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Abstract

This study proposes a comprehensive mathematical model that includes coil-system circuit and loss models for power
converters in wireless power transfer (WPT) systems. The proposed model helps in understanding the performance of WPT
systems in terms of coil-to-coil efficiency, overall efficiency, and output power capacity and facilitates system performance
optimization. Three methods to achieve constant output power for variable-load systems are presented based on system
performance analysis. An optimal method can be selected for a specific WPT system by comparing the efficiencies of the three
methods calculated with the proposed model. A two-coil 1 kW WPT system is built to verify the proposed mathematical model
and constant output power control methods. Experimental results show that when the load resistance varies between 5 and 25 Q,
the system output power can be maintained at 1 KW with a maximum error of 6.75% and an average error of 4%. Coil-to-coil and
overall efficiencies can be maintained at above 90% and 85%, respectively, with the selected optimal control method.
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I.  INTRODUCTION

Wireless power transfer (WPT) systems transfer energy
from a power source to isolated loads across a large air gap
through an alternating magnetic field and have been
investigated since the significant contribution of Nikola Tesla
in the early 1900s [1]. WPT systems can significantly
enhance the flexibility and safety of electrical equipment
because of the elimination of physical contact between the
source and load. Therefore, this technology has been an
active research topic and widely used in implantable devices
[2], [3], electric vehicles (EVs) [4]-[7], and portable devices
[8], [9] to power up devices or temporarily recharge their
batteries. With the rapid development of EVs, high-power
WPT systems for charging EV batteries are in urgent demand
and need to meet different charging criteria, such as constant
voltage charging [10], [11], constant current charging [12],
and constant power charging [13]. In WPT systems, powering

Manuscript received Jun. 16, 2017; accepted Dec. 12, 2017

Recommended for publication by Associate Editor Yijie Wang.
"'Corresponding Author: liujianhua@cumt.edu.cn

Tel: +86-0516-83885605, China University of Mining and Technology
“Sch. Electrical Power Eng., China Univ. Mining Tech., China
“Electrical Energy Management Research Group, Univ. of Bristol, UK

up different electrical equipment with variable load resistance
but at a similar power level is useful for practical purposes.
WPT systems are based on magnetic resonance coupling
technology [14]-[18], and their coil systems are composed of
at least two coils, namely, transmit and receive coils [19]-[21].
These coils are separated by an air gap, the length of which
depends on the requirements of electrical equipment (e.g.,
100 mm to 300 mm for charging EVs). The coupling
coefficient between transmit and receive coils is small and
typically ranges from 5% to 30% because of the large air gap
between the two coils and the alignment and structure of the
coils [22]. This small coupling coefficient leads to low
mutual inductance and high leakage inductance between the
two coils. A compensation circuit is usually applied to cancel
leakage inductance because energy is transferred through
mutual inductance, and leakage inductance provides no direct
contribution to active power transfer [23]. Compensation
capacitors, which can be lumped or parasitic, are usually
added to form a compensation circuit to resonate with the
coils [24]. This approach is called the magnetic resonance
method. The four basic compensation topologies, namely,
series—series (SS), series—parallel, parallel-series, and parallel-
parallel, dep end on how the coils are compensated for by the
capacitors [24], [25]. In this study, the basic SS compensation
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topology is selected because of its simple structure, but the
analysis is also applicable to other compensation topologies.
The primary design objectives of WPT systems are to
increase power transfer capacity and improve power transfer
efficiency [26]. Fig. 1 shows the functional blocks of a
typical experimental WPT system. Overall efficiency is the
power efficiency from the load to the power source, and
coil-to-coil efficiency is the power efficiency from the
secondary-side coil system (input power to the rectifier) to
the primary-side coil system (output power from the inverter).
The power transfer capacity and efficiency of transmit and
receive coils are affected by the resonant frequency, coupling
coefficient, and load impedance of the system. The overall
efficiency of the system is also affected by losses from power
converters, the iron core, and equivalent series resistances
(ESRs) of resonators. Impedance matching is commonly used
to maximize the power transferred in many radio frequency
circuit designs, and it is implemented when the input
resistance of the inverter is equal to the internal resistance of
the power source. However, the overall efficiency of an
impedance-matched WPT system is limited to 50% [26], [27].
Soft-switching, wide-bandgap semiconductor power devices,
such as GaN or SiC metal-oxide—semiconductor field-effect
transistors (MOSFETS), are adopted to reduce the losses in
power converters and improve the overall system efficiency.
Using a low resonant frequency is another approach to reduce
the losses in power converters and the iron core, but in
several electrical equipment, resonance frequency is limited
to a certain value, such as 85 kHz for charging EVs [28]. Litz
wires are commonly used to reduce the AC resistance of coils,
and film capacitors are utilized for their low ESR properties.
The coil-to-coil efficiency of WPT systems has been
analyzed in detail, but the overall efficiency of WPT systems,
including that of the inverter and load rectifier, has received
minimal attention; only several studies can be found in
existing literature (e.g., [29]-[31]). The current study is
different from [29]-[31]. The equivalent resistances of the
rectifier, filter, and resistor circuit are analyzed to simplify
the circuit analyses in our work and in [29]-[31]. However, in
our work, detailed calculations of switching device losses in
the inverter and rectifier are presented to derive a full and
precise mathematical model of an entire WPT system.
Moreover, when system efficiency is improved by applying
several methods [2], the changes in output power are
sometimes given minimal attention. An inherent characteristic
of WPT systems is that they produce constant current or
voltage with careful design of the value of the compensation
capacitors. For example, the SS compensation topology can
provide a constant voltage output if the capacitor is designed
to resonate with the coil leakage inductance, but it produces a
constant current output when the capacitors are designed to
resonate with the coil self-inductance [32]. However, research
on constant output power systems, which are required in many
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Fig. 1. Function blocks of the WPT systems in this work.

general applications and several battery-charging ones,
remains lacking [13], [33], [34]. Research on constant power
control methods helps in achieving constant power charging
for variable-load systems and understanding the basic
characteristics of WPT systems to improve WPT efficiency.

