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ABSTRACT

The use of semi-active magnetorheological elastomer bushings in automobiles is
one of many strategies to reduce vibration inside vehicles caused by structure-borne
noise. However, several practical engineering challenges must be addressed before

magnetorheological bushings can be seamlessly incorporated into vehicles.

This thesis comprises two projects that address some of the engineering
challenges associated with practical implementation of magnetorheological bushings in
cars. The first project investigates the dynamic vibration damping range of an elastomer
ferromagnet composite damper, a type of magnetorheological material, under realizable
electromagnetic control. The dynamic vibration damping range of the elastomer
ferromagnet damper is acquired from the resonant frequency change of a vibrated proof
mass comprising the elastomer ferromagnet component and a pair of off-the-shelf
industrial electromagnets. The second project in this thesis models power amplifiers that
are needed to power electromagnets coupled to magnetorheological bushings in an

automobile.

Keywords: Magnetorheological Elastomers, Elastomer Ferromagnet Composite,

Electromagnet Power Amplifiers, Sliding Mode Control
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1 VIBRATION DAMPING WITH
MAGNETORHEOLOGICAL COMPONENTS

1.1 Introduction

The renewed emphasis on fuel efficiency in recent years has driven automobile
manufactures to build lighter cars [1]. With the use of lighter chassis and body
materials, such as aluminium and carbon fibre [2-5], car manufacturers are keenly
focussed on increasing fuel efficiency without compromising vehicle handling and
performance. However, these innovations have certain drawbacks. Using lighter chassis
materials, in particular, makes vehicles more susceptible to structure-borne noise, which
varies in frequency from 0.5Hz to 50Hz [59]. Vibration can be damped out with
vibration absorbing materials inside the car cabin; however, passively damping out
structure-borne noise requires unrealistically large quantities of vibration absorbing
materials in the car cabin [9]. Therefore, structure-borne noise in the car cabin is reduced
by active and semi-active suspension systems that try to cancel out incoming structure-
borne noise or by semi-active suspension systems that limit the amount of structure-borne

borne noise coupled into the car cabin.

As members of the Auto 21 Network Centre of Excellence (www.auto21.ca), our
research focuses on using elastomer ferromagnet composite (EFC) and
magnetorheological elastomer (MRE) materials in semi-active systems that reduce
structure-borne noise in cars. We have already examined the vibration damping

capabilities of permanent magnet controlled magnetorheological elastomer (MRE)



components [6]. This thesis examines the vibration damping capabilities of

electromagnetically controlled EFC components.

1.2 Reducing Structure-borne Noise

Often colloquially referred to as ‘road noise’, structure-borne noise [7] is the
direct result of the contact between a vehicle’s tires and the road surface. This noise is
coupled into the vehicle cabin from the tires through the vehicle suspension. Along with
other disturbances, such as engine noise [8], structure-borne noise contributes to driver
fatigue and discomfort. Using absorbent materials to dampen structure-borne noise is
impractical because the physical dimension of the absorbent material must be
proportional to the wavelength of the structure borne noise. For example, it would take
2.5m of sound damping material inside the car cabin to damp out 200Hz noise [9].
Therefore, structure-borne noise damping requires active noise cancellation techniques
that work inside the car cabin [10, 11] or, active and semi-active suspension systems that

eliminate or limit the structure-borne noise coupled into the car cabin.

1.2.1  Active Suspension Systems

Most automobile suspension systems, consisting of spring and damper elements,
inherently compromise between ride comfort and vehicle handling [12]. The structure of

a passive suspension system is illustrated in Figure 1.1.
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Figure 1.1: Automobile Passive Suspension

A stiff suspension will yield excellent handling but poor reduction of structure-
borne noise in the vehicle cabin, whereas a softer suspension significantly reduces in-
cabin structure-borne noise at the expense of vehicle handling. By adding an actuator to
the spring and damper elements of a passive suspension system, an active suspension
system overcomes the handling versus structure-borne noise reduction compromise
inherent to a passive suspension system [15]. Depending on the element configuration,
active suspension systems come in high bandwidth and low bandwidth varieties as

illustrated in Figure 1.2.




Vehicle
Connection
Junction Sensor

b e
o

Vehicle

Spring @ Connection

Junction S ensor
Damper —

Actustor
Spring
Actuator Controller
Controller
Sensor
| E—— |

- @

High Bandwidth System Low Bandwidth System

A

A

\

Figure 1.2: High and Low Bandwidth Active Suspension Systems

As illustrated in Figure 1.2 the high bandwidth active suspension system includes
an actuator in series with a spring and damper in parallel, whereas the low bandwidth
active suspension system omits the damper and replaces it with the actuator. Note that
both active suspension configurations require sensors and controllers to properly control
the actuator. To simplify implementation low bandwidth systems are preferable for
automobiles because the high bandwidth systems require extremely sophisticated

aerospace technology [13].

Although active suspension systems overcome problems associated with passive

suspension systems, they do come with their own caveats. Issues regarding system



complexity and power consumption [14, 15] must be addressed before active suspensions
become ubiquitous in vehicles. Also, without proper attention to controller design, active

suspension systems can become unstable [12].

1.2.2  Semi-active Suspension Systems

Similar to active suspension systems, semi-active suspension systems replace the
damper element of a passive suspension system with a variable damper element; i.e., a
damper with a controllable damping coefficient. Semi-active suspension systems have
the same advantages as active suspension systems, but without the added burden of
excess power consumption [16]. Also, because semi-active suspension systems work by
varying the energy absorbed by the suspension system 17, 18], they are always stable,
unlike active suspension systems, which work by injecting energy into the suspension

system.

Past research [19] with an electro-rheological fluid damper has demonstrated the
capability of suspensions with variable damping characteristics. Also, Rakheja et al. [20]
observed that the acceleration of the mass, in a spring-damper vibration system with a
variable damper, increased when the damping force was in the same direction as the

spring force.

1.3 Semi-active Bushings

Reducing structure-borne noise after it has propagated through the suspension of a
car, shown in Figure 1.3, is an extremely difficult task. The structure-borne noise
spectrum is illustrated by the frequency response, shown in Figure 1.4, of an

experimental quarter car model [61] subjected to vibration from a shaker table.
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Figure 1.3:  Bushings in the Suspension-Chassis Interface
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Figure 1.4:  Quarter Car Model I'requency Response to Vibration [61]



Contributing factors such as tire mechanics, the suspension spring and damper
elements, the suspension mounting bushings, as well as the inter-coupling between the
suspension arms all effect structure-borne noise coupled into the car cabin. Because each
of these contributing factors is a field of study in and of itself, as members of the
vibration sub-group in the Auto21 intelligent systems group, we decided to narrow our

research focus exclusively to the bushings that mate the suspension to the vehicle chassis.

The bushings that mate the suspension to the car chassis also affect structure-
borne noise coupling [21]. Made mostly of rubber in commercial vehicles, bushings
suffer from the same compromise as passive suspensions; i.e., a stiff bushing will yield
excellent handling but poor reduction of structure-borne noise in the vehicle cabin,
whereas a softer bushing significantly reduces in-cabin structure-borne noise at the
expense of vehicle handling. Even if a vehicle is outfitted with an active or semi-active

suspension system, the bushings will still transmit structure-borne noise into the cabin.

Rather than directly addressing the structure-borne noise problem, our research is
motivated by the structure borne noise problem and focuses on vibration damping with
semi-active materials. The eventual goal of our research would be to build semi-active
bushings that can reduce structure-borne noise coupled through a car suspension. The

initial phase of our research was conducted primarily by Mr. Michael Sjoerdsma [6].

1.4 Vibration Damping with MRE Components
Magnetorheological elastomers (MRE) are usually made of iron or iron alloy

particles suspended in a rubber matrix [26]. Because MRE component stiffness can be

reversibly controlled or altered, the natural frequency of a mechanical system



incorporating an MRE component can be dynamically changed [22]. Lokander et al. [23]
experimentally determined that the greatest change in rheology occurs in nitrile rubber
MRE components that contain 30% iron by volume. Increasing the iron content past
30% increases the stiffness of the resulting elastomer [24] beyond the maximum stiffness

generated from an applied magnetic field [25].

1.4.1 MRE Theory of Operation

MRE components are created by curing the raw rubber and iron particle
suspension in a magnetic field. The magnetic field is applied transverse to the intended
axis of compression of the finished MRE component [26]. The applied magnetic field
aligns the iron particles into chain like structures that are preserved after curing. By
modelling the interaction between resident iron particles in the cured MRE and an
external magnetic field, Borcea et al. [27] have shown that the cured MRE will overall
compress while still elongating in the direction parallel to the applied magnetic field.
They have also shown that the cured MRE strain perpendicular to the applied magnetic
field is different from the cured MRE strain parallel to the applied magnetic field.
Therefore, application of a magnetic field to the cured MRE component causes a change

in modulus of elasticity, which in turn affects MRE component stiffness.

1.4.2  MRE Experimental Setup

The applicability of MRE components for bushings was initially investigated by
fabricating two separate blocks designated as mMRE and nMRE [6]. The mMRE block
was cured in a magnetic field perpendicular to the direction of vibration excitation in the

experimental test jig, and the nMRE block was cured without a magnetic field. MRE



components that are cured without a magnetic ficld are classificd as clastomer
ferromagnet composite (EFC) components [30]. Both blocks were made of Sylgard
Brand 184 silicone clastomer and mixcd with Alfa Aesar stock #00736 iron powder. An

illustration of both the mMRE and nMRE blocks is shown in Figure 1.5.

65mm
[6] © Michacl Sjocrdsma, reproduced with permission
Figure 1.5: Fabricated mMRE and nMRE Blocks
The screws protruding from the top and bottom of the MRE block were ased to

mount the block into the experimental ‘cst jig. The experimental test jig comprised a
shaker table (B&K Type 4808 Vibraticn Exciter) , a proof mass, four pcrmancn: magncts
(Lce Valley 99K32.11), and a pair of accclerometers (Analog Devices ADXL210). The
MRE block was mounted on a brackct on the shaker table and the proof mass was
mounted on a sccond bracket on top of the MRE block. The bracket on top of the MRE
block also had spacc for holding the permanent magnets. A cross scetional diagram of

the completzs experimental test jig is illastrated in Figure 1.6.
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Figure 1.6:  MRE Block Experimental Test Jig Cross Section
The test procedure involved cxciting both the nMRE and the mMRE blocks with
a 140 mVpp sinusoidal vibration input varying in frequency from 15Hz to 215Hz. This
frequency sweep was repeated for both blocks with proof masses of 0.375kg, 0.575kkg,
and 0.675kg, respectively. Also, cach sweep with a given proof mass was repeated twice,

once with magnets and once without.

1.43  MRE Vibration Experimental Results

The acccleration data taken at tic mass on top of the bushing was divided by the
acccleration data from the shaker table to calculate transmissibility for cach frequency

sweep. For a given proof mass, the resonant frequency changed with the presence of

10



magnets in the test jig. The transmissibility data exhibiting the largest change in resonant

frequency for each block are illustrated in Figure 1.7 and Figure 1.8, respectively.
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Figure 1.7: nMRE Transmissibility Plot with 0.675kg Proof Mass
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Figure 1.8: mMRE Transmissibility Plot with 0.375kg Proof Mass




Table 1.1:  Fractional Change in Resonant Frequency for nMRE and mMRE
Blocks
nMRE mMRE
A A
mass (g) | f0 (Hz) | f1 (Hz) Tf (%) | f0(Hz) | f1 (Hz) Tf (%)
0 0
375 11741 12241 4+2 12141 136+1 1242
575 95+1 1001 542 108+1 11841 9142
675 87+1 911 542 1011 11141 10+£2

[6] © Michael Sjoerdsma, reproduced with permission

As shown in Table 1.1 the change in resonant frequency is significantly greater

for the mMRE block than the nMRE block.

