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Abstract

Self-Sensing Hysteresis-Type Bearingless Motor

Laura Homiller, M.S.E.

The University of Texas at Austin, 2022

Supervisor: Lei Zhou

This thesis presents the design, implementation, control, and experimental evalua-

tion of a self-sensing hysteresis-type bearingless motor (SSBM). Bearingless motors 

are well-suited to high-speed applications due to their frictionless operation, but 

the magnetic levitation of the rotor is unstable without airgap sensors. Eliminating 

these sensors decreases system cost and volume while increasing system robustness. 

This work presents the design for a hysteresis-type bearingless motor that operates 

without the use of airgap sensors.

Bearingless motors use a single stator to generate torque and suspension 

forces to control the position of the rotor. Some measure of the airgap length is 

needed to enable stable magnetic suspension, so this thesis proposes the injection 

of a high-frequency carrier signal to the stator windings to amplify the change in 

coil inductance with rotor position. The coil response is demodulated against the
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carrier signal to provide an estimate for airgap length.

This design uses a stator with 12 independently controlled windings to gen-

erate a 4-pole magnetic field for torque and a 2-pole magnetic field to control the

rotor suspension. Analytical and finite-element simulation demonstrate that if the

current in the windings is controlled, demodulating the winding voltage against the

carrier signal gives a good estimate for rotor displacement. When the winding volt-

age is considered the input, the current through the coils can be used for estimation,

but the result is highly dependent on the suspension field.

The prototype developed to test this operating principle has been constructed

and tested with voltage as the winding input. Inductive sensors are used to provide

a “ground truth” signal to evaluate the estimation result and to provide feedback

for the rotor suspension while the estimation is being developed. Initial results

show that even under voltage control the SSBM prototype is able to estimate the

rotor displacement, but only when the suspension control is active. Current control

for the system has been developed and will be implemented as the immediate next

steps.
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Chapter 1

Thesis Overview

This thesis develops a method to estimate the airgap in a bearingless hysteresis

motor using the electrical response of the stator windings in order to enable magnetic

levitation of the rotor without the need for external sensors. This chapter presents

an overview of the work that has been completed so far on the development of the

self-sensing bearingless motor (SSBM) and the key results.

Bearingless motors are electric machines that generate torque and magnetic

suspension forces using a single stator assembly, enabling non-contact and mainte-

nance free operation. The magnetic suspension of the rotor is inherently unstable,

so feedback of the rotor position is typically accomplished using costly airgap sen-

sors. The objective of this project is to accomplish the suspension feedback for the

bearingless motor without external sensors, instead using a high frequency carrier

signal to enable the estimation of airgap length based on the electrical response of

the stator coils.

1.1 1-DOF airgap estimation and analytical modeling

of self-sensing bearingless motor

The key idea for the airgap estimation is the injection of a high-frequency carrier

signal to amplify the effect of the changing inductance due to variable airgap length

on the winding voltage. To establish the basis for this self-sensing approach, a 1-

DOF E-core system was tested, shown in Figure 1.1. The airgap length between the

E-core stator and upper bar was varied using plastic shims. The current input to
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the coil had a 60 Hz component analogous to the motor current in the full system,

and a 2 kHz component to enable the airgap estimation. When the coil voltage was

demodulated against the 2 kHz carrier signal, the results gave a clear relationship

between airgap length and coil voltage, summarized in Figure 1.2.

(a) 1-DOF maglev system photo. (b) 1-DOF maglev system flux path.

Figure 1.1: 1-DOF E-core magnetic levitation system
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Figure 1.2: 1-DOF example maglev system sampled airgap length demodulation
results.

An analytical model for the full bearingless motor was derived and used to

simulate the estimation of the airgap for two cases. First, the current was considered
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as the input to the coils and the voltage response was used to estimate the airgap.

This approach demonstrated a clear correlation between the estimation signal and

the actual airgap length, shown in Figure 1.3a. The simulation was then repeated for

the system under voltage control, where voltage is input to the coils and the current

is measured and used for the airgap estimation. The results of this simulation are

given in Figure 1.3b. Based on the analytical model for the bearingless motor, airgap

estimation using this method is possible using either voltage or current control, but

a much larger amplitude is needed for the carrier signal under voltage control.
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Figure 1.3: Results from simulations using an analytical model of the SSBM
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1.2 Hardware design

Having established the potential for this approach, a testbed was designed for ex-

perimental evaluation. The constructed prototype is shown in Figure 1.4. This

design includes four inductive sensors as a “ground truth” against which the esti-

mation method is evaluated. A D2 tool steel rotor is supported by a shaft which

is constrained at one point at the bottom of the assembly by a tooling ball in a

cone-shaped mounting plate. This allows the rotor to move in x, y, and θz DOFs

while constraining motion in all other DOFs. The radial displacements of the ro-

tor are actively controlled by a 2-pole magnetic field generated by the stator coils,

and torque is generated through the interaction of a 4-pole magnetic field and the

hysteresis effect of the rotor material. The 12 stator coils are each individually con-

trolled, and the input commands are designed such that both the 2-pole field for

suspension and 4-pole field for rotation are generated by the single set of windings.

Figure 1.4: Photograph of SSBM assembly.
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1.3 Control and airgap estimation implementation

Figure 1.5 shows the control block diagram for the bearingless motor, where currents

are input to the stator windings and the voltage response is demodulated against

the high-frequency carrier signal for airgap estimation. The digital portion of the

control and airgap estimation was implemented in LabVIEW on a cRIO-9048.

𝑥௥௘௙
𝑒௫+

-

𝑢௫ 

𝑦ො +

-

𝑣ଵ

𝑣଻

+

-

𝑣ସ

𝑣ଵ଴
DA

C
AD

C

12x 
Current 

Controlled
Power
Amps

Real-time Controller

𝑦௥௘௙
𝑒௬+

-

Suspension 
Controllers

𝐶௬_௦(𝑠)
𝑢௬

𝑥௠௘௔௦

xy/dq
transform

2-phase to 
3-phase 

transform

𝑢ௗ 

𝑢௤ 

𝑖௨
∗

𝑖௩
∗

𝑖௪
∗

High-Freq
Carrier Sig

𝑦௠௘௔௦

Demod
Moving 
Average 

Filter

𝑦௘௥௥௢௥

Moving 
Average 

Filter

+

+
-

-
𝑥௘௥௥௢௥

𝐶௫_௦(𝑠)

𝑥ො

Reference speed

𝑖௔
∗

Torque Command 𝑖௕
∗

𝑖௖
∗

Mag

Phase

3-phase 
generation

High-Freq Carrier Sig

Current 

Command 

Generation

Voltage

Meas

Circuit

𝑖ଵ
∗

𝑖ଶ
∗

𝑖ଷ
∗

𝑖ଵଶ
∗

Bearingless
Motor 

Testbed

Sensor
signals

Figure 1.5: Self-sensing bearingless motor control block diagram.

A printed circuit board (PCB) for analog current control has been developed,

and will be used to test the SSBM prototype under current control. For voltage

control, the above block diagram is modified such that the voltages of the coils are

supplied and the current signals are measured with power resistors in series with the

stator windings. Linear power amplifiers were used to amplify the command signals

from the real-time controller.

1.4 FEM simulation and experimental evaluation

The proposed SSBM system was modeled in ANSYS Maxwell with both current and

voltage as the input to the coils. In a similar way to the results from the analyti-
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cal modeling, the estimation result from the FEM simulation under current control

provided good differentiation for various rotor displacements, shown in Figure 1.6.

The simulation under voltage control did not give good results when demodulated

against the 2 kHz carrier signal, but when the current output was demodulated

against a 120 Hz signal the estimation result was much improved, shown in Fig-

ure 1.7. This is due to the inductive nature of the coils, where the magnitude of

the frequency response drops off at high frequencies. The result at 120 Hz comes

from the interaction of the 60 Hz suspension and rotation fields, which are able to

modulate the rotor displacement signal at 120 Hz.
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Figure 1.6: FEM estimation results under current control
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(b) Coil currents demodulated at 120 Hz

Figure 1.7: Results of FEM simulation under voltage control

The proposed estimation approach was then tested on the constructed SSBM

prototype. Figure 1.8 shows the result of the airgap estimation for manual distur-

bance of the rotor in both the x- and y- directions. Once the demodulated signal

is scaled to give a value in mm, the result closely matches the position readings of

the inductive sensors. While under voltage control the estimation only works when

the suspension and rotation fields are active, suggesting that the injected carrier

signal is too small to enable estimation on its own. Even so, some interaction of the
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suspension and rotation fields does provide a good estimate for rotor displacement.

Hardware delays have resulted in the current control testing being pushed to future

work, so only voltage control results are presented in this thesis. It is expected that

the estimation performance will improve once current control is implemented, based

on the simulation results.

The rest of this thesis is organized as follows. Chapter 2 discusses the mo-

tivation and prior art for bearingless motors and self-sensing levitation. Chapter 3

presents the analytical model for the SSBM and simulation results for both current

and voltage commands. Chapter 4 details the hardware implementation for the

SSBM prototype developed to test the presented estimation technique. Chapter 5

discusses the suspension control system and the estimation method that enables self-

sensing operation of the motor prototype. Chapter 6 presents the both the results

of FE simulation of the SSBM system and initial results of experimental testing of

the SSBM prototype with voltage commands. Chapter 7 concludes the work and

presents suggestions for future work.
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Chapter 2

Background and Motivation

2.1 Motivation

The development of high-speed electric machines is attracting increasing research

for a wide range of promising applications including electric transportation and

portable power storage. Increasing the speed of a machine enables an equivalent

power output at a reduced weight and volume, making high-speed operation a highly

desirable capability for applications which require a compact design such as small

liquid pumps [1], or those that require high-speeds like optical scanning devices [2].