A comprehensive mathematical model of the entire system
that includes coil system circuit and loss models of the power
converters is derived in this study. The factors that affect
WPT system performance in terms of coil-to-coil efficiency
(ncc), overall efficiency (n44), and output power (P,) are
analyzed with the proposed comprehensive mathematical
model. A control strategy that includes three constant output
power control methods for variable load resistance WPT
(VLWPT) systems is presented based on the analysis of WPT
performance. The results show that with the proposed
mathematical model, the output power of the WPT system
can be maintained with high efficiency.

Il. THEORETICAL ANALYSIS

The objective of this section is to construct a precise and
comprehensive mathematical WPT system model that can
help designers establish new WPT systems with specific
requirements and predict the performance of these systems.
This section deals first with modelling of the transmit and
receive circuits, and then with the loss model of the power
converters in the WPT system.

A. Coil System Circuit Model

A circuit diagram of the WPT system is shown in Fig. 2(a).
The primary coil system consists of transmit coil L; and its
series-connected compensation capacitor C,. The primary coil
system is driven by a high-frequency voltage source inverter
that applies a square-wave voltage to the L;—C; resonant
circuit. The primary side is made resonant to reduce the V/A
required to set up the required primary current. The circuit is
purely resistive at the fundamental frequency but has high
inductive reactance to harmonics; as a result, the current
flowing through the L,—C; resonant circuit is sinusoidal at the
fundamental frequency. This current generates a magnetic
field around the transmit coil, which induces a voltage in the
receive coil by mutual inductance. The induced voltage can
be rectified to provide DC power to a load. The compensation
capacitor on the secondary side, C,, cancels out the inductive
reactance of the secondary coil, which would otherwise
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Fig. 2. WPT system. (a) Entire system. (b) Simplified model.

seriously limit the load current. Capacitor C; at the rectifier
output bypasses ripple current at switching and harmonic
frequencies from the load. When the system is used to charge
EVs, the load is the EV batteries. In this manner, transfer of
electrical energy through the air from the transmit coil to the
receive coil is achieved [29], [35].

The circuit in Fig. 2(a) can be simplified to the equivalent
model in Fig. 2(b), where U, is the output voltage phasor of
the high-frequency inverter applied to the primary coil system
and U, is the output voltage phasor of the secondary coil
system and the input voltage to the H-bridge rectifier. The
H-bridge rectifier, filter capacitor, and actual load R, are
regarded as equivalent resistance R. In this simplified model,
R; and R, are the parasitic resistances in the primary and
secondary sides, respectively, and they consist of the
resistances of the coils and compensation capacitors. The
equivalent resistance of a capacitor can be derived from its
dissipation factor tan &, which is obtained from the datasheet
for the capacitor using ESR = tand/2rfC. For example, for
a 33 nF capacitor with tan§ = 3e-3 at 85 kHz, ESR = 170
mQ. When capacitors are assembled in series — parallel units,
the resultant ESR of the unit is approximately obtained from
the calculation of the ESRs in series and parallel. However, to
ensure accuracy, a Wayne Kerr 6500B analyzer is used in the
experiments to measure the total parasitic resistance of the
connected coil and its corresponding compensation capacitor.
I, and 1, are the current phasors for the primary and
secondary sides, respectively. The secondary-side series
resonant circuit forces a sinusoidal current through the
rectifier, which results in square-wave voltage U, at the
rectifier input. The RMS value of the fundamental component
of the square voltage waveform is 2v/2/m of its peak value.
At the rectifier output, the voltage across output capacitance
C: and load R, is nearly constant with a small ripple
component, and it is approximately equal to the input square-

wave voltage minus the rectifier drop. When the WPT system
operates at resonance, the input voltage and current at the
rectifier on the secondary side are in phase. Under this
condition, power transfer is the product of the RMS value of
the sinusoidal current and the RMS value of the fundamental
component of the square voltage waveform while assuming
100% power efficiency. According to the law of energy
conservation, Egs. (1) to (5) can be easily derived, thus
allowing the relationship between actual and equivalent loads
to be expressed as Eq. (6).

Prectifier input = Prectifier output (1)
V2
Riq = 5———— @
rectifier output
U22 RMS
Ry = gt — ®)
rectifier input
VL = Uz amp 4)
Uz rus = (Zﬁ/ T)Us_amp (%)
R, = 0.81R,, (6)

For a resonant WPT system, the compensation capacitance
is selected to resonate with the self-inductance of the coil at a
specific resonant frequency, as expressed in Egs. (7) and (8).

