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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 oflow, 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 I 
BASIC RESEARCH 

• Seismic hazard and 
ground motion 

• Soils and geotechnical 
engineering 

• Structures and systems 

• Risk and reliability 

• Protective and intelligent 
systems 

• Societal and economic 
studies 

ELEMENT II 
APPLIED RESEARCH 

5 The Building Project 

• The Nonstructural 
Components Project 

• The Lifelines Project 

• The Highway Project 

ELEMENT III 
DEMONSTRATION PROJECTS 

Case Studies 
• Active and hybrid control 
• Hospital and data processing 

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 

ELEMENT IV 
IMPLEMENTATION 

• Conferences/Workshops 
• EducationlTraining courses 
• Publications 
• Public Awareness 

Research in the Building Proj ect focuses on the evaluation and retrofitofbuildings in regions of moderate 
seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi -rigid frames, and masonry walls 
orinfills. The research involves small-andmedium-scale shake table tests and full -scalecomponenttests 
at several institutions. In a parallel effort, analytical models and computer programs are being developed to 
aid in the prediction of the response ofthese buildings to various types of ground motion. 

III 



Two of the short -term products ofthe Building Proj ect will be amonograph on the evaluation oflightly 
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. Evaluate the performance offull-scale active bracing and active mass d ampers already inplace in 
terms of performance, powerrequirements, maintenance, reliability and cost. 

2. Compare passive and active control strategies in terms of structural type, degree of effectiveness, 
cost and long-term reliability. 

3. Perform fundamental studies ofhybrid control. 
4. Develop and test hybrid control systems. 

In the passive control area, considerable work has been carried out at NCEER in research and 
development of supplemental fluid viscous dampers (e.g., TechnicaIReportNCEER-92-0032). In this 
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 on the principle offluid orificing 
and have mechanical properties which are controllable through modulation offluidflow 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. 
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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 witJ:lout 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 defmed 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. bepending 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 tum, 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 is 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, determlnes 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 
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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 andlor 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 
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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) Development of semi-active fluid dampers in cooperation with two industry partners. 

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

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

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

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

f) Evaluation of the effects of time delays and methods of time delay compensation. 

g) Comparison of experimental performance of structural systems with a semi-active 
damper control system, a passive high damping control system, and no control 
system. 

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

i) 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) (Kamopp 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 of 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 isolati~:m 

applications have been performed by, for example, Karnopp (1990, 1974), Rakheja 

(1985), and Alanoly (1987). Kamopp (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). 

2-6 



PRIMARY 
SPRING 

VEHICLE BODY 

Figure 2-4 An All-Mechanical Control System with Adjustable Damping 
Characteristics ( from Ivers 1991) 

2-7 



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 

beamlbrace 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/rnm to 3.2 kV/rnm. 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 

40N. 

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 tum, 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 50 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 
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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 is 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 ofthe 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 Bemoullian 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/m3
). 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. military. 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 3-1). 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 3-1) 

2) Variable damper with normally closed direct-drive servovalve 
(system 5 in Table 3-1) 

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 

3-11. 

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 3-1 Experimentally Tested Semi-Active Damper Systems 

SYSTEM VALVE TYPE DAMPER CONFIGURATION 

I 2 normally closed 3 stage damper 
solenoid spool valves 

2 1 normally open 2 stage damper 
solenoid spool valve 

3 1 normally closed 2 stage damper 
solenoid spool valve 

4 1 normally closed 2 stage damper 
solenoid poppet valve 

5 1 normally closed variable damper 
direct-drive servovalve 

Table 3-11 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 

lower 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 tum 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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Figure 3-5 Cross-Sectional View of Solenoid Valve Used in Semi-Active Two-Stage 
Damping System 
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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. 
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Figure 3-6 Photograph of Semi-Active Variable Damper 
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Fixed 

Low stress circumferential 
supporVcentering springs 

(Zero motor friction) 

air gap --H-~ .. 

Tractive -~--. 
air gaps 

Flexible quill coupling to spool 
(Self-aligning spool. zero backlash, 
long-life coupling) 

Position Transducer 

Light-weight ring armature assembly 

Fully isolated stationary coils 

High efficiency stationary 
magnetlpolepiece assembly 

Figure 3-8 Cross-Sectional View of Direct-Drive Servovalve Used in Semi-Active 
Variable Damper System 

Torque Motor 

p 

Spool 

C1 C2 

To Actuator 

Figure 3-9 Schematic of a Typical Electrohydraulic Nozzle Flapper Servovalve 
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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 V AR-A allows more fluid flow than unit V AR-B. Apparently, 
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Figure 3-10 Recorded Values of Variable Damper Spool Displacement 
Due to Pseudo-Statically Applied Command Signal for 
a) Unit V AR-A and b) Unit VAR-B 
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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. 
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As a result of a command signal, the drive motor forces the spool to move. An oscillator 

excites a spool position transducer (L VDT - 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 turn causes the semi-active 

damper to behave as a passive device with high damping characteristics. Furthermore, the 

direct-drive servo valve 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 lImin 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 L VDT (Linear Variable Differential Transformer) located within the 

actuator. Data acquisition was performed using Labtech Notebook™ data acquisition 

software running on a PC with an INTELTM 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-analog 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 control 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 

possible. 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 = Uo sin(rot) (3-1) 

where Uo is the amplitude of the displacement, co is the frequency of motion, and t is the 

time. For steady-state conditions, the force needed to maintain this motion is 

p = Po sine co t + 0) (3-2) 

where Po is the amplitude of the force, and 0 is the phase angle between the imposed 

displacement and the resulting force. The area within the recorded force-displacement 

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

Wd =fPdu = nPo Uo sin(o) (3-3) 

Expanding Equation (3-2), 

p = Po sine co t) cos(o) + Po cos( co t) sin(o) (3-4) 

and introducing the quantities 

(3-5) 

K2 = Po sin(o) 
Uo 

(3-6) 
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where KJ is the storage stiffness (associated with recoverable (stored) energy) and Kz is 

the loss stiffness (associated with irrecoverable (lost) energy), one obtains 

P = KI U O sin(cot) + Kz Uo cos(cot) (3-7) 

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

(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 900 out-of-phase with the motion. The damping 

coefficient is obtained from Equation (3-8) as 

(3-9) 

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

(3-10) 

and rearranging Equation (3-6) 

~ . -I (Kz U o ) u=sm --
Po 

(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 d' Po' and lio' First the 

loss stiffness is determined from Equation (3-10). Knowing the imposed frequency, co, 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)0 

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 mm1s. 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 
_ Fmax 

max - . 
uo 

C . - Fmin 
nun- . 

uo 
(3-13) 

where F max is the measured average peak. force with the valve closed (high damping), F min 

is the measured average peak force with the valve opened (low damping), and Uo 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-II1 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 
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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 (Le., 

Cmax or Cffi1). 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 3a 19 Hysteresis Loops for Two-Stage Damper Switching from High Damping to 
Low Damping and Subjected to Sinusoidal Motion at a Frequency 
of a) 1 Hz and b) 2 Hz 
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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 mrnIs. Two basic tests were performed on the variable 

dampers. The flrst test was one in which the valve was operated from either a full closed 

position (high damping, 0 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 0 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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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-Yea) 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 

i = 1 to 7 (3-14) 

where (Fo)j and (uo)j are the peak force and peak velocity for the i-th level of voltage, 

respectively (e.g., i = 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 0 

volts, the damping coefficient of the two units is not the same (Unit VAR-A has Cmax = 

16.67 N-s/mm and Unit VAR-B has Cmax = 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 V AR-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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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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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 = C min + (Cmax -Cmin) exp (-~Vq» (3-15) 

where Cmin is the damping coefficient at the full open valve position, Cmax is the damping 

coefficient at the full closed valve position, and ~ and <p 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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maximum damping coefficient). The response time may be extracted from the time history 

of the measured force and scaled command signal (Figure 3-3 1 (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, Cmax' or the 

minimum damping coefficient, Cmin• 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 t1 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 t1 is also designated as the static 

response time. The length of time t1 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 tz 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 t2 is also designated as the dynamic 

response time. The length of time tz 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 t1, tz, and the total response time, t1 + tz. 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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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 )isted in Table 3-IV which includes response time tl' 

t2, and the total response time, t1 + t2• 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 V AR-A) and 3-37 (unit V AR-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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SECTION 4 

ANALYTICAL MODELS OF SEMI-ACTIVE FLUID DAl\IIPERS 

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 

pet) = C(t) u (t) Cmin ::;; C(t) ::;; Cmax (4-2) 

where Cmax and Cmin 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 (t) + AP (t) = Co U (t) (4-3) 

where A is the relaxation time and Co 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 Co = 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 (t) + AP (t) = C (t) U (t) Cmin 5 C(t) 5 Cmax (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. 
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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) 

(4-5) 

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 0 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) 

.Q.(pV) = pdV + dPV = pdV + V dPdP 
dt dt dt dt dP dt 

where P is the pressure within the fluid volume. From the definition of bulk modulus 

dV dP=-~
V 

(4-6) 

(4-7) 

where ~ 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) 
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from which 

dV dp 
Y-=-p 

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

.4.(pV) = p(dV + V dP) 
dt dt ~ dt 

(4-9) 

(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 

(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 

dV\ +~dP\ =Q._Q 
dt ~\ dt 1 0 

(4-12) 

where the subscript 1 indicates chamber one. In this case, Qi is zero and Qo is given by 

(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, .6.P, across the orifice by (McCloy 1980) 

(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 

(4-15) 

where the exponent of unity is explicitly shown for emphasis and (5 is a factor which is 

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

one may be written as 

I 1 
dVI ~dPI --k .A . s:[2(PI-P2)] -k .A .[2IPI-P2IJ2 (P -P ) 
dt + ~ 1 dt - pn pn U p adJ adJ p sgn I 2 (4-16) 

where sgn( -) is the signum function and I-I indicates the magnitude of the enclosed 

quantity. For chamber two, a similar equation results 

I 1 
dV2 + V2 dP2 =k ·A . s:[2(PI-P2)] k.A .[2IPI-P21]2 (P -P ) 
dt ~2 dt pn pn U p + adJ adJ p sgn I 2 (4-17) 
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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 

(4-18) 

where Ka is the accumulator spring stiffness, ua is the accumulator faceplate relative 

displacement, and Aris the faceplate area. The total volume of fluid in chamber one is 

VI =(LI-u+ua)Ap (4-19) 

where LI 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 Ap is the piston head area. The total volume of fluid in chamber two is 

(4-20) 

where L2 is the length of chamber two measured from the piston head (at center position) 

to the cap of the damper and Ar is the piston rod area. Note that the values of LI and L2 

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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{A · k A S::[2(Pt-pz)]I k A [2IPt-Pz1Jt (P P)} dPI _ pU - pri pri U -p- - adj adj -p- sgn 1 - 2 

dt - [ (L PtAr ) Ap ArApJ I-U+- -+-
K. ~t K. 

(4-21) 

{ 
1 l}{ } dP2 • 2(Pl - P2) 21P l - P21 2 132 

-d = (Ar - Ap)u + kpriApri o[ P ] + kadjAadj[ p ] sgn{Pl - P2) 
t (Ap - A r ){L2 + u) 

(4-22) 

The bulk modulus of the silicone fluid, ~i' is governed by the following empirical 

relationship which is valid for units of Newtons and millimeters 

~i = 864+4.166Pi (4-23) 

where Pi 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 

(4-24) 

where Ff 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, Aait). Note thatthe fluid 

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 

Aadj(t) = 1td set) (4-25) 

where d is the diameter of the spool and set) 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 

(4-26) 

where e is the command voltage, yand C; are parameters to be determined empirically, and 

Amax 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, ~ri' 

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 'Y 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 0 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. 

4-10 



TABLE 4-1 Values of Parameters Used in Fluid 
Mechanics Based Model 

PARAMETER VALUE 

~j 864 + 4.166P j 

P 9.96 x 10.10 N_s2/mm4 

~ 96.94 mm2 

~ 859.0 mm2 

~ 859.0 mm2 

K. 1O.ON/mm 

Apri 17.24 mm2 

kjlri 1 x 10-6 (unitless) 

kadj 0.25 (unitless) 

L\ 96.81 mm 

L2 52.94mm 

Ff 89.0N 

'Y 0.15 (volts)"3 

~ 3.0 (unitless) 

Amax 16.28 mm2 

0 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 tum 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 5-3 Test Configurations for One-Story Structure (1 in = 25.4 mm) 
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Figure 5-4 Schematic of Damper Connection Details (1 in = 25.4 mm) 

5-6 



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 m the fIrst story IS shown in Figures 5-10 and 5-11, 

respectively. 

S.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 (EI 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 5-1 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 L VDT's which measured the 

spool position of the variable dampers. 

The following description of the measurement instrumentation is given with reference to 

Table 5-11. 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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Figure 5-16 Schematic of Model Structure Showing Location of Measurement 
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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-ill. 

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 INTELTM 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 ptlsec. 

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 INTELTM 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 ptlsec to 

about 530 ptlsec. 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 small 

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 and 

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 

(6-1) 

where m is the mass of the structure, k is the linear elastic stiffness of the undamped 

structure, Cu is the damping coefficient of the structure without dampers, 11 is the number 

of dampers, Pd is the horizontal component of force in a single damper, iig 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 e with respect to the horizontal axis, the equation describing the 

damper force in the horizontal direction is given by 

P d + AI> d = CSAcOS 2e U (6-2) 

where CSA 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 (CSA = Cmax or Crnin). 
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In the case of the one-story structure without dampers, 11 = 0 and Equation (6-1) assumes 

the following form 

mu+cuu+ku =-mu g (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 

2 2 2· 11100 SACOS 
[ 

. C 29J-l 
T= 1+00 -00 +OOn+21OOCOn~u+ m(1+iOOA) (6-4) 

where con is the natural frequency of the undamped structure, i is the imaginary unit, ~u is 

the damping ratio of the structure without dampers, and I-I indicates the modulus of the 

contained complex quantity. 

In the case of the one-story structure without dampers, 11 = 0 and Equation (6-4) assumes 

the following form 

(6-5) 

For lightly damped structures ( ~u < 10%), the position and magnitude of the single sharp 

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

frequency co = con the transfer function has the value 
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(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) 

(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 is 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 fig set equal to zero, can be written in matrix 

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

{Z}={;, } (6-8) 

where 

[B]{Z} + [A]{Z} = {O} (6-9) 
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[ 1 0 0 ] [B] = 0 1 0 (6-10) 
00').. 

[ 2/;,00, (02 

T] n 

[A] = -1 0 (6-11) 

-l1CsAcos2e 0 

For a solution of the form 

{Z} = {Zo}exp(Jl t) (6-12) 

Equation (6-9) reduces to 

(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 Jl. 

