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Abstract: - In this work, comparative evaluation of Si MOSFETs and GaN transistors is performed for utilization
in the H-bridge Voltage Source Inverter of Inductive Power Transfer Systems, developed for biomedical
applications. The evaluation is made on a 10W prototype wireless charger. Simulations and experiments are
carried out within two different ranges of frequencies, for a wider investigation and a more complete assessment.
The efficiency results show similar performance for the two types of devices for the lower range of frequencies,
whereas the superiority of GaN transistors is evident in the higher range. Ultimately, the choice of the type of
semiconductor is related to the requirements of the application and the control scheme and cost are key factors
that have to be taken into consideration.
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secondary coil of such systems – coupling
coefficient, k, commonly below 0.6 – reduces their
power transfer capability. To overcome this issue
compensating capacitors are incorporated, which
help increase the power transfer capability of these
systems by compensating for the leakage
inductances, when operation at resonance is ensured.
The most commonly used compensation scheme is
the series-series topology, illustrated in Fig. 1, due to
its high efficiency.

1 Introduction
Inductive Power Transfer Systems (IPTSs) are used
in a wide range of charging applications for
electronic devices and electric vehicles, in cases
where contactless power transfer is desired.
Biomedical implantable devices provide a typical
example of an application for which wireless power
transfer is absolutely necessary. Systems providing
cardiac support, like pacemakers [1], defibrillators
and left ventricular assist devices (LVADs) [2],[3],
are increasingly used in medicine today and new
applications addressing other medical issues such as
neuro-stimulators, cochlear implants [4], infusion
pumps, glucose monitors etc. are gradually being
developed.
These devices require electric power for their
operation, which is provided by a battery implanted
together with the medical device. Wireless charging
of the batteries can improve the lifetime and the
capabilities of such medical implants, as it eliminates
the need for surgical interventions to replace empty
batteries, while reducing the volume and weight of
these systems, thus, allowing them to be used in even
more medical applications.
IPTSs consist of a high frequency (HF) inverter,
two inductively coupled coils and a rectifier, feeding
the load or the battery. Power transfer is performed
between the primary coil of the charger and the
receiving coil, which is implanted with the medical
device. The low coupling between the primary and
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Fig. 1. Block diagram of IPTS with series-series
compensation
In order to ensure a small size for the inductive
charger, especially for the implanted part, the system
has to operate in high frequencies. Inductive power
transfer in the range of a few hundred kHz is selected
over wireless charging in the MHz [5],[6] and GHz
range, due to the fact that the latter is associated with
a higher impact on human tissues [7],[8] compared to
the former.
High frequency of operation can be efficiently
supported by the new-technology semiconductors
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[9],[10], and a full-bridge inverter topology is most
commonly employed to allow for flexible control of
the operation of the system. In order to select the type
of semiconductor which is most suitable for these
applications, an experimental comparison between
two types of semiconductor switches is performed in
this work; conventional Si MOSFETs and GaN-onSilicon power transistors. The evaluation is carriedout on a prototype 10W IPTS designed and built for
medical implant applications.
In Section 2, theoretical analysis of the seriesseries compensated IPTS is presented along with
discussion on the most commonly selected
frequencies of operation. Section 3 includes the
design and experimental evaluation of the prototype
magnetic link and the IPTS. Operation under both
types of semiconductors is recorded and assessment
of the results is performed. The main conclusions of
the investigation are listed in Section 4.
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If, for simplification, the internal resistances are
considered negligible, R1=R2=0, and the coupled
coils are designed to be identical, L1=L2=L, and
C1=C2=C the voltage gain is provided by (5).
vo

vinv ,1

The equivalent circuit of the series-series (SS)
compensated IPTS is depicted in Fig. 2. C1 and C2
represent the compensating capacitors of the primary
and secondary side of the system, respectively.
Likewise, L1 and L2 are the primary and secondary
coil inductances. M is the mutual inductance,
k  M L1 L2 , is the coupling coefficient, R1 and R2
are the internal resistances of the resonant circuits, R
is the reflected load to the ac side of the secondary
system and vinv,1 is the first harmonic of the inverter
output voltage.
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Another option is the continuous adaptation of the
frequency of operation of the charger to any changes
in the coupling or the load. This is commonly
performed in literature in two ways, both
implemented with phase-locked-loop techniques,
which are based on the zeroing of the phase
difference between the inverter output voltage and
the secondary side current (ωr) or the primary current
(ωPF).
By zeroing the imaginary part of (5), the
following two frequencies are obtained:

