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Abstract: It is challenging to power a large number of gate drivers of the series-connected insulated gate bipolar transistors
(IGBTs) in a high-voltage application because multiple isolated power supplies are needed. In this study, a novel wireless power
transfer (WPT) system using repeater coils is designed to solve this problem. Every two repeater coils form a repeater unit,
which transfers power to one load. With multiple repeater units in the system, multiple loads can obtain power simultaneously.
To eliminate undesirable magnetic couplings between these coils, bipolar coils are used and the two bipolar coils in the same
repeater unit are placed perpendicularly. It is derived that constant voltage can be obtained for all the loads, which is especially
suitable for powering the IGBT's gate driver. Moreover, the variation of one load power will not affect others. The receiving circuit
is designed to transform the received power to the DC voltage compatible with the driving circuits. An experimental setup with

six loads has been constructed to validate the proposed WPT system.

1 Introduction

In a high-voltage application, the voltage rating of the commercial
insulated gate bipolar transistor (IGBT) is not high enough. To
solve this problem, several IGBTs can be connected in series to
withstand the high voltage [1, 2]. Since the reference potentials of
the IGBTs’ driving circuits are different, multiple isolated power
supplies are needed for them. Usually, the gate driver can collect
power from the IGBT's collector—emitter voltage [3, 4], which is
called a self-energised system. Such a self-energised system is
usually very complicated [4]. Moreover, this method will fail
during a power outage, which leads to the abnormal operation of
the series-connected IGBTs.

As a promising power transfer technique, wireless power
transfer (WPT) technology can provide an excellent insulation
performance because no direct contact is needed, which is
especially suitable for powering the gate drivers of the series-
connected IGBT [5]. To apply the WPT technology in this
application, some problems need to be solved.

First, the WPT system should be compatible with multiple
outputs because multiple isolated power supplies are required for
the gate drivers. However, in most of the existing WPT systems,
usually, only one load is powered via the magnetic or electric field
[6-9]. Recently, more and more publications investigated the WPT
system with multiple loads [10-18]. In [10], a WPT system with
two receivers (Rxs) was designed, where the two receiving coils
are decoupled by adjusting the winding direction of turns.
However, it is difficult to add more receiving coils in such a
structure, which limits the number of loads. A WPT system
powering multiple loads was proposed in [11] to balance the
battery cells’ voltages. The multiple receiving coils were in the
same plane, which were placed above the transmitting coil. It was
assumed that the cross-coupling between different receiving coils
was zero. However, the cross-coupling may not be neglected when
the receiving coils are close to each other. In [12], a novel WPT
system was designed to provide the constant current (CC) sources
for the light-emitting diodes (LEDs). In this system, only one
receiving coil existed, and the multiple LEDs were connected in
parallel via the capacitor-inductor-capacitor (CLC) circuits.
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However, these loads are not isolated, which cannot be applied in
the series-connected gate driver application. In [13], the multiple
receiving coils with different resonant frequencies were used to
obtain power from the transmitting coil. By adjusting the operating
frequency of the transmitting coil, the receiving coil with the same
resonant frequency will obtain power. However, the receiving coils
cannot collect power simultaneously once the operational
frequency is set.

To decrease the parasitic inductance in the power loop, the
series-connected IGBTs are usually placed one by one along a line
over a long distance [2]. Considering that the gate drivers are
placed near these IGBTs, the WPT system should have the
capability to transfer power over a long distance. The repeater coil
structure [14, 15] could be a good solution because the coils can
not only increase the power transfer distance but also be connected
to multiple loads. In [16], the repeater coils were adopted to power
multiple loads. Each repeater coil was connected with a load. The
repeater coils that function as power repeaters enable the long-
distance power transfer by enhancing the magnetic field along the
power transfer route. However, it was concluded in [16] that the
load power was coupled with each other, which means when
changing one load power, the other load power would also vary. In
[17, 18], the multi-load WPT systems were presented also using
repeater coils. Different from [16], every two repeater coils formed
a repeater unit and each repeater unit was connected to a load. With
a suitable compensation topology, the constant load current can be
obtained for each load when neglecting the coil's resistance.
However, the commercial IGBT usually needs a 15V DC voltage
source to turn it on and —8 V DC voltage source to turn it off. The
CC source is not suitable for powering the gate drivers directly. An
additional conversion circuit such as the inductor-capacitor-
inductor (LCL) converter [19] should be used to transform the CC
source to a constant voltage (CV) source before they are used to
power the gate drivers, which increases the system complexity. The
system efficiency would also be reduced. Thus, the multi-load
WPT system with CV outputs is more suitable.

