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Abstract—To address the challenge of limited flight duration
in drones, research into in-flight inductive power transfer has
emerged as a crucial solution. In this regard, optimizing the flight
trajectory is vital for maximizing energy reception during a single
pass over the transfer coils. This paper proposes a strategy that
incorporates trajectories optimized on the basis of pitch angle.
The optimal trajectories are derived analytically using a pitch-
dependent mutual inductance model, and implemented on the
drone’s motion controller as the reference input for each cascaded
control loop. The proposed method has been validated through
simulations and experiments. Implementation of two proposed
trajectories in the experiments reveals that the drone’s receiving
power can be improved by 13.4 % maximum compared to the
conventional method.

Index Terms—trajectory generation, pitch-dependent mutual
inductance model, in-flight inductive power transfer

I. INTRODUCTION

Drones are increasingly being used in various sectors of hu-
man society. Their application often requires operation along
fixed routes. One typical example is security surveillance, as
illustrated in Fig. 1. In this scenario, frequent battery charging
is necessary, reducing the drone’s operational efficiency. To
enhance the efficiency, inductive power transfer (IPT) for
drones, as suggested in [1], [2], is proposed for fixed-route
operations, as also shown in Fig. 1.

This system, however, faces challenges in maintaining con-
stant power and high efficiency, as drones may fluctuate in
their path near the transmitter coils. Previous studies have
achieved constant power transfer by controlling the converters
[3] or driver coil [4], but they assume mutual inductance
fluctuations and do not focus on efficiency improvement
through optimal trajectories in regards of the motion control.

Prior research on optimal trajectories for dynamic wireless
power transfer (DWPT) systems primarily concentrated on
minimizing deviation perpendicular to the forward direction by
first estimating the deviation [5], [6], and then controlling the
lateral position [7], [8]. These studies, however, do not account
for drones’ ability to change altitude and angles, which is
possible in the in-flight IPT system.

Rapid altitude and angle changes to follow optimal tra-
jectories require the implementation of advanced controllers.
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Fig. 1. Security mission with in-flight inductive power transfer system.

While some studies adopt a feedback approach [9]–[11], its
effectiveness is limited by sensor characteristics, necessitating
the use of a feedforward (FF) controller [12], [13]. There has
been extensive research on FF control for drones [14], [15].
Shin et al. [14] proposed a neural-network-based FF controller,
which requires the determination of numerous parameters. Chu
et al. [15] introduced an adaptive FF controller characterized
by multiple parameters and a complex control structure.

Against this backdrop, after the problem formulation in
section II, we propose optimal trajectories for efficient in-
flight IPT in section III. Reference trajectories are created for
each cascaded loop in the drone’s control system, including
the position control loop and pitch angle control loop. This
approach is equivalent to simply adding FF input for the pitch
angle control loop. The trajectories are analytically derived
based on the optimal pitch angle for each position above the
transfer coil. The possibility of energy enhancement based on
the proposed method is verified through the simulations and
experiments in section IV and V.

II. PROBLEM FORMULATION

A. Model of inductive power transfer system for input power
calculation

In this part, we derive the theoretical formulas for the
IPT circuit as shown in Fig. 2. Regarding Fig. 2, v1, v2,
i1, i2 are transfer-side voltage, receiver-side voltage, transfer-
side current, and receiver-side current, respectively. R1, R2,
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Fig. 2. Equivalent circuit of inductive power transfer system.
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Fig. 3. Trajectory diagram of in-flight inductive power transfer system.

C1, C2, L1, L2, Lm are transfer-side resistance, receiver-side
resistance, transfer-side capacitance, receiver-side capacitance,
transfer-side inductance, receiver-side inductance, and mutual
inductance, respectively.

From [16], the optimal transmission efficiency at the reso-
nance condition ηopt is calculated as,

ηopt =
(ω0Lm (x, y, z, θ))

2{√
R1R2 +

√
R1R2 + (ω0Lm (x, y, z, θ))

2

}2 . (1)

Lm can be calculated based on the position (x, y, z) and pitch
angle θ from [17]. Finally, the input energy for the battery Ein

is calculated as,

Ein (x, y, z, θ) =

∫ T

0

P1ηopt (x, y, z, θ) ηrectdt,

= ηrectP1

∫ T

0

ηopt (x, y, z, θ) dt, (2a)

where ηrect, P1, T are the efficiency of the rectifier, transmis-
sion power form the transfer coil, time span in the evaluation
area, respectively. In this study, P1 is set as a constant for the
sake of simplicity.

