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The integration of electric vehicles (EVs) as an environmentally sustainable alternative to traditional fossil fuel cars faces a range of
technological obstacles, including battery technology, charging infrastructure, and standardization. Dynamic conductive road
charging (DCRC) of EVs at high speed has the potential to overcome the technical limitations of existing static charging methods.
An intelligent motorway system for EVs called tracked electric vehicle (TEV) was proposed to incorporate the latest technologies of
dynamic road charging, autonomous driving, and smart city data into transport infrastructure. This paper presents the operation
and control of an active bipolar power collection unit (PCU) for the TEV system. The PCU is seamlessly integrated within the
wheel structure of an EV using the concept of a stationary-hub wheel, enabling conductive power transfer from roadside
conduction rails while the vehicle is in motion. The PCU is equipped with various features designed to maintain the contact force
(CF) with the conduction rails, effectively handle instances of wheel bouncing and vibrations, and ensure a consistently smooth
dynamic power transfer. This paper presents the experimental validations of the active PCU controls, including the operation
sequence of the PCU, CF control, and PCU interaction with wheel bouncing.

1. Introduction

About a quarter of global greenhouse gas (GHG) emissions
arise from road transportation. Electric vehicles (EVs) have
emerged as a potential resolution for establishing sustainable
practices within road travel [1]. Nevertheless, several tech-
nological hurdles obstruct the broad implementation of EVs:
battery technology, charging infrastructure, and standardiza-
tion. The current constraints in battery technology encom-
pass elements like a restricted electric driving range, extended
charging duration, and an uncertain battery lifespan [2]. Fur-
thermore, owing to the battery’s lower specific energy com-
pared to gasoline or diesel, a substantial battery pack is
required to attain an acceptable driving range, consequently
augmenting the vehicle’s weight and cost [2, 3]. Quick charg-
ing entails various challenges, including implications for bat-
tery systems regarding heat management and constraints, as
well as ramifications for the distribution power system in
relation to phase imbalances, harmonic infusions, and the

coordination of protection systems [4]. The lack of consistent
standards and the interoperability of charging systems is
another market impediment to the growth of the EV market.

Extensive research endeavors are currently focused on
enhancing the energy density of EV batteries and optimizing
the charging efficiency of stationary fast chargers. However,
interstate traveling at high speeds quickly depletes a vehicle’s
battery, limiting the driving range [4]. Introducing dynamic
conductive road charging (DCRC) at elevated driving speeds
has the capability to expedite the acceptance of EVs as a
sustainable alternative to traditional fuel-based vehicles [5, 6].

A smart, efficient highway concept referred to as tracked
electric vehicle (TEV) system was recently proposed [7].
TEV system can accommodate an enormous number of
EVs that can be charged while driving at high speeds. TEV
track is a single, narrow, electrically powered, and enclosed
lane, so overtaking is not possible, and weather disruption
does not affect the system operation [7]. In the TEV system,
EVs travel autonomously in platoons at high speeds of
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200 km/hr and small intervehicle distances, as shown in
Figure 1. Driving in convoys with close intervehicle spacings
is a technique that reduces overall aerodynamic drag and
hence increases overall system efficiency [8]. Therefore, the
TEV system can be an efficient dynamic charging platform for
EVs to avoid the limitations of available charging systems.

The Siemens e-Highway showcases a dynamic charging
system designed for freight transportation. This setup involves
utilizing two parallel top-mounted pantographs to acquire
power from two overhead power lines. Notably, the panto-
graphs are equipped with spacious collector shoes in relation
to the width of the lines, allowing them to slide laterally within
a broad range without necessitating precise shoe alignment
beneath the lines. When no overhead line is detected, the
pantographs retract automatically, and the vehicle transitions
to diesel hybrid power. Siemens’ technology draws inspiration
from well-established trolleybus and railway systems. How-
ever, it is important to note that this solutionmay not be viable
for passenger EVs [9].

Honda conducted tests on a DCRC system. The EV
power collection unit (PCU) is equipped with a 1.5-m long
arm housing two rolling contacts referred to as “twin roller,”
which can effectively transmit up to 450 kW of power at
speeds reaching 150 km/hr. The extension and retraction of
the power collection arm to the EV’s chassis are managed
through an electric linear actuator. The arrangement includes
a bipolar power track that carries a voltage of 750V DC and is
integrated within the crash barrier. Furthermore, this system
operates on the basis of a substantial stationary battery storage
system capable of supplying substantial power to the in-
motion vehicle. This setup offers the advantage of providing
a 3-km rapid charging lane for every 52 km travel distance
[10, 11].

