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In recent years, wireless power transfer technology has received considerable attention because of its wide range
of applications. Most of the literature focuses on the resistance load or constant voltage load, and the constant power
load is almost never considered. The open loop transfer function of a constant power load is unstable, and therefore
closed loop stabilization is required. Furthermore, communication between the two sides is often used but it may not
be available. In order to stabilize the load voltage without resorting to coordination with the primary side and dis-
continuous operation causing big voltage transients, this paper proposes a control strategy for only the secondary side
using a single converter. It is based on the combination of synchronous rectification and symmetric phase shift, without
communication with the primary side. While the primary side is not manipulated, the AC/DC converter regulates the
amplitude of the secondary coil voltage and stabilizes the constant power load voltage on the DC side via a simple PI
control. In this paper, the control concept, design and stability analysis are provided. The proposed control is verified
through experimental results in both static and dynamic scenarios, achieving a controller that is simple to design and
has smooth waveforms.
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1. Introduction

Wireless power transfer (WPT) technology recently has
become appealing for both industrial and automotive appli-
cations because it simplifies the powering process and elimi-
nates potential dangers for the user. WPT by magnetic reso-
nant coupling achieves high efficiency and is capable of trans-
mitting high power (1). There are different types of WPT tun-
ing by magnetic resonant coupling, depending on the circuit
topology (2): in particular, the series-series (SS) compensa-
tion allows high power to flow on the secondary side with
high efficiency. These characteristics are favorable for appli-
cations such as Electric Vehicles (EVs). Literature involving
WPT for EVs is abundant (2)–(7). Currently, static WPT is on
a quite mature state and is ready to be launched on the mar-
ket; on the other hand, practical in-motion WPT is still under
research. While static WPT is not so different from plug-in
EV charging, in-motion WPT can reduce both battery weight
and range anxiety, thus mitigating the burden of the EV user,
who can finally drive without thinking too much about the
position of charging station; some prototypes have achieved
good results (8)–(11).
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Most of previous studies concentrated on coil design, com-
pensation topologies and system parameters. However, sim-
ply being able to transfer power to the load without using
cables is not sufficient to achieve an optimized performance.
Control is an important part of the design and can remarkably
change the requirements for converters; it depends strongly
on the number of converters available and the requirements
of the load. Usually, control is performed in order to maxi-
mize the transmitting efficiency (12)–(14). Tracking and control
of maximum efficiency point can be performed from primary
side (15) or by secondary side (16). However, also power control
is important in order to meet the load requirements: in this
case, it is advisable to perform it by the secondary side of
the system (14) (17). Communication with the primary side may
be used but it is not strictly necessary, thus the development
of controls not relying on communications is advantageous
in terms of system cost and avoidance of communication de-
lay problems. For instance, some researches have proposed
power and efficiency control performed only in the secondary
side (18) (19) by using two active converters instead of the typical
combination of full diode bridge rectifier and DC/DC con-
verter. However, depending on the application, having two
converters on the secondary side may be impossible due to
space and cost limitations.

Concentrating the control on the secondary side of a WPT
system allows to better tailor the control to the load. In past
research, the load has almost always been a resistance (20) (21)

or a constant voltage load such as a battery or similar storage
system (16) (17) (22) (23). However, there are also other applications
such as motors that are constant power loads (CPL). While

c© 2019 The Institute of Electrical Engineers of Japan. 66



Secondary side voltage stabilization for CPLs in WPT（Giorgio Lovison et al.）

research about CPL has been performed for other application
such as distributed grids regulation or automotive (24), in WPT
application it is very seldom considered. Some basic stud-
ies about switching regulators (25), industrial stages (26) and DC
motors (27) have been reported. Some research about control of
motors of EV have also been carried out (28)–(31). While in (28) (29)

