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ABSTRACT

The effectiveness of using a simple nonlinear on—-off
controller with lead compensation and hysteresis as a means of
controlling a preumatic active suspension system is
evaluated. The ride quality improvement that can be achieved
using this nonlinear active pneumatic suspension system in
parallel with passive springs and dampers is investigated. A
one degree of freedom model is used to simulate the lateral
dynamics of a convent ional passenger rail vehicle to
pseudo—random disturbances entering from the truck.

A set of experiments is used to evaluate the accuracy
of the analytical model. The performance of the system for
different actuators and valves is evaluated using computer
simulation. The feasibility of using semi-active suspension
systems as a means of improving ride quality performance while
reducing the system power consumption is considered.

It is found by means of computer simulation that using
4 inch bore pneumatic cylinderc as actuators and solenoid
valves with a rominal air flow capability of S0 scfm, a 49%
reduction in the r.m. s. carbody lateral acceleration, and a
22% reduction in the r.m.s. lateral suspension stroke can be
achieved while requiring S.3-13.7 horsepower/car.

It is concluded that the simplicity, low cost and high
reliability of this nonlinear active pneumatic suspersion
system, make it a promising method to improve the ride quality
performance of rail vehicles.

Thesis Supervisor: Dr. J. Karl Hedrick.
Title: Professor of Mechanical Engineering.
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Chapter 1

INTRODUCTION

thhough many vibration problems are solved in an
inexpensive, reliable, and satisféctory way with passive
devices, it is clear that there are distinct performance
limitations when only passive elements are used. In the past,
many attempts were made to improve vibration control devices
by providing some adjustable parameters, such as spring and
damper coefficients, which could be varied to suit changing
exitation or reasponse characteristics. Sueh variable
parameter systems can have better vibration isolation and
represent a simple form of contrcl loop used to improve
performance.

!
As high—-performance servomechanisms were improved and

simulation methods for automatic control systems were
developed, the use of such "active" parameters became more
common. RAlthough the active vibration control systems give,
in general, better performance than the best possible passive
system, economical limitations and the fact that they are leuss
reliable than passive systems, have restricted their use to

cases in which vary high performance is required.

- 10 -



The objective of this research is to evaluate the
performance of an active pneumatic suspension device which
using a simple control law would be able to improve, in an
economical and reliable way, the ride.quality performance of

rail vehicles.

1.1 BACKGROUND

In a traditional passenger rail vehicle, the dynamics
of motion can be subdivided into two decoupled sets of rigid
body modes [1]1 consisting of lateral, yaw and roll modes in
the lateral dynamics and longitudinal, heave and pitch modes
in the vertical dynamics (Fig 1.d.1). For simplicity, it is
convenient to analyze and design the suspension of rail
vehicles as a decoupled set of lateral and vertical sugpension

elements.

The primary purpose of the lateral rail vehicle
suspension elements are: to provide "tracking" of intentional
inputs such as curves and switches, to isclate the truck and
carbody from unintentional disturbances such as random track
irregularities and rail Jjoints, and to damp all modes,
spacially the kinematic or the "hunting" mode. To perform
these tasks, the lateral suspension of rail vehicles is

usually divided into two sets of independent suspensions (Fig.

- 11 -
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1.1.2). The primary suspension, placed between the wheelset
and the truck, and the secondary suspension that connects each

of the two trucks to the carbody.

The primary suspension is largely determined by the
lateral stability/curving trade off [1l1, while the secondary
suspension is largely determined by the ride

quality/suspension stroke trade off L213.

Generally, a soft secondary suspension attenuates
carbody accelerations more than a stiff suspension, at the
expense of a larger suspension stroke. The lateral secondary
suspension, is usually limited in its travel for such reasonrs
as avoiding sideswiping tunnels or other trains and limiting
carbody excursions during curving or wind gusts. When the
carbody moves laterally more than a prefixed value, relative
to the truck, it encounters bumpstops that increase the
lateral stiffness a significant amount, greatly reducing
further travel of the carbody. This, of course, increases

lateral accelerations deteriorating the ride quality.

It has been shown that with well-laid, well-maintained
tracks, lateral carbody accelerations can be greatly reduced,
even at high operating speeds ([3,4]. However, in many cases it
is more economically feasible to consider inmovative
suspension designs, as a practical solution to reduce lateral
accelerations. Ride quality is primarily determined by

lateral accelerﬁtions. At moderate exposure levels, these

- 13 -
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- 14 -



accelerations can cause reduced comfort, fatigue at higher

exposure levels, and eventually dizziness and motion sickness
at extreme levels. Figure 1.1.3 shows the human exposure
limitz ¢to lateral accelerations as establ ished by the
International Organizaticn For Standarization I.S.0. [31. The
exposure limit is a function of the frequency and duration of
the accelerations. Special care should be taken for low

frequency accelerations in order to'improve ride gquality.

Much research has been done in order to improve
"lateral ride quality" by means of using passive suspension
elementas [6]1. Several types of nonlinear springs and dampers
as well as different cenfigurations of the '"suspension
elements" have been studied. However, it has been shown [71
that only moderszte improvements can be achived by passive

means.

Studies done at M.I.T. (81 have shown that the
addition of active elements to a passive suspension can
improve passenger comfort beyond the limits possible when only

‘passive elaments are used.

1.2 ACTIVE SUSPENSIONS

Passive suspensions are limited by the restriction

that forces can only be created from local, relative motion

- 15 -
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and energy can only be dissipated or stored and used later.
Active suspensions, however, do not have either of these
restrictions. Forces created by actuators can be related to
any state or combination of states one is able to measure.
External power is used to supply the ewnergy required by these

actuators.

Actuator forces in semi-active and semi-passive
suspensions, can also be related to any given state. S8ince
external power is only used for measuring and conditioning the
sensor signals and not for applying =nergy to the system, much
less power is required. Therefore, semi-active and
semi-passive suspensions are more ecornomical, but the
improvement in performance that can be achived is less

significant than using fully active suspensions [31.

1.3 PREVIOUS WORK IN ACTIVE SUSPENSIONS AT M.I.T.

Using a 15 degree of freedom model of an Amcoach
Amtrak train, Celniker [10] showed that with a "local ride
control"” which applied the control force between the carbody
and the truck, the r.m.s. lateral acceleration can be reduced
by 67% and the secondary r.m.s. suspension stroke can be
reduced by 17%. His simulation assumed ideal actuators and‘a

control law given byt

- 17 -



Fd = - K1 Yo - K2 Ye (1.3. 1)

where: Fd is the desired actuator forcej Yo' is the carbody
absolute acceleration; QC is the carbody absolute velocity,
and K1 and K2 are the acceleration and velocity feedback gains

respectively.

Hedrick and othevs [11] measured lateral accelerations
of an Amtrak passenger—-coach carbody traveling on the
Northeast corridor (New York City to Washington D.C.) to
determinate the frequency and magnitude of the accelerations.
The results showed that mocst of the accelerations were in the

0. 5-2 Hz frequency region.

Buzan [12] used a one degree of freedom model, to
simulate half of the vehicle dynamics (half of the carbody and
one truck), to a random position disturbance entering from the
truck. He used an actuator having a first order lag in
parallel with the passive spring and damper, and introduced to
the Celniker's control law a force feedback gain "Kf" which
multiplied the difference between the desired force, Fd, and

the actuator force, Fa (Fig. 1.3.1).

His simulation showed that an actuator with a 3 Hz
bandwidth could be successfully used to attenunate carbody
accelerations. He selected Firestone 2eS airgprings as
actuators and modeled the filling and exhausting of these
actuators using a pneumatic proportional valve. He showed

that the r.m.s. acceleration could be reduced 40% and the

- 18 -
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r. M. S. stroke could be reduced 12% with a power consumption

of 27-38 horsepower/car.

To reduce the power consumption; Cho [13] studied the
effectivenaess of different actuators and proportional valves.
He simulated a typical disturbance input and showed that, with
a pneumatic proportional valve with a peak flow capability of
40 scfm and using a 4 inch bore pneumatic cylinder as an
actuator, the lateral r.m.s. acceleration of the passenger
compartment could be reduced by 46% with a power consumption
of 5.4 to 7.5 horsepower/car. To increase the reliability of
the system and to reduce installation costs, De Los Reyes [14]
studied the feasibility of using pulse width mecodulation as a
method of controlling a solenoid valve in a pneumatic active
suspension. He showed that control via pulse width modulation
did not yield satisfactory performance because commercially
available solenoid valves do not have a high ernough

bandwidth.

i.4 SCOPE OF THIS THESIS

The purpose of this thesis is to show that with a
nonl inear on—-off contrqller, a solenoid prneumatic valve can be
driven to produ&e good isolation performance while using a
"ralatively” low power consumption in a pneumatic active

suspension system.

- 20 -



Towards this end, a set of analytical models as well
as some experimental tests were implemented. Chapter two,
describes the specifications and restrictions of the control
problem. It also gives some motivation for the implementation
of the control used, and a description of the simulation
techniques utilized. Chapter three, contains the electrical
design of %“he controller, a description of the experimental
set up and the evaluation of the digital model used throughout
this thesis. The performance of the system when wusing a1l
D.0.F. model as well as some parametric studies on the effect
of changing the different parameters involved are discusséd in
chapter four. The effectiveness of using semi-active
suspensions in order to reduce power consumption is discussed
in chapter five. In chapter six, the conclusions reached and
the recommendations for future work are presented. FORTRAM
codes of the programs used for the simulations are presented

in the appendices.

- 21 -



Chapter 2

BANG-BANG CONTROL OF ACTIVE PNEUMATIC SUSPEMSIONS

2.1 INTRODUCTION

The success of any active suspension syséem applied to
rail vehicles depends to a large degree on its reliability,
simplicity and low installation, operation and maintenance
costa. References [6]1, (121 and ([13]1 show that using a
proportional "local ride controller" the ride quality/stroke
trade-off can be succeasfully resolved. However, this
controller requires the utilization of a proportional valve.
When air is used as a working fluid, the power consumption and
therefore the flow required, are considarable increased with
respaect to those needed by a hydraulic system. In this case,
proportional valves capabie of handling the required air flow

are difficult to find, and they are expensive.

