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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand and
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on
structures in the eastern and central United States and lifelines throughout the country that are found
in zones of low, moderate, and high seismicity.

NCEER’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus of
work for years six through ten. Element III, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Element IV,
Implementation, will result from activity in the four Applied Research projects, and from Demonstra-
tion Projects.

ELEMENT II
APPLIED RESEARCH

ELEMENT Il
DEMONSTRATION PROJECTS

ELEMENT I
BASIC RESEARCH

Case Studies
¢ Active and hybrid control
* Hospital and data processing

* Seismic hazard and « The Building Project

ground motion
* The Nonstructural

¢ Soils and geotechnical
engineering

* Structures and systems

Components Project

« The Lifelines Project

The Highway Project

facilities
¢ Short and medium span bridges
+ Water supply systems in
Memphis and San Francisco
Regional Studies

¢ New York City
+ Mississippi Valley
+ San Francisco Bay Area

« Risk and reliability

« Protective and intelligent
systems

* Socijetal and economic

studies l ‘ l |

V
v ELEMENT IV

IMPLEMENTATION

« Conferences/Workshops

* Education/Training courses
* Publications

¢ Public Awareness

Research inthe Building Project focuses onthe evaluation and retrofitof buildings inregions of moderate
seismicity. Emphasisisonlightly reinforced concrete buildings, steel semi-rigid frames, and masonry walls
orinfills. Theresearch involves small- and medium-scale shake table tests and full-scale component tests
atseveral institutions. Inaparallel effort, analytical models and computer programs are being developed to
aidin the prediction of the response of these buildings to various types of ground motion.



Two ofthe short-term products of the Building Project will be amonograph on the evaluation of lightly
reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one of the important areas of research in the
Building Project. Currenttasks include the following:

1. Evaluatethe performance of full-scale active bracing and active mass dampersalready in place in
terms of performance, power requirements, maintenance, reliability and cost.

2. Compare passiveand active control strategies in terms of structural type, degree of effectiveness,
costand long-termreliability.

3. Perform fundamental studies ofhybrid control.

4. Developandtesthybrid control systems.

In the passive control area, considerable work has been carried out at NCEER in research and
development of supplemental fluidviscous dampers (e.g., Technical Report NCEER-92-0032). Inthis
report, passive fluid viscous dampers are modified to operate as semi-active devices and the
development and testing of these devices are reported. They operate onthe principle of fluid orificing
and have mechanical properties which are controllable through modulation of fluid flow within the
device. Analytical and experimental results show that structural response reduction achieved by
using such devices is comparable to that using a properly designed passive energy dissipation system.
With further improvements, they are expected to provide better protection of structures than passive
Systems.



ABSTRACT

The research reported herein involves the development and testing of semi-active fluid
damping devices for the control of structures subjected to seismic excitation. These
devices may be utilized as part of a seismic isolation system or within the lateral bracing of
a structure. The semi-active dampers operate on the principle of fluid orificing and have
mechanical properties which are controllable through modulation of fluid flow within the
device. The control forces acting on the structural system are developed as a result of the
motion of the structure itself through appropriate adjustment of the mechanical properties

of the device.

The experimental testing and analytical modeling of two different semi-active fluid
damping devices is described in this report. Furthermore, shaking table tests have been
performed on a one-story and three-story model structure both with and without the
semi-active damping system. The effectiveness of various control algorithms and time
delay compensation methods is discussed. Analytical predictions of the shaking table test

results are presented and shown to compare reasonably well with the experiments.

It is concluded that, for the tested control algorithms, the semi-active control system
afforded a substantial reduction of response in comparison to the response without the
control system. Furthermore, the response reduction achieved by the semi-active control
system was comparable to that afforded by a properly designed passive energy dissipation
system. However, given the limitations of the tested hardware and control algorithms, it is
not difficult to envision that the semi-active control system may be improved to the extent
that it provides a further reduction of response beyond that afforded by the passive

system.
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SECTION 1

INTRODUCTION

1.1 Structural Control Strategies

The control of structures subjected to seismic excitation represents a challenging task for
the civil engineering profession. The traditional approach to seismic hazard mitigation is
to design structures with sufficient strength capacity and the ability to deform in a ductile
manner. Alternatively, newer concepts of structural control, including both passive and
active control systems, have been growing in acceptance and may preclude the necessity
of allowing for inelastic deformations in the structural system. A compromise between
passive and active control systems has been developed recently in the form of semi-active
control systems. Semi-active control systems maintain the reliability of passive control

systems while taking advantage of the adjustability of an active control system.

The three basic approaches to structural control may be defined as follows:

Passive Control Systems

A passive control system may be defined as a system which does not require
an external power source for operation and utilizes the motion of the structure
to develop the control forces. Control forces are developed as a function of
the response of the structure at the location of the passive control system (see

Figure 1-1).

Active Control Systems

An active control system may be defined as a system which requires a large
power source for operation of electrohydraulic actuators which supply control

forces to the structure. Control forces are developed based on feedback from
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sensors that measure the excitation and/or the response of the structure. The
feedback from the structural response may be measured at locations remote

from the location of the active control system (see Figure 1-2).

Semi-Active Control Systems

A semi-active control system may be defined as a system which typically
requires a small external power source for operation (e.g., a battery) and
utilizes the motion of the structure to develop the control forces. Control
forces are developed based on feedback from sensors that measure the
excitation and/or the response of the structure. The feedback from the
structural response may be measured at locations remote from the location of

the semi-active control system (see Figure 1-3).

1.1.1 Passive Control Systems

A passive control system may be used to increase the energy dissipation capacity of a
structure through localized, discrete energy dissipation devices located either within a
seismic isolation system or over the height of the structure. Such systems may be referred
to as supplemental energy dissipation systems and have been reviewed by Soong (1994),
ATC (1994 and 1993), EERI (1993), and Constantinou (1993a and 1992b). The
objective of these systems is to absorb a significant amount of the seismic input energy,
thus reducing the demand on the structural system. Depending on their construction,
these systems may also increase the stiffness and strength of the structure to which they
are attached (ATC 1994). A passive control system does not require an external power
source for operation. Rather, the motion of the structure is utilized to produce relative

motion within the passive control devices which, in turn, dissipates energy. Supplemental
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energy dissipation devices may take many forms and dissipate energy through a variety of
mechanisms including the yielding of mild steel, viscoelastic action in rubber-like materials,
shearing of viscous fluid, orificing of fluid, and sliding friction. A discussion on the
operation and performance of supplemental energy dissipation devices has been presented

by Constantinou (1993a and 1992b), Soong (1994), and ATC (1994).

Seismic isolation systems represent another form of passive control systems. In these
systems, a flexible isolation system 1s introduced between the foundation and
superstructure so as to increase the natural period of the system. The increase in flexibility
typically results in the deflection of a major portion of the earthquake energy; reducing
accelerations in the superstructure while permitting an increase in displacement across the
isolation level. Seismic isolation systems are discussed by Soong (1994), Kelly (1993),

Skinner (1993), EERI (1990), and ATC (1993).

1.1.2 Active Control Systems

The control forces within an active control system are generated by electrohydraulic
actuators based on feedback from the excitation and/or from the measured response of the
structure. The feedback measurements are monitored by a controller (a computer) which,
based on a pre-determined control algorithm, determines the appropriate control signal for
operation of the actuators. The generation of control forces by electrohydraulic actuators
requires large power sources, which are on the order of tens of kilowatts for small

structures and may reach several megawatts for large structures (Reinhorn, 1992). Active



control systems may also be designated as active energy dissipation systems since the
primary effect of an active control system is to modify the level of damping with a minor
modification of stiffness (Dyke 1994 and Soong 1990). An overview of active structural
control is provided by Soong (1994 and 1991) and numerous papers on the subject are

available (e.g., International Association for Structural Control (1994) and ATC (1993)).

1.1.3 Semi-Active Control Systems

Semi-active control systems have only very recently been considered for structural control
applications. A semi-active control system generally originates from a passive control
system which has been subsequently modified to allow for the adjustment of mechanical
properties. Specifically, supplemental energy dissipation devices which dissipate energy
through shearing of viscous fluid, orificing of fluid, and sliding friction have been modified
to behave in a semi-active manner (a more detailed discussion of these devices is provided
in Section 2.3). The mechanical properties of these systems may be adjusted based on
feedback from the excitation and/or from the measured response. As in an active control
system, a controller monitors the feedback measurements and generates an appropriate
command signal for the semi-active devices. As in a passive control system, however, the
control forces are developed as a result of the motion of the structure itself. The control
forces are developed through appropriate (based on a pre-determined control algorithm)
adjustment of the mechanical properties of the semi-active control system. Furthermore,
the control forces in a semi-active control system are always in a direction which opposes

the motion of the structural system and therefore promote the overall stability of the



structure. Semi-active control systems generally require a small amount of external power

for operation (on the order of tens of watts).

1.2 Objectives

The objectives of this research included the following:

a)

b)

c)

d)

g)

h)

Development of semi-active fluid dampers in cooperation with two industry partners.

Testing and identification of mechanical properties of the developed semi-active
fluid dampers.

Development of analytical models to describe the dynamic behavior of semi-active
fluid dampers.

Selection of appropriate control algorithms for operation of semi-active
fluid dampers.

Seismic simulation testing of a one-story and three-story model structure
with and without semi-active fluid dampers.

Evaluation of the effects of time delays and methods of time delay compensation.
Comparison of experimental performance of structural systems with a semi-active
damper control system, a passive high damping control system, and no control

system.

Comparison of experimental shaking table results with results obtained from
time history analysis.

Interpretation of results.
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SECTION 2

LITERATURE REVIEW OF SEMI-ACTIVE
CONTROL SYSTEMS

Semi-active control systems were proposed as early as the 1920's when a patent was
issued for automobile shock absorbers which utilized a seismic mass to activate hydraulic
valving (no power required) or utilized a solenoid valve for directing fluid flow (small
amount of power required) (Karnopp 1974). Within the field of structural engineering,
Hrovat (1983) was apparently the first to discuss the concept of semi-active structural
control for systems subjected to environmental loads. A large amount 6f research on
semi-active control systems has been performed in other fields of engineering (primarily

automotive and mechanical).

2.1 Vibration Isolation Applications

Analytical studies on semi-active damper systems for general vibration isolation
applications have been performed by, for example, Karnopp (1990, 1974), Rakheja
(1985), and Alanoly (1987). Karnopp (1974) investigated semi-active damping devices
such as that shown in Figure 2-1 which resembles a conventional hydraulic shock absorber
except that the hydraulic pressure is controlled by a pair of poppet valves. Two valves are
used to independently control the damping during compression and during tension. The
relative merits of "skyhook" control (output force proportional to absolute velocity) and
conventional control (output force proportional to relative velocity) for vibration isolation

were examined. Rakheja (1985) analytically studied the vibration and shock isolation
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performance of a SDOF (single-degree-of-freedom) spring-mass-damper system in which
the damper was a two-stage (high damping or low damping) semi-active device. The
control algorithm utilized directly measurable quantities (relative displacement and relative
velocity of the mass) to determine the appropriate command signal for the semi-active
damper. One conclusion of the study was that time delays associated with operation of
solenoid valves can significantly affect semi-active damper behavior. Alanoly (1987)
performed a study similar to Rakheja (1985) in which the semi-active damper fluid flow

orifices could be continuously modulated (i.e., a variable damper).

2.2 Automotive Vibration Control

Within the automotive engineering field, semi-active control devices have been studied
extensively. A majority of the studies on semi-active dampers for automotive applications
have been of an analytical nature. In contrast, Hamilton (1985) experimentally
investigated the performance of a semi-active suspension system consisting of an
electronically controlled damping device (see Figure 2-2). The damping device uses a
control valve in combination with two pressure regulators to provide variable damping in
compression and in tension. An experimental investigation of a semi-active control system

used within a full-scale vehicle is discussed by Crolla (1987).

A semi-active damper containing a solenoid-actuated piston valve (contained within the
piston head) is described by Wylie (1989). A schematic of the device is shown in Figure

2-3. A mathematical model based on fundamental mechanics principles was developed to
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describe the damper behavior and numerical results were compared with experimental
measurements. The piston valve response time was reported to be on the order of 10 to

15 msec.

