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A 3-D Printed Halbach-Cylinder Motor With
Self-Position Sensing for Precision Motions
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Abstract—This article presents the design and control of
a new Halbach-array-based two-phase motor (HTM) with a
3-D printed coil mount and magnet housing for precision
motion control applications. The motor is based on a two-
pole Halbach cylinder that generates a uniform magnetic
field within its inner diameter. Each pole has 10 magnet
segments. This uniform field simplifies the Lorentz force
calculation based on the volume integration. In addition, it
allows for the real-time measurement of the rotor position
based on Hall-effect sensors. Compared with conventional
stepper motors and iron-core dc motors, this motor design
can produce a continuous torque and precise positioning
at any angular position without a cogging torque. In this
article, the design of the motor together with its dynamics
and control are presented. The design uses only one type
of square-cross-section magnets that are readily available,
making it easy to scale the design to a variety of sizes
and torque capabilities. The 3-D printed stator and rotor
housings allow for the motor to be constructed at a low
cost in a short time. With a total magnet volume of only
30.7 cm?, a total effective coil volume of only 10.4 cm3, and
a maximum current of 4 A, the maximum torque generated
is 0.044 N-m. Experimental results with closed-loop control
on a simple empirically identified plant model are provided
to validate the magnetic design of the motor. The feedback
signals are from two Hall-effect sensors connected to a
microcontroller, offering a theoretical angular resolution of
0.16°. A minimum step size of 0.32° is demonstrated in
positioning with closed-loop control. The motor has the
capacity to track the commanded motion and speed with
an error less than 0.64°.

Index Terms—Continuous torque, Halbach cylinder mo-
tor, Halbach magnet array, Lorentz force, permanent-
magnet (PM) machine.

[. INTRODUCTION

HERE are particular applications where the need for a
low-cost electric motor having a highly precise position-
ing capability with no Eddy-current loss, cogging force, and
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Fig. 1. Photograph of the experimental setup of the motor and the
hardware.

backlash is critical. The lidar- or radar-position-control motors
for autonomous vehicles are such an example [1]. For this
application, precise positioning is required to avoid the dis-
tortions of the constructed images [2], and zero Eddy-current
loss is needed to enhance the power efficiency and to avoid
damages due to excessive heat generated during continuous
operations. In addition, the mechanical transmissions should be
excluded to avoid the added inertia, friction, and backlash. In
this context, a Halbach-cylinder motor design stands out as one
of the most suitable motor structures for the above-mentioned
applications. This article presents the design and validation of
a Halbach-cylinder rotary motor, which is a brushless, ironless
motor with the planar Lorentz coils generating a continuous
torque at any angular position, and the 3-D printable stator and
rotor housings for the ease of fabrication. Fig. 1 is a photograph
of the entire experimental setup of the motor and the control
hardware. Fig. 2 shows a cross-sectional view of the motor,
which is an external-rotor design.

A Halbach magnet array, as first introduced in [3] and later
used in high-power-density rotary and linear motors designed
for precision applications [4]-[11], is a structure formed by
multiple permanent magnets (PMs) ideally with the same shape
and with the magnetization directions discretely rotated by a
fixed angular step along a certain dimension of the structure. This
configuration helps strengthen the magnetic field on one side and
cancel the field on the other side of the magnet array. A Halbach
cylinder is constructed by magnet pieces arranged around the
circumference of a circle [4], [6], [8], [9]. Depending on the
magnetization’s rotational direction of the PMs, the magnetic
field can be focused on the outer or inner side of the hollow
cylinder. In the case of focusing the field in the interior of
the cylinder, as in our case illustrated in Fig. 2, theoretically,
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Phase B

Fig. 2. Cross-sectional view of our Halbach-cylinder motor.

a uniform field can be formed within the inner radius of the
Halbach cylinder if it has one spatial period (or two poles)
of the Habach array. Practically, the field can be non-uniform
due to the segmentation of the cylinder into the commercially
available discrete magnet pieces that enables the fabrication of
the structure and errors in the magnets’ local magnetization
directions and remanence [12]-[14]. For a Lorentz-force motor
where the outer rotor is a Halbach cylinder, the torque model’s
linearity directly results from the field’s uniformity. Therefore,
it is of critical necessity to come up with a Halbach-cylinder
motor design with an optimally uniform field while offering the
advantages of the low cost, ease of fabrication and control, and
scalability of the structure.

