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LCCL-LC Resonant Converter and Its Soft Switching
Realization for Omnidirectional Wireless
Power Transfer Systems
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and Minfan Fu

Abstract—Recently, omnidirectional wireless power transfer
(WPT) systems have been studied intensely, due to their improved
flexibility as compared to their planar counterparts. The LCCL-LC
resonant converter topology is selected due to its current source
characteristics in this article. The system frequency is pushed to
megahertz (MHz) to increase the spatial charging freedom. In a
megahertz WPT system, the reactance of the full bridge rectifier
can no longer be neglected; therefore, an analytical model of the full
bridge rectifier input impedance is built. Furthermore, zero-voltage
switching (ZVS) of the switching devices is essential in reducing
the switching loss and noise in a megahertz system. A design
methodology of the LCCL-LC circuit is proposed to achieve the
ZVS operation in the case of one transmitter and one receiver. Then,
the ZVS analysis is extended to the scenario of multiple transmitter
coils and one receiver coil. Finally, a 6.78-MHz wireless charging
system is built according to the proposed design methodology.
Experimental results validate the accuracy of the ZVS analysis,
and the ZVS operation is well achieved under different coupling
and load conditions. The peak system efficiency of 82% at 5-W
output power is achieved.

Index Terms—Compensation network, wireless power transfer,
resonant converter, zero-voltage switching (ZVS) switching.

I. INTRODUCTION

IRELESS power transfer (WPT) with loosely coupled
Wcoils is a promising solution to deliver power to a
battery in a variety of applications. Due to its convenience,
WPT technology has become popular in electric vehicles [1],
[2], consumer electronics [3], [4], and medical devices [5], [6].
Thus far, the majority of the coupled coils in these systems
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are planar structure, and the magnetic field induced by the
transmitter coil is in one direction, meaning that the energy
power transfer capability degrades greatly when there is some
angle misalignment between the coupled coils.

To improve the charging flexibility, a 3-D coils structure is
utilized to transfer energy in different directions [7]-[12]. In [7],
abowl-shaped transmitter coils structure was reported to provide
3-D magnetic field distribution; however, it is pointed out in [8],
thatidentical transmitter coil excitation current in [ 7] cannot gen-
erate true omnidirectional field distribution. Considering this,
an omnidirectional WPT system with nonidentical excitation
current control is proposed in [9]-[12]. In these systems, the
magnetic field at any point is the vector sum of the magnetic field
induced by each transmitter coil. The magnetic field induced
by each transmitter coil is regarded as the basis vector. With a
different ratio among different basis vectors, the total magnet
field vector can be in different directions.

In an omnidirectional WPT system, the excitation current
of each transmitter coil is controlled to induce the magnetic
field in different directions [8], [12]. The cross-coupling among
different transmitter coils and the receiver loading effect make
the control of the excitation current much more complicated.
Considering this, an LC compensation network with a load
independent characteristic of transmitter coil current is added to
simplify the system control [15]. To allow more design freedom,
a capacitor in series with the transmitter coil is added, to adjust
the system input impedance and achieve soft-switching for the
semiconductor devices [16]. Meanwhile, a compensation capac-
itor in series with the receiver coil is the simplest topology to
achieve the maximum power transfer efficiency [17]. Therefore,
an LCCL-LC resonant converter in Fig. 1 is formed with the
LCC/S compensation.

In consumer electronics applications, megahertz WPT sys-
tems are used to improve the charging spatial freedom [4]. The
zero-voltage switching (ZVS) operation of the switching devices
is essential in reducing the switching loss and the switching
related electromagnetic interference (EMI) issue. In [19], the
ZVS analysis in an LCCL-LC circuit is conducted without
considering the rectifier reactance and the dead-time period. In
a megahertz system, the rectifier reactance caused from junc-
tion capacitance of the diode can no longer be neglected [20],
[21]. However, an analytical model of the full bridge rectifier
reactance is lacked and the impact of the rectifier reactance on
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Fig. 1. LCCL-LC resonant converter.
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Fig. 2. Transmitter coils structure and a smart phone size receiver coil of the

omnidirectional WPT system reported in [24].

the ZVS operation of the LCCL-LC converter is not evaluated
[20], [21]. Therefore, a comprehensive design methodology of
a 6.78-MHz LCCL-LC resonant converter to achieve the ZVS
operation, with considering the rectifier reactance and dead-time
period, is proposed in Section II.

To improve the charging flexibility, a WPT system with mul-
tiple transmitter coils is normally adopted [22]-[24]. In these
systems, the ZVS analysis is much more complicated; and it
has never been conducted in the existing literature. Therefore,
in this article, the ZVS analysis is extended to the case of mul-
tiple transmitter coils. Based on the analytical model, the ZVS
condition is evaluated with different excitation current control
methods in Section III. In Section IV, experimental results are
given to verify the proposed design scheme. Finally, Section V
concludes the article.

