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Sensorless control of the charging process of a
dynamic inductive power transfer system with
interleaved nine-phase boost converter

Riccardo Ruffo, IEEE student member, Vincenzo Cirimele, IEEE member, Michela Diana,
Moijtaba Khalilian, Alessandro La Ganga, and Paolo Guglielmi, IEEE Member

Abstract—The paper proposes a technique for the con-
trol of the charging process in a dynamic inductive power
transfer system for automotive applications. This technique
is based on an impedance control loop on the receiver
side. The proposed control allows to carry out the dif-
ferent phases of the charging process in absence of a
communication link between ground and vehicle side. The
charging process starts with a sensorless procedure for
the identification of the actual presence of the vehicle over
the receiver. The same control technique introduces several
advantages in terms of interoperability between systems
having different requirements in terms of power demand. A
11 kW prototype has been implemented based on a trans-
mitter 1.5 meters long as compromise solution between
the long track coil and the lumped one. The power man-
agement of the receiver side is provided by a nine-phase
interleaved boost converter. The experimental results prove
the effectiveness of the proposed control together with a
good matching with the developed theoretical equations
set for the system description.

Index Terms—Dynamic charging, electric vehicle (EV),
inductive power transfer (IPT).

|. INTRODUCTION

ATTERIES still represent the major obstacle to the dif-

fusion of electric vehicles (EVs). Although the research
in this field is leading to batteries with higher energy density,
the typical range of EVs is still limited to few hundreds of
kilometers. Hence, for long distance trips, the necessity of
frequent and long stops for the recharge affects negatively
the social perception about electric mobility. Inductive power
transfer (IPT) is a promising technology able to increase the
safety and the easiness of the charge. Moreover, its extension
towards the so called dynamic IPT, allows the charge of the
vehicle during the motion ideally eliminating the necessity of
stops for the recharge.

In IPT systems for EVs, the transfer of electrical energy
takes place by means of the magnetic coupling of a trans-
mitter coil installed above or under the road surface and
a receiver coil mounted under the vehicle floor. Different
works in the last decades demonstrated the feasibility of
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IPT for applications aimed to the charge during the vehicle
stops, called static IPT, with efficiency comparable to the
classical plug-in systems [1]-[3]. Several static IPT systems
will be available in the market in the next years. In fact,
the standardization process has started and the release of the
international standards SAE J2954 and the IEC 61980 related
to static IPT for light EVs is planned within 2018 [4], [5].
Dynamic IPT introduces several issues due to the movement
of the vehicle such as the necessity to rapidly identify the pres-
ence of the vehicle in order to energize the correct transmitter
avoiding losses [6], the control of the transferred power in
presence of unavoidable variations of the coupling between
the coils [7], [8], the evaluation of the human exposure [9],
[10]. These aspects are also related to the shape of the coils.
n [11], [12] the adoption of a long transmitter having length
of hundreds of meters is proposed. This shape allows a more
continuous coupling that mirrors in a more continuous power
transfer. According to the extension of the transmitter, the
vehicle identification can be done with a slow dynamic [13].
Furthermore, each transmitter section can be powered by a
single converter with advantages in terms of simplicity of the
architecture and control of the system. However, a length of the
transmitter much higher than the length of the receiver means a
very low coupling between the coils that leads to the reduction
of the efficiency and the presence of a strong stray field [6].
Other works propose the use of several consecutive small
transmitters having comparable dimensions with respect to the
receiver [14], [15]. In these applications, each transmitter is
driven by a dedicated converter with increase in the system
flexibility and tolerance to faults but with a collateral increase
in the cost. The reduced dimension of the coils allows an
increase of the magnetic coupling with consequent benefits
in terms of efficiency and stray field reduction. However,
for this kind of systems, the control is more difficult since
the position of the vehicle must be detected very fast and
the continuity of the power transfer is more difficult to be
achieved [16]. In relation to these aspects, different power
electronics (PE) architectures have been proposed together
with some control techniques. Different papers as [2], [3],
[17], propose the control of the power transfer from the only
transmitter side while the receiver is connected to a passive
diode rectifier. These methods enhance the simplicity of the
control but limiting the regulation capability at the EV battery
interface. Other works propose the use of active regulation
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also on the receiver side [18]-[21] but a large amount of them
bases the effectiveness of the control on the presence of a
communication link between the two sides [18]-[20]. These
communication links are based on radio frequency technology
[22] or on the use of additional coils or sensors [16]. The same
solutions are adopted in [2], [18], [23] for the EV approaching
identification. Nevertheless, all these methods become less
robust for high vehicle speeds and all of them require the use
of additional devices weakening the system fault-tolerance at
the cost of increasing system cost and complexity.