C, = 1/(w?Ly), U]

C, = 1/(w?Ly), (©))
where w,. is the resonant angular frequency.
With the lumped-element circuit shown in Fig. 2(b), the
WPT system can be expressed in a matrix form according to
KVL as follows [24]:

[Fl] - L gt [H] )
0 waMi, Z, E ’
where Z; = R¢ + R, + jwyaL, — j/(w4Cy) is the impedance
of the primary side, Z, = R, + R, + jwyL, — j/(wyqC,) is
the impedance of the secondary side, R is the equivalent
resistance of the inverter, and w, is the driving angular
frequency.
Therefore, the current vector in the primary and secondary
sides can be derived from Eq. (9).
- 2,0y

L =—= 10
VT wEME, + 7,7, (10)
— —jwgM,, U,

I = JwWaMqp Uy 11)

2T wiMZ, + 7,7,
The power injected into the primary side (Py), the power
delivered to the load (Ps.), and the coil-to-coil efficiency (n..)
can be expressed as follows:

_2
P = UL, = 20— (12
wgMiy+Z17Z,
P I_’ZR —jwgM12U7 2 R (13)
sec — 12 L — wéMfz+Z1zz Ly
Psec __ ‘UdlezzRL

(14)
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Losses due to the inverter and rectifier need to be
calculated to determine the overall efficiency. Detailed
analyses are presented in the subsequent subsection.

When the WPT system operates under resonant conditions,
that is, when the driving frequency equals the resonant
frequency as expressed in Egs. (15) and (16), the primary-
and secondary-side impedances can be calculated using Egs.
(17) and (18).

fa=1 (15)

Wy = W, = 21f; (16)
Zy =Rs+ R4 @an
Z; =R, + R, (18)

Although square-wave voltage excitation is applied to the
circuit on the primary side, the coil current is sinusoidal
because the circuit has high impedance at harmonic
frequencies but is purely resistive at the fundamental
frequency. On the secondary side, the rectifier and load are
part of a series resonant circuit, which forces the rectifier input
current to be sinusoidal. Therefore, fundamental harmonic
approximation can be used to analyze the working principle.
The power transferred to the primary side and the power
received by the secondary side can be expressed as follows:

Ppria,=a,r = Ulll = Ulllv (19)
—2
Psecw=wr =L R = IzzRL- (20)

By substituting Egs. (10) and (11) into Eqgs. (14), (19), and
(20), Ppri, Psec, and 1., can be expressed as Egs. (21) to (23),
respectively, under resonant conditions. Eq. (23) shows that
the coil-to-coil efficiency is related to the resonance/driving
frequency, load resistance, mutual inductance, and parasitic
resistance of the coil system.

U (R, + Ry)

b _ 21
Prip=w, wd2M122 + (Rs+R)(R, +R,) (21)
h - ©a' My Ur7R, 22)
SeCwsor (wd2M122 + (Rs +R)(R, + RZ))Z
wa®My,*R
Nee R )

B (wa?My,” + (Rs + R)(R, + Ry))(R, + R,)

B. Loss Model of the Power Converters

Losses due to the primary-side inverter and secondary-side
rectifier need to be calculated to determine the overall
efficiency of the WPT system. The power devices in the
primary-side, single-phase, two-level DC-AC inverter incur
conduction and switching losses. The optimization conducted
in this work is based on SiC MOSFETs (Cree C2MO00
40120D), and conduction losses only exist in the MOSFET
channel and body diode when the switching dead-time
periods are ignored. For MOSFETSs, synchronous conduction
is normally used to reduce the conduction loss, which means
the MOSFET channel instead of the body diode conducts the
current when reverse current flows. Therefore, the conduction

loss is expressed in Eq. (24).
Pon = = [} *(Gsin(wt))?Rysdt, (24)

where T is the switching period of the MOSFETs, I is the
drain current of the MOSFETs, and R, is the on-state
resistance of the MOSFETS.

The turn-on and turn-off losses can be derived from the
relationship between switching energy and drain current from
the datasheet and can be expressed as Eq. (25). The reverse
recovery loss can also be calculated using the reverse
recovery charge from the datasheet, as expressed in Eqg. (26)
[36], [37].

Ve r
Pswitchiny :Efdf (Pon+Poff)dt
0

Vv
= ﬂfd(Eon + Eoff)v

Vee

(25)

faVacQrr L
P, = [ttt b (26)

where Q,. is the reverse recovery charge, lcc is the test
current of the device, E,, is the turn-on energy loss given in
the datasheet, and E is the turn-off energy loss given in the
datasheet.

A pair of MOSFETs conduct simultaneously in one
switching cycle. Therefore, the total loss in the inverter is

Pinverter = 2(Pcon + Pswitchiny + Prr)- (27)

Power loss is mainly composed of the conduction losses
and the reverse recovery loss in the rectifier Schottky diode,
as expressed in Egs. (28) and (29), respectively, where Vg is
the diode forward voltage drop, I, is conduction current, and
V, is the diode reverse voltage, which is equal to the
amplitude of U, minus the diode forward voltage drop, and is
therefore approximately equal to the amplitude of U,. Ry, is
the on-state resistance of the diode.

1 T
Pd_cond = TJ. Vg - Iz(t)dt
0
(28)

1 (T 2
= Tjo (Vo : Iz(t) + Ronlz (t))dt

P — dechrré
arr T ICC

(29)

A pair of rectifier diodes conduct in one switching cycle,
such that the power loss for the rectifier can be expressed in
Eq. (30).