B. Energy consumption model of drone for output power
calculation

In this part, the energy consumption model of the drone is
presented. The output energy Eout is calculated as below:
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1
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Fig. 4. Drone model.

where,

v =
[
vx vy vz

]⊤
, (4a)

ω =
[
wroll wpitch wyaw

]⊤
, (4b)

J =

 Jroll 0 0
0 Jpitch 0
0 0 Jyaw .

 . (4c)

Here, m, Jroll , Jpitch , Jyaw are the mass and inertia for the
roll, pitch, and yaw direction, respectively. z, vx, vy , vz , wroll ,
wpitch , wyaw are the altitude, velocity for x, y, z direction, and
angular velocity for the roll, pitch, yaw direction, respectively.
ηinv, ηm, ηp, and N are the efficiency of the inverter, motor,
propeller, and number of the data sampled from the start point,
respectively.

C. Problem formulation regarding received energy for single
passing above transfer coil by drone

The performance of the designed trajectory and controller is
determined by how effectively drones can receive the energy
during a single flying above the transfer coil. Fig. 3 illustrates
the trajectory diagram of the in-flight IPT system. The drone
goes through from (x0, z0) to (x3, z3), and receives power
from the transfer coils in the section between (x1, z1) and
(x2, z2), which is termed as “evaluation area” in this research.

Within this framework, our goal is to maximize the energy
received within the evaluation area during a single passing. To
fairly evaluate each trajectory and controller, the time duration
for the single fly is fixed as a constant. To realize the efficient
IPT system, it is assumed that energy is transferred from
the transfer coil when the transmission efficiency, denoted
as ηopt, surpasses the threshold efficiency η0. Given these
conditions, the maximization problem of the receiving energy
EL is defined as follows based on (2) and (3):

∃x(t),∃θ(t),max.EL = Ein − Eout, (5)

where,

vx,ave =

∫ T

0

vx(t)dt = const., (6a)

η =


(ω0Lm(x,y,z,θ))2{√

R1R2+
√

R1R2+(ω0Lm(x,y,z,θ))2
}2 , if η > η0,

0, otherwise.
(6b)

D. Drone motion model on plane

Fig. 4 illustrates the schematics of the drone within x–z
plane. The motion equation for the depicted model in Fig. 4
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Fig. 5. Optimal pitch angle at each position above one transfer coil.
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Fig. 6. Flowchart of trajectory design algorithm.

can be expressed as:

mẍ = −F sin θ, (7a)
mz̈ = mg − F cos θ, (7b)

Jpitchθ̈ = τpitch. (7c)

Here, g, F , and τpitch are the gravitational constant, total
thrust, and total torque for the pitch direction, respectively.
Given that drones maintain a consistent altitude when flying
over the transfer coil, we can set z̈ = 0. Thus, based on (7),
the subsequent equation is formulated:

ẍ = −g tan θ. (8)
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Fig. 7. Designed trajectory. Straight trajectory ( ), optimal pitch trajectory
( ), and edge pitch trajectory ( ). (a) Position x (b) Velocity vx (c) Pitch
angle θ (d) Receiving energy EL

TABLE I
SYSTEM PARAMETERS.

Parameter Value

Mass m 1.2 kg
Roll inertia Jroll 0.006 kgm2

Pitch inertia Jpitch 0.006 kgm2

Yaw inertia Jyaw 0.1 kgm2

Arm length l 0.2m
Transfer-side resistance R1 200mΩ
Receiver-side resistance R2 50mΩ
Operational frequency ω0 85 kHz
Primary Power P1 1 kW
Inverter efficiency ηinv 0.95
Motor efficiency ηm 0.90
Propeller efficiency ηp 0.90
Rectifier efficiency ηrect 0.95
Threshold efficiency η0 0.80
Reference average velocity vxave,ref 0.20m/s
Maximum pitch angle saturation θsat,max 10.0 deg
Error threshold of average velocity Lv 10−4 m/s

