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Communication-Free Coordination Control
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Abstract— In this article, a power-split-based wireless charging
system (WCS) with communication-free coordination control is
proposed to combat wide load and coupling variations. By using
a magnetic integrated inductor, two power delivery channels are
created from a single receiver coil. Large portion of received en-
ergy is directly delivered to the load. Small amount of energy is
converted by using a low-voltage low-power dc—dc converter to
regulate the output voltage or current achieving constant voltage
(CV) or constant current (CC) charging operation. This proposal
achieves higher power conversion efficiency than the traditional
two-stage cascaded converter WCS. Since the dc—dc converter
only processes partial power of the WCS system, this proposal
reduces the voltage stress of the devices and design difficulty.
A communication-free coordination control is applied, which is
established by sensing the input current drop caused by the burst
operation of the partial-power dc—dc converter. Thus, the CC-CV
charging is realized by PWM control at the receiver (Rx) side,
and the inverter is regulated with subharmonics control scheme
to maintain nearly constant Rx coil current. Simulation results for
both high-voltage high-power scenarios and low-voltage low-power
(LVLP) scenarios are provided to investigate the operation of the
proposed WCS. Finally, experimental results are captured from
a 250 W/60-84 V LVLP prototype to validate the feasibility and
practicability of proposed concept.

Index Terms—Communication-free coordination control,
magnetic integration, power split, wireless battery charging.

I. INTRODUCTION

NCREASING public awareness of environmental impact of
greenhouse gas emissions has attracted worldwide interest
in wireless battery charging technology [1]. The elimination of
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the galvanic connection between charging station and electric
vehicles (EVs) simplifies the charging process significantly.
Recently, along with the development of 800 V system for EVs
[21, [3], the battery voltage typically ranges from 600 to 840 V.
Therefore, one concern of wireless charging systems (WCS) is
the wide voltage regulation range. Another concern is that the
coupling between transmitter (Tx) coil and receiver (Tx) coil
highly depends on the exact position of EVs and it may change
about two times [4], [5]. In view of these concerns, it is necessary
to develop a high-efficiency and cost-effective WCS to cater to
an extensive operating range.

Many compensation topologies and control methods have
been reported for single-stage WCS to extend the operation
range. A family of hybrid compensation topologies have been
proposed to achieve approximate load-independent constant
current (CC) and/or constant-voltage (CV) in a wide coupling
variation range [6]. The output regulation capability is limited
because component tolerance and equivalent series resistances
could affect the output power level. Generally, there are two
types of control methods for single-stage WCS, namely, Tx-side
control and Rx-side control. For Tx-side control, pulsewidth
modulation (PWM) [8], variable frequency phase shift [9],
switch-controlled capacitor [10], ON—OFF control [11], pulse
density modulation (PDM) [12], and hybrid frequency pacing
[13] have been proposed to regulate the output voltage. The
Rx-side information is usually required through the wireless
communication devices, such as 2.4G Radio Frequency and
Bluetooth, which is easily interfered by noises, especially in
high power scenarios. Although load parameter estimations [ 14],
[15] at Tx-side are introduced to address the above-mentioned
issues, the WCS still suffers from some drawbacks, such as
lack of real-time regulation capability and high sensitivity to
circuit parameter variations. For Rx-side control, active rectifiers
[16], [17], [18] are widely used to regulate output current and/or
voltage against the coupling and load variations. Active rectifier
may incur hard switching [17] or introduce extra reactance
altering resonant state [18]. Both Tx-side and Rx-side control
methods have pros and cons. If a proper dual-side control is
applied, the problem can be alleviated. For instance, in [19],
a dual-active-bridge-based WCS is proposed to obtain high
efficiency in a wide load range. This method still comes at
the expense of extra wireless communication links. Due to the
lack in degree of freedom for single-stage WCS, it is hard to
implement a specified system with high tolerance to coupling
and load variations.
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Fig. 1. Typical configuration of WCS with two stages.

Another potential solution for the above-mentioned issues is
to cascade an Rx-side dc—dc power converter, as shown in Fig. 1.
In this case, the implementation of battery charging with wide
load variation can be decoupled from wireless power transfer
(WPT) stage. Consequently, the WPT stage mainly focuses on
delivering maximum power from the Tx-side to the Rx-side with
high efficiency [20]. The major drawback of such a two-stage
solution is that all input power is processed by both WPT stage
and down-stream dc—dc converter. The overall efficiency is thus
lowered. Besides, the full-power dc—dc converter suffers from
high component stress, which in turn increases the cost and
volume of WCS.

Much effort has been made to improve the overall efficiency
of two-stage WCS [21], [22], [23], [24]. In [21], a zero-phase
angle (ZPA) tracking control is applied in WPT stage to reduce
the voltage-ampere rating. By adopting the battery management
converter, which is a cascaded buck—boost converter, at Rx side
of the WPT system, the battery charging profile is implemented.
In [22] and [23], the cascaded dc—dc converter is in charge
of optimal impedance matching for WPT stage and thereby
maximum efficiency point of WPT converter can be dynamically
tracked. However, this method only optimizes the efficiency of
either front-end WPT stage or post-end dc—dc stage but cannot
consider the overall efficiency of the two-stage WCS. In [24],
a boost converter is followed by the WPT converter and a
system-level optimization method is proposed to maintain the
overall efficiency above 90% from grid to battery while oper-
ating over its entire coupling range. Unfortunately, each stage
still handles all the input power with high component stresses
and cost.

