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Abstract—This article first presents a systematic extension of
second-order compensated inductive power transfer (IPT) convert-
ers, designed for achieving load-independent current (LIC) or load-
independent voltage (LIV) output, to third-order compensated IPT
converters through adding an inductor or capacitor at the input or
output side. Conditions on the parameters to achieve the required
output are given. Then, the system sensitivity to various parameter
fluctuation is analyzed. Results from sensitivity analysis provide
a convenient design guide for selecting parameters to achieve the
required LIV and LIC operation for higher order IPT systems with
fewer design constraints. Moreover, the analysis effectively reveals
the roles of extra input-side or output-side inductors and capacitors
in making the whole system less sensitive, and hence provides a
fast understanding of the choice of higher order compensation
circuits for applications addressing wide ranges of input variations,
transformer coupling, and compensation network changes.

Index Terms—Compensation, inductive power transfer (IPT)
converters, load-independent current (LIC)/voltage output,
sensitivity analysis.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) has been used in a variety
of applications such as battery charging in electric vehicles,

power supplies for consumer electronics, transcutaneous power
supplies, and so on [1]–[5]. In many practical applications, the
power supply terminals are required to provide either constant
voltage (CV) or constant current (CC), and in some applications,
such as battery charging, the power supply is required to provide
both CV and CC depending on the operating phase of the
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charging process [6], [7], as the equivalent resistance of the
battery varies significantly during the charging process. In order
to operate in a wide load range, various compensation topologies
are applied in IPT systems to achieve load-independent current
(LIC) and load-independent voltage (LIV) output. Research on
basic second-order compensation has already entered a mature
stage. It is well known that four basic compensation topologies,
namely, series/series (S/S), series/parallel (S/P), parallel/series
(P/S), and parallel/parallel (P/P) configurations, can achieve LIC
or LIV output at specific operating frequencies [8], [9]. Further
study of the basic compensation networks for both LIC and LIC
output has been conducted [10], and a series of optimization
design based on the second-order compensations have been
proposed [11]–[13]. Moreover, to enhance the operating range
and to combat parameter variations, higher order compensations
are used. For example, Fig. 1(a) shows four types of third-order
compensated IPT converters. In [14], a family of higher order
compensation topologies have been studied. While achieving
LIC or LIV output, these topologies, interpreted in terms of
transformer model (T-model) or mutual inductance model (M-
model), show good performance in combating the transformer
parameter constraints. Specifically, an LCL compensated IPT
system has been proposed to provide constant primary current,
which is particularly suitable for multipickup applications [15]–
[17]. Furthermore, an LCC compensation network has been
utilized to enhance the tolerance for lateral misalignment and
permits reduction of system size [18]. However, despite the many
individual reports focusing on the use of higher order compen-
sation in combating parameter variation [14], [19], [20], there is
still a lack of systematic analysis with clear physical meanings
that can guide engineers to design compensation circuits more
effectively. In the work of Lu et al. [21], sensitivity analysis of
voltage gain and efficiency to variation in system parameters
has been carried out for various topologies operating in CV
mode, aiming at simplifying the control algorithm and mini-
mizing additional converters. The essential connection between
second-order and higher order compensation circuits remains
unattended. Recently, the transformation between second-order
and third-order compensation circuits at the input side, based
on sensitivity analysis of selected topologies, has been briefly
discussed [22]. Up to now, no systematic analysis on the connec-
tion between basic second-order and higher order compensation
networks that can provide clear physical interpretations of the
roles of extra components in higher order circuits has been
reported.
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Fig. 1. Equivalent circuits of IPT converters with (a) basic second-order compensation circuits and (b) third-order compensation circuits with input voltage
termination. Voltage and current sources are general independent sources, and are ac in the context of IPT converters.

In this article, we attempt to make a clear connection of
higher order compensation circuits with the basic well-known
second-order compensation circuits, thereby offering a conve-
nient interpretation of the mechanism that contributes to the
widened operating range. Specifically, we start with the common
second-order compensation based on a two-port network model.
Then, we explore the transformation of second-order compen-
sation to third-order compensation through current source and
voltage source interchange, together with LIC and LIV output
conversion, which can be accomplished by adding an extra
inductor or capacitor to the input or output of the original basic
second-order compensation circuit. Furthermore, we examine
the sensitivity of the basic second-order compensation circuits
against input voltage and system parameters’ variation in com-
parison to third-order compensation circuits. In this article, we
focus our attention on practical applications where the input
is fed by a voltage source. Thus, we consider the input voltage
variation in the original basic second-order compensation circuit
being translated to input current variation in the new third-order
compensation circuit. Under this interpretation, we easily see
that the extra inductor serves to convert the voltage source
(which may be varying over a wide range) to a near constant
current source. Thus, the widening in operating range can be
systematically analyzed in terms of sensitivity of the circuits
against input voltage variation.

