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for the degree of Master of Science in Mechanical
Engineering.

ABSTRACT

The secondary lateral suspension system of the passenger rail vehicle
is the plant to be controlled whereas a pneumatic active suspension system
(the LASC controller) is the controller to be implemented with the above
plant for better ride quality control. Results of field measurements of
the plant are used to determine the size and mounting position of the
controller proposed. A 5th order state equation, the transfer functions
of interest, and the transformed phase-variable representation of the
argqumented system are derived. The performance requirements and design of
the LASC Controller are investigated.

Using Dynamic Similitude Methods, a laboratory apparatus (the LASC
tester) 1is designed to perform testings of the controller. Components of
the testing facility are analyzed and calibrated. Two control circuits,
the PWM and the BGLC, are investigated to drive the solenoid valve.
Experimental results of various actuators, valves, and control circuits
are compared with that of computer simulations to select adequate
components based on their capabilities vs. power consumption.

Significant improvements of ride quality control are found by
experiment and simulation. Using a PARKER HMA 14, a 4" bore cylinder, the
FESTO valve set, and the "BLC circuit, a 22% reduction in the r.m.s.
lateral suspension stroke and a 49% reduction in the r.m.s. carbody
lateral acceleration is achieved at power consumption of 9.3 to 13.7 H.P.
per car.

The performances of the simple, economical and reliable LASC
controller are demonstrated. Similarly, the LASC tester does perform as a
good testing facility. Both the LASC controller and the LASC tester
can also be applied to other vehicles to improve the ride quality

control. '

Thesis Supervisor: Dr. J. Karl Hedrick.
Title: Professor of Mechanical Engineering
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CHAPTER I

INTRODUCTION

1.1 Background

The boom period of the rail transportation industry began in the
middle of the nineteenth century with the industrial revolution and ran
until the end of the Second World War. The raillroads suffered about
a quarter of a century of neglect, leaving a nation-wide network of
aging rolling stocks, tracks, and terminals. Because of concern over
environmental protection, pollution, resource reallocation, and because
of worsening traffic congestion, there has been a renewed interest in
the railroad. Since a large capital investment has already existed in
the current equipment, tracks, and facilities, a relatively small
additional investment is needed in order to meet the high performance
demands of the current highly competitive transportation field. This is
really a major advantage of railroad transportation over other
innovative alternative transit systems.

Since 1970 with the passage of the Rail Passenger Act, the National
Railroad Passenger Corporation (AMTRAK) was created to improve rail
service. 1In the intercity transit systems such as the BART of San
Francisco and (:) of Boston, and in the shorter routes such as from
Boston to New York and from Los Angeles to San Diego, where trip time is
more comparable with airline transportation, a comfortable train ride
will make the rail tramsportation more competitive. A comfortable train
ride includes two parts: one is good service characteristics such as
convenience, cost and trip time; and another one is good ride quality

which includes compartment seat accommodation, air conditioning,
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reduction of noise, and carbody accelerations. The linear and angular
accelerations of the carbody, which are heavily determined by the
carbody suspension design, are an important dynamic characteristic of
the rail vehicle.

In order to make railroad transportation viable as a transporta-
tion mode, much research has been done in rail vehicle dynamics in
recent years [1,2,3]. Different research can be classified into four
categories, which have some overlapping, as follows:

(1) Wheel-rall interactions [4,5]

(2) Curving mechanics [6,7]

(3) System performance [8,9]

(4) Suspension design [10,11,12]

To AMTRAK, it is more economically feasible to use an innovative
design of the suspension system of the rolling stock to increase the
performance without increasing current level of track maintenance [1].
Unfortunately, there is a secondary suspension/ride quality tradeoff
existing in the current suspension design. If the suspension travel
distance is increased, the acceleration environment of the passenger is
decreased because the lateral stability 1s decreased when the guidance
to negotiate a curve 1is increased by limiting the carbody strokes. This
is the so-called trade-off phenomena which has been recognized as a
serious 1limiting constraint for rall vehicles of passive suspension
design [8].

This is one of the reasons why the active suspension systems were

proposed, including those studied by Goodall et al. [14] and Klinger et

*[ ] numbers in brackets refer to reference at the end of the thesis.



al. [13]1. The purpose of active suspension design 1s to use control
theory techniques to reduce the above mentioned trade-off phenomena and
improve the rolling stock performance without large increase of the
current amount of track maintenance. The preliminary cost-effect
studies, which‘compare the added cest of design implementation,
maintenance, and operation of the active suspension to the upgrading of
the vehicle performance, indicate a positive recommendation for adopting

the active suspension system in [13] and [14].

1.2 Suspension Elements of Rail Vehicles

Figures 1-2-1 and 1-2-2 sghow a schematic diagram of the Budd
Pioneer III truck that is currently used in AMCOACH lines of AMTRAK.
The definition of directional terminology is illustrated in Figure 1-2=-3.
The objectives of a railroad suspension are to support the carbody
weight, improve the truck ability to negotiate its desired path, and
isolate the carbody from disturbances caused by aerodynamic impacts and
track irreqularities. Both passive and active elements can be used in
meeting the suspension needs. Passive elements, which can only store
(spring type) or dissipate (damper type) energy, include friction wedges,
swing hangers, rubber bushings, chevrons, hydraulic shock absorbers,
doughnuts, coilsprings and air springs. Active elements can be used to
put energy into the control system by connecting them to an external
energy source. Actuators of various kinds, such as electro-magnetic,
hydraulic, electro-mechanical, and pneumatic types are used as active

elements in vehicle suspension systems.
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The rail vehicles suspension can be further separated into the
primary suspension and the secondary suspension according to the
location where the suspension element is appliied as shown in Figure
1-2-3. The primary suspension, which connects the truck frame with the
wheelsets, consists of rubber springs between the side frames and the
axles, and side beaéers between the side frame and the bolster. The
secondary suspension, which separétes the carbody from the truck frame,
includes dampers, springs, airsprings, and the bolster assembly. The
bolster assembly is a unique secondary suspension design which is a
hollow, slender, horizontal steel structure to straddle the truck on its
center, and to carry the carbody load from two side spring sets (coil
steel spring plus air bag) to the center plate and side pads of the
truck frame.

The lateral secondary suspension of the Pioneer III, which is the
plant to be controlled in this research, 1is further explained as
follows:

1. General lateral stiffness - this results from the shearing of

the coil springs, and from the lateral stabilizer rods with

rubber bushings at ends.

2. Special lateral stiffness - this is added from the hard rubber
bumpstops which are struck after 1.5 inches of relative motion

between carbody and truck.

3. Lateral damping - this is provided by two rotary shock

absorbers as shown in Fiqure 1-2-2 [15].
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zZ, vertical X, longitudinal

A

)

/ °

N >y lateral
(*-‘ﬁ. pitch

¥, yaw 4)-, roll

truck

carbody
wheelset

O

a) definition of directional terminology

Figure 1-2-3 Definitions of Directional Terminology
(translational and rotational)
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Passengers are exposed to the carbody acceleratioms, and the
exposure limits to the whole-body vibration had been studied in [16, 17,
18]. EThe International Organization for Standardization, I.S.0., 2631'S
vreduced comfort boundary" is adopted as guidelines in this research.
The human body exposure 1imit is influenced by the frequency, direction,
and duration of vibratinn. Figure 1-2-4 related lines of the reduced ’
comfort boundary to the lines of ihe fatigque-decreased proficiency
boundary for the transverse direction based on different frequencies and
durations. 1In addition, the transverse cxposure limit is much lower
than that in the vertical direction.

1.3 Previous Work:

The Vehicle Dynamics Laboratory at MIT has been doing research to
improve the vibration isolation without damaging the stability
characteristics of the conventional secondary passive suspension system.
Partridge [19] investigated various methods of modifying the current
lateral secondary suspension by passive approach. Her conclusion was
that by employing a smoothly hardening spring, only moderate improve-
ments could be achieved.

Ueing a 15 DOF frequency domain study, Celniker [20] demonstrated
that the lateral acceleration vibrations are typically one Hz. distur-
bance at the present operating speed range (80 mph -10 mph). These
vibrations are mostly transmitted through the secondary suspensions,
since the frequency of the secondary suspension is in the 1 Hz.
neighborhood. In parallel with the conventional passive secondary
suspension, he developed an active feedback control scheme to control

the carbody's lateral, roll, and yaw vibration modes, and the truck-

S
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wheeiset hunting mode. The "local" ride controller proposed by him
generates relative forces proportional to the carbody acceleratlons and
velocities measured on each truck. Celniker [21] also showed that a 67%
reduction in r.m.s.* secondary lateral acceleration, and a 17% r.m.s. in
secondary lateral suspension strcke can be achieved with a r.m.s. force
of 900 1bg at an operating speed of 100 mph.

Field measurements on an AMTRAK passenger coach travelling on the
Northeast Corridor were completed by Hedrick, et al. [22] to measure the
lateral acceleration and determine the magnitude and frequency of the
acceleration. Subsequently, Buzan [23] modelled Celnicker's local ride
controller as a first-order lag force generating element which has a
1imited bandwidth. He also modelled 1/2 of a vehicle (1/2 plant) as a
one DOF system with FIRESTONE® #25 224 alrsprings as the actuator for
the local ride controller. A 40% r.m.s. reduction in secondary lateral
acceleration, and 12% r.m.s. reduction in secondary lateral suspension
stroke were achieved at a power consumption of 27-38 HP/car.

Thigs power refinement is too high and beyond the availability of
the existing air compressor on board. An alternate approach needs to be
investigated in order to have the active suspension controller applied
on the passenger rail vehicle without replacing the existing air

compressors on board.

*
root mean square



- 27 -

1.4 Active Control

With the conventional passive lateral secondary suspension elements
unchanged, Celniker [20] applied two parallel actuators to overcome the
trade-off phenomena of passive suspension. He used a 15 DOF model to run
the computer simulation on his "local ride controller" and showed the
following improvements could be made. At an travelling speed of 100 mph,
the local side controller can redﬁce the r.m.s* lateral acceleration
by €7%, and the r.m.s. secondary suspension displacement by 17% with a
r.m.gs. of 900 1lbg.

(1) Figure 1-4-1 shows the schematic diagram of the local ride

controiler, and the control law is stated as follows:

.o

Fap = Cy Ye1 * Ca Ye1 (1
where Fpp = the total lateral force desired
§01 = velocity of the local accelerometer, i.e., the carbody
velocity

Vo1 = acceleration of the local accelerometer, i.e, the carbody

acceleration

Cy = feedback gain for %cl

Ca = feedback gain for Vo1

The lccal ride controller responds to the absolute carbody velocity
and the absolute carbody acceleration through an ideal infinite bandwidth
actuator as assumed by Celniker.

Since an active suspension controller can add energy through an
external power soufce to the control system, the above mentioned improve-
ments in the acceleration, and stroke displacement over the passive

suspension, were plausibla.
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Primary Suspension Secondary Suspension

(a) The Lateral Suspension of a Passenger Rail Vehicle

Accelerameter

Suspension

Actuator Force,

YTTITTITITRIIIIT

(b) The Schematic Diagram of a Local Ride Controller

Figure 1-4-1 The Schematic Diagram of the Secondary Lateral
Suspension with a Local Ride Controller

Fp
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P \ Carbody

K .
L | \ Bumpstop

iR

L

N

Truck Modified Bumpstop Plate

Wheel Sets

Figure 1-4-3 The Relationships Among the Truck, Carbody
and the LASC Controller
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(2) At higher speeds, a kinematic yaw controller, which would apply
yaw torque between the truck and the carbody was propcesed by Celniker.
At 185 mph travelling speed, he showed that 53% reduction of r.m.s.
acceleration, and 35% reduction of the r.m.s. stiroke displacement with a
r.m.s. force of 5.500 1bf could be implemented. The control law was

stated, referenced to Figure 1-2-3, as follows:

Tyaw = =C1 ;t‘CZ &t (2)
where Tyay = the yay torque
Yt = rate of the truck lateral motion
¢y = rate of the truck yaw motion
- C{,~Cy = feedback gains
In addition to the lateral actuator fo- linear secondary vibration
control, a kinematic yaw torque controller was required while the train
is operating at higher speeds. Both lateral and yaw operations could be
provided by a pair of actuators on each truck as shown in Figure 1-4-2,
Since a kinematic yaw torque controller required too much effort, and was
needed only at higher travelling speeds, it was not studied in this
research. Under this consideration, the two actuators on each truck to
provide both the lateral and yaw operation were replaced by only one
lateral active suspension controller, i.e. the LASC controller, on each
truck as shown in Figure 1-4-3.
1.5 Design of an Lateral Active Suspension Controller

»

A real actuator had a finite response time, 7, whereas the 1ideal

actuator, proposed by Celniker, had an infinite bandwidth. After
studying the dynamic effect of the actuator on the local ride

controller, a model for the real actuator to relate the input command
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and the cutput response could be established. Buzan [23] modelled the
actuator as a first-order lag force actuating element as decribed below:

TFA"'FA'FAD {(3)

where Fpp = the desired force

Fp = the actual actuator output force
-% = the bandwidth of- the &actuator

A schematic model with the local ride controller is sketched in
Figure 1-5-1. A force feedback gain, K¢, was added to multiply the error
signal between the desired force, Fpp, and the actuator force, Fp,6 Buzan
used the field data of the lateral acceleration, which is of an AMTRAK
passenger vehicle travelling on the Northeast Corridor to determine the
frequency and magnitude of the random vibration. Based on the field data
processed at M.I.T., Buzan used a 1 DOF model to represent 1/2 of a
passenger vehicle (i.e., 1/2 the carbody mass and 1/2 the secondary
lateral suspension elements). A FIRESTONE® #225 airspring (with a
proéortional control valve) was considered to be the actuator of the
controller, which had a peak force of 3.000 1lbg with 3-5 Hz bandwidth
according to the computer simulation made by Buzan. The following
feedbagk gains were used in the computer simulation:

ka = accele?ation feedback gain = = 400 lbg/ft/sec?

ky = velocity feedback gain = 9,000 lbf/ft/sec2

kg = force error signal feedback gain = 0.0003 in2/1bg

The computer simulation showed that 40% reduction of the r.m.s.
acceleration and 12% reduction of the r.m.s. lateral displacement could

be achieved. However, the simulated pneumatic power consumption was
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calcnlated as high as 27 to 38 HP per car, i.e., 270 to 3380 HP is needed

for a train which has ten passenger cars.

Due to the high horsepower requirement, alternate approaches to

controller design and components were under study and supervised by

Professor Hedrick.

At the same time, the first laboratory apparatus for

testing general controllers was designed and fabricated. Subsequent

research included the following major areas:

1.

2,

3.

4.

power consumption studies, (including air compressor studies)

different
a) the
b) the
c) the
different
a) the

b) the

c) the

different
a) the

b) the

valves, including
proportional wvalve
FESTO 8161 MC - 4/5 - 1/2 valve

FESTO MC valve set

actuators:
FIRESTONE #25%® airspring
PARKER single-rod cylindrical actuator

ANA double~rod cylinder

control circuits:
pulse width modulation circuit, i.e., the PWM circuit

Bang-Bang with lead compensation circuit, i.e., the

BBLC circuit.



1-6 Scope and Objectives

One means of overcoming the ride quality/suspensicn stroke trade-off
problem of the passive suspension control for passenger rail vehicles is
to use active control instead of passive control. The active control can
not only sastore (or dissipate) energy but alsm input (increase) energy
into the system actively from external energy sources. Based on the
system states, active control la;s can be implemented beyond the limits
of the constitutive relations of the passive suspension elements. The
background of, motivation for, and introduction to, the pneumatic
controller for the secondary lateral active suspension control system are
discussed in Chapter I.

In Chapter II, physical considerations of the Passenger Rail
Vehicle, i.e. the Budd Pioneer III truck, were made to study the
feasibility of implementing an active controller. The Lateral Active
Suspension Controller (LASC) was designed to meet these consideraticns,
and its characteristics are discussed in detail. The system elements
such as the air compressor, the valve, and the actuator were modelled and
analyzed resulting in adequate constitutive equations for controler
elements. A fifth order state-variable equaticn was derived to represent
the pneumatic secondary lateral active suspension system. Transfer
functions were derived from the state variable representation to
determine the system characteristics. Phase~variable representation of
the same system was also presented to result in other forms of transfer
functions of interest.

The design and fabrication of the testing facility for the Lateral
Active Suspension Controller, i.e. the LASC tester, are the major topics

discussed in Chapter III. The Dynamic Similitude method was used to



calculate the parameter values for the scale model from the full size
system. Based on the parameter values calculated for the scale model,
the system eleients were analyzed separately. The mechanical assembly,
flexibility of the LASC tester to perform different testings for various
kinds of actuators, valves, control system of higher orders, control
systems of higher DOF's, and multiple system inputs are also discussed.

In Chapter 4 the experimental results of testings are obtained and
compared with the theoretical values of the digital computer simulation.
This chapter includes: (1) dynamic tests and static tests of two kinds
of actuators - the airspring and the actuator; (2) two types of control
circuits - the pwm control circuit and the BBLC control circuit; (3) and
two sets of valves - the FESTO 4861MC-5/4-1/2 valve and the
4-FESTO-MX=-2-1/4. Selections of adequate control system elements were
made according to theoretical and experimental results.

In Chapter 5 conclusions of this project, recommendations for

further research, and guidelines to continue this project are presented.
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CHAPTER 2

THE ANALYSIS OF THE LATERAL ACTIVE SUSPENSION SYSTEM

2.1 Introduction

The objective of this project is to experimentally evaluate the
peformance of the pneumatic lateral active suspension controller. A2n
active suspension can inpvt energy to a contrcl system and optimize the
dynamics of the system in a preferred manner which a passive suspension
can not achieve. Evaluation was made based on the controller capability
of performing stability, accuracy, and speed of response vs. the
economic cost which is expressed by the compressor power consumption.

In this chapter, the physical consideration of the plant to be
controlled (the Budd Pioneer III truck) i3 investigated in the
beginning. The Lateral Active Suspension Controller (the LASC
Controller) is designed and proposed to meet the performance required
and also to fit into the limited space available on the plant.

The characteristics of the LASC Controller are further studied and
advantages of its design are presented in detail. Analytical Evaluation
of LASC's major components is made and constitutive relations of the
controller components are derived separately to understand dynamics of
each of the components.

A 5th order state variable equation is then derived by using the
constitutive laws of the components. This representation is important
in doing the analytical evaluation and computer simulation. Transfer
functions of interest are derived and transformation to the phase-~
variable representation of the LASC contreller is also completed from

the transfer fuaction derived previously.
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Figure 2-2-1
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Truck Frame Arrangement

Figure 2-2-2
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2.2 Physical Consideration of the Passenger Rail Vehicle

2.2.1 Introduc:ion

The Budd Pioneer IV truck 1is designed for lightweight use and
includes the following major components: wheels and axles, journal
bearings, speed sensors, truck brake ecuipment, ground straps, a spring
suspension, a leveling valve, a center plate and pivot, side bearings,
a lateral bumper, a shock absorbe;, and a bolster radius rod. The
bolster center pivot fits into the center of the truck and is locked
into position on the side frames by the center plate flange assembly.
The carbody suspension consists of a coil spring mounted on top of an
ailr spring. The bottom part of the alr spring is mounted to the bolster
with a bead ring. This assembly is placed at each end of the bolster
to support the carbody. ¥Forces are transmited from the truck to the
car body by the bolster. The bumpstop plates are mounted vertically on
the bolster structure to iimit the relative lateral displacement between
the carbody and the truck. The weight of the car body is supported by
the bolster and transmitted to the truck frame. The details of the car
body, bolster, and truck frame are shown in the preceding Fiqures:

(1) Figure 2-2-1: Truck Arrangment

(2) Figure 2-2~2: Truck Frame Arrangement

(3) Figure 2-2~3: Bolster Assembly

Several field trips were made to South Station, Boston to measure
the available spaces for the active suspension controllier. Detalled
dimensions of the proposed spaces, as measured by Chen [13], which are
currently occupied by pipe lines and electrical lines, are shown in

the following Figures.



- 42 -

(1) Figure 2-2-4: The Relationship between the Carbody and
the Bolster of the Budd Pioneer III Truck
(2) Figure 2-2-5: The Location of the Controller wuen the
carbody is at its neutral position
(3) Table 2-2-1: The Parts List of Figures 2-2-4 and 2-2-5
The active suspension controller exerts the relative force Setween the
carbody and the truck, and will 5e mounpgg in parallel with the
lateral axis passing through the center of mass of the truck
arrangement.
2.2,2 Limited Space Available for Mounting the Lateral Active
Controller
The lateral active suspension controller is shown in Figure 2-2-6
2-2-7 and is composed of the following major components: the pneumatic
actuator, the connecting rod with roller, the connecting rod bearing,
the air supply fixture, the controller mount, and the connection rod
guide. Two sets of controllers work together to exert relative forces
between the carbody and bolster. In order to‘have the roller move on
the bumpstop plate, the current bumpstop plate must be made flat. Due
to the possible relative lateral movement between the bolster and the
carbody, the available space to mount the active suspension controller
was carefully studied at various extreme relative positions. The
location of the contrcller is still within the limited available space
even if the car body is displaced 1.5 inches to the right (or left) as
shown in Fig. 2.2.6.
The vertical distance between the carbody and the bolster is not a

constant; it varies with the carbody weight, the relative force of the
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coil spring,.and the relative force of the air spring o< the vertical
secondary suspension system. The maximum vertical displacement of the
carbody relative to the bolster is 3 inches. Therefore, the active
suspension controller must allow 3 inches of vertical displacement (as
shown in Fig. 2.2.6). The schematic diagram of the controller is shown
in Fig. 2.2.7. A roller is attached at the end of the drive rod and is
able to roll vertically on the modified bumpstop plate. The current
shape of the bumpstop plate must be remodelled to be flat in order to
have the roller move on 1it.

Two sets of the lateral active suspension controller work together
to exert relative force between the car body and the bolster. This type
of controller for passenger rail vehicle is called an LASC controller
and was designed by Chen [24]. Each LASC controller is compored of the
following major components: the actuator mount, the valve, the control
circuit, the actuator, the load cell, the string pot, the fluid tubing,
the drive rod, the roller, the dust shade, the drive rod bearing, and

the drive rod guide.