In this paper, a novel multi-load WPT system is designed to
power the gate drivers of series-connected IGBTs, which is the
expansion of the conference paper [20]. The repeater coils are used
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Fig. 1 System structure of the proposed multi-load WPT system
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Fig. 3 Coil structure used in the proposed WPT system

to increase the power transfer capability over a long distance. A
compensation circuit is designed, and the constant load voltage can
be obtained if the coils’ resistances are neglected. Since the load
voltage is constant regardless of the load power, the variation of
one load power will not affect others. The Rx circuit consisting of a
rectifier and a DC/DC converter is designed to transform the
received high-frequency AC power to a stable DC voltage source
that is compatible with the gate driver. An experimental setup with
six loads is constructed to validate the effectiveness of the
proposed WPT system.

2 System description
2.1 System modelling

The structure of the proposed multi-load WPT system with N loads
is shown in Fig. 1. There are (N + 1) units in the proposed system,
namely transmitting unit #0, repeater unit #l-#(N—1), and
receiving unit #N. In transmitting unit #0, the transmitting coil g ¢
is connected to the high-frequency AC source V; and transfers
power to the subsequent repeater units. The compensation
capacitor Cy ¢ is connected in series with Ly . In each of the
repeater units, there are two coils L, and L, { (1; =1,2,..,N—1),
where L, , receives power from its previous unit and L,, | transmits
power to the subsequent unit. The compensation circuit in repeater
unit #n contains three capacitors C,, , Cf,, C, 1, and one inductor
Lg,. C, . and Cyp, are connected in series with L, and L, 4,
respecti;/ely; Cy, and Ly, are inserted between C,, ; and Cy ¢ In
receiving unit #N, the receiving coil Ly , receives power from
repeater unit #(N — 1). Compared to the co&pensation circuit in the
repeater unit, Cy { is removed in the receiving unit #N because no
transmitting coil is needed. The mutual inductance and the

corresponding coupling coefficient between L,_; ¢ and L, , are
defined as M), and k, n=1, 2, ..., N), respectivel)z The maénetic
coupling between other coils can be neglected with the coil
structure discussed in Section 2.2. The relationship between M,
and k,, is shown below:

kn =Mn/ Ln—lfl'Lnfr (1)

The receiving circuit Rx #n shown in Fig. 2 is connected across the
series branch of Cy, and Ly, in the repeater unit or the receiving
unit #N, which transforms the received AC power to the constant
DC voltage source for the gate drivers. The receiving circuit is
used for not only each repeater unit but also the last receiving unit
#N. The receiving circuit consists of an uncontrolled rectifier based
on four diodes and a DC/DC converter. The DC/DC converter
generates a stable DC output voltage V), ,, for the gate drivers. In
Section 3, it has been proved that the real load voltages will vary
within a small range as the load power increases due to the coil's
resistance. Although the voltage variation is small, a DC/DC
converter is still adopted in each unit to generate a stable output
DC voltage source, which is required by the gate driver to ensure
the safe switching process of the IGBTs. The DC/DC converter
will increase the system's robustness against the disturbance.

2.2 Coil design

As discussed above, in the proposed WPT system, the magnetic
coupling between L, and L, , (n=1, 2, ..., N) is used to
transfer power, which should be large enough to improve the power
transfer capability. While the magnetic coupling between other
coils should be as small as possible to achieve the constant load
voltage, which will be analysed in Section 3. The coil structure in
[17] meets such requirements and will be adopted in this paper.
The detailed design process has been given in [17] and a brief
description is given here.

Fig. 3 shows the coil structure for the proposed WPT system.
The bipolar coils are adopted for the coil design. It needs to be
pointed out that the two repeater coils in the same repeater unit are
placed perpendicularly. As a result, the magnetic coupling between
them can be removed. Moreover, a ferrite plate Fe, (n=0, 1, 2, ...,
N) is used in each unit. In each repeater unit, the ferrite plate is
inserted between the two repeater coils. Owing to the magnetic
insulation effects of the ferrite plates, the magnetic coupling
between the two repeater coils in the same repeater unit and any
two non-adjacent repeater coils can be suppressed further. The
coupling coefficient between the two adjacent units k, that is
defined in (1) can also be increased because of the ferrite plates.

