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Abstract

This paper presents the design, modeling, control and experimental results for a one-axis magnetically suspended reaction sphere
(1D-MSRS) driven by a hysteresis motor. The goal of this work is twofold: (a) explore possible designs for magnetically sus-
pended reaction sphere for three-axis spacecraft attitude control, and (b) study the potential of hysteresis motors for the reaction
wheel/sphere drives. The 1D-MSRS uses a hysteresis motor with a spherical rotor made of solid steel. The rotor sphere is magneti-
cally suspended in all translational directions, and is driven about the vertical axis by a bearingless hysteresis motor. We present the
modeling and control of the magnetic suspensions of the bearingless motor in the 1D-MSRS, and the hysteresis motor dynamics
are analyzed by a hysteresis motor equivalent circuit model with the loop-widening effect being considered. The 1D-MSRS system
has experimentally demonstrated a starting torque of 8.9 mNm under 0.7 A peak sinusoidal excitation current. With this excitation
the sphere can run up to 12,000 rpm synchronously in the presence of air drag. This study demonstrates that the hysteresis motor
has strong potential for use in high-speed, low-vibration reaction wheels.

Keywords: magnetic suspension, bearingless motor, hysteresis motor, reaction wheel

1. Introduction

In the flight control of spacecrafts, rotational maneuvering
requires an external torque, which is often provided by reac-
tion wheels. To achieve attitude control in all degrees of free-
dom (DOFs), a minimum of three reaction wheels are typically
needed in the system. By accelerating the appropriate wheels,
the system can generate a zero-mean torque about any axis to
the spacecraft, and the generated momentum can be stored as
well [1]. These wheels can also be used for vibration compen-
sation and for orientation control of solar arrays [2].

As an alternative to the reaction wheels, the idea of using
a single magnetically suspended reaction sphere (MSRS) for
spacecraft attitude control has been investigated by a number of
researchers [3, 4, 5, 6, 7, 8]. The vision here is that a sphere
can be independently accelerated about any axis by a three-
dimensional spherical motor, making the attitude of the space-
craft in all axes controllable by a single device. This torque in-
dependence can eliminate gyroscopic coupling as occurs with
multiple reaction wheels with fixed rotation axes. In addi-
tion, the magnetic suspension eliminates the mechanical fric-
tion of the bearings, which relieves the control difficulties due
to Coulomb friction when the wheel/sphere speed is crossing
zero. The magnetic bearing also allows the device to operate
without lubrication and extends the lifetime of the device. Fur-
thermore, by replacing several reaction wheel assemblies with
one single device, mass and volume reduction may be achieved.

Although the idea of a MSRS is not new, it remains a chal-
lenging problem due to the difficulties of spherical motor de-
sign, magnetic suspension, and the combination of the two tech-
nologies. One recent MSRS design presents a permanent mag-
net synchronous motor (PMSM)-based reaction sphere [7, 9].

This design uses tiled magnets on the rotor sphere surface,
which enables simpler angular position sensing and control.
However, the complexity of the rotor structure may make this
design difficult to be used in small satellites, and the strength of
the bonded rotor may limit its maximum rotational speed.

Among many motor principles, the hysteresis motor is re-
ceiving increasing attention in the past decade due to its ad-
vantages of simple structure, vibration-free operation, and self-
starting capability. The rotor of a hysteresis motor can be made
out of a single piece of hard and strong steel, which will allow
the rotor to have very small imbalance. This feature also makes
the rotor able to sustain large centrifugal force, which makes the
hysteresis motor attractive for high-speed applications. These
advantages of hysteresis motor provide the motivation for our
study of their use in reaction wheel/sphere applications.

As a first step, we focused this study on the design of a
magnetically suspended reaction sphere with one-axis hystere-
sis drive (1D-MSRS). This paper presents the design character-
istics, modeling, control and test results of the 1D-MSRS. The
potential of hysteresis motors for reaction wheel applications is
also discussed.

This paper is organized as follow. Section 2 presents an in-
troduction to the 1D-MSRS hardware. Section 3 introduces the
design and control for the vertical suspension of the reaction
sphere. Section 4 describes the bearingless motor subsystem
used for the lateral directional suspension of the sphere. Sec-
tion 5 introduces the hysteresis motor for the 1D-MSRS. Sec-
tion 6 discusses the comparison between the 1D-MSRS and
a commercial reaction wheel. Conclusion and future work is
drawn in Section 7.
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Figure 1: CAD model for the 1D-MSRS.
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Figure 2: Photographs of the 1D-MSRS.
(a) Structure; (b) stator and rotor.

