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Abstract: Increasing the resonant frequency of a wireless power transfer (WPT) system effectively
improves the power transfer efficiency between the transmit and the receive coils but significantly
limits the power transfer capacity with the same coils. Therefore, this paper proposes a coil design
method for a series-series (SS) compensated WPT system which can power up the same load with
the same DC input voltage & current but with increased resonant frequency. For WPT systems with
higher resonant frequencies, a new method of realizing soft-switching by tuning driving frequency is
proposed which does not need to change any hardware in the WPT system and can effectively reduce
switching losses generated in the inverter. Eighty-five kHz, 200 kHz and 500 kHz WPT systems
are built up to validate the proposed methods. Experimental results show that all these three WPT
systems can deliver around 3.3 kW power to the same load (15 ) with 200 V input voltage and 20 A
input current as expected and achieve more than 85% coil-system efficiency and 79% system overall
efficiency. With the soft-switching technique, inverter efficiency can be improved from 81.91% to
98.60% in the 500 kHz WPT system.

Keywords: wireless power transfer (WPT) system; coil design; soft-switching

1. Introduction

Wireless power transfer (WPT) systems, which can transfer energy from a power source to isolated
loads across air gap without any direct electrical contacts, are attracting more and more attention.
They have been widely used to power up electrical equipment or recharge its batteries. Due to the
elimination of physical contacts between the source and the load, WPT systems can greatly enhance
the flexibility and safety of the electrical equipment.

A two-coil WPT system is composed of a transmit coil and a receive coil that are separated by
an air gap. There is mutual inductance and leakage inductance between the two coils [1]. Electrical
energy is wirelessly transferred through the mutual inductance between the two coils; the leakage
inductance, nevertheless, does not have a direct contribution to the active power transfer. However,
the large gap between the transmit and receive coils results in a low coupling coefficient, typically in
the range of 5-30%, depending on the distance, alighment, and size of the coils [2]. This feature leads
to large leakage inductance but small mutual inductance which would significantly limit the power
transfer efficiency between the two coils. A popular method of cancelling out the effect of the leakage
inductance is to make use of compensation capacitances to tune the two coils so that they work at the
resonant frequency. The compensation capacitances are from either discrete capacitors or parasitic
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capacitances of the coils. There are four basic topologies of the compensation circuit, according to
how the compensation capacitances are added to the transmit and receive coils: series-series (SS),
series-parallel (SP), parallel-series (PS), and parallel-parallel (PP) topologies [3]. In this paper, the basic
SS compensation topology is adopted for its simple structure, but the analysis and the method can also
be applied to the other compensation topologies.

Though there have been many papers studying the WPT characteristics [4,5], various compensation
topologies [6,7] and coil structures, few papers give a detailed account of their coil design. The coil
design can be very challenging, as multiple design parameters and requirements must be considered
simultaneously to build up a WPT system, including input/output parameter requirements, inverter
efficiency, coil-to-coil efficiency, voltage-ampere (VA) rating, device stress and stability. Increasing
the resonant frequency of the WPT system effectively improves the power transfer efficiency but
significantly limits the power transfer capacity with the same coils. Therefore, in this paper, a design
method for a loosely coupled SS resonant WPT system of given resonant frequency, input and load
conditions is proposed which can help to increase the system resonant frequency without impacting
the system power level.

As the single-phase H-bridge DC-AC inverter is widely used to generate the high frequency power
to excite the transmit coil in WPT systems [6-11], a reliable high-frequency DC-AC inverter is critical
to output high-frequency power. To increase the resonant/driving frequency and reduce inverter
losses, wide bandgap semiconductor devices such as SiC MOSFETs [9] and soft switching techniques
are adopted in high-power WPT systems. Different compensation topologies are studied in-depth to
achieve soft switching. In [6], the author proposes a double-sided LCC compensation network and its
tuning method to realize zero voltage switching (ZVS) for the primary-side switches in the WPT system.
A zero-current switching (ZCS) condition could also be achieved by tuning the parameters of the LCC
compensation network [7], but those topologies need additional passive components in the circuit
which will increase losses and component count. Others seek to realize soft switching through inverter
control strategies. In [10], a polyphase current-fed push—pull resonant converter with full-autonomous
operation based on mutual magnetic coupling among the phases for polyphase WPT applications has
been presented: full ZVS of all three converters has been achieved with accurate 120° phase balancing
at 73.5 kHz. A DC-voltage-controlled variable capacitor for stabilizing the ZVS frequency of a resonant
converter for WPT system is proposed in [11]. It can be seen that those inverter-side control methods
and those specially designed structures are too complex. Besides this, soft-switching is desired under
different operating conditions in a WPT system; however, the system parameters in [6,7,10,11] are
fixed once designed and set, and adjusting the values of those additional components to realize full
load-condition soft switching is impractical for variable load-resistance systems such as a battery
charging system. Therefore, in this paper, a phase shift strategy is proposed to realize soft switching by
simply changing the input impedance of the inverter through tuning the driving frequency. Detailed
analysis and accurate calculation methods are both presented. Compared to the existing soft-switching
methods, the components in our WPT system do not need to be tuned corresponding to the system
operating conditions, and are hence more suitable for practical applications where the WPT system is
used for charging batteries or powering up different electrical equipment. Besides, soft-switching on
and soft-switching off can be chosen arbitrarily according to the requirements.