II. ONE TRANSMITTER CASE
A. Omnidirectional Charging Bowl System

The omnidirectional WPT system is gaining attention due to
its charging flexibility as compared with its planar counterpart.
In this article, the wireless charging bowl system reported in [24]
isutilized as an example. The transmitter coils structure is shown
in Fig. 2. There are three sets of coils: coils 1a and 1b, coils 2a
and 2b, and coil 3. The magnetic field direction induced by each
set of coils at point A is mainly in x, y, z directions, denoted as
B4, B2, and Bs. The total magnetic field at A is the vector sum
of By, B2, and B3, which is a function of the excitation current
of each set of coils

B = f(i1)B1 + f(i2) B2 + f(i3)Bs. (1
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Fig. 3. System structure of the omnidirectional WPT system.
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Fig. 4. Voltage and current waveform at the input port of the rectifier.

To simplify the system control, the load and coupling indepen-
dent coil excitation current characteristic is desired. Regarding
this, the LCC compensation network is adopted to drive these
three sets of coils. The transmitter coil excitation current is
determined by the input voltage and the impedance of the com-
pensation inductor (L,). To control the transmitter coil excitation
current, a front buck stage is added for each channel, as shown
in Fig. 3. By controlling the output voltage of the front buck,
the amplitude of the excitation current (iy, iz, i3) is controlled.
Therefore, the magnetic field can be directed to any direction.
In other words, there is omnidirectional magnetic field in such
a system.

As shown in Fig. 2, when a smart phone device rests on the
side face of the charging bowl, only coil 1 set should be excited
to provide the energy; other transmitter coils are not excited.
In this scenario, the system is simplified to one transmitter coil
and one receiver. Meanwhile, the top device of the front buck
is always ON to fully utilize the input voltage and maximize the
power transfer capability. The circuit schematic for this case is
shown in Fig. 1.

B. Rectifier Impedance

The LCCL-LC resonant converter, composed of a half bridge,
resonant tank, and a full-bridge Schottky rectifier is shown in
Fig. 1. At6.78 MHz, the impact of the diode junction capacitance
(C;) can no longer be neglected [20], [21]. The voltage and
current waveform at the input port of the full bridge rectifier
is shown in Fig. 4. When the current flowing through D; and
D, goes to zero, D1 and D4 are not turning OFF immediately.
The negative current continues to flow through the junction
capacitances of D; and D4 and build a reverse voltage across
the diodes. Therefore, the rectifier voltage v,.. lags the current
is, due to the commutation of diodes, which leads to capacitive
loading effect. Regarding this, an equivalent capacitance C, is
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Fig. 5. Equivalent ac circuit of the LCCL-LC converter with fundamental
approximation.

added in the ac equivalent circuit of the LCCL-LC converter with
the fundamental approximation, as shown in Fig. 5. InFig. 5, Uy,
is the fundamental component of the switching node voltage;
Req, C.q are utilized to model the rectifier impedance at the
fundamental frequency. During the diode commutation period,
the rectifier current (i5) needs to remove the output junction
charge (20;) stored in diodes. According to the charge balance,
the phase delay angle (6 ) between the voltage and current of
the rectifier can be solved. Then, the rectifier impedance can be
derived. The expression of R, and C, is shown in (2). The full
detailed derivation process is provided in the Appendix

4R(cos(20) + 1)
72 cos 0

72 sinf
4w, R(cos(20) + 1)

where 6 = ,/ mgj%, Q, is the junction charge stored at the

diode junction cap.

Ceq = ) Req = (2)

C. Parameter Design for the ZVS Operation

The resonant frequency of the LCCL-LC converter is de-
signed at the system frequency (6.78 MHz) as follows:

f, =1/2m\/L,C, = 1/27\/L,C, = 6.78 MHz.  (3)

At the resonant frequency of L, and C,, the equation of the
transmitter coil current I, in phasor diagram is shown in (4),
which is independent of the coupling and load conditions [24]

Uin
L @

According to the Faraday’s Law, the transmitter coil current
induces a controlled voltage source in the receiver loop, as shown
in Fig. 5. With the resonance of L, and C,, the voltage source
directly applies to the input port of the rectifier. The amplitude
of the fundamental component of the rectifier voltage at the
resonant frequency (f,) is derived as

27V | 2k\/T,Ls
Vyee = |jwo M| = |jw,M /7 rZs (5
JwoLy L,

As shown in Fig. 4, the rectifier voltage waveform is trape-
zoidal in approximation, and the value of the upper plateau is the
dc output voltage V,,. The phase angle of the diode commutation
period is 26. According to the Fourier series expansion of a
trapezoidal signal, the amplitude of the fundamental component
of the rectifier voltage is

~ 4sin(20)
Vrec - T 29

4
Vo~ —
s

Vo. 6)
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Fig. 6. Typical input voltage and current waveforms in the LCCL-LC circuit.

