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ABSTRACT Several magnetic couplers have been presented for IPT-based charging of unmanned aerial
vehicles (UAV) with different sizes, transmission distances, power ratings, and landing gears. Therefore, it
is hard to conclude the superiority or suitability of existing couplers for a given UAV application without
evaluating their performance under common indices. Thus, a comparative analysis of existing IPT couplers
for UAVs is conducted in this article, considering electromagnetic and physical performance indices. This
includes efficiency, leakage magnetic field, misalignment tolerance, receiver coil volumetric power density,
weight, and total harmonic distortion (THD) of transmitter and receiver currents. The validity of the analysis
is experimentally supported. This article identifies the following: relative advantages and disadvantages of
existing couplers, the best couplers suited for different landing gears of UAVs in the rotary-wing category, the
impact of compensation on UAV coupler performance, and the best overall performing couplers. Moreover,
future directions are suggested based on the drawbacks identified through analysis.

INDEX TERMS Coil design, drones, electromagnetic coupling, inductive power transfer, magnetic couplers,
unmanned aerial vehicles (UAV), wireless power transfer.

I. INTRODUCTION
Wireless charging is a well-known field of research and has
become increasingly popular for Unmanned Aerial Vehicle
(UAV) or drone applications. UAVs/drones are aircrafts that
can be controlled remotely. They are categorized into fixed
wings, rotary wings, airships, Fixed-wing Hybrid Vertical
Take-Off and Landing (VTOL), and flapping wings [1]. They
are used in various applications, such as surveillance, agri-
culture, aerial mapping, and courier services [2]. One major
drawback with these vehicles is the low battery capacity and
the need for frequent charging. Some applications demand
longer battery life to enable long-distance operation [1]. Thus,
wireless charging offers a smart solution to improve a drone’s
operational longevity, as it can be autonomously charged once
its battery runs out. It will contribute to the autonomous oper-
ation of large-scale units in the near future.

Wireless charging solutions proposed for UAVs are based
on inductive power transfer (IPT) and capacitive power trans-
fer (CPT) technologies [3]. CPT utilizes an electric field as the

power transfer medium, while IPT uses a magnetic field [3].
However, this article focuses on IPT-based couplers that are
proposed for UAVs.

A typical IPT system has input and output side power
electronics and the magnetic coupler, which consists of the
primary (Tx) and secondary (Rx) coils. When designing a
magnetic coupler for IPT-based charging of UAVs, its elec-
tromagnetic design parameters, such as coil-to-coil efficiency,
leakage magnetic field and misalignment tolerance, and phys-
ical features, such as volumetric power density and receiver
coil weight, should be considered. Maximizing power transfer
efficiency from the Tx-coil to the Rx-coil is the primary goal in
WPT applications. The magnetic field generated by the cou-
pler and high current harmonics may cause electromagnetic
interference (EMI) with electronic components in its proxim-
ity. Therefore, it is crucial to minimize leakage field and THD.
Misalignment between the Tx-coil and Rx-coil contributes to
an increase in leakage magnetic fields and can decrease the
power transfer capability of a coupler due to poor coupling
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FIGURE 1. Rotary-wing UAV landing gears (a) tripod-shaped [8],
(b) T-shaped, (c) short-legged [5], (d) U-shaped [9].

coefficient. Therefore, a high misalignment tolerance is de-
sired. The drones are aerial vehicles, and keeping their
weights as minimum as possible is desirable. Therefore, the
weight of the Rx-coil should be kept at a minimum [1]. Lastly,
the design and placement of the Rx-coil should consider the
shape of the drone’s landing gear. The category of UAVs
most commonly used in applications is the rotary wing. These
UAVs have different sizes and landing gears. Common land-
ing gears for rotary-wing UAVs are illustrated in Fig. 1. The
Rx-coil is typically designed to fit a specific landing gear
and may have a different coil geometry to the Tx-coil. The
Tx-coil is typically designed for optimal performance with the
Rx-coil. Hence, the design of the Rx-coil in UAV applications
is significantly important to ensure the geometric integrity of
the UAV.

Several magnetic couplers using different coil geome-
tries have been presented for IPT-based UAV charging [2],
[4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14]. Pla-
nar non-polarized coils, such as circular [2], [4], [5], and
square/rectangular coils [6], are common in UAV applications
and couple with the perpendicular component of magnetic
flux [15]. Planar polarized coils such as the double D (DD),
Bipolar (BP), and double D-Quadrature (DDQ) coils can
generate both parallel and perpendicular magnetic fields de-
pending on current excitation. These are popular in electric
vehicle (EV) applications but have been used as transmitters
in UAV applications [9]. Non-planar coils couple with the
parallel component of magnetic flux, are also presented for
UAV applications. Based on the literature, these are typically
variations of solenoid coils, such as non-planar circular [7],
helical [8], rectangular [9], and trapezoidal [10].

A comparison of existing magnetic couplers for IPT-based
UAV charging is absent in the literature. The size of the
coils, ferrite utilization, transmission distance, operating fre-
quencies, transferred power, and compensation methods differ
between each design [2], [4], [5], [6], [7], [8], [9], [10], [11].
Furthermore, the design method and specification of certain
design parameters are absent in some solutions. Therefore,
it is difficult to conclude about the relative performance of
these couplers. This article introduces a set of design param-
eters, and a design method is followed to compare existing
couplers. Design parameters include electrical and physical
constants such as required output power, maximum receiver
coil size, conductor diameter, conductor spacing, and trans-
mission distance. The design method involves identifying the

TABLE 1. Performance Indices

battery specifications of a rotary-wing UAV and following
the design parameters and constraints to realize each coupler.
The contribution of this article compared to the existing liter-
ature is summarized as follows:

1. Identifies the advantages and disadvantages of existing
couplers for UAVs based on key performance indices.

2. Identifies which coupler is suited for landing gears
of UAVs currently used in commercial and industrial
operations.

3. Identifies the impact of compensation choice on existing
couplers in terms of transmission distance, operating
frequency, and primary current.

