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Abstract— In a wireless power transfer (WPT) system, voltage
tuning and frequency tuning are two major methods to control
the output power. For the design of a WPT system at the rated
power, it is crucial to understand the characteristics of a WPT
system with a constant-power load (CPL) under voltage tuning
and frequency tuning. The model of a series–series compensated
WPT system with a CPL is established based on the Thevenin
equivalent circuits. The conditions to achieve the maximum coil-
to-coil efficiency for the two tuning methods are obtained. For
frequency tuning, the tuning zone above the resonant frequency
is selected because of its wide tuning range and zero-voltage
switching. The maximum output power at different operating
frequencies is derived, and the required inverter dc voltage and
the tuning range for a target output power can be obtained
accordingly. With a strong coupling, the maximum efficiency of
frequency tuning can be as high as that of voltage tuning; while
with a weak coupling, the efficiency of frequency tuning is much
smaller than that of voltage tuning. The model with a CPL is
helpful for the design and optimization of a WPT system with
the rated power.

Index Terms— Constant power, frequency tuning, modeling,
voltage tuning, wireless charging, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) [1]–[3] is the emerg-
ing technology that supplies power from the source

to the load wirelessly, eliminating the direct contact between
them. Inductive power transfer, a WPT technology based on
magnetic induction, has attracted enormous attention in the
past few years and has been applied in commercial markets
such as consumer electronics and electric vehicles. WPT stan-
dards, such as Qi standard from the wireless power consortium
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and J2954 from the Society of Automotive Engineers, have
been proposed to further extend the application of the WPT
technology.

In low-power and medium-power applications, either the
ac output voltage or the operating frequency [4]–[9] of the
inverter can be regulated for a target output, corresponding
to voltage tuning and frequency tuning. In voltage tuning,
either amplitude control [10] or phase shift control [11] can
be utilized. They are equivalent in that the root-mean-square
value of the inverter ac voltage is adjusted. Phase shift control
is faster in response but may lose soft switching of the
switches. Amplitude control is slower but can maintain soft
switching status. Only amplitude control for voltage tuning is
considered.

In the design of a WPT system with the rated output power,
it is crucial to understand the characteristics of outputting
this target power in different operating conditions. Selecting
an operating point that satisfies certain conditions is of great
importance to the design and optimization of a WPT system.
For voltage tuning, selecting the inverter and rectifier dc
voltages (Uinv and Urec) to achieve the maximum efficiency at
the target output power should be investigated. For frequency
tuning, it remains unclear how to achieve the maximum
efficiency, how to predict the maximum output power under
different operating frequencies for a given Uinv, and how
the coupling coefficient (k) affects the transfer characteristics.
Therefore, it is crucial to build the mathematical model of a
WPT system with a constant-power load (CPL) under voltage
tuning and frequency tuning. In the current literature, the WPT
system is usually modeled as either a constant-resistance
load [12]–[15] or a constant-voltage load (CVL) [16]–[18].
These models are not adequate to analyze a WPT system with
a CPL via voltage tuning or frequency tuning.

This paper analyzes the transfer characteristics of a
series–series (SS) compensated WPT system with a CPL
via voltage tuning and frequency tuning, respectively. The
Thevenin equivalent circuits (TECs) of the WPT system
reflected on the receiver side are developed. Voltage tuning
is analyzed in Section II, followed by frequency tuning in
Section III. The theoretical calculations and experimental
results are conducted in Section IV to validate the analysis.

II. VOLTAGE TUNING
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Fig. 1. SS compensated WPT system. (a) Topology. (b) Equivalent circuit.

Fig. 2. TEC at resonance.

The topology and the equivalent circuit of a typical SS
compensated WPT system are depicted in Fig. 1, where
U1 (U2), I1 (I2), L1 (L2), C1 (C2), and R1 (R2) are the trans-
mitter (receiver) voltage, current, inductance, capacitance, and
equivalent resistance, respectively, M is the mutual inductance,
and RL is the equivalent load resistance.

