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Current Overshoot Suppression of Wireless Power
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Abstract—The energy efficiency of an inductive wireless power
transfer (WPT) system will deviate from the possible peak value if
the magnetic coupling of the transmitter and receiver coils or the
load resistance changes. To achieve maximum-efficiency tracking
regardless of coupling or load changes, ON–OFF keying (OOK)
modulation is used. However it has the issue of large surge current
in the circuits during OOK modulation. The current overshoots of
a series–series (SS) compensated WPT system at the startup stage
might be much higher than the rated current. The current over-
shoots not only increase the stress on the power switch devices but
also cause high voltage spikes across the windings and the resonant
capacitors which is a challenge for insulation design. A soft-start
scheme is proposed to address the current overshoot problem. The
principle of the soft-start scheme can be essentially applied to WPT
systems with different compensation topologies. The experimental
results of a 3.3-kW prototype verify that the proposed soft-start
scheme effectively suppress the current overshoots.

Index Terms—Inductive power transfer, on-off keying
modulation, wireless power transfer.

I. INTRODUCTION

INDUCTIVE resonant coupling has been widely adopted as
the wireless charging technique for portable electronics and

electric vehicles (EV) [1]. In an inductive wireless charging
system, the load resistance varies in a large range as the battery
voltage and charging current change in the charging process [2].
The energy efficiency of an inductive wireless charging system
strongly depends on the load resistance [3]. As a result, the
charging efficiency could be very low under light-load condition
and thus, the overall energy efficiency of the system is degraded.
Many efforts have been devoted to techniques that can enable
maximum-efficiency operation for an inductive wireless power
transfer (WPT) system. Maximum-efficiency operation means
the efficiency of the system will maintain at a value close to the
maximum possible efficiency of the system in the entire charging
process regardless of the variation of load resistance or coupling.
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A dc/dc converter can be used after the rectifier in the sec-
ondary circuit to transform the load resistance and maximize
power transfer efficiency [3]–[13]. For light-load conditions,
boost-type converters can be used to convert the load resis-
tance to the optimal value [14]–[24]. Reconfigurable resonant
circuits can also be used to match the load impedance. In [25],
a switchable capacitor array is used for impedance matching,
while [26] uses a set of switchable coils. In [27], a reconfigurable
coil structure which can operate in either two-coil or three-coil
mode is proposed and the system efficiency can stay close to the
maximum within a large range of load resistance.

Burst-mode control has been widely adopted in power con-
verters to improve the light-load efficiency [29]–[34]. It is capa-
ble of setting the equivalent load of light-load conditions equal
to that of full-load or optimal-load conditions [28], [35], [36].
This function of burst-mode control is especially useful for WPT
systems whose efficiency has a much stronger dependency on
the load compared with usual power converters [3]. In [35], a
harmonic burst control is proposed for inductive WPT systems to
regulate the output power through harmonics and it can achieve
both turn-ON and turn-OFF soft switching for a wide range of
loads. In [28], burst-mode control WPT, which is called OOK
modulated WPT in the paper, is investigated from the perspective
of achieving maximum light-load efficiency. The optimal input
voltage and the maximum-efficiency operation mechanism of
OOK WPT are derived. In [36], a dual-side control WPT system
with a burst-mode secondary is proposed. Burst-mode operation
in this method is not only for regulating the output but also for
creating a feedback signal for the primary controller.

Maximum-efficiency operation techniques, which utilize ex-
tra circuit or components not only increase the complexity of
the system but also power losses. Burst-mode control (or OOK
modulation) without using any extra circuit or component is a
promising alternative. The schematic of the OOK WPT system
proposed in [28] is redrawn in Fig. 1. A low-frequency modu-
lation signal SLF is used to modulate the switching actions and
the equivalent load resistance is a function of the duty cycle of
the modulation signal. This mechanism of OOK modulation is
capable of improving the efficiency of WPT systems not only
under light-load conditions as reported in [28] but also with a
large coupling range. Moreover, since a low power level is used
in [28], the current overshoots created in the turn-ON transient
processes have not been revealed. In the switching power supply,
burst mode generally is enabled at light-load condition. However
for the wireless charging system, it operates at wide load and
coupling ranges. The current overshoots of a WPT system at
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Fig. 1. Schematic of an SS OOK WPT system. (a) Schematic of the system.
(b) Switching signals for the inverter [28].

the startup stage might be much higher than the rated current.
The current overshoots not only increase the stress on the power
switch devices but also cause dangerous high voltage spikes
across the windings and the resonant capacitors. It will become
more serious when the power level goes higher, e.g., in an EV
wireless charging system.