4. Provides a thermal analysis of each coupler.
5. Provides an experimental analysis of a double-helix re-

ceiver for UAV WPT applications.
The rest of the article is structured as follows: Section II

provides an overview of existing IPT couplers for UAVs.
Section III contains a detailed discussion on the methodol-
ogy. Simulation analyses aided by ANSYS Maxwell3D and
MATLAB Simulink are provided in Section IV. The com-
parative analysis is validated with experimental results in
Section V. A discussion of the results from the analysis is
carried out in Section VI, and future directions are proposed in
Section VII.

II. OVERVIEW OF UAV COUPLERS
Several wireless charging techniques for UAVs have been
presented in the literature. Some autonomous charging appli-
cations have been found to use resonant magnetic coupling
without a compensation method [13], [14]. Array configura-
tions for the Tx-coil is also present [15], [16]. However, this
article considers only single Tx and single Rx-coil couplers us-
ing compensation topologies. Magnetic couplers are typically
designed to meet five common goals i.e., maximize coil-to-
coil efficiency, maximize power density, minimize leakage
magnetic field, maximize misalignment tolerance, and mini-
mize receiver coil weight. This article includes an additional
design goal of minimizing THD. These goals, illustrated in
Table 1, are important to UAV applications and are therefore
used as performance indices in this article.

The specifications of existing magnetic couplers considered
in this study are illustrated in Table 2. IPT-based UAV charg-
ers have been developed for small, medium, and large-sized
UAVs with power levels ranging from 7–450 W. Based on
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TABLE 2. Existing Magnetic Couplers

FIGURE 2. UAV Couplers (C) with both transmitter coil (orange colour) and
receiver coil (brown colour) (a) Coupler 1 (C1), (b) Coupler 2 (C2),
(c) Coupler 3 (C3), (d) Coupler 4 (C4), (e) Coupler 5 (C5), (f) Coupler 6 (C6),
(g) Coupler 7 (C7), (h) Coupler 8 (C8), (i) Coupler 9 (C9).

the type of UAV and landing gear, the airgap or transmission
distance varies from 2–200 mm. The range of operating fre-
quency observed with existing couplers is 50–1000 kHz. In
UAV applications, the placement of the Rx-coil depends on
the UAV’s size and the type of landing gear.

Fig. 2 shows the magnetic couplers (C) proposed for wire-
less charging of UAVs. The transmitter is shown in orange
colour, while the brown colour shows the receiver coils. Mag-
netic couplers with planar Rx-coils are the most common
and are illustrated in Fig. 2(a)–(d). Coupler 1 (C1) shown in
Fig. 2(a) was designed to generate a low magnetic field so
that electromagnetic interference does not affect the UAV’s
electronics [4]. Coupler 2 (C2), Coupler 3 (C3), and Coupler
4 (C4) shown in Fig. 2(b)–(d) were designed to achieve a
high misalignment tolerance by extending the Tx-coil in the
horizontal direction. The extended Tx-coil is a common design
practice when trying to increase the misalignment tolerance
[2], [5], [6].

Magnetic couplers with non-planar Rx-coils are illustrated
in Fig. 2(e)–(i). Coupler 5 (C5), as shown in Fig. 2(e), uses

a circular solenoid coil placed under a small UAV’s base
[7]. Coupler 6 (C6), as shown in Fig. 2(f), was designed for
the tripod-legged landing gear common in large UAVs. The
design has a reduced leakage magnetic field with minimal
electromagnetic interference by implementing a three-phase
IPT system, which was able to reduce the 7th and 11th har-
monics in the Tx current [8]. Coupler 7 (C7), as shown in
Fig. 2(g), was designed for the U-shaped landing gear with the
goal of reducing the leakage magnetic field and maximizing
efficiency [9]. These landing gears are common in small to
medium-sized UAVs. Finally, Coupler 8 (C8) and Coupler 9
(C9), as shown in Fig. 2(h) and (i), were designed for larger
UAVs [10], [11]. The Rx-coil in C9 is suited for either the
T-shaped or U-shaped landing gear. It is evident from Table 2
that design specifications and operating conditions differ for
each coupler. Furthermore, design parameters like transmis-
sion distance are a function of coil placement in relation to
the landing gear. Therefore, before the comparative analysis
begins, it is important to classify each coupler into a category
of landing gear for which it is best suited. Based on the geome-
tries of C1-5, these are best suited for small to medium-sized
UAVs with short-legged landing gears [2], [4], [5], [6], [7]. In
this case, the receiver is typically placed under the base of the
UAV, resulting in a transmission distance of around 50mm [5].
C5-9 utilizes the landing gear of the UAV for the placement
of the receiver coil. C6 is best suited for tripod-shaped landing
gears. The Rx-coil fits around an extended leg of the landing
gear and aligns with the Tx-coil when the UAV lands. C7
is best suited for U-shaped landing gears due to the shape
of the Rx-coil, allowing it to fit directly on the leg. C8 is
suitable for UAVs with larger landing gears. C9 is suitable for
both U-shaped and T-shaped landing gears since the Rx-coil
fits around the bottom of the leg. Due to the placement of
the Rx-coils in C5-C9 relative to the Tx-coil, the resultant
transmission distance is very small, approximately 10mm. It
is evident that the size of the UAV and the type of landing gear
influence the choice of coil geometry to be used. In addition,
the transmission distance varies amongst these geometries.
Thus, Section III highlights characteristics and considerations
with respect to magnetic coupler and power electronics design
as well as introduces related design parameters and constraints
used in this analysis.
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FIGURE 3. Inductive power transfer system. (a) Schematic diagram of
IPT-based UAV chargers, (b) Circuit diagram of an SS-compensated IPT
system.

TABLE 3. Design Parameters and Constraints

III. IPT SYSTEM DESIGN
A block diagram of a typical IPT system is illustrated in
Fig. 3(a). It consists of an ac-dc converter with power factor
correction (PFC), an inverter, primary and secondary side
resonant compensation networks, the magnetic coupler con-
sisting of the Tx and Rx-coils, a rectifier circuit and the load.
In this article, the load is identified as a 10000mAh battery
with a nominal voltage of 25.2 V. Both the magnetic coupler
and the power electronics system should be considered in IPT
design.

