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Abstract—Inductive-power-transfer (IPT) converters should de-
sirably achieve nearly zero reactive circulating power, soft switch-
ing of power devices and load-independent constant output voltage
or current with optimized transfer efficiency, and lowest compo-
nent ratings. However, the load-independent output characteristic
is dependent on IPT transformer parameters and their compen-
sation. The space-constrained IPT transformer restricts the de-
sign of the low-order resonant circuit compensated IPT converter,
making the IPT converter hard to optimize. This paper will an-
alyze conditions under which any extra design freedom can be
allowed for a double-sided LC compensation circuit in order to
achieve load-independent output and zero reactive power input.
A detailed analysis is given for the double-sided LC compensa-
tion achieving zero reactive power input and constant current
output, without being constrained by the transformer parame-
ters. Design conditions of the compensation circuit parameters for
achieving these two properties are derived. A complementary LC-
CC compensated IPT converter is further proposed to extend the
output current amplitude limitation of the double-sided LC com-
pensated IPT converter. Finally, the prototypes of the IPT convert-
ers are constructed to verify the design flexibility of the proposed
double-sided LC compensation circuit for achieving the multiple
objectives.

Index Terms—Design flexibility, double-sided LC compensation,
inductive power transfer (IPT), power converter.
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I. INTRODUCTION

ECENTLY, inductive power transfer (IPT) has drawn sig-
R nificant attentions due to its unique advantages in practi-
cal applications, such as wireless charging of electric vehicles
[1]-[3], consumer electronics [4], LED lighting applications
[5]-[7], biomedical implants [8], [9], etc. The transmitter and
receiver in an IPT system are the primary winding and secondary
winding of the loosely coupled transformer, which has a rela-
tively large amount of uncoupled magnetic flux fleeing into the
air. It is well known that the output power can be dramatically
maximized by using the resonant transmitter and receiver at the
same resonant frequency. Thus, the resonant circuits, formed by
the IPT transformer and external passive inductors or capacitors,
are crucial in the IPT converter and also named as compensation
circuits. As a resonant converter, the IPT converter has complex
characteristics of output power, input impedance, efficiency, and
so on, all of which may involve transformer coupling and load
variation.

Controllable output power and maximum transfer efficiency
are the uppermost objectives for all IPT power applications.
Resonant inductive coupling has a higher power output com-
pared with nonresonant inductive coupling with the same com-
ponent ratings. Well-designed compensation circuits facilitate
the realization of resonant inductive coupling with zero reactive
circulating power driven by the IPT inverter. The output load
only contributes as a damper to the resonant networks and thus,
the resonant frequency is usually independent of load variation.
Generally, IPT applications can be classified as stationary or
dynamic, depending on a stable or a variable transformer cou-
pling. Even in stationary IPT applications, any misalignment or
gap variation can induce variation of coupling within an IPT
transformer. Coupling variation always exists in dynamic IPT
applications and may lead to the severe power null phenomenon.
Much research has focused on the optimization of coupler de-
sign to improve the coupling tolerance, or relied on control
methodology to cope with the variable resonant frequency. For
example, the double-D quadrature pad [10], [11], bipolar pad
[12], and polyphase structure [13], [14] are proposed to reduce
the transformer parameter variation to an acceptable level. As a
result, the transferred power and efficiency can be kept within
the required limits. Variable frequency control can be performed
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to keep the converter resonance with varying transformer cou-
pling [15], [16]. Alternatively, operating at a fixed operating
frequency, variable inductors [17] and switching capacitors [18]
are usually used to keep the IPT converter perfectly tuned. In
this way, considering the load variation, an additional front—
end regulator or a downstream converter is needed to regulate
the output power. However, it will challenge the design of the
front—end or the downstream converter due to the large output
fluctuation of the unregulated IPT converter when its load is
varying.

