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Guideline to Series—Series Compensation
Design and Bifurcation Mitigation in
Multimodular IPT Systems

Calvin Riekerk™, Graduate Student Member, IEEE, Jianning Dong ", Senior Member, IEEE,
and Pavol Bauer™, Senior Member, IEEE

Abstract— The compensation and high-efficiency operation of
the multimodular inductive power transfer (IPT) systems has
been a challenge because of the inter- and cross-coupling between
modular charging pads. This article analyzes the series—series
(S-S) compensation and the associated bifurcation problem
in multimodular IPT systems based on closed-form analytical
modeling of the coupled circuits. From the analytical results,
an improved compensation tuning method for multimodular
systems is demonstrated. This improved compensation addresses
the intercoupling between coils on the same side, in addition to
the self-inductance of the charging pad. As a result, the system’s
efficiency improves while also saving an extra capacitor com-
pared with other circuit-based decoupling methods. In addition,
a design guideline based on the sum of the coupling coefficients
including cross-coupling is derived to avoid bifurcation. The
phase angle of the input impedance is studied under various
scenarios, demonstrating the validity of the proposed design
guideline. Experimental results on a downscaled prototype show
that the improved compensation method enhances efficiency by
more than 2% compared with scenarios where intercoupling is
not compensated, and verification of the proposed bifurcation
mitigation guideline.

Index Terms— Bifurcation, cross-coupling, wireless power
transfer (WPT).

I. INTRODUCTION

HARGING heavy-duty vehicles, such as electric buses,

requires a high amount of power. This is especially the
case when fast charging is used. Inductive power transfer
(IPT) could make the charging progress significantly more
convenient by eliminating physical contacts. IPT has risen in
popularity in recent years [1]. There has been considerable
success in pushing the research in IPT systems to power
levels at 20 kW [2], [3], [4], [5] and above. However, high
power levels pose challenges to the design of power electronics
and charging pads, as they increase the current throughout
the entire system. This makes it challenging to achieve high
efficiency because of limited conductor areas and leakage field
constraints.
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Multimodular systems provide a simple solution by paral-
leling multiple one-to-one IPT systems together [6], [7], [8],
[9], [10]. In this way, it is unnecessary to put any resources
into redesigning a new IPT system for a higher power level
as would be mandatory for a large single-phase or three-phase
system.

Compared with conventional one-to-one IPT systems, the
multimodular system suffers from inter- and cross-coupling.
Intercoupling refers to the coupling between charging pads
on the same side, while cross-coupling refers to the coupling
between the Tx and Rx side of charging pads from different
modules. Both of them will affect the operation of the mul-
timodular IPT system, hindering it from optimal operation at
high efficiency, as elaborated as follows.

A. Intercoupling Between the Modules

Using multiple modules, it will result in multiple power
transfer paths between each module instead of only between
the Tx and Rx side. As a consequence, there will also be a path
between charging pads on the same side due to intercoupling.
Therefore, it will interfere with the power transfer efficiency
between the Tx and Rx side [11], [12], [13].

Several decoupling methods have been developed. An extra
capacitor in addition to the conventional S—S compensation
capacitor is placed in series in the high-frequency ac link
in [14], [15]. The value of this capacitor compensates for the
intercoupling between modules, but this comes at the cost of
an additional component in the circuit, therefore increasing the
system size. This is especially important for high-power sys-
tems where the physical size of the capacitors is large as they
have higher voltage and current ratings. Another circuit-based
method is adding an extra capacitor in the T-branch between
all the transmitters or receivers [16], [17], [18]. However,
as mentioned before, the extra capacitor comes at the cost
of an increased system size.

B. Bifurcation Due to Inter- and Cross-Coupling

Typically, a reasonably high coupling between the charging
pads is desired to maximize the efficiency of the magnetic
link. The bifurcation problem for conventional one-to-one IPT
systems has been extensively studied in [19] and [20]. In con-
trast, the inter- and cross-coupling present in multimodular
IPT systems introduce additional complexity to the analysis.
However, the expression of critical coupling for a one-to-one

2168-6777 © 2025 1IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: TU Delft Library. Downloaded on February 04,2026 at 08:11:12 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-5934-6039
https://orcid.org/0000-0003-2214-1472
https://orcid.org/0000-0002-1171-9972

RIEKERK et al.: GUIDELINE TO S-S COMPENSATION DESIGN AND BIFURCATION MITIGATION

IPT system as given in [19] is not directly applicable to a
multimodular IPT system. The added inter- and cross-coupling
when multiple modules are deployed could potentially result in
sending the system in bifurcation [21], [22]. This complicates
system control and can lead to the loss of zero voltage
switching (ZVS) in the H-bridge inverter, thereby increasing
overall system losses [19], [20]. The consequences of the
cross-coupling on the bifurcation limit for a three-phase sys-
tem have been found in [23]. However, there is no closed-form
solution for critical coupling that addresses cross-coupling.