To validate the proposed coil-system design method and soft-switching method, 85 kHz, 200 kHz
and 500 kHz WPT systems are all built up. Designed with the proposed coil-system design method,
all these three WPT systems can deliver around 3.3 kW power to the same load (15 ) with the same
input voltage (200 V) and the expected 20 A DC input current. With the soft-switching strategy
presented in this paper, the inverter efficiency can be effectively improved, particularly in WPT system
with higher resonant frequencies. For example, the inverter efficiency can be improved from 89.81% to
98% in the 500 kHz system. Even though the frequency tuning method would lead to a slight decrease
in the coil-to-coil efficiency, the overall efficiency can still be maintained at the similar level compared
to that of the resonant conditions. With the greatly improved inverter efficiency, the volume of the
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heatsink can be effectively reduced, the power density increased, providing a more reliable operating
environment for the inverter.

The main contributions of this paper are (1) the proposal of a method for designing the coils in the
WPT system which can help to increase the system resonant frequency without affecting the system
power level; (2) the proposal of a phase shift strategy to create soft switching conditions under various
operating conditions by simply changing the input impedance of the inverter through tuning the
driving frequency. This soft-switching realization method does not need to change any hardware in
the WPT system and has a better applicability. The proposed soft-switching method greatly enhances
the inverter efficiency, which can help reduce the volume of the heatsink and the total system and
provide a more reliable operating environment for the inverter, particularly in high resonant frequency
WPT systems.

2. Theoretical Analysis of the WPT System

In this section, the mathematical model of an SS compensated two-coil WPT system is built up
first which not only studies the power transfer characteristics but also facilitates the design of a new
WPT system with specific requirements. The impacts of resonant frequency on the power transfer
performance is analyzed and a new coil-system design method is proposed subsequently.

2.1. Circuit Model of Two-Coil WPT-System

The mathematical model of a WPT system is derived first to study its power transfer characteristics.
The circuit schematic diagram of the WPT system with SS compensation topology in this work is
shown in Figure la. The coil system is assumed to be symmetrical. The system can be simplified
into the equivalent model as shown in Figure 1b, where Vg is an equivalent voltage source with an
internal resistance Rg; Uy is the output voltage phasor of the high-frequency inverter applied to the
primary-side coil system; Uy is the output voltage phasor of the secondary-side coil system and the
input voltage to the H-bridge rectifier. The H-bridge rectifier, filter capacitor and the actual load Ry, are
modelled as an equivalent resistance R; . In this simplified model, R; and R; are the parasitic resistance
in the primary and secondary sides, respectively, consisting of the parasitic resistance of the coils and
the compensation capacitors. Iy and I, are the current phasors of the primary side and the secondary
side respectively. In the later analysis, the bold symbols stand for the phasor of these voltages and
currents, otherwise stand for the RMS values of the fundamental of these voltages and currents.
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Figure 1. Wireless power transfer (WPT) system: (a) Whole system; (b) simplified model.

When the WPT system operates at resonant frequency, U, and I are in phase, as such, the power
transfer equals to Uz multiply by I. Assuming 100% power efficiency of the rectifier, according to
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the law of energy conservation, the relationship between the actual and the equivalent loads can be
expressed as Equation (1).
Ry ~ 0.81Ry, )

The resonant angular frequency (w;) of a resonant WPT system equals the driving angular
frequency (w;), and can be expressed as,

wd:wrzl/\/ L1C1 :1/\/L2C2 (2)

where C; and C; are the compensation capacitances; L1 and L; are the self-inductance of the coils.
With the lumped-element circuit shown in Figure 1b, the WPT system can be expressed in matrix

form as follows:
u Zy —jwgMip I
p— 3

—jwaMiz Z I,
where Z1 = Ry + jwyL1 — j/(wyCq) is the impedance of the primary side; Z, = Ry + Ry + jwyLy —
j/ (wyCy) is the impedance of the secondary side.
Therefore, I; and I can be derived from Equations (3) as Equations (4) and (5) respectively.

ZoUq
L= @)
de12 + Z1Z,
_ JwgMiply
2= o2 ©)

With Equations (4) and (5), the power injected into the primary-side coil system, P,,;, the power
delivered to the load by the secondary-side coil system, Ps., and accordingly, the coil-to-coil efficiency,
fcc then can be expressed as Equations (6)—(8). From Equations (6)—(8), it can be found that the input
power, output power and the coil-to-coil efficiency are all closely related to the resonant frequency,
the load resistance and the mutual inductance between the two coils. In addition, the output power
can be easily adjusted by tuning the DC input voltage without affecting the coil-to-coil efficiency.

