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Minimizing Current in Inductive Power Transfer
Systems With an Asymmetrical Factor for

Misalignment Tolerance and Wide Load Range
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Abstract—In inductive power transfer (IPT) systems, misalign-
ment and wide load range can lead to high current and control com-
plexity. This can affect the performance of high-power systems. In
this article, a method to minimize converter and primary resonant
circuit currents based on an asymmetrical factor is proposed to
improve IPT system performance over wide misalignment and load
ranges. The proposed asymmetrical factor incorporates two design
variables: an asymmetrical voltage factor and an asymmetrical
compensation factor. These help to minimize current from two
perspectives. First, they tend to redistribute zeroes and poles for
power versus frequency characteristics. The power characteristic
can be asymmetrical and monotonic over the working switching
frequency range. Second, the input impedance angle can become
insensitive to coupling factor and to load by adjusting the frequency
that corresponds to the minimum input impedance angle. The cur-
rent increases by only 15% over a 2:1 coupling coefficient variation
range at rated load. Analysis and design guidelines are presented
for the proposed method. A 2.1-kW prototype has been prepared
to verify the approach.

Index Terms—Asymmetrical factor, constant voltage charging,
frequency control, inductive power transfer (IPT) system,
misalignment tolerance.
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I. INTRODUCTION

INDUCTIVE power transfer (IPT) systems are appealing for
electric vehicle (EV) charging since they are contactless [1]–

[5]. IPT systems, ranging from watts to multiple kilowatts, are
used in commercial applications that include mobile devices [6],
biomedical devices [7], electric bicycles [8], and electric cars
[9]–[11]. Power levels from tens of kilowatts to megawatts are
of interest for electric trains [12], electric ferries [13], and for
fast charging [14]–[16]. Switching frequency limits and broader
power ratings issues have limited the development of high power
IPT systems [17], [18].

To minimize converter and primary resonant circuit currents
and reduce control complexity for IPT systems, a method based
on an asymmetrical factor is proposed in this article. With this
method, current can be minimized when wide misalignment
and load ranges are experienced. The realization uses a single
IPT stage without extra hardware. This arrangement will be
useful as power levels scale up. The method can ensure zero
voltage switching (ZVS) over the allowed range of operating
conditions. Based on analysis, the current increases by only
15% over a 2:1 coupling coefficient variation range at rated
load.

High misalignment range and the need to support a wide load
range are important factors in IPT converter and resonant circuit
design. Currently, there are four key design considerations to
achieve misalignment tolerance over a wide load range.

1) design of loosely coupled transformers;
2) compensation topologies;
3) converter control strategies;
4) variable inductor or capacitor methods.
In practice, multiple design considerations are combined for

these purposes.
In prior work, loosely coupled transformers are usually de-

signed to optimize misalignment tolerance. In [19]–[22], struc-
tures that include solenoidal arrangements [19], double D mag-
netics [20], double-D quadrature configurations [20], quadrature
coils [21], and bipolar configurations [22] have been proposed
to improve the misalignment range. An asymmetric coupling
structure was presented in [23] based on concentrated magnetic
flux. These structures can alleviate misalignment effects, but
the coupling coefficient is low. In some methods, extra coils
are added to improve output characteristics [24]–[26]. Although
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primary current can be constant, added coils introduce extra
losses, volume, and cost.

Known compensation topologies include fundamental struc-
tures, such as LCC, series-series (S–S), and series-parallel (S–P)
circuits [27], [28]. In [29] and [30], multiple coupled coils sup-
port hybrid arrangements for compensation. Structures based on
detuned conventional compensation topologies were proposed
in [27] and [28] to maintain constant output characteristics with
misalignment. The input impedance angle and primary current
are proportional to the misalignment. Output characteristics can
fluctuate between 10%–20%, and an extra dc-dc converter might
be needed to regulate the output voltage for stable power trans-
mission. In [29] and [30], hybrid structures were constructed
with conventional series or parallel compensation circuits. Extra
hardware results in extra losses and reduces system reliability,
and the output power cannot be adjusted during the charging
process. The output characteristics still fluctuate by about 5%
within the optimized range of misalignment.