It is reported that the maximum available efficiency of a
loosely coupled transformer only depends on the coupling coef-
ficient and quality factors of windings [19], [20]. Prior research
has designed the coupler with high coupling coefficients, such as
double-D pad [19], [21], and to use high-quality litz wires to re-
duce losses. Further efficiency improvement of an IPT converter
includes the realization of soft switching of the high-frequency
inverters and the optimal load matching during operation. A
slight inductive input impedance for the zero-voltage switch-
ing (ZVS) turning-ON of MOSFETs and a slight capacitive in-
put impedance for the zero-current switching turning-OFF of
Insulated Gate Bipolar Transistor (IGBTs) are expected. If the
compensation circuits facilitate the IPT converter having nearly
resistive input impedance, nearly zero reactive power and soft
switching can be achieved simultaneously by a slight tuning of
the input impedance. In most applications, the load varies in a
wide range. The optimal load for maximum efficiency is related
to the IPT transformer design [7]. If the optimal load is designed
within a desired load range, the single-stage IPT converter can
guarantee operating at high efficiencies.

As a summary, compensation circuits could help the IPT
converter to have the following desirable characteristics.

1) Maximum output power and minimum volt—ampere (VA)
ratings. The primary and secondary compensation circuits
are both resonating at the operating frequency. Proper
compensation can make the input impedance resistive to
minimize the component VA ratings and eliminate the
reactive power stress on the inverter circuit.

2) Maximum transfer efficiency. Soft switching of power
MOSFETs or IGBTs in the IPT converter could further
increase efficiency. A slight inductive or capacitive input
impedance can be readily obtained by a small twist of
a component value from the compensation circuit tuned
from the purely resistive input impedance point.

3) Design achievable for any desired load-independent con-
stant output regardless of the IPT transformer being op-
timized to meet the requirement of some physical dimen-
sions. The compensation circuit provides an extra flexibil-
ity on designing at the required output voltage or current
without any extra power converter. Moreover, the output
can be further designed to be load-independent. These
characteristics will simplify the control and achieve a
single-stage design.

However, it can be difficult for a compensation circuit in an

IPT converter to fulfill all the above characteristics within a load
range.
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Fig. 1. Compensation circuits. (a) With double-sided LC topology. (b) With
double-sided LC-CC topology.

Four basic types of compensation networks have been
investigated with some desired properties at certain speci-
fied operating frequencies [22], [23]. For example, at the
input zero-phase angle (ZPA) frequency, series—series (SS),
and parallel-parallel (PP) compensation networks can realize
a load-independent constant output current, whereas series-
parallel (SP) and parallel-series (PS) compensation can real-
ize a load-independent constant output voltage. However, the
load-independent constant output current or voltage of IPT con-
verters using any of these four compensation networks is greatly
affected by the transformer parameters. In many IPT applica-
tions, the size and location of the loosely coupled transformer
are often restricted and the available transformer parameters
may not be able to achieve the requirement of constant output
current or voltage. To solve this problem, higher order com-
pensation networks with more compensation components and
hence more design freedom are introduced [24]-[29]. In [24],
the compensation circuits with one capacitor on one side and
a T or II network on the other side, show good performance
in combating the transformer parameter constraints. Moreover,
nearly zero reactive power and soft switching can be achieved
simultaneously. More design freedom certainly facilitates the
IPT converter design.

