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An Integrated Inductive Power Transfer System
Design With a Variable Inductor for Misalignment
Tolerance and Battery Charging Applications

Zhuhaobo Zhang
and Hao Ma

Abstract—Inductive power transfer (IPT) technology is useful
for electric vehicle (EV) charging because of safe, flexible, and
convenient features. In this paper, an integrated IPT system design
employing variable inductor control is proposed to achieve a target
constant current (CC) and constant voltage (CV) battery charging
profile with misalignment tolerance. The system is implemented
under a fixed switching frequency in both CC and CV modes. Soft
switching of the primary inverter can be achieved over the entire
charging process and allowed misalignment range without addi-
tional switches or dc—dc converters. Theoretical circuit analysis
and the system design process are presented. A 3.3-kW prototype
isimplemented with a 210-mm air gap to demonstrate the validity of
the proposed method. Experimental results show that the target CC
and CV charging profile can be achieved by adjusting the variable
inductor with up to 120 mm of lateral and 300 mm of vertical
misalignment. The maximum efficiency of the proposed system is
96.1% at full output power and stays above 95% throughout CC
operation.

Index Terms—Constant current/constant voltage charging,
inductive power transfer, misalignment tolerance, variable
inductor.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) is starting to have com-

mercial impact [1]-[4]. It is relatively safe and flexible, and
suitable for electric vehicle (EV) charging. It can be used to
make charging convenient.
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Lithium batteries for EV charging [5] have high energy den-
sity. A two-stage charging strategy that transitions from constant
current (CC) to constant voltage (CV), is widely implemented
to match battery characteristics [6]. In IPT applications, mis-
alignment can occur because of low positioning precision. Mis-
alignment tends to decrease the coupling coefficient and affects
power transmission capability [7]. Various circuit topologies and
control strategies have been proposed to deliver the required
charging profile given a misalignment range. The methods can
be separated into three categories that can be termed “multistage
transmission” [8]-[12], “frequency ride-through™ [14]-[18] and
“compensation switching” [23]-[25].

The multistage transmission method is widely used in IPT
systems to match load impedances. The IPT stage can operate
under nominal load, and unity power factor is possible. In [§]
and [9], additional dc—dc stages are employed to achieve CC and
CV operation along with input and output dc voltage regulation.
A controller for power regulation is proposed in [10], based
on the secondary semiactive rectifiers. Integration of active
rectifiers and control strategies, such as phase-shift control and
dual-side control, is demonstrated in [11] and [12]. However,
the multistage transmission method has disadvantages of high
component count, high cost, and high control complexity. The
method tends to compromise system efficiency.

A pulse frequency modulation method with fixed duty ra-
tio is employed in [13]. A wide frequency range is required
to match varying load impedances. This can increase switch-
ing losses. A frequency ride-through method was proposed to
charge lithium batteries without additional switches. In [14], two
separate frequencies are identified as load-independent current
and voltage outputs based on series-series (S-S) compensation.
The frequency for current output is used in the CC mode and
the frequency for voltage output is used in the CV mode. An
IPT system using similar strategies with two intermediate coils
to improve coupling was discussed in [15]. The method was
developed for series-parallel (S-P) and higher-order compen-
sation topologies in [16]-[18]. However, frequency splitting or
bifurcation may occur that influences system stability [19]. The
dynamic ride-through process needs to be designed carefully to
avoid this.

The compensation switching method combines load-
independent CC or CV outputs of fundamental [20] and
higher-order compensation topologies [21], [22] to form
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hybrid structures with additional ac switches. In [23], switching
between hybrid S-S (S-P) and P-S (P-P) topologies is restricted
on the primary side. Switching between S-S and S-LCC topolo-
gies is implemented on the secondary side in [24]. A hybrid
and reconfigurable IPT system is discussed in [25] for a target
battery charging profile with high misalignment tolerance. In
these IPT converters, ac switches select the modes in the main
power path and generate extra conduction losses. They result in
a complex system structure that can reduce system efficiency
and reliability.

In addition to the three categories, a system using the fre-
quency ride-through method with a semiactive rectifier was
proposed in [26]. System efficiency in the CV mode can be
improved substantially by employing a novel control strategy.
In [27], two different secondary compensation topologies are
paralleled on the dc side and the system achieves CC and CV
outputs naturally without complex control. In [28], a basic geo-
metric control method is used for seamless CC and CV operation
that includes an end charge voltage taper. It adds flexibility for
battery charging management and can be adapted for other types
of chargers.