Pulse frequency modulation (PFM) [31], [32] and pulsewidth
modulation (PWM) [34], [35] are used for converter control.
When using PFM, frequency bifurcation can occur. This affects
system stability [33]. In [32], a strategy to avoid frequency bifur-
cation was designed. Current is proportional to misalignment,
and efficiency decreases as the load resistance or misalignment
increase. When hard switching is employed for PWM convert-
ers, the impact can be reduced by employing a frequency control
method [34] or by using wide-bandgap semiconductors [36].
The misalignment and load range are still limited by power
device current ratings, since current is inversely proportional
to duty ratio. In [35], a dual-side control strategy that integrates
phase shift with active rectification is proposed to extend the
misalignment and load range. In this method, extra switches
and controllers are needed.

Methods with variable inductors [37] or capacitors [38]–[40]
adjust output characteristics by introducing new control vari-
ables. In [37], the inductor value is adjusted to match conditions.
With this method, current changes substantially with misalign-
ment but less over a wide load range. A method for changing
the equivalent capacitance of a capacitor matrix was proposed in
[38] to provide impedance matching for a given misalignment.
This method uses discrete steps. A switch-controlled capacitor
is proposed in [39] and [40] to provide continuous adjustment
with good system efficiency. In the arrangement, the resonant
capacitor carries high current and voltage. Power device ratings
and isolation problems limit the ability to scale this approach to
higher power systems.

The asymmetrical factor introduced in this article builds on
this prior work to address simultaneous challenges of wide
misalignment range and wide load range. Converter and primary
resonant circuit currents are held near their minimums across the
target operating range.

In this article, the content is organized as follows. The analysis
of a conventional symmetrical S-S compensation IPT system
is described in Section II. The proposed asymmetrical factor
method is analyzed for various scenarios in Section III. Design
procedures are provided and system performance is evaluated
for the proposed method in Section IV. Experimental results

Fig. 1. S-S compensation IPT system. (a) S–S compensation topology.
(b) Simplified equivalent circuit.

and comparisons with a symmetrical method are presented in
Section V. Finally, conclusions is drawn in Section VI.

II. ANALYSIS OF A CONVENTIONAL SYMMETRICAL

SERIES-SERIES COMPENSATION IPT SYSTEM

A general S–S compensation IPT system is shown in Fig. 1(a).
The loosely coupled transformer includes primary coil Lp and
secondary coil Ls. A MOSFET bridge (S1, S2, S3, S4) drives the
primary. The secondary resonant circuit transfers power to a
load, modeled as a constant voltage Vout, through a diode bridge
(D1, D2, D3, D4).

The fundamental harmonic is used for analysis, consistent
with resonant operation. The storage components are taken to
be ideal for initial analysis. The simplified equivalent circuit
is shown in Fig. 1(b). The effective values of first-harmonic
voltages UAB and UCD are

UAB =
2
√
2

π
Vin, UCD =

2
√
2

π
Vout. (1)

Primary and secondary resonances are associated with fre-
quencies

ωp = 2πfp =
1√
LpCp

, ωs = 2πfs =
1√
LsCs

. (2)

For a given frequency ω to be considered, the coupled voltage
relationships are⎧⎪⎨

⎪⎩
U̇AB = (jωLp − 1

jωCp
)İp + jωMİs

U̇CD = (jωLs − 1
jωCs

)İs + jωMİp
M = k

√
LpLs,

(3)

where k is the transformer coupling coefficient. It is noted that
U̇CD and İs are out of phase because of the rectifier bridge.
Combining (2) and (3), the power transferred to the load P is

P =
UCD

2

√
ω2 k2

τu2 − (ω − ωp
2

ω )
2

Ls[ω2k2 − (ω − ωp
2

ω )(ω − ωs
2

ω )]
(4)
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Fig. 2. Comparison between characteristics of the IPT system with case 1 and
with case 2 when ωp = ωs.

where an asymmetrical voltage factor τu has been defined as

τu =
UCD

UAB

√
Lp

Ls
. (5)

This adjusted voltage transfer ratio affects power vs. fre-
quency characteristics [18], [41].