In this article, a revised OOK method with a soft-start scheme
is proposed. The soft-start scheme enables a fast turn-ON tran-
sient process without causing significant current overshoots. In
addition, a design of the soft-start scheme is also presented. The
proposed soft-start scheme is verified with both the simulation
and experiment. The principle of the proposed soft-start scheme
can be extended to other WPT systems with different compen-
sation topologies.

The rest of article is organized as follows. Section I introduces
the background of the article. In Section II, the features of
the OOK modulation for WPT systems are briefly reviewed.
Especially, current overshoot issue in OOK WPT is investigated.
In Section III, a soft-start scheme is presented for OOK WPT. In
Section IV, the soft-start scheme is verified by the simulation. In
Section V, experimental results are given to verify the analysis
and the proposed soft-start scheme.

II. FEATURES OF OOK WPT

A. Efficiency Improvement and Output Regulation

OOK modulation is basically a burst mode control method.
By operating the system at rated power in each ON period, the
winding efficiency can be improved [28]. The equivalent load
resistance is given by the following equation for an SS OOK
WPT system [28]

RL_Conv = d
8

π2
RL (1)

where d is the duty cycle of the low-frequency modulation signal
as shown in Fig. 1, and RL is the load resistance.

The optimal load resistance of an SS WPT system to achieve
maximum efficiency is given by

RL_OPT = R2

√
1 +

ω2M2

R1R2
= R2

√
1 + k2Q1Q2 (2)

where R1 and R2 are the parasitic resistance of the primary and
secondary LC resonators, respectively; M is the mutual induc-
tance of the windings,ω is the angular frequency, andQ1 andQ2

(defined asQi = ωLi/Ri, i = 1 or 2,Li is the self-inductance of
winding-i) are the quality factors of the primary and secondary
resonators, respectively.

Since k2Q1Q2 is normally much larger than 1, (2) can be
simplified to

RL_OPT = kR2

√
Q1Q2. (3)

Assume the system can achieve maximum efficiency with a
coupling coefficient of k0 and a load resistance of RL0

for k0 and RL0: d0
8

π2
RL0 = k0R2

√
Q1Q2. (4)

Then when with an arbitrary k and an arbitrary RL, the duty
cycle d that can convert RL to the optimal value is given by

for k and RL: d
8

π2
RL = kR2

√
Q1Q2. (5)

From these two equations, we can get

d = d0
kRL0

k0RL
. (6)

From the aspect of output regulation, the required duty cycle
for maintaining a constant output voltage under load and cou-
pling changes can also be derived. In an SS WPT system, when
the parasitic resistances are neglected, we have

ωMI2 = V1 (7)

ωMI1 = V2. (8)

Note that the italic symbols represent rms values. At the
operation point with k0 and RL0, the energy delivered to the
secondary side in one ON period of OOK should be equal to the
total output energy in one ON-and-OFF period of OOK

d0
2
√
2

π
I2VO =

V 2
O

RL0
. (9)

By combining (7) and (9)

d0 =
π

2
√
2
k0

VOω
√
L1L2

V1RL0
. (10)

Similarly, when with an arbitrary k and RL, we have

d′ =
π

2
√
2
k
VOω

√
L1L2

V1RL
. (11)

By comparing (10) and (11)

d′ = d0
kRL0

k0RL
. (12)

So (6) and (12) are the same, which implies that applying
OOK modulation for constant output voltage regulation is able
to achieve a higher efficiency, regardless of coupling changes.
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Fig. 2. First-order circuit model of the WPT system with a constant output
voltage.

Fig. 3. Primary and secondary current waveforms at the startup stage [not to
scale].