there is no detail on the control method, in (30) and (31) a control
based on both sides is performed. In particular, the informa-
tion on the load torque and voltage are transmitted to the pri-
mary side by Bluetooth signal, and the primary side chopper
regulates the battery voltage in order to match the load volt-
age reference. Moreover, the problem of CPLs is that they
have negative dynamic resistance characteristic (dV/dI < 0).
It means that if the voltage increases, the current decreases
and viceversa: this behaviour becomes a loop and leads to
instability of the system. It is then necessary to control either
the voltage or the current in order to guarantee system stabil-
ity. In past research, for example, load voltage stabilization is
achieved by using ON/OFF control (30) (31); however, this intro-
duces severe transients during the switching from ON state to
OFF state, which put sever stress on the devices and can pos-
sibily cause false triggering and consequently control failure.
In this view, the voltage stabilization of constant power load
should be performed smoothly and with no communication
signal in order to avoid control faults due to delay. There-
fore, this paper proposes a secondary-side-only control for
a single AC/DC converter based on symmetric phase shift.
Given that only one converter exists in the secondary side,
this approach does not consider the cascoded topology which
adds another converter and complicates the system. The tar-
get application for this system is a constant power load such
as a motor for EVs, which usually works with powers on the
order of kilowatts and requires high voltages. Consequently,
in case of the target application, the full-bridge topology is
the most convenient because the system becomes very simple
and symmetric. The control concept and the stability analysis
are provided, and its effectiveness is verified by experiments
both in static and dynamic conditions. This paper is orga-
nized into seven sections. Section 2 introduces the case of
study and describes the power characteristics of WPT. Sec-
tion 3 explains the proposed control concept and Section 4
presents the experimental results. Section 5 shows the results
in case of variation of mutual inductance and Section 6 pro-
vides an evaluation on the efficiency. Finally, Section 6 draws
the conclusions and indicates the future works.

2. Case of Study

This study focuses on the secondary side of a WPT sys-
tem with SS compensation, as shown in the equivalent circuit
of Fig. 1. It includes one converter per side, which is a con-
figuration allowing bidirectional power flow. In the primary
side there is an inverter used only to produce the high fre-
quency square wave, while in the secondary side there are
a full bridge active rectifier and the CPL such as a motor
driven by a three-phase inverter as in (30). Both the inverter and
the rectifier have H-bridge topology with four power MOS-
FETs. The operation between primary side and secondary is
completely independent as it is performed from two different
driver ports. The power transmitted to the secondary side is
equal to:

Fig. 1. Reference equivalent circuit

Fig. 2. Operation waveforms of ON/OFF control as de-
scribed in (30)

PDC =
(ωLm)2ZL{

R1(R2 + ZL) + (ωLm)2
}2 V2

1 · · · · · · · · · · · · · · · (1)

with V1 as RMS value of primary side voltage and ZL as
load input impedance. Considering a system in resonance,
the fundamental waveforms of AC voltage v2 and AC cur-
rent i2 are sinusoidal waves which are in phase, and the in-
put impedance is regarded as a pure resistance. The power
in (1) is thus real power. Furthermore, in condition of reso-
nance it is allowed to approximate the AC voltages (v1 and v2)
and currents (i1 and i2) by considering only the fundamental
wave components. Past research almost never considered the
CPL as a load without the battery component. If there is no
battery, no voltage stabilization effect is available in case of
control failure. In battery chargers CPL characteristics can
be achieved, but this issue does not occur. Moreover if there
is no battery in the CPL, the DC capacitor has a noticeable
effect on the behaviour and is an important factor to be con-
sidered when designing the control. Supplying the battery
but not the motor means that the power must reach the motor
from the battery again with losses on the way. From a pure
efficiency point of view, this is not an optimal solution, al-
though useful. In (30) and (31), the voltage stabilization by the
secondary side is performed by using the ON/OFF control
as an hysteresis to regulate the input voltage RMS value V2,
as shown in Fig. 2, and keep the desired value of secondary
DC voltage VDC . The problem of this modulation method is
that, when the switching from ON to OFF occurs, there are
big current transients that are harmful to converters. There-
fore, in this paper, another type of regulation is proposed.
The control is applied to the secondary side full active rec-
tifier and uses the combination of synchronous rectification
(SR) and symmetric phase shift. The controller is a simple
proportional-integral (PI) feedback. Instead of proportional-
integral-derivative (PID) control, a PI was used because the
transfer function of the plant is of the first order, as will be
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(a) Digital PLL block diagram. (b) Digital PLL operation.