III. OPTIMAL TRAJECTORY DESIGN

A. Optimal pitch angle at each position above transfer coil

First, the optimal pitch angle at each position above the
transfer coil is analyzed. As shown in Fig. 3, we assume
the single coil area as 1m, where the transfer coil with the
length of 0.8m is located at the center of the area. The
drone’s position is fixed at y = 0m and z = 0.2m, with the
assumption that both of the drone’s roll angle φ and yaw angle
ψ are maintained at 0 deg. Under these conditions, the optimal

TABLE II
DESIGNED PARAMETERS.

vx0 [m/s] θsat [deg] Total E [kJ] Improved Rate [%]

Straight 0.20 0.0 5.12 0
Optimal pitch 0.127 9.20 5.52 7.81
Edge pitch 0.177 8.70 5.92 15.6
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Fig. 9. Simulation results of straight trajectory. Reference value ( ) and
measured value ( ). (a) Position x (b) Velocity vx (c) Pitch angle θ (d)
Receiving energy EL

pitch angle θ, which maximizes transmission efficiency as
shown in (1), is computed by varying θ within the range
(−90 deg, 90 deg). The calculation results based on the system
parameters as listed in Table. I are shown in Fig. 5.

B. Trajectory design based on optimal pitch

This part describes the trajectory design algorithm. We
propose two trajectories for the energy maximization, includ-
ing the conventional “straight trajectory” with the constant
velocity. The first, termed the “optimal pitch trajectory,” is
characterized by selecting the analytically optimal pitch angle
over all the regions between the central points of adjacent
coils as the reference values. The second, termed ”edge pitch
trajectory,” is characterized by adopting the optimal pitch angle
only when the computed transmission efficiency, using (1),
falls below the threshold η0. This approach results in a larger
pitch angle only at the edges of the transfer coils.

Fig. 6 presents the flowchart for the trajectory design
algorithm. Initially, the drone is positioned at (x0, z0), with

TABLE III
SIMULATION RESULTS.

Total Time [s] Total Energy [kJ] Improved Rate [%]

Straight 10.0 5.12 (5.12) 0 (0)
Optimal pitch 10.0 5.48 (5.48) 7.03 (7.03)
Edge pitch 10.0 5.70 (5.70) 11.3 (11.3)
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Fig. 10. Simulation results of optimal pitch trajectory. Reference value ( )
and measured value ( ). (a) Position x (b) Velocity vx (c) Pitch angle θ
(d) Receiving energy EL
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Fig. 11. Simulation results of edge pitch trajectory. Reference value ( ),
and measured value ( ). (a) Position x (b) Velocity vx (c) Pitch angle θ
(d) Receiving energy EL

a minimum initial velocity vx0 = ∆vx0 and pitch angle
saturation θsat = 0deg The initial velocity vx0 is chosen to
be the same with or less than the reference average velocity
within the evaluation area, denoted vxave,ref . The pitch angle
saturation θsat is also optimized with the maximum value
θsat,max.

When x lies between 1.5m and 3.5m, θ calculations are
performed for each trajectory. Subsequently, the full trajectory
parameters are derived by calculating the acceleration ax[k] =
ẍ[k] and other variables such as vx[k], x[k], Lm[k], η[k],
Ein[k], Eout[k], and EL[k], by referring the equations detailed
in the section II. The process finishes when x[k] > 5.0m.
If the absolute difference between vxave,ref and the average
velocity ave (vx) is less than the threshold Lv , and the total
energy E[end] exceeds the recorded maximum energy Emax,
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Fig. 13. Experimental results of straight trajectory. Reference value ( )
and measured value ( ). (a) Position x (b) Velocity vx (c) Pitch angle θ
(d) Receiving energy EL

the optimal trajectories are updated and the iterations continue.
Fig. 7 depicts the optimized trajectories. The designed

parameters are shown in Table. II. As shown in Fig. 7, the
optimal pitch trajectory can improve the receiving energy by
7.81% compared to the conventional method. Conversely, the
edge pitch trajectory can improve the receiving energy by
15.6%. Each designed trajectory is implemented as xref , vrefx ,
and θref shown in Fig. 8.

IV. SIMULATIONS

The simulations are carried out to validate the proposed
method. These simulations are executed within FL-AIR, the
drone simulation software developed in C++, where we can
simulate the nonlinear drone system. The proposed system,
including the trajectories from Fig. 7 and the controller from
Fig. 8, is integrated into this simulator.