To overcome these economical limitations, De Los Reyes

141, studied the feasibility of using a pulse width modulated

- 22 -



controller to drive a pneumatic solenoid on—-off valve.

However, solencid valves commercial available, although very
inexpensive, are in general "slow", and have significant time
delays in the opening and closing process. For pulse width
modulation to work, a solenoid valve of at least 20 hz is
required C[1S1. Although such a valve can be constructed, it
would be expensive and probably a pneumatic proportional valve

would be preferred.

A bang—bang control law was proposed as a simple way
of driving a solenocid valve, while overcoming the above
limitations. The idea behind this controller, as well as the
considerations requi;ed for its digital simulation, are

presented in this chapter.

2.2 DESCRIPTION OF THE PROBLEM

Aa stated before, the dyhamics of motion of a
passenger rail vehicle can be.subdivided into a decoupled set
of vertical and lateral body modes. Although the'ride quality
is related to the lateral and vertical acceleration among
other factors, the stroke limitations in the vertical
direction are less severe, and passive suspension elements can

be chosen to give the desired performance.

In the lateral direction, however, the constraints are

- 23 -



more severe. For a typical Amtrak passenger car, the maximum
allowable peak to peak gsecondary stroke is8 limited ¢to 1.5
inches. This greatly reduces the amount of i{solation that can
be achived by passive means. Thus, active suspensions give an
alternative to further reduce lateral vibration of the

passenger car.

1t is posgible to modify the primary lateral
suspension to raeduce lateral accelevations. However,
practical considerations suggest that the implementation of a
new primary suspension, either active or passive, is
economically impractical if the existing ¢trucks are ¢to be
used. This is because of the limited space available, and the
severe working conditions under which these primary

suspensions must operate.

To simplify the active suspension design, a one degree
of freedom model was chosen to simulate the carbody lateral
dynamices (Fig. 2.2.1). For this model, it was assumed that one
half of the mass of the carbody could be considered as a
lumped mass M, supported by a conventional spring K, and
damper C, mounted in parallel and connected to the truck. The
input of the system was then given by the displacement of the
truck, Yt. Using the notation of Fig. @2.2.1 the equilibrium

equatiohlof the system is given by:

M Ye + C(Yo-Yt) + K(Ye-Yt) = O. (2z.2.1)

- 24 -
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FIGURE 2.2.2 THE "SKYHOOK" DAMPER SYSTEM.
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For this passive case, the force acting on the mass is given

by s
Fr = - C(Qc—?t) - K{Yc-Yt) (2.2.2)

If cne assumes that this force is wnot held to the
pagssive elements, bﬂt instead, that it can be generated as a
function of the state variables of the system, i.e. the
absolute carbecdy velocity Qc, and the absolute carbody
displacement Yo, a linear guadratic criteria can be used to
find the optimal force that minimizes the sgquare carbody
velocity and the square system stroke. 1t can be shown, that

for a random guideway input, the optimal force Fc is given by:
Fo = = C1 Yo - C2(Yo-Yt) (2. 2. 3)

where: C1 and C2 are constants that depend on the cost matrix
chosen. It should be noticed that the carbody acceleration is
a linear combination of the relative velocity and displacement
of the carbody, and that by minimizing these var;ables we are

'also minimizing the absolute carbody acceleration.

The feedback law given by Eq. 2.2.3 can be realized by
passive elements if a damper can be placed between the mass W,
and some@ inertial reference (Fig. 2.2.2). This, of course, can
not be done on rail vehicles, therefore some active component
should be | introduced into the system to minimize

accaleration.

- 26 -



In the train, the secondary suspension lateral
stiffness is produced by the shear force of the secondary
vertical suspension spring. A hydraulic damper cornected
between the carbody and the truck is responsable for the
damping coefficient (Fig. 2.2.3). This configuration, makes it
very costly to change the lateral secondary stiffness. To
avoid an undamped system response in the case of active
suspension failure, it is recommended to have some passive
damping on the system even when the active controller is being
used. For these reasons, it was decided that an actuator
working in parallel with these two passive components should
be used. The values of these and other parameters for an
Amtrak passenger—-coach used as example in this thesis, are

listed in Table 2.1.

Hedrick and others [6]1 have shown that a control law

of the form:

Fd = - K1 Yo - K2 Ye (2.2.4)

where Fd is the force generated by the actuator, could be
successfully used. This control law requires absolute
velocity and acceleration feedback. Sensing the velocity is
an impractical task, however, it has been shown [14]1 that by
high passing the signal coming from an accelerometer, and
integrating it, a good estimate of the absclute velocity of
the carbody can be obtained. In this way, only an

accelerometer is needed to implement control law 2.2.4%.

- 27 -
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TRUCK PARAMETERS

1/72 of primary spring lateral spacing

B

1/2 of wheelbase

truck frame mass

PARA S
i/2 of secondary spring lateral spacing
1/2 of truck center pin spacing

carbody mass

™ SUSPENSION PARAMETERS

primary lateral stiffness
(4 per truck)

primary longitudinal stiffness
(4 per truck)

primary lateral damping

primary longitudinal damping

DA ugse ON R TERS

sacondary lateral stiffress
(2 per truck)

secondary vertical stiffness
(2 par truck)

saecondary lateral damping
{2 pear truck)

sacondary vertical damping
(2 per truck)

1.9
4. 23

212

3. 27
30

2405

480000

960000

2020

2850

24000

22200

1200

2000

Table 2. 1.~ BASELINE AMCOACH PARAMETERS (131
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The eqguilibrium equation of the aystem when an

actuator is used is given by:
M Yo + C(Ye-Yt) + K(Ye-Yt) - Fd = O (2.2.5
or using 2.2. 4
(M+K1) Yo + K2 Ye + C(Ye-Yt) +K(Ye-Yt) = O (2.2.6)

It can be seen from this equation, that the acceleration
feedback gain Ki, has the effect of "increasing”" the mass of
the system, therefore reducing the transmissibility. The
velocity fesdback gain K2, on the other hand, introduces a
term in the equation that is equivalent to the one given by
equation 2.2.3, i.e. it simulates the effect of a passive
damper connected between the mass and some inertial

reference.

This scheme of control, where the acceleration of the
carbody above the truck is sensed and fed back to the
actuators loéated batween that truck and the carbody, is known

as "“local ride quality control'.

Hydrau;ic proportional active suspensions using the
control law given in 2.2.4 were shown to significantly reduce
lateral acceleration with a relatively low power consumption
{3 to 5 horsepower/car) [10]. However, since most of the train
equipment is pneumatic powered, it was decided that the active

suspension to be developed should also be pneumatic powered.
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Prneumatic equipment maintenance is “cleaner",. and the train

company personnel have a considerable amount of experience in
working with this kind of equipment. In ad&ition, the train
locomotive is already equiped with an air compressor that may
be utilized to power the active suspension system without
further equipment installation. Pneumatic actuators also are
safer in the case of system failure since block-off of the

actuators can rarely occur.

2.3 THE CONTROL LAW

To implement control law 2.2.4 using a pneumatic
cylinder actuated by a solenoid servovalve, an on—-off
controller with lead compensation and hysteresis has been

proposed (Fig 2.3.1)

In this controller, a reference or decsired force is
generated using equation 2.2.4. This desired force is then
compared with the actual force in the actuator, sensed by
means of a lecad cell, and the resultant error is passed
through a lead compensater. When the "compensated error" Ec
is bigger than a pre-set amount Fr, the input valve of the
pneumatic cylinder opens, letting the air coming from the
pressure supply pgo to the cylinder, thereby increasing the
pressure and the force produced by the actuator. If the

"compensated error” is less than a pre-set value -Fr, the
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output valvé of tha pneumatic cylinder opens releasinra the air
of the cylinder into the atmosphere and reducing the force
applied by the actuator. UWhen the "compensated ervor" is less
than Fr but bigger than -Fr both valves remain close and the

amount cf air in the cylinder remaing constarnt.

in the real sasystem implementation, two pneumatic
cylinders per truck are required to generate positive and
negative forcas. Therefore four valves per truck are
required. In this configuration, the input valve of one
cylinder acts at the same time as the output valve of the
other cylinder in such a way that when one cylinder is being

filled up the other is ba2ing emptied.

The lead compensator was introduced in the control law
because pneumatic solencid valves have pure time delays in the
opening and closing process. The lead compensator tends to
decrease the effact of these delays in the response of the
system. The lead compensation also reduces limited cyeling in
nonlinear systems. A low pass filter is required in order to
implement the lead compensation since high frequency noise

must be attenuated.

The  band pass filter at the output of the
accelerometer is used to attenuate this high frequency noise
and to eliminate d.c. accelerations generated in curving or
tilt of the accelerometer, since no response of the active

system is desired in these cases. The band pass filter |is
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also required to obtain good estimates of the veloeity in the

integration process.

The dead zone of the on-off controller has been
included to avoid oscillations in asteady state. When the
difference between the daesired force Fd, and the actual
actuator force Fa, is less than a certain amount, the closing
time delay of the valve makes it impossible to compensate this
error, driving the actuator force to a value which is either
bigger or smaller than the desired ona. This, produces
ocacillations that will not be attenuated in steady state.
These oscillations can be avoid by choosing a convenient value
for the dead zone Fe. The valua of Fe depends primarily on the
closing time delay, the valve area, the actuator diameter and
the pressure supply. The choice of Fe for different values of

these parameters is shown in chapter four.

2.4 DIGITAL SIMULATION OF NONLINEAR ACTIVE SUSPENSIONS

To evaluate the performance of pneumatic active
suspensions when using the stated control law, a FORTRAN
program was written (appendix 2). This program, runs with a
fourth order Runge-Kutta routine that integrates the ronlinear

equations that describe the system.

The model of each of the components of the active
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suspension aystem used by this program, as well as the way the

input disturbance was formulated is explained iwn this

gsaction.

2e4%.1 Input Disturbance

To predict the perf&rmance of active suspensions, when
applied to rail vehicles, Cho [13] developed an analytical
model that simulates the truck displacement and velocity when
traveling at constant speed in the Northeast corridor. In
this model, nine sine waves ranging three octaves were summed
to represent the truck displacements. The truck velocity was
represented by the derivative of the truck displacements. A
comparison between the simulated results and the experimental
data £1i,181, showad that the analytical formulated
disturbance was a reasonably accurate desecription of the

vehicle operating conditions.

