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A Clamp Circuit-Based Inductive Power Transfer System With Reconfigurable
Rectifier Tolerating Extensive Coupling Variations

Yang Chen
Zhengyou He

Abstract—Coupling variation tolerance is one of the most crucial
abilities of the inductive power transfer (IPT) system because the
variable coupling can dramatically degrade the output power. This
letter proposes a clamp circuit-based IPT system with a reconfig-
urable rectifier featuring high antimisalignment. The clamp circuit
can adaptively switch from one stable operating region to the other
according to the coupling coefficients. The reconfigurable rectifier
can work in half-bridge mode or full-bridge mode, which can build
another two adaptively switching stable operating regions such that
the proposed IPT system can provide nearly stable output power re-
sisting extensive coupling variations. A 400-W prototype was built
to verify the theoretical analysis. The experimental results indicate
that the output power fluctuation of the proposed method is only
5.98% when the coupling coefficient varies from 0.1 to 0.4 (400%),
and the system efficiency is from 86.1% to 94.3%. The proposed
method does not need complicated control or dedicated coil design,
and it can implement significant antimisalignment improvement.

Index Terms—Clamp circuit, coupling variation, inductive
power transfer (IPT), reconfigurable rectifier.

I. INTRODUCTION

LEXIBILITY is one of the attractive features of inductive

power transfer (IPT) since the position of the secondary
coil is frequently arbitrary [1], [2]. It can bring a large coupling
variation to the IPT system, leading to a reduction in transferred
power. Therefore, the IPT system should be equipped with the
crucial ability of misalignment tolerance.

Current preferred solutions for maintaining relatively stable
output power mainly include coil design and compensation
topology so the IPT system can have the inherent coupling-
insensitive capability. In coil design, the double-D coil [3],
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solenoid coil [4], and antiparallel windings [5], [6] are optimized
to build a relatively uniform magnetic field for the secondary
coil. However, these methods widely rely on strict design re-
quirements, and most of them only tolerate vertical or horizontal
offset. Besides, the hybrid compensation topology integrated
with two topologies, which have opposite trends in outputs
versus coupling, can improve misalignment tolerance [7]. The
integrations can be S—S and LCC-LCC topologies [8] or LCC-S
and S-LCC topologies [9]. Nevertheless, they require many
passive components, and the allowable misalignment directions
are limited. For a compensation topology, the transfer power
versus coupling coefficient (P—k) curve is determined once the
parameters are fixed. If the parameters of the compensation
topologies, such as X-S [10], S-S [11], LCC-S [12], and S-SP
[13], are specifically detuned, the top region of the P—k curve can
be relatively stable. To enhance the coupling variation tolerance,
a reconfigurable topology based on detuned compensation is
proposed to create a new P—k curve, so the top region is extended
[14]. Nevertheless, the output power fluctuation is about 10%
against a 250% coupling variation. It would be much better if
the power drop is further reduced with a more extensive coupling
variation range.

This letter proposes a clamp circuit-based IPT system with a
reconfigurable rectifier that tolerates significant coupling vari-
ations. The clamp circuit enables two P—k curves with stable
top regions owning adaptively switching according to the cou-
pling factor, and the reconfigurable rectifier altering from the
half-bridge mode (HBM) to the full-bridge mode (FBM) results
in the right shift of the two P—k curves such that the proposed
IPT system features highly robust power transfer versus signif-
icant variations of the coupling coefficient. The experimental
results with a 400-W prototype are presented to demonstrate the
misalignment performances of the proposed method.

II. THEORETICAL ANALYSIS

A. System Topology

Fig. 1 depicts the proposed clamp circuit-based IPT system
with a reconfigurable rectifier. U, (Us) and I, (Is) are the
high-frequency input (output) voltage and current of the S-S
topology. L,, (Ls) and C,, (Cs) are the primary (secondary) coil
and compensation capacitor. R, is the equivalent ac load. The
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Fig. 1. Proposed clamp circuit-based IPT system with a reconfigurable recti-
fier.

clamp circuit consists of a diode rectifier (D5—Dsg), a compen-
sation element C, and a clamp transformer, where L., L., and
M . are the self-inductances and mutual inductance. A capacitor,
for convenience, is used to represent the compensation element
C., which can be a capacitor or an inductor determined by its
parameter value. The reconfigurable rectifier is formed by a
diode rectifier (D1—D,) and a relay for reconfiguring purposes.
Four MOSFETs (Q1—-Q4) compose the high-frequency inverter,
and the relationship between input dc voltage E and U, is
expressed as follows:

E = 27U, /4. (1)

The secondary capacitor C, is designed to fully compensate
the secondary coil Ly, so we have

JXs = jwLs + 1/ (jwCs) =0 ()

where w is the angular frequency.
The impedances of the primary and the clamp loops are
given as

{Xp = Xrp — Xop + Xipe, Xs = b/ Xp X1

3)
Xc = XLC - XCw XMc = WMC

where X, =wL,, Xc,=1/wC)p, Xppe=wLpe, Xpc=wL,,
Xce = 1/wC., and k is the coupling coefficient.

