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by 
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Electrical Engineering 

(ABSTRACT) 

A novel technique is investigated for utilizing the motion caused by environmental forces 

on a civil structure to generate electrical energy when the structure's response is within safety 

limits. When strong winds and earthquakes occur, the utility power source which supply energy 

to the actuator in an active control system is usually not reliable. With a regenerative electric 

actuator, recovered energy can be used to reduce the peak oscillations of the structure by 

applying forces (through actuators which use the recovered energy) counter to the environmental 

forces even if the utility power is not available. The use of a regenerative electric actuator allows 

a precise control of the amount of damping being provided by the actuator. Another advantage of 

using regenerative electric actuators is the reduction of the required energy capacity of the 

electrical source. This translates into lower energy ratings for the electrical source, and lower 

equipment and maintenance costs. This study is the first of its kind to propose and investigate 

active control of civil structures using regenerative electric actuators. This study is also the first 

of its kind to investigate the applicability of sliding mode control to civil structures using 

regenerative electric actuators. Sliding mode control provides a natural synthesis of the on-off 

nature of pulse width modulation control and control force saturation, and guarantees stability for 

the contro] law. It is also invariant to parameter changes and external disturbances. New direct- 

control schemes for neural network and adaptive fuzzy control of civil structures using 

regenerative electric actuators are proposed and investigated. These allow on-line control of the 

structure without the need for either an accurate model of the system or a specific learning stage. 

Since the error at the output of these controllers will be unknown in the direct-control scheme, 

the error at the system output is used to train or update the controller parameters. Simulations are 

conducted for wind and earthquake excitations using linear and nonlinear models. It is shown 

that the use of regenerative electric actuators is a viable and a reliable alternative for active 

control of civil structures.
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CHAPTER 1 

Introduction 

1.1 THE PRINCIPLE OF REGENERATIVE ELECTRIC ACTUATION 

Mitigation of wind- and earthquake-induced oscillations in civil structures, such as 

buildings, is of crucial importance for the safety of the people in the building and for the 

protection of the structural integrity of the building itself. Passive damping in the form of tuned 

mass dampers (TMD) is a widely prevalent practice for tall buildings. Basically, a TMD consists 

of a mass attached to a structure such that it oscillates at the same frequency as the structure but 

with a phase shift. It is found that the TMDs have better performance with wind forces than with 

earthquake excitations. To counter this high frequency excitation of the earthquake, various 

semi-active control methodologies have come to fore recently. All of these rely on energy for 

actuation from an external supply which most likely is the utility power supply. As the utility 

power supply itself may be under threat and therefore unavailable during strong-wind and 

earthquake episodes, it is important that the energy source to counter the oscillations of the 

building must itself be derived from these oscillations. The energy from the environmental forces 

could be converted into electrical energy and stored for re-use by an actuator which produces a 

counter-force to the environmental forces. Therefore, the actuator has to be an electrical one as it 

can handle energy flow in both directions, i.e., it can generate electrical energy when given a 

mechanical input (generation mode) as well as produce mechanical energy when given an 

electrical input (motoring mode). The interconnection between the building and the electric 

actuator is through the medium of the tuned mass damper. It must be noted that during generating 

and motoring modes, the energy taken out of the TMD can be precisely controlled. That 

indirectly amounts to a controlled damping of the building. This is a significant factor because 

the controlled damping is able to accommodate most safety criteria for the building 

displacement, velocity, acceleration, inter-story shift and its velocity, etc. 

The electric actuation being proposed has the unique advantage of being able to operate 

even in the absence of a power source such as the utility power supply. This is unlike other or 

most of the semi-active and active control systems being proposed for civil structures. Therefore, 

the reliability of the control system is increased manifold, hitherto considered impossible both in 

concept and in practice. Furthermore, the electric actuation has the advantage of controlling the 

damping during both the energy-acquisition mode and in the force-application mode. Therefore,



control is guaranteed at all times, unlike other systems. The space and volume requirements for 

the electric actuator seem to be feasible and within the constraints of the housing required for 

most of the other control systems. Hence, it should not be of any concern from the point of view 

of implementation. 

1.2 OBJECTIVES OF THE STUDY 

The study makes the following original contributions: (1) The study is the first of its 

kind, to propose and investigate active control of civil structures using regenerative electric 

actuators. (2) The study investigates a sliding mode controller for regenerative electric actuators 

(REA), with a control structure composed of linear feedback with switched gains. Other 

researchers have concentrated on a control structure composed of a sum of the equivalent control 

and an augmentation of this equivalent control. The performance of the proposed sliding-mode 

controller is evaluated for both wind and earthquake excitation. Previous studies considered only 

earthquake excitation. (3) While other studies have focused on indirect-learning or generalized- 

learning architectures, the present study proposes a neural network controller for the REA with a 

specialized-learning architecture. This allows the controller to be trained on-line and fine-tuned 

while performing its function. Hence, it is able to operate even in the presence of nonlinear or 

time-varying system parameters or operating conditions. Investigations are made for both wind 

and earthquake excitation. (4) Lastly, an adaptive fuzzy controller for the REA is proposed. It 

uses a steepest-descent algorithm as the adaptation mechanism. Previous investigations 

considered only nonadaptive schemes or neuro-fuzzy structures. 

A novel technique is investigated for utilizing the motion caused by environmental forces 

on a civil structure to generate electrical energy when the structure's response is within safety 

limits. When strong winds and earthquakes occur, the utility power source which supply energy 

to the actuator in an active control system is usually not reliable. It is during these instances that 

active control is needed most. With a regenerative electric actuator, the recovered energy is used 

to reduce the peak oscillations of the structure by applying forces (through actuators which use 

the recovered energy) counter to the environmental forces even if the utility power is not 

available. To achieve this, a tuned mass damper is used as the intermediary for the energy 

transfer between the structure and the actuator. The use of a regenerative electric actuator allows 

a precise control of the amount of damping being provided by the actuator. Another advantage of 

using regenerative electric actuators is the reduction of the required energy capacity of the 

electrical source. This translates into lower energy ratings for the electrical source, and lower



equipment and maintenance costs. This study is the first of its kind to propose and investigate 

active control of civil structures using regenerative electric actuators. 

Although no original contribution is being claimed for proportional control, it can be 

used as a benchmark against which controllers for the regenerative electric actuator are 

evaluated. The effect of variations in gain, actuator time delay, and measurement time delay on 

the structural response is investigated. Differences between the results of a linear and a nonlinear 

simulation and the effect of control force saturation are also studied. 

For wind excitation, it is shown that proportional feedback control can provide effective 

control. However, the reduction in the structure's displacement is accompanied by an increase in 

the control force and the stroke length. The use of feedback control generally reduces the 

damping of the mass damper which, in turn, increases the stroke length. A certain amount of gain 

variation can be tolerated without any significant increase in the displacement. Critical values of 

the actuator time delay and measurement time delay have to be determined. Feedforward control 

can also be used for wind-excited structures. Critical values for the gain, actuator time delay, and 

measurement time delay determine the limits of effectiveness for this type of control. 

Simulations are conducted for a single-degree-of-freedom system , a fixed-base multistory 

building, and a base-isolated multistory building. 

Feedback and feedforward proportional control of the single-degree-of-freedom system 

under earthquake excitation is not effective. It is only slightly effective for a base-isolated 

multistory building. It is shown that regeneration can be achieved while under proportional 

control. 

Although no original contribution is being claimed for linear quadratic (LQ) control, it 

provides a benchmark against which controllers for the regenerative electric actuator are 

evaluated. Since environmental disturbances are seldom known a priori, the regulator solution 

presented is used to search for the best closed-loop control law for structures subjected to 

unknown disturbances. This is done by determining the response of the controlled structure when 

subjected to some assumed disturbances. The best regulator is one which performs well for most 

of the assumed excitations and those excitations which closely resemble the actual disturbances. 

The LQ controller is tested on a single-degree-of-freedom system, a fixed-base 

multistory building, and a base-isolated multistory building. Increasing the weight on the 

displacement produces a reduction in the displacement at the cost of increasing the control force 

and damper stroke. The LQ controller is shown to be effective for both wind and earthquake 

excitations. However, peak reduction seems to be a problem in earthquake-excited cases. Various 

criteria are suggested for choosing the weighting matrices.



To improve control efficiency, limits can be set on the control force to reduce stroke 

length without compromising the displacement response. The LQ controller provides opportunity 

for regeneration. In some cases with sufficient duration of the excitation, there is even a net gain 

in the source energy 

This study is the first of its kind to investigate the applicability of sliding mode control to 

civil structures, with special emphasis on the mitigation of wind- and earthquake-induced motion 

in tall buildings using regenerative electric actuators. The rationale for using sliding mode 

control is the fact that regenerative electric actuators use a form of on-off control based on pulse 

width modulation (PWM). Sliding mode control provides a synthesis of this on-off nature of 

PWM control and guarantees stability for the on-off control law. Furthermore, sliding mode 

control naturally fits the nonlinear, on-off nature of control force saturation which is always 

present in the active control of civil structures. Again, sliding mode provides a natural synthesis 

of the on-off nature of control force saturation and guarantees stability for the on-off control law. 

Both linear and nonlinear models of the structure are considered in this study to assess 

the sliding mode controller's performance during disturbances. It is shown that the controller is 

able to overcome sensitivity to structura] parameter variations, particularly structural stiffness. 

Systematic procedures for the design of the sliding surface, using both pole-placement and 

quadratic-minimization methods, are presented together with simulation results obtained by using 

linear and nonlinear models of the structure. These controllers are also shown to be effective 

even in the presence of control force saturation. With sliding mode control, the regenerative 

electric actuator is able to recover energy and store it for later use. This reduces the net energy 

drawn from the supply by the actuator. In some cases, there is even a net gain in the energy of the 

supply. 