To address the aforementioned challenges, an adequate
analytical model is essential to model the effects of the inter-
and cross-coupling. Li et al. [13] demonstrate that intercou-
pling introduces a circulating current, but their work does not
illustrate its impact on power transfer efficiency. Similarly,
Mai et al. [17] only explain how intercoupling is decoupled,
without providing an expression for its effect on efficiency.
Hossain et al. [11] analyze a modular IPT system consisting
of two modules and derive an expression for the system’s
power transfer efficiency. However, extending this expression
to systems with more modules makes it more unintuitive to
follow.

Based on the aforementioned challenges and literature
review, the following research gaps remain.

1) The current circuit-based decoupling methods all use an
extra capacitor increasing the overall system size.

2) There is currently no closed-form expression taking
into account the inter- and cross-coupling to determine the
critical point of bifurcation. This makes it hard to design a
multimodular IPT system that is bifurcation-free.

To fill the research gaps mentioned above, this article ana-
Iytically models a quadruple multimodular IPT system. Using
the closed-form equations derived from this analytical model,
the impact of inter- and cross-coupling between charging pads
on power transfer is evaluated. Based on the modeling effort
and the evaluation, the following contributions are made.

1) An improved S—S compensation tuning method is demon-
strated in a multimodular system.

2) A guideline on how to avoid bifurcation in a multimod-
ular system is proposed.

3) Validation of the improved compensation method and
bifurcation guideline is carried out on a downscaled multi-
modular IPT system.

This article is structured as follows. Section II describes
the investigated multimodular IPT system. Section III presents
the closed-form equations used to model the inter- and cross-
coupling, along with the improved compensation tuning and
bifurcation guidelines. In Section IV, a downscaled prototype
is constructed to compare the improved tuning method with
the conventional compensation tuning method in terms of
efficiency and to verify the proposed bifurcation mitigation
guideline. Finally, the conclusion is provided in Section V.

II. SYSTEM DESCRIPTION

The schematic of an arbitrary paralleled multimodular
IPT system is illustrated in Fig. 1. Here, L] denotes the
self-inductance of module i, where superscript g is either

T (transmitter) or R (receiver). Similarly, Ml.qj represents the
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Fig. 1. Schematic of a multimodular IPT system.
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Fig. 2.  Multimodular IPT system.

mutual inductance between modules i and j, with super-
script ¢ indicating T, R, or TR for coupling between two
transmitters, two receivers, or a transmitter and a receiver,
respectively. Synchronous rectification is used in the system to
enhance the efficiency of the secondary-side power electronics.
Furthermore, S—S compensation is used for its simple design,
which contributes to low input resistance and ensures that
current and compensation values remain independent of the
load and coupling coefficient [20], [24], [25].

The investigated configuration of the four charging pad
pairs is shown in Fig. 2 with its specifications detailed in
Tables I and II. The charging pads are arranged in a 2 by 2 con-
figuration, with a 10-cm separation to accommodate mechan-
ical constraints due to the casing. Each charging pad consists
of a copper shielding plate, ferrite bars of the material 3C95,
and a litz wire winding.

III. INTER- AND CROSS-COUPLING MODELING

The system described in Section II will be used to derive
a model for the inter- and cross-coupling using closed-form
equations. Using the equivalent model of Fig. 3 where Vnrelr
in (1) represents the reflected voltage of the receiver coils, Vnrezf
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TABLE I
SPECIFICATIONS OF THE CHARGING PADS

