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Abstract

Industry 4.0 cyber-physical systems will require innovative new technologies including smart
sensors that can monitor their own health and smart actuators that can be controlled without a
dedicated position sensor. A novel constant air gap solenoid (CAS) is presented that is configurable
as a smart actuator or a smart sensor. The novel CAS actuator and CAS sensor have the unique
ability to simultaneously produce two distinct self-sensed plunger position measurements unlike
other electromagnetic actuators or inductive differential position sensors. These measurements can
then be fused to produce a single wide-bandwidth position measurement that performs more

robustly than the individual self-sensed measurements.

The CAS actuator is first studied by deriving equations to describe and predict its behavior.
Next, finite element analysis is utilized to investigate a basic CAS actuator geometry and predict
its force and inductance characteristics. The finite element analysis results are then imported into
a lumped-parameter simulation built within Simulink to predict CAS actuator performance
characteristics. Afterwards, a physical prototype of the simulated geometry is fabricated and
experimentally validated. The experimental results demonstrate that the prototype is capable of

40Hz sensorless plunger control for Imm ramp and step trajectories.

The CAS sensor is developed by configuring two CASs to pull against each other to allow
differential measurements to be obtained. The derived analytical equations prove that the
differential measurements are immune to factors, such as resistance changes due to temperature.
The CAS sensor, like the CAS actuator is first studied using finite element analysis, then a

Simulink simulation and is finally experimentally validated with a physical prototype. The
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experimental results show accurate noise-cancelling measurements that can maintain less than 1%
nonlinearity. If a current sensor is removed, the CAS sensor can still achieve approximately 3%

nonlinearity over its 3mm stroke, proving that it has inherent failure redundancy.

The results of this work demonstrate the CAS actuator and CAS sensor have distinct
advantages over comparable actuation and sensing technologies. Furthermore, this work
experimentally demonstrates a CAS can be configured to be a smart actuator or a smart sensor and

therefore is applicable to cyber-physical systems and other practical applications.
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Lay Summary

Sensors and actuators are critical components for any motion control task. This thesis presents
a new type of solenoid that can be configured as a sensor or an actuator. As a sensor, it is able to
measure low-speed and high-speed position movements with high resolution and accuracy, even
when factors like the temperature change. As an actuator, this type of solenoid is able to control
its plunger position without the need for an external position sensor. A key feature of the proposed
solenoid design is its unique ability to simultaneously produce low and high-speed plunger position
measurements. These measurements can then be fused to only extract the accurate features of each
measurement, while rejecting the erroneous parts. This allows the proposed actuator and sensor to
perform well at both low and high-speeds unlike comparable electromagnetic actuators and

inductive sensors that only produce a single plunger measurement.
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Chapter 1: Introduction

The commencement of the third industrial revolution brought about a paradigm shift toward
automation and robotic technologies in manufacturing and consumer goods [1]. Programmable
logic controllers were considered to be at the core of the third industrial revolution [1]. However,
actuation and sensor technologies were also integral as they formed the interface between the
physical world and programmable logic controllers. As society progresses toward the fourth
industrial revolution centered about cyber-physical systems, the demand for more robust and

versatile motion control technologies will continue to increase [2], [3], [4].

The development of smart actuators and sensors will be required to produce robust cyber-
physical systems. In order to be robust, smart sensors need to be self-aware of their own health
and capable of detecting internal malfunctions and breakages [5]. A smart actuator is generally
regarded as an actuator whose health is monitored by external sensors [6], [7]. However, adding
sensors to an actuation system often increases cost, size and complexity while reducing reliability
[8], [9]. Therefore, actuators that can simultaneously act as a sensor and actuator are highly

desirable for cyber-physical systems.

This thesis presents a unique subset of solenoid called a constant air gap solenoid (CAS). A
CAS is a simple reluctance machine that has linear-inductance and constant-force characteristics.
A CAS shares similar geometry features with a linear switched reluctance motor (LSRM), making
it simple to design and fabricate. When several CASs are stacked and share a common plunger,
they can be configured as either a self-sensing actuator or a dedicated differential position sensor.

A CAS has anovel ability to simultaneously generate two disjoint estimates of its plunger position
1



based on voltage and current measurements [10]. The bandwidths of the two measurements are
complementary and they can be fused to combine the desirable aspects of each estimate, helping
to overcome the challenges posed by the individual measurements [10]. In the case of an actuator,
the CAS can use its self-sensed plunger position estimates to perform closed-loop position control.
A CAS sensor, which is referred to as a variable reluctance differential solenoid transducer in
literature, can produce the same estimates as a CAS actuator, but also has the ability to produce
differential estimates that reject common-mode noise and provide added immunity to high-order
effects [10]. Furthermore, both the CAS actuator and sensor can monitor their own health and
detect changes from nominal operating conditions. These highly sought-after features and abilities
allow the CAS technology to be versatile and robust for a wide range of modern and future

applications.

1.1 Overview of Common Motion Control Nonlinearities and High-Order Effects
Nonlinear and high-order effects limit the performance of actuators and sensors. Depending

on the type of actuator or sensor, these effects may have negligible or severe implications on its

suitability for a particular application. An overview of common high-order effects faced by motion

control technologies are provided below.

1.1.1 Thermal Effects

Ambient and self-generated temperature changes can lead to numerous challenges for both
sensors and actuators. Many material properties are directly related to temperature which can result
in degraded performance or irreversible damage. Temperature changes are known to affect the

resistance, inductance and capacitance of electronic devices [11], [12], [13]. In each of these cases,
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a dependency on temperature creates modeling challenges which can affect the performance of
sensors and actuators alike. However, actuators typically generate much larger energy losses than
sensors, which often leads to an increase in temperature [14], [15]. Heating effects, such as an
increase in winding resistance, can then lead to even larger losses creating a positive-feedback

scenario [15]. Naturally, thermal runaway will result if the rate of cooling is insufficient.

All actuators and sensors have finite temperature limits that will lead to failure if exceeded,
such as the winding insulation temperature rating [16]. For actuators that use permanent magnets
or piezoelectric ceramics, demagnetization and piezoelectric depoling create significant thermal
limitations [14], [17], [18], [19]. Neodymium magnets are commonly used in permanent magnet
machines dueto their high magnetic energy density [20]. However, common grades of neodymium
magnets typically begin to irreversibly demagnetize after 80°C, which is well-below common
winding insulation B (130°C) and F (155°C) grades [17], [21]. Common piezoelectric materials
typically have an operating temperature limit of 150°C, but are poor at dissipating heat, which
makes them prone to irreversible depoling [14], [22]. Reversible demagnetization and depoling
occur at even lower temperatures and degrade performance within the allowable thermal operating
range [14], [17]. For example, reversible demagnetization can reduce permanent magnet flux
density by over 10% [17]. Naturally, temperature dependencies introduce a significant source of
error in models as material parameters are often assumed to be independent of temperature [23].
It is important to note that high-heat magnet options are available, but may require trade-offs to be
made regarding cost and magnetic field strength [17], [24]. Similar temperature-performance-cost

compromises need to be made when selecting piezoelectric materials [25].



1.1.2  Drift

Drift is a form of error that generally occurs when a sensor is improperly calibrated or is
operated away from its calibrated conditions [26]. Temperature changes and aging effects
frequently contribute to drift [27]. Drift is problematic for measurements requiring mathematical
integration, such as an angular position measurement from a gyroscope [28]. For example, if one
were to integrate the temperature-induced offset seen in Figure 1.1, the drift shown in in Figure
1.2 would result. Clearly, the integrated output accumulates error at arate that is dependent on the
quantity of the offset. Over short durations, the accumulated error may be small and
inconsequential, especially if the accumulated drift can be periodically zeroed as shown in Figure
1.2. However, in general, measurements that suffer from drift are inadequate for long-duration

measurements.

Calibrated Temperature +40°C

Calibrated Temperature +20°C

Sensor Output Voltage

Calibrated Temperature

Time

Figure 1.1 A representation of an offset created by an increase in temperature fora sensor at steady state conditions.
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Figure 1.2 Shows how integrating the offsetin Figure 1.1 results in drift thataccumulates error over time.

1.1.3  Creep

Creep is a nonlinear effect that reduces the positioning precision of some actuators when
operating over arange of frequencies [29]. The step response of an actuator affected by creep will
continue to settle over time, often taking several minutes [14]. Naturally, creep adds a time
dependency to actuator models and can complicate open-loop control. A visualization of creep is

provided in Figure 1.3.
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Figure 1.3 A representation of the step response of an actuatoraffected by creep.

1.1.4  Hysteresis

Hysteresis is a nonlinear effect that can be problematic for both actuators and sensors.
Hysteresis can be described as a memory effect that causes the output of a hysteretic device to
depend on prior outputs [30]. This is not ideal from an efficiency perspective since a cyclical
energy storage process, such as storing potential energy in a mechanical spring, will require a
greater quantity of input work than will be subsequently returned [31]. Hysteresis also significantly
complicates modeling and control of hysteretic devices as they can produce multiple outputs fora
given input as shown in Figure 1.4 [30]. Mechanical hysteresis is caused by friction produced
between particles within a material [32]. Magnetic hysteresis is a type of core loss and is caused
by the realignment of magnetic dipoles [32]. In each case, hysteresis is heavily dependent upon
the properties of the material. When selecting magnetic materials, one often has to compromise

between hysteresis and other nonlinear effects such as eddy currents or saturation [33], [34].
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Figure 1.4 A representation of hysteresis loops where thered and blue loops show different cyclical paths.

1.1.5 Magnetic Saturation

Most ferromagnetic materials produce a flux density, B, that varies approximately linearly
with magnetic field strength, H. However, if the flux density is pushed beyond a limit defined by
material properties, a phenomenon known as magnetic saturation occurs [35]. The onset of
saturation produces diminishing returns in regards to the incremental increase in flux density
relative to the increase in field strength. The saturation and hysteresis properties of a material are
typically displayed in B-H curve plots as seen in Figure 1.5. Actuators that saturate will incur
decreased efficiency due to the disproportionately large magnetomotive force (MMF) that needs
to be generated [36], [37], [38]. Furthermore, magnetic saturation is a nonlinear effect that leads
to unpredictable force output, making saturated actuators difficult to control [18], [39].
Fortunately, saturation can be avoided by choosing an appropriate core size for the magnetic

circuit, or by opting for materials that saturate at a higher flux density.
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Figure 1.5 Shows an example of saturating(green) and non-saturating (blue) B-H curves.

1.1.6 Eddy Current

Eddy currents are a type of core loss generated when a magnetic field changes within a
conductor in accordance with Faraday’s Law of Induction [40]. Lenz’s Law explains that eddy
currents form in the direction that will attempt to counteract the external field as shown in Figure
1.6 [40]. Eddy currents are frequency dependent which make them challenging to model,
particularly for magnetic circuits that operate over a wide range of frequencies [41]. Eddy currents
are generally considered a nuisance when they appear in the flux pathways of a magnetic circuit
as they lead to increased losses and a slower force response [42], [43]. In some situations, eddy
current losses generate substantial heating that greatly increases the risk of demagnetization within
permanent magnet machines [42]. Furthermore, eddy currents are temperature dependent since the
resistance of the eddy current pathways will change with the temperature. This temperature

dependency exacerbates the difficulty of producing accurate eddy current models [44].
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Figure 1.6 Shows the eddy current formation in a solid core (a), a laminated core (b) and the ferromagnetic granules
within a bonded powder core (c). The red arrows indicate the direction of the eddy currents created by a transient

externalfield pointing into the page (purple markers).

It is important to note that there are sparse examples in literature that purposefully induce
eddy currents in a shorted turn to create a faster force response. Certain voice coil designs can
make use of shorted turns to generate eddy currents to lower terminal inductance [45], [46]. The
lower terminal inductance allows a faster current transient which creates a faster force response
[45]. However, this is only beneficial in limited circumstances where the magnetic fields produced
by the actuator and its eddy currents do not oppose the output force. It is important to note that
modeling eddy currents within a shorted turn is still regarded in literature as a challenging task,

despite the eddy current pathway being well-defined [46].

Due to the complexity of accurately modeling eddy currents and the performance challenges
they pose, proactive measures to avoid eddy currents are often taken when designing the magnetic

core of an actuator or sensor. One way to suppress eddy currents is to make a core out of electrically
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insulated laminations. The insulation on the laminations prevents eddy currents from flowing
across adjacent laminations [34]. The smaller current pathways make it difficult for eddy current
loops to form as shown in Figure 1.6b. AC eddy current power losses can be defined by the

equation below where C, is a material-dependent constant, V' is the volume of the material, t;,,, is

the lamination thickness and B, is the flux density amplitude [34].

P, = C,Vf2t2,, B2 (1)

From (1.1) it is evident that the laminations should be as thin as possible. At higher frequencies,
eddy currents become large even if thin laminations are used as seen in (1.1). However, (1.1)
becomes inaccurate at very high frequencies as eddy currents begin suppressing themselves due to
skin effect within the laminations [47]. In [48] it was shown that the core losses of various types
of laminations became quasi-constant after an excitation frequency of around 4-5kHz.
Furthermore, [49] found that the skin effect caused by eddy currents leads to substantial changes
to the permeability of the laminations. This also leads to nonuniform flux patterns within the
ferromagnetic pathways [50]. Naturally, this additional frequency dependence caused by skin
effect would further complicate efforts to accurately model the eddy currents and magnetic

characteristics of an actuator or sensor.

For high-frequency circuits, bonded powder cores typically become a preferable alternative
to laminations. Bonded powder cores are a composite structure made of ferromagnetic particles
and a bonding agent as seen in Figure 1.6c; the bonding agent is not electrically conductive [51].

The fine particles resist the formation of eddy currents similar to laminations, but are much more
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effective due to their small size. It is important to note that the bonded powder cores have gaps
between particles. These gaps increase the reluctance of the magnetic circuit and lower the
saturation flux density since there is less ferromagnetic material for a given core volume compared
to a laminated or solid core [51]. However, there are a large amount of material and process options
that allow the saturation flux density to be compromised with other properties, such as core loss

[51], [52].

1.1.7 Magnetic Fringing and Flux Leakage

Magnetic fringing is a phenomenon that causes magnetic flux to spread out within a given
medium. In electromagnetic sensors and actuators, fringing predominantly occurs in the vicinity
of an air gap. Fringing will cause magnetic flux lines to bulge around an air gap as shown in Figure
1.7. Fringing can be modeled as an increase in air gap length and/or an increase in air gap cross-
sectional area [53], [54]. For magnetic circuits with a fixed air gap length, such as gapped
inductors, a fringing flux factor is often defined and subsequently found using iterative calculations
or manual tuning until the desired inductance value is achieved [54]. However, fringing effects

become position-dependent in actuators or sensors where the air gap length changes.

11



Channeled Magnetic \ A I

Field
\\ /\\ ’ / \ \\
A L N
W N ]
vV Flux Leakage N : _ ;
\ N ]
N \

\ \Q\:///
(LN /1) Y. <\ />

Fringing Flux

Figure 1.7 Shows howmagnetic flux fringes within air gaps. Iftheairgap is large, a significant amount of flux leakage

will result.

If the air gap of a magnetic circuit is large, significant flux leakage can result. Flux leakage
causes magnetic flux to bypass large portions of the magnetic circuit as seen in Figure 1.7. Flux
leakage becomes significant when the reluctance of the intended magnetic circuit begins to
approach the reluctance of leakage pathways [55]. These leakage pathways change the behaviour
of the magnetic circuit and lead to increased losses [56]. Literature notes that modeling flux
leakage is complex and often requires three-dimensional analysis [56]. Excessive flux leakage is
preventable using carefully-designed magnetic circuit geometries that ensure the reluctance of

magnetic pathways are small relative to potential leakage pathways.

12



1.2 Common Translational Actuator Technologies

There are many types of translational actuators with unique performance attributes. The
performance attributes of the various types of actuators make them ideal for certain applications
and infeasible for others. It is important to understand the performance characteristics of
conventional actuator technologies in order to evaluate the improvements offered by the CAS
actuator presented in this thesis. The subsections below review common actuator types used to

obtain translational motion.

1.2.1 Piezoelectric Stack Actuators

Piezoelectric stack actuators are a common type of electrostatic actuator that are used to
generate linear motion. Piezoelectric actuators are energy-efficient actuators that have a very large
force density [57]. Piezoelectric stack actuators consist of piezoelectric wafers that are stacked in
series and are separated by metallic electrodes that are electrically connected in parallel as shown
in Figure 1.8 [58]. These wafers expand or contract depending on the applied voltage polarity. It
is important to note that the piezoelectric wafers can only displace a small amount which is why
they are stacked in series to achieve greater displacements. Most commercial piezoelectric
actuators are designed to operate within the range of 10pm to 100pm [58]. Piezoelectric actuators

are typically used in micro-scale applications such as microgrippers, speakers and fuel injectors

[59], [60], [61].
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Figure 1.8 A depiction of a piezoelectric stack actuator.

The static mechanical and electrical characteristics of piezoelectric actuators are often
approximated to have linear relationships [59]. In reality, piezoelectric actuators are observed to
be highly nonlinear [59]. In particular, they are noted to suffer from sizeable hysteresis, creep and
drift [29], [58], [62]. Furthermore, piezoelectric actuators are highly susceptible to parameter drift

caused by temperature variation and aging [29].

Piezoelectric actuators have the ability to sense their own displacement, allowing them to

perform feedback control without a dedicated position sensor. Piezoelectric actuators are known
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to have a linear relationship between charge and displacement [63]. If current is measured and
integrated, then charge can be found and mapped to displacement. Because, this measurement
involves an integral, it is susceptible to drift during long-term measurements [63]. Piezoelectric
actuators can also perform another displacement measurement simultaneously with the
aforementioned charge-method and is referred to as a capacitance or self-strain measurement [63],
[64]. This method uses an AC voltage signal to identify capacitance which changes linearly with
position [63]. Unlike the charge-method, this method is well-suited for measuring slow
displacements over long durations, but is susceptible to noise at high frequencies [63]. The
differing frequency range of these measurements can be combined using a complimentary filter to
produce a wide-bandwidth measurement that performs well at measuring slow-speed and high-
speed displacements [63], [64]. This fused measurement can then be used as feedback for
sensorless position control [63]. However, it is important to note that creep, hysteresis and

parameter drift still adversely impact the performance of the measurements [63].

1.2.2  Electromagnetic Actuators

Electromagnetic actuators are motion transducers that produce force through the interactions
of magnetic fields with ferromagnetic materials or other external magnetic fields. The performance
and self-sensing characteristics vary largely among various electromagnetic actuator types. The
following subsections provide a review of electromagnetic actuators that have similar stroke

capabilities relative to the CAS.
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1.2.2.1  Variable Air Gap Solenoids

Variable air gap solenoids are actuators that generate a force which attempts to shrink the air
gap between the stator and plunger. It is seen in Figure 1.9 that a generic variable air gap solenoid
design attempts to pull the plunger upwards when the coil is energized. It is important to note that
a variable air gap solenoid will attempt to pull on the plunger and minimize the air gap regardless
of the direction of the winding current. This is reflected in the equation below since the force
generated by the variable air gap solenoid, F,, is proportional to the square of the current, I, where

N is the number of windings, 4, is the cross-sectional area of the air gap and [, is the length of

the air gap [65].
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Equation (1.2) is a linear model and does not include nonlinear effects such as saturation. A
solenoid is a unidirectional actuator as it is unable to generate a negative force to return its plunger
to a prior position since positive and negative currents produce a positive force. However, a second

opposing solenoid or external spring mechanism can be used to reset the plunger position [66].
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Figure 1.9 A generic geometry for a variable air gap solenoid. The direction the plunger moves is denoted by the

dashed arrow.

In literature, variable air gap solenoids are noted to be inherently nonlinear actuators that are
challenging to linearize and control [67], [68]. In (1.2) it is seen that the force of the actuator is
inversely proportional to the square of the air gap length. This implies the force will drastically
change over its stroke as it will be minuscule for a large air gap, but very large for a small air gap.

The exponential force characteristic is caused by an exponential inductance characteristic, L as

seen in the linear inductance model below which neglects fringing effects [65].

2
=N KA,

Ly

L

1.3)
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From (1.3), it is evident that the inductance becomes very large at small air gaps. When inductance
increases, the rate at which current can be adjusted for a given supply voltage, U, is reduced. This

is seen in the equation below where I is the time derivative of current.

U=LI (1.4)

A sluggish current response will lead to a sluggish force response since F, o I2. If the supply
voltage cannot be increased, this will lead to control difficulties. Sluggish performance often
results in the plunger slamming into the stator or an end stop despite attempting soft-seating as
shown in [66] and [69]. It should also be noted that variable air gap solenoids are highly susceptible
to fringing, saturation, eddy currents and hysteresis which degrade or limit their performance [50].
Because of the inherent control challenges faced by variable air gap solenoids, they are generally

used in open-loop applications requiring simple on-off control such as fuel injectors and electrical

relays [70], [71], [72].

Sensorless position feedback control of a variable air gap solenoid is challenging to robustly
implement. In literature, there are methods that attempt to map incremental inductance changes to
plunger position. One method utilizes the voltage ripple produced as a biproduct of pulse width
modulation (PWM) to find the incremental inductance change within an electrical model of a
solenoid [73]. However, this method required the use of a complex three-dimensional lookup table
to map the relationship and nonlinearities between current, inductance and position [73]. This
method also makes use of model simplifications, such as neglecting back electromotive force

(BEMF) from the electrical model of the solenoid, and is accurate for low-speed displacements
18



[73]. However, [74] shows notable error at higher velocities when neglecting BEMF. There are
examples in literature that do not require PWM or lookup tables, but instead require curve fitting
with a least-squares regression [75]. Lastly, there are methods that use a dedicated scan current to
detect amplitude changes based on a sum-square-difference sliding window [76], or a phase shift
across an external capacitor and the solenoid [77]. In both cases, they require lookup tables to map
the nonlinear solenoid behavior to position [76], [77]. While these literature examples show that it
is possible to self-sense the position of a variable air gap solenoid, in general, it is challenging to
obtain low-noise measurements that can sense high-speed plunger movements. Furthermore,
variable air gap solenoids have not been shown to have the ability to produce simultaneous plunger

position estimates that can be fused together, unlike piezoelectric actuators.

1.2.2.2  Proportional Face Solenoids

Proportional face solenoids often appear structurally similar to variable air gap solenoids.
However, proportional face solenoids have carefully-designed plunger faces that make their force
characteristics independent of position [78]. The plunger face is often tapered to achieve constant-
force characteristics as seen in Figure 1.10. It is important to note that the force characteristics are
extremely sensitive to small changes to the shape of the taper [79]. Often, iterative approaches are
required to find a geometry that achieves suitable constant-force characteristics [79], [80]. The
difficulty and cost associated with producing a specialized plunger geometry is seen as a major
disadvantage compared to variable air gap solenoids [78]. In literature, this has been identified as
one of the key motivations that leads to the continued development of sophisticated models that

attempt to linearize the performance of variable air gap solenoids [73], [78]. Proportional face
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solenoids are rarely used in comparison to variable air gap solenoids, but when they are, it is

typically for fluid flow control valves [78], [81].
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Figure 1.10 A generic proportional face solenoid design. The direction the plunger movesis denoted by the dashed

arrow.

Proportional face solenoids require atapered plunger face that maintains constant-inductance
characteristics over its constrained stroke. In [79] it is explained that the region of the plunger
where magnetic flux emanates changes throughout the stroke. In particular, when the plunger and
stator are substantially overlapped, the flux primarily emanates from the tapered face of the
plunger; when the plunger is minimally overlapped, the flux begins to primarily emanate from the

bottom of the plunger. The shifting flux location on the plunger varies both the effective air gap
20



length and area in (1.3) to create linear inductance characteristics. This leads to a substantially
simpler inductance model compared to a variable air gap solenoid that can be easily characterized
with a simple linear regression as opposed to complex lookup tables [82]. Naturally, a proportional
face solenoid can perform the same plunger position self-sensing techniques as a variable air gap
solenoid, however, much more elegantly [82]. It is important to note that a proportional face
solenoid can only operate over a limited stroke range in order to maintain linear inductance and
constant-force characteristics. In particular, if the plunger moves too close or too far from the
stator, it will begin to behave like a variable air gap solenoid and lose its linear traits [79].
Furthermore, it is important to note that proportional face solenoids, like variable air gap solenoids,
are susceptible to nonlinear effects, such as saturation, hysteresis, fringing and eddy currents. Due
to these nonlinearities, high-order regressions may still be required to characterize the performance

of a proportional face solenoid [83].