In short, given the set of second-order compensation circuits
being already so well understood, it is conceivable that gen-
eral design pathways can be constructed by extension of the
second-order compensation circuits, leading to specific third-
order compensation circuits achieving specific improved fea-
tures. Such design pathways should also provide a convenient
circuit theoretic basis on which appropriate third or fourth-
order compensation circuits can be conveniently constructed
to meet the specific desired functions such as widening the
input and load ranges and minimizing the effects of transformer
misalignments.

This article is organized as follows. Section II provides a
two-port model to illustrate basic transfer properties of IPT con-
verters. Section III presents connection between basic second-
order and third-order compensation circuits via extensions at
input-side or output-side. Section IV provides a novel viewpoint
based on sensitivity studies to infer useful design guidelines with
clear physical meanings. Performances of various compensation

schemes in the event of input changes and transfer character-
istics, with the required LIC or LIV output, are investigated
and compared. In Section VI, experimental results are given for
validation. Practical observations will be given throughout the
article, offering useful interpretation of the roles of additional
elements in higher order compensation. Finally, Section VII
concludes the article.

II. COMPENSATION CIRCUITS

A. Basics

Shown in Fig. 1(a) are the four commonly known second-
order compensation circuits for inductive power transfer. As
dictated by Kirchhoff’s laws, the input must be terminated by
a voltage (current) source when series (parallel) compensation
is applied at the primary side. Thus, from the circuit theoretic
point of view, the S/S and S/P compensation circuits require
an input voltage source, whereas the P/S and P/P compensation
circuits require a current source feeding the input. Moreover,
input voltage source is strictly prohibited for the P/S and P/P
circuits unless an inductor is connected in series with it, as
given in the LC/S and LC/P circuits shown in Fig. 1(b). These
extended circuits are third-order compensation circuits and are
rooted from the P/S and P/P circuits, though they can now be
fed by an input voltage source, like the S/S and S/P circuits.
Likewise, we can extend the S/S and S/P circuits at the load
(secondary) side, resulting in third-order compensation circuits
with voltage and current interchanged termination. As extra
circuit parameters are available in the third-order compensa-
tion circuits, the possible operating ranges are expected to be
widened, leading to improved design flexibility. In the following,
we will evaluate these third-order circuits as extensions of the
standard second-order compensation circuits in terms of their
sensitivity to input voltage variation and parameter fluctuations.
To keep our discussion practical, we will focus our attention
on compensation circuits that are designed for input voltage
termination.

B. Two-Port Network Model

To facilitate the analysis, the IPT converter is taken as a two-
port network, as shown in Fig. 2. The converter is driven by a
sinusoidal ac voltage source Vin, and loaded with an equivalent
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Fig. 2. Equivalent two-port network model of IPT converter with input voltage
termination. A1 is the primary-side compensation circuit, A2 is the coupled
inductor pair, and A3 is the secondary-side compensation circuit. Voltage and
current sources are general independent sources.

resistance RL. Here, LP and LS denote self-inductance of the
transformer at primary and secondary sides, respectively. Also,
M is the mutual inductance between LP and LS, and ω is the
operating frequency. The transfer characteristic of the network
can be expressed as [

Vin

Iin

]
= A

[
Vo

Io

]
(1)

where A denotes the transmission matrix of the two-port net-
work, and consists of three subnetworks, which are the primary
compensation A1, the T-model equivalent transformer A2, and
the secondary compensation A3. Thus, the second-order square
matrix A can be obtained by

A = A1A2A3 =

[
a11 ja12
ja21 a22

]
(2)

wherea11,a12,a21, anda22 are all real [20]. Using Io = Vo/RL,
Zin = Vin/Iin, and putting (2) in (1), the voltage gain Gv and
transconductance Gi of the IPT circuit can be derived as

Gv =
Vo

Vin
=

RL

a11RL + ja12
(3)

Gi =
Io
Vin

=
1

a11RL + ja12
(4)

where RL is the load resistance.