1.5 Thesis Focus

The focus of my thesis is to address some of the engineering challenges
associated with practical implementation of magnetorheological bushings in cars. One of
these challenges is to take our investigation of magnetorheological materials towards
practical electromagnetic control in automobiles. Past research with magnetorheological
devices has depended on extremely large and unwieldy electromagnets [28], whereas, my
focus is to use magnetorheological components with smaller commercially available
electromagnets. Because of the confined space and finite power source in a vehicle, any
magnetorheological bushing in the vehicle suspension must be integrated with
electromagnets that are small and energy efficient. Although the research covered in this
thesis does not directly solve the structure-borne noise problem, it is nonetheless

motivated by the structure borne noise problem. The tools and techniques investigated in

12



this thesis will be applied in future automobiles for solving the structure borne noise

problem.

In keeping with the practical electromagnetic control focus, this thesis covers the
fabrication of an EFC damper and experimental test jig in Chapter 2. Chapter 2 also
summarizes the vibration experiments conducted with the EFC damper and experimental
test jig. Chapter 3 presents three mathematical models that describe the results of the
vibration experiments from Chapter 2. Chapter 4 covers some preliminary modelling on
electromagnet power amplifiers. Finally, the concluding chapter, Chapter 5,.presents

some of the future work related to the experiments covered in this thesis.
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2 ELECTROMAGNETIC CONTROL OF AN ELASTOMER
FERROMAGNET COMPOSITE VIBRATION DAMPER

2.1 EFC Damper Experiment Design

Woe are interested in reducing vibration transmission through the suspension of a
vchicle via zlectromagnctically controlled magnetorhcological (MR) devices. Our first
step in electromagnctically controlling magncetorheological materials was to design a
suitable experimental apparatus where vibration was directly coupled through a
magnctorhcological material damper. This apparatus also had to incorporate a pair of
clectromagnets that were not only in dircct physical contact with an clastomer
ferromagnct composite (EFC) damper, but also provided a relatively uniform magnetic
ficld through the EFC damper. In order to achicve thesc apparatus design constraints we

designed the experimental apparatus illustrated in Figure 2.1.

Ezlectromagnet

Electromagnet

Shaker Table

Figure 2.1:  Electromagnetically Controlled EFC Damper Experiment Setup



Our experimental device would comprise an EFC damper sandwiched between a
pair of evenly matched but opposingly excited electromagnets. This electromagnet pole
arrangement ensures uniform field lines through the EFC damper migrating from the
North pole electromagnet to the South pole electromagnet. Additionally, magnetic field
fringing is minimized by making the EFC damper thickness significantly less than the
electromagnet pole diameter [40]. The electromagnet and EFC damper assembly would
then be mounted on a shaker table to run the necessary vibration experiments on the EFC

damper.

2.1.1 EFC Damper Experimental Apparatus

The assembly process of the test jig shown in Figure 2.1 is explained in this
section. The jig consists of a pair of EM-R2 12V DC electromagnets manufactured by
Eriez of Canada Ltd. The EM-R2 is an industrial electromagnet for sorting/picking
ferromagnetic parts made from low carbon steel. A picture and a diagram of the EM-R2
is shown in Figure 2.2 and Figure 2.3. Note the 2.68cm diameter inner circular area on

the electromagnet top is the electromagnet active pole.

15



Figure 2.2: EM-R2 Electromagnet

Figure 2.3: EM-R2 Electromagnet Top (L) and Front (R) Views with
Dimensions in Centimetres

After selecting the electromagnets, we designed a suitable method to cast the EFC
damper. The complete casting process is descrited in detail in Appendix A. Wc made
our damper with silicone rubber (Sylgard 184) and 10um spherical iron powder (Alfa
Acsar stock # 00170). Because of the low ficld strength of the EM-R2 electromagnets,

we directly glued our EFC damper to both clectromagnets to maximize the magnetic ficld

16



coupling. To form a strong mechanical bond between the damper and the
electromagnets, we glued the damper to both clectromagncts with a primer comaound
(Dow Corning® 92-023) while it was being cured. Also, to maximize electromagncetic
ficld uniformity and minimize electromagnetic tield fringing we sct the bushing thickness
at 0.69cm, significantly less than the 2.68cm diameter EM-R2 active pole. A picture of

the cured EFC damper bonded to both clectromagnets is shown in Figure 2.4.

Figure 2.4: Cured EFC Damper Bonded to EM-R2 Electromagnets

The last piece of the test jig consisted of a machined aluminium plate that was
used to mount the clectromagnet and EFC bushirg assembly onto a shaker table. A

picturc of the aluminium plate is shown in Figure 2.5.



Figure 2.5: EFC Damper Test Jig Mounting Plate

Figurc 2.6 shows our EFC damper test jig mounted on the shaker table we used

for our cxperiments.

Electromagnet
Accelerometer

Shaker Table
Accelerometer

Base Plate
Accelerometer

Figure 2.6: EFC Damper Test Jig on Shaker Table

We used a Thermotron DS-640-979 shaker table connected to a Dactron Laser
Controller for our vibration cxperiments. The Dactron Lascr Controller. a combination
shaker table controller and data acquisition (DAQ) system, was interfaced to a PC
running Dactron Shaker Controller software that, not only controlled the shaker ~able

according to user scttable test parameters, but also displayed and stored incominz data



from accelerometers connected to the Dactron Laser Controller. For our tests we
measured the vibration at three places: the shaker table, the base plate, and the
electromagnet mounted on top of the EFC damper. The shaker table vibration data was
acquired through an accelerometer embedded in the shaker table surface and the base
plate and top electromagnet vibration data were acquired through a pair of PCB
Piezotronics 353B03 accelerometers. All the accelerometers are labelled in Figure 2.6.
The electromagnets terminals were connected together in a complementary fashion; such
that, when powered up, one electromagnet acted as a magnetic North pole and the other
as a magnetic South pole. Both electromagnets were powered by a Xantrex XPD33-16
DC power supply. The power supply voltage was measured with a Fluke series 75
DMM. A complete summary of all the equipment used for our experiments is listed in

Table 2.1.

Table 2.1: Equipment for EFC Damper Vibration Experiments

Device Vendor Version/Model Number
Shaker Table Thermotron DS-640-979
Shaker Table Controller | Dactron Laser Controller ver. 3.10
and DAQ Hardware
Shaker Table Controller | Dactron Shaker Controller ver. 4.7

and DAQ Software

Accelerometers PCB Piezotronics 353B03
Electromagnet Power Xantrex XPD33-16
Supply

DMM Fluke Series 75




2.1.2 EFC Damper Experimental Procedure

Initially, we intended to characterize the EFC damper in the context of a mass
spring damper system [29]. Therefore, the top electromagnet in our EFC damper test jig
acted as the system proof mass, and the bottom electromagnet and mounting plate acted
as the input for a vibration disturbance. Our objective was to characterize the EFC
damper in terms of spring and damping constants that would change as a function of the
magnetic field propagating through the damper. The shaker table was operated in
frequency sweep mode to provide the necessary sinusoidal vibration disturbance to the
EFC damper test jig. The shaker table was configured to sweep from 10Hz to 800Hz for
all out vibration experiments. We conducted our tests in two distinct phases. In phase
one the shaker table frequency sweep amplitude was set at 0.5g, where g is a unit of
acceleration equivalent to 9.8m/s’. We repeated the 0.5g frequency sweep for
electromagnet terminal voltages of OV to 16V in 4V steps. All the phase one results are
graphical, but nonetheless useful because they validate the material nature of our EFC
damper. In our phase two experiments the shaker table frequency sweep amplitude was
set at 1g. We repeated the 1g amplitude frequency sweep for electromagnet terminal
voltages of OV to 16V in 2V steps. The phase two numerical data was analyzed in

Mathematica.

As part of our experiments, we also characterized the magnetic field strength of
the EM-R2 electromagnets as a function of applied terminal voltage. The complete
electromagnet characterization process and results are described in Appendix B. Because
the EFC damper thickness is significantly less than the electromagnet pole diameter, we

assumed that the magnetic field through the EFC damper is uniform and can be estimated

20



as the sum of the individual electromagnet field strengths for a given terminal voltage

[40]. The estimated magnetic field strength in the EFC damper for the phase two

electromagnet voltages are listed in Table 2.2.

Table 2.2:  Estimated Magnetic Field Strength in the EFC Damper in Teslas
tese 1| il Srengn (1 | P Svengn 1y | Esimated EFC
damper testig) | damper testjig | Streneth (D
p jig) p iig)
0 0.00100 0.00040 0.00140
2 0.00560 0.00520 0.01080
4 0.01055 0.01040 0.02095
6 0.01555 0.01575 0.03130
8 0.02060 0.02095 0.04155
10 0.02555 0.02630 0.05185
12 0.03050 0.03175 0.06225
14 0.03525 0.03660 0.07185
16 0.03980 0.04110 0.08090

2.2 EFC Damper Experimental Results

Data plots from all the phase one experiments, and a subset of the data plots from
the phase two experiments are shown in sections 2.2.1 and 2.2.2. Recall, that in both
experiment phases the shaker table frequency sweep was repeated multiple times with
different electromagnet terminal voltages. Therefore, for the sake of brevity the plot
associated with a given frequency sweep is designated by the electromagnet terminal
voltage for that particular frequency sweep. For example, any data plot associated with a
frequency sweep performed with OV electromagnet terminal voltage will be designated

with a ‘0V sweep’ label.
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2.2.1 EFC Damper Phase 1 Experimental Results

From our phase one experiments, we have vibration versus frequency data plots
that show the vibration output of the shaker table, the mounting plate, and the top
electromagnet. Both vibration and frequency are plotted on a log scale in all the data

plots. All the phase one data plots are shown in Figure 2.7 to Figure 2.11.
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Figure 2.7: EFC Damper Test Jig and Shaker Table Frequency Response; 0V
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In all our frequency sweeps, we noticed that at 60Hz, and subsequent 60Hz
frequency harmonics, the shaker table vibration output was extremely noisy because of

AC interference in the shaker table power amplifier.

The preliminary results show a noticeable decrease in EFC test jig resonant
frequency as a function of magnetic field strength. Even more noticeable is the increased
top electromagnet vibration as a function of magnetic field strength. These results,
indicate that the EFC damper and stiffness both decrease as a function of increasing
magnetic field strength. According to Zhou et al. [30], unlike an MRE damper, an EFC
damper actually dilates in the presence of a magnetic field and correspondingly becomes
less stiff. Therefore, in the context of our mass spring damper model, the system spring
and damping constants both decrease as a function of increasing magnetic field strength
through the EFC damper. We verified the EFC damper dilation by attaching a strain
gauge to the EFC damper and observing the change in strain when the electromagnets are
powered up to 16V. The EFC damper strain measuring process and results are described
in Appendix C. In the end, the phase one experimental results were useful for verifying
the expected behaviour of our EFC damper as a function of increasing magnetic field

strength and provided a framework for the phase two experiments.