This paper presents a completely sensorless control tech-
nique for dynamic IPT systems that allows to start, control and
end the charge process by means of the only power electronics
without any additional component or communication link
between transmitter and receiver side. This technique is based
on the control of the load impedance by means of a boost
converter on the receiver side. This control allows the imple-
mentation of a simple technique for the identification of the
presence of the vehicle above the transmitter together with the
control of a continuous power transfer during the motion i.e. in
presence of unpredictable variations of the magnetic coupling.
At the same time, the proposed control technique offers the
possibility to modify the power demanded by the vehicle
without modifying the control operations on the transmitter
side with considerable benefits in terms of interoperability and
flexibility of the IPT system. These improvements represent
a strong reduction of the system complexity and enhances
the effectiveness of the control also for considerable vehicle
speeds.

The developed IPT system and the basic equations set for
its modeling are presented in Section II. Section III completes
the description focusing on the PE’s architecture adopted
on the receiver side. The control technique in the different
phases of the charging process is described in Section IV. In
Section V are presented the experimental results carried out
by the implementation of the control technique on a laboratory
prototype for the testing in dynamic conditions.

Il. SYSTEM DESCRIPTION

The general architecture of the developed prototype is
shown in Fig. 1. The transmitter side is supplied by means
of a SiC MOSFET based H-bridge that allows the creation of
the high frequency field that links with the receiver coil. The
receiver side is managed by a passive rectification stage and
a DC/DC boost converter that interfaces with the battery. The
coils, represented with the inductances L, and Lo, are com-
pensated through the series connected capacitors C; and Cs.
The magnetic coupling between the two coils is represented
through their mutual inductance M. The coils resistances
and the capacitors ESRs are modeled through the equivalent
resistances R; and Rs. The series compensation has been
chosen on both sides. With this compensation, the unavoidable
variations of the coupling in dynamic applications do not cause
significant variations in the resonant frequency of the system
once the capacitors have been chosen [24]. With respect to
higher order compensation topologies, the series-series com-
pensation does not require additional elements (i.e. inductors)
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Fig. 1: Circuit diagram of the proposed IPT system.

for the compatibility of the commutations. With a view to
repeat the proposed structure to create an IPT charging lane,
this characteristic represents an important reduction on the
overall infrastructure cost.

For the geometry of the coils, the developed system pro-
poses the use of a compromise solution between the long
track coil and the lumped one. This solution consists in
the adoption of transmitters whose length is about half the
length of a common passenger cars (about four meters) in
order to guarantee that when a transmitter is activated, it is
completely covered by the shape of the vehicle. This condition
represents a strong increase in the safety of the application in
relation to the electromagnetic field exposure [9]. Since the
presented prototype is aimed to a widespread diffusion in the
road infrastructures, the use of ferromagnetic materials has
been limited uniquely to the receiver structure. This strongly
reduces the cost per meter of the system together with the
installation and maintenance costs. As secondary effect, the
absence of ferromagnetic materials allows a lower value of
self-inductance of the coil meaning a lower voltage stress
over the reactive elements [25]. In these conditions, the values
of self-inductance of transmitter and receiver are practically
not affected by the relative position of the coils during the
movement meaning a more precise and stable tuning of the
resonance frequency.

The physical model of the system is based on the first
harmonic approximation (FHA). This method is well-known
in the domain of resonant converters and it allows to represent
the system as working at a unique angular frequency wy that
is imposed by the source. wy is the global resonant angular
frequency of the system and it is put in relation with the
reactive parameters of the IPT system by the relation:

1 1
varen VLyCy
On the receiver side, the FHA allows to model the PE
connected to the receiver with an equivalent resistor R,
expressed as the ratio between the first harmonic of voltage
and current at the input of the diode bridge:
Va
I
For a series compensated receiver, R,. can be expressed in
terms of the quantities at the boost input as:

8 Vaue 8
2de — 2Ry, 3)

T2

)

wo =

Rac = (2)

Rac = 5
7(-2 I2dc

The ratio between Va4, and Iz4. iS again a resistance here
named equivalent load resistance Ry..
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On the transmitter side, the voltage V) is controlled through
a phase-shift modulation at fixed frequency. As illustrated in
Fig. 2, this control is performed by modulating the phase
angle o between the complementary square gate signal pairs
according to the relation:

2v/2

vi= 22y, in (%) (4)
m

A value of @ = 7 rad leads to a pure square wave that

corresponds to the maximum value of V.
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Fig. 2: Waveforms example of the phase-shift modulation.
Gate signals of the H-bridge switches in blue. Related output
voltage V) in green.

By writing the Kirchhoff’s voltage law for the two sides of
the IPT system, it is possible to describe it with the following
equations set:

— — 1 — —
V1R1]1+j<wL1>IljwMIQ (5)
wC’l

_ _ 1\ _ _
JwMI; = Rolo +j(WL2 - ) Io+ RycIo (6)
w02

where I; and I, are the currents in the transmitter and in the
receiver respectively. At the resonance (w = wy) the terms in
brackets become zero, V1 and I, are in phase and their ratio
results in an impedance having the only real component. This
ratio is called fotal impedance Z1 and expressed as:

o 2M2
Zp ==t =R+ 0

— —_— 7
Il 1+R2+Rac ()

The currents on the two sides of the system can be expressed
as:

— Ry + R.c —
= \%4 8
' Ry (Ry + Rae) +w2M2 1 ®
— JwoM —
Iy = %4 9
7 Ry (Ry+ Rac) +w2M2 "' ©)
Hence, the received power in the AC side results to be:
woM 2
P, = R, 1% 10
2 ac (Rl (R2 + Rac) +ng2 1) ( )

[1l. INTERLEAVED BOOST CONVERTER

In the present work, the control of the load in the receiver
side has been assigned to a unidirectional boost converter.
This structure allows to regulate the input voltage in the range
0—Vpat for a power flow directed uniquely toward the battery.
Despite this constraint, this structure has been preferred to a
bidirectional boost as, for possible operations in discontinuous
conduction mode (DCM), it presents negligible diode reverse
recovery losses and lower turn-on losses of the switch [26].

The role of the boost converter is to control the voltage at
the output of the diode rectifier in order to regulate the value
of the resistance R,. based on (3). As will be better detailed in
Section V, the value of the load resistance is chosen in order
to obtain the maximum power transfer in condition of nominal
mutual coupling M,,. On the transmitter side, this condition
coincides, by design, with the voltage V) at full square wave
and the current I; at its nominal amplitude. This condition
defines a nominal value of the total impedance Z y:

Y
Rs + Rac

Hence, the reference value of resistance that has to be con-
trolled by the boost converter can be expressed as:

2 2 wi M2
R* — 7R* _ 0 n o R
L= gitae ™ g (ZT}n — R 2)

The necessity of emulation of a resistive load with a fast
transient response, with respect to the transmitter side control,
has led to the choice of an interleaved architecture for the
boost converter. As shown in Fig. 3, the implemented converter
consists of a nine-phase interleaved boost converter where each
leg is based on an IGBT. Each leg operates with a phase
shift of 40°. In this way, the ripple currents in the inductors
L¢y,...,Lyg tend to cancel each other reducing the ripple in
the input current I54.. Moreover, the frequency of the ripple is
moved at nine times the PWM period. Equation (13) expresses
the peak-to-peak ripple of the current at the boost converter
input Als4. normalised with respect to the maximum value of
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Fig. 3: Circuit diagram of the interleaved 9-phase boost
converter on the receiver side.
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the ripple for a classical 1-phase boost converter Alage max-
This worst case condition occurs for a duty cycle D = 0.5.