Figure 2.4.1 shows the power spectral density of the
carbody lateral acceleration when using the simulated
disturbance. It can be seen, that for a passive suspended
Amtrak passenger—-coach, the lateral carbody acceleration is
primarily a 0.5-2 hz phenomenon. These low frequency
accelerations, are attributed to the secondary lateral

suspension which has a natural frequency of about 1 hz.
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2.2.2 Valve Dynamics

In order to sinmulate the air flow through the

soleroid valve, an empirical relation (161 was used:

o i/2 , (k=1/7k)
W= clﬂo(pu/Tu )(Pd/Pu)tl - (Pdlpuj b |
(2e4.1)
for Pd/Pu 2 0.528
and
w = C.A_(P /Tile) for P,/P  ( 0.882 (2o b.2)
2e u u d’"u ¢ ove

whare: w = weight rate of flow, lbf/sec,
Cd = discharge coefficient of the orifice,
A

= effective orifice area, ina,

= upstream stagnation pressure, psia,

e

pu

Pd = downstream stagnation pressure, psia,
Tu = upstream stagnation temperature, °R.

and for air:

k = 1.4

S ina/sece°R,

= 2,06 °R1/%/sec,

o = 0.535 orl’/8/gec.

R = 2.47x10
Cy
c

The opening and closing time delays, were included in

the dynamics of the valve as shown in the subroutine VALVE

appendix 1. The dynamic of the flow through the valve, is

simulated in the subroutine FLOW.
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2.2.3 Actuator Dynamics

For the pnaumatic cylinder, the weight rate of flow is

given by:
w=gm=g g; (D_V_) (2. 4. 3)

whaere: m = mass rate of flow, slugs/sec,
i

= acceleration of gravity, ft)seca,

Da = air density, slugs/ftz,

v, = cylinder volume, £ 3,
Assuming that for the operating pressure and temperature the

air behaves as an ideal gas,
P=DRT (2. 4.4)

wheres P = the air pressure inside the cylinder, psia,

T = the air temperature inside the cylinder, °R,

2 2

R = the air constant, ft /sec °R,

and sustituting equation 2.4.4 in equation 2.4.3, we pget:

w =g & C(V&P)/(R ™13 (2. 4.3)
For a polytropic process:

p D;"m constant (2. 4. 6)

whaere n is the polytropic exponant.
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Using this equation, the temperature and pressure at any piven
state can be related to the supply pressure and temperature by

the relationt

TR/ g yplinTi/) (2. 40 7)

where the s subscript indicates supply conditions.

Substituting the temperature T in equation 2.2.5 and

carring out the differentiation:

(n=1/nj.
w—

P=(nR Tg/Vag)(Ps/P) (n P/V IV, (2. 4. 8)

In this equation, w is given by equation 2.4.1 or
2. 4.2, while Va and Oa, can be calculated as a function of the

cylinder stroke as follows:
Va = Rp(Yt—Yc) + VO (2.4.9)

where:? Qp = piston area, 1ne,
vo = initial piston volume, 1n3,

so that:
Oa = np<?t-9c) (2.4.10)

Integration of equation 2.4.8 gives the pressure in
the pneumatic cylinder. The force produced by the actuator

can be calculated as:
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Fa = gpp (R.4.11)

Since two actuators are being used, the resultant net force
must be calculated. Using this resultant force, and equation
2.2.5, the dynamics of the ong degree of freedom model

can be completely described.
2.2. 4 Power Consumption

For a steady state flow process, the specific work

done by the compressor can be calculated as:
e
W =f dP/D (2.4.12)
i a

where i and e denote inlet and exit conditions. If an

isothermal process is assumed, Eq. 2.4.12 becomes:
W=R TiLn(PE/Pi) (2.4.13)

If an isentropic process is assumed, eq. 2.4.12

becomes:

(h=17k) _,4 (2. 4.14)

W= (k/k-1)R Ti[(pe/pi)

where k is the ratio of specific heats.

Equations 2.4.13 and 2.4.14, give the upper and lower

estimate of the work done by the compressor.
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Chapter 3

EXPERIMENTAL SET UP AND MODEL EVALUATION

3.1 INTRODUCTION

A s=2t of experiments were performed to evaluate the
accuracy of the equations presented in chapter two, when
applied to describe the dynamics of the active pneumatic
suspension components. In these tests, the open loop step
response, and the closed loop frequency response of a solenoid
valve-pneumatic actuator assembly were studied. The results
obtained were used to evaluate, in an economical and simple
manner, the feasibility of using the proposed control law in a

active pneumatic suspension system.

The "static response" of the system was evaluated to
determine the characteristics of solencid valves and pneumatic
actuators. This was accomplished by using a pneumatic
actuator with its attachment points connected to the ground.
Since the actuator was not allowed to move, the complete
dynamics of the system was not experimentally studied. The

results obtained, however, allowed the partial verification of
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the model used. They also gave information that could be
utilized for the setting up of a prototype system that would
allow a complete experimental evaluation of pneumatic active

suspensions.

In thia chapter, the hardware considerations regarding
the exparimental studies performed are prasented. The
experimental results are compared to those obtained by using

computer simulation, and the discrepancies are explained.

3.2 ELECTRICAL HARDWARE DESIGN

A laboratory a@lectrical circuit, capable of generating
the desired control signal, was built to implement the control
law given in Fig. 2.3.1. This circuit, was designed to
withstand the severe working conditions that could be
generated in the different tests performed [14]. In this
circuit, the desired force Fd, and the actual actuator force
Fa, were usad as inputs to generate the controcl signal Ve.
Since acceleration feedback from the mass was not possible,
calculation of the desired force Fd, was not required. For
this reason, the hardware necessary for the calculation of the

desired force was riot included in the circuit.

De Los Reyes [14], built an analog circuit that allows

the calculation of the desired force Fd as a function of the



accelerometer output, Yo. This circuit and the one developed
in this research could be coupled to generate the control
signal Ve required for the dynamic testing of an active

pneumatic suspension device.

Figure 3.2.1 shows a detailed electrical schematic of
the controller used to.drive the experimental apparatus. This
achematic has been divided into four different operational
blocks. Each of these blocks is used to perform one of the

different operations of the controller.

In block A, the desired and actual actuator force are
comparad, and the error signal, E, is generated. Choosing the
signal coming from one of the load cells to represent a
"nositive" force, and the other, a “negative" force, the net
actuator force can be obtained as the sum of these two
signals. The error signal can be calculated by adding the

rasultant actuator force to the desired actuator force.

The "compensated error", Ecs is generated in block B.
In this part of the circuit, one operational amplifier is used
to invert the error signal, and a second is used to perform
the differantiation. The "compensated error", Ec, is obtained
by summing these two signals. Active differentiation was used
for the calculation of the derivative of the error because it
gave good results for low frequency signals. The low pass
filter required to attenuate high frequency noise was not

included in the circuit since for the test conditions it was

- 43 -



*YATTIOEINOD A0 DIIVWHHOS 'TVOI¥IOITH T1°C°€ ddNd1d

a v o} H g A v
_ ! !
T |
Lo | { .
_ | peiej-01dTw uy 3Idueirdede)
LY I _ ] wyQ) Uy SJuUL1ISTSIY
T
0z ng _ _ |
. _ T |
1105 . |
aATeAa _
anduy i ! |
gz€ dIL _ A st _
A T+ |
_ ! 4
A ST+ | _ oLy + _
_ | g || T
2 . andut pg
I _ Wy . 18 A
z [ = 4AAAA—e8 1192 puot
Ly | oLy | _ e
€2 | oLy Y V 1132 peo]
| oy $ ¥,
S0z nd L
i oLy + :
‘ e ot ||
1103 | LH] iy
|ATBA _ | §4) .
andang _ x0T |
Sy I
A Y2+ | _
| |
| |

- 44 -




not necessary.

Block € is a comparator where the "compensated evror”
is compared to two reference voltages that define the width of
the dead zone. Two voltage dividers were used to st these
reference voltajes. The vesult of this comparison is a
continuous voltage of 15, O or -13 volts that is used to

trigger the output switching transistors of the circuit.

In block D, the signal coming from Dblock C, is
amplified so that it can be used to drive the input and output
solenoid valveas. High veoltage switching transistors were
required in the last step of amplification in order  to
increase the bandwidth of the valves. Because the current in
the coil of the solenoid valves can not be cut off
instantaneously, each time the transistor is switched of?, a
large voltage is generated in the coil. fAn RC circuit "etween
the collector of the transistor and ground was used to reduce
these high voltage signals, at the expense of increasing the

time required by the solenoid valve to close.

Several tests were performed to verify the performance
of the circuit. Figure 3.2.2 shows a sinusmjda1 input signal
of 1 h; and its derivative as obtained by wusing active
differentiation. In this example, the derivative pain, T, was
get to 0.0l4. For this low frequency, typical in active
suspension systems, the differentiation can be performed with

- very good results.
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INPUT AND OUTPUT VOLTAGES

*[1 VOLT/DIV.]

TIME [0.5 SEC/DIV.]

FIGURE 3.2.2 ACTIVE DIFFERENTIATION.
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Figure 3.2.3 shows the step response of the electrical
circuit when connected to the coil of the solenoid valve. Rs
it is shown, the coil could be energized to open the valve at
very high speed. De-energize the coil to close the valve was,
however, a much slower process. This was due to the dynamics
of the coil. Decreasing the time required to de-energize the
coil implies increasing the voltage through the switching
transistor. This creates a trade—off between the maximum
voltage across the transistor and the time required by the

solencid valve to close.

3.3 EQUIPMENT SET UP

For the experimental evaluation of the response of the
solenoid valve/pneumatic actuator assembly, a 4 inch pneumatic
cylinder and two Festo MX-2-1/4 2/2 way solenoid valves were
used. Only one actuator was used to determine the

characteristics of the valve and pneumatic cylinder.

Festo MX-2-1/4 solenoid valves were chosen for their
peak and nominal flow rate of 143 and 54 secfm respectively,
and their relative high bandwidth (see specifications appewndix
4), The 4 inch bore prneumatic actuator was chosen since
studies done in proportional pneumatic active suspensions [13]

have shown that this type of actuators could be successfully
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INPUT YOLTAGE

OUTPUT VOLTAGE
[24 VOLT/DIV.]