Prectifier = Z(Pd,cond + Pd,rr) (30)

With the calculated losses of the inverter and rectifier, the
DC input power, DC load power, and overall efficiency can
be approximately expressed as Egs. (31) to (33), respectively.

Ppc = Ppri + Prnverter (31)
Py = Psec = Prectifier (32)
Naa = Po/Ppc (33)
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I1l. EFFECTS OF SYSTEM PARAMETERS ON WPT
SYSTEM PERFORMANCE

To design a WPT system with specific requirements (e.g.,
constant output power in this work), WPT system per-
formance should be studied to determine the factors that
affect the coil-to-coil efficiency, overall efficiency, and
output power of a two-coil resonant WPT system. According
to their respective equations derived in Section II, load power,
coil-to-coil efficiency, and overall efficiency are affected by
input DC voltage, resonant frequency, driving frequency,
load resistance, coil parameters, and coupling coefficient
between the two coils.

A two-coil WPT system capable of 3.5 kW operation is
built, as shown in Fig. 3, to validate the mathematical model
of WPT systems and the subsequent analysis. An EA-PS
81000-30 DC power supply is used to power the system. An
H-bridge inverter is employed to excite the transmit coil, with
SiC MOSFETs (Cree C2M0040120D) as the switching
devices. An H-bridge rectifier formed by SiC fast-recovery
diodes (Cree C4D20120) with a parallel-connected filter
capacitor (EPCOS (TDK), B32778G8606J000) is utilized to
rectify the received AC power to provide DC power to the
load resistors. Two NORMA 4000 power analyzers are used
to measure the DC input power, inverter output power,
rectifier input power, and load power. The range of load
resistance (TE connectivity of 1 kQ, 1 kW each resistor) used
in this work is between 5 and 25 Q and is of a similar order to
that used in various other work dealing with IPT systems for
battery charging [38]-[42]. SP-connected film capacitors with
various values (EPCOS (TDK)) are adopted as compensation
capacitors and arranged to provide the required capacitance
value without exceeding the AC voltage rating of individual
capacitors at the operating frequency.

Fig. 4 shows the plan view of the coil used in this work.
The design parameters of the coils used in this study are
shown in Tables | and Il. The Litz wire is manufactured
in-house and composed of 60 x 0.53 mm-diameter enameled
copper wire conductors to provide an external diameter of 5
mm. With the aid of finite element analysis (FEA) software
(e.g., ANSOFT Maxwell), the simulated and measured
self-inductances and AC resistances at 85 kHz are shown in
Table I1l. From the matrix shown in Eq. (9), mutual inductance
can be calculated using Eq. (34) when the load resistance, stray
resistance, driving frequency, primary voltage, and current are
known. When measuring the mutual inductance in the
experiments, current sense resistors (MP9100-10.0-1%) replace
the rectifier and power resistors to provide an accurate
secondary-side impedance. Different DC input voltages and
load resistances are adopted in the experiments to derive an
average coupling coefficient, which can be considered the final
measured coupling coefficient. An alternative method, that
presented in [43], may be suitable for a practical WPT system
because it measures mutual inductance from measurements on

By ". = &
H-bridge | H-bridge &
Inverter Rectifier

Fig. 4. 16-turn flat spiral coil.

TABLE |
LiTZ WIRE PARAMETERS
Single conductor Number of Overall Litz wire
diameter conductors diameter
0.53 mm 60 5mm
TABLE 11
ColL DESIGN PARAMETERS
. Outer Channel .
Inner radius radius width Coils turns
30 mm 286 mm 10 mm 16
TABLE 1l
ColIL SYSTEM PARAMETERS
Measurement Simulation
L: (uH) 66.575 65.43
Ri1 (mQ) 122 107

the transmit side only without making any changes to the
secondary-side circuit. However, the first method is adopted
in this work in a laboratory environment because it is precise
and convenient. Fig. 5 shows a comparison of simulated and
measured coupling coefficients with a variation in coil-to-coil
spacing. The simulation results are in good accordance with
the measured results. Therefore, thisFEA analysis allows a
designer to obtain an accurate prediction of coil system
parameters.
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Fig. 5. Coupling coefficient with different coil-to-coil distances.

TABLE IV
WPT SYSTEM PARAMETERS

Parameter Value Unit

Vic 0-200 \Y
fd 85 kHz
fr 85 kHz
Ly 65.96 uH
C; 53.2 nF
R: 138 mQ
L, 66.58 pH
C, 52.5 nF
R, 142 mQ
d 50-400 mm

Ria 5-25 Q
P. 1 kw

(34)

Usually, the size of the receive coil is limited by the space
available in the equipment being supplied. By contrast, the
area of the transmit coil may be less constrained, allowing it
to be increased to improve coupling and reduce sensitivity to
misalignment. However, this work focuses on the effect of
system parameters, that is, load resistance, resonant frequency,
driving frequency, and coil-to-coil distance. Therefore,
identical coils for transmit and receive are used to simplify
the calculations and facilitate bidirectional WPT when a
controllable inverter instead of a passive rectifier is adopted
in the secondary side. In literatures, identical coils are widely
adopted in studies on WPT systems to simplify the analysis
[44]-[46]. The main parameters used in this work are shown
in Table IV.