Al _,(N-D=[N-D}) (1~ (N-D~[N-D])
AI2dc,max N

Equation (13) refers to the continuous conduction mode
(CCM) and it is generalized for N interleaved phases where
the square bracket notation is used to indicate the integer
part. The resulting behavior of the ripple is shown in Fig. 4
for different number of interleaved phases and values of the
duty cycle. It can be seen from Fig. 4 that the current ripple
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Fig. 4: Peak-to-peak ripple of the boost converter input current

I>4. for different interleaved phases normalized with respect

to the ripple in the worst-case (N =1, D=0.5).

at the input of the nine-phase converter is strongly reduced
with respect to the single boost converter. The effect of the
interleaving reflects also on the reduction of the rms current
in the capacitors C'y and Cy. This improves the effectiveness
of these filters whom dimensions can be strongly reduced [27].
In order to simplify as much as possible the converter circuitry,
the unit of the developed converter is constituted of a 3-phase
Intelligent Power Module (IPM). As each IPM is designed to
operate at a maximum switching frequency around 20 kHz,
the use of three modules naturally allows to operate with a
ripple frequency compatible with the frequency of the ripple
at the diode bridge output (i.e. 170 kHz).

IV. EQUIVALENT LOAD CONTROL OPERATIONS
A. Power control in dynamic conditions

As introduced in the previous sections, the main principle of
the proposed control technique consists in keeping the value
of the equivalent load impedance constant through the active
regulation provided by the boost converter. This technique
allows to regulate the power transfer in presence of variations
of the mutual coupling by acting on the only transmitter side
that means to regulate the only voltage V; by varying the angle
a. This regulation can take place without any information
exchange between the vehicle and the ground.

The block scheme of the H-bridge control is shown in
Fig. 5. It basically consists of a PI controller whose output
is the angle « (saturated between 0 and 180°). The control
directly operates on the peak of the transmitter current I.
This current is measured through a high-frequency current
transformer (HFCT). Hence, the output current of the HFCT
is rectified and multiplied by a scaling factor 2v/2 /7 and the
transformer ratio ¢. The obtained value is a reconstruction of
the transmitter current peak I, that can be compared with the

Iy 180°| « L
Pl — H-bridge
OO
I )
| S Rectification [~—{ HFCT
2\/5 ectification

1:t
Fig. 5: Control block scheme of the H-bridge.

reference current peak f{‘. The reference value is set to the
rated value of the current that is the same value used in (11).
According to (8) and (9), if the value of mutual inductance
decreases due to the misalignment between transmitter and
receiver, both currents tend to increase. In that case the control
in the transmitter reacts limiting the current I; by reducing the
rms value of V;.

If the mutual inductance becomes higher than the nominal
value M, the control tries to force the rated value of the
current by saturating the voltage V; whose waveform remains
a pure square wave as in the nominal condition. In this
circumstance, the currents and the power are intrinsically
limited by the systems i.e. the total impedance Zrp. This
condition can be due, for example, to a too heavy load, tires
not perfectly inflated or simply for reasons of interoperability
among vehicles having different heights.

In the present work, the H-bridge operates at fixed frequency
equal to 85 kHz in compliance with the standard SAE J2954
[5] as a base for future interoperability between static and
dynamic systems.

B. Interleaved boost converter control

The control block diagram of the nine-phase boost converter
is shown in Fig. 6. It is composed by a single outer loop which
deals with the impedance control and nine inner loops which
are responsible for the current control of each phase. The input
reference of the outer loop is the equivalent load resistance
R which value is multiplied by the measured current [o4. at
the input of the converter. In this way the impedance control
becomes a classical voltage control that regulates the voltage
Vage. The global reference current I3, is obtained at the
output of the PI controller. This reference value is divided
by nine in order to have the reference current for each of the
nine different inner loops. The reference current is saturated
between I,i, and I,.x. The value of I, is equal to the
maximum current that the single phase can drain. The value
of Inin is chosen slightly higher than zero in order to maintain
the short-circuit condition during the identification and start-
up phase by saturating the PI controller of the current loop.
The motivations at the base of this choice are clarified in the
next sections.

In each inner loop, the reference current is compared with
the measured value of the current in the respective phase. The
resulting error is filtered by a PI controller and normalized with
respect to the actual value of the battery voltage Vi,¢. This
normalization allows to maintain the control loop bandwidth
independent of the variation of V4,,¢. The resulting signal is
compared with a triangular carrier obtaining the gate signals
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Fig. 6: Control block scheme of the DC/DC boost converter.
(a) Outer impedance loop. (b) Inner nine-phase current-sharing
loop.

for each phase switch. The gate signals have the same fixed
frequency of 19.5 kHz and the same duty cycle but each
leg operates with a phase shift of 27/9 rad. The role of the
saturation block is to limit the modulating signal between O
and 1 in relation to the triangular carrier that has the same
amplitude. The gain blocks having negative sign are used
in accordance with the adopted convention for the currents
depicted in Fig. 3.