B. Working Principle of the Clamp Circuit

If the primary current /,, is not so large, the amplitude of
U. will not exceed the input dc voltage E, which means the
clamp circuit is regarded as not conductive [15], and the system
operating as a detuned S—S topology can be described as follows:

JXp —JXum

UP — IP:| 4
[0:| [_]XM sz+Rac [IS ' ( )

Substituting (3) into (4), the output power P of the system
can be derived as follows:

R XX UZK?
X;%Rgc + (XLpXLsk2)2

S

which demonstrates that the output power can be treated as a
function of coupling coefficient k (0 < k <1), namely, Ps(k).

1943

By setting the derivative of Py(k) to 0, ie., P.(k)=
dP4(k)/dk = 0, we can obtain an inflection point k;yf

[ X, R
Kint = _p e 6
f XLpXLs ( )

The output power can reach the maximum value Py, at the
inflection point, namely
U2
Pomax = —2—. 7
= 5% (7
There is an induced voltage Ujpq. in the clamp circuit, and
|Uinde| can be derived as follows:

| Uindc | -

®)

\/XgRZC + X2, X2k

According to (8), when the coupling k decreases, the induced
voltage will become larger. If the amplitude of U, exceeds the
input dc voltage E, the clamp circuit is partly conductive, where
the current /. is relatively small, and the system still can be
considered as an S-S topology [15].

When the amplitude of U, further increases to more than
4E/m, the clamp circuit is regarded as conductive, in that case,
the system is described as

UP jXP _jX]W .]XMc Ip
0| =|—JXm JXs+ Ra 0 Is]. )
Up jXJ\/[c 0 .]X( Ic

Substituting (3) into (9), the output power P, of the system
is given as
RaeX1p X1 U2 (Xe — Xaze)”

-Psc =
(XJQ\/IC - XPXC)ZREC + (XCXLpXLsk2)2

= Ps. (k).

(10)
Similarly, we can acquire an inflection point k;,¢., where the
output power can reach the maximum value Pgyaxc, 1.€.,

(XX = X Rae
inf ¢ XcXLpXLs

(1)

2 2
Psmaxc = 2)(?17‘()()207 2‘2((]\/[;()2 . (]2)
p“re c“*Mec
According to the above-mentioned analysis, the P—k curves
of the clamp circuit-based IPT system can be roughly outlined
in Fig. 2. Letting Ps(k) = Ps.(k), there is an intersection at k;p
of the two curves and corresponding values are listed as

o Rac (XJWC - Xp)
klnt - \/ XLpXLs (13)
Xnre — X)) U?
P = it = %)y (14)

2X2 — 2X, Xpre + Xap,

Letting the maximum values of the two curves be equal, i.e.,
Ponax = Psmaxc, We can obtain

XpXIMc

X, = ——poMe
2X, — Xare

15)
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P—k curves of the clamp circuit-based IPT system with a reconfigurable

It can be found that the clamp circuit-based IPT system can
adaptively switch from one P—k curve to the other P—k curve
according to the coupling coefficients such that the stable output
region is expanded.

C. Working Principle of the Reconfigurable Rectifier

Unless otherwise stated, subscripts —h and —f indicate the
HBM and FBM. The reconfigurable rectifier has two working
modes [16]. When the relay is ON, the reconfigurable rectifier
works in HBM, and the corresponding ac load R,¢_5, 1S Rac.p, =
(2/7*)R .. When the relay is OFF, it operates in FBM, and the ac
load R,y satisfies Rycf= (8/7%)R 1, so we have Rac.f=4Roc .
Therefore, the reconfigurable rectifier can alter the ac load from
one value to the other.