INPUT VOLTAGE

OUTPUT VOLTAGE
[24 VOLT/DIV.]

TIME [0.02 SEC/DIV.]

Step response to an open command

TIME [0.02 SEC/DIV.]

Step response to a close command

FIGURE 3.2.3 ELECTRIC CIRCUIT STEP RESPONSE.
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used{to reduce lataral acceleration of rail vehicles with a

relatively low power consumption.

The desired force, used as the input in this system,
was simulated using a signal generator. The actual actuator
force, required to close the feedback loop, was obtained from
a load cell placed between the shaft of the pneumatic actuator
and ground. An oscilloscope was used in order *to determine
the response of the system. Measuring the actual actuator
force coming from the lcad cell, and the desired input force
comming from the signal generator, the characteristics of the

valve/cylinder assembly could be evaluated.

4.4 MODEL EVALUATION

To verify the accuracy of the digital model in
simulating active pneumatic suspensions, the testing of the
valve/cylinder assembly was divided into two parts. The
"static testing" or open loop step response of the system, and
the "dynamic testing” or closed loop response of the system to
sinusoidal inputs. The FORTRAN subroutine MODEL (appendix 1)
was used throughout this model verification. The numerically
integration of the differential equations that describe tha
system were performed using a fourth order Runge-Kutta

routine.
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To determine the opening and closing pure time delays
of the solenoid valves, the response of the system to a step
input in the desired force was evaluated. With a supply
pressure of 120 psig, the input wvalve of the pneumatic

cylinder was opened while keeping the output valve closed.

Figure 3.4.1 shows that a pure time delay of 22 ms. was

present in the response of the system.

To determine the closing time delay of the solevoid
valve, the input valve of the preumatic actuator was briefly
opened, while keeping the output valve closed. When the air
flow through the valve was established, a close command for
that valve was generated. As shown in Fig. 3.4.2, the time
required for the solenoid valve to close, including electrical

and mechanical delays, was about 60 ms.

According to the valve and solenéid gspecifications,
the total opening and closing time delays are 34 and 26 ms
respectively. Although several tests were performed, these
specified values could not be met. These discrepancies were
attributed to the different testing procedures used to
determine the response of the valve. The values obtained in
this test were used in the digital simulation since, for the
operation conditions of the system, they represent a more
accurate estimate of the opening and closing time delays of

the valve.

For a supply pressure of 80, 100 and 12C psig, the
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FORCE [212 LBF/DIV.]

" FORCE [212 LBF/DIV.]

TIME [0.01 SEC/DIV.]

‘FIGURE 3.4.1 VALVE OPENING PURE TIME DELAY.

TIME [0.05 SEC/DIV.]

FIGURE 3.4.2 VALVE CLOSING PURE TIME DELAY.
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step response of the system for the filling and exhausting
process were evaluated. For a mnominal "height" of the
actuator fixed to 4 inches, the pressure inside the cylinder
was steppad up from the atmospheric pressure to the different
supply pressures. This was done by opening the input valve,
while keeping the output valve closed. To evaluate the
exhausting step response of the assembly, the pressure inside
the cylinder was first set to the different supply values, and
then the output valve was opened, while keeping the input

valve closed.

Modeling the valve with an effective orifice area of
0.06 square inches, and assuming that the' process is
isothermal, the experimental results and the calculated
values, obtained by using digital simulation, matched well for
all the tested cases. Figures 3.4.3 and 3. 4.4 show the step
response of the valve/cylinder assembly for the filling and
exhausting process, and the résponses obtained by the digital

model for a supply pressure of 120 psig.

A sinuscidal input in the desired force was used to
test the closed loop response of the system. For fregquencies
ranging from O.1 to 5 hz and different input amplitudes the
response of the assembly was studied. In all cases, the
supply pressure was set to 120 psig., and the nominal actuator
height was fixed to 4 inches. Figures 3.4.5 to 3.4.10 show

the closed loop frequency response of the experimental
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FIGURE 3.4.3 OPEN LOOP FILLING STEP RESPONSE.
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FORCE [LBF)

FORCE [424 LBF/DIV.]

2000.

1500.

1000.

500.

0

1 1 1 1

0.000 0.050 0.100 0.150 0.200 0.250 0.300
TIME [SEC]

Model response

TIME (0.05 SEC/DIV.]

Experimental result

FIGURE 3.4.4 OPEN LOOP EXHAUSTING STEP RESPONSE.
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apparatus, and the closed loop response obtained by using the
implemented program for frequencies of 0.1, 1, 2, 3, 4 and &
hz, and an input amplitude of 1500 1bf. Only "positive"
actuator forces cculd be generated since only one actuator was
used. For this reason, the actual actuator force went to zero
when the desired force was negative. In a real system
implementation, two actuators would be used to generate
positive and negative forces. With this configuration, the
response of the system would be faster, since the exhausting

process of one cylinder would be helped by the filling process

5f the other: - et e et et e ot e

Figures 3.4.5 to 3.4.10 show that for low frequencies,
0.1 to 1 hz, the model is a very good approximation of the
experimental system. A% the frequency is increased, the
discrepancies become more noticeable. These differences are
primarily due to the fact that the output valve of the
cylinder opened for a brief period of time when the air was
filling up the eylinder. It is for this reagson that at high
frequencies the attenuation of the tested system is larger
than that of the simulated system. This effect was not
included in the model, since it was assumed that an output
valve which will not open as a result of sudden charges in the

cylinder’s pressure can be found.

The response of the exparimental system for

frequencies larger than 3 hz, shows that a noticeable phase
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FORCE [LBF]

FORCE [470 LBF,/DIV.]

2000.
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0.
-1000.
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Experimental result

FIGURE 3.4.6 CLOSED LOOP FREQUENCY RESPONSE
w= 1.0 HZo
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FORCE [470 LBF/DIV.]
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FIGURE 3.4.8 CLOSED LOOP FREQUENCY RESPONSE
W = 3.0 HZ.
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FIGURE 3.4.9 CLOSED LOOP FREQUENCY RESPONSE
w = 4.0 HZ.
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FORCE [470 LBF/DIV.]
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FIGURE 3.4.10 CLOSED LOOP FREQUENCY RESPONSE

W = 5.0 HZ.
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lag is present. For this range of operation, the desired and
actual actuator force could have opposite signs, affecting the
performance of ‘the active suspension system. To eliminate
this problem, a low pass filter could be used to avoid system

responses above 3~4 hz.

The tests performed thus far have shown that the model
used to simulate the valve/ecylinder assembly can be
satisfactorily utilized to describe the static response of the
system. In the following chapter, this model is used to
predict the performance of nonlinear active pneumatic

suspensions, when used on rail vehicles.
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Chapter 4

PERFORMANCE OF ACTIVE PNEUMATIC SUSPENMSIONS

4.1 INTRODUCTION

A one degree of freedom model for the carbody lateral
dynamics and the equations given in chapter two, for the
different active susﬁension components, were used to determine
the effectiveness of pneumatic active suspensions when applied
to increase ride the quality performance of rail vehicles.
Although these ecuations represent a simplification of the
veal system dynamics, their use allowed a preliminary
quantitative description of the system; which could be
utilized to define some of the most important characteristics

of the active suspension proposed.

in rail vehicles, ride quality is normally taken to be
a measuﬁe of passenger comfort. This is a highly subjective
opinion based orn many parameters. The most significant of
these parameters which is directly affected by the suspension
is the level of vibration in the passenger compartment. When

active suspension systems are evaluated, the carbody stroke
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and the power required by the suspension system, become

important parameters which should be considered as part of a

complete description of the system performance.

In this study, the ride quality and active suspension
performance were measured as a function of the root mean
square (r.m.s.) carbody lateral stroke and acceleration, the
carbody acceleration power spaectral deﬁsity, and the average
power consumption. Since pseudo-random disturbances were
assumed, the r.m.s. carbody lateral stroke and acceleration
were used as representative indices of the "overall" stroke
and acceleration of the passenger compartment. The r.m.s.
values, however, do not give any information about the
frequency content of the responsa. Since human body
sensitivity to lateral acceleration is a function of the
frequency, the acceleration power spectral density was also
used as a performance index. The operation costs of active
" suspension systems, are largerly related to their power
consumption. This parameter was, therefore, used to evaluate

the economical aspects of the active suspension systems.
4,2 RIDE QUALITY PERFORMANCE

In the evaluation of the performance of active
pneumatic suspensions, the baseline parameters of an Amtrak

passenger~coach were used as an example (Table 2.1). Figure
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4.2.1 shows the acceleration and acceleration power spectral
density response of the passive system when using the proposed
disturbance input. For this case, in which no active elements
were used, the peak acceleration was 0.1703, and the r.m.s
acceleration was 0.070g. The peak stroke was 1.430 inches, and

the r.m.s. stroke was 0.640 inches.

The performance of an ideal active suspewnsion are
shown in Fig. 4.2.2. The response of the system, when using
ideal actuators, could be evaluated by making the actuator
force, Fa, equal to the desired force, Fd. Using an
acceleration feedback gain, Ki, of 20 lbf-gsec™2/in and a
velocity feedback gain, ka, of 1800 lbhf-sec/in, the r.m.s.
acceleration could be reduced by 74% to 0.018g, and the
r.fM.S. Stroke could be reduced by 22% to 0.498 inches. The
r. M. Se lateral carbody acceleration could be further reduced
by increasing the acceleration or velocity feedback gain, at
the expense of a larger r.m.s. stroke. Design constraints
require the r.m.s. stroke to be less than 0.5 inches, making

larger reductions impossible.

The subroutine SYS (appendix 2) was used to simulate
the response of the system when using the active pneumatic
suspension system proposed in this thesis. Using two 4 inch
bore prneumatic cylinders as actuators, and four Festo MX-2-1/4
solenoid valves, the r.m.s carbody lateral acceleration of the

baseline system could be reduced by 49% to 0.0355g and the
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r.m.s. sStroke could be reduced by 30% to 0.448 inches. After
a trial and error process, in which the r.m.s. acceleration
was minimized, the optimal parameters of the controller were
found to be: 15 lbf-sec~2/in for the acceleration feedback
gain, Klj; 2400 lbf-sec/in for the velocity feedback gain, K2j;
0.014 sec. for the “"lead time", T3 and 300 1bf for the “dead

zone width", Fr.

