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Automated Alignment With Respect to a
Moving Inductive Wireless Charger

Ivan Cortes

Abstract— Wireless charging is an attractive technology that
often promises increased mobility for electrical devices. However,
commonly available wireless charging systems are generally
intolerant to misalignment between the charger and the receiving
device due to the need for inductive coupling between the
two, defeating the promise of mobility. Many techniques have
been studied to address this issue, including improved electrical
circuits, novel charger coil designs, and the use of sensors for
detecting misalignment. In this article, a new arrangement of
sensing coils is used to detect lateral misalignment between a
moving wireless charger and a mobile robot. Data from the
sensing coils are used in a dual-loop control of the robot. The
inner loop controls the robot velocities and consists of a linear
quadratic regulator with integral action. The outer loop provides
reference velocities to the inner loop based on the readings of the
sensing coils. Using this method, an experimental mobile robot
maintains alignment within 2 cm with respect to a 5-W wireless
charger that moves up to 0.145 m/s. This automated alignment
method is a low-cost solution that enables mobile systems, such
as autonomous vehicles, to wirelessly charge while the charger
is moving.

Index Terms— Linear quadratic optimal control, mobile robot,
sensing coils, wireless charging.

1. INTRODUCTION

IRELESS power transfer (WPT) has intrigued

scientists and engineers for many decades [1], [2].
The appeals of WPT include a reduction of wires, elimina-
tion of exposed electrical contacts, increased device mobility,
and reduced battery size. Such features immediately affect
the safety and convenience of many consumer products.
This widespread impact is exemplified by the recent mar-
keting of wireless charging for mobile devices and electric
vehicles [3], [4].

Commercial wireless chargers operate using inductive
power transfer (IPT) technology. In this method, the charger
and the receiving device each contain a coil. When placed
near each other, the coils in the charger and the receiving
device are closely coupled and the energy is transferred via
magnetic induction. However, any misalignment between the
coils significantly reduces the inductive coupling, decreasing
the effective power transfer. For this reason, wireless charging
systems are generally intolerant to misalignment [5], [6].
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Many studies investigated solutions for misalignment
intolerance in IPT systems. One approach is to strengthen the
inductive link between the charger and the receiver over a
larger range of misalignments. This has been accomplished
by improving the electrical circuits, introducing additional
coils, or modifying coil geometries [7]-[10]. Another approach
is to detect and correct misalignment at the time of WPT.
Methods for detecting misalignment include the use of cam-
eras, auxiliary coils, phase-detection circuits, or conventional
sensors [11]-[15].

Studies of wireless charging typically consider static
applications, where a stationary charger transfers power to a
device that is not moving. However, some mobile systems—
such as electric vehicles, water vessels, or robots—could
benefit from wireless charging while they move [16]-[19].
Misalignment issues are complicated in such cases due to the
movement dynamics of the mobile systems. Thus, solutions for
misalignment reduction in moving IPT scenarios have recently
gained attention. Dynamic wireless charging for vehicles typi-
cally features stationary, in-ground chargers with novel coil
geometries and optimized power strategies [16], [1]. Coil
misalignment in these cases is often corrected by adjusting
the vehicle steering in real-time [12]-[15]. Other studies have
proposed mobile chargers as a cost-effective alternative to
in-ground chargers [20], [21]. In this case, a mobile charging
station is brought to the vehicle, and the vehicle must maintain
alignment with the moving charger.

The solution presented in this article provides automated,
lateral alignment between a device and a moving wireless
charger. The misalignment is measured using a modified
version of the sensing coils presented in [11] and [22].
In the previous work, the sensing coils were used in a static
scenario only. This article extends the use of the sensing
coils to dynamic wireless charging. As the wireless charger
moves, the receiving device maintains proper alignment with
the charger using real-time feedback from the sensing coils.
A mobile robot, equipped with a wireless charging receiver,
is used as a test vehicle. A wireless charger is moved in a pre-
determined path, and the robot’s own movement is controlled
to continuously position the robot above the charger. This
solution is easily scaled for implementation in other mobile
systems, such as electric vehicles, to enable more mobility
during wireless charging.

This article consists of seven sections. Section II describes
a conceptual scenario for mobile robot wireless charging
that is the focus of this article. In Section IlII, the proposed
misalignment-sensing coils and their operation are presented.
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Fig. 1. Example scenario of wireless charging with a moving charger. One

mobile robot has a wireless charger, and the other robot has a receiver.

The controller design for the robot is detailed in Section IV.
The experimental hardware, including a mobile robot and
charger-positioning mechanisms, is described in Section V.
The experimental measurements of the mobile robot posi-
tioning above the moving wireless charger are presented in
Section VI. Finally, Section VII offers the conclusions of this
article.