The frequency, (On' and damping ratio, ~u' are determined by recalling the expression for 

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

system: 

Accordingly, 

COl = IJlI 

~l=_9\(Jl) 
":> (01 

where 9\(.) 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 

[MHil} + [Cu]{u} + [K]{u} + {Pd} = -[M]{R} ilg (6-17) 

where [M] is the mass matrix, [CJ is the damping matrix of the structure without fluid 

dampers, [K] is the stiffness matrix, {Pd } is a vector containing the horizontal 

components of damper forces acting on the degrees of freedom; and {il}, {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 

(6-18) 

where 'Tlj is the number of dampers at the j-th story and Pj 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 Pj is of the same form as Equation 

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

. d 
P'+AP, = (CSA)' cos2e· -(u' -U'-l) J J J J dt J J (6-19) 
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where (CSA)j is the damping coefficient of the semi-active dampers in the jth story, ej is 

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

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

[M]{ti} + [Cu]{u} + [K]{u} = - [M]{R} tig (6-20) 

6.4.2 Construction of Stiffness and Damping Matrix 

The stiffness matrix, [K], and the damping matrix, [Cu]' 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 

(O~ [M]{<h} = [K]{<h} (6-21) 

where (Ok and {<hl are the frequency and mode shape corresponding to the k-th mode of 

vibration. The generalized mass and stiffness matrices are given by 

[M*] = [<1>]T[M][<1>] 

[K*] = [<1>]T[K][<1>] 

(6-22) 

(6-23) 

where [<1>] is the mode shape matrix containing the mode shapes {<l>kl. The orthogonality 

of the mode shapes relative to the mass matrix can be used to obtain the following 

relationship 

Using Equations (6-23) and (6-24), the stiffness matrix, [K], can be determined as 

6-8 
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(6-25) 

The matrix [M*] is diagonal with elements m~ given by 

m~ = {<h} T[M]{<h} (6-26) 

Equations (6-25) and (6-26) are combined to give 

(6-27) 

where N is the number of modes. 

In a similar way, the damping matrix is evaluated as 

(6-28) 

where ~k 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)) 

[M]{ti} + [Cu]{u} + [K]{u} = -[M]{R} tig (6-29) 

The relative displacement vector may be expressed in modal form as 

{u} = [<l>]{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 

(6-31) 

where <Pjk is the component of mode shape {<Pk} corresponding to degree of freedom j 

and r k is the k-th modal participation factor given by 

r
k 

== -{<h} T[M]{R} 

{<pd T[M]{<Pk} 
(6-32) 

For a lightly damped structure (~k < 10%), the k-th peak of the amplitude of the transfer 

function of the j-th degree of freedom occurs at frequency rok. Furthermore, if we assume 

well separated modes, the term in front of <Pjk in Equation (6-31) is equal to a negligible 

value for all frequencies ro *- Olk. Accordingly, Equation 6-31 simplifies to 

(6-33) 

It should be noted that the term in front of <Pjk in Equation (6-33) is a constant. Therefore, 

the magnitude of the peak of Tj at frequency ffik 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 

(6-34) 

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(co)]{u} =-[M]{1} tig (6-35) 

where the overbar denotes the Fourier transform and [S(m)] represents the dynamic 

stiffness matrix: 

[S(m)] = -m2[M] + im[Cu] + [K] + [D(m)] (6-36) 

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

matrix and is given by 

[D(m)] = 1 i ~ A [C] 
+1CO 

(6-37) 

and in the case of two dampers at the first story 

[

00 0 ] 
[C] = 0 0 0 

o 0 2CsAcoS2e 
(6-38) 

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

multiplication by -(fl, the Fourier transform of the relative acceleration vector is obtained: 
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The amplitude of the transfer function of the j-th degree of freedom is by definition 

- -
ilg + ilj 

Tj = 

or 

(6-39) 

(6-40) 

(6-41) 

where Hjk(co) are elements of matrix [H(co)] and mk 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 

(6-42) 

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

by 

[ 

[M] [0] [0] ] 
[B] = [0] [I] [0] 

[0] [0] A[I] 

[ 

[Cu] [K] [I] ] 
[A] = -[I] [0] [0] 

-[C] [0] [1] 

(6-43) 

(6-44) 
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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 {Zo}, 

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 d, and elastic energy stored at maximum drift, Ws' 

The frequency was calculated from the measured stiffness and the known mass. The 

damping ratio was calculated according to (Clough 1975) 

(6-45) 
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The properties of the three-story model are presented in Table 6-11. 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 

were thought to be very good estimates and therefore the modal frequencies from the 

shear type structure eigenvalue analysis were discarded. Finally, the damping ratios were 

taken to be identical to those values obtained in previous testing of the model by 

Constantinou (1993b and 1992b). The identified properties of the bare frame structure are 

verified in Section 10 where analytical and experimental shaking table test results are 

compared. 
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The properties of the three-story structure with semi-active fluid dampers were 

determined by solving the eigenvalue problem of Section 6.4.5 using the identified 

properties of the bare frame structure and the calibrated model of the fluid dampers (see 

Section 4.2). 

The results in Tables 6-I and 6-II demonstrate the following: 

a) The flexible one-story structure exhibits, under seismic motion, damping of 

approximately 2.5 percent of critical. This shows that the structure was 

realistically damped. 

b) The semi-active fluid dampers had a primary effect of increasing damping. The 

effect on the fundamental frequency is, as expected, small and amounts to an 

increase of stiffness of generally less than 6 percent. 

c) The semi-active fluid ,dampers are capable of increasing the damping ratio of the 

one-story structure by a factor of between 2 and 10. For the three-story structure, 

the damping ratio in the fundamental mode is increased by a factor of between 2.4 

and 8.3. 

6.6 Comparison of Experimental and Analytical Transfer Functions 

The accuracy of the analytical models described in Section 6.3 and 6.4 is demonstrated in 

Figures 6-1 through 6-6 which compare analytical and experimental transfer functions. 
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The results for the one-story bare frame compare very well (see Figures 6-1 through 6-3). 

Further, as shown in the same figures, the one-story low damping and high damping 

results compare reasonably well except for differences in the amplitude and width of the 

peaks of the transfer functions. These differences in experimental and analytical transfer 

functions are related to the effect of damper friction (between the piston rod and piston 

rod seals) on the experimental transfer functions. Recalling Section 6.2, the amplitude of 

white noise excitation for the low damping tests was set at a low value so as to prevent 

inelastic behavior in the structure. As a result, the dampers were not stroked sufficiently 

to exhibit strong viscous behavior. Rather, friction was the dominate source of damping. 

The analytical transfer function, on the other hand, does not explicitly include the effect of 

friction (see Equation (6-4)). This explains the difference in the experimental and 

analytical transfer functions of the one-story model with semi-active dampers set at low 

damping. An improvement is observed in the comparisons of the one-story high damping 

transfer function since the white noise excitation was of larger amplitude and viscous 

damper behavior controlled the damper response. 

The comparison between the experimental and analytical transfer functions of the 

three-story bare frame structure do not compare well in terms of the magnitude of the 

peaks but do compare reasonably well in terms of the location of the peaks (see Figure 

6-4). The observed differences in amplitudes are the result of the presence of a torsional 

mode of vibration as discussed in Section 6.5. As the damping is increased, the 

comparisons of transfer functions improve (see Figure 6-5 (low damping) and 6-6 (high 
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damping)). Specifically, the high damping transfer functions of Figure 6-6 compare very 

well, indicating that high damping may be effective in controlling the response of any 

torsional modes. 
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SECTION 7 

CONTROL ALGORITHMS FOR SEISMIC SIMULATION TESTING 

7.1 Introduction 

Control algorithms were developed for the two-stage semi-active dampers which are 

simple and directly implementable using a commercial data acquisition and control 

program (see Section 5.5). Furthermore, control algorithms were developed for the 

variable dampers in which the constraint on the damping coefficient (i.e., 

Cmin :5 C(t) :5 Cmax ) was not directly taken into account. Rather, during experimental 

application of the control algorithms, the damping coefficient was clipped at the upper and 

lower bounds. In general, the control algorithms for the variable dampers may require that 

the dampers perform work on the structure such that the energy within the structural 

system is increased. The effect of clipping the damping coefficient at the lower bound is 

to account for the inability of the semi-active dampers to perform this type of work on the 

structure (i.e., the dampers are only capable of absorbing energy). 

The issue of stability was not explicitly considered in the development of the control 

algorithms since the semi-active fluid dampers can only absorb energy; they are not 

capable of storing energy and thus inducing instability. 
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7.2 One-Story Structure with Two-Stage Dampers 

7.2.1 Base Shear Coefficient Control 

This algorithm was originally explored analytically by Shinozuka (1992). The objective is 

to control the base shear coefficient of a one-story structure though modulation of the 

damping. The equation of motion of the one-story structure is given by Equation (6-1). 

For an undamped structure (cu :: 0) with linear viscous semi-active dampers, the 

magnitude of the base shear coefficient (BSC) (magnitude of the ratio of inertia force to 

weight) is 

BSC= Imutl = 11lPd+kul 
W W 

(7-1) 

where Ut is the total acceleration of the mass and W is the weight of the structure. 

Clearly, the base shear coefficient is dependent on both the damping force and the 

restoring force. 

The base shear coefficient control algorithm may be given as 

C _ {Crnin , if BSC > BSCLIM 
SA - Cmax , if BSC < BSCLIM 

(7-2) 

where BSCLIM is a pre-selected base shear coefficient limit, CSA is the time dependent 

damping coefficient of each semi-active damper, and Cmin and Cmax are the minimum and 

maximum damping coefficient, respectively, available from each semi-active damper. In 

essence, when the force transmitted to the mass (as measured by the base shear 

coefficient) exceeds a pre-determined fraction of the weight of the structure, the damping 

coefficient is reduced, which in tum reduces the damping force and hence, the total force 
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transmitted to the mass. However, the reduction in damping may result in an increase in 

drift which correspondingly increases the elastic restoring force and hence, the total force 

transmitted to the mass. Therefore, in attempting to control the base shear coefficient, a 

penalty may be paid in terms of increased drift. As demonstrated analytically by 

Shinozuka (1992), the two-stage solenoid valve must be capable of responding 

instantaneously to the command signal in order to achieve the control described by 

Equation (7-2). Note that experimental implementation of this algorithm only requires 

measurements from a single accelerometer. 

7.2.2. Force Transfer Control 

This algorithm has been described by Ivers (1991) for applications in automotive vibration 

control. For applications in structural control, the objective is to control the total force 

(or, equivalently, the total acceleration) transferred to the mass of the structure through 

modulation of the damping. Note that this objective is essentially the same as that 

described in the previous section for the base shear coefficient control algorithm. 

Neglecting the inherent damping in the structure, the total force applied to the mass is 

equal to the sum of the restoring force from the columns and the damping force from the 

semi-active dampers. The column force and damper force are directly proportional to the 

drift, u, and drift velocity, U, respectively. If the damper and column force, or 

correspondingly, the drift and drift velocity, have the same sign, the total force acting on 

the mass tends to be larger than when they have the opposite sign. Therefore, the 
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following algorithm may be suitable for minimizing the total force (total acceleration) 

applied to the mass 

C - {Cmin , 
SA -

Cmax , 

if uti> 0 
if uti < 0 

7.3 One-Story Structure with Variable Dampers 

7.3.1 Introduction 

(7-3) 

The variation in damping coefficient for the variable dampers may be taken to vary with 

command voltage according to Equation (3-15). However, the damping coefficient does 

not vary significantly at voltage levels below about 0.75 volts and above about 2.25 volts 

(see Figure 3-30). Furthermore, the variation in damping coefficient with command 

voltage is approximately linear between 0.75 volts and 2.25 volts. Therefore, for the 

shaking table tests with variable dampers, the damping coefficient of both variable damper 

units was taken to vary linearly with command voltage. A linear curve was fit through the 

experimental values of damping coefficient for both variable damper units (see Figure 7-1 

which contains the experimental data of Figure 3-30). The linear curve was expressed by 

the same equation for both variable damper units (i.e., the dashed lines in Figure 7-1(a) 

and 7-1(b) are identical). The linear equation describing the damping coefficient is given 

by 

(7-4) 
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(V2, Cmin) i ~ 
<: 
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0 1 2 3 4 
COMMAND SIGNAL (volts) 
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1 2 3 4 
COMMAND SIGNAL (volts) 

(b) 

Figure 7-1 Relationship Between Experimental Damping Coefficient and Command 
Signal for Variable Dampers. Dashed Line Represents Approximate 
Relationship Used in Shaking Table Tests. 
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where Vet) is the command voltage, V2 is the command voltage corresponding to Crnin (V2 

= 2.25 volts), VI is the command voltage corresponding to Cmax (VI = 0.75 volts), and Crnin 

and Cmax have values of 3 N-s/mm and 16 N-s/mm, respectively. Solving Equation (7-4) 

for the command voltage, Vet), we obtain 

VCt) = CSA(t)(Vt-V2)+CmaxV2-CminVt 
Cmax -Cmin 

(7-5) 

In the control algorithms described in the following sections, the objective is to determine 

the damping coefficient which satisfies a given control objective and upon substitution into 

Equation (7-5), the appropriate command voltage is determined. The damping coefficient 

determined by each control algorithm is bounded according to 

(7-6) 

and therefore Equation (7-5) is bounded by VI and V2• 

7.3.2 Feedforward Control 

A feedforward control algorithm utilizes feedback measurements from the input. In the 

case of structural control, the application of a feedforward control algorithm requires that 

the ground motion be a measurable quantity. In theory, the absolute motion of a structure 

can be brought to zero if a control force can be applied which completely negates the 

effect of the measured ground motion. Experimental and analytical work on absolute 

motion control of sliding isolation systems using an active control system has been 

described by Riley (1994). 
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The equation of motion of the one-story structure may be rewritten as (see Equation 

(6-1») 

mu +c u u+ku =-mug -TJPd (7-7) 

Clearly, the effective input is zero if the horizontal force from each semi-active damper has 

the value 

(7-8) 

Assuming that the variable dampers behave according to the linear viscous dashpot model 

of Equation (4-2), Equation (7-8) is rewritten as 

P [
-mug]. C· 

d= ~ U= d U (7-9) 

where Cd is the required damping coefficient related to the horizontal damping force, Pd. 

The horizontal component of force from each semi-active damper is given by 

(7-10) 

Equating Equations (7-9}and (7-10) 

(7-11) 

which describes the necessary variation in the damping coefficient of each semi-active 

damper to negate the effect of the input. However, the damping coefficient of the 

semi-active variable dampers is constrained according to Equation (7-6). The feedforward 

control algorithm is then obtained by combining Equations (7-6) and (7-11) 

7-7 



{ 

Cmin ,if C* ::; Cmin 

CSA = -m Ug(11 COs2e Ufl if Cmin < C* < Cmax 
Cmax ,if C* ~ Cmax 

(7-12) 

where 

(7-13) 

Note that the calculation of C* requires division by the relative velocity. To avoid division 

by zero, the value of the relative velocity was set equal to a small constant, c, when the 

absolute value of the measured relative velocity was below this constant. The value of the 

parameter c was selected to be 1 x 104 em/sec for all of the control algorithms developed 

for control of the variable dampers. 