Figure 4.2.3 shows the carbody lateral stroke for 5
seconds of simulation. The peak stroke was 0.855 inches,
which is 57% of the allowable maximum peak value of 1.5
inches. Thus for the simulated input, no contact between the
carbody and the bumpstops occured when the active suspension

was used.

Figure 4.2.4 shows the desired and actual actuator
force for this rcase. For the 4 inch bore actuators used, the
affective piston area is 12.56 square inches. With a supply
pressure of 130 psig, the maximum force that can be produced
by the actuator is 1634 1bf. Rlthough this maximum force is a
amall fraction of the maximum desired force, the simulation
showed that good performance could still be obtained. 1t
should be noted, that the desired force for this case was
larger that the one used for the ideal case. This was due to
the fact that increasing the velocity and acceleration
feadback gains, a "smoother" actuator response could be

obtained, which reduces the low freguency oscillations in the
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acceleration response. Figure 4.2.4 also shows that when the
actuator force was not clipped at 1632 1bf, the actual
actuator force followed the desired force without any

significant lag.

Figure 4.2.5 shows the carbody lateral acceleration as
a function of time, and its power spectral density as compared
to the passive case. A substantial reduction was provided in
acceleration vibrztion. The peak carbody laterai acceleration
for this case was O.114g, which is the 33% of the peak
acceleration of the passive case. For frequencies below 2 hz,
the acceleration was attenuatad by approximately 8 db. For
higher frequencies, however, the active suspension system
degraded the system response. This is a result of the low
bandwidth of the solenocid valve/pneumatic cylinder assembly.
If better performance at high frequencies are desired, faster
actuators must be used. The high frequency respoﬁse, however,
has 1little influence on the overall effectiveness of the
active suspension. The spectral power of the high fregquency,
iz at least 10 db 1lower than that of the low frequency
acceleration. Moreover, the human body 1is less sersitive to
high frequency accelerations (Fige 1.1.3) and, therefore,

their effects in ride quality are not as important.

The average air flow required for the active
suspension system during this gsimulation was 32. 85

scefm/truck. This gives a comprassor pPower requirement of 9.5
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to 13.3 horsepower/car. For a typical 10 car passenger train,
|

this means that a compressor of at least 133 hp has to be

used. This power requirement is not very high and it can be

easily supplied by an onboard compressor.

Changes in the baseline system stiffrness and damper
coefficients were proposed to further decrease the r.m.s.
carbody lateral acceleration. Rs the spring stiffness was
decreased, better performance in the acceleration response
could be achieved, at the expense of a higher power
consumption. Changes in the damping ccefficient, on the other
hand, had very little efféct on the system response. Figure
4.2.6 shows the system acceleration response and its power
spectral density when using the proposed active suspension
system in parallel with a 3000 1lbf/in spring and the baseline
damper. The stiffness used for this simulation was the
minimum value that could be used while meeting the static
displacement specifications. For this case, the lateral
Acarbody r.m.s acceleration was reduced by 60% to 0.0278g, awrd
the r.m.s. stroke was reduced by 22% to 0.499 inches. The
power consumption, however, was increased from 9.5-13. 3
hp./car, for the baseline parameters, to 15-21 hp/car. ' This
higher power consumption and the fact that changing lateral
stiffness involves a high initial installation cost, makes the

use of this configuration unattractive.

Table 4.1 summarizes the results obtained in this
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section. Fig. 4.2.7 shows a comparison of the acceleration
power spectral density of the passive case, the active case
using the baseline parameters and pneumatic actuators, and the
ideal case obtained by assuming ideal actuators. These
results show that active pneumatic suspensions driven by the
proposed on—off controller perform well for frequencies below

2 hz with a relatively low power consumption.

Cho (131, showed that using a proportional valve with
a peak flow capability of 40 seofm, and 4 inche bore prneumatic
cylinders, a 46% reduction in the r.m.s. acceleration and 34%
reduction in the r.m.s. stroke can be achieved whilé using
only 5.4-7.6 horsepower/car. Howaver, the high cost of
proportional valves and their poor reliability, make the
nonlinear active prneumatic suspension, studied in this thesis,
a very promising alternative to be considered as a mean of

improving the ride quality performance of rail vehicles.

4.3 PARAMETRIC STUDIES

For a final design of an active pneumatic suspension
system, the influence of changing the different parameters
involved should be evaluated. Some of these parameters, such
as feedback gains, lead +fime compensation, and dead zone
width, can be easily changed even in an operating system by

tuning the controller. However, the actuator diameter, the
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‘Case A B c D E
Passive 0.070 0. 64 - - -

Active,
(basel ine 0.035 0. 45 49 30 23.59~13. 3
parameaters)

Active

(modify 0. 028 0. 49 &0 22 15-21
parameters)

Ideal 0.018 0. 49 74 22 -

= R.M.S carbody acceleration, Qg;

= R.M.S. secondary suspension travel, inj

m © o W D

R.M. S aceceleration change from passive, %;
R.M.S secondary suspension travel change from passive,

power consumption, Hp/truck.

Table 4.1.— ACTIVE SUSPENSION PERFORMANCE

- 75 -




8 "6t

*SWALSAS TVAQI ANV JATIIOV “FAISSVd
40 ALISNACQ TVILOIdS ¥dMOd NOILVYITAOOV L°C°% HINO1d

[ZH1 AJN3ND3NS
@1 8°S -1 S8

—--w.— L ) T an-q—

‘P8~

"BL-

‘88—

By

‘ae-

‘Be-

Bl-

2

)

(801 ALISN3O YY¥133dS NOILYY3T3IJY

- 76 -



valve orifice area, and the opening and closing pure time
delays of the valve, are fixed parameters that only depend on
the actuator and valve chosen. Although all tha above
parameters affect the performance of the system, the latter
set, determines the physical and economical system's
limitations, and special care should be taken in their
selection. Throughout this section, the firat set of
parameters, which only affect the controller, will be referred
to as "tuning parameters", while the others, which directly
depend on the valve/actuator characteristics, will be referred

to as "fixed parameters'.

The relative effect of changping each of the "fixed
parameters” was studied by choosing the "tuning parameters" so
that the best acceleration performance could be achieved.
Even though the nonlinearities present in the system make it
very difficult to evaluate the performance of the system when
changing more than one parameter at the same time, the results
obtained served to give some insight into the hehavior of the
system, which could be used when designing nonlinear active

pneumatic suspension systems.

The effect of changing the actuator diameter, while
keeping all the other "fixed parameters" constant, was
evaluated first. Figure 4.3.1 shows the r.m.s. carbody
lateral acceleration, the r.m.s. carbody stroke and the

average air flow consumption per truck as obtained by using
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the subroutine SYS. As the actuator diameter is increased, the
r.m.s. carbody acceleration is decreased to a minimum value,
and then it is increased again. For a given supply pressure,
the peak force that the actuator is able to apply, aﬁd
therefore its ability to reduce lateral acceleration, is
increased with the actuator diameter. However, since the
volume of the actuator is alsio increased, its bandwicih is
reduced. This augments the system lagy, causing a rise in the
r.m.s. carbody acceleration obtained for actuator diameters
larger than 5.5 inches. The r.m.s. Sstroke remains constant
as the actuator diameter is changed. The average flow
consumption, however, experiences a continuous rise as the
actuator diameter is increased. This is also due to the
larger actuator volume. RAs the actuator volume is increased,
the amount of work needed to compress the air inside the

’

actuator is also increased, increasing the power consumption.

Figure 4.3.2 shows the system performance as a
function of the effective orifice area of the valve. The
Ve ifle Se carbody acceleration, and the r.m.s. stroke remain
constant as the effective orifice area of the valve is
increased. This was attributed to the controller's ability to
regulate the force produced by the actuator, despite the air
flow passing through the valve. Since the closing pure tine
delay was kept constant, the amount of air that was going in
and out of the actuator was larger, therefore producing a

cont inuous increase of the average air flow consumption.
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Figure 4.3.3 shows the influence of changing the
opening time delay of the valve on the system response. As
the opening time delay is increased, the bandwidth of the
system is reduced. This increases the "overall stiffrness" of
the system, producing an increase in the r.m.s. carbody
acceleration, and a decréase in the r.m.s. carbody stroke.
Larger opening time delays also reduce the averapge time that
both the input and output valves are open, causing a reduction

in the average air flow consumption.

As the close pure time delay is increased, the r.m.s.
acceleration is slightly increased, while the r.m.s. stroke
is reduced. This, again, is due to a decrease in the system
handwidth. Since a larger time i required to close the
valves, the average air flow going in and out of the actuators
is increased, producing a continucus rise of the power
consumption. Fig. 4.3.4, shows how the system performance

changaes as a function of the closing time delay.

Figures 4.3.1 to 4.3.%4 suggest that 4 inch bore
pneumatic cylinders and solencid valves having an opening time
daelay of S50 ms, an effective orifice area of 0.04 square
inches and a closing time delay of 25 ms or less are a good
choice of the active suspension "fixed parameters'. With
these valves and actuators a 48% reduction in the r.m.s.
carbody lateral acceleration could be achieved while requiring

only 7-9.7 horsepower/car. Larger actuators could be used to
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slightly improve acceleration reductions, but at the expense
of significantly increasing the air flow consumnption. Smaller
actuators, on the other hand, could be used to reduce the air
flow consumption, but at the expense of largerly degrading the
acceleration response. Smaller opening time delays would
increase the air flow consumption, while larger opening time
delays would degrade the system response. Valves having a
larger orifice area would increase the air flow consumpt ion
without improving the acceleration performance. Smaller
closing time delays would reduce the system air flow
congsumpt ion, while improving acceleration performance.

However, valves having small time delays would be more and

dificult to find.