The variable inductor control method originates from appli-
cations of lighting drivers demonstrated in [29] and [39]-[43].
A low dc bias current is generally used to saturate parts of the
magnetic cores. Electrical isolation and safety are maintained
because the control windings are decoupled from the main wind-
ing. The inductance can be adjusted for various load currents.
In IPT applications, a multiply resonant converter is introduced
in [30] to compensate misalignment and temperature variations
with a variable inductor. It is implemented using mechanical
devices. A directional tuning control method is presented in [31]
to adjust the inductance on the receiver side. Effects of parameter
variations are discussed, but the work does not address high
power battery charging. A variable capacitor design is proposed
in [32] to adjust the resonant frequency. No active switching
is involved and the capacitance can be adjusted continuously
compared with conventional switched-mode capacitors. Since
the diode and transistor are in parallel with the resonate compo-
nent, device rating and isolation issues limit the power range of
this method.

In this article, an integrated IPT system design employing
variable inductance control is proposed for EV charging. The
method brings an independent control variable into the system
to achieve a target battery charging profile given misalignment.
Compared to prior IPT methods, the proposed system design
has following advantages. First, it operates at fixed switching
frequency. This benefits system reliability and is compatible
with standard J2954 [33], in which the recommended nominal
frequency is 85 kHz and the range is 79-90.00 kHz for light-duty
electric vehicles. Second, a back-end dc—dc stage is eliminated.
CC and CV charging modes are achieved with a single IPT stage
without additional ac switches. Third, zero voltage switching
(ZVS) can be obtained over the entire charging process. Switch-
ing losses decrease accordingly. Fourth, battery charging that
tolerates misalignment can be achieved.

In this article, impedance analysis of the proposed circuit and
characteristics of the CC and CV charging modes are presented
in Section II. Detailed design procedures and implementations
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Fig. 1. (a) Proposed circuit topology with a variable inductor. (b) Equivalent
mutual inductance circuit model.

of the variable inductor are elaborated in Sections III and IV.
In Section V, experimental results are obtained from a 3.3 kW
prototype to validate the proposed design. Some conclusions are
given in Section VI.

II. CIRCUIT CONFIGURATION AND CHARACTERISTICS
A. Impedance Analysis of the Proposed Circuit Topology

The proposed circuit topology with a variable inductor is
shown in Fig. 1(a). A mutual inductance model is used for
the loosely coupled transformer, as represented by the shaded
area. The primary circuit consists of a full-bridge inverter and a
transmitter coil with LC compensation. The inverter is composed
of four power MOSFETSs (S1-S4). The secondary circuit consists
of a full-bridge rectifier (diodes D;-D,) and a receiver coil with
single capacitor compensation. The variable inductor is in series
with the primary resonant tank.

The fundamental harmonic approximation (FHA) method is
used to analyze the basic characteristics of the proposed circuit
topology. The equivalent mutual inductance circuit model is
shown in Fig. 1(b). Ignoring high-order harmonics, define

Vp = %Vvinv Vs = %ch/ (1)
Rac = Vs/glo = %T: = %RL
where Vi, and V,,, respectively, the are system input and output
dc voltages. V), and V; are magnitudes of the fundamental
harmonic voltages after the inverter and before the rectifier,
respectively. Ry and R,. are the load and system equivalent
load seen after and before the diode rectifier, respectively.

Impedance characteristics can be obtained from loop equa-

tions. The corresponding resonant condition is given by

R A @)
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where w represents the system frequency in rad/s. The pri-
mary and secondary coil inductances L, and L, resonate with
compensation capacitors C, and C,. Zp,, Z, rot, and Z, are
equivalent impedance variables seen from various terminals
of the proposed circuit shown in Fig. 1(b). For the resonant
condition, the input magnitude and phase of Z,, are given by

(wM)*

1% = lwlya) + o

angle(Zp) = tan? <7L£QJ\?§°)
where M represents the mutual inductance of the loosely coupled
transformer. Primary and secondary resonant currents can be
derived, and are given by

=t
PT T Lt G 4)
; jwM jwM §
Is — jZS Ip == JRac Ip.
Conservation of energy requires
2
v,
oox V2 ( > V,?
Re{V,I,} = Re 1’ I QAU VA CN
—jwLys + (WRM) R Ry,
&)

in the lossless case. The voltage gain and transconductance
characteristics of the proposed circuit are

i — <8> ’ k2Lst1 (6)
Vin 2 L2 w?kAL2 4 L2, (%RL)2

v | RLiaGR) o
Vi \ L 202122 + L2, (SR’

where k represents the coupling coefficient of the loosely cou-
pled transformer shown in Fig. 1(a).