U1 2(R + Ry)

P, =Ul; = U} = 6
pi = W = U = 7+ Ry(Ry 1 Ra) (6)
w2 M2 U3 2R
Psec — IZZRL — IZZRL — r 12 1 L 5 (7)
(wrzMuz + Rl(RL + Rz))
P, wr2Mpp%R
Hee = % _ r 12 N[ (8)

pi (w2Mp? + Ry(Rp + Ra) ) (Re + Ro)

2.2. Effect of the Resonant Frequency

From Equations (4)—(8), it can be seen that w,; has an impact on all the system operating indexes
(I1, I, Ppriy Psec); therefore, to build up a new WPT system, the first consideration is the resonant
frequency. SAE J2954 recommends 85 kHz for wireless charging EV batteries [12]; ORNL's (Oak Ridge
National Laboratory) experimental setup adopts 22 kHz [5], and in [13], the resonant frequency is
1 MHz, both with kilowatt-level output power. Higher resonant frequency settings can be found
in [14,15]. It can be seen that there is no final conclusion about the resonant frequency design in the
WPT system. Therefore, it is meaningful to investigate the impacts of the resonant frequency in a WPT
system with given coils.

In this study, the resonant frequency varies between 1 Hz and 200 kHz by adjusting the
compensation capacitance. It should be noted that even if the coil structure is not changed, the quality
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factor (Q = wL/R) of the coil will change with the frequency. In this calculation, the DC input voltage
is held constant at 100 V; the self-inductance of the two coils are both 66.58 uH; the coil-to-coil vertical
distance is set to be 150 mm, 250 mm and 350 mm, emulating different coupling conditions; the load
resistance is set to be 5 2, 15 () and 25 () to provide different load conditions. With Equations (7) and (8),
the output power P, and the coil-to-coil efficiency 7¢cc are plotted against the resonant frequency as
shown in Figure 2.

From Figure 2, it is obvious that no matter what the load resistance and coupling coefficient are,
the higher the resonant frequency is, and the higher the coil-to-coil efficiency will be. As for the output
power, there is always an optimal resonant frequency that results in the maximum output power, and
after the peak output power point, the higher the resonant frequency is, the smaller the output power
will be. Therefore, with given coils, increasing the resonant frequency can effectively improve the
coil-to-coil efficiency, but both the input and output power can be seriously limited (Equation (8)).
Besides, Equations (6)—-(8) indicate that when DC input voltage, load resistance and resonant frequency
are fixed, the mutual inductance (M) of the coil system should be carefully designed to satisfy the
requirements on system efficiency and power transfer capacity at the same time.
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Figure 2. Effect of resonant frequency on the WPT system performance: (a) fixed coil-to-coil distance
and varied load resistance; (b) fixed load resistance and varied coil-to-coil distance.

2.3. Coil-System Design Method

Once the input voltage, input current, load resistance and resonant frequency are determined,
the required mutual inductance of the coil system can be derived from Equation (4) as

1 U —7Z1L)Z
My, = - (th = 210L)Z> 9
Wy Il

This shows that the higher the designed resonant frequency is, the smaller the required mutual
inductance is. There are three approaches to deceasing the mutual inductance: (1) increasing the
coil-to-coil distance with the same coils, which can reduce the coupling coefficient and thereby can
increase the power transfer distance; (2) reducing the coil size, which can reduce both the self-inductance
and the mutual inductance, and the size and volume of the coil system; (3) the coupling coefficient and
the self-inductance of the coils can also be adjusted at the same time as long as Equation (9) is satisfied
to ensure the expected mutual inductance without changing the coil-to-coil distance.

To simplify the experiments and provide more coil scenarios to validate the feasibility of the
proposed coil system design method, tuning the self-inductance of the coil is adopted in this work
and the coupling coefficient is assumed to be constant, which can be achieved by adjusting the
coil-to-coil distance. Therefore, different coils need to be designed for WPT systems with different
resonant frequencies under the previous assumptions. However, if the structure of the coils is changed,
the parasitic resistance of the coils will also change. Compared to the load resistance (several tens
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of ohms), the parasitic resistance of the coils is usually very small (several tens of milliohms) and can
be neglected [6,16]; besides this, as Litz wire is used and the channel width of the flat spiral coils in this
work is large enough, proximity effect is also neglected, and therefore Equation (9) can be simplified as

Mp ~ — . (10)

Accordingly, with the specified coupling coefficient, the required coil self-inductance can be
derived from the required mutual inductance in Equation (10) as

Ly =Ly = Mp/k (11)

The elevation view of a flat spiral coil is shown in Figure 3, where N is the turns of the flat spiral
coil, #inner and 7outer are the inner radius and outer radius of the coil respectively, w is the diameter of
the wires used for winding the coils, and p is the channel width between two adjacent wires.

w . N turns | .
O LN ] .O . O. LN ] O

E 2R outer 1 Yinner, iy, 1 i
: Douter :
! |

Figure 3. Elevation view of a flat spiral coil.

