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Abstract—ICPT systems help drivers to recharge their electdal
vehicles via wireless. The core of the system is aipof coils and
two reactive structures. In order to predict the peformance of a
practical implementation, it is necessary to studythe impact of
using real components which suffer from variationsin their
nominal values. Basing on the performed study, weoaclude that
the components on the side where the inductanceiisseries with
the capacitance should be carefully selected as vations in their
values greatly affect the system performance. A 5BW system
has been evaluated in terms of efficiency and loaaltage.
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. INTRODUCTION

Electric vehicles represent a less pollutant adtéve to
transport systems supported by internal-combustigines. In
addition to this environmental advantage, drivgngraciate the
reduced costs of electricity in comparison withl fildese two
conditions have prompted that electric vehiclesaamauiring a
major relevance nowadays. However, their expanisidreing
refrained because of their scarce resource autandris
limitation demands frequent recharging processeshich the
driver needs to plug a conductor to the vehicle tandait until
the vehicle has been charged. In order to make attisity
more efficient and with minimal users’ interventolCPT
(Inductively-coupled Power Transfer) systems arange
developed.

Following the design guidelines, one can deriveingef
values for the coil parameters;(L,, Ry andR;) and for the
compensation topologiesC{ and C, in a single-resonant
structure) at a given operational frequency. Howevke
physical components are associated with some talegain
their nominal values. For instance, [4] shows aciizal
implementation of a 5 kW ICPT. Although the coitrginsions
have been carefully decided, the practical indwsaand
resistivity values differ from the expected onepedfically,
the resistances associated to the coils are doublethe
practical implementation. On the other hand, ta value of
the inductance differs in up to a 20% of the notinged

Thus, the selection of the components must attbed t
potential deviations in order to obtain robust ICByStems.
Particularly, the more severe the consequences hef
deviations are, the more precise the componentddhe in a
practical implementation. The present paper idestifvhich
elements in the ICPT system should have a lowerdote.
Towards this goal, the paper analyses how sigmfidhe
effects of the components’ tolerance are. The pedoce of
an analytical model of a 50 kW ICPT system is stddor this
purpose. Although the SP compensation topology asnim
studied in this paper, we include some resultsvddrfrom the
PS (Parallel-Series) structure to understand hewptacement
of the components affects the robustness of th& K§Btem.

The rest of the paper is structured as follows.ti@edl
describes some works dealing with the tuning of KGEBT

The core of an ICPT is composed of two coupledscoil system. Section IIl focuses on the SP compenséipniogy.

operating at VLF (Very-Large Frequency). Both codse
complemented with reactive structures so that titeety gets
the maximum real power from the source.

Depending on the components of the reactive strestthe
compensation topologies can be classified intolsirgsonant
and multi-resonant [1]. The single-resonant stmgstassociate
a capacitor to each coil whereas multi-resonanbloapes
employ multiple reactive components in the trangmiand/or
the receiver coil. In addition to their simplicitthere exists a
wider study on the single-resonant structures st fome
design guidelines have already been
recommendations help the design of an ICPT sysfeon.
instance, [2] recommends that the Q-factors optimary @)

and secondarygf) sides should be between 5-10. Alternatively,

[3] also suggests the use odn the range 5-10 andog >2.

identified. s&he

Section 1V illustrates and analyses the resultsinbt when
the components’ values are varied. Finally, SeciWodraws
the main conclusions of the paper.

I RELATED WORK

Some previous works have dealt with the deviatiminsvo
important parameters related to the operation ofl@RAT
system. These parameters are the coil misalignmedtthe
operational frequency. The main conclusions abdgsd
works are presented next.

A. Coil Misalignment

An ICPT system is designed assuming that the ooihé
electrical network and the coil in the vehicle keepredefined



distance (known as gap) and they are facing edwr.dnder

these circumstances, the efficiency of the sysemaximum

whereas angular, lateral or incorporated misaligiméad to

a reduced efficiency [5] for both circular [6] anectangular.

[7] structures. The reduction of the efficiencydige to the fact
that an incorrect positioning of the receiver implithat a
decremented magnetic flux traverses the pickup. @s
consequence, the mutual inductance and, in tumjnitiuced

voltage are also diminished.

In order to guarantee the designed efficiency, stDieTs
are equipped with sensor-based guidance systentisasthe
receiver is placed in the desired position whileherging [8]
[9]. The main drawback of this strategy is the iegment for
the user’s intervention. As an alternative, somgragiches opt
for incorporating customized technology to mitigatiee
misalignment consequences. In this sense, compigup
structures are designed in [10]. Basically, theyplement
guadrature pickups in order to benefit from hortabrand
vertical magnetic flux. Nevertheless, this kind sdlution
forces the inclusion of more expensive equipmenttha
receiver. It is worth noting that it is desirabte reduce the
costs in the receiver for vehicle chargers so strstegy is not
usually implemented. On the other hand, some relseaorks
propose specific multi-resonant compensation tape®
which are able to cope with coil misalignments [1A5 an
advantage, these structures are placed in theniters.