Bearingless motors are an emerging technology that is particularly well-suited

to high-speed applications. In a bearingless motor, a single stator assembly produces

both torque and levitation forces on the rotor, which requires reduced shaft length

and rotor inertia than machines that use separate magnetic bearings. Because the

rotor is magnetically levitated, these machines operate without bearing friction, en-

abling them to operate for a nearly unlimited lifetime without maintenance. This

feature is highly desirable for high-speed applications, because mechanical bearings

faults are a common point of failure in those motors. Another significant benefit

of non-contact operation is the ability of the system to operate in a vacuum en-

vironment, or to be used in pump applications where lubricant contamination is

unacceptable.

As with other magnetically levitated systems, bearingless motors require

closed-loop feedback control to enable stable levitation of the rotor. This requires

the measurement and feedback of the airgap length, which is typically accomplished
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using inductive, capacitance, or eddy current sensors [3]. However, the inclusion of

the sensors adds significant cost, decreases the overall system robustness in harsh

environments, and increases the system volume. Therefore, it is highly desirable

to create a new type of bearingless motors without the need for costly airgap sen-

sors, thereby enabling new high-speed machines that are simultaneously high per-

formance, maintenance-free, and low cost for various applications.

2.2 Prior art

Prior study on this topic has primarily focused on either the bearingless operation

of a motor, or on the implemention of self-sensing techniques in magnetic bearings,

with only a few examples of self-sensing bearingless motors existing. This section

provides a review of relevant literature on both bearingless motors and self-sensing

magnetic bearings.

2.2.1 Bearingless motors

Today’s bearingless motor technology largely exists in the research space with only

a few examples of industry application such as the bearingless pumps developed by

Levatronix Inc. (levatronix.com) [4]. The most common types of bearingless motors

in the literature use permanent magnet synchronous motors (PMSM) or induction

machines (IM) for the torque generation, but nearly all types of motors have been

studied within this field [3].

The most common type of bearingless motor is permanent magnet syn-

chronous machines, owing to their advantages of high efficiency and high torque

density [5]. An early analysis of these machines is given in [6], and various configu-

rations of these machines are given in [4,5,7,8]. It was demonstrated in [9] that the

torque and suspension force control in a bearingless PMSM are independent, which

significantly simplifies the control strategy for these machines.

Induction-type motors are the most widely used motor type in industry for

their low cost and robustness. Bearingless induction motors of various configurations

have been studied in [10–13]. These machines typically do not achieve the same

efficiency or power rating as typical industrial induction motors [3]. One of the

reasons for low efficiency in bearingless IMs is the current induced in the rotor by

the suspension fields. In a recent study [12], the optimal design of these machines
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is investigated, and a model for high efficiency design is proposed. This design

has improved the motor’s efficiencies to the range of 95%. Up to this point, most

bearingless IMs are used for low power applications such as the blood pump in [13].

As efficiencies improve more opportunities for industrial application will evolve [14].

Hysteresis motors use the magnetic hysteresis effect of the rotor material to

generate torque. The rotor in these machines is a solid piece of magnetically semi-

hard material, meaning that no permanent magnets or rotor windings are needed.

This makes the rotors extremely high strength, which is advantageous for high-speed

operation. In addition, the absence of permanent magnets means that demagneti-

zation and magnet temperature constraints are not a concern, making hysteresis

motors desirable for extreme temperature environments. Bearingless hysteresis mo-

tors have been studied in [15] and [16].

Other bearingless motor types that have been investigated include reluctance

motors [17,18], ac homopolar [19], and flux-switching permanent magnet motors [20].

A major challenge for more widespread use of bearingless motors is their

need for closed-loop feedback for suspension control. This is typically accomplished

through the inclusion of airgap sensors, the most common varieties being inductive,

capacitive, or eddy current sensors [3]. These sensors increase the cost and volume

of the system and cannot be used in harsh environments. Eliminating the need for

airgap sensors is a key step to improving existing bearingless motor technologies.

2.2.2 Self-sensing magnetic bearings and bearingless motors

Active magnetic bearings (AMB) have been used in industry for a number of years

after first being developed in the 1980s. As an alternative to mechanical bearings,

AMBs provide the benefits of magnetic suspension as a modular addition to tradi-

tional motors. Because gap sensors are costly, there have been efforts to operate

the feedback loop without these sensors. It has been demonstrated that an AMB

with voltage-controlled windings is fully observable, so linear observers can use the

winding currents to estimate the system states [21]. However, linear observers for

AMBs are unable to sense the static biases in rotor displacement [22]. It has been

shown in simulation that this problem can be solved through the use of a Kalman

filter which estimates the bias as a state of the system [23]. However, the robustness

of this approach may not be sufficient for practical AMBs. Another approach to
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creating a self-sensing AMB involves the injection of a high-frequency carrier signal

in order to aid in the estimation of the airgap. One variation of this approach [24]

developed a nonlinear parameter estimation technique where the noise from the

switching amplifier is used to drive the windings as a carrier signal for the modula-

tion of the rotor displacement. In other cases, linear amplifiers are typically used to

add a high-frequency carrier signal, where the carrier signal is superimposed on the

suspension voltage at a sufficiently high frequency such that the interference with

rotor suspension is insignificant. This technique has been successfully demonstrated

on a bearingless IM [25].

The rotating magnetic field and harmonics from the PWM drivers in bearing-

less motors make the airgap estimation more difficult than in magnetic bearings [26].

Methods to estimate the airgap length without sensors have been investigated for

bearingless PMSM and IM [25, 27]. To our knowledge this technology for other

bearingless motor types has not been studied. In [25] the carrier signal estimation

method is applied to a bearingless induction motor where the carrier signal is super-

imposed on the motor winding and the estimation is based on the change in mutual

inductance with rotor position, and in [26] the carrier signal is input to the system

through four search coils and the middle-point voltages of these coils are used for the

airgap estimation. A similar parameter estimation approach with a carrier signal

injected into the motor windings has been developed for a bearingless PMSM [27].

A different approach was used in [28], where a model reference adaptive observer

was used for the estimation of the rotor displacement, which has demonstrated good

performance without needing to inject a high-frequency signal.

The development of self-sensing bearingless motors is a key technology to

enable the wider adoption of bearingless motors. Reducing system costs and size

while also improving robustness by enabling the sensorless operation of frictionless

motors will allow these machines to be used in a variety of applications. Self-sensing

bearingless hystersis-type motors, to our knowledge, have not been studied, but the

high-strength rotor coupled with frictionless and sensorless operation would make

these machines extremely relevant for high-speed operation in-vacuum or in harsh

environments. Therefore, the objective of this thesis project is to develop a method

for airgap estimation to enable self-sensing operation of a hysteresis-type motor.

13



Chapter 3

Operating Principle

This chapter details the operating principle of the hysteresis-type SSBM. First, a 1-

DOF example magnetic levitation system will be analyzed, then the same principles

will be applied to a bearingless hysteresis motor, followed by an explanation of the

airgap estimation method.

3.1 1-DOF magnetic levitation

For an airgap with a length g, permeability in the airgap µ0, and gap surface area

A, the magnetic reluctance of the gap is given as

R =
g

µ0A
. (3.1)

For a coil with N turns and a current of i, the total flux through the coil is

Φ =
Ni

Rtotal
, (3.2)

where Rtotal is the total equivalent reluctance of the system.

An E-core magnetic levitation system shown in Figure 3.1 can then be mod-

eled according to the equivalent magnetic circuit shown in Figure 3.2, where Rside

is the reluctance of each of the side airgaps with surface area A, and Rcenter is the

reluctance of the central airgap. It is assumed that the permeability in the core is

much larger than the permeability in the airgap, so only the reluctance of the airgap

is considered in this model.
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Figure 3.1: 1-DOF example maglev system flux path.

The inductance of the coil is L = λ
i , where i is the current through the coil,

and the flux linkage λ is calculated by λ = NΦ. With L = N2

Req
, the voltage across

the coil for the E-core can then be written as

v =
N2

Req

di

dt
+Ri, (3.3)

where R is the resistance of the coil and Req is the equivalent reluctance for the

magnetic circuit shown in Figure 3.2.

The inductance of the coil L is directly related to the length of the airgap g. If

the current is considered the input to the system, then the output voltage of the coil

can be used to estimate the airgap length. In this system, a high frequency carrier

signal is injected into the current input to the coil, which effectively amplifies the

voltage’s sensitivity to airgap length. When the coil’s voltage is read as the system

output, the signal is demodulated against the high frequency carrier signal, isolating

the amplified response dependent on airgap length.

This process was tested on the system shown in Figure 3.3, where the airgap

length was varied using plastic shims of various thickness. The coil is connected in

series with a power resistor for current sensing, and the current input is generated by

a current-controlled amplifier with a gain of 1A
1V . A cRIO-9048 provides the voltage
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Figure 3.2: Equivalent magnetic circuit for E-core system.

Table 3.1: 1-DOF E-core system parameters

Number of turns, N 120 turns

Airgap cross-sectional area, A 0.74 in2

Gap length, g varied from 0 to 0.120 in

Resistance, R 3.1 Ω

input to the board. Dimensions and relevant electrical characteristics of the system

are given in Table 3.1. A current with a frequency of 60 Hz and amplitude 0.4 A

was added to a high-frequency carrier signal at 2000 Hz and amplitude of 0.1 A to

mimic the superposition of the carrier signals in a full motor system. The results of

the demodulated voltage signal at 2000 Hz at different airgap lengths are shown in

Figure 3.4. There is a clear variation of voltage with respect to the airgap length, as

is expected from the governing equations. For the range of airgap lengths tested, the

relationship between voltage and airgap length is largely linear. The airgap length

was also manually varied to view the transient response of the estimator. The output

of the demodulation process for this manual motion is shown in Figure 3.5. These

results show the feasibility of the proposed approach for airgap estimation.

Having established the basic self-sensing principle, this concept is then ex-

panded and applied to the full hysteresis motor system.
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Figure 3.3: 1-DOF example maglev system photo.