The self-inductance of the flat spiral coil can be derived from a modified Wheeler’s formula [17] for
a single-layer helical coil as Equation (12). The expression of inductance is validated for a wide variety
of coils [18] except when the coil has very few turns [19]. With Equations (11) and (12), the detailed
design parameters of flat spiral coils can be derived, meanwhile, FEA (finite element analysis) software
(Maxwell V14, ANSYS, Inc., Canonsburg, PA, USA) can be used to validate the specific designed coils
and can satisfy the requirements in Equation (9).

Nz(Douter - N(w + P))2 % 39.37 ( )
16Douter + 28N(w + P) 106

L= (12)

In the experiments, the maximum outer radius of the coil is 290 mm, as the coil size is limited by
the electric equipment; the minimum inner radius for fabricating flat spiral coils is 30 mm. The overall
wire radius is 3 mm for carrying the current required by the power transfer and made by Litz wires for
decreasing the AC resistance of the coils. Channel width is set to be 10 mm to reduce proximity effect.
The inner radius and coil turns can be adjusted to satisfy Equation (12).

3. Analysis of Inverter Operation and Soft-Switching WPT System

With the coil-system design method presented in Section 2, the resonant frequency can be
effectively improved without sacrificing the system power level. From Equation (2), it can be seen that
the driving frequency of the WPT system should be increased with the system resonant frequency
accordingly. Higher driving frequency increases the losses in the inverter, which not only significantly
limits the system overall efficiency but also degrades the system safety and increases the size and
weight of the heatsink used in the inverter. In order to study and design suitable soft-switching
techniques to reduce the switching losses, the hard-switching operation of the MOSFETs in the inverter
at resonant frequency will be analyzed below first.
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3.1. Analysis of Inverter Operation Modes

The waveforms of Uy & Iy of the inverter are shown in Figure 4, and explained stage by
stage below.

Before tp: S & S4 are on and S, & S3 are off. Uq and I; are both positive but I1 has started to
decrease, as L is discharging in the LC resonant circuit.

to—t1: S1 & Sy4 are turned off, the body diodes of Sy & S3, dy & d3, are on and the system operates
in dead-time. Uy is negative but I is still positive because the discharging inductor L; is charging the
capacitor C; and I keeps decreasing. S & S4 are hard switching off.

t1—t2: Four MOSFETs are all off, the system still operates in dead-time. At t1, inductor L; finishes
its discharging process and capacitor C; starts to discharge at the same time because this is a resonant
LC circuit. Therefore, I1 is negative after crossing zero and Uj is positive, and d; & d4 are on.

tr—ts5: S1 & S4 remain off and Sy & S3 are turned on at f,. Uy and I; are both negative but I; will
decrease when the capacitor Cj is fully discharged and repeat the process from ty—t, with opposite
direction of output voltage and current. S, & S3 are hard switching on.
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Figure 4. Waveforms of Uy & I and gate signals of the inverter in a full switching cycle with f4 = f+.

It is obvious that whichever device turns on or off, it is in hard switching. As analyzed previously,
increasing the system resonant frequency can improve the system coil-to-coil efficiency, increase
the power transfer distance, or reduce the coil size. However, with an increase in the system
resonant frequency, the needed driving frequency should be accordingly increased, which in turn will
increase the switching losses of the MOSFETs in the inverter and the possibility of a device failure.
The soft-switching technique can be adopted to increase the resonant frequency and decrease the
switching losses. From the previous analysis, it can be found that the switching transient always
happen in the dead-time and the hard switching of the switching device is caused by the LC circuit
operating in resonant condition and appearing pure resistive. This can also be found if the phase
between U7 and I; can be shifted to remove the period of ty—t; or t;—t,, which not only eliminates
the pulses during the dead-time, but also realizes soft-switching. Tuning the input impedance of the
inverter to be inductive or capacitive can easily tune the phase between U7 and I,

3.2. Strategy for Soft-Switching Implementation

To shift the phase between the output voltage and current of the inverter, the input impedance
of the inverter should be tuned to capacitive or inductive. There are three methods to change the
input impedance of the inverter: (1) tuning the compensation capacitance on both sides; (2) tuning
single-side compensation capacitance; and (3) tuning the driving frequency. However, when the load
resistance or coil-to-coil distance change, the expected compensation capacitance also needs to be
adjusted, as a result, it is difficult to realize the first two methods in practical systems which operate in
a wide load range. The third one can be easily realized by tuning the driving frequency, which entails
no hardware change in the WPT system. Therefore, tuning driving frequency is adopted in this work.