The ground-charging PCUs are referred to as “pickups.”
Three different pickup technologies based on ground charg-
ing have already been demonstrated for dynamic ground
charging: Alstom Aesthetic Power Supply (APS), Elways,
and ElonRoad [5, 12]. The Alstom APS presents a 750-V
DC rail system wherein power tracks are seamlessly inte-
grated into the road surface. While initially designed for

trams, this technology can be customized for EVs. The col-
lection device, referred to as the pickup shoe, is a bipolar
PCU equipped with automated and precise lateral position-
ing capabilities [13]. ElonRoad concept is based on 1-m
segments mounted on the road’s surface. This approach
incorporates a 1.5-m long pickup mechanism featuring three
sliding contacts operating at 600V DC. The leading connec-
tor establishes contact just before the trailing connector loses
connection [14]. The Elways approach is identical to the
other two systems, with two significant differences: the
road surface is embedded with two 10-cm deep parallel slots,
and the track operates on a single-phase 50Hz power supply.
The Elways technology involves a precise active positioning
mechanism installed beneath the car’s chassis to connect the
pickup to the electrified slot [15].

In general, none of the existing approaches has been dem-
onstrated at a continuous driving speed exceeding 100 km/hr,
except for the Honda system, which underwent testing at
speeds of 150 km/hr. However, it operated within an intermit-
tent charging mode, featuring a 3-km charging lane for every
52 km traveled. Consequently, these solutions do not align
with the TEV system. Moreover, all the presently available
DCRC systems necessitate significant modifications to EVs.
This entails either redesigning and reinforcing the EV roof or
the development of chassis to accommodate PCUs. Thus,
these technologies prove impractical due to their associated
high costs.

The authors have proposed a unique concept in the
domain of DCRC called the “wheel-hub active PCU for
TEV system” described in [16]. This study successfully dem-
onstrated a pioneering DCRC concept in which an active
PCU was affixed to a stationary-hub wheel to enable the
conductive power transfer from roadside conduction rails
during vehicle motion. This innovative approach was moti-
vated by several factors: (1) The distinct characteristics of the
TEV system, wherein the track is a singular narrow lane, and
the EVs drive autonomously without overtaking, resulting in
uninterrupted power conduction and a reduction in undesir-
able discontinuous conduction transients; (2) The utilization
of the stationary-hub wheel concept, influenced by Orbis
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FIGURE 1: EVs drive autonomously in a platoon in the TEV system.
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Ring-Wheel technology, employing an eccentric wheel drive
motor to establish a static hub, consequently reducing the
torque needed for wheel propulsion by 40% and elevating
braking efficiency by 30% [17]; (3) The incorporation of an
in-wheel active suspension system, which effectively reduces
wheel vibration and, thereby, improves the quality of power
transfer via the wheel-hub PCU.

The prototype wheel-hub PCU represents a hybrid con-
figuration, functioning as a bipolar minipantograph that
effectively gathers power from the roadside conduction rails.
This design is inspired by the combination of high-speed
trains with third-rail charging systems. It operates as an
active PCU, efficiently maintaining the desired contact force
(CF) between the sliding contacts and the conduction rails.
Additionally, the system is outfitted with dual linear stepper
actuators and a suspension mechanism for extending,
retracting, and accommodating horizontal and vertical wheel
vibrations or deflections.

While the design and experimental validation of the
wheel-hub PCU for this concept are extensively covered in
[16], this article primarily aims to introduce the PCU’s con-
trol scheme and operation sequence. The paper is structured
as follows: Section 2 introduces the structure of the wheel-
hub PCU, Section 3 describes the operation of the PCU,
Section 4 elaborates on the control strategy, Section 5 pre-
sents the findings of the experimental validation, and, finally,
Section 6 provides a concise summary that encapsulates the
entire content of the paper.

2. Structure of the Wheel-Hub PCU

The wheel-hub PCU is composed of four main parts: current
collection unit (CCU), kinematic mechanism, linear actua-
tor, and suspension system. The PCU is analogous to the
pantograph in railway applications in terms of the articulat-
ing frames, actuation, and suspension system. However,
there are key differences between the head of the pantograph

and the CCU of the PCU. Figure 2 shows the proposed PCU
mounted on a static-hub wheel.