In [24], the primary and secondary compensation circuits
having four external compensating components can realize
load-independent constant output current or voltage at a load-
independent ZPA frequency. There are other reported compen-
sation circuits using more components, such as LCC-LCC with
six external inductors and capacitors at two sides of the trans-
former [25]-[27]. Although more compensation components
can increase the freedom of design, it is more complex to
tune all the components appropriately for the desired perfor-
mance, and then the cost and size of the IPT system will also
increase. It is desirable to meet the design requirements using
a minimum number of components. The double-sided LC com-
pensation circuit, also called LCL-LCL topology, as shown in
Fig. 1(a), appears in many applications, especially in bidirec-
tional IPT applications due to the symmetrical structure [28],
[29]. It also has four external compensating components, and
more design freedom is expected for combating the constraints
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of the transformer. However, this double-sided LC topology is
usually designed with a symmetry between the primary and sec-
ondary circuitries, including the transformer self-inductances
and the external compensation components. Moreover, the out-
put of the existing design of a double-sided LC compensation or
LCC-LCC compensation is still constrained by the transformer
parameters. In some applications, such as EV charging, the pri-
mary winding underneath the ground is usually much larger
than the secondary winding placed underneath the car. Besides,
the IPT converter using the compensation circuits in [24] has
the unique ZPA frequency for either load-independent constant
current output or constant voltage output. The LCC-LCC com-
pensated IPT converter has at least two ZPA frequencies for both
load-independent constant current and constant voltage outputs,
which is very suitable for lithium battery charging [30]. How-
ever, the characteristics of load-independent output, input ZPA,
and soft switching of the double-sided LC compensated IPT
converter are rarely studied systematically. To solve the issues,
this paper will give a detailed analysis of the double-sided LC
compensated IPT converter and prove that the ZPA frequen-
cies only exist for load-independent constant current output and
there is no ZPA frequency for load-independent constant voltage
output. Given a set of IPT transformer parameters and an input
dc voltage, a design procedure will be proposed to achieve the
load-independent constant output current, nearly zero reactive
power and soft switching for IPT converters. A limitation on the
output current amplitudes of the double-sided LC compensated
IPT converter will be reported. An asymmetric LC-CC topol-
ogy will then be proposed as a complementary topology of the
double-sided LC topology, as shown in Fig. 1(b), to extend the
limit of the output amplitude of the double-sided LC compensa-
tion circuit. The two complementary topologies can realize the
whole range of load-independent constant output while input
ZPA and soft switching can also be realized. The sensitivities
of transfer function and input impedance to variation of the
compensation parameters, and their effects on achieving soft
switching and the required constant output will be discussed.
Finally, prototypes of the IPT converters will be built to ver-
ify the design flexibility of using a single-IPT transformer and
the two compensation circuits for achieving the constant output
current.

Specifically, Section II introduces the characteristics of the
double-sided LC compensation circuit that facilitate the load-
independent output, input ZPA, and soft switching. Parameter
design and limitation are also analyzed and a new LC-CC com-
pensation circuit is proposed for further analysis. Section III
gives the design consideration of the IPT converters using these
two compensation circuits. The performance of these two con-
verters are evaluated in Section I'V. Finally, Section V concludes
this paper.

II. CHARACTERISTICS OF DOUBLE-SIDED LC
COMPENSATION CIRCUITS

To facilitate the analysis, the IPT converter using a double-
sided LC compensation circuit is driven by a purely sinusoidal
ac voltage source vry with an angular frequency w, and delivers
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Fig. 2. Schematic of the IPT converter using the double-sided LC
compensation.
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Fig. 3. Derivation of the IPT converter using the double-sided LC
compensation.

power to an equivalent load R, as shown in Fig. 2. The loosely
coupled transformer is modeled as a three-parameter 7 network,
where Lp and Lg are the self-inductances of the primary side
and secondary side, respectively, and M is the mutual induc-
tance. The transformer is compensated by external elements L,
Lo, Cp,and Cy. Essential currents i1y, ip, 5, and 7, are shown
in Fig. 2.

A. Realization of Input ZPA and Load-Independent
Constant Output

To obtain the characteristic of load-independent constant out-
put current or voltage, circuit simplification by using Thevénin’s
and Norton’s theorems at local resonance is performed. From
Fig. 2, input voltage source vy cascading with L; and Cp is

simplified to an ideal phasor current source 7ng , as shown in
Fig. 3, where L; and Cp satisfy ‘
1
w=—— (1)

VL, Cp

and Uy, Iy, Ip, I, and I, are phasors of vyx, irx, ip, ig, and
iy, respectively. Similarly, Fig. 3 can be further simplified by
first transforming the parallel connection of Jg—‘i‘l and M to a

series connection of voltage source UL—]M and an inductor M.