Duchnowski (1989) provides a detailed hydraulic model of a two-stage semi-active
solenoid-operated shock absorber. The hydraulic model is based on the principles of mass
conservation and force equilibrium. The device contains a normally open voice coil
solenoid valve within the wall of a hollow piston rod. The author discusses the need for
an extremely fast valve response time and reports a control valve close time of about 7
msec and an open time of about 20 msec for actual valve hardware. Furthermore, time
lags in the building up of hydraulic forces in the shock absorbers were shown to

significantly affect system performance.

The evolution of semi-active suspension technology is presented by Ivers (1991). A
discussion on hardware and control algorithms is presented. Of particular interest is the
description of an all-mechanical semi-active control system (see Figure 2-4). These
systems eliminate the requirement for sensors and microprocessors through the use of

hydraulic circuitry and mechanical feedback.

2.3 Structural Vibration Control
The development and experimental testing of semi-active control systems for applications

in structural response control has only been pursued in the recent past (5 years or less).
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Therefore, many of these systems are quite primitive and a comparison among various
systems may not be appropriate as it would be in a subject which has seen a more mature
level of research. With that in mind, the following review of semi-active control systems
for structural vibration control focuses on a description of semi-active control hardware,
principles of operation of the hardware, and some results from small-scale component

testing.

2.3.1 Tuned Mass Dampers

Hrovat (1983) examined a semi-active tuned mass damper (TMD) for control of wind
induced vibrations in tall buildings (see Figure 2-5). A small amount of external power is
required to modulate the damping within the semi-active fluid damper. Simulation studies
were performed to demonstrate that the semi-active TMD is superior to the passive TMD
and comparable to an active TMD. The authors note that the extension of the semi-active
control concept from the vehicle vibration isolation field to the structural control of
buildings is extremely promising in view of the relatively low bandwidth requirements (less

than about 5 Hz) compared with that of vehicle suspensions (up to about 50 Hz).

2.3.2 Stiffness Control Devices

A semi-active stiffness system for seismic response control of structures has been
described by Kobori (1993). The authors refer to the semi-active stiffness device as a
"variable stiffness device" and this notation will be followed. The variable stiffness system

primarily controls the stiffness of a building to establish a non-resonant condition during
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earthquakes. The variable stiffness devices are engaged or released so as to include or not
include, respectively, the stiffness of the bracing system of the structure. A schematic of
the variable stiffness device is shown in Figure 2-6. The device is composed of a balanced
(double-acting piston rod) hydraulic cylinder with a normally closed solenoid control valve
inserted in the tube connecting the two cylinder chambers. The solenoid valve can either
be on or off, thus opening or closing, respectively, the fluid flow path through the tube.
When the valve is closed (off), the fluid can not flow and effectively locks the beam to the
braces below. When the valve is open (on), the fluid flows freely and disengages the
beam/brace connection. The operation of each device consumes approximately 20 W of
power. The system also offers fail-safe characteristics in that the interruption of power
causes the variable stiffness devices to automatically engage, thus increasing the stiffness
of the structure. According to the behavior described above, this device may be more
appropriately designated as a "two-stage" stiffness device. Note that each two-stage
stiffness device within a structure can be controlled independently and therefore the
combination of the two-stage stiffness devices and the structure may be designated as a

semi-active variable stiffness system.

2.3.3 Electrorheological Dampers
Electrorheological dampers contain dielectric particles suspended within a fluid (typically |
oil). In the presence of an adjustable electric field, the behavior of the electrorheological
material can be regulated. As the electric field surrounding the damper increases, the

behavior of the electrorheological material changes from that of a viscous fluid to that of a
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yielding solid. Currently available electrorheological materials are capable of resisting

shear stresses of up to 7 kPa (= 0.1 psi) before yielding.

Experimental component tests have been performed by Gavin (1994) on an
electrorheological damper using the arrangement shown in Figure 2-7. An actuator is
used to impose the motion of a single prismatic plunger through electrorheological fluid
contained within an open box. The electric field is generated by charging the plunger and
connecting the open box to ground. The range of electric field strength used in the tests
was 0 kV/mm to 3.2 kV/mm. Typical hysteresis loops are shown in Figure 2-7 in which
the imposed displacement was a sinusoidal function with a frequency of 0.83 Hz and
steadily increasing amplitudes. The maximum power required during the tests shown in
Figure 2-7 was 5 W. Note, however, that the peak force developed in the device is only

40 N.

Makris (1995) has tested an electrorheological fluid damper which consists of a cylinder
containing a balanced piston rod and a piston head that pushes electrorheological fluid
through an annular duct (see Figure 2-8). Damping forces are developed as the result of
both shearing of the fluid (electrorheological effect) and orificing of the fluid (viscous
effect). Results indicate that the average fluid velocity within the electrorheological duct
must be relatively small so that viscous stresses do not dominate over yield stresses

associated with electrorheological fluid behavior.
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2.3.4 Friction Dampers

Akbay (1991) describes an energy dissipation system which is based on the control of
friction within the bracing of a structure. A schematic of the semi-active friction control
device is shown in Figure 2-9. The friction force is modified by the adjustment of the
clamping force (normal force) on the friction interface of the device. When the axial force
in the brace exceeds the friction force, the brace slips axially through the friction interface
resulting in the dissipation of energy in an amount equal to the brace axial force multiplied
by the slip displacement. Note that the axial brace force may be controlled within the

range of zero force to the buckling or yield strength of the brace.

An isolation system incorporating semi-active friction controllable sliding bearings has
been analytically and experimentally investigated by Feng (1992). The friction force on
the sliding interface between the superstructure and the foundation is controlled so as to
limit the sliding displacement and minimize the transfer of seismic force to the
superstructure. A cross-sectional and plan view of the semi-active friction control bearing
is shown in Figure 2-10. Each bearing has a fluid chamber in which the pressure can be
modified through a pressure control system composed of a servovalve, an accumulator,
and a computer. The normal force at the sliding bearing interface is controlled by
modulation of the fluid pressure which, in turn, regulates the friction force. The computer
control signal for fluid pressure is determined as a function of the response of the
structure. Two control algorithms were developed for controlling the friction force in a

sliding isolation system. The first was based on instantaneous optimal control in which a
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performance index is minimized at every time step during the excitation. Under this
control, the friction controlled sliding bearings behave as semi-active devices in which the
friction force is continuously modulated. The second control algorithm was based on
bang-bang control in which only two distinct control signals are sent to the friction
controlled sliding bearing. This results in a semi-active device in which the friction force

at the foundation/superstructure interface is limited to two distinct values.

2.3.5 Fluid Dampers

An analytical and experimental study of semi-active fluid dampers for control of highway
bridges has been presented by Kawashima (1992). The device consists of a fluid damper
combined with an external bypass loop containing a servovalve. Damping characteristics
are controlled by varying the amount of flow passing through the bypass loop. A model
of the semi-active damper having a rated output force of 200 kN, a stroke of +13 cm, and
a length of about 1.2 m was tested (see Figure 2-11). The power required for valve
operation was S0 W. The device utilizes two servovalves which independently control the
fluid flow for relative piston head motion to the left or right. The servovalves are actually
pressure relief valves which open when the oil pressure through the valve exceeds a
specified value. The damping force is developed by a pressure differential across the
piston head. Therefore, the damping force increases until the pressure in the servovalve
reaches a specified value after which the damping force becomes constant. Experimental
hysteresis loops for the semi-active damper are shown in Figure 2-12 for constant

amplitude sinusoidal input and servovalve command voltage of 0 volts (fully closed) to 3.5

2-18



! SERVO VALVE

CYLINDER

140 322 |
644
1184

UNITS: mm

Figure 2-11  Semi-Active Adjustable Force Device Tested by Kawashima (1992)

2-19



[
O

ny

[=]
T
Jr—

LOAD (11)
o
lﬁ

Il
I

-20- L W
-30 S S e
-2 =15 -1 -05 O Q.5 i 1.5 2
DISPLACEMENT (cmj
(a) Displacement lcm
30 : . . - . . -
L5y
20F | 30y
- - —1 —~25V
= 1oF &: 2oV A
= <4 1.5V
< Q X
o —~3 0V
-0k "_—J‘ J
-20F F -
-30———— —
-0 -8 -6 -4 =2 0 2 4 & 8 10
DISPLACEMENT (cm)
(b) Displacement Scm
30 -
35y
20F A s v VI
= 5
ERYy — ' S~ T5v T
a e . i Qv
< 0 = = :
Q 5 p|
-10- — :
-20l- — = i
-30 S N S S W—

=20 -15 -0 -3 0 5 10 15 20
DISPLACEMENT ™)
{c) Displacement lUcm

Figure 2-12 Hysteresis Loops of Semi-Active Fluid Damper Subjected to Constant
Amplitude Sinusoidal Motion at a Frequency of 0.1 Hz
(from Kawashima 1992)

2-20



volts (partially open). Note that the three graphs shown in Figure 2-12 are for tests with
different sinusoidal inputs (i.e., the frequency of testing is same in each case (0.1 Hz) but
the peak displacement is different). However, the peak force at a given voltage level is
nearly the same for each graph which shows that the device is behaving as an adjustable
force device. The authors appropriately describe the output force of the semi-active

damper as a friction type damping force.

An analytical study of the utility of semi-active fluid dampers for structural control is
presented by Shinozuka (1992). A simple two-stage semi-active fluid damper was
described and is shown in Figure 2-13. This device uses a normally closed solenoid valve
to open or close a secondary orifice which controls the fluid flow through a bypass loop.
Damping forces are developed as a result of a pressure differential across the piston head.
When the valve 1s closed, the device delivers high linear viscous damping. When the valve
is opened, the device delivers a very small level of linear viscous damping. Further, a
multi-stage semi-active fluid damper is proposed which is capable of producing several
distinct damping levels by introducing several solenoid valves rather than the single one
shown in Figure 2-13. Finally, a semi-active damper is proposed in which the solenoid
valve shown in Figure 2-13 is replaced by a servovalve allowing for continuous

modulation of the damping properties between two prescribed levels.

An experimental study of a semi-active fluid damper for seismic response control has been

presented by Patten (1994). The configuration of the damper includes a balanced piston
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rod and an external control valve containing an orifice which is modulated by a small
motor. A mathematical model is developed to describe the behavior of the damper
including the effects of fluid compressibility. Apparently, the tested damper is capable of

storing energy and thus the issue of stability is addressed.

Sack (1993) describes a semi-active fluid damper in which standard orifice flow equations
are utilized in the development of the mathematical model of the device (see Figure 2-14).
The use of standard orifice equations indicate that the damper behaves as a Bernoullian
damper which delivers a force output proportional to the square of the relative velocity. A
control algorithm is described in which the control of the adjustable orifice involves the
"linearization” of the dynamics of the damper. Through this process of dynamic
linearization, the variable orifice is adjusted in such a way that the damper delivers a force
which is directly proportional to relative velocity. In effect, a Bernoullian damper is made

to behave as a linear viscous damper.
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SECTION 3

MECHANICAL PROPERTIES OF TESTED SEMI-ACTIVE
FLUID DAMPERS

3.1 Description and Principles of Operation

The semi-active fluid dampers described in this report are based on the design of a passive
fluid damping device which has been studied by Constantinou (1993b, 1992a, 1992b) for
seismic energy dissipation and seismic isolation (see Figure 3-1). The passive portion of
the semi-active fluid damper consists of a stainless steel piston rod, a bronze piston head,
and a piston rod make-up accumulator. The damper is filled with a thin silicone oil
(kinematic viscosity =100 cSt, specific weight = 9.78 kN/m®). The piston head orifices are
designed such that the fluid flow is altered according to the fluid speed resulting in a force
output which is proportional to the relative velocity of the piston head with respect to the
damper housing. Such orifices are known as "fluidic" control orifices, "fluidic” coming
from the concatenation of the words "fluid" and "logic" (i.e., logical operations using

fluids).