When both circuits are tuned to matched resonant frequency
ωo, (4) becomes

P =
UCD

2
√

ω2 k2

τu2 − (ω − ωo
2

ω )
2

Ls[ω2k2 − (ω − ωo
2

ω )
2
]

. (6)

The input impedance angle can be obtained from (3)

θ = ∠(Zin) = arctan

⎡
⎣ (1− 1

τu2 )(1− ωo
2

ω2 )√
k2

τu2 − (1− ωo
2

ω2 )
2

⎤
⎦ (7)

where θ is the angle between U̇AB and İp, and Zin is the equiv-
alent input impedance shown in Fig. 1(b). Power characteristics
and phase angle near the resonant frequency are shown in Fig. 2.
It is convenient to define case 1, for which τu ≤ 1, and case 2,
with τu > 1 [18]. The range from ω�L/ωo to ω�H/ωo is the
working switching frequency range for case 1, and the range
from ω0L/ωo to ω0H/ωo is the working switching frequency
range for case 2. The various frequencies are defined below in
detail in Section III-A.

As in Fig. 2, the frequency has been normalized to the matched
resonant frequency fo. Case 1 yields a concave power function
with a minimum value at the resonant frequency and the range
from ω�L/ωo to f/fo or from f/fo to ω�H/ωo is selected to control
the output power. Case 2 yields a convex power function with
a maximum value at the resonant frequency and the range from
ω0L/ωo to f/fo or from f/fo to ω0H/ωo is selected to control the
output power. The power at the resonant frequency in case 1
needs to be 5%–10% of rated power to yield misalignment

Fig. 3. Input impedance angle and primary current for case 2, and kmax =
0.31. (a) Comparisons between case 2 and constant input impedance angle over
a 10:1 load range at kmax. (b) Results with case 2 over a 10:1 load range for
various coupling coefficients.

tolerance over a wide load range. This increases the mutual
inductance and may decrease efficiency. Case 2 adapts well to a
wide load range due to its convex power characteristic.

Circuit analysis shows that converter apparent power is pro-
portional to primary current because the input first-harmonic
voltage is constant with PFM control. The primary current is
affected by the input impedance angle. Thus, primary current or
input impedance angle can serve as an optimization target for
minimizing converter and primary resonant circuit currents.

In practice, in case 2, an inductive input impedance is expected
to achieve ZVS by adjusting the switching frequency slightly
higher than the resonant frequency. The input impedance angle
and the primary current for case 2 over a 10:1 load range are
shown in Fig. 3. Fig. 3(a) compares results between case 2 and
constant input impedance angle at maximum coupling. Fig. 3(b)
shows results with case 2 for various coupling values. As shown
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in Fig. 3(a), in case 2 the input impedance angle increases as
output power decreases. This will increase the primary current
at light load. As illustrated in Fig. 3(b), the wider the coupling
coefficient range, the larger the input impedance angle will be.
At a given output power, a larger input impedance angle will
result in higher primary current.

III. ANALYSIS OF THE PROPOSED ASYMMETRICAL

FACTOR METHOD

As explained in Section II, the conventional symmetrical S–
S compensation method cannot minimize current when wide
misalignment and load ranges are experienced. Case 1 has better
misalignment performance, but it cannot achieve a wide load
range [18]. Case 2 can support misalignment and wide load
ranges, but because of high input impedance angle, the primary
current will increase with misalignment for a given load [32].
This will increase the input apparent power. In this section, a
proposed asymmetrical method is analyzed, intended to alter this
tradeoff and support lower current. The power characteristic and
input impedance angle are optimized for better misalignment
performance over a wide load range.