Variable Symbol | Unit | Primary | Secondary
Number of turns N - 13 11
Inner width of coil Win cm 29.572 33.666
Inner length of coil Lin cm 42.56 55.654
Outer width of coil Weoil cm 76.98 65.82
Outer length of coil Leoil cm 63.988 87.81
Gap between turns Sturn mm 1.8 2.6
Ferrite width Wree cm 4.32 4.32
Ferrite height Hge cm 1.64 1.64
Ferrite length Leng, cm 78.12 64.17
Number of ferrite bars | Ng - 9 9
Width of shielding Wi cm 76.98 65.82
Length of shielding Lgn cm 63.988 87.81
gap between coil gt mm | 030 3.24
ﬁg’ :t’fi’g&?; ferrite a5 mm | 2392 | 48.88
Thickness of shielding | tg, mm 1 1
TABLE II
INDUCTANCES OF THE MULTIMODULAR IPT SYSTEM
L/M [pH]
LIT:LQT:LizLZ 169.11
LE=LE=LE=LZ 154.23
MEIE = MIF = MLE = MTE | 54.423
Mllg = M}, 0.62598
ME = ME 2.8960
MLE = MIE 0.48531
MR = MLE 0.48062
ML, =ML 0.15485
1R3 = Mﬁ 1.3338
M, = MI 4.7901
M14R = M%;R 0.32460
MEE = MLFE 0.32333
MR = MLE 3.2818
MLE = MIE 3.2772
Mﬁ = ME 0.43974

Fig. 3.
module.

AC equivalent model for the multimodular IPT system of a single

in (2) represents the reflected voltage of the other transmitter
coils, Vn(?lc in (3) represents the open-circuit voltage of the
transmitter coils, and V.5 in (4) represents the open-circuit
voltage of the other receiver coils. Subscripts x,y, and z
denote the other three modules that are located close to
module n. Applying KVL on the equivalent model in Fig. 3,
the voltage equation describing the system’s electrical behavior
is given in (5). It is assumed that each of the four modules is
supplied from the same dc voltage supply using four perfectly
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synchronized inverters as in [11] and [13]

Vit = —jo(MIRIF + MIRIR + MIRIR + MIFIF)

z
Z

ey
Vi =—joML Il +M I+ M IT) 2)
VOr = jo(MIRIT + MIRIT + MIRIT + MIRIT) (3)
Vs = jo(MRIF+ MR T+ M3IE) 4)
Uss e
0 IR
A(1,2) B _
A E ®
Uas L
o | 1]
where A and B matrices are given by
ozl —eMI® M) —eMF
Ae.y) = —eMI® o zZF —eMF MK ©
Ml —eMIFzZT —ceM]®
| —eM[F eMf MR VAS
M, —cMIR M, —cM]F
B —eMI®  eME —eMIF cME -
cM2T3 —CMZT3R CMZT4 —cM2T4R
_—CM3TZR cMZR3 —CM472R clef1
c=jw (8)

where U,p is the output ac voltage of the H-bridge inverter,
IT is the transmitting ac current through module n and, IR is
the receiving ac current through module 7.
Assuming the self-inductances of the Tx and Rx pads are
fixed, the Tx impedance can be described as
2 2\7 T
zZy =R} + j[—(‘” )L } ©)
1)
where R! is the equivalent Tx resistance of module n, w is the
angular operating frequency, and wy is the angular resonance
frequency. The Rx impedance can be expressed as

2_ 2 LR
ZR = RF 4+ Ry + J[(“’—‘”O)} (10)
w
where RX is the equivalent Rx resistance of module n.
The equivalent load resistance is calculated as [26]
8 V2
Ripe = — -2 11
Lac 7'[2 Pout ( )

where Vg is the output dc voltage and P, is the output power
for each module.

The reflected impedance on one of the Tx-side modules
is given in (12), as shown at the bottom of the next page,
where M, M, , M/ represent the intercoupled mutual induc-
tances on the Tx side with module n. The terms Zs —Zp,
shown in (13), represent the impedance of the coupled mutual

inductances between the Tx side and the Rx charging pad of
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module n. While Zg—Zp, as shown in (14), depicts the effect
of the intercoupling between the Rx charging pads

7 MR MIE MR MR MR
Z | _ | MaF MIE MM v

gg My MYE MYS MR M

MIF MIR MIR MIR || MR

ZE 0 MR ME MRXITMIE
Zr | _ Mr0 ME ME || MER e

Zs M MY 0 ME || MIR

Zy M2 MY Mylrez 0 MR

The power transfer efficiency can be modeled using the
equivalent load resistance (11), reflected impedance (12), and
equivalent series resistances at the Tx and Rx sides as
_ R e(z;ef) RLac
 Re(Z') + RI Rua + RE

Npi 15)