The overall series connected UL—]M, M, Ls — M, and Cg are
combined and transformed to the Norton form, as shown in the
right-hand side of Fig. 3, with Lg and Cs forming a resonant
tank, giving

1

Y= JIsCs @

where the transconductance of the IPT converter is given as
I, M
Uin ] WLS L 1 .

3

Obviously, the output current is independent of the load and
determined by the transformer parameters and the additional
external inductor L;. With a predesigned transformer, the extra
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design freedom given by L; can flexibly generate a constant
output current.

Fig. 4 shows an IPT converter using an equivalent two-port
transformer M model. Define Zs = jwLg + 7‘w105 l(jwLs +
Rp) as the secondary equivalent impedance.' From the sec-
ondary side of Fig. 4, we obtain

jwMIp = —IgZg. 4)

Replacing the primary dependent source as an equivalent

impedance Zp = ¢ ;‘[ Is and substituting Z 5 into (4), we obtain
Zp =< ZM The input impedance can be written as
ZiN = jwly + ijPH(ijp + Zg). 5)
The requirement of the ZPA is equivalent to (Zjx ) = 0, which
gives
Lo = 5 (Lo~ Lo(1 - 1)) ©)
Lpk?
where k is the transformer coupling coefficient given by

k — LP L S . . .
From (3), L1 is determined by the required output current

amplitude. From (6), the actual behavior of inductor L, depends
on the values of L; and Lp (1 — k?). Thus, the following three
conditions are considered here.

1) If Ly > Lp(1 — k?), Ly is an inductor with value given
by (6). Especially, if L, is designed as Lp, L, equals Lg.

2) If Ly = Lp(1 — k?), Ly = 0. The double-sided LC topol-
ogy becomes the traditional PP compensation struc-
ture. The transconductance G of a PP structure is
W which is dependent upon the transformer
parameters [23].

3) If Ly < Lp(1 — k?), Ly < Oanditshould practically be a
capacitor C5, resulting in an asymmetric LC-CC structure,
as shown in Fig. 1(b). Accordingly, we have X1 o = X9,
which gives

CsLpk?
Lp(1—#k?)— L

In summary, load-independent output current and input ZPA

require L to satisfy (3), and Lo or C5 to satisfy (6) or (7). The

operating angular frequency wy of vry is set to w. Compensation
capacitors C'p and Cy are calculated using (1) and (2).

Cy = (7

B. Other Frequencies for Input ZPA and Load-Independent
Constant Output

Section II-A shows that there exists an operating frequency wy
at which input ZPA and load-independent output current can be
achieved for the IPT converter. With the parameters mentioned,
it is useful to find out whether there are other frequencies at
which input ZPA and load-independent output current or volt-
age can be achieved. Assume that there is another operating
frequency wce = accwy at which load-independent current
output is achieved. At wcc, Fig. 2 is transformed to Fig. 5 by

Norton’s theorem, where the input voltage source connected

Uiy
Jjwee Ly

in series with L; and C'p becomes a phasor current
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L

paralleled with an equivalent inductor - . Combining with

transformer parameters Lp—M and M the circuit can be fur-
ther transformed to a current source I; and a parallel-connected
inductor L.q, as shown in the right-hand side of Fig. 5. To
achieve constant output current, inductor L., in series with
Lgs—M should be at resonance with Cg. Thus, we have

M2
Leq = M — ———— and ®)
lfal%c + LP
Log+ Ls— M= ©)
eq s a W%CCS.