A cost-effective and high-efficiency WCS is presented in this
article. It combines the advantages of single- and two-stage
structures. In-depth study of power processing in two-stage con-
verter structures was reported as early as in 2001 [25] in the con-
text of power factor correction (PFC) and later for applications
in multiport power conversion [26], [27]. The key concept is to
let most power be processed directly, leaving some power nec-
essarily going through the two stages to fulfil the functional re-
quirements. Inspired by this idea, a power-split-based WCS with
communication-free coordination control is proposed in this
article. The major contributions of this article are summarized as
follows.

1) A magnetic integrated inductor with standard EE core is

proposed to provide two power channels, and only a single
Rx coil is used, making the receiver more compact.

2) Much of the input power is directly transmitted to the
load, and only a small amount of power is converted to the
output by dc—dc converter, achieving a higher efficiency
than the traditional two-stage WCS.
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Fig. 2. Different configurations of power-spilt-based WCS. (a), (b) the de—dc
converter is at low side, (c), (d) the dc—dc converter is at high side.

3) Due to the voltage sigma structure at the load side, power
devices in the partial-power processing dc—dc converter
have a lower voltage stress than that in the two-stage WCS,
thereby further reducing the cost of the devices.

4) Communication-free coordination control permits cou-
pling and load variations simultaneously. The CC-CV
charging is realized by the duty-cycle control and Tx-side
inverter is regulated with the subharmonics control to
obtain nearly constant Rx coil current.

This article is organized as follows. In Section II, the circuit
structure of the power-spilt-based WCS is analyzed. In Sec-
tion I1I, a communication-free coordination control is described,
as well as simulation results for both HVHP and LVLP scenarios.
Experimental results are given to validate the proposed power-
spilt-based WCS in Section IV. Section V concludes the article.

II. ANALYSIS OF POWER-SPILT-BASED WCS

To develop a cost-effective and efficient WCS combining the
advantages of single-stage and two-stage structures, power spilt
concept and magnetic integration are introduced in this section.

A. Power Spilt Concept

The basic idea of power splitting is to create two voltage
sources Vo1 and V1, at the WPT stage. According to the con-
nection mode between Vo and Vr, (Vou > Vor,), there are four
structures of the power-split-based WCS, as shown in Fig. 2. For
the high-side dc—dc converters in Fig. 2(a), (b), the requirement
of electrical insulation is much stricter, which may increase the
complexity of design. As for the structures given in Fig. 2(c),
Vou should be higher than the rated battery voltage so that the
voltage stress of devices in WPT stage is higher. In summary,
the voltage-sigma structure in Fig. 2(d) is preferred, where two
voltage ports are stacked on the load port.

Based on Fig. 2(a), the structure of power-spilt-based WCS
is shown in Fig. 3. At Rx side, the transferred power is spilt
through two separate channels, Pyc and Pic, to battery. From
power processing point of view, the WPT stage handles all input
power, whereas the processing power of dc—dc converter is much
lower than the desired power level, for instance, only 20% of
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rated power, which depends on the voltage distribution between
two output ports.

For comparison of the efficiencies of the proposed WCS and
the traditional two-stage solution, the efficiencies of WPT stage
and dc—dc converter are respectively defined as 7, and 74, and
assume that the efficiencies of the two Rx circuits in the WPT
stage are the same.

As the output voltages Vi and V,p are connected in series,
the transferred power of the two power flow paths is proportional
to the output voltage. The relation between Vi1 and Vg is given
by a power distribution ratio (PDR) 2, i.e.,

_ Yo _ Pc
Vou Pac’

Therefore, the overall efficiency of the power-spilt-based
WCS is calculated as

ey

_ TNwTld (1 + )‘-)

nNa + A @

According to (2), the overall efficiency n varying with X is
shown in Fig. 4, where 1, = 0.9 and nq = 0.95. As we can see,
the efficiency of the power-spilt-based WCS is always higher
than the traditional two stage solution. With the decrease of A, n
will increase accordingly. Therefore, a higher voltage V1 or a
lower voltage V,p is beneficial to minimizing the power losses.
As a consequence, it is desirable to maintain a low PDR within
the charging process for high efficiency.

B. Circuit Configurations of the Proposed WCS

As shown in Fig. 3(a), two power channels Py and Prc are
required to realize the power-split-based WCS. If two Rx coils
are applied to construct Pyc and Py,c, undesired cross-coupling
cannot be avoided, which increases the design complexity. In
this article, a magnetic integrated inductor is applied to provide
two power channels. Please note the integrated structure or the
separated structure has no influence on the operation of WCS.
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Fig. 5. Circuit diagram of the proposed WCS with magnetic integration.
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Fig. 6. Physical model of integrated inductor with standard EE cores.

The integrated structure aims to make receiver more compact
and avoid a potential risk of magnetic saturation.