The CCU is a bipolar unit with two wide carbon strips
with regard to the width of the conduction rails. This design
allows the strips to move laterally across a wide range, elimi-
nating the necessity for precise vertical alignment. The CCU
can be appropriately referred to as a “smart CCU” for the
following reasons: (1) It incorporates a load cell to monitor
the CF between the carbon strips and conduction rails, and it
regulates the desired CF through a primary linear actuator
situated at the base of the PCU; (2) An inductive proximity
sensor is integrated to detect the conduction rails, enabling
the CCU to establish contact or retract to its home position
as needed; (3) A linear actuator is integrated, enabling active
movement upward and downward. This facilitates tasks such
as scanning the conduction rails, interacting with wheel
bouncing, and ensuring even wear distribution of the
brushes; (4) It is provided with two ultrasonic distance sen-
sors to monitor the horizontal and vertical positions of the
CCU; and (5) The CCU is equipped with a three-axis vibra-
tion sensor and an infrared temperature sensor to monitor
the vibration and temperature of the contact surface. The
components of the CCU are shown in Figure 3 and described
in detail below.

2.1. Sliding Contacts. The two sliding contacts are metallized
carbon strips with a low coefficient of friction and a 10A/cm2

current density. The metallized carbon was made and pro-
vided by Morgan Advanced Materials, a major supplier to
the railway and tramway industries around the world. The
carbon brushes measure 8 cm by 3 cm and are strategically
designed to be 5 cm broader than the conduction rails.

2.2. Brush Carrier. It measures 24 cm long by 7 cm wide and
is made of Tufnol 1P/13 material, which is characterized by
its low weight, high stiffness and hardness, and excellent
electrical and thermal insulation.
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FIGURE 2: Proposed stationary-hub wheel PCU [16].
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2.3. Power Cables. Two trirated 10mm2 red and black PVC
cables, commonly known as BS6231 cables, are connected to
the CCU brushes to transfer power to the resistor load.

2.4. Load Cell. A button load cell with a range of 50 kg
(500N) is used with an electrical signal output of 1mV/V.
The electrical output from the load cell is amplified, filtered,
and measured using a strain gauge amplifier shield coupled
with an amplifier AD8426.

2.5. Force Adjustor. An M6 flat-head screw is used for fine-
tuning the CF offset between the carbon brushes and con-
duction rings.

2.6. Ultrasonic Distance Sensor (HC-SR04). The ultrasonic
ranging module offers a noncontact measuring range of
2–400 cm with a ranging precision of up to 3mm. The basic
work principle is that the trig pin of the HC-SR04 transmits
an ultrasound at 40 kHz through the air. When an object or
obstacle reflects the high-frequency pulse, the sensor’s echo
pin receives it, and the ultrasonic transducer calculates the
round-trip duration of the sound. The distance can be deter-
mined by halving the round-trip travel time and the sound
speed (340m/s) [18].

2.7. Vibration Sensor (ADXL335 Triple Axis). It is a three-
axis acceleration measurement device with a full sensing
range of Æ3 g, where 1 g equals 9.8m/s2. The output signals
are analog voltages that correspond to the acceleration mag-
nitude. The deflection of the structure is measured using a
differential capacitor. Acceleration deflects a moving mass
and unbalances the differential capacitor, producing a sensor
output with amplitude and direction proportional to the
acceleration, X-, Y-, and Z-axes [19].

2.8. Inductive Proximity Sensor. It generates a magnetic field
around the detecting surface using a coil and oscillator.

When a metallic object enters the operating region of the
sensor, an induction current is generated in the target object,
Faraday’s law, which creates a magnetic field that opposes
the sensor’s coil magnetic field, Lenz’s law. The sensor’s trig-
ger circuit oversees the amplitude of the magnetic field oscil-
lation, which triggers a change in the output state when it
dips below a predefined threshold. The sensor’s detection
range varies based on the detected metal type. For instance,
ferrous metals like iron can extend the detection range to
10mm [20].

2.9. Infrared (IR) Temperature Sensor (MLX90614). This sen-
sor contains an integrated IR-sensitive thermopile detector
chip and signals conditioning circuitry. The thermopile is
composed of thermocouple pairs connected in series. The
measured output voltage is directly proportional to the tem-
perature differential across a thermal resistance layer and the
thermocouple junctions. It is factory calibrated for a large
temperature range from 70 to 380°C, with high precision of
0.5°C throughout this range [21].