2. 1D-MSRS hardware overview

The 1D-MSRS demonstrates a hysteresis motor with a spher-
ical rotor made of solid steel, and the rotor is magnetically
suspended in all translational directions. Fig. 1 shows a CAD
model of the 1D-MSRS, and the photographs of the device are
presented in Fig. 2. The rotor in the 1D-MSRS is a solid sphere
of hardened D2 steel. Four eddy current sensors are placed
around the rotor to measure the sphere’s position in three trans-
lational DOFs. These sensors are arranged 45◦ from the verti-
cal axis, and are separated by 90◦ in the azimuthal coordinate.
The rotor sphere is magnetically levitated in the vertical direc-
tion by a reluctance actuator placed at its north pole. A stator
is arranged around the sphere’s equator line, serving both for
levitating the sphere in the horizontal plane and for torque gen-
eration about the vertical-axis by means of a bearingless motor
configuration. A reflective optical tachometer is used for the
sphere’s speed detection by sensing a black mark on the sphere.
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Figure 3: Measured B-H loop for D2 steel ring under different excitation fre-
quencies.

2.1. Rotor

The rotor of the 1D-MSRS is a 54 mm diameter solid sphere
of D2 steel. Although materials with larger hysteresis loops ex-
ist, we selected D2 steel for the rotor in the 1D-MSRS for the
proof of our design. D2 steel is a high Carbon, high Chromium
tool steel. It contains 11 to 15 percent Chromium, which makes
it a deep hardening, highly wear resistant and magnetically hard
alloy. This allows the D2 steel to be used for the rotor of a hys-
teresis motor. Fig. 3 shows the B-H curve of D2 steel measured
under different excitation frequencies while controlling the am-
plitude of the B field to 0.8 T. It can be seen that the hysteresis
loop gets wider as the excitation frequency increases. This ef-
fect is known as the “loop widening effect” for hysteresis loops,
which is induced by the eddy current in the material. For more
details on the measurement of the hysteresis loop see [10].

2.2. Stator

The rotation motor and lateral suspension function are im-
plemented with coils on a stator with 24 slots and a length
of 10mm. The stator is constructed by stacking 12 layers of
magnetic laminations. In order to reach a compact design, the
multiple-winding type bearingless motor is used. This design
enables the stator to work as a magnetic bearing and generate
a revolving magnetic field simultaneously. The details of the
bearingless motor and its modeling and control are presented in
Section 4.

2.3. System connection

Fig. 4 shows a hardware connection diagram of the 1D-
MSRS. The real-time controller is running at a sampling and
control rate of 5 kHz. The signals from the eddy current sen-
sors are collected by the controller through 4 channels of A/D
converters. The digital pulses from the optical tachometer are
acquired by the digital input channel of the controller, and are
transformed into a speed measurement in software. Based on
these measurements, the controller computes the control signals
at the current sample instant, and sends the signals into seven
D/A converters. Seven linear power amplifiers with analog cur-
rent control loops are used to amplify the control signals and
then energize the motor windings and the vertical suspension
actuator coil.
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Figure 4: 1D-MSRS hardware connection diagram.

Figure 5: Vertical levitation of sphere by a flux-biased reluctance actuator with
an air gap of 0.5 mm. DC current level in the actuator coil is 0.12 A.

The 1D-MSRS consists of three subsystems. They are: 1) a
single degree-of-freedom magnetic suspension system for the
sphere’s vertical suspension, 2) a bearingless motor system for
the sphere’s lateral suspension, and 3) a hysteresis motor for
driving the sphere about the vertical axis. In the design and
analysis of the 1D-MSRS, these three subsystems are consid-
ered to be decoupled, that is, the interactions between the sub-
systems are treated as disturbances. In the following sections,
the design, modeling, control and test results of each subsystem
are introduced.

3. Vertical suspension of reaction sphere

This section briefly introduces the vertical direction magnetic
suspension of the sphere. Fig. 5 shows a photograph of the
sphere being magnetically levitated in the vertical direction by
a reluctance actuator arranged on top of the sphere with an air-
gap of 0.5 mm.

In the vertical magnetic suspension system, the magnetic
force generated by the reluctance actuator must compensate
the weight of the sphere, which requires a relatively high DC

Figure 6: Vertical direction magnetic levitation actuation system. Note biasing
permanent magnet (PM) on the central pole face.

current level in the actuator coil. In order to make the system
more energy efficient, a flux-biased reluctance actuator is de-
signed for the vertical suspension, where a disk-shape perma-
nent magnet (PM) is arranged in the magnetic path of the reluc-
tance actuator to add a bias flux. The magnet is relatively thin,
so the additional reluctance in the actuator magnetic circuit is
acceptable. Fig. 6 shows a cross-section diagram of the mag-
netic suspension of the reaction sphere. With the flux-biased
actuator design, the required DC current level in the actuator
coil is reduced to 0.12 A, while a non-biased actuator of the
same geometry requires a DC current of 0.85 A for levitating
the sphere.