C. Self vehicle presence identification and start-up

The active regulation of the equivalent load introduces the
possibility to develop a procedure for the sensorless and auto-
matic identification of the vehicle. This procedure, mandatory
for the improvement of the safety and the effectiveness of
the overall charging process, completes the sequence of tasks
necessary to carry out the cycle of power transfer in dynamic
conditions.

Differently from previous works that propose the use of
additional coils or sensors for the detection [2], [16], [17],
the technique here proposed is based on the only power
electronics control without requiring any additional sensing.
This technique is based on the monitoring of the angle o when
the H-bridge controls a certain reference current I 1 whose
value is much lower than the nominal reference value. If the
vehicle is absent, the only parameter that limits the current is
the coil resistance R;. Hence, the value of « is very small
according to the extremely low voltage required to force the
flowing of the transmitter current. When a vehicle approaches
the transmitter, the mutual coupling with the receiver starts to
increase together with the value of the total impedance. In this
condition, the value of « can be expressed as:

| 7l Zy

2V2Vin

o = 2sin”

(14)

The increase of Z1 causes a decrease in the actual current [;.
To react against this decrease, the converter has to increase the
value of the voltage by increasing the value of the angle «.
At the moment that « reaches a certain threshold value oy,
the vehicle presence is considered verified and the transmitter
can be energized at the rated current.

The same technique is used to turn-off the converter when
the vehicle leaves the transmitter or if the misalignment
becomes too high to guarantee the effectiveness of the com-
mutations of the H-bridge switches. If « falls below a certain
threshold g the system is turned off.

During the phase of approach to the charging lane, the
receiver is maintained short-circuited by the boost converter
(Rf, = 0). In this way, when the coupling becomes significant,
the value of the total impedance is the highest possible. This
forces o to reach the threshold value in the most rapid way.
When the threshold is reached, I 1 is switched from the value
for the identification to the nominal value via a ramp variation.

On the receiver side, the current loop of the boost converter
provides a reference current sz’ph = Inin. As the value
of Inin is not zero, the impedance loop controls the short-
circuit of the receiver but the PI controller starts to accumulate
error as Is4. is equal to zero according to the absence of
induced voltage. Once the vehicle approaches the transmitter
during the identification phase, the coupling becomes higher
than zero and the current Io,4. starts to increase. The short
circuit is maintained as long as the error accumulated in the
PI becomes zero. When this condition occurs, the control starts
to control the desired value of equivalent load by releasing the
short-circuit. This instant marks the beginning of the charging
process. It is worth mentioning that, the PI error is saturated
through an anti-wind up in order to avoid that the short-circuit
condition is maintained for too long.

The efficiency of the identification process can be increased
by energizing the transmitter only for 1 ms over a period of
2 ms. This allows to maintain a practically full exploitation
of the transmitter length for reasonable speed of the vehicle
while strongly reducing the losses. At a vehicle speed of
100 km/h, this proposed technique can guarantee the vehicle
identification with the same performance of a continuous
energization.

As done for the identification phase, the charge process is
automatically ended once the value of a becomes equal or
lower than a certain angle a.g by turning the H-bridge off.
After this event, the control returns to the identification state
in order to be ready in case of approach of a new vehicle.

D. Power demand regulation

Another important aspect of the equivalent load control
consists in the possibility to regulate the amount of received
power P, by simply modifying the value of Rj. This can
be deduced from (8), (10) and (12). As indicated by (7),
modifications of the equivalent load mirror in a variation of
the total impedance. This variation can be managed by the
H-bridge control without requiring any modification in the
control parameters. This means that also this kind of regulation
can be carried out without the necessity of any information
exchange between the two sides of the IPT system.
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This aspect represents another important benefit in terms of
interoperability as any kind of vehicle in any battery state of
charge can decide its own level of received power while the
control of the transmitter remains unvaried.