The existing ownboard compressor on Amtrak’s F—40
diesel locomotive is capable of providing 130 horsepower ét a
nominal pressure of 130 psig. This compressor, However. can
only be coperated at 20-30% of full capacity so that sufficient
time to filter and cool the air leaving the compressor is
allowed and overheating does not occur [i4]. With these
limitations, a maximun of 39 horsepower could be used ¢to
operate the active suspension system. For a ten passenger car
train this gives a maximun average air flow rate of 9.36
scfm/truck. To reduce the active suspension air flow to this
value, valves having an opening time delay of 150 wms, an
effective orifice area of 0.06 square inches agd a eclosing

time delay of 60 ms could be used. If these valves and 4 inch



bore pneumatic cylinders were used, the r.m.s. carbody
lateral acceleration could be reduced by 30% to 0.049p while
satisfying the power consumption limitations. To achieve
tetter acceleration performance a larger compressor would be

required.

The parametric studies have shown that a trade off
exists between the r.m.s. acceleration raduction, the initial
instaliation costs, and the average power consumption. This

trade off problem must be resclved if a pneumatic active

suspension is to be dwesigned. Therefore, the final selection
of the system components will depend on the design

specifications and on the designer’s financial restrictions.



Chapter 9

SEMI-ACTIVE SUSPENSIONS

S.1 INTRODUCTION

Although the nonlinear active suspansion proposed in
this thesis was shown to perform well when applied to improve
the ride quality performance of rail vehicles, the need for an
exterral power supply makes its implementation costly if the
already existing onboard compressor can not be utilized. As
an alternative to improve ride quality performance, while
reducing the installation and the operation costs, the
feasibility of using a semi-active vibration isclator was

considered.

Sami—-active suspension systems, are in gensral,
axternally controllable force generators, where the forece is
daveloped by the relative velocity of its attachment points.
By controlling the damping characteristics of a viscous
dampar, a controllable force related to any state or
combination of ﬁtates can be applied to the system. Since

external power is only used for signal processing and valve




actuation, and not for applying energy into the system, a very

low power is required.

In semi—-active suspensions systems, forces can only be
produred when the power associated with such forces is
digsipated. For this reason, during portion of its operation,
when the command force and the available force are in opposite
directions, the semi-active sﬁspension is controlled to
produce zero force. Although this condition degrades system
performance relative to a fully active system, it has been
ghown [20] that improved performance over passive suspensions

can be achieved.

Although semi—-active suspensions are always nonlinear,
and in general, microprocessor rontrol is required to
implement the control law, its implementation is less
expensive than that of a fully active suspension system. In
this chapter, the performance of an ideal semi—active
sugspension ig investigated analytically using coinputanr
simulation and compared to that of passive and fully active

systems.

5.2 THE CONTROL LAW

Sami—~active suspension systems are usually implemented

by using active dampers connected in parallel with passive
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springs. The active damper is essentially a passive device
capable of externally controlling the force across the damper
independently of the relative velocity of its attachment
points. The damping coefficient and, therefore, the damping
force are controlled by modulation of the damper orifice. In
this study, an infinite bandwidth of the orifice modulating
device was assumed, and therefore the characteristics of an

ideal semi—active suspension system were evaluated.

The control strategy used, was to modulate the
passively generated damper force to equal the force that would
be generated by a damper connected between the carbody and
some inertial reference ("skyhook damper", Fig. 2.2.2). This

was achieved by using the control law:
Fd = -K1 Ye (524 1)

where Fd is the desired force across the active damper, Yo is
the absolute carbody velocity, and K1l is the velocity feedback

gain.

Since no external power is supplied to the active
damper system, this force can only dissipate powerj; therefore,
the devime will be capable of applying this force if and only

if:
Yo(Ye-Yt) ) O (5. 2.2)

where Yc is the absolute truck velocity. When Ye and (Yo-Yt)

- 88 -



are of opposite sign, the active damper can only supply a
force oppogite to the desired force Fd. In this case, the best
the active damper can do to approximate the desired force is
to apply no force at all. When (Ye-Yt) is equal to zero, the
active damper responds by attempting to generate the desired
force Fd. If the desired force is larger that the maximum
available damper force, the active damper will lock up the

system producing a force:
Fa = M Yo + K(Ye-Yt) (5. 2. 3)

The control force applied by the active damper, Fa,

will then have three different possible values:

Fa = Fd if Yo(Ye-Yt) ) O (5. 2. 4)
Fa =0 if Ye(Ye-Yt) ¢ O (J.2.5)
Fa = M Yo + K(Ye-Yt) if Yo=Yt = O (5.2.6)

The device will switch among these three possibles values,

producing a control force which is cbviously nonlinear.
5.3 ﬁERFDRMQNCE OF SEMI-ACTIVE SUSPENSIONS

In order to evaluate the characteristics of an ideazl
semi—active suspension system when applied to improve the ride

quality performance of rail vehicles the FORTRAN subroutine

SEMI (appendix 3) was utilized. In this subroutine the
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carbody lateral dynamics was simulated by usirng the one degree
of freedom model developed in chapter two. The baseline
parameters of an Amtrak passenger-coach train with zero
lateral secondary suspension damping coefficient, and the
pseudo-random disturbance input modeled by Cha [131, were used

ag an example for this study.

Fig. S5.3.1 and 5.3.2 show the acceleration power
spectral density of the semi-active system as compared to the
passive case for different values of the velocity feedback
gain, Ki. As the velocity feedback gain is increased, the low
frequency acceleration attenuation is also increased, at the
expense of an amplification of the high fregquency acceleration
response. This trade off between the low and high frequency
acceleration attenuation, was attributed to the power
limitations inherent to the active damper system. As the
velocity fesadback gain is increased, the sensitivity of the
system to switch among the possibie force values is
increased. This produces a high frequency actuator force
that, although capable of reducing low frequency
accelerations, increases the high frequency acceleration

response of the system.

Table S.1 shows the e Me Se carbody lateral
acceleration, the e e Sa suspension stroke and their
percentage of reduction as compared to the passive case. When

the velocity feedback gain, Ki, is increased the r.m.s.
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SPECTRAL DENSITY FOR VELOCITY FEEDBACK
GAINS OF 1500 AND 2000 LBF-SEC/IN.
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m o 0O W D

A B c D E
3500 0. 046 0. 49 34 23
1000 0. 041 0. 45 41 30
1500 0.043 0. 44 37 31
20090 0. 045 0. 45 36 30

Velocity feedback gain, lbf-sec/inj

R. M. S carbody acceleration,

R. M. S.

secondary suspension travel,

ing

R.M. 8 acceleration change from passive,

R.M. S secondary suspension travel change from passive,

Table S.1.~- SEMI-ACTIVE SUSPENSION PERFORMANCE

%3

b



lateral carbody acceleration is reduced to a minimum, and then
it is increased apain. In this study, the value of Kl that
minimizes the r.m.=. lateral carbody acceleration was used to
evaluate the effectiveness of the ideal semi-active suspension

asyatem.

Figure S5.3.3 shows the carbody lateral acceleration as
a function of time when a velocity feedback pgain of 1000
ibf-gec/in is used. For this case, the peak lateral carbody
acceleration was reduced by 47% to 0.090g, and the r.m.s.
lateral carbody acceleration was reduced by 41% to 0.041g.
Figure 5.3.4 shows the active damper force Fa as compared to
the desired force Fd. As it can be seen, the power limitations
inherent to the active damper system produces a high frequercy
oscillation in the actuator force. These high frequency
oscillations are especially increased when the difference
between the carbody and truck velocity is near to zero. When
the relative velocity is driven through zerc, the applied
force drops to zero. If the relative velocity is again passed
through zero, the actuator force begins to built up trying to
drive the relative velocity through =zero again, and so an.
This produces a limited cycling oscillation which is
eventually broken out when the variables Yc and Yt are changed

by a significan amount.

Figure 5.3.5 shows a comparison of the acceleration

power spectral density of the carbody when using the ideal
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FIGURE 5.3.3 SEMI-ACTIVE SYSTEM ACCELERATION RESPONSE.
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FIGURE 5.3.4 SEMI-ACTIVE SYSTEM DESIRED AND ACTUAL
ACTUATOR FORCE.
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semi—-active suspension, the ideal fully acti- e suspensiorn and
the nonlinear active pneumatic suspension proposed in this
thesis. For frequencies below 2.5 hz, the ideal semi-active
suspension and the nonlinear active pneumatic suspension are
capable of providing similar improvement in acceleration
performance. At higher frequencies, however, the performance
limits of the semi—-active suspension are apparent when
compared to the nonlineal active pneumatic system. The ideal
semi-active system is capable of providing 82% of the r.m.s.

carbody lateral acceleration reduction possible using
pneumatic active suspensions and 53% of the reduction

predicted for the ideal active suspension system.

In a real semi—-active suspension device, the limited
bandwidth of the valve used to modulated the force zoross the
active damper introduces a 1lag in the actuator response.
Also, the minimum force that the active damper can apply is
limited by the maximum orifice opening of the valve. It has
been shown [20]1 that these implementation limitations degrade
the simi-active suspension’s capability of improving
acceleration performance, even for low frequencies

disturbances.

Although a quantitative evaluation of the performarce
improvement that can be achieved using real active dampers is
raquired, it is clear that active suspension system are

capable of improving ride quality performance beyond the
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Appendix 2

ROUTINE 8YS
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Page {1 of program SYS

ooonnno

o000 aoocooon

SUBROUTINE SYS.

This subrovutine is run with a fourth order Runge-Kutta
rouvtine and evaluates the performace of active pneumatic
suspensions subject to a random disturbance,.

SUBROUTINE DIFEQ

COMMON T,DT,Y<(30),F(30),STIME,FTIME,DTNEW,N

REAL Mc ,Ksy ,Kbump

REAL k

REAL kd(2),Yti(?),"req(9),Phs(?),Wf(9)
EQUIVALENCE (Y{(1),Ye) (Y(2),Ve),(Y(3),Pa),(Y(4;,Pb)

DTNEW is set as follows:

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

IF (DTNEW .NE., 0.) GO TO 20
Reading of system parameters.