A. MAGNETIC COUPLER CHARACTERISTICS
1) COIL GEOMETRY
The magnetic coupler consists of the Tx-coil and Rx-coil.
Since the receiver is important in UAV applications, a max-
imum coil size of 150 × 150 mm is defined for the Rx-coil.
Additionally, a wire spacing (ws) of 2 mm, and a wire di-
ameter (wd ) of 2.3mm is selected for the analysis in this
article for all the receivers and trasmitters. The detailed reason
for selecting this wire diameter is provided in Section IV-A.
The transmission distance (δ) is 10–50 mm. These values are
summarised in Table 3.

2) COIL-TO-COIL EFFICIENCY
The maximum power transfer efficiency (PTE) of a magnetic
coupler using an SS compensation is defined as:

η = k2QT QR(
1 +

√
1 + k2QT QR

)2 (1)

where QT and QR are the quality factors of the Tx and Rx-coils
respectively. However, (1) assumes the losses in ferrite core
are small compared to the losses in copper winding [17]. To
accurately calculate the maximum efficiency of the coupler,
the power loss due to copper winding and ferrite core material
is considered. Copper losses are calculated by obtaining the
series resistance of the windings:

Pcu = I2
RMSRac (2)

where Rac is the ac resistance of the wire, and it takes into
consideration both skin and proximity effects. IRMS is the rms
current through the coils at resonant frequency. Litz wires are
generally used for coils. Finite element analysis software such
as ANSYS Maxwell can be used to derive Rac by incorporat-
ing wire diameters and the number of strands in the litz wire.
Power loss in ferrite core is calculated using the Steinmetz
equation and integrating it over the core volumes [18]:

Pf e = κ f α
0 B̂β (3)

where, κ, α and β are the Steinmetz coefficients for magnetic
materials, f0 is the operating frequency, and B̂ is the peak
magnetic flux density. The Steinmetz coefficients for magnetic
materials are available on manufacturer datasheets. Therefore,
the total output power and coil-to-coil efficiency of a wireless
power transfer coupler is given by:

Pout = Pin − Pcu − Pf e (4)

ηc = Pout

Pin
(5)

Power loss due to shielding is not included since shielding
methods are not common in UAV applications, according to
the literature. Because the introduction of passive shielding
will further increase the receiver’s weight.

3) POWER DENSITY
It is desirable to increase the area-related power density (αA)
and volumetric power density (αV ) given by (6) and (7) of a
coupler [17].

αA = Pout

Ac
(6)

αV = Pout

Vc
(7)

where Ac and Vc are the surface area and volume of the coil.
αA is mostly used for planar coils. However, αV is a more
useful performance index when considering non-planar coils.
Therefore, αV is considered in this analysis.
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4) LEAKAGE MAGNETIC FIELD
The leakage magnetic field of a magnetic coupler is deter-
mined at a point in 3D space and is given by:

BL f =
(

B2
x + B2

y + B2
z

) 1
2

(8)

where Bx, By and Bz is the magnetic field density in the x, y
and z directions. Leakage magnetic field should be minimized
for increased coupler performance and to avoid EMI and ex-
posure to surroundings [17].

5) MISALIGNMENT TOLERANCE
In UAV applications, positioning errors may occur in GPSs
and cameras, which can cause misalignment between the Tx
and Rx-coils when the vehicle lands. This reduces the mutual
inductance (M ) which reduces system stability and power
transmission capability. Thus, M should be stable to ensure
efficient power transfer. Misalignment tolerance is defined
as the ratio of the maximum tolerable distance whereby M
remains constant [5].

6) WEIGHT AND COST
Factors that typically contribute to the weight of a design is the
volume of litz wire, ferrite core and passive shield. The cost of
a magnetic coupler is also an important factor to consider in
relation to weight. Hence, the number of materials used for the
design of a coupler should be minimized. In UAV applications
the weight of the Rx-coil should be minimized. Weight of the
Rx-coil is therefore considered in this article.

B. POWER ELECTRONICS CONSIDERATION
The choice of power converters and compensation method
impacts the overall performance of an IPT system. This article
uses a resonant single-phase converter and class D rectifier.
To maximize the efficiency of the IPT system, primary and
secondary compensation is typically required. Compensation
topologies minimize input apparent power and, therefore,
maximize power transfer capability. In addition, they help
achieve soft switching of semiconductor switches [19]. There
are four basic compensation topologies i.e., Series-Series
(SS), Series-Parallel (SP), Parallel-Series (PS), and Parallel-
Parallel (PP). Table 2 shows that the compensation topology
most commonly used for UAV charging applications is the
SS topology. It exhibits a high efficiency for shorter trans-
mission distances [20]. An SS topology can achieve a single
zero-phase angle frequency (ZPAF), ensuring the system op-
erates at a unique frequency. Therefore, the frequency splitting
phenomenon or bifurcation, which is categorized by multiple
ZPAF between the input voltage and current, can be avoided.
Additionally, this can be achieved while maintaining a con-
stant current output required for battery charging [19]. For
these reasons, the SS topology is adopted for this analysis.
Fig. 3(b) shows the circuit diagram for an SS-compensated
IPT system. S1 − S4 are switches while D1 − D4 are diodes.
L1 and L2 are the inductance of the transmitter and receiver

coils. C1 and C2 are the series connected compensating capac-
itances on the transmitter and receiver sides.

1) INVERTER CURRENT HARMONICS
The non-linear nature of power converters can cause cur-
rent harmonic distortion on the transmitter and receiver side,
which can cause EMI with other electronic devices [10].
Current harmonic distortion in the inverter circuit can be min-
imized by ensuring a single ZPAF. Operating with ZPAF is
also characterized as a bifurcation-free region. Therefore, de-
signing for bifurcation-free operation by ensuring ZPAF will
minimize inverter current harmonics [21]. For the SS com-
pensated system, given the load requirements, the equivalent
ac resistance of the UAV battery can be calculated as:

Req = 8

π2
(RLdc) (9)

where RLdc is the DC resistance of the battery. Thus, the DC
load of 2.52 � in this article is modelled as the equivalent
AC load resistance of 2.04 � for all couplers. In hardware
implementation, the external quality factor (Qe) of an IPT
system is generally constrained to ensure system stability and
improve efficiency. This is given by:

Qe = ω0L2

Req
(10)

where ω0 = 2π f0 is the chosen operating frequency and L2 is
the Rx-coil inductance [21]. The external quality factor (Qe)
in (10) of a coupler is also related to the critical coupling
coefficient (kc):

k0 � kc ≈ 1

Qe
(11)

Therefore, if the coupling coefficient (k0) and Rx-coil induc-
tance (L2) is known, then a suitable Qe can be chosen to
ensure k0 is less than kc. This design consideration ensures the
IPT system operates in the bifurcation-free region [22]. Oper-
ating above the frequency corresponding to the chosen Qe will
violate (11), resulting in k0 exceeding kc, thus bifurcation may
occur. Equation (10) is dependent on the Rx-coil inductance;
hence the operating frequency and external quality factors of
each design will differ.