2.10. Stepper Linear Actuator (NEMA17). This stepper motor
is a hybrid design that combines attributes of both perma-
nent magnet and variable reluctance motors, resulting in
superior step resolution, speed, and torque capabilities. The
stepper motor is one of the most commonly used motors in
motion control applications, especially in positioning appli-
cations, because it can be precisely controlled down to frac-
tions of a degree without using feedback devices such as
encoders or resolvers.

2.11. Linear Bearing. Two precise LM8UU-sized linear ball
bearings are used to connect the CCU to the articulating
mechanism, enabling the CCU to move freely upward and
downward throughout its range of motion.
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FIGURE 3: The CCU [16]: (a) front view; (b) back view.
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2.12. Pivotal Connector. This mechanism comprises a two-
rod pivoting link, four compression springs with a stiffness of
0.50N/m, and two linear bearings on both sides. It links the
pressing plate of the CCU to the top of the end point of the
upper frame.

2.13. Pressing Plate. The plate is a U-shaped aluminum plate
with a thickness of 3mm, designed to accommodate the
linear bearings and connected to two sliding loops. It houses
the integrated linear actuator and transmits the force the
active suspension system applies to the brush carrier, achiev-
ing the desired CF.

2.14. Slider Loops. The CCU is equipped with two slider
U-loops attached to the pressing plate and passing through
the brush carrier, enabling it to slide upward and downward
freely.

3. Operation of the PCU

The PCU is equipped with two stepper linear actuators, the
primary and auxiliary actuators, which allow for active
movement in both horizontal and vertical directions. The
primary actuator, denoted as “Stepper1,” is positioned at
the base of the PCU frame. This actuator is responsible for
extending and retracting the PCU horizontally and main-
taining control over the CF between the sliding contacts
and the power conduction rails. The CCU incorporates an
auxiliary linear actuator known as “Stepper2,” which is
responsible for the vertical movement of the carbon brushes.
This facilitates tasks such as identifying the conduction rails
through a process, referred to as “scanning,” ensuring even
friction distribution across the brush surface, known as
“swinging,” and engaging with vertical wheel bouncing tomain-
tain consistent power transmission, referred to as “bouncing.”
These linear actuators are managed by digital multistepping
drive units (DM542T). All controllers are programmed using
the C language on Arduino Uno microcontrollers, connected
through a multichannel optocoupler module (PCF817) to
enable sequential communication. Figure 4 shows a schematic
depiction of the PCU’s control architecture. The operational
sequence of the PCU and complete program scripts for the
control codes of Stepper1, Stepper2, and the monitoring sys-
tem are shown in Supplementary 1 and Supplementary 2.

4. Control of the PCU

The PCU controls include the operation sequence, CF regu-
lation, scanning, swinging, and bouncing. This article pre-
sents experimental results for all these control functionalities.
However, particular emphasis is given to presenting the
modeling and simulation of the CF control, as it forms the
primary objective of this active PCU.

4.1. Mathematical Modeling of the PCU. Kinematic and
lumped mass models were employed to analyze the behavior
of the PCU. The kinematic model was utilized to estimate the
lengths and angles of the PCU frames in [16]. The modeling
methodology described in this article involves the utilization

of the lumped mass model to develop a controller responsible
for the regulation of CF exerted by the PCU carbon strips on
the conduction rails [22].

The lumped-mass model is an effective method for
describing the PCU’s physical features. For example, high-
speed trains’ pantographs consist of three interconnected
masses: the head and upper and lower frames. It interacts
with the mass of the overhead catenary, which has varying
stiffness, creating a system with various natural frequencies.
Consequently, it is regarded as a three degree of freedom
(DOF) model [16, 23]. Nevertheless, the proposed PCU
has been characterized as a single DOF system due to the
following considerations: (1) The mass of the PCU is signifi-
cantly smaller than that of a pantograph, and its intercon-
nected frames hold nearly equivalent masses; (2) In contrast
to overhead lines, the conduction rails have incredibly high,
and time-invariant stiffness and their mass does not influ-
ence the behavior of the PCU [24]; thus, the interaction
between the conduction rails and the PCU is minimal. More-
over, autonomous driving technology is assumed to effec-
tively maintain the EV’s position relative to the conduction
rails [16]. Therefore, the PCU can be described as a parallel
arrangement consisting of a mass-spring-damper system in
conjunction with a linear actuator. This configuration is
employed to uphold the desired CF by either injecting or
dissipating energy through the suspension mechanism, as
shown in Figure 5. This approach is analogous to the concept
of active suspension technology [16, 25].

