
4884 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

Transmitter Adaptation and Wireless Power
Control for Capsule Endoscopy
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Abstract—Inductive coupling, a form of wireless power transfer
(WPT) offers a promising solution for enabling wireless capsule
endoscopes (WCEs) when direct wire connections are impractical.
In this approach, a 1-D receiving coil is integrated into a WCE,
which is positioned within the stomach. Simultaneously, a 3-D
transmitting coil (3DTC) is constructed outside the human body
to provide the necessary power for the operation of the WCE. The
WPT system described in this article is the first complete prototype
wherein the receiving coil is integrated within a fully functional
WCE and capable of accommodating an adult human body with
the 3DTC. Mathematical analysis and computer simulations have
verified the magnetic field direction at the center of the 3DTC can be
precisely controlled to any orientation by manipulating the 3DTC
currents. The static measurements of the WCE-received power
at various angles from 0◦ to 180◦ range between 1210 mW and
1822.5 mW, which are all above the power requirement of typical
WCEs. In the subsequent adaptive test, the inertial measurement
unit in the WCE collects the orientation information of the capsule
and, then, wirelessly transmits it to the microcontroller unit of
the 3DTC controlling the coils’ excitation. It is confirmed that the
proposed system is able to control the coil excitation following the
capsule rotation as it would within the human stomach.

Index Terms—3-D transmitting coil (3DTC), capsule endoscope,
wireless power transfer (WPT).

ACRONYMS AND ABBREVIATIONS

WCE Wireless capsule endoscope.
GI Gastrointestinal.
WPT Wireless power transfer.
PTE Power transfer efficiency.
RPS Received power stability.
MCU Microcontroller unit.
RMS Root mean square.
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BLE Bluetooth Low Energy.
ADC Analog-to-Digital Converter.
PCB Printed circuit board.
AV Audio and Video.
IMU Inertial measurement unit.
DRC Dimensional receiving coil.
DTC Dimensional transmitting coil.
SAR Specific absorption rate.
EMF Electromagnetic field.

I. INTRODUCTION

S TOMACH cancer is the primary health challenge with a
high incidence and mortality, causing approximately 0.76

million deaths in 2020 all over the world [1]. WCE has become
a preferred diagnostic device for diagnosing the diseases of GI
tract since its invention due to its characteristics of noninva-
sive and painless [2], [3], [4]. Through swallowing a pill-sized
capsule, gastric abnormalities such as polyps, ulcers, bleeding,
and infections can be detected in patients and diagnosed by
surgeons through wireless video transmission [5], [6], [7]. Such
a procedure has become a favored clinical diagnosis for specific
diseases, such as Crohn’s disease [8], [9].

In order to improve the diagnostic quality, several key speci-
fications of the WCE, such as image resolution, frame rate, and
operating time, are required to be improved, which will consume
more energy [10]. In the future, capsules will not only be limited
to the detection of images but will also involve multiple tasks
(e.g., biopsy, drug release, and self-dependent movement) [11].
All these functions will increase power consumption, which
cannot be satisfied by conventional battery power. When WCEs
are designed as active robots that can perform multiple tasks,
their power requirements are at least 420 mW [12]. As a result,
the energy supply for the WCE has been a challenging issue,
as the capsule is too small to carry a large-capacity battery,
and a power wire can cause uncomfortable for patients or
cannot allow the capsule to move freely [13]. WPT based on
inductive coupling is a promising solution for the energy issue
of WCE.

In recent years, a number of researchers have investigated the
WPT of capsules. Sun et al. [14] introduced a novel two-hop
WPT system with an efficiency-enhanced power receiver for
motion-free capsule endoscopy inspection. The power is trans-
mitted from the floor via a strong coupling to the power relay
in the patient jacket. In the next step, power is transmitted from
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the power relay to the capsule via a loose coupling. This method
not only makes the patient more comfortable but also eliminates
the source of reliability problems caused by moving cables and
connectors. Basar et al. [15] proposed a method to improve the
power stability and PTE of WCEs by a hybrid resonant scheme
to improve PTE and a novel power transmission coil capable of
generating a uniform magnetic field to improve power stability
through uniform magnetic fields while minimizing unwanted
peak electromagnetic exposure.