1.2.2.3 Linear Switched Reluctance Motors

Reluctance motors are simple, low-cost and rugged actuators that do not require permanent
magnets or field windings [84]. Translational versions of reluctance motors are commonly known
as linear switched reluctance motors (LSRMs) and are depicted in Figure 1.11 [85]. LSRMs
sequentially energize several winding phases to produce bidirectional motion by pulling the
nearest translator teeth to align with the stator teeth of the activated phase. LSRMs are noted in
literature for being a poor actuator choice for high-speed and high-precision motion control since
they are difficult to model and control [86]. Furthermore, thelarge force ripples they produce while
translating multiple teeth create unwanted noise and vibrations [87]. Like variable air gap

solenoids, the poor controllability of LSRMs arises from an effective air gap length that changes
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with position when the stator and translator teeth do not overlap [88]. However, unlike solenoids,
LSRMs have regions where the air gap is virtually constant with respect to position when the stator
and translator teeth are overlapped [88]. The toggling between a constant and variable air gap when
translating creates an inductance profile that looks like trapezoids with rounded peaks and troughs
as seen in Figure 1.12 [84], [88], [89]. While the translator and stator teeth are substantially
overlapped, LSRMs also exhibit quasi-constant force characteristics [88], [90]. Interestingly, to
date there have been no attempts to create an actuator that exploits only the constant air gap region
of an LSRM, and this forms the basis of the CAS actuator presented in this thesis. Applications
for LSRMs in literature often disregard linear-inductance characteristics and prioritize high-force
characteristics [91]. The force produced by LSRMs typically peak near minimum alignment of the
stator and translator teeth, and therefore maximizing linear-inductance characteristics and peak

force cannot be achieved concurrently [88], [92].
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Figure 1.11 A generic LSRM motor design showing the alignment characteristics of the translator and stator teeth

when phase A is energized. If phase B or phase C is activated the translator will experience a force that will attempt

move the translatorto minimize the reluctance of the corresponding phase.
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Figure 1.12 Typical inductance characteristics of a single phase of an LSRM. The inductance is highly linear between

the two blue lines which occurs when the translatorand statorteeth are overlapping.

Several position-self sensing methods for LSRMs can be found in literature, despite the fact
that they are considered poor actuators for precision applications. Many of these methods make
use of the multi-phase nature of LSRMs as inactive phases can be used to identify translator
position. For example, in [93] and [94] the authors excite an unenergized phase and examine the
derivative of the current or the integral of current to determine translator position based on
inductive changes. This simple method cannot account for high-speed displacements since it
neglects BEMF; it also requires curve fitting or lookup tables to account for the nonlinearity of the
LSRM [93]. Like solenoids [73], it is also possible to use a superimposed ripple signal to detect
an incremental inductance change through phase or amplitude shifts of the measured voltage and

current [95]. Another method shown in literature examines the mutual coupling between phases to
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determine translator position [96]. BEMF-based methods have also been proposed but are difficult
to implement since the nonlinear position-inductance characteristics must be modeled [97].
Methods that use flux linkage to determine plunger position have been shown for rotary switched
reluctance motors [98]. These methods work well at higher speeds, such as 100-10000RPM, but
become problematic at lower speeds [99]. Like variable air gap and proportional face solenoids,
LSRMs are susceptible to hysteresis, eddy currents, fringing, and saturation which can degrade
sensorless performance [99], [100]. Furthermore, unlike piezoelectric actuators, there are no
examples in literature that show LSRMs have the ability to simultaneously produce and fuse two

self-sensed position estimates.

1.2.2.4  Voice Coil Actuators (Linear Motors)

Linear motors are electromagnetic actuators that generate a force based on the interaction
between two magnetic fields. Permanent magnets or field windings are used to create a DC field.
Armature windings are then placed within this field and supplied with current to produce a force

governed by Lorentz Force where B,, is the DC field and [, is the length of the winding [65].

F=B,l,IN (1.5)

Unlike solenoids or reluctance motors, the force of a linear motor is proportional to current rather
than the square of the current. Because of this, linear motors can produce a bidirectional force on
the armature windings by reversing the direction of the current. Linear motors can also switch the
direction of the armature current to allow the armature to step over multiple magnetic poles. Voice

coil actuators are a special case of linear motors that do not translate multiple poles. Voice coils
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have highly linear characteristics which make them excellent candidates for precision actuation
applications. For example, as the name suggests, voice coil actuators are used in loudspeakers
since their linear characteristics allows them to reproduce sound with low-distortion [101]. It is
important to note that the moving component of a voice coil can either be the armature windings

or the permanent magnets [102].

A generic voice coil design and the force produced on the armature coil is shown in Figure
1.13. The current-field-force relationship is orthogonal and can be described by the right-hand rule.
However, the direction of the force can also be understood by examining the interaction between
the magnetic field generated by the permanent magnets and the armature. In Figure 1.13b it is seen
that the permanent magnet flux bends in the direction the armature field circulates, creating a
concentration of field lines below the armature. The concentrated field lines will create a force that
attempts to eject the armature upwards in order to allow permanent magnet field lines to spread
out and return to their minimum potential energy state. This principle is synonymous to how the
Magnus Effect creates a pressure difference on a spinning table tennis ball which subsequently
produces a force [103]. It is important to note that the flux pathway relative to the armature coil
negligibly changes as long as it remains withing the confines of the air gap. Because of this, the
inductance of the armature coil will remain constant over its stroke. Constant inductance also offers
excellent controllability as the transient behaviour of the force and current remain constant over
the entire stroke. However, depending on the geometry of a linear motor or voice coil, a nonlinear
position-inductance dependency may be introduced by using a design with salient ferromagnetic

poles or an overhung armature coil that is longer than the width of the air gap [104], [105].
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Therefore, when designing a high-precision voice coil, it is important to carefully select the

geometric features.
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Figure 1.13 An underhungvoice coil design showing the magnetic field behaviourwhen the armature is unenergized

(a) and energized (b).
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The design of a voice coil has a large impact on the nonlinearities it is susceptible to. For
designs that channel flux through a ferromagnetic path, voice coils can be adversely affected by
saturation, hysteresis and eddy currents. However, ironless designs are also possible that negate
these issues [106]. In many voice coil designs, permanent magnets are used instead of field
windings to increase the efficiency and reduce the size of the actuator [107]. However, permanent
magnets introduce additional challenges, such as the risk of demagnetization, which are
exacerbated with elevated temperatures as discussed in Subsection 1.1.1. This is a major challenge
for high-power voice coil designs since voice coil actuators are inherently inefficient, often
converting over 90% of their input energy into heat [108]. Typically, the peak performance of a
voice coil is governed by demagnetization and thermal limits as opposed to linear motors, LSRMs

and solenoids which are generally governed by magnetic saturation [102].

Since voice coils have a constant inductance, it is not possible to map an inductive change to
position unlike solenoids or LSRMs. However, unlike solenoids and LSRMs, the BEMF is only
dependent on velocity and does not have an additional dependency on position [109]. If the
resistance and inductance can be characterized and assumed constant, the BEMF can be calculated
based on terminal voltage and current measurements [109]. If the coil length and magnetic field

density are known, then velocity can be solved for where Ugg,,r is the voltage created due to

BEMF.

v = Uemr 1.6)
B, IN )
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If (1.6) is then integrated, coil position can be found. However, it is important to note this is a
relative measurement and not an absolute measurement. It should also be noted that this method
becomes more robust at higher velocities as the BEMF becomes more appreciable. However,
position estimates produced by this method are prone to drift due to the integration. Since voice
coils are highly inefficient, many of the assumed constants, such as the magnetic field density and
resistance are likely to change withtemperature, creating sizable drift. For these reasons, it is likely
that a voice coil that self-senses its position over long durations would be erroneous and
ineffective. It is also important to note that BEMF is the only linear self-sensing mechanism voice
coils possess, and therefore they are unable to produce multiple position estimates, unlike

piezoelectric actuators.

1.3 Inductive Differential Position Sensors

Inductive differential position sensors are robust position sensors that produce measurements
with a high degree of linearity and have theoretically-infinite resolution [110]. These types of
sensors are used in a wide range of motion control applications, even in harsh environments, such
as nuclear reactors [111]. Differential sensors gain many of their robust sensing attributes from
their ability to produce an internal subtractive measurement or two measurements that can be
externally subtracted to cancel common-mode disturbances. The CAS sensor presented in this
thesis can be classified as an inductive differential position sensor and shares many traits with
sensors within this category. The subsections below overview two common differential inductive

position sensors.
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1.3.1 Linear Variable Differential Transformer

Linear variable differential transformers (LVDTs) are one of the most common types of
inductive differential position sensors [112]. An LVDT consists of a primary coil and two
magnetically coupled secondary coils that encircle a ferromagnetic core as shown in Figure 1.14.
It is important to note the secondary coils are wound in opposite directions [113]. When the core
of the LVDT moves, the mutual inductive coupling between the primary coil and the upper and
lower secondary coils change. In particular, the mutual coupling experienced by the upper
secondary coil is inversely proportional to the mutual coupling experienced by the lower secondary
coil [114]. When the primary coil is excited with an AC voltage, a voltage will be induced across
each secondary coil. Since the secondary coils are wound in opposite directions and series
connected, the voltage between the upper and lower terminals will be the subtraction of the
individual upper coil voltage, U, and lower coil voltage Uy. Therefore, when the core is at the

middle position, the output voltage, U,,,,., will be zero as seen in Figure 1.15. In order to obtain a

out>
linear function that can be mapped to position, the AC signal measured at the terminals of the
secondary windings needs to be conditioned through analog or digital post-processing.
Conditioning is most commonly performed using a demodulation scheme followed by a lowpass
filter, or a rectifier followed by a lowpass filter [115]. Once a conditioned signal is obtained, a

linear fit can be applied to the voltage-position mapping as seen in Figure 1.15.
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Figure 1.14 A depiction of a linear variable differentialtransformer. As the blue ferromagnetic core moves, the output

voltage will linearly change with position, y.

31



U Upue

out

out

N . A s
v V

Conditioned
Voltage

Conditioned
Output

v
<

Linear Fit

Figure 1.15 Shows the process for how the output voltage produced by and LVDT can be mapped to the position of

the ferromagnetic core. It can be noted that nearthe ends of the stroke, the mappingwill become nonlinear.
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While LVDTs have many advantageous attributes, they also have numerous challenges and
limitations. Inherently, LVDTs are prone to inaccuracies caused by changes to the permeability of
the core [111]. However, these permeability changes can be self-compensated if a center tap is
added to the LVDT and U, and Uy voltage measurements (see Figure 1.14) are collected and
processed externally [111]. Furthermore, LVDTs are vulnerable toinaccuracies created by external
fields and therefore require additional external magnetic shielding to protect the coils from stray
magnetic fields [110], [116]. LVDTs are also not well suited for high-speed applications. The
theoretical maximum bandwidth of an LVDT is established by the frequency of the AC excitation
supplied to the primary coil. The maximum mechanical frequency the core can move must be less
than the AC excitation frequency in order to avoid aliasing during demodulation. However, the
presence of lowpass filters in the LVDT voltage-conditioning schemes introduce additional poles
to the system. As long as the mechanical frequencies are well-within the passband of the lowpass
filter, accurate results can be obtained [117]. In[115], the AC excitation is suggested to be an order
of magnitude larger than the maximum mechanical core frequency. However, [117] shows that
ADS598 and AD698 commercial LVDT conditioners attenuated the output voltage by 50% when
an LVDT was driven with a primary excitation of 2500Hz while the core was moving at 250Hz.
Furthermore, notable attenuation is already visible at 10Hz which is 250 times less than the
excitation frequency [117]. This suggests the frequency separation must be significantly larger
than an order of magnitude to remain accurate. Unfortunately, increasing the excitation frequency
makes digital sampling more challenging and can lead to eddy currents, particularly if the core

material is not resistant to eddy currents [118].
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1.3.2 Differential Variable Reluctance Transducer

Differential variable reluctance transducers (DVRTs) are similar to LVDTs in many aspects,
but have notable physical and functional differences. The most apparent difference between an
LVDTand a DVRT s the absence of a primary coil as seen in Figure 1.16. Furthermore, the DVRT
must have a center tap and the upper and lower coils are wound in the same direction. The DVRT
is excited through its upper and lower terminals with an AC voltage source with the center tap
being used to collect the voltage across each coil [119]. Itis also possible to connect a DVRT to
be half of a Wheatstone bridge and is why DVRTs are sometimes referred toas half-bridge LVDTs

[120], [121].

Upper Coil J\/ Upper Terminal
\ O
A
U A AC Voltage
Source
Ferromagnetic
Core N
A
Ug
Centre Tap
/ )

Lower Coil )
Lower Terminal

Figure 1.16 A depiction of a differential variable reluctance transducer. As the blue ferromagnetic core moves, the

output voltage will linearly change with position, y.
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As the core of the DVRT moves, the self-inductance of the upper and lower coil change
inversely while the mutual inductance remains constant unlike an LVDT [122]. Since the self-
inductance of each coil varies proportionally with core position, the voltage that appears across
each coil will also be a linear function of position. This allows signal conditioning methods used
for LVDTSs with a center tap to be applicable fora DVRT [122]. Since the DVRT is center-tapped,
differential signal conditioning methods allow it to be inherently immune to temperature effects
as was possible with a center-tapped LVDT [111], [119]. Unfortunately, like LVDTs, DVRTs
suffer from poor high-speed performance due to the signal conditioning challenges discussed in
Section 1.3.1 [122]. Furthermore, DVRTs also require external shielding to protect them from
degraded accuracy due to stray magnetic fields or close-proximity metallic objects [121]. The key
advantage of the DVRT when compared with an LVDT is its reduced size and improved stroke-
to-length ratio due to the absence of the primary coil [121]. However, the reduced size comes at

the expense of linearity [122].

1.4 Thesis Scope and Contributions

This thesis introduces a novel CAS actuator and sensor while analyzing and validating their
respective capabilities. The unique design of the CAS allows it to exhibit linear-inductance and
constant-force characteristics while maintaining a simple and rugged design. The linear-inductance
and constant-force characteristics provide the ability to self-sense its plunger position using several
methods. Additionally, multiple self-sensed position estimates can be generated simultaneously
and subsequently fused to produce a single measurement with higher fidelity and bandwidth. The
rare ability to fuse simultaneous self-sensed measurements has never been demonstrated for

electromagnetic actuators and has only been demonstrated with limited success in piezoelectric
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actuators. The CAS is the first electromagnetic actuator demonstrated to have this ability and
therefore has the most robust and versatile self-sensing ability among electromagnetic actuators.
Furthermore, two CAS actuators can be configured into a novel inductive differential sensor with
improved bandwidth and intrinsic redundancy under certain failure conditions. The key
contributions are summarized in the list below:

1. The CAS actuator is the first electromagnetic actuator with the proven ability to
simultaneously produce two distinct plunger measurements that can be fused to improve
performance

2. The CAS sensor is the first differential inductive-based sensor with the proven ability to
simultaneously produce two distinct plunger measurements that can be fused to improve
performance

3. The novel geometry of the CAS allows it to achieve linear inductance and constant force
characteristics similar to a proportional face solenoid without the challenging
design/fabrication features of the plunger face

4. The sensorless methods of the CAS actuator/sensor are not encumbered by challenging
effects like creep or hysteresis and therefore has more robust sensorless control abilities
than piezoelectric actuators

5. The CAS actuator and sensor have significant future potential as they exhibit several of the
smart characteristics sought by Industry 4.0 cyber-physical systems

» Sensorless position control

* Inherent sensor redundancy and health monitoring capabilities
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Chapter 1 introduces the topic of the thesis and provides the required context. Sensor and
actuator nonlinearities and challenges are initially discussed. These challenges impose limitations
on the application areas and capabilities of common sensor and actuator technologies. Next,
common translational actuators are introduced while noting their strengths and weaknesses in
regards to their controllability and self-sensing performance. Lastly, inductive differential position
sensors are introduced while noting their limitations. The discussed actuators and sensors provide
a basis for comparison and allow novel features, improvements and applications for the CAS

technology to be identified.

Chapter 2 begins by introducing the premise of the CAS. Next, the electrical, inductive and
force characteristics of the CAS are modeled. Important trends and performance attributes are
identified from the analytical models. The analytical models are then manipulated to produce high-
speed and low-speed position self-sensing methods. Finally, complementary filters are derived to

fuse the self-sensed measurements.

Chapter 3 develops and validates a CAS actuator proof-of-concept prototype. The actuator
design is first simulated using finite element analysis (FEA) software. A lumped-parameter
simulation is developed in Simulink using the analytical models derived in Chapter 2 and the FEA
results. A cascaded controller is derived that uses the self-sensed plunger position as feedback.
The simulated sensorless control results are then shown and analyzed. Afterwards, a physical
prototype is built and details regarding its construction are noted; the surrounding experimental
setup is also discussed. Experimental results are then shown and are compared with the simulated

results.
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Chapter 4 introduces and validates the concept of a CAS differential sensor. The chapter
begins by deriving the analytical equations that define the differential measurement. The
differential measurement is shown to have immunity to common-mode disturbances. A CAS
sensor design is then produced using many of the geometrical features from the CAS actuator
design in Chapter 3. The CAS sensor is simulated using FEA software and the output parameters
are subsequently used in a lumped-parameter simulation created in Simulink. Simulated results are
then provided and analyzed. Next, the construction of a physical CAS sensor prototype and custom
driver circuitry are discussed. Finally, experimental results are shown and are used to validate the

predicted performance of the Simulink simulations.

Chapter 5 provides a discussion of the results in regards to their practical significance. First
the key findings and results from the prior chapters are utilized to provide guidance for designing
a CAS for a practical application. Next, possible sources of error and nonlinearity within the self-
sensing models are discussed. Finally, the pre-existing actuators and sensors described in Sections

1.2 and 1.3 are contrasted with the CAS actuator and CAS sensor.

Chapter 6 concludes this thesis. First, the key findings and challenges are summarized. In the

latter part of the chapter, possible areas of future work are identified.
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Chapter 2: Principles of Constant Air Gap Solenoid

This chapter explains the premise and working principles of a CAS. Analytical models are
developed to identify performance characteristics and trends of a CAS. From these models,
methods are derived to identify plunger position from voltage and current measurements. In the
latter part of the chapter, a complementary filter is designed to fuse the self-sensed plunger position

estimates.

2.1 Premise of a Constant Air Gap Solenoid

In Section 1.2.2.3, it was noted that LSRMs have highly-linear characteristics when the stator
and translator teeth overlap, but are highly nonlinear otherwise. The premise of the CAS is built
around the concept of creating an actuator to only operate within the linear region of an LSRM.
Therefore, the CAS has a single-phase and only operates over a range where the stator and plunger
teeth overlap. The simplest geometry of a CASis shown in Figure 2.1 where the maximum plunger
stroke is determined by the smaller of the stator tooth width, wg, or the plunger tooth width, w,,.
Unlike a proportional face solenoid, the length of the air gap is constant while only the width of

the air gap, w,, varies as follows:

0 <w, < min(w; or w,)

However, the CAS will have the same objectives as a proportional face solenoid, which include
an inductance that varies linearly with position and a constant force over the entire stroke.

Essentially, the CAS will behave similarly to a proportional face solenoid over its stroke while
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having comparable geometric features to a LSRM. This is advantageous since the CAS geometry
is simpler than a proportional face solenoid and does not require the challenging task of creating a
tapered plunger face that requires a very tight tolerance. Furthermore, the number of CAS teeth

can also be easily adapted or stacked into stages to produce greater output force and is discussed

in the following section.

Windings, N

~ Current, [

N_N_N

VOV V V

Magnetic Flux, ¢
Stator 4

g / / Wy
Fringing Flux Wp

Plunger

Figure 2.1 A basic CAS geometry. Applying a current to the windings, will produce a plunger for, F,, that will cause

the plunger position, y, to move vertically. The plunger must be held in unstable equilibrium using guides to prevent

horizontalplunger motion. It should be noted that the depth of the actuator, D g, is into the page.
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2.2 Constant Air Gap Solenoid Electromagnetic Modeling

A CAS can be modeled using the principles of coenergy and magnetic circuit theory.
Magnetic circuit theory allows magnetic circuits to be modeled and analyzed as if they were
electrical circuits. As shown in Figure 2.2, voltage is analogous to the MMF (amp-turns), current

is analogous to flux, ¢, and electrical resistance, R, is analogous to reluctance, R.

~
IR
<

+
U= NI <_> R=R

Figure 2.2 Shows the similitude between electrical and magnetic circuits. This allows magnetic circuits to be analyzed

with techniques like Ohm’s Law.
The reluctance of a magnetic path is dependent on the permeability of the material and geometric

parameters, similar to how resistance is affected by resistivity and geometric parameters. This is

seen in the equation below where [, is the length of the flux path and A, is the area of the flux

path [65].

@.1)

41



In situations where flux travels through segments of varying size or permeability, multiple
reluctances can be defined and modeled in series or parallel. For the basic CAS design in Figure
2.1, the equivalent magnetic circuit can be seen in Figure 2.3a where R, is the reluctance of the

stator, R, is the reluctance of the air gap and R,, is the reluctance of the plunger. It is important to

note that the relative permeability of ferromagnetic steels is often greater than 1000 and are
approximately three orders of magnitude larger than air [123]. Because of the large permeability
difference, the air gap often dominates the total equivalent reluctance of the circuit. Naturally, this
suggest the reluctance contributions of the magnetic material are negligible relative to the air gap.
Therefore, we can simplify the circuit in Figure 2.3a into Figure 2.3b by assuming that the flux

characteristics of the CAS magnetic circuit are completely dictated by the air gaps.
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R = 2R,
— M—
:Rg
(a) (b)

Figure 2.3 Equivalent magnetic circuit (a) and the simplified magnetic circuit (b) for the CAS geometry in Figure 2.1.

(b) assumesthe air gap reluctance dominates the ferromagnetic plunger and statorpathways.

It is important to note that a CAS can use different stator gap configurations to achieve
dissimilar magnetic characteristics. Figure 2.4a shows a parallel stator gap configuration that splits
flux between parallel statorand plunger teeth and leads to half the reluctance of the basic CAS in
Figure 2.3b. Figure 2.4b shows a series stator gap configuration where the flux must jump
consecutive stator gaps and leads to twice the reluctance. Based on these observations, constants

can be defined to account for the number of parallel stator gaps, n,,, and number of series stator

gaps n,.
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R = 2.2)

Equation (2.1) can be adapted define the air gap reluctance of a cuboid-shaped CAS where D, is

the depth of the air gap.

Ay =w, D, 2.3)
R Ly

= 2.4

g ‘qu Dg ( )

Furthermore, (2.2) and (2.4) can be combined and rewritten in terms of the plunger position, y,

which is equivalent to the air gap width as long as the stator and plunger teeth remain overlapped.

_ 2ngl, )s
—TlpllyDg 25)
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@ (b)

de

s VA
21729
WA
21729
(c) (d)

NI C) NI C)

Figure 2.4 (a) and (b) show CASs with a parallel and series statorgap configuration.(c) and (e¢) show the equivalent
magnetic circuit representation of (a). (d) and (f) show the equivalent magnetic circuit representation of (b). From (e)

and (f) the constants n,, and n, canbe defined for (2.2).
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Applying Ohm’s law to any of the magnetic circuits in Figure 2.3 or Figure 2.4 allows the

flux to be calculated for a given MMF.

¢ =—= (2.6)

Flux linkage, 4, is defined by the equations below [65].

~
Il

N¢ 2.7

A=LI (2.8)

Combining (2.5) with (2.8) allows the inductance to be derived.

N?n,uD,y

L= 2.9)

2ngl,

Unfortunately, (2.9) does not accurately model the CAS since it suggests that the CAS would have
no inductance at y = 0. It can be appreciated that if the plunger ceases to overlap with the stator,
fringing and leakage pathways will be established that produce a non-zero inductance. Equation

(2.9) can be modified to include an inductance correction that accounts for the initial inductance,

L

0*

46



Le=—F—F"—+L, 2.10)

Itis important to note that (2.10) can be written in the form of an equation of a line, but is not a

linear system due to the offset.

dL _ N?n,uD,
— = @.11)
dy 2ngl,
dL
Le= @y + L, 2.12)

Fortunately, a linearization can be performed that has no impact on the accuracy or operational
abilities of the CAS. To linearize (2.10), the initial inductance can be modeled as additional virtual

(non-physical) overlap, w,,.

dL
L,=—w, (2.13)
dy
dL dL
Le=—y+—w, (2.14)
dy dy
N?n uD, (y+w,)
L = r*Yg 0 .
c 2nl, 2.15)
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This linearization allows (2.15) to be of the same form as the linear inductance model in (2.9). A
depiction of the inductance linearization is provided in Figure 2.5. From the figure, it is seen that
the linearization only affects the variable air gap region which the CAS must never be operated
within by definition. Therefore, this linearization has no adverse effects. To the contrary, this
linearization allows the inductance-position mapping to be a multiplication of a single constant,

C,, which is simply the slope.