Fig. 3. Digital PLL

(a) Synchronous rectification (SR). (b) Symmetric phase shift.

Fig. 4. Duty pattern of SR and symmetric phase shift

described in subsection 2.3, and consequently a PI controller
is enough to meet the requirements. Furthermore, a PI con-
troller is easier to design and tune. In order to design the
controller, however, it is first necessary to analyze the load
plant in case of CPL and counteract the slow pole typical of
CPL.
2.1 Symmetric Phase Shift by use of Digital PLL with

FPGA Since the primary side is considered fixed, the
control must be performed on the secondary side rectifier. In
other words, the rectifier has to be equipped with MOSFETs,
which are controllable and are more suited to high frequency
operation rather than IGBTs. The load is a CPL, which re-
quires voltage stabilization because the its open loop plant is
unstable. In particular, having only one rectifier on the sec-
ondary side, the control must perform at the same time syn-
chronization to the primary side and load voltage stabilization
without recurring to discontinuous operation or primary side
regulation. Hence, in this paper the chosen control method is
symmetric phase shift as in Fig. 4(b).

In order to perform SR, it is necessary to adopt an ana-
log polarity circuit or implement a digital phase locked loop
(PLL). Given the high frequency environment, an analog cir-
cuit is preferrable; however, it is an additional circuitry that
occupies space. Therefore, coping with the constraint condi-
tion, the only solution is to use a digital phase locked loop
(PLL). In this sense, a high performance control board with
fast sampling time and calculation time is necessary: in other
words, a field programmable gate array (FPGA) is manda-
tory. The digital PLL control block is shown in Fig. 3(a). It
comprises of three main elements: a phase detector, a low-
pass filter and a voltage controlled oscillator (VCO). The
phase detector compares the phase for every sampling pe-
riod and generates an error signal proportional to the phase
difference between input and output. It is generally done by
multiplying the two signals, then the output will have twice
the input frequency and be proportional to the cosine of the

phase difference. The cut-off frequency of the low pass er-
ror filter is selected so that all the harmonic components at
integer multiples of the excitation frequency are properly at-
tenuated, leaving out only the low frequency components as-
sociated to the phase shift. The VCO is a linear time-invariant
system whose oscillation frequency is determined by the in-
put voltage. The loop gain must be high to reduce phase er-
rors. In WPT systems, the variable fed to PLL is generally
AC current; in this case of study, too, the input of the loop
is i2, measured with a high bandwith current sensor. The im-
plementation concept is simple, as shown in Fig. 3(b). At
every clock enable, decided by the sampling frequency of the
board and set by the user, the phase error between the i2 and
the PWM carrier used in firing the devices of the secondary
side AC/DC converter is calculated. The error is then fed to
a PI feedback controller, whose task is to correct the incre-
mental frequency of the PWM carrier. The reference signal
and the feedback signal are periodic and the average value
over the common period of their product only depends on
the phase shift between the reference and the fundamental
harmonic of the feedback. That means that even if the feed-
back signal contains harmonics and/or the measurement has
an offset, performance of the phase-tracking algorithm will
not be affected. Also, the PLL will be in equilibrium when
the fundamental component of the feedback signal is 90 de-
grees shifted with respect to the reference signal. Of course,
if the error is zero, then the variable and the PWM carrier
are in phase and the phase is locked. When this situation
happens, it is possible to activate the control for SR without
fear of waves with different phase between primary side and
secondary side.