The PCU’s dynamic motion equations can be expressed
using Newton’s second law as follows [16, 26]:

ΣF ¼ma; ð1Þ

mX00
1 ¼ −b X0

1 − X0
3ð Þ − k X1 − X3ð Þ þ Fa; ð2Þ

where m is the PCU’s mass, k and b are the stiffness and
damping of the suspension, respectively, X1 and X3 are the
horizontal displacement, X0

1;X
0
3 are the PCU speed and

wheel vibration, respectively, Fa is the linear actuator force,
and Fc is the CF.

State variables can be described as horizontal motion
using the state–space representation:

x1 ¼ X1; x2 ¼ ẋ1 ¼ Ẋ1 ; x3 ¼ X2 and x4 ¼ ẋ3 ¼ Ẋ2; ð3Þ

where x1 and x2 are the displacement and speed of the PCU,
respectively, whereas x3 and x4 are the movement and vibra-
tion of the wheel, respectively.

Therefore, Equation (2) can be arranged in state–space
form as follows:

ẋ2 ¼ −
k
m
x1 −

b
m
x2 þ

k
m
x3 þ

b
m
x4 þ

Fa
m

þ Fd; ð4Þ

where Fd represents any external disturbance force.
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The general state–space representation form is given as
follows [16, 26]:

ẋ ¼ Ax þ Bu;
y ¼ Cx þ Du;

ð5Þ

where A;B;C and D are the state space, input, output, and
direct transmission matrices, respectively, x is the state vari-
ables, u is the system input, and y is the system output.

Thus, the state–space representation of the system is
given as follows:

ẋ1
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ð6Þ

y ¼ 1 0 −1 0½ �

x1

x2

x3

x4

2
66664

3
77775
; ð7Þ

Fc ¼ k x1 − x3ð Þ; ð8Þ

where y is the measured displacement.

4.2. Design and Simulation of CF Controller. The control
strategy for regulating the CF draws inspiration from active
suspension system technology. In contrast to the panto-
graphs of high-speed trains, the CF control exclusively con-
siders PCU parameters. Various techniques have been
applied to govern the active suspension, including the utili-
zation of mechanical impedance simulation [25], higher-
order sliding mode control (HOSMC), integral sliding
mode control (ISMC), proportional integral derivative
(PID), and linear quadratic regulator (LQR) [27]. The PID
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FIGURE 4: Control panel schematic diagram.
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controller was used to regulate the CF for lab validation of
the proposed approach.

A Simulink model was developed using the state–space
representation of the PCU motion, as shown in Equations (5)–
(7). The system parameters are: themass of the PCU (m)= 5kg;
the suspension stiffness (K)= 1,000N/m; the suspension
damping (b)= 50Nm/s; and the force of the actuator (Fa)
= 100N. The CF was controlled using a PID controller. A
graphical user interface (GUI) tool referred to as single-
input-single-output (SISO) tool was utilized for PID control-
ler design. When the transfer function’s poles, zeros, or gain
are modified, the SISO tool approach modifies the root locus
and Bode graphs in real time. The PID Tuner software

optimizes the robustness and performance of the plant’s
PID controller by adjusting the gains automatically. The
PID tuning method with a first-order derivative filter is cho-
sen to improve the controller’s performance by adjusting the
loop bandwidth and phase margin in the Bode plot. Figure 6
illustrates the Bode plot for the system’s transfer function,
offering insights into its stability, gain margin (GM), and
phase margin (PM). GM and PM are quantified in decibels
(dB) and degrees. Modifying GM and PM allows for control
over the system’s stability. Higher GM and PMvalues result in
improved system stability [28]. Figure 6 shows the Bode dia-
gram for the closed-loop system that demonstrates that the
PM is +90° and GM is infinity since there is no phase
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–50

0

 M
ag

ni
tu

de
 (d

B)

10–1 100 101 102 103 104

Frequency (rad/s)

–180

–135

–90

 P
ha

se
 (d

eg
re

e)

Phase margin

Gain crossover
 frequency

–100

FIGURE 6: Bode diagram for the closed-loop system.