A number of Halbach-cylinder motors have been previously
constructed [4], [6], [8]. However, they were iron-cored mo-
tors that unavoidably exhibited Eddy-current loss and cogging
torques due to saliency, which we want to avoid. In [9], an
ironless actuator with a Lorentz coil and a Halbach cylinder
was presented. However, this motor could only work in a
limited angular range with nonuniform torque and could not
continuously rotate to make a full revolution. Here we present
a Lorentz-force Halbach cylinder motor design with the key
contributions of:

1) using rectangular coils and square cross-sectional mag-
nets to allow for low-cost and scalable manufacturing of
the motors;

2) employing two-phase currents to allow for the continuous
positioning of the rotor at any angular position;

3) using the Halbach cylinder’s magnetic field for the real-
time angular-position measurement of the rotor.

In addition, we provide an empirically derived system model
on which a simple proportional-integral (PI) controller is de-
signed for the motor to perform precision positioning and
tracking.

The rest of this article is organized as follows. Section II of
this article presents the magnetic, mechanical, and electronic
hardware design for the position sensing and control of the
Halbach-array-based two-phase motor (HTM). Section III dis-
cusses the dynamics and control, including the identification of
the motor’s system model, and provides the closed-loop control
experimental results. Finally, Section IV concludes this article.

Fig. 3. lllustration of the general Halbach cylinder.

Il. MAGNETIC, MECHANICAL, AND HARDWARE DESIGN
A. Magnetic Field Solution for the Halbach Cylinder

An ideal Halbach magnet cylinder is a hollow and infinitely
long cylindrical PM structure whose magnetization direction
continuously rotate in only one way (either counterclockwise or
clockwise) along the cylinder’s azimuthal direction with a fixed
angular period [15]-[17]. In case of focusing the field into its
interior, such an ideal Halbach cylinder with two poles generates
a uniform magnetic field, and its flux density depends on the
cylinder’s geometry and the remanence of the PM material.
Fig. 3 illustrates a Halbach cylinder with R, and R; being
its outer and inner radii. The arrows in the cylindrical magnet
volume between R; and R, represent the local magnetization
magnitudes and directions.

With the variation of the magnetization directions as in Fig. 3,
the resultant magnetic field of the entire cylinder is focused into
the cylinder’s inner space with r < R;. The derivation of the
field solution is started by solving the Poison equation (1) for the
vector potential A using the magnetization M and the boundaries
of a, b, ¢, and d as in Fig. 3

V2A = —igV x M. ¢))

The magnetization M of a periodic magnet placement around
the cylinder’s circumference can be expressed as a Fourier series
expansion

M = M, i, + Mpig

o0
= Z M., cos (n0) ¢, + Mppsin (nd) ig.

n=1

2

Here, M,.,, and My,, are nth Fourier harmonics of its r- and
0-components, respectively. In our case, we have M,.,, = My,
[18]. With (2), (1) becomes

2 Ho . .
VA, = —— (M, + nMy,,) sin (nf) i.. 3)

r

Here, A,, is the nth-order Fourier harmonics of the vector
potential A. With M only in the 76 plane, A,, is written as

A, = A, (r)sin(nb) i,. 4)
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Fig. 4. 3-D rendering of (a) the motor’s inner stator with four coils
wrapping around the 3D printed stator housing and (b) the stator with
the two bearings.