The circuit structure of the proposed WCS is shown in Fig. 5,
where L, and Lg are the self-inductances of Tx coil and Rx
coil; Mps is the mutual inductance between L, and Lg; k is
the corresponding coupling coefficient. Also, L, Cy, Cs, and
C}, are compensation components. The buck converter is se-
lected as the dc—dc converter, which is composed of switch
Sy,, diode Dy, inductor Ly, ¢k, and filter capacitor Cop. D1 —Dy
and D5—Dg form rectifier I and rectifier II, respectively. v,y
is the ac output voltage of primary inverter. V,p is the out-
put voltage of buck converter. The switching frequency and
duty cycle of the buck converter are fi,ucx and Dpyck, Which
are not affected by the primary inverter. The equivalent load
resistance of rectifier I, rectifier 11, and the buck converter are
denoted as R, Ror,, and R,p. Also, Iy and Vp are the charging
current and voltage, and V,j, represents the root-mean-square
(RMS) value of v,},. Other variables are defined in a similar
way.

The physical model of the integrated inductor is shown in
Fig. 6(a). Here, L,, Ly, and Ly are integrated into a standard EE
core. g1, and gg are the air gaps of left and right legs. However,
there is no air gap of the central leg. Since the permeability
of ferrite core is much higher than that of air, the magnetic
fluxes of three windings can be shown in Fig. 6(b). It can be
noted that the two outer leg windings are not coupled, thus the
mutual inductance between Lj, and L¢ is approximately zero.
Consequently, Ly, and L¢ are decoupled, and only the mutual
inductances M,;, and M, are taken into consideration.

According to [28], the T-branch, which consists of L,, Cr, and
Ly, can be further simplified, as shown in Fig. 7. Therefore, the
mutual inductance can be compensated by part of Cy. To ensure
a fully tuned condition for WPT system, the following equations
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Fig. 8. Relations among the output voltages of WPT stage and buck converter.

should be satisfied [29]:

w (Lf - Maf) = - (WMaf %&)

w(Lt — Mag) =w(Ls + Lo — Mag) — == (3)
_ 1 1

w= VI,Cp  VIuCp

where w = 27f; is the resonant angular frequency.
Based on (3), Tx and Rx coil current can be deduced as

. Le — Mag)® M2 D2
Ip _ Vb = Van ( f f) ab ~buck (421)
Zin M2, Ron M2, Rop
Vab
=2 4b
s prS (4b)

where Z;, is the input impedance of the WCS.

From (4), I is independent of the load but proportional to
the equivalent ac voltage V,;, and inversely proportional to the
mutual inductance M,s. Therefore, the dual output voltages Vou
and V., can be calculated as

Lab (Lf lwaf)
bt el = 2eb 5
Mps )Pl Mps ®)

If the buck inductor is larger than the critical value, buck
converter always operates under continuous conduction mode
(CCM) [30]. This is easy to be achieved by proper design. In
this article, it is assumed that the buck converter operates under
CCM, the output voltage of the WCS can be given as

Vab

VB = Vor + Dpuck VoL =
B H buck VoL Mo

VabMa
L bVab

(Lf — Mas + Dyuck Mab) -

(6)

The relations among the output voltages of the WPT stage and
the buck converter are illustrated in Fig. 8. The output voltage
Vg is directly regulated by adjusting the duty cycle of buck
converter. Since the output voltage of buck converter is always
positive, Vo1 should be smaller than the minimum battery volt-
age VB min- According to Fig. 4, alarger V,p indicates a smaller
A, 1i.e., ahigher efficiency. As aresult, it is preferred to make Vg
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slightly lower than Vg i, . For example, for an 800 V EV system
[2], [3], the battery voltage ranges from 600 to 840 V, and Vi
can be designed at 570 V. Meanwhile, V1, must be larger than
(VB,max — Von) so that the whole battery voltage range can be
covered.

When the coupling varies with misalignments, the mutual
inductance M varies accordingly. From (5), it can be shown
that both Vo and V.1, change as well. Once V,p is larger
than V}, min at the initial charging state, V,,p has to be negative
according to Kirchhoff Voltage Law, which is impossible in
practical applications. An alternative solution is to make Vo5 <
Vi, min at the weakest coupling condition because both V,y and
Vo1, are inversely proportional to M. Therefore, Vo < Vi) min
is always true regardless of the coupling variation. However, this
may cause another problem: at higher coupling condition, both
Von and Vi, become smaller, and thus the maximum battery
voltage Vi, max might not be covered, even at maximum duty
cycle of the buck converter.

III. COMMUNICATION-FREE COORDINATION CONTROL
A. Subharmonics Switching Technique

To cope with the variations of V, and V.1, with low PDR,
Tx-side regulation with subharmonics switching technique is
preferred, which can achieve zero-voltage-switching (ZVS) and
reduced switching frequency. For subharmonics control [13],
[31], the steady-state cycle is not a single-control-pulse cycle
but a pulse train consisting of several half-cycle high-frequency
control pulses Py and several half-cycle low-frequency control
pulse Pr,, as shown in Fig. 9.

If the resonant frequency of WCS is f,, the high- and low-
frequency are f; and f,/3, respectively. Then, the duration of
Py and Py, are Ty and T1,. The combination of Py and Py, in
steady state is hereinafter referred to as pulse-train repetition
cycle Tpr. In one period Tpt, the number of pulses Py and
P1, are respectively denoted as Ny and Ny,. Therefore, Tpr =
NgTy + Ni,Ty,.