A new direct-control] scheme for neural network control of civil structures using 

regenerative electric actuators is proposed. This allows on-line control of the structure without 

the need for either an accurate model of the system or a specific learning stage. Unlike the 

controllers that have previously been considered, the neural network controller is able to address 

changes in system parameters and changes in the operating point and external disturbances. A 

modified backpropagation algorithm is used to train the neural network. Since the error at the 

output of the neural network controller will be unknown in the direct-control scheme, the error at 

the system output is instead backpropagated through the system by considering the system as an 

additional layer of the neural network. Simulations are conducted for wind and earthquake 

excitation using a two-layer network composed of neurons with tangent-sigmoid activation 

functions. It is shown that the controller can tolerate large variations in the input scaling factor,



output gain factor, and maximum control force. It is also equally effective for both linear and 

nonlinear models of the structure. 

A new on-line, direct-control scheme for active control of civil structures using an 

adaptive fuzzy controller is proposed. The advantage of using an adaptive fuzzy controller is that 

it does not require an accurate model of the system. The controller learns the system dynamics by 

adapting its parameters on-line. It is proposed that a modified gradient descent method be used as 

the adaptation mechanism. In order to adapt the parameters of the fuzzy system, the error at the 

output of the fuzzy controller must be known. In the proposed direct-control scheme, this error is 

unknown. Thus, it is proposed that the updating be based on the output error of the system 

directly. The update equations are derived for the controller. Simulations are performed for a 

structure with a regenerative electric actuator. 

After investigating the feasibility of various controllers for application in structures with 

regenerative electric actuators, a comparison is made of the different controllers based on various 

criteria. The major factors that have to be considered when choosing a controller for the 

regenerative electric actuator include maximum displacement, stroke length, control force, 

actuator power, and actuator energy. Control force saturation has to be considered in order to 

obtain the most effective type of control. When choosing a controller for the regenerative electric 

actuator, the final decision has to consider all of the above-mentioned factors. A compromise 

may be required if conflicting objectives have to be satisfied. 

The actuator proposed for this study is a permanent-magnet brushless DC machine which 

can provide a higher instantaneous torque in a compact frame size. The actuator can either 

operate in the passive mode, 4-quadrant mode, or 2-quadrant generation mode. In the 4-quadrant 

mode, the performance of various controllers are compared based on the maximum displacement, 

stroke, control torque, actuator power, and source energy. It is desired that the controller require 

a smaller actuator power rating so that the cost of the machine will be lower. A lower actuator 

energy is also desired so that the capacity of the electrical source will be lower. Furthermore, a 

lower energy requirement means that a lower capacity for the energy storage device is needed. In 

majority of the test cases, sliding mode control often has the lowest power and energy 

requirement. The use of regenerative electric actuators reduce the required source capacity as 

compared to using non-regenerative actuators which simply dissipate energy as heat. The amount 

of reduction is often significant. This can translate to savings in equipment and maintenance 

costs. Single-degree-of-freedom and multidegree-of-freedom structures are simulated. In the 

regeneration mode, the system response must always fall within the safety margins for the



structure. The amount of energy that can be recovered is limited by the power rating of the 

actuator and the energy capacity of the electrical source and storage device. 

The dynamics of the electrical subsystem can be incorporated into the actuator-structure 

system to determine the transient behavior of the entire system. The equations of motion are 

derived for the combined system. In order to obtain a preliminary estimate of the system 

response, it is initially assumed that the commanded control 7,* is also the actual control Ty. It is 

shown that this assumption is valid, due to the faster time constants of the electrical subsystem 

compared to those of the mechanical subsystem. This is one of the advantages of using an 

electrical actuator. More accurate models of the electrical source and storage device can also be 

included in the simulation to determine the variation of the voltage at the terminals of the source. 

In this study, the electrical source is modeled as an ideal voltage source in series with a source 

resistance. 

This study shows that the use of regenerative electric actuators is a viable and a reliable 

alternative for active control of civil structures. 

1.3 SCOPE OF THE STUDY 

The present study has the following scope: (a) The study is limited to discretized, 

deterministic structural systems with lumped parameters. (b) The study focuses on active control 

schemes that use active or semi-active mass damper systems. This is a prerequisite for 

implementing regenerative electric actuators. (c) Although this study focuses only on mass 

damper systems the control laws that are being proposed can still be applied to systems with 

other forms of actuation, aside from REA. (d) Only feedback control is emphasized due to 

problems with time delay and phase in feedforward control. 

1.4 METHODOLOGY 

Since the proper implementation of regenerative electric actuators for active control of 

civil structures has to take into account the nature of the load it is controlling, i.e. the civil 

structure, the design process entails a systematic survey of various controllers. These include 

classical linear, nonlinear, and intelligent controllers. Hence, benchmarks have to be established 

against which any proposed controller is evaluated. Although no original contributions are being 

made in proportional or linear quadratic control, these control types are investigated in order to 

provide the necessary benchmarks. 

In simulating a civil structure's response under control, it is considered necessary to 

include both mechanical and electrical dynamics of the REA. Thus, coupled sets of equations are



eventually used in the investigation. To obtain an initia] estimate of the response, actuator 

dynamics is neglected. Then the mechanical dynamics of the actuator is introduced. Finally, the 

machine drive dynamics (electrical) are included to obtain a more accurate simulation. 

1.5 ORGANIZATION OF THE STUDY 

Chapter 2 provides a survey of various passive, active, and semi-active control schemes. 

The system equations are derived in Chapter 3. Chapter 4 addresses the problem of determining 

the effect of variations in gain, time delay, and measurement time on proportional feedback 

controllers. The significance of control saturation is also tackled. Chapter 5 applies linear 

quadratic control to civil structures. Chapter 6 introduces sliding mode control which addresses 

the problem of uncertain, time-varying, and nonlinear system characteristics. Neural and fuzzy 

control are explored in Chapter 7 and Chapter 8 as model-free controllers which require minimal 

system information. Only feedback forms of the preceding controllers are emphasized. This is 

due to problems in time delay and phase shifts encountered in feedforward control schemes. 

Chapter 9 compares the merits and demerits of the different controllers being considered. After 

looking at these various candidates for the controller in the regenerative electric actuation 

scheme, the entire system is simulated and analyzed in Chapter 10.



CHAPTER 2 

Active Control of Civil Structures 

2.1 INTRODUCTION 

This chapter presents a survey of the existing technology and research in the area of 

active control of civil structures. This provides a broader view of the problem being addressed by 

regenerative electric actuation. The ever-increasing demand for tall structures is due to 

considerations in cost, convenience of having almost every office or residential function under 

one roof, lack of land space, congestion due to increasing population in many parts of the world, 

etc. Tall structures bring with them a good number of problems to be solved. This chapter 

presents the need for control of tall civil structures, and the role and importance of modern 

control theory in this endeavor to modify the structural characteristics so that the structure can 

overcome and survive the impact of environmental disturbances. Broadly, three types of control 

systems emerge in this arena: passive, active, and hybrid control systems. The merits and 

demerits of each of these control systems are discussed; then methods for their implementation 

are presented. A qualitative discussion of the various subsystems which comprise the control 

system is provided. These subsystems can be base isolation systems, mass-effect systems, energy 

absorption systems, active variable-stiffness systems, active bracing systems, tuned liquid 

dampers, electrorheological dampers, and various kinds of actuators which produce the active 

force required. Finally, problems facing the use of various control strategies in the 

implementation of active and hybrid control are highlighted. These control strategies constitute 

the central theme of this monograph. 

2.2 THE NEED FOR CONTROL IN TALL STRUCTURES 

In the past, it was considered acceptable for buildings and infrastructures to incur 

damage and their functions as facilities to be affected, as long as they resisted collapse to protect 

human life. However, this design philosophy for structures is no longer adequate for the demands 

of society in the present times [1]. Today's society must be able to efficiently transport people, 

goods, energy, and information. We now live in a society which requires highly sophisticated 

information. A total loss of important data or vital information would create panic and chaos. 

Today's society must be able to provide clean air and water, control disease, and conduct 

commerce. Therefore, the fundamental requirement that structures protect human lives is no



longer sufficient. It is getting more important that the fundamental function of society be 

protected as well, especially in the event of a natural disaster [2]. 

In recent years, significant advances in construction technology and materials have 

brought about the design and construction of light-weight and flexible structures, such as high- 

rise buildings and long-span bridges. It is expected that building heights and bridge lengths will 

gradually increase in the near future. These structures are characterized by lower stiffness and 

higher strength-to-mass ratios. Unfortunately, such characteristics make these structures 

extremely susceptible to environmental loads, such as earthquakes and strong winds. These 

random loadings usually produce large deflections and accelerations on these structures. Once 

oscillations in the structure have started, they will usually continue on for considerable periods 

with very little additional input from the environmental excitation. This can be attributed to the 

fact that a structure's inherent damping is very low. In some cases, the structure's motion can 

induce additional aerodynamic forces which could lead to a phenomenon with positive feedback 

called flutter [3]. 

This trend towards taller and lighter structures with increased flexibility and minimal 

damping will produce structures that are highly sensitive to environmental excitation. Aside from 

the possible failure and damage in various structural members, occupant comfort is becoming an 

even more important issue as the number of tall business and residential buildings increase. 

Although not necessarily a threat to the safety of the structure, excessive accelerations in the 

higher levels of a tall building during a wind storm or a weak to medium earthquake can cause 

considerable discomfort or even illness to occupants. Therefore, a design for one of these 

structures must provide safety and integrity to the structure, while also providing a measure of 

comfort for its occupants. Additional constraints on the design include the demand for extreme 

reliability under highly uncertain loading conditions, the differences in the strength and behavior 

of the actual structural components as opposed to their design characteristics, and the errors 

introduced during construction [4]. To safeguard against the above uncertainties and the potential 

for extensive physical damage and loss of life, past designs have traditionally adopted a very 

conservative approach. However, adopting the conventional design methods used for shorter 

buildings usually results in unacceptably high costs. Alternatives have to be found to satisfy 

safety requirements, comfort considerations, and economic constraints. 