L, dL,
C, = = (2.16)
ytw, dy
Constant Air Gap Varigble Air .Gap Constant Air Gap
Region (Region Avoided) Region
‘ pa L

ymin -

(a) (b)

Figure 2.5 Depiction of the CAS corrected inductance (a) and linearized corrected inductance (b).
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In order to render the inductance model in (2.15) valid, the following assumptions need to be
made:
e Al —Proper geometric design and material selection make the effects of eddy currents and
hysteresis negligible over the operational bandwidth.
e A2 -Fringing and leakage effects remain constant with respect to plunger position as long
as the plunger and stator teeth remain substantially overlapped. Any inductance produced
by leakage or fringing can therefore be lumped into L,,.

The validity of these assumptions will be investigated in Chapters 3 and 4.

Coenergy analysis can be used to derive the force of a CAS. The field energy within an air

gap can be defined using the following equation [65]:

I

E, = f Adl 2.17)

0

Equation (2.17) can be combined with (2.8) and (2.15) and integrated.

1
N?n +w,)D
E; =f P+ wo) 91d] 2.18)
0

2ngl,

_ N2I*n,u(y + w,)D,
! angl,

2.19)
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As the plunger moves, the field energy changes due to mechanical work being done. By the
definition of work, a force will be produced as the plunger translates. If saturation is neglected, the
force of the CAS can be derived by looking at the change in energy with respect to plunger

position.

o
c = dy (2.20)
N2I?n,uD

F. = P g ;

c 4nslg 2.21)

From (2.21) it is seen that the force produced by the CAS is independent of plunger position and
behaves similarly to a proportional face solenoid. Force characteristics of a variable air gap
solenoid and a CAS are compared in Figure 2.6. In the denominators of (1.2) and (2.21), it is seen

that the length of the air gap is squared for a variable air gap solenoid unlike the CAS. For similar

cuboid designs, F, = 1;—” when w, = [ ;. However, typically [, < w, fora variable air gap solenoid

over its entire stroke, and therefore a variable air gap solenoid will produce a much greater force

over its stroke.
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A Variable Air
Gap Solenoid

CAS

Force

\

>

Plunger Position

Figure 2.6 Comparesthe force characteristics of a CAS with a variable air gap solenoid assumingsimilar designs.

The force constant of a CAS, K, can be defined after simplifying (2.21) using (2.15) and

(2.16).

CL
F = 71 2 (2.22)
C F
K, = 7L = I_; 2.23)

From (2.22), it is evident that a CAS can only generate a positive force, since both negative and

positive currents will lead to a positive force.

From (2.21), it is evident that parallel stator gaps will increase the force whereas series stator
gaps will reduce the force for a given amp-turn excitation. Exerting a constant force will produce
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ohmic power losses due to resistive heating. The resistance of a CAS, R, and ohmic power loss,
P, are defined below where [;, is the half-turn length of the windings, A4,, is the available stator

slot area for windings and C is the winding fill-factor.

N%p (2D, + 21
Rc — pr( g ht) (2.24)
AWCff

' = 1R, (2.25)

From (2.24) and (2.25) it is seen that P, « I? and P, &< N*. Therefore, if a force is applied to the
plunger, a CAS with parallel stator gaps will produce this force with fewer losses. However,
despite n,, being in the numerator of (2.21), a CAS with series gaps can produce a larger peak
force, F,,; . To show this, the saturation flux density of the ferromagnetic core must first be defined

where ¢, 1s the flux at saturation:

B — ¢sat

sat yDg

(2.26)

Next, (2.5), (2.6) and (2.26) can be combined to produce the equation below where I, is the

current required to produce saturation.

_ leatnpu

B, =S4 P
sat 2n,l, 2.27)
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Finally, the force at saturation can be calculated by combining (2.21) and (2.27).

BZ .n.l D
Fsat — M (2.28)
n,u

From (2.28) it is evident that series stator gaps increase the peak force while parallel stator gaps
decrease the peak force. It can also be noted that large air gap lengths increase the peak force,
however, this will adversely increase fringing and flux leakage. Furthermore, increasing the air
gap length will require more amp-turns to maintain a given force as seen in (2.21). Lastly,
increasing any parameter within the numerator of (2.28) will lead to an increase in ohmic power
loss, while increasing any parameter in the denominator will decrease the ohmic power loss.

Clearly, there is a trade-off between efficiency and peak force since it can be concluded that F, ,, «

at

P..
2.3 Plunger Position Self-Sensing

The linear inductance and constant-force characteristics enable the CAS to have robust
plunger position self-sensing abilities. The following subsections derive and discuss three self-

sensing methods which have differing performance characteristics.

2.3.1 Inductance-Based Plunger Position Self-Sensing
The inductance of the CAS was analytically shown to vary linearly with position in (2.15).
Furthermore, (2.16) demonstrated that inductance and position could be related through a constant,

C,.If C, is characterized, then plunger position can be identified by using the inductance-position
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mapping in (2.16). It would be possible to use literature methods, such as the method proposed in
[73], to measure inductance. However, an improved method is suggested that requires the same
superimposed AC voltage excitation, but does not require the plunger to be moving slowly in order
to allow BEMF to be neglected. The required voltage superimposing scheme is shown in Figure
2.7. The proposed inductive-based method is inspired by impedance measurement methods in AC
power systems. In AC power systems, the root-mean-square (RMS) of the superimposed AC
voltage, U, rys, and AC current, I, pys, allows the magnitude of the impedance, Z,, to be

calculated by simply using Ohm’s Law [124].

7 = Uscrus
=T (2.29)
Iacrus
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Figure 2.7 Voltage superimposing scheme required for the inductive-based plunger position estimation method. The

driver hardware must be capable of producing this superimposing scheme.

The complex nature of the impedance can be observed in Figure 2.8 where X, is reactance
and 8y, is the phase angle difference between the AC voltage and current. It can be noted that
impedance is directly related to inductance through the equation below where f, is the frequency

of the AC voltage.
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L. =
= onfi (2.30)
Im
A
Z, N
C
Our
[ > Re
RC

Figure 2.8 Complex nature of impedance and its components.

Given the orthogonal nature of impedance, as long as any two parameters in Figure 2.8 are
known, the remaining parameters can be calculated with trigonometry. However, before AC
analysis can be performed, the superimposed AC voltage and current needs to be isolated from the
voltage and current supplied to the CAS. A sharp bandpass filter centered around the AC frequency
can be used to remove BEMF, the driving voltage and high-frequency noise leaving only the AC
voltage, U,., and current, 1,., as shown in the equations below where Qg is the quality factor,

ngpr 1s the bandpass filter order and s is the Laplace variable.

nBppF
2T fac s

Uyc (s) = 5 ]?BPF U(s) @31)
52 +—g AC + (2mfye)?
BPF
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nBpPF
27fac S

Lc(s) = 5 Uper I(s) (2.32)
52+ 54 4 (gmf, )2
BPF

The AC voltage and current can then be passed through the sliding window RMS filters shown

below to allow the impedance in (2.29) to be calculated.

t

Uncrms (1) = |fac f LUy (9)]?dt (2.33)
1
“Fac
t
Licrms () = |fac j LI (9)]? dt (2.34)
e
fac

Once the impedance is known, either the phase difference between the voltage and current or the
resistance of the CAS must be known to find the reactance as seen in Figure 2.8. However, the
resistance can be obtained easily, especially if one of three methods listed in Table 2.1 can be
applied without adverse effects from the limitations. Often, it is possible to completely neglect the
CAS resistance due to the reactance being typically over an order of magnitude larger. In the
situation where the resistance cannot be neglected, it can be characterized and assumed constant
as long as the operating temperature range is small. It is also possible to account for a variable

resistance by performing an online measurement. For example, periodic resistance measurements
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can be taken during instances where the voltage and current are constant by applying Ohm’s Law

[125].
Table 2.1 Methods to Establish CAS Resistance
‘ Method Description Limitation
Assume R, < X, and therefore is fac and L - must be large enough to allow
L.
negligible (R, =0 ~ X, = Z_) X.>» R.
. R_ needs to remain constant. Winding
2. Characterize R,
temperature changes would lead to drift.
. _ High-power CAS designs may self-heat
Online resistance/temperature ‘
3. faster than an online measurement can
measurement
account for.

The reactance of the CAS can be calculated by applying the Pythagorean Theorem to Figure

2.8.

X.=+Z?—R? (2.35)

Finally, the inductance-based plunger position estimate, y,, can be established by combining

(2.16), (2.29), (2.30) and (2.35) to produce the equation below.

Uacrus 2 _ p2
Gy
Y= 2 fyc C, — o
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Equation (2.36) can be analyzed to determine its performance characteristics. If Method 1 or
Method 3 from Table 2.1 are applicable, then (2.36) has a large immunity to resistive changes and
temperature. The AC RMS voltage and current are naturally susceptible to instrumentation and
ambient noise and therefore increasing the AC excitation improves the signal-to-noise ratio (SNR)
and will reduce the noise of the position estimate at the expense of increased ohmic loss. It is also
important to note that the filtering performed in (2.31)-(2.34) creates an appreciable delay that
results in the position estimate lagging the actual plunger position. However, the lag is only
appreciable when the plunger is moving quickly relative to the AC frequency. Therefore, the upper

bandwidth of the inductance-based measurement, f), ., is theoretically limited by the AC

frequency as aliasing would result at higher frequencies.

fac

fy max = - @.37)

Increasing the AC frequency makes driver and sampling hardware requirements more challenging
and also increases the risk and magnitude of nonlinear effects, such as eddy currents. Furthermore,
increasing the AC frequency increases reactance which subsequently lowers the AC RMS current
and degrades the SNR unless the AC RMS voltage is increased to compensate. Overall, the
inductance-based plunger position estimate is suitable for measuring a stationary plunger position

or low-speed displacements, but is not well suited for high-speed displacements.
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2.3.2 BEMF-Based Plunger Position Self-Sensing
The BEMF-based plunger position estimate can be derived from the general electrical model
of an electromagnetic machine which is shown in the equation below where ¢ is the derivative of

flux with respect to time [65].

U=R.J+N¢ 2.38)

Substituting (2.5) and (2.6) into (2.38) and solving the derivative produces the equation below

where y is the velocity of the plunger.

2 .
U =R+ (j(y +w,) — yI) (2.39)

2ngly

Next, (2.15) can be substituted into (2.39).

. L
U=RJI+L.I+ )'Ily < (2.40)

+w,

The linearization in (2.16) can then be applied to (2.40) and rearranged to produce the BEMF-

based plunger velocity, yp, and position, yp, estimates where y, is the position from the prior

timestep.
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U-RI-C —w )i
Vg = ¢ ICL(yp Wo) (2.41)
L

U—-RI-C —w.)i
Vs :f c L(yp o) dt 2.42)

Ic,

The performance attributes of the BEMF-based plunger position detection algorithm are
revealed by analyzing (2.42). It should be noted that the BEMF-based position estimate is a relative
measurement unlike the inductance-based position estimate which produces an absolute
measurement. This means that (2.42) can only detect a plunger displacement from an initialized
starting position unlike the inductance-based method which determines its position based on
plunger-stator overlap. Itis also important to note that the current must never cross zero in order
for (2.42) to remain stable since a division by zero would occur. The magnitude of the current is
also directly related to the SNR of the estimated position which is evident by examining the

equation below.
Uz =yIC, (2.43)

From (2.43) it is seen that the larger the current, the more BEMF will be produced. Naturally, the
SNR will improve as the BEMF increases relative to the noise floor. Another challenge with (2.42)
is characterizing the resistance. Unlike the inductance-based position estimate, the BEMF-based
position estimate cannot make use of Method 1 in Table 2.1 as it is not applicable toa DC situation.

Furthermore, using Method 2 in Table 2.1 is error-prone since temperature changes will lead to
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drift. Due to the integral in (2.42), even a subtle temperature rise could lead to a substantial
accumulation of error over a long duration. Therefore, Method 3 in Table 2.1 is recommended, but
may not be feasible in high-power situations. However, despite the challenges with implementing
the BEMF-based position estimate, it has a distinct advantage over the inductance-based position
estimate since it does not require bandpass or RMS filters. The absence of these filters allows the
output of (2.42) to be in-phase with the actual plunger movement, even at high-speeds, albeit a
single timestep delay. The upper limit on the bandwidth of (2.42) would be determined by the
onset of nonlinear effects such as eddy currents. Therefore, the BEMF-based position estimate is
well-suited for measuring high-speed displacements, but is prone to drift, making it ineffective at

measuring low-speed displacements or over long durations.

2.3.3 Flux Linkage-Based Plunger Position Self-Sensing
The flux linkage-based position detection algorithm is also derived from (2.38). If (2.7) is

combined with (2.38), then flux linkage of the CAS can be calculated.

U=R.I+ 1 (2.44)
A= f(U — R Ddt (2.45)

Next, (2.8) can be substituted into (2.45).
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L= f(U —R.I)dt (2.46)

Finally, the linearization in (2.16) can be applied to produce the flux linkage plunger position

estimate [126].

f(U—-R.Ddt
NWETe W

(2.47)
Itis important to note that the BEMF-based and flux linkage-based position detection methods

are algebraically equivalent, but behave differently when physically implemented. For example,
(2.47) has the advantage that it does not require knowledge of the prior position unlike (2.42) and
therefore avoids a timestep delay in a discrete implementation. Furthermore, (2.47) does not
require the discrete derivative of the current to be calculated. However, (2.47) is more challenging
to initialize than (2.42) since the integral requires present knowledge of the inductance and current
instead of just plunger position. It can also be noted that the division by current in the denominator
occurs outside of the integral in (2.47) unlike (2.42). Therefore, the flux linkage-based method
would be more susceptible to high-frequency current sensor noise since the noise will not be
smoothed by an integral. Other than these differences, (2.42) and (2.47) behave similarly as listed
below:

e Both methods require resistance to be accurately obtained to avoid excessive drift

e Both methods are best suited for measuring high-speed displacements as they become

inaccurate while measuring low-speed displacements or over long durations due to drift

e Both methods become unstable if the current crosses zero
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e The SNR of both methods improves as the voltage and current are increased

2.4 Complementary Filter Design

In Section 2.3, it was discussed that the inductance-based position detection method is well-
suited for measuring stationary plunger position or low-speed displacements, but is prone to phase-
lag error when measuring high-speed displacements. Conversely, the BEMF-based and flux
linkage-based methods are well-suited for measuring high-speed displacements, but are prone to
drift and therefore would perform poorly when measuring low-speed displacements. Intuitively,
the differing bandwidth ranges of the inductance-based and the BEMF-based or flux linkage-based

methodsare complementary in nature and are prime candidates fora sensor fusion technique [126].

Complimentary filters and Kalman filters are two common sensor fusion techniques.
Complementary filters are much simpler and less computationally intensive than Kalman filters
[127], [128]. Furthermore, complementary filters are easier to implement since they do not require
the noise of the system to be modeled unlike Kalman filters [129]. The accuracy of the
complimentary and Kalman filters are typically very similar with some examples in literature
showing the complementary filter to be slightly less accurate [129], while others show the
complimentary filter to be slightly more accurate [130]. In[63], it was shown that two self-sensed
complementary measurements produced by a piezoelectric actuator could be combined using a
complementary filter. The complementary measurements of the CAS are similar in nature which
implies that a similar-topology complementary filter could be designed for the CAS. Due to the

similar performance and greater simplicity of the complementary filter relative to the Kalman
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filter, the complementary filter will be used to prove the concept of sensor fusion for the

complementary measurements produced by the CAS actuator and sensor.

Figure 2.9 shows how a complementary filter can be realized with a lowpass and a highpass
filter whose corner frequencies are identical [127]. The lowpass filter attenuates the low-speed
input, y, , when its frequency is outside of the passband. However, this attenuation occurs at the
same rate the high-speed input, y,;, appreciates. Therefore, the complementary filter output, y,,
produces unity gain for all frequencies. Furthermore, the lowpass filter also removes high-
frequency noise from the low-speed input, while the highpass filter removes low-frequency noise
and drift from the high-speed input. It is also important to note that complementary filters can fuse
high and low-order signals together by affixing an appropriate-order integrator to the high-speed
input where n. is the order of the integrator. For example, quadcopters oftenuse a complementary
filter to fuse angular position provided by an accelerometer with angular velocity provided by a

gyroscope [130].
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Figure 2.9 A complementary filter schematic.

2.4.1 Complementary Filter for the BEMF-Based Position Detection Method
A second-order complementary filter can be defined for the BEMF-based and inductance-
based plunger position estimates. The output of the complementary filter is the summation of the

lowpass and highpass filter outputs and is shown below where w,p is the center frequency of the

complementary filter and (. is the damping ratio of the complementary filter.

2 2
Wi
S) = S) + S 2.48
Vo (S) §2 4+ 20 pWcpS + Wik 7. (s) S2 + 20 pWcpS + Wip Vi (S) 248)
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Since complementary filters require lowpass and highpass filters to have the same corner
frequency and sum to unity-gain, we can define a lowpass filter as a unity-output minus a highpass

filter.

s? 2(cpcps + ng
_ = 2.49
24+ 20 pWepS + Wi S? + 2{ pwcpS + Wi (2.49)
2{cpweps + ng 2
S) = s) + S 2.50
VO( ) Sz + ZGCF(UCFS +ng YL( ) Sz +2<CF(UCFS _I_a)gF VH( ) ( )

The position from (2.36) and the velocity from (2.41) can be applied to (2.50) to produce the

BEMF-based complementary filter output.

2{cpweps + ng v, (s) + s? Vg (s)
S2 + 20 pWcpS + Wig L S2 + 20 pwepS + Wi S

Yerp(S) = @.51)

The complementary filter topology shown in [63] displays how proportional-integral (PI)
controller action can be used to describe the behavior of the filter. Equation (2.51) can be
algebraically manipulated to obtain the modified complementary filter topology. First, the

proportional, K,.r, and integral, K. controller gains can be defined and substituted into (2.51).

Kycr = 28crwcrp (2.52)
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Kicrp = wig 2.53)

K s +K; s? ¥ (5)
pCF iCF B
s)= s) +
Yerg (S) SZ 1 Kyers + Kicr y.(s) 2 +Kypors + Kigp s 2.54)
Next, (2.54) can be algebraically manipulated into the form shown below.
1 ( ) ,
S rC 1 y (S)
Yerg(8) = —— n($) +— s (2.55)
o O T

The PI control loops can be visualized in the block diagram shown in Figure 2.10. It can be
appreciated that the PI control action attempts to reduce the steady-state error of the filter output
to zero. Therefore, the complementary filter output will converge to the steady-state position
estimate provided by the inductance-based method and will not be affected by the drift produced
by the BEMF-based position estimate. It should be noted that the output of the complementary
filter will be inaccurate at t = 0 if the integral within the complementary filter is not initialized.
However, the PI control action of the complementary filter will remove any error created by
improper initial conditions over time. Therefore, initializing the integral within the complementary
filter becomes a trivial task if time can be afforded forthe PI controller to suppress the error caused

by inaccurate initial conditions.
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Figure 2.10 Complementary filter design that combines the BEMF-based and inductance-based plunger position

detection methods.

2.4.2 Complementary Filter for the Flux Linkage-Based Position Detection Method

A second-order complementary filter can be designed to combine the flux linkage-based and

inductance-based plunger position estimates. However, instead of designing a complementary

filter to fuse position and velocity measurements as shown in Figure 2.10, flux linkage can be

fused instead. It will be shown that the flux linkage complementary filter will allow the challenging

integral initialization required for (2.47) to be circumvented.

The inductance-based position estimate in (2.36) can be converted to measure flux linkage

instead of position by adapting it with (2.8) and (2.16).

A =1

UACRMS
IACRMS

)2_

27 fpc

(2.56)
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Equation (2.56) forms the low-speed input for the complementary filter. Next, the high-speed

complementary filter input can be resolved by rearranging (2.44).

A, =U—R. @57)

The output of the complementary filter, A.;, does not immediately provide an estimate of plunger
position unlike the complementary filter in Figure 2.10. However, the estimated plunger position

can be readily obtained by combining and rearranging (2.8) and (2.16) as shown below.

y _lera_, (2.58)
CFA ICL o .

A block diagram is provided in Figure 2.11 that summarizes the process required to generate
a plunger position estimate with a flux linkage complementary filter. As aforementioned,
initializing theintegral within the complementary filter is inconsequential if ample time is afforded
to the PI controller to suppress the error caused by inaccurate initial conditions. Therefore, the
initial flux linkage conditions do not need to be determined, and this circumvents the major
initialization challenge identified for the flux linkage-based plunger position estimate in Section
2.3.3. However, unlike Figure 2.10, the complementary filter in Figure 2.11 requires a division by
current after the integral and therefore high-frequency noise in the current sensor measurement

will not be smoothed by the integral.
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Figure 2.11 A flux linkage complementary filter that can be used to generate a plunger position estimate.

2.5 Summary

In Chapter 2, the premise of a CAS was proposed and developed. The principles of
coenergy and magnetic circuits were utilized todevelop models that describe CAS geometries with
various stator and plunger tooth configurations. The models reveal the CAS possesses linear
inductance and constant force characteristics. These characteristics allow the CAS to self-sense its
plunger position based on voltage and current measurements. In particular, the CAS can produce
multiple distinct plunger position estimates simultaneously based on inductance, BEMF and flux
linkage measurements. It was noted that the inductance-based method is complementary with the
BEMF-based and flux linkage-based methods since the inductance-based method is best suited for
measuring low-speed plunger displacements, while the BEMF-based and flux linkage-based
methods are best suited for measuring high-speed plunger displacements. The complementary
nature of these self-sensing methods makes them ideal candidates for a sensor fusion technique.
The latter part of this chapter derived complementary filters to fuse the inductance-based
measurements with the BEMF-based and flux linkage-based measurements. The robust wide-

bandwidth characteristics of the complementary filter outputs, suggest they should perform well

71



when used as position feedback to sensorlessly control a CAS actuator, which is investigated in

the next chapter.
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Chapter 3: Design and Validation of a Constant Air Gap Solenoid Actuator

In this chapter, a CAS actuator prototype is developed and validated. Initially, an easy-to-
build design is conceived that allows all anticipated features of a CAS actuator to be evaluated.

The investigated design is first analyzed in a simulation study and then is validated experimentally.

3.1 Proposed CAS Actuator Stator Geometry
A proof-of-concept CAS actuator was designed to allow its novel features to be demonstrated.
To accomplish this, the following objectives were prioritized:
1. Demonstrate the inductance-based, BEMF-based, and flux linkage-based plunger position
estimates
2. Demonstrate that a complementary filter can be used to combine the self-sensed plunger
position estimates
3. Demonstrate that the complementary filter plunger position estimate can be used as
feedback for a position controller
4. Use a laminated design that can be easily adapted into a CAS sensor to reduce the cost of
the prototypes
5. Produce a design that minimizes nonlinear effects where possible
Minimizing nonlinear effects needs to be carefully considered when choosing the geometry and
materials for a CAS actuator. Silicon steel laminations are a common type of electrical steel that
offer high flux saturation and low core losses [34], [47]. However, laminations can only be
effectively employed when the flux does not travel parallel to the stacking direction. Cylindrical

solenoid designs, unlike cuboidal designs, have axial flux pathways and laminations will not
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effectively suppress eddy currents. Therefore, a cuboid CAS shape is required to benefit from a

laminated structure.

Possible stator gap configurations are shown in Figure 2.1 and Figure 2.4. In Section 2.3, it
was explained that a stator design with parallel air gaps was more energy-efficient, but produced
a lower peak force than a stator design with series air gaps. Substantial forces will be required to
accelerate the plunger quickly in order to evaluate the high-speed BEMF-based and flux linkage-
based position estimates. For this reason, a stator with series air gaps was chosen for the proposed
CAS actuator design. The proposed design also stacks two CAS actuators on top of each other to

produce a larger plunger force. The stator geometry to be investigated is shown in Figure 3.1.
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Figure 3.1 The CAS actuator geometry studied with FEA.