Tx-side inverter is alternately modulated by two different
pulses, i.e., Py and Pr. By adjusting the number of Ny and
N1, the equivalent ac voltage V,y, is adjusted. The amplitude of
Vb can be calculated as

Ter
/ Vab
0

Npg+3Ng, 4
2

Vb = by |™= s
bp | NuT, + 3N, T,
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As a comparison, the Fourier series expansion of the pure
square wave with only pulses Py can be written as

o]

4Viy 1.
v () = — Z —sin 2m frt. 8
n=1

The amplitude of its fundamental voltage, denoted as V;;, ., is

. 4Vi

ab,p = 7' (9)

From (7) and (9), taking Va*b)pas the reference value, the
normalized voltage ratio § with pulses Py and Py, is given as

_ Nug+ Np
~ Nug +3Ny’

It can be seen from (10) that when Ny, is fixed, § increases
as Ny increases. Similarly, when Ny is fixed, § decreases as Np,
increases. To further suppress the oscillation of coil current and
the output voltage ripple, it is preferred to distribute these pulses
uniformly.

Delta—sigma (A-X) modulation is a cost-effective technique,
which has been recently applied in WPT systems for pulse
rearrangement. A detailed explanation and analysis on A-Y
modulation can be found in [32], [33], and [34]. With the help
of A-Y modulation, pulses Py and Py, are distributed uniformly
with reduced current oscillation. For example, Fig. 10 presents
the simulation waveforms of subharmonics control with A-3
modulation when = 5/8. It can be observed that pulses Py and
Py, are interleaved, and ZVS is always achieved.

5 (10)

B. Communication-Free Coordination Control

One feature of the Tx-side series compensation topology is
that the variation of coupling will reflect from the Rx coil current,
as indicated in (4). Although subharmonics control can be used
to regulate the input ac voltage V,y, at the Tx side, the infor-
mation of coupling cannot be obtained directly as feedback for
subharmonics control unless wireless communication devices
are employed. However, the data tend to be interfered by noises,
especially in high-power EVs charging.
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Ideal waveforms of power-split-based WCS.

The state change of Rx-side circuit must be accompanied by
current and/or voltage changes at the Tx side [35]. Therefore, a
burst operation of Rx-side buck converter is implemented for
communication-free coordination control. Fig. 11 shows the
ideal waveforms of the proposed WCS. During interval [#g, #1],
the system is under normal operation, where the buck converter
is in charge of battery charging with proportional—integral (PI)
controller. Att = t1, the switch Sy, of the buck converter is turned
OFF for a long duration. Subsequently, the total voltage on the
output filter capacitors Co; and Cop is smaller than the battery
voltage, namely, the WCS is in open circuit. Thus, the equivalent
load resistances Roy; and R,p are infinite. According to (4), it
can be seen that Tx coil current is almost zero when Sy, is kept
in OFF state, as shown in Fig. 11.

After the duration Ty, the normal action of Sy, is recovered
with PI controller. This characteristic described in Fig. 11 can
be applied as an indication of Rx-side to Tx-side feedback.
Meanwhile, Tx-side controller will respond to the feedback to
participate in the Rx coil current regulation, thereby achieving
communication-free coordination control. It should be noted
that burst mode operation can be regarded as an “intermittent
operation” in a broad sense, which has been implemented in
high-voltage and high-power applications [36], [37]. Hence, it
is reasonable to conclude that the burst mode operation in the
proposed wireless charging system is applicable.

Itis assumed that when the coupling coefficient k = k. and the
voltage ratio § = d¢, Vop is slightly smaller than Vi min, €.2.,
Vo = 0.96VB min. Under this condition, the Rx coil current
I is within the preset range [/ 1., /s i]. Then, the feedback-
recognition-response process can be discussed in three different
modes, i.e., mode I (k = k.), mode II (k < k), and mode III
(k > k.), as shown in Fig. 12.

In mode I, it can be seen that I; lies between I 1, and I 1,
Therefore, the buck converter is in normal operation (with no
burst mode). If k decreases, /s increases accordingly from (4).
Once I, exceeds the upper threshold Iy, the Rx-side controller
can recognize this information and the signal Sy is enabled,
which will trigger the burst operation of the buck converter
with duration T3, ;7. Meanwhile, the current drop of the input
dc current /[, can be detected as well. A distinctive current drop
duration T, 11 will cause a step decrement of the voltage ratio J,
ie,d =0 — Ad.
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In a similar way, the increased k causes the decrease of I.
Once /5 is smaller than the lower threshold /5 1,, the signal Sy
is enabled, which will trigger the burst operation of the buck
converter with duration T3, 1r7. Meanwhile, the current drop of
input dc current /;;, can be also detected. A distinctive current
drop duration T3, 111 will cause a step increment of the voltage
ratio 9, i.e., § = § + Ad. The step decrement or increment of §
will be repeated until /5 locates between /s 1, and /5 p again.

The communication-free coordination control is depicted in
Fig. 13. At the Rx side, the charging current and voltage are
sampled by an analog-to-digital converter (ADC) and then com-
pared with the corresponding references Is_yof and Vi_ycf. TWO
separate PI controllers are employed to generate the gate signal
of buck converter. The RMS value of is is measured to determine
the enabled signal among Sy, St1, and Syy1 by using a multiplexer.