In addition to the PM bias flux, the coil in the actuator slot
is excited with controlling current to stabilize the magnetic sus-
pension of the sphere. In the 1D-MSRS device, the vertical po-
sition of the sphere is measured by taking the average of the sig-
nals from the four eddy current sensors. A PID controller is im-
plemented in the real-time controller to stabilize this magnetic
suspension control loop. A cross-over frequency of 320 rad/s is
reached for this magnetic suspension control loop, with a phase
margin of 40◦.

3



Table 1: Design parameters of the bearingless motor in 1D-MSRS

parameter value

Rotor sphere radius 27 mm

Stator height 10 mm

Nominal air gap length 0.5 mm

Stator number of slots 24

Number of poles for motor winding 4

Number of turns per slot for motor winding 80

Number of poles for suspension winding 2

Number of turns per slot for suspension winding 40

4. Bearingless motor

In the 1D-MSRS, the magnetic suspension of the rotor sphere
in the lateral directions is achieved by a bearingless motor. The
bearingless motor has two sets of windings arranged on a single
stator. By correctly configuring and controlling the currents in
these windings, the machine can generate radial forces for ro-
tor’s lateral suspension as well as a rotational magnetic field for
spinning the rotor. Readers are referred to [11] for more details
on bearingless motors. In the stator of the 1D-MSRS, two sets
of three-phase windings, 4-pole and 2-pole, are used, where the
4-pole windings are the motor windings, and the 2-pole wind-
ings are the suspension control windings. Table 1 presents the
design parameters of the bearingless motor in the 1D-MSRS.

Fig. 7 shows a block diagram of the bearingless motor con-
trol system in the 1D-MSRS. By exciting the motor windings
(the 4-pole windings) with symmetrical three-phase currents,
a revolving magnetic field is generated to rotate the sphere.
The radial displacements of the rotor in the stationary frame
are measured by the eddy current sensors to provide feedback
for suspension control. Two independent PID controllers are
designed for the magnetic suspension in x- and y-direction in
the stationary frame, and the control effort signals ux, uy are
transformed to the rotational three-phase coordinates by means
of Park and Clarke transformations [11]. These transformed
control signals are then fed into the current control power am-
plifiers to energize the suspension control windings (the 2-pole
windings). The controlling magnetic field generated by the sus-
pension windings, together with the motor fields, produces the
radial suspension forces on the rotor sphere. As is shown in
Fig. 7, in a bearingless motor system, the control inputs are the
currents in the 2-pole windings in the stationary frame ux and
uy, while the output signals of system are the radial displace-
ments of the rotor in stationary x- and y-directions.

4.1. Lateral suspension system modeling and identification

To stabilize the lateral suspension of the reaction sphere, a
dynamic model of the bearingless motor system needs to be
established and identified for control design purposes. In this
section, the modeling and testing of the suspension character-
istics of the bearingless motor in the 1D-MSRS are discussed.

These characteristics are also shared by other cylindrical rotor
AC bearingless motors.

In a bearingless motor system, the suspension forces are gen-
erated by the interaction between the motor magnetic field and
the suspension control magnetic field. A bearingless motor
can be viewed as a “flux-steering” device, where the magnetic
fluxes generated by the motor windings are steered by the con-
trolling fluxes in a rotating frame to generate the radial suspen-
sion control forces. (See [12] for an introduction to the prin-
ciples for “flux-steering” magnetic designs.) As a result, the
radial suspension system dynamics in a bearingless motor are
highly dependent on the current level in the motor windings.
A limiting example is that if there is no current in the motor
windings, no suspension forces can be produced.