With normal SR of Fig. 4(a), the output voltage vout of
the converter using SR is a square wave and the converter
duty cycle is fixed at 0.5 because of the positive and nega-
tive halfwave. However, by modifying the parameter tα, v2

becomes the three-level waveform represented in Fig. 5 and
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Fig. 5. Three-level voltage waveform of v2 as in the pro-
posed control

symmetric phase shift operation is achieved. In so doing, the
amplitude of the fundamental waveform component of the
output voltage vout, which depends on Vin, changes accord-
ingly to tα as expressed in the following formula:

v1 =
2
√

2
π

V0 cos
(
2π

tα
T

)
· · · · · · · · · · · · · · · · · · · · · · · · · ·(2)

with T as the period of the waveform. This relationship can
be applied to the secondary side active rectifier. The equation
will be as follows:

v2 =
2
√

2
π

VDC cos
(
2π

tα
T

)
· · · · · · · · · · · · · · · · · · · · · · · · (3)

with VDC as the secondary DC voltage. For square wave op-
eration, tα is equal to zero. The duty cycle in case of sym-
metric phase shift is still equal to 0.5, but the phase shift ratio
is different. It can be expressed by:

dcr =
tα
T
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)

By changing the RMS value of vout, the RMS value of the
converted DC current IDC varies as well. In fact, during phase
shifting, the RMS value of output current IDC,PS will be only
a fraction of its square wave correspondent IDC,S W . Their
slightly approximated relationship is given by:

IDC,PS � IDC,S W cos(2πdcr) · · · · · · · · · · · · · · · · · · · · · · · (5)

It is then possible to identify the conversion ratio α, given by:

α = cos(2πdcr) · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)

As a case of application, the case of study of the secondary
side active rectifier and its output current is considered. In
normal square wave operation, th RMS value of secondary
current I2 is expressed as:

I2 =
ωLmV1 − R1 V2

R1R2 + (ωLm)2
· · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)

Hence, IDC,S W is given by (neglecting the internal diodes’ for-
ward voltage drop):

IDC,S W � 2
√

2
π

I2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)

On the other hand, in case of a phase shifting operation, (8)
becomes the following expression based on (5):

IDC,PS = IDC(α) =
2
√

2
π

ωLmV1 − R1 V2α

R1R2 + (ωLm)2
α · · · · · · (9)

The second term in the denominator (R1 V2) is much smaller
than the other (ωLmV1) and therefore can be ignored. By
phase shifting, IDC(α) is modified in such a way that stabi-
lization is ensured.

Fig. 6. Equivalent circuit of CPL

Fig. 7. Proposed controller

2.2 Controller Design for CPL The equivalent cir-
cuit for the constant power load considered in this circuit is
shown in Fig. 6. Its characteristic equations is as following:

iL = IDC(α) −CDC
dVDC

dt
· · · · · · · · · · · · · · · · · · · · · · · (10)

|ZL| = VDC
2

PL
, PL = VDCiL

where CDC is the DC smoothing capacitor. These character-
istic equations are non-linear and therefore need to be lin-
earized. The linearization is performed by setting an equilib-
rium point at voltage Veq and current Ieq and considering the
variation around it as following:

VDC = Veq + ΔVDC · · · · · · · · · · · · · · · · · · · · · · · · · · · · (11)

IDC(α) = Ieq + ΔIDC(α) · · · · · · · · · · · · · · · · · · · · · · · · (12)

Here, the voltage Veq and current Ieq are the load voltage and
current at the operation point. Hence, the following approxi-
mated open loop transfer function is obtained:

PCPL(s) =
ΔVDC(s)
ΔIDC(α)(s)

· · · · · · · · · · · · · · · · · · · · · · · · · · (13)