3.2 Bearingless operation of a hysteresis motor

Bearingless motors use a single stator assembly to produce both torque and magnetic

suspension forces on the rotor. This is accomplished by the superposition of two

magnetic fields. The P±2 principle first proposed in 1974 by Hermann [29] suggests

having one magnetic field of P poles and the other of P±2. Chiba et al. in their

book [30] detailed the concept of bearingless motors further. In this design, a two-

pole magnetic field is used for the suspension force generation, and a rotating four-

pole magnetic field generates the torque. These magnetic fields are generated using

a combined winding scheme, requiring 12 independently controlled stator coils.

3.2.1 Torque generation

Our proposed motor uses a hysteresis motor for torque generation. The rotor is

a disc of solid D2 tool steel, which is a magnetically semihard material with high

permeability for levitation and sufficient magnetic hysteresis to produce a torque in

this configuration.

Hysteresis motors operate through the interaction of the stator magnetic field

and the hysteresis effect of the rotor material. The magnetic field generated by the

stator magnetizes the steel rotor, but as the stator field rotates, the hysteresis effect
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Figure 3.4: 1-DOF example maglev system sampled airgap length demodulation
results.

in the rotor causes the induced magnetic field in the rotor to lag behind the field

excited by the stator. This phase angle between stator field and rotor magnetization

produces a torque [31]. Figure 3.6 illustrates this operating principle, where the

torque produced by the motor is related to both the magnitude of the magnetic

field and the angle between the stator field and rotor field.

Eddy currents also contribute to torque generation in hysteresis motors, but

only before the motor reaches synchronous speed. Due to the difference in speed

between the rotor and stator field, eddy currents are generated in the conductive

rotor material. The portion of the currents in the axial direction interact with the

magnetic field to produce a torque in addition to the hysteresis torque [32]. When the

stator and rotor fields reach the same speed, eddy currents are no longer generated,

and the motor operates solely on the hysteresis torque production principle.

3.2.2 Suspension force generation

In addition to the four-pole rotating magnetic field, a two-pole magnetic field is

added to produce suspension forces. When the two-pole field is oriented as shown

in Figure 3.7, the magnetic flux density in the air gap at θ = 0◦ becomes smaller
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Figure 3.5: 1-DOF example maglev system manual motion demodulation results.

than that of the airgap at θ = 180◦. This unbalance in air-gap fluxes generates a

force on the rotor in the positive x direction, and serves as the foundation for the

reluctance-based suspension force generation for the SSBM.

When only the four-pole magnetic field is present, as in Figure 3.8, any

eccentricity of the rotor causes the generation of a radial force in the direction of the

narrowest portion of the airgap, where the flux density is greatest. The suspension

force is necessary to stabilize the system, as the four-pole motor field creates an

inherently unstable system.
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δ
Stator field

Rotor field

Figure 3.6: Diagram illustrating torque generation principle in a hysteresis motor.
Rotor field is displaced by angle δ from the stator field.

θ

4-pole rotation field

2-pole suspension field

x

y

Figure 3.7: Diagram illustrating suspension force generation. In this configuration,
the direction of the suspension field causes higher magnetic flux density in the airgap
at θ = 0deg, and lower flux density at θ = 180 deg, causing a force to be generated
in the positive x-direction.
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θ

Figure 3.8: Diagram illustrating unstable force generation. In this configuration,
the rotor is displaced in the positive x-direction, meaning there is a higher magnetic
flux density in the airgap at θ = 0deg than at θ = 180 deg, causing a force to be
generated in the positive x-direction, increasing the eccentricity of the rotor.

3.3 Bearingless motor system model

This section presents an analytical model for the suspension and airgap estimation

for the bearingless motor. The derivation of the inductance matrix is based on

the analysis by Chiba et al in [30], but is modified to match the combined winding

scheme utilized in this design. The derivation is also expanded to give an estimation

of airgap length based on the stator coil voltages. It is assumed for the purposes of

this derivation that the displacement of the rotor is small.

First the winding structure is defined, followed by a derivation of the MMF in

the airgap. The next section derives the distribution of magnetic flux. Equations are

given for the radial forces generated on the rotor, followed by the stator induction

matrix. The induction matrix is used to define the flux linkage in each coil, which

is then used to calculate the voltage in each coil. Finally the coil voltages are used

to give an estimate of airgap length.
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3.3.1 Winding diagram

Bearingless motors typically employ either a combined or distributed winding scheme.

Distributed windings use separate coils to carry the suspension and rotation cur-

rents, meaning that the proportion of the slot used for suspension force generation is

fixed, and must be sufficient to generate the maximum force required by the system

at any time. When using a combined winding scheme, the same coils are used to

carry both suspension and rotation currents, meaning that the windings can dy-

namically adjust the portion of the wire’s allowable current density used to generate

suspension force or torque [33]. However, this design complicates the electronics

required to drive the motor, as standard three-phase winding configurations cannot

be used without modification.

Our design utilizes a combined winding scheme, where 12 stator coils are

each independently controlled to generate a four-pole magnetic field for rotation

superimposed on a two-pole magnetic field for suspension. The winding pattern is

shown in Figure 3.9.
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Figure 3.9: Winding diagram and with corresponding magnetic fields.
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3.3.2 Airgap length and MMF distribution

The air-gap estimation studied in this work is based on the variation of coil induc-

tance with air-gap length, as introduced in the 1-DOF example system. The x-

and y- axes are used to define the two radial degrees of freedom of the rotor, so

the nominal airgap length at any angle θ around the stator can be calculated as

in (3.4), pictured in Figure 3.10. Assuming the rotor’s radial displacement is small

and ignoring higher order terms of the Taylor series expansion, the inverse of the

airgap can be approximated as (3.5). Here g0 is the nominal airgap length, x and y

are the coordinates of the center of the rotor, and θ is the angular position where

the airgap length is being calculated.

g = g0 + x cos θ + y sin θ, (3.4)

1

g
≈ 1

g0

(
1 +

x

g0
cos θ +

y

g0
sin θ

)
. (3.5)

θ

x

y

Rotor 
center

Figure 3.10: Airgap length variation due to rotor eccentricity. Airgap length depends
on rotor center coordinates x and y along with angular position θ.
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Using this formulation of the airgap length, the permeance at angular posi-

tion θ is then calculated as

P0(x, y, θ) =
µ0rl

g0

(
1 +

x

g0
cos θ +

y

g0
sin θ

)
, (3.6)

where r is the rotor radius, µ0 is the permeability of free space, and l is the motor

length.

Assuming equal current and an equal number of turns, N , in each coil, the

MMF space distribution Ai with respect to angular position is of the form shown

in Figure 3.11. MMF is defined as Ni, so over the angular range of the tooth

corresponding to a particular coil, the magnitude of the MMF for coil i is Ai = Nii.

This distribution is then shifted down to account for the magnetic potential of the

rotor, which will be discussed in more detail in the following section. Each of the

12 windings has an MMF distribution of the same form, where the positive portion

of the distribution occurs over the angle corresponding to that winding’s position.
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Figure 3.11: MMF space distribution for coils 1 to 4 assuming equal current in all
coils. Distribution is shifted up to account for rotor potential, Vr.
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3.3.3 Magnetic flux distribution and rotor potential

Next, the flux distribution in the airgap is derived. It is important to consider the

non-zero magnetic potential of the rotor due to the asymmetrical distribution of flux

caused by rotor displacement. According to Gauss’ law, the integral of the magnetic

flux through a closed surface surrounding the rotor must be zero, as∫ 2π

0
ϕ (θ) dθ = 0. (3.7)

With the previously defined winding MMF distribution Ai, the airgap per-

meance as a function of angular position P0 (x, y, θ) and the necessary inclusion of

the rotor’s magnetic potential Vr, the flux in the airgap as a function of angle θ can

be written as

ϕi(θ) = P0(x, y, θ)(Ai + Vr). (3.8)

To calculate the rotor magnetic potential Vr, equations (3.7) and (3.8) are

combined. This gives an expression for rotor potential due to the excitation of one

coil i of the form

Vr,i = −
∫ 2π
0 P0(x, y, θ)Aidθ∫ 2π
0 P0(x, y, θ)dθ

. (3.9)

3.3.4 Inductance matrix and coil voltage

The self and mutual inductances for each coil can be calculated as

Li,i =

∫ 2π

0
Aiϕidθ, (3.10)

Mi,j =

∫ 2π

0
Aiϕjdθ. (3.11)

These form a 12 × 12 matrix L(x, y, θ), which gives the equation for flux

linkage of each coil in matrix form as
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

λ1

λ2

λ3

...

λ11

λ12


=



L1,1 M1,2 M1,3 . . . M1,11 M1,12

M2,1 L2,2 M2,3 . . . M2,11 M2,12

M3,1 M3,2 L3,3 . . . M3,11 M3,12

...
...

...
. . .

...
...

M11,1 M11,2 M11,3 . . . L11,11 M11,12

M12,1 M12,2 M12,3 . . . M12,11 L12,12





i1

i2

i3
...

i11

i12


. (3.12)

3.3.5 Radial force

The radial force acting on the rotor is calculated from the inductance matrix by first

writing the magnetic coenergy Wm as

Wm =
1

2
[i]t[L(x, y, θ)][i], (3.13)

where [i] is a vector of the currents in the stator windings.

Assuming a magnetically linear system, the force is then calculated by taking

the partial derivative of the stored magnetic energy with respect to both x and y,

written as [
Fx

Fy

]
=

[
∂Wm
∂x

∂Wm
∂y

]
. (3.14)

3.3.6 Airgap length estimation

The calculated inductance values form a 12 × 12 matrix L(x, y, θ), which can then

be used to find the voltage in the coils as


v1

v2
...

v12

 =


R1 0 . . . 0

0 R2 . . . 0
...

...
. . .

...

0 0 . . . R12





i1

i2
...

i11

i12


+


L1,1 M1,2 . . . M1,12

M2,1 L2,2 . . . M2,12

...
...

. . .
...

M12,1 M12,2 . . . L12,12




di1
dt
di2
dt
...

di12
dt

+


Eb,1

Eb,2

...

Eb,12


(3.15)
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Here v and i are vectors of the 12 coil voltages and currents, respectively, andR12×12

is the resistance matrix of the winding coils. Eb represents the back-emf, which is

small in a hysteresis motor and thus this term is negligible.

