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Abstract—This paper proposes a model-based control method
in the wireless power transfer (WPT) system by operating a
semi-bridgeless active rectifier (SBAR) to suppress the secondary
coil current overshoot. By damping the current overshoot, it is
possible to reduce the rectifier’s rated current and decrease the
rectifier’s size, which is beneficial for the lightweight-oriented
system such as drones. In the control method, an inverse of
the plant model is used to calculate the reference input to the
system. The current overshoot is reduced by operating the SBAR
under the duty ratio calculated from the model. To confirm
the performance of the proposed method, the simulation and
the experiment using the WPT prototype are conducted. The
experimental results show that the proposed method can suppress
the secondary coil current overshoot. The results suggest it is
possible to realize the lighter secondary system by applying the
proposed method.

Index Terms—wireless power transfer, semi-bridgeless active
rectifier, overshoot suppression, current control

I. INTRODUCTION

There are some studies that aim to realize the wireless power
transfer (WPT) system for a flying drone. The feasibility of
applying the WPT system to a flying drone is verified in [1]
to extend the flight duration, in which the microwave beam
is implemented as an energy medium. The main bottleneck
for the microwave WPT system for drones is low efficiency,
and recently there have been several studies that have tried to
improve the system efficiency. In [2], the port-to-port efficiency
is 31.4 %, which is not practically sufficient for drones. On the
other hand, some studies show that a magnetic resonant circuit
helps realize the WPT system for flying drones [3]-[6]. In [3],
the average link efficiency, which is the same role as a port-
to-port efficiency, is approximately 90 % despite the dynamic
conditions of flying drones. Although they both have their
advantages, it is generally said that the magnetic resonant WPT
system is more efficient than the microwave WPT system.
Fig. 1 shows a diagram of the drone wireless in-flight charging
system with the magnetic resonant WPT system. To realize this
system, it is needed to make the secondary system as light as
possible.

A magnetic resonant WPT system has a rectifier on the
secondary side. In the drone wireless in-flight charging system,
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Fig. 1. Diagram of the drone in-flight charging system.

it could happen that excessive current flows into the battery
due to a sudden change of the mutual inductance. Therefore, it
is necessary to choose a lighter and a power-controllable recti-
fying system to realize the in-flight charging system. There are
several types of rectifiers, such as a full-bridge diode rectifier
[7], a full-bridge active rectifier with semiconductor switches
[8], [9], and a semi-bridgeless active rectifier (SBAR) [10]-
[12], which has two diodes and two semiconductor switches
as shown in Fig. 2. Using a full-bridge diode rectifier, it is
unavoidable to load a DC-DC converter to control the power to
a battery, which increases the weight of drones. Although it is
possible to control the load power by using a full-bridge active
rectifier without a DC-DC converter, the system becomes more
complex and expensive than an SBAR. On the other hand, an
SBAR does not need a DC-DC converter, and it is composed
of only two semiconductor switches. Therefore, an SBAR is
the most suitable for a drone WPT system in terms of weight
and simplicity.

The SBAR often operates with an unsynchronized ON-OFF
switching method [13]. This method can be easily imple-
mented as it does not need an alternative current sensor. The
operation circuit diagram of the SBAR is shown in Fig. 2.
The transferred secondary AC current is rectified at the SBAR



Fig. 2. Circuit diagram of the SBAR. (a) Rectification mode (b) Short mode
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Fig. 3. Circuit diagram of the magnetic resonant WPT system with the SBAR.

with rectification mode (RM) to charge the battery as shown
in Fig. 2(a). When the battery is fully charged, the SBAR
operation mode is switched to short mode (SM) as shown in
Fig. 2(b), so that the current flow to the battery is cut off.
By changing the operation mode, it is possible to prevent the
battery from overcharging. However, when the mode switches
from the RM to the SM, the secondary coil current overshoot
occurs. There have been no studies addressing this problem.
To avoid raising the rated current and increasing the size of the
rectifier, we focus on the overshoot suppression in the SBAR
system with an unsynchronized ON-OFF switching method.

This paper focuses on the secondary coil current control to
resolve the above problem. By switching between the RM and
the SM alternately and gradually extending the SM period, it
is possible to suppress the coil current overshoot. The model
of the WPT system derived in this paper determines the ratio
of the SM period to the operation period. The experimental
results show that the overshoot is suppressed by applying the
control method to the SBAR system.