A. Analysis of Asymmetrical and Monotonic Power
Characteristics

The zeroes and poles of (4) are⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ω0L
2 =

ωp
2

1+ k
τu

ω0H
2 =

ωp
2

1− k
τu

ω∞L
2 =

ωp
2+ωs

2−
√

(ωp
2−ωs

2)2+4k2ωp
2ωs

2

2(1−k2)

ω∞H
2 =

ωp
2+ωs

2+
√

(ωp
2−ωs

2)2+4k2ωp
2ωs

2

2(1−k2)

(8)

where ω0L, ω0H are the zeroes and ω�L, ω�H are the poles. In
practice, the range between zeroes and poles that contains the
resonant frequencies is selected as working switching frequency
range, as shown in Fig. 2.

In case 1, the zeroes and poles are distributed asω0L <ω�L <
ω�H < ω0H. In case 2, they follow ω�L < ω0L < ω0H < ω�H.
In both cases, when primary and secondary resonant frequen-
cies match, the zeroes and poles are distributed symmetrically
around the resonant frequency. This also leads to a symmetrical
distribution of power characteristics about ω = ωo.

An asymmetrical compensation factor τ c

τc =
ωs

ωp
(9)

can be defined, and is non-unity when the primary and sec-
ondary frequencies do not match. Analogous to symmetrical
conditions, asymmetrical conditions can also be divided into
two cases. Frequency case 1 has ω0L<ω�L<ω0H<ω�H. The
working switching frequency range is between ω�L and ω0H.
The constraints are

k

1− λ
< τu <

k

1 + λ
(10)

Fig. 4. Asymmetrical power profiles for frequency cases 1 and 2.

Fig. 5. Limiting values k/(1+ λ) and k/(1-λ) as a function of the asymmetrical
compensation factor τc.

where

λ =
2(1− k2)

(1 + τc2) +
√

(τc2 − 1)2 + 4k2τc2
.

Frequency case 2 has ω�L<ω0L<ω�H<ω0H. The working
switching frequency range is between ω0L and ω�H. The con-
straints are

k

1 + λ
< τu <

k

1− λ
. (11)

The power characteristic is asymmetrical within the working
switching frequency range, as shown in Fig. 4, where frequency
has been normalized to primary resonance fp.

Plots of the limiting values k/(1 + λ) and k/(1 − λ) in (10)
and (11) are shown in Fig. 5 for asymmetrical voltage factor τu
and asymmetrical compensation factor τ c. In Frequency case
1, the asymmetrical voltage factor τu increases as the coupling
coefficient decreases. This is reversed in Frequency case 2. If
the derivative of (4) with respect to frequency fulfills

{
∂P
∂ω < 0 (ω∞L < ω < ω0H) Frequency case 1
∂P
∂ω > 0 (ω0L < ω < ω∞H) Frequency case 2

(12)

the power characteristic will be monotonic within the working
switching frequency range.
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Fig. 6. Characteristics of input impedance angle for kmax = 0.31 and τc =
1.05 with various coupling coefficients, frequency case 1.

B. Analysis of the Asymmetrical Compensation Factor

If the primary and secondary resonances do not match, the
input impedance angle becomes

θ = ∠(Zin) = arctan

⎡
⎣ (1− ωp

2

ω2 )− 1
τu2 (1− ωs

2

ω2 )√
k2

τu2 − (1− ωp
2

ω2 )
2

⎤
⎦ . (13)

In frequency case 1 with τc > 1, the secondary resonant
frequency fs is higher than the primary resonant frequency fp.
The input impedance angle has the same sign as the numerator
of the arctangent in (13), implying various cases for τu(

1− ωp
2

ω2

)
− 1

τu2

(
1− ωs

2

ω2

)
> 0

⇒

⎧⎪⎪⎨
⎪⎪⎩

τu
2 < ωs

2−ω2

ωp
2−ω2 = τc

2+ (τc
2−1)ω2

ωp
2−ω2 (ω ≤ ωp)

τu
2 > 0 > ω2−ωs

2

ω2−ωp
2 (ωp < ω < ωs)

τu
2 > ω2−ωs

2

ω2−ωp
2 = 1+

(1−τc
2)ωp

2

ω2−ωp
2 (ω ≥ ωs).