In this way, the voltage in each coil is dependent on the rotor’s position, and

an estimated air gap signal can be achieved by demodulation of the stator voltage

signals.

To amplify the effect of changing air-gap length on coil voltage, high fre-

quency current signals are injected into the four coils aligned with the x and y-axes,

i1, i4, i7, and i10. The high frequency component of the voltage signals in these coils

is dominated by the inductance of the coil, so when these signals are demodulated

against the injected high frequency carrier signal, the result is closely related to the

inductance of the coils and thus the length of the airgap.

More details on the implementation of the airgap estimation will be provided

in Chapter 5.

3.4 Analytical modeling results

Having developed the analytical models for the motor, simulations for the system

under both voltage and current control were conducted using the analytical model

to validate the estimation approach. This section summarizes the results from those

simulations. The complete MATLAB code for the analytical model can be found in

Appendix A.

3.4.1 Model summary

The analytical model was based on the equations derived in the previous section.

For this simulation, one adjustment was made to the nominal gap length g0 in

equation (3.4). To adjust for the effect of slot leakage, Carter’s coefficient Kc was

included in the gap length such that the equation for permeance became

P0(θ) =
µ0rh

Kcg0

(
1 +

x

Kcg0
cos(θ) +

y

Kcg0
sin(θ)

)
. (3.16)
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Carter’s coefficient is written as

Kc =
τt

τt − γ · g0
, (3.17)

where τt is the slot-pitch, g0 is the nominal airgap length, and γ is calculated as

γ =
4

π

 b0
2g0

arctan
b0
2g0

− ln

√
1 +

(
b0
2g0

)2
 , (3.18)

where b0 is the slot-opening width. More details on the use of Carter’s coefficient

are presented in [34].

3.4.2 Simulation results under current control

Appendix A.2.2 presents the full MATLAB script for the simulation of the system

under current control. Figure 3.12 shows the estimation result from the analytical

model. There is a clear nonlinear relationship between rotor displacement and the

high-frequency component of the stator voltage. Demodulating the voltage signal

isolates the high frequency component of the signal and gives a good basis for the

airgap estimation.
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Figure 3.12: Results from analytical model for the system under current control.
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3.4.3 Simulation results under voltage control

Appendix A.2.1 contains the full MATLAB script for the simulation of the system

under voltage control. Figure 3.13 shows the estimation result from the analytical

model. Unlike the result from the current control simulation, this result does not

show a clear correlation between rotor displacement and estimation output. The

inductance of the stator windings impedes the high-frequency current response, so

the carrier signal is unable to amplify the winding response enough to make the

estimation effective.
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Figure 3.13: Results from analytical model for the system under voltage control.

3.5 Summary

The proposed system is a hystersis-type bearingless motor where the airgap esti-

mation is enabled through the use of a high-frequency carrier signal injected into

the stator windings. In this chapter an analytical model for a bearingless motor

was developed to validate the proposed approach. First, the sensing method was

implemented for a 1-DOF E-core system, which demonstrated a linear relationship

between demodulated coil voltage and airgap length within the tested range. The

same sensing principle was then expanded to a bearingless motor and a complete
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analytical model was developed. Simulation results show that under current control

the proposed technique gives a clear variation in estimation result for different rotor

displacements. The simulation was modified such that voltages were input to the

stator windings and current was used for the estimation process, but did not give

a good estimate for airgap length. The amplitude of the carrier signal needs to be

much larger to provide a good estimate of rotor position. Having established the

feasibility of the estimation method, the following chapter will describe the hardware

developed for experimental evaluation of the approach.
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Chapter 4

Hardware Implementation

We have designed and built a SSBM prototype to test the proposed estimation

approach. This chapter describes the design and hardware implementation details

of the SSBM.

4.1 System overview

The SSBM prototype consists of a magnetically levitated disc-shaped rotor that

rotates about the vertical axis and a stator assembly which provides both torque

and suspension forces. Figures 4.1 and 4.2 show the CAD design of the SSBM.

To enable simple airgap estimation, a hysteresis-type bearingless motor is selected,

since it allows the use of a cylindrical rotor made of a highly permeable material.

The whole assembly is 8 in tall from the top of the base plate and is mounted on an

8 in × 8 in optical breadboard. The rotor is attached to a vertical shaft that also

supports a low-carbon steel disc which provides a target for four inductive sensors to

measure the horizontal displacement of the rotor. The vertical shaft is constrained

at one point by a tooling ball at its base. The four inductive sensors are mounted

on a resin stereolithography (SLA) printed stand, which is bolted to the optical

breadboard. The stator has 12 slots and 12 independently controlled windings, and

is mounted to an aluminum plate at the top of the assembly.
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Figure 4.1: CAD design of SSBM.

Steel disc 
for sensing

Tooling ball 
for vertical 
constraint

6.3 in

8 in

Induction 
sensors

Figure 4.2: Section view of CAD design of SSBM.
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Figure 4.3: Photograph of SSBM assembly.

4.2 Rotor

The rotor is a 10 mm thick disc with a 49.5 mm diameter machined by water-jet

cutting from unhardened D2 tool steel. D2 tool steel has previously been used as a

rotor material in hysteresis motors [15]. D2 steel has sufficient magnetic hysteresis

properties and is easily accessible, making it a good rotor material for this project.

D2 tool steel has proved adequate for testing the self-sensing ability of the SSBM

design, but to improve the torque performance of the motor, the D2 steel would ei-

ther have to be hardened to improve the hysteresis properties or a different material,

for example a chrome-cobalt alloy, could be chosen [15].

This design constrains the rotor in z, θx, and θy DOFs, and allows it to move

in x, y, and θz DOFs. The rotor is constrained in the vertical direction by a tooling

ball of diameter 0.25 in at the bottom of the rotor shaft, as shown in Figure 4.4. A

cone shaped indentation in the base block of aluminum constrains the tooling ball at

the end of the shaft. The rotor’s radial position is actively controlled by the 2-pole

magnetic field generated by the stator coils.
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Figure 4.4: Photograph of assembled shaft with tooling ball constraint.

4.3 Stator

The stator core is comprised of 20 layers of M19 steel laminations which are each

0.5 mm thick for a total stator thickness of 10 mm, as shown in Figure 4.5. The

laminations are held in place by 8 M4 bolts that pass through the through-holes in

the laminations and the top plate, securing the stator to the frame of the assembly.

The stator laminations were laser cut to have an outer diameter of 160 mm and an

inner diameter of 51.5 mm to allow for a 1 mm airgap length between the rotor and

stator.
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Figure 4.5: Photograph of stator laminations.

The stator in the SSBM prototype uses a combined winding scheme [33],

superimposing the suspension and rotation currents in the same windings. As such,

each of the 12 stator windings must be independently controlled and are wound

separately with one coil around each stator tooth. The windings each have 200 turns

and are made of epoxy-bondable magnetic wire from MWS of AWG22. The stator

core is insulated from the windings by Nomex 410 insulation paper and Kapton

tape. Figure 4.6 shows the stator with the finished windings.
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Figure 4.6: Photograph of fully insulated stator with 12 copper windings.

4.4 Inductive sensors

Four inductive sensors, Contrinex DW-AS-509, are mounted around the rotor shaft

at 6.75 in from the base, or 1.2 in from the top of the rotor. The sensors are mounted

using nuts adhered in the hexagonal spaces designed on an SLA printed sensor stand.

A low carbon steel disc with a diameter of 1.4 in is attached to the shaft, providing

a target for the sensors. In this way the sensors measure the rotor’s radial position,

providing a “ground truth” signal for the air gap estimation problem. The shaft

assembly with the sensing disc is shown in Figure 4.4, and the sensors mounted on

the sensor stand are shown in Figure 4.7.
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(a) Top view (b) Side view

Figure 4.7: Photographs of inductive sensors and SLA printed stand.

4.5 Power amplifiers

The 12 stator windings are controlled by a NI compactRIO 9048 whose signals

are amplified by an array of 12 linear power amplifier PCBs, OPA541 by Texas

Instruments. Current control for the system has been designed but not implemented,

and will be further discussed in Chapter 5. Figure 4.8 shows the 12 linear power

amplifiers and the 12 sensing resistors of resistance 2 Ω that enable measurement

of the stator currents. The linear power amplifiers are assumed to have a constant

gain of 6.
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Linear Power Amplifiers

Current Sensing Resistors cRIO-9048

Linear Power Amplifiers

Motor Assembly

Figure 4.8: Photograph of full setup including power amplifier array with current
sensing resistors.

4.6 Summary

This chapter provides an overview of the hardware design of the SSBM. In the

following chapter the control and estimation design for this prototype will be de-

scribed.

39



Chapter 5

Control and Estimation Design

5.1 Overview

This chapter discusses the control system and the estimation method that enables

the self-sensing operation of the motor prototype. First, the suspension control

loop will be discussed including the coordinate transformations used to enable field-

oriented control. Next the torque command generation will be addressed. The next

two sections cover the difference between current and voltage control, and how each

is used to implement the magnetic levitation of the rotor. Finally the estimation

techniques are discussed. The digital portion of the control loop was implemented in

LabVIEW on a cRIO-9048. Figure 5.1 shows the block diagram for the full system

under current control.

5.2 Suspension control

The magnetic levitation of the rotor is inherently unstable due to the negative

stiffness of the system in the radial DOFs. If the rotor is displaced from the center

of the stator bore, the reluctance of the gap in the direction of displacement becomes

smaller, making the flux density and reluctance force increase in that direction. This

is illustrated in Figure 5.2, where the rotor is displaced in the positive x-direction,

which increases the flux density in the gap located at θ = 0◦ and decreases the

flux density in the gap at θ = 180◦. This causes a reluctance force to act on the

rotor, pushing it in the positive x-direction, making the system unstable. As such,
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Figure 5.1: Self-sensing bearingless motor control block diagram.

it is necessary to implement closed-loop feedback control loops to enable the stable

magnetic levitation of the rotor. Figure 5.3 shows the portion of the block diagram

dedicated to suspension control. The error signals, ex and ey, correspond to the two

radial degrees of freedom and are defined as the difference between the reference and

the position reading from the estimation process. These signals are passed through

linear controllers to compute the control effort for the x- and y-direction, ux and uy.