2.2.2 EFC Damper Phase 2 Experimental Results

Our phase two experiments were similar to our phase one experiments except that
the shaker table frequency sweep amplitude was set at 1g, the frequency sweeps were
repeated for electromagnet terminal voltages of OV to 16V in 2V steps, and we acquired
numerical vibration. The numerical vibration data was in the form of frequency in hertz

versus acceleration in g, which was downloaded from the PC connected to the shaker
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table controller and DAQ system. The shaker table DAQ system acquired 1024 data
points for each frequency sweep. Because we conducted nine frequency sweeps, and
each frequency sweep yielded three datasets corresponding to the shaker table frequency
response, the EFC damper test jig base plate frequency response, and the EFC damper
test jig top electromagnet frequency response, we have twenty-seven frequency response
datasets.  All the datasets are plotted in Appendix D and the OV sweep dataset plots are

shown in Figure 2.12 and Figure 2.13.
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Figure 2.12: Shaker Table Frequency Response, 0V Sweep
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Figure 2.13: EFC Damper Test Jig Base Plate Frequency Response, 0V Sweep

To clearly illustrate the EFC damper test jig frequency response change as a
function of magnetic field strength, Figure 2.14 shows a composite data plot of the non-

normatilzed top electromagnet frequency response for the 0V, 8V, and 16V sweeps.
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Figure 2.14: Non-normalized Top Electromagnet Frequency Response for 0V,
8V, and 16V Sweeps

The effects of the 60Hz AC noise interference in the shaker table power amplifier
manifests itself as 60Hz and subsequent harmonic frequency noise spikes in the shaker
table, base plate, and top electromagnet frequency responses. The frequency response of
the top electromagnet clearly shows the decreasing resonant frequency of the EFC
damper test jig as a function of increasing magnetic field strength through the EFC
damper. Additionally, the increasing amplitude of the top electromagnet frequency
response curves as a function of increasing magnetic field strength is clearly illustrated.
The next chapter discusses the mathematical models that describe the behaviour of the

EFC damper test jig, as well as the physical properties of the EFC damper.
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3 MATHEMATICAL MODELLING OF THE ELASTOMER
FERROMAGNET COMPOSITE DAMPER

The data from the phase two experiments was imported into Mathematica and fit
to mathematical models that describe the system level operation of the EFC damper.
Because we chose transfer function equations as the mathematical models, we decided to
model the EFC damper test jig base plate as the transfer function input and the top
electromagnet as the transfer function output. Therefore, the transfer function equations
were fit to the normalized transmissibility data between the top electromagnet (transfer
function equation output) and the EFC damper test jig base plate (transfer function
equation input). The transmissibility data for the OV, 8V, and 16V frequency sweeps is
plotted together in Figure 3.1. Only the transfer function equations and plots relating to
the OV, 8V, and 16V frequency sweeps are derived and shown in this chapter. All the
transfer function equations and plots relating to the phase two frequency sweeps are in
Appendix D. We applied three different models to the phase two experimental data,

which are explained in detail in sections 3.1 and 3.2.
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Figure 3.1: Normalized Transmissibility Data Plots for the 0V, 8V, and 16V
Frequency Sweeps

3.1 Classical Second Order Linear Mass Spring Damper Model

The first model we applied characterized the EFC damper test jig in the context of
a mass spring damper system. A diagram of a mass spring damper system is illustrated in

Figure 3.2, and the Laplace transfer function equation is

Xi[sl Cs +k

Xs[s] ~ Ms2+Cs+k

Equation 3.1

where, & is the stiffness of the system spring in N/m, C is the damping constant of the
system damper in Nesec/m, and M is the value of the system proof mass in kg, which
would be the top electromagnet and accelerometer in the case of the EFC test jig.

Finally, X; and X represent the displacement, in metres, of the system proof mass and the

system base, respectively.
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Figure 3.2: Classical Mass Spring Damper System

The derived transmissibility data from our experiments was fit to

Cjw+k
M jw? +C jw +k

Equation 3.2

which is the magnitude of Equation 3.1 with s = jw where, ; is the complex number and

w is angular frequency in radians/second.

For the model fit £, and C were both treated as the unknown parameters, and, M,
was set to the combined mass of the top electromagnet, and the accelerometer and
miscellaneous hardware mounted on the top electromagnet. The combined mass of the
top electromagnet and the hardware mounted on it was measured on an Ohaus Dial-O-
Gram balance, with and without the attached electromagnet cable; this yielded two mass
figures of 540.9 grams and 529.6 grams, respectively. Because the contribution of the
electromagnet cable to the EFC damper test jig proof mass could not be measured, the
two measured mass figures were averaged to yield a combined electromagnet and

mounted hardware mass of 535.25 grams. The mass of the accelerometer was the
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nominal value given in its datasheet [31] of 10.5 grams. Therefore, the total proof mass

of the EFC damper test jig, M, was 545.7grams.

By default, when fitting data to a model, Mathematica uses the linear least squares
fit algorithm for linear model functions, and the Levenberg-Marquardt least squares
algorithm for non-linear model functions. For the 0V, 8V, and 16V transmissibility
datasets, Mathematica calculated the spring and damping constants using Equation 3.2

for each transmissibility dataset as summarized in Table 3.1.

Table 3.1:  Returned Spring and Damper Constants from the Mass Spring
Damper Model Fit to the Transmissibility Data

0 3.754 x 10° 311.2
8 3.567 x 10° 283.9
16 3.380 x 10° 253.9

Recall that in the presence of an increasing magnetic field, an EFC component
will dilate and become less stiff. Therefore, the decreasing spring and damping constants
of the EFC damper are consistent with the behaviour of an EFC component in a magnetic
field. A composite plot of the magnitude function and its matching transmissibility

dataset for the OV sweep is shown in Figure 3.3.
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Figure 3.3: 0V Sweep Transmissibility Dataset and Second Order Magnitude
Function Plot

The fit between the 0V sweep transmissibility dataset and its corresponding
second order magnitude function is coarse at best. From 10Hz until about 450Hz the
function leads the dataset and past 450Hz the function progressively lags the dataset. The
exact disparity between the 0V sweep dataset and its corresponding function is analyzed

by examining the dataset to function error.

3.1.1  Second Order Model Error Analysis

The percentage fit error between the 0V sweep transmissibility dataset and its
corresponding second order magnitude function is shown in Figure 3.4. The percentage

fit error is calculated by
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100

f-d
‘ Equation 3.3

d

where, fis the second order magnitude function value, and d is the transmissibility dataset

value for a given frequency.
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Figure 3.4: Percentage Fit Error of the Mass Spring Damper Model for the
0V Sweep Transmissibility Dataset

In spite of a definite correlation between the 0V sweep transmissibility dataset
and its fitted mass spring damper function, overall the mass spring damper model fails to
accurately describe the behaviour of the EFC damper test jig. From 450Hz to 800Hz, the
sheer scale of the percentage error, reaching a maximum at 16%, clearly indicates that the
mass spring damper model cannot accurately model the EFC damper test jig. Because of

these modelling inaccuracies, we applied more sophisticated models to the

transmissibility datasets.
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3.2 Viscoelastic Material Model

A viscoelastic material is defined as a material that dissipates energy during
physical deformation; most rubbers and polymers are considered viscoelastic materials.
Specifically, internal molecular interactions in the material during deformation lead to
stiffness and energy dissipation. Consequently, a viscoelastic material will respond with
a phase delayed harmonically varying strain when subjected to a harmonically varying
stress. Additionally, when subjected to vibration, the stiffness and energy dissipation in a
viscoelastic material will manifest itself as damping [29]. Zhou [22] and Jolly et al. [32]
allude to the viscoelastic nature of MR materials. Because the EFC damper is made of a
viscoelastic material, we decided to use a viscoelastic material model to characterize it.
Jones [29] covers the complex modulus and fractional derivative models. The complex
modulus model is a frequency domain model that describes the stress and strain
behaviour of a harmonically excited viscoelastic material. The fractional derivative
model is a time domain model that describes the stress and strain behaviour of a
viscoelastic material. Jones also covers classical viscoelastic models, such as the
Maxwell and Voigt models, that describe the behaviour of a viscoelastic material in terms
of series and/or parallel spring and damper elements. Jones also proposes an ideal single
degree of freedom system similar to a second order mass spring damper system except
that the spring and damping constants are replaced by a function k", which is the complex
stiffness of a viscoelastic material in N/m. A diagram of the ideal single degree of
freedom system is illustrated in Figure 3.5 where, M is the system proof mass in kg, and
X; and X, represent the displacement, in metres, of the system proof mass and the system

base, respectively.
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Figure 3.5: Viscoelastic Material Model

The complex stiffness, &, is further broken into two terms

k* = k[w] (1 + jplw]) Equation 3.4

where, k[w] is the real stiffness component function in N/m, and #/w] is the
dimensionless energy loss component function. Both the real and complex components
may be functions of frequency, which means that the viscoelastic material is time variant,
and consequently nonlinear. We decided to fit our data to a model based on the Figure
3.5 single degree of freedom system. The viscoelastic model we applied to the

transmissibility datasets is given by

klw] rlw] + 1)
M (jw)* +klw] Gnlw] + 1) |

Equation 3.5

The transmissibility datasets were fit to two separate viscoelastic models.
However, in the first viscoelastic model, the complex stiffness was a linear function of

frequency, and in the second viscoelastic model, the complex stiffness was a quadratic
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function of frequency. The results from fitting the transmissibility datasets to the two

viscoelastic models are illustrated and analyzed sections 3.2.1 and 3.2.2.

3.2.1 Linear Viscoelastic Material Model

In the linear viscoelastic model the EFC damper stiffness and damping change
linearly with frequency. For the linear viscoelastic model, the viscoelastic material

complex stiffness, K,

kK* = kiw+ko + j(Cy w+ Cp) Equation 3.6

as well as the components of K,

klw] = ki w+kg Equation 3.7

and

C1w+C0

nw] = otk

Equation 3.8

are assumed to be linear functions of frequency.

The linear viscoelastic model was fit to all the transmissibility datasets, but only
the OV, 8V, and 16V datasets are analyzed here. The stiffness function equations,

generated from the model fit, are given by
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2.098x10° + (5.171x 10} w Equation 3.9
1.985x 10° + (5.095x 10°) g Equation 3.10

1.985x 10° + (5.095 x 10%) w_ Equation 3.11

for the OV, 8V, and 16V datasets, respectively. And, the loss function equations,

generated from the model fit, are given by

1.956 % 10° — (4.758 x 10%) w
2.098x 10° + (5.171x 10> w |

Equation 3.12

1.978 x 10° — (5.292x 10®) w
1.985x 108 + (5.095x 10?) w | ang

Equation 3.13

1.835%10° — (5.147 x 109 w
1.982x 10% + (4.678x 10 w

Equation 3.14

for the OV, 8V, and 16V datasets, respectively.

A composite plot of each dataset and its matching linear viscoelastic model
function, as well as composite plots of the real stiffness and complex loss functions are

shown in Figure 3.6 to Figure 3.10.
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Figure 3.10: Complex Loss Functions of the EFC Damper Linear Viscoelastic
Maodel for the 0V, 8V, and 16V Sweep Transmissibility Datasets

By inspection alone, the linear viscoelastic model fits the transmissibility datasets
significantly better than the mass spring damper model. Although, the linear viscoelastic
magnitude function values are greater than the transmissibility dataset values from 700Hz
to 800Hz, overall, the linear viscoelastic magnitude function values track the
transmissibility dataset values. The dramatically large changes in both the stiffness and
loss parameter functions explains the large inaccuracies in trying to model the EFC
damper test jig in the context of a time invariant mass spring damper system. Whereas,
the loss parameter function decreases as a function of frequency, and decreases overall as
a function of magnetic field strength. The acquired resonant frequencies and

transmissibility magnitudes from the linear viscoelastic magnitude functions are shown in

Table 3.2.
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Table 3.2:

Acquired Resonant Frequencies from the Linear Viscoelastic
Transmissibility Model

Electromagnet Resonant Transmissibility | Resonant Frequency
Voltage (V) |Frequency (Hz)| Magnitude Percentage Change (%)
0 409.3 4.647 N/A
8 399.8 4.950 -2.324
16 390.2 5.364 -4.649

The final column in Table 3.2 illustrates the percentage change in resonant

frequency between the OV sweep and each subsequent sweep. Because of the low field

strength of the electromagnets, the change in resonant frequency between the 0V and 16V

transmissibility datasets is 4.7%. However, this change is significant, nonetheless

because it proves that off-the-shelf electromagnets can change the stiffness of an EFC

damper.

3.2.1.1 Linear Viscoelastic Model Error Analysis

The percentage fit error plots for the linear viscoelastic model are shown in Figure

3.11 to Figure 3.13. The percentage fit error is calculated in the same manner as for the

mass spring damper model.
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Sweep Transmissibility Dataset
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The percentage fit error of the linear viscoelastic model also shows an

improvement over the percentage fit error of the mass spring damper model; again, in the

0V sweep case where the error at 800Hz changes from 15%, for the mass spring damper

model, to 7.8% for the linear viscoelastic model. However, the percentage fit error of the

linear viscoelastic model is 10.7% at 800Hz for the 8V sweep, and 12.4% at 800 Hz for

the 16V sweep. Because our desired percentage fit error was 5%, we applied the

quadratic viscoelastic model to our transmissibility datasets.