� 1

CDC

⎛⎜⎜⎜⎜⎝s − PL

CDCV2
eq

⎞⎟⎟⎟⎟⎠

In (14), it is clear that the pole resides in the right half plane.
More in detail, it depends on load power PL, DC voltage VDC

and smoothing DC capacitor CDC . For bigger PL, smaller
VDC and smaller CDC , the poles are faster. Past research on
CPL voltage stabilization is abundant in the case of power
distribution, but in case of WPT it has rarely if ever been per-
formed. In this paper, the stabilization of VDC is performed
by a high bandwith PI controller as shown in Fig. 7. Thus,
the controller regulates the value of v2 by adapting tα. The
controller gains are chosen by pole placement method. From
the Routh stability criterion the following formulations must
be satisfied in order to maintain stability:

kP ≥ PL

V2
eq
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (14)

kI ≥ 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (15)

Then, choosing the damping factor ψ equal to one, the gains
can be chosen according to:

kP =
2mZ∗LCDC − 1

Z∗L
· · · · · · · · · · · · · · · · · · · · · · · · · · · · (16)
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kI = m2CDC · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (17)

where m is the pole in closed loop. In (16), Z∗L is determined
by the desired operating voltage V∗DC and the load power pL

as follows:

Z∗L =
V∗DC

2

PL
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (18)

It is clear that the proportional gain is variable. In any case,
m must be chosen high enough to avoid frequency bifurca-
tion and other phenomena occurring at slow pole position. It
is obvious that by using a two degree of freedom PI control,
which include the feedforward part, it is easier to design the
controller by choosing a lower frequency during pole place-
ment. However, in this research, the basic case is introduced,
not to mention that the feedback controller design is the very
same.

3. Experimental Results

3.1 Stability Conditions Depending on Operation
Point Parameters The experimental setup is shown in
Fig. 8 and the circuit parameters are reported Table 1. As
in Fig. 1, a FPGA is used to control indipendently both the
converters in the systems. The primary side v1 and mutual in-
ductance Lm are fixed, therefore the RMS value of i2 is fixed,
too. In the experiments, the stability of the proposed control
is verified by changing step-wise the voltage reference V∗DC .
The results are presented in Fig. 9, Fig. 10 and Fig. 11.

In Fig. 9, the three-level operation explained in Fig. 5 is
confirmed. The little surges on v2 depend on the fact that a
single FPGA is used to control at the same time both convert-
ers in primary and secondary side. It is noticed that the noise
is generated at the switching of the primary side, therefore
it must have found a path through the FPGA since the res-
onance network in case of magnetic resonance coupling has
bandpass filter properties. Nevertheless, the control effective-
ness is not affected by this issue, as the voltage is stable and
the value of V2 has never been a problem either in steady
state or during transient.

In Fig. 10, the change in VDC (blue line) and iL (red line)
is shown; on the other hand, in Fig. 11 the change in α is
shown. Moreover, in Fig. 10(a) and Fig. 11(a) the power PL

is 1 W, while in the other case PL is 1.5 W. Furthermore, in
Fig. 10(a) and Fig. 11(a) the V∗DC changes from 3 V to 4 V,
while in Fig. 10(b) and Fig. 11(b) the V∗DC varies from 3.5 V
to 4 V. As it can be seen, in Fig. 10(a) and Fig. 10(b) the volt-
age stability is maintained.

In Fig. 11 the variation of α is shown. The variation of α
happens in two stages. At t = 0, the voltage reference is
changed. Since the new reference is higher, it is necessary to
match it. During reference matching phase, α becomes one
to charge the DC capacitor and match the new reference volt-
age with full synchronous rectification. When the voltage
value is close to V∗DC , the stabilization phase begins. Here,
the control lowers α down to a different value, related to the
required AC/DC converter output current IDC(α). This new
value is the stabilized value, which must be lower than one
otherwise the closed loop function will behave just like the
open loop function. Thus, by looking at the initial value and
the final value of α reported for each case in Fig. 11, it is ver-
ified that in Fig. 11(a) the final value is 0.3. Similarly, in the