Based on first harmonic approximation, we have U1 =
2
√

2/π · Uinv and U2 = 2
√

2/π · Urec. For voltage tuning of a
WPT system, the operating angular frequency ω should equal
the resonant angular frequency ω0 to achieve the maximum
coil-to-coil efficiency (ηcoil) [19]. The resonant frequency
f0 should satisfy f0 = ω0/(2π) = 1/(2π

√
L1C1) =

1/(2π
√

L2C2). The TEC with the parameters reflected on the
receiver side is shown in Fig. 2.

Uth and Rth are the Thevenin voltage and resistance, respec-
tively, and can be expressed by

Uth = ω0 MU1

R1
, Rth = R2 + (ω0 M)2

R1
≈ (ω0 M)2

R1
. (1)

A. Model With a CVL

For a given U2, I2, I1, and the output power Pout can be
derived as

I2 = Uth − U2

Rth
≈ U1

ω0 M
, I1 = U2 + I2 R2

ω0 M
≈ U2

ω0 M
(2)

Pout = U2 I2 ≈ U1U2

ω0 M
. (3)

ηcoil can thus be obtained as

ηcoil = Pout

Pout + I 2
1 R1 + I 2

2 R2
= FOM

FOM + U2
U1

√
R1
R2

+ U1
U2

√
R2
R1

.

(4)

In (4), figure of merit (FOM) is defined as

FOM = ω0 M√
R1 R2

= k

√
ω0 L1

R1

ω0 L2

R2
= k

√
Q1 Q2 (5)

where Q1 = ω0 L1/R1 and Q2 = ω0 L2/R2 are the quality
factors of the transmitter loop and receiver loop, respectively.
ηcoil is maximized when

U1

U2
=

√
R1

R2
. (6)

B. Model With a CPL

For a given Pout, RL in Fig. 2 can be expressed as

RL = Pout

I 2
2

= Uth

I2
− Rth. (7)

Taking I2 as a variable, (7) can be transformed into

Rth I 2
2 − Uth I2 + Pout = 0. (8)

Thus, I2, I1, and Ubat can be derived as

I2 =
Uth +

√
U2

th − 4Rth Pout

2Rth
=

U1 +
√

U2
1 − 4R1 Pout

2ω0 M
(9)

I1 =
Uth −

√
U2

th − 4Rth Pout

2ω0 M
=

U1 −
√

U2
1 − 4R1 Pout

2R1
(10)

Urec = π

2
√

2

ω0 M

2R1

(
U1 −

√
U2

1 − 4R1 Pout

)
. (11)

ηcoil can be calculated as

ηcoil = Pout⎧
⎨
⎩

Pout + ( 1
2R1

+ R2
2(ω0 M)2

)
(U2

1 − 2R1 Pout)

−( 1
2R1

− R2
2(ω0 M)2

)
U1

√
U2

1 − 4R1 Pout

⎫
⎬
⎭

. (12)

By letting ∂ηcoil/∂U1 = 0 in (12), the optimal U1 to achieve
the maximum ηcoil at Pout is

U1−opt =
√(

FOM − 1

FOM
+ 2

)
R1 Pout. (13)

Replacing U1 in (12) with (13) yields

ηcoil-max

= 2⎧
⎨
⎩

2 + (
1 + 1

FOM2

)(
FOM − 1

FOM

)

−(
1 − 1

FOM2

)√(
FOM − 1

FOM + 2
)(

FOM − 1
FOM

)
⎫
⎬
⎭

≈ FOM

FOM + 1
. (14)

Similarly, the optimal I1, I2, and U2 can be obtained. ηcoil−max
increases monotonically with FOM.

When designing a WPT system with voltage tuning for
the rated Pout, normally the coil geometry and the range
of U1 and U2 are given. Thus, FOM can be estimated and
U1 and U2 can be decided according to (6) and (13). The
coils can be designed based on (3).