3.2.2

Quadratic Viscoelastic Material Model

In the quadratic viscoelastic model the EFC damper stiffness and damping change

quadratically with frequency. For the quadratic viscoelastic model, the complex stiffness,

*

k,
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K = kho?+kiw+ko + JCy w? + C w + Cp) Equation 3.15

as well as the components of &,

klw] = ks W +k w+ ko Equation 3.16

and

C2w2+C1w+C0
k2w2+k1w+ko

nlw] = Equation 3.17

are assumed to be quadratic functions of frequency.

As with the linear viscoelastic model, the quadratic viscoelastic model was fit to

all the transmissibility datasets, but only the 0V, 8V, and 16V datasets are analyzed here.

The stiffness function equations, generated from the model fit, are given by

3.121x10° + (3.835x 10*) w ~ (3.308 X 107%) w* | Equation 3.18
2.934x10° + (4.011 x 10%) w — (3.655x 102) w® anq Equation 3.19
2.716 x10° + (4.308 x 10%) w — (4276 x 1072) w? Equation 3.20

for the OV, 8V, and 16V datasets, respectively. And, the loss function equations,

generated from the model fit, are given by
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3.327%x10° - (2.185x 10*) w + (2.242x 107 H *

3.121% 106 + (3.835 % 102)0) - (3.308 % 10—2) w? ’ Equation 3.21
3.652x10° - (2399 % 10*) w + (2.622 X 107") w? o
2.934x10° + (4.011 x 10>) w - (3.655x 1072 w? | and Equation 3.
3.453% 10 - (2.277x 10%) w + (2.504 x 10™") w?

Equation 3.23

2.716x10° + (4308 x 10%) w — (4.276 X 1072) w?
for the OV, 8V, and 16V datasets, respectively.

A composite plot of each transmissibility dataset and its matching quadratic
viscoelastic model function, as well as composite plots of the real stiffness and complex

loss functions, are shown in Figure 3.14 to Figure 3.17.
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Figure 3.14: 0V Sweep Transmissibility Dataset and Quadratic Viscoelastic
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By inspection, the quadratic viscoelastic model appears to fit the transmissibility
datasets as well as the linear viscoelastic model. However, unlike the linear viscoelastic
model, the quadratic viscoelastic magnitude function values successfully track the
transmissibility dataset values from 700Hz to 800Hz. The quadratic stiffness parameter
function, similar to its linear counterpart, increases as a function of frequency, but
decreases overall as a function of magnetic field strength. And, the quadratic loss
parameter function, similar to its linear counterpart, decreases as a function of frequency,
but unlike its linear counterpart, the quadratic loss parameter is unaffected by magnetic
field strength. The quadratic loss parameter functions’ immunity to magnetic field
strength is exemplified by the OV sweep and 8V sweep quadratic loss parameter function,

which track each other consistently as shown in Figure 3.17. The acquired resonant
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frequencies and transmissibility magnitudes from the quadratic viscoelastic magnitude

functions are shown in Table 3.3.

Table 3.3:  Acquired Resonant Frequencies from the Quadratic Viscoelastic
Model
Electromagnet| Resonant Transmissibility | Resonant Frequency
Voltage (V) |Frequency (Hz)| Magnitude Percentage Change (%)
0 408.5 4.633 N/A
8 398.9 4.935 -2.353
16 389.5 5.349 -4.657

As with the linear viscoelastic model, the change in resonant frequency between the OV

and 16V transmissibility datasets is 4.7%. Comparing the resonant frequencies from both

viscoelastic models, as shown in Table 3.4, shows that both the linear and quadratic

viscoelastic models yield similar results.

Table 3.4:  Comparison of the Acquired Resonant Frequencies from the
Linear and Quadratic Viscoelastic Models
Linear Quadratic
Electromagnet| Viscoelastic Viscoelastic
Voltage (V) Resonant Resonant
Frequency (Hz) | Frequency (Hz)

0 409.3 408.5
8 399.8 398.9
16 390.2 389.5

3.2.2.1 Quadratic Viscoelastic Model Error Analysis

The percentage fit error plots for the quadratic viscoelastic model are shown in

Figure 3.18 to Figure 3.20.
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Figure 3.20: Percentage Fit Error of the Quadratic Viscoelastic Model for the
16V Sweep Transmissibility Dataset

The percentage fit error of the quadratic viscoelastic model is well within our
desired 5% margin. The worst-case percentage fit error in the 16V sweep transmissibility
dataset is at 4.8%. By comparison, worst-case percentage fit error for the lincar
viscoelastic model in the 16V sweep transmissibility dataset is at 12.4%. Therefore,
given the significant improvement in percentage error, the quadratic viscoelastic model
was determined to be the most accurate of the three models at describing the system level

behaviour of the EFC damper.

3.3 EFC Damper Summary and Academic Contributions
As previously mentioned, because of the relatively low magnetic field strength of
the EM-R2 electromagnets, it was impossible to see a large shift in the resonant

frequency of the EFC damper test jig. The maximum shift in resonant frequency

amounts to a 4.7% change from about 408.5Hz to 389.5Hz in the 0V and 16V frequency
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sweeps, respectively. Also, the most accurate model that describes the changing physical
properties of the EFC damper 1s non-linear. Regardless, the results from the EFC damper
test jig experiments are extremely useful and promising. Firstly, the results show the
capabilities of EFC components. Although, there are quite a few publications detailing
the vibration damping capabilities of MRE components [33] — [37], the amount of
research devoted to the vibration damping capabilities of EFC components is paltry by
comparison. Secondly, the results are promising because they do show that off-the-shelf

industrial electromagnets can be used to control an MR material component.
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4 ELECTROMAGNET POWER AMPLIFIER
MODELLING

4.1 Motivation for Power Amplifier Modelling

Implementing a semi-active MR material bushing in an automobile suspension,
for structure-borne noise reduction, would require a controllable magnetic field to adjust
the bushing stiffness. The controllable magnetic filed could be generated by an
electromechanical assembly that moves rare earth magnets closer to or further from the
semi-active bushing. Alternatively, electromagnets, directly coupled to the semi-active
bushing, can be electronically controlled to generate a variable magnitude magnetic field.
As part of our focus on electromagnetic control of MR material components, we
researched the electronic control of electromagnets, specifically the power amplifiers for
the electromagnets coupled to an MR material component. This part of our project on
MR material vibration damping components is still at a very preliminary stage and,
therefore, the power amplifier models presented in this chapter are based on ideal circuit
elements. The focus of the power electronics modelling, as presented in this chapter, is
on power amplifier feedback controller design. Specifically, large signal stable feedback
controllers that have been derived directly from the power amplifier state equations. At
this preliminary stage, the power amplifier modelling only encompasses a single
feedback control design technique. All the power amplifiers and controllers were
modelled in a power electronics simulation package called PSIM [60], a very popular
power electronics simulator in both industry and academia. In addition, as in chapter 3,

Mathematica was used for all mathematical derivations.

53



4.2 Power Amplifier Guidelines
Before beginning the power amplification modelling we came up a with a set of

preliminary power amplifier guidelines, which are listed as follows:

o Power amplifier input voltage — 12V and/or 42V.
The power amplifier input voltages were chosen to match current 12V car battery
systems and the automotive industry’s potential move towards 42V car battery

systems in the future [38], [39].

o Power amplifier output voltage range — 1V to 20V.
The power amplifier output voltage range was chosen to match the EM-R2

electromagnet terminal voltages from the EFC damper test jig experiments.

o Power amplifier load — series connected 65mH inductor and 25Q resistor.
This load was chosen to match the measured inductance and resistance of the EM-

R2 electromagnet coil.

o Constant DC output current.
Because the power amplifier load is based on the parameters of the EM-R2 DC
electromagnet, I decided that the power amplifier must provide a fixed steady

state output current for a fixed steady state output voltage.

4.3 Proposed Power Amplifier Topologies
Based on the power amplifier guidelines, we selected suitable power electronic

topologies that could be used as power amplifiers. The chosen power electronics

topologies are presented and explained 1n section 4.3.1.
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4.3.1 DC-DC Converter

The power amplifier options are both based on DC-DC converter circuits. We
avoided linear amplifiers because of their large size and low efficiency [40].
Additionally, we considered DC motor control amplifiers but could not use them because

of their discontinuous current delivery [40].

Usually, by pulsing current through an intermediate inductive energy storage
element [40], a DC-DC converter will convert a given input voltage to a regulated
higher/lower/same magnitude output voltage with the same or opposite polarity. The
output voltage range and polarity are functions of the chosen DC-DC converter circuit
topology. For our electromagnet power amplifiers, we chose a step down, or buck DC-

DC converter and a negative polarity output, or buck-boost DC-DC converter.

4.3.1.1 42V Buck Converter Power Amplifier

Because a buck converter steps down the input voltage to a lower output voltage,
the buck converter power amplifier was modelled exclusively with a 42V input source.
A schematic of the buck converter power amplifier circuit, illustrating key parameters

and variables, is shown in Figure 4.1.
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Figure4.1: 42V Buck Converter Power Amplifier Circuit

In the buck converter circuit, the output voltage, V., is generated by pulsing
current through the energy storage inductor, L. The output filter capacitor, C, reduces
voltage ripple in the output voltage, V.., and the larger the output filter capacitor, the
smaller the output voltage ripple. The buck power amplifier output load is represented by
the electromagnet load, the series connected resistor, R.., and inductor, L., as well as a
nominal resistance, R, in parallel with the electromagnet load. The nominal resistance,
Rumin, 18 included to provide a continuous current load to the buck power amplifier circuit
because without continuous current draw, the energy storage inductor magnetic field

collapses [40] and the buck power amplifier dynamic range is severely reduced.

The key buck converter parameters are given by

Vout
Vin

=D Equation 4.1

which is the buck converter transfer function [40], and
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L = (Vin - Vout) D
2 A f

Equation 4.2

which is the energy storage inductor, L, design equation [40] where, V;, is the input
voltage, V.. is the output voltage, f; is the MOSFET switching signal frequency, D is the
MOSFET switching signal duty cycle, and, Ai; is the energy storage inductor ripple
current peak value. The MOSFET switching signal frequency, f;, was arbitrarily set to
10kHz. The energy storage inductor value was calculated from Equation 4.2 by
iteratively changing the energy storage inductor ripple current peak value, Aiz, until we
arrived at a nominal inductor value of 3mH. The nominal resistance, R, was chosen to
keep buck power amplifier in continuous conduction mode and arbitrarily set to 20Q2.
Finally, the filter capacitor, C, was chosen to minimize output voltage ripple and
arbitrarily set to 100pF. The buck power amplifier feedback controller designs and

subsequent PSIM simulations are covered in sections 4.4 and 4.5.

4.3.1.2 Buck-Boost Converter Power Amplifier

Unlike the buck converter power amplifier, the buck-boost converter power
amplifier inverts a positive input voltage to produce a negative output voltage. The
output voltage magnitude of the buck-boost converter can be higher, lower, or equivalent
to the input voltage magnitude. Therefore, the buck-boost power amplifier is modelled
with both 12V and 42V input sources. A schematic of the buck-boost converter power

amplifier circuit, illustrating key parameters and variables, is shown in Figure 4.2.
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Figure 4.2: Buck-Boost Converter Power Amplifier Circuit

As with the buck converter circuit, output voltage, V..., of the buck-boost

converter circuit, is generated by pulsing current through the energy storage inductor, L.

The output filter capacitor, C, reduces voltage ripple in the output voltage, V,.,, and the
larger the output filter capacitor, the smaller the output voltage ripple. The buck-boost
power amplifier output load is represented by the electromagnet load, the series
connected resistor, R, and inductor, L., as well as a nominal resistance, R, in
parallel with the electromagnet load. Again, as with the buck power amplifier, the

nominal resistance, R, 1s included to provide a continuous current load to the buck-

13T ) > Sunm um— D

3 Lelec 65mH

boost power amplifier circuit because without continuous current draw the energy storage

inductor magnetic field collapses [40] and the buck- boost power amplifier dynamic

range is severely reduced.