Internal resistances of the transmitter and receiver coils in-
fluence system output and generate losses. The preceding anal-
ysis can be extended to include resistance, except that (5) is
not applicable. For the resonant condition, the voltage gain
and transconductance characteristics of the circuit are given
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TABLE I
SPECIFICATIONS OF THE IPT BATTERY CHARGER

Parameters Symbols Values
Power rating P, 3.3 [kW]
Input voltage Vi 400 [V]
Output Voltage Vout 235-420 [V]
Charging Current Iy 7.85[A]
Load impedance Ry 30-535 [Q]
A
Constant Current Constant Voltage
420
< \ >
§ Charging Voltage E‘;
£ 7.85 3
S} >
= z
£ 235 2
] Charging Current 2
0.785
30 53.5 535
Load Impedance (£2)
Fig. 2. CC and CV charging profile of EV lithium batteries under 3.3 kW
power rating.

B. Implementations of CC/CV Battery Charging With
the Proposed IPT System

The specifications of the proposed IPT system are presented
in Table I and the target CC and CV charging profile is illustrated
in Fig. 2. Initially, the charger delivers rated 7.85 A as the battery
voltage increases. The charging power reaches a maximum at the
420V battery voltage limit. Current tapers during the subsequent
CV mode. The process ends when the current drops below 10%.
The load impedance rises from 30 to 535 €.

The current and voltage operating modes can be achieved by
suitably adjusting the variable inductance. The circuit transcon-
ductance and voltage gains in (6) and (7) are related to load
resistance, coupling coefficient, and variable inductance when
primary and secondary coil inductances are fixed. Operating
constraints on the variable inductance in the two modes become

by .where R, and R, represent primary and secondary coil (%)2(%)216213;;1[/5 _ oﬂk“LfﬂLz
resistances. CC: Ly = - (10)
. . P2 8 2
Conventional S-S compensation acts as a constant current (pRL)

output at resonance [20]. This characteristic can be obtained by

setting inductance L to zero in (6). In contrast, the proposed Via \ 2 ) w2k? Lgl L2

circuit controls variable inductance L to achieve CC and CV CV: Ly = (V) k2Lp1Ls — ) 2 (1D

. - 0 (ZR.)

battery charging performance for a fixed switching frequency. 7“
I, ( 8 )2 w2k2Ls Ly ®
Vin 7 ) W2L% (R + SRp) + [Lpnw?k2Ly + Ry(Ry + SRy))
v, Wh2Lo Ly (S R.)? o)
v 2 2
Vi \ w2L2,(Rs + 5R1)” + [Lnw?k?L, + R, (Ry + S RL))
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views of various coupling coefficients. (c) Cross-sectional views of various load resistances in the CC mode, and (d) in the CV mode. (e) In three-dimensional
space considering coil resistances. (f) Cross-sectional views of various coupling coefficients considering coil resistances.

The corresponding constraint curves are shown in Fig. 3(a)—
(d). The system specifications are those in Table I and the
transmitter and receiver coil inductances are 330 pH.

Constraint curves of the variable inductance for various cou-
pling coefficients and load resistances are shown in the 3-D
plot in Fig. 3(a). The curves behave differently in CC and CV
modes. Section views for various coupling coefficients and load
resistances are shown in Fig. 3(b)-(d) to illustrate the charac-
teristics more clearly. In Fig. 3(b), constraint curves decrease
or increase monotonically for fixed coupling coefficient in the
respective CC and CV modes. In CV mode, the target output
voltage can be achieved with small adjustment of the variable
inductance, especially when load resistance is high. Sensitivity
to the inductance value is higher in CC mode. Misalignment
characteristics are shown in Fig. 3(c) and (d). The required
inductance value is approximately quadratic as coupling changes
in CC operation. The behavior is less variable in CV mode.
In the system under study, the coupling coefficient is limited
by a 210-mm air gap and will not exceed 0.25. The variable
inductance can be controlled in terms of constraint curves and
CC/CV battery charging can be implemented accordingly.

In accordance with (8) and (9), operating constraints on the
variable inductance in CC and CV modes become consider-
ing coil resistances. The quality factor of coils generally lies
between 100 and 500 in IPT systems for electric vehicle charging
applications [34]. Resistances R, and Iy are both selected as

0.5 Q for 85 kHz frequency. Corresponding constraint curves
of the variable inductance are shown in Fig. 3(e)—(f) to achieve
the system specifications. Compared to the lossless case, the
maximum deviation of the variable inductance is approximately
1.5%. This deviation can be compensated with a closed-loop
control. Consequently, coil resistances have little influence on
system design procedures.