The prototype CAS actuator to be designed is a proof-of-concept and therefore is not
spatially constrained by an application. Therefore, the CAS actuator was designed in a way that
could be easily built with a minimal amount of machining and custom hardware. For example,
after investigating plunger spring-return options, it was determined that procuring non-
ferromagnetic coil springs with a linear range of more than Smm would be challenging. Therefore,
a maximum stroke of the proposed CAS design was selected to be less than Smm. The proposed
stator lamination design is shown in Figure 3.2a. It was anticipated that nonlinearity would accrue
near the minimum and maximum plunger-stator overlap positions as the effective air gap length

would begin to change due to fringing; a 7mm stator tooth width was selected in order to allow a

75



highly-linear sub-5mm stroke to be obtained. The stator is proposed to have a laminated design in
order to suppress eddy currents. For cost reasons, the stator depth was limited to 30mm which
could be obtained by stacking laminations. A relatively large 12mm x 15mm statorslot was chosen
as it would allow larger-gauge windings to be used to lower resistance. The large stator slot also
suppresses leakage flux due to the large distance between stator teeth. The holes in the stator

laminations are designed to accept M3 bolts.

Lo

(o

(a) (b)

Figure 3.2 Shows important dimensions for the proposed stator (a) and plunger (b) lamination designs. The

dimensions provided are in millimetres. The red coordinate axes show the orientation relative to Figure 3.1.

The proposed plunger lamination design is shown in Figure 3.2b. The plunger laminations would
be stacked into plunger cores that are 7mm tall and therefore equivalent to the width of the stator
teeth. Inorder tokeep the plunger evenly spaced between the stator sides, 2mm non-ferromagnetic

guide rods would align the 2.25mm slots on each end of the laminations. The hole in the center of
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the lamination is designed to accept a threaded M2 rod which rigidly connects all of the plunger

COrc€s.

3.2 Simulation Study

The following subsections investigate the proposed CAS actuator design using FEA and
lumped-parameter simulations. The force and inductance characteristics of the proposed design
are first found using a 2D magnetostatic FEA simulation. The results of the FEA simulation are
then applied to a lumped-parameter Simulink simulation to predict and investigate the closed-loop

sensorless position control abilities of the proposed CAS actuator design.

3.2.1 Magnetic Simulation

In Chapter 2, force and inductance models of a CAS were derived. While these equations are
useful for identifying performance trends and compromises, they require knowledge of key
parameters like C; and L ,. In order to accurately model these parameters, nonlinear effects, such
as fringing, would need to be considered. FEA simulations allow for a much simpler way to
account for nonlinear effects, and therefore can lead to more accurate models. Furthermore, FEA
simulations also allow the trends and CAS characteristics identified using the analytical equations

derived in Chapter 2 to be validated.

ANSY S Maxwell was selected to perform the FEA simulation. The key objectives of the FEA
simulation are to obtain C;, L, and to investigate the limits and linearity of the current-force
relationship under steady-state conditions. A 2D magnetostatic solver was selected since we have

previously made the assumptions that eddy currents are negligible and flux fringing is constant;
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this removes the need for a transient or 3D solver. The equations that the 2D magnetostatic solver
uses are listed below, where B is the magnetic flux density, H is the magnetizing field and J is the

current density.

V-B=0 3.1)

VXH=] (3.2)

The CAS actuator design was drafted in SolidWorks and subsequently imported into Maxwell.
The plunger and stator were assigned the built-in M15 29G silicon steel material, as this was
determined to be the best non-oriented grade that lamination companies commonly carried. It
should be noted that in ANSY'S Maxwell, this material is defined with a nonlinear B-H curve. The
windings were assigned the built-in copper material. The joining members between the plunger
cores were assigned the built-in HDPE plastic material. A balloon magnetic boundary was
selected. The edges of the boundary were selected to be at least 12mm from the CAS actuator
geometry to ensure the boundary has a negligible impact on the simulation results. The copper
windings were assigned a current excitation to produce a clockwise flux direction for CAS-1 and
counter-clockwise flux direction for CAS-2. It was found that the opposing flux directions were

preferable since it resisted flux leakage between CAS-1 and CAS-2.

A parametric mesh study was performed before choosing the adaptive triangular mesh shown
in Figure 3.3. First, a parametric study was performed to investigate the effect changing the

maximum surface deviation has on the simulated results. The maximum element length was varied
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from the default to the minimum allowed by ANSYS Maxwell as shown in Figure 3.4. It can be
noted that over the range of the plot, the inductance negligibly varies. Therefore, the default

maximum surface deviation was selected.

Figure 3.3 Shows the adaptive mesh used forthe FEA simulation when the plunger teeth are fully overlapped with

the statorteeth.
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Figure 3.4 Shows the effect increasing the maximum surface deviation of the triangular mesh elements has on the
number of mesh elements and the inductance when the plunger and statorteeth are fully overlapped. In this study 20A

were applied to the windings.

Next, a parametric solver study was performed to find suitable percent error for the solver.
The solver percent error was varied from 5% to 0.01% to see the effect it had on the inductance
results and the number of passes required to converge to a solution. The results of this study are
shown in Figure 3.5. From the results it is seen that the inductance values negligibly change as the
percent error is reduced below 0.1%. However, it can be seen that the number of passes required
to converge increases as the solver percent error gets smaller; this leads to significantly longer
simulation times. In order to produce accurate results while minimizing the simulation time, a

percent error of 0.1% was chosen instead of the ANSYS Maxwell default of 1%.
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Figure 3.5 Shows the effect reducing the solver percent error hason the number of passes required to converge and

the inductance when the plunger and statorteeth are fully overlapped. In this study 20A were applied to the windings.

The plunger position and excitation current were implemented in a parametric sweep. The
plunger was varied from Omm to 7mm in 0.25mm steps, while the current was simultaneously
varied from 250A to 1000A in 250A increments. It is important to note that the coils are
implemented as a single turn and therefore the current is equal to the MMF. After the simulation,
the single turns are then post-processed and subdivided into 50 windings to determine the
inductance. For the case of 50 windings, the equivalent parametric sweep of the current is SA to
20A in 5A increments. The flux characteristics at 20A are shown in Figure 3.6 and it can be noted
that the peak flux is generally below 1T and therefore is conservatively within the saturation limit
of silicon steel. It should also be noted that the flux density is largest when the plunger is at
maximum overlap with the stator. The flux characteristics at the midpoint of the plunger stroke for

various current excitations are shown in Figure 3.7.
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Figure 3.6 The simulated magnetic flux density when the plunger of the CAS actuatoris atits minimum position (a)

and maximum position (b).
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Figure 3.7 Shows the simulated magnetic flux density characteristics at 20A (a), 15A (b), 10A (c), S5A (d) when the

plunger is aty =3.5mm.

The simulated force characteristics of the proposed CAS actuator geometry are shown in
Figure 3.8. As the current increases, the plunger force approximately increases with the square of
the current as predicted in (2.22). Ideally, the force should be independent of plunger displacement
in a CAS, but magnetic nonlinearities produce the discrepancy. However, it is seen in Figure 3.8a
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that the force varies only a small amount if the plunger displaces between 1lmm to 4mm,
particularly if the current excitation is small. Therefore, a constant force approximation can be
made as long as the CAS actuator is restricted to operate within a limited stroke range. It should
also be observed that the transverse stator force in Figure 3.8b is approximately an order of
magnitude larger than the plunger force when the plunger is fully overlapped. Therefore, it is
important to design the surrounding CAS actuator packaging to be rigid or else the transverse force
will pull the stator sides togetherand reduce the air gap. Iftheair gap becomes a function of current
or plunger displacement due to the transverse stator force, then the accuracy of the self-sensing

methods will degrade.

The simulated inductance characteristics of the proposed CAS geometry are shown in
Figure 3.9. It can be noted that the inductance characteristics of CAS-1 and CAS-2 are very similar
as expected, due to the large separation between CAS-1 and CAS-2. When the CAS-1 and CAS-2
inductances are summed the slope and offset double. A simple first-order regression is applied to
the summed inductance between 1mm to 4mm to determine the slope and offset required for the
self-sensing methods. This finding aligns with the linear inductance characteristics that were

predicted with (2.15).
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Figure 3.8 The simulated plunger (a) and transverse stator (b) force characteristics of the CAS actuator with varying

level of current excitation. The directions of these forces are depicted in (c).
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Figure 3.9 The simulated inductance characteristics of the CAS actuatorand a first-order regression of the total

inductance. The linear regression hasa correlation coefficient of 0.99998.

3.2.2 Lumped-Parameter Simulation

The analytical equations derived in Chapter 2 can be implemented in a Simulink simulation
to predict the performance characteristics of the proposed CAS actuator geometry. A control
system can then be added to allow the sensorless control abilities of the CAS actuator to be

investigated. A high-level overview of the Simulink simulation is depicted in Figure 3.10.
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Figure 3.10 A high-level block diagram of the CAS actuator Simulink simulation.

The electromechanical model of the CAS actuator is shown in Figure 3.11. If CAS-1 and

CAS-2 are wired in series, then the terminal inductance of the overall CAS actuator will be the

sum of the CAS-1 inductance, L ., and the CAS-2 inductance, L ,.

L,=L,+L, 3.3)

The terminal inductance can be defined using a lookup table that imports the data from Figure 3.9.
Similarly, the terminal resistance of the CAS actuator is the sum of the CAS-1 resistance, R, and

the CAS-2 resistance, R,,.

R, =R + R, (34)
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The resistances of CAS-1and CAS-2 were calculated using (2.24) where N=100, p,, = 16.8 nQ'm,
D,=30mm, [,,,=15mm, A,,=266mm’ and Cr=30%. Equation (2.40) can be modified using (3.3)

and (3.4) to produce a model that describes the electrical characteristics of the CAS actuator.

. L
U=RJ+L,J+ yly +tW 3.5)

o
Next, a mechanical model for the CAS actuator can be defined using the equation below where m

is the moving mass of the plunger, J is the acceleration of the plunger and k¢ is the spring constant.
F.=my+ky (3.6)

It should be noted that (3.6) does not account for damping as it is difficult to accurately predict.
The spring constant was estimated to be 4800N/m based on two WW-53 springs from Century
Spring Corp. The net spring force on the plunger was defined to be zero when the plunger is at the
zero-overlap position. The plunger mass was estimated to be 40g using a simplistic mass
calculation based on volume and density. Finally, the mechanical and electrical models can be
coupled with (2.23). It is important to note that the force constant in (2.23) is defined as a lookup
table based on the 20A FEA results displayed in Figure 3.8a. The electromechanical model seen
in Figure 3.10 is essentially the combination of (2.23), (3.5) and (3.6). The important

electromechanical simulation parameters are summarized in Table 3.1.
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Figure 3.11 A block diagram of the CAS actuator electromechanical model used in the lumped-parameter simulation. The lookup tables are imported from the

FEA simulationin Section 3.2.1.
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Table 3.1 CAS Actuator Simulation Input Parameters

‘ Symbol Parameter Value
C; Inductance-position slope [mH/mm)] 0.128
W, Virtual plunger-stator overlap [mm] 11.3
K¢ Characterized force constant [N-m/A?] 0.0642
R, CAS terminal resistance [Q] 0.38
95 Bandpass filter order 4
Qppr Bandpass filter qualify factor 1
fres Resistance calculation lowpass filter [Hz] 0.1
Qres Resistance calculation quality factor 1
iar Superimposed AC voltage frequency [Hz] 1000
fer Complementary filter center frequency [Hz] 10
{cr Complementary filter damping ratio 1
w, Maximum stroke [mm] 7
Lpin Minimum current [A] 3
Lpax Maximum current [A] 20
Upax Supply voltage [V] 50
f; Current controller frequency [Hz] 200
¢; Current controller damping 1
fr Position controller frequency [Hz] 40
(p Position controller damping 1
m Plunger mass [g] 40
k, Spring constant [N/m] 4800

A simple control system is all that is required to demonstrate the working principles of a CAS
actuator. A control system built on the principles of classical control theory was selected to
demonstrate the sensorless control abilities of the proposed CAS actuator geometry. The nonlinear

force-current characteristics and other nonlinear conditions, such as a maximum supply voltage or
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minimum current can be simply and elegantly accounted for using classical control. A cascaded
PID position controller and PI current controller were selected for the controller topology as seen
in Figure 3.12. A PID position controller was selected to ensure the CAS actuator would be able
to track a step response with zero steady-state error. A PI current controller was selected to shape

the error dynamics of the current with a second-order response.

The transfer function of the outer PID position control loop, which encompasses (3.6), is

specified by the following transfer function where K;p is the integral gain, K, is the proportional
gain, K;p is the derivative gain, y is the measured plunger position and Y, is the reference

position the controller tries to follow.

y m

Vref sy Kap o, (Kop ¥t ks)  Kop
S +mS +Ts+m

A~

3.7)

The controller gains can be defined based on the frequency, wp, and damping characteristics, {p,
of a third-order system.

KiP 3
Wp

m
U d
s3 + (20pwp + w,)s? + (20,03 + wE)s + w3

K (Kpp +ks) | K,
3 dP <2 14 S iP
s+ms+ m s+m

Kip =wim 3.8)
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K,p = 2{pwpm + wjm — k; 3.9)

Kp = 2(pwpm + w,m (3.10)

For the lumped-parameter simulation, the position controller frequency was set to 40Hz which is
below the mechanical resonant frequency and was estimated to be obtainable with the hardware
available for subsequent experimental validation. Furthermore, the damping constant was set to

one to obtain a critically damped response.

The transfer function of the inner PI current control loop requires the velocity-dependent

BEMF term to be neglected in (3.5) and is specified by the following transfer function where K,

is the integral gain, K, is the proportional gain and I, is the reference current the controller tries

to follow.

Ki;
I _ L,
3.11)
o Gk K,
t t

The controller gains can be defined based on the frequency, w;, and damping characteristics, {;,

of a second-order system.
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For the lumped-parameter simulation, the current controller frequency was set to 200Hz as this
was estimated to be attainable with the available hardware to subsequently validate the simulated
results with a prototype CAS actuator. The damping constant was set to one to obtain a critically
damped response. It is important to note that L, varies with position and must be approximated
with a constant value in order to obtain constant controller gains in (3.12) and (3.13). Therefore,

L, was assumed to be a constant value and was set to equal the inductance at the midpoint of the

plunger stroke.

Itis seen in Figure 3.12 that saturation blocks are added to restrict the limits of the reference
voltage and current. The reference voltage limit was restricted to +/-40V since the hardware
available for subsequently testing the physical CAS actuator can only supply 50V and 10V is
reserved for the superimposed voltage ripple. The maximum reference current was limited to 20A
to align with the limits in the FEA simulation. The minimum reference current was limited to 3A
to avoid divide-by-zero errors and ensure adequate SNR within the high-speed self-sensing

algorithms as discussed in Section 2.3.
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Figure 3.12 CAS actuatorcontrolsystem schematic.
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The sensorless measurement block in Figure 3.10 is a conglomerate of the self-sensing
methods derived in Chapter 2. The equations that compose the self-sensing methods are structured
as shown in Figure 3.13. From the figure, it can be noted that the complementary filter outputs and
the inductance-based, BEMF-based and flux linkage-based plunger position estimates can all be
produced simultaneously. Naturally, a user would be able to select any of these measurements to
use as position feedback for the controller. However, all five of these measurements only require
forward calculations and therefore can be simultaneously observed and compared regardless of
which method is chosen for feedback. The complementary and bandpass filter parameters used in
the lumped-parameter simulation are listed in Table 3.1. Selecting these parameters can require
making performance compromises. Appendix A discusses methods to select these parameters.
Depending on the intended application or hardware limitations, one may have to select these
parameters carefully. However, the scope of this thesis only requires a suitable set of parameters
to demonstrate the various attributes and abilities of a CAS actuator. Therefore, these parameters

were obtained through iterative tuning until suitable performance was attained.
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Figure 3.13 Shows a block diagram of the plunger position self-sensing measurements.
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Before sensorless feedback control can be investigated, it is first important to analyze the
plunger position estimates produced by the self-sensing methods and complementary filter outputs.
To analyze the open-loop performance of the self-sensing methods and complementary filter
outputs, y can be used as feedback to emulate an ideal position sensor. The position tracking
performance and the corresponding voltage and current profiles for an ideal position sensor are
seen in Figure 3.10. For the 3mm step pattern, it is seen that the plunger tracks the reference
without overshoot or steady-state error as expected due to the PID controller configuration. It
should be noted that the current is near the 20A limit at the 4mm position and therefore this CAS
design would be unable to achieve larger plunger lifts without changing the spring configuration.
However, the Imm to 4mm range corresponds with the prescribed linear region seen in Figure 3.9.
A zoomed-in view of the superimposed voltage and current ripple when the plunger is held at
2.5mm is shown in Figure 3.15. From the figure, it is seen that the specified 10V 1000Hz AC
ripple produces approximately 1.7A of current ripple. The position, voltage and current
characteristics seen in Figure 3.14 and Figure 3.15 will be used as nominal conditions to evaluate

the simulated performance of the self-sensing methods and complementary filters.
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Figure 3.14 Shows the simulated results of the CAS actuatortracking a predefined trajectory using an ideal position

sensor for position feedback (a)and the required voltage (b) and current (c).
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Figure 3.15 Shows the simulated characteristics of the superimposed voltage and current ripple used to calculate the

plunger position of the CAS actuatorbased on inductance.

The open-loop performance of the self-sensing methods and complementary filter outputs are
shown in Figure 3.16. From the figure, it is seen that the inductance-based, BEMF-based and flux
linkage-based methods all produce accurate measurements of the actual plunger position.
However, it is important to note that the zoomed-in region of Figure 3.16a shows the inductance-
based measurement slightly lags the actual plunger position as expected due to the inherent lag
introduced by the bandpass and RMS filters within the self-sensing method. It can also be noted
that there is a slight amount of error at 4mm due to the nonlinear characteristics of the inductance
profile in Figure 3.9. In Figure 3.16d, it is seen that the performance of the BEMF-based and flux
linkage complementary filters are similar although the BEMF-based output shows a slight amount
of sinusoidal error due to the delay introduced by requiring position information from the prior
timestep as seen in (2.42). Naturally, this suggest the flux linkage complementary filter output is
superior under noiseless conditions. When comparing Figure 3.16c and Figure 3.16d it is seen that

the complementary filter outputs offer a slight improvement over the inductance-based
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measurement, but appear to offer no benefit over the BEMF-based or flux linkage-based methods.
However, it is important to note that the complementary filter performance could be improved by
decreasing the center frequency to favour the high-speed standalone measurements, but it will be

shown in subsequent figures that the opposite is true when sources of error are introduced.
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Figure 3.16 Comparesthe performance of the self-sensing methods (a) and the outputs of the complementary filters

that fuse the self-sensed measurements (b) when the simulated CAS actuatoris controlled using an ideal position

sensor for feedback. The error relative to the actualplunger position is shown in (¢) and (d).

101



The effects of random noise on the self-sensing methods and complementary filter outputs
can be explored using the Simulink simulation. The impact of Gaussian noise with zero-mean and
a standard deviation of 100mA is seen in Figure 3.17. When comparing Figure 3.16 and Figure
3.17, it is evident that the added noise severely degrades all of the self-sensing methods. For the
inductance-based method, the noise contains frequency components that pass through the bandpass
filters and create significant high-frequency noise in the plunger position estimate. Both the
BEMF-based and flux linkage-based self-sensing methods do not track the reference trajectory
well. Interestingly, in Figure 3.17 it is seen that the BEMF-based complementary filter outperforms
the flux linkage complementary filter, unlike Figure 3.16. This reversal is a result of the high-
frequency current noise being reintroduced after the integral in Figure 2.11 due to the division-by-
current in (2.58). However, it can be noted that both complementary filter outputs improve upon
the standalone self-sensing methods. In particular, the complementary filter suppresses the high-
frequency noise on the inductance-based method while utilizing the low-speed average; the high-
speed information from the BEMF-based and flux linkage-based self-sensing methods are used to

more accurately capture the fast plunger motion during the trajectory step.
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Figure 3.17 Compares the performance of the self-sensing methods (a) and the outputs of the complementary filters

that fuse the self-sensed measurements (b) after 100mA of Gaussian noise is added while attemptingto perform

position control with anideal position sensor. The error relative to the actualplunger position is shown in (c) and (d).
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As was noted in Section 1.1.1 and Section 1.1.2, temperature changes can create significant
drift in the measurements of some sensors. The resistivity of copper has a well-defined relationship
with temperature as revealed in the equation below where R, is the initial resistance and T is the

change in temperature [131].

R =R,(1+ 0.00393T) (3.14)

It is important to recall that the self-sensing methods derived in Section 2.3 require winding
resistance to be specified. Naturally, the Simulink simulation enables the impact temperature
variation has on the self-sensing methods to be explored. Based on (3.14), a 5°C change in
temperature would lead to approximately a 2% increase in the winding resistance of the CAS
actuator. If a constant resistance value is supplied to the self-sensing methods as proposed in
Method 2 of Table 2.1, then the plots seen in Figure 3.18 will result if the temperature increases
by 5°C. From the figure, it can be appreciated that even a slight change in resistance leads to
significant error in the BEMF-based and flux linkage-based measurements. In a practical setting,
this significant drift would likely make these measurements infeasible to use as a standalone
measurement for position control. However, the inductance-based estimate is negligibly affected
as predicted in Section 2.3.1 since the reactance of the simulated CAS actuatoris over an order of
magnitude larger than the resistance. While the inductance-based measurement could continue to
be feasibly used as a standalone measurement, it is important to note that the complementary filter
outputs are also free from drift, while still improving upon the phase-lag error of the inductance-
based measurement. Evidently, a complementary filter is advantageous touse as it allows the high-

speed position information contained within the BEMF-based and flux linkage-based
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measurements to be salvaged. When comparing Figure 3.16d and Figure 3.18d, it is seen that the
flux linkage complementary filter output is more prone to the effects of a mischaracterized
resistance. Naturally, increasing the center frequency of the complementary filter and biasing it to
use the inductance measurement for a wider bandwidth would reduce the effects of resistance
changes in the complementary filter output. However, increasing the center frequency would then
pass more phase-lag error through the filter which was viewed as being detrimental in the
discussion prior to Figure 3.16. Clearly, selecting the center frequency of the complementary filter

requires compromising on various types of error sources.
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Figure 3.18 Comparesthe performance of the self-sensing methods (a) and the outputs of the complementary filters

that fuse the self-sensed measurements (b) where the CAS actuator is controlled using an ideal position sensor for

feedback and itsresistance is mischaracterized by 2%. The error relative to the actual plunger position is shown in (c)

and (d).
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Since the CAS actuator requires a non-zero current for the self-sensing methods to remain
finite, it is possible to continuously update the resistance using Ohm’s Law which also requires a

non-zero current where U, is the applied DC voltage and I, is the applied DC current.

R (3.15)

U
online = 7
However, it is important to note that (3.15) is only valid for purely-DC signals and that the
superimposed ripple, driving voltage and BEMF produced by the CAS actuator have AC
components. Fortunately, the DC voltage and current components can be isolated using lowpass
filters as shown in Figure 3.17. The cut-off frequency of the lowpass filters must be carefully
selected based on the CAS actuator design. Setting the cut-off frequency too low or too high will
lead to the online resistance measurement performing poorly. The Simulink simulation can be used
to demonstrate the effects the cut-off filter has on the online resistance measurement. Figure 3.20
shows the performance of two online resistance measurements during plunger position control
with critically damped second-order lowpass filters with different cut-off frequencies. Figure 3.20b
and Figure 3.20c show a 0.1°C/s and 10°C/s rate of temperature change respectively. From the
plots, it is seen that a cut-off frequency of 1Hz, can relatively quickly track a changing temperature,
but passes AC components creating significant error. The 0.1Hz lowpass filter does not pass the
AC components butis much slower at tracking a temperature change. Ideally, the cut-off frequency
of the lowpass filters should be set as high as possible to allow resistance changes to be rapidly
corrected, but without passing the AC voltage and current components. However, if the

temperature change is too fast, the online resistance measurement will be ineffective as it will not
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be possible to track the resistance change quick enough without introducing error from the AC
components. Nevertheless, even if the temperature change is too fast to track, such as a high-power
CAS that self-heats very quickly during intermittent actuations, an online resistance measurement
could still improve accuracy by accounting for changing ambient temperature conditions, or

tracking the average of the temperature increase.