Basar et al. [16] proposed an effective WPT system that
significantly improves the PTE and enriches the RPS. An op-
timal triple coil inductive link is used to improve the PTE with
compact wearable power transmitting coils, which have been
tested in four types and a 2-D to 3-D power receiving coil.
Gao et al. [13] introduced a new WPT system for the stable
power supply of capsules, mainly consisting of a rotatable 2-D
transmitting coil(2DTC), a 1-D receiving coil (DRC), and an
attitude detection module. It greatly reduces the size of the
receiver coil mounted on the capsule, freeing up space for the
capsule to be fitted with other equipment.

The receiving coils of the 3DRC schemes are too large and
require more volume of the capsule endoscope. The scheme of
rotatable 2DTC and 1DRC requires rotational mechanics for
the transmitting coils. Therefore, the challenging issue is that
reducing the receiving coil to 1DRC while the magnetic field
direction of the transmitting coil can quickly track the direction
of the receiving coil due to the fast motion of the capsule in
the stomach. At the same time, the working space should be
sufficient to accommodate the human body, and no matter in
which direction, the power can be transmitted to the capsule.

In our group’s past studies [17], we have investigated the
omnidirectional power transfer capability of a 3DTC. Based on
the previous challenges and our past research, in this article, we
propose a capsule endoscope tracking WPT system with a 3DRC
and 1DRC, combined with an attitude sensor IMU, to achieve
a closed-loop WPT function. The principal contributions of this
research are summarized as follows.

1) This article bridges the gap between scientific research
and practical applications of WPT for capsule endoscopy.
A decent 3DTC transmitter and a miniature capsule endo-
scope are designed and manufactured. The 3DTC trans-
mitter is comfortable for accommodating an adult human
body, and the capsule endoscope provides all the features
for the diagnosis of GI diseases.

2) The experimental results were conducted in both static and
attitude changing of the capsule endoscope. It is confirmed
that the proposed self-adaptive control method is able to
regulate the power in the transmitter, without disrupting
the operation of the capsule endoscope.

3) The health issue of human exposure to EMF is prelim-
inarily evaluated by determining the field strength and
SAR through COMSOL simulation. The effectiveness
and safety of WPT for capsule endoscopy in diagnosing
GI diseases have been confirmed, making it a promising
technology.

The rest of this article is organized as follows. Section II
introduces the design of the 3DTC, 1DRC, and WCE. The

Fig. 1. System concept diagram for WPT of WCE.

magnetic field distribution of 3DTC is calculated, simulated, and
measured in Section III. Section IV presents the circuit design
for the control of the magnetic field of 3DTC. In Section V, static
and self-adaptive WPT experiments are performed to verify the
feasibility of the designed WPT system for WCE. The discussion
is given in Section VI. Finally, Section VII concludes this article.

II. SYSTEM DESIGN

This section briefly describes the design of the WPT system
and the WCE. In order to achieve the function of a receiving
coil wound around the capsule that can be charged at any
angle, a structure of 3DTC suitable for the human body has
been designed. As shown in Fig. 1, the 3DTC can generate
a magnetic field in any direction in space, thus allowing the
capsule to receive energy from the transmitting coil regardless
of its attitude. The attitude of the capsule is measured by the IMU
and sent to the master MCU via Bluetooth. The MCU controls
the direction of the magnetic field in space by controlling the
currents of the three sets of transmitting coils (or 3DTC).

The electronic architecture diagram of the WPT system is
shown in Fig. 2. The MCU used is the STM32F103C8T6, which
is responsible for generating PWMs to control the full-bridge
circuit to change the current of each transmitting coil set and for
obtaining the data of current sensors and the attitude of IMU.
The current sensor converts the measured RMS value of the
transmitting coil set current into a voltage value and connects it
to the analog acquisition pin of the ADS1256, which is a 24-b
high-precision ADC chip. The MCU obtains the current value of
each transmitting coil by communicating with the ADS1256 to
achieve closed-loop control of the current. In addition, the BLE
slave obtains the IMU data to get the attitude data and transmits
it to the MCU via the BLE master. Then, the MCU calculates
the current value required for each transmitting coil set based on
the attitude data to achieve the closed-loop control of the WPT.

A. Design of WPT Transmitting Coils

The configuration of the transmitting coils is illustrated in
Fig. 3, wherein coils CX1 and CX2 are employed to generate a
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Fig. 2. Electronic architecture diagram of the WPT system. (a) 3DTC and the
control part. (b) 1DRC in WCE.