Substituting (8) into (9), the value of coefficient ac ¢ for load-
independent constant output current is calculated as

L+ Lp
=" 10
acc T =2 (10)
Transconductance G at wec is given by
G I, 1 M
“C T Uw  Jwee LiLs + LpLs(1— k(1 — ado)’
(11)

Similarly, define another input ZPA frequency wzpy = awy.
Then, (Zix (wzpa )) = 0. Assume that Zpy in (5) can be writ-
ten in the form of A+BJ . Solving for variables A, B, C,
and D, we have (12). At the ZPA frequency wyzpa, we have
BC—AD = 0. Substituting (12) into equation BC—AD =0
and assuming that L, # Lp, there is only one solution for
wzpa Witha = 1,1.e.,wzps = wy. Although there are two load-
independent constant-current frequencies wy and wcc, only
wp can realize the input ZPA. However, if L; = Lp, equation
BC—-AD =0 has two solutions. One solution is & = 1 and the

otheris a = /= ko Here, wzpan = wp/ ﬁ is exactly wcc
at Ly = Lp. Thus, if L; = Lp, there are two ZPA frequencies
wp and wy # to realize load-independent constant output
current.

For load-independent constant output voltage, the operating
frequencies can be derived by repeating the above steps using
Thevénin circuit simplification. The detailed derivation is omit-
ted here. Because the ZPA frequencies match the operating fre-
quencies for constant output current well, there is definitely no
frequency satisfying both input ZPA and constant output volt-
age. Therefore, the IPT converters based on double-sided LC
compensation or LC-CC compensation can only provide con-
stant output current with the lowest ratings of power switches,
which is suitable for loads requiring a driving current, e.g., LEDs
in lighting or batteries in charging application.

C. Bidirectional Operation for Both Compensation Circuits

Double-sided LC compensated IPT converter is widely used
in the bidirectional applications due to the symmetrical struc-
ture. Although the extended LC-CC compensation circuit is
asymmetrical for some output current range, it is important to
explore the possibility of bidirectional operation for these two
compensation circuits with the parameters given in Section II-A.
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Fig. 4. IPT converter in Fig. 2 using a two-port transformer M model.
L, M < L M L, Ly M < L
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Fig. 5. Derivation of the IPT converter operating at another frequency wc ¢ with load-independent constant output current.
L, M L M Lo Rearranging (14), it gives
4115 115
_”_ . UinR B A71 UOR
M cT G Ui 7 - ;
$ —Iinr —Ir
Jwls Ly :
— 0 M Uor (15)
Fig. 6.  Double-sided LC or LC-CC compensation in reverse operation. B _jwLsL, 0 _ I R ’
M °

The IPT converter in Fig. 2 can be modeled as a two-port
network with the matrix A, which is given by

Ui Ur 0 jleng Ur
. = .| = o .- (13)
I I T 0 .

Here, U, is the phasor voltage of Rp. In the reverse operation,
as shown in Fig. 6, (13) becomes

UOR

UinR

(14)

*IOR *IinR

For both LC-LC and LC-CC compensation circuits, the re-
verse operation still has the load-independent constant current,
where the transconductance in the reverse operation is given as

in M
Gr = = = —
Unr  Jwlsly

(16)

Substituting UoR = fUR Rgr into (15), the reverse input
impedance Zingr can be expressed as ZiNg = [I]“‘f = RgR,
which is purely resistive. Thus, both double-sided LC and LC-
CC compensated converters can operate reversely with the char-
acteristics of input ZPA and load-independent constant output

current.

1 Ly
2 Lp

(&)

A=a’WlLpLs Kk-? —-1- (fl - 1) <k12 — 1)) ot +
P

2L,
_og_ 1
Lp

(4—2k2+]:2<£1—1> (fl+2>>a2+k2
P P

LD (L,
2 \Lp Lp
, L L
B=owLpRp |(1—k)a'+ (K —2—- L) a2 +14+ 22
Lp Lp
_ Lp 2\ 4 Lp 2
oo [ et (1000
Lp , Li 1 (L | , L 1 /(L L , 2L
D=awls-2|(2-k -2+ (-1 Ro2- Lo~ (L) (o -
WS T K Iy & (Lp )>a+( Ir & \Ip Lp T,

12)
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Fig. 7. Two IPT converters. (a) Using double-sided LC compensation. (b)

Using double-sided LC-CC compensation.