A
Upc
’ l

Lowpass Filter
Ronline
\
I ii Ipc
Lowpass Filter

Figure 3.19 Shows the implementation of the online resistance measurement.
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Figure 3.20 Shows two online resistance measurements with different lowpass cut-off frequencies trackinga 0.1°C/s

increase in temperature (b) anda 10°C/s(c) when the plunger is controlled to track the trajectory seen in (a).
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The impact an online resistance measurement with a 0.1Hz cut-off frequency has on the self-
sensing methods and complementary filter outputs is seen in Figure 3.21. For the 0.1°C/s
temperature rate of change in Figure 3.21a, it is seen that the BEMF-based and flux linkage-based
methods still drift, but the rate of drift of the flux linkage-based method decreases as the resistance
is corrected over time. Similarly, in Figure 3.21c it is seen thata 10°C/s temperature rate of change
shows a significantly faster drift, but the rate of drift for the flux linkage-based measurement is
reduced over time. When examining Figure 3.21b and Figure 3.21d, which correspond to
temperature changes of 0.1°C/s and 10°C/s respectively, it is seen that the online resistance
measurement is unable to resolve error in the flux linkage complementary filter output when the
temperature change is rapid. This is expected since the online resistance measurement is too slow
to correct the resistance change and the complementary filter center frequency is set too low and
passes the large drift as was seen in Figure 3.18d. Overall, it is seen that the online resistance
measurement is relatively inconsequential to the complementary filter outputs which already
correct theresistance-based drift with the inductance-based measurement. However, it is important
torecall that this is only true if the inductance-based self-sensing method is negligibly affected by
resistance changes as is the case with the simulated CAS actuator design. Conversely, it should
also be noted that the addition of the online resistance measurement did not adversely affect the
self-sensing methods or complementary filter outputs. Therefore, ideally one should use Method
3 instead of Method 2 or Method 1 in Table 2.1, since at worst, an online resistance measurement
may offer negligible improvement, but it also has the potential to correct for a significant source

of error depending on the design of the CAS actuator.
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Figure 3.21 The top graphs show the performance of the self-sensing methods (a) and complementary filter outputs
(b) for the resistance change shown in Figure 3.20b. The bottom graphs show the performance of the self-sensing

methods (¢) and complementary filters (d) respectively for the resistance change shown in Figure 3.20c.
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Figure 3.22 shows sensorless control of the plunger position under the nominal conditions
using the complementary filter outputs as feedback and compares it with an ideal position sensor.
When comparing Figure 3.22a with Figure 3.16b, it is seen that the step-tracking performance does
not change appreciably when switching from an open-loop measurement to closed-loop position
control. From the prior open-loop simulated results, it can be appreciated that the sensorless control
abilities of the complementary filter outputs will be limited based on the noise and disturbances
present in a physical system. While the magnitude of the noise and disturbances are difficult to
predict in a physical system, the prior simulated results suggest that the complementary filter
outputs can continue performing well even if various types of noise are present, unlike the
individual self-sensing methods. These observations imply that sensorless control using the
complementary filter outputs is viable for a physical system with disturbances and this will be

experimentally validated in the following section.
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Figure 3.22 Compares the closed-loop plunger position control performance when using the complementary filter

outputsasfeedback against anidealposition sensor (a). The error relative to the reference trajectory is seen in (b).
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3.3 Experimental Validation

This section investigates the real-world performance of a prototype CAS actuator. First, the
design and construction of a prototype CAS actuator and the surrounding experimental setup are
discussed. Afterwards, the prototype CAS actuator is used to validate the performance

characteristics predicted by the analytical models and prior simulated findings.

3.3.1 CAS Actuator Prototype

A prototype CAS actuator was fabricated based on the stator and plunger discussed in Section
3.1. The drawings in Figure 3.2 were used to cut laminations made of M15 29Ga silicon steel with
a C5 coating. The laminations were then stacked and bonded with cyanoacrylate glue to achieve
approximately a 30mm stator depth and 7mm plunger core height as was used in the simulations.
Each of the four stacked stator pieces were then wound with 50 windings each using six parallel
strands of 24AWG copper magnet wire. The 200 windings were then soldered together in series
so that they would produce the flux directions shown in Figure 3.6 when a positive current is

applied.

In order to allow the CAS actuator to be prototyped quickly and inexpensively, a simple bolt-
together design was conceived that primarily consisted of 3D printed parts, and readily-available
fasteners as seen in Figure 3.23. The components colored in green and blue were 3D printed using
a Prusa MKk3 printer with PLA filament. Grade 5 titanium was chosen for the 2mm guide rods and
plunger rod due to its nonmagnetic and mechanical properties [132]. The preload screws and end
plates were fabricated out of 6061-T6 aluminum dueto thenonmagnetic and mechanical properties

of aluminum and its low cost [133]. The return springs are WW-53 springs which were procured
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from Century Spring Corp. These springs are made of 300-series stainless steel with a spring
constant of 2.4 N/mm and a 10% tolerance [134]. All of the screws and nuts that fasten the
components together are made of 304 stainless steel which is considered a nonmagnetic grade
[132]. Overall, the design of the CAS actuator packaging uses nonmagnetic materials to avoid
influencing the flux pathways. Furthermore, a substantial amount of distance between the metallic
packaging components and the flux pathways was incorporated into the design where possible to
reduce the likelihood of eddy currents forming in the packaging components, such as the fasteners.
The constructed CAS actuator prototype is show in Figure 3.24. The final outer dimensions are

86mm x 89mm x 165mm with an effective moving plunger mass of 43.5g
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Figure 3.23 A CAD model diagram of the CAS actuatorprototype (a),and a cross-section view (b).
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Figure 3.24 Finished CAS actuatorprototype.

3.3.2 Hardware Implementation
In order to test the CAS actuator prototype shown in Figure 3.24, several pieces of
hardware are required to be connected and configured. A diagram of the hardware and connections

are shown in Figure 3.25. A photograph of the physical implementation is provided in Figure 3.26.
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Figure 3.25 A diagram ofthe CAS actuatorexperimentalsetup. The red lines show power supply connections and the black lines show othersignal and physical

connections.
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Figure 3.26 A photograph of the CAS actuatorexperimental setup.
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The overall experimental setup is powered by three separate power supplies as seen in
Figure 3.25. The primary power supply is a Lambda GEN 60-85-3P208 and is used to power the
CAS actuator after being regulated by the H-bridge. The H-bridge power supply is an HP 6236B
and is used to provide +5V and +/-15V to operate the IGBT gate drivers. The auxiliary power
supply is a Thermaltake TR2-430NL2NC computer power supply. The +12V rail of the auxiliary
power supply is used to power the cooling fans and the temperature sensor. The +5V rail of the

auxiliary power supply is used to power the logic opto-isolators.

The logic opto-isolators and H-bridge are custom-built circuits that were repurposed from
a solenoid-based variable valve actuator thesis project [135]. The opto-isolators are used to protect
the dSPACE in the event the H-bridge malfunctions. The H-bridge uses a half-bridge topology
with two active insulated-gate bipolar transistor (IGBT) switches and two passive diodes as seen
in Figure 3.27. This topology of H-bridge can only supply positive current to the load and is well-
suited for a CAS actuator. The maximum supply voltage the H-bridge could handle was never
specified in [135]. However, based on a visual inspection, it was noticed that the electrolytic
capacitors across the input terminals were only rated to 63V. Therefore, a conservative voltage of
50V was selected. In [135], it is noted that IGBT-1 is bootstrapped as depicted in Figure 3.27. The
bootstrapped design requires that the H-bridge be operated below 100% duty cycle to allow the
bootstrap capacitor to be recharged. However, [135] did not specify the maximum duty cycle the
H-bridge could safely handle and therefore a conservative maximum duty cycle of 95% was
chosen. It should be noted that the limited duty cycle and an approximate 4V drop across the

IGBTs reduces the effective supply voltage to drive the CAS actuator to approximately 41V [136].
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Figure 3.27 Simplified schematic of the H-bridge driver used to operate the CAS actuator.

A dSPACE 1103 is used to command the H-bridge and record data from various sensors.
The Simulink simulation discussed in Section 3.2.2 was transcribed into a Simulink program for
the dSPACE. The same parameters used in Table 3.1 were used again for the dSPACE program,
with the exception of the parameters requiring characterization experiments and the
complementary filter center frequency, which was doubled based on the tuning results shown in

Appendix A. The H-bridge was specified to be operated with a frequency of 40kHz. The dSPACE
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sampling frequency was tuned to 32kHz after uploading the Simulink program and monitoring the

task turnaround time until it was sufficiently within the capabilities of the dSPACE.

The CAS actuator prototype is monitored with several sensors as depicted in Figure 3.25.
A Polytec HSV 2002 laser vibrometer with HSV 800 laser units is used to record the position of
the plunger. The laser vibrometer is used as a benchmark to compare the plunger self-sensing
methods against. A TMP36 temperature sensor was taped to the surface of one of the copper
windings and the voltage produced by the temperature sensor was measured with a P6100 probe
on the 1x setting. The voltage at the terminals of the CAS actuator were measured differentially
with two P6100 probes on the 10x setting. The current through the CAS actuator was differentially
measured using two LEM LAS5-P sensors. The method for the differential measurement is shown
in Figure 3.28. During the initial CAS actuator tests, it was noted that the H-bridge produced
significant ground-plane noise and the differential measurement removed the noise as it was

common to both sensors.

CAS Actuator

A

v
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@
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Figure 3.28 A schematic showing how the differential voltage and current measurements were performed.
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The average voltage of the PWM waveform outputted by the H-bridge will be equivalent
to the reference voltage produced by the current controller. However, the instantaneous PWM
waveform has a fundamental frequency of 40kHz and many high-order harmonics due to its
rectangular shape. Ideally, the sampling frequency would be as large as possible and greater than
the PWM frequency, but this is not achievable with the hardware available to test the CAS actuator.
Since the dSPACE sampling frequency is only 32kHz, the 40kHz PWM fundamental frequency
and all of its harmonics will alias with the signals required for sensorless control, due to
undersampling. Therefore, it is critical that the PWM fundamental frequency and all of its
harmonics be removed before being sampled by the dSPACE. A Krohn-Hite 3384 filter was
selected to attenuate the PWM frequency components as the cut-off frequencies of the channels
can be set very accurately. It is important that the differential voltage and current measurements
be passed through filters with identical characteristics to ensure the signals do not acquire an
unequal phase-shift. The Krohn-Hite filter channels were configured to operate as eighth-order
lowpass Butterworth filters. The cut-off frequencies of the Krohn-Hite filter channels were
iteratively tuned and found to perform well at 6kHz. It should be noted that the Krohn-Hite filter
must be carefully tuned as setting a low cut-off frequency helps maximize the PWM attenuation,
but if the cut-off frequency is set too low then important signals, such as the AC ripple, begin to
be attenuated. Ideally, the distance between the lowpass cut-off frequency and the neighboring
frequencies shown in Figure 3.29 should be as large as possible to maximize the PWM attenuation,

while minimizing the impact on the signals required for sensorless control.
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Figure 3.29 Shows the relative location of importance frequencies and if they are passed or attenuated by the Krohn-

Hite lowpass filter.

3.3.3 Experimental Results

The following subsections display and discuss experimental results produced by the CAS
actuator prototype. First the CAS actuator is characterized to determine its characteristic
parameters. Afterwards, the established characterized parameters are used to self-sense plunger
position against a laser vibrometer. Finally, the self-sensed measurements are used as feedback for

closed-loop position control.
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3.3.3.1 CAS Actuator Prototype Characterization

Before sensorless plunger position control can be demonstrated, CAS actuator parameters,
such as the inductance-position slope, must first be characterized. In Section 2.3.1 it was explained
that an intermediate step within the inductance-based self-sensing method requires inductance to
be first calculated. The calculated inductance can be plotted against the plunger position measured
with the laser vibrometer to produce an inductance-position mapping. Figure 3.30 shows the AC
voltage and current ripple characteristics used to calculate the inductance. The voltage amplitude
was chosen based on the tuning observations shown in Appendix A. However, it is important to
note that the voltage and current have a sinusoidal shape which indicates the Krohn-Hite filter was

effective at attenuating the PWM frequencies.

40 13

Voltage [V]
Current [A]

_40 | | | | | | | | | 7
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time [ms]

Figure 3.30 Shows the experimentally obtained characteristics of the superimposed voltage and current ripple used to

calculate the plunger position of the CAS actuatorbased on inductance.

In an initial attempt to characterize the inductance, a 10A average current was supplied to

the CAS actuator and the plunger was pushed by hand between the end stops as shown in Figure
125



3.31. The inductance-position map displayed in Figure 3.31d was found to be highly-linear below
Smm of plunger displacement as was predicted based on the simulated inductance-position map
seen in Figure 3.9. It should also be noted in Figure 3.31b that the temperature of the windings
increased by a fraction of a degree over 8 seconds. Based on the simulated results shown in Figure
3.21, this small temperature change may still have a significant effect on the individual BEMF-
based and flux linkage-based methods, but it is expected to have a negligible effect on the

inductance-based and complementary filter outputs.
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Figure 3.31 Shows the inductance-position characteristics (d) when the plunger is moved by hand (a) with a 10A

average current being supplied (c¢). The temperature increase due to ohmic loss self-heating is displayed in (b).
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When performing the characterization experiment in Figure 3.31, it was noticed that the
plunger friction increased substantially when 10A was applied. This indicates that the friction is
heavily dependent on the current applied. While this is not ideal, it is not surprising considering
that a small misalignment of the plunger can lead to substantial transverse forces that cause the
plunger to scrape on the guide rods. However, this makes it impractical to characterize the damping
with a constant. Therefore, the damping was left to be treated as a disturbance by the controller as

was assumed in the lumped-parameter simulation.

When attempting to perform the first self-sensing measurements, it was quickly noted that
the inductance-position mapping had a significant dependence on current. When driving the CAS
actuator with a sinusoidal current, it was observed that the inductance-position mapping was linear
with small currents and displacements, but quickly became nonlinear when large currents were
applied. Figure 3.32 shows four different cases when different current profiles were used to drive
the CAS actuator. In Figure 3.32i, it is seen that the inductance-current mapping becomes nonlinear
when the displacement exceeds approximately 3mm. The loop characteristic of Case 3 and Case 4
are due to the cumulative effects of the inductance-current and friction-current dependencies. The
inductance-current nonlinearity was isolated by holding the plunger stationary and applying a
sinusoidal driving current as seen in Figure 3.33. It can be noted in Figure 3.33c that the nonlinear
behavior significantly increases after approximately 14A and is likely attributable to the B-H curve
of silicon steel being nonlinear. While this nonlinearity could be characterized with a lookup table
and added to the self-sensing method models to allow for more robust operation at higher currents,
it is not required to achieve the goal of demonstrating sensorless control. Instead, the operating

conditions of the prototype CAS actuator can be simply restricted to avoid the nonlinear behaviour.
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In particular, the maximum reference current in Figure 3.12 was limited to 14A. This allows both
the inductance-current and friction-current nonlinearities to be mitigated as both are less

significant at lower currents.
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Figure 3.32 (a-d) show different currents being applied the to CAS actuatorcausing the displacementsseen in (e-h)

to result. It is seen thatthe inductance-position profile (i) becomesnonlinear in the large-current cases.
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Figure 3.33 Displays the inductance-current nonlinearity (c) when the current is varied (a) and the plunger is held

stationary (b).

InFigure 3.321 it was observed that the inductance-position mapping only remained highly-
linear up to a plunger position of slightly more than 3mm; consequently, the maximum position
must be restricted. Furthermore, it can be noted that the plunger barely returns past 1.5mm even
when the current applied is very small. Since the current must never cross zero for the self-sensing

methods to remain stable, the minimum position must also be restricted. Therefore, the intended
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range to demonstrate closed-loop position control was restricted between 2mm and 3mm. The
inductance-position mapping over this range was characterized with a linear regression as shown
in Figure 3.34. The characterized inductance parameters are summarized in Table 3.2. When
compared with the simulated parameters, it is seen that the inductance slope is very similar to the
value predicted by the FEA simulation. However, the virtual plunger-stator overlap is quite
different from the simulated value. This is likely due to the large tolerances of the bolt-together
design since a small change in geometric parameters, such as the air gap length, would have a large
effect on the virtual overlap. The online resistance measurement was performed during the
inductance characterization experiment and the nominal resistance value is noted in Table 3.2. It
is important to recall that the online resistance measurement updates the resistance value on a
continuous basis; therefore, the characterized resistance will change with winding temperature.
When comparing the nominal simulated and experimental resistances, it is seen that they are
relatively similar although the simulated value is larger due to the conservative estimate of the

winding half-turns.
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Figure 3.34 Shows the inductance-position profile and regression used to characterize the inductance slope and virtual

plunger offset. The correlation coefficient of the linear regression is 0.9926.

Table 3.2 Comparison of Simulated and Characterized Experimental CAS Actuator Parameters

Symbol(s) Parameter Simulated Experimental

o Inductance-position slope [mH/mm] 0.128 0.127
w, Virtual plunger-stator overlap [mm] 11.3 17.0
R, CAS terminal resistance (nominal) [Q] 0.38 0.34

3.3.3.2 Plunger Position Self-Sensing

After characterizing the prototype CAS actuator, experiments were conducted to allow the
performance of the individual self-sensing methodsand complementary filter outputsto be viewed.
It is useful to observe the self-sensed measurements open loop to allow the inherent characteristics

of the measurements to be understood without introducing additional closed-loop effects.
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Furthermore, it is also important to ensure the self-sensed measurements are low-noise and
accurate before using them in closed-loop sensorless control where they may lead to instability
and damage hardware. Essentially, this section investigates how the self-sensed measurements
produced by the CAS actuator compare to the measurement outputted by the Polytec laser

vibrometer, which is denoted as y in the subsequent figures.

The results in Figure 3.35 show the individual self-sensing measurement performance
when current controlled witha 1Hzand 40Hz driving signal. At 1Hz, it is seen that the flux linkage-
based and BEMF-based methods drift and have large amplitude error as they are not well-suited
for measuring low-speed plunger movements. Even at 40Hz, which is the intended closed-loop
position controller frequency, the BEMF-based and flux linkage-based methods still have
significant error and are not suitable to be used by themselves for position control. The inductance-
based measurement tracks the laser vibrometer quite well at 1Hz, but is notably noisier than the
measurement from the laser vibrometer. Furthermore, the inductance-based measurement shows
significant phase lag at 40Hz and therefore performs poorly when measuring high-speed plunger

movements as was predicted from the analytical models.
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Figure 3.35 Shows how the individual self-sensing methods perform relative to the laser vibrometer when being
current controlled at |Hz and 40Hz. The CAS actuatoris driven with the current profiles in (a) and (b) to produce the
plunger displacements and measurements in (c) and (d) which results in the errors (e) and (f) that are relative to the
measurement produced by the laser vibrometer. The actual plunger position, y, is assumed to be the measurement
produced by the laser vibrometer.
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Ifthe plunger is position controlled using the laser vibrometer for feedback, then the results
in Figure 3.36 are produced. The position control results show similar error characteristics in the
open-loop self-sensing measurements seen in Figure 3.35. From the lumped-parameter simulation
results, such as Figure 3.17 and Figure 3.18, it can be appreciated that the simulation predicted
similar error characteristics when high-frequency Gaussian noise was added and when parameters
were mischaracterized. Fortunately, the simulation also predicted that the use of a complementary
filter would mitigate the effects of the drift, noise and phase lag that are present in the individual

self-sensed measurements.
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Figure 3.36 Shows how the individual self-sensing methods perform relative to the measurement produced by the
laser vibrometer when being position controlled using the laser vibrometer for feedback. The CAS actuatoris driven
with the current profiles in (a)and (b) to produce the plunger displacements and measurementsin (c) and (d) which
results in the errors (¢) and (f) that are relative to the measurement produced by the laser vibrometer. The actual

plunger position, y, is assumed to be the measurement produced by the laser vibrometer.
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The results in Figure 3.37, show the performance of the complementary filter outputs when
current controlled with a 1Hz and 40Hz driving signal. When compared with Figure 3.35, it is seen
that the complementary filter outputs significantly improve upon the individual measurements. In
particular, the complementary filter outputs do not show the large drift and sinusoidal error seen
in the BEMF-based or flux linkage-based measurements or the significant phase lag the
inductance-based measurement suffered from at 40Hz. It should be recalled that these significant
improvements were also seen in the lumped-parameter simulation results. However, a notable
amount of 1000Hz noise remains on the complementary filter outputs as the inductance changes
with the AC current ripple due to the inductance-current nonlinearity. Fortunately, a second-order
500Hz lowpass filter on the output of the complementary filter can remove much of this error as
seen in Figure 3.38. It is important to note that the lowpass filters have a negligible impact on the

underlying position measurement since the cut-off frequency is over an order of magnitude larger.
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Figure 3.37 Shows how the complementary filter outputs perform relative to the laser vibrometer when being current

controlled at IHzand 40Hz. The CAS actuatoris driven with the current profiles in (a) and (b) to produce the plunger

displacements and measurements in (c) and (d) which results in the errors (¢) and (f) that are relative to the

measurement produced by the laser vibrometer. The actual plunger position, y, is assumed to be the measurement

produced by the laser vibrometer.
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Figure 3.38 Shows how the complementary filter outputs perform after being passed through additionallowpass filters
when being current controlled at 1Hzand 40Hz. The CAS actuator is driven with the current profiles in (a) and (b) to
produce the plunger displacements and measurements in (¢) and (d) which results in the errors (¢) and (f) that are

relative to the measurement produced by the laser vibrometer. The actual plunger position, y, is assumed to be the

measurement produced by the laser vibrometer.
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Figure 3.39 shows the lowpass-filtered complementary filter outputs for an experiment
where the plunger is position controlled using the laser vibrometer for feedback. The
complementary filter outputsare shown to accurately track the laser vibrometer measurement with
some undershoot as was predicted in the lumped-parameter simulation. The larger undershoot in
Figure 3.39 compared to Figure 3.16 is attributable to the higher complementary filter frequency
used in the physical experiments. However, these results imply the complementary filter outputs
should be suitable for sensorless position control as they have similar accuracy and noise when

compared with the laser vibrometer measurement.
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Figure 3.39 Shows how the complementary filter outputs perform relative to the laser vibrometer when being position
controlled using the laser vibrometer for feedback. The CAS actuatoris driven with the current profiles in (a) and (b)
to produce the plunger displacements and measurementsin (c) and (d) which results in the errors (¢) and (f) thatare
relative to the measurement produced by the laser vibrometer. The actual plunger position, y, is assumed to be the

measurement produced by the laser vibrometer.
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3.3.3.3 Plunger Position Sensorless Control

In theprevious section, the open-loop characteristics of the complementary filter outputs were
found to significantly improve upon the individual self-sensing measurements. Furthermore, the
complementary filter outputs were found to perform comparably with the laser vibrometer
measurements and therefore were feasible candidates for position control over a wide band width.
This section investigates the closed-loop sensorless control of the plunger when using the
complementary filter outputs as feedback for position control. The sensorless control performance
1s compared against the closed-loop position control performance when using the laser vibrometer
as feedback. Three experiments were run where the feedback for the position controller was
switched between the BEMF-based and flux linkage complementary filter outputs and the laser

vibrometer. The measurements shown in the plots were recorded with the laser vibrometer.

Figure 3.40 shows a scenario where the CAS actuator attempts to follow a step trajectory. It
can be noted that there is a negligible difference between when the BEMF-based and flux linkage
complementary filter outputs are used for feedback. Furthermore, it is seen that the sensorless
feedback performs similarly with the laser vibrometer feedback, although there is slightly more
overshoot. This is expected since the undershoot in Figure 3.39 will lead to overshoot when used
as feedback. Overall, Figure 3.40 completes a key objective of this thesis by demonstrating that

sensorless control of a physical CAS actuator prototype is possible.
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Figure 3.40 Compares the closed-loop plunger position control performance (a) and error relative to the reference
trajectory (c) when using the complementary filter outputs as feedback against the measurement produced by the laser
vibrometer. The plots (b) and (d) show zoomed-in regions of the step trajectory. The actual plunger position, y, is

assumed to be the measurement produced by the laser vibrometer.