(14)

When ωp<ω<ωs, the input impedance angle is positive. In
frequency case 1, an inductive impedance should be selected.

In frequency case 2 with τ c < 1, the primary resonant fre-
quency fp is higher than the secondary resonant frequency fs.
The numerator of the arctangent in (13) is now negative, and
implies a different set of cases for τu

(1− ωp
2

ω2 )− 1
τu2 (1− ωs

2

ω2 ) < 0

⇒

⎧⎪⎪⎨
⎪⎪⎩

τu
2 > ωs

2−ω2

ωp
2−ω2 = τc

2+ (τc
2−1)ω2

ωp
2−ω2 (ω ≤ ωs)

τu
2 > 0 > ω2−ωs

2

ω2−ωp
2 (ωs < ω < ωp)

τu
2 < ω2−ωs

2

ω2−ωp
2 = 1+

(1−τc
2)ωp

2

ω2−ωp
2 (ω ≥ ωp).

(15)

When ωs<ω< ωp, the input impedance angle is negative and
a capacitive impedance should be selected.

Because ZVS in the primary inverter will improve system
efficiency, an inductive input impedance is expected for wide
misalignment and load ranges. Frequency case 1 is preferred
on this basis. The characteristics of input impedance angle for
various coupling coefficients are shown in Fig. 6. All of the
angles are positive within a range of interest, and therefore the
input acts as an inductive load.

As indicated in Fig. 6, the input impedance angle has a
minimum value. In this figure the frequency has been normalized

to frequency that corresponds to the minimum input impedance
angle fθmin. To improve misalignment tolerance, the minimum
value should be selected to coincide with a frequency that is
insensitive to coupling coefficient. System performance can be
improved and current can be minimized by minimizing sensitiv-
ity of input impedance angles to coupling coefficient. When the
coupling coefficient changes, the variation in input impedance
angle is

⎧⎪⎪⎨
⎪⎪⎩

tan θkmin

tan θkmax
=

√
kmax2

τu2 −(1−ωp2

ω2 )
2

√
kmin

2

τu2 −(1−ωp2

ω2 )
2
=

√
α2 +

(α2−1)(1−ωp2

ω2 )
2

kmin
2

τu2 −(1−ωp2

ω2 )
2

kmax = αkmin(α > 1)
(16)

where θkmin and θkmax are the angles corresponding to the
minimum coupling coefficient kmin and the maximum cou-
pling coefficient kmax, respectively. From (16), when coupling
changes, the minimum variation in input impedance angle occurs
at ω = ωp.

To ensure that the minimum input impedance angle coincides
with ω = ωp, the derivative of (13) with respect to frequency
should be zero at ω = ωp, so

∂θ

∂ω

∣∣
ω=ωp

=
(1− τc

2

τu2 )κ− [(1− 1
τu2 ) + ( τc

2

τu2 − 1)
ωp

2

ω2 ](
ωp

2

ω2 − 1){
1 +

[(1− 1
τu2 )+( τc2

τu2 −1)
ωp2

ω2 ]
2

κ

}
κ

3
2

= 0

⇒ (1− τc
2

τu2
)
k2

τu2
= 0

⇒ τu = τc (17)

where

κ =
k2

τu2
−
(
1− ωp

2

ω2

)2

.

Therefore, to provide minimum input impedance angle at ωp,
the asymmetrical voltage factor τu should match the asymmet-
rical compensation factor τc. This choice also minimizes sensi-
tivity of the input impedance angle to coupling, in turn providing
consistent system performance over a wide misalignment range.
Given this objective, the two factors can be treated together as
a single “asymmetrical factor” τ .