In a real implementation, this characteristic is fundamental
to make the IPT system able to supply vehicles that, for
reasons of weight, maximum speed etc. need for a power lower
than the rated power of the system. The same regulation capa-
bility can be applied is conditions of traffic jam. In this case,
the vehicle is stopped so it does not need to receive the rated
power but only the limited amount necessary to supply the
ancillary services as on-board electronics or air-conditioning.
In this case, the value of I can be set in order to receive this
limited amount of power while the transmitter side operations
remain unvaried.

V. EXPERIMENTAL VALIDATION
A. Experimental setup

The proposed control of the charging process has been
implemented on the laboratory prototype depicted in Fig. 7.
The prototype is based on a transmitter coil having inner
dimensions 1.5 m in length and 0.5 m in width and a receiver
coil of 0.3 m in length and 0.55 m in width hosted in
a dedicated magnetic structure further detailed in [28]. The
receiver structure has been mounted on a movable metallic
carriage that emulates the vehicle. The lateral misalignment
and the height of the receiver structure can be regulated by
means of two different mechanisms controlled through two
stepper motors. This arrangement assures the possibility to
test the system in dynamic conditions under different possible
conditions of misalignment. The entire system is powered
though a 3-phase insulation transformer rectified by means
of a diode bridge. A 50 kW battery emulator is connected
to the boost converter in order to emulate the vehicle battery.
This systems allows a high flexibility in the prototype testing
offering the possibility to operate without necessity of power
dissipation. The H-bridge control is implemented with an
MC56F84550 DSC while the boost converter is controlled

3-phase
diode bridge

Battery emulator
H-bridge

Boost converter

Transmitter Receiver structure Insulation transformer

Fig. 7: Experimental prototype and test setup.

though an XC3S200A FPGA. Two 8 bit digital oscilloscopes at
the sampling rate of 5 MS/s are used to register the waveform
on the two sides of the system. Both oscilloscope acquisitions
have been triggered on the voltage Vaq..

The system parameters are reported in Table I. In nominal
conditions, i.e. nominal electrical parameters, nominal distance
and perfect alignment of the coils, the system is capable to
transfer 11 kW to the battery by controlling a nominal current
peak I, =40.3 A. According to (12), the reference value for
the impedance-matching loop has been set to Rf =4.2 Q.

TABLE I: IPT system specifications and parameters

Parameters Symbol  Value
Nominal power Ppat 11 kW
Working frequency fo 85 kHz
DC input voltage Vi 500 V
Nominal transmitter current [ 285 A
Nominal total impedance VA 15.8 ©
Nominal receiver current Is 50 A
Nominal battery voltage Vbat 370 V
Transmitter self-inductance Ly 281.4 uH
Receiver self-inductance Lo 119.8 uH
Nominal mutual inductance My 14.3 pH
Transmitter resistance Ry 0.78 Q
Receiver resistance R2 0.53
Transmitter capacitor Cq 12.5 nF
Receiver capacitor Ca 29.2 nF

The results of three different tests are here presented. The
first one aims to demonstrate the control effectiveness in pres-
ence of variations of the mutual coupling in static and dynamic
conditions. The second one focuses on the identification of the
vehicle presence above the transmitter coil and the automatic
starting and ending of the charging process. The last test
proves the possibility to regulate the demanded power acting
on the only receiver side by modifying the equivalent reference
load resistance.

B. Control at variable coupling

The effectiveness of the control has been checked in static
conditions for different values of the mutual inductance M
by varying the lateral misalignment and the distance of the
receiver. The experimental results have been compared with
the theoretical behavior based on the model and equations
previously presented. The measurements have shown a general
good matching with the model as shown in Fig. 8. The value
of the H-bridge output voltage V; has been evaluated by
applying a fast Fourier transform to the measured waveform.
This spectral analysis has allowed to isolate the only fun-
damental component at 85 kHz used for the first harmonic
approximation. Differently, the oscilloscope does not provide
the same results as it returns the true rms of the waveform by
taking into account the overall harmonic content. For the sake
of completeness, a comparison between the two approaches is
provided in Fig. 8a.

