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Abstract—In inductive power transfer systems, misalignment
can lead to inconsistent output power. In this article, a topology
based on a primary-side detuned multifrequency compensation cir-
cuit is proposed to provide consistent output over a wide misalign-
ment range. This topology exhibits multiple intersecting power
versus coupling coefficient curves given multiple switching frequen-
cies. The coupling range, and associated misalignment range, can
be extended without increasing power and current variability by
changing the switching frequency strategically at curve intersec-
tions. Parameter design and selection of the number of switch-
ing frequencies are presented. Fundamental relationships between
power variation and coupling range are established. With this
approach, a choice of two suitable switching frequencies changes
output power by only 10% over a coupling coefficient range from
0.14 to 0.35. Three frequencies can support lower power variation
or a wider coupling range. Primary current at low coupling is lower
with the strategy than for conventional alternatives because reac-
tive power can be limited. A 1.5 kW prototype has been prepared
to verify the topology. The prototype confirms a power variation of
10% over a coupling coefficient range from 0.14 to 0.35 with two
frequencies. With three frequencies, power variation drops to 6.7%
over the same coupling range.
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I. INTRODUCTION

INDUCTIVE power transfer (IPT) systems can transfer en-
ergy to loads through magnetic coupling [1], [2], [3], [4],

[5]. Compared to conventional wire-connected electrical transfer
systems, IPT systems are appealing for electric ferries and other
large systems because of contactless performance metrics [6].
In IPT-charged electric ferries, for instance, relative positions
of primary and secondary coils change in real time owing to
water motion. The coupling coefficient and transmission power
will be affected continuously by misalignment [6]. Other large
systems such as IPT for long-haul trucks or construction loaders
are less dynamic but still subject to uncertain misalignment [3],
[4], [5]. In any such system, improved performance is needed
across high coupling and low coupling. Although internal charge
regulation can maintain the charging voltage or current, the
power limit is affected by misalignment. Wide power variation
with misalignment will increase charging time, impose higher
component ratings, and decrease system efficiency [7]. A prac-
tical IPT system will benefit if it can maintain consistent output
power over a useful misalignment range.

In this article, a primary-side detuned multifrequency com-
pensation structure is proposed to enhance output characteristics
and keep them consistent over a wide misalignment range. Multi-
ple separate switching frequencies are employed, and the proper
frequency is selected to enforce a limited input impedance range
to maintain consistent output power. The multifrequency ap-
proach here leads to multiple intersecting power versus coupling
coefficient curves. Based on these curves, the control strategy
changes the switching frequency to extend the misalignment
range given constrained power variation. The input impedance
angle range follows a similar level of variation. This is used to
advantage to keep reactive input low and reduce the primary
current at low coupling. The topology can ensure zero voltage
switching (ZVS) over the allowed range of coupling conditions.

Multifrequency methods are known in IPT systems and have
been used in multiport applications. Multi-inverter parallel op-
eration was presented in [8], [9], and [10] to transfer power
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from multiple primary coils to independent loads. In [11], [12],
and [13], a hybrid modulation pulsewidth modulation (PWM)
control method was proposed to generate different frequencies
to supply energy to multiple receivers. Hard switching and a
relatively high switching frequency affected system efficiency.
A selective power transfer method with multiple receivers [14]
has been proposed to achieve controllable power division by
changing the switching frequency to match different secondary
resonant frequencies. A two-phase orthogonal coil structure with
a two-frequency phase-shifted control method was presented in
[15] to realize targeted power distribution between loads with
misalignment, but the operation improved only for rotational
misalignment. In [16], a two-frequency hybrid compensation
topology integrates series–series (S-S) compensation and LCC-
S compensation for the fundamental and third-order harmonic
voltages of a full-bridge inverter to compensate misalignment.
The coupling coefficient needed to be high to achieve target
output power at the two frequencies because the third harmonic
voltage is one-third of the fundamental voltage.

The system described in this article is different. It uses a single
IPT stage without extra inverters or coils and employs multiple
switching frequencies to manage output power and input current
variation over a substantial misalignment range. Although it
requires multiple resonant tuning tanks, it achieves consistent
performance for a single power transfer port.

IPT systems are characterized by loosely coupled transform-
ers. Many prior methods sought to enhance coupling rather
than adapting to it. Flux pipe magnetic couplers [17], double-D
polarized couplers [18], double-D quadrature configurations
[18], quadrature coils [19], and bipolar pads [20] have been
proposed to extend the misalignment range. In [21], parameters
of the transformer that include coil shapes, coil diameters, and
ferrite arrangements have been used to optimize the coupling
coefficient. A cubic-magnetic coupler was presented in [22]
based on concentrated magnetic flux. These methods can alle-
viate the impact of decreased coupling, but output power is still
affected. In some methods, extra coils were added to improve
misalignment performance [23], [24], [25]. Although the output
power can be relatively constant, added coils introduce extra
loss, volume, and cost.

Topologies such as T-type [26] and X-type circuits [27] based
on detuned compensation structures have been proposed to
reduce output power variation with misalignment. The trans-
ferred power changed by as little as 20% with misalignment in
these cases. In [28], a reconfigurable topology used ac switches
to apply two power-transfer coupling-coefficient curves. The
output power changed by only 10% over a coupling coefficient
range from 0.10 to 0.25, but the added ac switches and controllers
limit the ability to scale the approach to higher power. Hybrid
structures constructed with conventional series compensation
circuits and LCC compensation circuits were proposed in [29]
and [30]. In those methods, the structure of the magnetic coupler
and performance in certain directions are limited because of
decoupling requirements among compensation circuits.