IET Electrical Systems in Transportation 7



crossover frequency; therefore, the system is stable. The PID
controller gains were exported to the Matlab workplace when
the desired response was achieved, Kp= 10, Ki= 200, Kd=
0.125, Tf= 0.001, and then these gains were entered into
the Simulink model establishing the closed-loop control
system.

The system response to the step input of the desired CF
(100N) and the three different disturbance signals, as shown
in Figure 7, are examined in open and closed control loops.
This analysis is conducted to demonstrate the robustness of
the PID controller that has been designed.

Figure 8 demonstrates the system response to the distur-
bance signals. The response to step input force is in the
period 0–1 s. Characteristics of the open-loop system are
0.14 s rise time, 0.24 peak time, 0.8 s settling time, and 30%
overshoot. The system’s robust response with the PID

controller has no overshoot, zero steady-state error, and a
rise time of 0.01 s, resulting in a 14-fold performance
enhancement over the open-loop system. The sinusoidal dis-
turbance signal of 0.01m amplitude and a frequency of 5Hz,
Fd ¼ 0:01cos 10πtð Þ; 1 s≤ t ≤ 1:6 s, simulates an excessive
vibration disturbance. The PID controller displays lowered
and more controlled variation in the CF of around 5N ripple
with the same frequency as the vibration signal. In contrast,
the response of the open-loop system is a distorted waveform
with an average force ripple of 30N. The random distur-
bance signals represent two different transient disturbance
signals: a spike signal of 80N at 2.5 s and a pulse signal of
−50N at 3.9 s. The closed-loop response exhibits robust
performance, with less than 10% overshoot/undershoot, 0.5 s
settling time, and zero steady-state error. On the other hand,
the open-loop system response results in greater than 100%
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overshoot and longer settling time, demonstrating the robust-
ness of the designed PID controller.

5. Experimental Validation

An experimental platform was developed in-house to dem-
onstrate the DCRC concept using the proposed active PCU
mounted on a stationary-hub wheel along with a rotary power
disk. The power disk has two conduction rings to simulate the
TEV’s conduction rails, which would be installed in the crash
barrier [16]. This paper’s practical testing scope is confined to
motion and control assessments of the prototype PCU. The
PCU is controlled by two stepper linear actuators, referred to
as “Stepper1” and “Stepper2.” The Stepper1 is controlled by a
load cell to maintain the desired CF. In contrast, the Stepper2
is controlled using various controllers to perform different
tasks: (1) To detect the conduction rings using an inductive
proximity sensor, this process is referred to as “scanning”; (2)
To distribute the wear uniformly across the carbon brushes
employing a sequence controller, this function is known as
“swinging”; and (3) To interact with the wheel bouncing uti-
lizing an ultrasonic distance sensor, denoted as “bouncing.”

5.1. CF Control. A load cell integrated into the CCU is linked
to pin A0 of the Arduino Uno board. This setup enables the
load cell to detect the CF as analog input through a Wheat-
stone amplifier shield, as shown in Figure 9. When CF devi-
ates from the set point, the microcontroller sends pulse and
direction output signals (D6 and D7) to the Stepper1 drive
unit to correct this deviation. An adaptive PID controller is
used to determine the response signal characteristics with two
sets of parameters (Kp, Ki, Kd). The magnitude of the error
determines the choice between these parameter sets. Conser-
vative parameters (Kp2= 0.5, Ki2= 0.075, Kd2= 0.000025)
are used when the error is less than 10N; otherwise, the con-
troller calls for the aggressive set of parameters (Kp1= 1.5,
Ki1= 0.15, Kd1= 0.000005).

To replicate CF fluctuations, the CF set point was inten-
tionally adjusted to different levels during the operation. This
manipulation introduced control errors between the mea-
sured CF and the set point. The subsequent evaluation was
conducted to assess the performance of the developed con-
troller in handling these conditions. Figure 10 demonstrates
how the force controller adjusts the actual CF in response to

changes in the reference CF. During the operation of the
power disk at a speed of 1,000 rpm, the CF set point was
intentionally varied across different levels using commands
from the Arduino serial monitor online data acquisition of
the CF.