Fig. 8e shows that the rated power is transferred only in cor-
respondence of the nominal coupling i.e. M = M,,. In presence
of misalignment (M < M) the current I is limited by the
H-bridge control that decreases the voltage V). The reduction
of coupling consequently reduces the receiver current reducing
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Fig. 8: Theoretical and measured behavior of voltages and
currents of the IPT system controlled through the impedance
control technique under dynamic/variable coupling conditions.
The values of mutual inductance are normalized with respect
to the nominal value M, = 14.3 pH. (a) Transmitter rms
voltage V7. (b) Transmitter rms current /5. (c) Boost converter
input voltage V4. (d) Boost converter input current Iog.. (€)
Power at the boost converter input.

the amount of transferred power. If the receiver gets closer to
the transmitter (M > M,), the H-bridge tries to force the
nominal current by saturating V; to its maximum value which
corresponds to a pure square waveform. The H-bridge is no
more able to control the current /7 but its value is intrinsically
kept limited by the effect of the coupling or, in other words,
by the increased value of the total impedance Zr.

In a second step, the control has been tested in dynamic
conditions in absence of lateral misalignment at a speed of
about 4 km/h. The result is shown in Fig. 9. After the
vehicle identification, the charge process starts letting the
power transfer led by the variation of coupling. When the
receiver is entirely above the transmitter, the transferred power
remains practically constant at the rated level. The effect of
the interleaving on the reduction of the current ripple is shown
in Fig. 10.

The same test has been repeated by setting a gradual lateral
misalignment during the movement. This case emulated a
more realistic working condition of the IPT system where
the alignment is not kept fixed by mechanical alignment or
autonomous driving systems. Also in this case the control has
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Fig. 9: Representative waveforms during the passage of the

vehicle over one transmitter.
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Fig. 10: Detail of the effect of the interleaving over the current
ripples. (a) Waveforms on battery side and boost converter for
a complete passage of the vehicle. (b) Zoom over one phase

ripple.

been proven to be effective and robust as shown in Fig. 11. By
comparing Fig. 9 and Fig. 11, one can note that the functioning
of the transmitter side remains unvaried for both tests while the
transferred power profile follows the coupling variations in a
continuous and stable way. The system automatically turns off
when the mutual inductance becomes lower than about 5 pH,
that corresponds to a lateral misalignment of about 30 cm,
or a complete exit of the receiver above the transmitter. This
condition corresponds to a turn off angle a,g = 40°.

C. Identification procedure

For the identification procedure, the proper values of the
angle a,, and the reference current I 1 have been empirically
identified. Laboratory trials have aimed to search the minimum
values of o, and I 1 assuring a robust and fast vehicle
presence identification. The tests have led to the selection of
a threshold angle oy, = 7° in correspondence to a reference
current | N =24/2 A. As introduced in Section IV-C, this angle
has been identified for a short-circuited receiver. As shown in
Fig. 12, this condition forces the value of the total impedance
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Fig. 11: Representative waveforms during the passage of the

vehicle over one transmitter with gradual lateral misalignment

of the vehicle.

to its maximum value forcing in this way a faster transition of
the angle « towards the activation threshold. This condition
cannot be otherwise reached for the nominal reference value
of Ry, especially in presence of strong initial misalignment of
the vehicle.
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Fig. 12: Variation of the angle o with respect to different
values of the mutual inductance represented as percentages of
the rated value M, =14.3 pH. The two behaviors are shown
for two different values of the equivalent load resistance and
for the same value of the reference current I T =22 A.

Several tests have been performed in order to find the limits
of the identification procedure. The chosen parameters have
allowed to correctly recognize the presence of the vehicle up
to an initial misalignment of 30 cm. This misalignment has
been proven to be the limit of regulation capability of the
control in correspondence of which the system automatically
turns off.

When the vehicle reaches the transmitter, the effect of
the coupling forces the current to a lower value. Hence, the
H-bridge reacts by increasing the angle «. Once the turn
on threshold is reached, the reference current becomes equal
to the nominal value of 28.5 A via a ramp variation and
the transmitter is fully energized. The turn-on threshold is
reached when the shape of the receiver coil starts to overlap
the transmitter. This condition corresponds to a value of the
mutual inductance of about 40% of the nominal value.

In correspondence to the coupling increase, the induced
current that starts to flow in the receiver decreases the ac-
cumulated error in the PI controller of the current-sharing
loop. When the PI integral term is cancelled, the impedance

control starts to regulate the desired equivalent load. The
boost switches start to commutate allowing the charge of the
capacitor C'y and the power transfer.