The primary and secondary side impedances, Z1
and Z2, are given by (1) and (2), respectively. By
analyzing the equivalent circuit, the system voltage
gain is calculated by (3), which results in (4).
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Fig. 2. First harmonic equivalent circuit of a seriesseries compensated Inductive Power Transfer
System.
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As can be seen, the output voltage depends on
both the load value and the coupling coefficient of the
coils.
For the selection of the frequency of operation of
inductive chargers, there are three options commonly
implemented in literature; the most popular, which
requires no adaptation to changing conditions of the
load or the coupling, is selecting a fixed frequency of
operation, equal to the natural frequency of the
resonant circuits, ωn.
For operation at the natural frequency of the
primary side, ωn  1 LC , the voltage gain is

2 Series-series compensated IPTS
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For the above frequencies, the voltage gain is equal
to 1, as explained in [11]. It is worth mentioning that
using the minus (-) sign in (7), ωr provides the
frequency for which, as can be derived by (5), the
output current, i2, is in phase with the input voltage,
vinv,1. On the contrary, using the plus (+) sign results
in the frequency for which the output current, i2, has
a phase difference of 180º with respect to the input
voltage, vinv,1. For the purposes of the present
investigation, ωr will, hereinafter, refer to the zero-

(3)
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phase angle solution of (7), which is the frequency of
interest with regard to IPTSs operation.
Unity input power factor is achieved when the
inverter output voltage and the primary current are in
phase. According to relations (8)-(10), the necessary
condition is that Im{vinv,1/i1}=0.
vinv ,1
i1



Z1  R  Z 2   ω2 M 2

[15] to properly adjust input voltage can be a suitable
output power control strategy.

3 Comparative experimental
evaluation
For the verification of the theoretical analysis
presented in the previous Sections, simulations of the
IPTS are performed for operation at the
aforementioned frequencies. Additionally, a
prototype inductive charger is designed and built for
the experimental evaluation of the operation of the
system. The respective assessment is recorded in the
following subsections.
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3.1

Design and evaluation of the inductive link
Most inductive chargers for biomedical implants
incorporate planar circular or spiral coils [16],[3],
[17], due to the space restrictions applying to the
implantable coil. Optimal operation is achieved when
the primary coil is perfectly aligned with the
secondary coil. In such cases, the air gap ranges from
3 to 4 mm, which accounts for a typical skin depth
[18].
For the evaluation of the coupling coefficient for
various positions of the charger, simulations are
performed with the 3D Finite Element Method
software ANSYS Maxwell for the topology depicted
in Fig. 3 (a). Each winding has 23 turns of litz wire,
consisting of 24 strands of 0.08 mm copper wire, with
a total wire diameter of 0.5 mm. The total surface
diameter of each coil is 45 mm, which is within the
permitted range for implants [2]. Simulations for
various displacement conditions are carried out. Gap
lengths in the z axis range from 3 mm to 20 mm and
in the x axis from 0 mm (perfect alignment) to 15
mm. Simulations are carried out with free air as the
medium.
For the experimental validation of the simulation
results a prototype set of coils has been constructed,
with the same specifications described in the above,
as illustrated in Fig. 3 (b). The magnetic circuit is
held together by a plexiglass, plastic construction
(screws and nuts), which allows for relative position
adjustments between the primary and secondary
coils, without interfering with the magnetic flow.
The coupling coefficient for various air gaps is
experimentally measured with the voltage ratio
method [19]. The open-circuit voltage of each coil is
measured when the other coil is excited by a high
frequency alternating voltage source, Vexc. The
excitation frequency in this case was selected at 200
kHz and the excitation source was the high-frequency