B. Current Overshoots of SS WPT

A major challenge of OOK modulation is its transient pro-
cess at the startup stage in each ON period. At the startup
stage of each ON period of OOK, there will be large current
overshoots in both primary and secondary circuits due to the
nature of high-Q resonant circuits. The system is assumed to
have a constant output voltage in the interested time span,
which is valid for battery charging applications. As shown
in Fig. 2, v2 represents the fundamental component of the
rectifier input voltage in the secondary side circuit. Assume
the constant output voltage is VO, then the amplitude of v2 is
given by

V2m =
4

π
VO. (13)

When the inverter is turned ON at the beginning of an ON

period of OOK (at time t0), the primary current starts to rise.
But the secondary current will be zero until the primary current
is large enough to induce a voltage in the secondary winding
higher than the output voltage. Use t1 to denote the moment
when the secondary current starts to increase. The primary and
secondary currents will have the pattern, as shown in Fig. 3, at
the startup stage. From t0 to t1, the secondary current is zero
and thereby, the primary circuit is a series RLC second-order
circuit. The source is

v1 (t) = V1 sinωt. (14)

The initial capacitor voltage is VC10 and the initial induc-
tor current is zero. It should be noted that VC10 could be
any value between zero and the dc input voltage of the in-
verter and it depends on the time when the ON period ends.
Therefore

VC10 ≤ π

4
V1. (15)

Use VC1S to denote the steady-state capacitor voltage which
is given by

VC1S =
V1

R1
· 1

ωC1
= Q1V1. (16)

Therefore

VC1S >> VC10. (17)

Define

α =
R1

2L1
(18)

ω2
α = ω2 − α2 = ω2

[
1−

(
1

2Q1

)2
]
≈ ω2. (19)

Then based on the basic theory of second-order circuit, the
time-domain current function can be derived as

i1 (t)=ωC1

[
VC1S −

(
1 +

1

4Q2
1

)
(VC10 + VC1S) e

−αt

]
sinωt.

(20)
Considering (17) and Q1 is usually larger than 100, (20) can

be simplified to

i1 (t) = ωC1VC1S

(
1− e−αt

)
sinωt. (21)

Define

I1(t) = ωC1VC1S

(
1− e−αt

)
(22)

which represents the increasing amplitude of i1(t).
The induced voltage in the secondary winding can be derived

as

M
di1
dt

≈ ωMI1 (t) cosωt. (23)

The proof of (23) is given in the Appendix.
In summary, after the primary-side inverter is activated, it

takes some time for the secondary-side LC resonator to create
a voltage higher than the output voltage so that it can gradually
built up a current. In this time period, the primary-side LC
resonator, whose damping factor is negligibly small, generates
an oscillating current with a fast increasing amplitude. Thereby,
large current overshoots appear and these current overshoots will
also induce large current oscillations in the secondary side. With
a weaker coupling, the current overshoots will be more serious.
The large current overshoots not only increase the ratings of the
components and windings but also cause high voltage spikes
across the windings and the resonant capacitors which is a
challenge for insulation design.
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Fig. 4. Expected primary current.

Fig. 5. Schematic diagram of the modulation signals and the inverter output
voltage.

III. SOFT START SCHEME

This section introduces a soft start scheme to eliminate current
overshoots at the startup stage. Meanwhile, minimal transient
time is ensured. The condition of the induced voltage in the
secondary winding is larger than the output voltage is equivalent
to

ωMI1 (t) cosωt >
4

π
VO. (24)

Considering (8), (24) leads to

I1 (t) >
4

π

VO

ωM
≈ I1m (25)

where I1m is the steady-state primary current considering the
whole WPT system. This implies that at t1 when the secondary
current starts to rise, the amplitude of the primary current should
be larger than the steady-state current. By properly controlling
the input voltage v1 (e.g., by adjusting the phase shift of the
inverter legs), the transition time t1 can be located at the time
when i1(t) peaks (i.e., I1(t1) = I1m).

The expected primary current waveform is shown in Fig. 4 .
The primary current increases normally from t0 to t1 and then
it enters steady state at t1. Note that t1 is the time when the
secondary current starts to increase. Therefore, if one could
modulate the inverter output from t1 in a way that v1 exactly
equals to the sum of the voltage of R1 and the voltage induced
by i2, thenL1 andC1 will keep resonant with the same amplitude
and thereby, i1 will maintain at I1m from t1. Setting t1 to time
zero, the primary current is given by

i1(t) = I1m cosωt (26)

TABLE I
PARAMETERS OF THE CHARGING SYSTEM WITH PERFECT COUPLING

Fig. 6. Simulation results of current overshoots without using the soft-start
scheme.

and the required input voltage is given by

v1(t) = M
di2
dt

+R1I1m cosωt. (27)