Driven by the demand for higher safety levels and more stringent performance 

requirements, engineers have turned to control theory to provide solutions to cost-effective 

protection of tall civil structures against earthquakes, winds, and other environmental 

disturbances. At the same time, recent advances in electronic data acquisition, transmission,



processing, and storage have increased the economic viability of performing real-time monitoring 

and control of structural systems. 

Although it is impossible to precisely predict the ground motion during an earthquake or 

the wind force during a hurricane, the structure itself can be adjusted in a positive manner to 

protect it from these environmental forces. Therefore, the basic concept of structural control is 

the artificial adjustment of a structure's dynamic properties, such as stiffness and damping [2]. 

By regulating the pertinent structural characteristics, a desirable structural response is ensured 

whenever the structure is subjected to random disturbances. The desired response is obtained by 

supplementing the basic structure with mechanisms that generate control forces which cancel the 

effect of a disturbance. 

2.3 METHODS OF CONTROL 

Structural response can be controlled by (a) cutting off the input energy from the 

disturbance, which is highly impossible because the structure cannot be completely isolated from 

the ground or shielded from wind disturbances, (b) modifying the natural frequencies of the 

structure from the predominant power components of the disturbance, (c) providing nonlinear 

structural characteristics to establish a nonstationary state and a nonresonant system, (d) 

supplying a control force to suppress the structural response induced by the disturbance, and (e) 

utilizing an energy absorption mechanism [5]. Structural control systems can be classified into 

passive, active, or hybrid control systems. This general classification is based on whether or not 

they require an external energy supply to restrain and control the response of a structure to 

external disturbances. 

Passive control systems do not require an external power source in order to operate. In 

most cases, the mechanical properties of systems of this type cannot be modified. Most of these 

systems are aimed at augmenting structural damping or shifting the natural frequencies of the 

structure. Energy dissipating devices are introduced into the structure to absorb energy. The 

motion of the structure produces relative motion within these damping devices which, in turn, 

dissipate the energy. Energy is dissipated through various mechanisms like yielding of mild steel, 

viscoelastic action in rubber-like materials, sloshing of fluid, shearing of viscous fluid, orificing 

of fluid, and sliding friction [6]. The advantage of the passive control system is that it does not 

need an external power supply and is therefore maintenance-free and mechanically simple. The 

energy dissipating devices can also be replaced if they suffer extensive damage. A disadvantage 

of the passive system is that it is effective only for excitation frequencies within a narrow band 

and is not very effective for transient vibrations caused by nonstationary excitation [7]. In 

10



addition, the passive control mechanisms are only able to control the structural response up to a 

certain limit. The cost of the system also increases when more stringent requirements have to be 

satisfied above those required for optimum design [8]. 

Active control systems require a significant amount of external power in order to 

operate. They also require continuous monitoring of the structural response and/or the 

environmental load disturbance. With a chosen control algorithm, these measurements are used 

to determine an appropriate control action. Active systems can be divided into fully-active 

systems and semi-active systems. Fully-active systems use the supply energy to generate control 

forces which directly resist the external disturbance, while semi-active systems use the supply 

energy to change the parameters of the structure to counteract the disturbance [9]. A number of 

advantages can be cited for active control systems. Active systems have superior effectiveness in 

reducing vibration amplitudes; the degree of effectiveness being limited only by the capacity of 

the contro! system. Compared to passive systems, active systems are more flexible because they 

are able to control the structure for a broader range of loadings, wider range of excitation 

frequencies, and transient vibrations. Thus, active systems can be used for motion control during 

both earthquakes and strong winds. Also, existing structures can be retrofitted with active 

controllers without any substantial modification to the structures. Depending on the control 

algorithm being used, the control objectives can be chosen to suit the functions of the structure 

and the needs of its occupants. This has the distinct advantage of having custom-made control 

software being used for standardized hardware, which leads to higher reliability and a lower cost 

for system design, development, integration, and application. Furthermore, the control hardware 

can be employed in a distributed manner, resulting in smaller and compact motion-control 

hardware subsystems. This is immensely important for large-scale deployment of such control 

systems due to its low cost and the high reliability afforded by large-scale manufacturing of these 

systems. Such is not the case with passive control systems which require specific hardware 

designs for each and every structure. Therefore, the passive approach to control of structures 

results in higher engineering costs. At present, active control systems also have their drawbacks. 

The amount of energy required to generate the control forces within a small time interval may be 

too great to be economical and practical. In addition, the time at which the control power is most 

needed often coincides with the time at which most utility systems fail. The availability of 

adequate energy sources is therefore a real concern. At the same time, the high level of 

maintenance for the control system makes the cost of the structure expensive. There is also the 

question of reliability of infrequently-used equipment since an active control system may remain 

in standby mode for a long time due to the rare occurrence of earthquakes or strong winds. The 
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large control forces can also be as detrimental as the environmental forces if the control system 

does not function properly. Finally, occupants of the structure may have some psychological 

reservations about the concept of active control [10]. Global stability must be assured for this 

type of control. 

Hybrid control systems incorporates the best features of both passive and active control 

in a rational manner so as to reduce the disadvantages of both solutions. They have reduced 

power demands and improved reliability compared to a purely active system, and better control 

effectiveness and efficiency compared to a purely passive system. The energy required to 

generate control forces is smaller because of the suppressed structural response due to passive 

control devices. As in an active system, the mechanical properties of the structure are adjusted 

based on measurements of the structural response and/or excitation. The motion of the structure 

is used to develop control forces through the appropriate adjustment of the damping and stiffness 

characteristics, as in a passive system. Since the control forces are always directed opposite to 

the direction of structural motion, the stability of the system is ensured. In the event of a 

complete power failure, the hybrid system devices can be designed to exhibit either prescribed 

damping or stiffness characteristics and thereby making the system fail-safe [6]. 

Base Isolation Systems 

Base isolation systems (BIS) have been shown to be an effective passive method for 

mitigating the transmission of horizontal seismic forces to a structure. However, they are not as 

effective in isolating the structure from any vertical component of seismic forces. Passive base 

isolation systems can be classified as either elastomeric bearing systems or sliding systems. In 

these schemes, the structure is mounted on either very flexible supports or sliding supports which 

effectively isolates the superstructure from the foundation. This decreases the natural frequencies 

of the structure and shifts them outside the range of excitation frequencies which have high 

energy content. Fig. 2.1 shows a passive base isolation system using elastomeric bearings. The 

lead-rubber bearings used for base isolation in elastomeric systems are flexible in the horizontal 

direction but stiff in the vertical direction [11]. However, since the natural frequencies of a 

structure are fixed quantities, passive base isolation will be effective only for a limited range of 

earthquake disturbances. There is also the possibility of producing strong uplift forces especially 

in the isolation system of tall structures. This could cause instability and eventual failure of the 

structure. Inelastic and permanent deformation can also accumulate after several seismic 

episodes in some base isolation systems using lead-core elastomeric bearings. An advantage of 

the sliding system over the elastomeric system is that the degree of isolation it provides is 
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dependent only on the coefficient of friction on the sliding interface, i.e. smaller coefficients give 

better isolation. Isolation performance is not dependent on the intensity nor the frequency of the 

earthquake excitation [11]. However, this type of isolation system is rendered impractical by its 

unavoidable residual displacement and excessive sliding displacement. Therefore, passive base 

isolation can become inadequate for earthquake protection of tall civil structures, aside from 

jj 

Fig. 2.1 Passive BIS using Elastomeric Bearings 

being ineffective against strong winds. 
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There has been a growing interest in a hybrid system which combines base isolators with 

an active system that applies control forces on the base [11][12]. By itself, passive base isolation 

can reduce inter-story drifts and absolute accelerations in the structure which, in turn, causes the 

structure to behave like a rigid body. Although the shear force on the superstructure is small, the 

absolute displacement of the base itself is quite large. Active control forces applied at the base 

can reduce this displacement in both elastomeric and sliding systems. These control forces do not 

have to be large because the base isolators are either highly flexible or slides with minimal 

friction. Active elastomeric and sliding isolation systems are shown in Fig. 2.2 and Fig. 2.3 

where A indicates an actuator. Hybrid systems which connect the base isolation system to either 

a tuned mass damper or an active mass damper [13] are also able to preserve the advantages of 

base isolation and protect the isolation system’s integrity. Although typically installed on the top 

floor, setting the mass damper on the base of the structure makes it possible to dissipate the 

seismic energy before it is transmitted to the superstructure. Installation will also be easier and 

practical at the base level. Fig. 2.4 and Fig. 2.5 illustrate such hybrid systems. Sliding systems 

using variable-friction bearings, shown in Fig. 2.6, have been proposed wherein the coefficient of 

friction at the sliding interface is actively controlled. In these systems, the structure is supported 

13



by a number of sliding bearings; each bearing is a carved-out steel disk with a sliding interface 

outside (circular perimeter) and a fluid chamber inside [14][15][16]. The chamber is sealed by a 

rubber O-ring around the circular perimeter just inside the sliding surface. A sliding material, 

such as a Teflon-based material, is placed on the sliding surface. A pressure-control system, 

composed of a pump, an accumulator, and a servo valve, is connected to the fluid chambers of all 

the bearings. The friction force on the sliding interface between the bearing and the ground is 

controlled by adjusting the fluid pressure in the chamber. 
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Fig. 2.2 Active Elastomeric BIS Fig. 2.3 Active Sliding BIS 
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Fig. 2.4 Hybrid BIS with Tuned Mass Damper 
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Fig. 2.5 Hybrid BIS with Hybrid Mass Damper 
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Fig. 2.6 Hybrid Sliding BIS with Friction-Controllable Bearings 