144



The prototype CAS actuator can also be demonstrated to follow ramp trajectories using
sensorless control as seen in Figure 3.41 and Figure 3.42. Figure 3.41 shows a scenario where the
CAS actuator follows a slow Imm/s ramp trajectory. In this situation, the sensorless feedback
methods perform well and there is a negligible difference between them and the case where the
laser vibrometer is used as feedback. Figure 3.42 shows a scenario where the CAS actuator follows
a fast 10mm/s ramp. During the transient-portion of the ramp trajectory, it is seen that the
sensorless feedback also performs nearly as well as the laser vibrometer feedback. However, there
1s once again more overshoot as was seen in Figure 3.40. Overall, the step and ramp trajectory
results demonstrate that the sensorless position control abilities of the CAS actuator are suitable

for slow and high-speed plunger movements.
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Figure 3.41 Compares the closed-loop plunger position control performance (a) and error relative to the reference

trajectory (c) when using the complementary filter outputs as feedback against the measurement produced by the laser

vibrometer. The plots (b) and (d) show zoomed-in regions of the slow-ramp trajectory. The actual plunger position,

Y, is assumed to be the measurement produced by the laser vibrometer.
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Figure 3.42 Compares the closed-loop plunger position control performance (a) and error relative to the reference

trajectory (c) when using the complementary filter outputs as feedback against the measurement produced by the laser

vibrometer. The plots (b) and (d) show zoomed-in regions of the fast-ramp trajectory. The actual plunger position, y,

is assumed to be the measurement produced by the laser vibrometer.
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3.4 Summary

In Chapter 3 a proof-of-concept CAS actuatorwas developed. A bolt-together stacked CAS
design was chosen to allow a prototype to be easily fabricated and to enable the design to be
converted into a CAS sensor with minor modifications. After selecting a geometry, an FEA
simulation was developed that allowed the inductance and force characteristics to be predicted.
The results of the FEA simulation showed the CAS actuator had approximately constant force and
linear inductance characteristics over its prescribed stroke as was expected from the analytical
models developed in Chapter 2. The results of the FEA simulation were then used as lookup table
inputs for a Simulink simulation that was built with the CAS actuator models described in Chapter
2. A basic cascaded PID position controller and PI current controller were derived and added to
the Simulink simulation. The results of the Simulink simulation revealed that the individual self-
sensing methods were quite sensitive to noise and parameter mischaracterization, and therefore
would be challenging to use as position feedback for sensorless control. However, it was also
shown that the complementary filters robustly removed erroneous aspects of the individual self-
sensing methods and produced accurate wide-bandwidth plunger position measurements. The
results from the simulation predicted that sensorless control of the CAS actuator plunger should
be possible with the complementary filter outputs. The latter part of Chapter 3 attempted to validate
the simulated results. Initial characterization experiments revealed inductance-current and friction-
current nonlinearities, but were simply avoided by restricting the maximum current. Afteravoiding
the nonlinearities, open-loop experiments were performed that demonstrated the individual self-
sensing methods performed poorly relative to the complementary filter outputs, as was predicted
in the Simulink simulation. It was then demonstrated that the complementary filter outputs could

be used to closed-loop position control the CAS actuator plunger to follow various trajectories.
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Overall, the feedback provided by the complementary filter outputs performed nearly as well as
the laser vibrometer and only resulted in slightly more position overshoot when tracking high-
speed trajectories. In the next Chapter, it is shown that the prototype CAS actuator can be
reconfigured into a robust dedicated differential position sensor that possesses the robust wide-

bandwidth features of the CAS actuator with additional noise cancelling attributes.
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Chapter 4: Design and Validation of a Constant Air Gap Solenoid Sensor

In Chapter 3, a CAS actuator design was investigated that utilized a stacked-CAS design to
double the force that would be produced by a single CAS. Itis possible to slightly alter the spacing
between the stacked stators and plunger cores to produce a pull-pull CAS actuator that is able to
pull the plunger bidirectionally as shown in Figure 4.1b. If the coils in the upper and lower CAS
in Figure 4.1b are wired in series, then a robust differential sensor is produced that is able to reject
common-mode disturbances unlike a CAS actuator. The sections below introduce the premise of
a CAS sensor and subsequently design and investigate a proof-of-concept CAS sensor prototype.
Initially, the premise of the differential measurement is discussed and analytical equations are
derived. Next, the CAS actuator design discussed in Chapter 3 is modified to become a CAS
sensor. The CAS sensor characteristics and performance are simulated with FEA and Simulink. In
the latter part of the chapter, the investigated CAS sensor design is built and experimentally

validated.
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Figure 4.1 Compares the CAS actuator geometry investigated in Chapter 3 (a) with a CAS sensor (b). The purple

arrows show the direction of the force exerted on the plunger by each CAS.

4.1 CAS Sensor Premise and Analytical Modeling
In Figure 4.1b, it is seen that the stator-plunger overlap of the top and bottom CAS vary

inversely. Therefore, the upper stator-plunger overlap, w, ;, and lower stator-plunger overlap, wy,,

can be equated after assuming that wy = w,.

Wga = Wg — Wyq .1)
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Applying (2.15), (3.3) and (4.1) allows the terminal inductance to be modified.

B NznpuDg(ng + WO) N NznpuDg(Wg2 + WO)

t 2n,l, 2n,l, 42)
L Nznp,uDg(ng + WO) N Nznp,uDg(Ws —wy, + WO) ws)
¢ 2ngl, 2n,l,, '

N?n,uD,(wg + 2w,)
be= 2n, 1 @4
stg

It is evident that the terminal inductance of a CAS actuator is constant since the wy; terms
cancel out and all other parameters are constant. The derivative of inductance with respect to
position will result in €; = 0 as described in (2.16) since the terminal inductance has no plunger
position dependency. When studying (2.43), it is evident that no BEMF will be produced since the
inductance slope is zero. At first, this may seem troubling since terminal measurements will not
produce an inductive change or BEMF for self-sensing. However, a center tap can be added to the
series connection between the upper and lower CAS as seen in Figure 4.2. Voltage measurements
relative to the center tap allow the inductance and BEMF information from each CAS to be
separately obtained. It is important to note that constant terminal inductance implies that the
plunger will not feel a net force since there is no coenergy change with respect to plunger position
and therefore F, = 0 as seen in (2.20). This is an important characteristic for a sensor since

sensitive mechanical systems could be adversely affected by an external force created by a sensor.
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Therefore, the BEMF-based and flux linkage-based measurements can be safely used without

producing a force.

Supply

CAS-1

CAS-2

Ground ~—

Figure 4.2 Shows how the CAS sensor utilizes a center tap.

Separate self-sensed stator-plunger overlap (position) measurements for CAS-1 and CAS-2
can be produced within a CAS sensor using the methods discussed in Section 2.3. However,
averaging the independent measurements produced by CAS-1 and CAS-2 results in a differential

plunger position measurement since the w,; and wy, terms subtract.
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Wg1 + (Ws - Wgz)
2

4.5)

Ya =

The differential measurement enables common-mode rejection for all of the self-sensing methods

presented in Section 2.3.

To show the common-mode rejection of a differential inductance-based plunger position
estimate, we can begin by applying (2.36) to (4.5) assuming that CAS-1 and CAS-2 have the same

resistance and inductance characteristics.

Gy e

|
2fo C, W, t+ kws - 2 o C, + Wo) @.6)

ydL: 2

If resistance is then neglected using Method 1 in Table 2.1, as was proven reasonable in Chapter

3, then (4.6) can be greatly simplified.

(UACRM51 - UACRMSZ)

Licrus
_ 21 fyc Gy W @D
Yar = 2

It can be appreciated that any common disturbance that affects U,-pps1 and Uycgys, Will subtract

and cancel.
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The common-mode rejection abilities of a differential BEMF-based plunger position estimate

can be shown by combining (2.42) with (4.5), where w,,; and w,,, are the prior stator-plunger

overlaps of the CAS-1 and CAS-2 plunger position estimates respectively.

Yas
Ul_RCI_CL(ngl _Wo)Idt + WS— UZ _RCI_CL(ngZ _WO)I dt
IC, 1C,, 4.8)
- 2
U1 - U2 + CL(ngz - ngl)i
j IC, dt + w; @.9)
Yap = 2

From (4.9) it is seen that the CAS-1 and CAS-2 directly subtract and therefore cancel common-
mode disturbances. More importantly, it is seen that the resistance terms cancel out. This is a major
improvement over the standalone plunger position estimate in (2.42) since drift is greatly
influenced by a mischaracterization of the resistance of a CAS. Naturally, this also implies that a
differential BEMF-based plunger position estimate will not have a resistance-temperature

dependency.

The common-mode rejection abilities of the differential flux linkage-based plunger position

estimate can be observed by combining (2.47) and (4.5).
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[(U, — R, dt ( [, —R,)dt )
CLIC -w, + | wg — CLIC -w,

_ 4.10)
Yar = 2

f(U,— U, dt
Vo, = C,1 W @.11)
da 2

Like the BEMF-based plunger position estimate, the flux linkage-based plunger position estimate
subtracts common-mode disturbances through the voltage subtraction. Furthermore, resistance

also cancels thereby eliminating the resistance-temperature dependency.

The only parameter that remains in (4.7), (4.9) and (4.11) with the potential for being
temperature or age dependent is the inductance slope. However, in Section 2.2 it was noted that
the reluctance of a CAS is dictated by its air gap due to the several orders of magnitude separating
the permeability of air and electrical steel [123]. Therefore, a change in stator or plunger reluctance
due to temperature or aging will produce negligible effects as the reluctance of the air gap

predominately defines the inductance slope.

Interestingly, it is seen that characterizing virtual overlap within a CAS sensor is trivial since
it gets cancelled by the differential measurements in (4.7), (4.9) and (4.11). This implies that only
the inductance slope and maximum stator or plunger tooth overlap need to be characterized, which
greatly simplifies the characterization requirements compared to a CAS actuator. However, if
resistance continues to be characterized, the CAS can survive a single voltage or current sensor

failure. As aforementioned, the terminal inductance of the CAS is constant with respect to position
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and no BEMF is produced at the terminals. Therefore, if terminal resistance and terminal
inductance are known, then the series current or a missing voltage can be calculated based on

(2.40).

_ u,+U0,

=L+ R 4.12)
U =LJds+R]I-U, 4.13)
U,=LJIs+R,]I—-U, @4.14)

Naturally, (4.12), (4.13) and (4.14) imply that a CAS sensor only needs a combination of a voltage
sensor and a current sensor or another voltage sensor. While reducing the sensor requirement by
one is attractive from a cost perspective, it is important to note that terminal resistance is required
to calculate the missing voltage or current. Therefore, this would reintroduce additional sources of
error, such as a resistance-temperature dependency. However, it should be noted that employing
Method 3 in Table 2.1 would be beneficial in a two-sensor implementation, unlike a three-sensor
implementation, since the resistance could be characterized to account for temperature variation

on a continuous basis.

4.2 Simulation Study
A simulation study is presented in the following subsections. The CAS sensor investigated in

this study adapts the stacked CAS actuator design in Chapter 3 into a differential sensor by
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performing the slight alterations shown in Figure 4.1. Furthermore, the same plunger and stator
lamination designs shown in Figure 3.2 are reused for the CAS sensor. The CAS sensor design is
first imported into an ANSYS Maxwell FEA simulation to determine its force, inductance and
field characteristics. Next, these parameters are transferred to a lumped-parameter Simulink

simulation to predict its performance as a position sensor.

4.2.1 Magnetic Simulation

An ANSYS Maxwell FEA simulation was configured using many of the same settings
discussed in Section 3.2.1. These include using the 2D magnetostatic solver, a balloon boundary
condition, and assigning the same built-in materials. Furthermore, the same solver and mesh
parametric study was performed. The key difference between the CAS actuator and CAS sensor
FEA simulations is the excitation configuration. To enable a faster transient response, the
inductance of the CAS actuator in Chapter 3 was small. However, rapid force generation is not a
concern forthe CAS sensor. Instead, a larger inductance is preferable to enable the CAS to generate
a more detectable inductance change and BEMF. However, for a given excitation frequency and
excitation voltage, the reactance needs to be kept small enough for the current to be detectable
relative to the noise-floor. 250 windings were allocated per stator side, totalling 1000 windings for
the entire CAS sensor. An equivalent excitation of 0.5A was configured to be supplied to the series
connected windings as this can be produced with the driver discussed in Section 4.3.1. The air gap
length was reduced to 0.75mm to reduce fringing and because generating large peak forces is not

a concern with the CAS sensor, unlike the CAS actuator.
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Field plots of the CAS sensor being operated at various points of its stroke are shown in Figure
4.3. From the figure, it is seen that the maximum flux density generally does not exceed 0.3T and
therefore is several multiples away from the saturation limit of silicon steel. Clearly, the amp-turns
could be greatly increased at the expense of increased energy losses or the stator size could be
reduced to save material. However, spatially optimizing the usage of the magnetic material was

not a priority of the investigated design as this is not required to prove the concept and features of

a CAS sensor.
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Figure 4.3 Magnetic flux density plots of the CAS sensorwhen the plunger is at its topmost position (a) and its middle

position (b).

The forces produced by the CAS sensor when energized with 0.5A of current are shown in
Figure 4.4. As expected, it is seen that forces produced by CAS-1 and CAS-2 approximately cancel

near the middle of its stroke. The net plunger force is negligible over the 2mm to Smm region, but
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begins to increase quickly on either side of this region as nonlinear effects, such as fringing,
become appreciable. Therefore, the stroke of the CAS should be constrained to operate over the

2mm to Smm region in order to avoid having its measurement degraded by the nonlinear effects.
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Figure 4.4 Simulated force produced by the CAS sensor over its maximum possible stroke when supplied with 0.5A
of current. The vertical dashed lines indicate the prescribed region the CAS should be constrained to operate over to

avoid nonlinear performance.

The simulated inductance characteristics from the FEA simulation are shown in Figure 4.5.
The CAS-1 and CAS-2 have equal but opposite inductance slopes as expected. When summed, the
terminal inductance is approximately constant as was predicted by (4.4). The linearity of the
inductance slope begins to degrade near the limits of the stroke, similar to the forces shown in

Figure 4.4. This observation further supports limiting the stroke to only operate over the 2mm to
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Smm region to maintain a high degree of linearity. Furthermore, constraining the stroke will allow
a simple linear regression to be used to map inductance to plunger position. Based on the results
shown in Figure 4.5, the slope for CAS-1 can be calculated to be 2.23H/m with a virtual overlap

of 10.40mm using a linear regression with a correlation coefficient of 0.9998.
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Figure 4.5 The simulated inductance characteristics of the CAS sensor. The vertical dashed lines indicate the

prescribed region the CAS should be constrained to operate overto avoid nonlinear performance.

4.2.2 Lumped-Parameter Simulation

The analytical equations derived in Chapter 2 and Section 4.1 can be implemented in a
Simulink simulation to predict the position measurement performance of the investigated CAS
sensor design. A high-level implementation of the Simulink simulation is depicted in Figure 4.6.

The parameters required for the simulation are summarized in Table 4.1. In addition to Table 4.1,
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the CAS-1 and CAS-2 inductance profiles in Figure 4.5 were imported into the CAS sensor

electrical model as lookup tables to capture the nonlinear attributes.

The parameters in Table 4.1 were simulated, calculated or iteratively resolved. The
inductance-position slope and virtual plunger-stator overlap were found in Section 4.2.1 by
applying a linear regression to Figure 4.5. The terminal inductance was measured at the 3.5mm
location of Figure 4.5. The resistances of the CAS-1 and CAS-2 were calculated using (2.24) where
N=500, p, = 16.8 nQ:m, D,=30mm, 1, ~15mm, A,=266mm* and C;=30%. A fourth-order
bandpass filter was selected to ensure strong isolation of the superimposed voltage and current
signals. The AC and DC input voltages were selected based on the available hardware to
experimentally validate the simulated findings. The complementary filter center frequency and
damping ratio were iteratively tuned until sufficient performance was obtained. The maximum
stroke was established by the stator tooth width of the laminations. The simulation uses the built-

in ode5 (Dormand-Prince) solver with a fixed-timestep duration of 10us.
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Table 4.1 CAS Sensor Lumped-Parameter Simulation Input Parameters

Symbol(s) ‘ Parameter ‘ Value
C, Inductance-position slope [mH/mm)] 2.23
W, Virtual plunger-stator overlap [mm] 10.38
L, Terminal inductance [mH] 61.83
R, =R, CAS resistance [Q] 4.74
Ngpr Bandpass filter order 4
Qgpr Bandpass filter qualify factor 1
U Input voltage [V] 4 (DC) + 8 (AC)
fac Superimposed AC voltage frequency [Hz] 1000
fer Complementary filter center frequency [Hz] 3
{cr Complementary filter damping ratio 0.5
w, Maximum stroke [mm] 7

The input voltage and resulting current produced by the CAS sensor simulation are shown in
Figure 4.7. From the figure, it is seen that the current is always above zero, and therefore ensures
the BEMF-based and flux linkage-based plunger position estimates do not encounter a divide-by-
zero scenario. Furthermore, it is seen that the resulting current has a superimposed ripple of

approximately 44mA peak-to-peak and is a reasonable magnitude to be measured by a current

SEnSsor.
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Figure 4.7 Shows the simulated characteristics of the superimposed voltage and current ripple used to calculate the

plunger position of the CAS sensor based on inductance.

In Figure 3.16a, it was seen that the BEMF and flux linkage-based plunger position
measurements performed well even at low speeds when in ideal conditions without noise or
mischaracterized parameters. However, it was also shown that a 5°C increase in temperature (2%
resistance change) created significant drift in these measurements. For Figure 4.8, Figure 4.9 and
Figure 4.10, R, and R, of the CAS sensor electrical model (Figure 4.6) were increased by 2% to

show the effects of mischaracterization.

Figure 4.8 shows the simulated performance of the inductance-based measurements of the
CAS sensor when measuring the plunger moving at 1Hz and 100Hz. It is seen that the inductance-
based method is effective at capturing 1Hz plunger movement. The slight amount of error seen in
the CAS-1 and CAS-2 measurements (y,; and y,,) is due to slight discrepancies between the
inductance regression and the FEA inductance shown in Figure 4.5. Furthermore, it is seen that

this discrepancy, is common to both CAS-1 and CAS-2 and therefore cancels by using a
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differential measurement (y,; ). However, when the plunger is moving at 100Hz, it is seen that a
large amount of error results due to there being a substantial amount of phase lag between the
actual plunger position and the inductive-based measurements. This phase-lag error is a result of
delay introduced by the bandpass and RMS filters as explained in Section 2.3.1. It is important to
note that the sizeable error before 4ms is due to the filters being uninitialized at the start, but it is

seen that the error quickly decays.
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Figure 4.8 Shows the simulated performance of the inductance-based plunger position estimation method when
tracking the plunger moving at 1Hz (a) and a 100Hz (b) for a case where the CAS-1 and CAS-2 resistances are
mischaracterized by the same amount (R.;+2% and R.,+2%). The error relative to the actual plunger position is

shown in (c) and (d) forthe 1Hz and 100Hz cases respectively.
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Figure 4.9 shows the simulated performance of the BEMF-based measurements of the CAS
sensor when measuring the plunger moving at 1Hz and 100Hz. The mischaracterized resistance
creates sizable drift that accumulates quickly and causes the individual BEMF-based
measurements (Y, and yp, ) to exit the windows of the plots within a fraction of a second. As was
seen with the CAS actuator, the individual BEMF-based methods are still very sensitive to the
mischaracterization of the resistance. However, it can be seen in Figure 4.9 that the rate of drift for
the CAS-1 and CAS-2 measurements are equal and opposite and therefore the differential
measurement (Y ) is able to completely remove the drift. The differential measurement is shown
to perform well at both 1Hz and 100Hz. However, it is important to note that the drift cancellation

is only applicable when common-mode disturbances are present.

Figure 4.10 shows the simulated performance of the flux linkage-based measurements of the
CAS sensor when measuring the plunger moving at 1Hz and 100Hz. When comparing Figure 4.9
and Figure 4.10, it is seen that they are nearly identical since the simulation timestep is small. This
is expected since the flux linkage-based and BEMF-based methods are algebraically equivalent
and only differ by their discrete implementations. Clearly, the individual flux linkage-based
measurements, y;, and y,,, are prone to drift due to mischaracterization of the resistances of CAS-
1 and CAS-2. Like the BEMF-based differential measurement, the flux linkage-based differential
measurement is able to produce a measurement free from drift when only common-mode

disturbances are present.
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Figure 4.9 Shows the simulated performance of the BEMF-based plunger position estimation method when the

plunger is movingat 1Hz (a) anda 100Hz (b) for a case where the CAS-1 and CAS-2 resistances are mischaracterized

by the sameamount (R.;+2% and R.,+2%). The error relative to the actualplunger position is shown in (c) and (d)

forthe 1Hzand 100Hz casesrespectively.
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Figure 4.10 Shows the simulated performance of the flux linkage-based plunger position estimation method when the
plunger is movingat 1Hz (a) and a 100Hz (b) for a case where the CAS-1 and CAS-2 resistances are mischaracterized
by the sameamount (R.;+2% and R.,+2%). The error relative to the actualplunger position is shown in (c) and (d)

forthe 1Hzand 100Hz cases respectively.
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In Figure 4.8, Figure 4.9 and Figure 4.10 it was seen that the differential measurement was
able to reject common-mode disturbances. However, in a physical prototype, it is likely that the
CAS sensor will be exposed to non-common-mode disturbances. For example, winding
imperfections or temperature gradients may cause the CAS-1 and CAS-2 resistances to differ.
Figure 4.11 shows the effect increasing R.; by 2% and decreasing R, by 2% (a 4% difference)
has on the differential measurements. Itis seen that the differential inductance-based measurement
for both the 1Hz and 100Hz cases appears to be negligibly affected by the non-common-mode
resistance difference when compared with Figure 4.8. This is expected since the resistance is
negligible relative to the reactance and therefore resistive changes have negligible impact on the
inductance-based position measurement. Overall, the inductance-based differential measurement
performs well at low speed, but is still heavily degraded by phase-lag error at high speed. The
BEMF-base and flux linkage-based differential measurements no longer perform well at IHz and
they quickly drift due to the non-common-mode resistance difference. At 100Hz, the drift is still
appreciable, but it is seen that the amplitude of the movement is accurately captured without phase
lag. It is unlikely the plunger speed could be operated much higher for a laminated structure due
to eddy currents. Therefore, it is unlikely the BEMF-based and flux linkage-based differential
measurements would be suitable to use as standalone measurements without a complementary

filter.
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Figure 4.11 Compares the simulated performance of the differential measurements when the plunger is moving at

1Hz (a) anda 100Hz (b) fora case where the CAS-1 and CAS-2 resistances are mischaracterized by different amounts

(R.112% and R.,-2%). The error relative to the actualplungerposition is shown in (c) and (d) for the IHzand 100Hz

casesrespectively.
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In Chapter 3, it was shown that a CAS actuator complementary filter overcomes the phase-
lag error produced by the inductance-based measurement and the drift produced by the BEMF-
based and flux linkage-based measurements. Figure 4.12 demonstrates that the drift and phase lag
seen in Figure 4.11 can also be resolved with a complementary filter when the plunger is moving
at 100Hz. For the 1Hz case, it is seen that the BEMF-based and flux linkage-based complementary
filter outputs are able to track the actual plunger position accurately. It is important to note that the
integrals within Figure 2.10 and Figure 2.11 were not initialized and therefore leads to error at Os.
However, the Pl-action of the complementary filters are able to suppress the error over time as
expected. Overall, Figure 4.12 demonstrates that the complementary filters are effective at
producing plunger position measurements that greatly improve upon the accuracy and bandwidth

of the standalone inductance-based, BEMF-based and flux linkage-based measurements.
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Figure 4.12 Shows the simulated performance of the BEMF-based and flux linkage-based complementary filter
outputs when the plunger is movingat 1Hz (a) and a 100Hz (b) for a case where the CAS-1 and CAS-2 resistances
are mischaracterized by different amounts (R.;+2% and R.,-2%). The error relative to the actualplunger position is

shown in (¢) and (d) forthe IHz and 100Hz casesrespectively.
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At the end of Section 4.1, it was explained that the CAS sensor could continue operating if
one of its two voltage sensors, or its current sensor was removed for cost reasons or in the event
one of the sensors failed. It was also explained that removing a sensor would reintroduce a
temperature dependency to the position measurements produced by the CAS sensor since the
current becomes a function of terminal resistance and terminal inductance. Figure 4.13 shows a
scenario where the current sensor measurement has been removed and replaced with (4.12). Three
cases are shown that demonstrate the effect a relative change in resistance has when only using
two sensors. When the plunger is moving at 1Hz, only a small amount of error is observed since
the amplitude and phase of the bandpass-filtered AC signals of the underlying inductance-based
position estimate are negligibly affected by resistive changes. However, at 100Hz, the flux linkage-
based complementary filter measurement shows noticeable degradation as the terminal resistance
increases from its characterized value. Clearly, the underlying flux linkage-based measurement is
sensitive to errors in the current estimate produced by (4.12). Itis important to note that a 10%
change in resistance for copper windings corresponds to about a 25°C rise in temperature and
results in about 5% error for a 3mm stroke while the plunger is moving at 100Hz [131]. However,
this could be mitigated by opting to employ Method 3 in Table 2.1 which would allow the

resistance to be characterized on a continuous basis.
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Figure 4.13 Shows the simulated performance ofthe flux linkage-based complementary filter output when the plunger

is moving at 1Hz (a) and a 100Hz (b) for a case where the CAS sensor is operated without a current sensor and its

terminal resistance is mischaracterized by different percentages. The error relative to the actual plunger position is

shown in (c) and (d) forthe 1Hz and 100Hz cases respectively.
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4.3 Experimental Validation

This section investigates the real-world performance of a prototype CAS sensor. First, the
construction of a prototype CAS sensor and the configuration of the surrounding hardware are
discussed. Afterwards, the prototype CAS sensor is used to validate the performance

characteristics predicted by the analytical models and prior simulated findings.