II. WIRELESS CHARGING WITH A MOVING CHARGER

Consider the wireless charging scenario depicted in Fig. 1.
A mobile robot is equipped with a wireless charging
receiver. Rather than returning to a charging station, a wire-
less charger is brought to the mobile robot using a second
mobile robot with a large battery. For effective power transfer,
the receiver must continuously be aligned with the charger.
If properly controlled, the charger and the mobile robot can
move together, enabling the robot to perform its primary func-
tion while it charges. The challenge is continuously sensing
and correcting any misalignment between the charger and the
receiver as they move. This article details one solution that
enables automated alignment using inexpensive sensing coils
and a dual-loop control scheme.

The scenario described in Fig. 1 is representative of other
systems where the charger and the receiver move laterally with
respect to one another. One example is wireless charging for
electric vehicles. Another example is water vessels that move
up and down due to waves. In this case, the charger and the
receiver are mounted vertically, as in [18], so that they remain
approximately parallel as the vessel moves.

The mobile robot in this article serves as a test system for
the misalignment-sensing coils and control strategy. Mobile
robots are commonly used in the literature to approximate
larger vehicles [23], [24]. However, the forthcoming exper-
iment is a low-speed application on a flat surface. In this
case, vibrations or other high-frequency disturbances are not a
factor. Previous work investigated wireless charging for fast-
moving systems, especially electric vehicles [25]-[27].

A. Differential-Drive Mobile Robot

In this article, a differential-drive mobile robot with two
dc-motor-driven wheels and one caster roller is considered.
Fig. 2 depicts the mobile robot from a top view and establishes
two coordinate frames along with some dimensions. The
global inertial frame is defined by the basis {I, J, K} and the
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Fig. 2. Differential-drive mobile robot with global and body-fixed frames.

robot body-fixed frame by the basis {i, j, k}. The k-axis passes
through the robot center of mass, and the i-axis is aligned with
the robot’s axis of symmetry, forming the angle 8 with respect
to I. The wheelbase center is at —di, and the ball caster is at ci.

The two main forces acting on the robot, Fi, and Fg, are
due to rolling without slipping of the left and right wheels,
respectively. With a motor armature resistance R, torque
constant K, back electromotive force (EMF) constant K,
and negligible inductance, the force from each wheel on the

robot is
K J . B KKy
F=—‘V—7¢—(—+ ‘b)qb

Rr r Rr M
where V is the motor input voltage, J is the rotational inertia,
and B is the viscous damping coefficient. The wheel has
radius r and its angular position is ¢. Other forces acting
on the robot are the lateral wheel forces, Fi; and Fg;, and
the caster friction forces, Fy; and F¢;. The inclusion of the
dc motor characteristics is an improvement over the previous
modeling in [22].

Rolling without slipping of the wheels results in the well-
known nonholonomic constraints

%(qBR + ¢L)

w=a‘=2’_b(¢R_¢L)

;] =

2
3)

which give the robot i velocity and angular velocity in terms
of the wheel velocities. With no lateral slip of the wheels, Iy ;
and Fg; are eliminated from the equations of motion, and the
J acceleration of the mass center is simply

The i acceleration of the mass center is
a; = awpi — 0*d (5)

where ayyp; 1S the wheelbase i acceleration, obtained by taking
the time derivative of (2). Using (1)—(5), the robot equations
of motion are found to be

2(KKy+ BR) + CRr? 2JRd )
ai = — i—|——————— o
mRr2 +2JR mRr2 +2JR

+ (—K‘r )VR + (—Ktr )VL ©)
mRr2 4+2JR mRr2 4+2JR
i _(2b2(Kth + BR)+ CRr2(c + d)2>
Rr2(Iem 4+ md?) +2J Rb?
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TABLE I
MOBILE ROBOT PARAMETERS

Parameter Measured or Calculated Value

m 0.976 kg
Lo 0.01 kg'm?
0.1 m
0.04 m
0.15m
0.06 m
1.0 N-s/m
0.3739 N'm/A
0.7801 V-s/rad
9Q
0.002 kg-m?
0.001913 N-m-s/rad

WNRAIANAQUS Y O

K[br
Rr2(Iem + md?) + 2J Rb?
K[br

- v
Rr?(Iem + md?) + 2JRD? |

123

)

where m is the robot mass, /., is the moment of inertia about
the center of mass, and C is a viscous damping coefficient for
the caster friction force.