The force generated by the damper is a result of a pressure differential across the piston
head. When the damper is subjected to a compressive force, the fluid volume is reduced
by the product of travel and piston rod area. Since the fluid is nearly incompressible, the
reduction in fluid volume results in the development of a restoring force. This is
prevented by the use of a rod make-up accumulator and control valve. Under

compression and tension forces, the control valve opening is adjusted to permit the
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appropriate amount of fluid to pass in and out of the rod make-up accumulator,
respectively. An alternate construction of this device is with a balanced piston rod. A
balanced piston rod is one in which the rod enters the damper, is connected to the piston
head, and then continues out through the opposite end of the damper. This arrangement

avoids changes in fluid volume and therefore prevents the development of restoring force.

The orifice flow around the piston head is compensated according to the temperature such
that the mechanical properties remain relatively stable over a wide temperature range
(-40°C to 70°C). This is accomplished passively through the use of an orifice design which
utilizes a bi-metallic thermostat. Note that the dampers may be described as "inertial”
dampers since the behavior is primarily governed by the speed of fluid through the orifices
and secondarily by the mechanical properties of the fluid. Therefore, any 'effect of

temperature on the fluid viscosity will not significantly alter the behavior of the damper.

The passive fluid damper shown in Figure 3-1 was modified to create a semi-active fluid
damper as shown in Figure 3-2. This configuration represents one possible modification
of the passive fluid damper in which only damping can be modulated. Alternate
modifications can be developed. For example, a restoring force/semi-active damping
device can be developed by removing the accumulator in Figure 3-2 to allow for the
development of stiffness. Another possible configuration involves the construction of an

external accumulator with its own control valve to obtain a semi-active restoring
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force/damping device which is capable of independent adjustment of both stiffness and

damping.

Semi-active fluid damping and stiffness devices have been used in numerous applications
within the U.S. mulitary. Examples of applications include the suspension system of
armored vehicles, the suspension system of self-propelled Howitzers, and the Sikorsky
Flying Crane Helicopter. The design of a semi-active stiffness device for the suspension
system of a U.S. Marine Corps armored amphibious vehicle is described by Taylor
Devices (1991). The semi-active devices are capable of providing two levels of stiffness
which are controlled by the operator of the vehicle (i.e., no microprocessors or external
sensors are utilized). During the 1960's, the Sikorsky Flying Crane Helicopter used a
semi-active stiffness device on the winch mechanism to isolate the lifted load from the
airframe. The device accepted sensor inputs and altered its output to suit different loads
and load environments. This device was entirely successful and many of these helicopters
are still in service with the Air National Guard and various commercial firms. In the late
1960's, the U.S. Navy experimented with an isolated ship deck utilizing a semi-active
damping and stiffness device. The intent of the isolation system was to allow high speed
patrol craft to operate in severe sea states without injury to the crew. An experimental
patrol boat with the semi-active isolators proved highly successful, but was never
produced in quantity. The U.S. military has recently specified a semi-active stiffness
device for use within a missile guidance system. This application was prompted by the

research reported herein.
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The semi-active fluid dampers described in this report were developed, constructed, and
tested over a period of 19 months. A total of 767 tests were conducted on five different
semi-active damper systems (see Table 3-I). Of the five semi-active damper systems, two

were selected for extensive evaluation and are described in detail in this report:

1) Two-Stage damper with normally closed solenoid spool valve
(system 3 in Table 3-I)

2) Variable damper with normally closed direct-drive servovalve
(system 5 in Table 3-I)

In anticipation of future shaking table studies, two damping units were tested for each of
the above damping systems. The notation for each damping unit tested is given in Table

3-1I.

3.1.1 Two-Stage Damper

The tested two-stage fluid damper is of the form depicted in Figure 3-2. The passive fluid
damper of Figure 3-1 was modified by including an external bypass loop containing a
control valve. Damping characteristics are controlled by varying the amount of flow
passing through the bypass loop. The control valve is an A.C. (alternating current)
controlled normally closed solenoid valve. The solenoid valve can either be turned on
(solenoid coil energized and valve open) or off (solenoid coil de-energized and valve
closed). Therefore, only two levels of damping are available from the system and hence
the designation, two-stage damper. A photograph of the semi-active two-stage damper is
shown in Figure 3-3. Geometrical and other characteristics of the semi-active damper are

shown in Figure 3-4.
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Table 3-I Experimentally Tested Semi-Active Damper Systems

SYSTEM VALVE TYPE

DAMPER CONFIGURATION

1 2 normally closed
solenoid spool valves

3 stage damper

2 1 normally open
solenoid spool valve

2 stage damper

3 1 normally closed
solenoid spool valve

2 stage damper

4 1 normally closed
solenoid poppet valve

2 stage damper

5 1 normally closed
direct-drive servovalve

variable damper

Table 3-II Notation For Semi-Active Damper Units Tested

SEMI-ACTIVE DAMPER | DAMPING NOTATION
SYSTEM UNIT
Two-Stage Damper 1 2ST-A
2 2ST-B
Variable Damper 1 VAR-A
2 VAR-B
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A cross-sectional view of the solenoid valve is shown in Figure 3-5. The valve may be
described as a spool type, two-stage (on-off), normally closed solenoid valve. Although
the valve was manufactured with four ports, only two are used in this application.
Normally, when there is no voltage applied across the leads, fluid flow is blocked across
the two remaining ports: P and B. In this mode, all fluid flow in the damper is through the
piston head fluid orifices and its damping performance is simply that of a standard passive
fluid viscous damper. When voltage is applied across the leads, the solenoid coil moves
the spool to an open position with an electromagnetically induced force. This force must
overcome the force of the reset spring which moves the spool back to a closed position
following removal of the voltage. When the spool is in the open position, a majority of the
fluid flow in the damper is through the external bypass loop and the damping level is much
Jower than when the spool is in the closed position. The average power required to
operate the A.C. controlled solenoid valve is approximately 55 W and the valve can
therefore operate on the power of batteries which is critical during an earthquake when the
main power source of a structure may fail. The solenoid valve offers fail-safe
characteristics in that the loss of power to the device causes the valve to become fully
closed which in turn causes the semi-active damper to behave as a passive device with

high damping characteristics.

3.1.2 Variable Damper
The tested variable damper is also of the form depicted in Figure 3-2 in which the passive

fluid damper of Figure 3-1 was modified by including an external bypass loop containing a
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control valve. The control valve is a normally closed direct-drive servovalve. The
servovalve can be off (no voltage to coils - valve closed), fully on (sufficient voltage to
fully energize coils - valve open), or between off and fully on (sufficient voltage to
partially energize coils - valve partially open). Therefore, a full range of damping levels
are available from the system and hence the designation, variable damper. A photograph
of the semi-active variable damper is shown in Figure 3-6 and geometrical and other

characteristics of the variable damper are shown in Figure 3-7.

The variable damper utilized a direct-drive servovalve for control of the fluid flow through
the external bypass loop. A cross-sectional view of the direct drive servovalve is shown in
Figure 3-8. The direct-drive servovalve was originally developed for control of the
primary flight control servo-actuation system on the U.S. Air Force B-2 Stealth Bomber.
The valve was designed to replace the conventional hydraulic amplifier pilot stage with a
high-force, high-response drive motor acting directly on the valve spool. The operation of
a conventional electrohydraulic servovalve (see Figure 3-9) requires a pilot stage in which
a torque motor is utilized to adjust the position of a flapper which diverts flow to the ends
of a spool. The pilot stage effectively controls the pressure on each side of the spool and
as a result of a pressure differential the spool slides in its bushing. The bushing contains
slots which allow fluid to flow to the control ports. The fluid flow to the control ports
may be used to drive an actuator. In contrast, the direct-drive servovalve is ideally
applicable to semi-active control in that the valve spool is driven by an electric drive

motor, eliminating the need for a source of hydraulic pressure to operate a pilot stage.

3-12



Figure 3-6  Photograph of Semi-Active Variable Damper
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The direct-drive servovalve may be described as a spool type, continuously adjustable,
normally closed servovalve. Although the valve was manufactured with four ports, only
two are used in this application. Normally, when there is no command voltage to the
coils, fluid flow is blocked across the two ports. In this mode, all fluid flow in the
semi-active damper system is through the piston head orifices and its damping
performance is simply that of a standard passive fluid viscous damper. When a command
voltage is sent to the coils, a D.C. (direct current) drive motor is used to impose a spool
displacement in proportion to the command voltage (see Figure 3-10). The hysteretic
behavior in Figure 3-10 is related to the friction between the spool seals and the spool
bushing. Neglecting the dead-zone due to spool land overlap, the linear motion of the
spool opens up a circumferential fluid flow area which is directly proportional to the spool
displacement. When the spool is in the full open position, a majority of the fluid flow in
the damper is through the external bypass loop and the damping level is much lower than

when the spool is in the full closed position.

Note that for a given command signal voltage, the spool displacement in the two variable
damper units is not the same (see Figure 3-10). However, there was no attempt made to
match the slope of these curves. Instead, since the behavior of the variable dampers is
directly related to the flow rate of fluid through the control valves, the relationship
between the command signal and the flow rate through each valve was matched (see
Figure 3-11). The curves in Figure 3-11 match very well except at low command signal

voltage levels where unit VAR-A allows more fluid flow than unit VAR-B. Apparently,
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the spool seals that restrict flow at low command signal voltage levels in the two units
were not functioning identically. The effect of this difference in flow rate on the damping

coefficient of the two variable damper units will be demonstrated in Section 3.3.3.

Figure 3-11 also shows that the flow rate does not change appreciably until the command
signal voltage level exceeds about 0.5 volts. This is the result of spool land overlap which
restricts fluid flow until the spool moves beyond the length of the spool land overlap.
Furthermore, the flow rate becomes saturated at command signal voltage levels beyond
about 3 volts. This is the result of flow restrictions within the external tubing manifold
ports and valve internal passages which are smaller than the maximum valve orifice
opening. For command signals between about 0.5 volts and 3 volts, the flow rate is
essentially a linear function of the command signal since the spool displacement is linearly

related to the command signal (see Figure 3-10).

The command signal corresponding to the desired spool position is in the form of a
voltage signal. The voltage signal is delivered to a current driver/amplifier which drives
the linear motor (i.e., the valve is current controlled). The advantage of using current
control to drive the valve is that the sluggish performance associated with direct voltage
control (due to the direct drive motor coil resistance and inductance) is drastically
improved to the extent that the dynamics of current build-up can usually be neglected
(Watton 1989). This is critical for applications in which minimal system response times

are required.



As a result of a command signal, the drive motor forces the spool to move. An oscillator
excites a spool position transducer (LVDT - Linear Variable Differential Transformer)
producing an electrical signal proportional to spool position. The demodulated spool
position signal is compared with the desired spool position and the resulting spool position
error causes current to flow in the drive motor coil until the spool has moved to its
commanded position and the spool position error is reduced to zero. This spool position

feedback loop results in a precise positioning of the spool for a given command signal.

The direct-drive servovalve offers fail-safe characteristics in that the loss of power to the
device causes the valve to become fully closed which in tumn causes the semi-active
damper to behave as a passive device with high damping characteristics. Furthermore, the
direct-drive servovalve requires a peak power of 3.5 W and can therefore operate on the
power of batteries which is critical during and earthquake when the main power source of

a structure may fail.

3.2 Component Testing Procedure

3.2.1 General Testing Arrangement

The testing arrangement shown in Figure 3-12 was used for testing the semi-active fluid
dampers. A schematic of the testing arrangement is shown in Figure 3-13. A 10 kN
capacity servo hydraulic actuator with a £50.8 mm stroke and a 37 V/min servovalve was
utilized to provide dynamic excitation to the dampers. The force in the damper is

measured by a 10 kN capacity load cell placed between the damper and reaction frame.
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Figure 3-12 Photograph of Testing Arrangement
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The position of the piston rod of the damper with respect to the damper housing is
measured using an LVDT (Linear Variable Differential Transformer) located within the
actuator. Data acquisition was performed using Labtech Notebook™ data acquisition
software running on a PC with an INTEL™ 80386/33 MHz processor and a 12 bit data
acquisition board having 8 channels of analog-to-digital conversion and 2 channels of
digital-to-anaiog conversion. All recorded signals were filtered using six pole low-pass
butterworth filters with a cut-off frequency of 10 Hz. The sampling rate was selectively

varied depending on the type of test performed.

