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ABSTRACT

Vibration is a basic phenomenon that has attracted control engineering’s attention for many decades.
Vibration rejection in control systems is implemented with passive, semi active and active vibration
suppression systems. These methods commonly use multiple redundant sensors. Multiple sensor usage
and complex control has implemented the cost of operation and complexity. Minimal sensor usage to
provide vibration suppression within the commonly used acceleration or deflection observation could be
used to reduce the complexity and cost of the system. This dissertation proposes a novel methods which
uses either the acceleration or motor deflection measurement based disturbance force observers for
vibration observations and to suppress the vibrations with active vibration suppression. The proposed
system is capable of estimating the disturbances and compensate disturbances using the only a
acceleration or suspension deflection sensory data. Proposed system still could work as a traditional
vibration suppression system in case of a failure to active system. Active force to be injected is calculated
based on the disturbance forces acting on the sprung mass. A novel method is proposed for spring and
damper parameter measurement with electromagnetic actuators which enhance the overall system
performance. A Quarter car model is used to illustrate the adaptability, robustness, and the vibration
suppression capabilities of the system. Performance of the active vibration suppressor and disturbance
observer is measured using system simulations and practical results. Simulation and practical system
responses provide evidence of robust vibration suppression capabilities of the proposed method under
different conditions.

Keywords: ==
Active Suspensior on Forc®bserver,
Disturbance Rejection.
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Introduction

Chapter 1
1 INTRODUCTION

1.1 Background

Vibration is a phenomena that occur in real world systems including robotics, motion control and
automobile systems. Vibration causes to loss pf energy, damage to the components, and
discomfort to the humans. Engineers and scientists have designed systems to overcome the
problem of vibrations in real world systems with vibration suppression systems. Mainly these

problems arise in motion control and automobile technologies.

Automobile suspension systems are developed to overcome these problems starting from the
development of first shock-absorber by a French cyclist in 1898 [1] that was used in a bicycle.
These automobile vibration suppression systems are developed to provide better vehicle control,
passenger comfort and better ride quality in automobiles. Humans feel dizziness and sea sickness

N~ TT . PR 1 10 . ~ANTT r~1

for vibrations in 1 Suspension systems

connected in betw DA bod{Nankbtiresslippredsint WiBratibh trankfet a the road surface
to vehicular body thg@Eghtires and suspemnsion systér Suspersion systel aces vehicle body

e o T

movement reducit ity to passengers.
Passive suspension systems, semi active suspension systems, and active suspension systems were

designed to reduce vehicle vibrations, and to improve vehicle handling in automobiles [3].

Vibration suppressions are also used in mechanical systems including motion control systems,
that has been developed with resonance ratio control and used to suppress the vibrations of two
mass resonant system and three mass resonant systems, where reaction torque occurred in the
motor actuator shaft is used to suppress the vibrations without using any position sensors [4]. In
addition disturbance observers and reaction torque observers [5-11] has been used to suppress

the effects of external interventions and vibrations on the motion control systems.

The active vibration suppression systems has been evolved in last few decades with increasing
number of sensors and actuators [12-15]. These systems are complex in control and relay on
multiple sensing mechanisms [16]. This research focuses on applicability of observable motor
characteristic observation mechanisms that can be used to minimize the cost and complexity of

1
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the vibration suppression system with the ability of providing adequate active vibration
suppression with a single available sensor under failures to the multiple sensors. In addition the
proposed methods focus on active vibration suppression techniques that can be used to where

simplified design and implementation cost is a main consideration.

1.2 Vibration

Vibration can be defined as a mechanical oscillation about a fixed point [17]. Vibrations in a
mechanical or control system creates discomfort to operators, instability in controllers,
mechanical damage, energy wastage and noises. Vibrations can be classified in to different type
free vibrations, damped vibrations and force vibrations [18]. Free vibration can be expressed as
the natural movement of a system. Damped vibration can be explained using an example of one
degree of freedom pendulum motion or an oscillation of a mass around a spring damper system,
where the vibrating movement will get damped out and become stable. A force exerted on a

system similar to an earthquake or road defect can be categorized in to forced vibrations. Force

vibrations occur ¢ >ments of objects.
A vehicle body o1 %@{}L ntrol system will get disturbed by these kinds of vibrations. As an
example vehicle 1 se}i’éer | experience discomf [ 1l hicle | sprung mass will
start to move under | est and discomfort in

work environment could be a cause of vibration. In motion control systems the controller will
fail to keep the desired level of output due to the effects of vibrations and vibration suppression
systems will provide some compensation in these systems to improve the performance, precision

and withstand capabilities for these kinds of vibrations [19].

1.3 Vibration suppression and measurement

In conventional vibration suppression systems spring damper elements are commonly used for
vibration suppression. The spring damper based suspension elements are developed in last
decades and mainly used in automobile vibration suppression systems. The spring damper
suspension system has been categorized to three different areas with the development of these
systems. Passive suspension systems only use passive elements to suppress vibrations, the
conventional passive system is mainly built using springs and dampers [20]. The inability to

change its properties in different conditions cause passive suspension systems to produce uneven

2
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vibration suppression capabilities in different conditions. Semi active suspension system can
achieve controllability by changing suspension system properties. Semi active suspension
systems do not introduce energy in to the suspension system, but dissipate or absorb vibration
energy from the system by changing the properties [21]. Active vibration suppression systems
were developed to overcome problems faced in passive and semi active suspension systems.
Active suspension systems consists of active elements such as motors and hydraulic pumps. The
active elements has the ability to absorb and add energy to suspension system, and to change
suspension system properties accordingly to provide robust vibration suppression performance

under different conditions.

Semi active suspension systems provide better vibration suppression than passive suspension
systems [22], theoretically active suspension systems are far more superior than passive and semi
active systems [23]. But semi active suspension systems are commercially used due to cost

effectiveness. Variable dampers are commonly used in semi active suspension system with the

ability to change damping constant under different conditions [24]. Mechanical orifice or smart

fluids are used to comirol the fluid piopetties/inil vatiable dampens! f26]. Active suspension
. 2=k : 158 a1y ¢ .

systems contain hydgalig or elebtrldmbdnetic “adtmators[261 THydr N 1ators use higher

-

power than elect spension systems
have faster responses than hydraulic systems and can regenerate energy to reduce power
consumption of the system [27]. Usually multiple high cost sensors are is used as an input in
vehicle active vibration suppression system controllers [28]. Internal motor parameter sensation
to observe the disturbances provide a less costly and simpler solution for active vibration

SUppressors.

Disturbance observers (DOB) [29, 30] and reaction force observers (RFOB) [31, 32] has been
used in motion control as disturbance rejecters to reduce the effects of external forces with the
use of disturbance estimation mechanisms. These observers use internal parameters and provide
good performance for external loads including low frequency vibrations. The disturbance
estimation with accurate parameter estimation have the ability to provide a high performance in
vibration suppression without the direct force sensors [33]. The disturbance observer provide

higher bandwidth in disturbance measurement as the torque sensors have a lower bandwidth
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comparison to a DOB. DOB and Reaction Force Observer (RFOB) are mainly developed for
motor position and velocity controllers where the effects of external disturbance is quickly
compensated by the DOB disturbance force nullify effect. Motors are mounted on the motor
forcer and the disturbance is provided to motor shaft. A vibration suppression system with
passive vibration suppression capabilities should contains a movable forcer and movable shaft
that 1s different from the conventional motion controller arrangement. DOB based disturbance
sensing vibration suppression can therefore be modified and developed to an active vibration

suppression system.

1.4 Objectives and Contribution

A novel concept to provide active vibration suppression using either the sprung mass
acceleration or motor deflection has been researched in this dissertation. Conventional vibration
suppression system uses multiple sensors to generate vibration suppression capabilities. These

complex sensor based control greatly increase the cost and complexity of the vibration

suppression Syste design cost and
complexity is an issggssBut the minimal’ observed Dardnictér Usage in“applications has been
. ?&"—“‘3 1 3 i ¥ 1.1 1 2. 5 v . . .
considered due to advantao gh ba ith, les application areas
such as platform ation suppression

even when only a single sensory data is available in a multiple sensor system. This research look
in to the ability to estimate and suppress vibrations using either the sprung mass acceleration or
suspension deflection. The proposed method nullify the effects of vibrations by virtually
disconnecting the system from the external environment for dynamic forces while a passive
suspension system withstand the steady state weights. And the research analyses the parameter
effects on the internal estimation and the method to measurement of parameters to minimize the
system errors. Proposed Controller estimate the disturbance force acting on the sprung mass of
the two degree of system spring damper system using estimated spring dampers deflection forces
and use that information to suppress the effects of vibrations. The researched controller is
developed with the ability use with minimum number of sensors to prevent the effects of
environmental uncertainties and sensor failures. The applicability of the control method is
measured using a 2 Degrees of Freedom Quarter car model as the proposed method tries to

nullify the effects of vibration forces by single direction disturbance force transfer estimation.
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1.5 Thesis Content

Chapter 2
Literature Review

A 4

Chapter 4
Chapter 3 Virtual Spring Damper
DOB Based Vibration Based Vibration
Suppression Suppression

Chapter 5
Experimental System

\ 4
a

Chapter 7
Results and Conclusion

Chapter 2: Literature Review.

This chapter looks in to the available methods in vibration suppression including
controllers, actuators and sensing mechanisms. In addition basic suspension equations for quarter
car model is analyzed in the chapter.

Chapter 3: Disturbance Observer.
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Mathematical analysis on disturbance observer design for linear motor system has been
realized in the chapter. In addition a disturbance force nullifying vibration suppression system
has been designed with disturbance observers. The proposed controller tested for simulated
performance and experimental performance and it is included in this chapter 7.

Chapter 4: Virtual Spring Damper Vibration Suppression.

This chapter analyses the performance and mathematical characteristics of the virtual
spring damper based vibration suppressor. Simulation and Experimental results are illustrated to
conclude the effects of the proposed control model are given in chapter 7.

Chapter 5: Experimental System

Experimental system hardware design and software design methodology is discussed in
this chapter.

Chapter 6: Parameter Estimation and Effects

The internal sensing controller parameter estimation method has been discussed in this
chapter. The parameter estimation results are given in the results. And the chapter discusses the
effects of the parameters nfro g
Chapter 7: Result: 1(%" Coinclugior

This chapter igdeyoted taresuli$and;gonelug
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Chapter 2

2 LITERATURE REVIEW

2.1 Introduction to Vibration Suppression

Humans are trying to improve the living conditions and their life styles to more luxurious life
styles using electrical and mechanical control systems. In addition industrial systems are trying
to improve the performance and efficiencies using complex control systems. Vibration is one of
the topics that is related to both of those fields due to the effects it have on humans and
machines. According to medical literature, vibrations at certain frequencies and accelerations can
harm humans [34, 35]. Furthermore vibrations play a key role in reliability issues of electrical
and mechanical systems. As an example Li-ion batteries in vehicles may suffer from damages
occur due to vibrations [36]. External disturbances and vibrations play a key role in other
systems like precision motor control systems, where a sudden external disturbances may cause

vibrations in the ¢

Modern control s E:lﬁ%’il:t de| wibratiqn SUpRIESSIONRSYSteas .t preven bove draw backs.

Various techniques have beenydevelopéd jtorreduct n control systems
and to prevent the effects to human beings. This ncludes suppression mechanisms and

preventive mechanisms such as limiting the exposure to vibrations [38]. One of the most
popular vibration suppression systems include the passive vibration suspension systems used in
vehicles [39]. With the improvements of the control systems these passive systems have been
developed as semi active suspension systems. Semi active suspension systems have been
commercially used and provide good quality vibration suppression as compared to passive
suspension system. Active suspension systems were developed in recent years and commercially
used only in high end vehicles and systems due to cost and complexity of the systems. Vibration
suppression systems design and its complexity varies on the required level of performance. A
modern luxury vehicle may requires a comfortable ride while a sport vehicle needs good grip. An
industrial vibration suppression systems try to reduce the effects of vibration on electrical
mechanical components. These requirements therefore varies with the need of the designers,

controllers and implementation strategies. The reasons to design an active vibration suppression
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system has been discussed in this chapter that provide the criteria for selecting active vibration

suppression with minimal sensor usage.

2.2 Passive Vibration Suppression

Conventional passive vibration suppression systems contain passive elements of spring and
dampers. And the mounting methods of these systems varies with the system. As an example
spring damper based conventional vehicular suspension systems includes solid axial system [40],
double wishbone system [41], and Macpherson strut [42] system. These systems are developed
with different spring damper arrangements and are used to minimize the effects of vibrations and
in some cases used to increase vehicle control. Passive vibration suppression systems have static
properties therefore unable to change the suspension system performance according to
environmental variations. Spring and damper coefficients of passive suspension systems are
constant for all disturbance levels therefore it would provide different performance levels for
different frequencies and system parameter variations. This is one of the main drawbacks of the
passive suspension systems. Vehicular passive suspension systems are normally connected in
between the vehicle axel and\ bodyOwhire the 'distiidbanseel foréé actingdon the vehicle axel is

o dampet-tohbination thts redicing “the! éffebts of road disturbances

experienced by the'i"i;éissengers. Similarly “passive vibration suppressors are applied to
applications such as machine vibration suppression where unidirectional vibrations are
suppressed with materials with spring damper properties. A conventional passive suspension
element is shown in Figure.2.1. The semi active vibration suppression systems were later
developed to overcome the drawbacks of these systems but passive suspension systems are still

used in many commercial applications including vehicles and miniature in hard disk vibration

O @

Figure 2.1: Conventional Passive Suspension [43] Hgure 2.2; Read Head Vibration Suppression |34]

(8]
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suppression system shown in Figure 2.2. And one of the reasons for using the passive
suspension systems in these applications is the issues of cost, miniature size, sensor placement
and complexity. Therefore a high performance active suspension system with simplistic design

have the applicability in these applications.