For small angular velocities, the w® term in (6) is approxi-
mately 0. The resulting linear system is simplified and can be
expressed in the state-space form

k:[—oa _Oﬂ:|x+[}; _yg:|u, yz[(l) ?}x (8)

where

x=[v o, u=[Wk Wl

and the symbols in (8) are defined in (6) and (7). This system
is observable and controllable. Table I lists the robot parameter
values used in the forthcoming experiments. These values were
found by direct measurement and experimentation.

The differential-drive mobile robot considered here offers
simple dynamics for controller design. Forthcoming controller
analysis should be repeated if using a different mobile system,
such as a four-wheel-drive vehicle. Suitable models for such
vehicles are common in the literature. Many vehicles share
some characteristics with the mobile robot used here, such as
nonholonomic behavior or movements adequately described
by the linear and angular velocities.

III. 2-D MISALIGNMENT-SENSING COILS

The working principle for the proposed misalignment-
sensing coils is reviewed in this section. A sensing coil is
a loop of wire that experiences an induced voltage when
exposed to a time-varying magnetic field. The induced volt-
age serves as a measurement of the magnetic flux. The
misalignment-sensing coils in this article are an arrangement
of eight circular wire loops that are used to estimate the
misalignment magnitude and direction for a wireless charging
system. A similar concept was used in previous work for IPT
systems [11], [14], [15].

wireless

P sensing coils,
charger coil

attached to
receiver

Fig. 3. Configuration of the eight misalignment-sensing coils (top view).

Voltage [V]

Y [m]

X[m]

Fig. 4. Simulated induced voltage for eight sensing coils as a function of
lateral position above a circular wireless charger with a radius of 1 m.

An IPT wireless charger is a source of alternating magnetic
field. For a circular charging coil, the magnetic flux density is
axisymmetric and largest directly above the coil. A secondary
coil will experience the greatest induced voltage when it is
in the area directly above the charger. Thus, power transfer is
most effective when the receiver is concentric with the charger.

A. Voltage Trend of Eight Sensing Coils

Consider the arrangement of eight sensing coils depicted
in Fig. 3. The sensing coils are fixed to the receiver in a
circular pattern and are labeled using cardinal directions. The
east direction aligns with the positive x- axis. The wireless
charger is fixed at the origin, and the sensing coils move with
the receiver on the xy plane at a fixed Z height. The sensing
coils have one-fourth the radius of the charger coil and are
arranged so they form a circle slightly larger than the charger.

Fig. 4 shows the simulated induced voltage magnitudes of
the eight sensing coils as a function of the receiver position.
The simulation was generated in MATLAB by applying the
Biot—Savart law and Faraday’s law for magnetic induction,
with 0.25-m-radius sensing coils at the 0.5-m height from the
charger. The charger coil has 1-m radius and a 1-A sinusoidal
current at 1 rad/s frequency. Each hill in Fig. 4 is the voltage
increase for one of the eight coils when that coil is concentric
with the charger. When the receiver is aligned with the charger,
all sensing coils experience near-zero induced voltage, and any
disturbance from this position increases the voltage in at least
one sensing coil. This behavior is a result of the sensing coil
placement described in Fig. 3. To reproduce this behavior in a
general system, the coils should be arranged in a circle slightly
larger than the wireless charger coil. The dimensions of the
coils are selected to give a favorable induced voltage range
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Fig. 5. (a) Misalignment magnitude and (b) direction estimates using the
proposed misalignment-sensing coils.

when they are above the charger. This voltage range can be
found by simulation or experimentation, but Faraday’s law of
magnetic induction dictates that the induced voltage increases
with coil size and number of loops [11], [13].

B. Misalignment Detection Using Eight Sensing Coils

Suppose the receiver is disturbed from the aligned position.
The proposed use of the eight misalignment-sensing coils is
as follows. First, the induced voltage magnitude of each coil
is recorded. Then, the sensing coil with the largest voltage
magnitude indicates the dominant misalignment direction.
Finally, the misalignment magnitude is estimated using the
largest voltage along with an equation that is fit to the voltage
trend. This procedure is different from the approach in [11]
and [22], which relied on the voltage difference between two
coils.

Fig. 5 shows sample results if the eight sensing coils are
used as suggested. A linear equation is used to convert the
sensor voltages from Fig. 4 to a misalignment magnitude.
The linear coefficient is such that the peak voltage gives a
misalignment magnitude of 1 m. To ensure the magnitude
equation is a one-to-one function, the range of misalignments
is limited to a 1-m radius from the origin. The misalignment
direction estimate is the angle for the cardinal direction of the
dominant sensing coil.