Converter control that includes pulse frequency modulation
(PFM) [31], [32] and PWM [33], [34] has been proposed to
improve misalignment performance. For PFM, primary current

increases as coupling coefficient decreases [31], [32]. PWM and
active rectification are used to maintain consistent power, but
hard switching is employed for the inverter and rectifier [33].
In [34], a control method that integrates PWM with frequency
control is proposed to achieve soft switching over the allowed
range of operating conditions. This method will increase input
impedance angle and reactive power even with soft-switching
operation.

The proposed system seeks to address disadvantages of ac
switch approaches and control limits. By making use of switch-
ing frequency selection, it adapts to misalignment. Compared
to conventional single-frequency compensation topologies, the
proposed topology extends the useful misalignment range while
enforcing a power variation limit. The use of discrete switching
frequencies helps to avoid frequency bifurcation [35] compared
to continuous frequency control, and the system can avoid
chattering near the coupling intersection point by encompassing
a hysteresis control in its frequency selection strategy.

The rest of this article is organized as follows. The pro-
posed primary detuned multifrequency compensation topology
is analyzed in Section II. Output characteristics of the pro-
posed topology for different numbers of switching frequencies
and misalignment performance comparisons are described in
Section III. Parameter design and selection of the number of
switching frequencies are provided in Section IV. Experimental
results from a 1.5 kW prototype IPT system and comparisons to
other methods are presented in Section V. Finally, Section VI
concludes the article.

II. ANALYSIS OF THE PROPOSED PRIMARY DETUNED

MULTIFREQUENCY COMPENSATION TOPOLOGY

The proposed multifrequency IPT system is shown in Fig. 1,
with an equivalent circuit. Lp and Ls are self-inductances of
the primary and secondary coils. The primary and secondary
resonant circuits consist of one series LC resonant tank and
n–1 parallel LCC resonant tanks, and have n resonant frequen-
cies. There is one resonant tank for each potential choice of
switching frequency. When n = 1, the circuit is a conventional
S-S compensation topology. The ideal input-to-output voltage
gain versus frequency for the resonant set is shown in Fig. 2.
The network acts as a multiple bandpass filter, and when the
switching frequency matches any of the multifrequency network
resonances, the ideal voltage gain is 1. An important considera-
tion is that component quality factor Q will enter into practical
performance. Each additional tank introduces its own series
resistance, reducing the overall voltage gain. The dc source
Vin supplies a MOSFET bridge (S1, S2, S3, S4). The secondary
resonant circuit drives load Ro through rectifier bridge D1, D2,
D3, D4.

Fundamental harmonic analysis is used here. The simplified
ideal circuit in Fig. 1(b) defines{

UAB = 2
√
2

π Vin, UCD = 2
√
2

π Vout

M = k
√
LpLs, Req = 8

π2Ro

(1)

where UAB and UCD are the rms values of first-harmonic input
and output voltages, respectively; Req is the ac equivalent load; k
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Fig. 1. Proposed multifrequency compensation IPT system. (a) Proposed topology. (b) Simplified equivalent circuit.

Fig. 2. Input-to-output voltage gain curve versus frequency for multifrequency
resonant network.

is the transformer coupling coefficient, and wider misalignment
between the coils will reduce it.

For a given radian frequency ω, the coupled voltage relation-
ships are {

U̇AB = jXpİp + jωMİs

U̇CD = jXsİs + jωMİp
(2)

where Xp and Xs are the primary and secondary reactances. For
n switching frequencies, they are, Eqn. (3) shown at the bottom
of this page where⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ωp1 = 1√
Lp1Cp1

, ωp2 = 1√
Lp2Cp2

, ωp3 = 1√
Lp2Cp3

, . . .

. . . , ωp2(n−1) =
1√

LpnCp2(n−1)

, ωp(2n−1) =
1√

LpnCp(2n−1)

ωs1 = 1√
Ls1Cs1

, ωs2 = 1√
Ls2Cs2

, ωs3 = 1√
Ls2Cs3

, . . .

. . . , ωs2(n−1) =
1√

LsnCs2(n−1)

, ωs(2n−1) =
1√

LsnCs(2n−1)

and ωi (i = 1,2, …, n) represents each switching frequency from
1 to n. Xpi and Xsi (i = 1,2, …, n) are the primary and secondary
reactances over n switching frequencies.

Fig. 3. Output characteristics at three switching frequencies (f1 < f2 < f3)
and the same power variation with a constant Xpi.

When the primary side is detuned and the secondary side is
tuned, the output power is

P =
U2
ABReq

(ω2
iLpLs) k2 +

(ReqXpi)
2

(ω2
iLpLs)k2

(i = 1, 2, . . . , n). (4)

Power versus coupling coefficient characteristics with a con-
stant Xpi are shown in Fig. 3 for three switching frequencies,
each corresponding to one of the resonant tanks. As shown in
Fig. 3, the output power at each switching frequency has a max-
imum at an ideal value of k and decreases away from this value.
These curves intersect at specific coupling coefficients. We can
operate within a predetermined power variation range with a
strategy that selects the appropriate switching frequency as a
function of k. The useful misalignment range can be extended
by using multiple switching frequencies.