Fig. 3. Structure and dimensions of the 3DTC.

magnetic field along the x-axis, coils CY1 and CY2 are utilized
for the y-axis, and coils CZ1 and CZ2 are applied for the z-axis.
CXO1, CXO2, CYO1, CYO2, CZO1, and CZO2 represent the cen-
ters of coils CX1, CX2, CY1, CY2, CZ1, and CZ2, respectively.
The distances between CXO1 and CXO2, CYO1 and CYO2, and
CZO1 andCZO2 are 488 mm, 488 mm, and 480 mm, respectively.
The available space exceeds the width of the Boeing seat, which
typically ranges from 17 to 18 in (431.8–457.2 mm) [18]. Based
on this size, we designed the diameter of the transmitting coil
in the z-axis direction and the transmitting coils in x and y axes
to cover the human body as much as possible to achieve a more
uniform magnetic field in the GI position. In order to make the
magnetic field generated by the coils on the same axis at the point
of coordinate O equal in magnitude and direction, the coils on
the same axis have the same number of turns and are connected
in series to ensure that the currents are equal. The parameters
of transmitting coils are shown in Table I. The winding wire is

TABLE I
PARAMETERS OF THE TRANSMITTING COILS

TABLE II
PARAMETERS OF THE TRANSMITTING COILS OF EACH AXIS WHEN CONNECTED

IN SERIES

Fig. 4. Design and components of the WCE.

a Litz wire, with a diameter of 1.91 mm, constructed with 200
strands of AWG38 enameled copper wire.

The parameters of the coils in series for each axis are shown
in Table II. CXX refers to the combined coils of CX1 and
CX2 in series, CYY refers to CY1 and CY2 in series, and CZZ

refers to CZ1 and CZ2 in series. Due to the mutual inductance,
the inductance of the coils in series is greater than twice the
inductance of the individual coils.

B. Design of WPT Receiving Coil

With reference to the capsule dimensions φ13 mm ×
27.9 mm [19], we designed a custom-made PC40 ferrite ring
φ13 mm× 24 mm. The ferrite ring has an 11-mm inner diameter
to allow for the placement of circuit boards, a camera, a battery,
a permanent magnet, and LEDs inside. The ferrite core can
concentrate the magnetic flux and enhance the coupling [20].
The wire of the receiving coil is tightly wound on the surface
of the ferrite ring, which in combination with the attitude data
provided by the integrated IMU completes the tracking trans-
mission of electrical energy. The receiving coil (1DRC) can be
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TABLE III
PARAMETERS OF THE RECEIVING COIL

seen in Fig. 4. The parameters of the receiving coil are shown
in Table III.

C. Design of WCE

The WCE is designed to screen stomach abnormalities under
magnetic actuation, as shown in Fig. 4. The capsule primarily
comprises six PCBs, a glass cover, a permanent magnet, a
battery (LIR1054), and an annular ferrite. Specifically, these
PCBs consist of a power converter, BLE, IMU, AV antenna,
AV transmitter, and an LED-camera PCB. Among them, the
power converter PCB can output a stable 3.3 V voltage from the
battery by the chip of XC6206P332 to power other PCBs and
a stable 4.2 V from WPT by a dc–dc converter (TPS54202) for
charging the battery LIR1054. The core chip of the BLE PCB
is the CC2541, which can be programmed in the C language to
enable remote communication, data collection from the IMU,
and control of LED brightness by PWM. For the IMU PCB,
the MPU6050 chip, equipped with a three-axis accelerometer
and a three-axis gyroscope, is selected to acquire the orienta-
tion angle of the capsule. The transmission of camera video is
accomplished through the collaboration of two PCBs, an AV
antenna, and an AV transmitter.

III. ANALYSIS OF MAGNETIC FIELD DISTRIBUTION

A. Principle of the 3DTC

The magnetic field generated by the 3DTC is excited by the
drive current of the individual coil set along each axis. The
driving currents in the x, y, and z axes are Ix, Iy, and Iz,
respectively

Ix = |Ix| cos(ωt+ ϕx)

Iy = |Iy| cos(ωt+ ϕy)

Iz = |Iz| cos(ωt+ ϕz) (1)

where ω is 2π × 218 kHz; ϕx, ϕy, and ϕz are the phase angles
of Ix, Iy, and Iz, respectively. The phase angles controlled in
this article are either 0◦ or 180◦. The magnetic field excited at
position P (X,Y, Z), driven by Ix, Iy, and Iz, is BP(X,Y, Z).
Its components in each axis are Bx, By, and Bz which can be

expressed approximately in the central area of the 3DTC

Bx ≈ μ0NxIx

(∫ 2π

0

Rx
2 −RxY cos θx1 −RxZ sin θx1

|vx1p|3
dθx1

+

∫ 2π

0

Rx
2 −RxY cos θx2 −RxZ sin θx2

|vx2p|3
dθx2

)