The true misalignment magnitude would appear as a unit
cone in Fig. 5(a), and the true misalignment direction as a
smooth surface from —180° to 180° in Fig. 5(b). The esti-
mates have some errors but allow for an informed, corrective
action for small misalignments. Additional sensing coils or
a nonlinear magnitude calculation would make the estimates
closer to the ideal values. Increased accuracy from using more
sensing coils would come at a modest cost increase. One
suggestion for the optimal number of coils is the minimum
number that enables satisfactory misalignment detection for
the desired application. If the movement of the charger is slow,
or the corrective action of the moving device is fast, then the
eight-coil configuration is sufficient for sensing and correcting
any lateral misalignment up to one charger coil radius. If a
larger range or a better resolution of misalignment direction is
needed, more sensing coils are added. One practical limitation
for adding more coils is that they may overlap each other.

IV. CONTROLLER DESIGN

A dual-loop controller is used for the position control of
the mobile robot, as proposed in [22]. The block diagram for
the controller is shown in Fig. 6. The inner loop uses state
feedback to control the robot velocities, and the outer loop
uses classical control to provide reference velocities to the
inner loop based on the measured position error of the robot.

The dual-loop structure is versatile and common in mobile
systems. It provides an advantage over single-loop controllers
because multiple sensors are incorporated. Velocity feedback
in the inner loop is provided by wheel encoders. The inner
loop is a velocity-tracking system that is blind to the global
robot position. The position measurement is made in the outer
loop by the sensing coils.

A. Inner Loop Controller

The inner loop controller ensures that the mobile robot
tracks the reference velocities, v;; and w,. To this end, a linear
quadratic regulator (LQR) with integral action is implemented,
as shown in Fig. 7. The integrator in the loop enables tracking
of a reference input and provides some robustness to parameter
uncertainties in the robot model.

Let an augmented state vector be defined as

T
X, = |:1)[ w /v,-edt /a)edt:| . 9)
A quadratic cost function is defined as
00
J= / (x} Qx,+u"Ru +2x} Nu)dt. (10)
0

It is well-known that the feedback gain matrix, K in Fig. 7,
that minimizes (10) is found by solving a Riccati equation
containing the weight matrices @, R, and N. One must select
the values in these matrices so that x, and u are penalized
according to the control objectives.

Suppose the robot accelerations are to be penalized in the
cost, J. The accelerations are expressed in the quadratic form

(1)

where A and B are the state and input matrices from (8),
respectively. Comparing (11) with (10), the weight matrices
are selected as

T =xTATAx + u"B"Bu + 2xTA"Bu

T 1
ATAL 00 ] AT
Q= rwy, 0 |R=B"™B N=|%-%- (12)
02><2 | 02><2
: 0 w,

where Oy, is a 2 x 2 zero matrix. With these weight
matrices, the cost (10) includes the robot accelerations and
the augmented error integral states. The augmented states are
weighted by the scalar values w, and w,. For the mobile
robot in this article, the weights were selected by simulation
iterations to achieve an inner loop rise time of about 0.2 s for
both robot states. The resulting optimal feedback gain matrix
is

21 2

. —529 —59
[KX-Kf]Z[m -2

K —-529 59

]. (13)
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Fig. 6. Dual-loop controller for the mobile robot. The outer loop provides the inner loop with robot reference velocities based on the position error of the
IPT receiver with respect to the moving charger. The inner loop tracks the reference velocities.
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Each column in K indicates how much a respective state
in (9) contributes to the motor input voltages. In particular,
note that a velocity error is weighted more than the other
states—reflecting the high cost of a linear velocity error.
There is also symmetry between the two rows of K. The
linear velocity states affect both the motor voltages equally,
whereas the angular velocity states affect the motor voltages
with an opposite sign. This result is consistent with the
differential-drive mobile robot dynamics. One can use this
knowledge to further tune the weights in (12) or to evaluate K
directly. The final selection of K was supported by experiments
with our physical robot.

With a K of the form in (13), the inner loop becomes
dynamically decoupled. The equivalent inner loop system is

. _[A-BK,, — BK. 02 || vir
xa—|: I, ' O jlxa+|:12><2j||:wr:| (14)

where I, is the 2 x 2 identity matrix. The transfer function
of this system, using the same output as (8), is

T(s) = —[s*I2.2 — 5(A — BK,) — BK.] ' BK.. (15)

With K of the form in (13), every matrix in (15) is diagonal.
Then, T'(s) is also diagonal, and the inner loop is dynamically
decoupled. This result, along with the single integrator in the
LQR, means the inner loop will behave like two independent
Type-I systems, one for v; and the other for w.

B. Outer Loop Controller

The outer loop controller provides reference velocities to the
inner loop based on the position error of the robot. Since the
reference velocities are in the robot body-fixed frame, the outer
loop should have some knowledge about the robot pose. This
is naturally accomplished if the outer loop sensor is attached
to the robot itself. Then, the sensor observes the target position
in the robot frame of reference.