Substituting (4) to (3), yielding

PA,, 1 0A,, n? m
- *_Azn:*_ Mrn M'n 5
Or? r  or 72 ( +nMy,). (5)
The homogeneous solution to (5) is provided in (6) [18].
Azn_h (’I") = Cnl r" + Cn277n~ (6)

Here C),; and C,,, are the constants to be determined by the
boundary conditions. In this article, we present the derivation of
the field solution corresponding to the fundamental harmonics
and compare the result with the measured magnetic field for our
Halbach cylinder.

With B,.. = po(M, + Mpy)/2, a particular solution of (5)
for the fundamental harmonics is given as [18]

A p(r) = —Byerin(r). 7
The general solution to (5) for the fundamental harmonics is
Ay (r) = ' — B,erln (r). (8)

At the boundaries of b and ¢ as in Fig. 4, we have A, =
AP and A,; = A, respectively. Substituting this into (8) and

z1»
solve for C}; and C|,, we obtain

Cu’l"+0127"7

1
C]] - Rz — R2
x {A% Ry — A% R; + By [R2In (R,) — R}n (R;)] }
)
2 R}
C]2 = Alei + BTRiln (R ) R2 R2
x {AY R,— AS | Ri+ B, [R:n (R,)— Rin (R;)] } -
(10)

In the cylindrical coordinate, B = V x A is expressed as

1 7’! Ti@ iz
o) o)
0 0 A.sin(f)
A, . 0A; .
= rl cos (0) 4, — arl sin (0) 4. (11)

Considering only the fundamental harmonics, B is expressed
as

B, = B, cos (9) i, + Bpgisin (9) ) (12)

where By, = _05‘_7«21' With this, the transfer relations between
By, and A, at the boundaries b and ¢ are as [18], [19]

sb] = e ] (5] + (22
- ~ ﬁ Bre 13
{351 Ku Kn| |45 ] 7| L (3

R? + R? 2R; 2R,
Ki=—"——2%_Kjp=—"-— K,
11 RO (R%*R%)’ 12 R%_Rza 21 Rz Rza
R? + R? 2R? [In(R;) — In(R,)]
Kp=—»""""9_ L =1 :
22 RZ (R2 — Rz) s Lb + R,z) — Rz )
2R2 In (R;) — In(R,)]
Le=1+ o . (14)

Utilizing the transfer relations [19], the relations between the
magnetic flux density By, and the magnetic vector potential A,
at a and d are found as follows [18]:

B g 1 — Agl ’

1
Bj = =5 A% (15)

The vector potential is continuous at the boundaries, therefore
. d
9 =AY AL =AY (16)

The jumps in the magnetic flux densities at the boundaries a-b
and c-d are represented as

—~B§, + Bb, = B,. (17)

—B§, + B, = B,. (18)

Here, B, is defined in (7) and also the remanence of the
magnet material of the cylinder.

From (13) and (15)—(18), a set of eight equations with eight
variables, which are A,; and By at a, b, ¢, and d, is formed.
Solving this set of equation, we get the following result:

[Agl AZ[ Agl Agl Bgl Bgl Bgl Bgl] =
[0 0 (BrRilnp) (By.Rilnp) 0 B By (1
(_Bre lnp)]'

Here, p = R,/ R;. At (ro, 0p) in the cylinder, where ry < R;,
the same condition as (15) holds, therefore

—1Inp)
(19)

1
By = ——A%. (20)
To
The transfer relations evaluated at R; and r( gives us
2+’0 27y
Bgl — R; (’0 Rz) Ri—rj Agl 21
By | 2R; Ri+rg Al @h
r5—R; TO<R%7T(2)) z
Using (19-21), we obtain
By = B§, = —B,.Inp (22)
A% = Ad1 =19Bre Inp. (23)
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To determine B,

from (11), (12), and (23), we have

BT(] —

1 T
= —A% =B, Inp. (24)
o
Now the magnetic flux density at the point of interest, (r,

6p), can be found using (12), (22), and (24) as
B}’ = By.lup|cos (6p) i, — sin (6p) 29] = Bre Inpis. (25)