Assume the condition of (27) can be practically realized.
The primary current enters steady state from t1, which implies
that the induced voltage in the secondary winding is a constant
sinusoidal voltage source which is given by

v2_ind(t) = −M
di1
dt

= ωMI1m sin (ωt) . (28)

Thereby, the secondary circuit can be considered as a second-
order series RLC resonant circuit with a sinusoidal voltage
source which is the sum of the induced voltage and the funda-
mental component of the rectifier input voltage, and zero initial
conditions. It can be proved that the induced voltage and the
fundamental output voltage are basically in phase under the
condition of using high-Q resonators. The proof is given in the
appendix. Similar to (23) and assuming identical resonators are
used in both the primary and secondary sides, the secondary
current is given by

i2 (t) = ωC2VC2S

(
1− e−αt

)
sinωt. (29)
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Fig. 7. Simulation results after applying the soft-start scheme.

It should be noted that the zero time for i2(t) is set at t1 and
the zero time for i1(t) in (21) is t0.

Use a(t) to denote the phase shift between the two inverter
legs, the fundamental output voltage of the inverter is

v1 (t) = VS
4

π
sin

[
a(t)

2

]
cosωt. (30)

By solving (27) and (30)

a (t) = 2 arcsin

(
π

4

I1mR1 + ω2MC2VC2S (1− e−αt)

VS

)
(31)

where

VC2S =
I2m
ωC2

(32)

is the steady-state amplitude of the capacitor voltage and I2m is
given by (7).

Fig. 5 shows the schematic diagram of the modulation, where
a0 is the initial value of the phase shift angle when the modula-
tion starts. However, because the modulation starts at the max-
imum current point (i.e., time t1), half of a0 can be considered
to have overlapped with the previous ON period and only half of
a0 is needed after t1.

IV. SIMULATION VERIFICATION

A circuit simulation has been carried out to verify the pro-
posed soft-start scheme. Take the system at the worst coupling
position (measured parameters given in Table I) as an example.
The steady-state primary and secondary currents (i.e., I1m and
I2m) are 19.8 and 21.7 A according to (8) and (7), respectively.

In the simulations, it is assumed that the output voltage is
fixed at 360 V and lossless switches are used. If the proposed
soft-start scheme is not applied, the maximum currents at the
startup stage are nearly twice the stead-state values as shown
in Fig. 6.

By setting (22) equal to I1m, the time when the amplitude of
i1 reaches I1m can be obtained as 39.29 μs. On the other hand,
it takes 38.24 μs for the inverter output voltage to complete 3.25
cycles at 85 kHz. Therefore, the modulation time t1 can be set
at 3.25 cycles. After t1, the driving signals of the inverter are
modulated so that the inverter output voltage has an increasing
duty cycle corresponding to the phase given by (31). The sim-
ulation results are given in Fig. 7. The current overshoots have
been significantly eliminated. The steady-state primary current
is slightly higher than the calculated value because the winding
resistances are included in the simulations.

V. EXPERIMENTAL VERIFICATION

Magnetic couplers have been constructed using the common
coil-ferrite-shield three-layer structure [37] for experiments, as
shown in Fig. 8. Strip-shape ferrite layer is adopted. The pa-
rameters of the setup is given in Table I for the perfect-coupling
position and the misaligned position with a 90-mm lateral mis-
alignment. Fig. 9 shows the primary circuit of the prototype.
SiC MOSFET C2M0025120D is used in the full-bridge in-
verter and the microprocessor is DSP2808. Fast switching diode
IDW100E60 is used for the rectifier. The input dc-link voltage
is 395 V and the dc output voltage is 360 V. The rated output
power is 3.3 kW.
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Fig. 8. Couplers of the prototype WPT system.

Fig. 9. Primary-side circuit.

Fig. 10. Efficiencies at the best-coupling position (k = 0.133).

A. Efficiency Improvement

The measured dc-to-dc efficiencies of the prototype WPT
system of using OOK modulation and phase-shift control are
compared, at both the best-coupling and misaligned positions,
as shown in Figs. 10 and 11, respectively. Significant efficiency
improvements are obvious for larger load resistances, especially
at the misaligned position.