Figure 10 demonstrates the CF controller’s rapid response
to the ramping of the reference signal with an overshoot of
less than 10% and CF ripples of aroundÆ5N. The variation in
the CF is due to the extremely low sensitivity of the load cell
(1mV/V) and the narrow range of the measured force com-
pared with the entire range of the load cell. The expected
measured CF range is only around 100N or about one-fifth
of the entire range of the load cell (500N). According to the
load cell calibration with the SGS amplifier, the full range of
the load cell (500N) represents 1,024 while the 0 offset value is
340, using the Arduino Uno’s ADC resolution (10 bits). Con-
sequently, the ADC raw value of the full range of the load cell
is 1,024–340= 684, whereas the raw value of the maximum
measured CF is only 684/5= 137. The resolution of the ADC
in mV/bit is 5,000/1,024= 4.88mV/bit; hence, the full
detected force range in mV is only 137× 4.88= 0.669 V,
which is a relatively narrow sensitivity measuring range. Fur-
thermore, the vibration of the spinning power disk or any
other manufacturing defect in the PCU’s frames could cause
these ripples.

5.2. Scanning and Swinging Control. Scanning and swinging
controllers employ nearly identical code to drive the Step-
per2, prompting it to raise and lower the carbon brush car-
rier. However, these controllers differ in their sequence
orders, intended goals, and the distinct operational condi-
tions they address.

The scanning process involves a single-cycle operation
initiated by the Stepper1 controller when the CCU reaches
the designated scanning level. This cycle entails moving the
brush carrier from the center position to the upper limit,
then to the lower limit, and finally returning to the center
position. This process terminates when a proximity sensor
detects one of the conduction rings, prompting the brushes
to return to the center position and the Stepper1 controller to
shift the CCU to the tracking position. When none of the
conduction rings is detected, the scanning cycle is completed,
interrupting the PCU operating sequence.
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amplifier 

20 × 4 LCD Digital encoder 

Stepper1 drive unit Stepper1  motor 
SDA D5

A0
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D7

GND
VCC
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A– 

B+

B– 
+V GND

5 V DC 36 V DC

Arduino
Uno 

PUL+
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DIR+
DIR–

SLC D4

FIGURE 9: CF control loop.
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Swinging is a multicycle operation initiated by the CF
controller when the CCU operates under steady speed and
full load conditions. This operation ceases as the CCU starts
to retract toward the home position. During the swinging
procedure, the Stepper2 mechanism coordinates the oscilla-
tion of the brush carrier through an up-and-down motion,
performed at a relatively moderate speed. This motion is
intended to equally distribute friction wear throughout the
surface of the sliding contacts. This can be seen as analogous
to the zigzagged overhead lines used in high-speed railway
applications. Figure 11 shows one complete operation cycle
of the CCU’s motion, as indicated by the yellow arrows.

The oscilloscope image, as shown in Figure 12, presents
the direction and stepping signals of the drive units of the
two steppers, indicating the timing of communication

between them. Magenta pulses and green direction signals
represent the Stepper1 drive signals, whereas the Stepper2
drive signals are in dark blue pulses and light blue direction
signals.

The numbering scheme, as shown in Figure 12, corre-
sponds to the order of the operational sequence of the two
steppers: (1) Stepper1 is extending the PCU to the scanning
level; (2) Stepper2 began scanning in the low direction and
was inverted to high when the conduction rings were
detected; (3) Stepper1 is moving the PCU to the tracking
level; (4) Stepper2 is swinging for two cycles indicated by
the direction signal change; and (5) Stepper1 is retracting
the PCU to the home position indicated by the direction
signal change. Furthermore, the figure demonstrates that
the scanning cycle was terminated when the proximity
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FIGURE 11: One cycle of the CCU motion: (a) at the center position; (b) at the upper end; (c) at the lower end; (d) back to the home position.
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sensor detected a conduction ring, whereas the swinging
process lasted two complete cycles and ended when Stepper1
retracted the PCU.

5.3. Bouncing Control of the Brush Carrier. The PCU incor-
porates three functionalities to address wheel bounce: two
mechanical approaches and one electrical control method.
The initial wheel deflection, within a range of up to 2.5 cm, is
effectively handled through the utilization of two linear bear-
ings and four compression springs situated along the sliding
connection that establishes the linkage between the CCU and
the upper frame of the PCU. When the wheel deflection
exceeds the 2.5 cm threshold, an ultrasonic distance sensor
affixed to the PCU is triggered, prompting the activation of
the Stepper2 mechanism to initiate a counteracting motion
in the opposite direction. This corrective action aims to
address deflections within the 2.5–5 cm range; in cases where
the wheel bounce surpasses the 5 cm threshold, an additional
movement of 2.5 cm upward or downward becomes achiev-
able because the carbon brushes are 5 cm wider than the
conduction rails. As a result, the PCU is effectively equipped
to accommodate a total wheel bounce distance of up to
7.5 cm in both upward and downward directions. This capa-
bility is attributed to the broader reach of the carbon brushes
beyond the width of the conduction rails. This section
addresses the control loop of Stepper2, which includes an
ultrasonic distance measurement sensor attached to the
lower frame of the PCU facing the road surface to monitor
the ground clearance of the PCU. Road surface disturbance
was emulated by placing a flat object 13 cm beneath the
ultrasonic distance sensor, as shown in Figure 13.