With n switching frequencies (f1 < f2 < ···< fn), define the
coupling range for switching frequency 1, f1, as kmin1 ≤ k ≤
kmax1, the coupling range for switching frequency 2, f2, as kmin2

≤ k≤ kmax2, and so on. Consider a coupling range from kmini to
kmaxi for each switching frequency fi (i = 1,2, …, n). A power

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xpi = Lp1

(
ωi − ω2

p1

ωi

)
+

Lp2

(
ωi−

ω2
p2
ωi

)

1+
ω2
p2

−ω2
i

ω2
p3

+ . . .+
Lpn

(
ωi−

ω2
p2(n−1)

ωi

)

1+
ω2
p2(n−1)

−ω2
i

ω2
p(2n−1)

Xsi = Ls1

(
ωi − ω2

s1

ωi

)
+

Ls2

(
ωi−

ω2
s2
ωi

)

1+
ω2
s2

−ω2
i

ω2
s3

+ . . .+
Lsn

(
ωi−

ω2
s2(n−1)

ωi

)

1+
ω2
s2(n−1)

−ω2
i

ω2
s(2n−1)

(i = 1, 2, . . . , n) (3)
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variation coefficient Гpi can be defined as

Γpi =
Pmax i − Pmin i

Prated
(5)

where Pmini and Pmaxi are the minimum and maximum output
power within that range. The design practice here is to set Prated

to the maximum in Fig. 3. This defines a nominal coupling
coefficient for each switching frequency, and the derivative of
(4) with respect to k should be zero at k = knomi

∂P

∂k
|k=knomi

= 0 (Xpi �= 0)

⇒ knomi =

√
ReqXpi

ω2
iLpLs

(i = 1, 2, . . . , n) . (6)

Here, knomi corresponds to maximum output power for each
switching frequency. Combining (4) and (6), the maximum
output power Pmaxi for each switching frequency is

Prated = Pmax i =
U2
AB

2Xpi
(i = 1, 2, . . . , n) . (7)

This indicates Pmaxi (given high component Q) is affected
only by the primary reactance Xpi. Once Xpi is determined,
regardless of the values of Ro, the maximum output power can be
determined. The system has consistent output power capability
as the load changes, which is beneficial to reduce charging time
in battery charging applications.

There are other possibilities for the power versus coupling
coefficient curve: kmini ≤ kmaxi ≤ knomi, and knomi≤ kmini

≤ kmaxi, but the power variation in these cases is higher. To
minimize the power variation coefficient Гpi, curves with an
intermediate peak as in Fig. 3 should be used and the minimum
output power at the maximum and minimum coupling coeffi-
cients should match [28], so

Pmin i = P (kmax i) = P (kmin i) . (8)

The corresponding primary reactance can be obtained by
solving (6) and (8), and is{

Xpi =
αiω

2
iLpLsk

2
min i

Req

kmax i = αikmin i(αi > 1)
(i = 1, 2, . . . , n) (9)

where αi (i = 1,2, …, n) is a coupling variation ratio over n
switching frequencies.

Substituting (7)–(9) into (5), the power variation coefficient
Гpi becomes

Γpi =
(αi − 1)2

α2
i + 1

(i = 1, 2, . . . , n) . (10)

This shows that the power variation coefficient is affected
only by the target coupling variation ratio. Once the coupling
coefficient range is determined, the power variation will follow
from (10) and vice versa. One implication of (10) is that narrow
power variation is linked to narrow coupling variation. For one
frequency, power variation below 10% requires α < 1.6. The
number of switching frequency choices n supports a coupling
range of α1×α2×···×αn. For 10% variation, two switching
frequencies support about a 2.5:1 coupling range, three would

support about a 4:1 range, and so on. This suggests that two or
three frequencies will give useful results in practical systems
and that more frequencies could expand the coupling range sub-
stantially. For example, it is possible to support a 10:1 coupling
range with power variation below 15% by choosing α = 1.79
and n = 4.

The input impedance angle θ from kmini to kmaxi can be
obtained from (2) and (9) as

θ = arctan

(
XpiReq

ω2
iM

2

)
⇒ arctan

(
αik

2
min i

k2

)
. (11)

This indicates that the input impedance angle variation is
also affected only by the coupling variation ratio. For a given
α, the input impedance angle variation is from arctan(1/α) to
arctan(α). Circuit analysis shows that system active power is
proportional to primary current and cos(θ) with a constant input
first-harmonic voltage. The primary current will be affected only
by the input impedance angle for constant system power. This
means the primary current range is also consistent for a given α.

For a practical system, it is useful to constrain the power
variation to match across the selected coupling ranges. In the
case of n frequencies, this implies that the maximum and min-
imum output power for those selected switching frequencies
should be equal, as suggested in Fig. 3. When k is in the lower
coupling range, a higher switching frequency is used, and a lower
switching frequency is used in the higher coupling range. The
design targets are⎧⎨
⎩
Pmax1 = Pmax2 = · · · = Pmax(n) = Prated

kmax2 = kmin1, kmax3 = kmin2, . . . , kmax(n) = kmin(n−1)

Γp1 = Γp2 = · · · = Γp(n).

(12)
Combining (4), (7), (9), (10), and (12), the results imply⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xp = Xp1 = Xp2 = · · · = Xp(n) =
U2

AB

2Prated

Xs = Xs1 = Xs2 = · · · = Xs(n) = 0

α1 = α2 = · · · = αn = α > 1

αnkmin(n) = αn−1kmax(n) = · · · = αkmax2

= αkmin1 = kmax1

αn−1ω1 = αn−2ω2 = · · · = ωn

M2
max1 = k2max1LpLs =

α1ReqXp

ω2
1

.

(13)

From (13), these discrete frequencies are affected only by
the choice of coupling variation ratio α. Once one switching
frequency is predetermined, regardless of the values of Ro and
Prated, the other switching frequencies can be obtained based on
consistent power variation. The initial predetermined frequency
will be constrained by power device limitations and inductor
volume.