Mass-Effect Systems 

Mass-effect systems transform the input energy of a disturbance into the kinetic energy 

of a vibration mechanism added to a structure. This reduces the response of the structure and the 

energy with which the structure itself is forced to cope. The transformation of input energy to 

kinetic energy is achieved through the motion of an auxiliary mass. The moving mass produces 

inertia forces that gives the main structure large viscous damping. Therefore, it is important to 

keep the phase of the auxiliary mass opposite to that of the main structure. Mass-effect systems 

are primarily expected to reduce the first natural-mode vibration. The mass ratio, which is the 

ratio of the added mass to the effective mass of the structure, determines the system's damping 

effect. As the ratio gets higher, the control efficiency improves. Mass-effect systems can be



classified into passive, semi-active, active, and hybrid mass damper systems [17] as shown in 

Fig. 2.7, Fig. 2.8, Fig. 2.9, and Fig. 2.10, respectively. In these figures, the mass, stiffness, and 

damping of the structure are indicated as m,, k,, and c,, respectively. mg, kg, and cg are the 

corresponding damper parameters. The external excitation force is given as F,. S and C are 

sensors and controllers, respectively. The actuator is labeled as A. 
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The passive mass damper, which is commonly referred to as a tuned mass damper 

(TMD), is able to provide excellent control by optimum adjustment of its mass, spring, and 

damper elements. Most TMD systems have a 1% mass ratio for economic viability and 

construction simplicity. Tuned mass dampers are usually tuned to the first fundamental 

frequency of the primary structure. Therefore, they are only effective for structural control when 

the first mode is the dominant mode. Tuned mass dampers have been found to be effective in 
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reducing wind-induced vibrations in tal] buildings. Since the input energy of an earthquake 

excitation is spread over a wider frequency band, the effectiveness of TMDs in reducing the 

response of tall buildings to severe earthquakes is still not completely settled at this time [18]. 

Another shortcoming of the passive mass damper system is its slow start-up. It can only become 

effective once the structure it is supposed to control has started moving. Therefore, it may not be 

able to provide the peak control force at the same instant that the peak response occurs. The 

amount of damping that a TMD can provide is determined by its stroke and the amount of added 

mass [19]. The stroke is the mass's relative displacement. As the natural period of the structure 

becomes longer and the input disturbance becomes stronger, the amplitude of vibration of the 

auxiliary mass also becomes larger. This means that a larger stroke would be required to reduce 

the response. Therefore, the stroke length could limit the TMD's usefulness. A variation of the 

tuned mass damper system is the doubly tuned mass damper (DTMD) consisting of two masses 

in series interconnected by springs and dampers to the main structure [20]. As in the TMD, it is 

also used to control a specific mode of vibration of a structure. 

Since the tuned mass damper system does not have a response-monitoring system, it is 

unable to adapt and keep itself tuned to changes in the characteristics of the structure or the 

damper system itself. The semi-active mass damper system has its own set of sensors which 

enable it to make appropriate changes in the characteristics of its own spring and/or damper 

elements. 

An active mass damper (AMD) system can reduce both the transient response of the 

structure and the mass stroke by introducing control forces using an external energy supply. In 

the AMD system, the spring and damper elements of a TMD system are replaced by an actuator, 

a controller and a set of sensors. Compared to a TMD, the AMD (a) has a better capability in 

reducing vibration amplitudes, (b) can reduce torsional vibrations, and (c) is effective for a wider 

frequency range. However, it requires a large amount of power to be able to control a tall 

structure. Equipment maintenance and the large capacities of the actuators also make the system 

expensive. Reliability of the energy supply and of the AMD system itself is an additional 

concern. 

The hybrid mass damper (HMD) system combines the tuned mass damper with an 

actuator that generates a much smaller force than in an AMD. The HMD is more effective in 

vibration suppression than a TMD and much more energy-efficient and economical than an 

AMD. Since hybrid control systems can be considered as active control of passive systems, then 

control algorithms for AMDs can be directly applied to HMDs. Furthermore, the system is fail- 

safe to a certain degree since vibration energy will still be absorbed and dissipated by the spring 

17



and damper elements even if the active subsystem fails. One implementation of an HMD system 

consists of an auxiliary mass being supported by multistage rubber bearings and an actuator 

being driven by an AC servomotor [21]. Another implementation, shown in Fig. 2.11, involves 

mounting a small AMD on top of a conventional TMD, which is in turn mounted on hollowed 

laminated rubber bearings [22]. The AMD weight is about 10% to 15% of the TMD weight. The 

bearings provide the passive TMD with adequate lateral stiffness. Vibration energy is dissipated 

by oil dampers connected between the TMD mass and the structure. The AMD actuator consists 

of an AC servomotor and a ballscrew mechanism. 
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Fig. 2.11 Hybrid TMD/AMD System 

Energy Absorption Systems 

An energy absorption system or damping system reduces the response of a structure to an 

external excitation by absorbing the input energy of the disturbance and transforming it into 

thermal energy. In some respects, it is similar to a mass effect system without the auxiliary mass. 

The displacement or velocity response of the structure is used by the damping devices to 

dissipate the energy. 

Passive viscoelastic (VE) dampers are usually installed on the diagonal braces between 

two floors of a structure. They can be used for retrofit or new structures. The damper absorbs and 

dissipates the vibrational energy through the shearing deformation produced by the structural 
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motion on the viscoelastic material [23]. The heat generated by the hysteretic behavior of the 

material is dissipated by conduction through the steel members of the damper. 

Active Variable Stiffness System 

The active variable stiffness (AVS) system controls the structural response due to an 

environmental disturbance by actively controlling the structural stiffness characteristics. Through 

a special bracing mechanism and a variable stiffness device (VSD), the AVS system switches 

and selects an appropriate stiffness distribution within the structure so that resonance does not 

occur with external excitation. Fig. 2.12 shows an AVS system. 

VSD 

Brace ———+ 

VSD 

      

Fig. 2.12 Active Variable Stiffness System 

Active Bracing System 

The active bracing system (ABS), which is sometimes called the active tendon system 

(ATS), is composed of a set of prestressed tendons or braces connected to a structure. The 

tenstons on these braces are actively controlled by actuators such as electrohydraulic mechanisms 

or electrical machines [24]. The system applies a horizontal control force at each floor of the 

structure. The ABS system is suitable for retrofitting an existing structure. Various ABS schemes 

are shown in Fig. 2.13, Fig, 2.14, Fig. 2.15, and Fig. 2.16. 
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Fig. 2.15 Active Tendon System Fig. 2.16 Active Bracing System 

Tuned Liquid Dampers 

The tuned liquid damper (TLD) utilizes the motion of shallow liquid inside a rigid tank 

(shown in Fig. 2.17) to change the dynamic characteristics of a structure and dissipate its 

vibration energy [25]. The TLD provides indirect damping to the system through the sloshing 

liquid's absorption of the structural energy and its dissipation by the viscous action of the fluid, 

wave breaking, contamination of the free surface with beads, and container geometry at the 

surface [26]. Some of its advantages include: (a) simple construction at a relatively low cost, (b) 
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easy installation even in structures with space constraints, (c) easy adjustment, (d) can be used 

temporarily, (d) almost-zero trigger level, (e) no external damping device is required because the 

liquid provides inherent damping, (f) can be effective omnidirectionally, (g) possibly effective 

over a range of frequencies even in the passive mode since the TLD is a multi-degree-of-freedom 

system which can provide damping in several directions instead of just one direction , and (h) 

minimal maintenance is required. As in the TMD, the TLD is primarily tuned to the fundamental 

frequency of the structure. Therefore, it is effective when the predominant excitation is in that 

particular mode. In the TLD, the sloshing liquid mass serves as the secondary mass analogous to 

the TMD mass. With minimum power, active control can extend its effectiveness to a wider 

range of excitation frequencies. 

A column of liquid mass in a U-tube container attached to the primary structure serves as 

the secondary inertial system in a tuned liquid column damper (TLCD) system shown in Fig. 

2.18. The vibration of the primary structure is reduced by the inertial restoring force of the liquid 

mass and by the damping introduced by liquid's passage through an orifice which has inherent 

head-loss characteristics. A hybrid system can be obtained by actively-controlling the opening 

and closing of the orifice, thereby controlling the damping provided by the TLCD. Similar to a 

mass effect system, the magnitude and phase of the counter force exerted by the liquid can be 

controlled by adjusting the orifice opening and container geometry. 
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Electrorheological Dampers 

Electrorheological (ER) fluids exhibit the characteristics of a yielding solid when 

subjected to an electric field. Actively-controlled ER dampers have been proposed for use as 

substitutes for such damping devices as viscoelastic dampers and elastomeric bearings [27]. The 

application of these ER dampers will be constrained by the attendant problems in maintaining a 

high-voltage power supply. 

2.4 ACTUATORS 

Hydraulic actuators have been used in AMD and HMD systems for controlling wind- and 

earthquake-induced oscillations in tall structures. Due to the complexity of the system, its 

application is limited by equipment and maintenance costs. Hydraulic actuators have also been 

proposed for use in ABS systems. Pneumatic actuators have been tested in the laboratory in 

conjunction with pulse control of structures. 

AC and DC motors have been used as electric actuators in various mass damper systems. 

Electric actuators are used because the control theory for electric machines is already well- 

developed and their reliability is proven. Pneumatic and hydraulic actuators have greater failure 

rates than electric actuators because they are composed of a greater number of subsystems. 

Electric actuators can also be controlled with greater precision than pneumatic or hydraulic 

actuators. Furthermore, they cost less and are easier and less expensive to maintain. 
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Fig. 2.19 Gravity actuator system 

The use of gravity actuators have been proposed as a solution to the problem of energy 

availability during the occurrence of a natural disaster [28]. The actuator system consists of 

suspended masses which are free to move in the vertical direction, as shown in Fig. 2.19. These 
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masses are attached to a system of pulleys and cables, and are anchored by mechanisms which 

drive, release, and catch the masses. 

