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A Frequency Control Method for Regulating
Wireless Power to Implantable Devices

Ping Si, Member, IEEE, Aiguo Patrick Hu, Senior Member, IEEE, Simon Malpas, and David Budgett

Abstract—This paper presents a method to regulate the power
transferred over a wireless link by adjusting the resonant operating
frequency of the primary converter. A significant advantage of this
method is that effective power regulation is maintained under vari-
ations in load, coupling and circuit parameters. This is particularly
important when the wireless supply is used to power implanted
medical devices where substantial coupling variations between in-
ternal and external systems is expected. The operating frequency is
changed dynamically by altering the effective tuning capacitance
through soft switched phase control. A thorough analysis of the
proposed system has been undertaken, and experimental results
verify its functionality.

Index Terms—Frequency control, inductive power transfer,
wireless power (WP).

I. INTRODUCTION

IMPLANTABLE biomedical devices have found appli-
cations in a wide range of areas, including pacemakers,

cochlear implants, physiological monitoring devices, drug
infusion devices, functional electrical stimulators (FES), left
ventricular assist devices (LVAD), and artificial hearts. The
traditional approach to supplying power to these devices is
implantable batteries and percutaneous links [1]–[3]. However,
any battery has a limited energy storage and life span, and
percutaneous links are susceptible to infection and reliability
problems. Wireless power (WP) supplies offer the opportunity
to provide power for indefinite periods without the risk of
infection from a percutaneous lead.

A WP supply making use of magnetic fields for energy
transfer will consist of a primary (external) power circuit and
a secondary implantable power pick-up. A primary converter
employed in the primary station produces a high frequency
alternating current flowing through an external coil (track),
generating an alternating electromagnetic field. The presence
of the time varying field within the secondary coil induces
currents which can be converted to power an implanted device.

A common characteristic associated with biomedical applica-
tions is loose coupling between the primary and secondary coils.
Compensation for loose coupling can be achieved through the
use of resonance circuits which enables the voltage (or current)
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Fig. 1. High-power closely coupled WP supply.

at the secondary to boost up to useful levels even in the pres-
ence of low coupling coefficients. The ability to achieve power
transfer is dependent on the match between the resonant fre-
quency of the primary with the resonant frequency of the sec-
ondary. In applications such as cochlear implants the external
coil can be fitted to the skin on the scale in a consistent manner
and the coupling coefficient is repeatable. However, for high
power applications, such as LVADs, the size of WP systems dic-
tate that they must be located in soft tissue locations where the
coupling conditions are likely to vary not only between patients,
but from day-to-day activities such as posture changes and fit-
ting. Although some efforts have been made to provide consis-
tent coupling, these can lead to skin irritation and lesions. This
work presents a method of regulating power which is robust to
variations in coupling.

Power regulation can be achieved at the implantable pick-up
side [4], [5]. However, the energy dissipation associated at the
implant may lead to increased temperature of tissue surrounding
the implantable device. This can be significant even when the
overall power efficiencies are at the level of 90% [6]. Power
regulation circuits also require extra physical components which
increase the size and weight of the devices. To minimize the size
and power losses, methods to control power flow directly from
primary power circuits have been developed [6]–[10], among
which voltage magnitude regulation at the primary power con-
verter is the most popular. If a WP supply is guaranteed to op-
erate at or close to the full tuning condition of the system, the
magnitude regulation method can be efficient. However, in prac-
tice the resonant frequency of the secondary pick-up circuit is
often mismatched with the operating frequency of the primary
because of the variations in load, coupling and other circuit
parameters. When mismatching occurs, the voltage magnitude
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Fig. 2. System configuration of proposed WP supply capacity, EMI, tissue heating, and ZVS operation.

control approach can only respond by operating at a high mag-
nitude to attempt to maintain the power flow to the load.

In this paper, a frequency control method is proposed for reg-
ulating the operating frequency of the WP supply. Regulating
the frequency can tune/detune the secondary power pick-up ac-
cording to the actual load requirements. When the full tuning
condition is changed due to the parameter variations, the fre-
quency control method can be used to track the new tuning
condition.