Uin

Fig. 7. Equivalent circuit of the LCCL-LC circuit with secondary side circuit
reflected to primary side.

The diode commutation period is less than 15% of the whole
switching period in a practical system (¢ < 0.157); therefore,
some approximation is made in (6). Combing (5) and (6), the
output voltage of the converter is solved as

Va = %V;IP (7)
2L,

Here, k, L, and L, are determined by the coil design; there-
fore, L, is designed to satisfy the output voltage requirement.
After L, is determined, C, can be determined according to
(3). Meanwhile, the compensation capacitor C; is designed to
resonate with L, at 6.78 MHz. Therefore, L, C,, L,, Ly, and Cs
are determined, and there is only C, left in the parameter design
for the resonant tank in the LCCL-LC converter.

As for Cp, it is tuned to achieve ZVS with minimum cir-
culating energy in the system. The typical input voltage, input
current, and capacitor C,. voltage waveforms in the LCCL-LC
resonant converter are shown in Fig. 6. To achieve ZVS, the
turn-OFF current must be high enough to fully discharge the junc-
tion capacitor of the switching devices during a predetermined
dead-time period (#4). Herein, 1,5 is defined as the instant value
of the input current at the middle point of the dead-time period
(t =172 = 1/2f,).

To calculate /g, the equivalent circuit of the converter re-
ferred to the primary side is shown in Fig. 7, where Z ¢ is the
reflected frequency-dependent impedance of the receiver side
circuit. In the equivalent circuit, v,, is a trapezoidal-wave voltage
signal and is decomposed to different frequency components by

Fourier series as
+

o

1,3,5

sin(nm fotd) 2Vin
nwfotq nw

" sin(2nm fot).
®)

vin(
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Fig. 8. Decomposition of the input current waveform in time domain.

If the input current component at each frequency is calculated
correspondingly, I,z is the sum of the instant value of each
component at t+ = 7/2. To better visualize this process, the
decomposition of the input current is shown in Fig. 8. The input
current (i;,) is decomposed to its fundamental component (i)
and harmonics component (i;). Furthermore, the fundamental
component is decomposed to two parts: sine (if,) and cosine
(if cos)- The sine part is in phase with the input voltage and im-
pacts the active power transfer of the system. On the contrary, the
cosine part has a 90° phase difference with the input voltage and
impacts the reactive power flowing in the system. As illustrated
by Fig. 8, ifsin equals zero at t = 7/2 and does not contribute to
L, 5; however, i .o €quals its amplitude at that time instant and
contributes to /,z when the input impedance is inductive. Also,
the harmonics component of the input current contributes to /s
and must be considered carefully.

With the equivalent circuit in Fig. 5, the KVL equation in the

receiver loop is derived as
1
R, - =0.
’ ( q//JWoCeqﬂ
)

Then, the reflected impedance of the receiver circuit Z ¢ at
the fundamental frequency is calculated as
JwoMTs w2 M?
I, Req
According to the equivalent circuit in Fig. 7, the complex
input impedance at the fundamental frequency is derived as
L, 1 1
= —/ Zye j | wolp — —— — .11
C,,./[ f-l-](cu vxen woO,.ﬂ (1D

The fundamental component of the input current in phasor
domain (If) is then calculated by the fundamental component
input voltage (V) divided by the input impedance

JwoMTIy + I | jwoLs + —

1
JwoCs

Zier = (10)

(14 jwoCeqReq)-

1 _& Vi wiM?

7 Z¢  L,/C. Re
-7 1 —woL, —w3M?*C
LT/C r o=p o €q

(12)
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TABLE I
SPECIFICATIONS OF THE WPT SYSTEM

Specifications Symbol  Practical Value
Input voltage Vin 24V
Output voltage range V, 10~20V
Output power P, SW
Switching frequency 1o 6.78MHz
Transmltter coil self- I 3 09uH
inductance v

Transmitter coil resistance R, 0.6Q
Receiver coil self-inductance L 4.7uH
Receiver coil resistance Ry 0.6Q
Coupling coefficient range k 0.12~0.24

where Vy = SmTE}Tf]“’;d) 2Vin £0°. In (12), there are two terms:

the first term represents lf sin» Which is in phase with Vg, and
the second term represents iy cos. As previously mentioned, only
ircos contributes I, and its amplitude is derived as

sin(m fotq) 2V, 1

1 cos —
I- 7Tfotd 7T wOL’I‘
X (1 _ woly = 1/woCp + W2M206q> . (13)
wo Ly

The high-order harmonics of input current in the LCCL-LC
converter are actually trapped in L,., C,- loop, due to the low-pass
filter characteristics of the LC filter comprising of L, and C,.
Similar to the fundamental component, the high-order harmon-
ics in phasor domain (Iy,) are calculated as