B. Magnetic Design for the HTM

In practice, a Halbach cylinder with a finite length must be
constructed from PM bars arranged around a circumference
to resemble the cylinder’s structure and to approximate the
magnetic field of the ideal cylinder with the superimposition
of the fields generated by the individual magnets. This unavoid-
able segmentation causes three major issues. First, the adjacent
magnets of a segmented Halbach cylinder strongly repulse each
other, making it challenging for the design and assembly of
the cylinder to rigidly hold the magnets. Second, if arc-shaped
PMs are not used, the segmentation introduces air gaps and/or
geometrical errors (due to a square or trapezoidal cross section
instead of an arc-shaped one) that alter the resultant magnetic
field from the desired field. Third, the limited availability of
the NdFeB PMs’ sizes and shapes with desired magnetization
orientations (as the trapezoidal ones in [20], for instance) can be
a hurdle for one to realize a motor design at a certain scale. Arc-
and wedge-shaped PMs can be found at a few sizes to form a PM
cylinder [21]-[23]. However, in most cases, the magnets with
the azimuthal magnetization direction (required for a Halbach
array) are lacking. In some rare cases, full Halbach rings can also
be constructed at a few sizes but are about an order of magnitude
more costly compared to the square magnets with the same total
volume [24].

Square-cross-sectional PMs are among the most commer-
cially available magnets at any desirable range of dimensions and
magnetic remanence. The advantage of using square magnets
is that there is no need for a different magnetization in a PM
for the azimuthal direction. Only one type of magnet can be
rotated and placed at any desirable orientation in a Halbach
assembly, as shown in Fig. 2. If the magnetic flux density
generated by the segmented Halbach cylinder that uses a certain
number of the same square magnets is verified to be within an
allowable proximity of the theoretical field generated by the ideal
cylinder, the utilization of that segmented Halbach cylinder in
a Lontentz-force motor becomes feasible. We have verified this
for a Halbach cylinder with two poles formed by twenty NdFeB
magnets. This was done by comparing the analytical-calculation
result of the ideal Halbach cylinder’s flux density as in Section
II-A with those of finite-element analysis (FEA) and actual
measurements [18]. The magnetic flux densities from the FEA
and the experimental results are within 3% of that from the
analytical solution.

From the above analysis, we come up with an outer-rotor
motor design using a Halbach cylinder formed by 20 square-
cross-sectional magnets. The hollow cylinder generates a con-
stant magnetic field in its interior. To take the advantage of this
constant magnetic field, we use four planar coils grouped into

two phases with a 90° phase difference. By energizing these
two winding phases using two sine-wave currents with the same
phase difference of 90°, a constant torque proportional to the
current amplitude can be generated at any angular position of
the rotor. Other advantages of this design include following:

1) the ease of fabricating the stator and cylinder;

2) simple torque computation;

3) alinear torque model.

With the uneven air gaps between the magnets (introduced by
replacing the ideal cylinder with the segmented one using square
magnets), the change in the magnetic field is still negligible
(within 3%) compared to that of the ideal case, which cannot
be perfectly implemented because the arc magnets have their
inherent errors from the magnetizing process.

Compared to the limited-angular-range actuator in [9], our
HTM has four planar Lorentz coils instead of one. With a
uniform magnetic field generated in the interior of a Halbach
cylinder, theoretically, two coils placed at a 90° phase difference
are sufficient to make full rotations of 360°. However, with two
coils where each coil is symmetric about the motor’s central axis,
one coil must be shorter and placed in the interior of the other
so that their short sides (not effective for force generation) do
not interfere. This makes the entire motor structure significantly
longer than the length of the coil sides that are effective for force
generation. Therefore, we designed a structure with four rect-
angular coils symmetrically arranged as a cross configuration
in the stator as shown in Fig. 4. Two opposite coils (top and
bottom) are connected to form phase A, and the other coils (left
and right) form phase B. With this, by flowing two sine-wave
currents with the same amplitude and a 90° phase difference
into the motor phases, a constant torque can be generated at any
angular position.