IV. DESIGN PROCEDURE AND SYSTEM PERFORMANCE

The IPT system specifications and the design target ranges
in which the proposed method seeks to minimize current are
given in Table I. The system allows a 10:1 load range, although
minimization is sought over a 2:1 load range and 2:1 coupling
range. In this section, design procedures are provided and system
performance is evaluated based on the single asymmetrical
factor τ .
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TABLE I
SPECIFICATIONS OF THE IPT SYSTEM

Fig. 7. Characteristics of input impedance angle for various asymmetrical
factors at a given coupling coefficient k = 0.31.

A. Applying the Asymmetrical Factor

Combining the analysis of the asymmetrical factor in Sec-
tion III with ZVS operation, design constraints become⎧⎨

⎩
τ = τu = τc > 1

θω=ωp
= arctan(

τ− 1
τ

k ) > θZV Smin
∂P
∂ω < 0(ω∞L < ω < ω0H)

(18)

where θZVSmin is the minimum input impedance angle to
achieve ZVS that is related to power devices and drives. The
asymmetrical factor is only bounded on one side by (18).

The effect of various asymmetrical factor values on the input
impedance angle versus frequency characteristic is shown in
Fig. 7 and the frequency has been normalized to frequency
that corresponds to the minimum input impedance angle fθmin,
which is equal to fp in this figure. As illustrated there, near
the primary resonant frequency smaller factors lead to smaller
variation in input impedance angle. When the input impedance
angle variation is small enough, it can be taken to be constant
over the target load range near the primary resonant frequency.
Asymmetrical factors close to unity enhance insensitivity to
load, but operation needs to satisfy (18) and component tol-
erances need to be considered in a practical design to assure
this. Thus, τ = 1.05 has been selected in this design because the
value of θZVSmin is about 16°.

As mentioned above, design constraints, aiming to achieve
ZVS and minimize sensitivity of input impedance angles to
coupling and to load, require τ > 1. When, instead, the primary
and secondary frequencies match (τc = 1) the symmetrical
method cannot achieve the same system performance over wide
misalignment and load ranges as the proposed method.

Fig. 8. Flowchart for design with the proposed method.

B. Design of Coil Inductances and Resonant Circuits

Coil inductances are linked to output power, once the resonant
frequencies and switching frequency are chosen. This means that
constraints on coil inductances can be obtained from limiting
cases on output power when operating at the primary resonant
frequency under various coupling conditions.

When the frequency ωrated that corresponds to rated power is
near the primary resonant frequency, input impedance angles
for frequencies between ωrated and ωp are nearly constant.
Because of these nearly fixed angles, the primary current can
be minimized. Variation in input impedance angle and primary
current will be minimized over the target coupling range if
the output power is below the rated value Po when operating
at the primary resonant frequency and the minimum coupling
coefficient. The input impedance angle will be approximately
constant over the target load range if the output power is less
than 50% at the primary resonant frequency and the maximum
coupling coefficient. The constraints on mutual inductance can
be obtained from these conditions and (4) to give

Po ≥ UCD
2

√
ω2 kmin

2

τ2 − (ω − ωp
2

ω )
2

Ls[ω2kmin
2 − (ω − ωp

2

ω )(ω − (τωp)
2

ω ))]

when ω = ωp ⇒ Mmin ≥ UABUCD

ωpPo
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Fig. 9. Input impedance angle and primary current for the proposed method
with τ = 1.05 over a 10:1 load power range, and kmax = 0.31. (a) Comparisons
between the proposed method and constant input impedance angle at kmax.
(b) Results with the proposed method for various coupling coefficients.