4.3.1 CAS Sensor Prototype
In Figure 4.1, it was seen that the CAS actuator, which was investigated in Chapter 3, can be

easily converted into a CAS sensor by changing the location of the plunger cores relative to the
stator. Naturally, only the plunger core spacers and the stator side braces shown in Figure 3.23
need to be reprinted. However, instead of disassembling the CAS actuator and converting it into a
CAS sensor, additional laminations were purchased so that boththe CAS sensor and actuator could
be built concurrently. The CAS sensor uses the same materials and bolt-together design that the
CAS actuator used. Furthermore, the plunger of the CAS sensor is also held in tension with two
WW-53 springs from Century Spring Corp. which have a spring constant of 2.4N/mm [134]. The
key differences between the CAS sensor and the CAS actuator in Chapter 3 are:

e Plunger core spacer and stator side brace dimensions

e Thinner aluminum end plates and reduced 3D printed material for some components since

the CAS sensor does not produce large transverse stator forces like the CAS actuator

e CAS sensor uses 500 windings per CAS

e Air gap of the CAS sensor is 0.75mm.
The finished CAS sensor is shown in Figure 4.14. The final outer dimensions are 162mm x 92mm

x 82mm with an effective moving plunger mass of 43.5g.
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Figure 4.14 Finished CAS sensor prototype.

4.3.2 Hardware Implementation

A diagram of the required hardware to operate the CAS sensor prototype is shown in Figure
4.15. It should be noted that the hardware required to operate a CAS sensor is much simpler than
the CAS actuator due to the significantly lower power requirement. For example, a CAS sensor
can use a linear amplifier instead of an H-bridge. This is preferable since linear amplifiers can

directly produce an AC ripple and bias without needing to attenuate a high-frequency PWM signal

with sharp filters afterwards.
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Figure 4.15 A diagram of the CAS Sensor experimentalsetup.

A low-cost OPA548 operational amplifier was selected to drive the CAS sensor as it meets
the power, voltage and bandwidth requirements of the prototype CAS sensor. The OPA548 was
configured as a non-inverting amplifier with a gain of 10. The details and fabricated circuit are
shown and discussed in Appendix B.1. A Techtronic’s AG2021 function generator was used to
produce the desired AC and DC waveform characteristics that would be subsequently amplified
by the custom CAS sensor driver. Naturally, the use of a linear amplifier and function generator

allows the AC and DC waveform characteristics to be altered independently.
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The CAS-1 and CAS-2 voltages and the series current are measured using a custom-built
circuit discussed in Appendix B.2. The series current is converted into a measurable voltage using
a shunt resistor. This circuit measures differential voltages using AD8421 instrumentation
amplifiers. The outputs of the instrumentation amplifiers are then relayed toa dSPACE 1104. The
dSPACE was programmed with the block diagram shown in Figure 4.6 after noting that U,, U,

and I are measured instead of simulated.

4.3.3 Experimental Results

The following subsections display and discuss experimental results produced by the CAS
sensor prototype. First the CAS sensor is characterized to determine its characteristic parameters.
Afterwards, the established characterized parameters are used to self-sense plunger position
against a laser vibrometer. In the results shown in the following subsections, the measurement

from the laser vibrometer represents the actual plunger position, y.

4.3.3.1 CAS Sensor Prototype Characterization

Important parameters, such as the inductance slope, are required to be characterized in
order to self-sense plunger position. In Section 3.3.2.1 it was explained that an intermediate step
within the inductance-based self-sensing method requires inductance to be calculated before
position. The calculated inductance can be used to identify the CAS sensor inductance
characteristics. To begin characterizing the inductance, a 1000Hz 8V AC sinusoid was
superimposed on top of a 4V DC bias and supplied to the prototype CAS sensor as seen in Figure
4.16. The plunger was then slowly pushed by hand over its entire stroke while the CAS-1 and

CAS-2 voltages and series current were recorded. The calculated inductances of this experiment
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were then plotted against the plunger position, which was measured using a laser vibrometer, and
is seen in Figure 4.17. A linear regression was then performed on the measured CAS-1 inductance
between 2mm and 5mm to determine the slope and the virtual overlap, which are noted in Table
4.2. The correlation coefficient of the CAS-1 regression is 0.9966 and is -0.9962 when the same
fit is applied to CAS-2, but with a negative slope. This indicates the inductance characteristics of
CAS-1 and CAS-2 are very similar, which is essential to obtain robust common-mode rejection
within the differential measurement. Overall, the inductance-position profile of the experimental
CAS-1 and CAS-2 measurements are very similar to the FEA results shown in Figure 4.5,
including the nonlinearity seen outside of the 2mm-to-5mm range. The discrepancies between the
simulated and experimental inductance parameters seen in Table 4.2 can be attributed to the
relatively large tolerances of the physical prototype. For example, a slightly smaller air gap could

explain the larger inductance slope and virtual overlap.

Characterizing the resistance of a CAS sensor is not required if the CAS sensor is to be
operated with two voltage sensors and one current sensor. However, resistance was characterized
in order to experimentally validate that the CAS sensor can be run in a limited capacity with only
two sensors. To characterize the resistance, a DC voltage of 4V was applied to the terminals of the
CAS sensor and the resulting current was measured. The resistance was then calculated using
(3.15) and is shown in Table 4.2. The resistance was found to be smaller than the value used in the

simulation due to overestimating the length of the winding half-turns.
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Figure 4.16 Shows the experimentally obtained characteristics of the superimposed voltage and current ripple used to

calculate the plunger position of the CAS sensor based on inductance.
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Figure 4.17 Shows the inductance-position mapping for CAS-1 and CAS-2. The linear regression was applied

between the vertical dashed lines.
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Table 4.2 Comparison of Simulated and Characterized Experimental CAS Actuator Parameters

Symbol(s) Parameter Simulated Experimental
C, Inductance-position slope [mH/mm] 2.23 2.29
w, Virtual plunger-stator overlap [mm)] 10.38 10.90
L, Terminal inductance [mH] 61.83 71.80
R., =R, CASresistance [Q] 4.74 4.45

4.3.3.2 Plunger Position Self-Sensing Performance

The inductance and resistance parameters listed in Table 4.2, along with the filter
parameters listed in Table 4.1, were supplied to the CAS sensor Simulink program and
subsequently uploaded to the dSPACE 1104. The dSPACE 1104 was configured to sample at
10kHz. The plunger of the prototype CAS sensor was pushed and pulled by hand to generate low-
speed results and was struck with a hammer to generate high-speed results. The error of the self-
sensed plunger position estimates is calculated based on the difference between their output and

the laser vibrometer.

Figure 4.18 shows the low-speed and high-speed results of the prototype CAS sensor
differential measurements. For the low-speed case, it is seen that the differential inductance-based
estimate closely follows the trajectory while the differential BEMF-based and flux linkage-based
estimates quickly drift out of the plotted window. The drift clearly indicates the CAS sensor is
experiencing non-common-mode disturbances and is very similar in nature to the simulated results
shown in Figure 4.11. The high-speed results also closely align with the simulated results in Figure

4.11 since the differential inductance-based estimate shows large amplitude error due to a phase
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lag while the differential BEMF-based and flux linkage-based estimates show little amplitude error
but a substantial amount of drift. It is important to note that when the CAS sensor is operated
outside of its linear 2mm-to-5mm range, position error accrues for both the low-speed and high-
speed cases. The flux linkage-based estimate is very noisy as predicted due to inaccurate initial
conditions. It is important to recall in Section 2.3.3 that the flux linkage-based estimate is
challenging to initialize since highly-accurate knowledge of the current and plunger position is
required; slight initialization error results in an offset, that when divided by sinusoidal current in
(2.58) produces the large sinusoidal error seen in Figure 4.18. Clearly, the differential BEMF-
based estimate is preferable to use as a standalone measurement due to its simpler initialization
requirements, which results in substantially lower error. However, the relatively fast drift rate of
the differential BEMF-based estimate still makes it challenging to implement as a standalone

estimate as was predicted in Section 4.2.2.
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Figure 4.18 Shows standalone differentialmeasurements produced by the prototype CAS sensor for a low-speed case
(a) and a high-speed case (b). The error relative to the laser vibrometer measurementis shown in (c¢) and (d) for the
low-speed and high-speed cases respectively. The actual plunger position, y, is assumed to be the measurement

produced by the laser vibrometer.
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The BEMF-based and flux linkage-based complementary filter performance is shown in
Figure 4.19 for a low-speed and high-speed case. In the low-speed case, it is seen that the
complementary filter measurements are very similar to the differential inductance-based estimate
in Figure 4.18 as expected since the complementary filter rejects the high-speed estimates at slow
speeds. The complementary filter estimates also show the same nonlinear characteristics as the
inductance measurement at the maximum and minimum stroke positions. For the high-speed case,
the complementary filter accurately tracks the plunger position without drift unlike the standalone
differential BEMF-based and flux linkage-based estimates in Figure 4.18. The high-speed
estimates of the complementary filters also do not show the phase lag which degraded the
standalone differential inductance-based estimate in Figure 4.18. It is important to note that these
findings impeccably align with the simulated performance predicted in Figure 4.12. Clearly, the
complementary filter estimates are much more robust than the standalone differential estimates,

especially if a wide-bandwidth position measurement is required.
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Figure 4.19 Shows complementary filtered differential measurements produced by the prototype CAS sensor for a
low-speed case (a) and a high-speed case (b). The error relative to the laser vibrometer measurement is shown in (c)
and (d) for the low-speed and high-speed cases respectively. The actual plunger position, y, is assumed to be the

measurement produced by the laser vibrometer.
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The linear regression applied to the inductance-position mapping in Figure 4.17 was only
applied to the middle 2mm-to-5mm range of the stroke as this is the region where the CAS sensor
is most linear. The prescribed linear region of Figure 4.19 is shown in Figure 4.20. It can be seen
that the prototype CAS sensor maintains less than 1% nonlinearity over the prescribed 3mm stroke
for both the low-speed and high-speed cases. Furthermore, it can also be seen that the nonlinearity

and noise of the BEMF-based and flux linkage complementary filter outputs are very similar.

To demonstrate the robust ability of the CAS sensor to operate without one of its voltage
or current sensors, the current sensor measurement was removed from the dSPACE. The missing
current measurement was calculated instead with (4.12). The low-speed and high-speed results of
two-sensor operation are shown in Figure 4.21. It is seen that the complementary filter estimates
are still able to perform accurately at slow speeds. This is expected since the reintroduced
resistance-dependency has very little effect on the AC current since the AC characteristics are
dominated by reactance rather than resistance. However, as was predicted in Figure 4.13, the
absence of the current sensor has a more notable effect on the linearity of the CAS sensor when
the plunger is moving at high speed. When comparing Figure 4.20 and Figure 4.21, it is seen that

the nonlinearity more than doubles after removing the current sensor for the high-speed case.
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Figure 4.20 Shows the performance of the prototype CAS sensor when only operating within the prescribed 2mm-
Smm stroke range for a low-speed case (a) and a high-speed case (b). The nonlinearity of the measurementsin (a) and
(b) are relative to the laser vibrometer measurement and are shown in (c) and (d) respectively. The actual plunger

position, y, is assumed to be the measurement produced by the laser vibrometer.
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Figure 4.21 Shows the performance of the prototype CAS sensor operating without a current sensor and only within
the prescribed 2mm-5mm stroke range for a low-speed case (a) and a high-speed case (b). The nonlinearity of the
measurementsin (a)and (b)are relative to the laser vibrometermeasurement andare shown in (¢) and (d) respectively.

The actualplunger position, Y, is assumed to be the measurement produced by the laser vibrometer.

190



4.4 Summary

In Chapter 4 the premise of a CAS sensor was introduced and developed. First it was
explained how the stacked CAS actuator design in Chapter 3 could be adapted into a CAS sensor
by changing the plunger and stator spacing so that the upper and lower CASs pulled against each
other. Next, analytical models were derived that revealed the CAS sensor has the robust ability to
perform differential measurements that reject common-mode disturbances. The differential
measurements do not require resistance to be characterized unlike the CAS actuator, and therefore
the CAS sensor is immune to resistive temperature changes. The analytical models also revealed
that the CAS sensor has inherent redundancy as it can continue to operate with reduced accuracy
if a single voltage or current sensor fails. An FEA simulation was then developed and its results
showed constant terminal inductance and cancelling plunger force characteristics as was predicted
by the analytical models. The FEA results were then imported into a lumped-parameter Simulink
simulation. The results of the Simulink simulation showed that the differential measurements were
immune to resistance changes assuming the upper and lower CASs had identical windings.
However, even if the windings are slightly mismatched, the Simulink simulation predicted that the
fused output of a complementary filter would be able to accurately measure plunger position. In
order to validate the analytical models and simulated findings, a prototype CAS sensor was
fabricated. It was noted that the experimental setup of the CAS sensor is much simpler than the
CAS actuator dueto the significantly lower power requirement. Furthermore, since the CAS sensor
is driven with a constant DC current, it was not affected by the inductance-current nonlinearity
unlike the CAS actuator, and therefore no mitigations were required. The experimental results
showed that the inductance-based method had phase-lag error while the BEMF-based and flux

linkage-based methods suffered from drift as was predicted by the simulations. Furthermore, the
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experimental results showed that the complementary filter outputs were robust at rejecting the
erroneous aspects of the individual self-sensing methods, allowing for accurate wide-bandwidth
position measurements. Overall, it was found that the CAS sensor was capable of measuring a
3mm plunger stroke with only 1% error. It was also validated that the CAS could continue to
operate when a current sensor failure was emulated; in this scenario the error increased to

approximately 3% fora 3mm stroke.
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Chapter 5: Discussion

In this chapter, the results and findings produced by the proof-of-concept CAS actuator
and CAS sensor are utilized to provide guidance for applying the CAS technology to real-world
applications. First, practical design considerations and limitations for applying the CAS
technology are discussed. Next, the CAS technology is compared to similar actuator and sensor

technologies to determine the applications it would be best suited for.

5.1 CAS Practical Design Considerations and Limitations
The following sections provide guidance for designing a CAS for a specific application.
First, guidance is provided for selecting various design parameters. Next, potential sources of error

and nonlinearity are discussed that may limit or degrade performance.

5.1.1 Practical Guidance for Selecting CAS Parameters and Geometry
The subsections below provide guidance and summarize compromises to be considered

when designing a CAS actuator or CAS sensor for a practical application.

5.1.1.1 CAS Shape

In this thesis a cuboid-shaped CAS was developed and studied. The cuboid shape allowed
it to effectively utilize ferromagnetic laminations to suppress eddy currents in both the plunger and
stator since the flux was constrained to two dimensions. In a basic cylindrical-shaped CAS, flux
would be required to travel in three dimensions. Since laminations can only suppress flux in two
dimensions, a large portion of the magnetic circuit within a cylindrical-shaped CAS would be

prone to significant eddy currents. Furthermore, in a cylindrical-shaped CAS, the magnetic flux
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must be channeled axially through the plunger; this would require a large amount of ferromagnetic
material and would lead to a heavy plunger relative to a cuboid-shaped CAS. Overall, a cuboid-
shaped CAS should have a better force-size density and a lighter plunger than a cylindrical-shaped
CAS. Therefore, for applications requiring high-speed actuation, it is expected that a cuboid-
shaped CAS will outperform a cylindrical-shaped CAS. The key advantages of a cylindrical-
shaped CAS are practical in nature since a round shape may be more conducive for a particular
application, and it does not require plunger guides to resist plunger rotation unlike a cuboid-shaped

CAS.

5.1.1.2  Desired Stroke Length

Without considering external factors, such as end stops or a spring, the maximum
theoretical stroke length of a CAS is dictated by the smaller of the plunger tooth width or stator
tooth width as discussed in Section 2.1. However, based on the experimental results shown in
Figure 3.31 and Figure 4.17, it is seen that nonlinearity begins to accrue before the plunger and
stator teeth are fully overlapped. Therefore, one must decide how much nonlinearity they are
willing to tolerate. For example, the prototype CAS sensor presented in this thesis has 7mm
plunger and stator tooth widths, but its stroke was further reduced to 3mm which allowed it to
achieve 1% nonlinearity. Naturally, this suggests that one may have to design the stator and
plunger tooth widths to be more than a factor of two larger than the intended stroke to achieve

satisfactory nonlinearity.
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5.1.1.3  Desired Plunger Force

The force required to be produced by an actuator will be dictated by the application for
which it is to be applied to. The peak force produced by a CAS actuator is defined by (2.28). The
peak force is limited by the magnetic flux density at saturation. For a CAS actuatorwith a particular
geometry and stroke, the only way to increase the force is to increase the magnetic saturation limit
of the material. However, it is challenging to find materials with significantly higher saturation
limits than steel, and materials with high saturation limits often become exotic and expensive.
Lowering the permeability of the magnetic circuit would also increase the peak force, but for most
CAS actuator designs where the air gap dominates the reluctance of the magnetic circuit, the
effective permeability would be equivalent to the permeability of air and infeasible to change.
Therefore, it is more reasonable to obtain the required force by carefully selecting the geometric
features. For example, to double the force of a CAS, one could double the length of the plunger
and stator teeth. One could also stack an additional CAS that shares a common plunger to produce
double the force as shown in Figure 3.1. In general, producing a basic cuboid CAS actuator design
with a larger force output will require the CAS actuator to be approximately proportionally larger
in terms of its volume. One could also attempt to pursue a more advanced CAS design that uses
several series air gaps or attempt to increase the length of the air gap, although this would increase

the risk of flux leakage and fringing.

5.1.14 Maximum Plunger Movement Transient Characteristics
The speed and acceleration the plunger of a CAS is capable of being self-driven at at is
inherently limited by its electromechanical design. Naturally, the acceleration of the mechanical

system is governed by Newton’s Second Law as was applied in (3.6). In a frictionless system with
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no springs, the mass ofthe plunger will determine the acceleration ofthe plunger for a given force.
Therefore, CAS designs with a low plunger mass and a high force would be ideal for applications
requiring high-speed actuation. However, it is worthnoting that generating a larger force to achieve
a faster acceleration may not be accomplished easily. For example, a larger acceleration cannot be
obtained by stacking CASs or increasing the tooth depth in order to increase the plunger force as
this would result in an approximately proportional increase in plunger mass. [fthe CAS has friction
and a spring return system, then the resonant frequency, w,., of the mechanical system will limit

how quickly the plunger can oscillate where b is the damping.

(.1)

Once again, lowering the plunger mass is critical for high-speed applications. Additionally, it is
seen that choosing a stiffer spring or reducing damping would allow the plunger to oscillate more

quickly.

The transient force characteristics of a CAS are determined by its electromagnetic
characteristics. More specifically, it was seen in (2.22) that the force can be related to the current
supplied to the CAS. Therefore, the transient current characteristics determine the transient force
characteristics. Asseen in (3.5) the current flowing in a CAS is dependent on the voltage applied,
the resistance, the inductance and the BEMF if the plunger is in motion. Under static plunger
conditions, the peak current for a given voltage is determined by the resistance, and therefore one

needs to design the resistance to be low enough so that the required current can be applied to
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generate the desired force. The rate of change of the current for a given supply voltage is
determined by the inductance. To achieve a fast current response, which subsequently leads to a
fast force response, one needs to design a CAS actuator to have a low inductance or use external

driver hardware with a sufficient output voltage to drive the current quickly.

5.1.1.5 Magnetic Flux Path Design

Designing the flux pathways of a CAS requires compromises to be made to provide suitable
performance and practicality. In order for the assumption that only the air gap dictates the
inductance of a CAS to be valid, it is important that the ferromagnetic sections of the flux paths
have negligible impact on the reluctance of the magnetic circuit; as seen in (2.1), this implies one
should design the ferromagnetic portions of the magnetic circuit to have as large of a cross-
sectional area as possible while being as short as possible. In typical actuators where steel is used
as the ferromagnetic material, the permeability will be approximately three orders of magnitude
larger than air, and therefore it is likely that the reluctance of the ferromagnetic material will be
inherently negligible [123]. However, if exotic materials are opted for, such as powder cores to
suppress eddy currents, the ratio between the ferromagnetic permeability and air gap permeability
may be significantly smaller and extra care would need to be taken to design the magnetic circuit
to ensure the reluctance of the ferromagnetic segments remain negligible. When choosing the
cross-sectional area of the ferromagnetic paths, one needs to ensure that enough magnetic flux can
be supplied to the air gaps without saturating the ferromagnetic material. However, increasing the
cross-sectional area implies that more ferromagnetic material is required which will increase the

cost and weight of the CAS.
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The air gap length of a CAS has a significant effect on the inductance and force produced

by a CAS. Increasing the length of an air gap has several advantages as listed below:

Increases the peak force that can be produced by a CAS, as seen in (2.28)

Reduces the inductance, as seen in (2.10)

Increases the reluctance of the air gap and improves the likelihood that the reluctance of
the ferromagnetic portions of the circuit can be neglected

Requires a smaller AC ripple voltage to generate an appreciable ripple current that can be
measured with a sufficient SNR

Easier to fabricate

However, increasing the length of the air gap also has several disadvantages as listed below:

The likelihood of flux leakage and significant flux fringing increases

More current is required to generate the same force and therefore a larger driver is required
and more ohmic losses will be produced

The inductance will get smaller relative to the resistance making the inductance-based self-
sensing method more sensitive to resistance changes

BEMEF and flux linkage will be harder to detect making the high-speed self-sensing

methods less robust to disturbances

In general, a CAS actuator needs to compromise between force characteristics, avoidance of

nonlinearities and the robustness of the self-sensing methods when choosing a suitable air gap

length. Since the CAS sensor should not produce a force, a smaller air gap length is more

preferable, but is limited by practical fabrication tolerances and the SNR of the current ripple

measurement.
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5.1.1.6 Winding Design

When designing a CAS, one should always attempt to minimize the resistance since this
lowers power loss and improves the accuracy of the self-sensing methods. Ideally, the available
area for windings should be as large as possible so that larger-gauge conductors or several parallel
strands of wire can be utilized to lower the coil resistance. However, increasing the available area

for windings will increase the size of the CAS.

When choosing the number of windings, one needs to consider the amp-turns required to
generate the peak force and the peak current that can be supplied by the available driver. For
example, if a CAS required 1000 amp-turns and the driver could only supply 20A, then 50 or more
windings would be required. Choosing a design with more windings will increase the inductance
of the CAS and will help improve self-sensing but reduce the current response. Fora CAS actuator,
one needs to choose the number of windings to obtain an inductance that compromises between
the force response and the self-sensing. For a CAS sensor, one would like to increase the number
of windings to increase the inductance and improve the self-sensing measurements while ensuring
an adequate SNR can be maintained when measuring the current ripple. In Section 2.2 it was noted
that P, o« I? and P, & N%. Therefore, for a given amp-turn excitation, the number of windings has
no impact on ohmic power loss. It should also be noted thatL . o< N* and R, &< N* as seen in (2.15)
and (2.24). Therefore, the electrical time constant is not impacted by the number of windings.
Overall, the number of windings should be selected to obtain a desired inductance and to

accommodate the available current limit of the driver hardware.
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5.1.2  Sources of Self-Sensing Model Error

In the self-sensing models derived in Chapter 2, it can be noted that only resistance and
inductance need to be characterized to determine plunger position. Naturally, if these parameters
deviate from their characterized setpoint, the accuracy of the self-sensing methods will degrade.
The sections below discuss potential sources of error that can affect the resistance and inductance,

and mitigating strategies and factors.