B. Simultaneous Maximum-Efficiency Operation and
Output Voltage Regulation

The calculated OOK duty cycles according to (6) and (12)
are compared with the actual used values in experiments for

Fig. 11. Efficiencies at the worst coupling position (k = 0.087).

Fig. 12. OOK duty cycle at the best-coupling and misaligned positions.

regulating a constant output voltage. They are in good agreement
as shown in Fig. 12.

C. Current Overshoots Suppression

According to (25), the steady-state amplitude of the primary
current is 13.1 A for the best-coupling position and 19.8 A for
the misaligned position. Similar to the simulation, the soft-start
modulation starting time, i.e., t1, can be obtained using (22)
and the phase shift of the inverter legs is given by (31). The
experimental results under half load are given in Table II.
The current overshoots are effectively eliminated by applying
the soft-start scheme at both the best-coupling position and the
misaligned position.

With the soft-start scheme, the increasing rate of the secondary
current will inevitably become slower and thereby the OOK
duty cycle will be increased to support the same output voltage
and output power. This will degrade the efficiency. Therefore,
a tradeoff should be made between efficiency and current over-
shoot. For example, in the third column of Table II, the increasing
rating of the phase shift is increased by 50% compared to that
in the middle column with a phase shift given by (31). Thereby,
the transient time of the currents will become shorter and the
efficiency can be improved. However, this leads to a bit higher
maximum currents.
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TABLE II
EXPERIMENTAL RESULTS OF CURRENT OVERSHOOTS SUPPRESSION

VI. CONCLUSION

ON–OFF keying (OOK) modulation can achieve maximum-
efficiency tracking regardless of coupling or load changes. How-
ever, it has the issue of large surge current in the circuits during
OOK modulation. The current overshoots of a WPT system at
the startup stage might be much higher than the rated current.
The overshoots not only require a higher rating of the converters
and resonators but also significantly increase breakdown risk.
The transient response at the startup stage of the SS WPT
system is analyzed based on the circuit model and a soft-start
scheme for OOK WPT is proposed to suppress the current
overshoots. By properly modulating the inverter output so that
it balances the voltage drop across the parasitic resistance of the
primary circuit and the induced voltage due to the secondary-side
current, the primary LC resonator will resonate with a constant
current amplitude, which avoids high current overshoots in the
primary side and in turn also eliminate current overshoots in the
secondary side. Both simulation and experimental results verify
that the proposed soft-start scheme can effectively suppress the
current overshoots of WPT systems.

APPENDIX

A. Proof of M di1
dt ≈ ωMI1(t) cosωt

From the expression of i1(t) in (21), we can derive

M
di1
dt

= MωC1VC1S

[
(α sinωt− ω cosωt) e−αt + ω cosωt

]
.

(33)

While

α

ω
=

1

2Q1
(34)

which is approaching zero. Therefore, the termα sinωt can be
neglected and (33) is simplified to

M
di1
dt

= Mω2C1VC1S

(
1−e−αt

)
cosωt = ωMI1(t) cosωt.

(35)
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B. Proof of The Induced Voltage in the Secondary Winding
and the Fundamental Component of the Rectifier Output
Voltage are in phase

Consider the fundamental component of the rectifier output
voltage as a power source which has the same frequency and
phase angle as the secondary current. Since the secondary res-
onator is also high-Q and the operating frequency of the system
equals to the resonant frequency, the frequency of the transient
oscillation of the secondary current will be very close to the
operating frequency. Therefore, the induced voltage and the
fundamental component of the rectifier output voltage can be
combined and considered as one sinusoidal power source, which
is represented with

v2S (t) = V2S sin (ωt) . (36)

Thus, the secondary current can be expressed as

i2 (t) = ωC2VC2S

(
1− e−αt

)
sin (ωt) (37)

which is similar to (21).
Similar to (35), the voltage across L2 is derived as

L2
di2
dt

≈ ω2L2C2VC2S

(
1− e−αt

)
cos (ωt)

= VC2S

(
1− e−αt

)
cos (ωt) . (38)

From the basic theory of the second-order resonant circuit,
the voltage of C2 can be derived and simplified to

vC2 (t) ≈ −VC2S

(
1− e−αt

)
cos(ωt) (39)

Therefore, the instantaneous voltages of the winding induc-
tance and the resonant capacitance actually cancel out and thus,
the induced voltage in the secondary winding and the fundamen-
tal component of the rectifier output voltage are in phase.
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