2.3 Semi Active Vibration Suppression

Semi Active vibration suppression systems were developed with the ability to change the
vibration suppression system properties according to a controller signal. As an example vehicular
semi active suspension systems commonly use variable damping elements. Damping coefficient
variations will produce the required effects under different conditions. Semi active suspension
systems commonly used magneto rheological [45,46], electro rheological fluids [47] or variable
geometry dampers. Magneto rheological or electro rheological fluids contains synthetic
hydrocarbon oil containing subminiature magnetic particles and a coil inside the damper that
creates a magnetic field by applying a voltage; which has the capability of supplying a real-time
dissipation of energy. The drawback of these kinds of systems is that, the system can’t provide
an active force to reduce thel iidspoiisd tifae Vihiéadetically dctivé slispension systems have
superior performance. g?in the semrdactive systems-Bit-due to'abitity'to' integrate to conventional
vehicles, less cost and C“omple\lt\ semi active Systems are commercially available for vehicles.

Semi active and active vibration suppression systems uses skyhook damping, fuzzy control, and
sliding mode control techniques [49-54]. These systems use single or multiple sensors to change

the suspension properties to increase suspension performance. Skyhook damping is one of the

1
Transformation function of body acceleration / road displacement'

- Skyhook Damper 10

=

Passive
SkyhooksMd
y: (== PSFOSMC

Lk FLC

|acceleration/road displacemen

107 10° 10' 10

frequency(Hz.)

Figure 2.4: Semi active suspension system

Figure 2.3: Sky hook damper model [55] performance [56]
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famous semi active and active control method that applies a hypothetical damper in between
reference point (a ground reference) and sprung mass as shown in Figure 2.3. And sprung mass
velocity should be sensed in this system to provide suspension performance. This is commonly
done by integrating the accelerometer readings which is prone to errors. These systems improves
the suspension performance but the improvement is limited due to the semi active nature as
shown in Figure 2.4 taken from [56]. According to Figure 2.4 sprung mass acceleration is
reduced compared to passive suspension system but the performance improvement can be further
improved with active vibration suppression techniques with the expense of energy. And the
measuring the sprung mass velocity with respect to a solid reference point is difficult due to the
problems in accelerometer value integrations and environmental effects on accelerometers.
Active vibration suppression technique with direct acceleration measurement or suspension

deflection measurement can provide solutions to the problems associate with these systems.

2.4 Active Vibration Suppression

Active vibration ¢ n system to inject

energy in to the ;Q&Qs Systeht to tmprove the system “perfotmatc hese systems are
| 3K

commonly consut ncfé';e gy than. s Active, S But tl Ice improvements

are significant as par where the sprung

mass acceleration is completely reduce with the active system. Active vibration suppression
systems use electromagnetic or hydraulic actuators to insert energy in to the suspension system.
These actuators will introduce active suspension force in to the system and actuator insertion has
been done in multiple ways including series arrangement in Figure 2.6, Parallel arrangement
Figure 2.7 and parallel regenerative models. And the actuator failure in these arrangement can
lead to safety problems because these system forces are normally withstand by the active
controller. In addition to these methods variable geometry suspension systems are developed in
[58] but this system also have safety problems due to the arrangement as shown in Figure 2.9.
Variable geometry suspension systems use geometrical variants in suspension to change system
properties. Therefore to address these problems parallel actuator arrangement with a

conventional passive spring damper system to withstand in actuator failure has proposed in this
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research.
Acceleration
15 —— —— e e —
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Figure 2.5: Multi Objective Active Vibration Suppression System Performance [57]

‘ "

Figure 2.6: Parallel Actuator Arrangement

Figure 2.8: Variable Geometry Suspension [58]

Figure 2.7: Series Actuator Arrangement
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2.5 Actuators and Sensors

The main component of the pure active suspension system is the actuator. Mainly two types of
actuators are currently used in pure active suspension systems; hydraulic actuators and
electromagnetic actuators. Hydraulic actuators are slower due to high inertia present in the fluid,
valves and pistons. They tend to be very non-linear as dry friction is present in significant
magnitudes. Maintenance requirement is also high in hydraulic actuated systems. Therefore
electromagnetic actuators are widely used in many research areas as they have sufficient
bandwidth having small system time constant, easy use and low maintenance. Electromagnetic
actuators also have the capability of storing energy when they are working in the generator
mode. Though hydraulic actuated systems are cost effective; the efficiency and the reliability of
the suspension system can be improved by using electromagnetic actuators to provide active
force into the system. Applicability of electromagnetic actuators as passive suspension systems
has been analyzed and the performances are given in [59, 60] But these researches doesn’t
provide new active vibration suppression techniques; the electromagnetic actuator band widths
and performances haye been janalyzed, as. shoyn. in Figure 29, The results indicate that
electromagnetic actuaif(i)}' have the-capability to-deliver the aequired force densities and provide
high speed responseé‘;_ﬂ'l‘at requived. by gotivelGuspension systems.  Therefore the proposed
disturbance estimation based vibration suppression technique can be used to develop active

vibration suppressor with these types of linear actuators.

Active vibration sensors and observable variables are analyzed in [61]. They have been analyzed
the effects of 12 observable variables as shown in Figure 2.10. Effects of using combinations of

these sensors has been analyzed extensively with mathematical analysis in above paper. The

controller controller
3 A up
¥ ? Y i
H

Magnitude (dB)

Lead: 12 mm/rev — 1 thread/lead

Lead: 16 mm/rev — 1 thread/lead

Lead: 20 mm/rev — 2 threads/lead | :
Lead: 24 mm/rev — 2 threads/lead |

Passive damper

- controller controller
107" 10° 10’ 10°
Frequency (Hz)

Figure 2.9: Electromagnetic Actuator Performance [59] Figure 2.10: Observable Suspension Parameters [61]
12
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results suggest that measuring deflections of three suspension elements and one axel acceleration
measurement is the most stable arrangement for an active suspension system. Therefore
suspension deflection and sprung mass acceleration is one of the most stable sensors that will be
available in vehicular active suspension system. Therefore these sensor usage could increase the
applicability of proposed system even for vehicles. Furthermore most suspension control
strategies should use acceleration measurement to measure deflection and deflection speeds of
sprung mass and unsprung mass. This is prone to problems in high frequency measurements due
to the integration of acceleration to calculate the above variables. In addition accelerometers are
prone to cause errors and problems in such calculations due to environmental effects [62]. The
sensing of suspension deflection is not prone to delays and errors due to the internal
measurability of the variable using optical or magnetic high precision motor encoders. Also the
direct accelerometer reading can be used for sufficiently large bandwidth for disturbance
calculations. The sensor delay reduction method are analyzed in [63, 64] but the applicability and

usage of multiple sensors cause cost issues and still the system is prone to problems due to

sensor failures. A 11510 trol methq nal senso; will answer these
problems and can w (kgv only..a. singleracceleratson—or. deflection s under failures to
multiple sensors. Fwsfhermase thisiprovides: Iie ns where using
accelerometers tc 2 limited due to

o o

bandwidth requirements, size and application cost.

2.6 Quarter Car Model

The proposed model has the ability to virtually disconnect the interested system by environment
with the use of disturbance estimation. Disturbance transfer to interested system is measured in
single direction therefore a commonly used 2 degrees of freedom (DOF) Quarter car model is
proposed to measure the performance of the system. Quarter car model is commonly used in
active vibration suppression researches to analyses the controller performance. Quarter car model
is a 2 degrees of freedom vertical vibrating system as shown in Figure 2.11. This suspension
system contains two controlled and uncontrolled vibration suppression elements. The top
elements contains a sprung mass and a passive suspension system and the bottom contains an

unsprung mass, passive suspension element and a surface contact point. The vibrations in the

13
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contact point will travel through the bottom and top passive suspension system to the sprung

mass.

The researched system use a parallel linear actuator with the conventional passive suspension
system. This would prevent the system from causing safety problems in actuator failures as it
would introduce the passive suspension element to the system. In addition linear actuators were

selected considering the fast responses and linearity of the motor.

The system model consists of two masses Ms and My which are respectively known as sprung

mass and unsprung mass. The system model is illustrated in fig. 2.12.

Ms : Sprung mass (kg) XST Ms

My : Unsprung mass (kg)
Ks : Suspension system spring coefficient (N/m) KsS G F
K7 : Tyre spring coefficient (N/m)

Cs : Suspension s

Cr : Tyre dampin ‘oﬁ@u
F: Active force (N)
Xr : Displacemen

Xu : Displacement of unsprung mass (m) XRT_\__;/\

Xs : Displacement of sprung mass (m) Figure 2.11: Quarter Car Model

Assumptions

For modeling purposes it is assumed that all the above coefficients of the system and its masses
do not vary with environmental factors and linear. In addition, it is assumed that the suspension
system acts as an ideal model that only has the capability to move vertically. Therefore the
system performance will be measured for vibration transfer through the elements in a single
direction.

Newton’s equation for sprung mass can be written as,

MsXs = —Ks(Xs — Xy) — Cs( Xs — Xy) + F (2.1)

Newton’s equation for unsprung mass can be written as,

14
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My XU = Ks(Xs — Xy) + CS(XS _XU) — Kr(Xy — Xg) — CT(XU - XR) —F (2.2)

2.6.1.1 Passive suspension system model
To derive passive suspension system equations we can assume the active force to be zero.
Using the Laplace domain function of (2.1) and (2.2), the passive suspension system transfer

function can be written as,

_ [CTS+KT][CsS+K5]
XS(S) - 4 3 XR(S)
MgMys* +[Ms(Cs+CT)+MyCsls3+
[Ms(KT+Ks)+MyKs+CsCr]s?
+[KsCT+KT7Cs|S+KTKs

(2.3)

Passive suspension system frequency response to a disturbance profile can be measured using the

above equation (2.3).

2.6.1.2 Active suspension system model

The active force / _ y tl ( , , 1spension system.

Following state variaf#€afare chgsen to create-a state space. model of acti ension system.
\l'w'?»‘

x1: Relative displacemesit | VYW D B AG 418

x2: Velocity of sprung mass

x3: Relative displacement between unsprung mass and road
x4: Velocity of unsprung mass

Y : System output

F: Active force

x1 =Xs— Xy (24)
x, = Xg (2.5)
x3 =Xy — Xg (2.6)
Xy =Xy (2.7)
Y = [Xs] =X> (2.8)

Following equations are obtained by using the (2.1),(2.2),(2.4),(2.5),(2.6),(2.7) and (2.8).
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.X:l = XS - XU = xz - x4 (29)

x:z — _KS(xl)_;‘;S(xZ_xIL)"'F (210)

.X:3 = XU_ XR :x4 - XR (211)

Xy = Ks(xq)+Cs(x —x4)+1\1;2(x3)+CT(x4— Xp)-F (2. 12)

The system state space can be written using equations (2.9), (2.10), (2.11) and (2.12)

1 0
X1 _Ks —Cs 0 Cs X1 1 0
X2 Ms Ms Ms ||*2 Mg ;

= + F+l-11X 2.13
X3 0 0 0 1 X3 C1 R ( )

: Ks Cs Kt Cs—=Ct||x -1 =L

X4 —_— = — 4 — My

My My My My My
-Ks —Cs e 4] {
— =3 =5 (OAos= 1

Y] [MS Ms j‘:fﬂgs_l sl M sl (2.14)

The system performance can be measured using sprung mass deflection vs contact point
displacement transfer function or sprung mass acceleration vs road surface displacement

frequency response as in equation (2.15) and (2.16),

Xs [Crs+K7][Crs+Kp]s?

Xp  [MsMys* +[Ms(Cp+Cr)+MyCpls®+

[Ms(KT+Kn)+MuKs+CnCT]SZ
+[KnC7+KTCrlS+KTKy

(2.15)

Xs _ [Crs+K7][Crs+Ky] (2.16)
XR M‘S‘ML]S4 +[MS(Cn+CT)+MUCn]SS+ °
[Ms(KT+Ks)+MuKs+CnCT]SZ

+[KnC7+KTCrlS+KTKy

Where K, C, are the effective spring damper coefficients with the active controller.
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Chapter 3

3 DISTURBANCE OBSERVER BASED CONTROL

3.1 Linear Motor Model

The DC motor is the simplest machine which converts electrical energy to the mechanical
energy. Rotary DC motors are commonly used in widely used in numerous control applications,
including robot manipulators, disk drive, machine tools and servo actuators etc. DC motor is
very popular especially in precise motion control applications, as the modeling is much simple
than all the other motors [65] [66]. Linear DC motor or Linear Brushless DC motor (BLDC)
motor is a DC motor that can deliver linear forces and motion and similar to Rotary DC motors
in characteristics. A DC linear motor contains a motor shaft and a motor forcer as shown in
Figure 3.1. Motor forcer similar to the stator of a DC rotary motor and the shaft acts as the rotor.