2.2.3 The Design of the Lateral Active Suspension Controiler

The dust shade prevents the adherence and accumulation of dust or
other impurities on the roller and the'bumpstop plate. The bumpstop
plate is lubricated by the controller to decrease the friction of the
roller movement. The main advantage of the LASC controller is that it
asgures perfect axial alignment and also permits flexibility in using

different kinds of actuators such as airsprings or cylinders.
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TABLE 2-2-2 BASELINE VEHICLE PARAMETERS

WHEEL RAIL PARAMETERS

a3

8
o

4

f11

f12

£22

f33

whéelset roll coefficient
centered contact angle

contact angle difference
lateral creep force coefficient

lateral/spin creep coefficient

spin creep coefficient

longitudinal creep force coefficient

WHEEL PARAMETERS

a

half of track gauge

load per wheelset

wheel conicity

wheelset mass

wheelset roll moment of inertia
wheelset pitch moment of inertia
wheelset yaw moment of inertia

centered wheel rolling radius

TRUCK PARAMETERS

dp
b

htp

ts

1/2 of primary springs lateral spacing
1/2 of wheelbase

vertical distance from truck c.g. to primary
lateral springs

vertical distance .rom truck c.g. to
secondary lateral springs

0.025

0.025

0.000
1.0x106 1b
8500 ft-1b
80 ftz-lb

8.0x106 1b

2.35 ft

26100 1bs
0.025

106.8 slugs
500 slugs-ft2
100 slugs-—ft2
500 slugs-ft2

1.5 ft
1.9 ft
4.25 ft
0.35 ft

1.33 ft
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TRUCK PARAMETERS

Itz

M,

truck frame yaw moment of inertia

truck frame mass

CARBODY PARAMETERS

s

I
cz

CcX

M
c

1/2 of secondary spring lateral
spacing

vertical distance from'cmrbody c.g.
to secondary lateral springs

1/2 of truck center pin spacing
weight of carbody

carbody yaw moment of inertia
carbody roll moment of inertia

carbody mass

PRIMARY SUSPENSION PARAMETERS

k
by

k
pX

C
pY

C
pPX

primary lateral stiffness (4 per truck)

primary longitudinal stiffness
{4 per truck)

primary lateral damping (kpy/250)

primary longitudinal damping
(kpx/zso)

SECONDARY SUSPENSION PARAMETERS

k
sy

k
z

k .
spsi

secondary lateral stiffness
(2 per truck)

secondary vertical stiffness
(2 per truck)

secondary yaw stiffness
(1 per truck)

2108 slug-ft2

212 slugs

3.75 ft

3.1 £t
30 ft
77433 1lbs
6 2
1.483%10 slugs-ft
64193 slugs—ft2

2405 slugs

480,000 1b/ft

960,000 1b/ft

1b
2020 ft/sec

1b
2850 ft/sec
24000 1b/ft
22200 1b/ft

1x106 ft-1b/rad
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SECONDARY SUSPENSION PARAMETERS

Cg secondary lateral damping 1b
b (2 per truck) 1200 m
Csz secondary vertical damping b
(2 per truck) 2000 m
c . secondary yaw damping
Spsi (1 per truck) 4000 -fT/u—;;-g

PASSENGER LOCATIONS FOR RIDE QUALITY

-1.7 ft

Front distance from carbody c.g. x = 30 ft 2

Rear x ==-30 ft -1.7 ft

N
i

PERFORMANCE CAPABILITIES OF BASELINE VEHICLE

Critical Speed 310 mph
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2.2.4 The Advantages of the Design of the LASC Controller

The LASC controller is a complete unit in itself because it can
function automatically without external dependence when compressed
ailr and electricity are furnished. The unnecessary interactions
between the controller and other parts of the vehicle can be minimized
by the "unification concept" of design which is adopted by the LASC
controller. More advantages of the LASC controller are discussed

below:

(1) The LASC controller is operated in a closed-loop by sensing,

processing, and actuation automatically. It also allows the option

of manual override.

(2) The LASC controller can be mounted and dismounted without much

difficulty. The length of the drive rod between the end roller and

the actuator can be adjusted to fit for different vehicles.

(3) The LASC controller is equipped with its own protection mount which

is important when traveling on hazardous surfaces such as heavy

Snow areas.

(4) Every part of the LASC controller can be disassembled from the unit

for replacement or maintenance without unloading the entire
controller. The parts, such as the actuator, the drive rod, etc.

can be made interchangeable for easy repair.
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(5) The linear bearing which is placed between the drive rod and the
drive rod guider has an efficiency of up to 99.8% [251.
Non~axial forces are eliminated by the linear bearing, i.e. the

LASC controller can be operated unidirectionally.

(6) The manufacturing cost of the LASC controller can be decreased

substantially after the standardization of parts is completed.

(7) Through an adequate arrangement, a 3-dimensional active suspension
controller can be implemented to contrcl an object in space. This

idea is further illustrated in Section 3.13

2.3 Analytical Evaluation of Controller's Major Components

2.3.1 Introduction

In this section, the modelling, analysis, and evaluation of various
controller components are studied to form the basis of component
selection. These components include compressors, valves, actuators,

and control circuits.

2.3.2 Air Compressors

An air compressor was used to compress the ambient air to the
accumulated high pressure. The specific compressor work, w, can be
calculated for the steady state, steady flow process as follows:
outlet 1
inlet P dp (1

where inlet = the ambient air at 70°F; 14.7 psia

outlet = the compressed air at 130° psig
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Two different operating conditions, i.e., the isothermal process and
the isentropic process, are assumed to calculate the compressor work as

shown by Buzan [23].

1. Assuming isothermal process,

poutlet

n (—————)- (2)
Pinlet

wv= RTinlet

= 118 HP-sec/lbp
(2) Assuming isentropic process, i.e., the process is reversible

and adiabatic
k-1

P k
K outlet
®1 R Tnleelp ) - (3)

w o=
Enlet

= 166 HP-sec/lbp

where k = the specific heat ratio of air, 1.4

R = the universal gas constant for air

2.3.3 Valves

For a compressible working medium such as air, the flow through a
valve is a function of the upstream stagnation pressure, p,, the
downstream pressure, pq, the upstran sagnatiqn temperature, T, the
discharge coefficient, Cq, and the orifice area Ay. The empirical
relations describing compressible air flow through a single orifice area
were calculated by Ezekiel in [26] and was used by Buzan in [23].

The squation of weight flow rate is divided into two cases,
according to the critical value of the ratio of the downstream pressure

over the upsatream stagnation pressure, pg/py,, as follows:
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Case (1) Pa/Py 2 0.528

k-1
. P P Py —%
we,coA 2_ (—2-)[1 - =)k (4)
v/ T u pu
u
Case (2) pg/py < 0.528
. b
W= C,CyA -2 (5)
o rjﬁ:

where W welght flow rate, 1lb,/sec.
Cq = discharge coefficient of the orifice

orifice area, in?

>
o
(]

Py = upstream stagnation pressure, psia
Pq = downstream pressure, psia

Ty = upstream stagnation temperature, °R
k = 1.4

R = 2.48x105, in2/sec? °R

/2K /R
€y =9y R(K-=1) 2.06 sec
foo
- /_K - / R
=9 vy Roﬁil)(K+1)/(K-1) 0.532 sec

2



2.3.4 Actuators

The lateral active suspension controller needs actuators to im-
plemeht the control law and perform its active suspension function. An
actuator is operated between two energy domains which may be the same or
different according to the nature of the actuator employed. When using
Bond Graph Modelling Methods, an actuator is always referred to as a
transformer. A level arm with a pivot is a simple actuator which
transfer power to and from the same mechanical energy domain. On the
contrary, an electrical magnet, or a hydraulic cylinder, transfers power
to and from different energy domains. Most industrial automatic
controllers use pressurized fluid (such as oil or air) or electricity as
power source. Automatic controllers are classified into different
categories according to the working medium employed. There are
hydraulic actuators, electro-magnetic actuators, electro-mechanical
actuators, and pneumatic actuators, etc.

The LASC controller allows possibilities of using various kinds of
actuators to achieve its active control goal. The hvdraulic actuators
are noted for their ability to exert large forces, to provide high
bandwidth, and to give large displacement output. The AMTRAK's
experience of using hydraulic controllers was unfortunately not very
encouraging. The operating conditions of the AMTRAK, such as cost,
availability, veliabiiity, maintenance, and repair made the pneumatic
actuator more adequate selection. Besides, AMTRAK's vehicles already
had air compressors on board. A 75 horgepower electric compressor, and
another 130 horsepower diesel compressor were mounted on the AEM=7
locomotive and the F-40 locomotive separately. The pneumatic power on

board was used for braking the vehicle and supplying the water. 1In case
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the hydraulic power was selected, then the introduction of a new power
source would largely increase maintenance problems and the bulkiness of
the system. The actuators under study at MIT are shown in Figure 2-3-1,
and listed in Table 2-3-1. However, not all of the actuators listed in
the above table will be discussed in the project.

Basically there are two kinds of actuators used in automatic
controllers, one kind has a rigid side-wall (such as a cylinder),
another kind has an elastic, flexible side-wall (such as an airspring).
Cylinders can be further classified into single~rod cylinders or
double-rocd cylinders. For example, the PARKER cylinder, as shown on, the
left part in Figures 2-3-2 ;nd 2-3-3, is a single-rod and the ANA
cylinder is a double~-rod.

In Chapter 3, the actuators used in generating external disturbance
input to the control system will be discussed. The actuators studied in
this section should not be confused with those investigated under

another subject in Chapter 3.

2.3.5 Airsgrings

A FIRESTONE #25%® airspring was used in the design of the lateral
active suspension controller for the railroad passenger vehicle. The
following figures and tables explains the fundamental idea of the
airspring.

(1) Figure 2-3-4: The Schematic Diagram of a Double Con-

volution airspring.

(2) Figure 2-3-5: The Schematic Diagram of the FIRESTON #25%®

Alrspring.
{3) Figure 2-3-6: The Characteristic Curves, Volume Curve, and

Recommended Operating Height of the FIRESTONE #25® airspring.



Figure 2-3-1 Different Actuators

Different Actuators

No. Type Notes
1 | Air Spring | FIRESTONE # 25
2 | Air Spring | FIRESTONE # 25
with internal spacers
3 | Alr Spring | FIRESTONE #131

with internal spacers

4 | Air Spring

FIRESTONE #224

5 | Cylinder PARKER Cylinder, 4'" bore
(Model HMA 14)
6 { Cylinder WABOO Cylinder 13" bore

(Model CMT2-PP-C)

Table 2-3--1 Different Actuators (fram left to right in
Figure 2-3-1)
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Calculating the Application Area of Airspring

Taking 5.5 inches as the operating point, and linearizing the volume
curve (Figure 2=-3-4) at this operating point, the following equation

can be derived

Vi(h) = VY + Ay(h) ,

Vp(h) = 83.0 in3 + 18.8 in?(h) (6)
where

Vo = the volume at the operating point, h,, where hy, = 5.5 inches
Ap = the slope of the volume line

h = the displacement from the operating point

The cover bead area 1is calculated as 32.2 inz, which is much larger than
the application area Ap. The approximation error, e(h) is defined as
the difference between Vi (h) and V(h), (i.e., e(h) = vy (h)=-V(h)), where
V(h) 1is the measured volume from the Figure 2-3-4. The values of V(h),
Vy(h), e(h), and e(h)/V(h) vs. the airspring height, h, are recorded in

Table 2=3-4-2,

height vg(h) v(h) e(h) e(h)/v(h) %
hq=4.0 54.8 58 =3.2 ~5.5%
hy=4.5 64.2 68 -3.8 =5.5%
hy=5.5 83.0 83.0 0.0 0.0%
h3=6.5 101.8 94.0 7.8 8.3%
_hq=7.0 111.2 98.0 13.2 1.30%

Table 2=3-2 The Linearization Error, unit = {inches
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2.3.6 Modelling the actuators

The actuators were modelled as capacitive elements. The
constitutive relation of the actuators relating the rate of change of
pressure, 5, and the mass flow rate ﬁ, to the capacitance C is shown in

the equation below:

- lo (7)
p=gm

= rate of change of actuator pressure, 1bf/in2/sec

e

where
C = actuator capacitance, in®/1bg

= mass flow rate, lbp/sec

Calculating the actuator capacitance

The actuator capacitance consists of fluld capacitance and
mechanical capacitance which were experimentally calculated by Cho
in [27]. Figure 2-3-7 shows the axial and radial expansions of the
FIRESTONE #25 airspring which was fixed at 3" stroke and supplied with
compression air of 130 psi.
(1) Since the side-~wall of a cylinder is rigid, no expansion is
allowed on the sidefwall. The cylinder has only fluid

capacitance, Cg, as expressed below:

° 1 °
p -—-—w
cf



DOUBLE CONVOLUTION

. _—

Figure 2-3-4 The Schematic Diagram of a Double-Convolution
Air Spring [



Figure 2-3-5 The Schematic Djagram of the

FIRESTONE #25 Air Spring
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Figure 2-3-6 The
Characteristic Curve°®
of the FIRESTONE #25
Air Spring



Figure 2-3-7 The Axial and Radial Expansion of the FIRESTONE™ #25
Airspring as it was Fixed at a 3" Stroke and Supplied
with Compressed Air at 130 psi
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Case 1: 1if an isothermal process is assumed,

. d
= 3t (Pv)
(:)ng];]mg—d—n(lv)ng-d—»(ﬂ)
dt dt RT

(8)

Case 2: if an 1isentropic process is assumed,

1
(1—~E) 1

ap -<
. 8 d
¥= —Rr ac (P V)
s
ﬁ I o - 1 o (9)
C 1
F 1=
k
P
gV ( B)
KRT8 P

where Pg = supply pressure

Tg = the temperature of the supplied fluid

{(2) Since the side-wall of an airpring is elastic and flexible, the

mechanical capacitance Cp, should be included as shown in the

following equation.

é - @ (10)
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Case 1: If an isothermal expansion of the side-wall is assumed,

then
. 1 - 1 .
p = W w
Cm gslp + pg) 8 pdkwx + ppg ds] (11)

KRT8 Kw P

Case 2: If an isentropic expansion of the side~-wall is assumed,

then:

1 1 >
B o— ) W
cm gsi(s + pg)s - pdkwx + pg ds] pG (12)

KRT_K_ p

L I

where g = the gravity acceleration, 386 in/sec?
8 = surface area of side wall, in2
Pg = gauge pressure, psig
ky = stiffness of side-wall 1lbg/in
x = expansion of side-~wall, in2
(3) If the volume, V, of the airspring changes, the rate of change
of volume must be taken into consideration when calculating the

total cpacitance. That is

© + v (13)

“k

where V = the rate of change of the airspring volume.



- 68 -

2.,3.7 Control Circuits

2.3.7.1 Introduction

As stated in Chapter i, the dynamics of a rail passenger vehicle
were decoupled into vertical and lateral carbody motions. Since the yaw
motion was neglected, the lateral dynamics of the carbody were then
modellied to have only one degree-of-freedom. The LASC controller for
the Lateral Active Suspension Control of the passenger rail vehicle was
designed based on this one DOF model. 1In order to successfully apply
the lateral active suspension controller to rail vehicles, it must be
designed to be simple, reliable and economical. The local ride
controller, which was proposed by Celniker [20] to overcome the ride
quality/suspension stroke trade-off did require a proportional valve.
Since air had been chosen as the working medium for the LASC controller,
the proportional valve 1s needed to control the air flow. Due to the
economic constraints and difficulty of maintenance of the pneumatic
proportional valve, a solenoid (on/off) valve was chosen to replace the
proportional valve. Solenoid valves are available commercially and
inexpensively. However, they are more sluggish than the porportional
valve and have alr leakage problems (as discussed in Chapter 4).

The schematic diagram of the LASC controller was shown in Figure

1-5-1, Hedrick et al. [8] derived the following control law:

oo

Fap = Gy¥¢ + Cp¥p (1)

where Fpp is the force generated as a function of the state variables of

the system such as Y. and Y.,
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§c = the absolute velocity of the carbody

yc = the absolute acceleration

Ca and C, are constants

In order to avoid the theoretically infinite vibration amplitude of
the carbody due to the failure of the LASC controller, the passive
elements which are currently used- in the secondary lateral suspension
should not be removed. Equation {1) describes the desired actﬁator
force in parallel with the passive components whose values are shown in
Table 2-2-2,

The equation of motion for the passive model of the secondary

lateral suspension was stated as follows:
Mc Yo = IF = =K(ye-yt) = blyc-yt) (2)

After implementing the LASC controller, Equation (2) should be added

to he term Fpp as follows:

Mg Yo = IF = Fap - K(Yc-yt) - b(}.'c').’t) (3)

The load cell of the controller gives the actual output force Fp as
follows:

Fp = the actual force generated by the actuator and (4)
sensed by the load cell
The errcr of the force was defined as

Ep = Fo - Fap (5)

A control unit should be implemented to control the solenoid (on/off)

valve and route the air flow based on the input which is the force
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error as shown in the following block diagram.

Control Solenoid

B control airflow
—F ) BN
Circuit signal Valve

Figure 2-3-7-1
Two control circuits are discussed in this section. It was assumed that
the control circuit could drive the solenoid valve faaté enough to
approximate a préportional valve.- De Los Reyes [28] studied the Fulse
Width Modulation circuit, the PWM control circuit, to drive the
pneumatic solenoid valve. 1In parallel with this research, Barletta
[29] studied the Bang-Bang with Lead Compensation Circuit, the BBLC
circuit, the same idea presented above. Both of their works are

discussed in the following sections.

2.3.7.2 The PWM Control Circuit

The Pulse Width Modulator (PWM) is an integrated circuit of Silicon
General #SG 3526. Two PWM are needed to drive the control valve because
one PWM can drive only one solenoid (valve) coil. The amplified error

I

signal, €, is formulated by amplifying the force error signal, Ep, with

a force feedback gain, Kg.
€= Kf Ep = Kf(FAD-FA) (6)

where Fpp is calculated from equation (1), € has magnitude and sign.

The main function of the PWM circuit 1s to compare the input signal
|€| with the sawtooth wave produced by the Pulse Width Modulator. The
PWM control circuit outputs constént frequency pulses whose widths are
porportional to the magnitude of the control signal according to the
comparison between the error signal |€| and the sawtooth curve generated

by the PWM.
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The signals from the K¢ amplifier, €, are rectified (separated), and the
negative ones are inverted because only positive input signals can be
inputed to the 3rd pin of the PWM I.C.

The PWM electronic hardware layout is shown in Figure 2.3.7.2.
Whenever the sawtooth curve 1s bigger than the input signal, ]EI, the
pulse is defined as a "low" pulse because its magnitude is lower than
the nominal peak voltage of +3.0 V of the modulator, otherwise the pulse
is defined as a "high" pulse. Whegever there is a high pulse, the
corresponding solenoid coil will be energized because a high pulge 1is
produced only when the input signal exceeds the sawtooth curve of the
modulator.

Due to the significant lag in turning on/off the solenoid valve,
the bandwidth of the solenoid valve must be greater than 20 Hz to make
the PWM control circuit successful. Such a valve can only be
constructed at great cost which may make the proportional valve more

favorable at the same price range.

2.3.7.3 The BBLC Control Circuit

The BBLC control circuit was developed by Barletta [29] in parallel
with this research because the PWM control circuit cannot meet the
requirements of driving a solenoid valve efficiently to control the air
flow through the control valve and into or out of the actuators.

Figure 2.3.7.3 shows a schematic diagram of the BBLC circuit which
can be flow charted as follows:

(1) the desired force, Fpp, is generated by Fquation (4).

(2) the actual force, FA, is generated by Equation (4).
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(3) the error force, E'p, is formulated by inverting Ep

EF = —EF = FAD - FA (7)

(4) the compensated error, Ec, 1s formulated by passing the E;
signal through a lead compensator (i+7TS) as shown in Figure

2.3.7.3.

(5) the dead zone of width which is equal to 2 times Fr, is then
formulated in the BBLC control circuit to be compared with the

input signal, (the compensated error force signal, Eg).

(6) the supply valve of the actuator is turned on when the

compensated error, Eg, is bigger than the 1/2 dead zone width,

Fr.

(7) the exhaust valve of the actuator is turned on when the

compensated error, Es, 1s less than the negative value of the

1/2 dead zone, =~Fy.

(8) when the compensated error, E; stays inside the dead zone,
which ranges from ~Fy to +Fr, both the supply valve and
exhaust valve remain closed and the actuator is in its hard

spring mode.

Figure 2.3.7.4 shows a picture of the BBLC "4~FESTO MX-2-1/4 valve
set", Two of the four valves are connected to one actuator while the
remaining two valves are connected to another actuator.

The width of the dead zone is established to avoid too much
oscillation in the neighborhood of the steady state. The value of F, is
evaluated based on the considerations of power consumption, system

stability, and the valve's bandwidths.



Figure 2.3.7.4 A Photograph of the 4-FESTO-
MX-2-1 Valve Set
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2.4 The Derivation of Equation of Motion for Pneumatic Secondary
Lateral Active Suspension System

2.4.1 Iptroduction

The schematic diagram of the lateral active suspension system is
chown in Figure 2-4-~1. Two opposing cylindrical actuators, either of
which can exert force in only one direction, are placed in between the
carbody and truck separately. The carbody responds dynamically to the
distrubance inputs from the truck. This system is symmetric, and can be
simplified into a dynamically equivalent diagram as shown in Figure
2-4-2,

The equivalent spring constant, k, is the sum of kp and kg because
ka and kg are mounted at opposite sides of the carbody. These two
springs seem to be in series but they are in parallel. Similarly, the
equivalent damping coefficient, b, is the sum of bpt+bg. The two opposing
actuators are replaced by a single actuator, which can exert output

force in elther direction.

?
The valve is used to control both the direction and flow rate of

the working fluid into and out of the actuator acording to the control
signals from the control circuit. The actuator used is characterized by
its double-ended rod to ensure that the same application area, A, is
used on either side of the piston. The force generated by the actuator
is determined by the pressure difference, Ap, between the two cﬂambers a
and B. Furthermore, the mass of the truck is neglected since the ratio
of it to that of the carbody is about 1/300. At this stage, the
secondary lateral active suspension control system ¢f the railroad
passenger vehicle is much further simplified (as shown in Figure 2-4-3).
There is only one mass, the carbody, 1s considered. The truck mass is

not included.



¥, (t)

L—)Yt L5 Y

Ky

Figure 2-4-1 The Schematic Diagram of the Secondary Lateral Active
Suspension System

’

Truck b =by +by
K =K *¥g
° = A
F, = Asp

Valve _
/_ A= Ap:i.ston - Adrive rod

v (V)

Yo \_ Carbody

K

Figure 2-4-2 The Equivalent (and Gimplified) Lateral Active
Suspension System
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Consider Figure 2-4-4. It represents the total control system where
the penuratic power supply, the control circult, the valve, the
actuator, and the plant are all included. Figure 2-4-5 shows the
corresponding block diagram. Because of the pressure difference created
between the actuator's two chambers A, and B, a relative force is
generated between the carbody and the truck. By using the control
circuit to position the control valve, the actuated force can be
regulated in both direction and m;gnitude. The time average of mass
flow rate from the compressor to the actuator would be the same
according to the mass conservation law. Since the analyses of system
components were already made in previous sections, the equation of
motion for the active contrcl system will be derived in the following

section.