As the flat object is elevated, the measured distance
experiences a decrease, mimicking a scenario where the vehi-
cle encounters a pothole. This reduction in measured dis-
tance triggers the bouncing controller. Given that the
measured distance falls below the predefined set point, the

controller computes the rotation direction (low) required to
elevate the carbon brush carrier. The magnitude of move-
ment and the controller’s response are influenced by the
disparity in distance (error) and the parameters of the PID
controller. Upon the removal of the flat object, the measured
distance experiences a sudden increase from low to high,
exceeding the reference distance. In response, the rotation
direction is switched to high to correct this error and prevent
any disruption in power transfer; this simulates the wheel
bouncing upward. As the flat object is repositioned back in
its original position, the controller then commands the car-
bon brush carrier to return to the center position. Figure 14
visually represents the scenarios outlined above through
numbered cases 1–3. In these cases, the microcontroller’s
direction pin status is marked as low for upward movement
in cases 1 and 3 and high for downward movement in case 2.
Moreover, the figure illustrates that the pulse clusters in case
2 are broader than those in cases 1 and 3. This distinction in
pulse width arises because the motions in the latter cases
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FIGURE 12: The operation sequence of the PCU.
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FIGURE 13: Wheel bouncing emulation.
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involve transitions from/to the zero position, whereas the
motion in case 2 entails a shift from a lower distance to a
higher distance. This leads to a higher proportional gain,
thus influencing the width of the pulse bunches.

5.4. Dynamic Conductive Power Transfer. The validation of
the DCRC concept at high speed was achieved by transmit-
ting 30 kW of power from the rotating power disk while it
was spinning at 2,400 rpm and powered by a 600-V DC
source to resistive load through the wheel-hub PCU. The
effectiveness of transferring power through dynamic conduc-
tion was tested at varying loads (15 and 30 kW) and speeds
(500, 1,000, and 1,500 rpm) before reaching the intended
speed of 2,400 rpm, equivalent to a velocity of 200 km/hr
[16]. Figure 15 demonstrates the successful dynamic power

transfer at full load and the target speed (2,400 rpm) [16].
The illustrated values represent the input and output voltages
of the spinning power disk, denoted as V1 and V2. The
voltage levels are 600V for V1 and 590V for V2. The current
flowing through the rotating conduction rings is indicated as
I and amounts to 50A when operating under a full load [16].
The presence of electrical contacts between the carbon
brushes and the rotating conduction rings generates a voltage
difference of 10V, attributed to the resistance within these
contacts. This discrepancy in voltage is accompanied by a
corresponding power loss, which is maintained within
acceptable thresholds for this particular application (10%
tolerance). This is particularly important as this application
typically involves electrical arcing during the conduction
process [29, 30].
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FIGURE 14: Bouncing controller output direction and pulses to the Stepper2 drive unit.
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6. Conclusion

This paper presents the operation and control of a prototype
active PCU. The proposed PCU was employed to empirically
verify a new concept of roadside DCRC. The bipolar active
PCU was devised and mounted on a stationary-hub wheel to
collect the power from spinning conduction rings, which
emulate the roadside conduction rails. The PCU was fitted
with a range of mechanical and control attributes that allow
it to detect the conductor rails during start-up and maintain
the desired CF during operation by actively reacting to the
wheel bouncing and deflection. A mathematical model for
the PCU was developed and used to design and simulate the
CF controller. The PCU operation sequence, CF control, and
other control features, including scanning, swinging, and
bouncing capabilities, were experimentally validated. DCRC
tests were successfully conducted at a rotational speed of
2,400 rpm, equivalent to 200 km/hr, and a full load of 30 kW.
The simulation and experimental results are introduced and
discussed in this article.
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