+0o0 +0o0

Vi n Vi n
In = - = = 14
" n;) Zh n:?)ZS jnwoLr + 1/jTLOJOCT ( )
where Vh — M 2Vip 400

T fota nm
Att = T/2, the harmonlcs components are at its peak value

due to the 90° phase delay with the input voltage, and the instant
value (I},) is derived as

400 .
sin(nm fotq) 2Vin 1
I, = . 15
h n:;7 nwfota  nw weLy(n—1/n) (15

Then, the total turn-OFF current I,z is the sum of /.o and I,
sin(m fotg) 2Vin 1
71-fotd

Ioff = If_cos + Ih ~
X (1.2 _ wolp — 1/woCy —|—w§M2(J€q> . (16)
woLy

In (16), the turn-OFF current is not only related to the value
of C,, but also the equivalent capacitance (C.,) caused by the
rectifier bridge. As illustrated by (2), C., is a function of the
coupling and load condition, which makes the ZVS condition
complicated. To demonstrate the quantitative impact of C,, and
Ceq on the turn-OFF current, an example 6.78-MHz LCCL-LC
converter for charging a smartphone device is designed. The

specification of the example system is shown in Table I.
According to (7), the output voltage of the LCCL-LC circuit
at f,, is proportional to k. A commercial Li-Ion battery charging
chip, such as the TIBQ25703, can be cascaded after the resonant
converter to charge the battery with a certain profile [25]. The

T wol,
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TABLE II
PASSIVE COMPONENTS VALUE IN THE LCCL-LC CIRCUIT

Component L, C. Cs
Practical value 549nH 980pF 118pF
0.8
— Calculation
¢ Experiment
0.7 ¢
< ¢
~ 0.6
% (4
05 * P,=2.0W
P,=3.5W
Worst case =
04 P,=5.0W
0.1 0.15 k 02 0.25

Fig. 9. Turn-OFF current of the designed system under different coupling
coefficient and output power conditions.

typical input voltage range of the charging chip is 4-24 V. To
reduce the conduction loss of the rectifier, a higher output voltage
and lower current are preferred; therefore, the output voltage of
the LCCL-LC converter is designed as 10-20 V. The value of
L, is designed to output 10 V at the worst coupling case (k =
0.12):

L, = kminy/LpLsVin/2Vomin = 549 nH. a7

With L,. determined, the values of C, and C, are calculated
according to (3). In summary, the designed values for the passive
components in the LCCL-LC converter are listed in Table II. In
the receiver circuit, four discrete DFLS130 diodes are adopted
for the rectification, due to their small conduction voltage drop.
After the rectifier bridge, a simple resistor is manually adjusted
to maintain the output power.

With the specifications in Tables I and II, the turn-OFF current
in different coupling coefficient and output power conditions
under C,, = 160 pF, is shown in Fig. 9. As shown in Fig. 9, I,z
reduces when the coupling coefficient (k) increases. An increase
of coupling coefficient leads to large reflected impedance, so
the impact of C., increases and the turn-OFF current reduces,
according to (16). On the other hand, C., decreases as the output
power decreases, due to the increase of the load resistance,
according to (2). Regarding this, the turn-OFF current increases
as the output power decreases, according to (16). In summary,
the worst case for the turn-OFF current is the strong coupling and
heavy load case. Therefore, C), should be designed to achieve
enough turn-OFF current to achieve ZVS at the worst case.

D. Considering Effect of the Dead-Time Period

To realize ZVS, the turn-OFF current must be able to fully dis-
charge the equivalent junction capacitor (C,s) of the switching
devices during the dead-time period (¢,)

(T+ta)/2
o= iogs (0t > 20 Vin,  (18)
(

T*td,)/Q
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Fig. 10.  Simplified equivalent circuit for the discharging of the junction cap
of the switching devices during the dead-time period.

