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ABSTRACT The continuous operation of the wireless power transfer system (WPTS) under high-frequency
switching activity might cause a temperature rise in various system’s components. That temperature rise
might increase the resistance of the primary and secondary coils, which will lead to a significant decline
in the system’s efficiency. To address this problem at the design stage, we investigate the optimal range of
the coupling coefficient that suppresses the efficiency drop due to the increasing resistance of the WPTS
components. The proposed optimal range of the coupling coefficient can also ensure the output power
requirements of the WPTS. Using four different WPTSs, the determination method for the optimal range
of coupling coefficients under different system operational frequencies was developed and implemented.
A 3-kW resonant experimental prototype WPTS was designed and built to validate the proposed coupling
coefficients experimentally. The experimental results show that the optimized coupling range successfully
suppressed the efficiency decline resulting from the increasing resistance caused by temperature rise.

INDEX TERMS Wireless power transfer system (WPTS), efficiency, temperature rise, optimal coupling
coefficient.

I. INTRODUCTION
With the industrial revolution of electric vehicle (EV) and
technological limitations of the battery storage systems, the
wireless power transfer system (WPTS) operating at tens of
kilohertz represents a perfect candidate for such application
[1]–[3]. The WPTS for electric vehicles gained popularity due
to their safety, portability and adaptation to harsh conditions.
Due to the sensitivity of system efficiency to the operating
frequency, electrical circuit topology, and temperature rise, the
improvement and stability of system efficiency of WPTS are
always the hot issues in this area.

To improve the WPTS’s efficiency, two compensation
topologies named LC/S [4] and LC/CL [5] were proposed,
the number of the coil turns, and the quality factor of the coils
was optimized as well in [6]–[7]. Moreover, the performances
of the square and circular coils in WPTS were investigated
in [8], and the superiority of the square coil in improving
system efficiency was revealed [8]. In [9], [10], through
the elimination of the ferrite core, the volume, weight,
and loss of the loosely coupled transformer (LCT) can be
reduced. Similarly, a multi-coil LCT that used only wires and
air as a transmission medium was proposed in [11]–[13]. To
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minimize the inherent losses of the WPTS DC-DC converters,
a dual-side phase shift control method for load modulation
and voltage regulation was proposed in [14]. Furthermore,
the field-type and non-linear core structures were presented
to improve the system’s efficiency [3], [15].

For low-power WPTS, the temperature rise caused by
power loss is not apparent. However, for the high-power rat-
ing ones (i.e., EV applications), the thermal power loss in-
creases the temperature and then inevitably increases the coil
resistances. As a result of that temperature-resistance coupled
rise, the system’s efficiency declines. It was revealed that the
change of the original circuit parameters caused by temper-
ature rise would significantly reduce the transmission effi-
ciency [16]. Two methods were proposed in [16] to suppress
the decline of system efficiency, including improving coil per-
formance while choosing temperature-robust capacitors, and
controlling temperature by applying a heat sink. Furthermore,
the thermal characteristics of the magnetic coupler were inves-
tigated by simulation [17]. The results showed that the thermal
performance of the magnetic coupler could be improved by
adequately adjusting the mechanical structure and materials
within the allowable range of electrical parameters under the
condition of natural cooling.

The efficiency of WPTS in practice may not be as high
as expected design due to the uncontrollable operating con-
ditions. Efforts in literature were performed to suppress the
decline of system’s efficiency. Among the significant factors
that contribute to system’s efficiency decline is the misalign-
ment of the coils. To ensure the WPTS more tolerant of the
coil misalignment, a DD coil structure, namely double D type,
was proposed in [18], which can constrain the magnetic flux
path and improve the decline of system efficiency to a certain
extent. Other structures, including several small, transmit coils
that replace the conventional large transmit coil and keep the
dimension of the transmitter unchanged was investigated in
[19]. Furthermore, a variable inductor (VI) is inserted in the
transmitter circuit to compensate extra reactance for enhanc-
ing the system’s efficiency [20]. In addition, hybrid resonant
coils [21] and orthogonal windings [22] show a better toler-
ance improvement of coil misalignment.

Moreover, previous studies revealed that the slight increase
in WPTS components’ resistance due to temperature rise
would lead to a noticeable decline in the system’s efficiency
under the prolonged operative time and the high operational
frequency conditions [23]. The system’s resistance includes
the resistance of the coils, the power electronic devices, and
the equivalent load. The decline in the system’s efficiency
due to temperature rise is inevitable. Consequently, it is nec-
essary to find a feasible approach at the design stage to re-
duce the decline of WPT system’s efficiency due to resistance
incrimination.