3.2.2 Two-Stage Damper

A block diagram describing the two-stage damper component testing is presented in
Figure 3-14. Component testing of the two-stage damper required a switch to open and
close the 110 volt A.C. (alternating current) solenoid valve. In order to measure the
response time of the solenoid valve/damper system, the data acquisition computer was
also used to conirol the solenoid valve. However, a direct connection between the
solenoid valve 110 V A.C. power circuit and the computer 5 volt TTL logic circuit is not
possibie.  Therefore, an optoisolator was used to connect the two circuits. An
optoisolator contains an emitter which is optically coupled to a photo-detector through an
insulating medium. This arrangement permits the passage of information from the low
voltage computer circuit, which contains the emitter, to the high voltage power circuit,

which contains the detector. A low digital output signal from the computer causes the
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detector to close the 110 V A.C. circuit whereas a high digital output signal opens the 110

V A.C. circuit. A schematic of the computer control circuit is shown in Figure 3-15.

3.2.3 Variable Damper

A block diagram describing the variable damper component testing is presented in Figure
3-16. The semi-active variable damper required special electronic equipment for operation
of the direct-drive servovalve. Two electronic circuits were constructed for precise
positioning of the valve spool. A voltage controlled (current is very low) spool position
feedback circuit determines the difference (error) between the actual spool position
(measured by an LVDT located within the valve) and the computer commanded spool
position. This error is expressed as a voltage signal. A current driver/amplifier circuit
receives the voltage signal from the spool position feedback circuit and converts it to a
proportional current signal. The current signal is delivered to the coils of the drive motor
which controls the spool position. The servovalve spool position feedback circuit and the
current driver/amplifier circuit require a 3.5 W capacity power supply. Furthermore, while
the command voltage corresponding to the full spool displacement travel is about 8.5 volts
(see Figure 3-10), the power supply delivers 40 volts to the two electronic circuits that
control the valve. For dynamic applications, the inductance of the coil increases with
frequency and therefore a high voltage power supply is required to drive the spool at high

speeds.
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3.3 Mechanical Properties

3.3.1 Theoretical Considerations

The mechanical properties of the semi-active fluid dampers were obtained by imposing
cyclic motion to the dampers using the testing arrangement shown in Figure 3-12. For
each test, the frequency and amplitude of motion of the piston was specified. The actuator
motion was run under displacement control. For sinusoidal input, the damper motion is

given by
u = u, sin(mt) (G-

where u, is the amplitude of the displacement , ® is the frequency of motion, and t is the

time. For steady-state conditions, the force needed to maintain this motion is
P = P, sin(wt+9) (3-2)

where P_ is the amplitude of the force, and 0 is the phase angle between the imposed
displacement and the resuiting force. The area within the recorded force-displacement

loops can be measured to determine the energy dissipated in a single cycle of motion

Wy =¢Pdu=nP,u, sin(d) (3-3)
Expanding Equation (3-2),

P =P, sin(mt) cos(8) + P, cos(®t) sin(d) (3-4)

and introducing the quantities

K, = % cos(5) (3-5)

K, = E—Z sin(5) (3-6)
3-28



where K, is the storage stiffness (associated with recoverable (stored) energy) and K, is

the loss stiffness (associated with irrecoverable (lost) energy), one obtains
P=XK, u, sin(®wt)+K; u, cos(wt) (3-7N

Equation (3-6) may also be written in the form

P=Kju+ 2q (3-8)

where the overdot indicates differentiation with respect to time. It is clear that the first
term in Equation (3-8) represents the force due to the stiffness of the damper which is
in-phase with the motion and the second term represents the force in the damper due to
the viscosity of the damper which is 90° out-of-phase with the motion. The damping

coefficient is obtained from Equation (3-8) as

_K
c==% (3-9)

Combining Equation (3-3) and (3-6),

K, = 4 (3-10)
Tug

and rearranging Equation (3-6)

5=sin" (—I%P—) (3-11)

Equations (3-5) and (3-9) through (3-11) can now be used to obtain the mechanical
properties of the damper from experimentally measured values of W, P, and u,. First the

loss stiffness is determined from Equation (3-10). Knowing the imposed frequency, ®, the
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damping coefficient is determined from Equation (3-9). Equation (3-11) is used to

compute the phase angle. Finally, the storage stiffness is computed using Equation (3-5).

Previous testing on the passive portion of the semi-active fluid dampers (see Figure 3-1)
revealed that, below a certain cut-off frequency, the damping coefficient was nearly
constant while the storage stiffness was negligible (Constantinou 1993b and 1992b). This
is clearly demonstrated in the experimental data of Figure 3-17 which was obtained using
Equations (3-5) and (3-9). The mechanical properties of the semi-active fluid dampers

were therefore obtained by assuming linear viscous dashpot behavior
P=Cu (3-12)

where C is the damping coefficient. For each semi-active damper test, the damping
coefficient was determined by dividing the measured peak force by the measured peak

velocity.

In addition to the harmonic tests, tests were performed with constant velocity motion
(sawtooth displacement). Finally, tests were performed to determine the friction force
between the semi-active damper piston rod and piston rod seal. In these tests, the damper
piston rod was fully compressed and the damper was supported such that its longitudinal
axis was in the vertical direction. Known masses were attached to the piston rod until

motion was observed. The measured friction force was approximately 110 N.
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3.3.2 Two-Stage Damper

A total of 45 tests were conducted in the frequency range of 0.5 to 5 Hz and peak velocity
range of 49 to 465 mm/s. The results are summarized in Table 3-III. In each test, three
cycles of motion were imposed at either high (H) or low (L) damping, followed by three
cycles of motion at the opposite level of damping. The column in Table 3-III labeled
“"stage" refers to whether the damping is switched from high to low (stage HL) or from
low to high (stage LH). In all tests, the sampling rate was 400 pt/sec. For each test the

maximum and minimum damping coefficient were obtained as follows:

C = LB , Cpyg= L (3-13)
Ugp Uo

where F_,, is the measured average peak force with the valve closed (high damping), F .
is the measured average peak force with the valve opened (low damping), and U, is the

measured average peak velocity (see Figure 3-18).

The response times shown in Table 3-III refer to the amount of time elapsed while the
damper force changes from either high to low or low to high. Response times for the

two-stage damper will be discussed in detail in Section 3.4.1.

The temperature is also provided in Table 3-III for the start and end of each test. The
ambient temperature was measured by attaching a thermocouple to the cylindrical housing
of the damper. The temperature was recorded immediately prior to a test (initial
temperature) and again at the completion of the test (final temperature). For all tests, the

increase in temperature during testing was less than or equal to 1°C.
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Figure 3-18 Diagram Describing Method of Extracting Damper Mechanical Properties

from Component Test Results

3-36



Figure 3-19 shows typical force-displacement loops under two different sinusoidal
motions and with the damping switching from high to low. Note that the elliptical shape
of the force-displacement loops is an indication of linear viscous damping. The
force-displacement loop of Figure 3-19(a) is shown again in Figure 3-20 along with its
corresponding command signal time history. Recall that the command signal is a digital
output signal with values of 0 (valve off) or 1 (valve on). Figure 3-21 shows typical
force-displacement loops under two different constant velocity motions and with the
damping switching from high to low (Figure 3-21(a)) and from low to high (Figure

3-21(b)). The nearly constant output force is an indication of linear viscous damping.

The relationship between the peak velocity and peak force for both of the tested two-stage
damper units is shown in Figure 3-22. Two sets of data are plotted in each graph. One
set corresponds to the closed solenoid valve (high damping) while the other set
corresponds to the open solenoid valve (low damping). Clearly, the two sets of data can
be fit with straight lines having slopes equal to the corresponding damping coefficient (i.e.,
C,.. or C_). Note that the data shown in Figure 3-22 corresponds to tests run at
frequencies of 4 Hz or less. Recall that the dampers begin to develop stiffness for

frequencies above the cut-off frequency (see Figure 3-17). As a result, for frequencies

beyond about 4 Hz, the data begins to deviate from the linearity shown in Figure 3-22.
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Figure 3-19 Hysteresis Loops for Two-Stage Damper Switching from High Damping to
Low Damping and Subjected to Sinusoidal Motion at a Frequency

ofa) 1 Hzand b) 2 Hz
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Figure 3-20 Hysteresis Loop and Corresponding Command Signal for
Two-Stage Damper
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Figure 3-21 Hysteresis Loops for Two-Stage Damper Subjected to Constant Velocity
Motion at a Frequency of 1 Hz and with Damping Switching from
a) High to Low and b) Low to High
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Figure 3-22 Experimental Values of Peak Force Versus Peak Velocity for Two-Stage
Damper Unit a) 2ST-A and b) 2ST-B
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3.3.3 Variable Damper

A total of 92 tests were conducted in the frequency range of 0.25 to 4 Hz and peak
velocity range of 39 to 603 mm/s. Two basic tests were performed on the variable
dampers. The first test was one in which the valve was operated from either a full closed
position (high damping, O volt command signal) to a full open position (low damping, 3
volt command signal) or from a full open position to a full closed position. This type of
test is designated as a two-stage test (not to be confused with the two-stage dampers) and
a total of 58 of these tests were performed. The test results for the two-stage tests are
presented in Table 3-IV. In each test, three cycles of motion were imposed at either high
(H) or low (L) damping, followed by three cycles at the opposite level of damping. In all
of the two-stage tests, the sampling rate was 400 pt/sec. For each test, the maximum and
minimum damping coefficient were found by the same method described in Section 3.3.2

for tests on the two-stage damper.

The response times shown in Table 3-IV refer to the amount of time elapsed while the
damper force changes from either high to low or low to high. Response times for the

variable damper will be discussed in detail in Section 3.4.2.

The temperature is also provided in Table 3-IV for the start and end of each test. For all
of the two-stage tests, the increase in temperature during testing was less than or equal to
2°C. Note that the temperature was not recorded for approximately 20% of the two-stage

tests.
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Figure 3-23 and 3-24 show typical force-displacement loops under two different constant
velocity motions and with the damping switching from high to low (Figure 3-23) and low
to high (Figure 3-24). The force-displacement loops of these figures were obtained from
experimental data which was not low pass filtered. These tests therefore have a lower

signal-to-noise ratio compared to the two-stage damper tests of Figure 3-21.

The force-displacement loop of Figure 3-23(a) is shown again in Figure 3-25 along with
its corresponding command signal and spool displacement time history. The command
signal is in the form of a step function from O volts to 3 volts (see Figure 3-25(a)).
However, the spool displacement is not able to follow the step function and exhibits an
overshoot in displacement (see Figure 3-25(b)). This is the result of the inertia of the
spool as well as a possible overshoot in the current command signal from the current
driver circuit (see Figure 3-16). The effect of the spool displacement overshoot on the
damper behavior is shown in part (c) of Figure 3-25 where the measured force exhibits an
overshoot as well. The spool displacement and damper force overshoot can both be
reduced at the expense of increased response times. A number of tests were performed in
which the current driver/amplifier circuit was adjusted to control the amount of spool
overshoot. Furthermore, the size of the spool seals (and, therefore, the friction between
the spool seals and the spool bushing) was adjusted to control the amount of spool
overshoot, the response time, and the flow leakage at low command signal voltage levels

(recall discussion in Section 3.1.2 related to spool seals and valve behavior at low
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Figure 3-23  Typical Force-Displacement Loops Under Constant Velocity Motion for
the Variable Damper with Damping Switching from High to Low and Input
Frequencies of a) 1 Hz and b) 0.5 Hz
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Figure 3-24  Typical Force-Displacement Loops Under Constant Velocity Motion for
the Variable Damper with Damping Switching from Low to High and Input

Frequencies of a) | Hz and b) 0.5 Hz
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Figure 3-25
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command signal voltage levels). A compromise was reached in which the response times

(see Section 3.4.2) and damper force overshoot were acceptable.