2) RECTIFIER CURRENT HARMONICS
To reduce current harmonics in the receiver current due to
non-linearities in the class D rectifier circuit, the existing
couplers are required to satisfy the condition below [21]:

Qe ≥ 3 (12)

This suggests that for an SS compensated system, the coupling
coefficient (k0) should not exceed 0.33. A strong coupling
would require a lower constraint on Qe or Qe < 3 to avoid
bifurcation. This violates (12). Furthermore, in light load ap-
plications such as the one in this article, bifurcation is more
likely to occur when there is strong coupling between the
Rx and Tx-coil [23]. Thus, (11) and (12) should be satisfied,
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and over-coupling should be avoided to reduce Tx and Rx
side THD in light-load SS-compensated IPT systems [24]. To
ensure these conditions are followed, the Qe is constrained to
3-5 in this analysis.

3) CURRENT AND VOLTAGE EQUATIONS FOR SS TOPOLOGY
Given the inductances of the Tx-coil (L1) and Rx-coil (L1) and
the operating frequency ( f0), the primary and secondary series
compensating capacitors can be calculated independent of the
coupling coefficient (k0):

C1 = 1

ω2
0L1

(13)

C2 = 1

ω2
0L2

(14)

The reflected impedance from the secondary side and the
primary and secondary current is given by [25]:

Zr = − jωI2 = (ωM )2

Z2
(15)

I1 = Vs

Z1 + Z2
= Z2Vs

Z1Z2 + (ωM )2 (16)

I2 = jωMI1

Z2
= jωMVs

Z1Z2 + (ωM )2 (17)

where Z1 = jωL1 + 1
jωC1

+ R1, and Z2 = jωL2 + 1
jωC2

+
R2 + Req. Since the load is a battery with a nominal voltage
and a constant charging current, (15)–(17) can be simplified to
the following provided the IPT system operates at the resonant
frequency.

The secondary or load voltage and current are determined
using the battery specifications and are given by [26]:

V2 =
(

4

π

)
(Vdc) (18)

I2 = V2

Req
(19)

The supply voltage needed to achieve the load requirements
and the primary current in the Tx-coil is given by [26]:

VS = I2ω0M (20)

Zr = ω2
0M2

Req
(21)

I1 = VS

Zr
(22)

Finally, the voltage gain in an SS topology is given by [25]:

G =
∣∣∣∣VL

Vs

∣∣∣∣ =
∣∣∣∣ jωMReq

Z1Z2 + (ωM )2

∣∣∣∣ (23)

Given the load or battery specifications, the theoretical values
of the peak load voltage and current can be calculated using
(18) and (19) and is common for all couplers at 32.09 V
and 15.73 A. For an SS compensated IPT system, the supply

voltage (VS ), and primary current (I1) is dependent on the
load requirements and the relationship between the operating
frequency ( f0), and mutual inductance (M ). Therefore, the
current flowing in the Tx-coil is influenced by the choice of
frequency. For the chosen diameter of copper wire (wd ) the
peak current in the coils should not exceed 16.9 A. Therefore,
a suitable frequency should be selected for each coupler while
considering their respective Qe. The operating frequency of
all couplers in this analysis is constrained to [50; 200 kHz].
According to Table 2, this range of frequency is common in
UAV applications, and constraining the operating frequency
ensures that switching losses in power electronics are kept to
a minimum within this range. By following (13)–(22), each
coupler is designed to transfer 252 W power to the load. More-
over, all designs meet the constraints defined by (11) and (12)
by selecting an appropriate operating frequency with the range
of 50 kHz to 200 kHz to ensure bifurcation-free operation
and to reduce harmonic currents. The complete set of design
parameters and constraints of this article are summarised in
Table 3.

IV. DETAILED ANALYSIS AND RESULTS
Analysis of existing couplers was carried out using ANSYS
Maxwell3D and MATLAB. Each couplers’ secondary induc-
tance (L2) was designed by considering the constraint on
Qe and f0 and the transmission distance was chosen such
that coupling coefficient (k0) remains below critical cou-
pling (kc). In addition, mutual inductance (M ) needed to be
properly designed so that the constraint on I1 is followed.
The physical and electromagnetic properties of the couplers
post-simulation are illustrated in Table 4. These include trans-
mission distance, weight, operating frequency ( f0), external
quality factor (Qe), primary (L1), and secondary (L2) induc-
tance, mutual inductance (M), primary (R1), and secondary
(R2) coil resistances and coupling coefficient (k0).

A. OUTPUT POWER AND COIL-TO-COIL EFFICIENCY
The output power and coil-to-coil efficiency were acquired by
exciting each coil with the respective currents determined by
(19) and (22) and interpreting the post-simulation results. To
model the loss due to ferrite, material properties of ferrite
core 3C90 were inserted in the core loss setting. Accurate
calculation of the power loss matrix is achieved by inserting
the Steinmetz coefficients for ferrite from (3). Copper losses
are obtained from the stranded loss matrix in ANSYS and are
governed by (2), and includes the impact of proximity and
skin effects. Thus, (4) and (5) determined the output power
and coil-to-coil efficiency. The primary (I1), secondary cur-
rents (I2) and respective current densities (Jx), copper (Pcu),
and ferrite (Pf e) losses, output power (Pout ), and efficiency
(ηc) of each coupler are given in Table 5. Copper losses are
a function of the Tx and Rx-coil resistances (R1 and R2) and
the primary and secondary currents (I1 and I2). Owing to
the SS compensation topology, which allows constant output
current for a given power rating (250W in this application),
the secondary current (I2), and therefore the current density
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TABLE 4. Properties Of Simulated Couplers