The linear BLDC motor shaft contains a permanent magnet core that acts with the motor forcer/

Figure 3.1: Linear Motor Design

stator coil magnetic field to produce linear motion.

Figure 3.2 shows the Electrical Model of a forcer mounted BLDC linear motor where R, and L,

represents the forcer resistance and inductance respectively.
Applying Kirchhoff’s voltage law the DC motor model (3.1) can be obtained.

V., =L a;{; +R,I,+E, (3.1)

a a

Where Ej is the back emf.

17



Disturbance Observer Based Control

R, L,
aA—IIN
‘ X B,
Va -
Figure 3.2: Linear Motor Electrical Model
E, =K v(s) (3.2)

Where K. is the back emf constant and v is the shaft speed, then

a

dI
V=L, —=+R 1, +K () (3.3)

If the total mechanical output given by the motor is £,

i (3.4)
K

t

Where ki s the force con yfithe motor,
“

Applying (3.3) in (34)eives (15

y =, 9K (s) (3.5)
dt ‘K, c

Motor force Fi, can be written as follows,

dv
F,”:M?+BV+F,+F/, (3.6)

Where,
M- Motor Shaft Mass
B-Viscous friction Coefficient
F;—Load Force
F Static Friction

Speed of the motor can be calculated as
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F(s)—[Fl(s)+Ff(s)}
Ms+ B

v(s) = (3~7)

3.2 Disturbance Force Measurement

+ > 1 X 1|
el .“ M"l E 7 E

Linear motor forcer
F dis

Figure 3.3: Simplified Model of a Linear Motor

Figure 3.3 shows a simplified diagram of BLDC motor model with a current controller. . is the
current command determined by the DC motor motion controller where Ky is the force constant.
For illustration we will consider /,.r and /, to be equal. The variation of the force constant due to
the BLDC motor commutation creates motor force pulsation. F;, is the generated motor force

obtained by the product of l.r with Ky [, 1s the disturbance force exerted on the system by

environment. ‘

ey, | = i3 I~ - g L 13 7
The load force Fioq s inchid: > interactive Torcé that act on the motor s the motor forcer
is considered to be moun ' ' ' ¢ friction and the

viscosity. F is the static friction force and f is the viscosity coefficient. The disturbance force is
defined to have all the above components. From the above discussion the disturbance force is

defined as equation 3.8 using equations (3.4), (3.6) and (3.7).
Fdob = — ans + Kfnlref (38)

Where,
Lrer - Motor Current
M, - Nominal Motor mass
K7 -Nominal Force constant
v - velocity

§ - Laplace operator
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The disturbance force is directly calculated from the velocity of the motor and the real motor

current.

__________________________________

1
S

Figure 3.4: Disturbance observer model

It is difficult to realize Figure 3.4 directly, due to high frequency noises in current sensors and
velocity calculations a low pass filter should be introduced in disturbance force calculation as
shown in Figure MN ydeled system uses,a firs ler_Butterwort er with a cut off

frequency of 100Hz g“ “g,

N

l 1
Mm S S

Linear motor forcer .

Figure 3.5: Modified DOB Estimation

Where g is the filter constant, from Figure 3.5. The estimated disturbance force is represented in

(3.9).
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A

Iy = iFa/ob (3.9)
s+ g

In (3.9) the disturbance force is estimated through a first order lag with a time constant g, for the

precise and accurate measurement, it is preferable to choose ¢as large as possible.

The feedback of the estimated disturbance force will have an ability to suppress the disturbance

effects of the motor.

The disturbance observer calculates and estimates the reaction forces and torques as quickly as
possible [67] [68]. By having the disturbance feedback, it could compensate for the unknown

disturbance acting on the system.

3.3 Free moving Linear Motor Model

Even though the conventional linear motor model suggests the movement of motor shaft with a

mounted motor fnrr‘pr the active vibhration «uinnreccion model linear motor is Connected in

between sprung n g prung mrasy with thenossibility 8frdlativk a ment and without
the possibility of otgjﬁzel tylfiieasuititientl CERS NewtoirsCdduations otor forcer can be
written as (3.10) using Fiture 3'6

_ 2
Fm = MfoS + FfOT'CBT' (310)
Where

My - Motor forcer weight
Xr - Motor forcer position
Florcer - Total external force acting on the motor forcer

Using (3.10) we can come up with (3.11) for motor forcer using the same techniques used in

conventional DOB calculations.

Fforcer = Fload,forcer + vB + F (3.11)

Where
Fload forcer - Load force on the motor forcer
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The disturbance force on the motor forcer can be calculated using similar equations as for motor

shaft,
Fdis = —MfoSZ + KfIT'ef (312)
The measured disturbance can be written as (3.14)

Fdis = —anXfSZ + Kfnlref (313)

Motor Forcer

3.4 Application of BOB in Active Suspension

The active suspension system is actuated by a BLDC linear motor which connected in between
the sprung mass and the unsprung mass as shown in Figure 3.7. The Newtown’s equations for
motor forcer can be written as (3.14) form equilibrium position. And the friction effects can be

neglected because BLDC motors disconnected forcer and shaft arrangement.

The effects of gravity is taken by the initial deflections of spring damper and therefore Fioas Wwill

contain only the effects of dynamic vibrations,
(Mg + Ms)Xss? = Ks(Xs — X)) + Cs(Xs — X)) + Fy + By (3.14)

Where
F,is the non-linear effects of the spring damper system
Using equation (3.13) and (3.14) we can calculate the disturbance acting on the sprung mass is,

Fais = Ks(Xs_Xu)+Cs(Xs_Xu)+Fa (3~15)
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This disturbance can be estimated using a new disturbance observer model shown in Figure. 3.8.

Fais = (—(M)Xs5% + Kpplypor) == (3.16)

s+g

Where
M, - Nominal mass of motor forcer and sprung mass

This disturbance force measurement will estimate the external disturbances acting on sprung
mass with the use of direct accelerometer readings. The external disturbances acting on sprung
mass is occur due to vibrations travel through passive suspension system to the sprung mass. The
accelerations of the system can be minimized negating the effects of disturbance forces. A force
controller with PID feedback loop is developed for this purpose. The PID controller will

compensate the effects of non-linearity and delays. The total control loop is shown in Figure 3.9.

The DOB based controller will calculate the disturbance forces exerted on the system by passive

My

[ x

F Spring F, damper

Figure 3.7: Active Suspension System Forces

vibrating elements. The controller will try to negate the effects of these vibrations using a PID
based force control loop where the reference is equal to a value of zero. This controller will try to
minimize the effects of disturbances and will keep the total force acting on the sprung closer to

Z€10.
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Figure 3.9: Active Vibration Suppression System Model

3.5 Proposed Disturbance Force Based Vibration Suppressor Performance

3.5.1 Simulation Results

The active vibration suppression system is modeled and simulated in Matlab Simulink simulation
environment. Considering a quarter car system shown in Figure 2.6. The controller block
diagram that is used in the simulation is shown in Figure 3.9. Table 3.1 shows the simulation

parameters that were used in the active vibration suppression model.
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Table 3.1: Simulation Parameters

Symbol Parameter value

Ms 300kg

My 60kg

Ks 16000 N/m

Kr 190000 N/m

Cs 1000 N/m?

Cr 0 N/m?

K 47N/A

K 47 N/A

M, 1.1kg

M 300kg

Mon 1.1kg

Kp 0.99

K; 0

Kp 0.0000002

Gais 100

o
The modeled susj nsfcv),tig Klystam BCfikqiidacy respofiseiwitheue tha (active roller is shown in
Figure 3.10. The acfive-Suspension syste! provides ‘ession properties

than in the passive suspension system throughout the human sensitive frequency range. The

Magnitude (d8)

Phase (deg)

10° 10 10°  Frequency (H2) 10" 10° 10°

Figure 3.10: Passive Suspension Response Figure 3.11: Active Suspension Response

Figure 3.11 shows the active suspension system’s frequency response diagram providing

evidence to the robust vibration suppression capabilities of novel proposed controller even at

25



Disturbance Observer Based Control

lower frequencies. The suspension system provides vibration suppression of -5dB even at 0.1Hz.

The vibration suppression capabilities of the system improves at higher frequencies.

The active vibration suppression system’s pole zero diagram is shown in Figure 3.12. There are
nine poles and eight zeros in negative side of the imaginary axis of pole zero diagram. The
system shows stability for given parameter values. The Figure 3.11 frequency response diagram
and Figure 3.12 pole zero diagram diagrams

Pole-Zero Map

shows applicability of the proposed vibration

suppression system. At 20Hz phase cross over h T r U

the 180 degrees but the gain at this point is

201-0.085

(seconds ™)

below 1. Therefore the system is stable at this

; ! 80 80 49 2 o
frequency. And the poles and zeros are in i * 1
100Hz or higher frequency range doesn’t affect
the interested low frequency bandwidth. e

Figure 3.12: Pole Zero Diagram of Active Suspension System

The system DOB filtéi—:»_gain valpe depeidsupon thglsampling frequency of controller. The active
suspension system performance therefore varies with the system controller speed and the
suspension system frequency for different gain values shown in Figure 3.13. The Figure 3.13

shows the system vibration suppression performance improvement for higher gain values.

i —
Road

14 Road
— Passive
Active

G =10000 [

Displacement(m)
Displacement(m)
o
m

i
-0.03- | [*

-0.04

-0.05 L L I L L L L 0 . . L . I . . 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time(s) Time(s)

Figure 3.13: System Response for Filter Gains Figure 3.14: Step Response of the System
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Figure 3.14 shows the step response of the active suspension system and passive suspension
system. Active suspension system has small vibrations caused by the sample filtration of
DOB/RFOB, but provide better system response for step inputs than the passive suspension
system. The passive system performance can be improved with damping coefficient variations

but the active performance is superior for sinusoidal vibrations.

0.05 T T T T T T T T T e

Road F active
0.04+ Xu 1500 FRTOB
1000

|

-1000

-0.03

-1500
-0.04 -

o | I ! I I { I 2000 ; ; i i ; ; ; i i
o 1 2 3 4 5 5 7 8 o 10 o 1 2 3 4 5 6 7 8 9 10
Time Time

Figure 3.15: System Respg‘n‘:{erfor Sinusoidal Vibration Figiire 3.16: Disturbance-and RFOB forces

e/

The system sprung mass ¥ibration for, sinusoidal disturbance is shown Figure 3.15. Figure 3.16
shows the active suspension motor force. The system provides good vibration suppression for
sinusoidal vibrations and active suspension system motor force is around 800N in Scm deflection

level. These output shows that the system can provide a superior vibration suppression for
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Figure 3.17: System Response for a sinusoidal sprung mass weight variation with disturbance
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vibrations with the use of electromagnetic actuators. And actuator saturation may limit the

performance of the proposed system therefore motor should select to prevent the saturation

conditions.

The proposed system performance was further simulated for variations to the sprung mass

weight. A sinusoidal sprung mass variation and a ramp sprung mass variation was tested with a

sinusoidal disturbance and a complex disturbance to analyze the controller performance. Figure

3.17 shows the superior performance of the vibration suppressor under a sinusoidal disturbance

with a sinusoidal variation of weight under a different frequency. Proposed controller also

analyzed for a furrier series based vibration under an increasing sprung mass weight and the

proposed system provide a more stable platform compared to the passive system as shown in

Figure 3.18.
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Figure 3.18: System Response for a complex sinusoidal disturbance

Experimental results of the system performance is described in section 7.1 in chapter 7.
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Chapter 4
4 VIRTUAL SPRING DAMPER VIBRATION SUPPRESOR

4.1 Virtual Spring Damper Motor Model

The DOB based active vibration suppression system have drawbacks due to the effects of sensor
noises. And accelerometers are prone to external environmental variations. Therefore a
suspension deflection based disturbance measurement scheme was developed for the active
vibration suppression system. The disturbance acting on the sprung mass or motor forcer is

exerted by the passive elements in the suspension model can be derived as,
(Mg + Ms)Xss? = Ks(Xs — X)) + Cs(Xs — X)) + Fy + Kpler 4.1)
Fais = Ks(Xs — X) + C(Xs — X)) + By (4.2)

Therefore the disturbance force acting on the sprung mass can be approximated using the linear
equation (4.3)

-

Fais = sn(Xs - L}%sca (Lo LTy (4~3)

Where
K 1s nominal spring coefficient
Csn 1s nominal damping coefficient

However this linear measurement doesn’t contain the effects of non-linearity. The non-linear

effects can be approximated in to the observable variables as in (4.4),

Fo = fixe—x0 t Facts-30) T Fagiy T (4.4)
The only sensor used in the controller is the motor deflection and it can derived to (4.5),
Xe = (X5 — Xy) (4.5)
Where

X. is the motor deflection
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4.2 Disturbance Force Measurement

The disturbance force acting on the sprung mass can be measured using equation (4.3) where it is
assumed that the system is linear. But to minimize the errors some of the nonlinearities can be

reduced with estimation of nonlinear functions with respect to deflection.