In this study, we derived an analytical model for the lateral
suspension of the reaction sphere in the bearingless motor sys-
tem under the assumption that reluctance force dominate the
suspension forces. The detailed derivations of these results are
presented in [13]. By linearizing the dynamic equation of the
rotor in the model, a transfer function model from the equiv-
alent two-phase suspension winding current in the stationary
frame (signal ux(t) in Fig. 7) to the rotor’s x-directional radial
displacement (signal x(t) in Fig. 7) can be found as

X(s)
Ux(s)

=
Ki

ms2 − Ks
, (1)

where m is the mass of the rotor sphere, and Ks and Ki are the
negative stiffness and the force constant of the bearingless mo-
tor suspension system, respectively. Note that the sign in front
of Ks is negative. This negative stiffness is associated with the
open-loop plant instability, such that the rotor is unstable at the
stator center bore when the system is in open-loop. Constants
Ks and Ki can be calculated as

Ks =
3
π

µ0RlN2
4

g3
0

I2
m [N/m], (2a)

Ki =

√
6
π

µ0RlN2N4

g2
0

Im [N/A], (2b)

where Im is the zero-to-peak current amplitude of the AC cur-
rent in the 4-pole motor windings, N4 and N2 are the numbers
of turns per phase per pole of the 4-pole and 2-pole windings,
respectively, g0 is the nominal air gap length, R is the radius of
the rotor sphere, l is the stator height in the axial direction, and
µ0 is the permeability of free space.

It can be seen from (1) and (2) that the system dynamics of
a bearingless motor depend on the motor winding current am-
plitude Im. This observation can be verified by measuring the
frequency response of the lateral suspension system in the 1D-
MSRS under different motor winding current amplitudes. The
measured plant Bode plots of the reaction sphere lateral sus-
pension system are depicted in Fig. 8. Note that this plant mea-
surement was taken while under closed-loop control, since the
open-loop system in unstable. From Fig. 8 we conclude that the
system dynamics are getting faster as the excitation amplitude
Im increases, consistent with the increase of Ks with Im in (2).
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Figure 7: Bearingless motor control block diagram.
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Figure 8: Experimentally measured Bode plot response for x-direction sphere
suspension with different motor winding current amplitudes (zero-to-peak).

Fig. 9 shows the break frequency of the measured bearing-
less motor plant Bode plots in Fig. 8 and the modeled break
frequency given by (1) and (2). Good match between the mod-
eled and the experimental measured data verifies the transfer
function model of bearingless motors given in (1) and (2).

4.2. Lateral suspension control design

When a bearingless motor is used for reaction wheel/sphere
application, its motor winding current amplitude needs to vary
according to the torque requirements. This fact requires the
lateral suspension controllers for the 1D-MSRS to take care of
this system dynamics variation and still be able to stabilize the
magnetic suspension control under all excitation conditions.

The loop-shaping method is used to design the lateral suspen-
sion controllers for the 1D-MSRS based on the plant dynamic
model. Since the plant system dynamics of the bearingless mo-
tor are varying with the motor winding current amplitude Im,
we use Im as a gain scheduling parameter. Lead-lag form PID
controllers are used for the lateral suspension control, and the
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Figure 10: Measured loop-return-ratio Bode plots of the lateral suspension con-
trol loop under different motor winding peak current amplitudes.
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Figure 11: Typical hysteresis motor torque-speed curve. The curve 1 (black
solid line) shows an ideal hysteresis motor torque-speed curve, and the curve 2
(red dash line) shows a practical hysteresis motor torque-speed curve, where
the effect of eddy current is taken into account.

controller gains are designed to vary according to the parameter
Im. The design goal is to maintain a constant phase margin and
therefore keep the loop robustly stable.

Fig. 10 shows the measured loop-return-ratio Bode plot of
the x-directional suspension control of the reaction sphere.
With the gain scheduling controller design, the control loop has
a cross-over frequency which varies with the motor current am-
plitude, and an approximately fixed phase margin of about 40◦.
Under 0.2 A excitation current, the loop has a crossover fre-
quency of 170 rad/s. With 0.7 A excitation, the crossover fre-
quency is 620 rad/s. With this approach, the radial position of
the sphere is successfully regulated at the center of the stator
under varying motor current amplitude.

5. Hysteresis motor for reaction sphere

The 1D-MSRS uses a hysteresis motor for its motor drive
around the vertical axis. A hysteresis motor operates by the
magnetic hysteresis effect of its rotor material. Since the mag-
netization produced in the ferromagnetic material lags behind
the magnetizing force, a torque is generated due to the rotor
and stator field interaction. In addition, eddy currents in the
rotor also produce torque when the motor is operating asyn-
chronously [14]. Loosely speaking, a hysteresis motor can be
described as a combination of a weak permanent magnet motor
and an solid rotor induction motor. However, modeling of this
motor is more complicated, since the magnetization of the rotor
moves under stator excitation relative to the rotor material.