2.4.2 The derivation of equation of motion for the control system

The schematic of the pneumatic secondary lateral active suspension
control system (i.e. Figure 2-4-3) is again sghown below. The carbody

free~body-diagram is shown in Figure 2-4-6,
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Carbody

Valve

NN

yc(t)

.|

227770707 2L,

Truck

Figure 2-4-3 The Simplified Diagram
of the Lateral Active

Suspension System where
the Truck Mass is Neg-

lected and only the
Carbody Mass in Included.

- - - F
Yo (8 IF = Fg*f =%

T Carbody

R

Figure 2-4-6* The Free-Body-Diagram of the Carbody (for
deriving the equations of motion).

*The Figure number is not continuous here
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By applying Newton's second law, the second-oxrder differential

equation of motion for the carbody can be derived as follows:

MgYe = IF

IF = Fg + Fp ~ Fp
Fg = K(ye = yt)
Fp = b‘&c = §t)

Mg Yo = Fa =K(ye=y¢) = blye-ye)

Mcye + Kyc + byc = Fa + byt + Kyg (1)
and Fa = A(Pz - Pp) (2)
where Ms =  carbody mass

spring force

)
0
]

F, = damper force

K = spring constant

b = damping coefficient

Ye = displacement of the carbody
Ye = volocity of the carbody

Ye = acceleration of the carbody
Yyt = displacement of the truck

Y = velocity of the truck

Fp = real actuator force
P, = pressure in chamber A
Pp = pressure in chamber B
Pa-Pp = relative pressure difference of the actuator (AP)

A = appgication area of the actuator
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The mass flow rate into either chamber of the actuator, i.e., W or

Wp, is infiuenced by the pressure change effect of the chamber, and the

piston displacement effect as stated below:

Wa = Cp Py + Cylye = ¥¢) (3)

Wp = G Pp - Cy(*;'c - y¢) (4)
where
Wy = mass flow rate of fluid into chamber A
Wp = mass flow rate of fluid into chaﬁber B
P, = rate of change of the pressure in chamber A
P, = rate of change of the pressure in chamber B

Ye = §t = relative velocity change between the carbody and the
truck

cp = fluid capacitance due to the pressure change

Cy = fluid capacitance due to the relative velocity
change

Using a 15 DOF vehicle model, Celniker [21] analyzed the dynamic
performance of the passenger rail vehicle, and gives the following

control law:

Fap = Ca¥e + CpYe

which can be regarded as control input to the system as follows:

U= - Cyye - Cave (5)

where
U = the control input

!

-Cq = the amplification coefficient which relates the control
input to the carbody acceleration

-Cy = the amplification coefficient which relates the control
input to the carbody velocity.

The mass flow rate into an actuator chamber, which can also be

expressed as a function of the control input and the chamber pressure
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relative to the ambient pressure, P, is expressed as follows:

Wa = Kpa (P = Pg) + KU (6)
Wp = Kpa (Pp = Pg) - KyU (7)
where P, = the ambient pressure

Py - Po = the relative pressure difference between the chamber A
and the ambient

Pp - Py = the relative pressure differance between the chamber B
and the ambient

K, = the coefficient which relates the mass flow rate to the
control input

Kpa = the coefficiant relates mass flow rate to the relative
pressure of chamber A

Kpp = the coefficient relates mass flow rate to the relative
pressure of chamber B

2.4.3 Deriving the State-variable equation

Based on the above stated seven fundamental equations, the state

I.J, Y= §_§, can be derived as

|

equation, i.e., i = XE + §1 U+

follows.

(1) Combining equations 3,4,6 and 7

for Wy: cpéa + Cy(§c-§t) = Kpa (Pa = Pg) + KyU
for Wp:  CpPp - Cylye=yt) = Kpp (Pp = Po) = KyU

(2) Substituting the control input equation of U, (i.e., the equation 5),

into the two above equations:

CpPa + Cylyc = yt) = Kpa (Pa - Pg) + Ky (=Cyye - C2ye) (8)

CpPb = Cy(¥e = V&) = Kpb (Pb = Po) = Ku (-Ciye - Coye)  (9)
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(3) Substituting the real actuator force, Fp, of equation 2, into

equation 1:

" .
Mcye + Kye + byc = A(Pg - Pp) + byt + Kyt (10)

(4) Combining equations 8,9 and 10 into state equation form,

l{_+_1 U+_-B:20

1.
[ ]
Eg|

N
]
lal
|>¢

(11)

where X, U, and _'q are defined as follows:

- 7 - -
Py pressure in chamber A
Pp pressure in chamber B
A A
X = lyc = carbody displacement
ic carbody velocity
- -
Po “the ambient air pressure
A A
U= -
Yt the truck displacement
. ~ - -
] - -
Po the ambient pressure change
. A A
H- -
§t the truck velocity

{5) Rearranging equation 10,

. 1 . .
Ye © M, [ - Ky~ by, + AP - AP, + by, * Ky, ]

. =K =b A =A b . K
B8 s — — +——-—
yc M Yc * M 9c * M Pa * M pb * M Ye M Yt
c c c c c c

(12)
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(6) Forming the first derivative equations of the state variables as

follows:

Rearranging equation 8, and substituting equation 12 into {it:

. 1 . . . .
P = [-C Yo + nyt + Kpapa- Kpa Po- Kuc1yc - Kuc2yc]

a Cp b4
-c_ . c, . K., K. - KK K.C,b |
=T Yete Ye*T PatT Pot e wm YetT wm Ve
P P p . p p c P c
K,C,A .. K C,A . K, ;b . KK ; K,C,
CP Mc a CP ¢ b Cp Mc t CpMc t CP
. -KuC1A Kpa KuC1A KuC1K
P = ( + ) P+ ( ) P+ ( )y
a CP Mc Cp a CP Mc b CP Mc c
-, K, bC, . K -K C.K
Ll I D I Ao BN e I
P P c P P ¢
. C, KOp o,
N N ol i N (13)
P P c

Rearranging equation 9, and substituing equation 12 into it:

P = =—— [C ¥y~ nyt + K. P - Kpb P°+ Kuc1yc + Kuczyc]

pb b
o] -C K K K _C.K -K_C,b
= 'Ex Yot —Ex Vet cb - cb Po = g 1M Yo * CuM1 Ve
P P P P P ¢ P c
K C.A K C,A K C,h K C K K C
+ 1 P u 1 . + u 1 v+ u 1 y. + u 2 ;
CM a” CM, b C oM Tt CoM, Tt c, ’c



. K,C,A “KCA Ky -K,C,K
P = (—m——) P + ( + ) P+ (——) ¥y
b CPMc a cPMc CP b CP Mc c
Ku C1b KuC1K .
*g (S w )1y+<—P~—)p+( o) Ve O
o
P P
KCb C .
+( -3y (14)
cPMc CP t

Rewriting y; as:
Yo = 0°Pg + 0°Pp + 0°ye + 1°yg + 0+Pg + O+yg + 0.+Bg + Ocye  (15)

Rearranging equation 12 as:

. A =-A «~K -b, =« K
yc = (—ﬁ_) Pa * ﬁ_) Pb( ﬁ-_o Yc * ﬁ") Yc +0 Po * (M ) Yt
c c c c c
(16)

L] b »
+ 0 Po + (Mc ) Yt

(7) Combining equations 13, 14, 15 and 16 and rearranging into the
the matrices A, By, Bj,

state equation form as shown in equation 12

and C can be calculated as follows:

g

Gl

X=AX+3B) U+

- A
Z"EE- (X"Xc = [0,0,1,0] X )

k4



where
-K C_A K C.A
pa _ u 1 u 1
? ’
CP CpMc CPMc
KuC1A KPb . -KuC1A
— ’ ]
A - CP Mc CP CPM
0 , 0
A zA
?
Mc MC
f— —_
=K =K C_K
pa u 1
’
CP cPMc
. -Kpb KuC1K and B =
9 9
CP CPM 2
0 R 0
K
0 . "
Am——— c Crr—

88 -

Ku bC1
- — -C,))
y
CP Mc 2
Ku C1b EX
- (C, ~ ) +
' C
P 2 Mc cP
’ 1
=b_
' M
c r—-]
C -K C_.b
Y ,_u 1
CP cP Mc
K C.b -C
ul b 4
CP Mc CP
0
b_
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2.4.4 Calculating transfer functions of interest:

In order to calculate transfer functions of interest, some
assumptions and simplifications of notation are applied in the equations

1 thrcugh 7 as follows:

{1) Assuming Kpa = Kpp = Kp and subtracting equations 4 from equation 3,
we get:

Wa - Wp + Kp (P = Pp) + 2 KyU (21)*

(2) Letting AP = p; - P, and having AP substituted into equation 2, we
get:

Fa = A(AP) (22)

(3) Substracting equation 7 from equation 6, we get:

Wa = Wp = Cp (Py = Pp) + 2Cy (yc - v¢) (23)
Subtituting equation 22 into equation 1, we get:

Mcye + Kye + byc = A(AP) + byt + kyg

Mcyc + Kye + byc = A(AP) = byy + Kyg (24)
(4) Equalizing equation 21 and equation 23 we get:

CpBP + 2 Cylycmyt) = KphP + 2KyU

CpAP + 2Cyyc - KpiP = 2K,U + 2Cyyy (25)

* the equation number 1is not continuous here
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(5) Assuming zero initial conditions and taking the Laplace transform of

equation 25 and 24 we get:

CpSAP + 2CySyc - KpAP = 2K,U + 2CySyg (26)
(McS2 + bS + K) yo = A(AP) = (K + bS)yg (27)

Similarly, taking the Laplace transform of equation 5, we get:

U = -Cyyc - Cave

B(S) = (=C152 = CS)y, (28)
(6) Substiting equation 28 into equation 26, we get:

{(CpS = Kp) AP + 2CySys = 2Ku (=CyS2 = CyS)yc = 2CySyy

(CpS - Kp) AP + 2[KyC1S2 + (KyCp + Cy)Slyg = 2CySyy

2c.s 2[K_cC,S2 + (XK_C, + C)S]
A Y u 1 u 2 v
P = Yy y (29)
c S - K t CPS - KP c
P P
Substituting equation 29 into equation 27, we get:
: 2
2C. s 2[K _c,s° + (K _C_+C )sly
2 u 1 uz22 v c
(8" + bS + K)y = Al Ty, - csS - K
P~ P p P

= (K + bS)¥
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Rearranging the above equation we get:

2AK C,S 2 2A(K. C, + C )s
[Mcsz+bs+1<+ u::s-+ u_2 4 1 y
" % ¢
2AC S
" L+ bS) gty
P P

Yol (CpS = Kp)(McS2 + bS + K) '+ 2 AKuC1S2 + 2A(KyCp + Cy)S]
» y¢[CK + bS)(CpS = Kp) + 2ACyS] (30)

(7) The transfer function is defined as the Laplace transfer form of output
over input, i.e., T(S) = y.(S)/y¢(s), where yo(8) and y{(S) are

the Laplace transforms of yo(t) and y¢(t) separately.

- (K + +
o(s) = y.(8) ) (CpS - Ky) (K + bs) + 2AC S
y.(S) _ 2 2 ,
t (CPS LP)(Mc + bS + K) + ZAKuC1S + 2A(KuC2 + Cy)&
2
2(5) = CPbS + (-KPB + KCP+ 2 ACy)S - KPK
3 2
CPMcS +(oKPMC+ Cpb+2 AKuC1)S +[CPK-KPb+2A(Ku02+Cy)S-KPK
! ' (31)
Cb KC_+2AC =K_b =K_K
—p—[sz+ P y_ P S + P]
CM C . C_.b
T(S) = p ¢ Pb i P
3 (Cpb + ZAKuC1-KPMc) 2 [CPK-KPb+2A(Kucz+cy) -KPK
S +—<w S+ C.H 5= Ccnm
P ec P c P e

(32)

-
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We conclude that the lateral active suspension control system is8 a
third-order system, its closed-loop transfer function 1s expressed expiicitly
in equation 32. |

2.4.5 Transforming the transfer function into phase-variable
representation /

Since we are also interested in other phases of ya(t), it is necessary
to tranasform the transfer function into phase variable form (as mentioned by
Schultz and Melsa in [1W]).

(i) Writing the system representation in state-variable form:

e
]
I

I

+BU

} (40)*

i<
[ ]

il

I

where equation 40 is different from equation 12 even though both of them are

in state~variable forms which represent the control system.

r A ( 3 ¢ 3
X1 X4 Ye
A Ale A .
(2) Define X = | X | = [X4 = | yo
X3 X Ye
\ J \ J \ J

* the equation numer is not continuous here
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(3) Zo E, and § are calculated by equation (2-5-10) of [1wsm] as follows:

-
o, 1 , 0
o, 0 , 1
A -
K K [CPK - Kpb + 2A(KuC2 + Cy)] , (Cpb + ZAKuC1 - KPMc)
?
CPMC CPMC CPMC
/ A
0
-K K KC, + 2AC_ = Kb
B = 0 , and C = [ , A
Cp b C b
{2
M
c
\ J

(4) Calculating the transfer function:

Define:
r T r 7
G1(8) vc(8S)/ye(S)
A A .
G(S) = Ga(Ss) ve(s)/ye(S)

G3(s) y(8)/y¢(S)

L. B — .

and  G(s) = C (SI-A)~'B

By this approach, the transfer functions of yc(S)/yt(S), ye(S)/y+{S}) and
L) "
vc(8)/y¢(S) can be calculated.




- 94 -~
2,5 Conclusions

The physical consideration of the plant to be controlled in this
project, the Budd pioneer III truck, was investigated in the beginning of
this chapter. After careful calculation of the dimensions of the current
truck, the limited space available for mounting a pneumatic active
controller was studied and listed in Section 2.2.2. The Lateral Active
Suspension Controller (The LASC controller) was then designed to meet the
perfomance required by the passenger rail vehicle. The advantages of the
design of the LASC controller were presented explicitly.

The second part of this chapter investigated the controller's major
components such as air compressors, actuators, and valves. These
components were selacted, modelled, and analyzed to derive their
constitutive laws resp7ct1ve1y. Two control circuitsz, the PWM control
circuit and the BBLC control circuit, were discussed and compared. Since
the valve selected was a nonlinear on/off valve, the major function of the
control circuit was to drive the soledzid valve as fast as possible to
approximate a proportional Controllier. It was found later, in Chapter 4,
that the PWm control circuit could not perform dynamically at an
acceptable level with the reularl pneumatic valve. Though the theory of
th eBBLC control circuit was simple, it turned out to be a reliable,
economical and efficient control circuit.. .

The equation of motion for the pneumatic secondary lateral active
suspenaion system was derived from th. previous results. A 5th order
gtate equation was derived to represent the argumented system. Transfer
functions were derived from the state variable representation. Transfor-
mation back to the phase-variable represenfation of the same system was

completed in order to derive other transfer functions of interest.
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CHAPTER III

THAE DESIGN AND FABRICATION OF THE TESTING FACILITY FOR THE

LATERAL ACTIVE SUSPENSION CONTROLLER.

3.1 Introduction:

The secondary suspension system of the Budd's Pioneer IV passenger
rall vehicle was modelled and analyzed to result in the equations of
motion in the previous chapter. A Lateral Active Suspension Controller,
which was called the LASC controller, was designed to meet the
rrzquirements of ride quality. 1In order to evaluate the components as
well as the whole system of the LASC controller, a laboratory apparatus
named the LASC tester was designed and fabricated at MIT. The
components of the LASC controller include actuators, valves, sensors,
control circuits, and signal conditioners. 1In this Chapter, the
physical implementation of the controller is briefly examined, and the
design and manufacture of the tester is thoroughly discussed. In
addition, the scaling technique and the flexibility of the LASC tester
are also topics of this Chapter. The results of laboratory testing will

be discussed in the following Chapter.

;

3.2 Dynamic Similitude Used in the Scaling techniques:

The objective of this Chapter is to develop experimental techniques
for studying the passenger rail vehicle dynamics as presented previously
through the use of a 1/484 scale model. Taking the specifica-~
tions of this 1/484 scale model as the quidciine, a teeting'machine for
the Lateral Active Suspension Controller was designed and constructed.

The scaling techniques are based on the consideration of dynamic



- 96 -

consideration of dynamic similitude (which was also adopted in cther

research done by Jindzi, et al. in [30] and by Mauer in [31]). For

practical reasons, the maas of the scaled carbody is set to be 80l1bs in

formulating the single degree~of-freedom, second-order system model. The

parameter valuesgs of the physical system are tabulated in Table 2-2-2 , in

Chapter 2, and are re-entered in the following Table 3=-2-1,

(a)
(b)
(c)
(a)

(e)

(£)

(g)
(h)
(1)
(1)
(k)

(1)

T gettling

carbody mass

carbody mass/track

secondary lateral stiffness/one unit
secondary lateral stiffness/truck

secondary lateral damping
coefficient/one unit

secondary lateral damping
coefficient/truck

natural frequency

critical damping coefficient
damping ratio

damped natural frequency

time constant of the envelop curves

settling time for the translient
response

2405 slugs

1202.5 slugs
24,000 1b/ft
48,000 1b/ft

1,200 l1lb-sec/ft

2,400 1b-sec/ft

1.11 hz.
86,22.6 lb-gec/ft
0.028

1.109 hz

32,2

128.8

Table 3~2-1

Parameter values of the full scale

lateral secondary suspension system of
the Pioneer III passenger rail vehicle
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3.2.1 Parameter Values Calculations for the Full Scale System

The values of the natural frequency, W,, the critical damping
coefficient, C,, the damped natural frequency, W4, and the damping ratio,

€, are calculated in the following:

1/2M, = 1202.5 slugs = 1202,5 x 32,2 1bm = 38,720.5 1bm, (1a)

2Kgy = 48,000 lbg/ft - (2a)
2K
I LAV RRIE Y (3a)

/24 " " 38,720.5
Ce = 2 (1/2M?Kgy)1/2 = 2(38,720.5x48,000)1/2

= 86,222.6 lb-sec/ft, (3b)

£ - csy 2,400

c_ " 86,222.6 - 0.028, (5a)

WymW Y 1-22 2 1.11 x 0.9996 = 1.109 (6a)
T m o = 32.2 (7a)
W

Tgettling ™ 47

= 128.8 (8a)
The secondary lateral suspension system of the half body of the
Pioneer III passenger rail vehicle was modelled as a zingle degree-of-
freedom, second-~order system. The dominating parameters are shown above.
The damping ratio, which is deiined as the ratio of the actual damping

coefficient in the system, 2Csy, to that damping coefficient
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which would produce critical damping, Cc, is calculated as E = 0.028.
Since the value of & is less than unity, the object system is classified
as underdamped, and will have an oscillatory response. The governing

equaticn may be written as follows:

2 2c 2K 2K
dy ,_sx &, _s&v... 8

2 1/2M dt = 1/24 /24
at c c c

x(t), (11*)

where x(t) is the input, and the transfer function for this oscillatory
system may be written as follcws

2

W
(s) n
G(s) = L2l = (12)
x(8) 82 + 2 WS + wi

The characteristic polynomial, cpoL is

cpoL = S2 + 26%W,S + Wp2 (13)

= S2 + 0.0 617165 + 1.2321

Letting the characteristic polynomial equal zero, roots of cpoL

equation can be calculated by the quadratic formula:

- ~0,061716+70,061716~-4x%.232

5y > = 0.031+41.103
Sq = 0,031 + 31,103 (14)
Sp = 0.031 - 31.103 (15)

&n

The Equation number 1is not continuous here
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Y — — — — | +1.103
I

-0.031

M — — — = - . _1.103

S-plane
Figure 3-2-1 Complex conjugate poles of the

Second-order underdamped system
S84 and Sy are also called the poles of the system and are plotted in the
S-plane to show that the system has two complex conjugate poles in the
left-hand side of the S-plane as shown in Figure 3-2~1, hence the system
is stable. The time constant, T, for the envelope curves of the transient
response and the settling time, T gettling for the system are also

calculated in the above.

3.2.2 Parameter Values Calculations for the Scaled Model System

The parameters of the scale model system are calculated based on the
dynamic similitude technique which requires that Wq and W, of both
systems be identical. The calculation is carefully performed as
follows, and the results are tabulated in Table 3-2-2,

A, scale factor = 1/484 (16)
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Wn, scaled = W, full= 1.11 (3b*)
Mg, scaled = 1/2Mg x M = 1/484 x 38,7205 1bs
= 80 1bs (1b)
kgy, scaled/truck = 2Kgy x A = 48,000 x 1/484 Jbf/ft
= 99.2 igf/ft (2b)

Cg,8caled = 2(Mg,scaled x kgy, scaled)1/2 = 178.1 lbg - sec/ft (4b)

c
- sz,scaled - -
§,scaled C_,acaled gfull 0.028 (5b)

Cgy,scaled = 0,028 x 178.1 = 4,952 1ibf-gec/ft

Wyiscaled = W ,scaled / 1-82 = Wy, full (6b)
T - L = 32.2 (7b)
rscaled (§3Wn)scaled *
T gettling, scaled = 47, gcaled = 128.8 (8b)
(a) Mo, scaled, carbody mass/truck 80 1bs
(b) | kgy, scaled, | secondary lateral 99.2 1bf/ft
stiffness/truck
(£) csy: scaled secondary lateral damping 4.952 lbs-sec/ft
coefficient/truck
(g) | Wy, scaled natural frequency 1.11 hz,

(h) Ce; 8caled, critical damping coefficient |178.1 1Bf-sec/ft

(1) | &, scaled damping ratio 0.028
(3) Wgq, scaled damped natural frequency 1.109 hz.
(k) T, scaled time constant of the envelop (32.2
curves
(1) | T, settling, | settling time for the 128,8
scaled transient response

Table 3-2-2 Parameter values of the scaled model of the lateral secondary
suspension system of the Pioneer III passenger rail vehicle

*
The equation number is not continuous here.
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By the dynamic similitude technique, the two systems will have the
same equations of motion, the same characteristic polynomial equation,
and the same responge curve corresponding to the same input. This is why
it is named the similitude method. The LASC controller was
designed to exert 1,500 1b for the full system. Since the carbody mass
has been scaled down to 80 1lbs at the scaling ratio of A = 1/484, the
actuator force should be also scaled by the same factor, M, to generate the
same dynamic performance.

1
Factuator, scaled LLELCRS 484

= 3.1 1bf (17)
The distance from the bumpstop of the carbody to the bumpstop plate of the
bolster is or.e and a half inches in each direction, (i.e., d = + 1.5 in).
Due to the fact that the same acceleration is expected in both the full and
scale system, this distance should not be altered by any factor, i.e.,

d gcaled = * 1.5 in. (18)

The parameter values calculated in this section will be used as the
guideline for designing and fabricating the lateral active suspension

controller's tester, i.e., the LASC tester, in the rest of the sections

of this chapter.