The proposed misalignment-sensing coils are attached to
the mobile robot and provide a measurement of the robot
position error with respect to the wireless charger. With the
arrangement described in Section III, the sensing coils produce

+ Vals) | "
X i e(s )

Inner-loop
v; controller

v

Fig. 8. Equivalent system for a pure distance error that would result in a
straight motion.

a 2-D error measurement in the i— directions of Fig. 2. Let
the i-direction error be x;. and the j-direction error y ;.. Then,
let the robot reference velocities be calculated by the outer
loop controllers

Vils) o 1
XoG) 8+ - (16)
Q.(s) 4
m = 32+ S . (17)

These controllers were designed by considering the cases with
only distance and heading angle error, respectively. Both these
cases linearize the outer loop kinematics and allow for design
using classical methods. For example, considering a pure dis-
tance error is equivalent to considering the single-input single-
output (SISO) system in Fig. 8, where only the i velocity is
controlled and the robot moves in a straight line. Similarly,
a pure heading angle error would result in a pure rotation
motion. The pure rotation analysis is an approximation since
the linearized system (8) is valid only for small w.

The outer loop controller design followed a typical classical
method, with the aid of root locus and simulated step responses
of the system. Using (15), it is observed that the inner loop
controller transfer function in Fig. 8 has no free integrators.
Having an integrator in (16) makes the system Type II,
resulting in zero steady-state error for ramp x;. inputs. Zero
error for ramp inputs is desired for the intended application of
a moving wireless charger. Thus, a proportional—integral (PI)
controller was used, and the gains were tuned with the aid of
simulation. The same process was used for the w; controller.
The selection criteria for the PI gains were to achieve stability,
a rise time less than 1 s, and near-zero tracking error for a
ramp input. Fig. 9 shows the simulated ramp responses for
pure distance and pure heading angle errors using the PI gains
in (16) and (17). The ramp inputs were scaled to give the
maximum linear and angular velocities of the experimental
robot. The velocity tracking errors approach 0, as desired.

C. Reference Velocity Limits

Not all reference velocities are attainable by the mobile
robot due to motor saturation. Providing unreasonably large
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Fig. 9. Simulated ramp responses for pure distance error (top) and pure

heading angle error (bottom) using the outer loop controllers (16)—(17).

reference velocities causes integrator windup to occur in the
inner loop of Fig. 3, as the velocity error integrals continue to
accumulate when the robot motors are at maximum speed.
A scheme is formulated to limit the reference velocities
produced by the outer loop controllers.

Let the maximum speed of each robot wheel be émax.
From (2) and (3), the maximum robot velocities are

Vi,max = %(émax + ¢Zmax) = rémax (13)

r . . )
WDmax = E(Qémax - (_¢max)) - E¢max- (19)

However, v; max and @wmax cannot simultaneously be achieved.
The maximum value of each can only occur when the other
is 0. Obtaining a large v; and w is a competing objective. One
way to address this is to limit either v;, or w; when the other
is large.

Suppose the angular velocity control is prioritized so that
the heading angle error is eliminated before the distance error.
The following limiting scheme is implemented for v;; and w;:

(20)
ey

Tr .
|wr| S E¢max

A

[vir] < r¢max — blo,|.

In (20), the magnitude of @, is limited t0 @Wmax. In (21),
the magnitude of v, is limited to a value dependent on w;.
As o increases to wmax the upper limit of v;; becomes
zero. Only when o is zero will v;; be allowed to reach
Vimax- Thus, e is allowed its full range, but v, is limited
by the current ;. Using this limiting scheme, only achievable
reference velocities are given to the inner loop and the angular
velocity tracking is prioritized.

V. EXPERIMENTAL SETUP
A. Differential-Drive Mobile Robot

The differential-drive mobile robot pictured in Fig. 10 was
constructed to test the sensing coils and control strategy. The
physical dimensions and other characteristics of the mobile
robot are listed in Table I.

The two robot wheels are driven by two 12-V dc motors
with 100:1 gear ratio (Pololu product #3490) and are equipped

Arduino Mega 2650
microcontroller board

sensing coils

and
wheel wireless-charging
and receiver

rotary encoder

ball caster
(underside)

Fig. 10. Experimental differential-drive mobile robot with wheel encoders
and the proposed misalignment-sensing coils. The robot chassis is 16 cm wide
and 25 cm long.

commercial rotating fixed
wireless-charger arm axis of
(attached to arm) rotation

stepper motor _*
and wheel

Fig. 11. First charger positioning mechanism: a rotating arm with a stepper-
motor-driven wheel. The mobile robot moves independent of the rotating arm.
The arm is about 50 cm long.

with encoders that provide 1000 counts per wheel revolu-
tion. The encoder readings and controller calculations are
performed by an Arduino Mega 2560 microcontroller board
at a sampling period of 30 ms. The motors are driven using
an L298N motor driver with pulsewidth modulation (PWM)
signals generated by the Arduino. Eight AA batteries in series
power the robot, allowing for maximum linear and angular
velocities of about 0.5 m/s and 4.5 rad/s, respectively.