C. ZVS Operation of the Proposed IPT System

Characteristic curves of the inputimpedance, Z,,, are shown in
Fig. 4. The curves are plotted in terms of (3) and constraints (10)
and (11) using the variable inductor control method. Equation
(10) can be simplified as

(%) ()L L - w2k, 12
LRy = 2
(=)

From (14), in CC mode, the product of variable inductance
L2 and load resistance I?;, is constant when other parameters
are fixed. This results in a constant phase angle for Z,, that can be
obtained from (3) for a certain coupling coefficient k. Similarly,
(3) and (7) imply a constant magnitude of Z,, in CV mode.

Zero voltage switching on the primary side will help achieve
high system efficiency. To obtain ZVS operation, an inductive

(14)

2
(Y) (&) w k2L Ly = [Ry (R + 5 Re) +wk2Lyn L]
CC: Ly = . (12)
w? (R + Ry)
2
(%) (S Re) 2Ly Ly = [Ry (R + S Ry) +wk2Lpn L]
CV:Ly= _ (13)
w? (LR + R)
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Fig. 4. Characteristic curves of the proposed circuit topology for
(a) impedance of |Z,,| and (b) phase of Z,,.

input impedance is expected for both CC and CV modes. Con-
ventional S-S compensation adjusts the switching frequency or
primary capacitor values slightly to obtain an inductive input
impedance. From Fig. 4, Z, is inductive throughout the defined
operating range. In this case, soft switching can be achieved nat-
urally with this variable inductor, an advantage of the proposed
system.

The resonant current behavior can be obtained based on Fig. 4.
The primary resonant current magnitude gradually increases in
CC mode and maintains a maximum value once the circuit enters
CV mode. The magnitude of secondary resonant current behaves
similarly, but is in quadrature. Both currents rise when the
coupling coefficient decreases. The input phase angle behaves
differently. It stays constant in CC mode and increases to a large
value in CV mode. The phase increases when the misalignment
value increases.

Conduction loss is a major issue in an IPT system. The MOs-
FET ON-state resistances, diode drops, and ac coil resistances
contribute. When system parameters are fixed, conduction losses
are related to resonant currents. Losses can be relatively low in
CC mode because of high input impedance and low phase angle
of Z,,. However, loss begins to increase when the charger enters
CV mode. High resonant currents result in high reactive power
and high conduction losses. Losses also grow with misalign-
ment. System efficiency decreases accordingly. This is a typical
challenge in resonant charger designs and implies the need for
a suitable active power-off strategy when the batteries reach a
target state of charge.

III. DESIGN PROCEDURES AND CONSIDERATIONS

In this section, design procedures and some considerations
for the resonant elements and transformer coils are presented,
based on a nominal 3.3-kW charger.
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A. Design of the Variable Inductance Range

Variable inductance is achieved using an independent dc
current to change the core incremental permeability. Specific
design of the inductor is discussed in Section IV. The range
of inductance is limited because of the large air gap in this
application. Constraint curves in Fig. 3(a) and (b) show that
the minimum and maximum values of the variable inductance
in both CC and CV modes are almost equal. The values in
CC mode are more sensitive to load change. Therefore, CC
mode characteristics are considered to determine the variable
inductance range.

Consider a typical load resistance of 40 2 in CC mode. Define
X, —s to be the product L, Ls. Constraint curves are shown in
Fig. 5 for various values of X,,_,. The variable inductance range
can be optimized in terms of the maximum coupling level and
the maximum resonant current rating. The former is obtained
based on measurements of the transformer while the latter is ob-
tained in terms of the current rating of MOSFET and transformer
coils. The limit on misalignment occurs in CV operation at the
lowest coupling coefficient. This is where the resonant current
magnitude reaches its maximum. The final misalignment range
corresponds to a coupling coefficient between 0.135 and 0.22.
The value of X,,_; can be obtained since L, has the same
value at the range boundaries. By these means, the variable
inductance range can be minimized. Constraint curves with
optimized parameters are shown in Fig. 6. The value of X,,_ is
selected to be 88000 and the range of the variable inductance
lies between approximately 31 ©H and 62 pH.

B. Design of the Transformer Structure

Loosely coupled transformers with large air gaps are impor-
tant in an IPT system. IPT transformer pads seek to maximize
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Fig. 7. Employed DD structure for the 3.3-kW IPT battery charger.

TABLE I
SPECIFICATIONS OF THE PAD DIMENSIONS

Parameters Symbols Values
Ferrite length F.L. 480 [mm]
Ferrite width F.W. 40 [mm]
Ferrite bars / 6
Ferrite pieces / 60*40*10 [mm]
Ferrite interval F.I 47.5 [mm]
Coil width C.W. 80 [mm]
Pad length P.L. 600 [mm]
Aluminum length A.L. 625 [mm]
Air gap / 210 [mm]

coupling coefficient k and quality factor Q while minimizing
weight and volume.