D. Power demand regulation

Finally, the behavior of the control for different values of R;
has been tested. Fig. 13 shows the theoretical and experimental
behavior of the control tested at the nominal coupling. Also
in this case, the experiments demonstrated a good matching
with the model and the capability of the system to regulate
the power by varying the only equivalent load at the receiver
side. As shown in Fig. 13c, the power can be regulated by
both increasing or decreasing Ry, with respect to the nominal
value. However, the regulation behavior is not independent of
the direction of this variation. If the power is controlled by
decreasing the value of Ry, the output power changes linearly
with the resistance. For an increase of Ry, the power varies
with a hyperbolic relationship. Moreover, this variation has not
the same effect on the efficiency. Fig. 13d shows the effect on
the efficiency measured between the H-bridge output and the
interleaved boost converter input. Values of Ry, lower than
the nominal one cause a strong limitation in the transferred
power causing a decrease in the efficiency and increasing the
power dissipation into the receiver. In contrast, an increase
of Ry leads to a reduction of the transferred power but
maintaining a high efficiency of the system. This variation has
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Fig. 13: Theoretical and measured behaviour of receiver
quantities of the IPT system in presence of variations of the
controlled equivalent load. (a) Boost converter input current
I54.. (b) Boost converter input voltage Va4.. (c) Received
power Po4.. (d) Efficiency from H-bridge output to boost
input.

an opposite effect on the H-bridge commutations efficiency.
In fact, as visible in Fig. 14, when the equivalent resistance
increases, the transmitter current remains at its nominal value
but the transmitter voltage cannot remain a square wave.
Conversely, when Ry, is lower than the nominal value, the



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

time (us)
(a)

PRy o, -

time (us)
(b)

10 T T T v 16 —
=75 123
~ B e D e e i e e P o Do oo i et
25 4 '3

. N

0 L ! ! L 0 o
0 20 40 60 80 100
1000 ‘ T T . : 50
s 5081 35 g
> —500{ 25 —
1000 - : - L -50
0 20 40 60 80 100
time (us)

(©)

Fig. 14: Waveforms of the dynamic IPT with variation of the
demanded power through variation of the equivalent load. (a)
refers to the nominal condition with Rf = 4.2 Q and P4 =
11 kW. (b) refers to a reduced demanded power with Rj =
6.6 Q and Py, = 8 kW. (c) refers to a reduced demanded
power with Rf =3 Q and Poq. = 8 kW.

current [; decreases but the transmitter voltage remains a full
square wave. In these conditions the inverter works closer to
a zero current commutations with a strong reduction of the
commutation losses.

VI. CONCLUSIONS

The paper has presented a novel flexible and robust tech-
nique for the control of the charging process of a dynamic
IPT system based on the control of the equivalent impedance
seen on the receiver side. The control of the equivalent load
introduces an important benefit represented by the possibility
to work with vehicles that have a different power demand by
simply varying the value of the controlled load. This change
does not influence the behavior of the transmitter side that
can continue to operate normally (i.e. independently of load
and requested power). The major novel contribution of the
present work is the capability offered by the control to manage
the overall charging process without requiring any additional

sensor for the vehicle identification or any communication link
between the two system sides. The flexibility of the system
can be enhanced since it is possible to extend the control
technique also to other PE architectures under the constraint
that a constant load has to be seen by the source. This can be
obtained if the control of the receiver side has a faster dynamic
response than the control of the transmitter side. As pointed
out in the experimental validation, any change in the value of
the controlled load introduces a change in the efficiency of
the power transfer. The investigation of this effect has been
done considering the only part downstream the transmitter
converter without considering the effects on the commutation
losses. This analysis will be extended in future works. The
implemented prototype has shown a good robustness of the
control maintaining a stable and continuous power transfer
also in presence of strong misalignment guaranteeing the
power transfer until a lateral misalignment of 30 cm (with
respect to a width of the transmitter of 50 cm). Finally,
experimental results have demonstrated a good matching with
the theoretical ones, showing that the system can be modeled
through a simple circuit model based on the first harmonic
approximation. Future improvements will be oriented to the
individuation of a proper sequence of a cascade activation of
the identification phase in order to reduce the overall system
consumption. In a real charging lane constituted by several
subsequent transmitters, the activation can be, for instance,
controlled through a fast wired communication link in the
way that each active coil can lead the subsequent one to the
identification phase while other coils can remain in an idle
state.
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