A novel technique has been proposed [29] for utilizing the displacement caused by 

environmental forces on a tall structure to generate electrical energy when the structure's 

displacement is within the safety limits. This recovered energy is used to reduce the peak 

oscillations of the structure. To achieve this, a tuned mass damper is used as the intermediary for 

the energy transfer between the structure and the actuator. A permanent-magnet brushless DC 

machine is chosen as the actuator for the setup. This regenerative electric actuator will 

subsequently be described. 

2.5 PROBLEMS IN THE IMPLEMENTATION OF ACTIVE AND HYBRID CONTROL 

Although there has been a significant amount of research, testing, and evaluation done in 

the area of active and hybrid control of structures, full implementation of these control systems 

in actual structures is still faced with a number of problems. 

A primary concern is the reliability of the external energy supply needed to generate the 

control forces, especially during strong earthquakes and hurricanes. There is a great probability 

that the energy supply will fail at the same time that energy will be required by the control 

system. Therefore, there is a need to devise fail-safe alternatives which will not require the use of 

external power at critical instants of time. 

Another major obstacle to active or hybrid control of earthquake-excited structures is the 

proportionate increase in energy requirement as structures increase their height, length, or mass. 

More efficient control algorithms have to be developed that would reduce the control effort but 

maintain the same level of effectiveness. 

Most of the available control algorithms require an accurate model of the system. 

Uncertainties in structural parameters and their variation over time increase the difficulty of 

applying these active control algorithms. Since structures are basically distributed-parameter 

systems, control algorithms based on lumped-parameter models can also become inaccurate. 

Furthermore, extreme loads on a structure produce a strongly nonlinear response due to the 

geometry or material behavior of system components. Control algorithms that use inaccurate 

models to calculate control forces can destabilize the actual structure. Therefore, there is a need 

to develop model-free algorithms for structural control. A global stability guarantee for all the 

proposed controllers is a prerequisite for implementation in civil structures; otherwise, a large 

number of residents’ lives may be put at risk. The model-free controllers that are emerging are of 

the intelligent type, i.e., neural, fuzzy, or neural-fuzzy controllers. These controllers defy the 
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conventional concept of stability and therefore necessitate significant theoretical breakthroughs 

in control theory for their eventual implementation. 

System robustness and overall reliability of the actuators and controllers have to be 

maintained at a high level acceptable for use in this application, in order to promote public 

acceptance of active or hybrid control of structures. 

All the challenges confronting the implementation of active control could be boldly 

tackled by bringing together experts in all fields of engineering in a multi-disciplinary way in 

order to cross-fertilize the field with their ideas, concepts, and experimental work. Such an effort 

has been launched at the national level in 1991 and continues successfully. Education of the 

engineering community, high-level management personnel in construction industries, and the 

public at large is an absolute necessity in order to highlight the advantages, feasibility, and 

robustness of active control of structures. This will develop a backdrop with which their 

reservations for these systems are overcomed. Such a step will ultimately lead to a large-scale 

deployment of these systems in tall civil structures to provide comfort and safety from the impact 

of environmental forces. 
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CHAPTER 3 

Modeling of Civil Structures, System 

Components, and Disturbances 

3.1 INTRODUCTION 

This chapter derives the systems equations for a discrete, lumped-parameter model of 

civil structures. The form of the equations consider simultaneous excitation due to wind and 

earthquake. Previous formulations considered only one type of excitation at a time. 

Closed-form analytical solutions to engineering problems can only be obtained for a few 

simple cases. Idealizations have to be made in order to make an engineering problem 

mathematically manageable without compromising safety and economy. This mathematical 

model substitutes an idealized system, together with a set of assumptions, for the actual physical 

system. 

3.2 LINEAR, SINGLE-DEGREE-OF-FREEDOM MODEL OF STRUCTURES 

The number of independent coordinates needed to completely specify the configuration 

or position of a structural system at any given time is referred to as the number of degrees of 

freedom [1]. Although the continuous structure has an infinite number of degrees of freedom, 

idealization permits the reduction of the number of degrees of freedom to a discrete number. In 

some cases, the structure is reduced to having just a single degree of freedom. A single-degree- 

of-freedom model represents the structure as a system with one displacement coordinate. The 

model shown in Fig. 3.1 has the following elements [1]: (1) a mass element m, which represents 

the mass and inertial characteristics of the structure; (2) a spring element k, which represents the 

elastic restoring force and potential energy capacity of the structure; (3) a damping element c, 

which represents the frictional characteristics and energy losses of the structure; (4) an excitation 

force f(t) which represents the external forces acting on the structure; and (5) a control force u(t) 

which represents the control forces applied to the structure to mitigate the structural response. 
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Fig. 3.1 Linear Single-Degree-of-Freedom Model 

The equation of motion for the single-degree-of-freedom model is given by 

Ms Vs + Cs(Vs— YO) t+ ks(Vs — YO) = S(t) — ult) (3.1) 

where the displacement y, is with respect to an inertial reference frame. Since y, = yo + Z,, the 

equation can be written in terms of the displacement with respect to the ground z, as, 

Ms (Zs + Vo) + CsZ5 + ksZs = f(t)— ult) (3.2) 

or 

MsZ5 + CsZ5 +hyZy = f(t)—u(t)— ms Vo (3.3) 

In order to get a state-space representation of the system, (3.3) can be manipulated to obtain 

Cy. ks f ou. (3.4) 

If the state variables are chosen as, 

Ht vs x2 Zs 

then the state equations can be written as, 

2} [z)-|-& hs hfe “3 (3.6) 
x2 25 Ms, Mm, Zs M, mM, YO 

or 

x = Ax + Bu+ Hw (3.7) 

where 

0 1 0 

A=|_¢s _ ks B=|_ 1 (3.8) 
Ms Ms Ms, 
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0 0 
oe “| w-|7] (3.9) 

Ms YO 

3.3 NONLINEAR, SINGLE-DEGREE-OF-FREEDOM MODEL OF STRUCTURES 

The restoring force due to the spring element k, in Fig. 3.1 is given by 

Fy =ksZs (3.10) 

To model the inelastic behavior of structural components, this restoring force is modified as a 

superposition of a linear and a nonlinear component [2] 

Fr = OksZ, +(1-a)ksDyv (3.11) 

where k, is the elastic stiffness as given in Section 3.2; a is the ratio of postyielding to 

preyielding stiffness (0 < a < 1); z, is the principal displacement associated with the force Fy. Dy 

is the yielding displacement; and v is a nondimensional auxiliary variable introduced to take into 

account the inelastic and hysteretic behavior of the structural stiffness. The hysteretic behavior is 

included through the nonlinear relationship between v and z, given by 

. l . . - . ba fey — Boia I vz jy} (3.12) 
y 

where A, B, and y determine the scale and general shape of the hysteresis, and n determines the 

smoothness of the force-displacement (F; vs. z,) curve. This hysteretic model of the building 

stiffness provides an explicit mathematical expression with enough flexible parameters to 

accurately model various hysteretic behaviors in inelastic systems. 

The equation of motion for the single-degree-of-freedom model shown in Fig. 3.1 is then 

modified as, 

MsZs + CoZ5 + Fy = f(t)—u(t)— ms Yo (3.13) 

Substituting (3.11) into (3.13), the equation of motion can now be expressed as, 

MsZ5 + C5Zy + OAksZ, +(1- a)ksDyv = f(t)-u(t)- Ms Vo (3.14) 

To obtain a state-space representation, (3.14) can be rearranged such that 

Zs ~ <8 3, ~o fiz, ~(1-a) “8 Dyv + + (1) - u(t) - sig (3.15) 
Ms My Ms Ms Ms 

If the state variables are chosen as, 
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then the state equations are obtained as, 

Xj =Zs =X2 

; .. Cc k k 1 1 w 
x2 =Z; =-—* x -a— x; —(1-a)— Dy x3 + — f(t)-— u(t) - yo 

Ms Ms ms Ms ms 

. 1 - ig = 6 = [x9 - Begala!" —raahe3!"] 
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Fig. 3.2 Single-Degree-of-Freedom Structure with Mass Damper 

3.4 SINGLE-DEGREE-OF-FREEDOM STRUCTURES WITH A MASS DAMPER 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

A mass damper is a mass attached to a structure such that it oscillates at the same 

frequency as the structure but with a phase shift. A hydraulic or electric actuator may be included 

in the set-up to provide a control force u(t). A building with a mass damper at the top floor can 

be modeled as shown in Fig. 3.2. 