III. CONNECTING SECOND AND HIGHER ORDER

COMPENSATION CIRCUITS

A. Input-Side Extension

Voltage sources are commonly utilized as the input sources at
the primary side of IPT converters. With an additional inductor
in series with the input voltage source, a near constant input
current can be realized, which is equivalent to a current source,
as shown in Fig. 3(a). Specifically, the equivalent current source
reduces the order of compensation network from third-order
to second-order. In this case, the input-side series inductor L1

serves a unique role in maintaining a near constant or less
fluctuated current, as well as in reducing the sensitivity to
input variation. Thus, the design of the matching compensation
circuits in primary and secondary sides can be based on the
current source compensation.

Application of routine circuit analysis gives the input
impedance of LC/S and LC/P compensation circuits shown in
Fig. 1 as

Zin = jωL1 +
1

jωCP
‖
(
jωLP +

ω2M2

ZS

)
(5)

Fig. 3. Transformation of (a) input voltage source to input current source and
(b) LIC output to LIV output between second-order and third-order compensa-
tions.

Fig. 4. Transformation from second-order to third-order compensation at
primary side.

where ZS−S = jωLS + 1
jωCS

+RL for the LC/S compensated

circuit, and ZS−P = jωLS + 1
jωCS

‖ RL for the LC/P compen-
sated circuit. Then, the input current of the LC/S compensated
circuit can be calculated as

Iin =
Vin

jω (L1 − LP) +RLLP
2/M2

. (6)

According to the properties listed in Table I, since the system
operates at the resonance frequency, we can obtain the condi-
tion of L1 of the LC/S compensated circuit for achieving near
constant input current as follows:

k2 (L1/LP − 1)QL−S � 1. (7)

Likewise, the L1 in the LC/P compensated circuit should
satisfy

k2L1

(1− k2)2LP

QL−P � 1 (8)

where QL denotes the quality factor of load. Also, QL−S=
ωLS

RL

and QL−P = RL

ωLS
.

Fig. 4 illustrates the basic compensation topologies according
to the type of input source. The topologies for voltage source
input include S/S and S/P compensation circuits, and those for
current source input include P/P and P/S compensation circuits.
Interchanging Thévenin and Norton representations, S/S circuits
can be converted to P/S circuits when L1 > βLP, via LC/S
circuit. Likewise, S/P circuits can be converted to P/P circuits
when L1 > αLP, via LC/P circuit. Here, α and β denote the
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TABLE I
BASIC PROPERTIES OF VOLTAGE-INPUT COMPENSATION CIRCUITS UNDER LOAD-INDEPENDENT OUTPUT CONDITIONS (LIV OR LIC) AND HIGHER ORDER

EXTENSIONS AT INPUT AND LOAD SIDES. k = M/
√
LPLS.

ratio of L1 to LP. In practice, the constant input current can be
achieved when α or β exceeds 10 [22]. The main function of L1

is to realize a near constant current input, and hence to ensure
that the compensation network works well over wider input and
load variation ranges.

B. Load-Side Extension

The principle of voltage-current interchange can be applied
at the load side in a likewise manner. For the LIC output
scenario, with an additional capacitor in parallel with the load
RL, as shown in Fig. 3(b), the output voltage can be kept nearly
constant. Similarly, in a third-order compensation network, with
C2 connected in parallel with RL, the combined C2‖RL load
serves as an equivalent capacitive load ZL, which reduces the
order of compensation circuit to second-order. In this case, the
secondary-side parallel capacitor C2 converts the LIC output to
an LIV output by extending the second-order compensation to
third-order compensation.

In order to achieve a constant output, basic operating condi-
tions listed in Table I should be satisfied. For the S/SP circuit
extended from an S/S circuit, using (2) and (3), the voltage gain
can be expressed as

Gv−S/SP =
1

ω2MC2

(
1− j

ωC2RL

) . (9)

It can be readily obtained that S/SP compensated circuit can
achieve LIV output when

ωC2RL � 1. (10)

Likewise, for S/PS circuit extended from S/P circuit, the
transconductance can be calculated as

Gi−S/PS =
LS

RLM
(
1 + jωL2

RL

) . (11)

To achieve LIC output, the system parameters need to satisfy

ωL2

RL
� 1. (12)

Based on the above extension at both the input side and
the output side, a fourth-order LC/CL compensation can be
obtained, with operating conditions and transfer characteristics
shown in Table I. The above theoretical analysis shows that when
operating at a fixed frequency, a larger capacitor (inductor) in
parallel (series) at the load side helps maintain a constant output
voltage (current).