The objective of this study is to present a feasible method
to determine, during the design stage, the coupling coefficient
range of the WPTS that can suppress the decline in the sys-
tem’s efficiency due to the increase in the system’s compo-
nents resistance. To suppress the decline of system efficiency,

FIGURE 1. Components of WPTS.

FIGURE 2. Equivalent circuit of two-coil WPTS.

this study presents an optimal range of coupling coefficients.
The optimized range is capable of diminishing the decline of
the system’s efficiency and supplying adequate output power
from the WPTS. The remainder of this study is organized as
follows: Section II investigates the effects of the increased
system resistance on its efficiency. Section III proposes the
concept of the optimal range of the coupling coefficient and
its determination method. Section IV determines the accurate
optimal range of coupling coefficient for different WPTSs.
In section V, a 3-kW prototype WPTS was manufactured,
and the related experiment was also performed to verify the
effectiveness of the optimal range of coupling coefficient.

II. INFLUENCE OF INCREASED RESISTANCE ON
EFFICIENCY OF WPTS
A. MODEL OF TWO-COIL WPTS
To study the influence of the increased resistance on system’s
efficiency, a model of a resonant two-coil WPTS is introduced.
Fig. 1 shows the components of the resonant two-coil WPTS,
it mainly includes the AC supply, rectifier, high-frequency
inverter (HFI), loosely coupled transformer (LCT), battery
charger and battery. The equivalent circuit of the resonant
two-coil WPTS with the series-series (SS) topology is pre-
sented in Fig. 2, where Up is the voltage supply produced by
high-frequency inverter (HFI), Lp and Ls are the primary and
secondary coil self-inductance, respectively, Rp and Rs are the
primary and secondary system resistances, Cp and Cs are the
primary and secondary resonant capacitors, respectively, Req

represents the equivalent load resistance, Mps is the mutual
inductance of the coils, and ω is the angular frequency of
the system. As the WPTS is in resonance, the system output
power and efficiency can be expressed as in (1) and (2).

Pout = U 2
p ω2M2

psReq[
Rp

(
Rs + Req

) + ω2M2
ps

]2 (1)

η = ω2M2
psReq[

Rp
(
Rs + Req

) + ω2M2
ps

] (
Rs + Req

) (2)
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TABLE 1 Parameters of a WPTS

FIGURE 3. Variation of system efficiency with Rp and Rs.

FIGURE 4. Variation of system efficiency with Rp.

B. EFFECTS OF INCREASED RESISTANCE ON EFFICIENCY
OF WPTS
The parameters of a resonant WPTS are displayed in Table 1.
According to the previous studies, it was found that only
small increments in resistance can affect the system efficiency
significantly. Therefore, for direct illustration, it is assumed
that the Rp and Rs increase from 0 to 1 �, simultaneously, and
the conclusion is also suitable to the other WPTS with the dif-
ferent system resistances. The decline in system’s efficiency
is given in Fig. 3, where the Rp and Rs are the resistances
of the primary and the secondary system, respectively. As
shown in Fig. 3, the efficiency reaches 100% when the system
resistances are 0 � (hypothetically), but drops to 90% when
the resistances increase to 1 �, which means that the system
efficiency can drop by 10% when the system resistances in-
crease by 1 �.

The variation in efficiency decline is mathematically simu-
lated with the change in Rp and Rs within the aforementioned
range. The results displayed in Fig. 4 and Fig. 5 show that, as
Rp increases from 0 to 1 �, the efficiency decline is linearly

FIGURE 5. Variation of system efficiency with Rs.

related to the resistance increase, and its maximum reduction
percentile was 6.6%, when Rs equals to 1 �. And the maxi-
mum drop in the system’s efficiency was 3.45%, as shown in
Fig. 5.

Based on the above analysis, it can be concluded that Rp

is a more dominantly active factor in the system’s efficiency
decline. Consequently, more focus will be highlighted in the
next section regarding suppressing the efficiency reduction
due to increased Rp.

III. OPTIMAL RANGE OF COUPLING COEFFICIENT FOR
SUPPRESSING DECLINE OF EFFICIENCY
A. VARIATIONS OF SYSTEM OUTPUT POWER AND
EFFICIENCY WITH THE COUPLING COEFFICIENT
In order to serve the global study’s objective of minimizing
the reduction in the WPTS’s efficiency due to increased Rp,
the variations of output power and efficiency with the coupling
coefficient between the primary and secondary coils, kps, are
introduced, as shown in Fig. 6. It shows the variations of
the output power and system’s efficiency for four different
WPTSs under various values of Rp. The parameters of four
WPTSs are listed in Table 2, and Fig. 6(a), (b), (c), and (d) are
the calculated results for cases 1 to 4, respectively. The selec-
tion of the four specific cases (i.e., cases 1-4 [24]) presented
in Table 2 is for a general interpretation of the optimal cou-
pling range determination approach. Furthermore, the cases
mentioned in the above studies are commonly adopted in the
literature. The resistances of the primary system are Rp1, Rp2,
and Rp3 (Rp2 = 2Rp1 and Rp3 = 3Rp1).