As mentioned previously, two basic tests were performed on the variable dampers. The
second test was one in which the valve position was incrementally changed from either a
full closed position (high damping) to a full open position (low damping) or from a full
open to a full closed position. This type of test is designated as a multi-stage test and a
total of 34 of these tests were performed. In each test, 2 cycles of motion were imposed
at each damping level. The test results for the multi-stage tests are presented in Tables
3-V(a) and 3-V(b). Note that the peak force and damping coefficient are given at seven
different voltage levels in Table 3-V(a) and 3-V(b), respectively. The voltage levels
correspond to the command signal from the computer. A 0 volt command signal
corresponds to a fully closed valve (high damping) and a 3.0 volt command signal
corresponds to a fully open valve (low damping). The damping coefficient given in Table

3-V (b) is calculated for the i-th level of voltage by

Ci=(—1.:o—)i' , i=1to7 (3-14)
(Uo)i

where (F,); and (u,); are the peak force and peak velocity for the i-th level of voltage,

respectively (e.g., 1= 1 corresponds to a 0 volt command signal and i = 7 corresponds to a

3.0 volt command signal).

The temperature is also provided in Tables 3-V(a) and 3-V(b) for the start and end of each

test. For all tests, the increase in temperature during testing was less than or equal to
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5°C except in one test in which the temperature increased by 8°C. Note that the

temperature was not recorded for approximately 25% of the multi-stage tests.

Figure 3-26 shows typical force displacement loops under constant velocity motion and
with damping switching incrementally from high to low (Figure 3-26(a)) and low to high
(Figure 3-26(b)). The force-displacement loop of Figure 3-26(a) is shown again in Figure
3-27 along with its corresponding command signal and spool displacement time history.
Each time the command signal is adjusted, a corresponding spool displacement overshoot
is observed (see Figure 3-27(b)). Figure 3-28 shows typical force-displacement loops
under sinusoidal motion and with damping switching from high to low at input frequencies

of 1 Hz (Figure 3-28(a)) and 2 Hz (Figure 3-28(b)).

The relationship between peak velocity and peak force for both variable damper units is
shown in Figure 3-29 for three different command signal voltages. The data for each
command signal voltage level can be fit with straight lines having a slope equal to the
corresponding damping coefficient. Note that when the command signal voltage is O
volts, the damping coefficient of the two units is not the same (Unit VAR-A has C_, =
16.67 N-s/mm and Unit VAR-B has C__ = 18.51 N-s/mm). Under a command signal of 0
volts, the valves are theoretically closed and should result in the same damping coefficient
for each damper unit. Recall Figure 3-11 which shows that the flow rate in unit VAR-A is
higher than in unit VAR-B at low command signal voltages. This explains the difference

in the maximum damping coefficient for the two variable damper units. Note that the data
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TEST 674
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Figure 3-26  Typical Force-Displacement Loops for Variable Damper Subjected to
Constant Velocity Motion in a Multi-Stage Test with Damping
Switching from a) High to Low and b) Low to High
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Figure 3-27
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Hysteresis Loops and Corresponding Command Signal and Spool
Displacement for Variable Damper Multi-Stage Test
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TEST 684
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Figure 3-28 Typical Force-Displacement Loops for Variable Damper Subjected to
Sinusoidal Motion in a Multi-Stage Test with Damping Switching from
High to Low and Input Frequencies of a) 1 Hz and b) 2 Hz
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Figure 3-29 Experimental Values of Peak Force Versus Peak Velocity for Variable
Damper Under Three Different Command Signals for a) Unit VAR-A
and b) Unit VAR-B

3-60



shown in Figure 3-29 is for tests run at frequencies of 2 Hz or less. Recall that the
dampers begin to develop stiffness for frequencies above the cut-off frequency. As a
result, for frequencies beyond about 4 Hz, the data begins to deviate from the linearity

shown in Figure 3-29.

For the variable damper system, the damping coefficient is dependent on the command
signal voltage. This is demonstrated in Figure 3-30 which shows experimental data for
both sinusoidal and constant velocity tests at input frequencies of 4 Hz or less. The
scatter in the data at a given command signal voltage is primarily due to differences in the
frequency of testing (e.g., compare the values of damping coefficient of test 702
(frequency = 0.25 Hz) and test 706 (frequency = 4 Hz) in Table 3-V(b)). The nonlinearity
of the experimental data in Figure 3-30 is the result of the nonlinear relationship between
the command signal and the flow rate through the valve due to saturating flow conditions
and spool land overlap (see Figure 3-11). Note that beyond about 3 volts, the spool is still
in motion (see Figure 3-10) while the damping coefficient remains essentially constant (see
Figure 3-30). As mentioned in Section 3.1.2, this is the result of flow restrictions within
the external tubing manifold ports and valve internal passages which are smaller than the
maximum valve orifice opening and, as a result, saturate the flow beyond a command
voltage of 3 volts. Furthermore, the nearly constant value of damping coefficient at
voltage levels below about 0.25 volts is due to spool land overlap which does not permit

fluid flow through the servovalve until the spool moves beyond the length of the spool
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Figure 3-30 Experimental and Analytical Values of Damping Coefficient Versus
Command Signal for Variable Damper a) Unit VAR-A
and b) Unit VAR-B
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land overlap. An analytical expression for the damping coefficient has been fit through the

experimental data of Figure 3-30 and is given by
C = Cuin + (Cmax = Chin) €Xp (—HV?®) (3-15)

where C_, is the damping coefficient at the full open valve position, C___is the damping
coefficient at the full closed valve position, and y and ¢ are parameters which are
evaluated through curve fitting. The basic form of Equation (3-15) is utilized in Section

4.3.1 for analytical predictions of semi-active variable damper component tests.

3.4 System Response to Saturated Command Signal

An important response time to be measured for a semi-active damper with an adjustable
damping coefficient is the time required to modify the damping coefficient from its
maximum to its minimum value and vice-versa. Assuming purely viscous damping, tests
which are run under constant velocity motion provide damper forces which are directly
proportional to the corresponding damping coefficient and can therefore be used to obtain
system response times. The response time of the semi-active fluid dampers was evaluated
under saturated command signals. A saturated command signal is defined to be a
command signal which opens the valve fully or closes the valve fully (thus modifying the

damping coefficient from its maximum to its minimum value and vice-versa).

A typical constant velocity test from which system response times can be obtained is
shown in Figure 3-31 where the system is switched from a fully open valve condition (low
damping, minimum damping coefficient) to a fully closed valve condition (high damping,
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Figure 3-31 Typical Constant Velocity Test from Which System Response
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maximum damping coefficient). The response time may be extracted from the time history
of the measured force and scaled command signal (Figure 3-31(b)). The response time is
measured from the point at which the command signal is sent to the control valve to the
point at which the damping coefficient (or, correspondingly, force) reaches its target
value. The target value was either the maximum damping coefficient, C_,, or the
minimum damping coefficient, C_, . Note that all signals were unfiltered to eliminate the

effect of filters on the measurement of response time.

The response time is a non-zero quantity as a result of a combination of valve dynamics
and hydraulic system dynamics and can be separated into two distinct parts. The first part
of the response time is designated as t, and is measured from the point at which the
command signal is sent to the control valve to the point at which the damping coefficient
(force) begins to change. Therefore, response time t, is also designated as the static
response time. The length of time t, is dependent on many factors including spool static
friction (stiction), spool driver electronics (variable damper only), and the time it takes to
build-up or collapse the electromagnetic field of the valve coil. The second part of the
response time is designated as t, and is measured from the point at which the damping
coefficient (force) begins to change to the point at which the damping coefficient (force)
first reaches its target value. Therefore, response time t, is also designated as the dynamic
response time. The length of time t, is dependent on many factors including the dynamics
of the valve (e.g., spool inertia), spool sliding friction, spool driver electronics (variable

damper only), and the dynamics of the hydraulic system (e.g., fluid inertia).
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Note that there was no clear dependency of response time on the frequency of testing.
The sampling rate used in all tests in which response times were measured was 400 pt/sec

(2.5 ms/pt).

A general agreement or standard defining the appropriate method of measuring time
delays associated with active or semi-active control system components does not exist.
Therefore, one must be careful in using reported time delays for comparing the relative

merits of different control systems.

3.4.1 Two-Stage Damper

A total of 29 tests were performed on the two-stage semi-active fluid dampers for which
response times could be measured. These tests are listed in Table 3-III which includes
response time t,, t,, and the total response time, t, +t,. A typical test from which response
times were extracted is shown in Figure 3-32. A summary of response time data for the
two-stage dampers is provided in Figures 3-33 (unit 2ST-A) and 3-34 (unit 2ST-B) with
average system response times shown in Table 3-VI. Note that the response time varies
significantly depending upon the direction of motion of the spool (i.e., high to low (HL) or
low to high (LH) damping). The observed difference in system response is the result of
the difference in the mode of operation of the solenoid valve in the two directions (recall

the discussion on two-stage damper valve operation in Section 3.1.1).
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Figure 3-32  Example of Two-Stage Damper Test from Which Response
Times were Extracted
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3.4.2 Variable Damper

A total of 52 tests were performed on the variable dampers for which response times
could be measured. These tests are listed in Table 3-IV which includes response time t,,
t,, and the total response time, t, + t,. A typical test from which response times were
extracted is shown in Figure 3-35. A summary of response time data for the variable
dampers is provided in Figures 3-36 (unit VAR-A) and 3-37 (unit VAR-B) with average
system response times shown in Table 3-VII. Note that the response time is
approximately the same for both directions of spool motion. This is because the mode of
operation of the valve is essentially the same for either direction of spool motion (recall

the discussion on variable damper valve operation in Section 3.1.2).
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Figure 3-35 Example of Variable Damper Test from which Response
Times were Extracted
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SECTION 4

ANALYTICAL MODELS OF SEMI-ACTIVE FLUID DAMPERS

4.1 Viscous Dashpot Model

Recalling the discussion in Section 3.3.1, the passive portion of the semi-active fluid
dampers exhibits viscoelastic fluid behavior over a wide frequency range. However, for
frequencies below the cut-off frequency (about 4 Hz), the passive portion of the damper

behaves as a linear viscous dashpot governed by Equation (3-12)
P(t)= Cu(t) (4-1)

where C is the damping coefficient. Realizing that a semi-active fluid damper may be
thought of as a passive fluid damper with an adjustable damping coefficient, the following
linear viscous dashpot model is proposed in which the damping coefficient, C, is now a |

function of time
P(t) =C(t)u(t) , Cmin £ C(t) £ Cpax 4-2)

where C__ and C_,, are the damping coefficients of the semi-active damper with the valve
fully closed and fully open, respectively. The viscous dashpot model would be valid for a
wider range of frequencies when the damper construction includes a balanced piston rod

rather than a piston rod make-up accumulator.

4.2 Viscoelastic Maxwell Model
Recall Figure 3-17 which shows experimental data representing the damping coefficient

and storage stiffness of a passive fluid damper which was previously tested by

4-1



Constantinou (1993b and 1992b) and has an identical design to the passive portion of the
semi-active fluid dampers tested herein. Clearly, the mechanical properties of the passive
fluid damper were frequency dependent over a wide range of frequencies. The simplest

model to account for this viscoelastic fluid behavior is the Maxwell model which is given

by
P(®)+AP(0) = Cou(t) (4-3)

where A is the relaxation time and C_ is the damping constant at zero frequency. The
Maxwell model was calibrated for the passive fluid damper resulting in the analytical
curves shown in Figure 3-17 and the parameters C, = 15.5 N-s/mm and A = 0.006 sec. As
mentioned in Section 4.1, the primary effect of converting a passive fluid damper to a
semi-active fluid damper is to create a device having adjustable damping properties with
little or no modification in stiffness properties. Therefore, the following viscoelastic
Maxwell model is proposed for the semi-active fluid damper in which the damping

constant is now a function of time
P()+AP () =C(D)u(t) , Crin < C(t) £ Crnax (4-4)

The viscoelastic Maxwell model will be used in Section 6 for analytical identification of

the structure and in Section 9 to obtain analytical predictions of shaking table test results.