The key buck converter parameters are given by
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Vout — "'D
Vin 1-D

Equation 4.3

which is the buck-boost converter transfer function [40], and

L= —— Equation 4.4

which is the energy storage inductor, L, design equation [40] where, V;, 1s the input
voltage, Vo is the output voltage, f;, is the MOSFET switching signal frequency, D is the
MOSFET switching signal duty cycle, and, Ai; is the energy storage inductor ripple
current peak value. The MOSFET switching signal frequency, f;, was arbitrarily set to
10kHz. The energy storage inductor value was calculated from Equation 4.4 by
iteratively changing the energy storage inductor ripple current peak value, Ai;, until we
arrived at a nominal inductor value of 3mH. The nominal resistance, R,.;,, was chosen to
keep buck power amplifier in continuous conduction mode and arbitrarily set to 20Q.
Finally, the filter capacitor, C, was chosen to minimize output voltage ripple and
arbitrarily set to between 100uF and 500puF. The buck-boost power amplifier feedback

controller designs and subsequent PSIM simulations are covered in sections 4.4 and 4.5.

4.4 Design of the Power Amplifier Feedback Controller

Standard DC-DC converter feedback controller design is based on the DC-DC
converter small signal model [41]. Although, the desired output voltage of some DC-DC
converters can be changed or varied by user input, the DC-DC converter feedback
controller is designed to maintain a fixed output voltage within +10% due to system

perturbations. While these small signal based feedback controllers work well for DC-DC
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converters, they cannot be used for a power amplifier, which lacks a static operating
output voltage. Therefore, the first step in designing the feedback controller was to find
feedback control design techniques better suited to the buck and buck-boost power

amplifiers.

An investigation of literature on DC-DC converters with large signal stability lead
to two sets of feedback control design techniques. The first set of feedback control
techniques are all based on large signal DC-DC converter models. Kawasaki et al. [42]
and Chen et al. [43] design their controllers based on the bilinear large signal models of
various DC-DC converter topologies, which are derived based on the switching action
that intermittently pulses current through the energy storage element in a DC-DC
converter. Leyva et al. [44] derived a feedback controller based on passivity conditions

for the large signal model of a boost topology DC-DC converter.

The second set of feedback control techniques are based on the application of
sliding mode control to DC-DC converter circuits. Both Nguyen et al.[45] and Wu et al.
[46] indirectly implement sliding mode feedback controllers for the buck topology DC-
DC converter. Whereas, Nguyen et al. explore proportional-integrald-derivative (PID)
sliding mode feedback controllers for the buck converter, Wu et al. present a time
averaged state space large signal model of the buck converter, which they subsequently
analyzed to produce a pulse width modulation (PWM) controller via pole placement. Lin
et al. [47] present the application of sliding mode control to a reduced order model of the
buck converter. Finally, Mahdavi et al. [48] present sliding mode controllers for the buck
converter, the boost converter, the buck-boost converter, and the Cak converter, a

topology which uses a capacitor as the engery storage element. We decided to use the
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techniques presented by Mahdavi et al. because they were extremely easy to implement
in PSIM. The control equations derived from using techniques presented by Mahdavi et
al. were directly applied in the PSIM simulations. The basics of sliding mode control, as
well as our various feedback controller designs are presented in the sections 4.4.1 and

442,

4.4.1 Sliding Mode Control

Sliding mode control is a field of study in and of itself. Because sliding mode
control is beyond the scope of this thesis, only a very simple explanation of sliding mode
control is given here. More detailed information on sliding mode control is covered by

Utkin et al., Young et al. and Sira-Ramirez [49] - [55].

Sliding mode control works by enforcing a system level condition or set of
conditions, s, [56]; for example, by forcing a system output or state variable to a desired
or reference value. The sliding mode feedback controller uses some form of switching
action to maintain the desired system output or state variable value. The mathematical
definition is given by

s =20 Equation 4.5
where, s, represents a set of system outputs or state variables forced to a desired value

and the necessary constraint on s for the existence of sliding mode control is given by

S é <0 Equation 4.6

where, s, is the derivative of s with respect to time.
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As an example, Mahdavi et al. set the output voltage of a DC-DC converter to a

desired value with

s= Vou[t] - K =0 Equation 4.7

where, V,,, 1s the DC-DC converter output voltage, and X is the desired output voltage.

The necessary sliding mode existence constraint is then given by

(Vout[t] —K) Voult] < 0 Equation 4.8
The mathematical form of the sliding mode feedback controllers for the various

power amplifiers are given in section 4.4.2.

44.2 Power Amplifier Sliding Mode Feedback Controllers

We decided to design two types of feedback controllers for the 42V buck, 12V
buck-boost, and 42V buck-boost power amplifiers. The voltage sliding mode feedback
controller controls the power amplifier output voltage while ignoring the existence of the
electromagnet load, whereas the current sliding mode feedback controller directly
controls the current in the electromagnet load. The voltage sliding mode controllers are
identical to those proposed by Mahdavi et al., and we derived the current sliding mode
controllers using the same techniques as Mahdavi et al. The four different sliding mode

feedback controllers are derived and shown in sections 4.4.2.1 to 4.4.2.4.

4.4.2.1 Voltage Sliding Mode Feedback Controller for the 42V Buck Power Amplifier

Mahdavi et al. show that the buck converter state space equations are given by
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— Vou[t] + D[t] Vin[t]

Equation 4.9
L L

IL[t] =

Llt]  Voult]

Vout[t] = C CR..

Equation 4.10

where, V;, is the input voltage, V., is the output voltage, D is the MOSFET switching
signal duty cycle, L is the energy storage inductor, /; is the energy storage inductor
current, C is the output filter capacitor, and R, is treated as the buck converter load.
The sliding mode condition is defined in terms of the desired output voltage, K, and the
actual output voltage, V,.;, as shown in Equation 4.7. Additionally, the corresponding
sliding mode constraint inequality is then given by Equation 4.8. Mahdavi et al. then
propose a ‘convergence relationship’

Voult] = =2 (Voult] =K), Equation 4.11

which mathematically satisfies the sliding mode constraint inequality shown in Equation

4.8.

The controller equation is generated by back substituting Equation 4.11 through
the buck converter state equations and solving for the MOSFET switching signal duty
cycle function, D. The ‘convergence factor’, A, in Equation 4.11, affects the power
amplifier settling time. The voltage sliding mode feedback controller equation for the
buck converter power amplifier, as derived by Mahdavi et al. and implemented in our

PSIM simulations is given by
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K + a(Voult] -K)

D[t] =
Vin[t] , Where
Equation 4.12
LA
a=LCA - — +1
Rmin

4.4.2.2 Current Sliding Mode Feedback Controller for the 42V Buck Power Amplifier

By treating the electromagnet current as a state variable, we derived a set of buck

converter state space equations given by

IL[t] = _Vgn[t] + D[t] LYin[t] Equation 4.13
' IL[t]  Lowlt]  Voult] ,

Vout[t] = LC — o(t: - CoRmmin Equation 4.14

Iout[t] — _Relec Iout[t] + Vout[t] Equation 4.15

Lelec Lelec

where, Vj, is the input voltage, V,., is the output voltage, D is the MOSFET switching
signal duty cycle, L is the energy storage inductor, /; is the energy storage inductor
current, I, is the electromagnet current, L. is the electromagnet inductance, R, is the
electromagnet resistance, C is the output filter capacitor, and R, is the nominal
resistance in parallel with the electromagnet. Because of our interest in directly
controlling the electromagnet current, the sliding mode condition is defined in terms of
the desired electromagnet current, K, and the actual electromagnet current, /,,,, as given

by
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s= Iu[t] - K =0 Equation 4.16
and, the corresponding sliding mode constraint inequality is then given by

(Iowe[t] = K) Low[tl < O Equation 4.17

We used a convergence relationship, given by

Lout[t] = = A (Lowe[t] — K) Equation 4.18

that mathematically satisfies the sliding mode constraint inequality shown in Equation
4.17. By back substituting the Equation 4.18 convergence relationship through the 42V
buck power amplifier state space equations, the actual controller equation is yielded by
solving for the MOSFET switching signal duty cycle, D. The current sliding mode
feedback controller equation for the buck power amplifier, implemented in our PSIM

simulations is given by

(L Aa (K —Iou[t]) + Ruin Voult])
Ronin Vin[t] , where

D[t] =
Equation 4.19
a = Reiee + Rmin — Leiee + C Retee Rimin) A + € Ljoe Rinin A2) .

4.4.2.3 Voltage Sliding Mode Feedback Controller for the Buck-Boost Power Amplifier

Mahdavi et al. show that the buck-boost converter state space equations are given

by
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(1 = D[t]) Voult]  D[t] Vin[t]

IL[t] = L L

Equation 4.20

Ol = DI Voult]

Vout[t] = C C Rmin

Equation 4.21

where, Vi, is the input voltage, V,,, is the output voltage, D is the MOSFET switching
signal duty cycle, L is the energy storage inductor, /; is the energy storage inductor
current, C is the output filter capacitor, and R, 1s treated as the buck-boost converter
load. As with the buck converter, the sliding mode condition is defined in terms of the
desired output voltage, K, and the actual output voltage, Vou;, as shown in Equation 4.7.
Additionally, the corresponding sliding mode constraint inequality and matching

convergence relationship is then given by Equation 4.8 and Equation 4.11, respectively.

The controller equation is generated by back substituting Equation 4.11 through
the buck converter state equations and solving for the MOSFET switching signal duty
cycle function, D. The voltage sliding mode feedback controller equation for the buck-
boost converter power amplifier, as derived by Mahdavi et al. and implemented in our

PSIM simulations is given by

Vinlt] + V Vin2[t] + 2 (Voul t] = Vialt]) (Voult] - K)

D[t] = 1+ 2 (Voult] = VinltD

b

where Equation 4.22

4L

a=4LC2a - Rom

4.4.2.4 Current Sliding Mode Feedback Controller for the Buck-Boost Power Amplifier

By treating the electromagnet current as a state variable, we derived a set of buck-

boost converter state space equations given by
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IL.[t] _ Vour[t] + —D[t] Voult] N D[t] Vin[t]

Equation 4.23
L L L
) —Iu(t] DIOIL[t]  Towlt]  Vouwlt
Voult] = é[] + L] CL[] - 0“6[] - COI:LJ Equation 4.24
Towlt] = ~Retee Lowl ] + Voult] Equation 4.25

Lelec Lelec

where, V;, is the input voltage, V5., is the output voltage, D is the MOSFET switching
signal duty cycle, L is the energy storage inductor, /; is the energy storage inductor
current, /,,, is the electromagnet current, L. is the electromagnet inductance, R, is the
electromagnet resistance, C is the output filter capacitor, and R, is the nominal
resistance in parallel with the electromagnet. Because of our interest in directly
controlling the electromagnet current we used the same sliding mode condition, Equation
4.16, constraint equality, Equation 4.17, and convergence relationship, Equation 4.18, as
the current sliding mode controller for the buck power amplifier. By back substituting
the Equation 4.18 convergence relationship through the buck-boost power amplifier state
space equations, the actual controller equation is yielded by solving for the MOSFET
switching signal duty cycle, D. The current sliding mode feedback controller equation

for the buck-boost power amplifier, implemented in our PSIM simulations is given by
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(2 Rmin Voul[t] - Rmin Vin[t] +b \/(—2 Rmin Voul[t] + Rmin \/in[t])2 -4 Rmin (Voul[t] - Vin[t]) )
2 Ruin (Voult] = Vinlth ,
where Equation 4.26

D[t] =

b= ‘[((lout[t] - K) LA (_Relec + Lclec /\) + Rmin (Voul[t] + (lou(ltl - K) LA (_l +Ca (Relec - Lc]ec)))) .

4.5 PSIM Power Amplifier Simulations

As a simulation package, PSIM is extremely easy to use; all circuits can be
entered as electronic or electrical schematics and the package provides additional control
and mathematical blocks such as summers, multipliers, dividers, integrators,
differentiators, as well as arbitrary mathematical blocks that allow user defined
mathematical functions. Therefore, for a given power amplifier, the circuits and circuit
elements, shown in Figure 4.1 and Figure 4.2, were represented by an electronic
schematic, and the controller equations from section 4.4 were represented by the control

and mathematical blocks.