III. DESIGN AND IMPLEMENTATION OF THE
Two IPT CONVERTERS

As analyzed in Section II, depending on the required transcon-
ductance given by (3), and the relationship between L; and
Lp(1—k?), the two IPT converters using double-sided LC
and LC-CC compensation circuits as shown in Fig. 7 can
be designed. At angular frequency wy, input ZPA and load-
independent constant output current can be achieved. In prac-
tice, the full-bridge switches @ 2 3 4 operate at wy = ﬁ =

1 .
T oo logenerate a square voltage vap. Here, the input dc volt-

age Viy can be modulated by Q1 234 with D being the duty
cycle of vap. The fundamental component of vsp, denoted as
VIN, 18 given as

4V

uN (t) = A7)

D
sin % sin (wot + 0).

A full-bridge diode rectifier and one capacitor filter, i.e., C
filter, are used to rectify the ac output current and filter the
ripple voltage before connecting to the output load, as shown
in the Fig. 7(a). The ac output current turns ON the diodes of
the rectifier bridge that follows the current path. The voltage
waveform v, before the rectifier becomes a square wave with
voltage approximately equal to V. In Fig. 7(b), the voltages
across Cy and Cg cannot change suddenly to comply with the
square wave voltage. Therefore, the C filter is not applicable
here and an LC filter with one inductor and one capacitor is
used to absorb the voltage fluctuation. The type of filters used
determines the waveforms of the input and output of the rectifier,
as shown in Fig. 8. The secondary current i, (¢) equals %
from (3). For the C filter, after the rectification, the equivalent
output current is given as

2 vea 8  Vinsin Z2M
Ip, = —/22= == — 2 ) (18)
T T wolLg Ly
For the LC filter
Tl eak Vi sin Z2 M
I, = —2= = = 19
Ore 4 woLg Ly (19)
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Fig. 8. Waveforms before and after the IPT secondary rectifier. (a) Using C

filter. (b) Using LC filter.

For the IPT converter design with the required output current
1o, the given input dc voltage Vin and transformer parameters,
Ly can be calculated by (18) or (19). The choice of the double-
sided LC or LC-CC compensation depends on the relationship
of L; and the transformer parameter Lp (1 — k?). A summary
is given as follows.

in 22\ .
) I Ip < =22 e, Ly > Lp(1— k%), a con-
verter with the double-sided LC compensation and the

corresponding output filter shown in Fig. 7(a) is used.

Vi sin &2 M .
2) If IO > m, 1.€., L1 < Lp(l — k2), a
converter with the LC-CC compensation and the

corresponding output filter shown in Fig. 7(b) is used.

8Vin sin T2 M Vix sin T2 M

3) Ifm S I() S m, the C(.)nverter
with the LC-CC compensation and the corresponding out-
put filter, as shown in Fig. 7(b), is used. Here, choose

Ly < Lp(1 — k?) and adjust the duty cycle D as D', guar-

anteeing the required Ip > %, i.e.,sin TD/ <
7% sin %.