Compared to conventional direct-current and stepper motors,
which only have preferred positions aligned with the pole or
slot locations, our motor can stop at any angular position.
It can generate a continuous torque at any angular position.
Theoretically, its positioning resolution is only limited by the
sensing resolution of the rotor position and the resolution of the
digital-analog-conversion (DAC) circuits that help provide the
coil currents.

C. Mechanical Design and Assembly

At the center of the motor’s cross-sectional view and stator’s
3D model shown in Figs. 2, 4, and 5 is the coil mount (that
houses four Lorentz coils in a cross configuration) where the
two ball bearings are assembled at the two ends. This part is
designed so that it is 3D-printable and on it the assembly of the
coils and bearings are straightforward. In the same part, there
are slots to mount the Hall-effect sensors for angular position
sensing via the magnetic-field measurements. Fig. 4(b) shows
the design of the full stator assembly with the four coils, the two
ball bearings, and the stator coil housing as seen in Fig. 4(a).
The hole at the center of the part on the left side is for the coils’
end turns and sensors’ wires to exit. Fig. 5 depicts the relative
positions between the stator coils and the moving magnets. The
magnet cylinder is fabricated by 3D printing the magnet housing
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Stator

Fig. 5. 3-D rendering of the motor’s stator and the magnets.
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Fig. 6. Section view of the motor along its axis (length unit: mm).

asin Fig. 2 and inserting the magnets one by one along the axial
direction of the housing.

The PMs’ cross-sectional area is 6.35 x 6.35 mm and their
length is 38.1 mm, which is the same as the effective length for
force generation of the four planar Lorentz coils of the design.
The outer part as in Figs. 2 and 6 is the housing that contains
20 magnets used to form the Halbach cylinder of our design.
This 3D-printed magnet housing has the advantages of low cost,
light weight that helps reducing the inertia for the rotor, and the
capability of housing the magnets which can be oriented at any
angle. The outer rings of the ball bearings are assembled at the
two ends of this magnet housing. The material used to 3D-print
the stator and rotor housings is ABS plastic.

In this design, each coil contains seven layers of American
wire gauge #22 copper wires with 15 turns per layer. The
average distance between each layer is around 0.7 mm which
is larger than the diameter of the wires due to the bonding layer
covering each wire turn. The coils have a fill factor of 53%. The
locations marked as “coils” in Fig. 6 are the coils’ end turns
(or shorter sides), while the longer sides which are effective for
force generation are along the motor axis and hidden from this
section view. The dimensions of the motor structure are given
in Fig. 6. The outside diameter of the Halbach cylinder is 76.4
mm. The overall diameter of the motor is 82.0 mm and its total
length is 110.0 mm. The motor’s total mass is 1.07 kg and the
moment of inertial of its rotor is 5.5 x 10~ kg.m?.

The two Hall-effect sensors (to measure the magnetic flux
density, from which the rotor position is calculated in real time)
are placed on the small flat surfaces at the tips of the cross-shaped

coil-mount structure shown in Figs. 2 and 4(a). These Hall-effect
sensors are placed at a distance of 14.5 mm from the motor
axis. We have verified that, at this radius, the magnetic flux
density generated by our Halbach cylinder is auniform field [18].
Therefore, the Hall-effect sensors should detect a sinusoidal
magnetic flux density with respect to time if the rotor rotates
at a constant speed. The period of 27 of this sinusoidal profile
corresponds to one full rotation of the rotor. Along with the
Hall-effect sensors we use temperature sensors, which are placed
on the coils’ surfaces, to monitor the temperature of the coils
for a safety purpose and to update the temperature-dependent
sensitivity of the Hall-effect sensors.