Owing to the symmetric characteristics of the coil structure, two
repeater units #1 and #2 are simulated using MAXWELL. The coil
and ferrite plate are squared with the side length of /., =160 mm
and /ge=120 mm. The coil width is /, =20 mm. The distance
between two adjacent units is d =60 mm. The simulated coupling
coefficients between any two coils in units #1 and #2 are shown in
Fig. 4 considering the influence of the ferrite plate thickness. The
coupling coefficients between L ,and L; ¢, L ;and Ly , L; , and
Ly Ly and L, , are marked as ki; 1, kir 2r» Kir 26 K2,
respectively. It can be seen that ki, ¢ and &y, 5, are always very
small because of the orthogonal structure. When there is no ferrite
plate (the plate thickness is 0 mm), ky, 5 is a little large with a
value of 0.065. It is because coils L ; and L, are placed in the
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same direction. However, when the ferrite plate is used, ki, o

decreases dramatically. However, the plate thickness has a very
small influence on kj; 5, which means increasing the plated
thickness will not further decrease ky; o apparently. The coupling
coefficient k, increases greatly from 0.12 when there is no ferrite
plate to 0.23 when the ferrite thickness is 1 mm. Similar to &y, 5,
the growth rate reduces when further increasing the ferrite
thickness. In fact, when the ferrite plate thickness increases, the
distance between L; { and L, , decreases, which mainly contributes
to the increase of k,. In this paper, the plate thickness is chosen as
4 mm as a compromise between the coupling coefficient and the
system weight. It can be seen that only k, needs to be considered

while other coupling coefficients can be neglected in the proposed
coil structure.

3 Detailed analysis

In the receiving circuit Rx #n, the voltage across the rectifier and
current flowing into the rectifier are in phase [21]. So the Rx circuit
can be regarded as a resistive load. In this section, the receiving
circuit Rx #n is replaced with a load resistor Ry ,to facilitate the
analysis.

As shown in Fig. 1, I, ; and I, ; are the currents flowing
through L,, ; and L,, ¢, respectively (n=0, 1, 2, ..., N); I, (n=1, 2,
..., N) is the current flowing through C¢,; and Vi, (n=1, 2, ..., N)
is the load voltage across Rx #n or Ry,. The directions of these
currents or voltages are defined in Fig. 1.

For repeater unit #1 (n=1, 2, ..., N—1), the voltage equation
for all the loops can be written in (2) according to Kirchhoff's
voltage law

ijMnIn— et Zn_r . In_r + ijLfn . (In_r + Icfn) =0
VLn + jwoLfn : (In_r + Icfn) + Icfn/jwocfn =0 (2)
VLn —Lp_t” In_t - ijMﬂ+ lln+ _r = 0

where Z;Lr: rn7r+jw0Ll17r+ l/jwocnfr’ Znﬁtzrnft"'ijLnft"_ 1/
jooC, ¢ 1, ¢ and r, ¢ are the intrinsic resistances of L, . and L, ¢,
respectively, which are not shown in Fig. 1; and g is the

operational angular frequency. In the proposed WPT system, the
following resonant condition should be met in the repeater unit #n:

w(z) = 1/(LrLr + Lfn) . Cnfr = 1/Lfncfn = 1/Ln7tcn,t (3)
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The quality factor of coil Z; is defined as Q;, where the subscript i
indicates the coil number. The coil's resistance »; can be calculated
as

i = woLi/ O; ()

To analyse the system performance considering the coil's
resistance, the reflection impedance [15, 17, 18, 22] can be used. It
means that the influences of all the subsequent coils and loads on a
specific coil can be modelled as an impedance.

Fig. 5 illustrates the reflection impedance in repeater unit #n.
Since there are two repeater coils in each repeater unit, two
reflection impedances exist in the repeater unit #»n, namely Z, , and
Zy, + Z, ¢ can be calculated based on the mutual inductance model
as [17, 18]

Znit = (wOMn+ l)zl(rn+ 1_r + Zn+ lir) (5)

The reflection impedance Z; ; in the transmitting unit #0 can also
be calculated using (5). The shaded area in Fig. 5 can be treated as
the reflection impedance Z,  in coil L, ;, which can be calculated
as [15,22] - -

7 — (wULfn)2 : (RLn + rn_t + Zn_t)
-t RLn . (}" n_t + Znﬁt)

(6)

For the receiving unit #N, only Zy , exists because no transmitting
coil exists.