OPEN(10,FILE="0UT’)
OPEN(S,FILE='DAT’)

READ{8,%) NDUM
READ(8,%#) Mc,Ksy,Kbump,Csy

READ(8,%) NDUM
READ(8,%#) VYs,Apo

READ(8,%) NDUM
READ(8,#) Kd{(1),Kd(2)

READ(8,%) NDUM
READ(8,%) k,R,Ts,qg,Ro

READ(B,#) NDUM
READ(B,%) Pe,Ps,Amax,0n,0ff,Err,Dlead

READ(8,#) NDUM
READ(B,%) (Yti(I},I=1,9)

READ(8,#) NDUM
READ(8,#) (Freq(l),I=1,9)

READ(8, %) NDUM
READ(B,%) (Phs(I),I=1,9)
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Page 2 of program SYS

aoon

15

coonNOoOn
[~

a0no

o0

CLOSE(8)

Variable initialization,

Yc
Ve

-
[ 1]
nuwun

TV

0
0

DO 15 I=1,9
WeCI)

Count
SumYc
SumYc2
SumVact

SumVact?2

SumYt
SumYt2
SumfFrc
SumFrc2
SumAc
SumAc?2
SumStr
SumStr2
Sumbd
Suml2

[/ TN T (I A (I (1

2.%3.14%Freq(1)

- N-E-E-N— NN NN

- BN NN = — B — % — ]

This section is executed only at each new time step.

IF (DTNEW .EQ. 1) GO TO 10

Calculation of carboedy acceleration,

Stroke
Vact

Fbump

IF (8Stroke
IF (Stroke

Accel
Acc

Calculation

Foercel
Force

Calculation

Yt ~Yc
Ut ~VYc
0.0

.6T. 1.95) Fbump = Kbump®(Stroke-1.5)
,LT.-1.5) Fbump = Kbump%(Stroke+l.35)
(KsyxStroke+Fbump+CsyxVact+Force)/Mc
Accel/g

of actual actvator force,

Feorce
PaxApo - Pb%Apo

of desired force,
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Page 3 of program SYS

oo

s RyNw]

00N

QoG

Fvel = Kd{1) % VUc
Faccel = Kd(2) xAccel
Fid = Fi

Fi = Fvel + Faccel

l.ead compensation of the error.

Ferror = (Fi-Force)+Dleadx{(Fi~-Fi0)/DT
1 -{Force-Forcel/DT)

Calculation of controller voltage output,

IF (ABS(Ferror) .LE. Err) THEN

Vi = 0.0
va = 0.0
v = 0.0
Vg = 0.0
GO TO 60
ENDIF
IF (Ferror .GT. 0.0) THEN
Vi = 24.90
va = 0.0
V3 = 24.0
V4 = 0.0
GO TO &0
ELSE
vi = 0.0
va = 24.0
V3 = 0.0
V4 = 24.0
GO TO &0
ENDIF

Computation of valve dynamics.

CALL VALVE(V1,V10,D1,Ael,Tf1,DT,0n,0ff,T,Amax,F31)
CALL VALVE(V2,V20,D2,Ae2,TF2,DT,0n,0¢F,T,Anax,F32)
CALL VALVE(V3,V30,D3,Ae3,TF3,DT,0n,0¢F,T,Amax,F33)
CALL VALVE(VA4,V40,D4,Ae4,TF4,DT,0n,0F,T,Anax,F34)

Computation of averages and variances.

Wic = W1%60./Ro

Wac = Wax606,/Ro

Count = Count + 1
SumYc = SemYc + Yc
SumYc?2 = SumYc2 + Yox%2
SumYt = SumYt + Yt
SumYt2 = SumYt2a + Yt®%a



aafn

Page 4 of program SYS

’

SumVact = SumVact + Vact

SumVact2 = SumVact2+ Vact*%2

SumfFrc = SumFrc + Force

SumFrc2 = SumFrc2 + Forcexx2

SumAc = SumAc + Acc

SumAc?2 = SumAc2 + Accx%2

SumStr = SumStr + Stroke

SumStr2 = SumStr2 + Strokexx2

Sumld = Sumid + Wic+Wac

Suml2 = Sumlz + (Wlc+W4ac) »x2

IF (T .GE. FTIME) THEN
AYC = SumYc/Count
VYc = ({SumYc2-SumYcxx2/Count)/{Count-1))
SVYc = SART(VYC)
AYt = SumY¥t/Count
VYt = ({(SumYt2-SumYt%#%2/Count)/(Count-1))
SVY1t = SQRT(VYT)
AVact = SumVact/Count
Wac1t = {{5umVact2-SumVactxx2/Count)/(Count—1))
SWact = SART(Wact)
AFrc =  SumFrc/Count A
VFrc = ((SuMFrc2-SumFrcx*#2/Count)/{(Count~1))
SVFrc = SART(VFrc)
AAC = SumAc/Count
Vac = ((SumAc2-BSumAc#%x2/Count)/{Count-1))
SVAc = SART(VAC)
AStr = SumStr/Count
VStr = ((SumStr2-SumStr*x2/Count)/(Count~1))
SVUStre = SQART(VStr)
Aaw = SumW/Count
VW = {(Suml2-Sumld%x2/Count)/{Count-1))
SV = SART(VW)

Writing of the computed averages and variances to an
external file and console.

WRITE(1,70)

WRITE(10,70)

WRITE(1,71) AYc,8VYc
WRITE(10,71) AYc,SVYc
WRITE(1,72) AYt,5VYt
WRITE(108,72) AYt,8VYt
WRITE(1,73) AVact,5Wact
WRITE(10,73) AVact,SWact
WRITE(1,74) AFrc,S8VFrc
WRITE(10,74) AFrc,SVFrc
WRITE(1,7%) AAc,SVAC
WRITE(10,75) AAc,SVAc
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Page 5 of pregram SYS

WRITE(1,76) AStr,8VStr
WRITE(10,76) AStr,S8VStr
WRITE(1,77) AW,SVH
WRITE(10,77) AW,SVW

CLOSE(10)

70 FORMAT(//25X,’Mean’ ,14X,’Desviation’//)
71 FORMAT(1X,’Yc’,15X,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,Fi0.2/)
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 Yt = 0.0

Vt = 0.0

DO 25 1I=1,9

Yt = Yt - ( Yti(I) % SIN (WF(I)®T+Phe(1)))

25 Vvt = Ut — ( WA(T) % Yti(I) % COS (WF(I)%T+Phs(I)))
c .
c Calculation of adiabatic temperatures,
c

Ta = (Pa/Ps)nz(1,.-1./k)*Ts

Tb = (Pb/Ps)%%(1.-1./k)%xTs

CALL FLOW (Pa,Ps,fel,Ts,Wl)

CALL FLOW (Pe,Pa,Ae2,Ta,W2)

CALL FLOW (Pe,Pb,Ae3,Tb,W3)

CALL FLOW (Pb,Ps,fAed,Ts,W4)
c
c Calculation of actuator capacitance.
c

Wa = W1 - W2

Wb = W4 - W3

Va = Vo - (YT-YC)»Apo

Vb = Vo + (YT-YC)®Apo

Cva = Vaxg/(k*#R%Ta)

Cvb = Ybxg/ (k*R*%Th)
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Page &6 of program SYS

F(1) =

Fbump =
IF ((Yt-Yc)
IF ((Yt-Yc)
F¢2) =

1

F(3)

F(4) =

RETURN
END

System’s differential equations.

Vc

0.0

BT. 1.5) Fbump = (Yt-Yc+1.5)xKbump
LT.-1.59) Fbump = (Yt-Yc~1.9)%Kbump
(Ksyx(Yt-Yc)+Fbump+Cayx(Vt-Vc)
+(Pa*Apo-Pb*Apo)}/Mc

Wa/Cva-kx*PaxApox{(Vc-Vt)/Va

Wb/Cub+k%PbxApox%(Vc-Vt)/Vb
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Page 1 of program VALVE

SUBROUTINE VALVE

This subrouvtine calculates the dynamics of the valve by
the simulation of the opening and cloesing time delays.

ooaocoOon

SUBROUTINE VALVE(V,V0,Dp,Ae,Tf,DT,0n,0ff,T,Anax,F3)
IF (V EQ. V0) GO TO 20
Dp = 0.0
F3 = 0.0
e ve = v
IF (V.EQ. 24.) THEN
Tdp = On/DT
Dp = Dp + 1,
IF (Dp .LT. Tdp) RETURN
IF (F3 .,EQ. 0.0) Tf=T

F3 = i.

Ae = Amax
RETURN

ELSE

Tdp = Qff/DT
bp = Dp + 1,

IF (Dp .LT. Tdp) RETURN
IF (F3 .EQ. 0.0) Tf=T

F3 = i.

Ae = 0.0

RETURN
ENDIF

END
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Page 1 of program FLOW

c SUBROUTINE FLOW
c
Cc This subroutine calculates the compressible flow through
c a valve.
c
SUBROUTINE FLOW(Pd,Pu,feff,Ts,W)
REAL K
cT = 2,06
ca = 0.532
k = i.4
IF (Pd/Puv .LE. 0.528) 60 TO 10
IF (Pd .GT. Pu) GO TO 15
W = AeffxCl%Pu/Te®%0 ,5%(Pd/Pudxx(1l,/k)=x{1,~(Pd/Py) %%
1 ((k=1.)/k))%%0.5
RETURN
15 Pue = Pd
Pde = Pu
W = -AeffeCixPue/Tex%0,5%(Pde/Pue)xx(1./k)
1 %(1,-(Pde/Pue)%n((k-1.,)/k))%x0.5
RETURN
10 W = AeffxCa2%Pu/Tsxx0.5
RETURN
END
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Page 1 of program SEMI

aooOono0nn

o0 ooaoon

SUBROUTINE SEMI

This
routine and
active suspensions

subroutine is run with a fourth order Runge-Kutta
evaluates the performace of an ideal semi-
subject to a random disturbance.

SUBROUTINE DIFEQ

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

REAL kd,Yti(9) ,Freq(?),Phs(?),Uf(?)
EQUIVALENCE (Y(13,Yc),(Y(2),Vc)

DTNEW is set as follows:

DTNEW = 6, on first call of DIFEQ,
DTNEW = 1, at intermediate integration steps,
DTNEW = -1, at the begining of an integration step.

IF (DTNEW .NE. 0.) GO TO 20

Reading of system parameters.