With the chosen LC-LC or LC-CC topology and operating
frequency wy, Cp from (1), C's from (2), Lo or Cy from (6) or
(7) can be uniquely calculated. In this way, the ZPA between
vap and 71y can be guaranteed. To permit the ZVS of MOSFETS
Q1 2,34, the input impedance should be slightly inductive. A
slight increment or decrement of L;, Cp, Cg, Lo, or Cy can
fulfill the requirement. However, the small variation or tolerance
in these components may also affect the output current accuracy.
Hence, the sensitivity of parameters should be against variation
of the converter transconductance. If some variations of com-
pensating parameter occur, the operating angular frequency w
may not satisfy (1) and (2) simultaneously. As a result, the load-
independent constant output current in (3) will be unavailable.
The input impedance and output current can be derived from
Fig. 2 using the modified parameters x1 L1, x2 Lo, xpCp, and
r5Cys in (20), where x1, x9, xp, and xg denote normalized
variation factors of Ly, Lo, Cp, and Cg, respectively.

The normalized output current can be given as
I (z1,20,2p,75) 1
LI For an LC-CC topology, 77,0, can be used

in (20) to replace jwzy Lo. Fig. 9 shows the normalized output
current versus various normalized parameters, where variations
of L; and L, or (5 are clearly not sensitive to output cur-
rent. Specifically, the variation of Ly or Cs does not affect the
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or Cy.

Phase angle of input impedance versus variation of L; and Lo

output current, which is consistent with the derivation shown in
Fig. 4. The phase angle between the input voltage and current
can be expressed as £ Zx (21,22, 2p,2g). Fig. 10 shows that
a small increment of L; and a small decrement of Ly or Cy can
be used to realize ZVS with negligible transconductance vari-
ation. Then, the usual fixed-frequency phase-shift control, as
shown in Fig. 11, can be used to drive switches ()1 » 3.4 for both
double-sided LC and LC-CC compensated IPT converters. Any
small variation of input voltage, transformer parameters, and
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Fig. 11.  Control schematic of both double-sided LC and LC-CC compensated
IPT converters.

(b)

Fig. 12. Photographs of experimental setups. (a) With double-sided LC
compensated IPT converter. (b) With double-sided LC-CC compensated IPT
converter.

compensation parameters will affect the output current. Here,
the duty cycle control can compensate the effect of variations to
output current until the output current equals the desired IRgr.

IV. EXPERIMENTAL EVALUATION

To verify the design flexibility of the double-sided LC and
LC-CC compensated IPT converters, prototypes with a max-
imum power of up to 50 W using these two compensation
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TABLE I
CALCULATED AND EXPERIMENTAL PARAMETERS IN COMPENSATION NETWORKS
. Calculated Experimental
Constant current | Compensation o Cp Cs Lo or Ca Ly Cp Cs Lo or Ca
028 A LC-LC 37.17 xH | 17.04 nF 56.50 pH | 37.17uH | 17.05 nF 55.95:H
0.46 A LC-LC 2263 pH | 27.99 nF | 26.71 nF | 24.51 yH | 22.33 uH | 28.8 nF | 26.8 nF | 23.48 uH
128 A LC-CC 10.03 uH | 62.08 nF 2256 nF | 102 pyH | 62.42 nF 199 nF
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@ Fig. 14.  Enlarged waveforms of vgs4, vps4, i, and Ip at Ip = 0.46 A
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9
i ] veo[CH2] ]
GS1 4 V ‘ . A[
- ,VAE[CHI]‘ ) — inequality Ip > % The calculated and experimen-
in[CH3] tal parameters in these two compensation circuits are listed in
Table 1. From the sensitivity analysis of these components, the
1,[CH4] experimental values of L;, Cp, and Cg are consistent with
& e the calculated results for the required constant output current.
—Er el e e T T The experimental value of L, or C5 is chosen to be a little
(b) smaller than the calculated value for the realization of ZVS.
) The output filter uses Ly of 56 1H and Cy of 220 uF. A phase
R Tiigd (g7 Noise Ffter Off . . .
11 shift controller is used here with fixed frequency duty cycle con-
Vs [CH2] ) B trol and then a feedback controller using UCC3895 is applied.
[ v ,[CHI] : ’ Switches Q)1 23,4 are IRF540 and secondary rectifier diodes are
i [CH3] MBRB20150CT.
IN.
Fig. 13 (a)—(c) shows the measured waveforms of gate drive
voltage vgg1, modulated voltage vap, input current iy, and
1o[CH4] output current I, for three different output currents 0.28, 0.46,
= — and 1.28 A all with load resistance of 30 2. With the same
‘ ot Roous— -sso000slem 7oy 1saTsitzhsnsz IPT transformer, two different selected compensation circuits
(©) with three sets of parameters, as listed in Table I, are used
) ) ) ) to generate the required constant output current. Moreover,
Fig. 13.  Experimental waveforms of vgs1, vAB, 1N, and I with the same