B. Operational Frequency

Vs (L) -_-—Q RL VL

Figure 1. lllustration of the core of an ICPT system withSi
compensation topology.

The sinusoidal source is derived from an H-bridgesiter
which converts the electrical input voltage (5048@) to a
higher frequency (20 kHz in our study). Our anayfgicuses
on a 50 kW design. In this particular case, thed@amental
harmonic of the 400 V electrical supply has an éunbe equal
to 510 V. On the other hand, the operational frequérelongs
to the VLF range in order to make the wirelessdf@nmore
efficient. We have opted for a 20 kHz switchingginency in
the inverter.

The values associated to the colls, (L,, R, R, and M)
depend on the structure of the coils, on their ggomand on
the material with which they are constructed. In design, we
are considering rectangular coils constructed Witk cable.
With this type of cable, the resistance is lesseddpnt on the
frequency than cupper. The inductances are designed
guarantee that the system could not operate urifiecdtion

The battery/load electrical features depend on raéve phenomena in frequencies different to the operatione.

factors such as the State-of-Charge or the Staltteafth.
Thus, the ICPT system must be able to work on miffe
battery conditions. Towards this goal, the ICPT

Once decided, the designer must select the comte@ie

icand C,. To deliver the maximum power to the load, the

supplemented by a control system that adapts sonS€condary side constitutes a resonant tank. Thus:

configuration parameter as the duty cycle or tlegdency of
the switched-mode power devices. Concerning tlsistiaing,

it is necessary to analyze the capability of thBTGystem to
work under different operational frequencies. lis #ense, it is
mandatory to design the ICPT to avoid the bifuarati
phenomena [12]. When
compensation topologies, this requirement is edemiato set
the Q-factors according to some recommendations.

To the authors’ knowledge,
addressed the consequences of having differenevadil the
components being part of the ICPT system.

Compared with other single-resonant structures, Ske
(Series-Parallel) compensation topology offers
convenient advantages. [13] argues that the SRtectire is
the best choice as a battery charger with a volsagece input
given the current limitation
compensation on the secondary side. Moreover,ddd¢ludes
that series compensation on the primary side iereffective
to eliminate the effects of the leakage inductance.

ANALYSIS OF THE SPCOMPENSATIONTOPOLOGY

implemented by single-resona

no previous study ha

imposed by the patalle

1

VLG,

wherew, is the angular operational frequency, thatsr -

W, =

1)

o3 rad/s.

On the other handZ;'s value is selected to compensate the
imaginary part on the primary side as expresseeqin2. This

%elationship strongly depends on the compensatipology.

(L 1 _,/ch2>= M2 (2)
1-\[ch2 Cl 1[L2€2L2

Some  QOperating on the previous equations, the capa@totG

andC, are determined as follows:
1 13C,
Cz = 2—; Cl = —2
(A)o Lz Lle - M

®)

The values for the capacitances depend on

The SP compensation topology is characterized by twcompensation topology. For other single-resonapoltmies,

capacitors, each one connected to a coil. Partlgutzapacitor
C, is connected in series to the primary coil wheesgsacitor
C, is in parallel with the secondary coil. Figurdltstrates this
connection.

please refer to [12].The studied system providds 8o an
lon-Lithium battery. The values of the ICPT compuatseare
summarized in Table I.

the



TABLE I. ICPTPARAMETERS
Value in the SP Value in the PS |
Component
topology topology 5 ! :
L, 260,39uH 6.62uH g ; ;
L, 7,59uH 256,98uH |
M 7,67 iH 6,67uH 2 S SO S S s S
Coil Planar Planar N e R A
geometry 'm deviation in the capacitance C. [%]
Ll '
dimensions 04x0.8m? 04x0.8m? Figure 2. Variation ofC,’s capacitance for the SP compensation topology.
. L, . 0.4x0.4 m? 0.4x0.4 m?
dimensions I I I I I I I
R, 0.013Q 526.3uQ .
R, 280.7u0 0.012Q e
Q 6.41 5.88
Qs 5.23 6.45 § o |
C, 250,63 nF 9.28uF 1
C, 8,33uF 246.4nF “ * T gevtonintheopaciance 0l * ”
Load Figure 3. Variation ofC,'s capacitance for the PS compensation topology.
voltage 500V 500V
Vi0) Analyzing Figures 2 and 3, we observe that theatiars of
Nominal the C;'s capacitance strongly impact on the efficiency &éme
efficiency 99.3% 99.3 % load voltage when it is in Series with the primagil.
(ef ficiency,) Specifically, when th&C;’s capacitance is decreased to a 10%
Gap 15 cm 15 cm of its nominal value, the efficiency of the systésnsharply
reduced nearly to a 30% of its expected performabceer

these circumstances, the load voltage is also aeereed up to

We have included the design values for the PS ¢goin ~ a 20 %. Conversely, in the PS topology, the vamietiof the