The turn-OFF current changes during #; and the previously
calculated /,is the instant value at t = 7/2. To calculate i (1),
the simplified equivalent circuit during ¢4 is derived in Fig. 10.
Since the voltage of C, does not change much during 74, as
shown in Fig. 6, C, is replaced by a voltage source V.. The
fundamental component of the voltage of C,. in phasor domain
is calculated as

1 2 2M2
T w? ) (19)

Ve .
A% r— ", L ;
T jwoL, (on rt JwoCp * 8R
Then, the instant value of v, at t = 7/2 is approximated by

1 o M?
chr ~ (2 + ks ) ‘/zn

4RL,
The second-order differential KVL equations in the equivalent
circuit shown in Fig. 10, with the initial conditions, are derived
as the following:

(20)

2D

2
QCossdu(td/ ) = —Loff-

u(0) o

Therefore, i,p(t) is solved, and the discharge during ¢4 is
calculated as

Goff(t) = I sin(wit + @) (22)
1
Q = 20053(‘/1% - ‘/cr) - wil Cos(wltd + 90) (23)
1
 opp—sin(wita/2)(Vip—Ver)wi Cossl?
where [; = Folf e (o t72) + (Vin = Ver)?
Wi,

_ szn - chr C . _ 1
@ = arccos Twl 0ss; W1 = \/ﬁ

To realize the ZVS with minimum circulating energy, C,, is
tuned so that the discharge (Q) during t; is the same as the
charge stored in the output junction capacitor (C,ss) of
the primary devices for the worst case. Due to the complicacy of
the model, an iterative program to solve C), is built in MATLAB.
The accuracy of the model is verified by experimental results in
Section V.
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Fig. 11. Transmitter coils and a receiver coil in an omnidirectional WPT
system [24]. (a) 3-D View. (b). Top view.
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Fig. 12.  Two-phase LCCL-LC circuit diagram with two transmitter coils.

III. TWO TRANSMITTER CASE
A. 1,g Calculation

In a multiple transmitter coils system, the ZVS condition
is more complicated, due to the uncertain circulating energy
incurred by different coils. To simplify the analysis, the ZVS
condition with two transmitter coils is evaluated in this article.
As shown in Fig. 11, when a wearable device receiver stands on
the base of the charging bowl, coils 1a and 2a should be excited
to provide the energy. It is worth noting that the orientation
and position of the receiver coil in Fig. 11 are just an example
and different transmitter coils should be excited according to
positioning of the receiver coil.

The LCCL-LC circuit diagram with two transmitter coils
is shown in Fig. 12. Herein, L,;, Ly and L are the self-
inductances of the two transmitter coils and receiver coil, respec-
tively. M ; and M  are the mutual inductance between the receiver
coil and two transmitter coils; Mg is the mutual inductance
between the two transmitter coils. The decoupled circuit model
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Jwo M3y,

Lp1

jwoM1Is
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Vini

Equivalent decoupled circuit at fundamental frequency.

at the fundamental frequency is shown in Fig. 13. The input
voltage of each channel (V;,;, V;,2) is controlled by the front
buck stages to implement the transmitter coil excitation current
amplitude modulation. The KVL equation of the receiver circuit
in phasor domain is derived as

jwoMlel + jwoMQIpZ

1
+ (ijLS + ji + Req//]

1
—  JI.=0. (24
woCs 'woqu) 0. &9

At the resonant frequency of L, and Cj, the receiver coil
current is solved as follows:

IS = —(jwoMllp]_ —l-ijMQIpz)(l + ijRequq)/Req.
(25)
The complex reflected impedance in each transmitter circuit
is derived as follows:

Zrefl = (jwoMlIs + jwoMSIp2)/Ip1 (26)
Zref2 = (.jwoMQIs + jwoM?)Ipl)/IpZ- (27)

Substituting (25) in (26) and (27), the reflected impedance in
each transmitter circuit is solved as follows:

M3 MM 1
Zrefl - (w‘OR L + woRl 2p2)
eq eq

I

. . I
X (1 4+ jwoReqCeq) —&—](;JOM?,L2

(28)
I
(ngQQ nglMg Ipl)
Zref? = T
Req Req Ip2
1
X (1 4 jwoReqCoq) + jwoMs2E.  (29)

Iz

After obtaining the reflected impedance for each transmitter
circuit, the transmitter circuits are decoupled from one another.
Then, the process to calculate the turn-OFF current for the one
transmitter and one receiver case can be applied for the two
transmitter case. The final turn-OFF current equations for each
transmitter circuit are derived as follows:
sin(m fotq) 2Vin1 1

7 fold

y < Ly @olpn =1/weCin + Im(zrefl))>

Lops1 =

m woLrl

wOL’I'l
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sin(mfotg) 2Vina 1
7Tfotul

y (1_2 ~ woLyz = 1/woChz + Im(zreﬂ))> 0)
woLr2

1 ~
off? Q woLr2

where Im(Zyef1,2) is the imaginary part of the complex reflected
impedance for two transmitter circuits
2 My M.
Im(Zyef1) = CeqwiM? +Im KWORW
eq

I

+ §Ceqwd My My + jw,Ms ) 22

Tp

2 My M.

Im(Zyes2) = C’eq(,u(:f]\/[Q2 + Im KWOR“
eq

I
+ jCoqwi My My + jw,Ms | 2L |
Ip2

It is worth noting that the turn-OFF current equation becomes
much more complicated compared to the one transmitter coil
case. The excitation current of two transmitter coils has a
significant impact on the turn-OFF current. In [8] and [9], the
coil excitation current control methods are divided into two
categories: there is phase difference among (i;, i2); there is no
phase difference among (i3, i2)