A switched-capacitor method of varying the effective reso-
nant capacitance of the primary power converter is proposed
and developed. This method offers dynamic control of the oper-
ating frequency of the WP supply while retaining low switching
losses and smooth frequency variations.

II. WP SUPPLY ARCHITECTURE

High power implantable devices such as LVADs and artificial
hearts require up to 10–30 W of power. Fig. 1 illustrates a typ-
ical WP supply configuration for a LVAD. The primary coil is
placed outside of a patient, driven by a converter power from a
portable battery. The secondary power pick-up coil is implanted
under the skin, facing the primary coil. Typically the coupling
coefficient of such a system will be within the range of 0.1–0.3,
and the distance between the external and internal coils is less
than 3 cm [11].

Fig. 2 illustrates the system structure of a WP supply with
frequency control at the primary converter. A current-fed
push–pull resonant converter is employed at the primary side
due to its advantages of high efficiency, low harmonics and
small physical size [12]. In Fig. 2, the primary track (coil) is
represented by an inductor , which connects to a constant
capacitor and a variable capacitor in parallel, forming a
resonant tank. The operating frequency of the WP supply is
equal to the push–pull converter zero-voltage-switching (ZVS)
frequency given in (1), which can be derived from the analytical
analysis in [13]

(1)

where , , and are the initial phase angle, the quality factor,
and the time constant of the resonant tank. It can be seen from
(1) that the operating frequency is dependent on the capacitance

.
The secondary pick-up coil is represented by in Fig. 2.
is parallel tuned with capacitor . The voltage induced in

the pick-up coil can be boosted up according to the designed
boost-up-factor of the resonant circuit [14]. Using air core wind-
ings for the primary and secondary coils reduces weight and
temperature rise by eliminating core losses. The dc inductor
is to maintain the continuous current flow through the rectifier,
making power transfer from ac to dc side smooth and uninter-
rupted [14].

It is complicated to determine an optimal operating frequency
of a WP supply, because there are many factors that need to be
considered—including physical size, power efficiency,power
capacity, electromagnetic interference (EMI), tissue heating,
and ZVS operation.

The physical size and the ZVS operating conditions are the
key factors that limit the minimum operating frequency [13].
The power transfer capacity and EMI limit the maximum fre-
quency [15]. The power efficiency can feature at both the low
and high boundaries of the operating frequency [16]. Our expe-
rience suggests a frequency between 50 and 500 kHz is suitable
for a WP supply. Although a higher operating frequency can
reduce the physical size of circuit, the power efficiency would
decrease due to the increase in switching losses.

III. ANALYSIS OF POWER FLOW AGAINST FREQUENCY

To design a WP supply based on frequency control, it is nec-
essary to analyze the relationship between the power follow and
the operating frequency of the system. It is also necessary to de-
termine the range in frequencies required to allow for load, cou-
pling and circuit parameter variations.

Fig. 3 shows the Thevenin equivalent of a parallel tuned
pick-up circuit used in the secondary side of the WP supply.
The ac voltage source represents the open circuit voltage
induced in the pick-up coil. The output dc voltage is sup-
plied to the load. For maximum power transfer purpose, the dc
inductance is normally designed to be larger than a value
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Fig. 3. Thevenin equivalent of a parallel tuned pick-up circuit.

Fig. 4. Current and voltage waveforms of the pick-up.

determined by (2) to ensure the continuation of the dc current
under the steady-state conditions [14]. This also means that

the input current of the rectifier is in the shape of a square
waveform having an approximate constant magnitude of

(2)

where is the equivalent resistance of the maximum load.
Fig. 4 shows the steady-state current and voltage waveforms

as seen by the inductor in the pick-up. Neglecting harmonics,
the current appears as a sinusoidal waveform with the peak
value of , being the amplitude of the fundamental com-
ponent of the Fourier series. The current and voltage are
in phase because the diodes of the rectifier conduct only when
forward voltages are applied. Specifying the phase angle differ-
ence between voltage and to be , as shown in Fig. 4, the
phasor of the current can be determined by (3). In addition,
the amplitude of is governed by the output dc voltage
according to (4). This indicates that the voltage will remain
constant as the pick-up output voltage is maintained constant at

(3)

(4)

Fig. 5. Relationship between power and frequency.