Initially assuming a linear structure, the equations of motion for the building-mass 

damper system are given by [3] 

Ms V5 +Cs(Vs — YO) + ks(Vs — Yo) + Ca (Vs — Vd) + Kays — Ya) = F(t) - u(t) 
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Madd + Cdl Vd — Ys) + ka( vd - Ys) = Ut) (3.21) 

where the subscripts s and d refer to building and damper elements, respectively. However, 

Ys = Yor Zs (3.22) 

Vd =yot+2Zs +2 (3.23) 

Substituting (3.22) and (3.23) into the state equations yield 

Ms( VQ + Zs) + CsZ5 + ksZ5 —Cgzq —kgzg = f(t)— u(t) (3.24) 

mq( yo +25 +Zq) + CgZqg +kqzg = u(t) (3.25) 

To obtain a state-space representation, (3.24) and (3.25) can be manipulated such that 

Bp ging ig + zg + S(O MOI (3.26) 

fq =~ ig dog ult) Fos (3.27) 
Substituting the expression for z, given by (3.26) into (3.27) yields 

y= £82,+482, -[ $4), -[4e. ta Le yoe[ thao (3.28) 
mM, mM, mq M, mg mM, Ms mM, mq 

If the state variables are chosen as, 

x] Zs 

x Zz 
x=| 7 /=| “4 (3.29) 

X3 Zs 

x4 Zd 

then state equations can be written in matrix form as, 

x(t) = Ax(t)+ Bu(t)+ Hw(t) (3.30) 

where 

0 0 l 0 

0 0 0 1 

_ ks ka _&s ca 
A= mg m m mg (3.31) 

ks {ka , kad |) fs ead Sd 
Ms, Mq Ms Ms mq Ms, 

29



0 0 0 

0 ° 0 

B=| -— H=/|— -l we J (3.32) 
Ms mM, YO 

a ly 
mM; Md Ms 

If the structure's stiffness force is nonlinear, the motion equation for the structure is 

modified as, 

Ms( Vo + Zs) + CyZ5 + OksZ5 +(1-O)kpDyv —cgzg —kgzqg = f(t)- u(t) (3.33) 

Thus, . 

z,=-£53,-o 482, ~(1-a) “8 Div 4 eg 4 “hoy + ft)-—ult)- ig (3.34) 
Ms Ms Ms Ms Ms Ms Ms 

Substituting (3.34) into (3.28) gives 

i= 2 i,rats (1a) dyv-[Hb4 St |,g [Beate 1 pine 
mM, Mg Ms mq MM, mq IM, Ms 

(3.35) 

[2 . nn 
mM, md 

Choosing the state variables to be 

x] Zs 

x2 2d 

X=| x3 /=| Zs (3.36) 

x4| | 2g 
X5 v 

will result in the following state equations 

Xj] = Zs = X3 (3.37) 

X79 =Zqg=X4 (3.38) 
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, k k k 1 1 . 83 = 2, = - “2x3 -a Sy — (1-4) © Dy xs +S x4 + S09 + — f(t)-— ult) - Hp. (3.39) 
Ms Ms Ms Ms Ms Ms Ms, 

; .. Cc k k c c k k 1 
X4=Zq = 3 +a x +(1- 0) Dyxs -[ St St} -([ ft +d — 5 Ft + 

Ss Ss Ss Ss Ss Ss 
(3.40) 

[sae 
Mm, Md 

. . 1 _ 
¥5 = 5 = [Aap ~Brs|x9251" I _veo|as|"} (3.41) 

y 

3.5 LINEAR, MULTIDEGREE-OF-FREEDOM STRUCTURES 

To obtain a better representation of the actual structure, a multiple degree of freedom 

model can be used to describe its dynamic behavior. Although continuous models are available, 

these are usually too complex and require considerable mathematical analysis. These models are 

applicable to only a few relatively-simple structures with uniform material properties and regular 

geometry. Finite-element models are also available for structures with much simpler geometries. 

A discrete model with multiple degrees of freedom can provide a near-exact characterization of 

the actual structure. The multistory shear building is one of the most instructive and practical of 

these models. A shear building is characterized by the absence of any displacement in the 

vertical and torsional directions. This model assumes that the structure is deflected by shear 

forces only. To limit the structure to shear deflections, it is assumed that (a) masses are lumped at 

the floor levels, (b) the girders on the floors are infinitely rigid compared to the columns, and (c) 

any horizontal deflection in the structure is independent of axial forces in the column. Fig. 3.3 

shows a multistory fixed-base building. 
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Fig. 3.3 Fixed-base Building Structure 

Various reference frames can be used to formulate the shear-building model of this structure. 

One can either use displacements relative to an inertial reference, displacements between floors, 

or displacements relative to the ground. Although the formulation in the different reference 

frames are equivalent, a particular formulation may be more appropriate for a given set of 

measurement data without the need for additional data preparation. 

3.5.1 Using the Displacement with Respect to an Inertial Refence Frame (Absolute 

Coordinates) 

Fig. 3.4 shows a shear-building model of the n-story fixed-base structure using 

displacements relative to an inertial reference frame. The equation of motion for the different 

floors can be written as 

my + o1(1 — Yo)+ AM — Yo) +62(M1 — ¥2) + (WM - y= AtY (3.42) 

mij + Ci(Yi — Yi-1) + Ri Wi — Vi-1) + Ci i — Vis) + KON - Vi = ity G43) 

i=2,...,.n-1 

MnYn + Cn Yn - Yn-1)t kn (¥n — Yn-1) = In + Un (3.44) 

where yo and y; are the displacement of the ground and the displacement of the ith floor, 

respectively, relative to an inertial reference frame. It is seen that the ground-motion-induced 

disturbance cj yo + kj ¥q appears only in the first (base) floor equation. 
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Fig. 3.4 Shear-Building Model using Absolute Displacements 

The equations of motion can be written in matrix form as 

My+Cy+Ky=w+u (3.45) 

where 

T 
y=[m yo -- Ya] (3.46) 

m 

m 

M = (3.47) 

My, 

cy +¢2  -¢9 ] 

C2 c2+C3° C3 

C= Do, (3.48) 

—Cy-] Cn] tly —Cy     
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ky + kp —ky 

—k» kp + k3 —k 

K = oo, (3.49) 

~hy-] kn-1 + ky —ky     L “kp kp | 

. T w=[fAtcyothy f2 -- + tn (3.50) 

T 
u=[m wo... Uy | (3.51) 

All elements that are not indicated in the above matrices are equal to zero. In state-space form: 

0 I 0 0 (3.52) 
x= x+ u+ Ww ; 

-M"k -M!c} |My [Mr 

or 

x(t) = Ax(t)+ Bu(t)+ Hw(t) (3.53) 

3.5.2 Using the Relative Displacement Between Floors 

The equation of motion for the model of the multistory building indicated in Fig. 3.4 can 

be expressed as 

my +c(V — Yo)+ (M1 — Yo) +201 — 2) + kA — Y= A + (3.54) 

my; + ¢j(¥j — Vi-1) + Ki — Vi-1) + CAO — Yi) + GO - Vis = ity G-55) 

i= 2,...,.n—1 

MnYn + Cn Yn - Yn-1)+ kn Yn - Yn-1) = Int Un (3.56) 

where m; is the mass of the ith floor, c; is the damping coefficient of the ith floor, k; is the 

stiffness of the ith floor, y; is the displacement of the ith floor, u; is the control force on the ith 

floor, and f; is the external excitation at the ith floor. 
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Fig. 3.5 Shear-Building Model using Displacements between Floors 

Rewriting in terms of the relative displacement z; as indicated in Fig. 3.5, 

i 

mj > 2 j tei; + Kaz; — Cin dint — Kinin = Si + i — MIO 
j=l 

J =1,2,...,n 

where 

2; = Yi- Yi-1 

i 

y= > 2;+¥0 

jal 

Cn+1 =kn+1 = 0 

Writing in matrix form, 

Mz+Cz+ Kz=f+u-—myp 

or 

z=—-M~!Cz-M7!Kz+M7!¢+M_!u-M mip 

where 
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(3.58) 

(3.59) 

(3.60) 

(3.61) 

(3.62)



  

  

  

| my 
mm m 

mm Im Mm 
M = 

| My Mm My 

fc) -c2 

C2 —C3 

C= 

[ky ko 

ky —k 

K= 

m=[m mm m 

u=(4 m % 

f=|f hh f 

If we let 
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(3.63) 

(3.64) 

(3.65) 

(3.66) 

(3.67) 

(3.68)



zZ f 
x(t) = *] w= | (3.69) 

then combining (3.34) and (3.41), 

; 0 I 0 0 0 
x= _] —] x + -] ut+ _] -] Ww (3.70) 

-—M K -M C M M —-M ‘m 

X(t) = Ax(t)+ Bu(t)+ Hw(t) (3.71) 

or 

3.5.3 Using the Displacement with Respect to the Ground 

A shear-building model of the fixed-base structure using displacements relative to the 

ground is shown in Fig. 3.6. One horizontal degree of freedom is assigned to each of the floors. 

Taking each floor as a free body, the equations of motion of this n-story tall building can be 

expressed as 

m (yo + 21) + e421 + yz — c2 (22 — 21) -kg(22 -2) = A+ (3.72) 

mj( yo + 25) + Cj(2j — 25-1) + Ay(Zj — 2)-1) + Cin (2; — 2141) + is (4 - Zi) = i+ 

i=2,...,.n-1 (3.73) 
My (Yo + Zn) + Cyl Zn — Zn-1) + Ky (Zn — 2Zn-1) = In + Up (3.74) 

where yo is the ground acceleration relative to an inertial reference frame; z;,2;,2z; are the 

relative displacement, velocity, and acceleration of the ith story with respect to the ground, 

respectively; and /; and u; are the external horizontal force and the control force applied to the ith 

story, respectively. It is seen that the ground-motion-induced disturbance m;}yo appears in the 

equation for every floor. 

potttts fatUn 
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Fig. 3.6. Shear-Building Model using Displacements Relative to the Ground 
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In matrix form, 

Mz +Cz+Kz=f+u-myo (3.75) 

where M, C, K, z, f, and u are the matrices for masses, damping coefficients, stiffnesses and 

vectors for displacements, external forces, and control forces, respectively. They have the form 

M= (3.76) 

fey+en  -€2 
—C2 C2+C3 -—- C3 

C= a, (3.77) 

—Cy-]  Cn-[ +n —Cy     

—kp kn + ky —k3 

K = Lo. (3.78) 

ky) An-1t+ky —Kp     
(3.79) 

(3.80) 
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u=[_ wm... mle 

m=[m m .. . mn \ 

If the state and disturbance vectors are defined as, 

of] of 
then the state equation can be written as, 

or 

; 0 I 0 0 0 
x= -] -l, |* + -] ut -] ~] Ww 

-M “K -M 'C M M —-M ‘m 

x(t) = Ax(t)+ Bu(t)+ Hw(t) 
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Fig. 3.8. Shear-Building Model of Base-Isolated Structure using an Inertial Reference 
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(3.82) 