Several transformer structures were studied in [35] and [36].
The DD type structure is selected here, and is shown in Fig. 7.
Dimensions and attributes are listed in Table II. Ferrite bars
are used to enhance flux. There are six ferrite bars between the
aluminum plate and the coil. The bars are fixed between two
epoxy resin boards, with the coils arranged along the surface.
Ferrite dimensions and coil width have been optimized with
a 3-D finite element modeling (FEM) tool to maximize the
coupling coefficient. Simulation results of coupling coefficient k
versus axial misalignment are shown in Fig. 8. Coupling charac-
teristics behave differently in lateral (x-axis) and vertical (y-axis)
misalignment directions. Vertical misalignment perpendicular to
the ferrite bars has less impact than lateral misalignment. The
maximum allowed misalignment values in lateral and vertical
directions are approximately 130 mm and 310 mm, respectively.
The measured coupling coefficients are typically 5-10% lower
than in simulation. The allowed misalignment ranges have been
reduced by 10% to account for this.
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Fig. 9. Simulation results of self-inductance variations versus axial
misalignment.

C. Design of the Transmitter and Receiver Coil Inductances

The transmitter and receiver coil inductances are designed
based on the above simulation results. The design principles
include the following requirements.

1) The number of turns needs to be an integer.

2) Theratio of transmitter and receiver coil inductances needs

to match the voltage gain at the nominal operating point.

3) The constraints and simulation results need to be consid-

ered.

Self-inductance values were obtained from the FEM simula-
tion with a single-turn coil. Fractional turns are avoided since
they could lead to flux imbalance. Coil turns are given by integers
N, and Ny. From Fig. 4, the phase angle on Z, is relatively small
at the nominal operating point. A relationship between the ratio
of coil turns and system voltage gain can be obtained in terms
of conventional S-S compensation topology guidelines [34].
The proposed system operates under fixed switching frequency.
Therefore, design rules to avoid pole splitting or bifurcation are
not needed here [19], [34].

Misalignment between transmitter and receiver coils causes
variations of the coupling coefficient and self-inductances. Sim-
ulation results of the self-inductance L, versus axial misalign-
ment are shown in Fig. 9. The number of coil turns is selected

— AL,) — w2k*(Ly — AL,)*(Ls — AL,)?

15
(BR.) -
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Fig. 11.

Proposed circuit topology with optimized resonant condition.

as 11. The maximum variation range is 11.7 pH. This is 4.1%
of the nominal value. In this case, the maximum output voltage
and current variations are, respectively, 6.76 V and 0.13 A for
the nominal load. The results can be calculated from (6) and
(7) for a given value of the variable inductance. In practical
system operation, variations of self-inductance can be denoted
as AL, and AL,. The operating constraint on the variable
inductance Ly, in CC mode becomes and that in CV mode
changes similarly. Corresponding constraint curves are shown in
Fig. 10 for the maximum self-inductance variation. Compared
to the case with optimized parameters in Fig. 6, the maximum
deviation of the variable inductance is approximately 2.7%. This
deviation can be compensated with a closed-loop control.

Variation of the self-inductance is usually minor for static
electric vehicle charging applications. However, system param-
eters should be designed carefully for IPT applications with a
small air gap, such as rail transportation. The self-inductance
variation can be substantial in such cases [37].

D. Considerations About Resonance

The proposed topology provides an alternative method to
adjust the inductance range by modifying the resonant condition
in (3). As shown in Fig. 11, primary resonant capacitor C}, can
be split into two parts based on the preceding design procedures.
Capacitor C),; resonates with coil inductance L,; and Cpy
compensates part of L,,. The new resonant condition is

=9 = 1 =1
w=2mfs VG VLG,

1 _ Cpi1Cpa 16
C'p = 2585 (16)

Llp2 — Lp2 + 1

w?2Cha
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¥
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| Design the variable inductor Ly, |

1

I Adjust capacitors C,', C; by Equ. (16) I

End

Fig. 12.  Design procedures of the proposed IPT system.

where C’I’j serves as a capacitor adjustment and L;2 represents
the optimized variable inductance.

This method is based on a fixed system operating frequency. It
provides a bias to the inductance range which can be larger than
the original value. The ratio of the maximum to the minimum
inductance decreases. This benefits the variable inductor design.
Additionally, the method can compensate the deviations caused
by the nonlinearity of the variable inductor.