III. OUTPUT CHARACTERISTICS AND MISALIGNMENT

PERFORMANCE COMPARISONS

A. Output Characteristics of the Proposed Topology

As mentioned in Section II, given values of n, Гp, kmax1,
Lp, ω1, Ro, and rated output power, system performance can be
determined for a target misalignment range.
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Fig. 4. Normalized output power and input impedance angle versus the
coupling coefficient for α = 1.58, kmax = 0.35, Гp = 10%, n = 1–4.

1) Output Characteristics of the Proposed Topology for Dif-
ferent Numbers of Switching Frequencies:

a) Output characteristics: As an example, normalized
output power and input impedance angle versus coupling co-
efficient for α = 1.58, kmax = 0.35, and Гp = 10% are shown
in Fig. 4 for up to four switching frequencies. The output power
has been normalized to the rated (maximum) power Prated.

As shown in Fig. 4, the power versus coupling coefficient
curves at different switching frequencies intersect. Based on
the specified Γp value, the top parts of the curves shown in
dashed lines are the intended range of operating conditions
and reflect different ranges of coupling. The overall range of
k increases with the number of switching frequencies as αn. The
controller should change the switching frequency at the coupling
intersection points highlighted in Fig. 4. In this example, f1
corresponds to a coupling coefficient range from 0.22 to 0.35, f2
corresponds to a coupling coefficient range from 0.14 to 0.22,
f3 corresponds to a coupling coefficient range from 0.088 to 0.14,
and so on.

The input impedance is inductive over the entire coupling
coefficient range. This supports ZVS switching control over the
operating range. As shown in Fig. 4, the input impedance angle
has the same upper and lower limits, θupp and θlow for each
frequency. This means that the range of primary current magni-
tudes will be the same for each selected switching frequency.
This limited current range implies a limited reactive power
range. Thus, the coupling range (and misalignment range) can be
extended without requiring excessive reactive power or primary
current. The limited reactive power range and ZVS operation
enhance efficiency compared to conventional single-frequency
compensation.

b) Control approach: A strategy must be provided to
choose the appropriate switching frequency during operation.
It can be implemented by measuring the input impedance angle
between the first-harmonic input voltage and primary current
to judge how to select the switching frequency, since the input

impedance angle range gives consistent results for each switch-
ing frequency, as shown in Fig. 4. The control structure is shown
in Fig. 5 and a flowchart of the strategy is shown in Fig. 6. The
initial switching frequency is set to the highest allowed value,
which starts the system at a low power level and input impedance
angle.

The controller uses a DSP and does not require communi-
cation between the primary and secondary sides. It comprises
impedance angle detection, frequency selection, and gate signal
generation. The strategy sets upper and lower limits on the input
impedance angle, θupp and θlow. Based on the expected input
impedance angle and accuracy of the input impedance angle
detection, hysteresis should be added to the control to avoid
chatter in the selection of frequency across intersection points.
When the measured impedance angle is higher than the upper
limit θupp, the frequency will switch to the next higher adjacent
frequency. When the measured impedance angle is lower than
the lower limit θlow, the frequency will switch to the next lower
adjacent frequency. In this system, the control can be set to
operate only within the limits—meaning there are limits on the
allowed coupling coefficient range (and misalignment range).
The system can be allowed to operate somewhat beyond these
angle limits if even more misalignment tolerance is desired, but
the angle limits can be enforced to set design and operation
limits.

2) Output Characteristics of the Proposed Topology Over
a Load Range: Normalized output power for three load resis-
tances is shown in Fig. 7 for up to four switching frequencies.
From (7), the maximum output power is independent of load. As
load (or equivalent battery impedance) changes, output power
can be held almost constant, which is beneficial to determine
charging time. Conventional modulation can be employed to
adjust the output voltage or control the output power, as in (7),
and this process is also independent of load.

As shown in Fig. 7, for a given coupling variation ratio
α, the maximum output power and power variation range are
determined. When the load changes, the corresponding coupling
coefficient for a given power variation range will change. For
example, while enforcing a 10% power variation limit with n=2,
a 40 Ω load can be supported over a coupling range from 0.11 to
0.29, a 60 Ω load can be supported over a coupling range from
0.14 to 0.35, and an 80 Ω load can be supported over a coupling
range from 0.16 to 0.4. To hold the variation limit on a worst
case basis, the combined coupling coefficient range is from 0.16
to 0.29 over a 2:1 load range. The change with respect to load
must be considered to provide margin and be sure the overall
target power variation range can be supported over the allowed
load values.

B. Comparisons to Conventional Frequency Controls

In conventional single-frequency S-S compensation, there
are two typical frequency control methods for misalignment
conditions that include tracking unity power factor [26] and
maintaining consistent output power [30]. In the following,
the proposed method takes two-frequency compensation as an
example to compare to these two conventional methods.
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Fig. 5. Closed-loop control structure of the proposed method.

Fig. 6. Flowchart for the control approach with the proposed method.

Fig. 7. Normalized output power for three load resistances with: (a) one
switching frequency, (b) two switching frequencies, (c) three switching fre-
quencies, and (d) four switching frequencies.

1) Comparisons to Frequency Control for Unity Power Fac-
tor (Referred to Here as Frequency Control Method 1): When
the switching frequency matches primary and secondary reso-
nances, the system can achieve input unity power factor. The

Fig. 8. Comparisons between normalized IPT system output power with the
proposed method and with frequency control method 1 when the coupling
coefficient ranges from 0.14 to 0.35.

output power PS-S_UPF will be

PS−S_UPF =
U2
ABReq

(ω2LpLs) k2
. (14)

This is proportional to 1/k2 for a given load. In Fig. 8, this
conventional single-frequency control is compared to the pro-
posed two-frequency power variability control. Over the 2.5:1
coupling range explored in the figure, the output power with
frequency control method 1 varies by a factor of 6.25:1. The
associated resonant currents also show a 6.25:1 range and the
maximum primary capacitor voltage will be about 14.3 times
the input voltage. If this method is modified to combine PWM
controls and limit power variation [33], the primary current still
covers a 2.5:1 range and the maximum primary capacitor voltage
is about 5.7 times the input voltage. In contrast, the proposed
two-frequency control exhibits output power variation of only
10% and a current range of 1.56:1 for 2.5:1 coupling variation.