II. ToPOLOGY ANALYSIS

The circuit used in this paper is shown in Fig. 3. The circuit
consists of a direct current (DC) voltage source, full-bridge
inverter, series-series compensated resonant circuit, SBAR,
and smoothing capacitor. v and ¢ are the instantaneous value of
the voltage and current, V" and I are the fundamental amplitude
of v and i, L, C, and R are self-inductance, resonant capacitor,
and internal resistor, respectively. The subscript 1, 2 represent
the value of the primary side, the secondary side, respectively.
Vbeo, Ipc and Vi, I, are the value of the primary DC voltage
and current, and the secondary DC voltage and current. Fig. 4
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Fig. 5. Ideal operating waveforms of the SBAR.

is the equivalent circuit of the system shown in Fig. 3. The
circuit equation is expressed as follows:

. 1 . di di
v = Rlzl + a/lldt + leitl — Lmd7t27 (13)
. 1 . dis diy
= S dt — Lo— + Ly —. 1b
V2 Ryiy s /12 2% + 1 (1b)

Under the resonant condition, focusing on the fundamental
component, the waveforms are expressed as

i1 = I (t) sinwt, (2a)
vy = V4 (¢) sinwt, (2b)
19 = I(t) cos wt, (2¢c)
vy = Va(t) coswt. (2d)

w is the angular frequency of the inverter, which equals to the
resonant frequency of the primary and secondary circuit. By
substituting (2) into (1), the following equations are obtained:

dr; (¢
2L1% + RIII + OJLmIQ — ‘/1 = 0,

dly(t)
dt

These equations are derived under the approximation that the
frequency of the current envelope is sufficiently smaller than
the operating frequency.

The Laplace form of the equations (3) are shown as

201811 (8) + RiI1(s) + wLmI2(s) + Vi(s) =0,
2L95I5(8) + Rala(s) — wLymIi(s) + Va(s) = 0.
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Fig. 6. Block diagram of the control system.

TABLE I
CIRCUIT PARAMETERS

Parameter Value
Primary inductance L1 236 uH
Secondary inductance Lo  18.9uH
Mutual inductance Ly, 6.25 uH
Primary resistor R 108 mQ2
Secondary resistor Ro 32.5mf2
Input voltage Vpc 30V
Load voltage V7, 30V
Resonance frequency f 85 kHz

By solving (4), I;(s) and I5(s) are expressed as
I (5): (041$+ﬂ1)vl(5) B 7‘/2(5)
! 2+ 2Cwns +wn?2 82+ 2Cwps + wy?’
D(s) = Vi(s) _ (azs +P2) Va(s)
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III. CONTROL STRATEGY FOR CURRENT OVERSHOOT
SUPPRESSION

This section describes how the SBAR is operated. Fig. 5
shows the ideal operating waveforms of the SBAR. It shows the
gate signal sent to the lower arm of the rectifier, the secondary
voltage vy, and the secondary current ¢, respectively. 7' is the
rectifier’s operating period. In this paper, 7" is defined as a
half of the switching period of the primary inverter. Ty ¢ iS
the short period in 7" in which the lower arm of the rectifier
is on. During this period, the power is not transferred to the
load side. The duty ratio of the rectifier dgpo,t is defined as

TS or
dehort = %. (7)

By deciding dgno.t, the operation of the rectifier is determined.
According to (5b), the transfer function from V5 to I is
expressed as follows:

Ir(s) _
Va(s)

_ 28 + B2
52 4+ 20wyns + wy?’

Gao = ®)

When a step signal of V5 is input to the system by switching
the SBAR from the RM to the SM, the coil current overshoot
occurs because ( is too small in a typical magnetic resonant
WPT system. In order to suppress the overshoot in the step re-
sponse of I, this paper proposes a SBAR control method. By
controlling V5 appropriately, the overshoot can be suppressed.

Fig. 6 is the block diagram of the control system, which
shows how the SBAR is operated. Iorer, I2*, V¥, and dgport
are the secondary current’s reference value, the secondary
current’s calculated value, the secondary voltage’s calculated
value, and the calculated value of the duty ratio of the rectifier,
respectively. f (dshort) is the function showing the relation
between V5 and dgport, Which is defined as

Vo= f (dor) = Ve {1 —sin (Do)} ©

(9) is derived as the difference between the fundamental
wave amplitude of the square wave and the fundamental wave
amplitude of the square wave when operating the rectifier with
a phase-shift control. f=!(V3) is the inversion of f (dshort)-
In this paper, V2™ is calculated using the inversion system of
Gay. Gp ' is the non-proper system, so the low-pass filter
shown in Fig. 6 is placed before G5~ '. Applying this scheme
to the operation, the proposed method, in which the secondary
coil current overshoot at the transition phase from the RM to
the SM is suppressed, is implemented.