A. Effect of DC Input Voltage

For a WPT system with a given DC input voltage,
coil-to-coil distance, and driving frequency, the current in the
primary and secondary sides and the voltage in the secondary
side vary with different load resistances. Moreover, the losses
caused in the power converters are relevant to the voltage and
current in the primary and secondary sides. By referring to
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80% Nee | 1600 g
& 60% - L L wE
g © h g
g % o
£ 40% A - 800 F
>
20% - 400 ©
0% 1 1 1 1 0
20 60 100 140 180 220

DC input voltage(V)
Fig. 6. Effect of DC input voltage on system performance.

the mathematical WPT model presented in Section I, it can
be found that the losses in the rectifier and inverter influence
the overall efficiency. Therefore, the effect of the DC input
voltage needs to be considered to determine the required
voltage level.

The coil-to-coil vertical distance is set to 150 mm, which is
a typical vehicle chassis height, and load resistance is set to 5
Q. The system operates at a resonance frequency of 85 kHz,
which is the operating frequency recommended by SAE
J2954 [28] for wireless charging of EV batteries. The DC
input voltage is increased from 20 V to 200 V in steps of 20
V to show the effect of DC input voltage on WPT system
performance.

Fig. 6 shows the system performance with different DC
input voltages. The solid lines denote the results calculated
from the mathematical model, and the markers denote the
measured results. The two results are in close agreement. Fig.
6 also shows that output power P, (blue line and markers)
increases with the increase in the DC input voltage. The
coil-to-coil efficiency (red line and markers) remains constant
because coil-to-coil efficiency is unrelated to the DC input
voltage, as shown in Eq. (23). The overall efficiency (orange
line and markers) initially increases when the DC voltage is
low and subsequently flattens out after the DC input voltage
increases to 100 V. This result can be attributed to the losses
in the inverter and rectifier that dominate the overall losses
when the input and output power are low. However, with the
increase in power, the inverter and rectifier losses increase at
a slow rate, and the dominant factor in the overall efficiency
becomes coil-to-coil efficiency. Therefore, in subsequent
work, the nominal DC input voltage is set to 100 V, but this
value can be slightly adjusted to vary the output power
without influencing the coil-to-coil efficiency and only
slightly affecting the overall efficiency.

B. Effect of Coupling Coefficient

Coupling coefficient k represents the degree of
electromagnetic coupling between the transmit and receive
coils. It depends on the structure of the transmit and receive
coils and their relative positions. The structure of the coils is
normally fixed, but the relative position may vary in practice
to allow the load to be placed at any position above the
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Fig. 7. Effect of coupling coefficient on system performance.

charging surface in a wireless battery-charging platform. In
this study, we assume that the two coils are not misaligned,
and only the coil-to-coil vertical distance is varied between
50 and 400 mm to simulate various coupling conditions.
Coupling can be altered by varying the vertical distance
between the two coils, by lateral misalignment, or by angular
misalignment. However, the present experimental arrangements
allow only the adjustment of the distance between the two
coils when they are coaxially aligned. The coupling
coefficient with different vertical distance d can be simulated
with the FEA software. The load resistance is fixed at 5 Q in
this subsection, and the DC input voltage is held constant at
100 V.

Fig. 7 illustrates that high system efficiency generally
corresponds to a high coupling coefficient (small coil-to-coil
distance). With regard to the output power, with the increase
in coil-to-coil distance, P, initially increases, reaches a peak,
and subsequently decreases. Thus, the maximum value
corresponds to one coupling coefficient when the entire
system reaches the impedance matching point. The coil-to-
coil distance can be optimized in terms of power transfer
capacity. However, as can be observed from the curves, the
two efficiencies do not reach the maximum at this point.
Therefore, high system efficiency can be achieved with a
small coil-to-coil distance, but the power transfer capacity is
seriously limited. The output power can be varied by
adjusting the coil-to-coil distance. In conclusion, when the
aim is to achieve the highest system efficiency, the coil-to-
coil distance should be as small as possible. By contrast,
when the goal is maximum power transfer, the coils should
be positioned near the critical coupling point to achieve a
system efficiency of approximately 50%. However, for a
practical system, the design is likely to be a compromise
between efficiency and power transfer capacity.

C. Effect of Load Resistance

In this subsection, the load resistance is changed from 5 Q
to 25 Q in steps of 5 Q to analyze the effect of the load on
system efficiency. An additional measurement is performed
at 1 Q to obtain a complete plot between 0 and 25 Q. The
coil-to-coil vertical distance is fixed at 150 mm. The results
shown in Fig. 8 indicate that although the calculated values
have errors, the test trends (as shown by the markers) illustrate
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Load resistance(Q)

Fig. 8. Effect of load resistance on system performance.

good consistency with that predicted by the mathematical
model (as shown by the solid lines). The output power
approximately increases in a linear manner as the load
resistance is increased from 5 Q to 25 Q with a constant DC
input voltage of 100 V. n.. and n,y increase rapidly, reach
a peak, almost flatten out, and continue to decrease slowly.

Notably, if the range of the load resistance is expanded,
then the output power does not increase continuously but
reaches a peak at a certain R, and decreases according to the
maximum power transfer theorem. This load condition is
beyond the scope of this study and is therefore not examined
further.