The robot is also equipped with a sensing coil assembly at
the front of the chassis, near the ball caster. The sensing coil
construction is detailed in Section V-C.

B. Charger Positioning Mechanisms

To move the wireless charger in a controlled manner,
a rotating arm mechanism was used, as pictured in Fig. 11.
The rigid arm rotates about a fixed axis and is actuated by a
bipolar stepper motor (model 17HS13-0404S) connected to a
wheel. Again, an Arduino Mega 2560 is used to control the
stepper motor via an L298N motor driver and 9-V battery.
By controlling the step frequency of the motor, the speed and
position of the arm are known at all times.

The wireless charger is attached rigidly to the end of the
rotating arm, so the charger moves in a circle of 51-cm radius,
at constant height, and parallel to the ground. The mobile robot
attempts to follow the charger using measurements from the
sensing coils and the controller detailed in Section IV. During
every trial, the position of the charger and mobile robot is
recorded, allowing for plotting of the results.
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Fig. 12.  Second charger positioning mechanism: a 2-D Cartesian positioner
actuated by two stepper motors. The wireless charger, attached to the end of
the arm, can move within an area of about 25 cm x 25 cm.

The rotating arm replaces the second mobile robot in Fig. 1.
While the arm does not provide all the possible motions of a
mobile robot, it provides a 2-D motion that is easily controlled
and recorded using a single actuator. Furthermore, a circular
motion offers the technical challenge of tracking higher order
polynomials, rather than simple step or ramp inputs. Success-
ful tracking of the circular motion demonstrates that the robot
is capable of tracking a variety of other movements.

A second mechanism, pictured in Fig. 12, was used to test
linear patterns of charger movement with sudden turns. Two
stepper motors actuate the movement in the x- and y-directions.
The same arm from Fig. 11 was attached to this second
mechanism. This setup allows for the charger to be moved
within an area about 25 cm x 25 cm at a constant height.
The pattern of movement was controlled using an Arduino
board, with positioning resolutions of 0.2 and 0.042 mm in the
x- and y-directions, respectively. The speed of the movement
is controlled by changing the time delay between motor steps.

C. Wireless Charger and Misalignment-Sensing Coils

The wireless charger used was the Yootech T500PB, a 5-W
mobile-phone charger that uses the Qi wireless charging
standard. The compatible receiver used was the Adafruit Qi
receiver (product #1901). The receiver is attached to the front
of the mobile robot, along with the sensing coil assembly.
For maximum power transfer, the receiver must be concentric
with the wireless charger. When aligned, the receiver is at the
height of 2 mm from the charger. The actual power transfer
from the charger to the receiver was not measured for this
article. Previous works studied the power transfer for such
systems, especially in the presence of misalignments [6].

To create the sensing coil assembly, a custom fixture was
3-D-printed. Each coil was wound in the fixture with 15 turns
of AWG 25 enamel-coated copper wire. As illustrated in
Fig. 3, the sensing coils have one-fourth the radius of the
wireless charger and are spaced so that they form a circle
slightly larger than the charger. In addition to the coil assem-
bly, a diode half-bridge rectifier with a smoothing capacitor
and shunt resistor was implemented separately for each coil.
This circuit converts the ac voltage of each coil to a dc value.
The capacitor and resistor values used were 10 xF and 1 kQ to
achieve a sensor response faster than the controller sampling
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Fig. 13. Measured sensing coil voltage as the sensing coil assembly moves

from the aligned position to the direction opposite the sensing coil.

period of 30 ms. At each control loop iteration, the dc voltage
of the eight sensing coils is read by the Arduino board with
5-mV resolution.