IV. SENSITIVITY ANALYSIS

In this section, we compare basic second-order compensation
circuits with the extended compensation circuits in terms of the
sensitivity against system parameters’ fluctuation, the aim being
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to establish the performance difference between higher order and
second-order compensation circuits.

From (3) and (4), we see that the circuit can achieve LIV
output when a12 = 0, and LIC output when a11 = 0. Thus, the
transfer characteristics that satisfy load-independent (LI) output
conditions can be obtained, as shown in Table I, where LC/S
(LC/P) denotes compensation with inductor-capacitor on the
primary side and a capacitor in series (parallel) on the secondary
side, S/CL denotes compensation with a capacitor in series on
the primary side and capacitor-inductor on the secondary side.

To compare the differences of extended higher order compen-
sations with basic second-order compensations in terms of the
influence to output when system parameters fluctuate, here we
define the sensitivity of topology A’s output against variation of
parameter x as S(x)A, i.e., for voltage output cases, we have

Sv(x)A =

∣∣∣∣ΔVo(x)A
Δx

∣∣∣∣ . (13)

Then, the sensitivity ratio of topology A to topology B with LIV
output against variation of x can be expressed as

λv(x)A−B =
Sv(x)A
Sv(x)B

=

∣∣∣∣ΔVo/Δx|A
ΔVo/Δx|B

∣∣∣∣ . (14)

A. Sensitivity to Input Voltage

According to (13) and (14), the sensitivity ratio λ of LC/P
compensation circuits to S/P compensation circuits against input
voltage variation can be expressed as

λv(Vin)LCP−SP =

ΔVo

ΔVin

∣∣∣∣
LC/P

ΔVo

ΔVin

∣∣∣∣
S/P

=
Gv−LC/P

Gv−S/P
. (15)

Thus, for input voltage variation, the LC/P circuit is less sensi-
tive than the S/P circuit when λi(Vin)LC/P−S/P < 1. Likewise,
the LC/S circuit is less sensitive than the S/S circuit when
λv(Vin)LC/S−S/S < 1. According to the expressions of transfer
ratios listed in Table I, the above conditions can be further
expressed as

L1 > 2LP ⇒ LC/S less sensitive than S/S for LIC
L1 > kLP ⇒ LC/S less sensitive than S/S for LIV
L1 > M ⇒ LC/P less sensitive than S/P for LIC
L1 > (1− k2)LP

⇒ LC/P less sensitive than S/P for LIV.

(16)

The connection between third-order compensation and
second-order compensation can be conveniently established in
terms of the sensitivity ratios. Here, we clearly see that compared
with the second-order S/S circuit, the extended third-order LC/S
and LC/P circuits have a widened input voltage range, by virtue
of their input current source characteristic.

B. Sensitivity to Transformer and Compensation Parameters

Based on the above analytical results of LI output expres-
sions and corresponding conditions, the impacts of variations of
system parameters LP, CS, and k are considered in this section.

TABLE II
PARAMETERS OF IPT CIRCUITS FOR SIMULATION

Based on the definition given in (13) and (14), the sensitivity
with respect to specific parameters for the topologies listed in
Table I can be obtained. For parameters at the primary side, CP

is a designed parameter (value) determined by the operating
condition as listed in Table I. We will assess the variation
of LP (transformer parameter) which is considered as system
parameter here. Taking LC/S and S/S circuits with LIV output
as examples, we substitute the Gv expressions of LC/S and S/S
in Table I by (13) and (14), the sensitivity ratio with respect to
LP fluctuation is given by

λv(LP)LC/S−S/S =
kLP

L1
(17)