Fo = ficxe-xp + fa0-xy) (4.5)

The motor deflection and deflection speed is observed by linear encoders and they are less prone
to environmental effects and have high speeds and high bandwidths due to digital signal

processing techniques,

Using (4.1), (4.3) and (4.5) we can come with the equation for disturbances acting on sprung

mass using only deflection observations,

Fdis = Ken(Xs — Xu) + Csn(Xs - Xu) + fl(Xs—Xu) + fZ(XS—Xu) (4.6)
The nonlinear eff 2 : : ] s and the equation
can be simplified 1@@@ \ear spring damper coefficients of Ksnse and Csnge).
F dis = Bsn(xp) (X X A )

The spring damper based disturbance measurement scheme includes one velocity calculation.
Even though theoretically it is not necessary to have a filter, a low pass filter should added in
high speed digital computing as shown in Figure 4.1. But this filter constant can be sufficiently

large in range of 1 kHz giving this measurement a wider bandwidth.

Figure 4.1: Spring Damper Based Disturbance Observer
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4.3 Virtual Spring Damper Controller

The spring damper based disturbance calculation can be used to reduce the effects of
disturbances on sprung mass. A feedback force controller can be used to negate the effects of
passive spring damper system disturbances. The force reference of the feedback controller can be
used to negate the effects of vibrations or else can be used to create virtual spring damper

coefficients as in equation (4.8).
Fref = K,(Xs — Xy) + Cv(Xs - Xu) (4.8)

Where
K, is the virtual spring constant
C 1s the virtual damping constant

A PID controller is introduced in the controller to minimize the effects of nonlinearities and
delays. The controller model is shown in Figure 4.2. Where the spring damper based disturbance
observer is used t rying to minimize
the effects of vibi Jg&m Systen-transter functioft ‘between’' sprufig tifass and unsprung mass

Newton’s equations c¢an be

MSXS = (Kn - KS)\AS —Ay) T \bn T LS\ ASs T AU) (49)

MuXu = _(Kn - KS)(XS - XU) - (Cn - CS)(XS - XU) + Kt(Xu - Xr) + Ct(Xu - Xr) (4~10)

Using equation 4.9 and 4.10 we can derived the transfer function in between road surface and

sprung mass as 4.11 for zero K, and C, coefficients,

Xs _ [Crs+Kr]|(Cs(1——=)s+Ks(1-—o2) |
XR M‘S‘ML]S4 +[Ms(Cs(l—%)+CT)+Mu(Cs(1—%))]S3+
|[Ms(Kr+Ks(1—=) )+ My (Ks (1-—5)+(Cs (1)) Cr |s?

+| ks (1= Cr+Kr (Cs (1) |s+Kr (Ks(1—=))

(4.11)

The wvirtual spring damper based disturbance observation and control system has higher

bandwidth than the DOB based system due to the removal of accelerometer and current sensor
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noises in the disturbance measurement. In addition the system can be easily controlled to provide

different spring damper effects with only internal sensor measurements.

Figure 4.2: Virtual Spring Damper Controller
4.4 Proposed Virtl@tﬁﬁpring Damper; Vibration Suppression Pexformance

4.41 Simulation Results
Table 4.1: System Parameters

Symbol Simulated system values
Ms 300kg

My 60kg

Ks 16000 N/m
Kr 190000 N/m
Cs 1000 N/m2
Cr 0 N/m2

Kr 47 N/A

K 47 N/A

M 1.1kg

M, 301.1kg

Kp 0.99

Kr 00.001

Kp 0.0000002
Ggis 100
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Table 4.1 shows the list of simulation parameters used in the quarter car model simulation.
Matlab Simulink is used for modelling. The System was modeled and simulated with parameters
considering an actual quarter car model and the hardware design was built considering the
quarter car parameter ratios. The modeled system frequency response is simulated under
different conditions to measure the vibration suppression ability at different frequencies. Bode
plot diagram for the passive suspension is shown in Figure 4.3. The system vibration suppression
capabilities for active vibration suppression controller is shown in Figure 4.4. The simulation
results shows the superior vibration suppression capabilities of the novel disturbance observer
based system. The passive and active systems show lack of vibration suppression capabilities for
low frequencies but the active system’s disturbance rejection bandwidth is much higher than the
passive system. The active suspension system’s vibration suppression starts at a lower frequency.
At higher frequencies both systems shows high level vibration suppression.

The system stability is further illustrated using a pole zero diagram in Figure 4.5. The pole zero
diagram shows that the poles and zeros are in the negative side of the imaginary axis and there

are no poles on th ax ause oscillatic herefore t i tion results shows

=
the stability and sup I‘gr ¥atlon suppression. capabilities. of, the sys n the quarter car
model. The system shews similersesults [for; step.| k . compared to the
DOB based mode
Bode Diagram

Bode Diagram
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Figure 4.3: Passive Suspension Frequency Response Figure 4.4: Active Suspension Frequency Response
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Figure 4.5: Active Suspension System Pole Zero Diagram

The proposed system was simulated for quarter car parameters given in [56], [57], [59]. The
simulation results suggest the high quality performance of the proposed vibration suppression
system compared to them. The Figure 4.6, 4.7, 4.8, 4.9, 4.10, 4.11 Compare the simulated results

with the frequency response results of the literature. The similar frequency points are marked

using A,B and C characters for ease of identification. The proposed controller provide higher

acceleration reductiopmand deflection reduction compared to the available methods. The

simulation was done: nearized model therefore the results may contain small variations.

Experimental results of éystem are shown in section 7.2 in chapter 7.

Bode Diagram

Transformation function of "body acceleration / road displacement’
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Figure 4.6 : Fuzzy, SMC frequency response [56] Figure 4.7: Proposed system frequency response
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Chapter S
5 PARAMETER ESTIMATION AND EFFECTS

5.1 Passive Spring Damper System Model

Passive quarter car model can be used to analyze the parameter effects of active suspension
system. The suspension system spring damper models can be used to calculate the amount of
force that is exerted by the suspension system on active suspension actuator and the sprung mass.
The effects of these parameters on suspension system should be analyze in actuator selection to
prevent suspension performance degrading and issues with actuator saturation. The passive
suspension system mainly installed in the systems to suspended the sprung mass weight without
introducing that static energy to the active vibration suppression system actuator. The active
vibration suppression controller try to minimize the accelerations and deflections of sprung mass
by negating the effects of passive vibration suppression system. In simple term the passive
system takes the static loads of sprune mass and the controller virtuallv disconnect the passive

suspension systen idy ¢ loads-as; showt m/ikFigure ovh
(e

-
S
bi‘ ¥

Figure 5.1: lllustration of Suspension System under Dynamic Loads

Considering the ideal conditions the active vibration suppression system Newton’s equations for

static weights and dynamic forces can be written as (5.1) and (5.2),
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(Mg + Mp)g = KsXe initial (5.1)
(Ms + Mp)Xss? = (Ks — (Ken — Kp))(Xs = Xu) + (Cs = (Con = G X5 — Xo) (5.2)
Where

g is the acceleration coefficient of gravity

Xe,imirial 18 the initial deflection of suspension
The motor force can be derived from (5.2) as,
Fn = (Ksn — Kp)(Xs = Xy) + (Con — C) (X5 — Xu) (5.3)

And K, and C, should be set to zero to fully nullify and virtually disconnect the sprung mass
from the environment performance. Therefore the actuator force depends on the passive
suspension system spring damper coefficients and the virtual spring damper coefficients. The
weight of suspens ' supply energy to
the actuator to h: gﬁ,gl reght.’ i design' the safuration effects“can“be modeled using the

1 e 1 AR

. . I =5
linearized transfer funciion:

5.2 Spring Damper Parameter Estimation

The researched controller is working on internal sensing mechanisms therefore parameter
estimation is necessary for precise accurate vibration measurement and suppression. An
electromagnetic actuator is used in the controller therefore electromagnetic actuator based
parameter measurement was carried out with the use of lookup tables to include the vibration

suppression system nonlinear effects.

The vibration suppression system sensors can be used to measure these parameters; the system
includes a suspension deflection measurement encoder and additionally includes an
accelerometer. The measurement criteria of the parameters with the use of both sensors and with
only the use of deflection measurement is proposed in this section. The disturbance force

measurement is done with the use of estimated parameters in equation (5.4) and (5.5),

Fdis = sn(Xe)(Xs —Xu) + Csn(Xe)(Xs - Xu) (54)
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Fais = (—(M)Xs5% — Kpplypor) == (5.6)

s+g

The disturbance force estimation includes the following variable estimations,
K 1s the estimated spring constant
Csn 1s the estimated damping constant
M, is the estimated nominal sprung mass (includes forcer weight)
K 1s the estimated motor force constant
The motor force constant used in the estimation is taken directly from the motor specification.

The spring damper coefficients and the mass can be measured in stable conditions using position

and velocity control loops as shown in fig. 5.2.

¥ + PID Frer Force | Suspension X,
eRef controller system

?? (a) Defievtion] Viekeity. Cosseol

X, kor PID

=4

Fror Force | Suspension | X.
controlier system

v

(b) Deflection Position Control

Figure 5.2: Velocity and Position Control Loops
Mass of sprung mass and motor forcer can be measured by (5.7) under stable conditions,

X. =0, X~0, X; =0 and X,=0

Mn — Ksn(Xzinital) (57)

Spring and damper constants with the effects of non-linearity can be measured using (5.8) and
(5.9),
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When X. =0, X.=0 and X,=0

Fm
Ksn(Xe) = X_e (5.8)

When X.=0 and X;=0

Fn—Ksn e Xe
Congy = =40 (5:9)

This parameter measurement should be done under stable conditions because the system only

uses the deflection in the measurements.

But if the system contains any accelerometers we can observe the sprung mass acceleration and

the system can adaptively update the parameters.

When X. =0, X.=0 and X,=0

Fn
Ksn(Xe) = Ksn(Xe) + A== (5.10)

g

1

When X.=0 and X.~0{

A5 N,

i

Csn(Xe) = Csn(Xe] X 1)
Where

4 1s the adaptive adjustment ratio of the controller

5.3 Effects of Parameters on Measurement and Control

The controller measurements is mainly depends on the performance of internal parameters. The
active suspension system performance also depends on the measurements performance.
Therefore it is necessary to observe the effects of parameters. The effects can be evaluated by

considering a linearized suspension model.
The actual and measured disturbances can be derived as (5.12) and (5.13)
Fais = Ksn(Xs — Xy) + Csn(Xs - Xu) (5.12)

Fais = Ks(Xs - Xu) + Cs(Xs - Xu) (5~13)
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And the measurement and actual performance variations can be observed by the transfer function
(5.14) between the actual and measured disturbance. Where the ideal function gain should be

one

>

Pais — Ksn*Cons (5.14)

Fais Ks+Css
The effects of parameter variations is explained in results section.

5.4 Results

Spring and damping constants of the suspension system was analyzed using the encoder reading
according to 5.3 and 5.4. And the sprung mass was measured to have a weight of 11.02kg. The
spring damper coefficient measurements are shown in Figure 5.3 and 5.4. The results shows the
non-linearity exist in the spring and damping coefficient. And due to the some of these effects
are non-repeatable therefore the average value is taken for the experimental disturbance

measurements.