2) Comparisons to Frequency Control for Consistent Output
Power (Referred to Here as Frequency Control Method 2): An
alternative conventional control could select a variable switching
frequency to enforce consistent output power. In this case, the
switching frequency is adjusted away from resonance to main-
tain fixed output power. The primary and secondary sides will
detune, and the input impedance angle will be

θ = arctan

(
XpR

2
eq −

(
ω2M2 −XpXs

) ·Xs

ω2M2Req

)
. (15)

Based on this angle, when the mutual inductance (and the
coupling coefficient) decreases, the input impedance angle will



YAO et al.: ANALYSIS AND DESIGN OF MULTIFREQUENCY COMPENSATION STRATEGY FOR WIDE MISALIGNMENT TOLERANCE 11711

Fig. 9. Comparisons between normalized IPT system primary current with
the proposed method and with frequency control method 2 over a coupling
coefficient range from 0.14 to 0.35.

increase. Impedance angle and primary current for this control
are compared to the proposed two-frequency approach in Fig. 9.
The proposed method acts in sections as the frequency changes.
The conventional approach shows a much wider variation of
impedance angle and primary current over a coupling range from
0.14 to 0.35. The maximum primary current with the proposed
method is at least 25% lower than with frequency control method
2. The maximum voltage across the capacitor with frequency
control method 2 is about 8.9 times the input voltage.

IV. DESIGN PROCEDURES

In this section, a design procedure for multifrequency com-
pensation is presented. The number of switching frequencies can
be selected by trading off misalignment range, power variation,
and power loss in additional resonant tanks. The parameters can
be determined by selecting current ratios. A flowchart of the
design procedure is given in Fig. 10.

A. Limits on the Number of Switching Frequencies

The analysis so far is based on ideal conditions, but equivalent
series resistances (ESRs) and component tolerances will affect
system performance. Each added switching frequency requires
an additional resonant tank. Component ESRs will degrade sys-
tem performance and reduce efficiency. Component tolerances
will affect resonant performance. In this section, practical limits
on performance and switching frequency count are discussed.

1) Effect of Component Series Resistances:
a) Resonant performance: Reactances of a multifre-

quency resonant tank will differ from the ideal, given ESR.
Reactances of the multifrequency resonant network, considering
ESR versus frequency, are shown in Fig. 11, where fr1 is the first
resonant frequency, fr2 is the second resonant frequency, and so
on. These examples use α = 1.58, kmax = 0.35, Гp = 10%,

Fig. 10. Flowchart for design with the proposed method.

Fig. 11. Reactances of the multifrequency resonant network considering series
resistances versus the frequency for different numbers of switching frequencies.

Qcoil = 600, and QL = 800, where Qcoil is the quality factor of
the coil and QL is the quality factor of each added inductor.

As shown in Fig. 11, over the range n = 1 to 4, the resonant
frequency of the multifrequency resonant network changes little,
and the frequency tolerance decreases as QL increases. This
means that although additional resonant tanks introduce more
ESR, they have little impact on resonant performance when QL

is high.
b) Output performance: ESRs lead to extra losses and

affect output power. Normalized output power considering ESR
versus coupling coefficient for different numbers of switching
frequencies is shown in Fig. 12. When n increases from 1
to 4, the output power in a given coupling coefficient range
decreases because of ESR. Losses will increase with the number
of switching frequencies and extra output power margin will be
needed at low coupling to compensate. In Fig. 12, for example,
the original target of 10% power variation expands to about 15%
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Fig. 12. Normalized output power considering series resistances versus the
coupling coefficient for different numbers of switching frequencies.

Fig. 13. Reactances of the secondary resonant network considering compo-
nent tolerance of Ls1 for different numbers of switching frequencies atα= 1.58,
kmax = 0.35: (a) n = 1, (b) n = 2, (c) n =3, and (d) n = 4.

as n increases to four, and maximum power drops by almost
10% at low coupling. The practical implication is that n = 4 is
probably an upper limit for a useful design.

2) Effect of Component Tolerances: Component tolerances
will affect resonance. Fig. 13 shows effects of ±10% component
tolerance in Ls1 based on (3). The plots show reactance versus
frequency for different numbers of switching frequencies at
α = 1.58 and kmax = 0.35. When Ls1 varies over this range,
resonant frequencies will change. The lower the frequency, the
lower the deviation from the ideal value. The maximum resonant
frequency variation occurs at the highest switching frequency
and decreases with more switching frequencies. Frequency tol-
erance will decrease as the number of switching frequencies
increases. For best performance, each switching frequency needs
a fine-tuned adjustment to maintain the desired output charac-
teristic.

3) Selection of the Number of Switching Frequencies: Selec-
tion of the number of switching frequencies is based on a tradeoff
between the target misalignment range, power variation, power
losses of additional resonant tanks, and component tolerance
effects. Fig. 12 motivates a limit n ≤ 4 based on power loss. In
previous single-frequency compensation [25], [26], the coupling
coefficient range is about 2:1 and the power variation is about
20%. In this article, based on comprehensive consideration of
power losses of the added resonant tanks, misalignment range,
and power variation, a two-frequency compensation circuit has

been designed over a 2.5:1 coupling coefficient range (the target
coupling range in this article is from 0.14 to 0.35) and 10% power
variation. Fig. 12 suggests that n= 3 would reduce output power
at low coupling by about 3% and could be feasible if the extra
loss can be accepted.