3.1 Load voltage

The load voltage can be calculated using the reflection impedance
in (5) and (6). For the transmitting unit #0, I, ¢ can be calculated as

I, =Vo/(ro i+ Zo o) @)

In the repeater unit #n (n=1, 2, ..., N=1), I,, 1, V14, and I,  can
be calculated based on Fig. 5 as

Infr = - jw()MnIn - lft/(rnfr + Znﬁr)
Vin= - ijLntnfr (8)
In_l = VLn/(rn_t + Zn_t)

Vv in receiving unit #N can also be calculated using (8) with the
only difference of no Iy Before further analysis, let us first
consider the idealised cglse, where the coils’ resistances are
neglected. The load voltage V7, in (8) can be simplified as

V= —Via-n L/ Mpn=1,2,3, ..., N )

It can be seen from (9) that the load voltage V7, only depends on
the mutual inductance M,, and the compensation inductance Lyg,.
Moreover, (10) can be obtained if the condition in (11) is satisfied.
It can be seen from (10) that all load voltages have the same
amplitude in this case

Vi =(=D"Vun=1,2,3, .., N (10)

Ly,=My,n=1,2,3,...,. N (11)
On the basis of the coil structure in Section 2.2, all the coils are the
same so that the inductances, quality factors, and resistances of the
coils, coupling coefficients, and mutual inductances are also
identical, i.e.



LU_tle_rle_t:Lz_rz =LN_r=L

0.1=0.,=0.=0,=...=0n,=0

T =T =h (=h;=...=FIN =7 (12)
ki=k=...=ky=k

Mi=M,=...=My=M

Thus, the compensation inductances can also be designed identical,
iie. Ly=Lp=Lp=...=M according to (11). It needs to be
clarified that the condition in (12) is not a must to ensure the
independent load voltage. In the practical case, parameter error
may exist and the parameters will not be exactly identical. The
proposed WPT system can still work well by setting L, equal to
M, based on (11) after the mutual inductance M,, is measured.

In the proposed system, the later loads are powered from the
previous unit. The amount of power carried by unit #n decreases as
n increases because the number of the remaining loads decreases.
Since all load voltages are the same when neglecting the parasitic
resistance, the currents flowing through coil L, ( decrease
gradually, which means Iy >/} >, (>... Iy-;  The load
current /,, ; flowing through coil L, . only depends on the load
voltage Vi(,-1) and M, because L, and L, ,are series
compensated, which can be calculated as I, ;= Vy-1)/(@oM,)-
Due to the fact that all mutual inductances are identical and all load
voltages have the same amplitude, it can be derived that I} =1, ;

=..=1 N r-

To calculate the load voltage considering the resistance, the
reflection impedance in each coil can be calculated iteratively
using (5) and (6) from the receiving unit #N to the transmitting unit
#0 one by one. Then, the load voltage Vp, can be calculated
iteratively based on (7) and (8). Since the topology is complicated,
the analytical expression of the load voltage ¥y, is complicated
when 7 is large. Another method is using the numerical calculation
with the help of MATLAB. Fig. 6 shows the load voltage variations
with the increasing load power, where N=6, k=0.24, and O =280.

To facilitate the comparison, the load voltage and load power
are normalised by dividing their base values defined as

Vi = Vo, Ry = @M, Py = Vi/Ry (13)

The load resistances Ry, (n=1, 2, ..., N) are assumed identical for
all the units in Fig. 6, i.e.

RLIZRLZZ =RLN=RL (14)

Equation (14) is also not a necessary condition for the proposed
WPT system, which is used to facilitate the analysis. Moreover, the
identical load resistance ensures that nearly equal load power
distribution as the load voltage does not vary too much, which can
be seen in Fig. 6. The experimental results with different load
resistors are provided in Fig. 7 which shows that the proposed
WPT system can still work well with different loads.