45.1 PWM Circuit

The MOSFET switching signal for all the power amplifiers was generated by a
PWM circuit that converts the duty cycle signal of the sliding mode feedback controller
to a PWM signal. A Schematic of the PWM circuit configured to produce a 50% duty

cycle square wave is shown in Figure 4.3.
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Figure 4.3: Schematic of PWM Circuit Schematic
The PWM circuit consists of a 10KHz, SVpp triangular signal generator, which is

buffered by a non-inverting op-amp amplifier with a gain of 2V/V. The resulting 10Vpp
triangular signal is compared against the duty cycle signal from the sliding mode
feedback controller to produce a square wave with the appropriate duty cycle, an example
of which is illustrated in Figure 4.4. The Figure 4.4 50% duty cycle is produced by

comparing the 10Vpp triangular signal against a 5V DC voltage source.
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Figure 4.4: PWM Circuit Waveforms
Vtri — 10kHz, SVpp Triangular Wave Form
Vbuff — Buffered 10kHz, SVpp Triangular Wave Form
Vpwm - 10kHz, 50% Duty Cycle Square Wave

4.5.2 PSIM Simulation Process

Each power amplifier simulation was run for 0.5 seconds and of consisted of two
successive transient responses. The first transient response occurred at power amplifier
startup, and the second transient response was generated by instantly reducing the power
amplifier input voltage by as much as 50% at 0.25 seconds. Additionally, PSIM has a
built in parameter sweeping function, which was used to simultaneously produce three

separate output voltages or currents in each simulation.

The power amplifiers operate stably for only certain ranges of the convergence
factor, A. Simulating a power amplifier with a non-stable A value resulted in a near zero

output voltage or electromagnet load current. Therefore, each simulation was run twice
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with two different A values. The results of each power amplifier simulation are presented

in sections 4.5.3 to 4.5.8.

4.53 42V Buck Power Amplifier with Voltage Sliding Mode Feedback Controller

A schematic of the 42V buck power amplifier and its voltage sliding mode

feedback controller is shown in Figure 4.5.
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Figure 4.5: Voltage Mode Controlled 42V Buck Power Amplifier Schematic

The simulation parameters for this power amplifier were:
o Input voltage drop at 0.25 seconds — 42V to 21V.
o Output voltages produced — 1V, 10.5V, and 20V.

o Convergence factor, A, values tested — 100, and 800.
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The output voltage and electromagnet load current waveforms for each simulation

are shown in Figure 4.6 and Figure 4.7.
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Figure 4.6: Voltage Mode Controlled 42V Buck Power Amplifier Output
Voltage and Electromagnet Load Current, A =100
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Figure 4.7: Voltage Mode Controlled 42V Buck Power Amplifier Output
Voltage and Electromagnet Load Current, A =800

The voltage mode buck power amplifier’s resilience against the change in input
voltage from 42V to 21V that occurs at 0.25 seconds is most evident in the simulation
results. With the exception of a low amplitude transient artefact in the power amplifier
voltage output at 1V, there is no change in the power amplifier output voltage or
electromagnet load current. Also, changing the convergence factor, A, has little or no
effect on the power amplifier startup time or transients. In both simulations, the power
amplifier output voltage and electromagnet load current respond as if the power amplifier

were an over-damped system.
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4.5.4 42V Buck Power Amplifier with Current Sliding Mode Feedback
Controller

A schematic of the 42V buck power amplifier and its current sliding mode

feedback controller is shown in Figure 4.8.

Param
@ sweep
(\?Vout

MOS1 3mH
. or |
’ L T f‘f\ﬁ}% i\ <
R9
A1 §
°R7
°C2 25
@ 1 100uf gzo
D_'out * Emag
—P_in
2 5
& 65mH

]

Figure 4.8: Current Mode Controlled 42V Buck Power Amplifier Schematic

The simulation parameters for this power amplifier were:
o Input voltage drop at 0.25 seconds — 42V to 30V.
o Output currents produced — 0.04A, 0.52A, and 1A.
o Convergence factor, A, values tested — 100, and 700.

The electromagnet load current and output voltage waveforms for each simulation

are shown in Figure 4.9 and Figure 4.10.

74



Currcnt (A)

Voltage (V)

Electromagnet Load Current

092

073

055

2600

2167

1733

1300 foreforemomimemee,

433

000

0.00

Figure 4.9:

Time (s}

Current Mode Controlled 42V Buck Power Amplifier
Electromagnet Load Current and Output Voltage, A =100

75

050



Electromagnet Load Current
1.10 .

092 t-

Current (A)

037

018

0.00

H £
30,00 Power Amplifier Out;fut Voltage

2500

2000

5,00 |l emmomememememeem oo b e e e OO

Voltage (V)

10.00

...........................................................................................................................................................

000 L= : ;
060 0.10 0.20 030 040 050
Time {s)

Figure 4.10: Current Mode Controlled 42V Buck Power Amplifier
Electromagnet Load Current and Output Voltage, A =700

As with the voltage mode buck power amplifier, the current mode buck power
amplifier’s resilience against the change in input voltage from 42V to 30V that occurs at
0.25 seconds is most evident in the simulation results. With the exception of a low
amplitude transient artefact in the power amplifier voltage output at 1V, there is no
change in the power amplifier output voltage or electromagnet load current. But, unlike
the voltage mode buck power amplifier, increasing the convergence factor, A, changes the
power amplifier from an over-damped to an under-damped system. Specifically,
increasing the A value increases the electromagnet load current and output voltage rise

times at the expense of added overshoot.
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4.5.5 12V Buck-Boost Power Amplifier with Voltage Sliding Mode Feedback
Controller

A schematic of the 12V buck-boost power amplifier and its voltage sliding mode

feedback controller is shown in Figure 4.11.
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Figure 4.11: Voltage Mode Controlled 12V Buck-Boost Power Amplifier
Schematic

The simulation parameters for this power amplifier were:
o Input voltage drop at 0.25 seconds — 12V to 6V.
o Output voltages produced — -1V, -10.5V, and -20V.
o Convergence factor, A, values tested — 200, and 1600.

The output voltage and electromagnet load current waveforms for each simulation

are shown in Figure 4.12 and Figure 4.13.

77



Voltage (V)

Current (A)

-0.23

-0421}.-3.->

-0.57

-071

-0.85

5 Power Amplifier Output Voltage

&
™\

-20v

Electromagnet Load Current

| | % ~
............................ U USSR USSR R

-0V

0.00 0.10

Figure 4.12: Voltage Mode Controlled 12V Buck-Boost Power Amplifier
Output Voltage and Electromagnet Load Current, A =200

Time (s)

78

030

0.50



0.00 Power Amplifier Output Voltage
: | : | v

L3 83 [Remernaracnnneanraeaan , ...............................
S ST BT PRreevavavsvenvnvavavisannaras , .............................. , .............................. . .............................. , ...............................
% 1150 : ™\ : f
=7 N T m——— N [ EAV A
(=} | H H H
533 | e S OSSOSO OB SUR DRSSO SO O

RT-R T 0 N O 0 SO SO ST

i ; ; i -20V
-23.00
Electromagnet Load Current

0.00 T

-0.15
~ 030
<
<
g 045
E
3

-0.60

-075

-0.80 H : H H

0.00 0.10 020 0.30 040 0.50

Time (s)

Figure 4.13: Voltage Mode Controlled 12V Buck-Boost Power Amplifier
Output Voltage and Electromagnet Load Current, A =1600

Unlike the buck power amplifiers, the 12V voltage mode buck-boost power
amplifier reacts adversely to large drops in input voltage. Significant transient
disturbances are noticeable in the power amplifier output voltage and electromagnet load
current when the input voltage changes from 12V to 6V at 0.25 seconds. With respect to
the convergence factor, A, the power amplifier always responds like an under-damped
system. However, increasing the A value increases the power amplifier output voltage

and load current rise times at the expense of added overshoot and a longer settling time.

4.5.6 12V Buck-Boost Power Amplifier with Current Sliding Mode Feedback
Controller

A schematic of the 12V buck-boost power amplifier and its current sliding mode

feedback controller is shown in Figure 4.14.
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Figure 4.14: Current Mode Controlled 12V Buck-Boost Power Amplifier
Schematic

The simulation parameters for this power amplifier were:

o Input voltage drop at 0.25 seconds — 12V to 6V.
o Output currents produced — -0.04A, -0.52A, and -1A.

o Convergence factor, A, values tested — 100, and 400.
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Figure 4.15: Current Mode Controlled 12V Buck-Boost Power Amplifier
‘ Electromagnet Load Current and Output Voltage, A =100
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Figure 4.16: Current Mode Controlled 12V Buck-Boost Power Amplifier
Electromagnet Load Current and Qutput Voltage, A =400

Just like its voltage mode counterpart, the 12V current mode buck-boost power
amplifier reacts adversely to large drops in input voltage. Significant transient
disturbances are noticeable in the power amplifier electromagnet load current and output
voltage when the input voltage changes from 12V to 6V at 0.25 seconds. With respect to
the convergence factor, A, the power amplifier response changes from an over-damped
system to an under-damped system as A increases from 100 to 400. Therefore, increasing
the A value increases the power amplifier electromagnet load current and output voltage

rise times at the expense of added overshoot and a longer settling time.

82




4.5.7 42V Buck-Boost Power Amplifier with Voltage Sliding Mode Feedback
Controller

A schematic of the 42V buck-boost power amplifier and its voltage sliding mode

feedback controller is shown in Figure 4.17.
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Figure 4.17: Voltage Mode Controlled 42V Buck-Boost Power Amplifier
Schematic

The simulation parameters for this power amplifier were:
o Input voltage drop at 0.25 seconds — 42V to 21V.
o Output voltages produced — -1V, -10.5V, and -20V.
o Convergence factor, A, values tested — 40, and 100.

The output voltage and electromagnet load current waveforms for each simulation

are shown in Figure 4.18 and Figure 4.19.
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Figure 4.18: Voltage Mode Controlled 42V Buck-Boost Power Amplifier
Output Voltage and Electromagnet Load Current, A =40
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Figure 4.19: Voltage Mode Controlled 42V Buck-Boost Power Amplifier
Output Voltage and Electromagnet Load Current, A =100

Just like its 12V counter part, the 42V voltage mode buck-boost power amplifier
reacts adversely to large drops in input voltage. Significant transient disturbances are
noticeable in the power amplifier output voltage and electromagnet load current when the
input voltage changes from 42V to 21V at 0.25 seconds. With respect to the convergence

factor, A, the power amplifier always responds like an over-damped system.

4.5.8 42V Buck-Boost Power Amplifier with Current Sliding Mode Feedback
Controller

A schematic of the 42V buck-boost power amplifier and its current sliding mode

feedback controller is shown in Figure 4.20.
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Figure 4.20: Current Mode Controlled 42V Buck-Boost Power Amplifier
Schematic

The simulation parameters for this power amplifier were:
o Input voltage drop at 0.25 seconds — 42V to 21V.
o Output currents produced — -0.04A, -0.52A, and -1A.
o Convergence factor, A, values tested — 100, and 500.