Based on (6) and (11), if the ac load increases, the two P-k
curves will shift to the right, as shown in Fig. 3. Likewise, letting
Py (k) = Pg..f(k), there is an intersection at Kip;-ps of the two
power curves and the corresponding values are derived as

2Racfh (XMC - Xp)
kint—nf = 16
i \/ XLpXLs ( )

2 (Xpre — X,) U2
Psint—hf = < u - (17)

5X§ — SXPXJWC + 4X]2\/Ic'

Letting the output power Pg;y, at king_p, and the output power
Ping-ny at king- g be equal, i.e., Pging = Pgint-np» We can have

X, = (2 - \/5) Xare.

If the parameters are appropriately designed, the system can
operate at the top regions of the P—k curves with a relatively
small power fluctuation tolerating a large coupling variation.
When the coupling coefficient & is located in [kwyin, Kint-nfls

(18)
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Fig. 4. Flowchart of the relay control.

the reconfigurable rectifier works in HBM; when the coupling
coefficient k belongs to [kint-nf, kmax], the FBM operates.

The flowchart of the relay control is described in Fig. 4.
The output voltage U, and current /,, are measured to evaluate
the output power P,. By comparing the estimated P, with the
maximum and minimum power (Py,,x and Py ), the controller
determines whether the relay should turn ON or OFF. If the output
power does not satisfy the required power after the operation
of the relay (m > 2), the system should be stopped since the
coupling is beyond the variation range.

D. Parameter Design

In order to design the system parameters, some parameters
should be given first, including w, L, Lg, kin-nfs Psmax, and
Ry.

Then, substituting (18) into (16), X/, can be yielded as

7TQXLpXLskian —hf

Xnre = . 19
M 1 (\/5— 0 ks (19)
Combined with (19) and (18), X,, is given as
V22 X1, X 1 ok?
L= LpxLsRinf —hf ) (20)

4R L
Afterward, substituting (19) and (20) into (15), X is obtained
as
(a4 3v2) M2 X 1p X1k g
° 4Ry, ‘
Equations (19)—(21) present the key parameters of the pro-

posed IPT system, and the values of the components can be
acquired according to (1), (3), and (7).

2y

III. EXPERIMENTAL VALIDATION
A. Experimental Results

A 400-W experimental prototype, as shown in Fig. 5, is
constructed to validate the feasibility of the proposed approach.
The system parameters of the prototype are tabulated in Table I.
For the component element C., it turns out to be an inductor
calculated by (21) and (3), such that C.. is treated as one inductor
together with L.

Steady-state experimental waveforms of the output cur-
rent/voltage of the inverter and the input current/voltage of the
two rectifiers with different coupling factors are captured for
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Fig. 5. Schematic diagram of the experimental prototype.
TABLE I
IPT SYSTEM SPECIFICATION AND PARAMETER VALUES
Parameter Value Parameter Value
E 120 V w 21x200 kHz
L, 37.83 uH L, 37.29 uH
C, 15.75 nF Cs 16.98 nF
Ly 12.65 uH L. 57.29 uH
M, 16.66 uH Pinax 400 W
FKintne 0.2 Ry 24 Q

U, [100V/div
r~Er~E W P

VL1100V BLIOAEN]
Je iv
Ta |

I[1 A/(I;x']
(a) (®)

Uy [100V/divi,

I [2A/div]

© (d

Fig. 6.  Experimental waveforms of Uy, Ip, Us, I, U¢, and I.. (a) k = 0.39 in
FBM. (b) k = 0.22 in FBM. (¢) k = 0.18 in HBM. (d) k = 0.11 in HBM.

the FBM and HBM, respectively, as given in Fig. 6. In the FBM
with k = 0.39, the current /.. is relatively small and thereby the
clamp circuit is partly conductive, as shown in Fig. 6(a). With the
decrease of coupling factor, the clamp circuit is fully conductive,
as shown in Fig. 6(b), where k = 0.22. In the HBM, as shown
in Fig. 6(c) and (d), we can observe some similar situations.
Besides, the current I of the reconfigurable rectifier is almost
doubled to keep the output power nearly constant because the
voltage U, is halved when the mode is altered from FBM to
HBM.
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Fig. 7. Experimental results of the (a) output power and (b) efficiency of the
system with coupling variations.