(3.83) 

(3.84) 
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3.6 BASE-ISOLATED STRUCTURES 

For the base-isolated structure shown in Fig. 3.7, the equations of motion can be 

formulated using an inertial reference frame (as in Section 3.5.1) as shown in Fig. 3.8 such that 

My +Cy+Ky=w+u 

  

  

where 

T 
y=[y wo. Mal 

mb 

m 

M = 

My 

[cptaq 6 -¢ 
—c Cc} + c —c2 

C= 

—Cy-]  Cn-1 + fn 

L —n 

kp + ky —k 

—k ky + k> —kp 

kK = 

~An-|] kn-| +ky, 

L —ky 

. T 
w=[fp+coyotkeyo Al. - + Sn] 
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—ky,   

(3.86) 

(3.87) 

(3.88) 

(3.89) 

(3.90) 

(3.91)



T 
u=([uz uo... Uy | (3.92) 

yo is the ground displacement with respect to an inertial reference frame. y, and y; are the 

displacements of the base and ith floor relative to the inertial reference frame. In state-space 

form, 

=| 9° ' +}? lus] o 3.93 
**)oweok emote Pp My dy C%) 

or 

x(t) = Ax(t)+ Bu(t)+ Hw(t) (3.94) 

where 

[1] (3.95) 
y 

2p 
prcrcssse fntUn 

  

  

| ° -| Ground 

Fig. 3.9. Shear-Building Model of BIS using Displacements Relative to the Ground 

  

Using relative displacements with respect to the ground (as in Section 3.5.3), the 

equations of motion for the model shown in Fig. 3.9 can be written as 

Mz+Cz+Kz=f+u-mypo (3.96) 

where 

z=[z, Zz... 2p (3.97) 
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M = (3.98) 

[cp +Cyo -Cy 

—Cj cj +c2 —-c2 

C= . (3.99) 

—C#y-]  Cn-] ton —Cy     

—ky ky + k> —k» 

K= o (3.100) 

~An-] kn-1 + kp —ky     L. ky ky | 

f=[f,f fi... Srl (3.101) 

u=[m om... ull (3.102) 

m=[m, mm... mle (3.103) 

yo is the ground acceleration with respect to an inertial reference frame. zy, and z; are the relative 

displacements of the base and ith floor with respect to the ground. In state-space form, 
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0 I 0 0 
x= ~] -] x+ -] ut | 

-M ‘K -M C M M 

or 

X(t) = Ax(t)+ Bu(t)+ Hw(t) 

ol] wed; 
= 

where 
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Fig. 3.10 Base-Isolated Building with Hybrid Mass Damper 

3.7 STRUCTURES WITH MASS DAMPERS 

(3.104) 

(3.105) 

(3.106) 

Consider a base-isolated building structure with a hybrid mass damper system as shown 

in Fig. 3.10. Using relative displacements with respect to the ground, the (n+2) equations of 

motion for the entire system can be written as 

Mi + Cz+Kz=f +Gu-m yo 

where 

T 
z=(2g 2 7 -- + Zn| 
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(3.108)



    

  
  

  

  

  

  
  

    

  

[ mg ] 
mp 

m 
M = . (3.109) 

L Mn | 

f=[(0 fh fi... fal (3.110) 

G=[-1 0 0 oy! (3.111) 

m=[mg mp om... my] (3.112) 
k 

u u : 

(A}—m| mg 

Cq 
| n 

3 

b 
kp. Cp----- | E=S 

Ground 

      

Fig. 3.11 Base-Isolated Structure with HMD on the Top Floor 

For the base-isolated building with a hybrid mass damper at the top floor as shown in 

Fig. 3.11, the (n+2) equations of motion is modified by having 
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[mp ] 

m 

M = . (3.113) 

My 

L mq | 

f=[f fl --- Sty of (3.114) 

G=(0 0... -1 1) (3.115) 

m=[m mm... mm, mg) (3.116) 

3.8 NONLINEAR, MULTIDEGREE-OF-FREEDOM STRUCTURES 

If the building structure shown in Fig. 3.5 was nonlinear or hysteretic, the equations of 

motion for the structure can be obtained by modifying the equations for the linear structure such 

that 

Mz+F,+F,=f+u-myp (3.117) 

where z is the n-vector of interstory deformations; F, is the n-vector of nonlinear damping 

forces; F; is the n-vector of nonlinear or hysteretic stiffness forces; and 

    

| om 0 0 0 | 

nm m 0 0 0 

m mm m 0 
M=| . ; (3.118) 

My) ™M-1] +» + + My} 0 

| My, My Mm ™,_ | 

T 
z=([z z7 . . . Zpl (3.119) 
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f=“[f fh... Sil (3.120) 

    

T u=(4 m ... Ul (3.121) 

T m=[m m ... mpl (3.122) 

For most building structures, the damping and stiffness forces can be expressed as 

F.o=Cz (3.123) 

F, = K,z+ K;v (3.124) 

where 

fc cp «620COO, 0 | 

0 cp -c3 0 0 

C=|. Lo . (3.125) 

0 : 0 Crh] Cn 

|O. - 0 0  & | 

021A} —azk 0 0. . 0 | 

0 ark -23k3 0 0 

K,=| . - (3.126) 

0 . . . 0 Oy-]ky-1 —Apky 

| 0 ; . 0 0 Aankn |     
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lok; —07k» 0 0. 0 | 

0 O7ky -03k3 0 0 

K;=| . - (3.127) 

0 . . . 0 On—1kn-] —Oyky, 

| 0 , . 0 0 Snkp | 

oj; =(l-a;)Dy (3.128) 

v=[y v2... vale (3.129) 

v is an n-vector of auxiliary variables as described in Section 3.3. The equations of motion can 

now be written as, 

Mz+Cz+K.z+K;v=f+u-myo (3.130) 

In state-space form, 

  

z 
k=|V¥ (3.131) 

Z 

where 

x=[z v zp (3.132) 

z=[0 0 I}x (3.133) 

v=[y % . 2. bp) (3.134) 

. na . n,-! ; n, 3.135 
iD! i2j- Byler —172ley[ (3.135) 

z=-M|[K, K; C)kk+M7!f+M7u-M7! mip (3.136) 
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Fig. 3.12 Base-isolated structure with mass dampers 

Consider the base-isolated structure in Fig. 3.12, with mass dampers in the base and top 

floors. If the system is initially assumed to be linear, then the equations of motion can be written 

as, 

MgVg +Cg(Vg —Yb)t+ kgl(Vg - Yb) = —Ug (3.137) 

mpYb + co( Vb — Yo)+ kaye — Yo) + eB — V1) + Yb -— MW) + eg (9b — Vg) + kg (Yb - Vg) = 0 

my, +0 — VE) + CM -— Yo) +0204) — V2) than - YD=aA 

mY; + CY — Vi-1) + FO — Vi-1) + C741 OF — Yin) + A411 — Via DD = Si 

i= 2,3....,7-1 

(3.138) 
(3.139) 

(3.140) 

MnYn + Cn(Yn - Yn-1) + non — Yn-1) + Cdn — Va) + ka yn - Va = Int ug GB.141) 

MaVd + Cg( Vd - Yn) t+ ka( Vd — Yn) = ~Ud 

In terms of the interstory drifts, 

Vg=yo tz + 2g where Zg = Yg- YB 

Yb =o * 2h 

¥] =Yo tz + 21 

¥2=Yot 2p +21, 429 

Yn =Yot2p+2, +22+...+2y 

Yd=Yot 2p tz, +22+...FZ,+ 2g 

Substituting into the motion equations, 
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(3.143)



Mg( Yo + 2p +ig)t+Cpigtkgig =—Ug (3.144) 

    

mp( Yo +24) + CHZH + kpzp — C12] — ky2] —CgZg —kgzg =0 (3.145) 

my (Yo + Zp t+ 21) + C42) + kyzy — C229 — kgzQ = f (3.146) 

My(¥0 + 2h +2, +2) + Cy2y + ky2Zn — CgZg —kgzg = In + ug (3.147) 

Md( yo +26 +2) +2y,+2q)+CqZg tkgqzg =-Ud (3.148) 

In matrix form, 

Mz+Cz+Kz=f+Gu-myo (3.149) 

where 

Z=[Zg 2H 2]. . - Zp zal (3.150) 

| mg m 0 0 0 1 

m oO 0 0 0 

0 m m OO 0 

m m, m, 0 
M = 

0 m, mM, m, 0 

| 0 mq Md . - + Mg Mg | 

(3.151) 
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l Cg 0 0 0 0 0 0 

“Cg Ch -q DO 0 O 0 

0 0 gq -e O ODO 

0 0 0 c2 —C3 0 

0 0 cy -Cg 

L 0 0 0 & | 

(3.152) 

ke 0 0 0 0 0 0 

—kg ky —k 0 0 O 0 

0 0 k -k 0 O 

0 0 0 kn —-kz 0 

0 0 0 0 k, —kg 

" 0 0 0 0 0 ky 

(3.153)



    

[-1 0 | 

0 0 

0 0 

0 O 

G= 

0 0 

0 1 

(3.154) 

f=[(00 f QP... fat fn OV (3.155) 
T u=|ug ug | (3.156) 

m=[mz mp m Mm, . . . My-1 M male (3.157) 

For the nonlinear case (but assuming that ky and x, are linear), the stiffness force is modified as 

F, = K,z+Kjv (3.158) 

where 

t kg 0 0 0 0 0 0 | 

—Kky Opkp —Oayhy 0 0 0 0 

0 0 ak; —a7k> 0 0 0 

0 0 0 arky -a3zk3 0 0 

0 oO 0 . - 0 Onky kg 
0 oO 0 0 0 ky |     

(3.159) 

51



    

r 0 0 0 0 
Opk, —o]hy 0 0 0 

0 Ojk; -O2k2 0 0 

K;= 

0 0 0 Gy-jky-] —Onky 

0 0 . 0 0 Opkn 

- 0 0 re er o | 

(3.160) 

v=[v¥, yo Yn-l Ynl (3.161) 

Since ky and k7 are assumed to be linear, v is two elements less than z. Consequently, K; has 

two columns less than K,. The state-space equations are finally given by (3.131), (3.132), 

(3.133), (3.135), and 

v=[¥p Wo... Un Vale (3.162) 

#=-M'[K, K,; C]x+M7!'t+M~'Gu-M7|mj (3.163) 

3.9 ACTIVE VARIABLE STIFFNESS AND ACTIVE VARIABLE DAMPERS 

For active control using variable stiffness devices, the control force can be expressed as 

(3.164) 

where A(z) is a variable stiffness coefficient whose value generally depends on the interstory 

uz, = k(z)z 

deformation z. For active control using variable dampers, the control force can usually be 

expressed as 

Up = C,|2|" sign(z) (3.165) 

where c, is the viscous damping coefficient and n is a positive number ranging from 0.5 to 2. 

has a value of | for linear viscous damping and a typical value of 0.5 for nonlinear dampers. 