Table I. This structure could be considered asothosite to  C;’S capacitance do not alter the load voltage. Hawethe

the recommended one. It is worth analyzing howpbsition  efficiency is reduced but with a lower rate thantihe SP
of the capacitances affects to the robustnessdaythtem. topology.

IV. IMPACT OF THE COMPONENTS TOLERANCE An opposite behavior for the load voltage is obsdrfor the
L . . deviations ofC,, as illustrated in Fig. 4 and 5. Concerning the
Considering a single-resonant compensation topoli®y  efficiency, the variations af, when it is in parallel provoke
components which are prone to variations are: ¢@pacC:  |o\yer consequences than when it is in series.
and C, (their capacitances), coll; and L, (self-inductances,
resistances and mutual inductance).

Next we present the variations of the system pevdmice
when the components suffer from deviations in theiiues.
Firstly, the system performance is modeled consige8P and
PS compensation topologies. Then, the model is ccdde
MATLAB [15]. In this developed code, we force thariations
of the main components of the ICPT system oncest lteen
designed as summarized in Table |. Due to spadéations,
we present the results related to the system efiagi and the
load/battery voltageM). The results are referred to their
expected behaviorfficiency andV,g) when the components Figure 4. Variation ofC;'s capacitance for the SP compensation topology.
are associated to the exact designed values.

H efflclency/efflclencyn
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VN,
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deviation in the capacitance C, [%]
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Figure 5. Variation of C,'s capacitance for the PS compensation topology.  Figure 8. Variation ofL,’s inductance for the SP compensation topology.

Fig. 6 and 7 depict the effects of varying the -self
inductance of; for the SP and PS respectively. Modifications
of the primary inductance provoke a decrement efdystem
efficiency. Diminishing of 10% of this inductanceakes the
efficiency be reduced up to a 30% in the SP topolagd a
20% in the PS topology. As previously analyzed,dbeations
in the capacitances lead to a decrement in the Vodtdge.
This effect is also present when the primary ceihiodified
but only if it in series withC;. The PS topology illustrates how
the load voltage is incremented when the primary ltas a

lower inductance. The behavior of varyihgs inductance is
asymmetrical in the PS topology. Figure 9. Variation ofL,’s inductance for the PS compensation topology.

o

VN, efficiency/efficiency,

~ Fig. 8 and 9 illustrate the impact of varying thelf-s Concerning the resistance associated to the thése are
inductance of., for the SP and PS respectively. Similarly t0 minor effects when the primary coil has a differesgistance
the previous analysis, the variations of the indocé which is 35 shown in Fig. 10 an 11. This behavior is simitarboth
in parallel with the capacitance is associatechtinaremented compensation topologies studied in this paper. Tinn
load voltage. However, for the SP topology, thiswe when  jifference is that the SP topology also producestians of
the secondary inductance is increased. Under thesge normalized load voltage. An opposite behaashiown in
circumstances, the efficiency is drastically degdhtbr the PS Fig. 12 and 13 when the deviations of the resigtassociated
topology. to the secondary coil are analyzed.
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Figure 10.Variation ofL,’s resistance for the SP compensation topology.
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Figure 11.Variation ofL,’s resistance for the PS compensation topology.
Figure 7. Variation ofL,’s inductance for the PS compensation topology.
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Figure 13.Variation ofL,’s resistance for the PS compensation topology.

In the former four figures, we can see that theatians in
the studied range do not significantly impact oa #ystem
performance.

(1

(2

(3]

(4]

(5]

6l

(7]

8l

From the previous analysis, we can conclude that tht®!

variations of the inductance and the capacitancenwhis in
series with its resonant component are more sdtiarewhen
they are connected in parallel.

V. CONCLUSIONS

ICPT systems are foreseen as the key to promotesthef
electric vehicles. The core of an ICPT is two cedptoils with
compensation systems to maximize the power tranesféo the
battery. This paper analyses the sensitivity of GIAT system
to variations in the components’ value. The ressittsw that
the deviations of the values associated to the comts of the
resonant tank that are in series greatly impacthensystem
performance. This evaluation has been conductadrins of
the system efficiency and the load voltage. Twomsngle-
resonant compensation topologies (SP and PS) haee b
considered in this study.
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