Fig. 8. Experimental setup

Table 1. System parameters for CPL experiment

Parameter Value

Primary side DC voltage source V0 10 V

Primary side coil resistance R1 1.83 Ω

Secondary side coil resistance R2 1.683 Ω

Primary side coil inductance L1 417.8 μH

Secondary side coil inductance L2 208.3 μH

Primary side coil capacitance C1 6.03 nF

Secondary side coil capacitance C2 12.15 nF

Operation frequency f 100 kHz

Mutual inductance Lm (best alignment) 37.9 μH

Coil gap (best alignment) 100 mm

Smoothing capacitor CDC 1000 μF

Fig. 9. AC variables (red:voltage v2; green:current i2)
with VDC = 4 V , PL = 1 W

case of Fig. 11(b) the final value is 0.5. As expected, both are
different from one and result in stability. Thus, from these
experiments it is verified that stability is achieved.

In the previous sections, the necessity of a controller for
stabilizing the load voltage has been made clear. The con-
troller design presented grants stability in the wide operation
area because of the adaptive gains calculated from pole place-
ment. However, there are some physical limitation deriving
from the system parameters that are unavoidable (e.g. conver-
sion ratio of a converter can not be higher than one, α ≤ 1).
This applies in the case of wireless power transfer systems
for CPL. In fact for a determined load power, by considering
(10), in steady state the maximum current IDC(α) is given by:

IDC(α)|α=1 =
2
√

2
π

ωLmV1 − R1 V2

R1R2 + (ωLm)2
· · · · · · · · · · · · · · (19)

and therefore, because of (10), also the voltage VDC is
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(a) Reference V∗DC from 3 V to 4 V, power PL = 1 W. (b) Reference V∗DC from 3.5 V to 4 V, power PL = 1.5 W.

Fig. 10. Experimental results of proposed control: profile of VDC and iL when the voltage reference is changed

(a) Reference V∗DC from 3 V to 4 V, power PL = 1 W. (b) Reference V∗DC from 3.5 V to 4 V, power PL = 1.5 W.

Fig. 11. Experimental results of proposed control: profile of secondary side conversion ratio α when the voltage
reference is changed

(a) Verification of current limit for PL =

1.5 W with Lm = 37.9 μH and V0 = 14 V .
(b) Verification of current limit for PL =

1.5 W with Lm = 29 μH and V0 = 14 V .
(c) Verification of current limit for PL =

1.5 W with Lm = 37.9 μH and V0 = 16 V .

Fig. 12. Verification of current IDC(α) limit

limited. Its value is expressed by:

VDC(α)|α=1 =
PL

IDC(α)|α=1
· · · · · · · · · · · · · · · · · · · · · · · (20)

which is the minimum value possible for a given load power.
In this case, a secondary converter for physical decoupling
and further control is not available, therefore IDC and VDC

will not undergo further conversions. Thus, (19) and (20)
hold for the load parameters iL and vL as well.

This can be verified with an experiment by showing how
the current limit changes by varying the mutual inductance
Lm and the DC source voltace V0. The experiments are
shown in Fig. 12. The experiment is performed by purpos-
edly changing the voltage reference V∗DC to a value lower than
the one calculated by using (20) in order to increase the load
current as the load is CPL. At t = 13 ms, the reference change
command is given and the behaviour of the current IDC(α) is
observed. As a starting condition, the parameters adopted are
the same as Table 1 and the reference power is 1.5 W.

In Fig. 12(a) the current limit calculated for the abovemen-
tioned conditions is 0.55 A, expressed by the dashed line. In
other words that 0.55 A is the current flowing in the sec-
ondary side when the secondary side conversion ratio α is

equal to one, which is the same of open loop condition. Af-
ter the change in voltage reference, the current runs away at
the moment it surpasses the limit and stops at 1.5 A because
of the overcurrent protection. In the meantime, the voltage
VDC becomes nearly zero. After the current exceeds the limit
of 0.55 A, the system behaviour is uncontrolled and therefore
the waveforms have no particular meaning. Hence, it is con-
firmed that the stability is maintained as long as α is less than
one. In order to show the importance of knowing the phys-
ical limits of voltage and current, two more experiments in
different conditions are performed.