According to the analysis given in Section III, the induc-
tance of L1 should be larger than LP to achieve the desired
constant input current. Thus, it can be readily observed that
λv(LP)LC/S−S/S is always less than one, meaning that an IPT
converter compensated with LC/S performs better in tolerance
and robustness than the S/S counterpart when LP fluctuates.
Similarly, S/P circuits with input-side extension, and other
output-side extension can also be analyzed and compared in
terms of the sensitivity to LP, as shown in Table I. Fig. 5(a)
and (b) illustrates the effects on the transfer ratio of various
compensation networks when LP changes, using the data listed
in Table II. Normalization of data is applied here to clearly see the
differences of sensitivity among the topologies. Both analytical
and simulated results show that for the LIV output situation,
the LC/S compensated circuit presents a higher tolerance to LP

variation compared to the S/S counterpart under the same operat-
ing condition. Likewise, for the LIC output situation, the LC/P
and LC/CL compensated circuits perform better than the S/P
circuit in terms of the tolerance to LP variation under the same
operating condition. This reveals that the input-side extension
can be applied to widen the tolerance range of parameters and
thus improve the robustness of the system during operation.

For parameters at the secondary side, assuming that the pri-
ority of achieving load-independent (LI) output is higher than
that of zero phase angle input, the effects of capacitor CS’s
fluctuation are discussed as follows.

Take the S/S and the extended S/SP compensation circuits
as examples. For the S/S compensated circuit with LIC output,
according to the transfer matrix given in Section III and (3), LIC
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Fig. 5. (a) Normalized voltage gain versus normalized primary inductor LP for S/S, LC/S, and S/SP compensated IPT circuits with LIV output. (b) Normalized
transconductance versus normalized primary inductor LP for S/P, LC/P, S/PS, S/CL, and LC/CL compensated IPT circuits with LIC output. (c) Normalized
voltage gain versus normalized secondary capacitor CS for S/S, LC/S, and S/SP compensated IPT circuits with LIV output. (d) Normalized transconductance
versus normalized secondary capacitor CS for S/P, LC/P, S/PS, S/CL, and LC/CL compensated IPT circuits with LIC output. (e) Normalized voltage gain versus
normalized coupling coefficient k for S/S, LC/S, and S/SP compensated IPT circuits with LIV output. (f) Normalized transconductance versus normalized coupling
coefficient k for S/P, LC/P, S/PS, S/CL, and LC/CL compensated IPT circuits with LIC output.

can be achieved by satisfying

a11 =
LP

M
− 1

ω2MCP
= 0. (18)

Now, putting (18) in (4), the transfer ratio Gi can be found as

Gi−S/S = j
1

ωM
(19)

which is also given in Table I. It can be readily observed from
the above calculation that secondary compensated capacitor CS

has almost no effect on the S/S compensation with LIC output.
However, in the LIV output scenario, substituting the primary
compensation condition and the operating frequency into (3),
we get the LIV condition as

a12 =
jkLP(ωo

2LSCS − 1)

ωMCS
(20)

which means that the transfer ratio of S/S compensation with
LIV output varies with the variation of CS.

For the S/SP compensated circuit, since LIV output can be
achieved with operating parameters of the basic S/S circuit with
LIC output, the corresponding LIV condition is the same as given
in (18). Combining withGv expression in (9), it can be observed
that the output of the S/SP compensated circuit is theoretically
independent of the CS value.

Likewise, the S/P compensated circuit with output-side exten-
sion and with other input-side extension can also be analyzed in

terms of the sensitivity to CS, as shown in Table I. To illustrate
the theoretical results more clearly, numerical simulations are
performed, as given in Figs. 5(c) and 5(d). The parameters listed
in Table II are used in the calculations. From Fig. 5(c), the results
reveal that by adding a capacitor in parallel at the output side,
the S/S compensated circuit can convert LIC to LIV output,
still maintaining a high tolerance to CS fluctuation. Similarly,
Fig. 5(d) shows that with an additional capacitor or inductor in
series at the output side, the conversion of LIV to LIC preserves
the high tolerance toCS variation of the S/P compensated circuit.

Based on the above analysis, it can be observed that various
compensation networks possess different sensitivities to trans-
former parameter changes. In practice, apart from the fluctuation
in circuit components, the gap width and lateral misalignment
between the primary coil and the secondary coil may also
vary during the operation. Such changes can be considered as
variation in coupling coefficient k. According to Table I and (3),
the S/SP compensated circuit can achieve higher voltage gain
than the S/S compensated circuit when the system parameters
satisfy

ω2MC2 < 1. (21)

Considering that the operating frequency ω and capacitor C2

need to meet the LIV condition, as per (10), requiring a relatively
large value of C2 when ω is fixed, the above condition can be



LIU et al.: GENERAL PATHWAYS TO HIGHER ORDER COMPENSATION CIRCUITS FOR IPT CONVERTERS VIA SENSITIVITY ANALYSIS 9903

Fig. 6. Experimental LC/S compensated IPT converters.