The moments when the input impedance of the inverter is inductive and the zero-current point
of I is shifted out of the dead-time and the output voltage and current waveforms of the SiC-based



Energies 2018, 11,7 8of 17

converter in a full cycle are shown in Figure 5. The operation modes in the first half cycle (ty—t3)
are explained and the converter works in the second half cycle in a manner symmetrical to the first
half cycle:

Before tp: S1 & S4 are turned on and S, & S3 are turned off. U7 and I are both positive but I1 has
started to decrease as L is discharging in the LC resonant circuit.

to—t2: At ty, switches Sq to Sy are all turned off. d, & d3 are turned on. Because of the inductive
impedance of the inverter, the current lags the voltage. Therefore, when Uy cross zero, I1 will be still
positive but decreasing because the discharging inductor L is charging capacitor C; and I; will cross
zero during the dead-time at t; and then be negative. At t;: S, & S3 are switching on. The current is
diverting from their respective body diodes to their channels, therefore, MOSFETs S; & S3 are soft
switching on.

tr—t3: S1 & S4 are off and Sy & S3 are turned on. U; and I are both negative and I; will increase
first and then decrease because of the LC circuit. I; will lag U1 in crossing zero because of the inductive
impedance. Therefore, at t3, S; & S3 are hard switching off.
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Figure 5. Waveforms of U; & I and gate signals of the inverter in a full switching cycle with f > f;.

When the input impedance of the inverter is capacitive, the zero-current point of I; is shifted out
of the dead-time and the output voltage and current waveforms of the converter in a full cycle are
shown in Figure 6; operation modes in the first half cycle are explained from ¢y—f; and the converter
works in the second half cycle in a manner symmetrical to the first half cycle:

Before tp: S; & S4 are on and S; & S3 are off. Uy and I are both positive but I1 has started to
decrease because of the LC resonant circuit and the discharging of L;.

to—t1: At ty, I; crosses zero and become negative because the capacitive impedance of the inverter
causes the current leading the voltage. During this period, 51 & S4 are still on and conduct current, but
the direction of I; is reversed.

t1—t2: Atty, So & S3 remain off, and S; & Sy are switched off. Uy and Iy both keep their directions,
therefore the current diverts from the channel of S; & S4 into their body diodes d; & dy, creating
soft-switching condition for S & Sy off.

At t, Sy & S3 are switching on. Iy flows through S; & S3, dq & dy4 are off, and U4 will be zero
immediately. Therefore, at ¢, Sy & S are hard-switching on.
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Figure 6. Waveforms of U; & I and gate signals of the inverter in a full switching cycle with f4 < f;.
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Previous analyses indicate that, when the zero-cross point of I is shifted out of the dead-time,
only one pair of the body diodes is conducting during the dead-time, and the MOSFETs can achieve
soft-switching on or off according to the impedance of the inverter. The inductive input impedance of
the inverter creates soft-switching conditions for MOSFET turning on and capacitive input impedance
of the inverter create soft-switching conditions for MOSFET turning off.

As the input impedance of the inverter is tuned by tuning the driving frequency, and then the
WPT system no longer operates in resonant condition, its impacts on the system operation performance
should be analyzed and the system operating under these two different soft-switching conditions
needs to be compared with that under resonant condition in terms of coil-to-coil efficiency, inverter
efficiency, system overall efficiency and output power.

3.3. Implementation of the Soft-Switching Techniques by Tuning the Driving Frequency

It has been analyzed that, in order to realize soft-switching operating conditions, the driving
frequency should be slightly away from the resonant frequency to change the input-impedance
characteristic of the inverter. However, for coil-to-coil distances less than the critical coupling distance,
twin output power peaks will occur on either side of the resonant frequency even if the primary
and secondary circuits are perfectly tuned to the same frequency. This is the frequency splitting
phenomenon and is explained in [20].

When the frequency splitting phenomenon occurs, the maximum output power can be found at
another two frequencies which are on each side of the resonant frequency, with slightly less than the
maximum coil-to-coil efficiency at the resonant frequency. This also shows that, when the frequency
splitting phenomenon disappears, with an increase in the driving frequency, the peak output power is
found at the resonant frequency, and the output power decreases rapidly when the driving frequency is
away from the resonant frequency. Therefore, when driving frequency is tuned to realize soft-switching,
the tuning range should be as small as possible to reduce the impact on the output power and the
coil-to-coil efficiency.

Now, with a specific WPT system and specially-made coils, the next step is finding a suitable
frequency offset to achieve soft switching. It has been analysed that the zero-cross point of I1 should
be shifted out of the dead-time by adjusting the input impedance of the inverter. Therefore, the phase
difference of U1 & I3, ¢, should satisfy

0> (13)

) (14)

where t is the dead-time and T is the period of the inverter output voltage. It means that the delay
time between Uy and Iy is larger than a half of the dead-time.