Under steady-state conditions, the following equation can be
obtained using the relationship :

(5)

where is the amplitude of .
The average power induced in the pick-up coil is determined

by

(6)

Since the induced power in the pick-up cannot be negative,
the phase angle must be between and . Therefore, based
on (5) and (6), and can be expressed as

(7)

(8)

where is the boost-up-factor defined by (9) [14]

(9)

According to (7), the power will vary with frequency
. This shows the basis for using the control of frequency to

achieve regulation of power. In addition, it can be seen that
controlling the primary frequency can also compensate for the
errors and variations of the circuit parameters including , ,

, and .
Fig. 5 illustrates the steady-state relationship between the

power flow and the operating frequency . It can be seen
that the shape of the relationship between and is parabolic
with a maximum occurring at the natural resonant frequency
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. This frequency is the full tuning frequency of the pick-up,
whose value is determined by . The maximum

Fig. 6. Relationship between phase angle and frequency.

power can be calculated using (7) with the angular frequency
. The result is which is consistent with

the analytical result obtained in [14]. Zero power is transferred
when the WP supply operates at the boundary frequency and

.
As a comparison, the power transfer for a reduced value of

boost-up-factor is also shown in Fig. 5. The maximum power
for the boost-up-factor is obtained at the same full tuning
frequency , but the magnitude of the peak is less. However,
the curve for has a wider frequency range, from to
shown in Fig. 5. This indicates that the WP supply with a higher
boost-up-factor needs more accurate frequency control with a
higher resolution to achieve equivalent power regulation than a
system with a lower boost-up-factor.

Fig. 6 shows the relationship between the phase angle
and the operating frequency . It can be seen that the phase
angle moves from to while the frequency varies from
the boundary to . Actually, the phase angle is the power
transfer angle of the pick-up. If is constant, varying the
frequency changes the power transfer angle, so that the power
delivered in the pick-up is changed. According to (8), when the
system operates at the full tuning frequency for maximum
power transfer, the phase angle is equal to .

The boundary frequency and are the minimum and
maximum frequencies for maintaining the constant output dc
voltage . These are valid and valuable operating frequencies
for some application where the load may have almost no power
demands while in a standby mode. Under the zero load condi-
tions, if the WP supply can not operate at these boundary fre-
quencies, the output dc voltage would be under or over the
nominal value required by biomedical devices. For example, a
biomedical device may go into sleep mode so that no power or
very little power is required. This situation can be considered
as the zero load condition. If the system operates at a frequency
which is between and , too much power would be deliv-
ered to the pick-up causing a higher voltage output which may
damage the biomedical device. Conversely, if the system oper-
ates at a frequency which is either under or over , the output
dc voltage of the pick-up would be under the nominal value so
that the biomedical device may not work properly.

When zero current is supplied to the load, the amplitude of
the resonant voltage must be equal to the output dc voltage

, as shown in (10)

(10)

and the values of and are found to be

(11)

IV. SWITCHED CAPACITOR FREQUENCY CONTROL METHOD

As discussed earlier, the primary frequency can be varied by
changing the effective capacitance of the primary resonant tank.

A direct on–off control of a capacitor bank has been devel-
oped for changing resonant capacitance. A number of capaci-
tors are placed at the input port of the resonant tank, and they
are controlled to be in and out by direct hard switching of semi-
conductor devices such as MOSFETs [17]. Because changing
the capacitance is implemented by hard switching in one of a
number of capacitors in discrete steps, the frequency can not be
smoothly varied. Moreover, the hard switching of the capacitors
can cause larger switching losses, and resultant surge currents
can damage the switching devices. The step size can be reduced
and the frequency variation range can be increased by having
more capacitors and switching devices, but the system size, cost
and reliability would be compromised.