B Iping Gy
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Spring Constant

511

Damping C

509 +i
0015 0.01 0.005 0 0005 001 0015 0.015 0.01 0.005 0 0.005 0.01 0.015

Deflection Deflection(m)

Figure 5.3: Spring coefficient variation with deflection Figure 5.4: damping coefficient variation with deflection
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The parameter effects on the vibration measurement was simulated using matlab linearized

models. Figure 5.5, 5.6, 5.7, 5.8 shows the effects of parameter errors on the estimation of

disturbance. And the system spring constant estimation greatly influence the lower frequency

disturbance estimation while the damping constant affect the higher frequency range. The

passive suspension resonance frequency will differentiate the spring coefficient and damping

coefficient affecting areas. Therefore in design passive suspension elements should select

according to the linear quality of the physical spring or dampers.
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5.5 Conclusion

The system saturation analysis and parameter estimation should be properly done to increase the
performance of the proposed system. A linear motor was selected to estimate the parameters
considering the liner characteristics between force and current in a BLDC linear motor. The
system passive vibration suppression spring dampers should be high quality linear elements. The
prototype was build considering the cost and economic value. Therefore the experimental system
spring dampers coefficient are nonlinear. But the conventional passive suspension elements have
a linear characteristics therefore a conventional passive element would work well with the

proposed controller.
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Chapter 6
6 EXPERIMENTAL SYSTEM

6.1 System Design
6.1.1 Electrical

6.1.1.1 Basic Electrical Hardware interconnections

The electrical system consists of ten basic electrical hardware systems. A Field programmable
gate array (FPGA) development platform is used as the main controller of the system considering
the high sapling frequency required to handle the high precision encoder digital input output
singnals. A MBED microcontroller is used to control the rotary motor and to take measurements.
Linear motor is used as the main actuator of the system and a linear motor driver is used to drive
the main actuator. A rotary motor coupled with a rotary encoder is used to produce random road
profile into the system. An accelerometer is used for measure the displacement of the sprung

mass of the syste 1 it 1s physicall 1 to tl f the structure. Overall

Oh e’ $iSterh>éan bel showhdn theEicurel6d
3
y

s

hardware interconnect

AT

6.1.1.1.1 Linear Votor
Linear motor 1is ¢ 3 w types of linear

actuators are available in the world. Hydraulic actuators, Pneumatic actuators, Screw type linear

actuators, Linear shaft motors, etc. Reasons for selecting linear shaft are as follows,

e Capable for high thrust

e Fully non-contact operation between forcer and shaft

e Available in various stroke lengths

e High precision (0.07nm)

e High speed drive (greater than 10 m/s) with acceleration up to 20 G
e Low speed drive (8um/s)

e Virtually no speed fluctuations

e Durable construction, capable of operation even underwater or in a vacuum
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Linear Motor .
. Linear Motor Hall Sensors Accelerometer
Driver

230V (AC) MBED E

Power Supply FEGA microcontroller

1

j T Rotary
Encoder

Transformer DC regulated
-L Power Supply Rotary Rotary
Circuit Motor ™| Motor
20V, 12V, 5V) Driver

Figure 6.1: Overall hardware interconnection

University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
it

Figure 6.2: Forcer and shaft assembly of linear motor [69]

Basic Structure of linear shaft motor can be shown in Figure 6.2,
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Figure 6.3: Structure of linear shaft motor [70]

The magnetic structure of the Shaft is built in such a manner that there is no space between each
magnet and is fully supported within itself. The magnetic structure is then inserted into a

protective stainless steel tube. This is a process which is protected by numerous patents
is pyé?l]cé’@]iﬁg%s@fl%@&)}fﬁtﬂ%vﬁin%ﬂ Wﬁiotor produces a very

SS), i Elcctionic Theses & Disscriations
&% www.lib.mrt.ac.lk

The coils of the Linear Shaft Motor are of a cylindrical design, providing a number of key

advantages over other linear motors.

e The cylindrical design of the coil assembly is very stiff without external stiffening
materials (i.e. iron used by platen style linear motors).

e The coils surrounding the magnets allow for the optimal use of all the magnetic flux. This
makes the air gap non-critical. As long as the forcer does not come in contact with the
shaft there is no variation in the linear force.

e The magnetic flux cuts motor windings at right angles for maximum efficiency.

e All sides of the coil are positioned to allow for maximum dissipation of heat.

e The more efficient Linear Shaft Motor requires less power in a more compact design and

produces a comparable force to that of a similarly-sized traditional linear motor.
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According to active suspension system design, around 200mm stroke length and around 60N
continuous force were required. Considering about the requirement S250T Nippon pulse linear
shaft motor with hall sensors was selected. Electrical specs for equipment are included in the

appendix.

6.1.1.1.2 Rotary Motor
19V, 2A geared rotary DC motor is used for the rotate cam profile. This rotary motor is driven

from rotary motor driver. According to the requirement, speed and the position of DC motor can

be changed.

6.1.1.1.3 Rotary Motor Driver
A rotary dc motor driver is used to control rotary motor. Driver is directly connected to the Mbed

microcontroller. Mbed microcontroller produces PWM signals to run motor driver.

6.1.1.1.4 Rotary Encoder
600ppr rotary encoder is used for take the measurements of rotary motor. Rotary encode is

directly connecte 1e encoder, Mbed

microcontroller produgegt
| o)
3

\:

6.1.2 Mechanic

6.1.2.1 Linear Guides

Two special guide sets are used to keep linear motor air gap constant. Mainly two pars are
available of linear guide called block and rail. Block moves on top of the tail as usual.
Dimensions for the block and rail are change according to the design. Maximum deflection for
the designed system is nearly 200mm. Then 220mm length rail was selected. Therefore
according to our design SHS20V1SS+ 220L (HRC20MN-B1-VON-220-20-20) two units were

selected. Figure of these mechanical equipment are shown in the appendix.

Weight of block 1218 ¢
Weight of rail : 2280 g/m
Length of rail 2220 mm
length of block 169 mm
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Two linear guides are used by either sides of motor forcer to keep linear motor air gap constant.

Shaft is mounted on top of the linear guide block.

6.1.2.2 Linear Bearings
Linear bearing provides ability to move object in linear way. It can be mounted to a steel rod.

There are several types of linear bearing are available in market. According to application, linear
bearings with flange were selected. LMK25UU linear bearings ware used for the mechanical

system. Internal diameter of each bearing is 25mm.

6.2 Mechanical Design

< Guide shaft ————>

Motor shaft

(=il

TR S

Spnipe e

Hr= i
@ Wheel ‘ ‘
D _1,°/ ;‘71 Cam and Motor Lj ‘ |

Front view Side view

Figure 6.4: Mechanical Structure

According to the mathematical model of a suspension system, it is required to separate sprung
mass and un-sprung mass by using a physical spring, damper combination. And also it is
necessary to add virtual spring, damper combination (Linear motor) between sprung mass and
un-sprung mass. By considering above key factors, the mechanical structure was designed as

shown in the Figure 6.4.
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In this design there are two steel rods are used to keep overall mechanical system vertically.
Below two brackets which are tightly fixed with base plate bear the all weight of the structure
and stand all system vertically. Below basement plate is a thick steel plate which have higher

strength to withstand all mechanical movements including vibrations.

There are two aluminum plates are used to represent sprung and un-sprung masses. Aluminum
plates were selected to avoid the interaction between the magnetic shaft of linear motor and the
plates. These aluminum platforms provide supporting structure to mount forcer and shaft of
linear motor. Forcer of the linear motor is mounted to the sprung mass aluminum plate and forcer
of linear motor moves with sprung mass aluminum plate. And also the shaft of the motor is
contacted with un-sprung mass aluminum plate. To provide vertical movement of two plates,
four linear bearing are connected between aluminum plates and steel rods as shown in figure. A
wheel is mounted to bottom of the un-sprung mass to provide smooth contact with cam profile.

Two springs are connected between two aluminum plates in order to produce physical spring

operation. Rotary motor coupled with cam provide artificial vibration to the mechanical system.
6.2.1 Encoder Assénibly

\ ¥ y.
Since the linear encader.is a magpeti¢liypeong; the magnetic shaft of
linear motor. Accord to the linear encoder specs car guide should be mounted in an

o I 5 o

environment which has the magnetic flux density less than 1mT for the proper operation. The
magnetic flux density variation with radial distance to the motor shaft was measured by Maxwell
Turn Meter. Distance was 75mm away from the linear motor shaft. Therefore encoder assembly
was specially designed for the requirement. Encoder head was mounted 75mm away from the
linear motor shaft and magnetic strip also mounted away from that range. It can be shown as

below,
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Motor shaft

Magnetic strip

Figure 6.5: (a) Encoder motor shaft assembly

Magnetic strip
Guide block

Linear gupport w———=——2..:
LD ESETTaTic Encoder head

Motor Shaﬁ‘/

1 ‘ Guide rail
|

Figure 6.6: (b) Encoder motor shaft assembly

6.3 Auxiliary systems

6.3.1 Power Supply

The power supply of the total system needs different voltage levels. The following table shows
the rated voltage levels of the different components.
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Table 6.1: Rated voltage levels of the different components

Voltage Level | Components

3.3V FPGA inputs, Mbed digital inputs

5V FPGA, Mbed, LM Pole sensors, Linear encoder, Rotary encoder
12V Rotary motor driver

19V Rotary motor

The 3.3V is needed for the inputs for the FPGA and the Mbed. The input and output logic high
level is taken as 3.3V in both FPGA and Mbed. Even though both these controllers are provided
with 3.3V power output capability, considering the safety of the equipment it was decided to

design a separate power supply for the 3.3V system.

The maximum su; ,4;,4;1 of the FPGA 1s'5.3V."The' supply vottage ot Mbed varies from
4.5V to 9V. The m(tj;o" f the Mbed is aboyf IW wi i ) are working. The
supply voltage range for 4.5 to 18V. The

linear encoder can be operated from 5V to 30V range. The operating range of the rotary encoder
is from 5V to 24V. Hence considering all the maximum and minimum voltage levels of the
operation of this equipment a SV DC system was decided to be used. This would also reduce the

power loss through resistor dividers which are used for logic level conversion from 5V to 3.3V.

The voltage level of the rotary motor driver was 12V to 18V. The 12V was selected to power up
the rotary motor driver due to the low voltage and the availability of the regulators. If a higher
voltage level is selected, the power consumption would also be increased which will be a

disadvantage in transformer sizing.

The rated voltage of the rotary motor is 19V and the rated current is 2A. Because of that a 19V
power supply with high current handling capacity of more than 2A was required for driving the
rotary motor. This supply is not needed to be regulated since the motor driving does not require

being ripple free.
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6.3.2 Pole sensing

The linear motor operates as a brushless DC motor. The permanent magnet poles are located in

the shaft and the windings are located in the forcer. This is shown in the Figure 6.7.

Magn
> i Fiberglass Sleeve

Stainless Steel Shaft

Forcer

Figure 6.7: Permanent magnet poles and the windings [81]

There are three windings named as U, V, and W inside the forcer. These three windings are

needed to be energized to operate the motor. The commutation of the U, V, W windings is

required for the continuous run of the motor. The commutation is done from the motor driver

based on the pole sensor signals. The following Figure 6.8 shows the pattern of the locations of

the pole sensors in ghe forger, . pole .sensor,signals and the. wiring diagram respectively.

WIVIU|WV
el = EEEl
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rema ) ot e
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S3| § i I I | i
S1 s2 S3
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GND GND GND
o~ ] o~
[
Veco GND S20ut S3out

Figure 6.8: Pattern of the locations of the pole sensors, pole sensor signals and the wiring diagram [82]
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The pole sensor used is an ultra-high sensitive InSb hall element and a signal processing IC chip.
The internal circuit of the hall element is shown in the Figure 6.9. This comprises of an open

collector output which acts as a switch. The

1:Vec
T input voltage Vcc has a range from 4.5V to
Res. * ] 3:0UT . .
18V. The Vcc is designed to be 5V and the
— -+ H output was designed to be 3.3 to connect to
the FPGA.
| E:GOND
Voltage Regulator Aml;ifer - Output Etage
Hall Element Schmitt Trigger

Figure 6.9: Internal circuit of the hall element [83]

6.4 Hardware implementation

6.4.1 Disturbance profile generator

The Disturbance profile for the active suspension system should be artificially generated. A

rotary motor and cam asse mbly is used to generate this Disturbance profile. The main feature of
the Disturbance profile naton s, it should nbave. the, . ability; to .gener lifferent types of
Disturbance profiles gﬁ’?u i-t0, compare-the. active syspension -abili the system. The
following block diagram e..basic_ hardy ly of tl sturbance profile
generator. R

Power Supply p—> Motor Driver =3 DC Motor [—> Cam

Controller €— Encoder

Figure 6.10: Basic hardware assembly of the disturbance profile generator

Mbed micro controller is used as the controller for the system. An incremental rotary encoder
with 600 ppr with phase A and phase B output is used for getting the position feedback. A rotary
DC motor of 19V with 2A rated current is used to drive the cam. The cam profile and the
displacement diagram is indicated in Figure 6.11.
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Figure 6.12: Two different Disturbance profiles generated by the cam for different angles of rotation
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The displacement diagram of the cam gives the displacement of the follower with the rotation
angle of the cam. By using the displacement curve the road profile generated by the cam rotation
can be calculated for different angles. The above figure shows two different road profiles
generated by the cam for different angles of rotation.

The different Disturbance profiles can be generated by position controlling the rotary motor and
hence the cam to rotate in different angles. This could be used to observe the response of the
active suspension system for the different disturbances. As shown in the figure by continuous
rotation of cam from 150° to 210°, a continuous disturbance can be generated. By rotating cam
from 0° to 180° a discontinuous large disturbance can be generated.

The position control of the cam is done by using the rotary encoder feedback. A PID control is
used to generate the desired PWM signals to the motor driver to achieve the desired position as
shown in figure 6.13.

Position PID N PWM DC
Reference controller generator motor

Jv“'{

&ncoderatij€

o=
%E fiure 6.13:1khe positiongantrel block diagram

—

&

6.4.2 Mechanical assembly

Lo it ]

/ Sprung Mass
£ ¢ Linear motor

|
! |

Linear bearing

Shock absorber

Road disturbance motor

Linear motor Driver

!
]

Figure 6.14: Implemented Quarter Car Model
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6.4.3 Circuit Implementation

The main electrical systems which needed to be constructed are as follows.

1. Power supply unit.

2. Rotary encoder interface

3. Pole sensor interface

4. Linear encoder interface

5. Mbed microcontroller interface
In order to minimize the cost and time taken for fabrication power supply unit and rotary encoder
interface were fabricated in a single PCB. The pole sensor interface and the linear encoder
interface were fabricated in a separate PCB in order to enhance the modularity of the system and
the ease of trouble shooting. The Mbed microcontroller interface was fabricated in separate PCB.

The Easily Applicable Graphical Layout Editor (EAGLE) software was used to design the PCBs.