4.3 Fluid Mechanics Based Model
A general model to describe the dynamic behavior of semi-active fluid dampers has been
developed using principles of fluid mechanics. A schematic of a semi-active damper used

for generating the analytical model is shown in Figure 4-1.

The general mass flow rate continuity for a fluid volume is given by (Watton 1989)
L(m)=LpV) =piQi~po Qo (4-5)
dt dt '

where t is time, m is the mass of fluid within the fluid volume, p is the fluid mass density,

V is the fluid volume, and Q is the flow rate. The subscripts i and o refer to input and

output, respectively.

For incompressible flows and a fluid volume with rigid boundaries, Equation (4-5) may be
set equal to zero. However, these conditions are not satisfied for chambers 1 and 2 shown

in Figure 4-1. Expanding the center portion of Equation (4-5)

d—pV = p%Y-+VQQ

d _ 4V
w PV =P g Ty T

(4-6)
where P is the pressure within the fluid volume. From the definition of bulk modulus

dP = B% 4-7)

where J is the bulk modulus of the fluid which is generally dependent on temperature and

pressure. Considering a vanishingly small mass element

dm=d(pV)=pdV+Vdp (4-8)
4-3
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from which

av__dp

vV P (4-9)
Combining Equations (4-6), (4-7), and (4-9)

4 =5l 4V  VdP N
dt(pV) —p( a t B dt ) (4-10)

where the first term on the right hand side of Equation (4-10) is related to the boundary
deformations and the second term is related to the fluid compressibility. Combining

Equations (4-5) and (4-10) and assuming a constant fluid density

v Vdp_

dt BE-Qi—Qo (4-11)

which is the general mass flow rate continuity equation accounting for boundary

deformation and fluid compressibility.

Under the assumed compression force of Figure 4-1, the flow continuity equation for

volume 1 is given by

dVv,  V,;dP,
SLADALAT o BEyo W 4-12

where the subscript 1 indicates chamber one. In this case, Q, is zero and Q, is given by
Qo =KpriApriVpri + Kagj AagjVagj (4-13)

where the subscript "pri” refers to the primary orifice across the piston head, subscript

"adj" refers to the adjustable orifice contained within the control valve, k is a general
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orifice discharge coefficient, A is the orifice area, and v is the average velocity of the fluid
through the orifice. Utilizing conservation of energy, mass flow rate continuity, and
assuming an incompressible, inviscid fluid (pressure forces on fluid particles dominate over
viscous forces), it can be shown that the average velocity of fluid through a small orifice is

related to the pressure drop, AP, across the orifice by (McCloy 1980)

v= (2—A—P-)% (4-14)

This relationship is applicable to the orifice contained within the control valve. However,
the orifice across the piston head does not follow this relation. Recall that the piston head
orifice is shaped in a special way so as to obtain a force output which is linearly related to
the relative velocity of the piston head. For this reason, the following empirical

pressure-velocity relationship was utilized for the primary orifice

1
ven =5( 242 ) (4-15)

where the exponent of unity is explicitly shown for emphasis and § is a factor which is

used to maintain dimensional equivalence. The mass conservation equation for chamber

one may be written as

dv, , VidP,

2(P, —-P,) 7! 21P, —P>| 3
dt B dt =—kP“AP’i8[ & '_2)] "kadeadj[_I—l'——ﬂ] sgn(P; —P;)  (4-16)

p p

where sgn(e) is the signum function and |e| indicates the magnitude of the enclosed

quantity. For chamber two, a similar equation results

2(P1 -Py) 2|P; —P,|

V,  VidP ! :
’('1——2‘+_2'_—2=kpriApri8l:—p—_} +kadeadj[“—'p—‘_] sgn(Pl—Pz) 4-17)

dt Bz dt
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Note that it has been assumed that fluid is not able to enter the accumulator chamber. In
reality, fluid enters the accumulator through a small control valve (orifice) and compresses
a cylindrical foam element. To account for the effect of the accumulator, it has been
assumed that the fluid in chamber one is in direct contact with an accumulator face plate
which is supported by a linear elastic spring (see Figure 4-1). The spring stiffness and face
plate area can be adjusted to properly account for the accumulator behavior. Equating the

spring force to the fluid pressure force
Kau, =P Af (4-18)

where K, is the accumulator spring stiffness, u, is the accumulator faceplate relative

displacement, and A, is the faceplate area. The total volume of fluid in chamber one is
Vi=(Li—u+ug)A, (4-19)

where L, is the length of chamber one measured from the piston head (at center position)
to the accumulator faceplate (at undeformed position), u is the piston head relative

displacement, and A is the piston head area. The total volume of fluid in chamber two is
Vao=@La+u)(Ap—A) (4-20)

where L, is the length of chamber two measured from the piston head (at center position)
to the cap of the damper and A, is the piston rod area. Note that the values of L, and L,
are modified to account for the volume of fluid contained within the external bypass loop.
tubing. The combination of Equations (4-16) , (4-18), and (4-19) and Equations (4-17)
and (4-20) leads to the following two first order nonlinear differential equations,

respectively
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: 2P1=Py) ! 2IP Py 1
dP1 {Apu—km—iApﬁ 5[—9—-] _kadeadj[__p"'] sgn(P1 —Pz)}

_ (4-21)

dt [(Li-ueB oo 2]

Py _ L . <[2ei=P)T _ .[2IP1—P2| : _ B

" _{(A, ;‘x,,)u-n-kpnAp,,8[——-—p ] +Kagi Ao e a— ] sgn(Py Pz)}{ (- A2 +u)}
(4-22)

The bulk modulus of the silicone fluid, B, is governed by the following empirical

relationship which is valid for units of Newtons and millimeters
Bi =864 +4.166 P, (4—23)

where P, is the pressure in chamber i. Finally, the force output of the semi-active damper

is primarily a result of a pressure differential across the piston head and is given by

where F, is the magnitude of the force required to overcome the friction between the
piston rod and oil seals. Equations (4-21) and (4-22) may be solved for the pressure in
each chamber. The solution requires knowledge of the displacement history, u(t), the

velocity history, u(t), and the adjustable orifice area history, A_,(t). Note that the fluid

adj
mechanics based model presented above does not account for the dynamic characteristics

of the external control valve.

4.3.1 Analytical Predictions
Analytical predictions of experimental force-displacement loops were obtained for the

semi-active variable damper using the fluid mechanics based mathematical model. Recall
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from Section 3.1.2 that, neglecting spool land overlap, the linear motion of the spool
opens up a circumferential fluid flow area which is directly proportional to the spool

displacement
Aagj (t) =mds(t) (4-25)

where d is the diameter of the spool and s(t) is the spool displacement. However, to
model the control valve adjustable orifice area appropriately, the nonlinearity between the
spool position and the fluid flow rate must be accounted for (recall discussion in Section
3.1.2 regarding nonlinearities due to spool land overlap and fluid flow saturation). The
relationship between the command voltage and the damping coefficient is given by
Equation (3-15). This equation implicitly includes the nonlinear effects discussed above.
Examining Equation (3-15), it is apparent that the effective valve orifice area may be more

appropriately written as
Aagi(8) = Amax[1 —exp (~7€")] (4-26)

where € is the command voltage, ¥ and { are parameters to be determined empirically, and
A_,, is the maximum adjustable orifice area of the variable dampers. Note that Equation

4-26 is implicitly a function of time as required by Equations (4-21) and (4-22).

All parameters of the fluid mechanics based model were either measured or determined
through analytical calibration. Specifically, the primary orifice discharge coefficient, k
was determined through calibration of the model for the closed valve condition. The

adjustable orifice discharge coefficient, kadj’ was assumed to be constant and was
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determined by comparing experimental and analytical results for a command voltage of 3
volts (full open valve). Finally, parameters ¥ and { of Equation (4-26) were determined by
comparing experimental and analytical results for command voltages over the range of 3
volts (full open valve) to O volts (full closed valve). The values of the model parameters

used in the numerical simulations are given in Table 4-1.

A comparison of experimental and analytical results is shown in Figure 4-2 for a sinusoidal
test at a frequency of 1 Hz. The analytical results were obtained by numerically solving
the differential equations describing the pressure in each chamber of the damper
(Equations (4-21) and (4-22)) and substituting the results into Equation (4-24) to obtain
the force output. As demonstrated in Figure 4-2, the fluid mechanics model appears to

adequately describe the semi-active variable damper behavior.
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TABLE 4-1

Values of Parameters Used in Fluid

Mechanics Based Model

PARAMETER

VALUE

864 + 4.166P,

9.96 x 10""° N-s¥mm*

96.94 mm?

859.0 mm?

859.0 mm?

AP P|Pe =

10.0 N/mm

a0

| >

17.24 mm?

e

a.

1 x 10 (unitless)

e

o
=3

0.25 (unitless)

96.81 mm

52.94 mm

m e

-

89.0N

0.15 (volts)?

o Je

3.0 (unitless)

>

B

16.28 mm?

(o)

1 s/mm
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SECTION 5

STRUCTURAL MODEL FOR SEISMIC SIMULATION TESTING

5.1 Description of Model and Testing Configurations

A three-story model structure was used for seismic simulation testing. The structure was
a 1:4 scale steel moment-resisting frame which modeled a shear building by the method of
artificial mass simulation (Soong 1987). The model does not represent a similitude-scaled
replica of a full-scale building. Rather, the test structure was designed as a small structural
system. The structure has been used in a number of previous earthquake simulation

studies.

The structure was bolted to the center of a concrete block which was in turn bolted to the
shaking table such that the main frames of the model were parallel to the motion of the
table. The two frames of the structure which are perpendicular to the direction of motion
were rigidly braced for all tests and ensured that there was no motion of the structure
perpendicular to the direction of table motion (see Figures 5-1 and 5-2). This resulted in

the reduction of a three dimensional structural system to, essentially, a planar frame.

5.1.1 One-Story Structure

For some of the tests, the structure was modified by rigidly bracing the second and third
stories so that the frame would act as a one-story structure. The one-story structure had a
mass of 2925 kg. The structure was tested with no dampers (bare frame structure) and

with two semi-active dampers placed within the diagonal bracing of the first story (see
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Figure 5-1 Schematic of Model Structure (1 in = 25.4 mm)
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Figure 5-3). The semi-active dampers were attached to the structure as shown
schematically in Figure 5-4. Special non-slip bushings were designed and constructed for
the two ends of the diagonal bracing/damper system. The bushings allowed the joints to
rotate freely while reducing the slipping that had occurred in previous testing on the same
structure (Constantinou 1993b and 1992b). A photograph of the one-story structure with
no dampers (bare frame) and with two semi-active two-stage dampers in the first story is
shown in Figures 5-5 and 5-6, respectively. A close-up view of the semi-active two-stage
dampers and the semi-active variable dampers installed in the first story of the structure is
shown in Figures 5-7 and 5-8, respectively. Note the large elastic rubber cords that are
used to support the dampers. These cords support part of the weight of the dampers
while maintaining flexibility along the axis of the damper. The purpose of the cords was
to reduce the friction between the damper piston rod and the piston rod oil seal. The
effect of friction in the dampers will be demonstrated in Section 9 where shaking table test

results are presented.

5.1.2 Three-Story Structure

The mass of the three-story structure was 2868 kg, each floor having an equal mass of 956
kg. The structure was tested with no dampers (bare frame) and with two semi-active
dampers placed within the diagonal bracing of the first story (see Figure 5-9). The
dampers were attached to the structure as shown in Figure 5-4. The non-slip bushings
described in Section 5.1.1 were also used in tests on the three-story structure. A

photograph of the three-story structure with no dampers (bare frame) and with two
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Figure 5-5 Photograph of One-Story Structure with No Dampers (Bare Frame)
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Figure 5-6  Photograph of One-Story Structure with Two Semi-Active Two-Stage
Dampers in the First Story
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semi-active variable dampers in the first story is shown in Figures 5-10 and 5-11,

respectively.