Atthe Tx side, the input current /;;, is monitored and compared
with the preset threshold /4. to form the indication signal S..
The high-level duration of S. can be detected by the eCAP
module of the digital signal processing (DSP) controller. As
discussed in Fig. 12, a long duration Ty, 17 indicates  should be
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TABLE I
SIMULATION PARAMETERS OF THE WCS

Value
Parameters
HVHP LVLP
Input de voltage, Vi, 700 V 70V
Maximum charging power, Pg, max 25 kW 250 W
Battery voltage, Vg 600 V-840V 60 V-84V
Self-inductances, L, and L 104 pH and 106 uH
Coupling coefficient, k 0.1-0.2

243 nF and 23.4 nF
53.9 nF and 376.4 nF
49.7 uH, 47 pH, and 6.7 uH
10.8 uH and 24 pH

Compensation capacitors, C, and C;
Compensation capacitor, Crand Cy,
Inductances, L,, L, and Ly,
Mutual inductances, M,, and M,

Resonant frequency, f; 100 kHz
Switching frequency, fouck 200 kHz
Inductor of buck, Ly 120 pH
lr016 . =0.13 <IFO.16>
800
 NARHA A AAKAAARHAAD
-800 -
100 ‘
0 | LA A
-100

20 J ! j L/v J : A M‘M

0

1
¥ »
Sl ™
0 < < < > » < 77 »
A B C D E F G
Fig. 14. Dynamic simulation results of HVHP WCS at full load.

decreased by a predefined value AJ. Conversely, a short duration
T, 111 indicates that ¢ should be increased by Ad. In practice, a
spike may occur in current measurement due to the circuit noise.
However, the undesired pulse duration in S. caused by spikes
is usually small. By properly designing the burst time 7},, such
cases will be ignored by the DSP controller.

IV. SIMULATION RESULTS

To investigate the validity of the proposed concept, two case
studies for: 1) high-voltage high-power (HVHP) scenario and
2) low-voltage low-power (LVLP) scenario are simulated. The
detailed simulation parameters are listed in Table I.

A. High-Voltage High-Power Case

Fig. 14 shows the dynamic simulation waveforms of HVHP
WCS for 800 V EV applications at full load. In interval A, the
WCS operates at steady state with kK = 0.16. Then, k gradually
decreases from 0.16 to 0.13 without Tx-side regulation, causing
an increased iy, as shown in interval B. At the beginning of
interval C, communication-free coordination control is applied
and iy is reduced gradually until its RMS value locates the preset
range. Obviously, four burst processes happened during interval
C and each burst duration T}, 11 = 5 ms. After that, the WCS
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Fig. 15.  Steady-state simulation results of HVHP WCS at full load in (a) CC

mode, (b) CV mode.

enter a new steady state with the desired output and no burst
operation, as shown in interval D.

Complementary results are shown in intervals E to G when
k increases from 0.13 to 0.16. In interval F, each burst duration
T, 111 = 2.5 ms. It is noteworthy that the time difference between
durations Ty, 11 and Ty, 111 should be sufficient so that the two
modes can be clearly distinguished by Tx-side controller.

In practical scenarios, especially for stationary EV charging,
the relative position between Tx and Rx coils will not change
suddenly. Once the EV is parked, the coupling will be fixed.
As a consequence, even though Tx-side regulation sacrifices
the dynamic performance, it is adequate in dealing with the
slowly varying coupling. Fig. 15 shows steady-state simulation
waveforms of 800 V WCS for EVs in CC mode and CV mode
with k = 0.15. In CC mode with 18 kW output, as shown
in Fig. 15(a), the pulse numbers Ny = 8 and N, = 2, i.e.,
normalized voltage ratio § = 0.71. The duty cycle of the buck
converter Dy, = 0.11 and the PDR A is about 0.056. In CV
mode with 13 kW output, as shown in Fig. 15(b), the pulse
numbers Ny = 13 and Ny, = 3, i.e., § = 0.73, which shows little
difference from that in CC mode. The duty cycle of the buck
converter Dy, = 0.9 and the PDR A is about 0.453.

To compare the proposed WCS with traditional two-stage
WCS in terms of switch stresses and efficiency, the simulation
results with £k = 0.15 are shown in Fig. 16. It can be seen from
Fig. 16(a) that the voltage stress of buck converter in two-stage
scheme is more than twice that of the proposed scheme. From
Fig. 16(b), it can be observed that the efficiency of the proposed
WCS is improved by almost 3.2% compared with the two-stage
WCS under low PDR condition. This is mainly because most of
the input power is converted to load directly and only a small
amount of power is handled by both stages.
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Fig. 18.  Steady-state simulation results of LVLP WCS at full load in (a) CC
mode, (b) CV mode.