As shown in Fig. 6(a) to (d), the system’s efficiency in-
creases sharply then smoothly with the increase of kps. While
the output power increases until specific values of kps then
fall down to almost zero. Moreover, it is noticeable from the
figures that the different values of Rp do not play a vital role in
changing the system’s efficiency or output power with the rise
in kps. From the previous observations, it can be concluded
that:

1) The decline in the system’s efficiency due to increased
resistance can be overcome by increasing the coupling
coefficient of WPTS.
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FIGURE 6. Variations of efficiency and output power with coupling
coefficient under different primary resistances (a) case 1, (b) case 2, (c)
case 3, (d) case 4.

2) The coupling coefficient of the system should be rea-
sonably significant in order to enhance the system’s
efficiency without reducing the output power capability.

B. CONCEPT OF OPTIMAL RANGE OF COUPLING
COEFFICIENT
Based on the above analysis, the optimal range of kps that
counter-balances the reduction in the system’s efficiency due
to the rise in the WPTS’s resistance without violating the

TABLE 2 Parameters of Four Different WPTSs

TABLE 3 Optimal Ranges of Coupling Coefficient in Different WPTSs Under
Different Frequencies

output power capability of the system is introduced. Finding
the optimal range of the coupling coefficient is confined via
two constraints. Firstly, the efficiency decline due to resis-
tance increase does not fall beyond a given minimum value
determined by the designer to determine the lower limit of the
coupling ranges. Secondly, the system’s output power does not
exceed the required value to determine the upper limit of the
ranges.

Considering case 1, the relations of (1) and (2) are the
objective functions to be maximized under the constraints of
(3) and (4), in which threshold value “5%” and “3.3 kW”
are determined by the actual requirement. Afterward, the op-
timal range of kps, under 85-kHz operational frequency, can
be confined within the grey area in Fig. 6(a). The coupling
coefficients in that area can ensure the system’s efficiency and
output power constraints in (3) and (4), respectively.

ηRp1 − ηRp3

ηRp1

× 100% ≤ 5% (3)

Pout ≥ 3.3 (4)

Similarly, the optimal range of coupling coefficient of the
other cases operating at 25 kHz can also be obtained, as shown
in the highlighted areas in Fig. 6(b), (c) and (d), respectively.
The optimal ranges of the coupling coefficient are shown in
Table 3. It can be concluded from the table that the coupling
coefficients are inversely proportional to the operational fre-
quency. For instance, the optimal range of kps is from 0.15 to
0.23 at 85 kHz, while it is from 0.31 to 0.8 for the 4th case at
25 kHz.

With the efficiency relation displayed in (2), the relation-
ship of the coupling coefficient with the frequency can be
obtained when the overall efficiency of the system is kept
unchanged; the result is shown in Fig. 7. It depicts that kps
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FIGURE 7. Relationship of coupling coefficients and operating frequency.

is inversely proportional to the operational frequency for a
given output system’s efficiency. Thereby, a system operating
frequency is uniquely correspondent to a coupling coefficient.
In other words, for a given system, the optimal range of kps

changes as the operational frequency of the WPTS alters.
Moreover, as the data of cases, 2 to 4 in Table 3 show that the
system operating frequencies of these cases is 25 kHz, and that
the values of kps from 0.44 to 0.6 can satisfy the optimality
requirement for all the three cases. Therefore, it can also be
inferred that the optimal ranges of the coupling coefficient of
different systems at the same frequency may be the same.

From the presented analysis, the optimal ranges of the cou-
pling coefficient under different operational frequencies will
be determined in the following section.

IV. DETERMINATION APPROACH OF THE OPTIMAL
RANGE OF COUPLING COEFFICIENT
In this section, the optimal ranges of coupling coefficients
are analyzed and obtained when the operating frequency is
25 kHz, 55 kHz, and 85 kHz, respectively. Here, the operating
frequency 85 kHz and 25 kHz are adopted in [2], [11], [24].
Furthermore, it is found that there may be overlapping areas of
coupling coefficient range under different operation frequen-
cies, to effectively distinguish the optimal coupling coefficient
range under different operating frequencies, an intermediate
frequency, 55 KHz, is selected between 25 kHz and 85 kHz.
And the results are presented in Fig. 8.