3.3 Experimental Design

3.3.1 Introduction

The purpose of fabricating an active suspension testing facility is
to compare the experimental results with the control law applied. The
testing facility is shown in Fig. 3-3-1. It includes the following parts:
the mechanical assembly, the instrumentation equipment, the control valve,
the compressed air supply, the accelerometer, the vibration generator, the

controller, the actuators, and the safety equipment. All of these are



- 102 -

{liustrated in the following sections. In Ficure 3-3-2 the wvhole set-up
is explained by block diagrams.

3.3.2 The Mechanical Assembly

Lol

The mechanical assembly is composed of a base plate, two side
supports, two horizontal shafts, four shaft support blocks, light ball
bushing bearings, one C-mass, and one T-mass as shown in Table 1. It is
assembled as follows: First, the'two side supports are placed on the
top of the base and then are tightly screwed together with the hase.
Second, two shaft support blocks are placed cn the top of each side
support, and screwed in place. These four shaft supporting blocks hold the
two parallel, horizontal shafts, so that the distance between the two
shafts 1s the same along the shafts. Third, well-manufactured C-mass
and T-mass are placed in between the two side supports. The masses can
slide on the two horizontal shafts by the use of linear ball bushing
bearings. The C-mass and T-mass represent carbody and truck respectively.

Accurate alignment 1is very important because the two parallel
shafts are used in precieion application for this set-up. The two ball
bushing bearings used on the C-mass are placed in tandem in order to keep
the shaft aligned.

The parts list of the mechanical assembly is tabulated in Table 3-2-1.

Each of the two T-masses are placed in between the C~-mass and the side
supports. They are connected together by four threaded rods to form a
rigid body. All of the masses can slide on the two parallel shafts with an
efficlency rate of 99.998% by using the linear bearings [25]. The C-mass
mass and thé T-mass are connected by springs and dampers as shown in Figure

3-3-1, where the C-mass and the T-mass represent carbody and truck of the

vehicle suspension separately.
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The Lateral Active Suspension Controller (The LASC Controller)

Figure 3-3-2 The Block Diagram Illustrating the Testing Facility for
the Lateral Active Suspension Controller
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The springs are mounted around the four ‘hreaded rods. The relative motion of
one T-mass to another T-mass is not allowed. The system input is transmitted by
an external actuator to the T-mass. The system output is the dynamic response

of the C-mass.

Part No.| Part Name Description |Quantity| Notes

1 base plate 1.5"x%18.25"x46,25" 1 Aluminum

2 side support 6"x18.25"x3 .57 2 Aluminum I-beam,

3 shaft diameter: 1% 2 material: 1060 steel
(0.995"/0.990") THOMSON class pD60
length: 48" case shaft, weight

10 1bs.
4 shaft support| nominal shaft 4 material: Malleable
block diameter: 1" iron, THOMSON part
no.# SB=16

5 ball bushing working bore 8 material: Stainless

kearing diameter: 1% steel THOMSON part No.

A-~-162536, max roliing
load ratings: 35C 1bs
number of ball units:5

6 C-Mass 6"x9%xi1" 1 aluminum,
weight: 40 1bs

7 B-mass 0.5"x11"x7,5"% 2 aluminum,
weight: 6.1 1lbs

8 spring 8 material:

: weight 1be
k= , unit:
linear ragne

° damper 8 material:
welght 1bs
b= unit
linear range:

Table 3-3-1 Parts List of the Mechanical Assembly of the Testing Facility
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3.4 The Load Cell

3.4.1 Introduction

The unknown value of the actuator force can be measured by applying a
force to some elastic material and measuring the resulting deflection.
This method is used in this project by mounting a strain-gage load cell at
the end of the drive rod of the actuator as shown in Figure 3-2-1, The
load sensing part is a maximum of'1 inch to prevent column buckling under
the rated load of 4,000 1lbs. force. Tﬁe steel column is bounded by four
Foil-type metal gages which are equally spaced around the column. The
Foil-type metal gages are manufactured by the Micro-Measurements of
Romalus, Michigan.  This arrangement is insensitive to bending stress and
temperature change since ail four gages are placed symmetrically and
isothermally. These cells all use 90-ohm gages and 10 Vv.D.C. volts bridge
excitation. The wheatstone bridge is shown in Figure 3-4-1, the
photograph of the load cell used in the LASC controller is shown in Figure
3-4~1-A and the resistances between different nodes are shown in Table
3-4-1, A signal conditioner made by the Gould Company of Cleveland, Ohio,
is used with the load cell to provide the bridge excitation voltage and to

process the output voltage from the wheatstone bridge of the load cell.

3.4.2 Calibrating the Load Cells

The load cell with the signal conditioned is then calibrated on an
Instron testing machine according to the following process:
1. Placing the load cell at the ends of suitable mechanical fittings
of the Instron testing machine,

2. Moving the crosshead to approach the load cell manually,
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0

N\ ’%internal resistance
"2, is nealected

signal condi-
tioner

Voltagemeter

The Gould Signal Conditioner
Model = 11-4123-01

Eex = 10 V.D.C. Voltage
Tigure 3-4~1 The load cell Wheatstone Bride with

the Gould signal conditicner

Nodes Load Cell # 1, unit = Q Load Cell # 2 unit = Q
A,B 89 91
a,D 89 91
c,B 90 ' 91
c,D 89 91
A,C 119 121
B,D 119 121

Table 3-4-1 The resistance listing of the load cell
Wheatstone bridge between different
bridge nodes. :



Figure 3.4.1.A The Picture of the Load
Cell Used in the LASC

Controller
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3. Adjusting the following knobs:
a. the reading panels of loads and strains.
b. the crosshead panel,

c. the amplifier panel by zeroing the amplifier first, and then
balancing the bridge and locking it up,

4. Calibrating the built~in signal amplifier on the Instron
testing machine by simulating the design load,

a. Calculating the desion load (which is 4,000 1lbg.)0 for the
actuator used in this research,

b. Choosing 50 K ? as the simulation load resistance from the
table of the manual which is provided by the Instron
Company, (i.e., adopting 50K Q as the shunt resistance,)

c. Shunting the resistance from the current value c¢f 50K Q;
simultaneously the reading of the simulation load should be
zero.

5. BApplying various loads on the load cell and recording the result.

6. Adjusting the gain of the signal conditioner and locking up the
the calibration knob of the Gould signal conditiocner. The ratio
of the gain is 1,000 1lbs. force/volt, and the calibration knob
setting is 2.11 for load cell #1 and 0.98 for the second load

cell #2 as shown in Figure 3-4-2 and Figure 3-4-3.

3.5 The Pressure Transducers

3.5.1 Introduction

Most instruments used in measuring pressure operate by measuring

force on a sensing element. Pressure can usually be transmitted to force

by acting on a known area, hence the method of measuring force and
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pressure are essentially the same. The pressuzre force is commonly
balanced by gravity or by the stress in an elastic element. In the common
dial type gage (the bourdon tube pressure gage) the pressure difference is
balanced by the stresses in a curved tube. In the diaphragm pressure
gage, the pressure force is balanced by the stresses in an elastic
diaphragm the deflection of which is indicated mechanically or
electrically. Two dial gages are, mounted right on the outiet of port A
and port B of the control valve to measure the pressure of port A and port
B separately. The readings on the dial are for reference only (rather than
for processing) Pressure gages which produce an electric signal are
called transducers. One pressure transducer made by the Statham Company
is used to replace one of the dial gages in case the electric&l signal of
the pressure is needed. This Statham pressure transducer transforms the
fluid pressure in the chamber into an electrical signal for further

processing.

3.5.2 Calibrating the Pressure Transducer

In order to use a diaphragn-type strain-gage pressure transducer, an
adequate diaphragm for the operating range (such as 200 psi) should be
selected. There are 4 wires to be connected to make the transducer work.
Two of the wires, red and green, will supply the bridge excitation voltage
of 10 V. D.C. to the Wheatstone Bridge used in the transducer. The
electrical. signal coming from the rest of the wires, white and black, then
connects to a signal conditioner for amplification. The Gould signal
conditioner which was used with the load cells previously, is to be used
with the Statham pressure transducer. Its schematic diagram 1s shown in
Figure 3-5-1, This pressure transducer with the Gould signal conditioner

is then calibrated by a dead-weight gage as shown in Figure 3-5-2, The
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dead-weight gage is also called the piston gage and 1s a product of
Maxwell & Moore, Inc. The Statham transducer is connected to the chamber
filled with fluid. This chamber connects to a piston to which various
standard weights are applied. The pressure inside the steel diaphragm is
slowly built up until the piston and the standard weights are seen to
float freely. At this moment, the pressure of the transducer to be
calibrated must be equal to the dead-weight force applied, divided by the
piaston area. The results are shown in Table 3-5-1 and Figqure 3-5-3 where
the theoretical, calibrated sensitivity 1s set to be 0.05 V. D.../psi with
the calibration knob of the Gould signal transducer be set con 3.48. For
accuracy reasons, the calibration process is repeated, and the average
values of the results are recorded in the last column of the table. 1In
the last row of Table 3-4-~1, the final value of the electrical signal is
0.0 volts (corresponding to the case when all the welights are moved out of
the piston). However, a transient value ¢f 0.30 volts was recorded due to
the iong time constant of the transducer when the dead weight is set to be

zZero.

3.6 Electrically Actuated Values

3.6.1 Intrcduction

Whenever an electrical and electronic signal is availabile, solenoid
valves can be used. Unless the solenoid valves are equipped with
explosion-proof solenoids of the appropriate type, the valves should not
be used in areas where explosion hazarde exist. Since the LASC controller
is to be mounted on the Buddis Pioneer III passenger rail vehicle which
may travel through some kinds of hazardous areas of mining, paint manu-
facturing, and focd processing, the solenoid valves used in the LASC

controller will be explosion-proof.
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Voltage Voltage Voltage
Pressure (1V.D.C.) | (L V.D.C.) | (1 V.D.C.)
No. ( gage, Psi) #1 #2 Average

1 0.0 0.0 0.0 0.0
2 200.0 10.0 10.0 10.0
3 "150.0 7.25° 7.34 7.30
4 130.0 - 6.21 6.32 6.27
5 100.0 4.56 4.58 4.57
6 80.0 3.58 3.58 3.58
7 60.0 2.85 2.54 2.55
8 50.0 2.69 2.14 2.42
9 30.0 1.18 1.08 1.13
10 10.0 0.76 0.69 0.72
11 0.0 0.3 0.3 0.3

Table 3-5-1 Calibration results of the Diaphragm-type

Strain-gage Pressure Transducer
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There are two kinds of valves, directly-actuated solenold valves and
indirectly~actuated solenoid valves, according to the number of stages to
be actuated. The flow of compressed air is reversed directly by the
solenoid for directly-controlled valves which need less actuating force
than that of indirectly-controlled valves. The nominal size of the
directly actuated valve is usually smaller. The actuating force of the
indirectly-actuated vaive (witlF pilot valve) is usually large to control
the main valve with the solenoid ;ia an additional pilot valve which is

also called a servo-=valve.

3.6.2 FESTO 4-position, S-way Solenoid Valve

A FESTO 4-position, S5-way Solenoid valve, which is an indirectly-
actuated valve, is used in this project as shown in the fcllowing Figures.
(1) Figure 3-6-1: Two Photographs of the FESTO 4861Mo-5/4-1/2
valve (4-position, 5=way)

(2) Figure 3-6-2: Dimensions of the FESTO 4861Mo=5/4-1/2 valve

The mechanism for controlling the main valve via an additional second-
stage valve is shown_in Figure 3-6-3. This control valve is a poppet
valve which is indirectly actuated on both sides and with spring
centering.

The air supply to the valve is denoted by a line, with an open
arrowhead, entering the valve. There are four cylinder lines which can be
connected to two cylinders with two provisions for exhausting air through
sillencers. With the two solenoids energized in a combined way, the flow
is ported to the cylinder 1line or the exhaust as shown in Table 3-6-4.
There are 4 positions corresponding to the different inputs explained
in the Table.

, It is possible tc stop the piston rod in any desired position. With
both Solenoids deenergized, the centering springs provide the 2nd porting



Figure 3-6-1 Two Photographs of the FESTO 4861 Mc-5/4-1/2
Valve (4-Position, 5-Way)
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Figure 3-6-2 Dimensions of the FESTO 4861 Mc-5/4-1/2 Valve [ 32 ]
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Figure 3-6-3 The Two-Stage, Indirectly-Actuated Mechanism of
the FESTO 4861 Mc-5/4-1/2 Valve [ 32 ]
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FESTO 4881 MC-5/4 - % Valve
Type + Voltage
1 | Connection R
2 ! Naminal Size 12 mm
3 | Medium Filtered, lubricated or filtered,
non-lubricated compressed air
: Poppet valve, indirectly
4 | Design actuated on both sides, with
spring centering
5 | Standard Naminal 2700 1/min (or 95.4SCFM)
Flow Rate (P+A)
6 ' | Pressure Range 2 to 10 bar (or 29.0. %o 145 psi)
{ Switching time at. .
7 |6 bar On: 28 ms, off: 33 ms
8 | Ambient temperature | -5.to +40° C
Temperature or
9 | Medium -10 to +60° C
Percentage duty
ol S 100%
11 | Weight 2.680 kg
12 | DC voltage 24 v.D.C.
Power consumption
113 __| DC voltage 12 0 15 W
Valve body: blue anodized
14 | Materials aluminum, Seals: perbunan
15 |pegree of protection| Jp 65 (DIN 40 050}
1. Solénoid turns ‘
2. Connector can be shifted 90°
16 | Notes 3, P = Campressed air port
4. A.B. = Working or ocutlet lines
5. R, S = Exhaust

Table~3-6-2 Valve Specifications of the FESTO 486 1 Mc-5/4 -’

FPneumatic valve
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configuration at the 2nd valve position, (i.e. the neutral position where
the ports P,A,B,R, and S are all blocked). With both solenoids energized,
the valve will operate at the 3rd porting configuration. The valve
behaves as a soft-air-spring where P,A,B,R, and S are all conneéted.
Energization of Solenoid A only causes the porting configuration in the
adjacent square to be in effect, and makes port A pressurized, whereas
port B is exhausted. On the contrary, energization of Solencid B only
causes port A to be exhausted and port B to be pressurized, (i.e., the
valve reverses the flow through the cylinder 1lines as that of energization
of the solenoid A only).

As a practical matter, either solenoid can be energized or de-
energized at the same time, and no damage on the electrical circuit will
result., Owing to this special arrangement, these valves are especially
suitable for positioning, and for stopping double-acting cylinders at any
desired position. Besides, this valve can be energized to make the
cylinder set behave as a soft-air-spring for maintenance and safety
reasons.

The specifications of this valve are shown in Table 3-6-2. For its

electrical requirement, 24 V. D.C. voltage is needed to actuate either of

the solenoids at about 12 watts of power consumption.

3.7 Actuators

Three kinds of actuators, i.e., the air spring, the cylinder, and the
double~rod cylinder, are to be mounted on the LASC tester for experimental
investigation. In the previous chapter, these acuators were modelled and
analyzed based on the actuator's characteristic equation (which stated the
force created was equal to the effective area times the pressure

difference). The scaled carbody mass should include the mass of the
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actuator and of the valve for accuracy. In this section, the methed to
mount the actuator on the carbody of the LASC tester is illustrated.

3.7.1 Mounting the Actuators on the LASC Tester

(1) For air springs:

Hollow column spacers are manufactured to mount a vertical plate
where the air spring is supported at a distance of 3 inches from the
carbody, and allows room for copper tubes. These tubes are used to connect
the valve to the air spring and are placed inside the spacer. The
other end of the air spring is mounted on a connection block on which a
load cell is screwed.

(2) For PARKER cylinders: During the static testing of the PARKER

cylinder, the cylinder was placed on the base, and the tubes were extended
to connect to the cylinder. The load cell, and the connecting block,

are moved downward to fit the new height of the drive rod of the

cylinder, as shown in Figure 3-7-1., The method, mentioned in the
following section, can be well implemented to dynamically test the
performance of the PARKER cylinder. Otherwise the LASC tester is not long
enough to hold two opposing PARKER cylinders for studying the dynamical
response.,

(3) For ANA double-rod cylinder

‘The application area on either side of an ANA double-rod cylinder will
always be the same, hence 1f can be replaced by fwo single rod cylinders
and have the same function. Its disadvantage is that the dummy rod (the
idle rod at the other end of the drive rod) needs extra room to move along
the cylinder. This problem can be solved by using a thick flange block
which has a hole in the center for the dummy (idle) rod. The mounting
method for the double-rod cylinde; is illustrated in Figure 3--7-2 vhere

the dimensions are calculated as follows:
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Figure 3-7-1 Mounting the PARK Cylinder on the Testing Machine,
The LASC Tester
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Figure 3-7-2 Mounting the ANA Double-End Cylinder on the
Testing Machine, the LASC Tester
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NCMENCLATURES:
(1) B length of the dummy (idle) rod
(2) D piston thickness
(3) E thickness of the side wall of the cylinder
(4) A height of the flange block (thickness of the block)
(5) F allowance for vibration input
(6) G thickness of, the flange base
(7) H length of the drive xrod
(8) I the threaded leng'h of H
(9) M ' the maximum length of the actuator
(10) N the load cell length, 8 1/2"
(i1) (o] thickness of the truck
(12) P thickness of the carbody
(13) w total length required
(14) R available length of the LASC tester

The following calculations are based on Figure 3-7=-2.

Given: F = 2", C = 4", D = 1/4", E = 1/4", G = 1/4", H = 5",
Z =2 1/4%, I = ", Q= ", P = 6"

Required: to find the total length occupied all the components for the
testing, w,

Solution: The geometric equations are:

B=C=D+ 1/8" (1)
a-G=B-E-+ 1/8" (2)
B=4d=1/4+ 1/8 =3 7/8" (3)
A =3 7/8" = 1/4™ + 1/8" = 3 3/4" (4)
M=g+E+E+c+5+A-G (5)
M= 13 {/2" .(6)

M+ N = 220 (7)
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Answer: Total length required,w, = 2 x F+ N+ M + P + 20
W = 33 1/2" (8)

Since the total space available of the LASC tester, R, is 37" which is

greater than the value of W, we may have the following positive conclusion.

Conclusion: The current LASC tester has room enough to run the dynamical

testing of the ANA double-rod cylinder.

3.8 Acceleromster

The resulting motion of the carbody was measured by transducing the
motion into voltage signals through an accelerometer. The accelerometer
used in this project, which is manufactured by the Columbia Research
Laboratories, Inc., has the fecllowing specifications:

Range: + g

Sensitivity : -1V./gravity

input: Port (a) = + 15 V.D.C.,

Port (b) = ground,
Port (¢c) = =15 V.D.C.,

output: Port (d)

weight: 0.2 1bs

A picture of it is shown in Figure 3-8~1. This accelerometer is
mounted on tha top of the carbody to pick up the dynamic response of fhe
carbody and give the value of the acceleration yc(t), which is integrated
into ;c by an integrator later. Signals of y.(t) and ;c(t) are the major
inputs into the control of the LASC controller law as shown in equation

(1) of Chapter 1I.

3.9 The Conpressad Air Supply

This section discusses the supply lines of the compressed air, which



Figure 3-81 The Colurbia Accelerometer Used in the
Lateral Active Suspension Controller
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is the working medium, from its source to exhaust. An alr compressor of
Hp, which is capable of supplying compressed air of 200 psi with maximum
speed of 585 RPM, manufactured by the Joy Manufacturing Co., Ind., is the
power source of the actuators to be tested. Pips lines are illustrated in
Figure 3.9.1. A flow regulator was mounted at the end of the iron pipe to
vary the pressure input from zero psi to 200 psi. Care was taken when
installing the regulator because it is unidirectional. The regulator will
be damaged once the flow direction ius reversed. Two bypasses, p and Q,
were set up for safety. Receiving the input source at Port P, the valve
then controls the flow to actuator A or actuator B by internal piping as
shown in Figure 3.9.2. The exhaust ports for both actuators are Ports R
and S on the valve. In order to reduce the flow friction and the piping
capacitance effect, the length of the LASC internal piping was minimized.
Three union joints which can be de~-assembled and assembled easily were

installed at points adequate for maintenance reasons.

3.10 Safety Equipments

Three items of safety equipment, and safety procedures are discussed
in the following:

(1) A U=-shaped plastic safety shield, which was made of fiberglass,
was placed in front of the LASC tester.

(2) The control circuit was placed on another bench, so that the
operator would not be close to the LASC tester.

(3) Two silencers (which were also called mufflers) wexe screwed into
exhaust Ports A and B to decrease the noise.

(4) Pipe lines and LASC internal pipings were checked to make sure

that the joints were securely coupled.
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(5) A warning was provided, to always atart with low pressure and
and listen carefully for any unusual noise. Input prassure should
be increased only when the test at the lower pressure are

positive.

3.11 vVvVibration Generators

3=11=-1 Intrcduction

This section describes two basic types of vibration generators, i.e.
the mechanical direct-drive type and the hydraulic actuator type.
Vibration generators are used to supply the disturbance input to the plant
to be tested. For example, a vibration generator is required when the
dynamical response of the carbody, which is subject to disturbance input,
is under study.

| The vibration generator, which is also called a vibration exciter, is
a device suitable for transmitting a vibratory force to the testing
structure. The vibration generator is complete with a mounting rod which
includes provisions for bolting the test article directly to it. The load
of the vibration generator includes the structure under test, and the
friction which is between the structure and the supporting horizontal
parallel shafts. For practical reasons, the later component load can be
eliminated under the assumption of the high efficiency rate of the bearings
used. Generally, the test load refers specifically to the structure under
test only. For the aétive suspension controller, the actuator force of it
is a function of the control law, and the effective loads for differaﬁf
frequencies should be used. The static load and dynamic load are |

calculated in the following:
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3.11.2 Direct-Drive Mechanical Vibration Generator

The direct-drive vibration generator is sometimes referred to as a
brute~force vibration generator. It consists of a rotating eccentric
driving a positive linkage connection which creates a displacement between
the base and the structure as shown in Figure 3-11=1., There are several
other kinds of mechaniams for producing drive-vibration such as the cam and
follower type, the scotch yoke ty?e, and the eccentric and connecting link
type. The last one 1s used in this project. Since the base is held in a
fixed position, the vibration generator tends to generate a vibratory
displacement of constant amplitude, which 1s adjusted beforehand,
independent of the operating fequency and existing force.

The generator is driven by an adjustable-speed motor in conjunction
with a speed~-changer and a frequency-indicating tachometer. The speed-
changer may be a belt-driven type or a gear=-box type. Structure
displacement is set during shutoff by the method discussed later and is
designed to hold during operation. The above mentioned method of providing
adjustability of crank offset between zero and full displacement is shown
in Figure 3-11-2, The displacement adjustment is made by placing the
eccentric plate to the adequate pins on the rotating disc. The d;stance
from the center of the rotating disc to the bearing on the eccentric
plate, d, is half of the total ampltitude which can be generated between
the base and the structuré. A non~parzllel-four-bar-linkage mechanism to

adjust the stroke is illﬁetrated in Figure 3-11-3.

