage and
current of 630 V and 38 A respectively. Each capacitor can
tolerate a repetitive current peak of 1793 A. The inductor L,
has been built by using two C-shaped cores made of laminated
silicon steel.
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Fig. 5. Representative waveforms of the SPICE simulation of the protection
circuit intervention. (a) Voltage Vpc over the capacitors Cry, Cyo and Chs
and current in the thyristor L¢. (b) Transmitter current I; and load current.

The system has been tested by directly supplying the diode
bridge with an isolated voltage supply. The output voltage of
the supply has been varied via ramp until reaching the overall
breakdown voltage of the Zener diodes. This has allowed a
slow charge of the filter capacitor while maintaining controlled
the current provided by the supply.
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Fig. 7. Top view of the implemented system where the filter capacitors are not
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of the thyristor 7" and the diode bridge.

The measured waveforms during the protection circuit inter-
vention are shown in Fig.[8] The current in the thyristor branch
has been measured by using a Rogowski probe having an
output scale of 0.2 mV /A. The intervention of the protection
circuit occurs for a voltage of 480 V slightly higher than
the ideally desired threshold but perfectly compatible with
the maximum tolerable voltage of the filter capacitors. The
thyristor turn on is carried out correctly and the current time
derivative remains under the critical rate of rise of the thyristor.
Contrary to what observed in simulation, several oscillation
phenomena appear. These phenomena are linked to the con-
nections parasitics not taken into account in the simulation
model together with the interaction of the protection circuit
with the reactive elements of the voltage supply. In particular
the observed oscillations of the thyristor gate voltage are due
to the selection of the measurement points. As the thyristor
cathode was not directly accessible, the measurements have
been carried out between the thyristor anode and the pin of
the resistor R, connected to the negative of the DC bus.
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Fig. 8. Measured waveforms of the tested protection circuit intervention. Filter
capacitor voltage Vpc in yellow (100 V/div). Gate voltage of the thyristor
in magenta (10 V/div). Current in the thyristor branch in cyan (50 mV /div
corresponding to 250 A /div).
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Fig. 9. Measured waveforms of the tested protection circuit intervention.
Filter capacitor voltage Vpc in yellow (100 V /div). Current in the thyristor
branch in cyan (50 mV /div corresponding to 250 A /div).

Fig. 0] shows in detail the behavior of the voltage over the
filter capacitors and the current in the thyristor branch. The
change in the current slope clearly indicates the saturation of
the inductance core. The saturation occurs once the thyristor
is turned on then the increased time derivative of the current
does not represent a problem. Because of the saturation, the
current peak reaches a higher value than the one observed in
simulation but it remains below the tolerated values of thyristor
and capacitors.

As expected, the current peak is perfectly managed by the
thyristor and the diodes. Finally, the testing of the system
demonstrates its effectiveness.

VI. CONCLUSIONS

The paper has described a safety problem encountered
during direct experience in the development of an IPT systems
for the charge electric vehicles. The model and the analytical
expressions used to describe the origin of the problem have
been based on a series-series compensated system supplied
by means of a VSI converter. However, the same conclusions
can be considered valid for other kinds of system topologies
for which the receiver behaves like a current source. For
these systems the disconnection of the load is not compatible
and can represent a dangerous conditions for the capacitive
components connected to the rectification stage. The fast



dynamic introduced by the load disconnection fault has needed

the

development of an analog hardware protection circuit.

This protection circuit has been studied and designed with
the help of a circuit simulation and its effectiveness has been
experimentally proven.
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