7.3.3 Skyhook Damping Control 

A passive linear viscous damper system within a one-story structure produces forces 

which are proportional to the relative velocity of the mass. An alternative control 

approach, which can not be achieved with a passive device, is to control the structure with 

a force which is proportional to the total velocity of the mass. This type of control has 

been proposed by Kamopp (1974) and Ivers (1991) for applications in general vibration 

isolation and automotive vibration control. The term "skyhook" damping control is 

associated with the fact that, in order to obtain a damping force proportional to total 

velocity, the damper must be connected between the mass and an inertial reference frame. 
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The advantage of skyhook damper control over conventional damper control for 

steady-state harmonic excitation is made clear by examining the associated displacement 

transmissibilities. The equation of motion of a snop structure subjected to base 

excitation, ii g , may be written as 

mu+ku+fd =-mug (7-14) 

where fd represents the damping force. In the case of harmonic base excitation and 

conventional damping force (fd = ell), the displacement transmissibility is given by 

(7-15) 

where r is the ratio of the driving frequency, 00, to the natural frequency, oon, and ~ is the 

damping ratio of the conventional damping system given by 

(7-16) 

In the case of skyhook damper control, the damping force is given by 

(7-17) 

where CSH is the damping coefficient of the skyhook damper and lit is the total velocity of 

the mass. The damping ratio of the structure with skyhook damping is denoted by 

): CSH 
~SH = 2mID

n 
(7-18) 

and the displacement transmissibility is given by 

(7-19) 
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A comparison of the conventional and skyhook displacement transmissibilities is shown in 

Figure 7-2 Near resonance, r = 1, both the conventional and skyhook damping systems 

reduce the transmissibility as the corresponding damping ratio is increased. Beyond 

resonance, both systems begin to isolate the mass from the ground motion. However, as 

the damping ratio of the skyhook damper system is increased, the response near the 

resonance frequency decreases and the high frequency response decreases marginally 

while, in the conventionally damped system, an increase in damping ratio reduces the 

response near resonance while increasing the response at high frequencies. Apparently, 

skyhook control would prove particularly advantageous in vibration isolation of systems 

subjected to a wide range of input frequencies. 

The application of skyhook control for the one-story model structure was explored in 

shaking table tests with both steady-state harmonic excitation and transient earthquake 

excitation. Furthermore, two different values of the skyhook damper damping coefficient 

were selected for use in the shaking table test program and are given in Table 7-1. The 

implementation of this algorithm requires that Equation (7-17) be rewritten as 

P (
CSHUt). C· d= --.- u= dU 

l1u 
(7-20) 

where fd was replaced by l1P d and linear viscous dashpot behavior is assumed. The 

horizontal component of force from each semi-active damper is described by Equation 

(7-10). Equating Equations (7-10) and (7-20) 

(7-21) 
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TABLE 7-1 Values of Parameters Used in Control Algorithms for Shaking 
Table Tests with VariabIe Dampers 

CONTROL PARAMETER VALUE 
ALGORITHM 

Skyhook CSH 200N-s/cm 

400 N-s/cm 

g1.l 2316.2 N/cm 

g1.2 -1638.4 N/cm 
Optimal Control 

gl.3 471.1 N/cm (Low Gains) 
g1.4 205.8 N-s/cm 

g1.5 23.2 N-s/cm 

g1.6 60.3 N-s/cm 

gl.l 9382.4 N/cm 

g1.2 -6869.6 N/cm 
Optimal Control 

gl3 1961.5 N/cm (High Gains) 
gl,4 321.8 N-s/cm 

g1.5 73.3 N-s/cm 

gl.6 101.1 N-s/cm 

" 2587.5 kg minitial 
" 10.2 N-s/cm Cinitial 
" 

Sliding Mode Control kinitial 3309.7 N/cm 

'Y 0.1 (units vary) 

A 1.0 sec-1 

J.l 10.0 N-s/cm 

~t 0.00625 sec 
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which describes the necessary variation in the damping coefficient of each semi-active 

damper to obtain skyhook damping control. Recall that the damping coefficient of the 

semi-active dampers is constrained according to Equation (7-6). The skyhook damping 

control algorithm is then obtained by combining Equations (7-6) and (7-21) 

(7-22) 

where 

(7-23) 

7.4 Three-Story Structure with Variable Dampers 

The discussion in Section 7.3.1 regarding the approximate damping coefficient/command 

signal relationship for the one-story structure with variable dampers (Equation (7-4» also 

applies to the three-story structure with variable dampers. 

7.4.1 Linear Quadratic Regulator Optimal Control 

The linear quadratic regulator (LQR) control algorithm has been investigated by a number 

of researchers for applications to semi-actively controlled structures (e.g., Fujita 1994, 

Sack 1993, Hasegana 1992, Mizuno 1992, and Hrovat 1983) and to actively controlled 

structures (e.g., Soong 1994 and 1990). The general optimal control problem may be 

stated as: given a system subjected to external inputs, find the control which minimizes a 
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certain measure of the performance of the system. The system is therefore optimized only 

with respect to that specific performance measure. 

Consider the equation of motion of a linear MDOF structure having n degrees of freedom 

[M]{ti} + [Cu]{u} + [K]{u} = [D]{d} + [E]{f} (7-24) 

where [M] is an n x n mass matrix, [CJ is an n x n damping coefficient matrix, [K] is an n 

x n stiffness matrix, [D] is an n x m matrix describing the location of the control forces, 

[E] is a n x r matrix describing the location of the input, {d} is an m x 1 control force 

vector, {f} is a r x 1 input vector; and {til, {u}, and {u} are the n x 1 vectors of 

relative acceleration, velocity and displacement. The 2n x 1 state vector is given by 

{Z}={~~~} (7-25) 

which, when substituted into the equation of motion (Equation (7-24» leads to 

{Z} = [A]{Z} + [B]{d} + [F]{f} (7-26) 

which represents a system of first order differential equations where 

(7-27) 

is a 2n x 2n system matrix and 

[ 
[0] ] 

[B] = [Mr1[D] and [ 
[0] ] 

[F] = [Mr1 [E] (7-28) 
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are 2n x m and 2n x r location matrices specifying the locations of the control forces and 

the input in the state space, respectively. The performance index for the LQR problem is 

given by the following scalar quantity 

tf 

J= f ({Z}T[Q]{Z}+ {d}T[RJ{d} )dt 
o 

(7-29) 

where tf is the final time of the control interval, [Q] is a 2n x 2n positive semi-definite state 

weighting matrix, and [R] is an m x m positive definite control force weighting matrix. 

The relative values assigned to the state and control weighting matrices reflect the 

importance attached to minimization of the state variables and control forces, respectively. 

The optimal control problem is to minimize the scalar functional J subject to the constraint 

equation given by (7-26). The Lagrangian, L, is formed by adjoining Equations (7-26) and 

(7-29) with a time dependent Lagrange multiplier, {A} : 

tf 

L = f ({Zf[Q]{Z}+{d}T[RJ{d}+{A}T[[A]{Z}+[B]{d}+[F]{f}-{Z}J)dt 
o 

(7-30) 

where the integrand is defined as the Hamiltonian, H. The necessary conditions for the 

extremization process are derived from the calculus of variations and result in the 

Euler-Lagrange equations: 

dH _.4. dH =0 
d{d} dtd{cf} 

dH _.4. dH =0 
d{Z} dtd{Z} 

Equations (7-31) and (7-32) lead to 

(7-31) 

(7-32) 
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(7-33) 

(7-34) 

The transversality conditions are given by (Sage 1977) 

( oI;l O{Z}J =0 
o{Z} (=0 

(7-35) 

and 

( oI;l O{Z}J = 0 
o{Z} t=tr 

(7-36) 

where 0 is the variational operator. Equation (7-35) is satisfied due to the boundary 

condition 

{Z(O)} =0 (7-37) 

which implies that (o{Z})t=O= O. Since (o{Z})t=tr is open, Equation (7-36) reduces to 

(~J =0 
o{Z} t=tr 

(7-38) 

and we therefore obtain 

{A(tr)} = {O} (7-39) 

The system of equations given by (7-26), (7-33), (7-34), (7-37), and (7-39) define a 

two-point boundary value problem. 

The control vector becomes a linear function of the state vector (closed-loop control) 

when the Lagrange multiplier is written as 
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{A} = [P]{Z} (7-40) 

where [P] is a 2n x 2n time dependent matrix. Substitution of Equation (7-40) into (7-33) 

leads to 

(7-41) 

The derivative of Equation (7-40) gives 

., . 
{A} = [P]{Z} + [P]{Z} (7-42) 

which can be combined with Equation (7-34) and (7-40) to yield 

[1']{Z} + [P]{Z} = - [A] T [P]{Z} - 2[Q]{Z} (7-43) 

Substituting Equation (7-26) into (7-43) leads to 

[1']{Z} + [P] ([A]{Z} + [B]{d} + [F]{f} ){Z} = _[A]T[p]{Z} -2[Q]{Z} (7-44) 

Substituting Equation (7-41) into (7-44) gives 

([1'] + [P][A] -~[P][B][R]-l [B]T[P] + [A]T[P] + 2[Q] ){Z} + [P][F]{f) = {OJ (7-45) 

At the end of the control interval, t = tf , and Equation (7-40) becomes 

{ACtf)} = [P(tr)]{Z(tr)} (7-46) 

According to Equation (7-39), {A(tr)} = {O}. Further, we have {Z(tr)} = open and 

therefore conclude from Equation (7-46) that 

[P(tr}] = [0] (7-47) 
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In summary, the optimal control force is given by Equation (7-41) with matrix [P] 

satisfying Equation (7-45) (a first order matrix differential equation) and Equation (7-47). 

Since [P] is specified at the terminal time, tf' Equation (7-45) must be solved backwards in 

time. 

In the case of earthquake input, the input vector {f} in Equation (7-45) is unknown and is 

typically taken as a null vector. Furthermore, matrix [P] has been shown to be essentially 

constant over the entire control interval and we may therefore let [P] = 0 (Soong 1994 and 

1990). With these simplifications, Equation (7-45) reduces to 

[P][A] - ~[P][B][Rrl [Bf[p] + [Af[p] + 2[Q] = [0] (7-48) 

which is known as the algebraic matrix Ricatti equation in which [P] is the Ricatti matrix. 

Equation (7-48) is easily solved using commercial mathematical analysis software (e.g., 

MATLAB 1990). The control force vector given in Equation (7-41) may now be written 

as 

(7-49) 

where [G] is an m x 2n constant control gain matrix which is dependent on the system 

matrix, [A], defining the dynamic characteristics of the structure, the control force 

location matrix, [B], and the state and control force weighting matrices [Q] and [R]. Note 

that in both experimental and analytical studies, the values assigned to the weighting 

matrices are typically obtained through parametric studies that include the seismic 
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excitation. If the full state vector is measurable (or can be estimated), Equation (7-49) can 

be used to determine the control force vector. 

The control force vector is linear in the state vector (Equation (7-49)), the performance 

index is quadratic in the state and in the control (Equation (7-29)), and the performance 

index regulates the state of the system as opposed to tracking a specified trajectory. The 

control algorithm is therefore defined to be a linear quadratic regulator optimal control 

algorithm. 

The three-story model structure was tested with semi-active dampers in the first story 

only. In this case, the control force location matrix, [D], and the control force vector, 

{d}, of Equation (7-24) become a 3 x 1 vector and a scalar, respectively. Furthermore, 

with reference to Equation (7-24), the mass matrix, [M), was known while the damping 

matrix of the structure without dampers, [CJ, and the stiffness matrix, [K), were 

calculated as described in Section 6.4.2. The state weighting matrix [Q), and control 

weighting matrix, [R), were selected to be identical to those used by previous researchers 

(Soong 1994 and 1990) in the study of an active tendon system on the same three-story 

model structure subjected to 25% of the El Centro ground motion. The algebraic Ricatti 

Equation (7-48) was solved to obtain the Ricatti matrix, [P), which was then substituted 

into Equation (7-49) to obtain the 1 x 6 control gain matrix. In the case of the three-story 

model structure with the control force applied at the first floor only, the control force 

vector becomes a scalar given by 
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3 3 

d = L (gl.nUn) + L (gl.n+3Un) (7-50) 
n=1 n= 1 

where gi,j is the component of matrix [G] in the i-th row and the j-th column and un and Un 

are the relative displacement and relative velocity, respectively, of the n-th floor. 

Assuming linear viscous behavior, the horizontal component of the semi-active damper 

force output is proportional to the relative velocity of the first floor 

(7-51) 

The horizontal component of force acting on the first floor from each semi-active damper 

is given by 

(7-52) 

Equating Equations (7-51) and (7-52) 

(7-53) 

which describes the necessary variation in the damping coefficient of each semi-active 

damper to achieve the LQR optimal control. However, the damping coefficient of the 

semi-active dampers is constrained according to Equation (7-6). The LQR optimal 

control algorithm is then obtained by combining Equations (7-6) and (7-53): 

(7-54) 

where 
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(7-55) 

Note that Equation (7-53) is considered to be the optimal damping coefficient while 

Equation (7-54) is a suboptimal damping coefficient since the damping coefficient 

constraint equation (Equation (7-6» was not considered in the optimization process. 

Furthermore, it may be argued that, for a semi-active damper control system, the control 

force weighting matrix, [R], should be set equal to the null matrix since there is no penalty 

(e.g., excessive power requirements) to be paid for large control forces. This discrepancy 

was addressed in an approximate way through modification of the control force weighting 

matrix. In the specific case under study, [R] is a 1 X 1 matrix (i.e., a scalar). This scalar 

quantity was reduced in value by a factor of 9 with the effect of increasing the values 

contained within the control gain matrix, [G], by a factor of about 4 for the displacement 

gains and about 2 for the velocity gains. Shaking table tests were performed using bqth 

the "low" and "high" set of feedback gains. The feedback gains for the optimal control 

algorithm are presented in Table 7-I. 

7.4.2 Sliding Mode Control 

The objective of the control algorithm described in this section is to track a specified 

trajectory, and in particular, for the case of stabilization the desired trajectory is identically 

zero. The combined error in velocity and displacement is used to determine the accuracy 
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of tracking. Moreover, the algorithm can accommodate uncertainties that may exist in the 

parameters that define the structural system (e.g., mass, stiffness, and damping properties). 

The control algorithm is developed based on sliding mode control theory. A major 

advantage of sliding mode control theory is that the control of the structural system can be 

designed to be robust with respect to unmodeled dynamics, uncertain parameters, and 

external inputs. Sliding mode control theory begins with the design of a switching surface 

so that the response of the structural system has certain prescribed characteristics on the 

surface (e.g., the design is such that the system is asymptotically stable on the surface). 

Following the design of the switching surface, a control strategy is developed which 

directs the response of the structural system onto the switching surface and attempts to 

maintain it there. 

The sliding mode control algorithm discussed in the following has been described by 

Ghanem (1994) for applications to the control of SDOF systems. The same approach will 

be used herein, with modifications in the final results to adapt the algorithm for control of 

the three-story model structure. Consider the equation of motion for a one-story structure 

with control force FcCt) 

(7-56) 

The tracking error is defined to be the difference between the measured response and the 

desired res.ponse 

e(t) = u(t) - Ud(t) (7-57) 

The combined error is defined to be a hyperplane in the (e(t), e(t)) plane and is given by 
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set) = e(t) + Ae(t) , A;::: 0 (7-58) 

where A is a real positive constant which controls the relative weight given to the error in 

displacement versus the error in velocity. Setting the combined error in Equation (7-58) 

equal to zero (see Figure 7-3), we obtain 

e(t) = a exp (-A t) (7 -59) 

where a is a real constant. Equation (7-59) shows that the tracking error goes 

exponentially to zero as t --7 00. A control algorithm, based on sliding mode control 

theory, is now developed which guarantees the convergence of the combined error to zero 

as t --7 00 and, in tum, guarantees that the tracking error goes exponentially to zero as 

t --7 00. 