5.2 Test Program

Testing proceeded in the following sequence. First the one-story structure was tested
without and with semi-active fluid dampers. In the semi-active damper tests, both the
two-stage dampers and the variable dampers were utilized. The bare frame structure was
identified to have, at small amplitudes of vibration, a frequency of 2.8 Hz and a damping
ratio of 0.74%. An unexpectedly large response occurred during one of the semi-active
control tests (described in Section 9.3.1.1) which caused damage to the structural frame.
Cracks developed on the webs of the structural tees forming the first story columns.
Propagation of the cracks was prevented by drilling small holes at the tip of each crack.
Backing plates were then welded to the flange in an attempt to restore the moment of
inertia of the structural tees to their pre-cracked value. After the repair, the one-story
bare frame structure was identified to have, at small amplitudes of vibration, a frequency
of 2.4 Hz and a damping ratio of 1.47%. In seismic excitation, the damping ratio was
estimated to be 2.5%. For the pre-repaired condition, the structure is designated as the
stiff one-story structure. For the post-repaired condition, the structure is designated as the

flexible one-story structure.

The three-story structure was tested next both without and with semi-active dampers. In

the semi-active damper tests, only the variable dampers were utilized. The bare frame
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Figure 5-10 Photograph of Three-Story Structure with No Dampers (Bare Frame)
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Figure 5-11 Photograph of Three-Story Structure with Two Semi-Active Variable
Dampers in the First Story
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structure was identified to have, at small amplitudes of vibration, a fundamental frequency

of 1.8 Hz and a corresponding damping ratio of 1.74%.

A total of 451 shaking table tests were performed on the model structure. Of these, 253

were deemed useful for reporting.

5.3 Shaking Table Motions Used in Test Program

Four different motions were used as input to the shaking table. Two of the motions were
historical earthquake records (El Centro and Hachinohe), one motion was a high
frequency version of a historical earthquake record (Hachinohe), and one motion was a

harmonic signal of constant frequency and amplitude.

Characteristics of the two historical earthquake records are provided in Table 5-I in
prototype scale. These records were compressed in time by a factor of two to satisfy the
similitude requirements of the quarter length scale model. Further, the historical
Hachinohe earthquake record was compressed in time by a factor of four to create a high
frequency version of the record. This high frequency motion is designated as the Modified
Hachinohe earthquake (Hachinohe-M). Figures 5-12 through 5-15 show recorded time
histories of the shaking table motion for 75% of the El Centro earthquake record, 100% of
the Hachinohe earthquake record, 100% of the Modified Hachinohe earthquake record,
and a harmonic signal having a frequency of 5 Hz and an amplitude of 0.2g, respectively.

The acceleration and displacement records were directly measured whereas the velocity
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record was obtained by numerical differentiation of the displacement record. It may be
observed that for the two historical ground motions, the peak ground motion was
reproduced well, but not exactly, by the table generated motion. Figures 5-12 through
5-15 also show the response spectra of acceleration (exact, not pseudo-acceleration) of
the shaking table motion. For the two historic ground motions, the 5% damped
acceleration spectra is compared to the spectra of the actual record to demonstrate the

good reproduction by the shaking table.

For tests on the one-story structure, the frequency of the harmonic signal was selected to
be approximately twice the natural frequency of the structure. In the case of the one-story
stiff structure (natural frequency = 2.8 Hz), the frequency of the harmonic signal was 5.6
Hz and in the case of the one-story flexible structure (natural frequency = 2.4 Hz), the
frequency of the harmonic signal was 5 Hz. The harmonic loading was also utilized in
shaking table tests on the three-story model. In this case, the driving frequency of the
harmonic input was selected to be 5 Hz which is near the frequency of the second mode of

the three-story structure (5.8 Hz).

5.4 Measurement Instrumentation and Data Acquisition

A total of 34 data acquisition channels were utilized for the shaking table tests. A list of
these channels and a description of the response measured is given in Table 5-II. Of the
34 channels recorded, 23 were used to measure data from transducers located on the

model structure. A schematic of the model structure showing the location of 17 of the
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transducers is shown in Figure 5-16. The 6 transducers which are not shown in Figure
5-16 are those which measured the table motion and the LVDT's which measured the

spool position of the variable dampers.

The following description of the measurement instrumentation is given with reference to
Table 5-II. An accelerometer was located on the east and west frame at each floor level
so that the effect of torsion could be evaluated. The displacement transducers at each
floor measured the displacement of the floor with respect to an inertial reference frame.
The displacement transducer located along the axis of each damper measured the
displacement of the piston rod with respect to the damper housing. The velocity
measurements were obtained by passing the floor displacement signals through a bank of
analog differentiators. The damper command signal from the control computer was
measured both as a filtered and unfiltered signal. Channels 30 to 32 were calculated by
the control computer for the control algorithm described in Section 7.4.2 and Channel 33
was calculated by the control computer for the control algorithm described in Section
7.4.1. Finally, the jerk of the first floor was obtained by passing the signal from the first

floor east frame accelerometer through an analog differentiator.

All of the data acquisition channels were recorded at a sampling rate of 100 points/sec on
a PC computer with an INTEL™ 80486/50 MHz processor interfaced with an OPTIM™
Megadac 16 bit data acquisition system having 168 channels of analog-to-digital

conversion and running the program Test Control Software (TCS). All channels were
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passed through the Megadac's programmable 8 pole low-pass butterworth filters. The
cut-off frequency for all channels was set to 30 Hz except for the unfiltered command

signal which was set to "bypass".

The calibration factor, full-scale voltage, full-scale measurement, and minimum resolution
of each data acquisition channel is provided in Appendix A, Table A-I. Specifications
related to the transducers located on the model] structure (see Figure 5-16) are provided in
Appendix A, Table A-II. Specifications related to the 11 strain gages (8 within
accelerometers, 2 within load cells, and one located on a first story column) and

corresponding signal conditioners are provided in Appendix A, Table A-III.

5.5 Control Systems and Hardware

During the shaking table tests in which semi-active dampers were attached to the model
structure, a computer was used for control of the dampers. A block diagram showing the
closed-loop shaking table tests with the semi-active two-stage dampers and with the
semi-active variable dampers is shown in Figures 5-17 and 5-18, respectively. The control
computer received signals from the measured response of the structure, processed the
signals according to a pre-determined control algorithm, and sent an appropriate command
signal to the semi-active damper valves. The response measurements were passed through
six pole low-pass butterworth filters (cut-off frequency = 25 Hz) prior to entering the
control computer. In addition to the control computer, a computer for data acquisition

was used as described in Section 5.4.
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The function of the optoisolator shown in the block diagram for the shaking table tests
with two-stage dampers (Figure 5-17) has been described previously in Section 3.2.2.
Recall that two semi-active dampers were placed in the first story of the structure for the
shaking table tests. In the case of the two-stage dampers, the two solenoid valves
corresponding to each two-stage damper unit were on the same circuit and were
controlled by a single optoisolator and thus the command signal was identical for each
solenoid valve. The average power required for the simultaneous control of the solenoid

valves was about 110 W.

The spool position feedback circuit and current driver circuit shown in the block diagram
for the variable damper shaking table tests (Figure 5-18) has been described previously in
Section 3.2.3. With reference to Figure 5-18, each servovalve of the two variable damper
units located within the first story of the structure had its own spool position feedback
circuit and current driver/amplifier circuit which were supplied power simultaneously by a
dual-tracking power supply. A single command signal was sent from the control computer
to the spool position feedback circuit corresponding to each variable damper unit and thus
the command signal was identical for each servovalve. The peak power required for the

simultaneous control of the servovalves was 7 W,

Two different control computers and control software were used over the course of the
testing program. During the initial portion of testing (Tests 1 through 190), relatively

simple control algorithms were utilized for control of the semi-active two-stage dampers
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(see Section 7.2). The control computer was a PC with an INTEL™ 80486/33 MHz
processor and a 12 bit data acquisition board having 8 channels of analog-to-digital
conversion and 2 channels of digital-to-analog conversion. A commercially available data
acquisition and control software program (Labtech Notebook™, version 7.2) was
sufficient for implementation of the simple control algorithms used in controlling the
semi-active two-stage dampers. The sampling rate for control of the two-stage dampers

was 200 pt/sec.

More sophisticated control algorithms were developed for use with the semi-active
variable dampers (see Sections 7.3 and 7.4). These control algorithms were implemented
on a PC computer with an INTEL™ 80386/25 MHz processor with two 12 bit data
acquisition boards, each board having 8 channels of analog-to-digital conversion and 2
channels of digital-to-analog-conversion. Computer programs written in the Quickbasic
computer language (Microsoft Quickbasic extended version 7.1) were used for
implementation of the control algorithms. The sampling rate for control of the variable
dampers was dependent on the control algorithm and ranged from about 160 pt/sec to
about 530 pt/sec. Sampling rate data was obtained from measurements of the

computational time delay associated with each control algorithm (see Section 8.4.1).

A photograph showing the computer control systems and associated equipment for the

semi-active two-stage dampers and variable dampers is provided in Figure 5-19.
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SECTION 6

IDENTIFICATION OF STRUCTURAL PROPERTIES

6.1 Introduction

The structural properties of the one-story and three-story structures were identified in the
bare frame configuration and with semi-active fluid dampers attached to the structure. For
identification of the structure with semi-active fluid dampers, the damping was set to

either low or high.

6.2 Method of Identification

The method of identification involved exciting the foundation of the structure with a
banded, 0 to 20 Hz white noise excitation having an acceleration amplitude of 0.05 to
0.2g. For each structural system (i.e., bare frame, semi-active dampers set to low
damping, and semi-active dampers set to high damping) the acceleration amplitude of the
white noise excitation was selected based on two criteria. The excitation must be s‘mall
enough to prevent inelastic behavior in the structure and, in the case of the structural
system with semi-active dampers, must be large enough to induce viscous damping
behavior. If the excitation is too low, the friction between the damper piston rod ahd
piston rod seal is the primary source of damping. Therefore, a relatively large amplitude
white noise excitation must be used to excite the structural system with semi-active
dampers so that the measured properties related to damping are primarily a result of

viscous behavior of the dampers.
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The banded white noise excitation is used to excite the structure over a wide range of
frequencies. The amplitude and phase angle of the total acceleration transfer function is
then obtained for each degree of freedom. The amplitude of the total acceleration transfer
function of the j-th degree of freedom is calculated as the ratio of the Fourier amplitude of
the total acceleration of the j-th degree of freedom to the Fourier amplitude of the
harmonic ground acceleration. For the structure without fluid dampers (lightly damped
system), the amplitudes of the total acceleration transfer functions contain sharp and
narrow peaks which reveal frequencies, damping ratios, and mode shapes. For highly
damped structures, the amplitudes of the total acceleration transfer functions do not
usually contain well defined peaks and identification of the structural properties requires a

more refined analytical method.

The equations of motion of the structure combined with an equation describing the
semi-active damper behavior may be utilized to 1) obtain analytical expressions for the
amplitudes of transfer functions and 2) to solve the associated eigenvalue problem. The
analytically determined transfer functions may then be compared with experimental
transfer functions to determine the validity of the mathematical models describing the

structure and damper behavior.
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6.3 Identification of One-Story Structure
6.3.1 Equation of Motion
The equation of motion of a base excited single-degree-of-freedom (SDOF) lumped mass

structure with fluid dampers can be written as
mii+cyu+ku+mnPg=-miig (6-1)

where m is the mass of the structure, k is the linear elastic stiffness of the undamped
structure, ¢, is the damping coefficient of the structure without dampers, 1 is the number

of dampers, P, is the horizontal component of force in a single damper, i is the ground

acceleration; and ii, u, and u are the relative acceleration, velocity, and displacement,

respectively, of the mass. The viscoelastic Maxwell model for describing semi-active fluid
damper behavior was utilized in the identification of both the one-story and three-story
structure (see Equation (4-4)). Note that the symbol u used in Equation (4-4) represents
the axial velocity of the piston head with respect to the damper housing whereas, in this
section, u represents the relative velocity of the mass of the structure. For a single damper
inclined at an angle 6 with respect to the horizontal axis, the equation describing the

damper force in the horizontal direction is given by

Py+AP;=Csacos?0u (6-2)

where Cg, is the damping coefficient of the semi-active dampers. For identification
purposes, the semi-active dampers are set to either low or high damping and therefore the
time dependent damping coefficient of Equation (4-4) has been set equal to a constant

value (C,, =C_, or C ).
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In the case of the one-story structure without dampers, 1} = 0 and Equation (6-1) assumes

the following form

mii +cyu+ku=-mii, (6-3)

6.3.2 Transfer Functions

The amplitude of the total acceleration transfer function of the one-story structure with
dampers is obtained by applying the Fourier transform to Equation (6-1) and (6-2) and
obtaining the ratio of the Fourier amplitude of the total acceleration to the Fourier

amplitude of the ground acceleration

T= (6-4)

inmCSAcosze]—ll

1+ 02 —0®+ 02 +2i0 w8, +
[m A +2100:8 m(1+ioA)

where o, is the natural frequency of the undamped structure, i is the imaginary unit, &, is
the damping ratio of the structure without dampers, and |e| indicates the modulus of the

contained complex quantity.