TABLE 5. Efficiency and Current Density Of Simulated Couplers

in the Rx-coil (J2) of each coupler is similar according to (18)
and (19). As seen from Table 5, the maximum value of current
in Rx-coil is 15.7 A, and therefore a Litz wire consisting of
200 strands and a diameter of 2.3 mm is used for modelling
the receiver coils. Current in the Tx-coils (I1) depends on the
relationship between mutual inductance (M ) and operating
frequency ( f0), as shown by (20)–(22). The mutual inductance
varies with different coupler structures, and a suitable oper-
ating frequency within the range of 50kHz-200kHz must be
selected for each coupler to satisfy the constraints (11), and
(12). Therefore, Tx-coil current (I1) varies. A high primary
current is observed for low mutual inductances. However,
the maximum current observed in the Tx-coil is 16.9A, as
shown in Table 5. This current is within the current handling
capability of the copper wires used for analysis. The couplers
have a high maximum coil-to-coil efficiency, with C1, C6, and
C7 having the highest due to lower losses in the coil windings.
C2 and C9 have the lowest coil-to-coil efficiency. The effect
of coil-to-coil efficiency and output power with changing load
conditions are shown in Fig. 4. Efficiency reduces when the
load resistance reduces and output power is low, and improves
when the load resistance increases and output power is high.
This behaviour is inherent in SS-compensated IPT systems,
as discussed in the literature [25]. Therefore, the SS topol-
ogy achieves maximum efficiency for high-power applications
characterized by a larger load.

Since each coupler is operating at different frequencies, the
power loss in the full-bridge inverter and single-phase rectifier
cannot be ignored. The power loss in each MOSFET of the
full bridge inverter is the sum of the conduction loss (Pd ),
switching loss (Psw ), output loss (Po), gate drive loss (Pg) and

FIGURE 4. (a) Efficiency versus load resistance (b) Output power versus
load resistance.

body diode loss (Pb). These losses are given by (24)–(28) [27].

Pd =
(

Pin

Vin

)2

× TCR × RDS (24)
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TABLE 6. Power Loss in Inverter and Rectifier

Psw = Pin

2
× Qsw

Igof f

× f0 (25)

Po = Vin

2
× Qoss × f0 (26)

Pg = Vdr × Qg × f0 (27)

Pb = Pin

Vin
× Vf wd × trr × f0 (28)

In (24)–(28), Pin and Vin is the input power measured before
the inverter. The remaining variables are determined using
the MOSFET datasheet. TCR is the temperature coefficient
of resistance. RDS is the drain-source resistance. Qsw is the
switching charge which is the addition of QGS (gate to source
charge) and QGD (gate to drain charge). Qoss is the output
charge. Vdr is the output voltage of the gate driver which drives
the MOSFET. Qg is the total gate charge. Vf wd is the forward
voltage drop of the MOSFET. Trr is the reverse recovery time.
The total loss in each MOSFET is given by (29) [27].

Pmos f et = Pd + Psw + Po + Pg + Pb (29)

Table 6 shows the individual and total losses for each cou-
pler analyzed in this article. The losses shown in Table 6 are
calculated for the semiconductor devices used for experimen-
tal validation. In this article, the inverter comprises of four
CoolMOSTM CFD7 MOSFETs, and losses are calculated
assuming the same inverter is used for all the couplers. The
conduction and switching losses are dominant components in
the inverter power loss equation. The input voltage (Vin) is
a function of the switching frequency ( f0) and the mutual
inductance (M ) of each coupler according to (20). Coupler
structures with a higher mutual inductance (M ) have a higher
input voltage (Vin) which lowers the conduction losses (Pd )
according to (24). Additionally, switching losses (Psw ) are
greater in coupler structures with higher switching frequen-
cies ( f0) according to (25).

Power loss in the single-phase rectifier is calculated using
(30), which calculates the loss in each diode [28].

Pdiode =
(

VF × IF × ton

tsw

)
+

(
VR × IR × tof f

tsw

)
(30)

Where the first term of (30) provides the diode’s ON-state
losses, while the second term provides the OFF-state losses.
VF is the forward voltage and IF is the current flow during

TABLE 7. Magnetic Coupler Performance Indices

the ON-state. VR is the reverse voltage and IR is the current
through the diode at this voltage. DSEP2X31-06A diodes
were used in the rectifier, and the losses are calculated based
on it. Since this article uses SS compensation, each coupler’s
output voltage and current are the same, resulting in equal
rectifier losses. The losses are provided in Table 6. It is im-
portant to highlight that higher rectifier losses are observed
due to high VF in the selected diode and higher IF or I2, as
seen in Table 5.

B. POWER DENSITY, THERMAL ANALYSIS AND
LEAKAGE FIELD
Using the output power and the volume of the Rx-coil ex-
tracted from ANSYS, the volumetric power density was
determined with (7). Table 7 shows the power density (αv)
of all the couplers. A high output power and low Rx-coil
volume resulted in high-power density coils. Since volume
is a function of weight, lighter Rx-coils (i.e., low volume)
such as C1, C6, and C7 have the highest power density. High
power density coils are generally favourable however, high
maximum coil-to-coil efficiency can still be achieved with
lower power densities for UAV applications.

Furthermore, high power densities can result in higher
temperature coils, leading to thermal losses [17]. A thermal
analysis of each coupler is provided in Fig. 5. The Tx and
Rx excitation currents provided in Table 5 are used for this
analysis. Each temperature scale shows the temperature distri-
bution of the coupler when transferring ∼250 W-rated power
using an SS-compensated IPT system. The analysis provides
the temperature of the coils at a steady state, and Table 7 sum-
marises the maximum steady-state temperature of the coupler.
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FIGURE 5. Thermal Analysis of Magnetic Couplers (C) (a) C1, (b) C2, (c) C3, (d) C4, (e) C5, (f) C6, (g) C7, (h) C8, (i) C9.

FIGURE 6. Leakage Field Behaviour of Couplers.