These effort signals are transformed into the rotational d-q coordinate system control

efforts ud and uq using the Park transformation. More details of the transformations

can be found in [35]. The angle for the transformation is determined by the airgap

field orientation. This is added to a phase shift π
12 to align the 2-pole suspension field

with the 4-pole rotation field, so the angle for the Park transformation is 2ωt+ π
12 .

This is written as[
ud

uq

]
=

[
cos(2ωt+ π

12) sin(2ωt+ π
12)

sin(2ωt+ π
12) − cos(2ωt+ π

12)

][
ux

uy

]
. (5.1)

To generate the three-phase current commands required by the windings, ud
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θ

y

x

Figure 5.2: When the rotor is displaced from the center, the flux density in the
smaller airgap from the 4-pole magnetic field increases, causing a destabilizing re-
luctance force to act on the rotor.

and uq are then transformed from 2-phase into 3-phase signals byiuiv
iw

 =

 1 0

−1
2

√
3
2

−1
2 −

√
3
2

[
ud

uq

]
. (5.2)

These transformations are further illustrated in Figure 5.4. The key idea

is that the sensing, error calculation, and linear controller are implemented with

respect to the x-y axes, but the 3-phase suspension current is generated with respect

to the rotational d-q axes of the rotor.

To stabilize the magnetic suspension of the rotor, double lead controllers

with an integral term were used, following the form in equation (5.3). The system
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Figure 5.3: Suspension control block diagram

is assumed to be symmetrical, so identical controllers can be used to stabilize the

x- and y- degrees of freedom.

Cx(s) = Cy(s) = K

(
ατs+ 1

τs+ 1

)2(
1 +

1

Tis

)
. (5.3)

The coordinate transformation and suspension controller form remain the

same for both voltage and current control, but the controller parameters differ due

to the change in plant transfer function.

5.3 Torque command generation

Our bearingless motor is operated under open-loop commutation, where the gener-

ation of torque current commands is simple. The desired magnitude and rotational

speed of the 4-pole field are input and again transformed using the Park and Clarke

transformations, writing the input first in d- and q-coordinates and then as 3-phase

commands, written as[
uτ,d

uτ,q

]
=

[
cos(2ωt) sin(2ωt)

sin(2ωt) − cos(2ωt)

][
τmag

0

]
, (5.4)
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Figure 5.4: Field-oriented control transformation illustration

iaib
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 =

 1 0

−1
2

√
3
2

−1
2 −

√
3
2

[
uτ,d

uτ,q

]
. (5.5)

Note that there is no phase shift in the torque current formulation, as the

adjustment needed to align the torque and suspension fields was made in the sus-

pension current transformation. As such, the torque current commands ia, ib, and

ic are output by the cRIO to the stator windings according to the winding diagram

in Figure 3.9.
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5.4 Voltage control

For the system under voltage control, the voltage singals output by the cRIO were

amplified by linear power amplifiers (OPA541, Texas Instruments) with the gain set

to 6. The dynamics of the amplifiers are ignored. This is not the ideal way to drive

the motor, as the suspension force is linearly related to the suspension current in

the coils. However, it is possible to stabilize the system under voltage control, as

the same equations still hold; the only difference in this configuration is the voltage

is considered the input and the winding current is taken as the output. The block

diagram for voltage control is shown in Figure 5.5. This diagram is similar to that

for current control, the key differences being the voltage commands for torque and

suspension force, and the current measurements that are read back for the estimation

process. These currents are measured using the voltages across the power resistors

connected in series to the stator windings.
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Figure 5.5: Block diagram for system under voltage control

5.4.1 Air-gap estimation

As outlined in the operating principle equations, the air-gap length is related to

current by the changing inductance caused by variable rotor position. For the system
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under voltage control, the input for the estimation function is the winding currents,

as in Figure 5.6. The same algorithm is used when the system is under current

control, the only difference is the use of winding voltage instead of current as the

system output used for estimation.

The currents through coils 1, 4, 7, and 10, which are aligned with the positive

and negative x- and y- axes, are input to the cRIO and demodulated against the high-

frequency signal according to the diagram shown in Figure 5.6. First the current

differential in the coils for each axis is calculated, i1 − i7 for the x-axis, and i4 − i10

for the y-axis. These signals are then multiplied by both cosine and sine of the

carrier frequency, fsens = 2 kHz. Next each signal is averaged over a window with

N samples, where N = Fs
fsens

, Fs = 10 kHz is the sampling frequency, and fsens is

the frequency of the high-frequency carrier signal, in this case 2 kHz. To find the

estimated value for the magnitude of the displacement, the cosine and sine signals are

squared, added together, and finally the square root is taken, giving the magnitude

of the sum of the two vectors. The direction of displacement is determined by

comparing the magnitude of the averaged i1 × sin(2πfs) and i7 × sin(2πfs) signals.

When the signal associated with i7 is larger, the sign of the x-direction displacement

is positive, because the larger airgap of coil 7 causes the inductance to decrease and

the current to increase compared to the current in coil 1. A similar procedure is

used for the y-direction, instead using coils 4 and 10.

5.5 Current control

As seen in the equations for suspension forces, the force generated by the coils

is proportional to the corresponding suspension control current. As a result, the

controller design is simplified if a current command can be sent to the coils instead of

a voltage command. This does require slightly more complicated power electronics,

as the high inductance of the system requires closed-loop current control. The circuit

for each coil has an associated inductance and resistance, where the inductance of

the coil L is about 5 mH when the rotor is centered in the airgap, but does change

based on rotor position. The resistance R is the resistance of the power resistor

connected in series with the coil, where in this system R = 2.2 Ω, used to measure

the winding current. This gives a transfer function of voltage input to the winding
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Figure 5.6: Block diagram for demodulation against high-frequency signal

circuit to voltage across the power resistor Vr of

Vr(s)

V(s)
=

R

Ls+R
. (5.6)

The actual current controller implementation can be accomplished either

digitally or via an analog circuit. Due to the high bandwidth current control needed

to reliably generate the 2 kHz sensing signal, an analog current control board is

necessary for this design. An OPA549 board designed for current control has been

chosen for initial testing. A custom PCB for current control has also been designed,

but has not yet been implemented on the SSBM system.

5.5.1 OPA549 constant current mode board

The PCB selected for analog current control allows high power current generation

using the OPA549 chip. The gain of the board is 1A
1V , so for every 1 V input to the
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circuit it outputs 1 A. A picture of the board is shown in Figure 5.7.

To measure the voltage of the winding as is needed for the airgap estimation

an instrumentation amplifier (AD629ANZ) reduces the high common-mode voltage

of the winding terminals, producing a signal within the allowable input range of the

cRIO.

Figure 5.7: OPA549 PCB for current control

5.5.2 Custom current control PCB design

An alternative current control circuit to the above PCB has also been largely devel-

oped, and its full implementation is being considered future work for the purposes

of this discussion. The design of this current control PCB follows in this section.

The fundamental circuit for the current feedback loop is shown in Figure 5.9a,

and the corresponding transfer functions for each portion of the circuit are given
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Table 5.1: Current control PCB resistor and capacitor values

R1 1 kΩ

R2 3 kΩ

R3 1 kΩ

R4 3 kΩ

C1 0.1 µC

R5 1 kΩ

C2 0 µC

R6 1 kΩ

C3 0 µC

R7 1 kΩ

R8 9.1 kΩ

in Figure 5.9b. The purpose of this board is to provide a configurable option for

closing the current control loop with fully adjustable controller parameters to make

the board adaptable to a wide range of systems. The first op-amp takes the difference

of Vin and Vs and adds a gain of R2
R1

. The next op-amp is connected as a lead filter

with a transfer function of the form shown in Figure 5.9b. The third op-amp was

added as an optional second filter. For this system the capacitors C2 and C3 are

not added, and resistors of equal value are used for R5 and R6, making this op amp

simply an inverting buffer. The power amplifier adds an additional gain and allows a

large output current to drive the motor windings. The power amplifier for this board

is the OPA541, and each of the smaller op-amps are LM741. The inductance L and

resistance Rs in Figure 5.9a are external to the PCB and represent the winding

system, and Vin and Vs are taken as inputs to the board. For this system, assuming

L = 5 mH for a centered rotor and R = 3.2 Ω the resistor and capacitor values

are chosen as in Table 5.1, which gives the loop shape shown in Figure 5.10. The

crossover frequency of 9.2 kHz and phase margin of 87◦ are more than sufficient to

reliably produce the 2 kHz sensing signal required for the airgap estimation.
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Figure 5.8: Picture of preliminary custom current control PCB
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Figure 5.9: Current control PCB circuit with corresponding transfer functions.
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Figure 5.10: Current control bode plot. Component values given in Table 5.1 with
approximate coil inductance of 5 mH and resistance of 3 Ω gives bandwidth of
5.8 × 104 rad/s or 9.2 kHz with a phase margin of 87◦. Even with variable coil
inductance due to rotor position this is a sufficient bandwidth.

5.6 Summary

This chapter discussed the details of the control and estimation design for the SSBM

prototype. First the suspension control was developed to stabilize the magnetic sus-

pension of the rotor, followed by an explanation of the torque command generation.

The system can be run with either the winding voltage or current as the input.

Suspension control and airgap estimation has been developed for the system under

voltage control. Current control has not been implemented for the SSBM proto-

type, but an approach to add this functionality was discussed. One commercially

available PCB for current control has been identified, and another custom PCB has
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been designed which would provide the bandwidth necessary to produce the 2 kHz

carrier signal. The next chapter will discuss the results of FEM simulation for both

the voltage and current controlled system, and will discuss the experimental results

of the estimation implementation.
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Chapter 6

Experimental Evaluation

To investigate the effectiveness of this approach for airgap estimation the system

was evaluated using finite element simulation in ANSYS Maxwell and initial testing

on the constructed testbed. The FE simulation was conducted for the system under

both voltage and current control, but up to this point the physical system has only

been tested under voltage control. Current control testing of the bearingless motor

testbed is a part of the future work.