B. Parameter Design for the Proposed Topology

This section takes two-frequency compensation as an example
to present parameter selection based on inductor currents and
capacitor voltages. The currents through Lp2 and Ls2 at the
selected switching frequencies are⎧⎪⎨
⎪⎩
ILp21 =

Ip∣∣∣1−ω2
1Lp2Cp3+

Cp3
Cp2

∣∣∣ , ILp22 =
Ip∣∣∣1−ω2

2Lp2Cp3+
Cp3
Cp2

∣∣∣
ILs21 = Is∣∣∣1−ω2

1Ls2Cs3+
Cs3
Cs2

∣∣∣ , ILs22 = Is∣∣∣1−ω2
2Ls2Cs3+

Cs3
Cs2

∣∣∣
(16)

where ILp21 and ILp22 are currents through Lp2 at ω1 and ω2

and ILs21 and ILs22 are currents through Ls2 at ω1 and ω2. To
minimize the maximum inductor current, ILp21 (ILs21) should
match ILp22 (ILs22), so (16) becomes{

ILp21 = ILp22 = β1Ip
ILs21 = ILs22 = β2Is

(17)

whereβ1 andβ2 are ratios of the primary and secondary resonant
currents. It follows that the voltages across capacitors Cp2 and
Cp3 are⎧⎪⎪⎪⎨
⎪⎪⎪⎩
UCp21 =

ILp21

ω1Cp2
=

β1Ip
ω1Cp2

, UCp22 =
ILp22

ω2Cp2
=

β1Ip
ω2Cp2

UCp31 =
(
ω1Lp2 − 1

ω1Cp2

)
β1Ip,

UCp32 =
(
ω2Lp2 − 1

ω2Cp2

)
β1Ip

(18)

where UCp21 and UCp22 are voltages across Cp2 at ω1 and
ω2 and UCp31 and UCp32 are voltages across Cp3 at ω1 and
ω2. Analogous to the primary resonant circuit, voltages across
secondary capacitors Cs2 and Cs3 are⎧⎪⎪⎪⎨
⎪⎪⎪⎩
UCs21 =

ILs21

ω1Cs2
= β2Is

ω1Cs2
, UCs22 =

ILs22

ω2Cs2
= β2Is

ω2Cs2

UCs31 =
(
ω1Ls2 − 1

ω1Cs2

)
β2Is,

UCs32 =
(
ω2Ls2 − 1

ω2Cs2

)
β2Is

(19)

where UCs21 and UCs22 are Cs2 voltages and UCs31 and UCs32

are Cs3 voltages.
Take the primary circuit as an example. From (16)–(18),

voltages across Cp2 and Cp3 versus primary current ratio β1 are
shown in Fig. 14, where capacitor voltages have been normalized
to the input voltage Vin (this example uses 300 V). Fig. 14 shows
that higher current ratios reduce voltage rating requirements for
these four capacitors. A good choice of β1 is in the range 1.1
to 1.5. In this example, this ratio range keeps inductor currents
and capacitor voltages below about 3 per unit, which is much
lower than the previous method in Section III-B. This means
that the proposed method offers benefits in high-power IPT
systems compared to prior work. The same range applies to
β2. After selecting the current ratios of different inductors,
multifrequency circuit parameters can be determined from (3),
(13), and (16)–(19).
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Fig. 14. Voltages across Cp2 and Cp3 versus primary current ratio at
Vin = 300 V.

Fig. 15. DD structure for the proposed IPT system.

Fig. 16. Coupling coefficient characteristics versus axial misalignment, from
simulation results.

C. Design of the Loosely Coupled Transformer

The loosely coupled transformer transfers power through a
large air gap and seeks to maximize coupling coefficient and
quality factor. A double-D coupler has been used here to build the
IPT system because of its high flux path geometry [18]. ANSYS
MAXWELL was used to assist in the design. The geometry and
specifications of the DD structure design are shown in Fig. 15
and were used to implement the experiments.

Coupling coefficients with x-axis, y-axis, and z-axis mis-
alignment are shown in Fig. 16 for single-axis misalignment
based on nominal offsets x = 0, y = 0, and z = 150 mm. The
target coupling coefficient range of 0.14 to 0.35 corresponds to
maximum misalignment values in x-axis and y-axis directions
of about 360 and 135 mm, respectively. The range corresponds
to z-axis (air gap) distances between 150 and 260 mm. The
x-axis direction has the widest range and the z-axis direction has
the narrowest range because the magnetic field of the double-D
structure is polar and directional [18].

From (10), the power variation range depends only on the
coupling coefficient range. This means that other coupled struc-
tures can be used, although they will correspond to different

Fig. 17. Experimental platform for the proposed topology.

TABLE I
SPECIFICATIONS OF THE TWO-FREQUENCY TOPOLOGY

Fig. 18. Two-frequency compensation topology for the proposed method.

misalignment ranges. It also means that multiaxis misalignment
is cumulative in a simple manner. In Fig. 16, for example, a
y-axis misalignment of 50 mm will reduce k from 0.35 to about
0.32. This becomes a starting point for x-axis misalignment, and
so on.

V. EXPERIMENTAL RESULTS

A. Experimental Results

1) Experimental Results for Two-Frequency Compensation:
The 1.5 kW prototype IPT system shown in Fig. 17 was prepared
to test two-frequency and three-frequency operations. Specifi-
cations and parameters for two-frequency operation are given in
Table I. The two-frequency compensation topology is shown in
Fig. 18. Fig. 19 shows how primary and secondary inductances
change over the target coupling coefficient range. The values
change only about 1%, so they can be treated as constant
during operation. An SiC MOSFET module (SK25MH120TSCp)
forms the full-bridge inverter and four ultrafast soft
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Fig. 19. Coil inductances versus coupling coefficient for experimental system.