By ≈ μ0NyIy

(∫ 2π

0

Ry
2 −RyZ cos θy1 −RyX sin θy1

|vy1p|3
dθy1

+

∫ 2π

0

Ry
2 −RyZ cos θy2 −RyX sin θy2

|vy2p|3
dθy2

)

Bz ≈ μ0NzIz

(∫ 2π

0

Rz
2 −RzX cos θz1 −RzY sin θz1

|vz1p|3
dθz1

+

∫ 2π

0

Rz
2 −RzX cos θz2 −RzY sin θz2

|vz2p|3
dθz2

)
(2)

where μ0 = 4π × 10−7; the number of turnsNx = 28,Ny = 28,
Nz = 25; vx1p, vx2p, vy1p, vy2p, vz1p, and vz2p are the
vectors from a point at CX1, CX2, CY1, CY2, CZ1, and CZ2

to P (X,Y, Z), respectively; Rx, Ry, and Rz are the radii of
CXX, CYY, and CZZ, respectively; θx1, θx2, θy1, θy2, θz1, and
θz2 are the integral angles of the loops at the coils CX1, CX2,
CY1, CY2, CZ1, and CZ2 to P (X,Y, Z), respectively.

Based on (2), Ix, Iy, and Iz are all set to a current of 1 A, and
the magnitude of the magnetic field in space is calculated to be
(0.448, 0.448, 0.471) Gs at the origin O, i.e., (Bx, By, Bz) =
0.448(Ix, Iy, 1.051Iz). That is, the adjustment of the magnetic
field in any direction is achieved by adjusting the magnitude
and direction of Ix, Iy, and Iz. The direction is achieved by
changing the phase angle to 0◦ or 180◦. Since our transmitting
coils are like Helmholtz coils, the difference in the magnetic field
distribution in the central region is not very large. The difference
in the magnetic field in the x-axis (or y-axis) is less than 7.6% in
the distance from−50 mm to +50 mm from the originO, and the
difference in the magnetic field in the z-axis is less than 4.5% in
the distance from −50 to +50 mm from the origin O. So, the like
Helmholtz coils can generate a central region of nearly uniform
magnetic field, and the difference in magnetic flux density in the
central region is not significant (less than 7.6%).

B. Simulation of the Magnetic Field Distribution

In order to visualize the magnitude and direction of the
magnetic field in relation to the drive currents in the transmitting
coils, the software COMSOL is used for the simulation. The
number of turns and the position of the transmitting coils in the
simulation are set according to Section II-A. The magnetic field
distribution is simulated for different drive currents, as shown
in Fig. 5. It can be observed that the direction of the magnetic
field distribution in the central area can be controlled using the
current of each coil and that stronger the magnetic flux density
is, the closer the coil wire is to the coil.
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Fig. 5. Magnetic field distribution at different drive currents. (a) 3-D view
when Ix = 0.577 A, Iy = 0.577 A, and Iz = 0.549 A. (b)–(f) x− y plane
views. (b) Ix = -1 A, Iy = 0 A, and Iz = 0 A. (c) Ix = -0.707 A, Iy = 0.707 A,
and Iz = 0 A. (d) Ix = 0 A, Iy = 1 A, and Iz = 0 A. (e) Ix = 0.707 A,
Iy = 0.707 A, and Iz = 0 A. (f) Ix = 1 A, Iy = 0 A, and Iz = 0 A.

From Fig. 5(a) to (f), all the arrows at the origin O are
approximately the same length, meaning that the magnitude of
the magnetic induction is nearly the same, which is consistent
with the theoretical calculation at the origin O. The direction
of magnetic induction at the origin O is the same as the vector
(Ix, Iy, 1.051Iz). This indicates that the magnetic field can be
controlled in any direction in space by controlling the currents
Ix, Iy, and Iz.