The load power in each unit can be calculated as Py, = Vi /Ry.
Assuming that the load voltage variation is within a small range,
the normalised load power can be calculated as

PLnfnorm = PLn/Pb = Rb/RL (15)

So the x-axis of Fig. 6 is Ry/Ry, which reflects the normalised load
power. It can be seen from Fig. 6 that the load voltage decreases
gradually as the load power increases when considering the
resistance. The farther the distance between the repeater unit and
transmitting unit, the faster the load voltage drops. Thus, the last
load voltage drops the fastest, which can be regarded as an
evaluation criterion of the CV characteristics of the proposed WPT
system.

Fig. 8 shows the last load voltage variations with different
coupling coefficients k& and quality factors Q when N=6, Ry/R| =
0.3. It can be seen that a larger £ or Q is beneficial to obtain better
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CV characteristics of the proposed WPT system. If the system has
too many loads, the last several loads’ voltages will drop
significantly and it will be difficult for them to receive enough
power. Thus, a larger coupling coefficient k£ or quality factor Q is
beneficial for increased load number. In a real application, a
DC/DC converter is usually used after the rectifier in each unit to
obtain a stable output. The DC/DC converter's input voltage has a
limited range. Thus, each load voltage should not drop below the
low-input voltage limit of the DC/DC converter. Once the load
number is set, the last load voltage drop with different £ and Q can
be obtained based on Fig. 8. Thus, the suitable k£ and Q can be
chosen to ensure that the last load voltage is still within the input
voltage range of the DC/DC converter. Once the coupling
coefficient k and quality factor Q are set, the load power can be
regulated by changing the inverter's output voltage V.

3.2 System efficiency

The system efficiency can also be calculated with the load voltage
V1, as
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_ ZQL 1 (Vitz/RLn) (16)
1 TRelVy 1]
where Re[X] represents the real part of X. The efficiency in (16) is
the AC-AC efficiency, where the input power is the power flowing
into Ly { and the switching loss in the inverter is not considered.
The system efficiency with increasing load power can be obtained
using (16) and drawn in Fig. 9. When N=6, k=0.24, and Q =280,
the maximum achievable efficiency is 89.1% when the normalised
load power is about 0.261. It needs to be pointed out that in the
conventional two-coil WPT system, the maximum efficiency is
achieved when Ry/Ry =1 [23], which is different from the multi-
load WPT system in this paper.

The maximum system efficiency variation with different
coupling coefficients &k and quality factors Q is shown in Fig. 10. It
can be seen that a higher system efficiency can be obtained with a
larger k or Q.

4 Experimental validation
4.1 Experimental setup

The experimental setup with six loads is designed, as shown in
Fig. 11. The repeater coils are made of 660-strand litz wires. PC40
is used for the ferrite plate. The dimensions of the coil and ferrite
plates are the same as those in the simulation part in Section 2.2. In
a practical application, the coil's dimension can be decreased
according to the requirement. An inverter consisting of four silicon
carbide  metal-oxide—semiconductor  field-effect transistors
(MOSFETs) is used to generate a 200 kHz AC voltage source for
the system. It needs to be pointed out that the SiC MOSFET is not
a must for the proposed system. Considering that the power level in
our system is low, the gallium nitride device may be a better choice
in a low-power high-frequency application. Since the inverter is
not the focus of this paper, an existing inverter made up of SiC
MOSFETs, which is available in our laboratory, is adopted. The
self-inductance of the coils is measured to be 93 pH. The coupling
coefficient between two adjacent units is about 0.24 and the quality
factor of the repeater coil is around 280. The distance between two
adjacent units is 60 mm, so that the total power transfer distance is
360 mm. The detailed system parameters are listed in Table 1. The
printed circuit board in Fig. 11 only contains the rectifier and the
DC/DC converter as shown in Fig. 2. A DC/DC converter with a
wide-input voltage range is preferred in a real application as the
load voltages may drop because of the coil's resistance as analysed
before. The wide-input range can help increase the load number
where larger load voltage drops will happen. The gate driver
system is decoupled from the WPT system via the DC link, which
has no obvious influence on the WPT system. In this paper, we
focus on the WPT system part and the real gate driver circuit is not
included. However, the gate drivers can be connected to the
proposed WPT system easily because what they need are just
multiple isolated DC voltage sources.