0.5Po ≥ UCD
2

√
ω2 kmax

2

τ2 − (ω − ωp
2

ω )
2

Ls[ω2kmax
2 − (ω − ωp

2

ω )(ω − (τωp)
2

ω )]

when ω = ωp ⇒ Mmax ≥ 2UABUCD

ωpPo
(19)

where Mmin and Mmax are the mutual inductance values at
the minimum and maximum coupling coefficients, respectively.
Combining (2), (3), and (19), coil inductances and compensation
capacitances can be obtained. A flowchart of design procedures
for the proposed method is given in Fig. 8.

C. System Performance With the Proposed Method

For the IPT system specifications provided in Table I, charac-
teristics of input impedance angle and primary current with the
proposed method, given a wide load and misalignment range, are
shown in Fig. 9. The input impedance angle with the proposed
method, as shown in Fig. 9(a), changes little over the target load
range. This can reduce primary current compared to Fig. 3(a).
When the output power is less than 50%, the input impedance

Fig. 10. Experimental platform for the proposed method.

TABLE II
COMPONENT PARAMETERS OF THE PROPOSED IPT SYSTEM

Fig. 11. Coil inductances for the proposed method versus coupling coefficient.

angle increases, but current is still lower than in Fig. 3(a). As
illustrated in Fig. 9(b), input impedance angle increases as cou-
pling coefficient decreases, but the variation in input impedance
angle is less than in Fig. 3(b). This means that primary current
can be reduced compared to Fig. 3(b). Performance is reduced
with misalignment over the target load range, but current is still
low. The primary current of the proposed method increases by
only 15% over a 2:1 coupling coefficient range with τ = 1.05 at
rated load, whereas the primary current increases by more than
100% over this coupling range with a symmetrical method at
rated load.
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Fig. 12. Comparison between the proposed method and the symmetrical method at rated power and different coupling coefficients: (a) Proposed method at k =
0.31. (b) Proposed method at k = 0.25. (c) Proposed method at k = 0.2. (d) Proposed method at k = 0.15. (e) Symmetrical method at k = 0.31. (f) Symmetrical
method at k = 0.25, (g) Symmetrical method at k = 0.22.

TABLE III
COMPONENT PARAMETERS OF THE REFERENCE IPT SYSTEM

V. EXPERIMENTAL RESULTS

To verify the proposed method, a 2.1-kW prototype IPT
system has been prepared, as shown in Fig. 10. The component
parameters are given in Table II. Fig. 11 shows how primary
and secondary inductances change over the coupling coefficient
range of interest. The values change less than 1%, so they can
be treated as constant during operation. A separate 2.1 kW pro-
totype that used a symmetrical method was built as a reference
for comparison. These two methods were selected to provide the
same input impedance angle at rated power and similar switch-
ing frequencies. Due to different output power constraints at
similar resonant frequencies and switching frequencies, coil in-
ductances and resonant capacitances for circuits that implement
the symmetrical method and the proposed method are different
[32]. Frequency bifurcation should be avoided for the symmet-
rical method [33]. Component parameters for the prototype that
implements the symmetrical method are given in Table III. Both

prototypes use a SiC MOSFET module (SK25MH120TSCp) to
form the full-bridge inverter and four ultrafast soft recovery
diodes (VS-C4PU6006LHN3) for the rectifier bridge. The sys-
tem controllers employ a TMS320F28335 processor to generate
inverter switching signals. Closed-loop control is implemented
by adjusting the inverter switching frequency in real-time to
maintain constant output voltage with misalignment over the
load range. Load resistances are used to simulate output charac-
teristics.

Fig. 12(a)–(g) shows experimental waveforms that compare
the proposed method with the symmetrical method at rated
power for various coupling coefficients. Fig. 12(a)–(d) shows
results at rated power, with coupling coefficients of 0.31, 0.25,
0.2, and 0.15, respectively. The input impedance angle increases
from 21° to 34° – a small range for those cases. The variation
in peak primary current is from 12.2 to 14.0 A. This means the
current is minimized and high efficiency can be maintained over
the target coupling range. Fig. 12(e)–(g) illustrate the symmetri-
cal method at rated power, when the coupling coefficient is 0.31,
0.25, and 0.22, respectively. The primary current will exceed the
current rating of the power devices (21 A), when the coupling
coefficient is less than 0.22. Compared to the proposed method,
the symmetrical method has poor misalignment tolerance for
the same device current ratings. The input impedance angle
increases from 21° to 46°. The magnitude of primary current
rises from 11.4 to 15.8 A for coupling variation from 0.31
to 0.22. Misalignment limits applications of the symmetrical
method because current limits will be reached within a lower
misalignment range.