Fig. 11 shows a typical hysteresis motor torque-speed curve,
where the curve 1 in the black solid line shows the ideal hys-
teresis motor torque-speed relationship, and the curve 2 in the
red dash line is a practical torque-speed curve with the eddy
current effect included. It can be seen that the ideal hystere-
sis motor demonstrates constant hysteresis torque Thyst during
asynchronous operation, where the motor speed ωm does not
equal the stator base speed ωb. When the rotor is conductive,
the eddy current in the rotor also helps the torque generation,
which gives the frequency-dependent eddy current torque Teddy.
At the synchronous speed, the motor torque is solely due to the
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Figure 12: Acceleration curves of 1D-MSRS under different excitation current
amplitude.

hysteresis effect, and can demonstrate different values, depend-
ing on the load torque and the motor excitation conditions.

5.1. Motor hardware and experimental results

The motor drive in the 1D-MSRS is tested under different
motor winding current levels. Fig. 12 shows the start-up speed
curves of the 1D-MSRS. In these tests, the motor windings are
excited with constant frequency three-phase currents of differ-
ent amplitudes. It can be seen that all curves lock into the syn-
chronous speed of 30 Hz (1, 800 rpm) after acceleration. Data
shows that under 0.7 A excitation current, the sphere reaches
the synchronous speed of 30 Hz (1,800 rpm) within 6 seconds,
with an associated starting torque of 8.9 × 10−3 Nm.

The maximum achievable speed for the 1D-MSRS is also
tested. When the motor is excited with 0.7 A current amplitude
and when it is running in the lab in the presence of air drag,
the sphere can run up to 200 Hz (12,000 rpm) synchronous
speed. This motor speed limit is potentially much higher when
the sphere is running in vacuum.

5.2. Motor model in the 1D-MSRS

In order to study the physics of the hysteresis motor in the
1D-MSRS and also to provide a simulation tool for future de-
sign, a model of the hysteresis motor derived from the funda-
mental electromagnetics is used to study the motor dynamics
of the 1D-MSRS. Modeling of the hysteresis motor is chal-
lenging due to the nonlinearity of hysteresis material proper-
ties. Through the years, several different models have been
developed to calculate the hysteresis motor torque. Reference
[15] studies the hysteresis motor by comparing it to the perma-
nent magnet motors, and a hysteresis motor model using anal-
ogy to induction motor was proposed in [16]. Although simple
and easy to parametrize, these models are not derived from the
fundamental electromagnetics and do not provide physical in-
sights. A parallelogram-shaped simplification for the hysteresis
loop has been proposed in [17], and an equivalent circuit model
for the hysteresis motor based on this assumption was intro-
duced. An alternative hysteresis motor equivalent circuit model
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Figure 13: Measured B and H data and their fundamental harmonics.

based on an elliptical hysteresis loop assumption was proposed
in [18], where only the fundamental harmonics of the motor
field are considered. Recent work extended this model to in-
clude the eddy current torque by considering the loop-widening
effect for the hysteresis loop [19].

In all these models mentioned above, the dynamics of the
hysteresis motor, which includes both the synchronous and the
asynchronous operation modes, are not encompassed. This
is due to the “torque singularity” of the hysteresis motors.
As shown in Fig. 11, the hysteresis motor torque at the syn-
chronous speed can demonstrate multiple values. For a hystere-
sis motor, during the transition from the asynchronous mode to
the synchronous operation, the rotor material particles experi-
ence minor hysteresis loops, which are difficult to model. To
our knowledge, few works have studied the transient behavior
for hysteresis motors. Reference [20] studies the equivalent cir-
cuit model based on the elliptical hysteresis model for both the
synchronous and asynchronous operation of the hysteresis mo-
tor, and assumes that the magnetic poles are fixed on the rotor
surface once the motor reaches synchronous speed. This as-
sumption ignores the hysteresis losses in the rotor during syn-
chronous operation, which means the modeled hysteresis mo-
tor has zero hysteresis damping in synchronous operation, and
demonstrates more sustained hunting than a hysteresis motor
in practice. However, this model allows us to study the “worst
case” hysteresis motor dynamics in both asynchronous and syn-
chronous mode.

In this paper, the hysteresis motor equivalent circuit model
based on the elliptical hysteresis loop assumption [18] was se-
lected to calculate the motor torque in the 1D-MSRS. The eddy
current torque in the motor was modeled by including the loop-
widening effect in the hysteresis model, which allows us to
model the torque generation in asynchronous mode with bet-
ter accuracy. For the synchronous operation mode, the model
proposed in [20] was used to study the “worst case” hunting
behavior.