When the receiver is concentric with the charger, the sensing
coils experience a negligible voltage. Any disturbance from
this position results in the voltage increase for one or more of
the sensing coils. As proposed in Section II, the largest voltage
among the sensing coils is used to estimate the misalignment
magnitude and direction. Fig. 13 shows the measured voltage
of the W coil as the receiver is moved from the aligned position
to the E-direction, as referenced in Fig. 3. Beyond the 20-mm
misalignment, the receiver goes out of range and the charger
enters a low-power pulsating mode. Except for this behavior,
the voltage trend agrees with the simulation of Fig. 4. From
0 to 15 mm, the misalignment magnitude is approximately

6 =0.01 Vineas (22)

where Vs 1s the measured voltage in volts and J is the
misalignment magnitude in meters. This approximation was
used for the charger—receiver experiment in this article. Any
deviation from this setup, such as a change in the distance
between the charger and receiver, will alter the coil voltages.
Therefore, external factors such as uneven terrain or significant
vibrations would lead to inaccurate estimation of misalignment
amount. The experiment in this article was performed on flat
ground and in a controlled environment.

Once the direction and magnitude of the misalignment are
estimated with respect to the receiver, the position error of the
mobile robot is calculated using trivial geometry. For example,
let the N coil be aligned with the robot i-axis and the W coil be
aligned with the j-axis. Then, a voltage in the N coil indicates
that x;c &~ 0. As another example, a voltage in the NW coil
indicates that x;. &~ (+/2/2)0 and y;e ~ (v/2/2)0.

VI. EXPERIMENTAL RESULTS

Experiments were conducted to test the misalignment-
sensing coils and mobile robot alignment with respect to the
moving wireless charger. The velocity tracking performance
of the inner control loop of Fig. 6 was also investigated.

A. Charger Tracking

To test the automated alignment with respect to a moving
wireless charger, the mobile robot and rotating arm mechanism
were first placed in a starting position such that the receiver
was aligned with the charger. At this instant, the charger was
located at the global origin and the robot faced the positive
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Fig. 14. Tracking error of the robot-mounted receiver with respect to the

moving wireless charger. The charger trajectory is a circle, as shown in Fig. 15,
and the vertical lines mark the four quadrants of the circle.

x-direction. Then, the rotating arm mechanism was activated
so that the charger moved in a counterclockwise circle with
a 51-cm radius. The positions of the wireless charger and
receiver were recorded as the arm rotated and the mobile robot
followed. Several trials were run to test various movement
speeds.

In the first trial, the charger moved at 0.0815 rad/s, or a
tangential speed of 0.0416 m/s. This is about one-tenth the
maximum linear speed of the mobile robot. Once the charger
completed a half-circle of movement, the speed of the arm was
increased by 50%. The Cartesian tracking errors for this trial
are plotted in Fig. 14. These results indicate a lag behavior in
the tracking response. During the first quadrant of the circular
motion, from O to 19 s, the receiver lags the charger, resulting
in negative X- and Y-tracking errors. In the second quadrant,
from 19 to 38 s, the X movement of the charger reverses
direction and the X-tracking error becomes positive, while the
Y error remains negative. A comparable trend is seen in the
last two quadrants of the movement. Despite the increased
movement speed for the last two quadrants, the tracking error
in both the directions remains under 2 cm. This is significant
because a larger position error would risk deactivation of the
wireless charger, as seen in Fig. 13.

A second trial was performed to test larger movement
speeds. Fig. 15 presents the X-Y plot of this trial, where
the position of the receiver is shown as a solid line and the
edges of the moving charger are shown as dashed lines. As in
the first experimental trial, the receiver tracks within 2 cm
of the charger center, keeping the wireless charger active. The
charger movement is increased at each 60° of the circle move-
ment, giving the final tangential speed of 0.145 m/s. At higher
speeds, oscillatory behavior of the charger movement is more
prominent. Nevertheless, the robot performs corrective action
to bring the receiver close to alignment with the charger.

A circular movement of the wireless charger is a challenging
tracking task for any mobile system, since a circular trajec-
tory, in theory, contains infinite polynomial components. The
controller developed in Section IV was tuned for ramp input
tracking. Thus, the tracking error recorded in the experiment
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Fig. 15. Experimental results for the automated alignment of the mobile robot
with respect to the moving wireless charger. The charger and robot-mounted
receiver both start at the origin and then move counterclockwise. At each
multiple of 60°, the movement speed is increased, giving a final tangential
speed of 0.145 m/s. The receiver remains within the bounds of the charger,
which is marked by the dashed lines.

trials was not surprising, and the tracking error increases with
movement velocity. If the mobile robot does not react quickly
enough to misalignment, the sensing coils will be too far from
the charger to detect the movement. The goal of control, which
was achieved in the two presented trials, was to keep the
tracking error within the area of the wireless charger so that
it would continue to function properly.