6.1 Finite element simulation

ANSYS Maxwell is used for finite element simulation of the SSBM system. Fig-

ure 6.1 shows the SSBM model in ANSYS. In the first simulation, the voltage is

input to the system, and in the second the current is input according to the winding

diagram in Figure 3.9. A four-pole magnetic field is generated to produce a torque on

the rotor, and a two-pole magnetic field generates suspension force. The simulation

is run for four different static displacements of the rotor, 0 mm, 0.25 mm, 0.5 mm,

and 0.75 mm. Suspension feedback control is not implemented, so the suspension

field is not dependent on rotor displacement. A carrier signal with a frequency of

2 kHz is included in the four coils aligned with the x- and y-axes, labeled coils 1,

4, 7, and 10 in Figure 6.1. The output current or voltage of these four coils is then

processed in MATLAB using the demodulation script in Appendix A to find the

estimation result.
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Figure 6.1: Image of SSBM in ANSYS Maxwell with coil numbers

6.1.1 Voltage control

The initial input parameters for the voltage control simulation are as follows: the

3-phase suspension voltage has an amplitude of 10 V and a frequency of 60 Hz, the

3-phase rotation voltage has an amplitude of 20 V and a frequency of 60 Hz, and

the carrier signal has an amplitude of 5 V with a frequency 2 kHz.

In order to see a significant variation of coil current with respect to the rotor

displacement, the carrier signal must have a large amplitude. Figure 6.3 shows

the result where the carrier signal was too small to have a discernible effect. The

winding circuit under voltage control effectively acts as a low-pass filter, where the

magnitude of the high-frequency response drops off significantly. This can be seen

in the power spectrum plot in Figure 6.2. There is a difference in magnitude at

2 kHz depending on rotor displacement, but the value is so small that it does not

provide a good basis for airgap estimation.
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Figure 6.2: Power spectrum for current output of voltage control FEM
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Figure 6.3: FEM estimation results under voltage control with carrier signal ampli-
tude of 5 V

An interesting result from this simulation can be seen in Figure 6.4, where

there is a clear variation in the magnitude of the 120 Hz component of the current

signal with rotor displacement. This is further illustrated in Figure 6.5, where

instead of using the 2 kHz carrier signal for the demodulation of the current, a

signal with frequency 120 Hz is used instead. This suggests that the interaction of

the stator rotation and suspension fields is acting as a sort of carrier signal for the

changing coil inductance, giving an estimate for the rotor displacement when the

output current is demodulated against that same frequency.
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Figure 6.4: Power spectrum zoomed in on 120 Hz

0 0.01 0.02 0.03 0.04 0.05 0.06

Time (s)

0

0.1

0.2

0.3

0.4

0.5

0.6

A
v
e

ra
g

e
 D

e
m

o
d

u
la

te
d

 C
u

rr
e

n
t 

[A
] x = 0.75mm

x = 0.5mm

x = 0.25mm

x = 0mm

Figure 6.5: FEM estimation results under voltage control with carrier signal ampli-
tude of 5 V, demodulated at 120 Hz
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6.1.2 Current control

The same model in ANSYS Maxwell was modified to provide a current input to

the windings and take the voltage of the windings as the system’s output. As is

expected, the variation of coil voltage with rotor displacement is more significant

than the variation seen in the coil current for the system under voltage control. The

raw voltage signals from ANSYS are shown in Figure 6.6. Examining the difference

between the voltage in coil 1 and coil 7, there is a clear change in magnitude for the

various rotor positions.
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Figure 6.6: Raw voltage signals from FEM under current control under varying
rotor eccentric displacement

When these voltage signals are demodulated against the 2 kHz carrier fre-

quency according to the procedure discussed in Chapter 5, the estimation result is

as shown in Figure 6.7. The 60 Hz fluctuations in the estimation result are caused

by the 60 Hz suspension and rotation fields. Additional filtering could be added to

modify the frequencies present in the result, but this plot demonstrates the effec-

tiveness of this approach when the system is under current control.
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Figure 6.7: FEM estimation results under current control

The torque output of the SSBM is simulated under current control. For the

rotation current of amplitude 1 A, the average torque is 16.2 mNm, shown in Figure

6.8.
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Figure 6.8: FEM torque output under current control
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6.2 Bearingless motor platform experimental evaluation

In order to test the estimation technique using the SSBM prototype, stable sus-

pension control needs to be implemented. Loop shaping was used to determine the

controller parameters for the system under voltage control. Initial parameters were

used to stabilize the system enough to measure the plant’s frequency response. The

measured plant frequency response and designed loop shape are shown in Figure 6.9,

and the selected controller parameters are given in Table 6.1. This controller gives

a theoretical bandwidth of 30 Hz in the x-direction and 28 Hz in the y-direction,

with sufficient phase margin in both controlled degrees of freedom.
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(a) X-direction

௖

௠
௢

(b) Y-direction

Figure 6.9: Suspension control loop shaping bode plots under voltage control

Table 6.1: Suspension controller parameters under voltage control

Kp 0.059

α 6

τ 0.002

Ti 0.22
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The measured loop bode plots for both the x- and y-direction of the SSBM

prototype under voltage control where the inductive sensors are used for the suspen-

sion feedback are shown in Figure 6.10. There is some asymmetry in the system, but

the loop dynamics of both DOFs are sufficient for initial testing of the estimation

approach.
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Figure 6.10: Measured suspension control loop bode plots under voltage control

6.3 Experimental estimation results

The SSBM testbed was tested under voltage control, but hardware delays have

caused current control testing to be pushed to future work. In this section, the

results of the estimation process for the system are presented, and the limitations

of the system under voltage control are discussed.

6.3.1 Voltage control

Under voltage control, as was demonstrated in the FEM results, it is expected that

the estimation performance would not perform well with a small carrier signal. For

the following tests, a 0.1 V carrier signal was output from the cRIO, which when

amplified by the linear power amplifier of gain 6, translated to an amplitude of
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0.6 V for the carrier signal at the coils. In the simulations this was not sufficient

to see a response from the estimator, but in the physical system some interaction

with the suspension and rotation signals enabled estimation. Figure 6.12 compares

the estimated displacement with the reading of the inductive sensors as the rotor

is manually displaced, either in the x- or y-direction. When scaled properly, the

estimated displacement tracks the sensor output closely. The estimation signal was

scaled by changing the gain and offset added to the direct estimation signal, the

values of which were determined by visually comparing the estimation signal with

the sensor signals. In future, this process could be improved and a more deterministic

method could be developed to find the relationship between demodulated current

and rotor position. Figure 6.11 shows the estimator performance for a sinusoidal

reference in the x-direction. The estimated position leads the measured value, which

will need to be addressed when using the estimate for the suspension feedback, but

does provides a good estimate of the amplitude.
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Figure 6.11: Estimator performance for 0.3 Hz sinusoidal position reference in the
x-direction
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6.4 Summary

In summary, the high-frequency carrier signal estimation method was tested on a

hysteresis bearingless motor using both FE simulation and the constructed testbed.

The FE simulations were conducted using ANSYS Maxwell, where the system was

modeled for both voltage and current control. The voltage control simulation did not

give a good airgap estimation result based on the 2 kHz carrier signal, but the 120 Hz

component of the current did have some relationship to the rotor displacement.

FE simulation using current control gave better estimation results, where a clear

variation in demodulated voltage could be seen for different rotor positions. The

physical testbed has so far only been evaluated under voltage control. When the

rotation and suspension fields are added to the carrier signal, the estimate of rotor

displacement closely follows the sensor signal for both the x- and y-directions. It is

expected that the estimation result would be improved if current control was used,

and that the estimation would be possible even when the rotation and suspension

signals were turned off.
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Figure 6.12: Estimator response to manual disturbance
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

To conclude, this thesis has presented the design and preliminary testing of a self-

sensing bearingless hysteresis-type motor where the airgap estimation is enabled by

the injection of a high-frequency carrier signal to amplify the variation of winding

voltage with rotor displacement. Contributions of this work include:

1. Developed an analytical model for the bearingless hysteresis motor. Described

the relationship between stator winding inductance and airgap length to enable

self-sensing. Demonstrated the operating principle using a single degree-of-

freedom system and an analytical model of the SSBM.

2. Designed suspension controllers and estimation procedures for the self-sensing

motor system. Developed a PCB for analog current control to improve esti-

mation performance.

3. Designed and constructed a testbed for a self-sensing bearingless hysteresis

motor.

4. Simulated motor and estimation performance for both voltage and current

controlled system. Evaluated airgap estimation for voltage controlled stator

windings on the constructed testbed.

The presented results demonstrate the feasibility of airgap estimation for a

bearingless hysteresis motor using a high-frequency carrier signal and the response
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of the stator windings. Simulation results are promising for improved estimation

performance when current control is implemented on the SSBM testbed. With

the system under voltage control the airgap estimation is highly dependent on the

suspension signals, but under current control the high-frequency carrier signal itself

should enable the estimation. The bandwidth for suspension control was sufficient

for initial testing, but would likely also be improved by controlling the current in

the windings.

7.2 Future Work

7.2.1 Improvement of current prototype

So far this project has demonstrated the feasibility of this approach and simulated

improved airgap estimation using current controlled stator windings. Immediate

next steps for this project will focus on implementing current control for the current

testbed, using both the OPA549 current-mode boards and the custom designed

PCBs for current control as presented in Chapter 5.

For the experiments presented in this thesis, the sensor signals were used

to enable feedback control for the rotor suspension. Once the airgap estimation is

improved using current controlled stator windings, the suspension control system

will be modified to use the estimated values as the feedback signal instead, making

the testbed motor fully operational without the use of external position sensors.