For implementation of this algorithm, the desired trajectory was set equal to zero (uit) = 

0). In this case, the tracking error is equal to the relative displacement and Equation 

(7-58) becomes 

set) = u(t) + AU(t) (7-60) 

If the combined error converges to zero, then its derivative also converges to zero and we 

obtain 

tirCt) =-AU(t) =-A ~t[eCt)] (7-61) 

where tiCt) has been replaced by tirCt), the "reference" acceleration. Note that the 

reference acceleration is simply an estimate of the relative acceleration based on the 

measured tracking error. 
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e(t) 

set) =0 

Figure 7-3 Diagram of Error Phase Plane Used in Sliding Mode Control Algorithm 
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The control force is considered to be of the following form 

Fc(t) = mUr - ~(t) + Cull + ku + mUg (7-62) 

where J.l is a positive real constant. Equation (7-62) describes the dynamics of a system 

where the combined error, set), is compensated for by the control force, FcCt). 

Substituting Equation (7-62) into Equation (7-56) leads to 

m(u + Ur) + J1.s(t) = 0 (7-63) 

which may be rewritten as 

mS(t) + J1.s(t) = 0 (7-64) 

The solution of Equation (7-64) is 

(7-65) 

where b is a real constant. Equation (7-65) indicates that, as expected, the combined 

error, set), converges exponentially to zero as t --7 00. In summary, the control force given 

by Equation (7-62) guarantees that the tracking error (relative displacement) converges to 

zero as t --7 00. 

To this point, it has been assumed that the values of the parameters defining the model 

structure are known with absolute certainty. With the introduction of uncertainty in these 

parameters, Equation (7-64) is generally not valid (and therefore stability is not ensured). 

To maintain stable operation of the controlled structural system, conditions on updating 

the uncertain parameters should be developed. The error in any parameter may be given 

by 

_ A 

a=a-a (7-66) 

7-25 



where a is an estimate of the true value of parameter a. Rewriting the control force of 

Equation (7-62) using estimated parameters 

(7-67) 

Substituting Equation (7-67) into the equation of motion (7-56) 

(7-68) 

and using Equation (7-61) and the derivative of Equation (7-60), we obtain 

(7-69) 

The convergence of set) to zero as t --7 00 depends on the values of ill, C u, and k in 

Equation (7-69). Equation (7-69) can be rewritten as 

(7-70) 

where 

(7-71) 

and 

{
iir+iig} 

{G}= Ii 
u 

(7-72) 

Equation (7-70) can be represented by 

(7-73) 

which is of the form 

set) = H(p) [n {g} T {G}] (7-74) 
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where n =1 and 

H( ) - 1 
P - mp+k (7-75) 

Equation (7-74) expresses the combined error set) as the output of a stable, positive, and 

real filter with transfer function H(p) to an input given by the right hand side of Equation 

(7 -70). It may be shown (Slotine 1991) that a sufficient condition for the asymptotic 

decay of the combined error set) (as t -t 00, set) -t 0) is that 

H~(t)} = -sgn (n) ys(t){G(t)} (7-76) 

where y is a positive real constant related to the level of uncertainty about the parameters. 

Equation (7-76) may be rewritten as three separate equations which represent parameter 

adaptation laws that are proportional to the combined error 

• m (t) = -ys(t) (U r + Ug) 

• 
Cu (t) = -ys(t) U 

• 
A 

k (t) = -ys(t) u 

(7-77) 

(7-78) 

(7-79) 

In summary, the control force given by Equation (7-67) guarantees the asymptotic decay 

of the combined error, set), when the estimates of the model parameters are updated 

according to Equations (7-77), (7-78), and (7-79). 

The horizontal component of control force from each semi-active damper is given by 

Equation (7 -10). Equations (7-10) and (7-67) may be used to obtain 
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(7-80) 

which describes the necessary variation in the damping coefficient of each semi-active 

damper to achieve the sliding mode control. However, the damping coefficient of the 

semi-active dampers is constrained by Equation (7-6). The sliding mode control algorithm 

is then obtained by combining Equations (7-6) and (7-80) 

where 

if C· ~ Cmin 

if Cnin < C* < Cmax 
if C· ~ Cmax 

(7-81) 

(7-82) 

with m, cu, and k obtained from Equations (7-77), (7-78), and (7-79), respectively. 

The sliding mode control algorithm for SDOF systems was modified to adapt the 

algorithm for control of a MDOF system. The MDOF structure is replaced by a SDOF 

representation, neglecting the effect of structural damping. The SnOF representation has 

mass m, stiffness k, and height h. These quantities are determined such that the SnOF 

representation has the same frequency as the fundamental mode of the MDOF structure 

and the same base shear and overturning moment. 

The equations of motion of the MDOF structure in a shear type representation are 

[M]{ii} + [K]{u} = -[M]{ I} iig (7-83) 
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Assuming vibration in the first mode 

(7-84) 

where {<l>J} and y) are the mode shape and modal coordinate, respectively, 

corresponding to the first mode. Substituting Equation (7-84) into (7-83) and 

pre-multiplying by {<l>I} T we obtain 

where 

m~ = {<l>d T[MH<l>d 

k i = { <l> 11 T [KH <l> 1 } 

(7-85) 

(7-86) 

(7-87) 

(7-88) 

are the generalized mass, stiffness, and loading, respectively, corresponding to the first 

mode. Equation (7-85) may be rewritten as 

[ 
L(m.",.)] 
. J'I'J 

.. 2 J .. 
YI+WIYI=- 2 ug 

~(mj<l>j ) 
J 

(7-89) 

where (0) is the generalized natural frequency corresponding to the first mode, j is an index 

representing the floor level, and <l>j is the modal amplitude of the j-th floor in the first 

mode. 

The response of the structure is obtained from the spectral displacement, SD«(OI'~) for 

frequency (0) (and corresponding damping ratio ~1) from the response spectrum of the 

ground motion, tig . The maximum relative displacement and total acceleration of the j-th 
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floor are given by 

(7-90) 

(7-91) 

The maximum base shear (V) and maximum overturning moment (OTM) are obtained 

using Equation (7-91) 

(7-92) 

(7-93) 

The SDOF representation of the MDOF structure is expressed by (neglecting structural 

damping) 

mii+ku=-miig (7-94) 

which may be rewritten as 

" 2 •• 
U+ffilU =-u g (7-95) 

where COl is the frequency of the fundamental mode of the MDOF structure. The 

maximum response of the SDOF representation is again obtained from the response 

spectrum of the ground motion. ii g • for frequency COl (and corresponding damping ratio 
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~J The maximum relative displacement and total acceleration are given by 

(7-96) 

(7-97) 

The maximum base shear VSDOF and maximum overturning moment (OTMsDOF) are 

obtained using Equation (7-97) 

V SDOF = m ii max = 0) i m S D (0) 1 , ~ 1) (7-98) 

(7-99) 

Equating the base shear and overturning moment of the MDOF structure and the SDOF 

representation (Equations (7-92) and (7-98); Equations (7-93) and (7-99» we obtain 

(7-100) 

and 

L(m-"'·h·) . J'I'J J 
h=...:..J __ _ 

~(mj<!>j) 
(7-101) 

J 

which are the required properties of the SDOF representation from which we obtain k = 

roim and c = 2~10)Im. Relating these properties to the terms required for the sliding mode 

control described by Equation (7-81) 

" m=m (7-102) 

(7-103) 

(7-104) 
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where m is given by Equation (7-100) and ill! and ~! are obtained from the experimental 

identification of the MDOF structure (see Section 6.5). Note that equations (7-102), 

(7-103), and (7-104) simply serve as initial parameter estimates for the sliding mode 

control algorithm. Furthermore, the parameter adaptation laws of Equations (7-77), 

(7-78), and (7-79) are written in the form of backward finite difference expressions for 

implementation purposes. The time step of the finite difference expression, Llt, 

corresponds to the control computation time delay for the sliding mode control algorithm. 

The sliding mode control algorithm also requires measurements of relative displacement 

and velocity of the SDOF representation (see Equation (7-81)). However, only 

measurements of floor displacements and velocities of the MDOF structure are ~vru~ble. 
~" 

Equations for displacement and velocity in the SDOF representation may be obtained b~,~ 

equating either base shears or overturning moments in the two systems. In this case, the .. ~.'-.'-.. .. 
equality of base shears was selected 

V=VSDOF 

L [mj(tij +tig)] = m(ti+ tig) 
j 

Noting that the mass of each floor of the MDOF structure is the same, we obtain 

replacing m by Equation (7-100) and introducing the parameter ex. 
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(7-108) 

we obtain the relative acceleration of the SDOF representation 

(7-109) 

which can be integrated to obtain the relative velocity (initial conditions are all zero) 

(7-110) 

and the relative displacement 

(7-111) 

The relative displacement and velocity required for the sliding mode control described in 

Equation (7-81) are now available from measurements on the MDOF structure using 

Equations (7-111) and (7-110), respectively. 

Finally, we must consider the application of the control force. In the MDOF structure, the 

control force is applied at the first floor whereas in the SDOF representation, the control 

force should be applied to the mass, m, located at height h (see Equation (7-101». 

Therefore, in general, the two control forces are not equivalent in terms of overturning 

moments in the two systems. However, the two control forces are equivalent in terms of 

the base shear in the two systems. 
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The parameters used in the sliding mode control algorithm for shaking table tests of the 

three-story model structure are presented in Table 7-I. 
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SECTION 8 

SYSTEM TIME DELAYS AND METHODS OF COMPENSATION 

8.1 Introduction 

There is a considerable amount of analytical research performed in the area of active and 

semi-active structural control in which the response of the structure, the control 

computation, and the application of the control force are assumed to occur 

instantaneously. However, as a number of experimental studies have shown, time delays 

exist in the control system and, in general, must be considered to ensure stability of the 

structural system. Many methods of time delay compensation have been developed and 

experimentally tested (e.g., Soong 1990, Reinhom 1992, and McGreevy 1988). 

Time delays may be conveniently separated into two components (see Figure 8-1). In the 

following, it is assumed that the structural control is based on feedback that includes the 

response quantity u(t) (e.g., displacement, velocity, acceleration, etc.). The first portion 

of the time delay is designated as 'tJ and represents the time required to obtain 

measurements of the response. The second portion of the time delay is designated as 't2 

and represents the time required to apply the control force. With reference to Figure 8-1, 

at time t the control computer determines the response of the structural system. Ideally, 

the measured response is u(t). However the measured response actually occurred at time 

t} where the response is u(t}) and is being measured with a time delay due to, for example, 

signal conditioners, filters, differentiators, integrators, and computer computations. Also, 
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u(t) 

u(t, ) 

t, TIME 

T 

Figure 8-1 Diagram For Analysis of Time Delays 
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at time t, the control computer determines the appropriate control signal to be sent to the 

control system. Ideally, the control is applied at time t. However, the control system 

(e.g., servohydraulic actuator, semi-active fluid dampers, etc.) does not respond 

instantaneously and actually applies the control force at time t2 where the response is u(t2). 

Clearly, if time delays are not considered, control forces will be applied at time ~ based on 

the response at time tl. 

The approach used herein to account for time delays is as follows: at time t, the controller 

receives information on the response measured at time tl and uses this information to 

predict the response at time t2. The predicted response is based on experimentally 

measured values of time delays 'tl and 't2• Further, the predicted response is used to 

determine the appropriate control to be applied at time t2• Note that time delay 'tl is 

dependent on the response quantity being measured and the control algorithm; it does not 

depend on the control system. Further, time delay 't2 is dependent only on the cOJ;ltrol 

system; it does not depend on the response quantity being measured or on the control 

algorithm. 

8.2 Kinematic Compensation 

8.2.1 One-Story Structure 

The kinematic compensation method is based on describing the motion of the system in 

terms of Taylor series expansions (e.g., Soong 1990, McGreevy 1988, and Abdel-Rohman 

1985). Referring to Figure 8-1, the response at time t2 may be written as 
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2 
U(t2)=U(tt)+1:u(td+ ~ ii(tt)+ ... 

Letting t1 = 0 and ~= "C (i.e., starting time at t1), Equation (8-1) gives the predicted 

response at time 1: 

2 
U ("C) = U (0) + 1: U (0) + ~ ii (0) + ... 

(8-1) 

(8-2) 

If Equation (8-2) is used to predict the displacement, the predicted velocity and 

acceleration may be obtained by taking derivatives of Equation (8-2) and replacing the 

total time delay, "C, with a value appropriate for the predicted response quantity. If the 

total time delay is small in comparison to the natural period of the structure, the series may 

be truncated after a few terms with minimal error. For the tests on the one-story flexible 

structure in which kinematic compensation was utilized, the total time delay was 

approximately 61 msec which is about 15% of the natural period of the structure. In all 

tests with kinematic compensation, the series of Equation (8-2) was truncated after the 

second term. 

The experimental results obtained by McGreevy on an active control system indicated that 

the kinematic compensation method worked well for cases in which the excitation 

represents a well defined smooth function (e.g., a steady-state harmonic motion) and was 

not as useful for cases in which the excitation was of a random nature (e.g., earthquake 

motion). 
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8.3 Harmonic Compensation 

The harmonic compensation method is based on the assumption that the structure 

responds as an undamped system in free vibration during the time interval between 

measuring the response and applying the control force. Clearly, this assumption is 

incorrect since the ground motion as well as the semi-active damper control forces act on 

the system during this time interval. However, if time delays are relatively small, the 

assumption of harmonic motion may be acceptable. 

8.3.1 One-Story Structure 

Assuming that variable u in Figure 8-1 represents the relative displacement of the 

structure, the undamped free vibration response at time t, is given by 

u(t 1) = A sin (OOn t 1) + B cos (OOn t 1) (8-3) 

where OOn is the natural frequency of the one-story structure. Similarly, assuming free 

vibration response between time t, and t2, the response at time t2 is given by 

(8-4) 

Letting t, = 0 and ~ = 't (i.e., starting time at t,), Equation (8-3) and its derivative lead to 

u(O) =B tieO) = AWn (8-5) 

which are the initial conditions at time t). Combining Equations (8-4) and (8-5), the 

predicted response at time 't is given by 

u('t) = ti~~) sin(oon't)+u(O)cos(ron't) (8-6) 
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The predicted velocity and acceleration may be obtained by taking derivatives of Equation 

(8-6) and replacing the total time delay, 't, with a value appropriate for the predicted 

response quantity. 