With case 1 in section III, the approach to determining the
optimal ranges of coupling coefficient under different opera-
tional frequencies is as follows.

1) Table 3 shows that the optimal range of coupling coeffi-
cient for case 1 at 85 kHz is 0.15 to 0.23. The system’s
efficiency at the lower limit of the optimal range of
the coupling coefficient is 96.59% when the primary
resistance of case 1 equals Rp1. Whereas the system’s
output power at the upper limit of the optimal range of
the coupling coefficient is 3.3 kW.

2) As shown in Fig. 8(a), two horizontal lines are drawn
at η = 96.59% and Pout = 3.3 kW to represent the
benchmarks of the determination process. The first hor-
izontal line intersects with the system efficiency curves
of 85 kHz, 55 kHz, and 25 kHz at points A, C and
E, respectively. The second horizontal line intersects

FIGURE 8. Variations of the system efficiency and output power with
coupling coefficient and system operating frequency (a) case 1, (b) case 2,
(c) case 3, (d) case 4.

with the output power curves of 85 kHz, 55 kHz, and
25 kHz at points B, D, and F, respectively. The ranges
determined by the horizontal line of A and B, C, and
D, as well as E and F are defined as the optimal ranges
of coupling coefficient at 85 kHz, 55 kHz, and 25 kHz,
respectively.
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TABLE 4 Optimal Ranges of Coupling Coefficient for Different System
Operating Frequencies in Different Systems

TABLE 5 Optimal Ranges of Coupling Coefficient Under Different System
Operating Frequencies

FIGURE 9. Two-coil WPTS test rig.

Similarly, the optimal ranges of the coupling coefficient of
the other cases can also be obtained, as shown in Fig. 8(b) to
(d), respectively.

Due to stringent efficiency and output power requirements
of various WPTSs, the overlapping areas at the different oper-
ation frequencies cannot be avoided, as shown in Fig. 8(b) and
Fig. 8(d), but it does not affect the results of optimal ranges of
coupling coefficient at a given operational frequency.

The specific values of optimal ranges of kps for the four
cases at different operational frequencies are given in Table 4.
Afterward, the typical sections of the kps optimal ranges are
obtained and shown in Table 5.

As the operational frequency of WPTS is usually close to
85 kHz, in the following section, the effectiveness of the op-
timal range of the coupling coefficient is experimentally ver-
ified at 85 kHz, for suppressing the efficiency decline caused
by the resistance escalation.

V. EXPERIMENT VALIDATION
A. DESIGN AND ESTABLISHMENT OF A TEST RIG
To verify the applicability of the previously presented inves-
tigation, a 3-kW two-coil prototype WPTS was designed and
manufactured to perform the experimental studies. as shown
in Fig. 9. According to the descriptions in Fig. 1, the design

FIGURE 10. Design flow chart of two-coil prototype WPTS.

steps of WPTS with SS topology can be summarized as shown
in Fig. 10. And the specific steps involved in the design of
WPTS are as follows.

Step 1: Set the desired rated values of the output power and
efficiency of the WPTS.

Step 2: Define the rated values of the coupling coefficient
and the air gap of the LCT.

Step 3: Determine the dimensions of LCT, the coils’ num-
ber of turns, and the arrangement of wires.

Step 4: Establish the 3-D finite element (3D-FE) simulation
model of the designed LCT and calculate the self-
and mutual inductance of coils. Determine whether
the coupling coefficient of the LCT meets the crite-
ria of the rated coupling coefficient in step 2. If yes,
execute the next step. If not, return to step 3.

Step 5: Substitute the self-inductance and mutual induc-
tance of coils into (1) and (2) to calculate the
system’s output power and efficiency. Determine
whether the output power and efficiency of the
WPTS meet the rated values in step 1. If yes, ex-
ecute the next step. If not, return to step 3.

Step 6: Manufacture the prototype WPTS.
The test rig of WPTS is established, and the system specifi-

cations are given in Table 6. This test rig mainly composed of
a high-frequency supply, two sets of compensation capacitors,
a resistance load and a LCT. The size of developed LCT is 700
mm × 700 mm × 6.5 mm, the primary and secondary coils are
made by standrized Litz wires (0.1 mm × 2000), which can
reduce the skin effect effectively. It is noticed that to avoid the
high-frequency radiation, an aluminum plate is adopted as the
shielding in the experiment. Furthermore, to prevent excessive
temperature rise, natural air cooling and forced air cooling are
selected for the LCT and the load resistance, respectively.
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TABLE 6 Specifications of Prototype

FIGURE 11. Tested waveforms in resonance condition. (a) primary voltage
and current. (b) Secondary voltage and current.