If, for simplification, the internal resistances are
considered negligible, and coupled coils are identical
and C1=C2= C, (10) takes the form of (11). By setting
the nominator of (11) equal to zero, unity power
factor is achieved at three frequencies; the natural
frequency, ωn, ωPFH and ωPFL. The latter are provided
by (12). At ωn, as explained in the above, the voltage
gain is given by (6), whereas, at both ωPFH and ωPFL,
the voltage gain is dependent on both the coupling
coefficient and the load value, as expressed by (13).
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The fact that there are up to three different
frequencies, including the natural frequency ωn, for
which the phase difference between i1 and vinv,1 is
zero, is causing difficulties in the frequency tracking
and control techniques employed for achieving
resonance [12]. This phenomenon is known as
bifurcation [13].
Due to the fact that at these frequencies the output
voltage depends on the coupling coefficient and the
value of the load, adoption of an output power control
technique may be necessary. Using a DC/DC
converter or an inverter phase-shift technique [14],
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measured coupling coefficient for each position is
marked by a discrete dot. The experimental results
are very close to the simulation results. However, it
must be noted that due to the small size of the coils,
even the slightest displacement from the desired
position leads to a significant change in the coupling.
This factor may have contributed to the slight
differentiation between the simulation and the
experimental results.

voltage source inverter, built for the inductive
charger prototype. The equivalent circuit of the
coupled coils is presented in Fig. 4.

(a)

(b)

Fig. 5. Coupling coefficient, k, for various
positions.

Fig. 3. (a) 3D design of primary and secondary side
coils and (b) experimental setup coils.
Based on this circuit, k is obtained by the
calculations provided in (14), where subscripts 1 and
2 refer to the primary and secondary coil
respectively, oc denotes an open-circuited coil, while
exc denotes the excited coil. L symbolizes the selfinductance and M the mutual inductance of the coils.

3.2

Simulations of the inductive charger
The IPTS is simulated using the Matlab/ Simulink
platform, with the use of Simulink “mutual
inductance” block for the inductive link and the
respective power electronics blocks for the
converters of the system. Namely, a full bridge
inverter is used in the primary side so as to allow for
controllable operation at various frequencies. A
conventional full-wave rectifier is used in the
secondary side of the system. The component values
are presented in Table 1. A 0.5 Ω internal resistance
is included in each side of the system in order to
record a more realistic behavior. The inductance
values have been obtained by the magnetic circuit
assessment, presented in Section 3.1.

M
M

 V1exc  V2oc 
 V1exc 
L1  M  M
L1


M
M

V1oc 
 V2exc  V1oc 
 V2exc 
L2  M  M
L2

2
k

V2oc  V1oc
M2
(14)
 V2oc  V1oc 
 V1exc  V2exc  k 
L1  L2
V1exc  V2exc
V2oc 

Table 1. Simulation parameters

Fig. 4. Leakage equivalent circuit of inductively
coupled coils.
The coupling coefficient obtained by the
simulations at each position is presented in Fig. 5. As
can be seen, k reaches 0.63 at the nominal position of
the IPTS and may be reduced to 0.09 for the highest
misaligned position tested, that is for x = 15 mm and
z = 20 mm. In the same figure, the experimentally
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Parameter
L1, L2
k

Value
20 μH
0.4

Vin,DC

10 V

Parameter
Value
C1, C2 33 nF/4.7nF
20 Ω
RL
100-400kHz/
f
400-840kHz

In order to examine the behavior of IPTSs in a
wide range of frequencies, two cases of inductive
systems are evaluated. The difference between the
two cases is the value of the compensating capacitors,
C, which is altered in order to shift the resonant
frequencies to higher values. To this aim, 33 nF
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However, if the capacitors’ value is switched to
4.7nF, the SS topology presents two power peaks, as
shown in Fig. 7 (a), which is the result of the
bifurcation phenomenon [13]. From subplot (b) of
the same figure, the existence of the bifurcation
phenomenon, mentioned in Section 2, is evident,
since three frequencies are recorded, for which the
phase difference between the inverter output voltage
and the primary current is zeroed. The phase
difference between the inverter output voltage and
the secondary side current is also depicted in subplot
(c). In the latter, one can observe the single zerophase frequency between the inverter output voltage
and the secondary current.