load of 30 2 and different values of output current. (a) Double-sided LC com-
pensation with Ip = 0.28 A. (b) Double-sided LC compensation with /o =
0.46 A. (c) Double-sided LC-CC compensation with Ip = 1.28 A.

configurations have been built to provide constant currents of
0.28,0.46, and 1.28 A, where Fig. 12(a) shows the double-sided
LC based IPT converter and Fig. 12(b) shows the LC-CC-based
IPT converter. A single loosely coupled transformer is used in
these three cases with Lp = 22.26 yH, Ly = 23.71 pH, and
M = 1599 pH. The test conditions are: Viy = 24 V, duty
cycle D is 0.95, operating frequency fsy is 200 kHz, and the
desired values of I are 0.28 and 0.46 A. The converters use the
double-sided LC compensation circuit satisfying the inequal-

. 8Vix sin T2 M
ity Ip < WQwI(I\LPLSZ_MQ). For the case of Ip = 1.28 A, the

converter uses the LC-CC compensation circuit satisfying the

11N in each case is nearly in phase with vag, verifying that
the compensation circuit eliminates the most reactive power.
The small phase angle of i1y lagging vap facilitates the ZVS of
the full-bridge switches. The enlarged turn-ON waveforms of Q)4
in the lagging leg at I = 0.46 A with load resistance of 20 2
clearly verify the ZVS condition of all the switches, as shown in
Fig. 14. To show the load-independent constant output current,
Fig. 15 gives the transient waveforms of vgs1, Vo, and Ip at
Ip = 0.46 A, with the load stepping from 40 to 20 2. After the
closed-loop control is applied, the output current remains the
same for two different loads. The other constant current cases
have the same property and are not shown here. The efficiency
at the maximum 50-W output and /o of 1.28 A is measured as
92.4% using the Yokogawa WT1800E power analyzer, as shown
in Fig. 16. The efficiency optimization is not the key objective
of this paper and is omitted here.
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Fig. 15. Experimental waveforms of vgsi, Vo, and Ip at Ip = 0.46 A in

response to a step load from 40 to 20 €2.
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Fig. 16. Measured efficiency at [p = 1.28 A and the output power of about
50 W. Here, Uy s1, Irms1, and Pp are the rms values of input dc voltage, input
current, and input power, respectively, whereas Uyms2, Irms2, and P are the
rms values of output voltage, output current /o , and output power, respectively.
Lims2 of 1.2447 A is a little lower than the required /p of 1.28 A due to the
line loss.

V. CONCLUSION

The space-constrained loosely coupled transformer poses
a challenge to the design and optimization of the IPT con-
verter. The double-sided LC compensation with four additional
components has the design freedom to realize load-independent
constant output current and input ZPA simultaneously. The de-
sired output can be designed with different compensation pa-
rameters without the need to redesign the IPT transformer. The
converter transfer function for the double-sided LC compen-
sated IPT converter is analyzed and a new LC-CC compensated
IPT converter is presented to extend the operating range of the
converter. Moreover, the sensitivity of the converter transfer
function against the variation of compensation components is
analyzed. It is found that nearly zero reactive power stresses
and soft switching of the power switches with high output cur-
rent accuracy can be maintained over a wide operating range.
The characteristic of load-independent output permits the im-
plementation of simple fixed-frequency control.
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