D. Effect of Driving Frequency

Tuning the two coils to exactly the same operating
frequency is nearly impossible because of tolerances in the
coils and tuning capacitors. In several cases, slightly
offsetting the driving frequency to match that of the receive
circuit to allow maximum load power may be advantageous.
For coil-to-coil distances smaller than the critical coupling
distance, twin resonant peaks occur on either side of the
resonant frequency even when the primary and secondary
circuits are perfectly tuned to the same frequency. This
phenomenon is called frequency splitting and has been fully
explained in various studies, such as [45], [47], and [48].
Studying the frequency splitting phenomenon is important to
achieve highly efficient power transfer and fully utilize the
power transfer capacity. In this subsection, the coil-to-coil
vertical distance is set to 150, 250, and 350 mm, which are
typical vehicle chassis heights. The load resistance is set to 5,
15, and 25 Q to provide different load conditions. The DC
input voltage is kept constant at 100 V.

Figs. 9 and 10 show that the frequency splitting phenomenon
occurs when the coil-to-coil distance is sufficiently low
(coupling coefficient greater than the critical value) or the
load resistance is low. Increasing the coil-to-coil distance or
increasing the load resistance eliminates the frequency
splitting phenomenon.

When the frequency splitting phenomenon occurs, system
efficiency still reaches the maximum at the resonant
frequency, whereas the output power decreases to the bottom
of the curve at the resonant frequency. The maximum output
power is observed at two other driving frequencies, which are
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Fig. 9. Effect of driving frequency on system performance with a
fixed coil-to-coil distance and various load resistances.
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Fig. 10. Effect of driving frequency on system performance with
a fixed load resistance and various coil-to-coil distances.

on each side of the resonant frequency (e.g., 76 and 100 kHz
in Fig. 9 [RL. = 5 Q, d = 150 mm], where the resonant
frequency is 85 kHz) with slightly reduced system efficiency.
In conclusion, when the DC input voltage, load resistance,
and coil-to-coil distance are fixed, tuning the driving
frequency can adjust the system output power and system
efficiency. The power transfer capacity can be significantly
increased by utilizing the frequency splitting phenomenon but
with a slight reduction in system efficiency. In a practical
system, system efficiency and output power are normally
considered together, rather than focusing on one to the
exclusion of the other.

IV. STUDY OF CONSTANT OUTPUT POWER
CONTROL METHODS

The previously presented analysis of SS compensation
topology WPT system performance indicates that the output

power is dependent on the load resistance. Therefore, for a
VLWPT system, if the other parameters of the WPT system
are kept constant when the load resistance is varied, then the
output power will change. Thus, the front end of the system
needs to be tuned to adapt to this requirement to achieve a
constant output power. The output power is closely related to
the input DC voltage, driving frequency, and coupling
coefficient in a two-coil system according to Eq. (13).

The output rectifier uses SiC diodes in a conventional
bridge circuit. Rectification efficiency is measured at
approximately 95% and observed to vary only slightly
between experiments. Therefore, to simplify calculations, the
efficiency of the rectifier is regarded as 95% for all
calculations. The rectifier input power is derived using Eg.
(35).

P,.. = P, /0.95 (35)

In this work, constant output power is set to 1 kW with
variable load resistance from 5 Q to 25 Q. All of the required
parameters are calculated using the mathematical WPT
system model presented in Section Il. Based on the system
parameter adjustment method to achieve constant output
power, a comprehensive method is presented in this work to
achieve optimal system efficiency for the VLWPT system.

A. Method A: Adjusting the DC Input Voltage

An approach to achieve constant output power is to control
the DC input voltage, as observed from the analysis presented
in the previous section. A variable regulated DC power
supply is used to allow the input voltage to be set at the
desired experimental value. For a practical system, the DC
power supply can be replaced with an AC-DC converter and
a DC-DC boost/buck converter to provide a stable variable
DC input voltage but with a slight loss in efficiency. The
output power is proportional to the load resistance and DC
input voltage according to the secondary-side power
expression shown in Eq. (13). Assuming zero dead time, the
root mean square (RMS) value of the fundamental component
of a square wave is 2v2/m of the amplitude of the square
wave, as expressed in Eq. (36), and the relationship among
input DC voltage, output power, and load resistance can be
derived as Eq. (37).

2V2/mUpe = Uy (36)

@ 2 2
R, (wg*Myy" + Z,Z5) (37)

—

U, =

JwaMy,

The coil-to-coil vertical distance is fixed to 150 mm, and
the resonant and driving frequencies are fixed to 85 kHz.
Based on the calculated DC input voltage using Egs. (36) and
(37), 1 kW constant output power can be effectively
maintained with a maximum error of 6.7% (i.e., Error =
(measured load power—desired load power)/desired load
power). The average error of this method is 4.61% within the
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Fig. 11. Experimental results for constant output power by
adjusting the DC input voltage.