In practice, the variable inductor can be design first with a
smaller air gap. Resonant capacitors CZ’, can be selected accord-
ingly. As an alternative method, the addition of capacitor C»
will not affect the previous design procedures and analysis.

In conclusion, the flowchart in Fig. 12 illustrates practical
design procedures of the resonant tank for the proposed IPT sys-
tem. First, the misalignment range is defined. The limit occurs at
the lowest coupling coefficient. In this case, the defined variable
Xp—s and the variable inductance range can be determined based
on (10), (11), and specifications in Table I. Next, the IPT pad
dimensions are initialized and optimized with a 3D FEM tool
to maximize the coupling coefficient. Coil inductances Ly, L,
are determined and coil turns IV,,, N are estimated in terms of
design principles in part C. Itis necessary to check if the designed
coil turns are feasible for the transformer structure. If the results
are satisfied, then the variable inductor L, is designed, as
presented in Section IV. Otherwise the pad dimensions need
to be adjusted. Finally, capacitors C?, Cs are adjusted by (16).

IV. IMPLEMENTATION OF VARIABLE INDUCTOR

A variable inductor using EE cores is shown in Fig. 13. The
resonant inductor winding N, is wound on the center leg and
two identical control windings N4 are wound on the outer legs.
The control windings are connected in series outside the cores
and have reversed magnetic flux directions. This structure was
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Fig. 14.  B-H curve and the superimposition results of ac and dc flux that lead

to a double frequency Vy;,5 voltage.

discussed in [29] and [38]-[40]. It has the following character-
istics.

1) The inductor winding is decoupled from the control wind-
ings. Ideally, resonant voltage across the inductor winding
will not induce ac voltage in the control windings.

2) The air gap is only in the center leg, minimizing the MMF
for control.

3) The ac magnetic flux ®,. is superimposed on the bias
flux ®4.. As the bias increases, the operating points of
both left and right legs on the B-H curve move from the
linear region to the partial saturation region. The incre-
mental permeability of the outer legs decreases, as does
the inductance Ls.

Ideal decoupling between the inductor and control windings

is not possible because of the nonlinear B-H behavior [41], [42].
In Fig. 14, Hyety and H, a1 Tepresent magnetic field intensities
in the left and right arms. Corresponding magnetic flux densities
Biety and Byigne can be obtained in terms of the B-H curve. The
induced bias voltage Viias 1S

Viete — V;ight = Ndc%%(Bleft - Bright)
where A, denotes the effective core area. A sketch of Vi 1S
shown in Fig. 14. Its frequency is double that of the resonant
tank. Effective flux density Beg in left and right arms is lower

Vbias = (17)
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Fig. 15.  (a) Constructed variable inductor. (b) LCR meter measurements and
polynomial curve fitting results of the variable inductor.

TABLE III
VARIABLE INDUCTOR PARAMETERS

Parameters Symbols Values
Ferrite material / DMR95 (DMEGC)
Ferrite cores / EE65
Effective area A 532 [mm?]
Coil turns of dc bias current Nac 62
Coil turns of resonant current Nac 19
Litz wire type of dc bias current / 40*0.10 [mm]
Litz wire type of resonant current / 400*0.10 [mm]
Air gap I 6.1 [mm]

than when the ac flux is zero. Residual coupling results in higher
dc bias current for a given inductance. A precise analytical
solution of Vy;,s is difficult because of the nonlinear charac-
teristics. SPICE modeling is used in [41], [43], and [44] to
give an approximate design. In practice, the variable inductor
is controlled within a feedback loop. CC and CV modes are
determined based on output current and voltage samples. A
buck converter is implemented to supply the dc bias current
and the variable inductance can be controlled indirectly to yield
the target output.

For the variable inductor, ferrite is a suitable choice at the
target frequency. Here, extra space must be provided for the
control windings. A flux limit of 0.1 T will be used in this
design to reduce the impact of residual coupling. The volume
of inductor increases accordingly. The resonant condition (16)
provides a method to adjust the variable inductance range and
guides the inductor design. Fig. 15(a) shows the variable induc-
tor. Parameters are listed in Table III. Litz wire was employed.
There is no available bobbin for the control windings, so two
hand-made supports were fabricated. Polyimide tape was used
for insulation.
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mentation of the dc bias current.