Method I : 151 = 1, £0°, In2 = 1,,£90°

Method IT : Ipy = my 1, £0°, Ipa = mal,, Z0°
where m ; and m» are variables to control field direction.
Substituting (31) and (32) in (28) and (29), the imaginary part
of the complex reflected impedance is derived as follows: 1,5 =
mo Ly, Z0°

3D
(32)

Method I:
20\, M
Im(Zref1) = Coqwd M2 + % (33)
eq
20, M
Im(Cref2) = Coqud M2 — %. (34)
€q
Method II:
Im(zref]_) = CeqUJZ)M% + (Ceqwg)MlMQ + woM3)%
1
(35)
I (Zegz) = Cogw? M2 + (Cogu® My My + w, Ms) 2L (36)
ma

Therefore, the turn-OFF current for each channel is different
for two current control methods. To achieve the ZVS operation in
the operation range, the worst case for designing C,, is identified
as follows.

B. Identify the Worst Case for Method I

The key advantage of an omnidirectional WPT system is that
it can deal with angular misalignment of the receiver. The top
view of a receiver device standing on the base of the bowl is
shown in Fig. 11(b). Herein, the yaw rotation angle is defined
as 6. The mutual inductance between the receiver coil and two
transmitter coils, coil 1 set and coil 2 set, for different 0 is
shown in Fig. 14.
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Fig.15.  Turn-OFF current of two transmitter circuits versus different yaw angle
0 of the wearable receiver for modulation method I.

With the mutual inductance curve in Fig. 14, the turn-OFF
current for the two transmitter coils circuit versus the different
yaw rotating angles for modulation method I is shown in Fig. 15.
There is large fluctuation in the turn-OFF current curve, and the
turn-OFF current is smallest when Im(Z,¢f1 2) is at the maximum
value, based on (30). Similar to the one transmitter coil case, the
worst case is the strong coupling and heavy load case, according
to (33) and (34). The coupling condition refers to the product of
M ; and M, in the two transmitter coils case.

C. Identify the Worst Case for Method I1

As for the current control method II, a buck stage is added
before the LCCL-LC converter, to modulate the input voltage
of the LCCL-LC converter and control the amplitude of the
excitation current. According to [26], the best ratio between the
amplitude of two transmitter coils current under the assumption

that two coils’ equivalent resistance is the same
ml/mgle/Mg. (37)

Therefore, the input voltage of each channel in our system is
controlled by the front buck as

Vint = My /(My + Ms) - Vi, = My /(M + My) - 24V
(38)
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Fig. 17.  Normalized turn-OFF current of two transmitter circuits versus differ-
ent yaw angle 6y of the receiver for modulation method IT when M3 # 0 (k3 =
0.05).

Fig. 18.

Physical setup of the omnidirectional WPT system.

Ving = My /(My + Ma) - Viyy = My /(M + Ms) - 24V.
(39)
Substituting (37) in (35) and (36), the reflected impedance
(Zer1,2) for method 11 is simplified as follows:

M.
In(Zrerr) = Cequy (M + M) +woMz 72 (40)
1
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Im(Zyesz) = Ceqw3 (M7 + M3) + %MS%. (41)

As shown in (40) and (41), the mutual inductance between
two transmitter coils (M g) also impacts the reflected impedance
and influences the turn-OFF current for each channel. In a mul-
tiple coils system, it is desired to reduce the circulating energy
between different transmitter coils as much as possible. In other
words, the mutual inductance between different transmitter coils
should be minimized in the coil design stage. In this sense, the
mutual inductance M s = 0 case is first studied. With the mutual
inductance curve in Fig. 14, the turn-OFF current of the two
channel circuit is shown in Fig. 16.

As shown in Fig. 16, turn-OFF current /,¢; reduces as M ; de-
creases. Meanwhile, the input voltage V,,,; also reduces accord-
ing to (38). With a smaller V;,, the required turn-OFF current
to achieve the ZVS operation also reduced proportionally. To
better compare the turn-OFF current between the two modulation
methods, the turn-OFF current for each channel in method II
is normalized to full input voltage level. The normalization
algorithm is as follows:

[in i'in
1, =1orr1-—, I, =T, pp —2. 42
fFI_N fr1 Vs fr2.N fr2 Vs (42)

The normalized turn-OFF current curve versus 6, for each
channel in method II for M 3 = 0 case is shown as a dashed line in
Fig. 16. Compared with method I, the turn-OFF current does not
significantly change, which is beneficial for the ZVS operation.
The physical reason behind this is the reflected impedance
Zrer1, 2 in method II is determined by M 2+ M2 according
to (40) and (41). In a general omnidirectional WPT system, M ;>
+ M’ does not significantly change as the angle misalignment
changes. Therefore, the normalized turn-OFF current does not
change much in method II. However, the reflected impedance
Z,cr1, 2 in method 1 is related to M ;M s, which has large fluctu-
ation for different angle misalignment.