We briefly introduce the elliptical-hysteresis-loop-based
equivalent circuit model for hysteresis motors from [18] to
make this paper self-contained. Readers are refereed to [18] for
the derivation for the model from fundamental electromagnet-
ics. In this model, symmetric three-phase current excitation is
assumed. The B-H curve of the rotor material is approximated
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Figure 14: Elliptical approximation of the hysteresis loop of D2 steel under
10 Hz and 100 Hz.
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Figure 15: Equivalent circuit model of hysteresis motor.

by an ellipse, which can be described by

B = Bm cos θ,

H =
Bm

µ
cos(θ + δm),

(3)

where Bm is the maximum amplitude of the flux density, and δm

is the lag angle between H and B. The permeability of the rotor
material µ is defined as the ratio of the maximum values of B
and H, that is, µ = Bm/Hm, where Hm is the maximum field in-
tensity. This model of the magnetic hysteresis is also known as
complex permeability model [21]. This model considers only
the fundamental harmonics for B and H, and all higher order
harmonics are neglected. Fig. 13 shows the measured B-H data
of the D2 steel at 10 Hz and 100 Hz and their fundamental har-
monics. In the measurement the magnitude of the B field is
regulated to a constant 0.8 T. Fig. 14 shows the hysteresis loops
of the D2 steel at 10 Hz and 100 Hz, and their elliptical ap-
proximations. Note that the hysteresis loop gets widener as the
excitation frequency increases due to the eddy current in the
rotor.

The elliptical approximation of the hysteresis loop allows us
to use a linear equivalent circuit to analyze the motor system.
Fig. 15 shows the hysteresis motor equivalent circuit for the 1D-
MSRS. In this model the stator resistance and inductance are
not included because for motor in the 1D-MSRS uses current
controlled amplifiers. In Fig. 15, Is is the stator current, Ig is
the apparent air-gap current, and Ir is the apparent rotor current.
Notice that these apparent currents are not real currents that
flow in the air-gap or in rotor. Instead, they are a part of the
stator current that flows in the model circuit if Fig. 15. The
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values of the circuit elements can be calculated by

Lg =
2mKw

2N2µ0lrg

p2πg0
, (4)

Rr = ωb
mKw

2N2Vrµ

π2rr
2 sin δ, (5)

Lr =
mKw

2N2Vrµ

π2rr
2 cos δ. (6)

Here δ is the separation angle between the B-field and H-field
in the rotor material, Kw is the winding factor, m is the number
of phase, p is the number of poles, rr is mean radius of length of
the magnetic field path within rotor, rg is the mean radius of the
air gap, ωb is the input synchronous speed, N is the number of
windings per phase, g0 is the air-gap length, µ is the permeabil-
ity of the rotor material, and Vr is the effective rotor volume.

The apparent current values can be solved from the equiva-
lent circuit model shown in Fig. 15. The motor electrical torque
can then be calculated by [18]

Te =
m
2

p
2

LgIrIg sin δ. (7)

The rotor speed can be found from the mechanical dynamic
equation for the rotor as

J
p

dωr

dt
= Te − A|ωr |ωr, (8)

where A is the coefficient of the air drag torque, and J is the
rotor inertia.

Recall that the angle δ is the spatial separation angle be-
tween the B-field and H-field in the rotor material, which can-
not exceed the lag angle of the rotor material hysteresis loop δm.
Therefore the angle δ satisfies the constraint

−δm < δ < δm, (9)

where δm is the hysteresis loop lag angle given in Eq. (3). When
the hysteresis motor is operating in asynchronous mode, the lag
angle is equal to its maximum, which is δm.

To include the motor torque generated by the eddy currents
in the rotor, the loop-widening effect of the hysteresis loop can
be taken into account. There are two parameters for the ellip-
tical hysteresis model: µ and δm. Both parameters are varying
with the excitation frequency of the magnetic field. Fig. 16
shows the measured and fitted variation of µ and δm with re-
spect to frequency at a constant flux density amplitude. It is
shown that both the parameters are varying with the measure-
ment frequency approximately linearly. In the hysteresis mo-
tor equivalent circuit model, the hysteresis model parameters µ
and δm can be selected as identified linear functions of the slip
frequency, which is the difference between the stator field fre-
quency ωb and the rotor’s mechanical frequency ωr. In this way
the eddy current torque generation in the hysteresis motor can
be modeled.