3.11-3. Hydraulic Vibration Generator

A block diagram of a typical hydraulic vibration generator is shown in

Figure 3=-11-4., It is a device which transforms fluid power from a pump to
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Figure 3-11-1 A Direct Drive Vibration Generator
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a reciprocating motion of the piston rod of the cylinder. A valve is used
to deliver fluid to or from the opposite sides of the piston forcing the
hydraulic actuator to have a reciprocating metion. In order to minimize
the effects cf the fluid compliance and the flow friction, close proximity
of the valve and cylinder is desirable. In Figure 3=11{-=5 the power spools
of the hydraulic vibration generator are shown in the balance position,
blocking both the inlet pressure élow P and the outlet return flow R.
Under this condition, the piston of ti:.e hydraulic actuator is stationary
since there is no fluid flow either to or from the cylinder. Due to a
given displacement of the spool to the right, the valve causes a flow of
high-pressure fluid from the pump to the left side of the piston, allowing
it to move to the right, and forcing the trapped fluid to be expelled to
return to the chamber R. The transducers on the spool and the drive rod
are used to provide electrical control in the feedback circuit. The pump 1is
capable of variable flow while maintaining a fixed pressure of up to 3,000
1b/in2, and is a product of the ABCD Company.

The advantage of the hydraulic vibration generator is that large
forces or large strokes can be provided relatively easily. The power can
even be increased by the installation of several valves on a'single
actuator such as the combination of a pilot-stage valve with a power-stage
valve. Figure 3~11~6. The main advantage of the hydraulic actuator is that
it conaists of shaft, piston, and cylinder which are simple in
congtruction end the forces are generated without using bearings.

However, the waveform of table motion is not as good as that of the
electrodynamic type, since the actuator friction and the valve distortion

are not negligible, especially at low drive leveils.
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3.12 Designing a control circuit for the lateral active suspension
contoller

3.12.1 Introduction

In order to study the over-all system response and to analyze the
individual system element, a circuit named the MCC circuit is assigned to
operate the active suspension controller. The MCC circuit integrates the
power supplies, the system input,. the system output, the control law
circuit, the switching circuit, and the display circuit together, and forms
a complete control circuitry. All quantities of it are represented by
voltages for signal conditioning. The MCC circuit includes the following
major parts:

1. power supplies: (1) 24V, D.C. Voltage for solenoids
(2) %£15v. D.C. Voltage for IC's
(3) £ 6V. D.C. Voltage for artificial error input
(4) 220v. A.C. Voltage for: (a) the Gould Signal

Conditioner,

(b) the Oscilloscope which
is capable of storage
and equipped with dual
beams,

(c) the Digital Voltage
Meter, (DVM)

(d) the signal generator.

Notes: The Gould signal conditioner will furnish the +10V. D.C. bridge
exitation voltage for the load cell and the pressure gages.

2. 1load cells: input = 10V, D.C. Voltage for bridge excitation

output = 0-15 V. D.C. Voltage at the sensitivity of
0.05 V./psi '

3. pressure gages = input = 10 V., D.C. Voltage for bridge excitation

output = 0-15 V. D.C. Voltage at the sensitivity of
0.05 V./psi
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4. accelercmeter: input = port A - 15 V., D.C., port C + 15 V. D.C.,
B: ground

output = port D: + 1.V.D.C. at sensitivity of -1 V./g.

range = + 1 g
5. s8olenoids: + 24 V, D.C. Voltage for energization

6. reference signal to identify the valve position: 2 V., 4 V., 6 V., D.C.
Voltage

7. switchling & referencing circuit: it is based on a 2-pecle, S5-position
rotary switch
{

8. control law circuit: (1) pwm circuit;
(2) bang-bang with lead compensation circuit

Note: Only oﬁe of the switching and referencing circuit, and the
control law circuit is implemented at one time.

9, signal generator: it is capable of producing standard waveforms at
various frequencies and ampiitudes. It is also a
good tool for adjusting the other electrical
instruments.

The schematic diagram of the MCC circuitry is shown in Figqure 3-12-1,

whereas photographs of the control circults are shown in Figure 3-12-2,

3.12.2 The Switching and Referencing Circuit

The design of the switching and referencing circuit is based on a 2-
pole, 5-position switch, which is manufactured by the Switch Rotary Centro
Lab., to distribute the appropriate voltages to the solenolds of the valve.
The control law for the valve is sketched in Figure 3-6-4 of Section 3.6,
where foﬁr sets of voltage A and voltage B are formed to position the
control valve according to the deaired motions of the cylinder. This
control law is further 1llustrated, based on the switch knob positions and

the reference signals as shown in Table 3-12-1 and Figure 3-12-3,
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Figure 3-12~1 The Scheratic Diagram of the MCC Circuitry




(a) The MCC Circuitry (on the right) with the Pulse Width
Modulation (PWM) Control Circuit

(b) The Bang-Bang with Compensation Circuit

Figure 3-12-2 Photographs of Control Circuit
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Figure 3-12-3 The Knob Positions for the Two Co-Axial Rings of the
Two-Pole, Five Pousition Switch
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The first ring of ti.» switch is to control solenoid A whereas the second
ring is to control solenoid B. It is important to note that these two
rings are co-axial, and a single turn of the shaft will position both rings
simultaneously. At each knob position, a reference signal voltage is
formed by a parallel resistor. For example, a resistor of 12 ohms of
resistance 1s used parallel to output 2 V. when the switch knob is at the
6th position. The status of the Qalve position can be monitored by the
reference voltage signal. Another important function of the reference

signal is to trigger the (time) sweeping beam of the oscilloscope.

3.13 The Flexibility of the Testing Facility

3.13.1 Introduction

In order to test a new product of several different designs, it is
better to use a tester which can allow some changes and modifications.
Regearch time and cost can definitely be reduced when a flexible tester is
avallable. This section investigates the flexibility of the LASC tester
which was designed previously to perform the testings for the LASC
controller. In case there is a need for testing a higher-degree-of-fraedom
system, a higher-order-system, and a system which is subjectgd to multiple
disturbance inputs (or the system uses a modified actuator),this tester can
be arranged to meet the different requirements by the techniques described
below.

3.13.2 Flexibility for Installing Multiple Inputs

Two sets of disturbance inputs can be quite easily implemented by
mounting two vibration generators on both sides of the LASC tester, which

is axpandable to house two external generators. The drive rod of vibration
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generator A 1s connected to the left bolster plate and at the same time the
output of the vibration generator B is tramsmitted to the system through
the right bolster piate. The carbody's response to these two independent

vibration generators can be studied by this set-up as shown in Fig. 3-13-1,

3.13.3 Flexibility for Higher-Order Systems

The equation of motion for the two-dr-vee-of-freedom system in Fig.
3~13=2 can be derived by applying Newton‘s second law to each of the

magsses, as shown in the following:

myYi = k1yq1 = kl(yq=y2) = byyq = blyy=-y3) + F,(t)

mgyz = kava = k(y2=yq) = baxa - blyz-yq) + Fg(t)
which can be arranged to

myy1 + (b=by)yq + (k+kq)yq = bys - kyy = Fy(t)

=byy - kyy + mqys + (btby) + (k+kp) ya = Fg(t)
where the F,(t) and F3(t) are the hydraulic actuator forces applied to the
reepective masses m,, mq. The experimental investigation of this two-
degree-of-freedom, which is subjected to two independent disturbance
inputs, can be impiemented by the arrangement of the LASC tester as shown
in Pig. 3.13.3. BAn arrangement for an n-th order system, where n = i4, ia

sketched in Fig. 3=13=4,

3.13.4 Flexibility for Higher—Degree-of—Freedom Syastems

As pointed out previously in Chapter 1, the carbody can be allowed to
have six-degrees-of-freedom in space. For example, a schematic diagram of

the carbody's plane motion is sketched in Fig. 3-13-5, Since the LASC
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Figure 3-13-2 A Fourth Order One-Degree~of-Freedom System vhich is
Subjected to Two Independent Distance Inputs from

Hydraulic Actuators

ARG ) ‘ w- ‘ aAnn A
= ~E | )
L o M

The LASC Tester

Figure 3-13-3 Mounting a Fourth Order One-Degree-of-Freedom
System on the LASC Testing Facility
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c.g. = center of

b, gravity
E
| Mg g,
oo,
L AAAN———]
— 1 +
c.g.
b4 [;] l
$pb. b
272 1 |x
2 1) L

Figure 3-13-5 Carbody's Plane Motion

Two parallel shafts

16 springs

16 dammers
T My, Mg Mg
N N mm.

v“h-wwv—_m- A
—8 BH e O N RS

TN

i - [ e [ 0 5 -

The IASC Tester

Figure 3-13-4 Arranging the LASC Tester to Perform
Testings for a 14th Order, One-Degree-
of-Freedom System
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tester 1is designed only for testing a single-~-degree-of-freedom system, two
LASC testers are mounted together to give the carbody an extra degree-of-
freedom. The upper LASC tester is mounted to a LASC tester which 1is at a
lower position. The study of the carbody's plane motion, which can be
subjected to up to four independent disturbance inputs, can be achieved by
this arrangement. Similarly, by piacing three LASC testers in the three
orthogonal axes, (i.e. the x,y,z axes), the three-degrees-of-freedom motion
of the carbody can be studied. However, the carbody's rotational movement,
(i.e. the pitching, rolling, and yawing) , is hard to investigate by
combining the LASC testers, because the nature of the tester design is for

linear motion only.

3.13.5 Flexibility of Installing the Double-rod Actuators

A double-rod actuator 1s designed to replace two single-rod actuators,
as discussed in the previous chapter. Only a modified foot flange block,
which has a hole of 1/2 in. in its center, is needed to place a double-
rod actuator on the LASC tester as shown in Fig. 2. By this arrangement,
the number of load cells, springs, and dampers can be cut off by the factor
of two, hence there is more room available in the tester to perform various

investigations.

3.14 Conclusion

This chapter mainly presented the design and fabrication of the LASC
tester. The selection, fabrication and calibration of its components were
well discussed. Most of the machining jobs were completed by the author
himself at the machine shop in the Mechanical Engineering Department.

Figures 3-14-1, 3=-14-2, and 3-14-3 show photographs of the LASC tester



- 150 -

which is currently placed at the Vehicle Dynamics Laboratory of this

Institute.
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= power supply (+ 30V.)
signal conditioner
power supply

pressure transducer

the mechanical assembly
= voltage meter K =

CoH MG
]

HEo W
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L = oscilloscope

Figure 3-14-2 The LASC Tester with

signal conditioner
signal generator

power supply (+15V.)
the MCC control circuit
(with the pwm circuit)
D.V.M.

Some Supporting Equipment
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Figure 3.14.3 Photographs of the MCC Control Circuit
(with the PWM ) and the LASC tester

£ 1
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CHAPTER IV

EXPERIMENTAL VERIFICATION OF THE CONTROLLER

4.1 Introduction

The Lateral Active Suspension Controller, the LASC ccntreller, was

deaigned in Chapter 2, whereas the laboratory test set-up, which is also
called the LASC tester, was implemented with adequate equipment as
described in Chapter 3. The LASC tester consists of the following
components: the vibration generator, the LASC controller, the
mechanical set ;p assembly, the control circuitry, the display
equipment, and the compressed air supply, and is shown in Fig. 3.3.1.
This chapter discusses the experimental results and compares the results
to those calculated from computer simulations based on the models
developed in Chapter 2. This compariscn is further discussed to explain
the difference between the two results.

The testing is divlided into two major parts - gtatic testing and
dynamic testing. Static testing consists of testing the characteristics
of the valve alone, such as the response curve and the time constant
when turning the actuating signals on/off, and testing forcg'generated
by the actuator on the bolster at different heights (and at different
supply pressures). However, the dynamic testing is more complex and ia
further divided into three ordered parts as follows:

(1) wWith both the carbody and the bolster locked to the ground, the

force response of the actuator to a step input of the desired force

1s calculated.




-~ 155 -

(2) with the carbody locked to the ground, the frequency response of
the actuator to a sinusoidal-displacement input to the bolster

through the vibration generator is studied.

(3) With both the carkody and the bolster free to slide on the paraliel
shafts, the carbody's response to a modified random input through

a vibration generator is studied.

In the first two cases where the carbody {(or the bolster) is
required to be grounded, a practical method is proposed by Chen [24],
which is to use the nuts on the threaded rods to tighten the carbody to
the threaded rods of the boister assembly. Later, in the following
case, (Case 3), the tightened ruts are removed in order to study the
dynamic response of the carbody to the external disturbance input.

The experimental set-up, procedures to obtain the experimental
data, and calculations of major parameters were presented in the first
part of the chapter. The results of computer simlation were analized
to select controller components in the second part of the chapter, i.e.

Section 4.8.

4.2 Preliminary Testing

The laboratory apparatus for testing the lateral active suspension
contxoller was designed and fabricated as shown in Figure 3.3.1.
Preliminary tests were performed to Jdemonstrate the fundamental
operations of the testing facility. Two alirsprings were mounted on the
apparatua in the first trial. The compressed air was routed to
different paths when the circuit switch was turned from one position to

another. For example, turning the knob from position 1 to position 2
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parallel
reference
signal
= (to indicate the
switch's position)

history curve

of force
performance
7-I-T6 5 4 3 2 1
Figure 4-2-1 The Force Performance of Actuator A
" ¥nob Rert.
Position Control Signal Notes
7 Preparation Position ready to go
Actuator A | Actuator B |N
ote: E = Energization
Sol. Force | Sol. Force DE = De-energization
6 DE No DE’ No 0.0v. | hard spring
5 DE Yes E Yes 12.0v. | fail-safe mode
4 DE No DE No 0.0v. {*hard spring
3 DE No E Yes 13,0v. | actuator
2 E Yes DE No 6.0v. ] actuator
1 DE No DE Mo 0.0v. | hard spring

Table 4-2-1 The Performance Vs. the Energization Status of
the Valve (from left to right in Figure 4-2-1)
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would make actuator A filled and actuator B exhausted according to the
contrelling laws for solenoid A and solenoid B, which were stated in
Table 3-12-1., The force performance curve of actuatcr A was stored on
the oscilloscope screen and was photographed by a Polaroid camera with
#667 £ilm as shown in Figure 4.2.1 and Table 4.2.1.

The time intervals between two steps were very limited because the
performance curve of actuator A w;s expucted to be displayed on the
narrow screen for a total of 6 continuous steps. This Figure was for
referance only since time was not allowed for the actuvator to reach its
steady state. A three-channel chart recorder, i.e. one for actuator A,
another for actuator B, and the third for the reference signal, would be

needed when detailed response curves were required.

4.3 Testing the Valve Alone

In Figure 4-3-1, the set-up tc test the performance of the valve
alone is illustrated to show the pressure supply, the pressure gage with
its signal conditioner, and the oscilloscope. The line valve (w)
in between the FESTO value port B and actuator B 1s closed so that the
pressure on the outlet port B of the FESTO valve can be senséd, and
thus have it recorded on the oscilloscope. The FESTO valve was supplied
" with compressed air'of 130 psi, and is energized by the actuating signal

of 24 VQD.CQ, 0.48 A, from the MCC circuit.
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(1) Turning on the valve (as shown in Fig. 4-3-2)

pressure supply 130 psi = 6.21 V. D.C.

vertical axis 1.0 V./Div.

horizontal axis = 10 ms./Div.

sensitivity = 0,048 v./psi

Av, = 0,V.D.C to 6.42 V.D.C.
Ap = 0.0 V.D.C. to 6.42 V.D.C.

Calculating the valve bandwidth

Since the V(t) will be 95% of the final vaiue of V(®), (which is
6.42 V. D.C.}, at T = 3 T, where T is the time constant, we can
calculate the bandwidth of the valve as follows:

V(3T) = 6,42 V., x 0.95 = 6,099 V.

= 6.099 Vertical Divisions,

37T 43 ms (4.3 horizontal divisions)
T = 14,2 ms

27f = 1/7

f=11.12 Hz,

11.12 Hz. = the valve bandwidth of turning it on.,

bandwidth, w

(2) Turning off the valve (as shown in Figure 4-3-3)

pressure supply 130 psi = 6.21 V. D.C.

vertical axis = 1 V./Div.

horizontal axis = 20 ms./Div.

sensitivity « 0,048 v./psi.

Ay = from 6.43 V. D.C. to 0 V. D.C.

Ap = from 130 psi to 0.0 psi
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—~

Control
Circuit

Control
Valve

74
w~_ Vaive,W | Oscilloscope
closed he Gould Signal Conditiomer
\\\— pressure transducer

=

Actuator B

p: pressure supply
R.S.: exhaust

The valve w, which is between the control valve and the B actuator is
closed.

Figure 4-3-1 The Experimental Set-Up for Testing the Performance of
the Control Valve Only
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supply pressure = 130 psi
V. Axis = 1 v./div.

H. Axis = 10 ms./div.
sensitivity = 0.048 v./psi

Av = 0.0 v. to 0.42 v.
Ap = 0.0 psi to 130 psi

Figure 4-3-2 The Performance Curve of Control Valve orly when it is
Turned On

supply pressure = 130 psi
V. Axis 1.0 v./ddv.

H. Axis = 10 ms./div.
sensitivity = 0.048 v./psi
Av = 6.43 v, to 0.0 v.

Ap = 130 to 0.0 (psi)

Figure 4-3-3 The Performance Curve of Control Valve only when it is
Turned Off
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Calculating the valve bandwidth

v(3T) = 6.43V. x 0.95 = 6,1085 V.
= 6.11 vertical divisions
3T = 51 ms (5.1 horizontal divisionsa)
T= 17
27f = 1/7T

f = 9.36 Hz.

9.36 Hz. = the value bandwidth of turning it off.

4.4 Testing the Actuator (Airspring)

4.4.1 Introduction

An actuator may be tested to find out its response curve to a step

input by the following steps:

(1)

(2)

(3)

(4)

(5)

Turning on the line valve (W) which is mounted between the FESTO
valve port B and the actuator B, and then applying the known

pressure on the control valve.

Having the carbody and the B bolster locked to the ground at the

fixed height by the method explained in section 4.1.

Energizing the solenoid A and B according to the Solenoid Function
Table of 3.12.1 to £i11 the actuator B.
Transducing the force to an electrical signal by the load cell, and

recording the transient response curve on the oscilloscope.

Recording the oscillograph by a Polaroid camera with #667 film.



(6)

(7)

(8)

(9)
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Energizing solenoids A, B according to the Solenocid Function

Table of 3.12.1 to empty the actuator B.

Calculating the equivalent area Apq.

Adjusting the pressure supply to another desired value, and

repeating step (1) to step (7) again.

Having the carbody and the B bolster locked to the ground, and
fixing the actuator toc the desired height, then repeating steps (1)

through (8) again.

4.4.2 Testing the airspring with the valve

Following the procedures described in the previous section, the

open—loop step response of the airspring (FIRESTONE # 25) and the wvalve

(FESTO 4861 MC-5/4-1/2) was studied by using the experimental apparatus,

i.e. the LASC tester, as shown in Figure 4-4-1, Photographs of the

performance traces were taken and included in the following:

(1) Figure 4-4-2: Inflating the airspring through the valve from
the hard spring mode to the full force output

que.

(2) Figure 4-4-3: Deflating the sirspring through the valve from
the full force output mode to the fail-safe

mode.
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(a) Top View

y i " "'. :r
)

{

(b) Front View

Figure 4-4-1 Testing of the FIRESTONEC> Airspring with the
FESTO Valve



(c) Top View (The Two Opposing Airsprings Can Be Seen)

(d) Front View (The Two Opposing Airsprings Can Be Seen)

Figure 4-4-1 Testing the FIRESTONE(:> Airspring with the FESTO Valve
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= 21 ms.
22 ms.

T T
I i

’*4: " ——— _at 3" height
- Al ¢ C V. Axis = 0.4 v./div.
B H. Axis = 20 ms./div.

Figure 4~4-2 1Inflating the Airspring through the Valve from the Hard
Spring Mode to the Full Force Output Mode

at 3" height

V. Axis = 0.5 v./div.
H. Axis = 50 ms./div.
tA2 = 150 ms.

"3 Le'-tAZ -_*J v R ;

Figure 4-4-3 Deflating the Airspring through the Valve from the
Full Force Qutput Mode to the Fail-Safe Mode
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_f T Fs.s.
3
957 AF
AF
F(0)
| AF = 0 to 1,96 1b,
A= I‘ L_ pressure supply = 127 psi
t at 5" height

V. Axis = .5 V./div.
H. Axis = 50 ms./div.

Figure 4~4-4 Filling of the FIRESTONE Airspring through the
FESTO Valve

3T

Figure 4-4-8% 'Filliﬂg of the FIRESTONE Airspring through the FESTO Valve

*The Figure number is not continuous here: Figures A-4-4-5 and A-4-4-6 are
included in Appendix A, and Figure 4-4-7 is included in a later part of
this section for convenience.
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The airspring with the valve 1ssembly is a cascaded system of two
first-order systems as shown in the above figures. Since an airspring
alone (without a control valve) can not function as an actuaator
independently, the bandwidth discussed below iz based on the cascaded
p%fformance. The bandwidth for the actuator alone is higher than the
bandwidth of the assembly because' the actuating time for the solenoid
valve is not included in the calculation for the actuator only . The
time constant, T, for the first order system and is defined as f{t) and
is within 5% (i.e. the value of e~3) of the steady state value as

defined by Ogata in [36].

Part (I). Fill the airspring which is fixed at 5" height.

(1) General information (as shown in Figure 4.4.4):

pressure supply = 127 psi

vertical axis 0.5 V./div.

horizontal axis = 50 ms./div.

sensitivity = 1 mv./lbg
Av = 0,0 V.D.C. to 1.863 V.D.C.
AF = 0.0 1bs to 1,863 1bg o

(2) Calculating the bandwidth, w
Fs.s. nd 1’863 lbf
F(37) = 95% of Fyg g, = 1,769 1lbg 6

V(37) = 1,769 V.D.C. = 3.54 divisions
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Corresponds to = 4.8 horizontal divisions

4.8 div, = 240 m3. = 37T
£ = 1/2%T = 1/2T80 = 1,99 Hz.

bandwidth, w = 1,99 (3)

(3) Calculating the equivalent area and diameter

1,863

F - 2
Peq =% = 127 + 14,7 ~ 132 fim (4)
Dog = 7 4A = 4.09 in, (5)

T

(4) Repeating the above procedures while regulating the supply
pressure at different values such as 55 psi, 75 psi, 95 psi,
and 120 psi, and calculatiag the AF, T, w, Aggs Degq

respectively.

Some of the photographs taken at this stage are shown in
Figures A.4.4.5 and A.4.4.6.* Table 4.4.1 and Mgure 4.4.7

show the results.