The transmitter coils in an omnidirectional WPT system are
normally symmetric structure, as reported in [9] and [10]. The
mutual inductance between different transmitter coils in such
a system is zero theoretically. However, there might be some
weak cross-coupling due to the coil fabrication and terminations.
Beside, in some multiple transmitter coils systems, such as
systems reported in [12], [22], and [26], the cross-coupling
between different transmitter coils also exists. Therefore, the
impact of the cross-coupling on the turn-OFF current is evaluated
as follows.

The normalized turn-OFF current curve for each channel is
shown in Fig. 17 when the cross-coupling coefficient between
two transmitter coils is 0.05. Here, there is a large glitch in the
turn-OFF current curve for channel 2. The glitch exists at the
red shaded zone, as plotted in Fig. 17. At the red zone, M is
small, and the cross-coupling term w, M3 % will dominate the
reflected impedance Z,.r, according to (41). This results in large
fluctuation in the turn-OFF current curve. The ZV'S operation can
no longer be achieved when the turn-OFF current is negative.
A similar phenomenon is also observed for the channel 1 case
when M is very small. In summary, the cross-coupling between
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different transmitter coils deteriorates the ZVS condition when
the ratio Mo/M ; or M ;/M 5 is very large.

To solve this issue, channel 2 can be shut down in the glitch
zone. The energy provided by channel 2 in the glitch zone is
much smaller compared to channel 1, since M is much smaller
than M ;. Meanwhile, the operation efficiency also improves
by shutting down one channel. As an example, the boundary
condition to shut down channel 2 is M;/M, > 5. Similarly,
the boundary condition to shut down channel 1 is Mo/M; >
5. With this channel shading mechanism, the worst case for
the turn-OFF current is at the boundary condition, as shown in
Fig. 17. Therefore, C,; should be designed to achieve enough
turn-OFF current to achieve ZVS for channel 1 when Mo/M; =
5. Similarly, C,2 should be designed to achieve enough turn-OFF
current to achieve ZVS for channel 2 when M ;/My = 5.

IV. EXPERIMENT VERIFICATION

In this section, an omnidirectional wireless charging bowl is
built, as shown in Fig. 18. In the experimental setup, there are two
channel LCCL-LC circuits to drive the transmitter coils (coil 1a
and coil 2a), separately. The TI microcontroller TMS320C28346
demo board is used to give the PWM signals to the half bridge of
the LCCL-LC circuit, and the system is powered by an Agilent
E3631A DC power source.

A. One Transmitter Case

As shown in Fig. 18, when a smart phone receiver device
rests on the side face, coil 1a should be enabled to charge the
receiver. The system is simplified to the case of one transmitter
and one receiver, and the specifications for this case are shown in
Tables I and II. In the transmitter side, the EPC8004 is adopted
to operate at 6.78 MHz. The dead-time period is set as 5 ns. In
the receiver circuit, four discrete DFLS130 diodes are adopted
for the rectification due to their small conduction voltage drop.
After the rectifier bridge, a simple resistor is manually adjusted
to emulate the function of the battery charging chip.

Torealize the ZVS operation at the worst case (strong coupling
and heavy load), C,, is calculated as 160 pF, based on the
analytical model in Section II. The turn-OFF current measure-
ment results under different conditions are shown in Fig. 9. The
measurement result matches very well with the analytical model.
The switching node voltage and current waveform under three
example conditions are shown in Fig. 19. The turn-OFF current
is smallest at the strong coupling and heavy load case, which
verifies the worst-case analysis. With the proposed designed
methodology, the turn-OFF current is high enough for different
conditions, and the ZVS operation is guaranteed, as illustrated by
Fig. 19. The efficiency of the LCCL-LC circuit under different
conditions is shown in Fig. 20. To verify the benefit of the ZVS
operation, the loss breakdown of the converter when k = 0.2 and
P, =5 W under the ZVS case and non-ZVS case is shown in
Fig. 21. For the non-ZVS case, C), increased to 180 pF to reduce
the turn-OFF current to zero and minimize the circulation energy
in the system. The switching loss at 6.78 MHz is greatly reduced
with the ZVS operation and efficiency increases from 77.2% to
80.5%.
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B. Two Transmitter Case

As shown in Fig. 11, when a wearable device like smart watch
device stands on the base of the charging bowl, coils 1a and 2a
should be excited to provide the energy. In the test, a 35 X
35 mm? receiver coil (7.5 pH, 1.1 ), which is different from
previous smart phone receiver coil, is fabricated to emulate an
Apple watch receiver in the charging bowl. The two transmitter
circuits to drive coil 1a and coil 2a are exactly the same, and the
circuit specifications are shown in Tables I and II.