Fig. 20. Experimental results of output power for two-frequency compensa-
tion within the allowed coupling range at Ro = 60 Ω.

recovery diodes (VS-C4PU6006LHN3) form the rectifier
bridge. A TMS320F28335 processor generates switching sig-
nals. Film capacitors are used in the resonant tanks and resonant
inductors are designed based on [35]. Load resistances are
used at the output. Based on specifications in Table I, when
the coupling coefficient is between 0.22 and 0.35, switching
frequency f1 = 85.5 kHz is used. When the coupling coefficient
is between 0.14 and 0.22, switching frequency f2 = 135.1 kHz
is used.

Fig. 20 shows output power with two-frequency compensa-
tion over a coupling range from 0.14 to 0.35. The measured
output power variation was 1348 to 1470 W in the low coupling
range and 1347 to 1481 W in the high coupling range. The ouput
characteristics are consistent at these two switching frequencies,
and the power variation coefficient is below 10% over the entire
allowed coupling coefficient range. From (10), notice that a
single frequency over this 2.5:1 coupling range would have given
power variation of at least 30% instead.

Fig. 21(a)–(d) show experimental voltage and current wave-
forms for two-frequency compensation at switching frequen-
cies of 135.1 and 85.5 kHz for various coupling coefficients.
Fig. 21(a) and (b) show results at 135.1 kHz, when the coupling
coefficient is 0.14 and 0.22, respectively. Fig. 21(c) and (d)
illustrate results at 85.5 kHz, with coupling coefficients of 0.22
and 0.35, respectively. The system can maintain ZVS over the
allowed coupling range. At the coupling intersection, primary
current is lower for the higher switching frequency.

2) Experimental Results for Three-Frequency Compensa-
tion: An additional resonant tank was added to test three-
frequency compensation over the target coupling coefficient
range (0.14-0.35). Parameters for three-frequency operation are
given in Table II. The three-frequency compensation topology
is shown in Fig. 22. It should be mentioned that the current ratio
of Lp2 (Ls2) is matched at switching frequencies 1 and 2, and the

Fig. 21. Experimental waveforms for n = 2 at Ro = 60 Ω and different
coupling coefficients: (a) 135.1 kHz at k = 0.14, (b) 135.1 kHz at k = 0.22,
(c) 85.5 kHz at k = 0.22, and (d) 85.5 kHz at k = 0.35.

TABLE II
SPECIFICATIONS OF THE THREE-FREQUENCY TOPOLOGY

Fig. 22. Three-frequency compensation topology for the proposed method.

Fig. 23. Experimental results of output power for three-frequency compensa-
tion within the allowed coupling range at Ro = 60 Ω.

current ratio of Lp3 (Ls3) is matched at switching frequencies 2
and 3. When the coupling coefficient is between 0.26 and 0.35
(high coupling range), f1 = 85.5 kHz is selected. For 0.19 <
k < 0.26 (middle coupling range), f2 = 115.2 kHz is selected.
For 0.14 < k < 0.19 (low coupling range), f3 = 155.2 kHz is
selected.

Fig. 23 shows output power with three-frequency compen-
sation over a coupling range from 0.14 to 0.35. Output power
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Fig. 24. Experimental waveforms for n = 3 at Ro = 60 Ω and different
coupling coefficients: (a) 155.2 kHz at k = 0.14, (b) 155.2 kHz at k = 0.19,
(c) 115.1 kHz at k = 0.19, (d) 115.1 kHz at k = 0.26, (e) 85.5 kHz at k = 0.26,
and (f) 85.5 kHz at k = 0.35.

Fig. 25. Experimental transient waveforms for two-frequency and three-
frequency compensations with Ro = 60 Ω across a coupling intersection point.
(a) Two-frequency compensation at k= 0.22. (b) Three-frequency compensation
at k = 0.26.

variation was 1401 to 1453 W at low coupling, 1402 to 1454 W
at middle coupling, and 1421 to 1465 W at high coupling. The
power in low and middle coupling ranges is slightly lower as
ESRs increase with frequency. Over the target coupling range,
the maximum power variation is about 6.7%.

Fig. 24(a)–(f) show experimental waveforms for n = 3 with
various coupling coefficients. Fig. 24(a) and (b) show results
at 155.2 kHz, with k = 0.14 and 0.19, respectively. Fig. 24(c)
and (d) illustrate results at 115.1 kHz, with k = 0.19 and 0.26,
respectively. Fig. 24(e) and (f) show results at 85.5 kHz, with
k = 0.26 and 0.35, respectively. The system can maintain ZVS
over the allowed coupling range. At the coupling intersection,
the primary current of each higher frequency is lower than that
of each lower frequency. This will limit the primary current
range and supports lower device power ratings. The maximum
primary current with three frequencies is 14% less than with
two-frequency compensation.

3) Transient Process: Fig. 25(a) and (b) show transient
waveforms for two-frequency and three-frequency compensa-
tions at the coupling intersection point. The switching frequency
changes at the coupling intersection. The transient process is
completed within 0.35 ms for two-frequency compensation, and
within 0.5 ms for three-frequency compensation. The primary

Fig. 26. DC–DC efficiency for two-frequency compensation within the al-
lowed coupling range at Ro = 60 Ω.