C9 has the highest temperature at steady state, followed by
C6 due to the compact design of the coils. High temperatures
are also a result of the higher number of turns relative to
the rest of the couplers. Nevertheless, the maximum recorded
steady-state temperature is 30 °C for C9; no forced cooling is
required.

Leakage field analysis was carried out by measuring the
magnetic field strength along the vertical distance until 27 μT
was detected. This is illustrated in Fig. 6. It is desirable to

consider the field in the vertical distance with respect to drone
applications because IPT coils are typically placed beneath the
drone electronics and motors. Leakage field can potentially
interfere with the sensitive electronics of the UAV, causing
electromagnetic interference (EMI). It is shown that all cou-
plers exhibit similar behaviour for the leakage field. C6 and
C9 have a higher initial field at 0 mm due to ferromagnetic
material strengthening the field. C4, C7, and C8 have a low
initial field at 0 mm. The field strength of C4 and C8 at
this point is low due to a lower number of turns. C7 has a
lower field in the vertical axis due to the orientation of the
Rx-coil and the direction of the field produced by that coil.
The distance (dBL f ) in which the field meeting 27μT is given
in Table 7. This distance is lowest for C6 and C7, indicating
a lower leakage field for these couplers and desirable for
applications where EMI is a major design criterion.

C. MUTUAL INDUCTANCE AND
MISALIGNMENT TOLERANCE
By observing the variation in mutual inductance with respect
to lateral (y-axis) and longitudinal (x-axis) misalignments,
the tolerance of each coil to misalignments is obtained. The
maximum distance over which mutual inductance remains
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FIGURE 7. Mutual Inductance versus (a) Lateral Misalignment and
(b) Longitudinal Misalignment.

stable (variation of ±1μH) is considered the tolerance of
a coupler. The variation of mutual inductance versus lateral
and longitudinal misalignment is illustrated in Fig. 7, and
the misalignment tolerance (MT ) is provided in Table 7. By
observing how stable mutual inductance is with respect to
misalignment, it is evident that C1, C2, C8, and C4 have the
highest tolerance to misalignment since the Tx and Rx-coils
are geometrically similar. Additionally, C2 and C4 have ex-
tended Tx-coils which has been found to improve tolerance to
misalignment [2], [6]. C7 and C9 have the lowest tolerance
in the lateral direction but a high tolerance to longitudinal
misalignment due to the shape of the Rx-coil in relation to
the Tx-coil.

According to (20)–(22), a change in mutual inductance
caused by misalignments can impact the primary side voltage
and current. It is known that when misalignment occurs, the
mutual inductance reduces. To compensate and transfer the
required power to the load, the primary voltage and current
need to increase, causing strain on the power electronics and
reducing the efficiency of the IPT system. Additional analysis
is performed for each coupler to identify the impact on power
electronics, particularly the DC supply voltage and the peak
primary current when the mutual inductance decreases by
30%. The 30% reduction in mutual inductance (M30%), the
DC supply voltage (V dc30%), and the peak primary current
(I1 30%) at the reduced mutual inductance is illustrated in
Table 8 alongside the original values. Results show that when
mutual inductance (M ) decreases, the DC supply voltage

TABLE 8. Impact of Mutual Inductance on Primary Current and Voltage

TABLE 9. Total Harmonic Distortion and Voltage Gain

(V dc) and peak primary (I1) current increases proportionally.
Thus, couplers with high tolerance to misalignment are favor-
able in UAV applications to avoid electric strain on the supply.

D. POWER ELECTRONICS ANALYSIS
To understand how each magnetic coupler operates, fur-
ther analysis of the power electronics is required. The total
harmonic distortion in Tx and Rx currents is considered a
performance index and calculated using MATLAB Simulink
and is provided in Table 9. It is evident that the external quality
factor (Qe) of an IPT system influences the current distortion
in the coils. The correlation between Qe and THD shows
that a higher Qe, resulting in lower THD in both Tx and Rx
currents, thereby reducing harmonics in both the inverter and
rectifier circuits. The values used in this analysis are provided
in Table 4. Additionally, since Qe is constrained between 3-5
in this article, the distortion in both Tx and Rx currents in all
couplers is below 5%. The analysis showed C2, C3, and C9
having the lowest distortion in Rx current, and C1, C2, C3,
and C9 have the lowest distortion in Tx current due to higher
external quality factors.

The DC voltage gain (VG) of each coupler is calculated
using (23) and is also provided in Table 9. In an SS topol-
ogy, voltage gain is dependent on mutual inductance and
frequency. It is observed that the voltage gain is higher in
couplers with lower mutual inductances. It has also been
discussed that a lower mutual inductance requires a higher
input current for the same load. Thus, a high voltage gain is
observed. Couplers with a low DC voltage gain indicate that
a high input voltage is required to meet the output voltage
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TABLE 10. Overall Performance of Magnetic Couplers

of 25.2V. The low voltage gain is also due to a lower input
current.

E. OVERALL SCORE AND WEIGHTING
To evaluate the performance of each coupler studied in this
article, a ranking and scoring method is used. The proce-
dure used in this article is the Rank Order Centroid (ROC),
which uses a conversion formula to apply a weight to the
performance index based on its importance. The equation is
provided below [29]:

Wi =
(

1

M

) M∑
n=i

1

n
(31)

where M is the number of performance indices considered and
W is the weight for the ith index.

Couplers are given a score for their performance in each
criterion. The highest score a coupler can achieve is 9, and
the lowest score is 1. A weight is then applied to these scores
depending on the criteria. To calculate the weights of each
index, five scenarios are considered where specific indices
are given more importance than others. The first scenario
considers all indices equal and applies an equal weighting
to all. Efficient power transfer and weight of the Rx-coil are
significant in UAV applications [1]. Therefore, the second
scenario has those two indices carrying the highest weighting
while the remaining are given equal weighting. The third
scenario includes misalignment tolerance as an equally im-
portant index compared to efficiency and weight, while the
remaining are considered less important. Misalignment tol-
erance becomes important when considering the effect of
reduced mutual inductance on the input power electronics. In
the fourth scenario, the leakage field replaces misalignment
tolerance. Industrial standards limit the leakage field and are
not always considered a performance index. However, it is
required to minimize the leakage field so that surrounding
electronics and objects are not harmed. In the fifth scenario,
THD replaces the leakage field. In UAV applications, sensitive
electronics are in close proximity to the coupler. A high THD
in the fundamental component can cause EMI, which may
affect the functionality of the UAV. Therefore, minimizing
THD is necessary in UAV applications.