entire range of the load resistance. The error is caused by the
assumptions in this work and the non-negligible stray
resistance in the leads and connection nodes in the WPT
system, particularly for the parasitic resistance in the screws
used to connect the components in the WPT system. However,
the error does not affect the analysis of the constant output
control methods. When the stray resistance existing in the
leads and connection nodes can be significantly reduced,
precision can be further improved. When the load resistance
is increased, the DC link voltage must be reduced, as marked
on the curves shown in Fig. 11. In these experiments, the DC
input voltage decreases from 172 V to 94 V with the increase
in load resistance from 5 Q to 25 Q. n.. and n,, initially
increase from 86.19% to 90.27% and from 78.86% to 85.81%,
respectively, with the increase in load resistance from 5 Q to
10 Q; subsequently, they remain nearly constant. However,
with the increase in load resistance, the two efficiencies are
dominated by the load resistance and present an increase. As
analyzed in Section IlI-A, the DC input voltage does not
affect the coil-to-coil efficiency, and when the power level is
sufficiently high, the effect on the overall efficiency of the
system is only slight. Therefore, with variable load resistance,
the change in n.. and n4; can be attributed to the load
resistance. When this method is used, these two efficiencies
are dominated by the load resistance. The most significant
advantage of this method is that n.. and n,4; do not change
significantly when the load resistance is sufficiently high.
However, when the DC voltage is adjusted, the voltage stress
on the power devices and compensation capacitors also
changes. This finding needs to be carefully considered at high
power.

B. Method B: Adjusting the DC Input Voltage and
Driving Frequency

When the coupling increases to above the critical coupling,
the load power curve changes from a single-peak curve to a
double-peak curve and presents a double-peak characteristic.
The peak load power given in Eq. (13) is closely related to its
partial derivative with respect to system operating frequency.
The partial derivative with respect to the system operating
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Fig. 12. Experimental results for constant output power by
adjusting the DC voltage and driving frequency.

frequency of the output power in the secondary side can be
derived using Eqg. (38) and is called the splitting equation.

0Fsc
=—2=0 38
oo =5F, (38)

Therefore, if the frequency splitting phenomenon occurs,
Eq. (38) will have three solutions, that is, frigege+ fridege-» and
frrough [45]. The first two values are the two peak values on
either side of the resonance frequency point. frouen
corresponds to the trough value of the output power wave and
equals the system resonant frequency. The driving frequency
can be converted t0 frigege+ OF frigege- t0 achieve the maximum
power transfer capacity. A low driving frequency can reduce
the losses in the inverter and rectifier. Therefore, in this case,
fricege- 1S Selected to be the tuning objective of the driving
frequency, with the input DC voltage being adjusted to
achieve the desired output power. When Eq. (38) has only
one solution, the frequency splitting phenomenon disappears,
and the output power attains its peak at the resonant
frequency.

Method B is also validated by experiments, and the results
are shown in Fig. 12. The coil-to-coil vertical distance is still
set to 150 mm, the resonant frequency is 85 kHz, the DC
input voltage is held constant at 100 V, and the load
resistance is increased from 5 Q t0 25 Q in 5 Q steps. The
maximum and constant output power can be achieved in the
system, as shown in Fig. 12, with a maximum error of 6.73%
and an average error of 2.46%. The adjusted DC input
voltages and driving frequencies corresponding to each load
resistance are marked on the lines. With the increase in load
resistance from 5 Q to 25 Q, n.. and ny, initially increase
and subsequently keep nearly constant at 90% and 85%,
respectively. The analysis shows that with the increase in
load resistance, the frequency splitting phenomenon is
suppressed. However, when the frequency splitting
phenomenon occurs, the output power can be maintained
with a low driving frequency and DC input voltage with
Method B. Only the DC input voltage needs to be adjusted
when the frequency splitting phenomenon disappears. With
Method B, 7 and 744 are not higher than those with Method
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A with the same load resistance because maximum efficiency
can only be achieved when the driving frequency equals the
resonant frequency. Compared with Method A, Method B can
fully utilize the system power transfer capacity and can
decrease the driving frequency/DC input voltage, which is
beneficial in reducing the stress on the switching devices,
thereby providing a safe operating condition for the DC-AC
inverter.

C. Method C: Adjusting the Coupling Coefficient

When the DC input voltage and driving frequency are held
at 100 V and 85 kHz, respectively, changing the coupling
coefficient can change the output power of the WPT system
to maintain constant output power, as analyzed in the
previous section. With the development of mechanization, the
coil-to-coil relative position can be accurately adjusted to
meet the mutual inductance and coupling coefficient
requirements, as shown in Egs. (39) and (40), which are
related to the load resistance.

M, = (jqUs ++ (j0qU1)? = 4(Pec/R)wa?Z1Z5)
/(2\/ Psec/RLwdz)
k= Mio/\LiL, (40)

Fig. 13 shows the experimental results obtained using Egs.
(39) and (40) to calculate the required coupling factor. FEA
software (Maxwell) is used to determine the change in coil
separation required to maintain a constant output power (in
this case, 1 kW). Tables V and VI show the results in detail.
The maximum error of 6.75% occurs in the 25 Q load
condition, and the average error is 4.01%. When the load
resistance is changed, adjusting the coil-to-coil distance can
achieve constant output power without changing the other
parameters.

As discussed in the previous section, when the load
resistance or coupling coefficient increases, the load power
initially increases and subsequently decreases. However, in
this study, the power increase rate caused by the load
resistance is much slower than the power increase rate caused
by the coupling coefficient. Therefore, with the increase in
the load resistance, the coupling coefficient needs to be
increased by reducing the coil-to-coil distance. As shown in
Fig. 13, when the load resistance increases from 5 Q to 25 Q,
the coil-to-coil distance decreases from 250 mm to 140 mm
to achieve constant output power. With the reduced
coil-to-coil distance, n.. and n,, increase from 86.22% to
91.26% and from 77.64% to 86.87%, respectively. The
advantage of this method is that the input parameters of the
inverter do not need to change, allowing a stable operating
condition for the DC-AC inverter. Moreover, with this
method, system efficiency increases with the increase in load
resistance but may be limited by the coil-to-coil adjustment
range.