6.4.3.1 Power supply unit and rotary encoder interface
The schematic diagram of the ¢ircuit layout of the power supply unjt and the rotary encoder

interface is shown in téi'é’;.F igure.6.13.
v,

clio S0 GND GhD
Jaov

g D5 g D6
T 1N4004 T HiN4004

N — T . 1000uF
&o T iN4004 T 1N4004 IU-WF

Figure 6.15: Schematic diagram of the circuit layout of the power supply unit and the rotary encoder interface
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The connectors are listed below.

e JTF1, JTF2 — Transformer input connectors

e 3.3V, )5V, J12V — Regulated voltage output connectors
e J20V - Unregulated 20V output for rotary motor

e ENC_IN —Rotary encoder input connector

e ENC_OUT — Rotary encoder output to Mbed

A 25VA 230V/20V dual output transformer is used to step down the supply voltage. The TF1
terminal supply power for 20V and 12V outputs. The TF2 terminal supply power for 3.3V and
5V system. The rotary encoder input should be connected to the ENC IN connector. The two
100kQ variable resistors reduce the Phase A and Phase B voltages of 5V to 3.3V which is the
I/O voltage level of the Mbed. The ENC_OUT connector outputs the 3.3V phase A and phase B
signals to the Mbed. 3.3V and SV regulated outputs are used to power up the 5V and 3.3V

systems. ‘
(e

\ T,

6.4.3.2 Pole sen aid ar.encoter interface

The pole sensors g g g V is used for the
supply voltage of the pole sensors. The output of the pole sensors is open collector type. Since
the output of the pole sensors is interfaced with FPGA the 3.3V was used for switching the
output of the pole sensors. The 10kQ resistors are used to pull up the open collector output.
When the motor was operating there was about 15 MHz noise added to the output signal of the

pole sensors. 10uF capacitors are used in order to filter out the noise.

The linear encoder supply voltage range is 4.7V to 5V. Hence 5V is used to power the linear
encoder. The output of the linear encoder is a digital output with RS 422 connector. The high
level is 5V and the low level is OV. In order to interface this with the FPGA, the output is

reduced to 3.3V through 100kQ variable resistors. The schematic diagram is in figure 6.16.
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Figure 6.36: Schematic.diagram of pole,sensor and the linearencoder interface

The connectors are liféé}fﬁelow.

e PS IN-Pole s;-:‘;”sor input

e PS_OUT - Pole sensor output to FPGA

e ENC_IN - Linear encoder input

e ENC_OUT - Linear Encoder output to FPGA

The power supply to the circuit is connected through PS_OUT connector. Following pins are

used to supply the board power.

e Pin1-3.3Vsupply
e Pin 2 -5V supply
e Pin3-Ground

The following pins are used to send input signals to the FPGA.

e PS _OUT: 4 - polesensorl,5—polesensor2,6—polesensor3

e ENC_OUT:3—-PhaseA,6—PhaseB
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6.4.3.3 Mbed microcontroller interface
The Mbed micro controller is used for data acquisition and rotary motor control. The data

acquisition system is made of following components.

1. ADXL 345 accelerometer

2. SD card reader
The Mbed communicates with the accelerometer by I’C communication protocol. These
accelerometer readings are recorded in the SD card via SD card reader. SPI communication

protocol is used to communicate between the SD card reader and the Mbed.
The rotary motor control system is made of the following components.

1. Rotary encoder
2. Rotary motor driver
The SPI communication port from the FPGA is used to get the data from the FPGA. The USB

and Ethernet connection ports are used for future expansions

The Mbed is pow: dﬁﬁfm a5V supply. The supply veltage range of tl ed is from 4.5V
tO 14V The 33V )I‘)Egll eCH401; tNE 1ACEEIeTOMAlS

The connectors are listed as bellow.

3.3V_CON, 5V_CON — power supply connectors

e SPI_FPGA —SPI port to FPGA

e SD_CARD -SD card reader output

e ROT_EN — Rotary encoder input from rotary encoder interface board
e PB - push button switch

e MTR_DRV — Rotary motor driver output

e ACC_I2C — Accelerometer input

e USB, ETHERNET - Communication ports

The plan view of the Mbed interface circuit layout is in Figure 6.17.
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Figure 6.17: Mbed interface circuit layout
6.5 Software implfé@i@htation
6.5.1 Software and-hardware'deseriptiolt larigunge (HDL) coding

6.5.1.1 HDL and field programmable gate arrays (FPGAs)

FPGA is an integrated circuit containing programmable logic components (i.e. logic blocks) and
optional block RAM elements. Designer can program these integrated circuits in FPGA using
hardware description languages (HDL) thereby giving it the description “field programmable”.
In FPGA design FPGAs provide large number of logic gates and RAM blocks that can be
allocated in the digital design to do complex tasks or computations. In addition FPGA design
contains very fast input output ports and buses and in designing it is required to measure perfect
timing of these ports and inside circuit design to achieve desired output. This should be done
with the use of HDL and further analysis provided by FPGA producer software such as Quartus
IT 14.1 tools which used in this project. Other method to implement such designs is to develop an
application specific integrated circuit (ASIC) which do not have dynamic capabilities such as in
FPGAs and ability to change its circuit according to changing requirements similar to FPGAs
ability to redesign itself with the change of HDL synthesis code.. FPGA advantages include
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ability to update the functionality after shipping, partial re-configuration of a portion of the
design and the low non-recurring engineering costs relative to an ASIC design offer advantages
for many applications.

In FPGA design all hardware circuitry should be developed by the programmer using HDL
circuit synthesis with the knowledge of digital electronics logic blocks. And a TerasicDE1 SOC
development board was for the project. This FPGA is from an optimized FPGA provided by
Altera manufacturers. Altera development board provides following input output ports in their
development board. These ports should be programmed by designer inside FPGA using HDL for
proper use. Otherwise they can be used as input output pins to FPGA logic arrays.

HDL is a specialized computer language used to program the structure, design and operation of
electronic circuits, and most commonly, digital logic circuits. A hardware description language
enables a precise, formal description of an electronic circuit that allows for the automated
analysis, simulation, and simulated testing of an electronic circuit. It also allows for the

compilation of an HDL program into a lower level specification of physical electronic

components, such mas ed to create an rated circuit the proper subset

of hardware descrip@i@®iangyage, a program. called @ synthesizer: (i.e us ISE) can infer
\# y. ) | ¢ L%

hardware logic operatiofis fromthe latguage statén ivalent net list of

generic hardware | 3 generally ignore

the expression of any timing constructs in the text. Digital logic synthesizers, for example,
generally use clock edges as the way to time the circuit, ignoring any timing constructs. The
ability to have a synthesizable subset of the language does not itself make a hardware description
language.

Verilog is the HDL language we use in this project to synthesis and simulate FPGA design.
Verilog HDL is a hardware description language used to design and document electronic

systems. Verilog HDL allows designers to design at various levels of abstraction. It is the most

widely used HDL with a user community of more than 50,000 active designers.

6.5.1.2 Verilog HDL synthesis modules

6.5.1.2.1 Slow Clock generator module
The FPGA work using the 100MHz crystal provided by development board. Therefore total

design works using 100MHz clock positive edge. And some of our functions such as speed
60



Experimental System

calculation does not need to done every 10ns which will not provide a good speed resolution and
slow speed detection due to fast calculation speeds. To avoid those circumstances we use out
100MHz clock to generate a slow positive edge using slow clock generator module. This module
allow us to change some of those register values in slower period than compared to others 10ns
100MHz speed. This block can generate 25Hz and below frequencies depending upon design
requirements. And these signals only route through FPGAs clock 10 block therefore external

port usage to direct positive edge triggering is not allowed in design.

6.5.1.2.2 Encoder interface module

Encoder interface provide a gateway to measure encoder position and speed of the system.
Encoder input is connected to block C of the FPGA and routed to encoder interface module that
change pulse count register every 10ns and a pulse changing speed every register 10ms. These
registers are 64bit in length. Input of phase A and phase B of encoder used to check direction of

movement and provide outputs in pm and 0.1ms™'. This module still doesn’t use A not and B not

interfaces to check errors in signals. One slow clock generator module is connected to this
module allow the spe riftio idéntificatioitfi{hes Vs tend ]
S

6.5.1.2.3 MOVO infeiface module

MOVO commun: I generate a MOVO
clock, DATA A, DATA B, latch bus signals to communicate with the motor drive. This module
work in 8.33MHz frequency and send motor phase U and phase V currents continuously. This
module send single bit of data to motor drive every positive edge of movo driver clock. Motor
driver work as slave device and take input to its shift register according to FPGA MOVO

interface latch bus value.
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Figure 6.18: MOVO SRI current command wave form and connection

6.5.1.2.4 SPI slave interface module

FPGA doesn’t contain any preprogrammed hardware to send it’s inside register values to outside

systems. Therefore sigii

32bit register values:

interface get connected to a Mbed SPI master pins and can communicate any master Mbed

frequency without a problem.

6.5.1.2.5 Trapezoidal brushless DC current generation module

L
L
Iy [ 1
L L
lc ]7
T

Commutation Sequence | AB |AC | BC l BA I CA | cB |

Torque V \{ \( \( \" \( \

Figure 6.19: Trapezoidal BLDC current command and torque output

lar to -MOVO interface”spt ‘Slave ‘ntetface 15 designed to send FPGA

h as encoder pulse reading, pulse speed, spring constant etc. this
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Trapezoidal brushless DC current generation module takes hall sensor H1, H2, H3 inputs to
generate phase A phase B current sign value that should be send to current control inverter
driver(ie. MOVO motor driver). The current pattern and motor control pattern decided upon
required torque and hall sensor position. For positive torque one pattern and for negative torque
another pattern was found for this module by experiment. But due to problems in trapezoidal
brushless DC method, small torque pulsations were observed at hall sensor changing (ie. Current

sign changing) positions as shown in the diagram.

6.5.1.2.6 Main module

Main module is designed to connect all other module to generate a complete system. This
connector have inputs of circuit clock, push buttons, switches, encoder inputs, hall sensor inputs
and SPI slave connector to Mbed. The outputs can be named as MOVO current command output

and SPI slave master in slave out port that connected through a mail box. And inside the module

these external input out pins are connected to respected modules to generate a complete system
circuit. e

o

=
Encoder inputs connectéd to encoder interface modul nt taken out from

it. This pulse count and pulse speed then used to calculate motor spring force and damping force
to get total force required. Then that torque is converted to a current value. This current value
then converted to MOVO current command by sending it throughout BLDC trapezoidal current
reference generation module. This module consider hall sensor positions and change current

command phase A phase B values considering that and torque sign of system.

Push buttons are used for tuning purposes where spring and damping constant change using up
and down push buttons. SPI slave is there to check 32 bit register values of pulse, pulse speed,
spring damper forces and spring damper constants by changing switch arrangements in the

development board.

6.5.1.2.7 Verilog simulation modules
Verilog is used in simulation of HDL components to check proper performance before hardware

implementation. Here FPGA or any HDL hardware description is tested using a Verilog script
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that programmed by user give required input outputs to module input and check outputs and

inside register value changes in the module.

6.5.1.2.7.1 Encoder interface simulator
Encoder interface module is check using this simulator by giving phase A, phase B inputs

according to both direction requirements and observe the output register pulse and pulse speed

readings to measure proper outputs in the module.

6.5.1.2.7.2 MOVO interface simulator
This simulator script used to simulate MOVO current command waveform generation by giving

clock pulse and 16bit register A and B to MOVO interface module. So that we can observe
outputs variations and MSB first output generation according to values in input registers. And

parallel to serial bus conversion.

6.5.2 Design stages
Logic design -»

Designed !
Module Synthesis

o
¢

Generated ‘q_‘;i'f;é?:d lules considering
Module simulatio B

Check proper working of those modules using simulations in ModelSim.
Module interconnection -»

Connect those modules to create a complete system from external inputs to external
outputs.
Hardware test deign -»

Modify main module to test inside partial modules and register values sign SPI slave
interface.
Synthesis -»

Synthesis a new complete module after inside module testing.
Testing -»

Tested new complete module using linear motor and encoder and hall sensor inputs.
Final tunable design -»

Add spring damper constant tuning using push buttons to main module.
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Testing -»

Testing force variations in linear motor by changing spring constant values using push
buttons.
Tuning -»

Tuning of whole system started after all equipment are connected to mechanical design.