8.3.2 Three-Story Structure 

The relative displacement response of a MDOF structure may be written in terms of modal 

coordinates as 

{u} = [<f>]{y} (8-7) 

where {y} is the modal coordinate vector. The contribution to the response from the k-th 

mode of vibration is given by 

(8-8) 

where {<I>k} and Yk are the mode shape and modal coordinate of the k-th mode, 

respectively. The equations of motion of the undamped MDOF structure in free vibration 

can be decomposed into SDOF equations in modal coordinates for each mode k (Clough 

1975): 

(8-9) 

where 

(8-10) 

and the generalized mass, m~, and generalized stiffness, k~, for the k-th mode are 

defined by 
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m~ = {<h} T [M]{<h} (8-11) 

and 

k~ = {<h} T[K]{<h} (8-12) 

where [M] and [K] are the mass and stiffness matrix, respectively, of the MDOF structure. 

Letting t] = 0 and ~ = 't in Figure 8-1 (i.e., starting time at t]), the free vibration response 

corresponding to Equation (8-9) is given by (compare with Equation (8-6» 

(8-13) 

The relative displacement vector is obtained as the sum of the modal contributions from 

each mode k 

N 

{u} = I, ({<h}Yk) (8-14) 
k=l 

where N is the number of modes. At time t = 0, Equation (8-7) becomes 

{u(O)} = [<l>]{y(O)} (8-15) 

from which we obtain 

{yeO)} = [<l>r1 {u(O)} (8-16) 

Substituting Equation (8-16) and its derivative into Equation (8-13) and the resulting 

expression into Equation (8-14), we may obtain the predicted relative displacement of the 

j-th degree of freedom in the following simple form 

N 

Uj ('t) = I, [(aj)j Uj (0) + (bj)j Ui (0)] (8-17) 
i= 1 
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where uj (0) and Ui (0) are the relative displacement and relative velocity, respectively, of 

the i-th degree of freedom at t = 0 and (aj)j' (b)j' (cj)j' and (d)j are constants corresponding 

to the j-th degree of freedom and are determined from the modal frequencies, mode 

shapes, and measured time delays. Expressions similar to Equation (8-17) can be 

developed to predict the relative velocity and relative acceleration of the j-th 

degree-of-freedom. 

8.4 Experimentally Measured Time Delays 

The time delays 11 and 12 of Figure 8-1 were determined from experimental measurements 

of various time delays. Time delay 11 is considered to be the result of the following: 

signal conditioning, filtering, differentiating, and control computer computations. Further, 

time delay 12 is considered to be the result of delays in operation of the semi-active 

dampers. The values of the experimentally measured time delays which were used to 

determine the values of 11 and 12 are shown in Table 8-1. 

8.4.1 Response Measurement Time Delay 

The time delays associated with response measurement (signal conditioning, filtering, 

differentiating) and control computer computations are obtained by passing a white noise 

signal through each component of the system and obtaining the transfer function between 

the input signal and the output signal. The white noise input is made up of harmonic 

signals of the form 
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Table 8-1 Experimentally Measured Time Delays 

COMPONENT TIME DELAY (ms) 

Signal Conditioners 0.0 
(wide-band filters) 

Low Pass Filters 21.0 
(25 Hz cut-off) 

Analog Differentiators 3.9 

Control Computations 5 
(Two-Stage Damper Tests) 

Control Computations 1.9 - 6.3 
(Variable Damper Tests) 

Two-Stage Damper 31.0 

Variable Damper 20.3 

8-9 



WI = A exp (irot) (8-18) 

where A is the amplitude of the input and ro is the frequency of the harmonic signal. In 

components which exhibit a pure time delay, 'rd, the output corresponding to the input at 

frequency 0) is 

(8-19) 

The transfer function between the input and output signal is given by the ratio of Equation 

(8-19) and (8-18) 

(8-20) 

and the phase angle is given by 

_1(5 [T(ro)]) 
6(0) = tan 9\ [T(O)] = (o'td (8-21) 

where 5 ( .) and 9\ ( .) indicate the imaginary and real parts of the contained complex 

quantity. 

Therefore, in components which exhibit a pure time delay, the amplitude of the transfer 

function between the input and output signal is unity (Equation (8-20» and the phase 

angle is a linear function of frequency (Equation (8-21». The time delay is obtained from 

Equation (8-21) 

6(0) 
'td=--0) (8-22) 
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Figures 8-2 through 8-5 present experimental plots of amplitudes of transfer functions and 

phase angles between input and output signal for the signal conditioning amplifiers, the 

low-pass analog filters, the analog differentiators, and one of the control algorithms, 

respectively. 

Clearly, the signal conditioning amplifier introduces negligible time delays (see Figure 

8-2). The low-pass analog filters introduce a time delay of 21.0 ms and the amplitude of 

the transfer function has a value of about -3 db (-70%) at the cut-off frequency of 25 Hz 

(see Figure 8-3). The analog differentiators have acceptable response characteristics (i.e., 

linear variation in amplitude of transfer function) over a frequency range of about 0 to 20 

Hz and introduce a time delay of about 3.9 ms (see Figure 8-4). Finally, the computer 

computations introduce time delays of 5 ms for the two-stage damper tests and 1.9 to 6.3 

ms for the variable damper tests (recall the discussion in Section 5.5 related to the control 

computers and control sampling rates). Figure 8-5 shows the white noise test results for 

the variable damper feedforward control algorithm which exhibits a time delay of 1.9 IDS. 

8.4.2 Control Force Time Delay 

The time delays associated with the development of the semi-active damper control forces 

were determined by measuring the system response to a saturated command signal (see 

Section 3.4 and recall that the system response time was composed of both a static and 

dynamic time delay of duration tl and 12, respectively). Note that the symbols t] and 12 

used in Section 3.4 do not represent the same quantities as those depicted in Figure 8-1. 
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The damper time delays presented in Table 8-1 represent averages which are used in the 

compensation methods described in Sections 8.2 and 8.3 (see Table 3-V1 and 3-VII for a 

more detailed description of time delays associated with each individual damper unit). 
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SECTION 9 

SEISMIC SIMULATION TEST RESULTS 

9.1 One-Story Structure 

The experimental results for the one-story stiff and flexible structure are presented in 

Tables 9-1, 9-ll, and 9-ID for the bare frame structure, the structure with two-stage 

dampers, and the structure with variable dampers, respectively. For each test in which 

earthquake excitation was used, a percentage figure is included which indicates the degree 

of magnification as compared to the historical record (e.g., 200% indicates that the 

historical record was scaled up by a factor of 2). The values of peak table motion in the 

horizontal direction are also given. The displacement and acceleration were directly 

measured whereas the velocity was determined by numerical differentiation of the 

displacement record. The peak shear force was calculated from the known masses and 

recorded accelerations and is given as a fraction of the total weight (28.7 leN) of the 

structure. The peak drift is given as a percentage of the story height which was 81.3 cm. 

Results for all of the tests on the one-story structure are presented in graphical form in 

Appendix B (bare frame structure), Appendix C (structure with two-stage dampers), and 

Appendix D (structure with variable dampers). The graphs show recorded loops of base 

shear over total weight ratio versus story drift over height ratio. Further, in the tests with 

semi-active dampers, the recorded loops are decomposed into the contribution from the 

columns and from the semi-active dampers (see page C-2). In all tests, the dampers 

exhibit essentially no stiffness. 
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Recall that the damping ratio of the flexible structure with two-stage dampers set to low 

and set to high damping was about 5% and about 25%, respectively (see Table 6-1). The 

effect of the low and high damping passive control systems on the structure subjected to 

the 25% El Centro ground motion is shown in Figure 9-1. Note that friction is clearly 

present in the low damping test. This friction occurs between the piston rod and the 

piston rod seal. In the high damping test, the primary source of energy dissipation appears 

to be through viscous fluid damping. A comparison between the low and high damping 

response of Figure 9-1 shows that both the base shear and the story drift are reduced by 

factors of 1.7 and 2.0, respectively. The large increase in damping was clearly beneficial 

to the structure for this particular input. In Section 9.3.1, it will be shown that for the 

semi-active control algorithms employed in this study, the response reduction achieved by 

the semi-active control system was, in general, comparable to that afforded by a high 

damping passive control system. The semi-active control system with the valves closed 

represents the "high damping passive control system". 

In the shaking table tests on the one-story structure with semi-active control provided by 

two-stage dampers, the command signal was switched between off (digital 0) and on 

(digital 1). This is shown in Figure 9-2(d) for the one-story flexible structure subjected to 

harmonic input motion and controlled according to the base shear coefficient control 

algorithm. Under this control algorithm, the valve is switched on (low damping) when 

the base shear coefficient exceeds a specified limit which, in this case, had a value of 0.08. 

The valve command signal shown in Figure 9-2(d) was low pass filtered prior to data 

9-11 



TEST 84 
25% EI Centro, Low Damping 

-.c: 
C) 

Q) 

3: -~ 
ctS 0.0 1---------=_ 
Q) 
.c: 
en 
Q) 
en 
ctS 
OJ 

-.c: 
C) 

Q) 

3: -~ 

-0.2 L-_-'--_-'-_--'-_---L.. ____________ -'--_--J 

-0.8 0.0 0.8 

Drift / Height (010) 

TEST 75 
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Figure 9-1 Base Shear-Drift Loops of One-Story Flexible Structure with Two-Stage 
Dampers Subjected to 25% El Centro and Controlled by Low and High 
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acquisition. Without filtering, the two-stage damper command signal is limited to digital 

values of a (high damping) and 1 (low damping). In Figure 9-2(f), a portion of the 

acceleration time history of Figure 9-2(b) is shown with the corresponding command 

signal of Figure 9-2(d) (the command signal was scaled for comparison with the 

acceleration). Note that, in accordance with the base shear coefficient control algorithm 

(see Section 7.2.1), the valve command switches on when the base shear coefficient 

exceeds 0.08 and switches off otherwise. 

A careful examination of the base shear and acceleration in Figures 9-2(a) and 9-2(b), 

respectively, reveals that the peak base shear over weight ratio is not equal to the peak 

acceleration in g's. The acceleration signal is from a single accelerometer located at the 

first floor and was used to determine the control signal to the semi-active damper valves. 

The base shear over weight ratio, on the other hand, was obtained from the measured 

accelerations at all three floor levels and thus represents the true shear force in the first 

story columns. 

One may note the interesting response of the structure in the test of Figure 9-2. 

Apparently the response contains two distinct frequencies, one at the driving frequency of 

the input and the other at the natural frequency of the structure (see Figure 9-2(e)). This 

bi-harmonic response will be explained further in Section 9.3.1.1. 
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In the shaking table tests on the one-story structure with variable dampers, the command 

signal was fully adjustable between 0.75 volts (high damping) and 2.25 volts (low 

damping) (see Figure 7-1). The command signal to the variable damper valves for the 

one-story flexible structure subjected to 100% of the modified (high frequency) Hachinohe 

input and controlled according to the skyhook damping control algorithm is shown in 

Figure 9-3(b). This command signal was not filtered prior to data acquisition. The 

damping coefficient corresponding to the valve command signal of Figure 9-3(b) is 

presented in Figure 9-3(c) and was calculated according to Equation (7-4). In Figure 

9-3(d), a portion of the filtered command signal time history is shown with the 

corresponding filtered spool position signal for one of the variable damper units (unit 

V AR-A). Note that the spool position signal has been scaled for comparison with the 

command signal. Apparently, the spool position does not follow the command signal 

accurately. This is understandable since the spool cannot respond to the command signal 

instantaneously (see Section 304) and therefore follows the general shape of the command 

signal time history while not being able to follow the high frequency portions of the time 

history. As will be shown in Section lOA, the inability of the spool to track the command 

signal accurately as well as the approximate damping coefficient/command signal 

relationship (Equation (7-4») leads to difficulties in predicting the experimental response of 

the one-story and three-story structure with variable dampers. Finally, Figure 9-3(e) 

shows a portion of the time history of spool displacement in each of the variable damper 

units. The pattern of motion of the two spools is very similar except for the distance 

traveled by each spool. Recall that in the development of the two variable damper units, 
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there was no attempt to match the spool position versus command signal relationship (see 

Figure 3-10). Rather, the objective was to match the flow rate versus command signal 

(see Figure 3-11). This explains the difference in spool displacement of the two damper 

units shown in Figure 9-3(e). 

9.2 Three-Story Structure 

The experimental results for the three-story structure are presented in Table 9-IV for the 

bare frame structure and in Tables 9-V (a) and 9-V (b) for the structure with variable 

dampers. For each test, the peak table motion in the horizontal direction is given in Tables 

9-IV and 9-V(a). The displacement and acceleration were directly measured whereas the 

velocity was determined by numerical differentiation of the displacement record. The peak 

acceleration at each floor is given in Tables 9-IV and 9-V(a) and the peak shear force at 

each story as a fraction of the total weight (28.1 kN) of the structure is given in Tables 

9-IV and 9-V (b). Finally the peak drift of each story is given in Tables 9-IV and 9-V (b) as 

a percentage of the story height which was 81.3 cm for the first story and 76.2 cm for the 

second and third stories. Results for all of the tests on the three-story structure are 

presented in graphical form in Appendix E (bare frame structure) and Appendix F 

(structure with variable dampers). The graphs show recorded story shear force over total 

weight ratio versus story drift over story height ratio. 

Recall that the damping ratio in the fundamental mode of the three-story structure with 

variable dampers set to low and set to high damping was about 4% and 14%, respectively 
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(see Table 6-II). The effect of the low and high damping on the structure subjected to the 

25% EI Centro ground motion is shown in Figure 9-4. A comparison between the low 

and high damping response of Figure 9-4 reveals that the first story shear and first story 

drift are reduced by factors of 1.5 and 1.8, respectively. Similar reductions are obtained in 

the second and third stories. The large increase in damping was clearly beneficial to the 

structure for this particular input. In Section 9.3.1, it will be shown that for the 

semi-active control algorithms employed in this study, the response reduction achieved by 

the semi-active control system was, in general, comparable to that afforded by a high 

damping passive control system. The semi-active control system with the valves closed 

represents the "high damping passive control system". 

In some of the semi-active control tests on the three-story structure, the value of the 

unbounded damping coefficient for the optimal control algorithm was recorded (see 

Equation (7-53)). The time history of the unbounded damping coefficient for one of the 

semi-active control tests is shown in Figure 9-5 along with the corresponding unfiltered 

valve command signal (command signal is scaled up by a factor of 75). The negative 

values of the unbounded damping coefficient indicate that the control algorithm requires 

that energy be supplied to the structure from the dampers. However, the dampers can 

only extract energy from the structure as implied by the minimum bound on the damping 

coefficient. Note that the command signal is "clipped" when the unbounded damping 

coefficient exceeds the maximum available damping coefficient, Crnax' or when the 

unbounded damping coefficient is reduced to values below the minimum available 
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Figure 9-4 Test Results for Three-Story Structure with Variable Dampers Subjected 
to 25% EI Centro Motion and Controlled by Low and High Damping 
Passive Control Systems 
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damping coefficient, Cmin• Furthermore, the filtered spool displacement time history of 

variable damper unit V AR-B is plotted in Figure 9-5 along with the corresponding flltered 

valve command signal (command signal is scaled down by a factor of about 5.6). The 

shape of the two sets of data compare quite well since the command signal is relatively 

smooth. As discussed in Section 9.1, the spool in the variable damper is not capable of 

accurately following high frequency command signals. 