In this section, the SS topology is adopted for analysis.
Different topologies have different expressions of Uth and Rth.
The relationship between the transmitter-side quantities and
the receiver-side quantities is also determined by the resonant
topologies. Nevertheless, by adopting the TEC on the receiver
side, the derivation aforementioned can be easily applied to
other resonant topologies.
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Fig. 3. TEC OFF resonance.

III. FREQUENCY TUNING

For frequency tuning of a WPT system, the TEC on the
receiver side is shown in Fig. 3, where Z th is the Thevenin
impedance and Rth and Z th are the real part and the imaginary
part of Z th. Uth and Z th can be expressed, respectively, as

Uth = ωMU1√
R2

1 + X2
1

(15)

Z th =
(

R2 + (ωM)2 R1

R2
1 + X2

1

)
+ j

(
X2 − (ωM)2 X1

R2
1 + X2

1

)
(16)

where X1 and X2 are the transmitter and receiver reactances,
expressed as X1 = ωL1 −1/(ωC1) and X2 = ωL2 −1/(ωC2).

Assume Uth leads U2 for ϕ, which can be calculated by

I2 = Uth cos ϕ − U2

Rth
= Uth sin ϕ

X th
. (17)

Once ϕ is known, I2 and all other parameters can be
obtained accordingly. Pout at RL can be expressed as

Pout = U2
th RL

(Rth + RL)2 + X2
th

. (18)

By letting ∂ Pout/∂ RL = 0 in (18), the maximum output
power Pout−max can be obtained as

Pout-max = U2
th

2
(√

R2
th + X2

th + Rth

) . (19)

When deviating from f0, the changing rates of Uth and
Rth are much smaller than that of X th. Therefore, Pout−max
will peak at the zero point of X th. There are three frequency
points to satisfy X th = 0: at, above, and below f0, obtained
as

X th = X2 − (ωM)2 X1

R2
1 + X2

1

= 0. (20)

A. General Model With a CPL

At Pout, the model in Fig. 3 can be established by
⎧
⎪⎨
⎪⎩

U2
th = [

(Rth + RL)2 + X2
th

]
I 2
2

RL = Pout

I 2
2

.
(21)

Eliminating RL in (21) yields

(
R2

th + X2
th

)
I 4
2 − (

U2
th − 2Rth Pout

)
I 2
2 + P2

out = 0. (22)

Considering I2 in (22) as a variable, there are two real
roots, indicating that there are two operation points for the tar-
get Pout. The corresponding two roots of I2 can be derived as

I2

=
√√√√ 2P2

out

U2
th−2Rth Pout ±

√(
U2

th−2Rth Pout
)2−4P2

out

(
R2

th+X2
th

) .

(23)

When Pout ≤ Pout−max, the discriminant in (23) would satisfy

� = (
U2

th − 2Rth Pout
)2 − 4P2

out

(
R2

th + X2
th

) ≥ 0. (24)

I1, Urec, and the system input impedance Z in can be
obtained, respectively, as

I1 = 1

ωM

√
P2

out

I 2
2

+ X2
2 I 2

2 , Urec = π

2
√

2

Pout

I2
(25)

Z in = R1 + j X1 + (ωM)2

R1 + j X2 + Pout
I2

. (26)

ηcoil can be calculated as

ηcoil = Pout

Pout + R1 P2
out

(ωM)2 I 2
2

+
(

X2
2 R1

(ωM)2 + R2

)
I 2
2

. (27)

By letting ∂ηcoil/∂ I2 = 0, the optimal I2 and Urec to achieve
ηcoil−max at Pout are

I2−opt =
√√√√ Pout√

X2
2 + R2

R1
(ωM)2

(28)

Urec−opt = π

2
√

2

√√√√Pout

√
X2

2 + R2

R1
(ωM)2. (29)

The optimal operating frequency can be calculated by letting
I2 in (23) equal the optimal value in (28). For a given U1,
the range for the operating frequency is limited, and the range
can be calculated by the fact that discriminant shown in (24)
should be no smaller than zero.