6.5.3 Mbed microprocessor software
Mbed C++ program include functionalities of

e PID Motor position controller
e Accelerometer reading and data saving
e Giving instructions to FPGA in parameter estimation.

e Communicate with FPGA and record FPGA data
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Chapter 7
7 CONCLUSION AND RESULTS

7.1 Experimental Results of DOB based disturbance estimation

The hardware system has been developed according to the hardware system described in chapter
6. The system sprung mass acceleration for different frequency disturbances are shown in Figure
7.1, 7.2, 7.3 and 7.4. The nominal spring damper based system provides better performance
throughout the measured frequency range. The disturbance suppression capabilities of the
system reduces in the low frequency range and both passive and active suspension responses
improve with the increased frequency as expected from the simulation results. The passive
suspension system response shows a 0.2182 standard deviation in sprung mass acceleration for
1.5Hz disturbance and the standard deviation of the acceleration significantly reduces to 0.0988
after the operation of the active vibration suppression controller as shown in Figure 4.6. The

active system shows significant reduction in vibrations for frequencies of 3Hz, 4Hz, and 6Hz

with a Standard deviatio acceleration of 0.1244. ( nd.0.1342 stively which is a
considerable level ofB@Formance- improxement. comparad to- passive, s sion sprung mass
vibration levels of 02294, 0.1830vand |9 h960:resfie active suspension
system performance further improves with the mncrease of {requency and the proposed system

provides good vibration suppression levels even for the low frequency ranges. The system
simulation results suggest the natural vibration suppression occurs in higher frequencies in
addition due to the limitations of the disturbance motor and system simulations were limited to

lower frequencies.
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7.2 Experimental Results of spring damper based disturbance estimation

Hardware system expressed in chapter 6 has been used to measure the performance of the
proposed controller in chapter 4. The system is subjected to sinusoidal vibration from a
frequency of 1-10Hz to generate the system performance results. The ultra-low frequency
vibration suppression capability was measured considering the natural high frequency vibration
suppression occur in the system. The system response for an increasing vibration is shown in
Figure 7.6. According to the results the proposed controller provide superior vibration
suppression compared to the passive system. The controller performance is then measured for
different frequency levels and sprung mass deflection levels are shown in Figure 7.7 and 7.8.
According to the results the system agrees with the simulation performance for low frequency
vibrations. This suggests that the virtual spring damper based controller provide superior quality

vibration suppression.

Sprung mass deflection Vs.time

FFasdve Gsgillagiorntay » oscillation max

» osillation min

Deflection (cm)
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|
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-5 ! Frequency (Hz)
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Figure 7.6: Sprung mass deflection for increasing vibration Figure 7.7: Sprung mass Deflection with frequency
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Frequency(Hz)

Active

Figure 7.8: Average deflection of the active controller for 3.5cm Deflection level at different frequencies

7.3 Conclusion

A novel active vibration suppression scheme has been developed with disturbance estimation
only using the acceleration or suspension deflection measurement. The accelerometer based
disturbance observer was experimented and experimental results suggest the applicability of the

system for lower frequency vibrations, But the-system suffered-from the effects of sensor noises.

Therefore in sensor éﬁ@%ﬁéion anld postiion- d|high guality vibration{ingasurement accelerometers
are necessary to illlp';idﬁé-' the vonttolletbandwidth<The controller then implemented using the
motor deflection mcasurement which tmproves the vibration suppression system performance
compared to the conventional system. The system was simulated and compared with the
available literature to suggest the applicability of the system. The proposed system was
experimented with a quarter car model and results suggest the applicability of the proposed
system and the superior performance only with the internal sensors. Finally the parameter
estimation method and effects was simulated and tested to provide evidence of the system
performance under different conditions. And the results suggest that passive suspension element
linear properties greatly improve the suspension system measurement and performances. The
system can be further developed for vehicular systems by creating virtual spring damper effects
with the use of force reference in the controller. The disturbance estimation controller will
virtually nullify the forces in between the sprung mass and the unsprung mass and the external

force reference can be used to create a desired virtual effect.
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9 APPENDIX

9.1 Equipment Details

9.1.1 Linear motor

Motor specifications

Continuous Force 60N (13.51bs)
Continuous Current 1.3Arms

Acceleration Force 240N (54.0lbs)
Acceleration Current 5.1Arms

Force Constant (Kf) 47N/Arms (10.671bs/amp)
Back EMF (Ke) 16V/m/s

Resistance 25°C 12Q

Inductance 15mH

Electric Time Constang 1.23mg inear Motor [72]
Rated Voltage (AC) éj} 7408

Fundamental Motor Coristant (Km) "' 1T IONYW

Magnetic Pitch (North-North) 90mm (3.541bs)
Usable stroke length 250mm

Shaft length 515mm

Shaft mass 1.6kg
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Dimensions of selected motor as shown in the figure 6.5,
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Figure 9.2: Motor Dimensions

9.1.2 FPGA

Altera Terasic DE1 Soc field programmable gate array is
used as the controller to provid high speed processing with

following specifications;

$’SEMASF31C6 Device

85K Programimable Logic Elements
Terasic Altera DE1-SOC [73]

4,450 Kbits embedded memory
6 Fractional PLLs

This controller provides 100MHz sampling and processing with a minimum amount of latency.

Controller desing is included in the appendix.

9.1.3 Mbed Microcontroller

Mbed NXP LPC1768 microcontroller is used as secondary
controller to control cam assembly. Mbed microcontroller
is taking input signals mainly from accelerometer and
rotary encoder and giving output PWM signals to rotary
motor driver.

il

Mbed Microcontroller[74]
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Mbed 32-bit ARM Cortex-M3 core is running at 96MHz. It includes 512KB FLASH, 32KB
RAM and lots of interfaces including built-in Ethernet, USB Host and Device, CAN, SPI, 12C,
ADC, DAC, PWM and other /0 interfaces.
NXP LPC1768 MCU

e High performance ARM® Cortex™-M3 Core

e 96MHz, 32KB RAM, 512KB FLAS

e Ethernet, USB Host/Device, 2xSPI, 2x12C, 3xUART, CAN, 6xPWM, 6xADC, GPIO
Prototyping form-factor

e 40-pin 0.1" pitch DIP package, 54x26mm

e 5V USB or 4.5-9V supply

e Built-in USB drag 'n' drop FLASH programmer
Mbed.org Developer Website

e Lightweight Online Compiler
e High level C/C++ SDK
e Cookbook of published libraries and projects

9.1.3.1.1 Linear Motor Driver
Linear Motor Driver is one of the key components of the system. It communicates with host

controller (FPGA) and.control linear motor according to signals: SVFH3-H3-DSP*SRI Servo
land linear motor dmﬁ}ls selected @as lmearmetor drivery:lt ds. qapable to control motor current

of the linear motor. S_enal 2 yphase ¢rinrentcomland type was added for the driver for that

purpose.
Principal specifications
e Motion mode - SRI Serial 2 phase current command mode

¢ Analog input port - 2 channels, Differential / Single end

e Input command data - 16 bit

e Control type - DQ Vector control
e A/D Resolution of current detection - 16 bit fast sigma-delta type Linear Motor Driver [73]
e PWM frequency - 15 to 40 kHz

e PWM Resolution - 7 ns

e Current control cycle - Synchronized with PWM frequency

e Current response - 3 kHz (DSP model), 1.5 kHz (Base model)

e OQOutput - 436W
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Internal block diagram of the motor driver is as shown in the figure 6.9,

DCB
Elec. thermal o

Serial command

2 channel

s Shift DQ Current Current DQ PWM M

O register Transform limitter gain Transform

U phase

V phase Phase Q-axis
current current Inv. DQ

Clock

Transform
Latch Q-axis current Phase current

Internal Block Diagram of Linear Motor [76]

9.1.3.1.2 Linear Encoder

Linear encoder is the main and the only sensor which take measurements for controlling the
system. Linear encoder signals are directly connected with FPGA. From the linear Encoder,
relative displacement between sprung mass and un-sprung mass 1S measured.
LM10 magnetic type linear epcoder is_.selected from Renishaw. Company for the application.

System data

e Maximum lengﬂi‘:for MS scale 50 m (100 m special order)

e Pole length 2 mm

e Available resolutions 1 um, 2 pm, 5 pm, 10 um, 20 pm and 50 pm

e Sinusoidal period length 2 mm

e Maximum speed For a Precision class for MS scales +20 pm/m and +40 um/m
e Linear expansion coefficient for MS scale ~ 17 x 10-6/K

e Repeatability Better than unit of resolution for movement in the same direction
e Hysteresis <3 pm up to 0.5 mm ride height

e Sub divisional error +3.5 um for < 0.7 mm ride height £7.5 pym

for 1 mm ride height

Linear Encoder [77]
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9.1.3.1.3 Accelerometer
Accelerometer is used for data collection purposes. Accelerometer is connected to Mbed

microcontroller. For that ADXL345 3-Axis digital accelerometer is used. The ADXL345 is a
small, thin, ultralow power, 3-axis accelerometer with high resolution (13-bit) measurement at
up to £16 g. Digital output data is formatted as 16-bit twos complement and is accessible through

either a SPI (3- or 4-wire) or I>C digital interface.

RE*T 4}“
RIF=S c3ln

Accelerometer [78]

9.1.4 Mechanical equipment

L§

A

Linear Guide [79] Linear Bearings [80]

9.2 Main module code

This only includes the main module code of one version of implementation due to limitations of pages.

module ACTIVE MODULE(

I CLOCK /i

input CLOCK 50,
input CLOCK2 50,
input CLOCK3 50,
input CLOCK4 50,
output [6:0] HEXS,

11111 KEY il
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input [3:0]

[T LED /i

output [9:0]

T SW T

input [9:0]
/1111111 GPIO_0, GPIO 0 connect to GPIO Default //////////
inout [35:0]
/111 GPIO 1, GPIO 1 connect to GPIO Default //////////

inout [35:0]

LEDR,

SW,

GPIO 0,

GPIO 1

),/
// REG/WIRE declarations

/

wire res; //async reset

reg reset = 0; //sync reset

wire enable; /lenable
//pll pins

reg pll reset = 0;

wire [4:0] pll_cascade;

wire pll lock;

wire pll lock 2; =
wire CLOCK 1000;

wire CLOCK 500;

wire CLOCK 200;

wire CLOCK 100;

wire CLOCK 50 PLL;

wire CLOCK_40;

wire CLOCK 4;

//reg input Key edge detection

reg [3:0] KEY prev=0;

wire [3:0] KEY edge;

//led register for sync led out

reg [9:0] LED_OUT = 9'b000000000;
//input switch logics

wire SW_12 logic 00;
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wire SW_12 logic 01;

wire SW_12 logic 11;

wire SW_12 logic 10;

wire SW_345 logic 000 ;

wire SW_345 logic 001;

wire SW_345 logic 010;

wire SW_345 logic 011 ;

wire SW_345 logic 100;

wire SW 345 logic 101 ;

wire SW_345 logic 110;

wire SW 345 logic 111;

wire SW_6_logic 0;

wire SW_6 logic 1;

//register read SPIO logic

wire GPIO1 1357 logic 0000;
wire GPIO1 1357 logic 0001;
wire GPIO1 1357 logic 0010
wire GPIO1 1357 logic 0011:

A

wire GPIO1_1357_logic_0100; % <"

wire GPIO1 1357 logic 0101; ==+
wire GPIO1 1357 logic 06110;

wire GPIO1 1357 logic 0111;

wire GPIO1 1357 logic 1000;

wire GPIO1 1357 logic 1001;

wire GPIO1 1357 logic 1010;

wire GPIO1 1357 logic 1011;

wire GPIO1 1357 logic 1100;

wire GPIO1 1357 logic 1101;

wire GPIO1 1357 logic 1110;

wire GPIO1 1357 logic 1111;
/Iwires for mbed spi slave GPIO connections
wire MBED SCLK;

wire MBED CS;

wire MBED MOSI,

wire MBED MISO;
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wire MBED READY;
wire MBED FINISH;
wire MBED BUSY;
reg [15:0] MBED DATAOUT = 16'b0;

wire [15:0] MBED DATAIN;

reg [15:0] MBED READ REG = 16'b0;

reg [15:0] MBED READ REG HIGH = 16'0;

//adc read values

reg [15:0] ADC_DIN VALUE = 16'b10 00 00 110 000 0000;
wire [15:0] ADC_DOUT VALUE;

//input wires for movo drive GPIOs

wire movo_data A;
wire movo_data B;
wire movo_clk;

wire movo_latch;

wire movo_data A not;
wire movo data B not;
wire movo_clk not;

wire movo_latch not;

wire data_status ; =
//BLDC commutation

wire hall 1;

wire hall 2;

wire hall 3;

wire [15:0] current U,

wire [15:0] current V;

wire hall error;

//quadrature encoder interface

wire encoder phaseA;

wire encoder phaseB;

wire [31:0] pulse position;

wire pulse;

//force output to send to the drivers
reg [31:0] forceOutFloat = 0;

//calculated float values
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wire [31:0] position;

wire [31:0] acceleration;

wire [31:0] velocity;
wire[31:0] Kspring;
wire[31:0] Cdamper;
wire[31:0] Kp;

wire[31:0] Ki;

wire[31:0] Kd;

wire[31:0] mass;

wire[31:0] forceCurrentSense;
wire[31:0] forceRef;
wire[15:0] currentOutDAC;
wire[15:0] currentOutMOVO;
reg [31:0] forceRef in = 0;
wire[31:0] forceRFOB;
wire[31:0] forceOutRFOB _act;
wire[31:0] forceOutSpring
//raw integers of values

reg [15:0] forceRefRaw = 0

reg [15:0] KpRaw = 950; S

reg [15:0] KiRaw = 0;

reg [15:0] KdRaw = 0;

reg [15:0] massRaw = 110;

reg [15:0] KspringRaw = 1200;
reg [15:0] CdamperRaw = 0;
assign res = ~KEY[0];

assign enable = SW[0] & pll lock;
// LED indicator assignmene

assign LEDR = LED OUT;