The simulation results are shown in Figs. 9-11, focusing
on only the evaluation area. Table. III shows the total time
in the evaluation area, total receiving energy by drones, and
improved rate of energy compared to the straight trajectory.
The compensated values of the total energy and improved
rate based on the total time are shown in parentheses. The
values are linearly compensated in case drones remain in the
evaluation area beyond the scheduled time span.
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Fig. 14. Experimental results of optimal pitch trajectory. Reference value
( ) and measured value ( ). (a) Position x (b) Velocity vx (c) Pitch angle
θ (d) Receiving energy EL
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Fig. 15. Experimental results of edge pitch trajectory. Reference value ( )
and measured value ( ). (a) Position x (b) Velocity vx (c) Pitch angle θ
(d) Receiving energy EL

Fig. 9 illustrates the results for the straight trajectory,
which is referred to as the benchmark. Fig. 10 shows the
results for the optimal pitch trajectory, indicating the enhanced
total energy by 7.03% compared to the conventional method.
Fig. 11 presents the results for the edge pitch trajectory, where
the total energy can be improved by 11.3%. These results
suggest that the proposed trajectory can be effective for the in-
flight IPT system to receive more energy in the constant time
span. Additionally, it is observed that the edge pitch trajectory
can accomplish higher energy than the optimal pitch trajectory
on the ideal situation created in the simulator.

V. EXPERIMENTS

The experiments are conducted to evaluate the performance
of our proposed trajectory in the real world. For these ex-
periments, we utilize the AR Drone 2, depicted in Fig. 12.
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Fig. 16. Transmission efficiency in proposed trajectory. Designed value
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TABLE IV
EXPERIMENTAL RESULTS

Total Time [s] Total Energy [kJ] Improved Rate [%]

Straight 10.2 4.88 (4.78) 0 (0)
Optimal pitch 10.1 5.48 (5.42) 12.3 (13.4)
Edge pitch 10.2 5.44 (5.34) 11.5 (11.7)

The position and velocity are measured with OptiTruck and
incorporated into the control system. The receiving energy is
also calculated by (5) based on the measured values.

The experimental results are shown in Figs. 13-15 and
Table. IV. Fig. 13 depicts the results for the straight trajectory,
which is functioned as the conventional trajectory. Fig. 14
shows the results of the optimal pitch trajectory. As shown
in Table. IV, the total energy can be improved by 13.4%
compared to the conventional method. Fig. 15 shows the
results of the edge pitch trajectory. This trajectory shows an
improved total energy by 11.7%, which is worse than the
optimal pitch trajectory.

This seems to be because the experimental results of the
optimal pitch trajectory have the quick position response just
after 5 s, when changing the pitch angle rapidly, though it has
a late position response in general. Fig. 16 shows the time
responses of transmission efficiencies based on the optimal
pitch trajectory and edge pitch trajectory. When each line
is above the black line, drones can receive the power. In
Fig. 16(a), just after 0 s and 8 s, the transmission efficiency
η has the late response for the designed value. On the other
hand, just after 5 s in Fig. 16(a), it has a quick response, though
such kind of response speed changes do not happen on the
edge pitch trajectory. Thanks to that, drones can receive more
power in the latter half of the evaluation area, which leads to
higher energy receiving at the final state.

These experimental results show the effectiveness of our
proposed method for enhancing the calculated performance of
the in-flight IPT system. The improvement of the trajectory
response will be scrutinized in future studies.

VI. CONCLUSION

In this study, we introduce an optimal trajectory to improve
the receiving energy. The effectiveness of our approach is
examined through the simulations and the experiments. Ex-
perimental results show the 13.4% enhancement of the total

calculated energy with the optimal pitch trajectory and the
11.7% enhancement with the edge pitch trajectory in in-flight
IPT system.

In future studies, we will elaborate on the problem for-
mulation, incorporating constraints such as the maximum
velocity and acceleration which seem to be relevant to motor
abilities. Additionally, we will engage in the advanced motion
controller design for the fast transient controller in order to
obtain a uniform response when implementing the proposed
trajectories. Finally, the proposed trajectories and controllers
will be applied in the actual in-flight IPT system.
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