TABLE 11. Overall Score of Couplers

In each scenario, there are always 2 sets of indices with
equal weighting at any given time. Therefore, M is considered
as two instead of seven different indices. Therefore, weights
are divided into parts of 0.75 and 0.25 according to (24). For
the scenario where two indices are highly important, 0.75
is separated into two parts, while 0.25 is separated into 5.
For scenarios with three indices of high importance, 0.75
is divided into 3 equal parts, while 0.25 is divided into 4.
Table 10 provides the overall performance of each coupler
in terms of the performance indices. Table 11 provides the
overall score based on the different scenarios. Considering
Scenario 1, where each performance index is given equal
weighting, C1 and C8 perform the best. In Scenario 2, C1,
C6, and C7 perform best, with efficiency and weight as the
highest weighted indices. The results of Scenario 3 indicate
that C1 and C6 perform best with efficiency, weight, and
misalignment tolerance as the highest weighted indices. In
Scenario 4, C1 and C6 have the best performance. Finally, In
Scenario 5, where THD is considered in addition to efficiency
and weight as an important index, C1 and C8 perform best.
Considering all scenarios, it is obvious that C1 and C6 stand
out as the best overall performing couplers.

V. EXPERIMENTAL VALIDATION
The analysis in this article is carried out based on finite ele-
ment analysis and MATLAB Simulink simulations due to its
complexity. However, one of the couplers from the analysis is
implemented, and its results are compared with the simulated
results to validate the efficacy of the proposed analysis. C9
is realized in this article as the experimental analysis was not
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FIGURE 8. Hardware implementation (a) Experimental setup,
(b) Fabricated coils.

TABLE 12. Coupler 9 Parameters

presented in the literature and is the only coil proposed for
T-legged drones.

Fig. 8(a) shows the experimental setup of the IPT sys-
tem where CoolMOSTM CFD7 power transistors are used
in the inverters and DSEP2X31-06A fast recovery diodes are
utilized in the rectifier. Switches are protected from high-
frequency switching stresses by utilizing snubber capacitors
across the DC bus. Compensation capacitors are realized us-
ing metalized polypropylene film capacitors. ELP/DCM9715
electronic load is used to model the battery or load of the
UAV. The controller is implemented using a TI LaunchPad kit
with C2000 F2837x MCU. Fig. 8(b) shows the fabricated C9.
The diameter of copper wire is 2.3 mm, which consists of 200
strands of AWG38 wires. Ferrite with a permeability of 1680
is used for the core. Table 12 compares the parameters and
performance indices of the simulated and experimental im-
plementation of C9 and provides the error between both cases.
The experimental setup achieved a coil-to-coil efficiency (ηc)
of 96.27%. The efficiency deviation compared to simulations
is 0.53, which is minimal and attests to the accuracy of the
analysis. Losses in the inverter and rectifier for the simulated

FIGURE 9. Input and output voltage and current waveforms.

FIGURE 10. Total Harmonic Distortion in (a) Tx and (b) Rx current.

and experimental setup are also provided and have minimal
error deviation which validates the accuracy of the analysis

The input and output voltage and current waveforms are
shown in Fig. 9. Due to the low error in coil inductance and
the minor increase in coupling of the fabricated coils, a higher
operating frequency was chosen such that Qe is constrained to
3.26 corresponding to a critical coupling of 0.31. Constraints
(11) and (12) are still satisfied. The total harmonic distortion
measured in the Tx and Rx current is 4.32% and 5.09% re-
spectively, as shown in Fig. 10. A minor increase in THD is
observed in the experimental setup because of the reduced Qe

compared to the simulated coils. The magnetic field generated
by the fabricated coils in Fig. 11 was measured in the vertical
(z-axis), lateral (y-axis) and longitudinal (x-axis) directions
using Narda ELT-400. The field along the vertical axis match
closely with the field analysis carried out in Section IV-B. The
variation of mutual inductance (M ) with misalignment in the
simulated and fabricated coils are compared in Fig. 12 and are
almost identical. Efficiency with respect to misalignment is il-
lustrated in Fig. 13. Efficiency with respect to variation in load
resistance is illustrated in Fig. 14. The experimental coil-coil
efficiency measurement includes the losses in the capacitors
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FIGURE 11. Leakage Field Analysis of C9 (a) Z-Axis (b) Y-Axis (c) X-Axis.

as efficiency is determined by measuring the current and volt-
ages at the out of the inverter and the input of the rectifier.
The simulated plot does not include the losses in the ferrite
core and the compensation capacitors. This is shown by the
noticeable difference between the simulated and experimental
plots. Losses in the compensation capacitors for lateral and
longitudinal misalignment and change in load are illustrated
in Tables 13 and 14. Losses in the primary side capacitors
increase with misalignments due to the increase in primary
current, while secondary losses almost remain constant as
secondary current is constant due to the SS-compensated IPT
system. A similar observation is valid for the variation of load
resistance.

Both sets of analyses show a strong correlation between
the simulated and experimental designs. In addition, Fig. 15
illustrates the variation of the transmitter and receiver induc-
tance with respect to misalignment. Results show that both

FIGURE 12. Mutual Inductance versus Misalignment.

FIGURE 13. Efficiency versus (a) Lateral Misalignment (b) Longitudinal
Misalignment.

inductances remain stable during misalignment and will not
result in the detuning of the IPT system.

Finally, a thermal analysis was done with the coils of C9.
Fig. 16(a) shows the coils after five minutes of operation with
a temperature reaching 27.7 °C. Fig. 16(b) shows the coils
after ten minutes at which the system has reached a steady
state. The results agree with the simulated analysis with C9
reaching a temperature of 30 °C at a steady state.

In summary, there is a close relation between simulated
results and experimental results of C9, indicating that the
design process was properly followed with no inconsistencies.
Thus, the hardware prototype validates the effectiveness of the
analysis provided in this study.
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FIGURE 14. Efficiency versus Load Resistance.