The phase difference ¢ is also the phase angle (Equation (15)) of the input impedance of the
inverter Z;, (Equation (16)). Equations (17) and (18) stand for the real part and the imaginary part of
the input impedance (Equation (16)).

a = cos¢ < cos (

R
cos¢p = EY 15
* =12 (1)
u w2 M2 .
Zip=—2 =7+ 412 _RyjX (16)
L 7
204 2
wi~M R R
R=R;+ d2 12 ( 2+ L) - (17)
(R2 +Rp)" + (wgly — 1/ (wyCa))
2as 2 _
X = wyly 1 wi M (waly — 1/ (waCr)) (18)

(wiC1)  (Ry+Rp)?* + (wgly — 1/ (wyCo))?
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To simplify the calculation, R and R; are assumed to be zero, then Equations (16) and (17) can be
transformed into Equations (19) and (20).

2002
R=— wg"Mp Ry, ; (19)

Ri~+ (dez — 1/(wdC2))

2012 _
X = wyly — 1 wy"Mp®(wily — 1/ (wsCy)) (20)

(@aC1)  Rp?+ (wylo — 1/ (w4Ca))

It has been analyzed that, when the system is expected to operate at soft-switching condition
by tuning the driving frequency, the impacts on the system output power and efficiency should
be kept as small as possible; therefore, the driving frequency should be as close as possible to the
resonant frequency when creating soft-switching conditions. To simplify the calculation, Equation (21)
is assumed.

wyLy — 1/(wdC2) =0 (21)

Then, Equations (19) and (20) can be simplified into Equations (22) and (23).

200 2
_ wy“Myp
R = (22)
X = wyly — —— (23)
U (waCr)

From previous analysis, the final driving frequency is related to My, L1, C1, Ry, t and T, and is
given as in Equation (24), where x in can be derived as Equation (25). Equation (24) means that the
tuned driving frequency can exactly shift the zero-cross point of I; out of the dead-time to reduce the
impacts on the system output power and efficiency. In other words, with the driving frequency derived
from Equation (24), the zero-cross point of I1 will be exactly moved from t; to ¢ or ¢, in Figure 4e.

2
(1—1)M122x3—L12x2—2L1X+12=0 (24)
u Ry G Cy

X = wdz (25)

Obviously, the driving frequency is a real and positive value, and it has been known that there
will be two driving frequencies around the resonant frequency that can shift zero-current point out of
the dead-time. Meaningful results (positive real numbers) can therefore be derived from Equations
(24) and (25). As the assumption in the calculation may lead to errors in the calculated results, to make
sure the zero-current point can be shifted out of the dead-time, the calculated driving frequency will
be substituted into the full Equations (15)—(18) to validate Equation (14) in MATLAB. If Equation (14)
is not valid, the calculated driving frequency will be fine-tuned up or down, i.e., when soft-switching
on is expected, the driving frequency will be tuned up; when soft-switching on is expected, the driving
frequency will be tuned down.

4. Experimental Verification and Discussions

4.1. Design of the 85 kHz, 200 kHz and 500 kHz WPT Coil Systems

To validate the methods presented in this paper, 85 kHz, 200 kHz and 500 kHz coil-systems are all
built up with different coil design as shown in Table 1. The expected coupling coefficient is set to be
0.3 in the WPT systems. The actual measured values of the parameters of the experimental systems are
also listed in Table 1. The experimental setup is shown in Figure 7.
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Table 1. Design parameters for coil systems with three different resonant frequencies.

Parameter Symbol Value Value Value  Unit
Designed resonant frequency fr 85 200 500 kHz
Expected mutual inductance M, 18.72 7.96 3.18 nwH
Designed coupling coefficient k 0.3 0.3 0.3 -
Expected coil self-inductance L 62.4 26.5 10.6 uH
Expected compensation capacitance C 56.2 24 9.6 nF
Designed out radius Touter 290 290 190 mm
Designed channel width P 16 16 16 mm
Designed coil turns N 16 6 5 -
Actual coil self-inductance L, 64.0 29.39 12.0 uH
Actual coil resistance Riq 56.7 48.2 259 mQ)
Actual compensation capacitance Ca 54 21 8.44 nF
Actual coil to coil distance d 150 140 100 mm
Actual coupling coefficient ka 0.281 0.27 0.27 -
Actual mutual inductance Mi, 17.98 7.93 3.24 nH
Dead-time t 1 0.5 0.2 us

Figure 7. Experimental platform of the WPT system.

Each WPT system has the same power supply and load; the difference between them is the coil
system designed by the method presented in Section 2. SiC power MOSFETs 51-54 (CREE, Durham,
NC, USA, C2M0040120D) and SiC diodes (CREE, Durham, NC, USA, C4D20120) are used in the
DC-AC inverter and AC-DC rectifier of the WPT system. Power supply EA-PS 81000-30 DC is used
to supply power to the whole system. Two NOORMA 4000 Power analysers are used to measure
the DC power supply, inverter output power, rectifier input power and the load power. 400 MHz
passive probes (PMK, Heusenstamm, Germany PHV 1000) are used to measure the gate-to-source
voltage and drain-to-source voltage. Rogowski coils are used to measure the drain current. Differential
probe (Agilent, Santa Clara, CA, USA, N2791A) is used to measure the output voltage of the inverter.
50 MHz current probe (Agilent, Santa Clara, CA, USA, 1147A) is used to measure the output current of
the inverter. 100 MHz oscilloscope (Agilent, Santa Clara, CA, USA, MSO-X 3014A) is used to capture
the voltage and current waveforms.