Equations (11)—(15) can be used when it is assumed that
the current distribution at all the Tx and Rx modules is
even provided that the ratio between the main coupling and
inter- and cross-coupling is sufficiently high. The reflected
impedance in (12) could increase compared with a one-to-one
IPT system because of the additional mutual inductances due
to the cross-coupling. This looks beneficial at first glance as it
could improve the power transfer efficiency of a multimodular
IPT system. However, impedances Zp—Zpy caused by the
intercoupling on the Rx side negatively impact the real part
of the reflected impedance in (12), thereby reducing the
power transfer efficiency as shown in (15). Furthermore, (12)
indicates that the intercoupling caused at the Tx side gen-
erates additional reactive power compared with the reflected
impedance of a conventional one-to-one IPT system, leading
to additional losses.

A. Improved Compensation Tuning Method for a
Multimodular S-S Compensated IPT System

As presented in the above analysis, the intercoupling is
negatively affecting the multimodular IPT system, and as a
result, the loss will be increased as shown in (12) and (15).
To overcome this issue, an improved tuning method is used
for the compensation to suppress the intercoupling between the
modules in addition to the self-inductance. An improvement
can be made by tuning the already existing compensation
capacitor. The capacitors should be tuned according to the
following equation when S—S compensation is used:

X 1

N RV (16)
a)%(Lﬁ + Miy)
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where

Min = M

ne Moy + M, (17)
When the compensation is tuned this way, the portion of the
reflected impedance affected by the intercoupling in (12) will
be suppressed. This would be beneficial for the power transfer
efficiency described in (15).

Compared with other reported circuit-based decoupling
methods [14], [15], [16], [17], [18], the main contribution of
the improved tuning method is that it eliminates the need to
place an extra capacitor in the circuit in addition to the already
existing compensation capacitors, which benefits the overall
system size. This is particularly important for high-power

applications, where component size increases with power.

B. Bifurcation Caused by the Cross-Coupling With Multiple
Modules

The equivalent model in Fig. 3 shows that the cross-coupling
increases both the reflected and open-circuit voltages which
in turn affect the system’s input impedance. The phase angle
curve of the input impedance is used to determine whether
the system is in bifurcation. When this happens, it results
in multiple frequencies where the phase angle of the input
impedance is equal to zero and, among those frequencies, one
is the chosen resonance frequency [19], [20]. The inductive
region is the zone where the phase angle of the system’s input
impedance is positive. However, multiple zero crossings may
appear in the phase angle, making it harder to find and achieve
ZVS [23]. Solving the imaginary part of the input impedance
is necessary to determine whether the system’s phase angle
has multiple zero crossings. The imaginary part of the input
impedance is given by

(@~ af)LT

I(Zin) = =+ w(ZM;)
27(1)2 T
w%EM)%W + a)(EMz))
- W VLTN 2 (18)
RY+ (DY 4 oz y)
where the sums of the mutual inductances are given by
SM = MR+ MIF+ MR+ MIE (19)
IMy=MF +ME+MF (20)
SMy =M, + M) + M. 1)

The ratio of the self-inductances between the Tx and Rx
side is given by

(22)

T
gei o O ey b, L
7 R it T F A D T £

n

R R

1! I 17 17 17
Zp— >=Zg — LZH) + jwo(ﬁM,?x + ILTM,{,, + =M
n n

Iy Iy L

12)
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Considering the improved compensation tuning in
Section III-A, this can be simplified by neglecting the mutual
intercoupling as

(@ — )Ly

S(Zin) = TTSS (23)

where
> (EM)>N

2 2 VLTN\2
Ri o+ (242)

The sum of the mutual inductances between the Tx and Rx
side is given by

Tsszl_

(24)

$M = Sk,/LTLR (25)

where

Sk =kl kLKL ELE.

zn

(26)

By substituting (25) into (24) and solving it, the following
closed-form expression is obtained, specifying the critical sum
of the coupling coefficients for module n, which results in
bifurcation:

27

It is important to note that (27) can still be used under
misaligned conditions, as long as the positions of the same side
coils remain unchanged, being fixed on the vehicle or ground.
Consequently, the intercoupling remains nearly constant when
the coils are misaligned. However, the cross-coupling will
vary similar to the coupling between the same module coils.
As a result, the optimal equivalent ac load resistance will
decrease in the same manner as the sum of the coupling
in (26). Therefore, the proposed method remains applicable
for misaligned conditions, provided that the change in the
intercoupling remains minimal. To verify the closed-form
expression in (27), the phase angle of the input impedance
from the 5-kW IPT system described in Table I will be used.
In Fig. 4 the phase angle of the input impedance is plotted
for four different operating points: the sum of the coupling of
Table II, 90% of the sum of the coupling, the critical coupling
of the system, and when it is operated as a one-to-one IPT
system. It is observed from Fig. 4 that multiple zero crossings
appear when the coupling coefficient exceeds the critical limit
which agrees with the expression in (27). In addition, it is
illustrated that a bifurcation-free one-to-one IPT system can go
into bifurcation when it is part of a multimodular IPT system.