capacitors are used for the first set of tested
frequencies, whereas 4.7 nF capacitors are used for
the second set. All the other components remain the
same.
In Fig. 6 (a), the output power is recorded, for C=
33nF. It can be seen that for this capacitors’ value the
output power has a single peak and there is a single
frequency at which the phase difference between the
inverter output voltage and the primary current is
zero (Fig. 6 (b)). The same stands, as expected for the
phase difference between the inverter output voltage
and the secondary current (Fig. 6 (c)).

(a)
(a)

(b)

(b)

(c)

(c)

Fig. 6. (a) Output power, (b) phase difference
between the inverter output voltage and the
primary-side current and (c) phase difference
between the inverter output voltage and the
secondary-side current for C = 33 nF.

E-ISSN: 2224-350X

Fig. 7. (a) Output power, (b) phase difference
between the inverter output voltage and the
primary-side current and (c) phase difference
between the inverter output voltage and the
secondary-side current for C = 4.7 nF.
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coefficient. For ease of identification and protection,
the coils of Fig. 3 (b) where encapsulated in colored
plexiglass pads: green for the primary and blue for
the secondary side coil. The position of the coils is
fixed in order to ensure same coupling conditions
and, thus, fair comparison of the charger operation
under the two types of semiconductors.
High-frequency current transformers were
designed to accurately capture the primary and
secondary side currents, while a differential probe
was used to measure the primary-side voltage. The
primary and secondary compensation capacitors are
selected at 33nF for testing at the low range of
frequencies (160 kHz - 360 kHz) and at 4.7nF for
testing at the higher range of frequencies (440 kHz –
820 kHz). A 20 Ω resistive load was used for the
experiments.

The complex behavior of IPTSs, as also expressed
in the theoretical analysis in Section 2, can be
deduced from these plots. Α fully flexible and
controllable excitation source is, therefore, necessary
in order to allow for the implementation of
sophisticated frequency and voltage control schemes.
With the development of high-performance
semiconductors, the full-bridge inverter topology can
be taken advantage for the implementation of such
systems.

3.3

Experimental comparative evaluation

The performance of the examined system is
experimentally evaluated through the test-setup
presented in Fig. 8. The primary side full bridge
inverter was tested for comparison reasons while
incorporating a) four enhancement mode GaN-onSilicon power transistors (GS61004B) and b) four
high
performance
Si
power
MOSFETs
(CSD19533Q5A). The characteristics of both types
of semiconductors are presented in Table 2. Both
types exhibit low on-state resistance (RDS-on ) and low
input charge (QG), favourable characteristics for high
efficiency at high switching frequencies [20], with
the GaN transistor being superior in all parameters
but the on-state resistance.

Table 2. Transistor characteristics
Si (CSD19533Q5A) GaN (GS61004B)
VDS
Qg
Qgd
RDS(on)
VGS(th)
Qrr
Cost/
piece

100 V
6.2 nC
0.9 nC
15 mΩ (@6V)
1.3 V
0 nC

1.35 €

5.67 €

The recorded rise and fall times for each type of
semiconductor at the higher end of each range of
frequencies is depicted in Fig. 9. As expected by the
characteristics of the semiconductors, the rise-time
and the fall-time of the inverter output voltage when
Si switches are employed is greater than the
respective times of the GaN inverter.
Experiments are carried out for various
frequencies within the specified ranges, in order to
record the DC-DC efficiency of the system, under the
use of each type of switches. Measurements are taken
for a constant output power equal to 10W, which is
the nominal power of the IPTS. The input voltage is
appropriately adjusted in order to achieve the desired
output power at each frequency of operation.
The efficiency results are presented in Fig. 10 (a)
for C = 33 nF and in Fig. 10 (b) for C = 4.7 nF. From
the first figure, it can be observed that the difference
in the efficiency between the two types of switches is
relatively small and at some frequencies nonexistent, ranging from 0% to 7%.
However, the situation is different for operation at
the higher range of frequencies, as illustrated in the
second graph of Fig. 10. In the higher range of