B. Simplified Model With a CPL

The model developed in Section III-A is complicated and
may not offer an intuitive understanding of a WPT system
with a CPL under frequency tuning. In this section, the model
is simplified. Based on the maximum power transfer theorem
of an ac circuit, the source available power in Fig. 3 is

Psrc-ava = U2
th

4Rth
. (30)

Note that Psrc−ava is achieved when the load impedance is
the conjugate of Z th. In a WPT system where a rectifier is
employed to connect the receiver to the dc load, the rectifier
can be regarded as purely resistive. Therefore, Psrc−ava cannot
be achieved in such a condition.
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Fig. 4. Photograph of the experimental prototype.

When Psrc−ava = U2
th/(4Rth) ≥ 10Pout, we have 0.95U2

th ≤
(U2

th − 2Pout Rth) ≤ U2
th. Thus, U2

th − 2Pout Rth ≈ U2
th. Under

this condition and ignoring X th, the smaller root in (23) is

I2 ≈ Pout

Uth
. (31)

In this case, I1 and Urec can be expressed as

I1 = 1

ωM

√
U2

th + P2
out

U2
th

X2
2 ≈ Uth

ωM
, Urec = π

2
√

2
Uth. (32)

ηcoil can be obtained as

ηcoil = Pout

Pout + U 2
th

(ωM)2 R1 + P2
out

U 2
th

R2

(33)

which is maximized when

Uth-opt = ωMU1√
R2

1 + X2
1

=
√√√√

√
R2

R1
ωM Pout (34)

Urec-opt = π

2
√

2

√√√√
√

R2

R1
ωM Pout. (35)

The optimal operating frequency can be obtained by (34).
When designing a WPT system with frequency tuning for

the rated Pout, normally the coil geometry, the operating
frequency, and the range of U1 and U2 are given. Thus,
Urec and the coils can be determined according to (29).

Similar to Section II, in this section, the TEC of the SS
topology is adopted and it can be easily applied to other
topologies by changing the expressions of Uth and Z th based
on the topologies to be studied.

IV. CALCULATIONS AND EXPERIMENTS

An experimental prototype is implemented, depicted
in Fig. 4. The transmitter and receiver coils are identical
and have a size of 200 mm × 200 mm and a turn number
of 12. The inner diameter is 95 mm. American wire gauge
38 Litz wires with 800 strands are employed. The size of
the ferrite plate is 224 mm × 224 mm × 2 mm and C1 =
C2 = 77.5 nF. At the charging distance of 38 mm, k = 0.54
and L1 = L2 = 51.9 μH; at 60 mm, k = 0.35 and
L1 = L2 = 48.6 μH; and at 104 mm, k = 0.16 and
L1 = L2 = 47.1 μH. Thus, the resonant frequencies are 79.4,

Fig. 5. Pout versus Uinv and Urec via voltage tuning.

82.0, and 83.3 kHz. The measured quality factors of the coils
increase by 10% from 80 to 150 kHz and can be assumed
to be 480. A full-bridge inverter is utilized as the source
with silicon carbide power MOSFET C2M0080120D as the
switches. A full-bridge rectifier is employed as the load with
fast recovery epitaxial diode DSEI120-06A as the switches.
The ON-state resistance of the MOSFET is 100 m� and that
of the diode is 3.5 m�. Given the switch ON-state resistances
and the equivalent resistances of the capacitors, the quality
factor of the transmitter loop is approximately 80 and that
of the receiver loop is 300. The loss that is not considered
in R1 and R2 is assumed to occupy 2.5% of the total
power. Therefore, the dc–dc efficiency (ηsys) is the product
of ηcoil and 97.5%.