B. Low-Voltage Low-Power Case

The dynamic simulation waveforms for LVLP WCS with the
proposed method is shown in Fig. 17. Comparing Figs. 14 and
17, it can be seen that the regulation process in LVLP scenario is
similar to that in HVHP scenario but with different amplitude of
currents and voltages, which means communication-free coordi-
nation control is applicable regardless of the voltage and power
levels. Fig. 18 shows steady-state simulation results of LVLP



WANG et al.: POWER-SPILT-BASED WIRELESS CHARGING SYSTEM WITH COMMUNICATION-FREE COORDINATION CONTROL

W) () Proposed ) Two-stage

90
60
.
%Q ‘Q

—a_ Proposed == Two stagoe

> O O
N N O B

Efficiency #/%
~N J o0
N

0 %b(
& 0\ 0" cc
(@) (b)

3
(=

v
(=]
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WCS in CC mode and CV mode with k£ = 0.15. It can be seen
from Fig. 18(a) that the pulse numbers Ny; = 14 and N1, =4, i.e.,
0 = 0.69 when the WCS operates under CC mode with 180 W
output. Meanwhile, Dy, cx = 0.1 and the PDR A is about 0.053.
In CV mode with 130 W output, as shown in Fig. 18(b), Ny =
5and Ny, = 1, i.e., § = 0.75, which also shows little difference
from that in the CC mode. The duty cycle of the buck converter
Dy = 0.928 and the PDR A is about 0.448.

Moreover, switch stresses and system efficiency of both the
proposed WCS and two-stage WCS for LVLP application are
provided in Fig. 19. As shown in Fig. 19(a), the voltage stress
of buck converter in the proposed scheme is only one third in
comparison with two-stage scheme but both are smaller than
100 V. Therefore, this advantage in low power scenario is not
so attractive because the cost and performance of low voltage
devices have little difference. Also, in LVLP applications, it
can be observed from Fig. 19(b) that the maximum efficiency
improvement is about 1.1%.

In summary, the overall performance of the proposed WCS
is better than that of traditional two-stage WCS in both HVHP
and LVLP applications. However, it should be noted that the
proposed concept is preferred to use for HVHP applications
because the partial-power converter is able to achieve obvious
performance improvement.

V. EXPERIMENTAL RESULTS

To further validate the proposed WCS with communication-
free coordination control, a LVLP laboratory prototype is built,
as depicted in Fig. 20. The circuit parameters of the prototype are
the same as the simulation parameters shown in Table I, but the
input and output dc voltage/current are only one-tenth of that.
The specifications and devices of prototype are given in Table II.
The coils in the magnetic coupler are made of the Litz wire of
0.05 mm/2000 strands with a diameter of 3.3 mm. The circular
structure of the coils is designed and the outer diameter of both
coils are 40 cm. The turn numbers of Tx and Rx coils are 20
and 21, respectively. The dead time of primary inverter is set as
250 ns. To maintain the ZVS operation when considering param-
eter drifts and load variations, capacitor Cy is slightly adjusted
to make the input impedance inductive.

In the experiments, resistance load is applied to emulate the
battery. This would make some difference from battery load
with the proposed communication-free coordination control. As
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Fig. 20.  Photo of the experimental prototype. (a) Front view. (b) Detail view.

TABLE II
SPECIFICATIONS AND DEVICES OF THE PROTOTYPE

Specifications Value
Input dc voltage, Vi, 70V
Maximum charging power, P, max 250 W
Battery voltage, Vs 60 V-84 V
Rated charging current 3A
Power transfer distance 10 cm (4=0.2) —18 cm (k=0.1)
Switches of inverter, S;— Sy C3M0030090K
Diodes of rectifiers, D;—Dg, and D, V10150C
Switches, Syand S, IPB200N25N3
Threshold current, /;  and /; y 32Aand 34 A
EE core of integrated inductor EES50, PC95
Air gaps of left and right legs g=6mm, gg=3mm
Turn numbers of L,, Lrand Ly 6,11 and 5
Equivalent load resistance, Ry 20-130 Q

discussed in Section III-B, for battery load, when switch Sy, is
turned OFF for burst operation, the total output voltage of WCS
is smaller than the battery voltage and diodes D;—D, are in
OFF state. As a result, the input dc current [;;, is almost zero.
However, for the resistance load, when Sy, is turned OFF, there
is still a power flow path through D;—Dy, Dy,, and Lyyck, as
shown in Fig. 21(a). This would result in a relatively large I;;,
and thereby affect the signal generation of S.. To avoid this
problem, an additional switch S, is connected in series with the
load resistor, as shown in Fig. 21(b). In normal operation, S, is
always in ON state. Once the burst operation of buck is required,
Sa will be turned ON/OFF accordingly.



2762

Resistance Load

(b)

Fig. 21.
is turned OFF. (b) Experimental prototype circuit with auxiliary switch S,.

(©)
P
I | >]< I | [
s | e
T Ip=3A
chd: Iy = Y
A e
EEAT e L5
(d)

Fig. 22. Experimental waveforms of the WCS in CC mode with different
coupling coefficients. (a), (b) k = 0.1, (¢), (d) k = 0.2.

A. Steady-State Experimental Waveforms

Fig. 22 shows the steady-state experimental waveforms of the
WCS in CC mode with different coupling coefficients. As shown
in Fig. 22(a) and (b), the coupling coefficient k = 0.1. It can be
observed from Fig. 22(a) that the pulse number of Py and Pr,
are Ny = 6 and Ny, = 4, respectively. ZVS operation of inverter
is achieved. From Fig. 22(b), it can be seen that the duty cycle
Dypyuck = 0.19 and the PDR A is about 0.09. When the coupling
increases to k = 0.2, as shown in Fig. 22(c), the pulse numbers

WCS with resistance load. (a) Additional power flow path when S,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

m‘_. (595/&1:/) B
ﬁ p
?ﬂW I
[chd: I = v [5=2A
ch3: Vg B=84V
(b)
A w A
‘TPT NH 1 NL
AN
\/ Ou /dl )
N is[is}d&j T1
3} Y“““"“"‘"“\ I
E-ENS N ﬂDﬂ%
buck™
chd: Iy = v [5=2A
A
ch3: LB% VVB:84V

(d)

Fig. 23.  Experimental waveforms of the WCS in CV mode with different
coupling coefficients. (a), (b) k = 0.1; (c), (d) k = 0.2.