Fig. 7. Experimental S/S and extended S/SP compensated IPT converters.

TABLE III
PARAMETERS OF IPT CIRCUITS FOR EXPERIMENTS

UNDER LIV OUTPUT CONDITION

Fig. 8. Ratio of input-voltage-to-output-voltage sensitivity of LC/S to that of
S/S compensation circuits.

further expressed as

M <
1

ω2C2
. (22)

Likewise, for the S/PS compensated circuit, comparing the
output expressions listed in Table I, a higher output current can
be obtained if

LS
2

ML2
> 1. (23)

Analytical results are shown graphically in Fig. 5(e) and
(f), which shows explicitly that the S/SP compensated circuit
performs better in transferring higher voltage than the S/S
compensated circuit with same system parameters and loosely
coupled transformers. Moreover, the S/PS compensated circuit

Fig. 9. Experimental waveforms of (a) S/S compensated and (b) S/SP com-
pensated IPT converters when load resistance varies from 10 Ω to 50 Ω.

Fig. 10. Output current or voltage versus load resistance for S/S and S/SP
compensated IPT converters showing sensitivity to load change.

possesses a higher transconductance than the S/P circuit under
the same operating condition.

V. GENERAL PATHWAYS TO HIGHER ORDER

COMPENSATION CIRCUITS

From the foregoing discussions, we can readily connect
systematically the basic second-order compensation circuits
and the higher order compensation circuits according to the
extensions and the expected characteristics. First, we recognize
that a higher order circuit allows more flexibility in design
due to the extended parameter set, and if appropriate values of
parameters and topologies are chosen, desirable characteristics
can be achieved, as summarized below for the input voltage
terminated IPT circuits.



9904 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 9, SEPTEMBER 2021

Fig. 11. Measured normalized voltage gain versus (a) normalized LP, (b) normalized CS, and (c) normalized coupling coefficient k of S/S, LC/S, and S/SP
compensated IPT converters.

1) The S/S and S/P compensation circuits are the two basic
types of compensation circuits that cater for input voltage
termination.

2) Sensitivity to variation in the input voltage and primary
inductance improves significantly if the input is converted
to a current source by connecting upfront an inductor in
series. The resulting circuits are LC/S and LC/P config-
urations, which are effectively current-fed P/S and P/P
circuits. The range of input voltage is widened due to the
near constant input current. The extended circuits become
more tolerant to inductance LP fluctuation because of the
change of compensation conditions at the primary side.

3) The output-side LIC-LIV and LIV-LIC conversions con-
tribute to maintaining the high tolerance to fluctuation
of the compensation component CS. Specifically, the S/S
topology achieves LIC with optimized low sensitivity to
CS fluctuation. To preserve the simple advantage but serve
an LIV application, one may extend the secondary side
to S/SP to achieve LIV, which preserves the near zero
sensitivity to CS variation.

4) The input-side and output-side extensions based on the
basic second-order compensation topologies can be sys-
tematically applied to widen the coupling range, and hence
to provide a higher degree of freedom for choosing param-
eter values. Specifically, output-side extensions perform
well with loosely coupled transformers. This means that in
situations where high capacity is needed to address varying
misalignment and transfer gap, the output-side extension
topologies can be considered.

VI. EXPERIMENTAL VALIDATION

To validate the analysis presented above, S/S, LC/S, and S/SP
compensation circuits are constructed, as shown in Figs. 6 and
7. The inverter, shown in the yellow dashed box, consists of
MOSFET VT1 to VT4, using C2M0080120. The rectifier, shown
in the blue dashed box, consists of diodes D1 to D4 which are
implemented by IDH08G65C6XKSA. The filter capacitor Cr is
5 μF. The specific parameters listed in Table III are used in our
experiments.

Fig. 8 shows the analytical and measured sensitivity ratio of
LC/S circuit to S/S circuit against input voltage variation under

LIV output condition. Compared with the analytical results of
λv(Vin)LC/S−S/S, the measured results show a higher sensitivity
when L1 is small. The reason is that a small series inductor does
not guarantee near constant input current, and the sensitivity
of the circuit with an input-side inductor will change dramat-
ically when the inductance value is small. When the value of
λv(Vin)LC/S−S/S equals 1, the sensitivity of the output to input
voltage variation of the LC/S topology is the same as that of the
S/S topology.