A. Voltage Tuning

With voltage tuning, the operating frequency equals f0 and
Uinv is regulated. Note that in practical applications, a dc–dc
converter is needed for regulation. In the experimental setup,
Uinv is regulated via a dc source. Thus, the efficiency of the
dc–dc converter is not considered in voltage tuning. When
Uinv = Urec, the calculations based on (3) and the experimental
results of Pout versus Uinv and Urec are shown in Fig. 5.
Under the same Uinv and Urec, a smaller coupling leads to
a larger Pout. The proposed model matches the experimental
results well.

By regulating Pout to 500 W, the calculations based on (11)
and (12) and the experimental results of Urec and ηsys versus
Uinv are given in Fig. 6. For a given Pout, Urec decreases with
the increasing Uinv. Even though the transmitter and receiver
coils are identical, the equivalent resistance of the transmitter
loop is larger than that of the receiver loop. Therefore, the effi-
ciency peaks at a larger Uinv and a smaller Urec, according
to (6). Therefore, when designing a WPT system with the
rated Pout, it is better with a larger Uinv and a smaller Urec
to achieve high efficiency and reduce the voltage rating of
the rectifier. When k = 0.16, I1 and I2 to output 500 W are
larger than those when k = 0.54 and 0.35. Thus, the efficiency
of the power electronics converters for k = 0.16 is smaller
than the other two coupling cases, leading to the gap between
the calculations and the experimental results of ηsys when
k = 0.16.
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Fig. 6. (a) Urec and (b) ηsys versus Uinv with a CPL via voltage tuning.

Fig. 7. Pout−max versus the operating frequency.

B. Frequency Tuning

Four cases are studied for frequency tuning: case 1: Uinv =
120 V and k = 0.54, case 2: Uinv = 100 V and k = 0.54,
case 3: Uinv = 120 V and k = 0.35, and case 4: Uinv = 120 V
and k = 0.16.

The calculations, based on (19), and the experimental results
of Pout−max versus the operating frequency are shown in Fig. 7.
There are three peaks for Pout−max, corresponding to the
three zero points of X th in (20). The resonant frequencies

Fig. 8. (a) Pout and (b) ηsys versus Urec under different frequencies when
Uinv = 120 V and k = 0.54.

of case 1(2), case 3, and case 4 are different, leading to
different frequency locations of the central peaks. Uinv affects
the amplitude of Pout but has no impact on the location
of these three peaks, while a smaller k results in smaller
gaps between the peaks. Also, a strong coupling does not
necessarily indicate a large Pout−max. There is a right tuning
zone above f0 and a left tuning zone below f0. The former is
much wider than the latter. The experimental results agree well
with the calculations, despite the fact that not all calculations
are validated due to the current constraint of the switches.

For case 1 when Uinv = 120 V and k = 0.54, the calcu-
lations based on (18) and (27) and the experimental results
of Pout and ηsys versus Urec under different frequencies are
depicted in Fig. 8. There are two operating points of 500-W
output in these four cases: a larger Urec and a smaller Urec,
as indicated by (23). ηsys with a larger Urec is higher than the
other one because I1 and I2 are smaller, leading to a smaller
loss. Therefore, in the following experiments for the rated Pout,
only the point with a larger Urec is selected. It can be seen from
Fig. 8 that the peak Pout of 120 kHz is the highest among the
four cases. This is in accordance with Fig. 7, where Pout−max
of case 1 peaks at round 118 kHz, which is when X th = 0.
Therefore, Pout−max at 120 kHz is the highest, followed by
120, 110, and 130 kHz in sequence as indicated in Fig. 7.