C. Measurement of the Magnetic Flux Density

To verify the validity of the principle and the simulation, a
test of the magnetic field is carried out on the WPT system. An
MC165 sensor (Magnetic Sciences) is placed at the origin O
in the direction of the magnetic field to measure the magnetic
flux density at each set of drive currents. Three current probes
N2783B (Keysight) are used to measure the waveforms of Ix, Iy,
and Iz. As shown in Fig. 6, the result shows that the magnitude of
the magnetic flux density can be kept approximately constant and
adjusted at any orientation by the adjustment of the current. The
phase of the magnetic field lags behind the current probably due

Fig. 6. Measurement of the magnetic flux density at different drive currents.
(a) Ix = 0.577 A, Iy = 0.577 A, and Iz = 0.549 A. (b) Ix = −1 A, Iy = 0 A,
and Iz = 0 A. (c) Ix = −0.707 A, Iy = 0.707 A, and Iz = 0 A. (d) Ix = 0 A,
Iy = 1 A, and Iz = 0 A. (e) Ix = 0.707 A, Iy = 0.707 A, and Iz = 0 A. (f)
Ix = 1 A, Iy = 0 A, and Iz = 0 A.

to the MC165 magnetic field sensor’s characteristics. The output
of the MC165 (B) is 1 Gs/div and its RMS value is approximately
equal to the calculated and simulated results. For example, when
Ix = −1 A, Iy = 0 A, and Iz = 0 A [see Fig. 6(b)], the desired
|B|= 0.448 Gs and the measured |B|= 0.515 Gs. The source of
the error could be the MC165’s self-error or the manufacturing
error in the 3DTC building process.

Through this part of the experiment, the characteristics of
the 3DTC designed in this article are verified to be feasible for
generating a magnetic field in any orientation to complete the
WPT of a single receiving coil.

IV. CONTROL OF THE WPT SYSTEM

A. WPT Circuit Design

The WPT circuit is designed to control the current of each
transmitting coil set. The inductance of CX1 and CX2 in series
is Lxx, the inductance of CY1 and CY2 in series is Lyy, and the
inductance of CZ1 and CZ2 in series is Lzz. Rxx is the resistance
of Lxx at 218 kHz. It is significant to note that Lxx, Lyy, and Lzz

are orthogonal at their sides. Therefore, there is a small mutual
inductance between them. To reduce the effect of this small
mutual inductance, the LCCL circuit is used because of its high-
impedance characteristics [21]. The circuit diagram designed for
the system is shown in Fig. 7. The 218-kHz voltage excited by
Lxx from Lyy or Lzz will constitute a circuit with L1 and C1,
which resonates at 218 kHz when the impedance is theoretically
infinite. Therefore, in this case, the current of Lxx is not affected
by the induced voltage and is only related to the drive circuit.

In addition, the current sensor for each axis consists of
ACS70331 and LTC1968. The ACS70331 is a current sampling
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Fig. 7. Circuit diagram of the WPT system for the capsule.

chip, the LTC1968 converts the sampled current into a voltage
signal, and the ADS1232 is a 24-high-precision ADC chip.Sx1H,
Sx1L, Sx2H, and Sx2L are N-channel gallium nitride (GaN)
transistors with a model of GS66508T. The dead time of the
PWM driving the GaN transistors set by the dead circuit is
100 ns. The receiving coil on the capsule has an inductance of
Lrec, which resonates with Crec at 218 kHz, and the generated
ac voltage is converted to dc by a full-bridge rectifier circuit and
then to a battery charging voltage of 4.2 V by a dc–dc circuit.

According to Faraday’s law, a controlled voltage source is
induced in the receiving loop by the transmitting coil current.
The voltage source is applied directly to the input port of the rec-
tifier through the resonance ofLrec andCrec. The voltage source
εx−rec excited by the x-axial coil at the resonant frequency can
be derived from the following equation:

εx−rec = jωMx−recIx (3)

where Mx−rec is the mutual inductance between Lrec and Lxx.
The received voltage of the capsule εrec excited by all transmit-
ting coils is the vector sum of the voltages excited by the x, y,
and z axial coils. According to Faraday’s law of electromagnetic
induction and [13], the RMS of the total electromotive force
excited by 3DTC can be described as

εrec =
nSωcos(θ) |Bp| kc√

2
(4)

where n signifies the number of turns of the receiving coil, S
represents the single-turn enclosed area, θ denotes the angle

Fig. 8. Phase-shift control.

between the direction of the magnetic field and the central axis of
the receiving coil, and kc corresponds to the mutual inductance
enhancement factor due to the presence of the ferrite ring. θ can
be controlled to 0◦ or near 0◦ by controlling the currents of the
3DTC, benefiting from the fact that the attitude of the capsule
endoscope can be obtained by the integrated IMU.
Lrec and Crec can be equivalently described as a voltage

source εrms in series with a resistorRs. The relationship between
the voltage source εrms and the output voltageVo1, which is 4.2 V
for recharging the battery and powering the 6 PCBs through the
LDO can be expressed as [22], [23], [24]