When the rotor’s mechanical speed reaches the vicinity of
synchronous speed, the rotor magnetic pole aligns with the rotor
mechanical angle. Under the assumption of the magnetic poles
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Figure 16: Hysteresis parameters of D2 steel under different frequencies at
0.8 T amplitude. Left: lag angle. Right: relative permeability.
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Figure 17: Measured and simulated 1D-MSRS speed under excitation current
of 0.45A.
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Figure 18: Zoomed in measured and simulated 1D-MSRS speed under excita-
tion current of 0.45A.

of the rotor are not moving with respect to the rotor material
after the motor reaches synchrony, the angle δ can be updated
by the dynamic equation

dδ
dt

=
ωb − ωr

p
. (10)

Introducing Eq. (9) and (10) in the hysteresis motor equivalent
circuit model allows the model to describe the motor behavior
in both synchronous and asynchronous operation. As was dis-
cussed in [20], when the motor slip is large, the constraint in
(9) is activated, and the angle δ always equal to δm. As a result,
the motor can produce a constant hysteresis torque and an eddy
current torque that is changing with slip frequency. When the
rotor speed is close to the synchronous speed, (10) is activated
to describe the dynamics of angle δ, which models the hunting
behavior of the hysteresis motor.

Numerical simulations of the hysteresis motor in the 1D-
MSRS were conducted by solving the equivalent circuit model
and using (4-8) with the hysteresis parameters µ and δ being
functions of the slip frequency. Fig. 17 shows the simulated
and experimental measured motor starting speed data plotted
together, and Fig. 18 shows the zoomed in speed data around
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Table 2: Torque simulation results with different rotor material properties.
AlNiCo rotor material data taken from [22].

Material µr δ [deg]
Hysteresis torque
at 0.7 A excita-
tion [mNm]

D2 steel 350 40 4.15

AlNiCo
(Hc = 11.1 kA/m)

60 42 14.9

AlNiCo
(Hc = 15.9 kA/m)

45 48 16.2

the synchronous speed. It can be seen that the simulation and
the experimental data align well in the accelerating transient.
However, when the motor reaches synchronous speed, the sim-
ulated speed data demonstrates a less damped speed hunting
behavior than the experimental measured speed data.

5.3. Speculation on performance with other rotor materials

Although only one kind of rotor material, D2 steel, has be-
ing tested in the 1D-MSRS hardware, the model of the hys-
teresis motor presented in the previous section allows us to es-
timate the motor performance with other rotor materials. Ta-
ble 2 presents the complex permeability values of two different
kinds of semi-hard AlNiCo magnetic materials [22], which are
commonly used in hysteresis motor rotors, along with predicted
resulted torque.

5.4. Hysteresis motor speed control

When a hysteresis motor is operating, a speed fluctuation
slightly above and below the reference speed can be observed
when the motor speed reaches synchronous speed, as is seen in
Fig. 18. This motor dynamics is known as hunting [23]. It is
undesirable when a hysteresis motor is used in a reaction wheel
or a reaction sphere, as it will introduce vibrations to the space-
craft via the associated oscillatory torque.

To suppress the motor hunting, a feedback loop on the
sphere’s rotational speed can be designed and implemented for
the 1D-MSRS. Fig. 19 shows a block diagram of the speed
control loop. The sphere speed ωr is measured by an optical
tachometer. The input signal to the controller is the speed error
eω between the desired synchronous speedωb and the measured
speed ωr. The control effort signal is defined as the zero-to-
peak amplitude of the three-phase excitation current signal Im.
In this analysis let us call it u, denoting the control effort. Note
that in this system the value of u is non-negative, and it cannot
go below 0.2 A in order to maintain the lateral suspension of the
sphere. Also note that in this control system a positive control
effort provides decelerating torque when eω is negative.

When the reaction sphere is accelerating, it is desired that the
motor can catch up with the reference speed, or the synchronous
speed, as fast as possible. In optimal control, the minimum time
problem with the presence of constraints for control effort can
be solved, and the result shows that a bang-bang controller is the

u = Im 
D/A	  s	   Power	  

amps	  
ωr 

Optical  
tachometer 

ωb Speed	  
Controller	  

Counter	  

+ 

- 
ωr 

Generate	  
rota6onal	  	  

3-phase	  signals	  

Figure 19: Block diagram of the reaction sphere speed control loop.
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Figure 20: A comparison of experimental open-loop step response speed data
and the closed-loop step responses speed data of reaction sphere. The open-
loop step response is measured under a peak current value of 0.35 A.
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Figure 21: Open-loop and closed-loop control effort data (peak amplitude for
motor currents).

best mechanism for achieving minimum speed rise time [24].
For the 1D-MSRS, this requires the motor to operate in open-
loop with the maximum allowed excitation amplitude, which
enables the motor to accelerate with its maximum ability.