D. Electronic Design and Hardware Implementation

The magnetic flux density generated by the Halbach cylinder
at the locations of the Hall-effect sensors is 157 mT [18]. The
Hall-effect sensor selected for this range is DRV5055A4. It can
detect the range of =169 mT at a 5-V output voltage with a
bandwidth of 20 kHz [25]. The relation between the output
voltage V¢ and the magnetic flux density B is as follows [25]:

Vout = Vg + B - Sensitivity (25 °C)
(14 Src (Ta —25°C)]. (26)

Here Vg = 2.5V, which is half V¢, and T4 is the ambient
temperature, which is measured by a temperature sensor at each
coil phase. The sensors’ sensitivity at 25 °Cis 12.5 mV/mT, and
Stc is 0.0012/°C [25]. Thus, B is expressed as follows:

B Vout — 2.5V o

[1 +0.0012/°C- (T4 —25°C)] 12.5mV /mT

The temperature sensors are TMP36, which has sensing range
of —40 to 125 °C and provides a 750-mV output at 25 °C with
the scaling factor of 10 mV/°C [26]. The relation between the
temperature T and the output voltage Vr is

T = Vr-0.1°C/mV — 50°C.

(28)

The magnetic-flux-density resolution of our measurement
setup is calculated from the analog-to-digital-conversion res-
olution, voltage swing, and sensor sensitivity to be 0.39 mT at
25°Cand 0.36 mT at 80 °C, which is translated to the theoretical
angular position resolution of approximately 0.16°.

Our simulation and test results show that the maximum
magnetic flux density on the Hall-effect sensors that the coils
generate with the current amplitude at 4 A is approximately
10 mT. This would cause an angular error of 4° in the position
measurement. However, the max current amplitude of 4 A is
only needed when the motor operates at 270 r/min (1620 °/s).
When precision positioning at a lower speed as presented in
Section III-C is performed, the current amplitude is significantly
smaller, and, therefore, the sensor readout affected by the stator’s
magnetic field is negligible.

Two digital-to-analog converters, MCP4725, are used to con-
vert the control signals to the analog voltages to drive the power
amplifiers that provide the currents to the two-phase armature
coils [27]. The MCP4725 units are interfaced with the micro-
controller through the I2C protocol.
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Fig. 7. Bode plot of the transconductance power amplifier circuit.

For the power-amplifier circuits, two PA12A power opera-
tional amplifiers with excellent linearity and thermal stability
are used [28]. The circuit diagram can be found in our previous
work [29]. For this HTM, two channels are used, and each
amplifier energizes one phase of the two-phase motor. The
transfer function of the circuit between voltage input V5, (s) and
the current output 7, (s) is given [29] as (29) shown at the bottom
of this page.

Each phase with two coils has an inductance of L, = 152 uH
and aresistance of R, = 1.5 Q). All capacitors are 10 nF. Resistors
R1—Rg are 10 k2 and Ry is 1.0 2 with 10 W. The capacitor C3
and resistor Rg form a PI controller to eliminate the steady-state
error of the current output.

Fig. 7 shows the Bode plot of the amplifier circuit with the load
of one motor phase, R, and L,. The motor’s effective closed-loop
control bandwidth is below 10 Hz, and the amplifier’s phase lag
is less than 1.2° at 10 Hz. Therefore, the delay in the dynamics
of the transconductance amplifiers is negligible. The circuits
have the capability to generate accurate currents within the range
of —4.0 to 4.0 A with a resolution of 2.44 mA. Because the
transconductance amplifier circuit generates the current output
with an onboard PI controller that eliminates the current error,
the back emf generated by the motor can also be neglected in
the control system.

[ll. DYNAMICS AND CONTROL
A. Motor Dynamic Analysis

Fig. 8 is the sensing and control-hardware diagram of the
motor. Fig. 9(a) and (b) are the detailed and simplified diagrams
of the motor’s closed-loop control system. The angle between the
magnetic axis of phase A and the magnetic axis of the Halbach
magnet cylinder, as depicted in Fig. 2, is .