Characteristics of the variable inductor were measured using
aTH2817 LCR Meter. Measurements and polynomial curve fits
are shown in Fig. 15(b). The maximum inductance under zero
bias current is about 75.3 pH. Because of residual coupling,
the practical operating inductance range will be larger than that
derived in Section III. A variation of approximately 10%—20% is
reasonable up to 0.1 T. The range is indicated in Fig. 15(b). The
maximum dc bias current is less than 2 A and can be reduced
with a higher turns count. The actual variable inductance value
can be estimated by measuring the dc bias current. A polynomial
curve fit for variable inductance L, vs. dc current /. gives

Ly = 8.422I5, — 53.914, +123.413, — 107.7I3,

—2.05214. + 75.94. (18)

The curve fit is obtained by the cftool toolbox integrated in
MATLAB software. The R-square value of the fit is 0.9998.

Closed-loop control is necessary to meet CC and CV mode
charging requirements. It can be implemented by adjusting the
variable inductance in real time to track the expected charging
profile. The closed-loop control structure of the proposed IPT
system is shown in Fig. 16 and the flow chart of the control
approach is shown in Fig. 17. The controller is implemented
in a DSP, and is composed of parts A—FE that represent error
generation, mode selection, a PI controller, a PI limiter, and gate
signal generation, respectively. Circuit output dc voltage and
current are sampled to compensate for transformer misalignment
and load variations. When the output voltage V,, is lower than
Veet (set to 420 V here), the CC mode PI controller and limiter
are activated. Duty ratio of the low-voltage buck converter
can be calculated. The /4. output and variable inductance can
be adjusted accordingly. Once the output voltage V, reaches
Viet, the system switches automatically to CV mode with a PI
controller. Gate signals of the primary inverter are not included
in the control loop. They operate at a fixed frequency with nearly
50% duty ratio. In practical system operation, primary resonate
current protection is necessary to deal with excessive misalign-
ment. The system is activated only when the misalignment lies
within the design limits.
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Fig. 17.  Flow chart of the closed-loop control scheme.
TABLE IV
MEASURED RESONANT TANK PARAMETERS
Parameters Symbols Values
Transmitter coil turns Ny 11
Transmitter coil inductance Ly 278.5 [pH]
Transmitter coil ac resistance Ry 0.31[Q]
Receiver coil turns N 12
Receiver coil inductance Ls 317.3 [uH]
Receiver coil ac resistance R, 0.36 [Q]
Variable inductance Ly’ 75.32 [uH]
Primary resonant capacitor (& 11.85 [nF]
Secondary resonant capacitor Cs 11 [nF]
Resonant frequency fs 85 [kHz]

Compared to variable inductor applications in lighting drivers
in [29] and [39]-[44], the proposed circuit with magnetic control
has following four advantages. First, the proposed IPT system
is suitable for high power lithium battery charging applications.
The equivalent load impedance and coupling coefficient vary
over a wide range. The peak resonant current reaches 20 A at
maximum allowed misalignment. Second, a low-voltage con-
verter can provide the dc bias current and this control power is
low. Third, sensing of output dc voltage and current for magnetic
control is simple to implement. Fourth, as shown in Fig. 15,a2:1
variable inductance range gives excellent results for CC/CV bat-
tery charging performance within a given misalignment range.

V. EXPERIMENTAL RESULTS

A 3.3-kW prototype IPT charging system was built and
tested to demonstrate the feasibility of the proposed design.
The transformer matches dimensions in Table IT and measured
parameters of components are listed in Table IV. The variable
inductance value is given for zero dc bias current. A picture of
the experimental prototype is shown in Fig. 18. The IPT system
consists of an H-bridge inverter, the primary and secondary DD
structure pads with their compensation capacitors, a variable
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Fig. 19. Experimental results of (a) CC/CV charging profile and (b) the dc

bias current characteristics and calculated variable inductance values without
misalignment.

inductor, a diode rectifier, and load resistances. A Chroma dc
source (62100H-450) provides the input power. A SiC MOSFET
module (SK45MH120TSCp) from Semikron is used for the full-
bridge inverter and four SiC schottky diodes (FFSH2065BDN)
are used for the rectifier. Polypropylene film capacitors are used
and required compensation capacitances are obtained with series
and parallel combinations. Fiberglass sleeves are used to provide
adequate insulation strength. The controller is implemented with
a Texas Instruments TMS320F28335 DSP to generate switching
signals for the inverter and low-voltage buck converter. The
operating frequencies are set to 85 and 150 kHz, respectively.
The buck converter provides dc bias current for the variable
inductor. This bias converter supplies less than 5 W, not included
in measurements of system efficiency.