The electromagnet load current and output voltage waveforms for each simulation

are shown in Figure 4.21 and Figure 4.22.
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Figure 4.21: Current Mode Controlled 42V Buck-Boost Power Amplifier
Electromagnet Load Current and Output Voltage, A =100
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Figure 4.22: Current Mode Controlled 42V Buck-Boost Power Amplifier
Electromagnet Load Current and Qutput Voltage, A =500

Just like its voltage mode counterpart, the 42V current mode buck-boost power
amplifier reacts adversely to large drops in input voltage. Significant transient
disturbances are noticeable in the power amplifier output voltage and electromagnet load
current when the input voltage changes from 42V to 21V at 0.25 seconds. With respect
to the convergence factor, A, the power amplifier response changes from an over-damped
system to an under-damped system as A increases from 100 to 500. Therefore, increasing
the A value increases the electromagnet output voltage and load current rise times at the

expense of added overshoot and a longer settling time.
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4.6 Electromagnet Power Amplifier Modelling Summary and
Academic Contributions

The preliminary results gathered so far from the power amplifier modelling are
extremely encouraging. The buck power amplifiers are the most robust, showing no
transients due to large signal input voltage disturbances, but their only caveat is that they
depend on 42V battery systems that are still not prevalent in automobiles. By
comparison, the buck-boost power amplifiers, the only useable power amplifiers with
current 12V automobile battery systems, do show significant transients due to large
signal input voltage disturbances. However, with the correct control parameters, these
disturbances can be minimized. Overall, the sliding mode feedback control techniques
from Mahdavi et al. proved extremely effective with respect to large signal stability of all

the power amplifier models.
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S CONCLUSION

5.1 MR Material Components Future Work

The most important factor in continuing our research on MR materials relates to
magnetic field generation. Because of the energy density requirements associated with
the electromagnets, more research will be focussed on increasing electromagnet
efficiency. Also, in the interests of energy efficiency and size it would be prudent to
examine rare earth magnets as a magnetic field source. By moving the rare earth magnets
closer to or farther from the MR material bushing, via a mechanical assembly, a magnetic
field of varying strength could be coupled through the MR material bushing.
Additionally, we will build a MRE damper and test in the same manner as the EFC
damper with a pair of off-the-shelf electromagnets. In the long run, our research into MR
material components will culminate in tools and techniques that can be applied towards

solving the structure-borne noise problem in future automobiles.

5.2 Power Amplifier Modelling Future Work

Because of our focus on MR material bushings and components, the
electromagnet power amplifier modelling work must continue in parallel as part of the
MR material project. For the immediate future, it would be prudent to examine other
power electronic topologies, whether from DC-DC converter literature or from motor
control literature. Also, we must investigate other large signal stable feedback control
techniques, as well as analyze the current sliding mode feedback control technique in-

depth. Additionally, as the power amplifier modelling sub-project progresses, circuit
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element non-idealities such as delay times and parasitic parameters must be included in
the power amplifier models. In the long run, our research into power amplifiers will
culminate in amplifiers for devices that help solve the structure-borne noise problem in

future automobiles.
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Appendix A: EFC Damper and Test Jig Manufacturing and Assembly
Process

The EFC damper fabrication process and the assembly of the EFC test jig are
described in this appendix. The EFC fabrication process is explained first and followed

by the EFC test jig assembly process.

EFC Damper Fabrication Process

The EFC damper fabrication process is extremely simple. The raw materials and

apparatus required to make an EFC damper are listed below:
- Sylgard 184 liquid elastomer base and curing agent
- Dow Coming® 92-023 primer compound

- Elastomer mould and mounting plates/devices (elastomer is usually cast between
two flat mounting plates or devices with flat metallic surfaces, such as the EM-R2

electromagnet)
- Alfa Aesar Stock # 00170 spherical iron powder
- Duct tape and/or black electrical tape
- Acetone
- Sand paper
- Glass crucible
- Glass stirring rod

- Mass Scale
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- Vacuum chamber and pump
- Laboven
The EFC damper manufacturing steps are as follows:

1. The EFC damper fabrication process starts with sanding down the EFC damper
mounting plates/surfaces and cleaning out excessive dirt with acetone. The
sanding and acetone wipe cleans out the mounting plate/surface so that the primer
can provide a strong solid bond between the EFC damper and the mounting

plates/surfaces.

2. A uniform coat of Dow Corning® 92-023 primer compound is applied to the EfC
damper mounting plates/surfaces. The mounting plates/surfaces are then left to
dry under a fume hood for 45 to 60 minutes. The primer compound bonds the
EFC damper to the mounting plates/surfaces during the EFC damper curing

process.

3. A 10:1 mass ratio of the Sylgard 184 liquid elastomer base and curing agent is
poured into the glass crucible. The liquid elastomer base and curing agent is
mixed well by hand with the glass stirring rod for at least 5 minutes until it takes

on a uniform appearance.

4. The desired amount of Alfa Aesar Stock # 00170 spherical iron powder is then
poured into the liquid elastomer and mixed well by hand with the glass stirring

rod for at least 5 minutes.

5. The crucible of liquid EFC mixture is placed in a vacuum chamber and pumped

down for 20 minutes to remove air bubbles.
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6. After removal from the vacuum chamber, the EFC mixture is poured into the EFC
damper mould, which has been pre-assembled and placed on one of the two
mounting plates/surfaces inside a lab oven. The second mounting plate/surface is
placed on top of the mould and EFC mixture. A mass is placed on top of the

second mounting plate/surface to properly seal the EFC mixture into the mould.

7. Finally, the lab oven is set to 85°C and the EFC mixture is left to cure and bond to

the two mounting plates/surfaces for at least 90 minutes.

8. After curing, the EFC damper assembly is removed from the oven and allowed to
cool. After cooling and mould removal, the EFC damper assembly is ready for

use.

The EFC damper manufacturing process was established with the first test damper
we built using 33.98 grams of elastomer base, 3.4 grams of elastomer curing agent, and
84.34 grams of iron powder. We used scrap steel and aluminium plates to mount the
EFC damper and we made our EFC damper mould from a 1.5” plastic pipefitting. The
mounting plates and 1.5” plastic pipefitting are illustrated in Figure A 1 and Figure A 2,

respectively.

The test damper mould, illustrated in Figure A 3, was made from the pipefitting in
Figure A 2 and was subsequently cut with a hacksaw and machined down on a lathe to a
5.5cm diameter tube with a 1.6cm length. We then sawed this tube down the middle into
two semi-circular pieces so that the mould could be removed after the EFC test damper
had been fabricated. For fabrication, the mould was assembled by taping the two semi-

circular pieces together with black electrical tape.
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Figure A 1: Primer Coated EFC Test Damper Mounting Plates
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Figure A 2: 1.5" Plastic Pipefitting

96



f[/lf(/{“l ”l } . | ‘ 3 lﬂbv‘:n“‘““a§~*

13c

Figure A 3: EFC Test Damper Mould

The vacuum chamber for removing air bubblces from the EFC test damper mixturc
comprised a tupperware box lined with teflon tape along the lid scal and a 0.5” pipefitting
glued to a hole in the tupperware lid. A pipe from the Welch vacuum pump was taped
into the vacuum chamber pipefitting and the entire vacuum chamber was secured to a

table with duct tapc as shown n Figure A 4.
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Figure A 4: EFC Test Damper Mixture in the Vacuum Chamber

The EFC damper was then cured in a Fisher Scientific lab oven for approximately

90 minutes. The cured EFC test damper assembly is illustrated in Figurc A 5.

l cm

Figire A 5: Completed EFC Damper Assembly

The bond between the EFC test damper and the mounting plates was so strong
that a tablctop vice was required to separate the EFC test damper from the mounting

plates. The =FC test damper was then cut into three separate picces, as illustrated in
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Figure A 6, to cxamine the EFC material uniformity. The cven distribution of iron
powder in the test damper, as well as the lack of settling duc to gravity proved to be

satisfactory to proceed with the EFC damper test jig construction.

Figure A 6: Eviscerated EIFC Test Damper

The damper mould for the EFC damper test jig was also machined from a 1.57
plastic pipcfitting down to a 4cm diamecter, 0.69¢m thick mould which determined the
final EFC damper dimensions as described in Chapter 2. Both the clectromagnets were
sandcd, clcaicd with acctone, coated with primer and then left under a fumc hood for 94
minutes. The EFC mixturc was compriscd of 13.11 grams of clastomer basc, 1.23 grams
of clastomer curing agent, and 19.24 grams of iron powder. The iron powder mass was
calculated such that the EFC mixturc would be 30% iron powder by volumc to maximize
the magnctorheological cffect in the EFC damper [23]. After it was mixed, the EFC
mixture was placed in the vacuum chamber for 51 minutes. The EFC damper and

clectromagnet assembly was initially cured at approximately 82°C for 71 minutes in the
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Fischer Scientific lab oven. Because of excessive liquid elastomer mixture scepage from
around the damper mould arca after rernoval from the lab oven, the assembly was placed
back in the lab oven and cured for another 57 m:nutes at approximately 84°C. The left
side and right side images of Figure A 7 show tke completely cured EFC damper and

electromagnet assembly before and after the removal of the EFC damper mould and

subscquent cleanup, respectively.,

A B

Figure A 7: Post-curing EFC Damper and Electromagnet Assembly, Pre (A)
and Post (B) Mould Removal
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EFC Test Jig Assembly Process

After cleanup the EFC damper and clectromagnet assembly was sceured to a

mounting plate to form the EFC damper test jig. A diagram of the test jig is shcwn in

Figure A &.
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Figure A 8: EFC Damper Test Jig Mounting Plate Top (T) and Front (B)
Views with Dimensions in Centimetres

The cured EFC damper and clectromagnet assembly was sccured to the riounting
plate with a 3/8” long, 1/4-20 phillips pan hecad screw through onc of the two 0.€7cm

diamecter holcs in the mounting plate. A three dimcensional rendering of the completed test

Jig 1s shown in Figurc A 9.
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Figure A 9: EFC Damper Test Jig Illustration

The EFC damper test jig was sccured to the shaker table we used for our
cxperiments with five 3/8-16 bolts through the five 0.95c¢m diameter holes in the
mounting plate. The five 0.95cm diamzter holcs in the mounting plate werc drilled to

align with 3/8-16 threadced, 5/8” decp mounting holes on the shaker table.
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Appendix B: EM-R2 Electromagnet Field Strength Measurement

The magnetic field strength of both EM-R2 clectromagnets was characterized

using the ccuipment summarized in Table B 1.

Electromagnet Field Strength Measurement Equipment

Table B I:
Device Vendor Model Number
Digital Tesla Mctre | Group 3 DTM-133
D MM_ ";iukc S -

The magnctic field strength of cach electromagnet was measured by placing the
tesla metre probe 1mm above the centre of the clectromagnet pole, as shown in ~igurc B
1, and then powering up the clectromagnct with the DC power supply. Magnetic ficld

strength rcadings were taken for clectromagnet terminal voltages varying from CV to 16V

in 0.5V increments.

Tesla Metre Probe Setup for EM-R2 Electromagnet Field

Figire B 1:
Strength Measurement
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The measured magnetic field strength data for the EFC damper test jig top and

bottom electromagnets are shown in Table B 2 and Table B 3, respectively.

Table B2: Top Electromagnet (Electromagnet 1) Field Strength Data

Measured Voltage | Measured Current Magnetic Field
Voltage (V) ) ® (A) Stgength (T)
0 0 0 0.001
0.5 0.474 0.01 0.00205
| 0.973 0.03 0.0032
1.5 1.474 0.04 0.00445
2 1.972 0.06 0.0056
2.5 2477 0.08 0.00685
3 2.975 0.1 0.00805
3.5 3.47 0.12 0.0093
4 3.97 0.14 0.01055
4.5 4.47 0.16 0.0118
5 497 0.18 0.013
5.5 5.47 0.2 0.01435
6 5.97 0.22 0.01555
6.5 6.47 0.24 0.0168
7 6.97 0.26 0.01805
7.5 7.47 0.27 0.0193
8 7.97 0.29 0.0206
8.5 8.47 0.31 0.02185
9 8.96 0.33 0.02305
9.5 9.46 0.35 0.0243
10 9.96 0.36 0.02555
10.5 10.46 0.38 0.0268
11 10.96 04 0.0281
11.5 11.46 0.42 0.02925
12 11.96 0.43 0.0305
12.5 12.46 0.45 0.03165
13 12.95 0.47 0.0328
13.5 13.45 0.49 0.03405
14 13.95 0.5 0.03525
14.5 14.45 0.52 0.0364
15 14.95 0.54 0.0376
15.5 15.45 0.55 0.03875
16 15.95 0.57 0.0398
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Table B3: Bottom Electromagnet (Electromagnet 2) Field Strength Data

Measured Voltage | Measured Current Magnetic Field
Voltage (V) R (A) St%ength (T)
0 0 0 0.0004
0.5 0474 0.01 0.0015
1 0.973 0.03 0.0027
1.5 1474 0.05 0.00395
2 1.972 0.06 0.0052
2.5 2.477 0.08 0.0064
3 2.975 0.1 0.00775
3.5 3.47 0.12 0.00905
4 3.97 0.14 0.0104
4.5 4.47 0.17 0.0118
5 4.97 0.18 0.0131
5.5 5.47 0.2 0.0144
6 5.97 0.22 0.01575
6.5 6.47 0.24 0.01705
7 6.97 0.26 0.01835
7.5 7.47 0.28 0.0196
8 7.97 0.3 0.02095
8.5 8.47 0.32 0.02225
9 8.96 0.34 0.02355
9.5 9.46 0.36 0.0249
10 9.96 0.37 0.0263
10.5 10.46 0.39 0.0276
11 10.96 041 0.0291
11.5 11.46 0.43 0.0304
12 11.96 0.45 0.03175
12.5 12.46 0.47 0.03295
13 12.95 0.49 0.0341
13.5 13.45 0.5 0.03535
14 13.95 0.52 0.0366
14.5 14.45 0.54 0.03775
15 14.95 0.55 0.0388
15.5 15.45 0.57 0.04005
16 15.95 0.59 0.0411

Data plots of magnetic field strength vs. measured electromagnet terminal voltage

for both the top and bottom electromagnets are shown in Figure B 2 and Figure B 3,

respectively.
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Figure B 2: Top Electromagnet Field Strength Data Plot
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Figure B 3: Bottom Electromagnet Field Strength Data Plot
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Appendix C: EFC Damper Strain Measurement

Recall from chapters 2 and 3 that in the presence of a magnetic field, an EFC

damper will dilate. The EFC damper dilation was verified by measuring the

circumferential strain of the EFC damper with a strain gauge connected to a strain gauge

amplifier. The equipment used to measure the EFC damper circumferential strain is

listed in Table C 1.