εrms ≈ 2
√
2Vo1ndc

πηdc
+

4
√
2VFD

π
+

πRsVo1

2
√
2RLndc

(5)

where ndc is the ratio of the input voltage to the output voltage
of the dc–dc circuit, ηdc represents the efficiency of the dc–dc
circuit,VFD is the forward voltage drop of the rectifier diode, and
RL is the equivalent load of the WCE, specifically the equivalent
of all the loads containing a battery and six PCBs.

B. Current Control

The equation for the transmitting coil current Ix at the resonant
frequency of L1 and C1 is shown in (6), which is independent
of the coupling and loading conditions [25]

Ix =
U1

jωL1
. (6)

The angular frequency ω and the inductance L1 are constant
values, so we can control the current Ix by controlling the voltage
U1. As shown in Fig. 8, the control of the voltage U1 can be
achieved by phase-shifting control of the transistors. For the
dead time and drive circuit x1, it inputs PWMx1 to output two
signals PWMx1H and PWMx1L to drive transistors Sx1H and
Sx1L, which are inverted and have a 100-ns dead time to prevent
short-circuiting of the dc supply due to simultaneous conduction
of the two transistors. The phase and magnitude of the voltage
U1 can be controlled by controlling the phase of PWMx1 and
PWMx2. The phase ofPWMx1 moving left along the center line
is ΔPx, and the phase of PWMx1 moving right along the center
line is also ΔPx. Therefore, the voltage U1 can be controlled by
ΔPx.

The difference between the set current Ixset and the measured
current Ix is ex(t), that is, ex(t) = Ixset − Ix. The control phase
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Fig. 9. Current control test where Ixset is the set current and Ix is the measured
current controlled by the PID controller on the WPT system.

equation for the current closed loop is

ΔPx = Kxpex(t) +Kxi

∫ t

0

ex(t)dt+Kxd
dex(t)

dt
(7)

where Kxp, Kxi, and Kxd are the proportional, integral, and
differential coefficients, respectively.

C. Current Control Test of Transmitting Coil

For testing the effect of PID control on the current, the
STM32 MCU used in this article controls the current at a control
frequency of 100 Hz. The Ix current is set to 500 mA at 1 s,
1000 mA at 2 s, 500 mA at 3 s, and 0 mA at 4 s. As shown
in Fig. 9, it can be seen that the rise time for 500 mA at 1 s
is approximately 30 ms, and the fall time for 500 mA at 4 s is
around 20 ms. So when there is a large rotation of the capsule
attitude, the WPT system can track it quickly.

The accuracy of the independent control of the individual coil
current is within 30 mA. This current control accuracy can meet
the requirements of capsule WPT systems.

V. EXPERIMENTAL VERIFICATION

A. Capsule Endoscope WPT System

After the theoretical analysis and preliminary tests are com-
pleted, the prototype is built to carry out WPT experiments. As
shown in Fig. 10, the current probes (Keysight N2783B) of the
oscilloscope (DPO3034) are used to calibrate the current sensors
(ACS70331 and LTC1968), and they are no longer required after
the calibration has been completed. The capsule is fixed in a
3-D printed cuboid resin shell and then adjusted to a certain
angle by the rotation of the servo motor for static WPT testing.
The WCE self-adaptive tracking WPT is performed by adjusting
the angular velocity of the servo motor at an angle interval. The
measurement of the received power is to replace the full-bridge
output of the WCE with a 100 Ω resistor, and directly measure
the power on the 100 Ω resistor, which is the received power
Prec mentioned in this experiment.

Fig. 10. System setup. (a) Whole system. (b) Control circuit PCB. (c) Setup
of the magnetic field measurement.