5.1.2.1 Sources of Error that Affect Resistance

Accurately characterizing the resistance is important for a CAS actuator and a CAS sensor
that is only operating with only two voltage sensors or a voltage sensor and a current sensor. It
was seen in Figure 3.18 that a 2% deviation from the characterized resistance produced negligible
error in the inductance-based measurement, but produced significant error in the BEMF-based and
flux linkage-based measurements. In a practical application, a CAS may experience temperature
changes that will create resistance changes that are much larger than 2%. These temperature
changes could come as a result of changes to the ambient temperature or self-heating due to friction
or ohmic loss. Fortunately, the inductance-based method inherently has a high degree of
temperature immunity since often the reactance of a CAS will be significantly larger than the
resistance. Therefore, as shown in Figure 3.18, the output of the fused complementary filter
measurement will retain the high degree of temperature immunity that the inductance-based
measurement had. [t wasalso seen in Section 3.2.2 that an online measurement can be continuously
employed to measure the resistance on a continuous bases to further improve the accuracy of the
self-sensing measurement. However, it was seen that if the temperature changes too rapidly, it may

not be possible to compensate for. If other factors such as the copper aging, causes the resistance
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to slowly change, the online resistance measurement would also be able to correct the self-sensing
models. Overall, the CAS self-sensing methods are quite robust to resistance changes with several

mitigations available, such as an online resistance measurement and sensor fusion.

If the plunger of a CAS is moved quick enough to generate appreciable eddy currents, or
if the AC ripple frequency is set too high for the ferromagnetic material, then the resistance could
acquire a frequency dependence. In particular, if eddy currents form, the terminal resistance will
appear to increase. As long as this increased resistance is still negligible relative to the reactance,
the inductance-based measurement will remain accurate. If the ripple voltage and ripple current
are small relative to the driving signals, the BEMF-based and flux linkage-based methodsmay still
be accurate, although eddy currents could create noticeable sinusoidal error at the ripple frequency.
However, additional lowpass filters could be added to mitigate the error produced by the AC ripple
eddy currents although this would impose an additional restriction on the maximum plunger
movement frequency. Therefore, if resistance changes occur due to eddy currents generated by the
AC ripple frequency, it is possible that the self-sensing of the CAS could remain accurate.
However, if the eddy currents are generated by fast plunger movements, the eddy currents will
cause the BEMF-based and flux linkage-based methods to become inaccurate. For high-speed CAS

designs, it is important to design the CAS to avoid eddy currents as discussed in Section 1.1.6.

5.1.2.2  Sources of Error that Affect Inductance
The inductance model in (2.15) is based on the assumption that air gap reluctance
dominates the reluctance of the magnetic circuit, making the ferromagnetic contributions

negligible. If this assumption holds true, then a CAS is resistant to inductance changes that result
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from high-order effects in the ferromagnetic material. For example, effects that cause the
permeability of the ferromagnetic material to change, such as temperature variation or aging,
would only affect the reluctance of the ferromagnetic material and would still be negligible relative
to the reluctance of the air gap. Even inductance changes due to eddy currents would be mitigated
by the dominating air gap reluctance. However, if nonlinear effects such as eddy currents or
magnetic saturation are large, the mitigating effect of the dominating air gap reluctance may not
be enough to avoid changing the effective inductance of the CAS as was seen in Figure 3.33.
Therefore, not only does designing a CAS with large air gaps help with peak force generation, but
it also helps ensure the reluctance of the air gap dominates the inductance characteristics, leading

to linear models that are resistant to nonideal effects.

Maintaining a constant air gap length is critical for the self-sensing methods of the CAS.
Anything that causes the air gap length to change would alter the inductance of the CAS and would
cause the inductance-position regression constants to fall out of calibration. There are several
factors that could affect the air gap length:

e Thermal expansion of the stator and plunger material

e The inherent transverse stator force seen in Figure 3.8

e The plunger of a cuboid-shaped CAS rotating about its axis of motion

e External forces, such as a clamp to hold the CAS in place
All of these factors can be mitigated by designing a CAS with larger air gaps since the relative
change in air gap length is less for larger air gaps. For example, an air gap length that is deformed
by 0.1mm would have a more significant effect on a 0.5mm air gap than a Imm air gap since the

relative change is larger. To avoid changes in shape due to internal or external forces, one should
202



ensure the CAS is designed to be very rigid so that it negligibly deforms under the stresses it is

subjected to.

5.2 Comparison of CAS Technology with Similar Actuator and Sensor Technologies

The merit of the CAS technology can be appreciated by comparing its attributes with other
traditional actuators. Table 5.1 ranks the CAS actuator against the other comparable translational
actuator technologies discussed in Chapter 1. From the table, it is seen that the CAS actuator has
the best self-sensing performance out of all of the listed actuators due to its accurate wide-
bandwidth characteristics that are not encumbered by challenging nonlinear effects. Furthermore,
like other solenoids, the CAS actuator has a simplistic design made of cheap and rugged materials,
giving it a significant advantage over permanent magnet or piezoelectric actuators. However, the
CAS actuator does struggle with certain attributes such as force-size density since its force output
is small relative to its size. The CAS actuator is also relatively inefficient since holding a load
would likely require more current than a variable air gap solenoid dueto its low force-size density.
The CAS actuator has better controllability than the other solenoids due to its highly-linear
characteristics. However, it is important to recall that the CAS actuator is only able to generate a
unidirectional force, and therefore is less versatile than a voice coil or piezoelectric actuator.
Overall, it can be appreciated that the CAS actuator has notable strengths and weaknesses like the
other listed actuators. Therefore, like other listed actuators, the CAS actuator has its own niche of
applications that it would be well suited for. In particular the CAS actuator would excel at
applications requiring low force and self-sensing while remaining inexpensive and robust in harsh
environments. For example, the CAS actuator is expected to be well suited for regulators which

require precision adjustments to control the delivery of a fluid. It is conceivable that the CAS
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actuator would be well-suited for the harsh environment of various automotive applications, such
as exhaust gas recirculation valves or turbocharger wastegate regulators. However, validating the

suitability of the CAS actuator for various applications remains a topic for future research.
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Table 5.1 Ranked Comparison of Translational Actuator Technologies

Variable | Proportional Voi Piezoelectric CAS
Attribute Air Gap Face LSRM é’;gle Stack Actuator
Solenoid Solenoid Actuator

Controllability'

Self-Sensing?

Force-Size
Density3

Ruggedness*

Cost?

Stroke-Length
Ratio®
Energy
Efficiency’
Mechanical
Speed?

I The CAS actuator has linear inductance characteristics and constant-force characteristics allowing it to maintain
similar controllability characteristics throughout its stroke unlike a variable air gap solenoid or an LSRM. It also is
not atrisk of being pulled into an end stop unlike a proportionalface solenoid. However, the CAS actuatorcan only
apply a unidirectional force on the plunger unlike a voice coil or piezoelectric actuator.

2 The CAS actuator is the only electromagnetic actuator proven to have two self-sensing methods that can be used
simultaneously and fused to increase mechanicalbandwidth. A piezoelectric actuatoralso hasthis ability, but suffers
from nonlinear effectsthat are more difficult to robustly resolve. A variable air gap solenoid hasnonlinear force and
inductance characteristics throughout its entire stroke, making it the worst candidate forself-sensing out of the listed
actuators.

3 CAS actuators have similar force characteristics as proportional face solenoids and therefore have a notably lower
force than the other categories of actuators listed. The force-size density of a CAS actuator is likely higher than a
proportional face solenoid since CAS geometry can be more easily adapted to include extra teeth and air gaps to
increase the output force.

4 Permanent magnets and piezoelectric ceramics are more fragile and have relatively low temperature limits compared
to common ferromagnetic materials.

5 Permanent magnets and piezoelectric ceramics are expensive relative to common ferromagnetic materials. Therefore,
voice coils and piezoelectric actuatorsare generally more expensive than solenoids or LSRMs. An LSRM uses more
phasesthan a solenoid and therefore is assumed to be slightly more expensive.

6 As discussed in Chapter 1, piezoelectric stack actuators can only displace a small amount relative to their length.
Basic voice coil, CAS actuator and proportional face solenoid designs could all be built to achieve similar
displacements. Variable air gap solenoids usually have high-force designs which require a small air gap and stroke.
LSRMs use multiple phasesto travel long distancesthat can easily exceed the stroke of the other listed actuators.

7 Piezoelectric actuators are electrostatic actuators which require a very small current to account for leakage while
holding a load. Electromagnetic actuatorsrequire an appreciable current while holding a load and therefore produce
significantly larger ohmic losses. The energy efficiency of the LSRM and solenoids will generally be proportionalto
their force-size density. As noted in Chapter 1, voice coil actuators are very inefficient actuators.

8 Piezoelectric actuators are noted as being very high-speed actuators while voice coil actuators are generally faster
than LSRMs and solenoids since they have a large effective air gap length which leads to a very low reluctance and
fast electrical response.
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The CAS sensor, like the CAS actuator, also has significant commercial potential. Table 5.2
ranks and compares the CAS sensor with the inductive differential position sensors discussed in
Chapter 1. From the table, it is seen that the CAS sensor has advantages over the conventional
differential inductive position sensors. The most notable advantage is the improved bandwidth as
the CAS sensor can utilize the BEMF-based or flux linkage-based method to increase the high-
speed sensing abilities. Furthermore, the ferromagnetic stator of the CAS sensor creates well-
defined flux paths that protect it from external magnetic fields unlike an LVDT or DVRT, which
normally require external magnetic shielding. The well-defined flux paths also should reduce
fringing effectsand improve linearity. Itis also important to recall thatthe CAS sensor has internal
redundancy if operated with two voltage sensors and a current sensor; it was validated that if one
of the voltage or current sensors fail, the CAS sensor can continue to operate with reduced
accuracy. Furthermore, each CAS within a CAS sensor can produce its own inductance and
resistance measurements, meaning that it can monitor its own health by ensuring the characteristics
of each CAS remain matched. For example, a broken wire or a shorted wire could be detected by
comparing the resistance measurements of the upper and lower CASs within a CAS sensor. This
makes the CAS sensor ideal for critical-function sensors, such as the throttle position sensor of a
vehicle. However, the CAS sensor does have notable disadvantages, with the most significant one
being that it would need to be larger than an LVDT or DVRT to measure the same displacement.
The CAS sensor also requires an AC and DC current, which are significantly larger than the AC
current inan LVDT or DVRT. Therefore, the power consumption of the CAS sensor will be larger.
The CAS sensor is also expected to cost more since it requires more ferromagnetic material than
an LVDT or DVRT. Overall, for applications where larger, higher-power position sensors can be

tolerated, the CAS sensor is expected to offer significant improvements over LVDTs and DVRTs,
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particularly when measuring high-speed movements or when robust redundancy and health
monitoring attributes are required. Naturally, the CAS sensor will also allow the robust and noise-

cancelling attributes of inductive differential position sensors to be extended to higher-speed

applications than would be possible with a conventional LVDT or DVRT.
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Table 5.2 Ranked Comparison of Inductive Differential Position Sensors

Attribute CAS Sensor

Stroke-Length Ratio!

Linearity?

External Magnetic
Field Resistance®

Bandwidth*

Cost’®

Temperature
Immunity °

Power Consumption’

Failure Redundancy?®

Sensor Health
Monitoring®

I DVRTs are smaller than LVDTs since they do not require primary and secondary coils. Figure 4.1b shows the stroke
of'a CAS sensor must be more than fourtimes smaller than the length of the actuatorsince it must be divided by four
plunger cores. Furthermore, the top and bottom plunger cores of a CAS sensor exit the stator. These factors lead to
the CAS sensor having the least favorable stroke-length ratio.

2 As discussed in Chapter 1, LVDTs are noted as being more linear than DVRTs. The CAS sensor is expected to be
more linear than DVRTs since it does not introduce potentialnonideal effects created by the mutual coupling between
the top and bottom coils. The well-defined flux paththrough the statormay minimize fringing effects and allow the
CAS sensor to be more linear thanan LVDT.

3 The CAS sensor is self-shielding since it hasa ferromagnetic statorunlike an LVDT or DVRT.

4 The CAS sensor is the only sensor listed that hasbeen shown to simultaneously produce a low-speed and high-speed
plunger measurement which can be fused to produce a wide-bandwidth measurement.

> The CAS sensoris expected to cost the mostsince it has a ferromagnetic statorthat channels appreciable magnetic
flux.

¢ As noted in Chapter 1, LVDTs without a centertap do nothave inherent temperature cancellation.

7 The CAS sensor will consume the most power as it requires a significant DC bias current unlike an LVDT or DVRT.
8 Only the CAS actuatorcan continue operatingif one of its voltage or current sensors fail.

? The CAS sensor can compare the resistance and inductance characteristics of the upperand lower CAS independently
to infer the health of the sensor.
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Chapter 6: Conclusion

In this dissertation, a novel CAS technology was proposed, developed and experimentally
validated. The sections below summarize the contributions of the CAS technology to the field of

actuators and sensors and proposes future research directions.

6.1 Summary CAS Technology and Research Contributions

The CAS technology proposed in this thesis contains components and implementations which
are novel. The core components of the CAS technology can be visualized in Figure 6.1. As
depicted, the CAS technology can be divided into an actuator and sensor subset. A CAS actuator
can be described as the first electromagnetic actuator with the ability to simultaneously produce
two unique plunger self-measurements. Similarly, a CAS sensor can be described as the first
inductive-based differential sensor capable of simultaneously producing two unique plunger self-
measurements. The novel geometry of the CAS sensor and actuator allow it to have linear-
inductance and constant-force characteristics which are required for robust plunger position self-

sensing.
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Figure 6.1 A diagram of the key components of the CAS Technology.

To validate the proposed qualitative features of the CAS technology, a proof-of-concept
CAS actuator and CAS sensor were developed. The CAS actuator and CAS sensor were both
designed to use a similar bolt-together design with identical silicon steel laminations. The CAS

actuator was experimentally validated tobe capable of performing robust 40Hz sensorless position
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control when tracking a 1mm/s ramp, a 10mm/s ramp and a step trajectory. The sensorless control
results showed very similar performance to the laser vibrometer it was benchmarked against, with
only slightly more overshoot being present for the 10mm/s ramp and step trajectories. The robust
differential self-sensing attributes of the CAS sensor were experimentally validated to perform as
hypothesized. In particular, the CAS sensor was demonstrated to self-sense its plunger position
with less than 1% nonlinearity at both low and high plunger speeds. Furthermore, the inherent
redundancy capabilities of the CAS sensor were validated by showing the CAS sensor could

continue to operate with approximately less than 3% nonlinearity, even if the current sensor failed.

Using inductance, BEMF and flux linkage to self-sense plunger position is not an inherently
new concept. However, the prototype CAS actuator experimentally validated that these self-
sensing methods can be utilized simultaneously, which had never been demonstrated before.
Furthermore, the self-sensing models in Chapter 2 and Chapter 4 are novel since they are derived
for the unique CAS geometry. Itis important torecall that these self-sensing methodsare only well
suited for either high-speed or low-speed plunger movements. Having access to multiple self-
sensing methods with differing bandwidth characteristics allows sensor fusion techniques to be
utilized to generate a single wide-bandwidth plunger position measurement. While theoretically, a
CAS sensor or actuator could operate without a sensor fusion technique, it was demonstrated in
practice that the BEMF-based or flux linkage-based methods would be challenging to use as
standalone measurements. Therefore, sensor fusion could be considered an integral part of the
CAS technology since it allows the accurate high-speed aspects of the BEMF-based or flux
linkage-based methods to be salvaged. Sensor fusion allows the CAS actuator to produce wide-

bandwidth feedback for sensorless plunger position control. It also allows the CAS sensor to
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produce a wide-bandwidth differential measurement. This allows the CAS actuator and sensor to
be applicable for both low-speed and high-speed applications, which is a rare and valuable

attribute.

6.2 Future Research

CAS technology is a novel and broad topic with a large potential for future research. The
primary goal of this thesis work was to develop and experimentally prove the novel aspects of the
CAS technology. To accomplish this goal, performance optimizations were not required.
Therefore, the optimal design and implementation of a CAS actuator or sensor would have
significant research potential. For example, a complementary filter may not lead to optimal
performance, and therefore one could investigate whether other sensor fusion techniques, such as
a Kalman filter, would be advantageous to use instead. One could also investigate how a CAS
actuator performs with various controller implementations in an effort to achieve better sensorless

plunger control.

Methods to overcome the limitations of the CAS technology is another topic of interest. In
Figure 3.33 it was noted that the CAS actuator experiences an inductance-current nonlinearity.
While this nonlinearity was overcome with additional current and displacement restrictions,
modeling this nonlinearity with a regression or lookup table would improve accuracy and allow
these restrictions to be removed. One could also look into overcoming the upper speed limits of
self-sensing imposed by hardware and nonlinear factors, such as eddy currents. For example, eddy
currents could be avoided by investigating alternative magnetic materials, such as ferromagnetic

powder cores.
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Furthermore, CAS technology research is already underway. One ongoing project at UBC
Okanagan is investigating a derivative of the CAS sensor geometry presented in this thesis that
uses a design without a ferromagnetic stator. The success of this research will allow the size and
cost of the CAS sensor to be significantly reduced and will also greatly mitigate the effects of eddy
currents at the expense of linearity and a lack of self-shielding. Westport Fuel Systems Canada
Inc. has helped develop and patent the CAS technology and are exploring potential applications
within their product lines to apply the CAS technology [137]. Overall, the practical, rugged and
robust features of the CAS technology make it applicable for many commercial applications which
could be explored through future research. Lastly, it is important to note the CAS technology
possesses several of the attributes demanded by future Industry 4.0 cyber-physical systems. CAS
technology exhibits characteristics of smart actuators that can self-sense position without a
dedicated position sensor, and smart sensors which can self-monitor their health with inherent
built-in redundancy. Therefore, the CAS technology will be of interest to the ongoing research and

progress towards the fourth industrial revolution.
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Appendices

Appendix A: Parameter Tuning for the Self-Sensing Methods

In Chapter 3 and Chapter 4, various parameters, such as the superimposed AC voltage and
the complementary filter center frequency, required tuning to achieve suitable performance. For
the purpose of this thesis, optimal tuning was not required as the goal was to prove and validate
the expected characteristics of the CAS actuator and CAS sensor. Furthermore, optimal parameters
are likely dependent on the intended application for the CAS actuator or CAS sensor. However,
obtaining suitable performance to demonstrate the prototype CAS actuator and CAS sensor often

required iterative tuning.

Some parameters, such as the superimposed AC voltage magnitude, have an obvious
optimum value to use since increasing the AC voltage magnitude improves the SNR as was
postulated in Section 2.3.1. This was validated experimentally using the CAS actuator and is
shown in Figure A.1. For both the CAS actuator and CAS sensor, the largest possible AC voltage
was chosen while ensuring the supply voltage would not be exceeded after adding it to the driving

or bias voltage.
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Figure A.1 Shows the effect when the superimposed AC voltage supplied to the CAS actuatoris reduced.
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Some parameters, such as the complementary filter center frequency, likely require iterative
tuning as it is challenging to estimate a suitable frequency since noise is difficult to predict and
significantly affects the bandwidth of the self-sensing measurements. Figure A.2 shows a
visualization of the bandwidth of the self-sensing methods. It is ideal when the inductance-based
and BEMF-based or flux linkage-based methods significantly overlap as this provides bandwidth
for the complementary filter to transition between favoring one of the methods. If there is no
overlap, as is seen in Figure A.2b, then the complementary filter output will have deadband where
the measurement will become less accurate. The upper bound of the inductance-based
measurement depends on several factors, such as the magnitude and frequency of the AC voltage
and current. The lower bound of the BEMF-based and flux linkage-based methods are determined
by factors such as the magnitude of the driving or bias current relative to the amount of noise in
the current measurement. Naturally, since the CAS sensor can differentially cancel noise, its self-
sensing measurements are much more likely to avoid deadband issues unlike a CAS actuator.
Ultimately, hardware limitations or a noisy environment could lead to deadband. When there is
deadband, the accuracy of the complementary filter outputs will become very sensitive to the
placement of the center frequency and may require compromises to be made regarding low-speed

and high-speed self-sensing performance.
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Figure A.2 A visualization of the bandwidth of the individualself-sensing methods. An ideal transition band is shown
in (a) since there is overlap between the measurements and a nonideal transition band is shown in (b) since there is

deadband between the measurements.

It was noted the self-sensing performance of the CAS actuator significantly changed when
adjusting the complementary filter center frequency. In particular, the center frequency used in the
CAS actuator simulation did not perform well when applied to the prototype, unlike the CAS
sensor. A parametric study was conducted by driving the plunger with the current controller at

various mechanical frequencies as was done in Figure 3.38. Afterwards, the results were post-
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processed and the flux linkage-based complementary filter output was compared to the laser
sensor. The error between these measurements is shown in Figure A.3. It was noted that a center
frequency of 20Hz performed significantly better at high-frequencies than the 10Hz center
frequency used in the simulation; increasing the center frequency to 30Hz increased the error. The
other interesting observation to note is that the error for the 20Hz center frequency increases
between the plunger moving at 1Hz and 40Hz. This indicates the prototype CAS actuator has some
deadband between its self-sensing methods. However, this deadband was small enough to allow
sensorless control to still be demonstrated in Chapter 3. The effect complementary filter center
frequency has on trajectory-tracking performance can be visualized in Figure A.4. A 20Hz center
frequency outperformed the other frequencies shown and agrees with the results from Figure A.3.

Therefore, 20Hz was selected and was used when producing the results in Chapter 3.
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Figure A.3 A parametric study at specific mechanical frequencies for determining a suitable complementary center

frequency. The error is calculated as the subtraction between the flux linkage-based complementary filter output and

the laser vibrometer.
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Figure A4 A parametric study using a step trajectory for determining a suitable complementary filter center
frequency. (a) shows the plunger position and (b) shows the error relative to the measurement produced by the laser

vibrometer. The actualplunger position, y, is assumed to be the measurement produced by the laser vibrometer.
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Appendix B: CAS Sensor Custom Circuits
This appendix contains schematics and additional details regarding the custom circuitry used

to operate the CAS sensor.

B.1 CAS Sensor Driver

The CAS sensor driver is a non-inverting operational amplifier circuit and a schematic is
provided in Figure B.1. The circuit was adapted fromthe example OPA 548 non-inverting amplifier
circuit shown in [138]. The passive components in Figure B.1 are able to withstand the maximum
ratings of the OPA548. The gain of the circuit can be adjusted by varying the R1 and R2
potentiometers. For the CAS sensor experiments in Chapter 4, R1 and R2 were adjusted to attain
a gain of 10. The R3 potentiometer is used to limit the maximum output current of the OPA548.
The enable/status pin was left floating as its functionality was not required. The fabricated circuit

is seen in Figure B.2.

A =
4
o
o
~
® s é0.0qu
v l _L 2K 6 vout]®
7] 100uF 10uF = 0.1uF )
olchD o <L = ’ M vin |,
oltVs = <L oo %10% %o‘m
10K 10K
Va%
S o

Figure B.1 Schematics of the circuit used to drive the CAS sensor.
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Figure B.2 Fabricated custom CAS sensor driver.

B.2 CAS Sensor Voltage and Current Measurement Circuit

The CAS sensor voltages, U; and U,, and the series current, I, are measured using the circuit
shown in Figure B.3. All of the measurements use AD8421 instrumentation amplifiers which are
designed for measuring differential signals and rejecting common-mode disturbances. A VPR221

1Q shunt resistor is used to convert the current through the CAS sensor into a measurable voltage.

The Rg ports are used to adjust the output gain of the AD8421. Potentiometers were added to allow
the AD8421 gain to be adjusted and fine-tuned. In the datasheet, it was noted that a gain of around

10 provided a preferable compromise for various parameters such as noise rejection, settling time
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and dynamic response [139]. Therefore, for the final CAS sensor experiments, the AD8421 current
gain was set to 10 and the voltage gains were set to 8 using the potentiometers. It is important to
note that the net voltage gains are only 1/2 since aresistor network pre-gain of 1/16 is applied prior
to the instrumentation amplifiers to ensure the voltages are within the range of the dSPACE analog-
to-digital converters. The outputs of the AD8421 were lowpass filtered using an analog resistor-
capacitor network. The corner frequencies of the filters were set to approximately 16kHz to
attenuate high-frequency noise while being distant from the superimposed AC voltage and current

in order to avoid influencing the self-sensed position estimates. The fabricated circuit is shown in

Figure B.4.
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Figure B.3 A custom circuit used to measure the voltage and current acrossthe CAS sensor.
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Figure B.4 Fabricated custom circuit used to measure the voltage and current across the CAS sensor.
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