Under the assumption that the system has a damping torque
of 7., a damping coefficient of ¢, and a Coulomb friction torque
T with the coefficient K¢, the motor’s equation of motion can

be derived as in (30), (31), where J,,, is the moment of inertia
of the rotor.

Tt + et + K psgn (¢) — dml (1). 31)

With a constant phase-current input in steady state at a certain
speed, (31) becomes

(32)

where ¢,,, is the maximum net magnetic flux penetrating the
cross-sectional area of coils or the torque constant [18].

The angular velocity of the motor v is measured with various
current amplitudes to identify the damping torque 7. and the
Coulomb friction torque 7;. The experimental results are given
in Fig. 10, and ¢,, = 1.43 x 1072 Wb. We have ¢ = 1.23 x
10 N - m-s and Ky = 2.05 x 107> N - m. The R?* value of
this linear fit is 0.9965.

B. Controller Design

There are advanced robust control methods for electric motors
as presented in [30], [31]. However, these methods are not suit-
able for embedded control platforms with limited computational
resources. In our case, with the dynamic model and all parameter
values identified, a PI controller is designed and tested. The
reason we choose a PI control structure is that it has been
demonstrated to produce satisfying control performance with
Lorentz-force motors in precision motion control [11], [29].
In addition, our target is to develop a simple control method
that can be effectively implemented in most embedded-control
platforms.

InFig. 9, ourcontroller and plantare C'(s) = Kp + K /sand
G(8) = ¢ /(s + cs),respectively. The Coulomb friction is
not included in this linear transfer-function model.

The closed-loop transfer function of the system in the contin-
uous domain and the system error W.(s) are as follows:

Vi) | GEOW | buKestonKi o
U,.(s) 14+G(s)C(s) Jns+cs?+dmKps+onKr
_ 1 B I8 +cs?
Ve amam Y T e en Kystonks )
(34)

This third-order transfer function of the system can be ap-
proximated with a second-order dominant system having the
characteristic polynomial of (s + a)(s? + 2wy, s + w? ), where
¢ is the closed-loop damping ratio and w, is the undamped
closed-loop natural frequency. Compared to the denominator in
(33), the relations between the poles and the control parameters
can be derived as

a+ 20w, = C/Jm (35)

I, (s)

R;- Ry - (Rg + Rg) (R603S + 1)

Vin () RiRs 222 (Ry + Ry) (ReCss + 1) + RoRrCs (Las + R + 120) 5] (R3Cas + 1)

(29)
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Microcontroller time interrupt (100 Hz)

iy = —Isin(y)

ig = Icos()

Fig. 8. Hardware block diagram of the HTM in the control loop.
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|
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|
| .
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|
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|
|
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Fig. 9. (a) Detailed block diagram for the control simulation and (b) the simplified diagram of the HTM’s closed-loop control system.
30 > with the sampling period 7 = 0.01 s. The closed-loop system
25l > without the Coulomb friction has a 4-Hz bandwidth, and the
gzo e controller with time interrupt is set at 100 Hz. In the real-time
\SL et resill control program, the difference equation for the control current
§15¢ 5 curve fitting| | at the kth iteration is
2]
10}t
5 | | | i[k] = 10e[k] —10e [k — 1] +i[k — 1] 39)
2 2.5 3 35 4
I(A)
where e[k] = ¢, — Y[k].
Fig. 10. Measured speeds with a set of current—amplitude inputs. In the real-time implementation, a fitting function repeatedly

W2 + 2¢wn = ¢y Kp/Jm (36)

Qw2 = by K1/ Jpm. (37)

Due to the Coulomb friction of the motor that is not included
in the linear model represented by the transfer function, the
closed-loop system has a short rising time of ¢, = 0.12 s and
only a small added damping of ¢ = 0.06. The nature frequency is
wyn, = 1.8/t = 15 rad/s. The proportional gain of the controller
is Kp = (Jm/¢)(w? + 2¢w,a) = 10 A/rad and the integral
gainis K7 = awaJm/qu 22 (.1 A/rad.s. The digital controller
converted using the zero-order-hold equivalence is

TSK]Z_l
[ —z!