TABLE IV
x− y PLANE RECEIVED POWER TEST

B. Static WPT Experiment of Capsule Endoscope

In the static WPT experiment, the wireless charging power is
tested by adjusting the angle of the servo in the x− y or x− z
plane. The test data of the x− y plane is shown in Table IV.
When the x− y transmitting coil is driven by a vector sum of
RMS 1 A currents generating a magnetic flux density of 0.448
Gs at the origin O, the average received power of the capsule in
the x− y plane is 1681.6 mW and the average received current
is 129.6 mA, ranging from 120 to 135 mA. The reason for the
fluctuations in received current may be that the winding of the
coil as a nonideal coil causes small differences in coupling in
each direction. The maximum efficiency measured from the dc
supply to the 100 Ω resistor is 4.69%. The low PTE is due to the
fact that the transmitting coil is much larger in diameter than the
receiving coil and is far away. In addition, some of the energy is
absorbed by the transmitting coils in the other axes.
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TABLE V
x− z PLANE RECEIVED POWER TEST

The received power test data for the x− z plane is shown
in Table V. x− z plane has an average received power of
1374.3 mW and an average received current of 117.1 mA,
ranging from 110 to 125 mA. Its characteristics are similar to
those of the x− y plane. The difference in average received
current between the x− y and x− z planes is 12.5 mA, perhaps
because the positions are not perfectly aligned, or because of the
nonideal winding of the coils.

This part of the experimental test demonstrates that the charg-
ing current of the capsule can be kept approximately constant in
space. The average received current of x− y and x− z planes
is 123 mA, and the corresponding power is 1512.9 mW, which is
much larger than the 420 mW power required by the multitasking
capsule.

C. Self-Adaptive WPT Experiment of Capsule Endoscope

The purpose of self-adaptive WPT is to achieve constant
power tracking. When the capsule is inside the human body,
it will be affected by the stomach peristalsis and its attitude
will change. If the transmitting currents are kept constant,
the charging power and efficiency will drop due to the effect of
the peristalsis. In order to prevent this situation, the attitude of the
capsule is measured in real time by the IMU, and self-adaptive
WPT is achieved by adjusting the magnitude and the positive
and negative of the transmitting currents so that the direction
of the magnetic field is aligned with the axial direction of the
1DRC. In addition, the value of the constant power is adjustable
according to the power consumption of the capsule endoscope.

In the self-adaptive WPT experiment, the angle and velocity
of the capsule endoscope are adjusted by the servo motor, and
the dynamic attitude information measured by the capsule’s
IMU is transmitted in real-time via Bluetooth to the STM32
MCU, which calculates the current decomposed to each axis and
controls the current of each axis to complete the self-adaptive
charging of the capsule endoscope. The self-adaptive WPT test
of the x− y plane is shown in Fig. 11. The angular velocity of
the servo motor is −180 ◦/s, 180 ◦/s, −45 ◦/s, or 45 ◦/s. It can
be seen from Fig. 11 that the received current may drop more
instantaneously at ±180 ◦/s, which may be caused by the delay
of Bluetooth transmission. In Fig. 11(a), the desired received
current is 123 mA, and the measured received current fluctuates
around 125 mA. The desired received current of Fig. 11(c) is
98 mA, and the actual measured received current fluctuates
around 100 mA. The YAW angle obtained from the IMU can
only be from integrated angular velocity data, so the cumulative
error will become larger and larger over time.

The self-adaptive WPT test in the x− z plane is shown in
Fig. 12. In Fig. 12(a), the desired received current is 123 mA,

Fig. 11. x− y plane self-adaptive WPT experiment. (a) Desired received
current 123 mA (Prec = 1512.9 mW). (b) Currents of the corresponding trans-
mitting coils for (a). (c) Desired received current 98 mA (Prec = 960.4 mW).
(d) Currents of the corresponding transmitting coils for (c).

Fig. 12. x− z plane self-adaptive WPT experiment. (a) Desired received
current 123 mA. (b) Desired received current 98 mA.

and the measured received current fluctuates around 117 mA.
The desired received current of Fig. 12(b) is 98 mA, and the
actual measured received current fluctuates around 95 mA.
The roll angle from the IMU is obtained by integrating the
angular velocity and fused with the measured processing of
the acceleration of gravity, so its error is almost independent of
time [27]. However, when the angular velocity changes quickly,
the measurement error of the acceleration of gravity will be
caused by vibration, so the ROLL angle has a large error at the
angular velocity inflection point.