With frequency tuning, Pout is tuned to 500 W. The ampli-
tude and angle of Z in, based on (26), of these four cases are
shown in Fig. 9. The amplitude of Z in in the proximity of the
resonant frequency is very small, which means I1 is very large,
leading to a very low efficiency. The right tuning zone has an
inductive Z in and it is good for achieving high efficiency of the
inverter by realizing zero-voltage switching (ZVS). Therefore,
only the right tuning zone is considered.
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Fig. 9. Amplitude and angle of Zin of four cases with a 500-W output.

Fig. 10. (a) Urec and (b) ηsys versus operating frequency with a CPL.

The calculations, based on (25), (27), and (29), and the
experimental results of Urec, ηsys, I1, and I2 versus the oper-
ating frequency under a CPL are plotted in Figs. 10 and 11.
It can be seen that at the resonant frequency, Urec is very high
for the rated Pout. In the right tuning zone, Urec decreases
and I2 increases with the operating frequency. There is a
valley value of I1, corresponding to the highest ηsys. Therefore,
the system should operate at this point where ηsys is high and
Urec is low. This optimal point can be obtained from (30)
and (31). Also, increasing Uinv and k extend the tuning range,
but the former has a negligible impact on the maximum ηsys
and the optimal Urec, while the latter enhances them.

In addition, comparing Figs. 6 and 10, the maximum ηsys
for voltage tuning when k = 0.54 is 95.56% and that when
k = 0.35 is 93.84%. While for frequency tuning, the maximum
ηsys when k = 0.54 is 94.92% and that when k = 0.35
is 91.59%. Larger k leads to the smaller gap between the
maximum ηsys of voltage tuning and frequency tuning. With a
larger k, ηsys of frequency tuning is slightly smaller than that

Fig. 11. I1 and I2 versus operating frequency with a CPL.

Fig. 12. Experimental waveforms when k = 0.54. (a) Voltage tuning
at 79.4 kHz. (b) Frequency tuning at 120 kHz.

of voltage tuning, even though the efficiency is claimed to
be maximized at the receiver resonant frequency [19]. When
k = 0.16, the maximum ηsys of voltage tuning is 88.33%
and that of frequency tuning is 76.42%, with a drop of more
than 10%. Therefore, with a small k, frequency tuning is not
suitable to achieve a high ηsys.

The experimental waveforms of voltage tuning and fre-
quency tuning when k = 0.54 are depicted in Fig. 12. For
voltage tuning, the WPT system works at f0. Thus, Z in is
resistive and u1 is in phase with i1, which cannot achieve
ZVS. In comparison, for frequency tuning, the WPT system
works above f0. Thus, Z in is inductive and i1 lags behind u1,
which helps to achieve ZVS.

V. CONCLUSION

For the design and optimization of a WPT system with a
target output power, it is important to model a WPT system
with a CPL and analyze its transfer characteristics so as to
achieve high efficiency and restrict the rectifier dc voltage.
In this paper, an SS compensated WPT system with a CPL
under voltage tuning and frequency tuning has been modeled
and analyzed. The closed-form expressions of the transmitter
current, the receiver current, the rectifier dc voltage, and the
coil-to-coil efficiency have been derived.

For voltage tuning, there is an optimal inverter dc voltage
to achieve the maximum efficiency. When the equivalent
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transmitter resistance is larger than the equivalent receiver
resistance, the inverter dc voltage should be larger than that of
the receiver to achieve high efficiency. For frequency tuning,
the right tuning zone is selected because of its wide tuning
range and achieving ZVS. The maximum output power at
different operating frequencies has been obtained. Increasing
the inverter dc voltage will extend the operating frequency
range but will not impact the maximum efficiency and the
optimal rectifier dc voltage. Increasing the coupling coefficient
will also extend the operating frequency range, improve the
efficiency, and increase the optimal rectifier dc voltage.

With a strong coupling (typically larger than 0.5), the
maximum dc–dc efficiency of frequency tuning can be as high
as that of voltage tuning. When the coupling coefficient is
smaller than 0.2, the maximum dc–dc efficiency of frequency
tuning is much smaller than that of voltage tuning.
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