//mbed spi slave conncector ---check input pin filters

assign GPIO 1[2] = MBED MISO;
//movo communication pins

assign GPIO 0[0] = movo data A;
assign GPIO 0[2] =movo data B;

assign GPIO 0[4] =movo _clk;

//output
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assign GPIO 0[6] = movo _latch;

assign GPIO 0[1] =movo data A not;

assign GPIO 0[3] =movo data B not;

assign GPIO 0[5] =movo clk not;

assign GPIO 0[7] =movo_latch not;

assign GPIO 0[8] = 1'b0;

assign GPIO 0[9] = 1'b0;

//check input filters

//DAC 712 ouput pins

assign GPIO 1[25:10] = currentOutDAC[ 15:0];

// positive edge detection of the input keys

assign KEY edge[0] =~KEY prev[0] & KEY[O];
assign KEY edge[1] =~KEY prev[1] & KEY[1];
assign KEY edge[2] =~KEY prev[2] & KEY[2];
assign KEY edge[3] =~KEY prev[3] & KEY[3];
/ISW 0-9 logic connectors

assign SW 12 logic 00=-SW/[1] & ~SW|[2];
assign SW 12 logic 01 = S\\[?.ég SWI2];

assign SW_12_logic_11 = SW{1{&&%/2):

assign SW_12_logic 10 = SW[IJ&=SW[2];

assign SW_345 logic 000 = ~SW|[3] & ~SW{4] & ~SW|[5];
assign SW_345 logic 001 =~SW[3] & ~SW[4] & SW[5];
assign SW_345 logic 010 =~SW[3] & SW[4] & ~SW[5];
assign SW_345 logic 011 =~SW[3] & SW[4] & SW[5];
assign SW_345 logic 100 = SW[3] & ~SW[4] & ~SW[5];
assign SW 345 logic 101 = SW[3] & ~SW[4] & SWI[5];
assign SW_345 logic 110 = SW[3] & SW[4] & ~SW][5];
assign SW 345 logic 111 =SW[3] & SW[4] & SW[5];
assign SW_6 logic 0=~SWJ[6];

assign SW_6 logic 1 =SW[6];

//GPIO 1 [1-7] Mbed register read connection

assign GPIO1 1357 logic 0000 =~GPIO_1[1] & ~GPIO_1[3] & ~GPIO_1[5] & ~GPIO_1[7];
assign GPIO1 1357 logic 0001 =~GPIO_1[1] & ~GPIO_1[3] & ~GPIO_1[5] & GPIO_1[7];
assign GPIO1 1357 logic 0010 =~GPIO_1[1] & ~GPIO_1[3] & GPIO_1[5] & ~GPIO_1[7];

assign GPIO1 1357 logic 0011 =~GPIO_1[1] & ~GPIO_1[3] & GPIO_1[5] & GPIO_1[7];
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assign GPIO1 1357 logic 0100 =~GPIO 1[1] & GPIO 1[3] & ~GPIO _1[5] & ~GPIO 1[7];
assign GPIO1 1357 logic 0101 =~GPIO 1[1] & GPIO 1[3] & ~GPIO 1[5] & GPIO 1[7];
assign GPIO1 1357 logic 0110 =~GPIO 1[1] & GPIO 1[3] & GPIO 1[5] & ~GPIO 1[7];
assign GPIO1 1357 logic 0111 =~GPIO 1[1] & GPIO 1[3] & GPIO 1[5] & GPIO 1[7];
assign GPIO1 1357 logic 1000 = GPIO 1[1] & ~GPIO 1[3] & ~GPIO 1[5] & ~GPIO_1[7];
assign GPIO1 1357 logic 1001 = GPIO 1[1] & ~GPIO 1[3] & ~GPIO _1[5] & GPIO 1[7];
assign GPIO1 1357 logic 1010 = GPIO 1[1] & ~GPIO 1[3] & GPIO 1[5] & ~GPIO 1[7];
assign GPIO1 1357 logic 1011 = GPIO 1[1] & ~GPIO 1[3] & GPIO 1[5] & GPIO 1[7];
assign GPIO1 1357 logic 1100 = GPIO 1[1] & GPIO 1[3] & ~GPIO 1[5] & ~GPIO 1[7];
assign GPIO1 1357 logic 1101 = GPIO 1[1] & GPIO 1[3] & ~GPIO 1[5] & GPIO 1[7];
assign GPIO1 1357 logic 1110 = GPIO 1[1] & GPIO 1[3] & GPIO 1[5] & ~GPIO 1[7];
assign GPIO1 1357 logic 1111 = GPIO 1[1] & GPIO 1[3] & GPIO 1[5] & GPIO 1[7];
//external clock sync reset
always @(posedge CLOCK 50) begin

pll reset <= ~KEY[0] & ~KEY[3];
end

/Nlogic

|-

always @(posedge CLOCK. 200y égw

32 k)

reset <= res;

(

KEY prev[3:0] < KE¥20]
LED OUTJ0] <= enable;
LED OUTJ1] <= reset;

LED OUT[6:2] <= SW[5:1];
LED OUT[7] <= hall error;
LED OUT[8] <= pulse;

LED OUT[9] <= data_status;

//LED_OUT = MBED DATAINJ[9:0];
if(reset) begin
forceRef in <= 0;
forceOutFloat <= 0;
forceRefRaw <= 0;
KpRaw <= 995;
KiRaw <= 0;

KdRaw <= 0;
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KspringRaw <= 1200;
CdamperRaw <= 1;
forceOutFloat <= 0;
end
end
// observations of values using mbed SPI
always @ (posedge CLOCK 200) begin
if (reset)begin
MBED DATAOUT <= 16'00;
MBED READ REG <= 16'b0;
MBED READ REG HIGH <= 16'b0;
end
else begin
if (enable)begin
if(MBED_CS) begin
MBED DATAOUT <=MBED READ REG;
if (GPIO1 1357 logic 0000 ) begin
MBED,DATAOUT-<=pulse Yositionf 15:0}:

MBED-READ “REG-HIGH <= pulse-position[31:16];

end
if ( GPIO1 1357 logic 0001 ) begin
MBED DATAOUT <= velocity[15:0];
MBED READ REG HIGH <= velocity[31:16];
end
if (GPIO1 1357 logic 0010 ) begin
MBED DATAOUT <= forceRFOB[15:0];
MBED READ REG HIGH <= forceRFOB[31:16];
end
if (GPIO1 1357 logic 0011 ) begin
MBED DATAOUT <= forceOutRFOB _act[15:0];
MBED READ REG HIGH <= forceOutRFOB _act[31:16];
end
if (GPIO1 1357 logic 0100 ) begin
MBED DATAOUT <= forceOutSpring[15:0];

MBED READ REG HIGH <= forceOutSpring[31:16];
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end
if (GPIO1 1357 logic 0101 ) begin
MBED DATAOUT <= Kspring[15:0];
MBED READ REG HIGH <= Kspring[31:16];
end
if (GPIO1 1357 logic 0110 ) begin
MBED DATAOUT <=Kp[15:0];
MBED READ REG HIGH <=Kp[31:16];
end
if (GPIO1 1357 logic 0111 ) begin
MBED DATAOUT <= MBED READ REG HIGH;
end
if (GPIO1 1357 logic 1000 ) begin
MBED DATAOUT <= currentOutDAC;
MBED READ REG HIGH <= 16'b0;
end
if ( GPIO1 1357 logic 1001 ) begin
MBED, YDAPAOUT<=ADE VHOUT-MAL UEE

MBED-READ *REG-HIGH <= 16'b0;

end
if ( GPIO1 1357 logic 1010 ) begin
MBED DATAOUT <= KpRaw;
MBED READ REG HIGH <= 16'b0;
end
if (GPIO1 1357 logic 1011 ) begin
MBED DATAOUT <= KdRaw;
MBED READ REG HIGH <= 16'b0;
end
if (GPIO1 1357 logic 1100 ) begin
MBED DATAOUT <= KiRaw;
MBED READ REG HIGH <= 16'b0;
end
if (GPIO1 1357 logic 1101 ) begin
MBED DATAOUT <= KspringRaw;

MBED READ REG HIGH <= 16'b0;
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end

if (GPIO1 1357 logic 1110 ) begin
MBED READ REG <= CdamperRaw;
MBED READ REG HIGH <= 16'b0;

end

if (GPIO1 1357 logic 1111 ) begin
MBED READ REG <= forceRefRaw;
//MBED DATAOUT <= MBED DATAIN;

MBED READ REG HIGH <= 16'b0;

end
end

end

else begin

end

end

end
//input pin filters
%

assign MBED SCLK = g%07( A Anpat

assign MBED_CS = == PVt Anftf
assign MBED MOSI = GPIO 0(20]; //input
i
filter 1 bit filter 1 bitMBED SCLK(
CLOCK 500,
GPIO 1[4],
MBED SCLK
)i
filter 1 bit filter 1 bitMBED CS(
CLOCK 500,
GPIO 1[6],
MBED CS
);
filter 1 bit filter 1 bitMBED MOSI(
CLOCK 500,

GPIO_1[0],
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MBED MOSI
);
%
assign hall 1=GPIO 0[10];
assign hall 2= GPIO 0[12];
assign hall 3 =GPIO 0[14];
*/
filter 1 bit filter 1 bithall 1(
CLOCK 200,
GPIO 0[30],
hall 1
);
filter 1 bit filter 1 bithall 2(
CLOCK 200,
GPIO 0[32],
hall 2
)i

filter 1 bit filter 1 bithall

3 ‘4&25}

CLOCK_200, é:
GPIO 0[34], =
hall 3

);

/*assign encoder phaseA = GPIO 0[17];

assign encoder phaseB = GPIO 0[19];
*/

filter 1 bit filter 1 bitencoder phaseA(

CLOCK 200,

GPIO 0[27],

encoder phaseA
)i
filter 1 bit filter 1 bitencoder phaseB(
CLOCK 200,
GPIO 0[29],
encoder phaseB
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//PLL connection

//module pll main ( refclk, tst, 50,40,4, locked );

pll_main pll main_ inst(

);

CLOCK 50,

pll reset,
CLOCK 50 PLL,
CLOCK 200,
CLOCK 500,

pll lock

//spi 16bit slave to tranfer data to mbed

spi_slave mbed spi(

);

CLOCK 500,
reset,

enable,

MBED SCIK,
MBED CS,
MBED MOSI,
MBED DATAOUTL: = :
MBED MISO, =
MBED DATAIN,

MBED READY,

MBED FINISH,

MBED BUSY

//encoder interface

quadrature encoder quadrature encoder_inst(

.clk(CLOCK 200),
1st(reset),
.A(encoder phaseA),
.B(encoder phaseB),
up(),

.down(),
.pulse(pulse),

.direction(),
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.pulse_count(pulse position)
);
//data converter module
data converter data converter inst(
.clk(CLOCK 200),
1st(reset),

.enable(enable),

.positionRaw(pulse position),
.accelerationRaw(MBED DATAIN),
KspringRaw(KspringRaw),
.CdamperRaw(CdamperRaw),
.KpRaw(KpRaw),

KiRaw(KiRaw),

.KdRaw(KdRaw),

.massRaw(massRaw),
.senseCurrentRaw(ADC _DOUT VALUE),
forceRefRaw(forc eRéﬂééxy )

forceFloat(forccOutH] em’;

.position(position),
.velocity(velocity),
.acceleration(acceleration),
Kspring(Kspring),
.Cdamper(Cdamper),
Kp(Kp),
Ki(Ki),
Kd(Kd),
.mass(mass),
forceCurrentSense(forceCurrentSense),
forceRef(forceRef),
.currentOutDAC(currentOutDAC),
.currentOutMOVO(currentOutMOVO)
);
//active RFOB connection

activeRFOB activeRTOB inst(
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.clk(CLOCK 200),
1st(reset),
.enable(enable),
.acceleration(acceleration),
.position(position),
.velocity(velocity),
.senseForce(forceCurrentSense),
Kp(Kp),
Ki(Ki),
Kd(Kd),
.mass(mass),
forceRef(forceRef in),
forceRFOB (forceRFOB),
forceOutFloat(forceOutRFOB _act)
);
//active spring damper connection

activeVirtualSpring activeVirtualSpring inst(

.cIk(CLOCK. 200)

1st(reset), S

.enable(enable) =
.position(position),
.velocity(velocity),
K(Kspring),
.C(Cdamper),
forceOutFloat(forceOutSpring)
);

//BLDC commutation

BLDC commutation BLDC commutation inst(
.clk(CLOCK 200),
1st(reset),
.enable(enable),
.hall 1(hall 1),
.hall 2(hall 2),
.hall 3(hall 3),

.current_in(currentOutMOVO),
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.current_out U(current U),
.current out V(current V),

.hall error(hall error)

//Movo interface

movo_interface movo_interface inst(
.clk(CLOCK 50 PLL),
1st(reset),
.enable(enable),
.value A(current U),
.value B(current V),
.clk_ movo(movo_clk),
.clk_ movo_not(movo clk not),
.data A(movo data A),
.data A not(movo data A not),
.data B(movo data B),

.data_B_not(movo datd B, not),

)
Jatch(movo_latch); = /

Jlatch_not(movo latch=ot),
.status(),
.data_status(data_status)

);

endmodule
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