Fig. 9(a) and (b) shows the transient waveforms when the load
resistance is stepped from 10 Ω to 50 Ω in the S/S compensated
converter, and the S/SP compensated converter is extended
by S/S compensation, respectively. It is found that the output
current of the S/S converter and the output voltage of the S/SP
converter are almost unchanged as the load resistance varies.
This matches well with the analytical results. Fig. 10 shows the
measured output current of the S/S compensated converter and
the output voltage of the S/SP compensated converter versus
the load resistance. The results show that by adding a capacitor
in parallel at the output side, a constant current output can be
converted to a constant voltage output.

To facilitate comparison of different topologies, normalized
values are used. In particular, we normalize values of inductance,
capacitance, and coupling coefficient with respect to the resonant
point, with the corresponding voltage gain and transconductance
being set to 1. Thus, the universal range from 0.8 to 1.2 can be
used for comparison instead of the actual values. Fig. 11(a)–(c)
demonstrates the measured normalized voltage gain versus the
normalized value of LP, CS, and k of the experimental S/S,
LC/S, and S/SP compensated converters with LIV output, re-
spectively. Here, the variation of the value of k is achieved by
changing the gap of the transformer in the IPT converter. It can
be readily observed from Fig. 11(a) that the LC/S topology is
capable of maintaining a relatively constant output for a larger
LP variation. This means that the input-side extension helps to
make the IPT converter less sensitive against variation of LP at
the primary side. Likewise, in Fig. 11(b), when the normalized
value ofCS changes from 0.8 to 1.2, the normalized voltage gain
of the S/SP compensated converter changes very little compared
with the other two converters, verifying that the output-side
extension serves to reduce the system sensitivity to variation
of CS at the secondary side. Fig. 11(c) illustrates that when k
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decreases, the voltage gain of the S/SP topology increases, while
the other two topologies show different rates of decline in voltage
gain. Thus, compared with second-order compensated circuits
and their input-side extensions, the output-side extensions per-
form better in maintaining constant output voltage when the
transformer has a loose coupling or large misalignment. The
above experimental results agree with the analytical results.

Thus, we have clearly seen the connection from second-order
to third-order compensation circuits, and the parameter condi-
tions under which both widening the range of input voltage and
converting LIC output to LIV output can be achieved. In addi-
tion, the system sensitivity of output to parameter fluctuations
are shown to be improved by extending second-order to higher
order compensations.

VII. CONCLUSION

The literature abounds with numerous design examples of
higher order compensation circuits for inductive power transfer
converters that address the variation of parameters and improve
the operating range for the applications concerned. It is generally
accepted that higher order circuits offer better flexibility and
higher degree of design freedom by expanding the parameter
space. Specific applications require combating variation of spe-
cific variables or parameters such as input voltage variation,
load variation, and transformer’s coupling variation. In much of
the reported work, specific topologies were proposed with de-
tailed analytical equations derived corresponding to the specific
topologies. However, a general circuit theoretic pathway leading
to a suitable design for specific application is neither available
nor well understood.

This article presents a new perspective of higher order com-
pensation circuits based on sensitivity analysis, and compares
the sensitivities of various compensation topologies with the
basic second-order compensation circuits in terms of input
voltage change, design parameter change, and coupling range.
The analysis presented here provides a convenient connecting
pathway from second-order circuits to higher order circuits,
mapping each type of topological extension with the specific
performance outcome. In practice, the presented analysis offers
a quick design guideline for deriving higher order compensation
circuits capable of enhancing specific performance areas such
as widening of input and load ranges. Specifically, the results
show that adding an inductor or capacitor at input side and
output side of a second-order circuit in specific fashions can
effectively reduce the sensitivity of the system to parameter
variation, provided the added inductor or capacitor exceeds
a certain value. In addition, with higher order compensation
at the output side, the system can achieve a higher voltage
gain. Furthermore, with a certain range of the inductance in
series (or capacitance in parallel), a voltage source (constant
current output) can be made equivalent to a constant current
source (constant voltage output). The proposed perspective of
topological extension from second-order compensated circuits
offers a simple and effective basis for understanding how higher
order compensation circuits combat parameter variation.
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