The inductance and resistance of the two LCT’s coils are
measured using a precise impedance analyzer; other parame-
ters such as system output power and efficiency are measured
by a precise power analyzer. Furthermore, the waveforms of
the voltage and current of the prototype are recorded by a
digital oscilloscope. At the resonance situation, the voltage
and current waveforms of the primary and secondary systems
are shown in Fig. 11(a) and Fig. 11(b). The zero phase angle
between the waveforms shown in Fig. 11 suggests that the
system is resonating.

B. EXPERIMENTAL RESULTS
Using the experimental test bench, the system’s output power
and efficiency can be measured for the four different coupling
coefficients when the system’s resistance increases by a sim-
ilar extent. Afterward, the maximum decline in system’s effi-
ciency, ηmd, under various loading conditions were computed
and displayed in Table 7. It is worthy of mentioning that Rs

is the whole system’s resistance. As seen in Table 7, it can be
concluded that:

TABLE 7 Experimental Results

1) When kps rises from 0.118 to 0.232, the maximum of the
system efficiency rises from 91.302% to 99.092%, and
the maximum of the system output power drops from
3.387 kW to 1.63 kW. Therefore, it can be concluded
that the system’s efficiency increases with the increment
of kps. However, the system’s output power decreases
gradually. This conclusion is consistent with the theo-
retical analysis in section III and the trends shown in
Section III.

2) When kps is 0.118 (less than the lower limit of the
optimal range of coupling coefficient at 85 kHz), ηmd

drops to 19.065%, and the system’s output power be-
comes almost 3 kW. Moreover, with kps = 0.165, the
efficiency of WPT system decreases from 98.317%
to 93.053% when system’s resistance increases from
48.778 to 49.101 �, which is higher than that of cases 1
and 2. Meanwhile, ηmd in case 3 is only 5.264%, which
shows the system efficiency decline can be significantly
reduced to only 27% of that in case 1. Therefore, it can
be concluded that the optimal range of coupling coeffi-
cient can suppress the decline of the system efficiency
effectively. That conclusion agrees with the theoretical
analysis presented in Section III. With the further es-
calation in the coupling coefficient, until it exceeds the
upper limit of the optimal range at 85 kHz (as shown in
case 4), the system output power drops from around 1.7
kW to around 1.3 kW, which cannot meet the practical
system’s requirements. Therefore, it can also be con-
cluded that the optimal range of the coupling coefficient
can ensure the sufficient system’s output power.

3) When kps is equal to 0.118 and 0.132, respectively, the
system’s output power gradually decreases with the in-
crease of the system resistance. However, when kps is
equal to 0.165 and 0.232, respectively, with the rise in
the system resistance, the system’s output power gradu-
ally increases. That observation reinforces the trends of
the system’s output power shown in Fig. 12. As shown
in Fig. 12, with the increase of the system resistance, the
system efficiency gradually decreases regardless of the
value of the coupling coefficient. However, the system’s
output power decreases and then increases gradually,
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FIGURE 12. Variations of system output power and efficiency with
coupling coefficient under different system resistances.

which results from the increase of the coupling coef-
ficient of the system beyond a particular value.

To sum up, the proposed optimal range of coupling coeffi-
cient can suppress the decline of system efficiency when the
resistance increases due to temperature rise.

VI. CONCLUSION
This study presentes an optimal range of coupling coefficient
for suppressing the decline of WPTS caused by the increased
system’s resistance due to temperature rise. The main contri-
butions are as follows:

1) The influence of the increased resistance on the WPTS’s
efficiency was investigated. It was revealed that the in-
creasing resistance in the primary coil could lead to
more significant efficiency decline in a two-coil reso-
nant WPTS

2) Optimal range of coupling coefficient was proposed to
suppress the efficiency decline at the design stage. That
range ensured that: A) the degree of the system effi-
ciency reduction can be reduced to less than 5 percent-
age points, and B) no violation of the system’s output
power requirement.

3) A 3-kW resonant WPTS was designed, and a proto-
type was also manufactured. Experimental validations
were carried out by operating the system under different
coupling coefficient. It was shown that the efficiency
decline of WPTS could be reduced effectively with
the presented optimal range of the coupling coefficient.
Moreover, the study presented a systematic approach for
WPTS developers to select the optimal coupling range
for any given WPTS.
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