Table C1: EFC Circumferential Strain Measurement Equipment

Device Vendor Model Number
Strain Gauge Vishay CEA-06-240UZ-120
Strain Gauge Amplifier | Vishay Series 2100
DC Power Supply Circuit Test PSB 3030
DMM Fluke Series 75

The EFC damper circumferential strain measurement process steps were as

follows:

1. After soldering wires to the strain gauge terminals, the strain gauge was mounted
on the sidewall of the EFC Damper, as shown in Figure C 1, the strain gauge was

mounted on the EFC damper with double sided tape and covered over with scotch

tape.
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Figare C 1: Vishay Strain Gauge on EFC Damper

2. The strain gauge lecads werc attached to the Vishay strain gauge amplifier shown
in Figure C 2. The strain gauge amplifier has an internal wheatstone bridge where
the the strain gauge is attached to this bridge in a quarter bridge configuration as
illustrated in Figure C 3. The strain gauge changes resistance as it experiznces
strain, which then changes the wheatstone balance voltage, Vout. The change in
Vout can be used to determine the strain gauge resistance change and the
corresponding strain experienced by the strain gauge. As shown in Figure C 2,
the strain gauge amplifier internal wheatstone bridge excitation voltage was set to

2V ard mcasured at 2.006V on the F.uke DMM.,



Figure C 2: Vishay Series 2100 Strain Gauge Amplifier
+2V

T

Strain
G
e, zx
—O O
+ Vout -
R R

Figure C 3: Strain Gauge in Quarter Configuration Wheatstone Bridge
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3. Vout is amplified with a gain of 2000 and then displayed.

4. After setting the wheatstone bridge excitation voltage and output gain, the strain
gauge amplifier was balanced and calibrated to produce a null reading when zero

power was applied to the EFC damper test jig electromagnets.

5. The electromagnets of the EFC damper test jig were connected to the DC power
supply, which was set tol6V. The resulting change in the strain gauge amplifier

output was recorded over five trials.

The strain gauge amplifier gave a consistent output of +2V for all five trials. The
strain gauge resistance was measured on the Fluke DMM and found to be 120.7Q.
Therefore, with the applied magnetic field, the new strain gauge resistance was calculated
to be 120.5€, indicating that the strain gauge had experienced a tensile strain on the EFC
damper side wall due to EFC damper dilation in the presence of a magnetic field. The

exact strain, €, can be calculated from

AR
SsR [57]

Equation C 1

where, R is the unstrained strain gauge resistance, AR is the change in strain gauge
resistance due to strain, and S is the gauge factor of the strain gauge. The Vishay strain
gauge has a gauge factor of 2.08 {58]. Using Equation C 1, the dilated EFC damper

circumferential strain was calculated to be -796.6ustrain.
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Appendix D: Complete EFC Damper Experimental Data and
Mathematical Models

All the EFC damper experimental dataset plots and all mathematical model
instances are presented in this appendix. The dataset plots comprise the vibration data for
the shaker table, the EFC damper test jig mounting plate, and the EFC damper test jig top
electromagnet for all frequency sweeps. For a given frequency sweep, a mathematical
model instance comprises the relevant parameters or equations pertaining to the fitted
function, a composite plot of the transmissibility data and the fitted function, as well as
absolute and percentage error plots between the transmissibility data and the fitted

function.

Data Plots
The dataset plots are shown first and are followed by all instances of the second
order mathematical model, all instances of the linear viscoelastic model, and all instances

of the quadratic viscoelastic model.
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Figure D 1: 0V Sweep Measured Vibration Output, A — Top Electromagnet,
B — Shaker Table, C — EFC Test Jig Base Plate
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Figure D 2: 2V Sweep Measured Vibration Output, A — Top Electromagnet,
B — Shaker Table, C - EFC Test Jig Base Plate
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Figure D 3: 4V Sweep Measured Vibration Output, A — Top Electromagnet,
B — Shaker Table, C - EFC Test Jig Base Plate
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Figure D 4: 6V Sweep Measured Vibration Qutput, A — Top Electromagnet,
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Figure D 6: 10V Sweep Measured Vibration Output, A — Top Electromagnet,
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Figure D 9: 16V Sweep Measured Vibration Output, A — Top Electromagnet,
B - Shaker Table, C — EFC Test Jig Base Plate

Mass Spring Damper Mathematical Model

Recall that the first mathematical model fit to the derived transmissibility data

was the magnitude function for the second order mass spring damper model,

Cjw+k
M jw? + C jw +k ’

Equation D 1

where, k is the spring constant in N/m, and C is the damping constant in Nesec/m. Both
constants are shown in Table D 1 for the transmissibility datasets for all frequency

sweeps.
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Table D 1: Returned Spring and Damper Constants for Mass Spring Damper
Mathematical Model Fit

0 3.754 x 10° 311.2
2 3.682 x 10° 304.8
4 3.603 x 10° 294.7
6 3.601 x 10° 290.2
8 3.567 x 10° 283.9
10 3.534x 10° 271.8
12 3.480 x 10° 269.4
14 3.419 x 10° 260.4
16 3.380 x 10° 253.9

The plots corresponding to the mass spring damper model fit for each derived
transmissibility dataset comprise a composite dataset and fitted mass spring damper

model function plot, and a percentage error plot. Percentage error is given by

f—d‘

100
174

Equation D 2

where, f'is the second order magnitude function value, and d is the transmissibility dataset

value for a given frequency.
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Figure D 12: 4V Sweep Mass Spring Damper Model Plots
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Viscoelastic Material Mathematical Model
The final mathematical model fit to the derived transmissibility data was the

magnitude function for the viscoelastic material model given by

k[w] (jnlw] + 1)
M (jw)* + k[w] (jylw] + 1) |

Equation D 3

Recall that two separate viscoelastic material models were fitted to the
transmissibility data. The linear viscoelastic model assumes that the complex stiffness
function is composed of linear real stiffness and complex loss functions, and the
quadratic viscoelastic model assumes that the complex stiffness function is composed of
quadratic real stiffness and complex loss functions. The equations and plots
corresponding to each of the two viscoelastic material models are shown in the next two

sub-sections.

Linear Viscoelastic Material Model

The linear viscoelastic model real stiffness and complex loss functions are given

by
k[w] = kiw+ ko , Equation D 4
and
Clw+ Co
nw] = Kotk Equation D 5

A table of all function and equation coefficients is shown in Table D 2.
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Table D 2: Linear Viscoelastic Model Equation and Function Coefficients

wmay| W | W | @ ¢
0 2.098x10° | 517.1 1.956 x 10° -475.8
2 2.132x10° | 486.1 1.955 x 10° -488.2
4 2.021x10° | 504.7 1.953 x 10° -505.6
6 2.031x10° | 502.7 1.935 x 10° -501.7
8 1.985x 10° | 509.5 1.978 x 10° -529.2
10 1.985x 10° | 501.8 1.977 x 10° -537.6
12 1.980x 10° | 490.8 1.950 x 10° -539.2
14 1.969 x 10° | 480.7 1.894 x 10° -530.1
16 1.982x10° | 467.8 1.835 x 10° -514.7

The resonant frequencies and corresponding transmissibility magnitude acquired
from the fitted liner viscoelastic magnitude function for each transmissibility dataset are

shown in Table D 3.

Table D 3: Acquired Resonant Frequencies from the Linear Viscoelastic
Transmissibility Models

Electromagnet Resonant Transmissibility Resonant Frequency
Voltage (V) |Frequency (Hz)| Magnitude Percentage Change (%)

0 409.3 4.647 N/A

2 405.8 4.706 -0.842
4 401.5 4.803 -1.907
6 401.5 4.869 -1.893
8 399.8 4.950 -2.324
10 398.2 5.034 -2.706
12 395.4 5.145 -3.377
14 392.3 5.267 -4.157
16 390.2 5.364 -4.649
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The plots corresponding to the linear viscoelastic model fit for each derived
transmissibility dataset comprise a composite dataset and fitted function plot, and a

percentage error plot.
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Quadratic Visco-Elastic Material Model

The quadratic viscoelastic model real stiffness and complex loss functions are

given by

and

nw] =

kw] = ko’ +kw+k,

C,w*+Clw+C

k2w2+k1w+k0 .

Equation D 6

Equation D 7

A table of all function and equation coefficients is shown in Table D 4.

Table D 4: Quadratic Visco-Elastic Model Equation and Function
Coefficients
E'Vef){f;’g“f‘(gv“)“ Ko ki ks Co C C;
0 3.121x 10% | 383.5 | -3.308 x 107 | 3.327 x 10® [2.242x 10" | -2185
2 3.133x 10% | 358.0 | -3.406 x 107 | 3.490 x 10° [2.461x 10" | -2304
4 3.008 x 10| 376.9 | -3.377x 107 | 3.562 x 10° [2.568 x 107" | -2357
6 2.975x 10%| 393.8 | -3.582x 107 | 3.567 x 10° [ 2.571 x 10" | -2356
8 2.934x10%| 401.1 | -3.655x 107 | 3.652x10° |2.622 x 107" | -2399
10 2.907 x 10° | 402.3 | -3.745x 107 | 3.696 x 10° | 2.679 x 10” | -2427
12 2.850 x 10° | 408.4 | -3.902x 107 | 3.679x 10° [2.685x 10" | -2418
14 2.762x10% | 427.2 | -4.194x 107 | 3.615x 10° [2.657 x 10" | -2383
16 2716 x 10° | 430.8 | -4.276 x 107 | 3.453x 10° | 2.504 x 10™' | -2277

The resonant frequencies and corresponding transmissibility magnitude acquired

from the fitted quadratic viscoelastic magnitude function for each transmissibility dataset

are shown in
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Table D 5.

Table D 5: Acquired Resonant Frequencies from the Quadratic Viscoelastic
Transmissibility Models

Electromagnet| Resonant Transmissibility | Resonant Frequency
Voltage (V) |Frequency (Hz) Magnitude Percentage Change (%)

0 408.5 4.633 N/A

2 405.0 4.692 -0.861
4 400.6 4.788 -1.937
6 400.7 4.853 -1.920
8 398.9 4.935 -2.353
10 397.4 5.018 -2.737
12 394.6 5.129 -3.406
14 391.5 5.251 -4.181
16 389.5 5.349 -4.657

The plots corresponding to the quadratic viscoelastic model fit for each derived
transmissibility dataset comprise a composite dataset and fitted function plot, and a

percentage error plot.
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