To reduce the power losses and achieve smooth variations of
the frequency, a new method to change the resonant capacitance
is proposed and implemented. A variable capacitance is con-
trolled by soft switching a capacitor with a varied duty cycle.
This means that the effective capacitance of a capacitor is con-
trolled by changing the average charging and discharging period
of the capacitor. Because soft switching can be achieved, there
is no destructive surge current to damage the switching devices.
A frequency variation range is only determined by the total ca-
pacitance rather than the number of capacitors.

Fig. 7(a) shows the basic structure of the push–pull resonant
converter with the implementation of the frequency control. In-
ductor (primary coil or track), fixed tuning capacitor , and
switched capacitors and form the primary resonant
tank. The main switches and are switched on and off al-
ternatively for half a resonant period. When the converter shown
in Fig. 7(a) operates in the duration when is on and is off,
its equivalent circuit is shown in Fig. 7(b). Capacitor is not
involved due to grounding through the main switch . Simi-
larly, the capacitor will not be involved in the resonant tank
when the converter operates in the duration when is on and

is off.
Soft switching is important to ensure that destructive surge

currents are not generated when switching the capacitor. This is
achieved using the phase control method shown in Fig. 8.
is the signal of the resonant voltage . is a reference dc
voltage. Gate control signals and for and
are generated by comparing to and . Setting the
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Fig. 7. Current-fed push–pull resonant converter with variable frequency and
its equivalent circuit. (a). Basic topology of variable frequency push–pull reso-
nant converter. (b). Equivalent circuit of converter when switch � on and �
off.

voltage determines the duty cycle of the gate control sig-
nals. In a WP supply, is a feedback signal from the sec-
ondary side representing the actual power demand of the load.
Fig. 9 shows the waveforms of , , , and current

flowing through the switched capacitor . The switching
angle á and duty cycle of the gate control signal are varied
in response to changes of . At the beginning of switching on,
the current is seen to be negative. This means the current is
flowing through the body diode of the switch . Neglecting
the voltage drop of the diode, zero voltage switching is achieved.

If the capacitances of and are equal, the net effect
of switching and over a resonant period is equiva-
lent to that of switching one capacitor of value using dual
side switching [12]. Therefore, the effective capacitance is de-
termined by (12)

(12)

Fig. 8. Structure of phase control.

Fig. 9. Waveforms of push–pull resonant converter with switched capacitors.

The effective capacitance can vary from zero to when
switching angle á varies from 0 to 90 .

The switching angle á is determined by

(13)

where is the amplitude of the signal .
According to (1), (12), and (13), it can be shown that the

operating frequency is a function of , shown in (14) at
the bottom of the page.

Then, depending on (7), a closed form relationship between
and power can be determined by (15) at the bottom of

the next page.
In practice, load changes would instantly cause variations in

the secondary output voltage . Therefore, the changes in the
power demand can be detected by monitoring the variation of

(14)
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Fig. 10. Simulation waveforms of push–pull converter with switched detuning
capacitors.

. In other words, the regulation of can be based on the
variation of (the difference between the actual value and
the expected value of ). Even a simple proportional-integral-
derivative (PID) controller, if properly designed, would be able
to maintain the average value of at the expected level with
slight fluctuations.

V. SIMULATION AND EXPERIMENTAL RESULTS

PSpice simulations have been undertaken to analyze the pro-
posed frequency control method. Fig. 10 shows the simulation
waveforms of (primary track current), , , , and

. It can be seen that the resonant voltage signal is com-
pared with the reference voltage to generate the gate con-
trol signal . The WP supply operates under the minimum
loading condition in the initial stage (0–3 ms). Both detuning
switches are fully on (100% duty cycle), because the reference
voltage is higher than the amplitude of . When
the load condition changes from the minimum to maximum
value (load resistance changes from 10 k to 33 in the sim-
ulation) at 3 ms, the reference voltage starts dropping to
reduce the duty cycle of the detuning switches and increasing
the operating frequency. The simulated current is consis-
tent with analytical predictions shown in Fig. 9.