Fig. 19 shows experimental results for a CC and CV charg-
ing profile without misalignment. The dc bias currents and
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calculated variable inductance values are also shown. Load
resistances are used to emulate lithium battery charging. The
charging currents and voltages track the expected charging pro-
file. The maximum bias current is 1.99 A and the corresponding
minimum inductance value is 35.8 pH at the nominal operating
condition. Comparing the curve with the theoretical inductance
curve shown in Fig. 6, the maximum deviation is approximately
16.5%.

Fig. 20 shows experimental results of dc—dc conversion effi-
ciency in CC and CV modes without misalignment. The max-
imum efficiency is 96.1% at full output power and stays above
95% over the entire CC mode. It is beneficial to maintain high
efficiency in CC mode because most battery energy is supplied in
this mode [6]. The system efficiency gradually decreases in the
CV mode as transmission power decreases. It is less than 85%
when the charging power falls below 800 W. This is because the
primary resonant current magnitude is almost constant in CV
mode. Charging current values can be altered by adjusting the
duty ratio of the primary inverter.

The relatively low battery charging efficiency at light load
conditions is not unique to the proposed approach. However, in
practice a relatively small fraction of total charging energy is
delivered near the end of CV mode. Typically, a lithium battery
charging system operates above 20% rated charge during almost
all of the energy delivery interval. This benefits the battery cycle
life. In practice, it is important to prepare an active “no power”
operation mode for light load conditions near the end of CV
mode [6], [45], [46].

Fig. 21 shows experimental waveforms of the proposed IPT
system when the load resistance is 53.5, 40, 30, and 125 €2,
respectively. vy, and vg, are waveforms of one MOSEFT in
the full-bridge inverter. 4, and /. represent the resonant current
and dc bias current, respectively. Soft switching conditions are
met. The ripple on the dc bias current is double the switching
frequency of the resonant current, as expected. From Fig. 4(b),
the phase angle of Z,, reaches the minimum in CC mode
without misalignment. This is the boundary of system ZVS
operation. The phase angle increases as the coupling coefficient
decreases and is larger in CV mode. Experimental waveforms
in Fig. 21(a)—(c) show ZVS operation for various load resis-
tances in CC mode without misalignment. A larger input phase
angle, such as the waveforms in Fig. 21(d) and Fig. 24(a)—(b),
makes ZVS operation easier. The results verify that ZVS can be
achieved over the entire charging process range.



11554

P
P

—

A

di

|

|

|

I

|

|

|

|
|
N

i
Timescale: Sps/div, Vy: SV/div, Vg 200V/div, }

(@

s ae: 1A/diy

L

VAR

ji;_ﬂ —

[T Ve [T

v

N VN AV PAOSN N

Timescale: Sps/div, Vys: 5V/div, Vg 200V/div, 5 Tac: 1A/div

o Vas|

ﬁ“*%‘(‘\)ﬁ
E=RliEEeiE

M

C e

A W N N L N N P

Timescale: Sps/div, V: 5V/div, Vi: 200V/div, o It 10A/div

Timescale: Sps/div, Vy.: 5V/div, Vy: 200V/div,

(d

Fig. 21.  Experimental waveforms of the proposed IPT system (a) at nominal
operating point (R, = 53.5 ©2), (b) in CC mode (R, =40 ), (c) in CC mode
(R, =30), and (d) in CV mode (R, = 125 Q).

The measured coupling coefficient without misalignment is
0.221 and the lowest value is 0.135 at 120 mm lateral and 300 mm
vertical misalignment. For the misaligned case, load resistances
are set to 40 and 125 € in the respective CC and CV modes.
Experimental results of the variable inductance as a function of
dc bias current are shown in Fig. 22.

Fig. 23 shows experimental results of conversion efficiency
in CC and CV modes for the maximum misalignment condition.
In CC mode, the charging power is 2456 W. In CV mode, it is
1411 W. Primary and secondary resonant currents increase as the
coupling coefficient decreases. The system efficiency decreases
accordingly.

Fig. 24 shows experimental waveforms of the proposed IPT
system when the load resistances are 40 and 125 () in the
misalignment case with a coupling coefficient of 0.16. Soft
switching is still obtained but the resonant current is high.
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VI. CONCLUSION

In this article, an integrated IPT system design employing a
current-controlled variable inductor is proposed to achieve CC
and CV lithium battery charging with misalignment tolerance.
A 3.3-kW prototype demonstrated its feasibility and validity.
The system is implemented under a fixed switching frequency
and ZVS can be achieved over the entire charging process
and allowed misalignment range. The charging profile can be
achieved with up to 120 mm of lateral and 300 mm of vertical
misalignment by adjusting the variable inductor. Peak efficiency
is 96.1% at full power with a 210-mm air gap. Efficiency stays
above 95% over the entire CC mode.
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