7.2.2 Suggestions for future development

Hysteresis motors are a promising technology for ultra-high-speed drives because of

their simple construction and the high mechanical strength of the rotor. Coupled

with frictionless, low-maintenance bearingless motor operation these machines would

be especially well suited to high-speed applications such as flywheel energy storage

systems. This thesis presents a way to make these systems more cost effective and

robust by eliminating the need for airgap sensors, but the transient dynamics of

hysteresis motors are not well understood. Better models of these machines could

enable optimized design for bearingless hysteresis motors.
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Appendix A

MATLAB Code

A.1 Demodulation function

This function takes signals from two windings to find the estimated displacement in

a particular direction x, where v 1 is from the coil aligned with the positive x-axis,

and v 2 is from the coil aligned with the negative x-axis. These signals can be

either winding voltage or current. A vector of time values, t, carrier frequency, f,

and moving average window size, n are also taken as inputs. The function returns

two vectors of the same length as v 1 and v 2, r mag for the magnitude of the

estimate, and r phase for the phase. This demodulation function was used for both

the analytical modeling and processing the results from FEM simulation in ANSYS

Maxwell.

1 f unc t i on [ r mag , r phase ] = Demod fun ( v 1 , v 2 , t , f , n )

2 r 1 s i n = v 1 . ∗ ( s i n ( f ∗2∗ pi ∗ t ) ' ) ;
3 r 2 s i n = v 2 . ∗ ( s i n ( f ∗2∗ pi ∗ t ) ' ) ;
4 r 1 c o s = v 1 . ∗ ( cos ( f ∗2∗ pi ∗ t ) ' ) ;
5 r 2 c o s = v 2 . ∗ ( cos ( f ∗2∗ pi ∗ t ) ' ) ;
6

7 amp sin 1 = movmean( r 1 s i n , n , 'Endpoints ' , ' f i l l ' ) ;
8 amp cos 1 = movmean( r1 cos , n , 'Endpoints ' , ' f i l l ' ) ;
9 amp sin 2 = movmean( r 2 s i n , n , 'Endpoints ' , ' f i l l ' ) ;

10 amp cos 2 = movmean( r2 cos , n , 'Endpoints ' , ' f i l l ' ) ;
11
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12 amp sin = amp sin 1 − amp sin 2 ;

13 amp cos = amp cos 1 − amp cos 2 ;

14

15 r mag = sq r t ( amp sin .ˆ2 + amp cos . ˆ 2 ) ;

16 r phase = [ amp sin , amp cos ] ;

17 end

A.2 Analytical modeling

A.2.1 Voltage control simulation

1 dt = 5e−5; %time step s i z e [ s ]

2 T = 0 . 1 ; %s imu la t i on end time [ s ]

3

4 mu 0 = 4∗ pi ∗1e−7; %permeab i l i t y o f a i r

5 R rotor = 24 .75 e−3; %ro to r rad iu s

6 R = R rotor + 1e−3/2;

7 g0 = 1e−3; %nominal a i r gap

8 l r o t o r = 10e−3;

9 r e s = 2 . 2 ; %r e s i s t a n c e

10 Res = re s ∗ eye (12) ; %r e s i s t a n c e matrix

11

12 N turns = 200 ; %number o f turns in winding

13 n s l o t s = 12 ; %number o f s t a t o r s l o t s

14 N sample = 12∗20 ; %t o t a l number o f samples (20 per s l o t )

15

16 Vr = 20 ; %ro t a t i on vo l tage amplitude [V]

17 Vs = 10 ; %suspens ion vo l tage amplitude [V]

18 Vsense = 10 ;

19 f = 60 ;

20

21 phi = l i n s p a c e (0 ,2∗ pi , N sample ) ; %vecto r o f ang le f o r each s p a t i a l

sample

22 N data = f l o o r (T/dt+1) ; %number o f t imes teps

23 n = 12 ; %system dimension

24
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25 r e s u l t = ze ro s ( N data , 4 ) ;

26

27 f o r xx = 1 :4

28

29 x = (xx−1) ∗0 .25 e−3;

30 y = 0 ;

31

32 %Carter ' s c o e f f i c i e n t :

33 tau = 2∗ pi /12∗R;

34 b0 = 4.573 e−3;

35 h = 4/ pi ∗( b0 . / ( 2∗ g0 ) .∗ atan ( b0 . / ( 2∗ g0 ) ) − l og ( sq r t (1+(b0 . / ( 2∗ g0
) ) . ˆ 2 ) ) ) ;

36 Kc = tau . / ( tau − h .∗ g0 ) ;
37

38 g 0 e f f = Kc .∗ g0 ; %e f f e c t i v e nominal gap with Carter ' s
c o e f f i c i e n t

39 R = R − (Kc − 1) .∗ g0 ; %modi f i ed rad iu s

40 g = g0 e f f − x∗ cos ( phi ) − y∗ s i n ( phi ) ; %ac tua l gap length

41 g e f f = g ;

42

43 t t = l i n s p a c e (0 ,T, N data ) ; %vecto r f o r time

44 i i = ze ro s (n , N data ) ; %matrix f o r cur rent data

45 l l = ze ro s (n , N data ) ; %matrix f o r f l u x l i nkage data

46 vu = ze ro s (n , N data ) ; %matrix f o r vo l tage data

47

48 i 0 = ze ro s (12 ,1 ) ;

49

50 N stator = ze ro s (N sample , n s l o t s ) ;

51 f o r k = 1 : n s l o t s

52 %f i l l in MMF space d i s t r i b u t i o n

53 N stator ( f l o o r ( ( k−1)∗N sample/ n s l o t s )+1: f l o o r ( k∗N sample/

n s l o t s ) , k ) = N turns ;

54 end

55

56 %% Simulat ion

57 f o r i = 1 : N data

58 t = t t ( i ) ;

59
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60 %Set−up s t a t o r vo l t ag e s

61 va = Vr∗ cos (4∗ f ∗ pi ∗ t ) ;
62 vb = Vr∗ cos (4∗ f ∗ pi ∗ t − 2∗ pi /3) ;
63 vc = Vr∗ cos (4∗ f ∗ pi ∗ t + 2∗ pi /3) ;
64 vu = Vs∗ cos (2∗ f ∗ pi ∗ t + 2∗ pi /24) ;
65 vv = Vs∗ cos (2∗ f ∗ pi ∗ t + 2∗ pi /24 − 2∗ pi /3) ;
66 vw = Vs∗ cos (2∗ f ∗ pi ∗ t + 2∗ pi /24 + 2∗ pi /3) ;
67 vsense = Vsense∗ cos (2∗ pi ∗2000∗ t ) ;
68

69 uu (1 , i ) = va − vu + vsense ;

70 uu (2 , i ) = −vc + vw ;

71 uu (3 , i ) = vb + vw ;

72 uu (4 , i ) = −va − vv − vsense ;

73 uu (5 , i ) = vc − vv ;

74 uu (6 , i ) = −vb + vu ;

75 uu (7 , i ) = va + vu + vsense ;

76 uu (8 , i ) = −vc − vw ;

77 uu (9 , i ) = vb − vw ;

78 uu (10 , i ) = −va + vv − vsense ;

79 uu (11 , i ) = vc + vv ;

80 uu (12 , i ) = −vb − vu ;

81

82 %Inductance

83 f o r j = 1 : n s l o t s

84 n s t a t o r 1 = N stator ( : , j ) ;

85 V = 200/12; %ro to r p o t e n t i a l

86

87 f o r k = 1 : n s l o t s

88 M stator = N stator ( : , k ) − V; %f l ux = P∗(A − V)

89 L SS ( j , k ) = mu 0∗ l r o t o r ∗ t rapz ( phi ,R ' . ∗ n s t a t o r 1

.∗ M stator . / g e f f ' ) ;
90 end

91 end

92 %ca l c u l a t e cur rent

93 i i ( : , i ) = ( L SS+Res ) \(uu ( : , i ) ∗dt + i0 ) ;

94 %save prev ious cur rent va lue s

95 i 0 = i i ( : , i ) ;

96 end
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97 % r e s u l t ( : , xx ) = i i ( 1 , : ) ' − i i ( 7 , : ) ' ;
98 r e s u l t ( : , xx ) = Demod fun ( i i ( 1 , : ) ' , i i ( 7 , : ) ' , tt , 2000 , 10) ;

99 % r e s u l t ( 6 : 997 , xx ) = highpass ( r e s u l t ( 6 : 9 97 , xx ) ,500 ,20 e3 ) ;

100 end

101

102 %% Plot r e s u l t s

103 f i g u r e

104 p lo t ( tt , r e s u l t ( : , 4 ) , tt , r e s u l t ( : , 3 ) , tt , r e s u l t ( : , 2 ) , tt , r e s u l t ( : , 1 ) )

105 l egend ( 'x = 0.75mm' , 'x = 0 .5mm' , 'x = 0.25mm' , 'x = 0mm' )
106

107 x l ab e l ( 'Time ( s ) ' )
108 y l ab e l ( 'Average Demodulated Current [A] ' )

A.2.2 Current control simulation

1 dt = 5e−5; %time step s i z e [ s ]

2 T = 0 . 1 ; %s imu la t i on end time [ s ]

3

4 mu 0 = 4∗ pi ∗1e−7; %permeab i l i t y o f a i r

5 R rotor = 24 .75 e−3; %ro to r rad iu s [m]

6 R = R rotor + 1e−3/2; %rad iu s through cente r o f a i rgap [m]

7 g0 = 1e−3; %nominal a i r gap [m]

8 l r o t o r = 10e−3; %ro to r a x i a l l ength [m]

9

10 N turns = 200 ; %number o f turns in winding

11 n s l o t s = 12 ; %number o f s t a t o r s l o t s

12 N sample = 12∗20 ; %t o t a l number o f samples (20 per s l o t )

13

14 I r = 1 ; %ro t a t i on cur rent amplitude [A]

15 I s = 0 . 1 ; %suspens ion cur rent amplitude [A]

16 I s en s e = 0 . 2 ; %c a r r i e r s i g n a l amplitude [A]

17 f = 60 ; %frequency o f r o t a t i on and suspens ion

cu r r en t s [Hz ]