As mentioned by Section III, the turn-OFF current is related
to the transmitter coil excitation current. As for current control
method I, Cp,; and C),2 are calculated as 155 pF to achieve the
ZVS operation at the worst case based on (18) and (30). The
turn-OFF current measurement results under different yaw angles

of the receiver are shown in Fig. 15. The measurement results
match with the calculation results very well. The experimental
switching node voltage and current waveform for two channel
LCCL-LC circuits, under three example receiver angles, are
shown in Fig. 22. As demonstrated by Fig. 22, the turn-OFF
current is high enough to achieve the ZVS operation for different
orientations of the receiver devices.

Asforexcitation current method I, C, ; and C,, 5 are calculated
as 162 pF to achieve the ZVS operation at the worst case
based on (18) and (30). Then, the normalized turn-OFF current
measurement results under different yaw angles of the receiver
are shown in Fig. 17. The measurement results match with
the calculation results very well. The experimental switching
node voltage and current waveform for two channel LCCL-LC
circuits, under three example receiver angles, are shown in
Fig. 23. As demonstrated by Fig. 23, the turn-OFF current is high
enough to achieve the ZVS operation for the different cases.

With the proposed design methodology, ZVS operation is well
achieved under different conditions. The system efficiency at
2.5 W, (defined as the load power divided by the input power of
the dc input source in Fig. 3), for two current control methods
are shown in Fig. 24. The system efficiency in method II is
better than method I. In method I, the input voltage of two
channel LCCL-LC circuits is always 24 V and the rotating field
is achieved by the phase difference between the two channels.
However, the input voltage is adaptive according to the receiver’s
angle in method II. With lower input voltage, the switching
loss and coil conduction loss in the transmitter side are smaller.
Therefore, the system efficiency for method II is better.
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V. CONCLUSION

In this article, an analytical model of the full bridge rectifier
input impedance including the effect of diode junction charge
is built in a megahertz system. After considering the rectifier
reactance, input impedance of the LCCL-LC circuitis dependent
on the loading and coupling conditions. The strong coupling,
heavy load case is identified as the worst case for the ZVS
achievement. A passive component parameter design method-
ology is proposed to achieve the ZVS operation at the worst
case. Then, the ZVS analysis is extended to a two transmitter
coils case. The worst case for different excitation current control
methods is identified in the two transmitter coils case, and
the ZVS operation is guaranteed in different scenarios with
the proposed design methodology. With the ZVS operation for
primary switching devices, the total system efficiency of our
system is in 62%—82%.

APPENDIX

The LCCL-LC circuit schematic, with consideration of the
diode junction cap, is shown in Fig. 1. The voltage and current
waveform of the rectifier bridge is shown in Fig. 4. Due to
the commutation of diodes, the rectifier voltage, (v,.) lags the
current (i5), which leads to the capacitive loading effect. During
the diode commutation period, the rectifier current must remove
the output junction charge (2Q;) stored in the diodes. The charge
balance equation is

20/w,
/ I sin(wot)dt = 2Q);
0

where I is the amplitude of the current flowing through the
receiver loop.

To model the capacitive reactance in the receiver loop, an
equivalent capacitance C,, is added in the ac equivalent circuit,
as shown in Fig. 5. With fundamental approximation, the voltage
and current waveform of the rectifier bridge is shown in Fig. 25.
The phase angle between the voltage and current waveform is
0. The real and imaginary parts of the admittance seen from the
rectifier input port are calculated as

(43)

I
V. cosf = —eq 44)
I .
sinf = wyCeq (45)
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where V.. is the amplitude of the fundamental component of
the rectifier voltage V... ~ %%VO.

According to (45), V,, and I are needed to solve the equivalent
capacitance C¢,. In a steady state, the average current flowing
through the output capacitor would be zero. Therefore, the
average current flowing after the rectifier (i,..) equals the load

current (/,) as defined in Fig. 1

T/2 e
/ I, sin(wot)dt — 20Q; |/ <> _g, =
0 R

5 (46)

Combining (43)—(46), there is no simple analytical solution
for C.q. When the discharging period (20) is less than 15% of
the whole charge period, some approximation is made

sin(20)
g 1. 47)

With the approximation, the analytical solution of C., and

R4 is obtained as

72 sin @ 4R(cos(26) + 1)
Ceq = Reg=———"—= (48
“ 4w, R(cos(20) + 1) T 72 cosf (48)
where 0 = ’/mgj{%'
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