TABLE 13. Compensation Capacitor Loss With Misalignment

TABLE 14. Compensation Capacitor Loss with Load Variation

VI. DISCUSSION
The comparative analysis of magnetic couplers was conducted
by evaluating the performance indices listed in Table 1. De-
sign parameters and constraints listed in Table 3 formed the
basis for the comparison so that couplers can be compared
under similar conditions. SS compensation was used to model
and match the couplers for the specified load (rated power).
The properties of the couplers are shown in Table 4, and their
overall performance is summarized in Table 10. Finally, the
overall score is illustrated in Table 11.

It is evident that C1 performs best under all scenarios and
is the superior coupler in terms of maximizing efficiency,
minimizing weight, maximizing tolerance to misalignment,
minimizing leakage field, and total harmonic distortion. It is
followed by C6, the second best in maximizing efficiency and
misalignment tolerance while minimizing weight and leakage

FIGURE 15. Change in inductance with misalignment (a) transmitter
(b) receiver.

field. However, it falls short of C8 in terms of minimizing
THD. C7 is placed third in maximizing efficiency and mis-
alignment tolerance while minimizing weight and leakage
field. In summary, C1, C6, C7, and C8 are observed to have
the best overall performance for existing UAV couplers.

The choice of compensation network is crucial in IPT
applications. The analysis has shown that SS compensation
can work for all couplers. However, this topology has some
drawbacks for UAV applications. Since most IPT-based UAV
applications have a light load, high coupling needs to be
avoided to maintain an external quality factor (Qe), which is
greater than 3, and to meet the criteria for bifurcation-free op-
eration. This means factors that affect the coupling coefficient,
like transmission distance and mutual and self-inductances,
must be considered properly before the design of coils. In
addition, the choice of frequency is significant. Frequency in
relation to the secondary inductance (L2) affects the external
quality factor (Qe). Frequency in relation to mutual induc-
tance (M ) impacts the value of the primary current. It has been
observed that a low mutual inductance can cause a high pri-
mary current. Therefore, the proper choice of frequency can
compensate for this. Thus, transmission distance, frequency,
and mutual and self-inductances are important considerations.
Another observation made in the analysis was that the coil-to-
coil efficiency reduces as the load resistance decreases and
improves as the load resistance increases. This suggests that
SS compensation is suited for high-power applications with
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FIGURE 16. Thermal Analysis of C9 (a) 5 min of operation (b) 10 min of
operation.

larger loads. Therefore, alternative compensation topologies
should be investigated for UAV applications. The LCCL-S
topology is highly efficient for low-power applications and
less sensitive to load variations [25].

The loss analysis provided in Table 6 using (24)–(30) also
shows that higher coil currents increase the total losses in
the inverter and rectifier of an SS-compensated system. Pri-
mary coil current can be minimized by optimally designing
the coupler parameters, such as mutual inductance, while the
secondary coil current can be reduced by using an appropriate
DC-DC converter to manipulate the load resistance [9].

Another contribution of this article in relation to existing
literature is a thermal analysis of each coupler. The analysis
was performed with ANSYS Icepak. The results show that
a high power density is not the only factor contributing to
high temperatures in the Rx-coil but is also impacted by the
number of turns and the transmission distance between Tx
and Rx-coils. An example of this is a comparison between
C2 and C3. Both couplers have a similar number of turns on
the Rx-coil and similar power densities. However, C3 has a
shorter transmission distance between the Tx and Rx-coil and
consequently shows a higher temperature. C9 is shown to have
the highest temperature at steady state. The thermal loss in
this coupler cannot be ignored as it contributes to the lower

efficiency observed compared to other couplers in the analy-
sis. Thus, a thermal analysis provides valuable information on
the behaviour of couplers and should be considered in WPT
applications.

VII. FUTURE DIRECTIONS
The following future directions are proposed based on the
analysis performed in this article:

1. Most coils exhibit very high power densities. This is
common in UAV applications due to smaller magnetic
couplers, which can lead to higher-temperature coils.
Optimization of couplers in terms of power density and
thermal performance is critical for further improving the
efficiency of these couplers.

2. In UAV applications, EMI and EMF exposure to humans
is not a major threat, as most of the existing couplers
studied in this article have shown that the magnetic
field is safe beyond 30cm from the Rx-coil. The major
challenge is to avoid the exposure of the field to sensi-
tive electronics surrounding the IPT system. Minimizing
EMI, using passive and active shielding, and implement-
ing control for the power electronics are a few methods
that can be studied further.

3. There is a lack of coil designs proposed for T-shaped
and U-shaped legs. These are common landing gears
in UAVs and should be given more attention in future
studies.

4. Interoperability in couplers will be critical as differ-
ent coils for different landing gears are proposed in
the literature. Therefore, achieving a universal transmit-
ter capable of charging different coils fitted to landing
gears shown in Fig. 1 will revolutionize IPT-based UAV
charging.

Investigation of alternative compensation topologies for
IPT-based UAV applications should be considered. A compar-
ative study using the LCCL-S can be implemented to observe
the change in overall performance.

VIII. CONCLUSION
This article presented a comparative analysis between nine
UAV couplers which have been proposed in the literature. Six
significant performance indices were used as the criteria for
comparison i.e., coil-to-coil efficiency, volumetric power den-
sity, leakage magnetic field, misalignment tolerance, weight
of the Rx-coil and THD in the Tx and Rx currents. Detailed
simulation analysis was performed with ANSYS Maxwell,
ANSYS Icepak, and MATLAB Simulink. The design of each
coil was carried out by following the design process identified
in this article. An experimental prototype was conducted for
one of the couplers to validate the efficacy of the comparative
analysis. Results obtained from this article have identified the
following:

1. Relative advantages and disadvantages of existing cou-
plers under different scenarios where the importance of
performance indices vary for each case.

2. Appropriate landing gears for each coupler.
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3. Impact of compensation choice on coupler design.
4. Thermal behaviour of existing couplers.
In conclusion, the presented analysis provides a systematic

comparison by considering all aspects of the IPT coupler in
UAV applications. Furthermore, directions are provided for
future work.
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