Bifurcation can cause the system to lose ZVS which will
reduce the overall efficiency of the IPT system. While such
a guideline exists for one-to-one IPT systems [19], it does
not apply to multimodular IPT systems due to the added
inter- and cross-coupling from multiple modules. Previous
work in [23] did not provide a closed-form solution, making it
unintuitive to determine whether a multimodular IPT system is
bifurcation-free. It is crucial for engineers to have a guideline
as proposed in (27) to easily determine whether the system is
bifurcation-free to prevent the loss of ZVS.
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Fig. 4. Phase angle of the input impedance of a 50-kW module operated

in parallel with three other modules, at 0.9 of its coupling, critical coupling,
and as a one-to-one IPT system.
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Fig. 5. Experimental setup of the downsized multimodular IPT system.
TABLE III
SPECIFICATIONS OF THE DOWNSCALED CHARGING PADS
Variable Symbol | Unit | Primary/Secondary
Number of turns N - 20
Inner width of coil Win mm 44.0
Inner length of coil Lin mm 44.0
Outer width of coil Weoil mm 146.0
Outer length of coil Leoil mm 146.0
Ferrite width Wree mm 28
Ferrite height Hge mm 4.1
Ferrite length Leng, mm 129
Number of ferrite bars | Ng - 3
Gap between coil
and ferrite 8ef mm 30

IV. EXPERIMENTAL VERIFICATION

A. Experimental Setup

To validate the theoretical analysis presented in Section III,
a scaled-down version of the setup has been constructed, which
includes H-bridge converters, compensation capacitors, and
charging pads. Due to limited resources, the system has been
downscaled. However, to ensure it remains representative, the
system is scaled to achieve similar per-unit parameters and
coupling coefficients.
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Fig. 6. Power transfer efficiency of a single module.
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Fig. 7. Power transfer efficiency of the four modules using conventional
compensation.
TABLE IV
MEASURED INDUCTANCES OF THE DOWN-SCALED
MULTIMODULAR IPT SYSTEM
L/M [pH] M [pH] M [pH]
LT 59.8907 ML, | 1.3928 MZ, 0.3178
Lit 59.848 MEE | 11768 MLE | 02763
Ly 59.9738 M | 0.8353 Mg, | 1.0298
1 7§R TR
LE 60.5607 M173 0.5480 MIE | 05795
L%; 60.3181 M], | 03143 MZIE | 0.2833
L;% 58.0948 MLE | 0328 M3 | 0.2883
L! 58.1566 MLE | 1.0118 MLE | 05730
L} 59.1183 M5 | 13323 M | 1.0573
ML | 17.5365 MLE | 05115 M, | 1.6283
MLE | 18.2194 M | 0.8605 MIE | 1.2805
MLE | 17.5365 MIE | 0.2605 MER | 1116
MLE | 18.3743 M | 0.3065 Mgt | 14118
TABLE V
MEASURED INDUCTANCES OF THE DOWN-SCALED MULTIMODULAR
IPT SYSTEM MISALIGNED BY 25 MM
L/M [pH] M [pH] M [pH]
LT 58.610 M7, | 14375 MT 0.4
Lit 59.032 MEE | 0.8675 MLE | 0.565
LT 59.059 1\4qu3 0.9175 Mi, | 078
LE 59.956 MlﬁR 0.87 MIE | 0.62
L%; 58.471 M, | 1755 MZEIE | 038
L;% 59.268 MLE | 03325 MPE | 038
Ll 58.217 MLE | 14775 MLE | 1.115
L} 57.941 M5 | 1675 M| 0.62
ML | 129223 MLE | 05 ML, | 1.203
MLE | 13,5323 M | 0.6725 MIE | 091
MIE | 12.1208 MLE | 1515 MEER | 1.645
MIE | 14.109 M | 0.5925 M3t | 1.535
Urrr:A ' Urms:w
38.4556 403561 !
\% AN
Irms4 IrmsS
14.8635 13.7358
A A
P4 P5
0.51750 0.50395
kW kW
fu4 Ld
97.382 86.802 ial
% kHz
Fig. 8.  Power transfer efficiency of the four modules using improved

compensation.