Experimental results are shown in Fig. 13(a)–(f) to verify
operation of the proposed method compared to the symmetrical
method over a wide load range at k = 0.31. Fig. 13(a)–(c) shows



9894 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 9, SEPTEMBER 2021

Fig. 13. Comparison between the proposed method and the symmetrical method at k = 0.31 and different load resistances. (a) Proposed method at RL = 43 Ω.
(b) Proposed method at RL = 80 Ω. (c) Proposed method at RL = 430 Ω. (d) Symmetrical method at RL = 43 Ω. (e) Symmetrical method at RL = 80 Ω. (f)
Symmetrical method at RL = 430 Ω.

Fig. 14. DC–DC efficiency of the proposed method for various coupling
coefficients over a 10:1 load range.

experimental waveforms with the proposed method. The input
impedance angle varies from 21° to 18° and the primary current
falls from 12.2 to 6.12 A from 100% load to 50% load. This sup-
ports improved efficiency over the target load range compared
to the symmetrical method. When output power decreases from
50% load to 10% load, the input impedance angle increases
from 18° to 78°, and the primary current decreases from 6.12 to
5.15 A. Experimental waveforms for the symmetrical method at
k = 0.31 are shown in Fig. 13(d)–(f), when the load resistance
is 43, 80, and 430 Ω, respectively. When the load resistance
increases, the input impedance angle increases from 21° to 84°
and the primary current decreases from 11.4 to 10.6 A, consistent
with the analysis results in Fig. 3(a). Compared to the proposed
method, the symmetrical method reduces system efficiency and
exhibits high current at light load.

As shown in Fig. 14, the proposed method maintains high
efficiency over a 10:1 output power range. For comparison,
efficiency of the symmetrical method is shown in Fig. 15,
and efficiency decreases substantially as output power decreases.
Efficiency with the proposed method is almost constant at rated
power regardless of coupling coefficient because the impedance
angle and primary current change little within the target coupling

Fig. 15. DC–DC efficiency of the symmetrical method for various coupling
coefficients over a 10:1 load range.

range, but efficiency of the symmetrical method reduces with
coupling coefficient because the primary current is inversely
proportional to coupling coefficient.

The dc–dc efficiency of the proposed method is 92.5% at rated
power. The maximum efficiency is 96.5%, achieved at 50% load.
Although efficiency within the target load range drops as the
coupling coefficient decreases, it is still more than 90% when
the coupling coefficient drops in half. Efficiency over a 10:1 load
range exceeds 90% at the maximum coupling coefficient.

VI. CONCLUSION

This article proposes an IPT system based on an asymmetrical
factor that seeks to minimize converter and primary resonant
circuit currents over a wide misalignment and load range. With
this asymmetrical factor, the IPT system can be made to achieve
an asymmetrical and monotonic power characteristic, as well
as an input impedance angle that is insensitive to coupling and
to load, without extra devices and components. The system can
maintain ZVS over the allowed range of operating conditions. In
the test example, an asymmetrical factor τ = 1.05 led to current
increase of only 15% over a 2:1 coupling coefficient variation
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range at 100% output power, compared to an increase of 100%
for a corresponding conventional symmetrical method.

A 2.1-kW prototype IPT system has been built to demonstrate
the feasibility and performance of the proposed approach. At
the maximum coupling coefficient, peak efficiency is 96.5%,
and efficiency exceeds 90% over the entire allowed load range.
Efficiency over the target load range is more than 90% with 2:1
coupling variation.
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