A circuit capable of supplying 12 W has been built and tested.
The primary and secondary coils were planar air core loops with
an air gap of 4.5 cm. The main parameters of the primary reso-
nant tank includes the primary coil inductance uH,
fixed tuning capacitor nF, and two switched capac-
itor nF. The secondary side self-induc-
tance of pick-up coil was uH, with resonant capacitor

nF. The output dc voltage supplied to the load was

Fig. 11. Practical results of output power with component errors and ideal an-
alytical results.

12 V. The power delivered was controlled within the range of
0–12 W.

In the experiments, the circuit operated in the left half range
from to . Experimental results of the output power are
shown in Fig. 11. As a comparison, an analytical curve based
on ideal component parameters is also plotted in Fig. 11.

Although the shapes of experimental and analytical curve are
in good agreement, the experimental curve deviates by about
3 kHz along the frequency axis. This is caused by deviations in
actual component values from manufacturer’s nominal values.
For example, experimental results determined that the full
tuning frequency was at 78.5 kHz which is almost 3.5 kHz
higher than the analyzed full tuning frequency, 75 kHz. This
result demonstrates a valuable attribute of this method in regu-
lating load power effectively whilst compensating for a variety
of other circuit parameter variations.

Fig. 12 shows the measured waveforms of the gate control
signals for the main switch (channel 1), gate control signal

for detuning switch (channel 2), the synchronized
signal of primary resonant voltage (channel 3), and the
feedback reference voltage (channel 4). It can be seen that
the on-off commutation of the main switch occurs at the zero
crossing of the resonant voltage signal , resulting in a con-
stant duty cycle of 50% and full zero voltage switching. The de-
tuning switch is switched on when the synchronized signal

is less than the reference voltage of 3.07 V, causing a
duty cycle of 76.7%. The resonant frequency in this situation is
68.5 kHz, and only about 2.6 W is transferred to the load. The

(15)
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Fig. 12. Experimental waveforms: gate control signals for switch � and
� (Channel 1 and 2), resonant voltage signal � (Channel 3), and feedback
reference voltage � (Channel 4), � � ��� W.

Fig. 13. Experimental waveforms: gate control signal for switch � (Channel
1), voltage across the main switch � (Channel 2) and voltage across detuning
capacitor � (Channel 3), � � �� W.

waveforms shown in Fig. 12 are in a good agreement with the
analytical results shown in Fig. 10.

When the power demand is increased to 14 W, the feedback
reference voltage automatically drops to 1.74 V. Thus, the duty
cycle of the detuning switches is reduced so as to increase the
primary operating frequency for approaching higher power
transfer capability. Fig. 13 shows the waveforms of the gate
control signal of the detuning switch (channel 1),
voltage across the main switch (channel 2), and the voltage
across the switched capacitor (channel 3). It can be seen
that the duty cycle of the detuning switch is reduced to 66.7%
causing a higher operating frequency of 73.5 kHz. The voltage
across the main switch is equal to the resonant voltage
of the converter when it is off. The voltage across the switched
capacitor is the same as the voltage across the main switch

when the detuning switch is on. This is because is
in fact connected to in parallel. However, the voltage across

is constant when the switch is turned off. At this time
no charging current flows through the capacitor which is
disconnected from by turning off.

VI. CONCLUSION

This paper has demonstrated a power regulation method
based on controlling the frequency of a primary WP supply. It
can achieve regulation in the presence of variations of multiple
circuit parameters prevalent in the application of powering
implantable medical devices.

The relationship between power delivered and primary op-
erating frequency has been derived. It was shown that a larger
boost-up-factor k requires a smaller frequency variation range
for the full range of power flow control. Also, the maximum
power transfer capacity is proportional to the boost-up-factor.
The phase control method of implementing a variable capacitive
element performs well in controlling the operating frequency
of the push–pull resonant converter while maintaining full soft
switching conditions. Experimental results have shown that the
power delivered to the load can be regulated effectively under
a wide variety of load requirements and reasonable circuit pa-
rameter variations.

Experimental results have demonstrated a power efficiency
of 80% when transferring 15 W over a 10-mm air gap. Heating
at the secondary coil was well below the target limit of 2 C.
However, conduction of heat from the primary coil causes the
implantable coil temperature to increase approximately 6 C.
This result identifies the need for better thermal management
on the primary side.
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