VI. DISCUSSION

The comparison with the existing WPT system for capsules
is shown in Table VI. It can be seen that the received power of
our WCE is much larger than the received power of the previous
studies, and it can be adjusted to a specified value of received
power. In previous studies, many researchers used a 3DRC and
a 1DTC [11], [16], [26], [28], which take up most of the volume
of the capsule, so it is essential to investigate a 1-D receive coil.
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TABLE VI
COMPARISON WITH EXISTING WPT SYSTEM FOR CAPSULES

Compared with the work in [13], our 3DTC has the space to
accommodate a human body with higher transmission power
and has no mechanical motion mechanism allowing control
of the magnetic field to a specified magnitude and direction
within 30 ms. Since our coil is not a Helmholtz coil whose
distance from the coil on the same axis (x-, y-, or z-axis) is
much greater than the coil radius, the efficiency is lower than
in [13]. In recent research, pulse frequency modulated (PFM)
can be used to improve the efficiency of WPT [29]. The PFM
is achieved by selecting two optimal fundamental or subhar-
monic frequencies f2n±1 = fkey/(2n± 1) and then performing
regular modulation between them. For the WPT of WCEs, we
are more concerned with the receiving power PL on the load,
as the receiving efficiency of a capsule is difficult to achieve
high due to the huge size difference between the receiving and
transmitting coils and the long transmission distances while the
receiving power is extremely important for the operation of the
WCE. When it comes to the cumulative errors of the Yaw angle,
which can be eliminated by the 6-D localization method [27].
Regarding the frequency, Khan et al. [30] mentioned that higher
frequencies increase the absorption of human tissues, which may
cause damage to the human body. In the literature review [31],
218 kHz or around is one of the popular frequencies for WPT
using the Helmholtz coil. Therefore, the 218 kHz frequency is
chosen in this work.

Experiments in the air have been completed with promising
results, but the application in the human body still needs to be
studied, and the experiment in the animal body needs to be com-
pleted first. Based on the ICNIRP guidelines [32], [33], electric
fieldE and SAR must be taken as the 99th percentile or averaged
in 10 g of continuous tissue, respectively [34]. The calculated
restrictions are E = 20.81 V/m and SAR = 2 W/kg at the
resonant frequency of 218 kHz. According to the work in [34],
[35], and [36], a COMSOL simulation model is established for
the safety of electric field E and SAR, and an elliptical column
is used to mimic the human body. As shown in Fig. 13, the
maximum SAR is 6.5 mW/kg, which is less than 2 W/kg and
the maximum electric field E is around 6 V/m, which is also
less than the restricted electric field E of 20.81 V/m. Therefore,
the preliminary study of the system using COMSOL is safe to
use in terms of SAR and electric field limits. However, more
investigation and clinical measurement are needed in the future.
In addition, to ensure a safe temperature rise, the temperature of
the receiving coil is required to be below 42.5 ◦C [37], which
can be achieved by increasing the heat dissipation capacity of
the 1DRC and regulating the induction power.

Fig. 13. Simulation SAR and electric field E in the human body model.

VII. CONCLUSION

This article describes the design, implementation, and tests
of a WCE system with self-adaptive wireless power control.
The model analysis and magnetic field simulation of the system
are presented, followed by the discussion of the circuit design,
control implementation, and structure fabrication. It is important
to note that the system is a full-size structure and tests are carried
out to emulate the movement of peristalsis. Experimental results
confirmed that the proposed adaptive control method is able to
respond to the WCE rotation and regulate the received power
by controlling the transmitters’ excitation. When the WCE is
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located at the center of the structure, which is the lowest level of
the magnetic flux density along the axial direction, the system
efficiency is approximately 4.69%.

APPENDIX

TURNS DESIGN OF WPT

In order to find the optimal number of coilsCX1 andCX2 turns
to achieve the highest or near highest transmission efficiency, the
transmitting coilCXX with different numbers of turns is tested as
given in Table VII, whereReq is the equivalent load resistance at

TABLE VII
RELATIONSHIP BETWEEN THE NUMBER OF TURNS OF COILS CX1 AND CX2

AND TRANSMISSION EFFICIENCY

the 1DRC output. The efficiencyη does not increase significantly
after 28 turns, so we selected a coil turn number of 28 turns in the
x-axis. The efficiency here is much higher than that in Table IV
because the y and z axes coils are in an open circuit and there
is no energy loss in the y and z axes coils. Although the x, y,
and z axes coils of the transmitting coils are orthogonal, there
is still a small mutual inductance and the LCCL circuit is not
ideal not completely open for the transmitting coils, so there is
a certain amount of energy loss in the y and z axes coils when
the transmitting coil in the x-axis is driven with current. The
parameters design in the y-axis direction is exactly the same
as that in the x-axis direction and the parameters design in the
z-axis direction is similar to the design method in the x-axis
direction.
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