(38)
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sends the position data which ranges from 0° to 360° to the DAC-
voltage-calculation function. As shown in Fig. 8, this function
receives the control input from the main controller to calculate
the DAC voltages to be sent to the current amplifiers in real
time. The summation block in Fig. 8 gives the accumulation of
the angular-position data to the controller.

C. Experimental Results

In this article, the HTM is tested with the step inputs at various
positions, speed inputs, and sinusoidal inputs. The theoretical
angular resolution of our measurement setup is 0.16°. The
controller can perform angular motions with a minimum step
of 0.32°, for which the consecutive step responses are shown
in Fig. 11. With a sine-wave reference at 1 Hz, the response
is provided in Fig. 12. In this case, we see a certain amount
of phase lag in the response because the designed closed-loop
control bandwidth is only 4 Hz.
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Fig. 11. Experimental result showing consecutive steps of 0.32°. T‘(’;; (s)
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Fig. 12.  Response to a 1-Hz sine-wave reference. & 500" ~designed motion|
0k
The experimental results to be compared with the simulation 500
described in Fig. 9(a) are given in Fig. 13 to show the motor’s 1 2T_ ( )3 4 5
. . ime (s
control performance. Here, the dashed lines represent the sim- )
ulation results by Matlab Simulink. In Fig. 13(a), the motion 400
of the motor has a significant rising time with some overshoot ol moten it
as predicted in the controller design. There are some transient 2000 f 0 N | designed motion
. . . . . ]
ridges from the nonlinear behavior caused by the fitting function e y
with a linear fit to the sinusoidal magnetic flux density. The s G
o . . . . c
position error is within +0.64°. Fig. 13(b) shows that the motor g
tracks the ramp input well in steady state with the reference e Sigl
speed of 83 r/min. When ¢ < 1.5 s, there is a hunting transient
shown in the figure, which is consistent with the simulation 400
result. Fig. 13(c) and (d) shows that the system effectively tracks o 1 2 3 4 5 6
the sinusoidal references. The motor tracks the reference well T'(rgf .
within 1.9 s in Fig. 13(c) and 3.7 s in Fig. 13(d), and closely 600
follows the reference since then. The larger the amplitude is, 400 —— motor motion

the longer it takes for the motor to reach and closely follow the
reference. With this, our HTM is proved feasible for the precision
rotary position-control applications.

V. CONCLUSION

This article presents the design and control of a novel cylindri-
cal Halbach-array-based two-phase motor. This is an external-
rotor design with the rotor being a two-pole Halbach cylinder
formed by 20 NdFeB magnets with a square cross section. The
Halbach cylinder generates a uniform magnetic field within
its inner diameter where the four stationary Lorentz coils are
placed. The 3D-printed coil and magnet housings are low cost
and easy to fabricate and assemble. The structure can easily be
scaled to a variety of sizes thanks to the prevalent availability
of square-cross-section magnets and the 3D-printed magnet
housing being able to house the magnets oriented at any angle.
The uniform magnetic field and the two-phase Lorentz coils
allow for a simple linear system model to be identified from
experiments. For feedback control, the rotor position is sensed
by Hall-effect sensors and, therefore, no external encoder is
needed. With a PI controller designed and implemented, the

- - -simulation result
-------- designed motion

200
-400
-600
1 2 3 4 5 6
Time (s)
(d

Fig. 13. (a) Step responses (+100°, 180°, 300°), (b) ramp response
(at 500 °/s), (c) sinusoidal reference response with the magnitude of
360° and period of 5 s, and (d) sinusoidal reference response with the
magnitude of 500° and period of 5 s.

motor achieved an angular resolution of 0.32°, which is twice as
large as the theoretical resolution of the measurement setup. The
motor can track the sinusoidal reference at 0.2 Hz well within
0.64°. This motor design can, therefore, be highly applicable
in a variety of precision applications including radar and lidar
position control.
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