9.3 Effectiveness of Semi-Active Control 

A number of shaking table test results were selected for evaluating the effectiveness of 

semi-active control. Comparisons in terms of peak response reduction for the one-story 

and three-story structure are presented in Section 9.3.1 in the form of bar charts 

(one-story structure) and response proflles (three-story structure). In the case of the 

one-story structure, comparisons are presented in this section in terms of base shear versus 

drift loops. 

Two tests are compared in Figure 9-6 for the one-story flexible structure with two-stage 

dampers subjected to the 50% Hachinohe ground motion. In one case, the valves are 

closed to provide high damping while in the second case the base shear coefficient 

algorithm is employed with a base shear coefficient limit of 0.1. The peak base shear is 

reduced by about 6% while the peak drift is increased by about 6%. Therefore the 

semi-active control was marginally effective in meeting the objective of reducing the peak 

base shear. However, a penalty is paid in terms of an increase in story drift. Note that 
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time delay compensation was not utilized in the semi-active control test. Further, note 

that the effectiveness of the semi-active control system is being evaluated based on 

comparisons with a high damping passive control system. If comparisons were made with 

the bare frame response, dramatic reductions in response would be observed with the 

semi-active control system. 

Two comparisons are made in Figure 9-7 for the one-story stiff structure with two-stage 

dampers subjected to the 25% EI Centro ground motion. The base shear coefficient 

control algorithm is used in both comparisons but with different values of the base shear 

coefficient limit (BSCLIM). Clearly, the effectiveness of the control depends on the 

appropriate selection of the value of BSCLIM. In Figure 9-7(a), the value of BSCLIM is 

relatively low and causes the semi-active damper valves to switch on during a major 

portion of the earthquake event resulting in an increase in base shear and drift by about 

11 % and 25%, respectively. Employing a more appropriate value of BSCLIM, Figure 

9-7(b) indicates that the peak: base shear is reduced by about 9% while the peak drift is 

essentially unchanged. Note that, once again, the evaluation of the effectiveness of the 

semi-active control system is based on comparisons with a high damping passive control 

system. 

The base shear coefficient control algorithm is impractical for two reasons. First, to limit 

the base shear coefficient below a prescribed level requires instantaneous control of the 

two-stage dampers (Shinozuka 1992). Secondly, although improvements were achieved 
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with this control algorithm, previous knowledge of the earthquake input was available and 

utilized for fine tuning the value of the base shear coefficient limit. 

Figure 9-8 shows response comparisons under two different earthquakes and the same 

control algorithm (skyhook control) applied to the one-story flexible structure with 

semi-active variable dampers. Under the input of 25% EI Centro (Figure 9-8(a)), the peak 

base shear is reduced by about 13% while the peak drift is increased by about 9%. Under 

the input of 100% Hachinohe-M (Figure 9-8(b)), the peak base shear is reduced by about 

10% while the peak drift is essentially unchanged. Note that, once again, the evaluation of 

the effectiveness of the semi-active control system is based on comparisons with a high 

damping passive control system. 

9.3.1 Reduction of Peak Response 

The peak response of selected tests are compared in this section for both the one-story 

and three-story structure in terms of story shear forces and story drifts. The notation used 

for comparing the results of these tests is shown in Table 9-VI. The low and high 

damping cases shown in Table 9-VI refer to the structure with semi-active dampers in 

which the damper valves are completely open (low damping) or completely closed (high 

damping). 
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Table 9· VI Notation for Shaking Table Test Results 

NOTATION DESCRIPTION 

BF Bare Frame Structure 

BF* Extrapolated Results for Bare Frame 
Structure Assuming Linear Elastic Behavior 

LD Low Damping 

HD High Damping 

BSC# Base Shear Control (BSCLIM = #) 

FTC Force Transfer Control 

SKY # Skyhook Control (CSH = # N-s/cm) 

FF Feedforward Control 

KC Kinematic Compensation 

HC Harmonic Compensation 

OPT Optimal Control 

LG Low Gains 

HG High Gains 
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9.3.1.1 One-Story Structure 

For tests on the one-story structure, comparisons are made between the semi-active 

control tests, the low and high damping passive control tests, and the bare frame tests. 

The results for the one-story bare frame tests are obtained by extrapolating results from 

bare frame tests subjected to smaller levels of the same earthquake. The extrapolation is 

based on the assumption that linear elastic behavior is valid under the stronger levels of 

earthquake motion. In reality, the bare frame structure would have probably yielded at the 

stronger earthquake levels and therefore the values of peak base shear are overestimated 

while the values of peak drift are underestimated. 

Figures 9-9 through 9-11 show bar charts which compare peak base shear and peak drift 

of the one-story structure subjected to the four different shaking table motions described 

in Section 5.3 and controlled by the semi-active two-stage dampers using the control 

algorithms described in Section 7.2. Furthermore, Figures 9-12 and 9-13 show similar 

comparisons with the structure controlled by the semi-active variable dampers using the 

control algorithms described in Section 7.3. The values corresponding to the height of 

each bar in Figures 9-9 through 9-13 are available in Tables 9-I, 9-ll, and 9-Ill. 

A number of observations can be made based on the results shown in Figures 9-9 through 

9-13. Under earthquake loading, the peak response for the semi-active control tests is 

typically between the peak response corresponding to the low and high damping passive 
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control tests. Furthermore, the peak response for the semi-active control test is 

significantly less than the extrapolated peak response for the bare frame tests. 

In the case of harmonic loading, Figures 9-11 (b) and 9-13(b) show that the peak response 

with low damping passive control is less than with high damping passive control. This is 

expected since the frequency ratio (ratio of driving frequency to natural frequency) is 

approximately 2 and therefore the displacement transmissibility increases with an increase 

in damping (see Figure 7-2). 

A large, unexpected response was observed in one of the tests on the one-story flexible 

structure with two-stage dampers subjected to harmonic loading (see Figure 9-11(b». In 

this case the base shear coefficient control algorithm was used with a base shear 

coefficient limit of 0.08. Figure 9-14 shows base shear versus drift loops for the low 

damping, high damping, and semi-active damping (base shear coefficient control) tests 

corresponding to Figure 9-11 (b). Apparently, the semi-actively controlled structure 

response was larger than that obtained with both the low and high damping passive 

control systems. This behavior can be explained with reference to Figure 9-2. 

AIl of the semi-active control tests begin with the valves closed (i.e., high damping). The 

drift time history of Figure 9-2(c) builds up steadily (under high damping) and then, when 

the base shear coefficient exceeds 0.08, the valves open, initiating a bi-harmonic motion. 

The bi-harmonic motion is clearly present in the drift time history and in the Fourier 
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(a) 

(b) 

(c) 

Figure 9-14 
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amplitude spectra of the drift (Figure 9-2(e)). The two harmonics that are present in the 

response correspond to the driving frequency of the input (5 Hz) and the natural frequency 

of the structure (about 2.5 Hz). The frequency of the steady-state response of the 

structure with low and high damping passive control systems (Figure 9-14(a) and (b)) was 

found to be, as expected, 5 Hz. Apparently, the modification of damping during the 

semi-active control test initiates, in addition to the steady-state response at the frequency 

of the input, a transient response corresponding to the natural frequency of the structure. 

The bi-harmonic response of Figure 9-2 was not observed in any other shaking table tests. 

A further discussion on this test is presented in Section 10.4.1. 

9.3.1.2 Three-Story Structure 

Figures 9-15 through 9-20 present response profiles of the three-story structure subjected 

to the four different shaking table motions described in Section 5.3 and controlled by the 

semi-active variable dampers using the control algorithms described in Section 7.4. The 

values corresponding to the peak response at each floor or story in Figures 9-15 through 

9-20 are available in Tables 9-IV, 9-V(a), and 9-V(b). For each of Figures 9-15 through 

9-18, part (a) compares response profiles of the bare frame structure, the structure with a 

low damping passive control system, and the structure with a high damping passive 

control system. Part (b) compares response profiles of the bare frame structure with the 

structure controlled according to two of the semi-active control algorithms. Part (c) 

compares response profiles of the structure with a high damping passive control system to 
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the structure controlled according to the same two semi-active control algorithms which 

are presented in part (b). 

The two semi-active control algorithms used in the comparisons of Figure 9-15 through 

9-18 were selected based on which algorithms produced the maximum and minimum 

response reduction for a given ground motion. For example, in Figure 9-15(b), the bare 

frame response is compared with the response of the semi-active control test using the 

optimal control algorithm with high gains and harmonic compensation. For this particular 

earthquake (25% EI Centro), the optimal control algorithm with high gains and harmonic 

compensation produced the maximum response reduction for any of the semi-active 

control tests performed with this earthquake. Furthermore, in Figure 9-15(b), the bare 

frame response is compared with the response of the semi-active control test using the 

sliding mode control algorithm. For this particular earthquake (25% El Centro), the 

sliding mode control algorithm produced the minimum response reduction for any of the 

semi-active control tests performed with this earthquake. 

The experimental results for the three-story structure subjected to earthquake input 

(Figures 9-15 through 9-17) reveal that: 

1) The response of the bare frame structure is significantly reduced with the addition of 

the passive high damping control system (see part (a) ofthe figures). 

2) The response of the bare frame structure is significantly reduced with the addition of 

the semi-active control systems (see part (b) of the figures). 
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3) The response of the structure with the passive high damping control system is 

typically less than or nearly the same as the response obtained with the semi-active 

control systems (see part (c) of the figures). 

Evidently, the use of semi-active control systems offered no significant advantage over the 

use of a high damping passive control system. Similar conclusions were made by Polak 

(1994) in a numerical study on a three-story structure with a semi-active damping system. 

However, the authors of that study note that, under certain special conditions, a 

semi-active damping system may be warranted. 

The response profiles of the three-story structure subjected to harmonic ground motion 

are presented in Figure 9-18. Note that the shape of the response profiles is very different 

from those corresponding to the earthquake ground motions (Figures 9-15 through 9-17). 

For example, under harmonic loading the peak drift of the first story is very small in 

comparison to the second and third story peak drifts whereas, under earthquake loading, 

the peak drift of the first story is larger than the second and third story peak drifts. This 

difference in response under the two different types of ground motion is related to the 

frequency of vibration in each case. Under earthquake loading, the three-story structure 

primarily vibrates at the fundamental frequency in the first mode of vibration. For the 

tested structure, the first mode of vibration produces larger drifts in the first story than in 

the second or third story. Recall that the three-story structure behaves as a shear type 

building with the lowest stiffness in the first story (the height of the first story columns 

(81.3 cm) is larger than that of the second and third story columns (76.2 cm)). Under 
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harmonic loading, the structure vibrates primarily at a frequency corresponding to the 

second mode of vibration (the driving frequency is 5 Hz and the natural frequency in the 

second mode of vibration is about 5.8 Hz (see Table 6-II». For the tested structure, 

vibration in the second mode produces the smallest drifts in the first story. Note that the 

response profiles of all the tests in Figure 9-18 are very similar. This is because the 

installation of dampers in the first story had very little effect on the response since the first 

story drift was so small and therefore the damper stroke was minimal, preventing any 

appreciable energy dissipation. 

It is interesting to note that in each of Figures 9-15, 9-16, and 9-17, the maximum 

response reduction for the semi-active control system was consistently produced by the 

optimal control algorithm while the minimum response reduction was consistently 

produced by the sliding mode control algorithm. This observation can be explained in two 

ways. First, the sliding mode control algorithm was originally developed for a SDOF 

structure and then adapted to a MDOF structure (see Section 7.4.2). Secondly, the sliding 

mode control algorithm requires measurement of the ground acceleration (see Equation 

7-82) whereas the optimal control algorithm does not (see Equation (7-55». In general, 

control algorithms which require acceleration measurements are more sensitive to 

measurement errors than algorithms which do not require such measurements. 

A comparison of test results for the semi-actively controlled structure subjected to the 

25% EI Centro earthquake and controlled by the optimal control algorithm is shown in 
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Figure 9-19. Results from both the low gain and high gain optimal control algorithm are 

presented. Recall that the high gain control was developed as a result of reducing the 

values within the control force weighting matrix (see Section 704.1). The acceleration and 

story shear profiles are nearly identical for the two sets of control gains while the drift 

profile of the low gain control is marginally less than that corresponding to the high gain 

control. Apparently, for the two different optimal control gain sets used in this study, no 

significant difference in response was obtained for this particular excitation. The same 

conclusion can be shown to apply to other tests in which different excitations were used. 

Any control algorithm utilized in an active or semi-active control system should be robust 

with respect to measurement errors. This issue was explored in a test on the three-story 

structure subjected to the 50% Hachinohe ground motion (see Figure 9-20). In Figure 

9-20(a), a comparison is made between the passive high damping control system response 

and the semi-active control system response using the optimal control algorithm with low 

gains. As discussed previously, the response of the three-story structure with a 

semi-active control system is nearly the same as the response with a passive high damping 

control system (see Figure 9-20(a)). In Figure 9-20(b), the same comparison is made as in 

Figure 9-20(a) but with the second floor total displacement signal disturbed during the test 

(the disturbance was caused by randomly moving the external magnet assembly of the 

linear displacement transducer during the shaking table test). Recall that analog 

differentiators are used to obtain the total velocity at each floor leveL Therefore, both the 

second floor displacement and velocity were affected by the disturbance. It is apparent 
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from Figure 9-20(b) that the measurement errors caused by the disturbance did not 

adversely affect the response of the structure (maximum peak acceleration increase of 

about 4%, no increase in peak shear force, and a peak drift increase at the first story of 

about 11 %). A different disturbance was produced by randomly adjusting the command 

signal to the variable damper valves during the semi-active control test (see Figure 

9-20(c)). A valve command signal was generated by the control computer but the power 

supply to the valve control circuits was turned on and off randomly to allow or not allow, 

respectively, the valve command signal to be sent to the valve. The effect of the random 

command was to increase peak accelerations and peak shear forces by about 12% and 

peak drifts by about 28%. 

Robust behavior may also be considered with respect to the control algorithm. Tests were 

performed on the one-story structure in which the feedforward control algorithm was 

intentionally modified (see Table 9-11I, Tests 322 and 323). The feedforward control 

algorithm was modified by simply negating the desired damping coefficient of Equation 

(7-13). In the case of the 50% Hachinohe ground motion, the negated control algorithm 

resulted in a 6% increase in peak shear force and a 24% increase in peak drift as compared 

with the correct application of the control algorithm. Furthermore, in the case of the 50% 

El Centro ground motion, the negated control algorithm resulted in a 16% increase in 

peak shear force and a 28% increase in peak drift as compared with the correct application 

of the control algorithm. 
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9.3.2 Time Delay Compensation 

Two different methods of time delay compensation were described in Section 8. The 

effectiveness of semi-active control with and without time delay compensation is examined 

in this section. Note that the implementation of time delay compensation requires a good 

estimate of the time delays associated with each component of the control system. The 

time delays associated with response measurements had well defined values (see Table 

8-1). In contrast, the semi-active damper time delays were not as well defined and average 

values from command signal saturation tests (see Tables 3-VI, 3-Vll, and 8-1) were used 

in the tests with time delay compensation. 