Instead of each module having its own converter, a single
H-bridge converter is used at both the Tx and Rx sides, as dis-

6845

TABLE VI

MEASURED COMPENSATION CAPACITANCES FOR BOTH CONVENTIONAL
AND IMPROVED METHODS OF THE DOWN-SCALED
MULTIMODULAR IPT SYSTEM

Conventional C [nF] | Improved C [nF]
CT 1 59.622 56.996
CE | 59.306 56.889
CT | 58.944 56.465
clt | 59711 57.162
CT | 59.498 57.011
ok | 59488 57.057
c? 59.008 56.812
CE | 59.374 56.907

TABLE VII

AC POWER AND POWER TRANSFER EFFICIENCY MEASUREMENTS
OF A SINGLE MODULE AND FOUR MODULES

Pinac W] | Pouac [W] | 71 [%]
Module 1 Aligned 147.90 142.22 96.159
Misaligned | 146.433 139.847 95.433
Module 2 Aligned 116.96 113.88 97.366
4 Misaligned | 156.383 149.664 95.703
Module 3 Aligned 119.729 116.60 97.385
Misaligned | 151.201 144.458 95.541
Aligned 119.23 115.09 96.526
Module 4 Misaligned | 149.743 | 142571 95211
Four modules Aligned 594.63 565.85 95.159
(Conventional) | Misaligned | 603.66 557.49 92.352
Four modules Aligned 517.50 503.95 97.382
(Improved) Misaligned | 597.69 569.96 95.361
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Fig. 9. Power transfer efficiency of a single module misaligned.
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Fig. 10. Power transfer efficiency of the four modules using conventional
compensation misaligned.

played in Fig. 5. The measurements of the downscaled coils
are shown in Table III. The litz wire used has 600 strands with
a strand diameter of 0.071 mm. The measured inductances
during aligned condition are shown in Table IV, and Table V
displays the inductances at an X and Y misalignment of
25 mm. These misalignment values are chosen so it would
create the same drop in coupling coefficient as misalignment
of 10 cm for the full power system. The film capacitors
(EPCOS B32671L) are used. The first two capacitors are
connected in series to ensure that the resonant capacitor is
able to withstand the voltage. The values of the measured
capacitances are presented in Table VI. Notably, the values
for the improved capacitance are only used when all the four
modules are connected in parallel.

Authorized licensed use limited to: TU Delft Library. Downloaded on February 04,2026 at 08:11:12 UTC from IEEE Xplore. Restrictions apply.



6846
Urms4 ) Urms5
32.6456
\%
Irms4 Irmsb
20.6494
A
P4 P5
0.59769
mn fu4
95.361
%
Fig. 11.

improved compensation.

Transmitter side

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 13, NO. 6, DECEMBER 2025

34.4696
v

18.1513
A

=
0.56996 i
kW i
Ll

85,01?(32 s

Power transfer efficiency of the four modules misaligned using

Receiver side

Individual Modules

Individual Modules

T 1419 A I Al s - 13.57 A

T IT R
rms,4 .3 rms, 4|
N o e [ N N N N

338A 339A327A 415A

Conventional Compensation

Z: 1696 A

Improved Compensation

395A 3.16A324A322A

Conventional Compensation

Improved Compensation

Fig. 12.

Measured rms currents of the individual modules, four modules

using the conventional compensation, and four modules using the improved
compensation during aligned conditions.
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Fig. 13.  Measured rms currents of the individual modules, four modules
using the conventional compensation, and four modules using the improved
compensation during misaligned conditions.