In Fig. 12(b), the mutual inductance Lm is decreased from
37.9 μH to 29 μH, meaning that the coupling is more loose,
the efficiency is lower and the available transmittable power
is higher. All the other parameters are the same as the first
case. In this case, it is expected that the current limit is
higher: in fact, from the calculation it results that the limit
is increased from 0.55 A to 0.66 A. By performing the very
same change of V∗DC as before, it is shown that the current
(blue line) does not approach the limit because the maximum
transient value has changed from 0.55 A (small dashed line)
to 0.66 A (big dashed line); then, the stability is maintained.
On the other hand, for a bigger change of V∗DC , the current
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(a) Mutual inductantance Lm obtained
from fitting of measurements.

(b) Secondary side conversion ratio α. (c) Secondary side current IDC (α). (d) Secondary side voltage VDC .

Fig. 13. Experimental results with mutual indutance variation

(red line) exceeds the limit and the stability is lost.
Finally, in Fig. 12(c), the DC voltage source V0 is increased

from 14 V to 16 V, meaning that the efficiency is slightly
lower and the available transmittable power is higher. All
the other parameters are the same as the first case. In this last
case, too, the current limit becomes higher than the first case:
the new limit value is 0.59 A (dashed line), while in the pre-
vious case it was 0.55 A. It is demonstrated once more that,
when the voltage reference V∗DC is big, the current IDC(α) (red
line) will run away at the moment the current limit is ex-
ceeded and the stability is lost because the α is trying to be
bigger than one, which is impossible.

By viewing these results, the unavoidable limits of
secondary-side-only control for voltage stabilization of CPL
have been clarified. These limits can be modified by mu-
tual inductance and primary source voltage. In particular, in
Fig. 12(b) it is shown that the higher limit guarantees stabil-
ity to the same step change that was unstable in Fig. 12(a).
Coordination with the primary side, as in (30), will allow to
maintain stability by securing that the secondary DC current
IDC(α) never exceeds the limit; however, in case of dynamic
WPT, it is very difficult to rely on the primary side. Conse-
quently, secondary-side-only control is necessary.

4. Effect of Mutual Inductance Variation

Since one of WPT’s main contribution is the enhanced mo-
bility, it is expected that in target applications there are cases
in which the coils are moving. In these condition of dynamic
WPT, the mutual inductance Lm changes, and since the mu-
tual inductance is relevant to many other parameters, it is nec-
essary to ascertain that its change does not affects them nega-
tively. Therefore, in the present investigation, it is necessary
to verify that even with change in the mutual inductance the
voltage VDC does not change. The experiment results are re-
ported in Fig. 13. In these experiments, the voltage reference
V∗DC is equal to 7 V, therefore it is expected that VDC will be
always 7 V notwithstanding any change in Lm.

In Fig. 13(a), the change of Lm is shown. In total, the mu-
tual inductance increases from 16 μH to 37 μH in 700 mil-
liseconds. As stated in a previous chapter, the mutual induc-
tance can not be measured during the coil movement, there-
fore this graphic is obtained fitting the measured values at
fixed operation points with some misalignment from the cen-
ter, which is the best condition. In Fig. 13(b), the variation of
the secondary side converter ratio α is reported for two dif-
ferent power levels: one is 2 W, the other one is 1.5 W. It is
possible to see that α follows the same pattern as the mutual

inductance. This is because in WPT systems by magnetic
resonant coupling with SS compensation, as the mutual in-
ductance increases, the power delivered to the secondary side
is reduced. Consequently, α correctly becomes large in order
to let more current flow in the effort of keeping the voltage
VDC fixed to the reference. Even more obvious, for higher
power α is higher because, at the same voltage level, the cur-
rent must be higher.