In order to add active damping to the system to suppress the
hunting, a lead filter is used as the speed controller when the
hunting is happening. Define the maximum available control
effort as umax. The speed control law of the 1D-MSRS can be
written as

u =

 umax if eω > ∆ or eω < −∆,

uPD if −∆ ≤ eω ≤ ∆,
(11)

where ∆ is a constant positive number that sets the threshold of
the controller change.

The parameters of the PD controller are determined by the
characteristics of the hunting dynamics. For the 1D-MSRS
hardware, the motor hunting is at a frequency of 3.9 rad/s. Tar-
geting at damping out this oscillation, the PD compensator for
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the reaction sphere’s speed regulation was designed as

uPD(s)
eω(s)

= 3.5
0.4s + 1

0.04s + 1
. (12)

The speed controller given in Eq. (11) and (12) was imple-
mented for the 1D-MSRS. Fig. 17 shows a comparison between
the experimental measured open-loop transient speed data and
the closed-loop controlled speed data. The open-loop data was
measured with Im = 0.35 A, and the maximum allowed con-
trol effort was set to be 0.5 A. It can be seen from Fig. 17
that the closed-loop speed has much less oscillation when the
speed enters synchrony. This verifies that the designed speed
control scheme can effectively suppress the motor hunting. The
corresponding motor winding current signals are presented in
Fig. 18. With closed-loop control, the motor current peak
value reduced to 0.2 A when the reaction sphere is operating
in steady state, which allows less energy loss at steady state op-
eration. Experiment shows that when operating in steady state
at 1, 800 rpm, the power consumption of the 1D-MSRS, includ-
ing both rotation and lateral magnetic suspension (not including
magnetic suspension in vertical direction), is 3.44 W.

6. Discussion

A comparison between the test results of the 1D-MSRS and
the specifications of a commercial reaction wheel assembly for
typical small satellites is performed, as is shown in Table 3.
Here the MicroWheel 200 (MW200) Reaction Wheel from Mi-
crosat Systems Canada Inc. [25] is chosen as a benchmark,
which has a similar size to the 1D-MSRS prototype.

Data in Table 3 shows that the torque capacity of 1D-MSRS
is smaller than that of the MW200 reaction wheel. The reason,
to our understanding, is threefold. First, hysteresis motors are
not winning in their torque ability comparing with their perma-
nent magnet motor counterparts. Second, D2 steel is not the
best rotor material for hysteresis motors. The simulation results
presented in Section 5.3 show that larger torque ability can be
achieved if the rotor has a better hysteresis property. Third, in
the design of the 1D-MSRS, the effective surface area on the
rotor for torque production is small, since the stator height was
relatively small.

Comparing with MW200 reaction wheel, the 1D-MSRS
demonstrated smaller rotor imbalance. In fact, the imbalance
of the 1D-MSRS can achieve zero because the uniformity of
rotor material and the spherical symmetry of rotor. Besides,
the 1D-MSRS has a larger angular momentum capacity since
it can run up to a higher synchronous rotational speed. We
believe that the sphere can reach a higher synchronous speed
when running in vacuum, where the air drag can be eliminated
as well. In addition, the 1D-MSRS demonstrated lower power
consumption when operating in steady state. This is a direct re-
sult of magnetic suspension which eliminated mechanical fric-
tion. This comparison demonstrated a good potential of hys-
teresis motors for the development of high speed, low vibration
reaction wheels/spheres, especially when they are assisted with
magnetic suspension.

7. Conclusions and future work

The design and development of a hysteresis motor driven
magnetically suspended one-axis reaction sphere is presented
in this paper. Magnetic suspension, bearingless drive and hys-
teresis motor principles are used in the design of the 1D-MSRS.
An analytical dynamic model of the bearingless motor suspen-
sion system is derived and used for the suspension control de-
sign. An equivalent circuit model for hysteresis motors is used
to analyze the motor dynamics of the 1D-MSRS, and a speed
control loop is built for the system to suppress hunting. The 1D-
MSRS can run up to 200 Hz (12,000 rpm) in the presence of air
drag, and a starting torque of 8.9 mNm is generated with 0.7 A
excitation current amplitude. This study demonstrated that the
hysteresis motor has a good potential for reaction wheel/sphere
applications.

Future work should consider the design and development
of a three-axes magnetically suspended reaction sphere (3D-
MSRS). Discussions of the possible motor concepts and pos-
sible magnetic pole configuration designs for a 3D-MSRS are
presented in [13]. In addition, the performance of the 1D-
MSRS demonstrates that the hysteresis motor has the potential
for the circumstances where quiet operation and high speed are
needed. We believe that this motor concept is promising for
high speed, low vibration reaction wheel applications.
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