(5) Repeating the above processes while switching the control
valve to different positions such as from the hard-spring mode

to the fail-safe mode.

The figures whose numbers are initialized with A are included in
Appendix A,
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Part (II). Fill the airspring which is fixed at 4" height.

(1) General information (as shown in Figure 4.4.8):

pressure supply = 123 psi

vertical axis 0.5 v./div.

horizontal axis = 50 mg./div.

sensitivity 1 mv./1bg¢

Ar 0.0 1bg to 1,960 1bg

(2) Calculating the bandwidth, w,

Fg.s. = 1,960 1bg

F(37T) = 95% of Fs.s. = 1,866 1lbg
T = 63.3 ms.

£ = 1/27T = 2,51 Hz

bandwidth, w 2.51 Hz

(3) Calculating the equivalent area Aeqv and equivalent

diameter, Deq

1,960

2
Beq ™ 123 + 14,7 ~ 4.2 1n

D = v 4a = 4, .
eq 42 25 in

(1)

(2)

(3)

(4)

(6)

(4) similarly, repeat the procedures (4) and (6) of Part (I).
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Part (IXII). Fill the airspring which is fixed at 3" height.

(1)

(2)

(3)

Aeg ® 123 + 14.7

General information (as shown in Figure 4.4.8):

pressure supply = 123 psi

vertical axis 0.5V./div.
horizontal axis = 50 ms./div.

sensitivity

Ar 0.0 1bg to 2,430 1bg (1)

Calculating the bandwidth, w

Fg.a. = 2,430 1bg
F(37) = 95% of Fg. g, = 2,308

T = 50 ms. (2)
f = 1/2TT = 3,18 Hz

bandwidth, w = 3,18 Hz (3)

Calculating the equivalent area and equivalent diameter

2,439 _ | 47.6 1in. (4)

Deq = 4073 1!'1. (5)
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Part (IV). Discussions on the air leakage problem of the valve.

The valve used in this project (FESTO 4861 MC=5/4 -1/2) is a high
quality valve; however, air leakage still exists in FESTO valves. In
Figure 4.4.2; the performance curve of the valve with the airspring was

divided into three time intervals, taj, tg, and tg, where

ta1 = the actua?ing time needed by the solenoid valve

= 20 ms.

tg = the first stage of inflating air into the actuator, where air

leakage exists
= 38 ms.

tc = the second stage of inflating air into the actuator, where no

air leakage exists.

The rate of f£illing the actuator in the second stage is about 1.7
times faster than that of the first stage since no alr leakage existed
in the second stage. Air leakage phenomena were further proved by
observing the pressure force out of the leakage ports.

The actuating time needed to turn the valve on iz different from
that needed to turn the valve off. It takes about 22 ms. to turn the
valve on and 28 mg. to turn the valve off, However, actuating time of
the valve from the full force mode to the fail-safe mode may take as

mach as 150 ms. as shown in Figures 4.4.2 and 4.4.3, where

taq1 = turning the wvalve on, 22 ms.

tas = turning the valve from the full force mode to the fail-
safe mode, 150 ms.
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PART (V). Computer Simulation.

Three original FORTRAN code computer programs, VALVE.FOR,
STROKE.FOR, and AIRMASS.FOR were developed by Buzan [23] to simulate
the lateral active suspension control system by using the software DYSYS
[37] at the Joint Computer Facility Center at MIT. A fourth order
Runge-Kutta routine was used in DYSYS to perform the numerical
integration of the differential eéuation (1inear or nonlinear). One of
the advantages of using DYSYS software is that much supporting software
has already been developed to make DYSYS more useful and powerful. The
Buzan'’s original programs were slightly modified by Cho and De Los Reves
to suit their own purposes. Three programs (STEP, RANDRESP, and SYS)
are included in Appendices D, E and F respectively. More software is
expected to be developed for optimal control and adaptive control for

non-linear suspension problems.

PART (VI). Conclusion.
From the test results shown in Figure 4.4.10 and Tabls 4.4.2, the
following conclusions can be made:
(1) The steady state force, Fg g, increases with the increment of
the supply pressure because the constitutive law of force 1is

that:

F = (Papp1ied) (Rapplied)

(2) The equivalent area, Beq» ©of the ailrspring increases with the
decreasing of the operating height of the airspring. Since
the sidewall of the airspring is flexible, the decrement of
the operating height would automatically push the equivalent

area to a bigge: value.
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at 3" height
v. axis = 0.5 v./div
H. axis = 50 ms/div

sensitivity = 1 mv./1lbf
AF = 2,430 1bf

Figure 4-4-Q Filling of the FIRESTONE Airspring through the
FESTO valve



- 176 -

Operating
Height
of the

Air Spring

in.

- Corresponding

Bandwidth
Hz.

Equivalent
Area

. in2

Supply
Pressure .
(at 125 %2

-psi)

5.0

1.989

13.2

123

4.0

14.2

123

3.0

17.6

123

Table 4-4~2 The Results of Testing FIRESTONE #25 GD'A:f.rspr::Lng
at Different Operating Heights
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Figure 4-4-10 The Results of Testing Airspring at Different

Heights (Refer to Table 4-4-2)




ﬂAactuator magni- lexperimerntal theoretical 0/0
height tude bandwidth bandwidth deviation
H,inch P, psig {w w from

theoreti-
Hz. (simulation) jJcal value
* %X
. *%
3n 0 to 125 3.18 * 3.30 to3.96§3.6%t0l9%
A

ted

* This value was calculated previously in this section

*¥% lower bound corresponds to isothermal process and
upper bound to adiabatic process

**¥%¥small deviation from the value of simulation resul-

Table

4.4.3 Theoretical and Experimental bandwidth of
the FIRESTONE # 25 airspring
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(3) The bandwidth, w, of the airspring is reduced when the
operating height is increased. This iz due to the following
reasons:

(a) The dead volume inside the airspring is reduced when it
is squeezed to & shorter operating height.
(b) The mechanical capacitance of the airspring is increased

vhen it is enlarged to a higher operating height.

(4) Table 4.4.3 shows the experimental and theoretical bandwidth
of the FIRESTONE® #25 airspring. It is found that the
theoretical results agreed well with the experimental

discovery.

4.5 Testing Cylindrical Actuators

As discussed in Section 3.13, the LASC tester has significant
flexibilities of testing different actuators. Figure 4.5.!' shows the
experimental set-up for testing the PARKER cylinder with the FESTO 4861
MC-5/4 =1/2 valve at different supply pressures and different heights.
The procedures presented in Section 4.1 were the guidelines for testing.
The equations for calculating the bandwidthas and time conscants of the
actuators, which were used in the previous section.

It is important to note that the valve air leakage problem still
existed in testing the cylindrical actuator. The air leakage problem
haéd nothing to do with the actuator; it is a problem which comes with
the valve. Figure 4.5.2 shows the air leakage phenomena while turning
the valve on/off. The leakage of the air slows down the rate of force

generated by the tester, the experimental and theoretical bandwidth of



(b) Front

Figure 4-5-1 Testing the PARKER Cylinder with the FESTO 4861 valve
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R el

(¢) Side-View from an Angle of 45°

-

"
S

(d) Front View (Two different actuators are shown in this picture)

Figure 4-5-1 Testing the PARKER Cylinder with the FESTO Valve.
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Actuator Step Experimental | Theoretical

Height Size Bandwidth Bandwidth % Deviation
(Inch) (psig) | (Hz) (Hz)

1.16 0+ 75 | 8.09 - 7.59 - 8.18 VA
1.16 0 + 125 7.3 7.38 - 7.85 0.5%
1.56 0+ 75 7.23 6.70 - 7.27 _ \/
1.56 0+ 125 6.82 6.49 - 6.94 \/
2.06 0+ 75 6.82 5.87 - 6.42 -0.6%
2.06 0 + 125 6.08 5.67 - 6.10 W/
2.50 0+ 75 6.12 5.30 = 5.82 -4.9%
2.50 0~ 125 5.82 5.10 - 5.52 -5.2%
2.97 0+ 75 5.31 4.79 - 5.29 -0.4%
2.97 9+ 125 4,22 4.61 - 5.00 9.2%
3.50 0+ 75 4.77 4,32 - 4.80 V4
3.50 0+~ 125 4.19 4,16 - 4.53 \/

*1ower and upper bounds of theoretical bandwidth correspond to
jsothermal and adiabatic assumptions

\// indicates that experimental bandwidth 1ies within theoretical bounds.

Table 4-5-1 Experimental and Theoretical Bandwidth of the PARKER
HMA 14, 4" Bore Cylinder [ 27]
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t —t,

Figure 4.5.2 The Valve Air Leakage
Problem in Testing the
PARKER cylinder
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the PARKER HMA 14, 4" bore cylinder were prepared by Cho in [27] as

shown in Table 4.5.1. The open loop step rzsponse was experimentally

studied at six different actuator heights for two different supply

pressureas.

(1)

(2)

(3)

It was found that:
The bandwidth of using a smaller supply pressure, 75 psi, is
always larger than that of using a higher supply presure, 125

psi.

Under the same £nllowing conditions
(a) the supply air is at 124 = 1 psi

(b) the actuator height is set at 2.98 + 0.02 in,

it is noted that the bandwidth of the cylinder is R times
larger, than that of the airspring where R = 4.22/3.18 = 1.33,
after comparing the results of Table 4.5.1 and Table 4.4.1.
This is because the capacitance of the airspring is
congiderably greater than that of the cylinder due to the
mechanical capacitance term which comes from the flexible

(elastic) side wall of the airspring.

The theoretical bandwidth of the PARKER cylinder with FESTO

valve agrees with its computer simulation very well.

4.6 Testing the Actuator/Valve with the FWM Control Circuit

As discussed in Section 2.3.7, there were two control circuits, the
A

PWM contxol circuit and the BBLC control circuit, to drive the solenoid

on/off valve. The FIRESTONE® #25 airspring with the FESTO 4861-MC ~ 5/4

- 1/2 valve was further tested by using a PWM circuit made by De Los
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Reyes [28].

Static Testing: open loop response of the system to a step input.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Have the truck and carbody grounded by the method mentioned in

Section 4.3.
Set the ptessure regulator at 125 psi of supply pressura.
Fix the airspring at 3" operating height.

Input an error signal, which was generated by a D.C. power

supply, to the 3rd pin of the PWM chip.

Connect the solenoid coll (valve) to the power transistor

switch of the PWM control circuit.
From the load cell, obtain the actual actuator force, Fj.

Use the PWM control circuit to turn the valve on by making the
voltage at the collector of the power transistor as low as
zero volts, and calculate the actuating time, tp1, and the

time constant of the control system.

Use the PWM control circuit to turn the valve off by making
the voltage at the collector of the power transistor higher
than 24 V.D.C., and calculate the actuating time, Tay, and the

time constant of the control aystem.

Dynamic Testing: closed loop response of the system to a sinusoidal

(9)

random input,

Input the sinusoidal input of the desired forces, Fpp, tn the

Zexro summer.
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The signal outpute from two separate load cells were summed at

the inverting summer.

Conclusion: In static¢ testing,

(1)

(2)

(3)

(4)

(5)

(6)

Both of the actuating times of turning valve on, tpq, and that
of turning valve off, tp3, are about the same value (or a
little less than) the values stated on the FESTO catalog. The
value of Tpy is 18 me. and that of tp3 is 24 ms. as shown in

Figure B1 and B2 in Appendix B.

Commands to turn on/off the valve should last longer than 18
ms./24 ms. to be effective, otherwise the commands can not

work.

The time delay of the control system response to the PWM
control circuit is composed of several time intervals, as
shown in Figure B.3, which significantly slows down the system

response.

A large phase difference between the desired force, Fpp, and
the actual actuator force, Fp, results even at desired force

frequencies of 1 Hz and 2 Hz.

In order to make the valve osclillate at 10 Hz, it is necessary
to oscillate the PWM modulator at a frequency of 1000 to 5000

Hz. This phenomena was explained by De Los Reyes [28].

The system of the actuator/valve driven by the PW" a1txol

circuit does not perform at an acceptable level i. 2losed

loop requirement.
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4.7 Testing the Actuator/Valve with the BBLC Control Circuit

A PARKER HMA 14, 4" bere cylinder with the 4-FESTO-MX-2 - 1/4 valve

set was further tested by using the BBLC control circuit made by

Barletta [29]. The procedures are stated as follows:

Static Testing: open loop response of the system to a step input.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Set the pressure regulator at 120 psi of supply pressure.
Fix the actuator at 4" operating height.

Check the actuating time, ta1,c» to turn the valve on from the

catalog. tat,c is 34 ms.

Check the actuating time, tAg’c. to turn the valve off from

the catalog. tp3 o is 26ms.

Using a signal generator (not from equation of 2.3.7), obtain

the desired force, Fpp
From the load cell, obtain the actual actuator force, Fj.

Use the BBLC control circuit to turn the valve on énd
calculate the experimental actuating time, ta1,E, and the time

constant of the system, T, of turning on the valve.

Use the BBLC control circuit to turn the valve off and
calculate the experimental actuating time, ta3,E» and the time

constant of the system, T, of turning off the valve.
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Testing at Different Pressures:

(9) Set the pressure regulator at 100 psi (and later 80 psi), and

repeat procedures (2) through (8).

Dynamic Testing:

(10) Generate a sinusoidal signal at a fixed frequency (which

ranges from 0.1 Hz to 5 'Hz).

(11) Repeat procedures from (1) to (9).

Comparing the Results:

(12) Compare the experimental results to that from the computer

simulation.

Conclusion:

(1) The experimental aétuating time of “urning on the valve is
almost the same as that on the catalog. However, this is not
true for the case of turning off the valve.

Results: tar,c = 34 ms. > ta,g = 22 ms.
taz,c ™ 26 ms. < tp1,g = 60 ms.

ta1,E = 2.3 x ta:,c

(2) The valve air leakage problem still exists in this valve, the
4-FESTO-MX -2 - 1/4 valve set. The attenuation of the
performance curve at high frequencies is larger than that of

expectaticn.
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(3) Due to the assumption that the inflating process of one
actuator can be helped by the other, the response time of the
control system is expected to be faster when two actuators are

implemented.

(4) For low frequencies from 0.1 to 1.0 Hz, the simulation
represents the real controller very well. However, discrepancy
becomes more significant when increasing the frequency. The
real controller has a significant phase lag when the frequency
is above the level of 3 Hz., Instability may result when
operating the BBLC control circuit beyond this value of 3 Hz;

hence, a low pass filter should be implemented.

4.8 Evaluation of Results of Computer Simulation

Selecting the right kind of actuators, valves, and control circuits
to meset the requirements specified by the lateral active suspension
controller was not easy. The active suspension must be able to provide a
sufficient improvement in acceleration below two Hz. because a human being
is most sensitive to low frequencies as shown in Figure {-2-4. Five
indices were used as guidelines for selection. They are the bandwidth, w,
the r.m.s. value of acceleration, the r.m.s. value of stroke travelled,
the average flow rate per truck, and the horsepower required per car. In
the previous sections of this chapter, experimental results were ochtained
and compared with theoretical values. Since the experimental results up
to this stage can not provide all the index values of interest to make the
selection of controller components, the results of computer simulation
were used in this section to further investigate the problem oi components

selection.
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Cho [27] and Barletta [29] used their computer program to simulate
the performances of various actuators and vailves. The results of the
computer simulation to select the actuator and the valve toc meet the

performance requirements sgpecified were discussed here (as shown in Table

4.8.1). “
bandwidth, w 3-5 Hz Actuators with a bandwidth
as low as 3 Hz. was acceptable
nominal force 1,000 1bg This is the r.m.s. value
calculated
peak force 3,000 1bg The peak force was defined as
required, Fpgax 3 times the nominal force.
However, 1.6 times the
nominal force was acceptable.
stroke + 1.5" It had 3 inches of stroke
in total.

Table 4-8-1 Specification List of the Desired Valve

The trade-off problem (of the actuator's performance capability/
compressor power required) was examined carefully in Table 4-8-2. The
actuators simulated are listed as foliows:

(1) FIRESTONE® #224 airspring

(2) FIRESTONE® #25 airspring

(3) FIRESTONE® #25M airspring which is modified with adding a
plastic insert inside the FIRESTOME® #25 airspring

{4) PARKER 5" bore cylinder
(5) PARKER HMA 14 4" bore cylinder

(6) PARKER 3" bore cylinder
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Five kinds of valves are simulated and listed in the following:

(1)

(2)

(3)

(4)

(5)

FESTO MC-5/4-1/2 valve with peak flow rate of 195 SCFM at

supply pressure of 130 psi (NOTE: SCFM stands for Standard

Cubic Feet per Minute):
orifice area A, = 0.175 in2

discharge coafficient Cq = 0.41

peak flow rate = 195 SCPM at 130 psi

FESTO valve with peak flow rate of 80 SCFM at supply pressure

of 130 psi.

FESTO valve with peak flow rate of 40 SCFM at supply pressure

of 130 pzi.

FESTO valve with peak flow rate of 20 SCFM at supply pressure

of 130 psi.

The 4=FESTO = MX = 2 - 1/4 valve set with peak flow rate of

143 SCFM and nominal flow rate of 54 SCfM.
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The open loop simulation, i.e. the airspring was subjected to a
step disturbance input, was simulated by using the program STEP to
determine the bandwidth of the actuator. The idea of the 95% rise time
at three time constants for a step command was used to calculate the
bandwidth as before. The closed loop simulation, i.e. the ailrspring
waa subjected to a random disturbance input, was simulated by using the
program RANDRESP to calculate the'r.m.s. values of acceleration and
stroke, the flew rate, and the horsepower of the air compressor
required. The simulation results vs. various actuators and valves were
1iated in Table 4-8-2, The varameter values for simuléting the
particular actuator with valves were also listed in the above table.
The entries from row (1) tb (8) simulated the FESTO MC-5/4-1/2 valve
whereas the entries from (9) to (11) simulated the same cylinder, the
PARKER 4" bore cylinder, but with different and smaller valves.

Based on the simulation results shown in Table 4-8-2, the
conclusion for selecting controller components was made as follows:

(1) The FIRESTONE® #25 M airspring with internal plastic insert

provided an improvement in r.m.s. acceleration of 51%
reduction from that of passive suspension even though this

actuator had a considerably low bandwidth.

{(2) However, the horsepower required by this actuator was still
higher than what could he provided by the existing

compressors.

(3) The PARKER 4% bore cylinder was found to demonstrate

dezirable performance characteristics.



(4)

(5)

(5)

(6)

(7)

(8)
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If the actuator was designed to perform at 3 Hz., then the
FESTG 4861-MC1-1/2 valve with a peak flow rate of 195 SCFM

gave a faster response than necessary.

A gmaller valve which could give a slower response would
reduce the average flow rate largely, hence, it was favorable

to select a smallexr one.

When the valve's peak flow rate was less than 40 SCFM, the
performance degraded. The valve with a peak flow capability
of 80 SCFM was the smallest valve that was able to provide an

acceptable improvement as the large valve.

Due to the large reduction in power consumption, the valve
with 40 SCFM flow rate had good characteristics and was able

to usa the existing compressor on board.

Using the PARKER 4" bore cylinder with the 4-FESTO-MX-2-1/4
valve set of a nominal air flow capability of 50 SCFM, a 49%
reduction in ths r.m.s. stroke can be achieved by using 9.3 to

13.7 horsepower per car.

This simple, economical and reliabie nonlinear lateral active
suspension system will improve the ride quality performance of

railroad vehicles greatly..



- 192 -

u
"M s, welsAs

ay3 sJamoj

Yy 4o anjea mch:

uoj|jesa|adde
3yl Jo 1us3luod

*bouay aya LQZOAm [v]
‘19998 ay1 o | 0006 = ou
3AIND (Sd ¥y ul 00y = "Jg l€ | €4y 0] 85|9620°C ® 1e9piy ¢
syead ayl 1iiys |enbs 2q
¢ 01 19S ataM
ouo [esp} °Yyl, 4u pue o<m
o018z aq 03
39s adsm .<v 0 {#%9°0] 0 [90L0°C . ‘ON l
pue ‘y “Mp <Sp
€ m n>Q a<u
. S
*sed ‘sed|” @ 4
wouJ J wo.t 4 o
*pad ‘pad ;) M
Ncm.< 2] _daH] % | waas} g leniep]| % | enien e
J85/4 W43S < D b ‘uota - nod
uoijejnwis ul eaay| 420 uad | onax aad uj ‘q| -easteooy 4 3
posn senjep | “19094 papaaN | @1e4 mO(J| 40 enjea| jo sn|ea M P n
S3uswwo) Jojauweded | -i Asmog abeusaAy ‘stwd *Sewtd v N
X XI ITIA ITA IA A AI ITI II §iI




- 193 -

[3] dossasdwod
Buiisixe aya
104 ybiy ool

sl p9pasu Jamod

*pauasiom
ddam-zy g [a]
aAoge suoil
-eJa|adde ayy 2600°0 = Xp
"uof3d941p ¢eso = wu |
cmaa<m o3 oyl = Vs :
»  931)soddo sem M

Y, Jo 305 “Be| 0Ll =P p
sw|3 obuey 000 uozx m
Yipimpueq mo| 6°€ e=vyp (o1 0
. _0 1
92403 ead L*sz ="V ¢s [ 2] S

g ‘esse uolsid €l = AP o3 . epie 3 3
3A1399349 up o5y = O £752 L€ 9zl |zs | Log-o| €€ |.[n0"0[960="" M Y
fawn oA 3sabuae| € 0 . os] |
3yl pey 5's ="y 69°0= "M E|

adA] Jo
. Milwass <ol g w | 2] s M ol i
san|ep ULy yIp1MpuEg
S3uduwo) J919uwedey dH MOTH v CoT




- 194 -

4
z W
e
#
K m
@ S I
o3 K " 1
. epie S
“3149sU] 94°9] S1{09| 1S 82 | 99%°0] 1S FAEO'O[BS | ="M 3
Aq pajeujwy|®
SRM SWN|OA 89°¢ w
pesp 4o %09 ‘6 =0 = %Sl 1 g
Yy [r13s
sem J4osssad
oo 104 papasu
4omod 99sadoy
2£00°0 = X
‘podinbas @d40y 61°C = Sp
jead syl aodnp . 0 5
-oud 01 d|qeus s°l nz S ve ¢
5 ‘0Ll =P 03 M
mezwﬁ o -000, =4 |g4-9i Ll ss1es | ez |sonol os fscoo $6°¢ N
e cur ggg = | 8T =P TN B
slinjoA peap 94'91 = ¥ - S
043S i€ Sitli = wv < 3
Jo butudsaje o'tL = "A 0¢ w
so||ews @ o 0s]
3 —— —._._. mN.: - CF_ = -3 m ﬂ
r UoT3eruts N:_ % a1 9 JAdOS| % ut % 6 % “ 9dAL PN
S3USWWO) UT pIsn sanrea : IPTA
IojvweIed Y A9MOd MOTA 9AOAIS umnwwwwuc mvamm