9.3.2.1 One-Story Structure 

Figures 9-21 through 9-23 show the effect of time delay compensation for the one-story 

structure subjected to various ground motions and controlled by the semi-active two-stage 

dampers using various control algorithms. The value of the height of each bar in these 

figures is available in Table 9-ll. In Figures 9-21 and 9-22, the effect of kinematic 

compensation is examined whereas in Figure 9-23, the effect of harmonic compensation is 

examined. The percentage figures shown in Figures 9-21 through 9-23 indicate the 

increase or decrease in peak response obtained through the use of time delay 

compensation. 

For nearly all of the tests on the one-story structure with earthquake ground motion, the 

use of control algorithms with time delay compensation degraded the response in terms of 
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peak base shear and peak drift. The effect of compensation for the tests with earthquake 

input is also evaluated in Figure 9-24 in the form of base shear versus drift loops. 

As shown in Figures 9-22 and 9-23, in the tests with harmonic ground motion, the 

application of control algorithms with time delay compensation produced dramatic 

reductions in the response (about 50% reduction in peak base shear and in peak drift in 

one case) or minor reductions (between 2 and 5% reduction in the peak response 

quantities for two different cases). The effect of time delay compensation for the tests 

with harmonic input is also evaluated in Figure 9-25 in the form of base shear versus drift 

loops. Recall from Section 8 that the kinematic compensation method is based on a 

Taylor series expansion of the response and the harmonic compensation method is based 

on the assumption of undamped free vibration response during the total time delay 't (see 

Figure 8-1). Both of these time delay compensation methods are most suitable when the 

excitation is smooth over the time interval 'to The earthquake ground motions are 

significantly more erratic (contain a wide range of frequencies and varying peak 

amplitude) than the harmonic ground motion (contains a single frequency with a constant 

peak amplitude). To some extent, the different characteristics of the ground motions 

played a role in determining the effectiveness of the time delay compensation methods 

utilized in the experiments. 

The effect of time delay compensation methods for tests with harmonic ground motion can 

be explored further in Figure 9-25. Figures 9-25(a) and (c) and Figures 9-25(b) and Cd) 
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indicate that the control algorithm with time delay compensation was very successful or 

marginally successful, respectively, in reducing the response as compared with the 

uncompensated test (also, see Figure 9-22 which shows data for the same tests). The 

large reduction in response for the base shear control algorithm with compensation (Figure 

9-25(a) and (c)) can be explained with reference to Figure 9-26 which shows a more 

detailed description of test results for Figure 9-25(c). The measured acceleration, shown 

in Figure 9-26(d), does not exceed 0.08g which corresponds to the base shear coefficient 

limit of 0.08. Therefore, according to the base shear coefficient control algorithm (see 

Section 7.2.1), the damping level should be high at all times. However, the compensated 

(predicted) acceleration (Figure 9-26(e) exceeds the limit of 0.08 to such an extent that 

the valve is on (low damping) for a large portion of the test (see Figure 9-26(f) which 

shows the filtered command signal). Therefore, the damping is essentially low at all times, 

producing the controlled base shear versus drift loop of Figure 9-26(a). Note that the drift 

response (Figure 9-26(b» is very smooth and contains a single dominant frequency 

corresponding to the frequency of the input (Figure 9-26(c» while the drift response of 

the uncompensated test (Figure 9-2(c» is bi-harmonic in nature. 

In summary, the improvement in response with time delay compensation occurs as a result 

of an incorrectly predicted acceleration which induces low damping over a large portion of 

the test. If the time delay compensated control algorithm had predicted the acceleration 

correctly, the damping would have been high at all times which would have been 

detrimental to the response in comparison to the low damping case since the frequency 
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ratio (ratio of input frequency to natural frequency) is approximately 2 (see Figure 7-2). 

Furthermore, the compensated test appears to be successful since comparisons are made 

with test results from an uncompensated control algorithm in which a bi-harmonic 

response occurred producing excessive base shear and story drift. 

As Figure 9-25(b) shows, the response of the structure under the force transfer control 

algorithm with no compensation does not exhibit the bi-harmonic response exhibited in 

Figure 9-25(a). Therefore, the comparison with the compensated test (Figure 9-25(d», 

although showing a marginal improvement, is much less dramatic. 

9.3.2.2 Three-Story Structure 

The effect of the harmonic time delay compensation method on the response of the 

three-story structure is examined in Figures 9-27 through 9-30 in the form of peak 

response profiles. The peak values of the response of each floor or story is available in 

Tables 9-V(a) and 9-V(b). The effect of compensation for tests in which earthquake 

ground motion was used (Figures 9-27 through 9-29) appears to be, in general, a minor 

improvement or minor degradation in the various response profiles. The absence of 

significant response reductions with the implementation of time delay compensation may 

be attributed to the approximate nature of the experimentally measured semi-active 

damper time delays as well as the simplifying assumptions used in developing the time 

delay compensation methods. Under harmonic excitation (Figure 9-30), there is 

essentially no change in the response when compensation is utilized. Recall that, under 
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harmonic loading, the structure vibrates primarily at a frequency corresponding to the 

second mode of vibration. For the tested structure, vibration in the second mode 

produces the smallest drifts in the fIrst story which limits the stroke of the dampers, 

preventing any appreciable energy dissipation. 

After the shaking table tests were completed, an error was discovered in the value of the 

coefficients used in the MDOF harmonic compensation equation for relative velocity 

(similar to Equation (8-17». The error was on the order of 150% of the correct values of 

the coefficients. It is clear from Figures 9-27 through 9-30 that the error in harmonic 

compensation had no adverse effect on the controlled response of the three-story 

structure. 

9.4 Comparison with an Active Control System 

The three-story structure utilized in the shaking table tests has been tested previously by 

others for active control research. A comparison can be made between the results from 

the semi-active control tests described in this report and previous results obtained from 

tests in which an active tendon system was used to control the structure through linear 

optimal control algorithms similar to that described in Section 7.4.1 (Chung 1989, Soong 

1994 and 1990). The results are compared in tabular form in Table 9-VII and in graphical 

form in Figure 9-31 for the 25% EI Centro ground motion. The percentage fIgures shown 

in Figure 9-31 indicate the peak response reduction in comparison with the bare frame 

structure response. Figure 9-31(a) shows that the active tendon system significantly 
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reduces the peak response as compared with the bare frame structure. Further, Figure 

9-31 (b) shows that the peak response of the structure with the high damping passive 

control system is significantly less than that obtained with the bare frame and surpasses the 

reduction obtained with the active tendon system. Finally, Figure 9-31(c) shows results 

for the semi-active control system in which the optimal control algorithm was utilized with 

low gains. 

Recalling Section 7.4.1, the optimal control algorithm used in the semi-active control test 

of Figure 9-31 (c) is identical to that used in the active tendon control test of Figure 

9-31(a) (i.e., the control gain matrix of Equation (7-49) is exactly the same for the two 

control algorithms) except that the semi-active control damping coefficient is bounded 

according to Equation (7-6). The results of Figure 9-31(a) and (c) indicate that the 

semi-active control system was capable of achieving larger reductions in peak response in 

comparison to the active control system in which the same control algorithm was utilized. 

This was simply the result of larger effective damping in the semi-active control system. 

Interestingly, the semi-active control system produced peak response reductions which are 

nearly identical to those obtained with the high damping passive control system (compare 

Figure 9-31(b) and (c». This is further demonstrated in Figure 9-32 in which the story 

shear versus drift loops of the first story of the structure are shown for a semi-active 

optimal control test and a passive high damping control test under the 50% El Centro 

ground motion. The similarity of the loops is apparent. A ten point moving average on 
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the unfiltered valve command signal for the semi-active control test is also presented in 

Figure 9-32 and demonstrates that the optimal control algorithm tends to drive the 

semi-active dampers toward the high damping configuration. Apparently, the high 

damping passive control system was more efficient than the active or semi-active control 

systems for this particular structure, excitation, and control algorithm. 
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SECTION 10 

ANALYTICAL PREDICTION OF SEISMIC SIMULATION 
TEST RESULTS 

10.1 Instantaneous Control Predictions 

Analytical predictions of the shaking table test results for the one-story and three-story 

structure were obtained using two different methods. One method assumes that, at each 

time step in the analysis, the response is measured instantaneously, a command signal is 

determined instantaneously, and the semi-active dampers respond instantaneously. This 

type of control is ideal but cannot be realized in the laboratory. The analytical predictions 

associated with this method are designated as "instantaneous" control predictions. 

10.2 Predictions Including the Effect of Time Delays 

A second method for analytical predictions was developed to take into the account the 

inherent time delays associated with dynamic control systems. This method assumes that, 

at each time step in the analysis, the response is measured with a time delay, the command 

signal is generated based on the delayed response, and the semi-active dampers respond 

with both a static and dynamic time delay (recall Section 3.4 for a discussion of 

semi-active damper time delays). Further, it is assumed that the semi-active control valves 

are not capable of responding to a command signal if they are currently responding to a 

previous command signal. 
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The time delays utilized in analysis of the one-story and three-story structure with 

semi-active dampers are based on the data provided in Tables 3-VI, 3-VIT, and 8-I and are 

given in Table lO-I for the one-story structure with two-stage dampers and in Table 10-IT 

for the one-story and three-story structure with variable dampers. The time delays are 

expressed as multiples of the time step of the numerical analysis (10 msec). In Section 

10.4, predictions which include the effect of time delays are shown to produce results that 

are in closer agreement with the experimentally measured results than the predictions 

obtained under the assumption of instantaneous control. 

10.3 Time History Response Analysis 

The general procedure for obtaining analytical predictions was as follows: 

1) At each time step, calculate the response of the structure. 

2) Check if valve is currently responding to a previous command signal. If so, allow 

the valve to respond and continue to next time step. Otherwise, proceed to step 3. 

3) Using one of the control algorithms described in Section 7, calculate the required 

damping coefficient, CSA' for each semi-active damper (e.g., see Equation (7-11)). 

4) Check if the required damping coefficient is within the range of allowable values 

for the semi-active damper damping coefficient (see Equation (7-6)). If outside 

acceptable range, set the damping coefficient equal to the appropriate limit 

(i.e., Cmax or Cmin). 

5) Adjust the damping coefficient according to either the instantaneous (Section 

10.1) or delayed (Section 10.2) control method. 
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Table to-I Time Delays for Numerical Analysis of Response of One-Story Structure 
with Two-Stage Dampers (with reference to Figure 8-1) 

QUANTITY NOTATION 

Measurement and 1] 
Computation Delays 

Damper Delays 12 - HL - S 
(High to Low) 1 -HL-D 2 

Damper Delays 12 - LH - S 
(Low to High) 12 - LH - D 

Notes: HL = High to Low Damping 
LH = Low to High Damping 
S = Static Damper Response 
D = Dynamic Damper Response 

APPROXIMA TE 
DELAY (msec) 

30 

10 

50 

Time step of numerical analysis = 10 msec 

NUMBER OF 
TIME STEPS 

3 

0- Static 
1 - Dynamic 

3 - Static 
2 - Dynamic 

Table to-II TimeDelays for Numerical Analysis of Response of One-Story and 
Three-Story Structure with Variable Dampers 
(with reference to Figure 8-1) 

QUANTITY NOTATION 

Measurement and 1] 

Computation Delays 

Damper Delays 1 -HL-S 2 
(High to Low) 12 - HL - D 

Damper Delays 't2 - LH - S 
(Low to High) 1 -LH-D 2 

Notes: HL = High to Low Damping 
LH = Low to High Damping 
S = Static Damper Response 
D = Dynamic Damper Response 

APPROXIMATE 
DELAY (msec) 

30 

20 

20 

Time step of numerical analysis = 10 msec 

10-3 

NUMBER OF 
TIME STEPS 

3 

1 Static 
1 Dynamic 

1 Static 
1 Dynamic 



10.3.1 One-Story Structure 

The time history analysis of the one-story structure with semi-active dampers begins with 

the equation of motion given by Equation (6-1) and the equation describing the 

semi-active damper behavior (Equation 6-2) 

mll +cu U+ ku + 2Pd =-mllg (10-1) 

(10-2) 

where the number of dampers, 11, has been set equal to two. Equations (10-1) and (10-2) 

are written as a set of first order differential equations 

{Z} = [A]{Z} + {H}llg (10-3) 

where 

{Z} = {;.} (10-4) 

(10-5) 

and 

{H}={ n (10-6) 

Analytical predictions for the one-story structure were obtained by numerically solving the 

set of differential equations described by Equation (10-3) (e.g., IMSL 1987). The 

numerical solution provides the time history of the quantities in vector {Z} (i.e., the 
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relative displacement, relative velocity, and horizontal component of force in each 

semi-active damper). The total acceleration is computed from Equation (10-1) and is used 

in calculation of the base shear force. 

10.3.2 Three-Story Structure 

The time-history analysis of the three-story structure follows the same approach as 

described in the previous section for the one-story structure. The equations of motion of 

the structure with semi-active dampers at the first story and the equation describing the 

damper behavior are given by Equations (6-17), (6-18), and (6-19) 

[M]{U} + [Cu]{u} + [K]{u} + {Pd } = -[M]{ l}Ug (10-7) 

(10-8) 

(10-9) 

where the number of dar:npers in the first story, 11 1, has been set equal to two. Equations 

(10-7), (10-8), and (10-9) can be written as a set of first order differential equations 

{Z} = [A]{Z} + [H]{f} (10-10) 

where 

(10-11) 

[ 

- [Mr1 [Cu ] - [Mr
1 
[K] - [Mr

1 
] 

[A] = [1] 0 0 
A-I[C] 0 _A-l [I] 

(10-12) 
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[ 

[I] ] 
[H] = [0] 

[0] 
(l0-13) 

and 

{f} = {l}lig (10-14) 

Note that matrix [C] is obtained from Equation (6-38) 

[

00 0 ] 
[C] = 0 0 0 

o 0 2CsAcoS2e 
(l0-15) 

Analytical predictions for the three-story structure were obtained by numerically solving 

the set of differential equations described by Equation (10-10) (e.g., IMSL 1987). The 

stiffness and damping matrix of the structure, [K] and [Cul in Equation (10-7), were 

obtained from experimentally determined frequencies, damping ratios, and mode shapes 

(see Section 6.4.2). The numerical solution provides the time history of the quantities in 

vector {Z} (i.e., the relative displacement vector, the relative velocity vector, and the 

vector of horizontal component of force from the semi-active dampers). The total 

acceleration vector is computed from Equation (10-7) and is used in calculation of the 

story shear forces. 
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10.4 Comparison of Experimental Results and Analytical Predictions 

10.4.1 One-Story Structure 

Experimental results are compared with analytical predictions in Figures 10-1 through 

10-11 for the one-story structure with semi-active two-stage dampers. The comparisons 

are presented in the form of base shear force versus story drift loops. 

Figure 10-1 shows comparisons for the low and high damping passive control systems. 