A third trail was performed using the second positioning
mechanism pictured in Fig. 12. Unlike the circular trajectory of
Fig. 15, this trial features sharp corners as the charger changes
direction. Fig. 16 shows the motion of the charger and robot-
mounted receiver during the trial. Once again, the receiver
follows the charger movement closely, with an error less than
2 cm. The small zig-zag patterns in the receiver trajectory
are attributed to friction and gear play in the robot wheels.
Such behavior was more prominent in this trial because the
charger trajectory caused the robot to move backward or turn
in place as it tracked the charger. There is also some noticeable
overshoot in the top left corner of the motion. Nevertheless,
the receiver remains within alignment from start to finish.

The robot control was effective despite the approximations
made in using the sensing coils. The sensing coils only provide
an estimate of the misalignment direction as one of the eight
directions, and the misalignment magnitude is approximated
using a linear equation. Fig. 13 suggests that as long as the
misalignment magnitude is less than 2 cm, one sensing coil
will experience an induced voltage and the control action will
bring the system closer to alignment. This is the behavior seen
in Fig. 15, despite some small oscillations. Thus, the sensor
arrangement is suitable for applications where the path to
alignment is not critical, and it is more important for the
receiver to remain within a certain area above the charger.
If the starting position of the robot was slightly disturbed,
the initial movement of the robot would be more drastic,
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Fig. 16.  Experimental results for the automated alignment of the mobile
robot with respect to the moving wireless charger. In this trial, the charger
moves in a cross pattern at a maximum speed of 0.02 m/s. The robot-mounted
receiver follows the charger movement with less than 2 cm of error.

but the remainder of the trial would be similar to what was
presented.

Importantly, every mobile system has a finite response time,
so there is a maximum speed that can be tracked if the system
starts from rest. If the sensing coils ever exit the area above
the charger, tracking the charger movement is likely to fail.
The maximum allowable speed for alignment is dependent
on the dynamics of the vehicle, especially considering the
response time of the inner control loop and velocity limits.
At worst, the solution presented in this article is a useful
addition to the existing vehicle guidance systems that improves
charging alignment in the presence of small disturbances.
At best, the sensing coils are used as the primary sensor
to couple a vehicle with a moving wireless charger. The
experiment in this article is an example of the latter, with
the limitation of a slow movement speed.

B. Inner Control Loop Velocity Tracking

One of the advantages of the dual-loop structure is the
ability to tune the velocity tracking response in the inner loop
independently of the position measurements in the outer loop.
Fig. 17 shows the reference and measured velocities of the
mobile robot for an experimental reference velocity profile.

From 0 to 4 s, the i velocity of the robot tracks a ramp input.
There is a small dead band until about 0.5 s, which is due
to motor starting friction. Other than this behavior, the robot
velocity tracks the ramp input with a minor initial overshoot
and near-zero steady-state error.

From 4 to 6 s, the i reference velocity steps down by half,
and the robot tracks this step with an overshoot of about
50%. However, the response time is fast, and the near-zero
steady-state error is reached in about 1.5 s.

Starting at 6 s, the reference angular velocity ramps up
until it reaches the maximum robot angular velocity at about
8 s. The measured angular velocity tracks the ramp input
with a small error. Furthermore, the rise in angular velocity
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Fig. 17.  Effectiveness of the robot inner control loop is demonstrated by
plotting the measured robot velocities along with an experimental reference
velocity profile.

response does not noticeably affect the measured i velocity,
demonstrating the dynamic decoupling of the robot system.

From about 7 to 10 s, the reference velocity saturation
scheme discussed in Section IV-C is demonstrated. First, the
increasing reference angular velocity causes the i reference
velocity to decrease. As the angular velocity reaches its
maximum, the reference i velocity becomes 0. This limiting
scheme ensures that only achievable velocities are input to the
inner loop. Otherwise, integrator windup would occur.

VII. CONCLUSION

This article demonstrates the use of misalignment-sensing
coils and a dual-loop controller to achieve automated align-
ment with respect to a moving wireless charger. In the pro-
posed configuration, eight sensing coils are used to detect
lateral misalignment between a circular charging coil and
a receiver that is parallel to the charger. The sensing coils
provide an estimate of misalignment direction and magnitude
as long as one or more of the sensing coils remains in the
region above the charger. For the mobile robot tested, an LQR
inner loop and PI outer loop were sufficient for dynamic
tracking of a moving charger, and the robot-mounted receiver
remained closely aligned with the moving charger at low
speeds. This proof of concept provides the foundation for
similar applications in larger mobile systems. The number
of sensing coils may be increased, at low cost, to improve
the sensing resolution, but their working principle will remain
unchanged. The control strategy should be adjusted for the
intended mobile system, but a dual-loop structure provides the
advantage of speed control in the inner loop using the system’s
usual speed sensors. The sensing coils offer an effective way
to close the outer loop and allow for following the movement
of the wireless charger.
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