- 195 ~

*s40ss9ad

~wod bujls|xa
3yl Lo}

ybiy o031 13s
S| juswadinbad
damod ayj

*uotledqilaAa
wopued 03
pe1oafqns sem
wa3jsAs |043uU0d
ayl usym

Al |eap1 Ajiesu
pawdtojaad 3|

Lz
*4q1 gysz=4 o1
‘paisanbau . ; .
, a5.0y 9°61 6l 99 | #z| z6n-0les |iezoso| |96%L=
yead jo %58 eipe,|
joow Ajuo ue)
ng°0 =odls Li*/= pepul A
“sunioa pesp os} |®409 S
31331 A4 R sovaeg | 9
LR en 961 =Y v_
Nc_ dH W4IS | % ul 3 b 24 0 ON
S3UaWW0Y) san|ep
J932wedey y v m




- 196 -

"ybiy oo
LLt3s sy 4amod
*uo|3onpad
uojleda|adde
jued |y ubys
i
dq1 yegl e
paddi |2 sem <um

be| jueoyjiubys
Aue 1noylim
9240} padisap
ay3 pemoioy V4
92404 dtolenioe
fenioe ayj

[4 €2l
, Lt _epre | topuy (A3

-3q1 wE9L=4*isd o3 = M si0q
rsdog| e ‘92404 . . . .
sead ay1 40 IHG 9°¢l ¢l Of {€C |L6%°0 | 6% 1 9€0°0 ooM" ul
bp1A04d Ajuo :mu_ = "Ml d9aed | /

S3UBWWo?) san|ep Nc_ dy Wids| % ul 4 6 zy odAL oN|

J933ueded v v




197 -

i

*aA(eA
1ssbiey aya
yiim paansjyoe
1eyl se yonuw
Se S49M 9X0Jd1ls
*sTw 'y pue
uojjedsajadde
*sTwta Uy
uo!3lanpaJ ayjp

*9A(BA .c| W43s 08
1s9bae| 0cu_mo z°6 mwwmmto anjeA
uo139npa. %04 92y -59 @ | wziegueo | 6y 9f00] f=TTw  udie
< HEPULIAD
mmumwwwﬂmzmhw Xew MM_: 3109 .4 |8
_ N:_ 4620°0= v = "M J9{ded | 6
y .o<m
pue "4 usamilaq
be| eseyd
21q1by{bau
sey 3|
*uoj3led|ji1oads /) €°02
a3yl jo . . . . epie
%0€ S1 YyoIym Lo°L -9°9 6l | 2ZH0S°0 | #E€ {997 0 = M
s 92404 »esad L _hmv:__>u
ql 616 @2np 8 ?40q
-oud Ajuo uej u0m_3. daxded | g
SJusBwwWo) san | ep N:_ dH W43s|l & ui %l 6 Zy‘m . Fz
=]
4939uweaey v P




- 198 -

W43S 0¢

Lz’
JO @A |BA
nm_u_mx :..:L
€1l 19puy |Ad

.>—nmumm0vcs . os1 aioq

. 9°S . = M| 49jted|li
papetbop sem . e 89€°0| 9£§S#0°0 =

3DUBWI0 419 9°¢l Ch K K

“(1°g°% 24nbi4)

Jusawaa ynbau GG T W4IS 0%
mo| 4 abedane epie |40 aajeA
9| |ews yonu = M Yl

e y3|m aosue .. l4epul jAo

-wi044ad ajqe NM_N 3109 4
-1doooe Ajaseq 9°L . . = *m| a9vaedlol
e paplAold th10°0="" | 9-21 4G s'gi| %€ | gzn-o| 94 ELE€00 m
u % 6 Zy ON
" dH Wi9s| % !
SIUBWWOY sanjep [4 P v
J9313uweaeq '




- 199 -

(¢1-g-# =4nb14)
10s524duiod

Buiisixs au3 ey =N
Aq payiddns A
aq p{nod ¥ =Y
‘juswsd |nbau 318¢
Jamod siyy 00€ = mu an|ep
0lsS3d-4
e | M0 T e
mm"o:mmwmu 00ke= €el 310q . {H]
+ A== st =" l95°21 -5'6]  ls8-z€ | og] sno | 64 fscoo aavjaeg fz1
S3uswwo) sanjep ! dH WAISj | u | % 6 zy ioN
Js19uedey v P P M




- 200 -

"SOA{BA pUR S103BNIOR SNOJJBA 10 SI[NS3L Uciie|NW]S Z-g-4 d|gelL

3q1 00¢ = "4 Yy3IpiM suoz peag

nLo‘o = 1 suy1 pesq

ut/aes - 3qq gon‘z = Ny ugeb y>eqpeay A3120|ap
ui/,29s - 3q1 61 = V9 ureb >2eqpaay uojIeRIS|IIY

*MO|Sq po31S!| 949M suajsweded
191 |o43u0d 2yl Y(SAS wesbouad pajyipow a2yl bujsn Ac)eiysjteg Aq suop sem uoiie|nuwis Siyj

*Jojenioe JUO Pa|{04IUO0D SIBS OMI 3Yl JO YIed pue‘sias oml
Ojul POPIAIP SBM UOIUm 19S5 SA[BA h/l - Z-XW 0LS34-4 SYI Ylim paiejnuis sem Joienioe siyj

‘g MOX 03 T MOI WOII uojje|nuis ay3l
10j pasn sem yoJeasad siy} u| duo 3sabue| aylsey YoIym SaleA Z/| - £/S - IW 1984 0LS3I4 SYL

*sja9sul op3se|d buyj{ejsu; Aq sa.6ap swos 03
paia|ap 8q p|nod yoiym Huladssie ayl apisul Buisnoy MO||OY wWod} Pal|Nsat 3wWN|OA pesp ayj

*(13sa1p) °dH 0€l ‘(1e314329|3) dH G/ :p42Oq UO SJ0ssaudwod Jje BujlIs|x3

‘ul ‘3ybiay |eujwou = o; eaJle jeujwou = o<
‘u) ‘aybisy aojeanioe u) sabueyd = yp JUBISUOD BWN|OA p3Zigeaul] = AP
juelsuod eade paziaeaul| = yp AWN|OA |BlUOU = °>

*9A|BA PIOU|OS Yl JO SOIWRUAP Y] BZjwiujw

ox _oooo.oncmh Nou:OP pue ‘weaboad 431s 9yl Buisn Aq paujwualsp sem ‘m ‘yipimpueq auj
*d|leqeipe sem ssad04d 3yl jeyi uojidunsse syl Uo paje|nN3|Ed SEM YdJUM YlpiMpueq 2yl nmv_mz
*jEiiisylos! sem ssadodd ayl jeyl uo|ldunsse Iyl UO pIaleiNd{Ed SBM Uyd|ym YipIMpueq ayl = Om_z

*@ouewsoyiad 9yl azjwiido o3 A|jejuswitadxa paujwialap aq ues Aj pue Vg ¢sujeb

joeqpesj ayl ‘i1ozenioe defndjided a9yl yilim asn 9yl 4oy paubisap S| 43| |0J4IUOD DA|BA B|qE
-31ns e 22uQ  *(3q1/gU1 £000°0 = 4 pue 93s/13/4q1  0006="2 .Numm\uw\mm_ goy = Y3 40 senjen
3Yy3l) ZT MOJ4 jO Aajud 3yl 4104 3d20Xx9 uojiB|NWIS [|B 20} pasn dJ4am 3y pue J JO senjeA asayjl

[1]
[H]
[9]

(4]
(3]

[al

(3]

)

(vl



i.00

0.50

0.00

STROKE [IN]

-0.50

-1.00

15000.

10000.

5000.

FORCE [LBF]

-5000.

-10000.

-15000.

- 201 -

0.0 1.0
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

An active controller was proposed to overcome the trade-~off problem
of the ride quality/suspension stroke for passenger rall vehicles.
Active suspensions had the capacity to input energy from external power
sources to the control system, rather than simply store (or dissipate)
energy. Furthermore, they can be ériven by signals measured from states
(or combinations of states) to generate force beyond the restrictions
imposed on the passive suspensions. Due to the present practice of the
rail industry, a pneumatic actuator could be the most satisfying
selection from the viewpoints of implementation, maintenance, and failure
prevention. The physical considerations of the Budd Pioneer III truck
were modelled and analyzed to understand the plant well, which is to be
controlled. A Lateral Active Suspension Controller (the LASC controller)
wasa designed and proposed to meet the requirements specified for the
current AMTRAK passenger rail vehicle. This controller was an
actively-controlled, band~limited actuation system with 2 Hz. bandwidth
and can reduce r.m.s. carbody acceleration and r.m.s. suspension stroke
significantly. In addition, it was economical and could be mounted on
the current piant without much modification.

After deriving constitutive relatiocns of each of the major
components, a 5th order state equation was derived to represent the
secondary laterxal active suspension system. Using the Dynamic Similitude
Method, a laboratory apparatus for testing the pneumatic active
controller (the LASC tester) was designed and fabricated to perform
experimental testing. The components of the LASC tester were discussed,

modelled, and analyzed separately. It was finally completed with the
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MCC control circuit, and was able to perform the testing successfully.
Two control circuits, the PWM control circuit and the BBLC control
circuit, which was designed to drive the solenoid valve fast enough to
approximate the propertional valve, were discussed and judged critically.
Components such as the valve alone, the control circuit alone, the
actuator with the valve, and the actuator/éalve with the control circuit
were tested separately to determine thelr characteristics and their
potentials.

Experimental results of various actuators, valves, and control
circuits were further studied and compared with that of computer
simulation. Adequate selections were achieved based on both the
controller capability and the plant requirements. The similarity between
the experimental and the computer simulational results was very
promising. The PARKER HMA 14 4" bore cylinder, the 4-FESTO-MX-2-1/4
valve set, and the BBLC control circuits were selected because they
performed as well as an ideal actuator (with infinite bandwidth) with a
proportional valve, but at lower cost. There was a 49% reduction in the
r.m.s8., carbody lateral acceleration. A 22% reduction in the r.m.s.
lateral suspension stroke could be achieved at a power consumption of
9.3=13.7 horsepower per car.

Recommgndations for further work are as follows:

® The full dynamic testing, which requires the carbody acceleraticn

signal measured, should be performed by implementing vibration
generators on the LASC tester as described in chapter 3. These
<

experimental results should also be compared with those of a

conputer simulation.

® A full gcale prototype of the LASC controller should be built and
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tested on the Northeast Corridor to determine the actual ride
quality improvements achieved.

® Applicaticias of the LASC controller on other control plants

should be investigated as explained below.

Since vehicles other than passenger rail vehicles can also be
studied by using a simple 1 DOF model similar to that used in this
project, the application of the LASC controller to other plants is very
plausible. The acceleration vibrations of automobiles, tractors, tanks,
and motorcycles have a similar content to that of a passenger rail
vehicle [34], hence the modelling, designing, and analyzing of the LASC
controller and the LASC tester can be well extended to other road
vehicles as well.

Furthermore, the actuator (and the power) required for those
applications would be considerably below that of the LASC controller
because the carbody masses of those applications are much less than that
of railroad vehicle. 1In conclusion, the LASC controller has its own
various applications to achieve the goal of advancing the ride quality
control. The LASC controller does contain varicus applications to

achieve the goal of ride quality control.
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APPENDIX A

Oscilloscope Photographs (I)

(Experimental Results of FIRESTONE® #25 Airspring)



Figure A-4-4-5

Figure A-4-4-6
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(Refer to Table 4-4-1)

(Refer to Table 4-4-1)
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APPENDIX B

Oscilloscope Photographs (II)

{Experimental Results with PWM Control Circuit)
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APPENDIX C

Oscilloscope Photographs (1IV)

Experimental and Simulation Results with BBLC Control Circuit
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APPENDIX D

FORTRAN Code of Computer Program: STEP
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APPENDIX D
STEP.FOR

c o
C****************************************************************
c
C This subroutine is run with DYSYS and shows the response of a
C pneumatic actuator/solenoid valve assembly to a step command.
C
c****************************************************************
c

SUBROUTINE EQSIM

COMMON T,DT,Y(30),F(30),STIME,FTIME,NEWDT ,NEWRUN,N,

1 IPR, ICK, ICN, TBREAK,PNEXT,TBACK
REAL MC,KSY
REAL kf,k,kwo,kwa, kwb

REAL KD(3)

EQUIVALENCE (Y(1),Pa), (Y(2),Pb), (Y(3),Aeff),
(Y(4),Wa), (Y(5),wb), (Y(6) ,Force),
(Y(7) ,Wal), (Y(8),wl), (Y(9),Ba),

(Y(10),Xa), (Y(11) ,kwa), (v(12),Sa),
(Y(13),Cwa), {(Y(14),Cva)

[

C "NEWDT" is set as follows:

C NEWDT = -1 on first call to EQSIM

C 0 at intermediate steps

c 1 at beginning of an integration step
c

IF (NEWDT .EQ. 0)GOTO 35
IF (NEWDT .NE. -1)GOTO 20
C

c******************************************************************

c
C This section is processed only once in the program. (i.e. NEWDT=-1)
C
c******************************************************************
C
C Reading in the suspension and disturbance parameters
c

READ(8,100)NDUM
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READ(8,2020) MC

o
READ(8,100)NDUM
READ(8,2020)KSY,Csy
c
READ(8,100)NDUM
READ (8,2020)S0,d S ,kwo ,dkw,x0,dx
C
READ(8,100)NDUM
READ(8,2020)KD(1),KD(2),KD(3)
o
READ(8,100)NDUM
READ(8,2020)kf
c
READ(8,100)NDUM
READ(8,2020)k,R,Ts,qg,Vo,dV,Apo,dAp
c
READ(8,100)NDUM _
READ(8,2020)Pe,Ps,Pai,Pbi,Amax,Fp,Freq,Ton,Tau
C
C Echo-printing the input parameters
c

WRITE(5,105)Mc ,Ksy,Csy
WRITE(5,105)S0,dS,kwo ,dkw,xo0 ,dx
WRITE(5,105)KD(1),KD(2),KD(3)
WRITE(S,105)kf
WRITE(5,105)k,R,Ts,g,V0,dV,Apo ,dAp
WRITE(5,105)Pe,Ps,Pai,Pbi,Amax,Fp,Freq,Tau
c
100 FORMAT(914)
2020 FORMAT(9G15.5)
105 FORMAT(1X,/,1X,9G10.2)

C

C Initializing variabies

c
C = Ps**(1.-1./k) / (R*Ts)
Pa = Fai
Pb = Pbi

C

c

c***************************************************************
c***************************************************************

C .

C This section is processed only once at the beginning of a
C Runge-Kutta Integration step. (i.e. NEWDT=1)

c

c***************************************************************

c
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20 CONTINUE

¢
C Determining the actuator areas
c
Apa = Apo
Apb = Apo
C

C Step-input command
c

Pa*Apa - Pb*Apb
Fp * cos (WF * T)
kf * Fi

Force
Fi
Aeff

Computing the flow through the valve for a given set

of upstream and down stream conditions
Since a solenoid valve takes "Ton" (milisecond) to energize
the coil, if T is less than Ton skip to line 33.

[
o

IF(T.LT.Ton) GOTO 33
Teff = T - Ton

o o OOOOOO

IF( Aeff .GE. 0.0)then
If(Aeff .GT. Amax)Aeff = Amax
Wa2 = 0.0
¥bl = 0.0
Call Flow(Pa,Ps,Aeff,Ts,Hal,Teff,Tau)
Call Flow(Pe,Pb,Aeff,Ts, Wb2,Teff,Tau)
ENDIF

IF(Aeff .LT. 0.0) THEN
If(Aeff .LT. -Amax)Aeff = -Amax
Aeffn = - Aeff
Wal = 0.0
w2 = 0.0
Call Flow(Pe,Pa,Aeffn,Ts,Wa2,Teff Tau)
Call Flow(Pb,Ps,Aeffn,Ts,Wbl, Teff,Tau)
ENDIF

o

Wal - Wa2
Wbl - Wb2

Ha
Wb

33 CONTINUE
Computing the adiabatic temperatures

OO0 e Xg!

\
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Ta = (Ps/Pa)**(1.-1./k) * Ts
T = (Ps/Pb)**(1.-1./k) * Ts
c
C Computing the mechanical and fluid capacitances of actuators
Pga = Pa - Pe
Sa = So + dS * Pga
kwa = kwo + dkw * Pga
xa = x0 + dx * Pga
Ba = (Pa+Pga)*Sa - Pa*dkw*xa + Pa*Pga*dS
c
Pgb = Pb - Pe
Sb = So + dS * Pgb
kwb = kwo + dkw * Pgb
xb = xo + dx*Pgb
Bb = (Pb+Pgb)*Sb - Pb*dkw*xb + Pb*Pgb*dS
Cc
Cwa = Sa*Ba*g/(k*kwa*R*Ta)
Cwb = Sb*Bb*qg/(k*kw*R*Tb)
C
Va = Yo
Vb = Vo
c [
Cva = (Ps/Pa)**(1.-1./k) *Va* g/ ( k* R* Ts )
Cvb = (Ps/PbY**(1.-1./k} * VWb * g/ ( k * R* Ts )
c

C*********************************************************************
C*********************************************************************

c
C This section contains the diffrential equations and is processed
C for every step of the Runge-Kutta integration routine (i.e. NEWDT=0)
c
C*********************************************************************
c

35 F(1)

F(2)

c

C*********************************************************************

c

Wa / ( Cva + Cwa )
Wb / { Cvb + Cwb )

RETURN

END
'
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SUBROUTINE FLOW(Pd ,Pu,Aeff,Ts,W,Teff, Tau)
REAL k
c

c************************************************************************

c

c This subroutine calcuiates the compressible flow through a valve.
c************************************************************************
¢ .
C Pu ! psia
c Aeff ! in**2
C Ts . R
o W ! 1bf/sec
Cl = 2.06 ! sqrt(R)/sec
€2 = 0.532 ! sqrt(R)/sec
k=1.4
c
I1f (Pd/Pu .LE. 0.528) GOTO 10
c
If (Pd .GT. Pu) GOTO 5
c
W = Aeff * Cl * Pu / Ts**0.5 *
1 (Pd/Pu)**(1./k) *
1 ( 1. - (Pd/Pu)**((k-1)/k) }**0.5
W = W* (1.- exp(-Teff/Tau))
RETURN
c
5 Pu5 = Pd
Pd5 = Pu
W = - Aeff * C1 * Pu5 / Ts**0.5 *
1 (Pd5/Pu5)**(1./k) *
1 (1. - (Pd5/PuS)**((k-1)/k) )**0.5
W = W* (l.- exp(-Teff/Tau))
RETURN
c
10 W = Aeff * C2 * Pu / Ts**0.5
W = W* (1.- exp(-Teff/Tau))
c

c**********************************************************************

c
RETURN
END
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APPENDIX E

FORTRAN Code of Computer Program: RANDRESP
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APPPENDIX E

RANDRESP .FOR

¢

C*******************************************************************

c
C This program is run with DYSYS and evaluates the performance of
C active suspensions subject to random disturbances.

- C

c*******************************************************************

C
SUBROUTINE EQSIM
PARAMETER (NPTS=32768)
COMMON T,DT,Y(30),F(30),STIME,FTIME,NEWDT ,NEWRUN,N,
1 IPR, ICK,ICN,TBREAK,PNEXT, TBACK
REAL Mc ,Ksy ,Kbump
REAL kf,k ,kwo ,kwa ,kwb
REAL KD(3),VAL1(NPTS),VALZ(NPTS),VAL3(NPTS),VAL4(NPTS)’
EQUIVALENCE (Y(1),Yc), (r(2),ve), (Y{3),Pa),
(Y(4),pb), (Y(5),Yt), (Y(6),Vt),
(Y(7),Aeff), (Y(8),Wa), (Y(9),uWdb),
(Y(10),Force), (Y(11),Apa), (Y(12),Apb),
(Y(13),Stroke),(Y(14),Accelg),(Y(15),Fi),
(Y(16),Ta), (Y(17),m), (Y(18),Cwa),
(Y(19),Cwb), (Y(20),Cva), (Y(21),Cvb),
(Y(22) ,Keff), (Y(23),Fvel), (Y(24),Faccel)
¢

C "NEWDT" is set as follows:

— b ot b b pd b

c NEWDT = -1 on first call to EQSIM
c 0 at intermediate steps
C 1 at beginning of an integration step
c
IF (NEWDT .EQ. O0)GOTO 35
IF (NEWDT .NE. -1)GOTO 20
c

c********************************************************************

C
C This section is processed only once in the program. (i.e. NEWDT=-1)
C

c********************************************************************

c
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C Reading in the suspension and disturbance parameters

c
READ(8,100)NDUM
READ(8,2020) Mc,Ksy,Kbump,Csy
c
READ(8,100)MDUM
READ(8,2020)S0,d S, kwo ,dkw,dx
c
READ(8,100)NDUM
READ (8,2020)Vo,dV,Apo,dAp
c
READ(8,100)NDUM - .
READ(8,2020)KD(1),KD(2),KD(3)
c
READ(8,100)NDUM
READ(8,2020)kf
c
REAC(8,100)NDUM
READ(8,2020)k,R,Ts,g
c
READ(8,100)NDUM
READ(8,2020)Pe,Ps,Pai ,Pbi ,Amax
C
READ(8,100)NDUM
READ(8,2020)Yt1,Yt2,Yt3,Yt4,Yt5,Yt6,Yt7,Yt8,Yt9
c
READ (8,100 )NDUM
READ(8,2020)Freql,Freq2,Freq3,Freqd,Freq5,Freqgb,
1 Freq7 ,Freq8,Freq9
c
READ(8,100)NDUM
READ(8,2020)Phsl,Phs2,Phs3,Phsd,Phs5,Phs6,Phs7,Phs8,Phs9
C
c
C Echo-printing the input parameters
C

WRITE(5,105)Mc ,Ksy ,Kbump,Csy
WRITE(5,105)S0,dS kwo ,dkw,dx
WRITE(5,105)Vo,dV,Apo,dAp
WRITE(5,105)KD(1),KD(2),KD(3)
WRITE(5,105)kf
WRITE(5,105)k,R,Ts,g
WRITE(5,105)Pe,Ps,Pai,Pbi,Amax
WRITE(5,105)Ytl,Yt2,Yt3,Yt4,Yt5,Yt6,Yt7,Yt8,Yt9
WRITE(5,105)Freql,Freq2,Freq3,Freq4,Freq5,Freqf,
1 Freq7,Freq8,Freq9
WRITE(5,105)Phsl,Phs2,Phs3,Phs4,Phs5,Phs6,Phs7 ,Phs8 ,Phs9
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100 FORMAT(1514)
2020 FORMAT(15G15.5)
105 FORMAT(1X,/,1X,15G10.2)

c
C Initializing variables and setting parameters
c
Yc = 0.
Yt = 0.
Ve = 0.
vVt = 0.
Pa = Pai ,
Pb = Pbi :
WF1 = 2.*3.14*Freql
WF2 = 2.*3.14*Freq2
WF3 = 2.*%3.14%Freq3
WFé = 2.%3.14*Freqd
WF5 = 2.*3.14*Freqb
WF6 = 2.*3.14*Freqb
WF7 = 2.*3.14*Freq’
WF8 = 2.%3.14%Freq8
WF9 = 2.*3.14*Freq9
c

C Initializing variables used in computing
C averages and variances

o
Ncount = 0.0
SumYc = 0.0
SumYc2 = 0.0
SumvVact = 0.0
SumVact2 = 0.0
SumYt = 0.0
SumYt2 = 0.0
SumAeff = 0.0
SumAeff2 = 0.0
SumFrc = 0.0
SumFrc2 = 0.0
SumAc = 0.0
SumAc2 = 0.0
SumStr = 0.0
SumStr2 = 0.0
SumW = 0.0
SumW?2 = 0.0

C

C

c*********************************************************************
c***‘k**********'k*****************************************‘A‘************

c
C This section is processed only once at the beginning of a
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C Runge-Kutta integration step. (i.e. NEWDT=1)

g***************************ft*****************************************
¢ .
20 CONT INUE
c
C Yt and Vt are the truck disturbances
C
Yt = - ( Ytl * sin (WF1*T+Phsl) +
1 Yt2 * sin (WF2*T+Phs2) +
1 Yt3 * sin (WF3*T+Phs3) +
1 Ytd * sin {WF4*T+Phs4) +
1 Yt5 * sin (WFS5*T+Phs5) +
1 Yt6 * sin (WFE6*T+Phs6) +
1 Yt7 * sin (WF7*T+Phs7) +
1 Yt8 * sin (WF8*T+Phs8) +
1 YT9 * sin (WF9*T+Phs9) )
c
vt = - ( WF1l * Ytl * cos (WF1*T+Phsl) +
1 WF2 * Yt2 * cos (WF2*T+Phs2) +
1 WF3 * Yt3 * cos (WF3*T+Phs3) +
1 WF4 * Yt4 * cos (WF4*T+Phs4) +
1 WFS * Yt5 * cos (WF5*T+PhsS) +
1 WF6 * Yt6 * cos (WF6*T+Phs6) +
1 WF7 * Yt7 * cos (WF7*T+Phs7) +
1 WF8 * Yt8 * cos (WF8*T+Phs8) +
1 WF9 * Yt9 * cos (WF9*T+Phs9) )
C
C Computaion of system dynamics
C
If (Pa.ge.Ps) Pa=Ps
1f (Pa.le.Pe) Pa=Pe
If (Pb.ge.Ps) Pb=Ps
If (Pb.1e.Pe) Pb=Pe
C
Apa = Apo + dAp*(Yc-Yt)
Apb = Apo - dAp*(Yc-Yt)
C
Force = Pa*Apa - Pb* Apb
Stroke = Yt - Yc
Vact = Ve - vVt
C

1f (Stroke.LT.-1.5) Then

Fbump = Kbump * (Yt-Yc+1.5)
Elseif (Stroke.GT.1.5) Then

Fbump = Kbump * (Yt-Yc-1.5)
Else

Fbump = 0.
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Endif

hccel = ( Ksy*(Yt-Yc) + Fbump + Csy*(Vt-Vc) +
1 Force ) / Mc

Accelg = Accel / 386.