Ny = 1 and N, = 0, which means the normalized voltage ratio
0 are increased. From Fig. 22(d), it can be seen that the duty
cycle Dypyck = 0.13 and the PDR 2 is about 0.1. In comparison
of Fig. 22(b) and (d), Dpyck and A only show little difference.
That is mainly because I is regulated within the preset range
[IS_L’ IS_H]'

Similarly, the steady-state experimental waveforms of the
WCS in CV mode with different k are given Fig. 23. When
k = 0.1, as shown in Fig. 23(a), ZVS operation of inverter is
also achieved with Ny = 8 and N;, = 6. When k increases to 0.2,
Nyg = 1 and Ny, = 0, which indicates the normalized voltage
ratio ¢ are increased. Due to the Tx-side regulation, I always
locates in the preset range [/s 1,, Is 1], as shown in Fig. 23(a)
and (c). From Fig. 23(b), it can be observed that the duty cycle
Dyuck = 0.91 and the PDR 2 is about 0.45. When the coupling
coefficient k increases to 0.2, as shown in Fig. 23(d), the duty
cycle Dyyex = 0.95 and the PDR A is about 0.44. Therefore, both
Dyyck and A show little variation in spite of the coupling.

B. Dynamic Performance of the WCS

Fig. 24(a) and (b) shows experimental waveforms of the WCS
with load step in CC mode and CV mode when k = 0.15. Itcan be
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Fig. 24.  Experimental waveforms of the WCS with load step when k = 0.15.
(a) CC mode, (b) CV mode and (c) CC mode to CV mode.

observed that the charging current and voltage are maintained at
3 A and 84 V, respectively, regardless of load variation. Fig. 24(c)
shows experimental waveforms of CC-to-CV transition with
k=0.15. Obviously, the transition from CC mode to CV mode is
smooth, without over current in Tx side. To show the feasibility
of the proposed communication-free coordination control, the
prototype has been tested under time-varying coupling coef-
ficients at full load, as shown in Fig. 25. During interval A in
Fig. 25(a), k = 0.2 and ; lies within the preset range [/s 1., Is_u]-
The WCS works in the steady state without burst operation. With
the decrease of coupling, ¢ is decreased to maintain a stable L.
Meanwhile, the Tx coil current is increased accordingly with the
same output power.

Once the sampling current I smp, €xceeds the upper threshold
I 1, a long-duration burst operation with 7,11 = 5 ms is
triggered, as shown in the enlarged view of interval B given
in Fig. 25(a). Subsequently, the Tx-side controller recognizes
the feedback signal and reduce § by Ad = 0.01 accordingly. As
aresult, /5 always lies within the preset range [/ 1., Is 1]. From
the enlarged view of interval C, the pulse numbers Ny = 38 and
Np, =4,i.e.,9 = 0.84. That means ¢ is reduced by A for about
16 times and the WCS adopts a new steady state without burst
operation.

Fig. 25(b) shows the experimental waveforms for k being
increased from 0.1 to 0.2. During interval D in Fig. 25(b),
k = 0.1 and I lies within the preset range [/ 1, Is_z]. The WCS
is under steady state without burst operation. With the increase
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Fig. 25.  Experimental waveforms of the WCS under time-varying coupling
coefficients at full load. (a) k decreases from 0.2 to 0.1. (b) k increases from 0.1
to 0.2.

of coupling, the Tx coil current is decreased accordingly with the
same output power. Similarly, if /5 exceeds the lower threshold
I 1,, a short-duration burst operation with T3, ;71 = 2.5 ms is
triggered, as shown in the enlarged view of interval E given in
Fig. 25(b). From the enlarged view of interval F in Fig. 25(b),
the pulse numbers Nyp = 19 and Ny, = 4, i.e., § = 0.74.

C. System Efficiency

By removing rectifier I, a traditional two-stage WCS is
constructed. To fairly compare the efficiency, the prototypes
of the proposed WCS and the traditional two-stage WCS are
designed with the same parameters. However, it is noteworthy
that the middle bus voltage of two-stage WCS should be equal
to the sum of Vi and V,, in the proposed WCS. Fig. 26 shows
the measured efficiency of the proposed WCS and the traditional
two-stage WCS for different loads and coupling coefficients.

The difference between the peak efficiency of the proposed
WCS and the two-stage WCS is less than 0.5%. Compared
with the two-stage WCS, the efficiency of the proposed WCS
improves significantly in the initial CC mode with smaller load
resistance. This is because the PDR A is relatively smaller, which
is consistent with Fig. 4. In the experiment, the proposed WCS
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Fig. 26. Measured system efficiency of the proposed WCS and the traditional

two-stage WCS with different coupling coefficient and load resistances.

and the traditional two-stage WCS use the same power devices
in the buck converter.