B. Improved Compensation Comparison

To illustrate the enhanced efficiency and reduction in circu-
lating currents of the improved compensation tuning method,
the power transfer efficiency and rms current are measured
using a power analyzer (Yokogawa WT5000) and compared
for the conventional and improved compensation methods at
aligned and misaligned conditions using the setup described
in Section IV-A. In addition, the efficiency of the individual
modules is measured. In addition, the waveforms of the
high-frequency ac voltage and currents of the improved com-
pensation during both the aligned and misaligned conditions
are measured. The measured efficiencies at aligned conditions
are shown in Figs. 6, 7, and 8, with all the efficiencies
compared in Table VII. The improved compensation tuning
method demonstrates an increase of more than 2% over

O [E iy G R
o
Uy [100 V/div] - 77710 A/div] 17710 A/div] I7[10 A/div] I7[10 A/div]

IR [50 A/div]
[ Push@:ov |
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U 1100 V/div]

! L] o)

Fig. 14. Measured waveform using the improved compensation during

aligned conditions.
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Fig. 15. Measured waveform using the improved compensation during
misaligned conditions.
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Fig. 16. Phase angle of the input impedance from the downscaled prototype
for three different load conditions.

the conventional compensation tuning method, representing a
significant upgrade, as discussed in Section III-A. An expected
drop in efficiency is observed when the system operates during
misalignment as shown in Figs. 9, 10, and 11. This trend is
consistent across other modules as indicated in Table VII. The
improved compensation tuning method enhances the efficiency
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Fig. 17. Measurements of the turn-on transition of the drain—source voltage
(Vps) and gate—source voltage (Vgs) of the H-bridge inverter at different
operating points in Fig. 16. (a) ZVS is achieved at operating point 1
where Tk = 0.3227 < Zkeit = (R]_ac/woLff) = 0.3495. (b) ZVS is
lost at operating point 2 where Xk = 0.3227 > Tk =
(RLac/a)oL,’f) = 0.2595. (c¢) ZVS is lost at operating point 3 where
Tk =0.3227 > Tkeie = (RLaC/a)oLf) =0.2151.

by more than 3% similar to the aligned case. The measured
circulating current obtained by the power analyzer is displayed
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in Fig. 12 for the aligned condition and in Fig. 13 for the
misaligned condition. In both the figures, it can be observed
that the total rms current of the improved compensation is
closer to the sum of the rms currents of the individual modules,
thus reducing the circulating currents. Finally, the waveforms
of the improved compensation during both the aligned and
misaligned conditions are presented in Figs. 14 and 15. The
combined current waveform at the Rx side is displayed due to
the limited available channels on the oscilloscope. Neverthe-
less, both the figures show that the system exhibits inductive
behavior as the Tx currents lag behind U4 5. Furthermore, this
indicates that the system is bifurcation-free. However, further
measurements are necessary to fully verify this.

C. Bifurcation Verification

To demonstrate the validity of the proposed bifurcation
guideline, the system described in Section IV-A will be oper-
ated under three different load conditions. The phase angles
of the input impedance of these load conditions are depicted
in Fig. 16. As anticipated, the system bifurcates when the
output voltage reaches 30 or 25 V. According to (27) in
Section III-B, the critical coupling of the system would
decrease with a reduced load. To verify whether the system
attains ZVS at these load conditions, the turn-on transition
of the drain—source voltage (Vpg) and gate—source voltage
(Vgs) of the H-bridge inverter are measured at the indicated
operating points in Fig. 16.

The measurements are shown in Fig. 17. ZVS is maintained
at operating point 1. This result agrees with Fig. 16 as
operating point 1 operates in the inductive region. In contrast,
ZVS is lost at operating points 2 and 3 as there is insufficient
turn-off current to discharge the output capacitance of the
MOSFET fully. These results also agree with Fig. 16 as both
the operating points are in the capacitive region. The previous
results validate the conclusions in Section III-B.

V. CONCLUSION

This article demonstrates an improved compensation tuning
method and proposes a design guideline to mitigate bifurcation
in multimodular IPT systems, aiming to enhance efficiency and
ensure ZVS. The approach is based on closed-form equations
to model the inter- and cross-coupling of a multimodular
IPT system. The analytical model shows that the improved
compensation tuning approach effectively compensates for the
intercoupling introduced by multiple charging pads. Based on
the analytical model of the multimodular IPT system, a critical
sum of the coupling coefficients is derived, which provides
a solution to a bifurcation-free design. The experimental
results indicate that the improved compensation tuning method
increases the power transfer efficiency by 2% under aligned
conditions and 3% when misaligned, compared with the
conventional compensation tuning method. Furthermore, the
proposed bifurcation mitigation guideline has been validated
using the experimental setup. Although this study focuses on
a quadruple modular IPT system, the presented principles and
guidelines are scalable to include more modules. These design
approaches can serve as valuable guidelines for designing
efficient and bifurcation-free multimodular IPT systems.
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