The transferred power and corresponding system efficiency
from dc to dc with different coupling coefficients are outlined
in Fig. 7. When the coupling factor locates in [0.2, 0.4], the IPT
system operates in FBM, when the maximum power is about
397.8 W, and the minimum value is around 383.3 W. When the
coupling range is [0.1, 0.2], the half-bridge rectifier is active,
and the maximum and minimum power is about 381.9 W and
374.0 W, respectively. It can be observed that the output power
in HBM is a little lower than that in FBM, which is due to
the effects of the series equivalent resistance in the circuit and
tolerance of the system parameters. However, with the coupling
factor varying from 0.1 to 0.4, the power fluctuation of the IPT
system is only (397.8-374.0)/397.8 = 5.98%, demonstrating
that the proposed method can tolerate an extremely large cou-
pling variation with a slight power fluctuation. The measured
efficiency versus coupling coefficient is plotted in Fig. 7(b). The
efficiency of the IPT system in FBM is [87.4%, 94.3%] within
the coupling range of [0.2, 0.4], while the efficiency in HBM is
[86.1%, 92.6%] when the coupling belongs to [0.1, 0.2].

B. Discussion and Comparison

It should be emphasized that the proposed method differs
from [15], the idea of which is only to realize the self-adaptive
CC-CV charging for the battery based on the clamp circuit under
resonant conditions. However, this work is to achieve extremely
high-misalignment tolerance for the IPT system using a clamp
circuit and reconfigurable rectifier under detuned conditions.
The main contributions and implementation methods of these
two works are quite different.
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TABLE II
COMPARISON WITH OTHER METHODS REPORTED IN THE LITERATURE
Literature [7] [8] [9] [10] [11] [12] [13] [14] This work
Opzz;‘fyﬁe' 85kHz | 85kiHz 85kHz | 200kHz | 200kHz | 140 kiz 200 kHz 250 kHz 200 kHz
Coupling varia- 0.1-0.2 0.15-0.35 | 0.13-0.22 | 0.14-0.28 | 0.08—=0.2 | 0.16—0.32 0.21-0.36 0.1-0.25 0.1-0.4
tion (200%) (233%) (169.2%) (200%) (250%) (200%) (168.2%) (250%) (400%)
Fluctuation 10% 10% 10% 20% 20% 20% 10.6% 10% 5.98%
Output charac- Constant Constant Constant Constant Constant | Constant Constant Voltage Constant Constant
teristic Voltage power Voltage power power power or Current power Power
Maximum power 3.5kW 33 kW 3.5kW 100 W 70 W 450 W 300 W 400 W 400 W
Efficienc 92.8%— 85%-— 87.3%— 83.5%— 66%— 88.5%— 86%— 85.8%— 86.1%—
Y 90.7% 94% 94% 87.5% 73% 92.6% 94.8% 91.7% 94.3%
The fluctuation is defined as (maximum output — minimum output)/maximum output X 100%.
Besides, this work is not a specific design for the level of REFERENCES

industrial products. The experimental prototype aims to verify
the feasibility of the proposed approach, and the designed ex-
perimental setup does not yet reach the level of the commercial
product. Suppose that the proposed method is used to develop
a design for a particular application, in that case, researchers
should redesign the system according to the design method of
this work and practical design requirements.

Moreover, similar to [10], [11], [12], [13], and [14], the
detuned circuit design will increase reactive power, which can
be verified according to the phase angle between Uy, and I, from
Fig. 6. Therefore, the proposed method is suitable in low-power
applications, where steady and sufficient transfer power is the top
priority with extensive coupling variations [10], such as lighting
equipment and kitchen appliances [14], [17].

Finally, to show the superiority of the proposed method with
high-misalignment tolerance, the performance of the proposed
approach is compared with other methods, as presented in
Table II. Compared with all the methods [7], [8], [9], [10], [11],
[12], [13], [14], the output fluctuation of the proposed method
is the lowest, only 5.98%, and the allowable coupling variation
range is the largest, from 0.1 to 0.4. Besides, compared with the
methods [7], [8], [9], [12], [13], [14], the transfer efficiency
of this approach is also comparable and acceptable, and the
efficiency is higher than that of [10] and [11]. Therefore, the an-
timisalignment ability of the proposed clamp circuit-based IPT
system with a reconfigurable rectifier is significantly superior to
the other methods.

IV. CONCLUSION

This letter has proposed a clamp circuit-based IPT system
with a reconfigurable rectifier, owning high position tolerance.
Complicated control or dedicated coil design is not required. The
clamp circuit can automatically switch between conductive or
nonconductive (including partly conductive) conditions, which
creates two P—k curves with stable top regions. The reconfig-
urable rectifier can alter from FBM to HBM, transforming the
equivalent ac load from one value to the other, thus creating
another two P—k curves with stable regions. In this way, taking
advantage of the four curves, this letter realizes nearly stable
output power against an extensive coupling variation. The results
validate the outstanding coupling-insensitive ability of the pro-
posed approach, which is suitable for applications demanding
high mobility while the dc load is relatively fixed.
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