In this work, R is assumed to be 10 () for calculation. According to Equation (1), the actual
load resistance R, is 12.35 ). Considering the errors and assumptions in the calculations, when the
parasitic resistance is considered in the design and the calculation, the actual load resistance should
be slightly larger than the calculated value and the final load resistance used in the experiments is
set to be 15 (), which is also of a similar order to that used in various other works dealing with WPT
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systems for battery charging [21,22]. In this work, the DC voltage is 200 V, and the DC current is 20 A.
As such, the expected DC input power will be 4 kW. The self-inductance of the coil is measured by
an impedance analyzer (WAYNE KERR, West Sussex, UK, 6500B). The mutual inductance is adjusted
through changing the coil-to-coil distance to satisfy Equation (9). According to the design method
presented in Section 2.3, detailed design parameters for 85 kHz, 200 kHz and 500 kHz WPT systems
are listed in Table 1.

Besides this, one obvious advantage of increasing the resonant frequency shown in Table 1 is that
the required mutual inductance is smaller, which reduces the coil size and weight. In other words,
with the same coupling coefficient of the coil system, the higher the resonant frequency is, and the
smaller and lighter the coil will be.

With the experimental platform of the WPT system, these three coil systems are tested with
their respective designed resonant frequency to verify the proposed coil design method. Figure 8
shows the measured efficiency and input/output power of these three WPT systems operating at
their respective resonant frequencies with the same input voltage, load resistance and coupling
coefficient. The horizontal axis f 4@f; denotes the driving frequency and the resonant frequency, e.g.,
85 kHz@90 kHz means the driving frequency is 85 kHz and the resonant frequency is 90 kHz.

This demonstrates that, with the design method, all these three systems can achieve the expected
input power of around 4 kW with around 3.3 kW output power, and the coil-system efficiency and the
overall efficiency can be kept at around 90% and 80% respectively. The higher the resonant frequency is,
the lower the inverter efficiency will be, i.e., the inverter efficiency decreases from 98% to 90% with the
resonant frequency increasing from 85 kHz to 500 kHz. And the low inverter efficiency seriously limits
the overall efficiency even though the coil-system efficiency can be kept the same level and will also
limit higher resonant frequency WPT systems. Therefore, soft switching is needed for improving the
inverter efficiency to build WPT systems with higher resonant frequency.

110%

4,500 Pdc 7 PL M ncc M ninverter M noverall
_ 4000 - 90%
Z £
g 3,500 g
8 @ 70%

3,000

2,500 50%

85kHz@85kHz 200kHz@200kHz 500kHz@500kHz 85kHz@85kHz 200kHz@200kHz 500kHz@500kHz
fda@fr fd@fr
(a) (b)

Figure 8. Three resonant WPT systems experiment results: (a) input and output power; (b) efficiency.

4.2. Experiment with Soft Switching

An 85 kHz WPT system is built up first as the baseline to validate the presented design method
for soft-switching WPT system and make a comparison between different methods for realizing soft
switching. With the coil specifications as listed in Table 1, the experiment with 85 kHz resonance
is carried out with 200 V DC input voltage and 15 () load resistance. In the 85 kHz WPT system,
the dead-time of the driving signals for the H-bridge inverter is set to be 1 ps. With Equations (13)—(25),
in order to shift zero current point out of the dead-time, the minimum driving frequency which turns
the input impedance into inductive is about 95 kHz and maximum driving frequency which turns
the input impedance into capacitive is about 80 kHz. The voltage and current waveforms of the
inverter output and the MOSFET are shown in Figure 9 for the previous four sets of experiment with
the 85 kHz WPT system. It can be found from Figure 9a that, when the WPT system operates under
resonant conditions, the output voltage and current waveforms of the inverter show good consistency
with the theoretical analysis, and that the SiC MOSFETs operate in hard switching, which is also
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consistent with the analysis in Section 3.1. With methods proposed in Section 3.2, soft-switching on or
soft-switching off can be realized by tuning the inverter input impedance to inductive or capacitive
as shown in Figure 9b,c, respectively. The experimental waveforms show good consistency with the
analysis in Section 3.1 about the analysis on the waveforms affected by the tuned driving frequency.
The 95 kHz WPT system with 85 kHz driving frequency is also built up to verify the effects of soft
switching on inverter efficiency. The result is shown in Figure 9d and it can be found out that
soft-switching off is realized. Severe EMI (Electro-Magnetic Interference) generating ringing in the
switching transients as shown in Figure 9 is a generally acknowledged problem for SiC devices and can
be addressed by carefully optimizing the driving circuit and measurement techniques [23]. However,
it does not affect the validation of the soft-switching methods.
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Figure 9. Experimental waveforms of the 85 kHz WPT system: (a) 85 kHz@85 kHz; (b) 95 kHz@85 kHz;
(c) 80 kHz@85 kHz; (d) 85 kHz@95 kHz.