(39)
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Fig. 13. Experimental results for constant output power by
adjusting the coil separation and the coupling coefficient.

TABLE V
CALCULATED CoUPLING COEFFICIENT AND CORRESPONDING
CoIL-TO-COIL DISTANCE DERIVED FROM MAXWELL

Ria (Q) 5 10 15 20 25
K req 0.1366 0.1926 0.2357 0.2720 0.3041
d (mm) 250 200 170 150 140
K rea 0.138 0.19 0.235 0.27 0.29
TABLE VI
MEASURED POWER IN THE EXPERIMENTS
Ria (Q) 5 10 15 20 25
Poc (W) 1,350.9 1,264.9 1,190.9 1,167 1,228.8
Pori (W) 1,307.8 1,228 1,158.2 1,135.7 1,1945
Peec (W) 1,127.6 1,097.5 1,051.2 1,038.1 1,090.1
PL (W) 1,048.8 1,052.4 1,019.3 1,012.6 1,067.5
PL_exp (W) 1,000 1,000 1,000 1,000 1,000
Error 4.88% 5.24% 1.93% 1.26% 6.75%

D. Comparative Analysis and Comprehensive Control
Method

The previously presented analysis indicates that all of the
three methods can achieve a constant output power system
and possess their own advantages, limitations, and system
performance. We compare the three methods in terms of
efficiency because WPT system efficiency is one of the
primary objectives of this study. When the efficiencies are
compared in a single plot, as shown in Fig. 14, Method A can
maintain a nearly stable system efficiency when outputting
constant power in the VLWPT system. When the load
resistance is small, the system efficiency of Method A is
higher than that of the two other methods. However, the
lower the load resistance is, the higher the required input DC
voltage is, which will lead to high voltage stress on the
compensation capacitors, resulting in the need for large
capacitor tanks to comply with the high-frequency AC voltage
rating. Meanwhile, Method B can effectively utilize the
power transfer capacity of the WPT system. By reducing the
driving frequency to achieve maximum output power, Method
B can also reduce the required DC input voltage, which is
beneficial in reducing the stresses on the semiconductor
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devices and capacitors. However, with Method B, the WPT
system cannot work at the maximum efficiency point (e.g.,
resonant frequency point), which limits the system efficiency.
Moreover, the efficiency of Method B is lower than that of
Method A. In Method C, the coil-to-coil distance is usually
set as small as possible to provide maximum efficiency.
However, a small coil-to-coil distance, that is, an
over-coupled condition, seriously limits the output power
when the other system parameters are fixed. When system
efficiency and output power are considered in the system
design, adjusting the coil-to-coil distance for maximum
system efficiency may not deliver the desired load power and
may require a change in load resistance to achieve the power
requirement with an acceptable efficiency. When system
efficiency and output power are simultaneously considered in
the system design, system efficiency may not reach the
maximum to deliver the desired power to the load by tuning
the coil-to-coil distance. If the load resistance changes, high
system efficiency can be achieved to hold the output power,
as shown in this work. Another advantage of Method C is that
the inverter operating condition does not change, thus
providing the inverter with a highly stable working condition.
However, the coil mounting space limits this method.

In conclusion, Methods A and B do not require a change in
the coil system and are suitable for VLWTP systems with
small load resistance. Method A must sustain a high voltage

stress with low load resistance. Method B can fully utilize the
system power transfer capacity, but the system efficiency is
not higher than that of Method A. Method C is suitable for
VLWPT systems with high load resistance and a less
space-constrained system. It does not require a change in the
operating conditions of the inverter. Therefore, with the
proposed comprehensive control method, the coil-to-coil
efficiency and overall efficiency can be maintained at
approximately 90% and 85%, respectively, in the VLWPT
system at 1 kW of output power.

When all of the preconditions of the three methods are
satisfied, a comprehensive control method can be selected
from them to achieve optimized system efficiency. The
flowchart shown in Fig. 15 is based on the mathematical
model presented in Section 2.

V. CONCLUSIONS

This study provides a mathematical WPT system model
with detailed mathematical calculation of the performance of
the WPT system. Loss calculation of the power converters is
included in the efficiency analysis of the entire WPT system.
The coil-to-coil efficiency, overall efficiency, and output
power in the WPT system are considered, and the
mathematical calculation is validated by experimentation.
Three constant output power control methods are presented
based on the analysis of WPT system performance and the
mathematical WPT system model. These control methods can
help validate the accuracy of the proposed mathematical
WPT system model and provide a comprehensive control
method to achieve high efficiency with constant output power
in the VLWPT system. The three methods are validated
through experiments, and the advantages and disadvantages
of each method are discussed. The results show that with the
mathematical WPT system model presented in this study, the
system can maintain the expected 1 kW constant power with
a maximum error of 6.75% and an average error of 4% when
the load resistance varies between 5 and 25 Q. With the
comparison control method, coil-to-coil efficiency and
overall efficiency can be maintained at approximately 90%
and 85%, respectively, in the VLWPT system.
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