Fi = KD(2) * V¢ + KD(3) * Accel

Faccel = KD(3) * Accel

Fvel = KD(2) * Vc

Computing the flow through a valve' for a given set
of upstream and downstream conditions

30 Aeff = kf * (Fi - Force)

1f (Aeff .GE. 0.0) Then
If (Aeff .GT. Amax) Aeff=Amax
Wa2 = 0.0
Wbl = 0.0
Call Flow(Pa,Ps,Aeff,Ts,Wal)
Call Flow(Pe,Pb, Aeff,Ts,Wb2)
Endif

1f (Aeff .LT. 0.0) Then
1f (Aeff .1t. -Amax) Aeff = -Amax

Aeffn = - Aeff
Wal = 0.0
w2 = 0.0

call Flow(Pe,Pa,Aeffn,Ts,Wa2)
Call Flow(Pb,Ps,Aeffn,Ts,kbl)

Endif
Wa = Wal - Wa2
W = Wbl - Wb2

Computing the adiabatic temperatures

(Pa/Ps)**(1.-1./k) * Ts
(Pb/Ps)**(1.-1./k) * Ts

Ta
T

Computing the mechanical and fluid capacitances of actuators

Pga = Pa -~ Pe

Sa o So + dS * Pga

kwa = kwo + dkw * Pga

xa = dx * Pga

Ba = (PatPga)*Sa - Pa*dkw*xa + Pa*Pga*dS
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Pgb = Pb - Pe
Sb = So + dS * Pgb
kwb = kwo + dkw * Pgb
xb = dx * Pgb
Bb = (Pb+Pgb)*Sb - Pb*dkw*xb + Pb*Pgb*dS
Cwa = Ba* Sa* g/ (k=* kwa a)
Cwd = Bb*Sb*g/(Kk=*kw * ™ )
Va = Vo + (Yc-Yt) * dv
Vb = Vo - (Yc-Yt) * dV
Cva = Va*g/(k*R*Ta)
Cvb = VW*g/(k*R*TH)

The following section marked with -co-=--- 's are used for

computation of averages and variances.
Ncount = Ncount 1
VAL1(Ncount) = Accel / g
VAL2(Ncount) = Fi
VAL3(Ncount) = Force
VAL4(Ncount) = Stroke
SumYc = SumYc Yc
SumYc2 = SumYc2 Yc**z'
SumYt = SumYt Yt
SumYt2 = SumYt2 Yt¥x*2
SumYact = SumVact Vact
SumVact2 = SumVact?2 Vact**2
SumAe ff = SumAe ff Aeff
SumAeff2 = SumAeff2 Aeff**2
SumfFrc = SumFrc Force
SumFrc2 = SumFrc2 Force**2
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c
SumAc = SumAc + Accel
SumAc2 = SumAc2 + Rccel**2
c
SumStr = SumStr + Stroke
SumStr2 = SumStr2 + Stroke**2
c
Sum¥ = SumW + Wal
1 + Wbl
SumW2 = SumW2 + Wal**2
1 + Wb1%%2
C
If (T.GE.FTIME) Then
C
AYc = SumYc / HNcount
VYc = { (SumYc2-SumYc**2/Ncount) / (Ncount-1))
c
AYt = SumYt / Ncount
vY: = ({SumYt2-SumYt**2/Ncount) / (Ncount-1))
C
Avact = SumVact / Ncount
VVact = ((SumVact2-SumvVact**2/Ncount) / (Ncount-1))
c
Abeff = SumAeff / Ncount
VAeff = ((SumAeff2-SumAeff**2/Ncount) / (Ncount-1))
AFrc = SumFrc / Ncount
VFrc = (( SumFrc2-SumFrc**2 /Ncount) / (Ncount-1))
C
AAc = SumAc / Ncount
VAc = ( (SumAc2-SumAc**2 /Ncount) / (Ncount-1))
C
AStr = SumStr / Ncounz
VStr = ( (SumStr2-SumStr**2/Ncount) / (Ncount-1))
C
AW = SumW / Ncount
VU = { ( SumW2-Sumi**2 /Ncount) / (Ncount- 1))
C
Write(5,301)
301 FORMAT(//22X,'Mean' ,19X,'Variance'//)
C

C Writing the computed averages and variances to an external file
c

Write(5,302)AYc,VYc

Write(5,303)AYt,VYt

Write(5,309)AVact,VVact

Write(5,304)AAeff,VAeff
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Write(5,305)AFrc,VFrc
Hrite(5,306)AAc,VAC
Write(5,307)AStr,VStr
Write(5,308)AW,VH

FORMAT(1X,'Yc',15X,E10.3,11X,E10.3/)
FORMAT(1X,'Yt',15X,E10.3,11X,E10.3/)
FORMAT(1X,'Aeff',13X,E10.3,11X,E10.3/)
FORMAT(1X, 'Force',12X,E10.3,11X,E10.3/)
FORMAT(1X, ' Accel',12X,E10.3,11X,E10.3/)
FORMAT(1X,'Stroke',11X,E10.3,11X,E10.3/)
FORMAT(1X,'Flow' ,13X,E10.3,11X,E10.3/)
FORMAT(1x,‘Vact',13X,E10.3,11X,E10.3/)

Writing acceleration, stroke and forces to an external
file in a format compatible with PMPSE program

1

OPEN (UNIT=37,ACCESS='SEQUENTIAL',TYPE='NEW',
NAME='ACCELG.DAT' ,FORM="UNFORMATTED ')

WRITE(37) (VAL1(1),I=1,NPTS)
CLOSE (unit=37)

OPEN (UNIT=35,ACCESS='SEQUENTIAL',TYPE="NEW',
NAME='FDES.DAT' ,FORM="UNFORMATTED ')

WRITE(35) (VAL2(I),I=1,NPTS)
CLOSE (UNIT=35)

OPEN (UNIT=36,ACCESS='SEQUENTIAL',TYPE="'NEW',
NAME='FACT.DAT' ,FORM="UNFORMATTED '}

WRITE(36) (VAL3(I),I=1,NPTS)
CLOSE(UNIT=36)

OPEN (UNIT=34,ACCESS='SEQUENTIAL',TYPE='NEW',
NAME="'STROKE .DAT' ,FORM="UNFORMATTED ' )

WRITE(34) (VAL4(I),I=1,NPTS)
CLOSE(UNIT=34)
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Endif
c

c********************************************************************
c********************************************************************

C

C This section contains the differential equations and is processed

C for every step of the Runge-Kutta integration routine. (i.e. NEWDT=0)
c

C********************************************************************

c

35 F(1) = Ve
c .
If (Stroke.LT.-1.5) Then
Fbump = (Yt-Yc+1.5)
Elseif (Stroke.GT.1.5) Then
Fbump = (Yt-Yc-1.5)
Else
Foump = 0.
Endif
C
F(2) = ( Ksy*(Yt-Yc) + Fbump + Csy*(Vt-Vc) +
1 . (Pa*Apa - Pb*Apb) ) / Mc
c .
F(3) = Wa/(Cva+Cwa) - k*Pa*dV*(Vc-Vt)/Va
C .
F(4) = Wb/(Cvb+Cwb) + k*Pb*dV*(Vc-Vt)/Va
C
C
C*******************************************************************
C

RETURN
END
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SUBROUTINE FLOW(Pd ,Pu,Aeff,Ts,W)

REAL k
C
C**********************************************************************
C
C This subroutine calculates the compressihle flow through a vaive
C

C**********************************************************************

c Pu ! psia

o Aeff ! in**2

C Ts ! R

c W ! 1bf/sec
€l = 2.06 ! sqrt(R)/sec
€2 = 0.532 ! sqrt(R)/sec
k = 1.4

C
1f (Pd/Pu .LE. 0.528) GOTO 10

C
If (Pd .GT. Pu)GOTO 5
W = Aeff* Cl * Pu/ Ts**0.5 * (Pd/Pu)**{1./k)

1 *( 1. - (Pd/Pu)**((k-1)/k) )**0.5

RETURN

C

5 PuS5 = Pd
Pd5 = Pu
W = - Aeff * Cl * Pu5 / Ts**0.5 * (Pd5/Pu5)**(1./k)
1 *( 1. - (Pd5/Pu5s)**((k-1}/k) )**0.5

RETURN

C

10 W = Aeff * C2 * Pu / Ts**0.5
c

c************************************ﬁ*****************ﬁ*****************

c
RETURN
END
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APPENDIX F

FORTRAN Code of Computer Program: SYS
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Page 1 of pragram SYS
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This

SUBROUTINE SYS.

subroutine is run with a fourth order Runge-Kutta
routine and evaluates the performace of active pneumatic
suspensions

subject to a random disturbance.

SUEROUTINE DIFE®
COMMON T,DT,Y(30),F(30),STIME,FTIME,DTNEW,N
REAL Mc,Ksy ,Kbump

REAL k

REAL kd(2),Yti(9) ,Frea(9),Phs(9),Ur ()
EQUIVALENCE (Y(1),Ye),(Y(2),Ve),(Y(3),Pa),(Y(4),Ph)

DTNEW is set as follows:

DTNEW = 0, on first call of DIFEQR,
DTNEW = 1, at intermediate integration steps,
DTNEW = -1, at theé begining of an integration step.

IF (DTNEW

.NE. 0.) GO TO 20

Reading of system parameters.

OPEN(10,FILE=0UT’)

READ(S,»)
READ(8S,#)

READ(S8,%)
READ(S, %)

READ(8, %)
READ(S, %)

READ(8, %)
READ(8,#)

READ(B, %)

. READ(8,%)

READ(8, #)
READ(8,#)

READ(B,%)
READ(8,%)

READ(8, %)
READ(8, %)

sOPEN(8,FILE='DAT’)

NDUM
Mc,Ksy,Kbump ,Csy

NDUM
Ve ,Apo

NDUM
Kd¢1),Kd (2}

NDUHM
k,R,Ts,g9,Ro

NDUM ,
Pe,Ps,Amax,0n,0ff,Err,Dlead

NDUM
(YticI),1=1,9)

NDUM
(Freq(I),I=1,9)

NDUM
(Phs(1),1=1,9)
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Page 2 of progrén sYS

CLOSE(8)
c
c Variable initialization,
c
Ye = 0.0
Yo = 0.0
Pa = Pe
Pb = Pe
DO 15 I=1,9
15 WFCI) = 2.%#3,14%Freq(I)
Count = 0.0
SumYc = 0.0
SumY¥c2 = 0.0
Sumlact = 6.0
SumVacta= 8.0
SumYt = 0.0
SumYt2 = 0.0
SumFre = 0.0
SumFrc2 = 0.0
SumAc = 0.0
SumAc2 = 0.0
SumStr = 0.0
SeuStra = 0.0
Suml = 8.0
Suml2 = 0.0
c
c This section is executed only at each new time step.
c
20 IF (DTNEW .EQ. 1) GO 7O 10
c
c Calcuvlation of carbody acceleration,
C
Strocke = Yt -Yc
Vact = vVt -Vc
Fbump = 6.0 :
IF (Stroke .GT. 1.5) Fbump = Kbump%(Stroke~1,9)
IF {(Stroke .LT.-1.5) Fbump = Kbump®(Stroke+1.3)
Accel = (Ksy%Stroke+Fbump+CsysVact+Force)/Mc
Acc = Accel/g
c
c Calculation of actual actuator force,
(s

Forcel = Force
Force = PaxApo — PbxApo

Qoo

Calcuvlation of desired force,
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Page 3 of prograﬁ SYS
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Fvel = Kd{1) % Vc
Faccel = Kd(2) sAccel
Fig0 = Fi

Fi = Fvel + Facecel

LLead compensation of the error.

Ferror = (Fi-Force)+Dlead%#{((Fi-Fi0)/DT
i -(Force~Forceld/DT)

Calculation of controller voltage output.

IF (ABS(Ferror) .LE. Err) THEN
vT = 0.0
va = 0.0
V3 = 0.0
V4 = 0.0
GO TO &0
ENDIF
IF (Ferror .GT. 0.0) THEN
UVl = 24,0

va = 6.0
v3 = 24.0
Vg = 0.0
GO TO &0
ELSE
Vi = 8.0
v2a = 24.0
V3 = 6.0
Vg4 = 24,0
GO TC 60
ENDIF

Computation of valve dynamics.

CALL VALVE(V1,V10,D1,Aei,Tf1,DT,0n,0fF,T,Amax,F31)
CALL VALVE(V2,V20,D2,Ae2,Tf2,DT,0n,0fF,T,Anax ,F32)
CALL VALVE(V3,v30,D3,Ae3,Tf3,DT,0n,0¢Ff,T,Anax,F33)
CALL VALVE(V4,V40,D4,Aed,Tf4,DT,0n,0fF,T,Anax ,F34)

Computation of averages and variances.

Wic = W1#60./Ro

Wac = W4x%60./Ro

Count = Count + 1
SumYc = SumYec + Ye
SumYc2 = SumYc?2 + Ycxnad
SumYt = SumY1t + Yt
SumYt2 = SumYt2 + Ytux2
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Page 4 of program SYS

SumVact = SumuVact + Vact

SumVact2 = SumVact2+ Vactxx2

SumFrc = SumFrc <+ Force

SumFrcd = SumFrc2 + Force##2

Sumic = SuméAc + Acc

SumAc2 = SumAc2 + Accxx2

SumStr = SuymStr + Stroke

SumStr2 = SumStr2 + Strokexx2

Sumld = Suml B Wic+Wac

Suml2 = Sumld2 + (Wilc+UW4c) #xn2

IF (T .GE. FTIME) THEN
AYc = SumYc/Count
VYc = {((SumYc2-SumYcx#%2/Count)/(Count—-1))
SVYe = SART(VYe)
AYt = SumYt/Count
VYt = ((SunYt2-SumYt%2%2/Count)/(Count-1))
SVY+t = SART(VYT)
AVact = SumVact/Count
Wact = ((SumVact2-SumVact#%2/Count)/(Count-1)) ~
SWact = SART(VVact)
AFrc = SumFrc/Count
VFrc = ({(SumFrc2-SunaFrcx22/Count)/{(Count—-1))
SVFrc = SART(VFrc)
AAC = SumAc/Count
Vac = ((SumAC2-SumAc*%2/Count)/{(Count—1))
SVac = SGART(VAc)
AStr = SumStr/Count
VStr = ((SumStr2-SumStrx#x2/Count)/(Count- 1))
SVUSte = SART(VStr)
AlW = SumW/Count
vu = ((SunN”—SunU**”/Counf)/(Count 1))
SV = SARTI{VUW)

Writing of the computed averages and variances to an
external file and console.

WRITE(1,70)

,NRITE(lo 70) _
WRITE(1,71) AYc,8VYc
NRITE(IO 71) AYc SVYc
wRITE(1,72) AYt,SVYt
WRITE(10,72} AYt,8VYt
WRITE(1,73) AVact,SWact
WRITE(10,73) AVact,8Wact
WRITE¢1,74) AFrc,SVFrc
WRITE(10,74) AFrc,SVFrc
WRITE(1,75) AAc,SVAc
WRITE(10,73) AAc,SVAc
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Page 5 of program SYS

WRITE(1,76) AStr,SVUStr
WRITE(10,76) AStr,EYStr
WRITE(1,77) AW,SVH
WRITE(10,77) AW,5VY

CLOSE(10)

70 FORMAT(//25X, ’Mean’,14X,’Desviation’//)
71 FORMAT(1X,’Yec’,15%X,F10.4,11X,F10.4/)
72 FORMAT(1X,’Yt’,15X,F10.4,11X,F10.4/)
73 FORMAT(1X,’Vact’,13X,F10.4,11X,F10.4/)
74 FORMAT(1X,’Force’,12X,F10.2,11X,F10.2/)
75 FORMAT(1X,’Accel’ ,12X,F10.4,11X,F10.4/)
76 FORMAT(1X,’Stroke’,11X,F10.4,11X,F10.4/)
77 FORMAT(1X,’Flow’ ,13X,F10.4,11X,F10.4/)

ENDIF
c
C This section is run four times for each time step.
C
c Computation of disturbance input.
c
10 Yyt = 0.0

vt = 0.0

DG 25 I=1,9

Yt = Yt - ¢ Yei(I) » SIN (WF(I)%T+Phs(1)))

2% Ut = Ut = ( WR(T) 2% Yti(I) #» COS (WF(II%T+Phs(I)))
c
c Calculation of adiabatic temperatures.
c

Ta = (Pa/Ps)a%(1,~-1./k)=Ts

Tb = (Pb/Ps)#%x#(1,-1./k)%Ts

CAL.L FLOW (Pa,Ps,Ael,Ts,Wl)

CALL FLOW (Pe,Pa,Ae2,Ta,W2)

CALL FLOW {(Pe,Pb,Ae3,Tb,uW3)

CALL FLOW (Pb,Ps,Aed4,Ts,W4)

Calculation of actuvator capacitance.

000

Wa = W1 - W2 e
Wb = W4 - W3

Va = Vo - (YT-YC)#Apo
Vb Vo + (YT-YC)¥Apo

Cva = Vang/(k#R%#Ta)
Cub VUhxg/ (k%R%Tb)
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c
c System’s differential equations.
c

F(1) = Ve

Fbump = 0.0

IF ((Yt=Yec) .GT. 1.95) Fbump (Yt-Yc+1.5)xKbump
IF ((Yt=-Yc) .LT.-1.5) Fbump (Yt-Yc—-1,5)%Kbump
F(2) = (Ksy#{Yt-Yc)+Fbump+Csy#(Vt-Vc)

1 +(Pa%Apo~PbxApo) ) /Mc
F(3) = Wa/Cva-k#PaxApo%(Vc Ut)/Va
F(4) = Wb/Cub+k*PbxApo*(Vc-Vt)/Vb

RETURN
END
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SUBROUTINE VALVE

This subroutine calculates the dynamics of the valve by
the simulation of the opening and closing time delays.

s Mo Ry Ro Ry Ny

SUBROUTINE VALVE(V,V0,Dp,Ae,Tf,DT,0n,0fFf,T,Amax,F3)
IF (V .EQ. V0) GO TO 29
Dp = 0.0
F3 = 0.0
20 Vo = Yy
IF (V.EQ. 24.) THEN
Tdp = on/DT
Dp = Dp + 1.
IF (Dp .LT. Tdp) RETURN
IF (F3 .EQ. 0.0) Tf=T

F3 = 1.
Ae = Amax
RETURN
ELSE

Tdp = Off/DT

Dp = Dp + 1.,

IF (Dp .LT. Tdp) RETURN
IF (F3 .EQ. 0.0) Tf=T

F3 = 1.

Ae = 0.0

RETURN
ENDIF

END
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SUBROUTINE FLOW

This subroutine calcuvlates the compressible flow through
3 valve.

SUBROUTINE FLOUW(Pd,Pu,neff,Ts,W)

REAL K

c1 = 2.06
cea = 0.532
k = 1.4

IF (Pd/Pu .LE. 0.528) GO TO 10
IF (Pd .GT. Pu) GO TO 13

W = Aeff2Cl#Pu/Toux0 ,5%(Pd/Pu)*x%(1,/k)x(1,-(Pd/Pu)xx

1 ((k=1.,)/7k))#%0.3

RETURN

Pue = Pd

Pde = Pu

W = ~AeffeCi#Pue/Tox%0,5%(Pde/Pue)%x(1./k) -
1 %(1.,~(Pde/Pue)»*%((k~1,)/k))=%%0.5

RETURN '

W = Aeff%C2#Pu/Toxx0.5
RETURN
END