It should be noticed that, when the driving frequency is tuned, the system efficiency and the
output power will be both affected, so it is unfair to judge which method (increasing f 4 or decreasing f 4)
is better by the system efficiency or the inverter efficiency. Therefore, loss distribution in the system is
used for analyzing the impacts of soft switching as shown in Figure 10.
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(a) (b) (c) (d)

Figure 10. Loss distribution of the 85 kHz WPT system: (a) 85 kHz@85 kHz; (b) 95 kHz@85 kHz;
(c) 80 kHz@85 kHz; (d) 85 kHz@95 kHz.

Figure 10b shows that, when f4 is higher than f;, even though soft-switching on is realized,
the proportion of the inverter loss in the total loss is even higher than in hard switching mode, because
the turn-off loss increases with the increase in f3. However, when f4 is decreased (Figure 10c),
the proportion of the inverter loss is reduced. This is not only contributed by the soft-switching off
but also by the decreased turn-on switching losses because of a lower f4. Comparing Figure 10b with
Figure 10c, even though the losses in the coil system can be reduced with soft-switching on, the loss
reduction in the inverter is more significant in higher-frequency systems because heat dissipation
is more difficult and important in the inverter than in the coils; besides, comparing Figure 10a with
Figure 10d, when f4 is the same, with soft-switching off, the proportion of the inverter loss is also
reduced. Therefore, decreasing f4 will be adopted for higher resonant frequency WPT systems which
can not only eliminate the turn-off switching losses but also decrease the turn-on switching losses.

200 kHz and 500 kHz WPT systems are built up to validate that the soft-switching realization
method can also be used in higher resonant frequency WPT systems. With the method for tuning the
driving frequency, soft-switching off can be realised in both WTP systems as shown in Figure 11.
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Figure 11. WPT system of higher resonant frequency with soft switching: (a) 180 kHz@200 kHz y;
(b) 450 kHz@500 kHz.

To analyze the impact of the design method for the coil system and the proposed soft-switching
strategy on the performance of the WPT system, all the experimental results are presented in one
figure as shown in Figure 12. It shows that, whether the WPT system operates at resonant condition
or soft-switching condition, the output power can all be maintained at 3.3 kW. With soft-switching
technology, the inverter efficiency is greatly improved at high operating frequencies, e.g., from 81.91%
to 98.60% in the 500 kHz WPT system. It results in a small decrease in the overall efficiency, but
higher inverter efficiency is critical for higher resonant WPT systems, as higher inverter efficiency can



Energies 2018, 11,7 15 0f 17

effectively reduce the volume of heatsink and the total WPT system, meanwhile, it can also provide a
more safety operating environment for the high power and high frequency inverter. For WPT systems
of tens of MHz, not only soft switching is required, the topology of the inverter also needs to be
changed to enable higher driving frequency.
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Figure 12. Experimental performance of the three systems: (a) power; (b) efficiency.

For the experiment results, the overall efficiency, the coil-to-coil efficiency and the inverter
efficiency can be maintained at around 80%, 85% and 97% respectively with 3.3 kW output power in
WPT systems with different resonant frequencies.

5. Conclusions

In this paper, a coil-system design method is proposed for WPT systems with given requirements
on the DC input voltage & current, load resistance, and the resonant frequency. With the proposed coil
design method, the WPT system can output similar DC input current/power by the same DC input
voltage to power up the same load but at different resonant frequencies. It can effectively reduce the
coil size and weight or improve the power transfer distance without scarifying the system power
transfer capacity. Although the design method in this work is used to design a coil system according
to its specific resonant frequency and input parameters, it is also suitable for satisfying requirements of
output voltage, output power, and system efficiency, etc. For WPT systems with a higher resonant
frequency, simple methods for tuning driving frequency are presented, which do not need to change
the topology and the components of the WPT systems. Different tuning methods are compared
considering the proportion of the inverter loss. A slight decrease in the driving frequency to realize
soft-switching off is adopted in the WPT system with higher resonant frequency, which not only
eliminates the turn-off switching losses but also decreases the turn-on switching losses. 85 kHz,
200 kHz and 500 kHz WPT systems are built up to verify the proposed coil design method and
soft-switching techniques. With the proposed design method, all three WPT systems can achieve
expected output power and overall efficiency with the same DC input voltage, load resistance and
coupling coefficient. When the soft-switching technique is adopted in these WPT systems, the inverter
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efficiency is effectively improved, particularly in high-frequency WPT systems with slightly changing
the output power and slightly decrease the system efficiency and overall efficiency.
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