OPEN(10,FILE="0UT’)
OPEN(8,FILE='DAT’)

READ(S, %)
READ(S,*)

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

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

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

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

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

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

CLOSE(8)

NDUM
Mc,Ksy,Kbump

NDUM
Kd

NDUNM
g

NDUM
Pe

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

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

NDUM
(Phs(I},I=1,9)
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(M
[ Variable initialization.
Cc
Ye = 2.0
Ve = g.0
DO 15 I=1,9
15 WFCID = 2.,#3,14%Freq(I)
Count = 9.0
SumYc = 0.0
SumYce = 0.0
SumVact = 0.0
SumVact2= 0.0
SumY1t = 0.0
SumYta = 0.0
SumFrc = 0.0
SumuFre2 = 0.0
SumAc = 0.0
SumAc2 = 0.0
SumStr = 0.0
SumEStr2 = 0.0
c
c This section is executed only at each new time step.
C
29 IF (DTNEW .ER. 1) GO 7O 10
C
c Calculation of carbody acceleration,
C
Stroke = Yt -Yc
Vact = Vt —-Vc
Fbump = 0.0
IF {(Stroke .GT, 1.5) Fbump = Kbumpx(Stroke-1.3)
IF (Stroke .LT.-1.3) Fbump = Kbumpx(Stroke+1.35)
Accel = (KsyxStroke+Fbump+Force) /Mc
Acc = Accel/qg
C
c Computation of averages and variances,
c
Count = Count + 1
SumY¥Yc = SumYc + Yc
SumYe2 = Sum¥c2 + Yoxxa
SumYt = SumYt + Yt
SumYt2 = SumYt2 + Ytxx2
SumVact = SumVact + Vact
SemVact2 = SumVact2+ Vactxx2
SumFrc = SumFrc <+ Force
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SumFrc2 = SumFrc2 + Forcexx2
SumAc = SumAc + Acc
SumAc2 = SumAc2 + Accxx
SumS1tr = SumStr + Stroke
SumStre = SumStr2 + Strokexx%2
IF (T .GE. FTIME)> THEN
AYc = SumYc/Count
VUYe = ((SumYc2-SumYcx%%22/Count)/(Count-1))
SVYc = SRRT(VYc)
AY<t = SumYt/Count
VYt = ((SumYt2-SumYtx%2/Count)/(Count—-1))
SVYt = SART (VY1)
AVact = SumVact/Count
Wact = ((SumVact2-SumVactx%*2/Count)/(Count-1))
SVWact = SART(Wact)
AFrc = SuvFrc/Count
VFrc = ((SumFrc2-SumFrcxx2/Count)/(Count-1))
SVFrc = SART(VFrc)
AAC = SumAc/Count
VAc = ( (SumAc2-SumAcx%#2/Count}/(Count—-1))
SVac = SGRT(VAC)
AStr = SunStr/Count
vstr = ((SumStr2-SumStr%x%2/Count)/(Count--1))
SVStr = SART(VStr)
(e
c Writing of the computed averages and variances to an
[ external file and console.
Cc
WRITE(1,70)
WRITE(10,70)
WRITE(1,71) AYc,S8VYc
WRITE(10,71) AYc,SVYc
WRITE(1,72) AYt,S5VY?
WRITE(10,72) AYt,SVYt
WRITE(1,73) AVact,SWact
WRITE(10,73) AVact,8Wact
WRITE(1,74) AFrc,SVFrc
WRITE(10,74) AFrc,SVFrc
WRITE(1,75) AAc,5VAc
WRITE(10,75) AAc,SVAc
WRITE(1,76) AStr,S5VStr
WRITE(106,76) AStr,8V8tr
CLOSE(10)
70 FORMAT(//25X, ‘Mean’ ,14X,’Desviation’//)
71 FORMAT(1X,’Yc’,15X,F10.4,11X,F10.4/)
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72
73
74

ann

FORMAT(1X,’Yt’,15X,F10.4,11X,F10.4/)
FORMAT (1X, ‘Vact’,13X,F10.4,11X,F10,4/)
FORMAT(1X,’Force’,12X,F10.2,11X,F10.2/)
FORMAT(1X,’Accel’ ,12X,F10.4,11X,F10.4/)
FORMAT(1X,’Stroke’,11X,F10.4,11X,F10.4/)

ENDIF
This section is run four times for each time step.

Computation of disturbance input,

.Yt = 0.0

VUt = 0.0

DO 25 I=1,9
Yt = Yt =  Yti(I) # SIN (WF(I)=T+Phs(I)))

Vvt Ut — ( WF(I) % Yti(I) % COS (WF(I)*T+Phs(I)>))

Calcuvlation of ideal actuator force
Force = -Kd»xVc

IF (Force .GT. 0.0. .AND. Vc .GT. Ut) Force =
IF (Force .LT. 0.0. .AND, Ve .LT. Vt) Force =

oo

System’s differential equations.
F(1) = Ve

Fbump = 0.0

IF ({(Yt-Yc) .GT. 1.9) Fbump = (Yt-Yc+1,5)%Kbump
IF ((Yt-Yc) .LT.-1.5) Fbump = (Yt-Yc—-1,5)%Kbump
F(2) = (Ksy®(Yt-Yc)+Fbump+Force)/Mc

RETURN
END
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Electrically actuated vaives
2/2-way vaives

Solsnoid valve
Type MX-...

- —J
P
Switching on the voltage excites the
solenoid and caussez the valve to
reverse.
Note: When the pressure is swiiched on
tha diaphragm opens briafly.
Caution: When using fluid media, pres-
sure surges may occur during switching.

MX-2-1%

Switching times (according tc VDI 3280)

Type Compresssd airms | Weter ms Oil 22 mm?/s) ms
On Oft On Oft On Ooff
MX-2-Ya 20 12 20 35 25 50
MX-234 20 12 20 35 25 50
MX-2-14 20 12 20 35 25 50
MX-2%-B 25 40 25 685 40 70
MX-2-18 25 45 25 85 40 70
MX-2-1% 48 1 85 85 110 75 140
Qraer o&s.gnation Valve 9601 9302 9603 8646 86847 9596
Part No./Type MX-2-V4 MX-2% MX-2-14 MX-2%8 | MX-2-1-8 MX-2-114
+ voltege
Mounting bracket 9760 HRM-1 | 9770 HRM-2 | 9771 HAM-3
Medium* Fhterad, lubricated or filtered, non-ubricated compreased air, noutrs water*®,
mineral-oil-base hydraulic ol up to 22 mm?/s
Design Poppat vaive, indirectly actuated, with diaphragm control
Mounting Ling installation, mounting thresd or mounting bracket
Connection R R R R¥% R1 Riv |
Nominal size 13 mm 13 mm 13 mm 20 mm 25 mm 40 mm
Standard nominal flow rate (P —~ A) 1500 Umin | 2160 U/min | 2500 I/min | 7300 U/min | 9000 I/min | 12000!/min
Kv vaiua for water 27.8 Umin 85 Umin 63 Umin 178 Umin | 225 V/min | 533 /min
Presgure range 0.8 to 10 bar
Min, differential pressure for opening 0.8 bar
Switching time at 6 bar See table above
. | Ambiant temparature =5 to +40° C (for water O to +40° C)
| Temperature of medium ~10to +60°C :
Materials : Velve body: plestic (POM). Diephragm: perbunan
Waeight 0388kg | 0360kg | 0385kg | 0585kg | 0.555kg | 0930 kg
DC volitage Standard voltages 12,224V
Special voitagss Gto220V
AC voliage Standard voitages 24, 42, 110, 220 V/50 and €0 Hz
Special voitages 36 to 360 V/50 Hz, 48 to 240 V/60 Hz
Powar consumption DC voltage 108w
AC 80 Hz: Hold 19 VA, ruil 28 VA; 80 Hz: Hold 15 VA, Pull 22 VA
Percontags duty cycle 100%
Dogrea of protection JP 65 (DIN 40080)

* Other medis on request, *° pH velue epprex. 7
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Electrically actuated valves
Solenoids

Solencid
with connector
‘as per DIN 43650

DC voltsge:
Type MSXG-...

AC voltage:
Type MSXW-, ..

These solenoids ara mounted on sole-
nold vaives Type MX and solenoid head
Type MKC-032-3.

Tha compiste solenoid head can be
mountad on the foliowing vaives:
So!mo!nd vaives Type MC, MOC, MLC,
J "
Type CM-...<C orCH

CIM-..CorCH
as woll 88 basic vaive bodies Type LC,
LCO, CLC, CJC, and JLC.

Thase solenoids are suitabis for use
under particulerly critical operating con-
ditions, for exampie, where thars is reia-
tive humnity up to 95% and splashwater.

They correspond to VDE specification
0580 with insulation material of class F.

They can be replaced without tampering
with the pneumatic circuit.
Test mark: VDE

AC voltage solenoids can ba used for 59
and 60 Hz.

Connector dimensions et 250 to 380 V

882~

D - —-
: -3 —

ISR o = *

. ]—_']:L
]

8
3

41,5

&_

© Solencid tuma on armature tube
D Connector can be shifted 90°

@ Tightening torqua of fastening nut min. 260, max. 400 Ncm

Oraer aesignation

DC voitage

AC voitage 50 and 80 Hz

Part NoJ] Type  wontage

PartNo. | Typa  witege  Frequancy

4958 | MSXG - 12
| 4857 | MSXG -24 _

8715 MSXW - 24-  50/60
6718 MSXW - 42-  50/60
717 MSXW - 110-  50/60
86830 MSXW - 220-  50/60

Orger gesignation (gee tabis) Type MSXG + voltage Type MSXW + voitage
Design DC voitegs solenoid AC voitege solenoid
Voitages Standard 12,24V 24, 42, 110, 220 V/50 and 60 Hz
Special 610220V 38 to 380 V/60 Hz, 48 to 240 V/60 Hz
Permissible voitage fluctuations +10% *£16% .
Parmissibie fraquency fluctuations - . + 5%
Power consumption for stendard voltage*® 03wWati2v 50 Hz: Hold 18 VA, Puil 20 VA
108Wat24V 80 Hz: Hold 15 VA, Pull 24 VA
Percantage duty cycle 100% -
Dagrea of protsction as per DiN 40080 JP 65
Threaded cable ronnactor Pg 9
| Ambient temperature ~5t0+60°C
Temperature of medium -10to 4-60°C
Min. starting time 14 ms
Weight 0.195 kg | 0180 ko
* for speciel voliages on requeet