Fig. 27. DC–DC efficiency for three-frequency compensation within the
allowed coupling range at Ro = 60 Ω.

current increases when each switching frequency drops because
the input impedance angle and reactive power increase. Experi-
mental results verify the expected system performance with the
proposed method.

4) DC–DC Efficiency:
a) Two-frequency compensation: Fig. 26 shows dc–dc ef-

ficiency for two-frequency compensation. Efficiency decreases
as coupling coefficient decreases. Efficiency in the low coupling
range varies from 86.8% to 92.7%, and the minimum and
maximum efficiency in the high coupling range are 91.1% and
94.6%. When k = 0.22 (at the coupling intersection), efficiency
at the higher switching frequency is higher because of the lower
reactive power and primary current. Efficiency in the high cou-
pling range is higher because the ESRs of primary and secondary
resonant circuits increase as the switching frequency increases.

b) Three-frequency compensation: Fig. 27 shows dc–dc
efficiency for three-frequency compensation. Efficiency de-
creases as coupling coefficient decreases for each switching fre-
quency. Efficiency ranges from 85.7% to 89.9% at low coupling,
from 86.4% to 90.5% at middle coupling, and from 90.9% to
94.1% at high coupling. As shown in Fig. 27, when k = 0.26
(at the coupling intersection), because of the higher inductor
currents and increased ESRs, efficiency at switching frequency
2 is a little lower than that at switching frequency 1. Efficiency
at switching frequency 3 is only slightly lower than that at
switching frequency 2. The maximum and minimum efficiencies
of three-frequency compensation are 0.5% and 1.1% lower than
those of two-frequency compensation.

Based on [37], loss analysis for two-frequency and three-
frequency compensations at k = 0.35 is shown in Fig. 28.
Power loss increases as the number of switching frequencies
increases. For two-frequency operation, the extra inductors
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TABLE III
COMPARISON TO RELATED RECENT WORK

Fig. 28. Loss analysis for two-frequency and three-frequency compensations
at k = 0.35. (a) Loss breakdown for two-frequency compensation. (b) Loss
breakdown for three-frequency compensation.

reduce efficiency by about 0.7%, whereas this value is 1.2%
in the three-frequency system.

With more switching frequencies, the power variation, max-
imum primary current, and reactive power will decrease over
the target coupling range, compared to conventional controls.
The efficiency will be slightly lower because of additional
resonant tanks. In practical applications, a tradeoff between the
target misalignment range, power variation, maximum primary
current, and power losses should be considered to select the
number of switching frequencies.

B. Comparison to Previous Topologies

Table III compares the capabilities of key prior solutions.
In [31], an S-S topology uses frequency control method 2 to
compensate misalignment. Although this method has the lowest
component count, device and component ratings are higher and
system efficiency drops rapidly because primary current and
reactive power increase as the coupling coefficient decreases. A
single-frequency topology based on X-type compensation was
used in [27], but the primary current and power variation increase
as coupling coefficient decreases, which limits the ability to

extend the misalignment range. Compared to [27], the proposed
method achieves a wider misalignment range, a narrower pri-
mary current range, and lower power variation with only three
additional passive components. The system in [29] combines
series and LCC compensation circuits, but the four-coil structure
only achieves x and z-axis misalignment tolerance. The proposed
method has the same component count as in [29], but can achieve
three-dimensional misalignment tolerance. The reconfigurable
topology proposed in [28] uses extra ac switches to change the
equivalent compensation, but power device ratings and isolation
challenges linked to these switches limit the ability to scale this
approach to high power. The proposed method replaces extra
switches and controllers with additional passive components
and keeps component and device ratings relatively low, which
benefits high-power applications. The approach in [28] is not
able to extend the misalignment range while enforcing limits on
power variation.

The proposed approach offers several advantages. Misalign-
ment is supported in all directions. Since there is a single output
power port, it is suitable for scaling to high power. With ad-
ditional resonant tanks, operation can employ multiple discrete
frequencies to extend the coupling range. The characteristics can
be determined in advance to support straightforward open-loop
frequency selection. The added resonant tanks will introduce
additional inductors, which will increase system volume, but
this could be a valid tradeoff as power levels increase. In future
work, integration of compensation inductors with the coil will
be explored. Magnetic integration has the promise to enhance
system power density.

VI. CONCLUSION

This article proposes a primary detuned multifrequency com-
pensation circuit and switching frequency operating method to
extend IPT system misalignment tolerance with limited power
variation. With multiple resonant frequencies, multiple inter-
secting power versus coupling coefficient curves at different
switching frequencies are constructed. The analysis showed that
power variation is linked directly to coupling coefficient range,
nearly independent of other parameters. The proposed approach
circumvents this characteristic by using multiple switching fre-
quencies to extend the misalignment range with constrained
power variation. Compared to single-frequency compensation,
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primary current and reactive power at low coupling can be
improved and power variation can be reduced substantially. In
the test example, two-frequency and three-frequency circuits
were selected to verify the analysis. The output power changed
by less than 10% over a coupling coefficient range from 0.14
to 0.35 for two-frequency compensation, whereas for three-
frequency compensation, the power change was about 6.7% over
the same coupling range. In the test system, the coupling range
corresponds to x-axis misalignment of up to 360 mm, y-axis
misalignment of up to 135 mm, and z-axis gaps from 150 to
260 mm.

A 1.5 kW prototype IPT system has been built to demonstrate
the feasibility and performance of the proposed approach. The
system can maintain ZVS over the allowed range of coupling co-
efficients. At the maximum coupling coefficient, peak efficiency
of two-frequency compensation is 94.6%, and efficiency exceeds
86% over the entire allowed coupling range. For three-frequency
compensation, efficiency ranges from 85.7% to 94.1% over the
entire coupling range.
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