Note that friction is clearly present in the experimental low damping test. Although the 

analytical model does not account for the friction between the piston rod and piston rod 

seal, the analytical prediction compares quite well with the experimental results. This is 

because the analytical model of semi-active damper behavior (Equation 6-2) was 

calibrated using experimental data in which friction was not explicitly accounted for (see 

Section 3.3) but was implicitly included (i.e., the friction force was not extracted from the 

damper force-displacement loops prior to determining the mechanical properties). The 

analytical results for the high damping passive control system also compare very well with 

the experimental data, indicating that the mathematical models describing the structure 

(Equation (10-1» and the dampers (Equation (10-2» are valid. 

Figures 10-2 through 10-11 show comparisons of experimental and analytical base shear 

versus story drift loops for the one-story structure with two-stage dampers using three 

different analytical methods. The plot shown at the top of each figure presents analytical 

results based on the assumption of instantaneous control (see Section 10.1). Although 
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Figure 10-3 
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instantaneous control cannot be realized in the laboratory, it does represent the ideal 

response for the given semi-active control algorithm. The plot shown in the center of 

Figures 10-2 through 10-11 shows analytical results which utilize the experimentally 

measured delays (see Section 10.2). Of course, the experimentally measured delays for 

the semi-active dampers were obtained in saturated command signal tests in which a single 

command signal was applied to the control valve (see Section 3.4). In contrast, during the 

shaking table tests, the command signal to the control valves was updated at time intervals 

of approximately 2 to 6 ms. Lack of knowledge regarding the behavior of the control 

valves under such high frequency command signals produced analytical results that are not 

generally in close agreement with the experimental results. In an effort to further improve 

the analytical predictions, some of the time delays shown in Tables 10-1 and 1O-II were 

modified. The plot shown at the bottom of Figures 10-2 through 10-11 presents analytical 

predictions which are based on modified time delays. For example, the response in Figure 

10-2 was calculated with a modified time delay model in which all parameters were 

maintained as given in Table 10-1 except for the static low to high damper delay which 

was increased from 3 to 5 time steps ('tz - LH - S = 5 rather than 'tz - LH - S = 3). In 

general, the modification of a single time delay parameter results in a significant 

improvement in the analytical prediction. The notation used in the modified time delay 

plots may be interpreted according to Tables 10-1 and 1O-II. 

An interesting prediction is presented in Figure 10-4 for the one-story structure with 

two-stage dampers subjected to harmonic ground motion and controlled according to the 
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base shear coefficient control algorithm. The experimental results were discussed 

previously in Section 9.3.1.1 where the bi-harmonic nature of the response was described. 

The analytical prediction based on modified time delays appears to contain the bi-harmonic 

response but the large drifts occur in the opposite direction compared to the experimental 

results. This situation is explored in further detail in Figure 10-12 in which time histories 

of experimental and analytical response quantities are presented. The bi-harmonic 

response is clearly evident in the time histories. The experimental and analytical drift time 

histories are superimposed in Figure 10-13 over the complete duration of the test and over 

the initial portion of the test. Note that the experimental and analytical drift response start 

out in unison but reach a point where the two results diverge, one with large positive drifts 

(experimental) and one with large negative drifts (analytical). This behavior is also evident 

in the time history of damper force shown at the bottom of Figure 10-13. The divergence 

in the experimental and analytical results may have occurred as the result of minor 

differences between the parameters of the mathematical model of the structure/semi-active 

damper system and the actual properties of the system. Recall from Section 9.3.1.1 that 

the bi-harmonic response contains a driving frequency component related to the 

steady-state harmonic ground motion and a natural frequency component related to the 

transient response. The transient response is apparently induced by the semi-active 

damper control activity wherein time delays play an important role (compare the 

instantaneous and modified time delay response shown in Figure 10-4; the bi-harmonic 

response can be predicted only if time delays are included in the analysis). 
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The objective of the experimental time delay compensation methods is to achieve control 

which approaches the instantaneous control described in Section 10.1. Verification of this 

is provided in the test results shown in Figures 10-6 and 10-9 where it is clear that the use 

of harmonic compensation (for the particular ground motion and control algorithm utilized 

in the two tests) resulted in an experimental response which approaches the analytical 

prediction based on the assumption of instantaneous controL 

Experimental results are compared with analytical predictions in Figures 10-14 through 

10-16 for the one-story structure with semi-active variable dampers. Figure 10-14 shows 

comparisons for the low and high damping passive control systems. The same discussion 

in the beginning of this section regarding the presence of friction in the low damping case 

with two-stage dampers is also applicable to the variable dampers. The experimental and 

analytical loops in the high damping case do not compare well in terms of the peak values 

of base shear and drift. This is apparently the result of the difference in the experimental 

value of the damping co~fficient in each variable damper unit and the value used in the 

analysis (see Figure 7-1). 

There is a clear improvement in the analytical prediction with modified time delays for the 

feedforward control test shown in Figure 10-16. Note that two of the five time delay 

parameters (see Table 1O-ll) were modified for this particular analysis. The experimental 

and analytical results for this test are examined in further detail in Figure 10-17. In Figure 

10-17 (c), the experimental command signal (filtered) and experimental spool displacement 
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(filtered) are superimposed for one of the variable damper valves over a time interval of 

one second. Note that the spool is able to follow the command signal in a global sense but 

cannot follow the high frequency localized fluctuations. This is due to the dynamics of the 

spool as well as the effect that fluid pressure changes have on the spool motion. The 

analytically determined damping coefficient that was used to obtain the loop of Figure 

1O-17(a) does not follow the experimental valve command signal (see Figure 10-17(b)) 

quite as well as it follows the experimental spool displacement (see Figure 10-17 (d)). 

Recall that the command signal and spool displacement are directly related to the damping 

coefficient (see Figures 3-10 and 7-1). It can be inferred, therefore, that the use of 

modified time delays in the analysis accounts, in an approximate way, for the unmodeled 

dynamics of the valve spool. For example, when two successive command signals are sent 

to the spool within a time interval which is less than the response time measured in the 

command signal saturation tests of Section 3.4, it is not clear how the spool responds to 

the second command signal (i.e., the dynamics of the spool under such conditions have not 

been investigated). 

10.4.2 Three-Story Structure 

Experimental results are compared with analytical predictions in Figures 10-18 through 

10-25 for the three-story structure with semi-active variable dampers. The comparisons 

are presented in the form of story shear force over total weight ratio versus story drift 

over story height ratio. 
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Figures 10-18 and 10-19 show comparisons for the low and high passive damping control 

systems. As was observed in tests on the one-story structure, the low damping test results 

provide a clear indication of frictional energy dissipation in the semi-active dampers. 

Furthermore, the low and high damping comparisons are quite good, confirming the 

validity of the mathematical models describing the behavior of the structure and dampers. 

Recall that the properties of the three-story bare frame structure were not determined 

directly from transfer functions due to the presence of torsional motion (see Section 6.5). 

Figures 10-20 through 10-25 show comparisons of experimental and analytical story shear 

versus story drift loops for the three-story structure with variable dampers using two 

different analytical methods. In the first method, instantaneous control was assumed (see 

Section 10.1) and in the second method, experimentally measured time delays were 

utilized (see Section 10.2). The two methods of analytical prediction produce very similar 

results and, in most cases, compare reasonably well with the experimental results. An 

effort was made to further improve the analytical predictions by modifying some of the 

time delays used in the analysis. However, no significant improvements in the predictions 

were achieved through this method. As mentioned previously, the analytical predictions 

may be further improved by developing a model for the semi-active damper that explicitly 

accounts for valve dynamics. 

The analytical predictions for the test with harmonic motion and semi-active optimal 

control (Figure 10-23) compare very well with the experimental response. In fact, the 
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analytical and experimental results are not superimposed as in the tests with earthquake 

motion because the two sets of data would be nearly indistinguishable. The analytical data 

was obtained using a mathematical model of the structure in which the properties of 

stiffness and damping were determined from a shear type representation of the structure 

(recall that the bare frame structure exhibited torsional response and the properties of the 

frame were not obtained directly from the transfer functions; see Section 6.5). According 

to the results of Figure 10-23, the mathematical model of the structure is quite good. 

A different model of the structure was initially developed and used to obtain analytical 

predictions. The model utilized the mode shapes and damping ratios from previous testing 

of the model in which torsional response was not observed (Constantinou 1993b and 

1992b) and the estimated frequencies from the experimental transfer functions (see Table 

6-ll). Figure 10-26 shows analytical predictions of the response of the structure subjected 

to harmonic excitation and low damping passive control. Clearly, the analytical response 

does not agree well with the experimental data. Not only is the stiffness in the second and 

third story unpredictable, but the analytical response at the first story is significantly larger 

than the results from the experimental data. Similar discrepancies were observed in 

predictions of the response of the structure subjected to seismic motion. Evidently, a 

reasonably accurate representation of the structural properties is required to reliably 

predict the response. 
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Experimental and analytical results for the sliding mode control test of Figure 10-25 is 

presented in further detail in Figure 10-27. Recall that, in the sliding mode control 

algorithm the parameters defining the structural system are updated continuously 

beginning with an initial estimate. The initial estimates were obtained using Equations 

(7-102) through (7-104) and are shown in Table 7-1. In both the experimental and 

analytical results of Figure 10-27, the estimated parameters of mass and stiffness do not 

change significantly over the duration of the test. However, the experimental estimation 

of the damping coefficient is reduced significantly from its initial estimate while the 

analytical estimate only reduces slightly. The reason for this difference is related to the 

methods by which the estimates are calculated. In the experimental case, the estimates are 

a function of the response of the structure (see Equations 7-77 through 7-79) and 

therefore may vary considerably depending upon how well the structural system is initially 

modeled. In the analytical case, the estimates are also a function of the response but the 

response is based on a model which is exactly known as far as the numerical analysis is 

concerned (i.e., the parameters within the equation of motion are defined precisely). The 

fact that the experimental estimate becomes negative is of no concern; it simply means that 

the assumed model of the structure is not exact. Finally, the experimental and analytical 

time histories of combined error (Equation 7-58) compare reasonably well over the 

duration of the test. 
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SECTION 11 

CONCLUSIONS 

This study involved the development and testing of semi-active damping devices for the 

seismic protection of structures. The devices take the form of a fluid damper in 

combination with an external control valve for adjustment of mechanical properties. 

Specifically, a variable damper was developed which utilizes a servovalve and is thus 

capable of developing a wide range of damping characteristics. A two-stage damper was 

also developed which utilizes a solenoid valve and is thus capable of developing only two 

distinct levels of damping. 

The semi-active dampers operate on the principle of fluid orificing and have mechanical 

properties that are relatively insensitive to temperature. The mechanical properties of the 

devices and time delays associated with operation of the external control valve were 

determined through dynamic component tests. The dampers were shown to exhibit 

essentially linear viscous behavior below a certain cut-off frequency which was about 4 Hz 

for the tested dampers. 

Three different analytical models of varying degrees of sophistication were presented for 

describing the dynamic behavior of the semi-active dampers. One of the models was a 

relatively complex fluid mechanics based model which was shown to predict the 

experimental behavior of the variable damper with reasonable accuracy. 
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A small moment-resisting structural frame outfitted with the semi-active fluid dampers was 

tested with seismic ground motion supplied by a large shaking table. The structure was 

tested in both a one-story and three-story configuration both with and without the 

semi-active dampers. A number of control algorithms were developed for operation of the 

semi-active dampers. Furthermore, time delay compensation methods were investigated 

to accommodate the inherent time delays associated with any feedback control system 

(i.e., measurement of response, calculation of command signal, application of control 

force, etc.). Finally~ time history analyses were performed in which time delays were taken 

into account in an approximate way. 

The results from shaking table tests on the one-story and three-story structure subjected to 

seismic excitation demonstrated the following: 

1) The response of the structure with no dampers (bare frame) was dramatically 

improved with the addition of a semi-active damper control system. 

2) The response reductions achieved with the semi-active control systems were 

comparable to those obtained with a high damping passive control system (as 

measured by peak response quantities). It is expected that further response 

reductions beyond those afforded by a passive control system can be achieved 

through improved control algorithms, improved semi-active damper hardware, and 

improved methods of accounting for time delays either directly through improved 

modeling of the dynamics of the control system or indirectly through improved 

time delay compensation methods. Furthermore, this study was limited to a 

specific type of structural system which was subjected to a limited range of ground 
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motion characteristics. There may be other conditions in which the use of 

semi-active dampers may prove advantageous. 

3) The semi-active damper control system produced larger response reductions in the 

three-story structure compared to those obtained with an active tendon control 

system wherein both control systems were designed according to optimal control 

theory. The difference in response of the semi-active and active control systems is 

simply the result of larger effective damping in the semi-active control system. 

4) The tested time delay compensation methods typically produced minor 

improvements in the response and, in some cases, degraded the response. The 

implementation of time delay compensation in a feedback control system requires a 

good estimate of the time delays associated with each component of the control 

system. The time delays associated with response measurements (i.e., signal 

filtering, signal differentiating, and data acquisition) had well defined values. In 

contrast, the semi-active damper time delays were not as well defined and average 

values from command signal saturation tests were used in the time delay 

compensation tests. Moreover, the time delay compensation methods utilized in 

this study were based on certain simplifying assumptions and thus were 

approximate in nature. This may explain those cases in which a degradation of 

response was observed. 

5) The response of the structure was predictable but was strongly dependent upon the 

time delays within the control system. In some of the analytical predictions, the 

best results were obtained by incorporating time delays which were different from 

the experimentally measured time delays. The reason for the improved predictions 

is related to the fact that command signal saturation tests in which a single 

command was issued to the control valve were utilized for obtaining 

measurements of time delays in the semi-active damper system. In contrast, during 

shaking table tests the valve command signal is updated at time intervals which are 
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much smaller than the measured time delays. Therefore, a lack of knowledge 

exists regarding the dynamic behavior of the semi-active damper valve under high 

frequency command signals. The modified time delays used in the analytical 

predictions accounted, in an approximate way, for the unmodeled dynamics of the 

valve. 

6) The semi-active control system was robust with respect to measurement 

disturbances and command signal disturbances in the sense that the structural 

system did not become unstable as a result of the disturbances. Stability is 

generally not a concern in control systems which can only extract energy from the 

structural system. In contrast, the servohydraulic actuators used within active 

control systems are capable of supplying energy to the structural system and thus 

the issue of stability must be addressed. 

7) In contrast to the above mentioned comments on stability, there was one test 

performed on the one-story structure with two-stage dampers which indicated that, 

although the damper must always extract energy from the system, the modulation 

of damping can induce unexpectedly large responses under certain special 

conditions. In this case, the excitation was a steady-state harmonic signal having a 

frequency of about twice the natural frequency of the structure. The response was 

composed of two harmonics, one steady-state component corresponding to the 

excitation frequency and one transient component corresponding to the natural 

frequency of the structure. Apparently, the modulation of damping introduced the 

unexpected transient response wherein time delays played an important role. 
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APPENDIXB 

Shaking Table Test Results: 

One-Story Structure with No Dampers (Bare Frame) 
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APPENDIXC 

Shaking Table Test Results: 

One-Story Structure with Two-Stage Dampers 
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APPENDIXE 

Shaking Table Test Results: 

Three-Story Structure with No Dampers (Bare Frame) 
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