However, the voltage stress across the power devices of buck
converter in the proposed scheme is halved compared to the
two-stage structure. This characteristic is practically favorable
as the proposed scheme permits the use of power devices of the
same cost but a smaller ON-state resistance.

VI. DISCUSSIONS
A. Component Tolerance

In practice, inductors and capacitors have tolerances and
temperature drifts. Hence, they affect the operation of converter.
The sensitivity of parameters variations to output voltage is
inspected. With the parameters listed in Table I, Fig. 27 shows
the normalized output voltages versus normalized components
variations at full load condition. It can be observed in Fig. 27(a)
that the variations of Lg, Cg, Ly, Cy, La, Ly,, and C, have very little
influence on the output voltage V,p, but V, is sensitive to the
variations of L, and Cp,. It can be seen in Fig. 27(b) that Vg is
sensitive to the variations of L;,, C;,, and C¢ but not the variations
of Ls, Cs, Ls, L, Ly, and Cy,. Nevertheless, CC-CV battery
charging conditions of the system can still be guaranteed by
controlling the partial power converter to compensate the small
parameters variations due to tolerance and change of operating
temperature.

B. Compatibility

It is important to clarify that the proposed power-spilt-based
WCS is compatible to various type of partial power converters
(see Fig. 28), such as buck, boost, buck—boost and cuk, etc. In
this article, the most commonly used buck converter is used as an
example. General concept of power flow analysis has shown that
the overall efficiency of power-spilt solution should be improved
comparing with the traditional two-stage solution. However, the
selection of the partial power converters should make a good
balance among the electrical specifications, control design, cost,
and size.
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C. Comparison

The equivalent ac voltage of subharmonics control method de-
pends on the pulse numbers of Py and Py, rather than the value of
duty-cycle in traditional PWM method [38], [39]. Hence, it can
be expected that the subharmonic control method could slightly
increase the current stress of power devices. A comparison with
duty-cycle control method is carried out in this aspect. Fig. 29
shows the peak and RMS values of inverter current against the
duty cycles of input ac voltage v,p. As shown in Fig. 29(a), the
maximum peak current of subharmonics control method is less
than 1.2 times of duty-cycle control method. The RMS current
of both control methods are similar. While subharmonics control
method may slightly increase the conduction loss in the inverter,
it substantially reduces the switching loss by achieving ZVS
from light load to heavy load conditions. This is a critical feature
in high frequency switching and HVHP application. Finally,
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TABLE III
COMPARISON WITH THE PREVIOUS WORKS

Reference Circuit Regulation ~ Wireless Number of ~ Number of Output Voltage Coupling Power Peak
Architecture  Capability ~ Feedback Sand D Land C Variation Capability Efficiency
[7] Single stage Low Yes 10+4 1+2 11-15V 0.64 1I5W 93.5%
[40] Single stage Low Yes 4+4 2+4 250-420 V 0.262 33kW 96.1%
[41] Single stage Low No 4+2 0+1 0-100 V 0.25-0.5 1 kW 94.4%
[23] Two stages High Yes 5+5 0+2 10-90 V 0.2 2.86 kW 88.05%
[21] Two stages High Yes 8+8 1+3 240-410 V 0.06-0.2 33kW 89.64%
[42] Two stages High Yes 6+10 343 60V 0.49 400 W 91%
, 600-840 V 25 kW " 95.1% "
This Power spilt . e e
Work based quasi- Medium No 5+9 3+4 60-84 V 0.1-0.2 250 W 90.1%
single stage 2 2
60-84 V 250 W 89 %

Note: S and D denote switches and diodes, respectively; L and C denote compensation inductor and capacitor, respectively; Superscript 1* and 2* represent the

simulation results and experimental results, respectively.
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Fig. 29. Peak and RMS currents of the inverter against equivalent duty cycle
of input ac voltage vap,.

a brief comparison among the proposed WCS and previous
works is presented in Table III. The key parameters, including
circuit architecture, regulation capability, feedback, number of
semiconductors and passive elements, output voltages, coupling
variation, power capability, and peak efficiency are summarized.
It allows researchers/engineers to easily see and compare mul-
tiple important attributes of each topology at a glance, which
helps them to make a decision based on their needs.

VI. CONCLUSION

In this article, a power-split-based wireless charging system
with communication-free coordination control is proposed to
combat wide load and coupling ranges while maintaining high
efficiency. The input power is mostly directly converted to the
load with a small amount processed by two stages. Therefore,
the proposed wireless charging system has improved overall
efficiency and lower voltage stresses in comparison with the
traditional two-stage solution. Dual-side communication-free
coordination control is established by sensing the input cur-
rent drop caused by the burst operation of the buck converter
without using a wireless communication link. At Tx side, sub-
harmonic control technique is used to cope with the coupling
variation, while the battery charging is achieved by a Rx-side
buck converter. The volume and cost of the receiver are reduced
with magnetic integration technique. Finally, an experimental
prototype with 3 A/84 V output is fabricated to demonstrate

the performance of the proposed scheme in comparison with
two-stage scheme. Experimental results show that the maximum
efficiency improvement of the proposed method is almost 2.1%
for LVLP applications when k£ = 0.1 at the begin of CC mode.
The peak efficiency can reach 89% at full load with k = 0.2.
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