18

19 phi = l i n s p a c e (0 ,2∗ pi , N sample ) ; %vecto r o f ang le f o r each s p a t i a l

sample

20 N data = f l o o r (T/dt+1) ; %number o f t imes teps
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21 n = 12 ; %system dimension

22

23 r e s u l t = ze ro s ( N data , 4 ) ;

24

25 f o r xx = 1 :4

26 %run s imu la t i on f o r four va lue s o f x : 0 , 0 . 25 , 0 . 5 , and 0 .75

mm

27 x = (xx−1) ∗0 .25 e−3;

28 %keep y centered

29 y = 0 ;

30

31 tau = 2∗ pi /12∗R; %arc l ength

32 b0 = 4.573 e−3;

33 h = 4/ pi ∗( b0 . / ( 2∗ g0 ) .∗ atan ( b0 . / ( 2∗ g0 ) ) − l og ( sq r t (1+(b0 . / ( 2∗ g0
) ) . ˆ 2 ) ) ) ;

34 Kc = tau . / ( tau − h .∗ g0 ) ; %Carter ' s c o e f f i c i e n t

35 g 0 e f f = Kc .∗ g0 ; %e f f e c t i v e nominal gap with Carter ' s
c o e f f i c i e n t

36 R = R − (Kc − 1) .∗ g0 ; %modi f i ed rad iu s

37 g = g0 e f f − x∗ cos ( phi ) − y∗ s i n ( phi ) ; %ac tua l gap length

38 g e f f = g ;

39

40 t t = l i n s p a c e (0 ,T, N data ) ; %vecto r f o r time

41 i i = ze ro s (n , N data ) ; %matrix f o r cur rent data

42 l l = ze ro s (n , N data ) ; %matrix f o r f l u x l i nkage data

43 uu = ze ro s (n , N data ) ; %matrix f o r vo l tage data

44

45 lambda0 = ze ro s (12 ,1 ) ;

46

47 N stator = ze ro s (N sample , n s l o t s ) ;

48 f o r k = 1 : n s l o t s

49 %f i l l in MMF space d i s t r i b u t i o n

50 N stator ( f l o o r ( ( k−1)∗N sample/ n s l o t s )+1: f l o o r ( k∗N sample/

n s l o t s ) , k ) = N turns ;

51 end

52

53 %% Simulat ion

54 f o r i = 1 : N data
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55 t = t t ( i ) ;

56

57 %Set−up cur r en t s

58 i a = I r ∗ cos (4∗ f ∗ pi ∗ t ) ;
59 ib = I r ∗ cos (4∗ f ∗ pi ∗ t − 2∗ pi /3) ;
60 i c = I r ∗ cos (4∗ f ∗ pi ∗ t + 2∗ pi /3) ;
61 iu = I s ∗ cos (2∗ f ∗ pi ∗ t + 2∗ pi /24) ;
62 i v = I s ∗ cos (2∗ f ∗ pi ∗ t + 2∗ pi /24 − 2∗ pi /3) ;
63 iw = I s ∗ cos (2∗ f ∗ pi ∗ t + 2∗ pi /24 + 2∗ pi /3) ;
64 i s e n s e = I s en s e ∗ cos (2∗ pi ∗2000∗ t ) ;
65

66 i i ( 1 , i ) = i a − iu + i s e n s e ;

67 i i ( 2 , i ) = − i c + iw ;

68 i i ( 3 , i ) = ib + iw ;

69 i i ( 4 , i ) = −i a − i v − i s e n s e ;

70 i i ( 5 , i ) = i c − i v ;

71 i i ( 6 , i ) = −ib + iu ;

72 i i ( 7 , i ) = i a + iu + i s e n s e ;

73 i i ( 8 , i ) = − i c − iw ;

74 i i ( 9 , i ) = ib − iw ;

75 i i (10 , i ) = −i a + iv − i s e n s e ;

76 i i (11 , i ) = i c + iv ;

77 i i (12 , i ) = −ib − iu ;

78

79 %Inductance

80 f o r j = 1 : n s l o t s

81 n s t a t o r 1 = N stator ( : , j ) ;

82 V = 200/12; %ro to r p o t e n t i a l

83 f o r k = 1 : n s l o t s

84 M stator = N stator ( : , k ) − V; %f l ux = P∗(A − V)

85 L SS ( j , k ) = mu 0∗ l r o t o r ∗ t rapz ( phi ,R ' . ∗ n s t a t o r 1

.∗ M stator . / g e f f ' ) ;
86 end

87 end

88

89 %f lux l i nkage

90 lambda = L SS∗ i i ( : , i ) ;

91 %vo l tage
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92 uu ( : , i ) = ( lambda − lambda0 ) /dt + 0.1∗ i i ( : , i ) ;

93 %save prev ious f l u x l i nkage va lue s

94 lambda0 = lambda ;

95 end

96

97 %demodulate vo l t age output

98 r e s u l t ( : , xx ) = Demod fun (uu ( 1 , : ) ' , uu ( 7 , : ) ' , tt , 2000 , 10) ;

99 end

100

101 %% Plot r e s u l t s

102 f i g u r e

103 p lo t ( tt , r e s u l t ( : , 4 ) , tt , r e s u l t ( : , 3 ) , tt , r e s u l t ( : , 2 ) , tt , r e s u l t ( : , 1 ) )

104 l egend ( 'x = 0.75mm' , 'x = 0 .5mm' , 'x = 0.25mm' , 'x = 0mm' )
105

106 x l ab e l ( 'Time ( s ) ' )
107 y l ab e l ( 'Average Demodulated Induced Voltage [V] ' )

A.3 Processing FEM results

MATLAB was used to demodulate the winding data from simulation to give a

simulated estimate of rotor displacement. This script is as follows:

1 %read matr i ce s conta in ing data f o r a l l c o i l s f o r f our r o to r

p o s i t i o n s

2 d0 = readmatr ix ( 'VC 04 16 22 0um . csv ' ) ;
3 d25 = readmatr ix ( 'VC 04 16 22 250um . csv ' ) ;
4 d5 = readmatr ix ( 'VC 04 16 22 500um . csv ' ) ;
5 d75 = readmatr ix ( 'VC 04 16 22 750um . csv ' ) ;
6

7 %se t s imu la t i on parameters

8 Fs = 1/5e−5; %Hz , sampling f requency

9 t = 0 :1/ Fs : . 1 ; %s , time at sampling f requency

10 f = 2000 ; %Hz , c a r r i e r f requency

11

12 %rename

13 d00 1 = d0 ( : , 2 ) ; % c o i l number 1

14 d50 1 = d5 ( : , 2 ) ;
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15 d25 1 = d25 ( : , 2 ) ;

16 d75 1 = d75 ( : , 2 ) ;

17 d00 7 = d0 ( : , 8 ) ; % c o i l number 7

18 d50 7 = d5 ( : , 8 ) ;

19 d25 7 = d25 ( : , 8 ) ;

20 d75 7 = d75 ( : , 8 ) ;

21

22 %% Spectrum p l o t t i n g

23

24 [ f req00 , Di f f 00 Spectrum ] = Spectrum Cal ( d00 1−d00 7 , Fs ) ;

25 [ f req25 , Di f f 25 Spectrum ] = Spectrum Cal ( d25 1−d25 7 , Fs ) ;

26 [ f req50 , Di f f 50 Spectrum ] = Spectrum Cal ( d50 1−d50 7 , Fs ) ;

27 [ f req75 , Di f f 75 Spectrum ] = Spectrum Cal ( d75 1−d75 7 , Fs ) ;

28

29 f i g u r e

30 semi logy ( f req00 , Di f f 00 Spectrum )

31 hold on

32 semi logy ( f req25 , Di f f 25 Spectrum )

33 semi logy ( f req50 , Di f f 50 Spectrum )

34 semi logy ( f req75 , Di f f 75 Spectrum )

35 l egend ( 'x = 0mm' , 'x = 0.25mm' , 'x = 0 .5mm' , 'x = 0.75mm' )
36 g r id on

37 t i t l e ( 'Periodogram Using FFT ' )
38 x l ab e l ( 'Frequency (Hz) ' )
39 y l ab e l ( 'Power/Frequency (dB/Hz) ' )
40

41 %% Demod

42

43 n = Fs/ f ; %sampling f requency / c a r r i e r f requency

44 [ amp0 , phase0 ] = Demod fun ( d00 1 , d00 7 , t , f , n ) ;

45 [ amp25 , phase25 ] = Demod fun ( d25 1 , d25 7 , t , f , n ) ;

46 [ amp50 , phase50 ] = Demod fun ( d50 1 , d50 7 , t , f , n ) ;

47 [ amp75 , phase75 ] = Demod fun ( d75 1 , d75 7 , t , f , n ) ;

48

49 f i g u r e

50 p lo t ( t , amp75)

51 hold on

52 p lo t ( t , amp50)
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53 p lo t ( t , amp25)

54 p lo t ( t , amp0)

55

56 l egend ( 'x = 0.75mm' , 'x = 0 .5mm' , 'x = 0.25mm' , 'x = 0mm' )
57 x l ab e l ( 'Time ( s ) ' )
58 y l ab e l ( 'Average Demodulated Current [A] ' )

76



The power spectrum of the winding signal was calculated using the function

Spectrum Cal, where the signal and sampling frequency are input, and vectors for

frequency and power spectrum density are returned:

1 f unc t i on [ f r eq , psdx ] = Spectrum Cal (x , Fs )

2 N = length (x ) ;

3 xdf t = f f t ( x ) ;

4 xdf t = xdf t ( 1 :N/2+1) ;

5 psdx = (1/( Fs∗N) ) ∗ abs ( xd f t ) . ˆ 2 ;

6 psdx (2 :end−1) = 2∗psdx (2 :end−1) ;

7 f r e q = 0 : Fs/ l ength (x ) : Fs /2 ;

8 end
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Appendix B

LabVIEW Code

The estimation and control for the SSBM prototype was implemented in LabVIEW.

This section shows the block diagrams for both the real-time and FPGA portions

of the code.
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