Fig. 8. Coupling coefficient, k, for various
positions.
Each transistor is accompanied by an antiparallel
Si Schottky barrier diode (PMEG6010) to further
minimize the reverse conduction losses during the
dead-time period, initially set to 30 ns. The power
devices are driven by the LM5113-Q1 gate driver and
6V zener diodes are placed across the gate and source
terminals to protect the devices from voltage
overshoots. The secondary side rectifier consists of
four Ultra -Low Forward Voltage Drop Schottky
Rectifier diodes (FSV15100V) in a full bridge
configuration.
The magnetic arrangement is the one presented in
Section 3.1, for the evaluation of the coupling
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100 V
27 nC
4.9 nC
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163 nC
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frequencies of operation. Simulations and
experimental results have verified the theoretical
analysis.

frequencies, the superiority of the GaN transistors is
clear and significant for most of the tested
frequencies. The difference in the efficiency of the
system ranges between 3% and 14%.
It is also interesting to note that the efficiency in
both cases is increased for operation in the areas of
the frequencies presented in Section 2, that is, around
the natural frequency, ωn, and the zero-phase
frequencies, ωr and ωPF.
For a better understanding of the system operation
in the above - mentioned frequencies, the
experimental results are depicted in Fig. 11, at a
constant output voltage of 14.14V (constant output
power at 10W). From the experimental results, one
can verify that, as derived by the theoretical analysis
in Section 2 and the phase simulation results of subsection 3.2, in ωn, ωPFL and ωPFH the primary current
is in phase with the inverter output voltage, whereas
in ωr, the secondary current is in phase with the
inverter output voltage.

(a)

(b)

Fig. 10. DC-DC efficiency for (a) C = 33nF and
(b) C = 4.7nF.
Regarding the effect of the type of semiconductor
used in the efficiency of the system, the experimental
results for the 160 - 360 kHz range of frequencies
have shown insignificant differences, especially for
operation close to the frequencies obtained by the
theoretical analysis. Due to the very small difference
in the efficiency and the fact that the current cost of
GaN semiconductors is more than 4 times higher than
that of the respective Si MOSFETs, selection of the
latter is suggested. On the contrary, the experimental
results for the 440 - 820 kHz range of frequencies
highlight the superiority of GaN transistors and, in
this case, their use over their Si counterparts is
recommended, despite the additional cost.
It is worth mentioning that there are biomedical
devices, like cochlear implants, for which the patient
is constantly carrying both the primary system
(attached but not implanted) and the secondary
system (implanted), and the primary is wirelessly
feeding the secondary system with the use of an
external battery. In these types of biomedical
applications the system efficiency is of great
importance, since the attached primary has to
incorporate a very small sized battery and it is more
convenient for the patient if the recharging of this
battery is infrequent. Therefore, in such cases, the use

(a)

(b)

Fig. 9. Experimental results for the inverter output
voltage (a) rise-time and (b) fall-time for operation
at 360 kHz, C=33nF.

4 Conclusion
In this work, comparative evaluation of the use of
Si MOSFETs and GaN transistors is performed in an
inductive charger for medical implantable devices.
Theoretical analysis of the series-series compensated
IPTS has highlighted the complexity of the operation
of such systems and has provided the most preferable
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of GaN transistors is unquestionably the best option,
since achieving the highest possible efficiency is a
more important than reducing the system cost. In
other applications, for which efficiency is not a key
factor, the newest technology Si MOSFETs can be a
good option for inductive power transfer at lower
frequencies.
(a)
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