When designing the WPT system, the maximum number of gate
drivers and maximum load power should be estimated first. On the
basis of the maximum input power, the voltage source can be
selected to be large enough so that the input current I,  can be
maintained at a low value considering the diameter of the litz wire.
The coupling coefficient £ and quality factor Q should be large
enough so that the gate driver works as an independent circuit and
will not be affected by each other. When the load number varies,
the load voltage will not exceed the input voltage ¥, so that the

gate driver will not be damaged.

4.2 Experimental results with load resistors

First, identical power resistors are used to represent the load.
Fig. 12 shows the experimental waveforms. The inverter's output
voltage V) is almost in phase with the output current I ; thus, the
reactive power is very small. Moreover, I ( lags behind V) a little
to achieve the zero-voltage switching (ZVS) for the MOSFETs.
Since there are only four channels in the oscilloscope, only the load
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Table 1 System parameters

Parameter Value Parameter Value
Ve 25V fs 200 kHz
Lo L6 r 93 uH Li1—Lsg 223 uH
Ci1—Crs 28.4 nF C1 rCs 5.49 nF
Co tCs ¢ 6.8 nF k 0.24
Q 280 N 6

voltages V1 ; and V¢4 are displayed in Fig. 12. The amplitudes of
Vi1 and Vg are almost the same, while the phase difference
between them is nearly 180° as discussed above. Theoretically, the
phase angle of the whole system's input impedance is always zero
if the resonant condition in (3) is met. However, during the
experiment, it is found that the phase angle of the input impedance
gradually increases when the load power is increasing, which will
lead to a larger ZVS margin. This is mainly because the magnetic
permeability of the ferrite plates may vary under different power
levels.
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Fig. 15 Voltage waveforms of the receiving circuit Rx #6

The load voltage variation with the increasing load power is
shown in Fig. 13, where the solid lines represent the calculated
load voltages while the dot points represent the measured values in
the experiments. The experimental load voltages drop faster than

6

the calculated values, which is because the voltage drop on the
reactance in coil Ly ¢ due to the ZVS of the MOSFETs becomes
larger with the increasing load power.

The system efficiency variation with the increasing load power
is shown in Fig. 14, where the solid line represents the calculated
efficiency while the dot points represent the measured values. The
measured efficiency match the calculated efficiency well. The
maximum achievable efficiency is around 91%. The measured
efficiency in Fig. 14 is slightly higher than the calculated value in
Fig. 14, which may have been caused by measurement errors of the
quality factor Q of the coil. The load voltage for calculating the
efficiency is obtained by the oscilloscope and the voltage
transducer, which also contain errors.

Fig. 7 shows the load voltage variation with different load
resistances. The red circles represent the six load voltages, where
Rb/Rl = 0, Rb/R2 = 0.05, Rb/R3 = 0.10, Rb/R4 =0. 15, Rb/R5 = 0.20,
and Ry/Rg=0.25 whereas the blue crosses are the load voltages,
where Ry/R;=0.25, Ry/R,=0.20, Ry/R3=0.15, Ry/R4=0.10,
Ry/Rs=0.05, and Ry/Rg=0. It can be seen that the load voltages do
not vary too much even with different loads.

4.3 Experimental results with receiving circuits

When replacing the power resistor with the receiving circuit, a DC
output voltage can be obtained. The DC/DC converter in the
receiving circuit has a wide-input range of 9-36 V, whereas its
output voltage is stable 15V. Fig. 15 shows experimental
waveforms of the receiving circuit Rx #6. The input voltage Vg
across the rectifier is a square waveform because of the different
conduction modes of the four diodes in the rectifier. The output
voltage of the receiving circuit Vg , is a stable DC voltage of 14.6
V. The load power of each receiving circuit in the experiment is 3
W, which is enough to drive an IGBT.

5 Conclusion

This paper proposes a novel multi-load WPT system to supply
power to the gate drivers of the series-connected IGBTs. The
repeater coils are adopted to improve the power transfer capability
over a long distance. Every two repeater coils form a repeater unit,
which are placed perpendicularly to eliminate the magnetic
coupling between them. A compensation circuit is designed for the
proposed system, which ensures a constant load voltage for each
load when neglecting the coil's resistance. With a suitable design,
the influence of the resistances on the CV output is small and
within an acceptable range. The receiving circuit consisting of a
rectifier and DC/DC converter is designed to output a constant DC
voltage source, which is compatible with the gate driver. An
experimental setup with six loads has been constructed and the
experimental results of the system voltage and efficiency validated
the proposed system.
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