In Fig. 13(c), the current IDC(α) is shown. Its value changes
only slightly, becoming about 5% lower than the initial value.
Finally, in Fig. 13(d), the voltage VDC is shown. It is immedi-
ate to notice that the DC voltage VDC is equal to 7 V, match-
ing the reference and being unaffected from the change of Lm.
The control is smooth and no transients are observed.

From these results it is apparent that the proposed con-
troller copes well with changes of Lm and can be suitable for
dynamic WPT applications.

5. DC-to-DC Efficiency Evaluation

By using symmetric phase shift the DC-to-DC efficiency
ηDC is not very high because of the increased switching losses
that are quite relevant in high frequency. These switching
losses are higher in case of big voltage regulations and high
power factor conditions. Unfortunately, this applies to the
case of study under investigation because only one converter
is available in the secondary side for the stabilization of VDC .
The maximum efficiency is achievable with synchronous rec-
tification but, in the case of study, continuous synchronous
rectification is an impossible operation mode because the
CPL voltage cannot be stabilized. It is possible to use the
ON/OFF modulation with short mode, however it will gener-
ate transients much bigger than the ones happening with the
proposed phase shift voltage stabilization. Consequently, it
is necessary to associate the secondary side conversion ratio
α to the DC-to-DC efficiency ηDC and evaluate this relation-
ship. The efficiency was not compared with other papers be-
cause the power level and circuit topology and consequently
the type of control are different. The proposed control is only
for voltage stabilization of CPLs. Efficiency control is not
implemented in this paper, thus it would not be fair com-
parison since previous research proposed a system with opti-
mized efficiency (19) (30).

The experimental data is shown in Fig. 14. For different
values of VDC , at parity of other conditions, the values of α
and ηDC are shown. For better evaluation, the results in the
case of load power PL equal to 2 W and PL equal to 3 W
are reported. The values of α and ηDC are the maximum
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(a) Secondary side conversion ratio α with re-
spect to DC voltage VDC .

(b) DC-to-DC efficiency ηDC with respect to DC voltage VDC .

Fig. 14. DC-to-DC efficiency evaluation by considering α

values achievable just before the unavoidable physical lim-
itations related to the DC current IDC(α). In Fig. 14(a), it
is shown how changes α with different voltages. Of course,
for lower values of VDC , higher values of α will be obtained.
Similarly, for higher power level, also α will be higher. In
Fig. 14(b), the DC-to-DC efficiency ηDC is plotted with dif-
ferent voltage condition. Interestingly, the value of the con-
version ratio α does not almost affect the efficiency, even for
different values of DC voltage VDC . It is however noted that,
for higher load power PL, the DC-to-DC efficiency is conse-
quently higher. Therefore, it can be said that, while the pro-
posed secondary-side-only voltage stabilization control with
one converter achieves smooth transient, design simplicity
and does not need communication, the efficiency is not very
high. Efficiency can be increased by adding efficiency con-
trol (19) to the stabilization or by optimizing the circuit param-
eters (30), thus operating in the high efficiency zone.

6. Conclusion

This paper proposes a control for voltage stabilization for
WPT systems with CPL. The proposed control is performed
only with a single full active rectifier on the secondary side,
without communication to and regulation thereof of the pri-
mary side. The control consists in symmetric phase shift to
change the amplitude of v2: this causes smoother transient
when compared to stabilization by means of discontinuous
operation. Furthermore, the controller is a simple PI feed-
back with high bandwith applied to tα. The controller design
as well as the derivation of the controller gains is described.

Experimental results confirm the validity of the proposed
method, covering different parameters variations in order to
prove the stability of the load voltage. Given the lack of other
converters for decoupling, there are intrinsic limits of stabil-
ity depending on the DC source voltage and the mutual in-
ductance. If the secondary current or the secondary voltage
surpasses those limits, the stability cannot be maintained be-
cause of the unavoidable limitations of the secondary side
conversion ratio α, which can not be higher than one.

Higher power experiments and efficiency improvement are
the main direction of further investigation, as well as experi-
ments with real motor loads.
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