IV. SIMULATION AND EXPERIMENT

In order to validate the effectiveness of the proposed
method, the simulation is carried out at first. The parameter is
listed in TABLE 1. Figs. 7(a), 7(b), and 7(c) show the reference
values of V2" considered in the simulation. Each figure shows
a step-type reference value, a ramp-type reference value, and a
proposed reference value calculated using the model as shown
in Fig. 6, respectively. The slope of the ramp-type reference
value is decided such that the time constant is the same as that
of the proposed method.

Figs. 7(d), 7(e), and 7(f) show the simulation results.
All the waveforms once converge at 4 ms. The convergence
of the secondary coil current amplitude at 4ms is 10.5 A.
The waveforms after 4 ms are shown because the proposed
reference value converges around 14 ms.

Fig. 7(d) shows that the maximum current amplitude is
tremendously large if there is no controller in the secondary
system. Fig. 7(e) shows that the ramp-type reference trajectory
cannot wholly suppress the overshoot. On the other hand,
Fig. 7(f) shows that the proposed method can completely
suppress the overshoot. It is because the inverse of the plant
model is implemented in the control system, which is able
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Fig. 7. Reference values of Vo™ and simulation results of the secondary current. (a) Step-type reference (b) Ramp-type reference (c) Proposed reference (d)
Result with the step-type reference (e) Result with the ramp-type reference (f) Result with the proposed reference

TABLE II
MAXIMUM VALUES OF THE SECONDARY COIL CURRENT OVERSHOOT IN THE
SIMULATION
Vo™ trajectory  Maximum current amplitude ~ Overshoot
Step-type 49.1A 368 %
Ramp-type 114 A 8.6%
Proposed 10.5A 0.0%

to suppress the overshoot ideally. TABLE II shows all the
maximum values of the secondary coil current between 0 ms
and 4 ms in the simulation. According to TABLE 1II, it can be
seen that the proposed method is numerically superior to the
other methods. These simulation results verify the proposed
method to dump the overshoot of the secondary coil current.

With the above simulation results, experiments are per-
formed to verify the feasibility of the proposed method. Fig. IV
shows an experimental prototype setup based on the param-
eters listed in TABLE 1. The calculation shown in Fig. 6 is
implemented with a digital signal processing (DSP) controller.
The reference values of V5" are the same as that shown in
Fig. 7. The calculated value dgpo.t” is input to the lower arm
of the rectifier as the gate signal.

Figs. 9—11 show the experimental results. Figs. 9(a), 10(a),
and 11(a) show the waveforms of the secondary current. Their
tendencies are similar to the simulation results as shown in
Fig. 7, which shows the feasibility of the proposed method.

Figs. 9(b), 10(b), and 11(b) show the waveforms of the load
current. It is observed that the load current flows into the
battery in Figs. 10(b) and 11(b) after the switching mode of
the rectifier is changed from the RM to the SM. In terms of the
transferred power control, it can be said that the step method is
more accessible than the other methods; however, it is possible
to control the energy including the power transferred after

Fig. 8. Experimental prototype of the system.

changing the mode of the rectifier. In addition, there is no surge
current in Fig. 11(b), which means the proposed method has
no adverse effect on the battery safety. These results suggest
that the proposed method is valid to suppress the coil current
overshoot and control the power transferred to the battery with
the SBAR system, which decreases the rated current of the
rectifier so that the lighter drone system is realized.

On the other hand, it is needed to consider the case when the
phase of the gate signal shifts from the state as shown in Fig. 5
because the gate signal is not synchronized with the secondary
current. According to Fig. 12, the coil current overshoot can
be suppressed even if the phases of the gate signal and the
secondary current are shifted by 5 from the state as shown in
Fig. 5. This result suggests that (9) is robust to the fluctuation
of the model which assumes that the phases of the gate signal
and the secondary current match as shown in Fig. 5.
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V. CONCLUSION

In this paper, we proposed a novel model-based current
overshoot suppression method with a two-mode operation
SBAR. The control strategy is validated with the simulation
and the experiment in which the maximum values of the
secondary coil current overshoot are evaluated. The proposed
method accomplishes a suppression of the secondary coil
current overshoot, which leads to decreasing the rated current
of the rectifier. By applying this method to the drone wireless
in-flight charging system, the lighter secondary system is
realized.

Meanwhile, it should be noted that the proposed method
assumes the perfect resonance condition. The robustness to
the parameter fluctuation will be improved in future studies.
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