In the case of the one-story structure without dampers, 1 = 0 and Equation (6-4) assumes

the following form
T= |1+m2[—m2+m§+21mmn§u]"’| (6-5)
For lightly damped structures ( §, < 10%), the position and magnitude of the single sharp

peak in the transfer function determines the structural properties. Specifically, at

frequency ® = @, the transfer function has the value



(1+483):
T(Wp) = —— 6-6
(®n) 3, (6-6)
which nearly coincides with the peak value of the transfer function. Thus, for lightly

damped structures the position of the peak value in the transfer function reveals the

natural frequency, whereas the damping ratio can be obtained from Equation (6-6)

&= 2 (T*(@n) - 1)} (6-7)

6.3.3 Eigenvalue Problem

For highly damped structures, the amplitudes of the transfer functions do not contain well
defined peaks and identification of the structural properties 1s not as simple as in the case
of a lightly damped structure. However, the properties can be determined by solving the
associated eigenvalue problem, having first verified the analytical model of the system by
comparing some analytical and experimental responses, such as transfer functions. The
eigenvalue problem of the structure with semi-active fluid dampers requires a numerical
procedure. Equation (6-1) and (6-2), with i set equal to zero, can be written in matrix

form, having first introduced a new vector {Z}:

u

{Z}=3 u (6-8)
Py

where

[B1{Z} +[A}Z} = {0} (6-9)



100
[Bl=| 010 (6-10)
(00 A

28,0, @2 m!
[A]l= -1 0 0 (6-11)
| —NCsacos?® 0 1

For a solution of the form
{Z} ={Z,}exp(ut) (6-12)
Equation (6-9) reduces to
[AHZo} =—p[BHZ,} (6-13)

Equation (6-13) describes a generalized eigenvalue problem. The solution of this problem

(e.g., IMSL 1987) will result in values of the complex eigenvalue Q.

The frequency, ®,, and damping ratio, éu, are determined by recalling the expression for

the characteristic roots of the equation of free vibration of a viscously damped SDOF

system:

W= i 1-E2 (6-14)
Accordingly,

@1 = [p (6-15)
g = _%(—1“—) (6-16)

where %R () indicates the real part of the contained complex quantity.
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6.4 Identification of Multi-Story Structure
6.4.1 Equations of Motion
The equations of motion of a base excited multi-degree-of-freedom (MDOF) lumped mass

structure with fluid dampers may be written as
M} +[CuH{u} +[KHu} +{Pa} =-[MH{R} i, (6-17)

where [M] is the mass matrix, [C,] is the damping matrix of the structure without fluid
dampers, [K] is the stiffness matrix, {P,} is a vector containing the horizontal
components of damper forces acting on the degrees of freedom; and {ii}, {u}, and {u}

are the vectors of relative acceleration, velocity, and displacement of the degrees of
freedom, respectively. For a structure with one degree of freedom per floor, {R} is a

vector containing units. The vector of damper forces may be written as

nnPx |

{P4a} =< NnjP;—Mj+1Pj+1 ¢ (6-18)

| MiPi—M2P2

where 7, is the number of dampers at the j-th story and P, is the horizontal component of

force in a single damper at the j-th story. It is assumed here that all dampers at a story are

identical.

The constitutive equation describing the damper force P, is of the same form as Equation

(6-2) wherein the viscoelastic Maxwell model is utilized

P;+ )»,PJ = (CSA)j COSzeJ’ '(%(Uj —Uj-1) (6-19)
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where (Cs,); is the damping coefficient of the semi-active dampers in the jth story, 6, is

the angle of placement of damper j with respect to the horizontal, and u, =0 (j = 1).

In the case of the three-story structure without fluid dampers, Equation (6-17) reduces to

IMI{u} +[Cul{0} + [K{u} =—[MKR} i, (6-20)

6.4.2 Construction of Stiffness and Damping Matrix

The stiffness matrix, [K], and the damping matrix, [C], are constructed from the
experimentally determined frequencies, damping ratios, and mode shapes (for the structure
without fluid dampers) using a procedure described by Clough (1975). The undamped

eigenvalue problem is given by
@i IM1{0x} = [K]{0x} (6-21)

where o, and {¢,} are the frequency and mode shape corresponding to the k-th mode of

vibration. The generalized mass and stiffness matrices are given by

M*] = [@]T[M][®] (6-22)

[K*]=[®]"[K][®] (6-23)

where [®] is the mode shape matrix containing the mode shapes {¢,}. The orthogonality
of the mode shapes relative to the mass matrix can be used to obtain the following

relationship
[@]7 =M1 (@] M] (6-24)

Using Equations (6-23) and (6-24), the stiffness matrix, [K], can be determined as
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[K] = [M][®IIM*] ' [K*]IM* 1 @17 [M] (6-25)

The matrix [M*] is diagonal with elements my, given by
my = {0x}” [MI{¢x} (6-26)
Equations (6-25) and (6-26) are combined to give

N

2
[K]= [M][ > % {¢k}{¢k}T][M] (6-27)

k=1

where N is the number of modes.

In a similar way, the damping matrix is evaluated as

N
R =[M][ 3, Zox0x

*
k=1 Iy

{¢k}{¢k}T][Ml (6-28)

where £, is the damping ratio corresponding to the k-th mode.

6.4.3 Transfer Functions of Structure without Fluid Dampers
Recall the equations of motion of the structure without semi-active fluid dampers

(Equation (6-20))
[MN{i}+[CuKu} +[K{u} =-[MKR} i, (6-29)
The relative displacement vector may be expressed in modal form as

{u} =[®}y} (6-30)
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where {y} is the modal coordinate vector. The equation of motion can be transformed
into the modal domain by substituting Equation (6-30) into (6-29). Upon application of
Fourier transform to the result, one may, after considerable manipulations, obtain the
amplitude of the transfer function of degree of freedom j with contributions from all

modes as

N Ty 2ioExox + 0F
LGOS %) (6-31)

T =
k=1 OF ~0% +2i& o

where ¢, is the component of mode shape {¢,} corresponding to degree of freedom j

and I', is the k-th modal participation factor given by

T
Iy = "{¢k}r [MI{R} (6-32)
{0k} [MI{0x}

For alightly damped structure (§, < 10%), the k-th peak of the amplitude of the transfer
function of the j-th degree of freedom occurs at frequency ®,. Furthermore, if we assume
well separated modes, the term in front of ¢, in Equation (6-31)is equal to a negligible

value for all frequencies ® # ®y. Accordingly, Equation 6-31 simplifies to

Te(l+4E2)

Tj(wy) = 2%,

Ok (6-33)

It should be noted that the term in front of ¢,~k in Equation (6-33) is a constant. Therefore,
the magnitude of the peak of T, at frequency ), is proportional to the magnitude of the

k-th mode shape corresponding to the j-th degree of freedom. Thus, for lightly damped
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structures the position and magnitude of the peaks of experimental transfer functions of all
degrees of freedom directly yield the frequencies and mode shapes. Equations 6-32 and

6-33 can be used to determine the corresponding damping ratios
2Tj(ox) ) 2 E
=||—=—| -4 6-34
& K Fdik (639

6.4.4 Transfer Functions of Structure with Fluid Dampers
Applying the Fourier transform to the equation of motion (Equation (6-17)) and to the

equation describing the fluid damper behavior (Equation (6-19)) results in

[S(@)H{T} =—[MI{1} i (6-35)
where the overbar denotes the Fourier transform and [S(®)] represents the dynamic
stiffness matrix:

[S(w)] = ~@?[M] +ie[C.] + [K] + [D(w)] (6-36)

where [D(w)] contains the contribution of the damper forces to the dynamic stiffness

matrix and is given by
__ i )
[D(@)] = 1=~ IC] (6-37)

and in the case of two dampers at the first story

00 0
[Cl=| 00 0 (6-38)
0 0 2Cgacos?0

Defining the inverse of [S(®)] as [H(w)], Equation (6-35) may be solved for {u} . Upon

multiplication by -’, the Fourier transform of the relative acceleration vector is obtained:
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{ii} = 0?[H(@)][MI{1} g, (6-39)

The amplitude of the transfer function of the j-th degree of freedom is by definition

c L E
T;= ..u_g_.?_u_!_ (6-40)
Ug
or
N
Tj=|1+®? Y Hyx(0)my (6-41)
k=1

where Hjx(w) are elements of matrix [H(®)] and my is the lumped mass at the k-th degree

of freedom.

6.4.5 Eigenvalue Problem
The eigenvalue problem is formulated and solved in the same way as that of the one story

structure (Section 6.3.3).

Vector {Z} is defined as

{u}
{Z} =4 {u} (6-42)
{Pq}

Equation (6-9) is valid with matrix [A] and [B] given, in the case of the tested structure,

by

[ M] [0] [0]
[Bl=| [0] (1] [0] (6-43)
| 0] [0] AL

[ [C.] K] 1]
[Al=| 1] [0] [0] (6-44)
| —[C] [0] [ |
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where [I] is the identity matrix.

It should be noted that the solution of Equation (6-9) will result in the eigenvectors {Z },
a portion of which contains the complex-valued mode shapes. The physical interpretation
of the complex-valued mode shapes is that, for each mode of vibration, the degrees of

freedom are phase-shifted and therefore reach their maximum amplitude at different times.

6.5 Properties of One-Story and Three-Story Structure

The properties of the one-story model structure are presented in Table 6-1. The properties
of the one-story bare frame structure were determined from the position and magnitude of
the single sharp peak in the experimental transfer function. The properties of the
one-story structure with semi-active fluid dampers were determined by solving the
eigenvalue problem described in Section 6.3.3 using the identified properties of the bare

frame and the calibrated model of the fluid dampers (see Section 4.2).

The structural properties of the flexible bare frame structure were also identified from
seismic tests. Recorded base shear-drift loops were used to obtain the stiffness, energy
dissipated in a full cycle of motion, W, and elastic energy stored at maximum drift, W_.
The frequency was calculated from the measured stiffness and the known mass. The

damping ratio was calculated according to (Clough 1975)

JLL

= -4
47tW, (6-435)
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The properties of the three-story mode] are presented in Table 6-II. The three-story bare
frame model was not directly identified from the experimental transfer functions as
described in Section 6.4.3. The experimental transfer functions of the bare frame structure
did not exhibit sharp narrow peaks as expected (see Figure 6-4). For each degree of
freedom, there is a closely spaced double peak in the transfer function of the bare frame
structure at approximately 2 Hz. This is an indication of torsional motion which may have

been induced by the first story structural repairs discussed in Section 5.2.

An alternate method was utilized to obtain structural properties of the three-story bare
frame structure. This method did not explicitly account for the presence of the torsional
mode. The frequencies were estimated from the experimental transfer functions. A
stiffness matrix was constructed assuming a shear type structure and extracting story
stiffnesses from the slope of experimental story shear versus story drift loops (see
Appendix E). Using the known mass matrix and the shear type structure stiffness matrix,
the undamped eigenvalue problem was solved to obtain modal frequencies and mode
shapes (see Equation 6-21). The experimentally obtained values of modal frequencies
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