3.10 DISTURBANCES 

For single-degree-of-freedom structures, a simplified model of the wind force can be 

written as [3] 

Jy = pGsinot + 7sin Zot + 5sin3ef + 4sin 40f) (3.166) 
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where @ is the excitation fundamental frequency and p is the excitation magnitude. Fig. 3.13 

shows an example of this wind force model. This model has been used in various studies to 

investigate the application of tuned mass dampers in a number of existing buildings in the U.S. 
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Fig. 3.13. Wind force 

Earthquake excitation is typically specified as a time history of the ground acceleration. 

An example of the ground acceleration due to an earthquake is shown in Fig. 3.14. 
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Fig. 3.14. Earthquake ground acceleration 

A power spectral density plot of the ground acceleration is shown in Fig. 3.15. It shows the 

energy content at various frequencies. Most of the excitation energies are contained within 0 and 

80 Hz. 
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Fig. 3.15 Power spectral density of earthquake excitation 

3.11 SUMMARY 

The equations describing single-degree-of-freedom and multidegree-of-freedom models 

of structures are derived. Both fixed-base and base-isolated structures are considered. The 

equations are derived for various reference frames. The choice of which reference frame to use 

will depend on the available measurement data. Linear and nonlinear models are presented. Both 

wind and earthquake excitations are considered in the formulation of the equations. The wind 

force is modeled as a sum of sinusoids. An earthquake excitation is modeled by a time history of 

the ground acceleration. 
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CHAPTER 4 

Proportional Control 

4.1 INTRODUCTION 

Classical control, represented by proportional-integral-derivative (PID) controllers, 

continues to provide great utility in practical applications for conventional systems. Although it 

is still usefulness in systems with one or two degrees-of-freedom, it does not suit the control of 

multi-degree-of-freedom systems because the PID control law is more difficult to formulate for 

these multivariable systems. However, the simplicity of the approach may outweigh any 

additional gains in performance that are possible for more-advanced modern control methods. 

No original contribution is being claimed in this chapter. The reason for its inclusion is 

to provide a benchmark against which controllers for the regenerative electric actuator are 

evaluated. This chapter studies the effect of variations in gain, actuator time delay, and 

measurement time delay on the structural response. Differences between the results of a linear 

and a nonlinear simulation and the effect of control force saturation are also studied in this 

chapter. 

For wind excitation, it is shown that proportional feedback control can provide effective 

control. However, the reduction in the structure's displacement is accompanied by an increase in 

the control force and the stroke length. The use of feedback control generally increases the 

control force to reduce the displacement. The increased force requirement, in turn, increases the 

stroke length. A certain amount of feedback gain variation can be tolerated without degrading the 

response. Critical values of actuator time delay and measurement time delay have to be 

determined. Feedforward control can also be used for wind-excited structures. Critical values for 

the gain, time delay, and sampling time determine the limits of effectiveness for this type of 

control. Simulations are conducted for a single-degree-of-freedom system and a fixed-base 

multistory building. Feedback and feedforward proportional control of the single-degree-of- 

freedom system under earthquake excitation is not effective. It is only slightly effective for a 

base-isolated multistory building. Regeneration can be achieved while under proportional 

control. 
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4.2 DISPLACEMENT FEEDBACK CONTROL 

Fig. 4.1 shows a block diagram of a structural system where the displacement y, due to 

an external disturbance w, is used to generate the control input uw . K is a proportional gain 

applied to the feedback y. 

Ww 

| 
Structure - y 

-—-— «x }-—- 

Fig. 4.1 Displacement-Feedback Control Scheme 

  

    

      

    

The state equations of the system can be written as, 

x = Ax+ Bu+ Hw (4.1) 

y=Cx (4.2) 

If the control force is chosen to be of the form 

u= Ky = KCx (4.3) 

then the state equations can be modified as 

x = Ax+ BKCx+ Hw=(A+ BKC)x+ Hw (4.4) 

or 

x = Ax+ Hw (4.5) 

where 

A=A+BKC (4.6) 

Classical techniques, such as a root locus diagram, will show the effect of K on the poles of the 

system. This is equivalent to determining the eigenvalues of A for various K. 
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Fig. 4.2 Illustration of the actuator time delay (77) and measurement time delay (7,,) 

A time delay (7) will always exist between the issuance of the control command by the 

controller and the application of the control force by the actuator. This is shown in Fig. 4.2. 

Therefore, the control expression is modified as 

u(t) = Ky(t — Tq) = KCx(t-T) (4.7) 

The effect of time delay on the response of the system is determined in the test cases. 

To reconstruct the feedback data, a zero-order hold (ZOH) is used. It assumes that the 

feedback is approximately constant within the sampling interval 7,,, as shown in Fig. 4.2. y, is 

the actual] displacement, while y,, is the reconstructed displacement. Obviously, the effectiveness 

of control is affected by the sampling time or measurement time (7,,,). During this period, it is 

assumed that the control force u is kept constant at the value commanded at the start of the 

interval. The effect of measurement time on the system response is also investigated in the cases 

considered. 

The instantaneous actuator power is calculated as the product of the control force and the 

stroke velocity. Thus, 

Pa(t) = u(t)z(t) (4.8) 
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The energy supplied by the electrical source to the actuator is expressed as, 

ea(t)= | palt)dt (4.9) 

The simulations in this chapter assume that the effect of the actuator dynamics are 

negligible. This affords faster evaluation of the controller. The actuator operates in the 4- 

quadrant mode, acting as both a motor and a generator. Negative power indicates that it is the 

recovered power and it is stored for later use, instead of simply being dissipated as heat in other 

actuator types. 

Example 4.1 SDOF Structure with Mass Damper 

Consider a building structure with a mass damper on the top floor. The damper is used 

primarily to suppress the first fundamental mode of motion induced by external disturbances. A 

single-degree-of-freedom model of the structure with the mass damper is shown in Fig. 4.3. 

Assume the parameters of the system to be m, = 104 kips-sec/in., c, = 2.08 kips-sec/in., k, = 104 

kips/in., mg = 2.08 kips-sec2/in., cy = 0.137 kips-sec/in., and kq = 1.73 kips/in. The nonlinear 

structural stiffness is assumed to be characterized by the parameters a = 0.1, A = 1.0, B = 0.18, y 

= 0.18, and Dy = 1.0 in. 
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Fig. 4.3 Single-degree-of-freedom structure with mass damper 

A root locus plot for a linear model of the system, with proportional feedback control, is 

shown in Fig. 4.4. The structure's displacement with respect to the ground is used as the feedback 

quantity, i.e. w= Ky,. Two of the poles cross over to the right half plane at a gain K = -2.54. The 

plot shows that optimum damping is obtained just before the poles breakaway towards K = + . 

After breakaway, only minimal changes in the damping ratio is obtained. This implies that 

increasing the gain further does not provide any significant improvement in the system response. 
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Suppose that a wind excitation with parameters p = 9.75 kips and w =1.0 rad/sec is applied to the 

structure. The resulting displacement for various gain values are shown in Fig. 4.5. In these 

simulations, it is assumed that the excitation is applied indefinitely. In the actual case, the 

excitation has a finite duration and eventually reduces to zero. The simulations use a nonlinear 

model for the structural stiffness. The time delay and measurement time are fixed at 0.0 seconds 

and 

significant reduction in the displacement. Thus, control efficiency is maximum near this value of 
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Fig. 4.4 Root locus for varying gain 

  

0.1 seconds, respectively. These plots show that after a gain of about K = 5 there is no 

gain. 
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Fig. 4.5 Displacement for various gain (K) values 
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Fig. 4.5 (cont.) Displacement for various gain (K) values 

A comparison of the structure's response with (K = 15) and without proportional control is 

shown in Table 4.1. There is a 79 % decrease in the peak displacement of the structure. However, 

this is accompanied by a 68 % increase in the peak stroke length. Thus, reducing the peak 

displacement will require an increase in the stroke length. 

TABLE 4.1 Comparison of Response for Passive and Proportional Control 

  

  

  

          

CONTROL TYPE y.(peak) y,(rms) z(peak) z(rms) 

Passive 4.6275 1.8895 15.4839 9.3422 

Proportional Control 0.9765 0.3342 26.0389 11.5849   
  

where y, is the structure's displacement with respect to the ground (in.) and z is the relative 

displacement between the structure and the damper (in.). z is also called the stroke length. 
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Fig. 4.6 shows the required actuator force, power, and energy for K = 15. Note that there are 

periods of negative actuator power. This means that power flows from the regenerative actuator 

to its electrical supply. The recovered energy is stored for later use, instead of being dissipated as 

heat. Therefore, the energy supplied by the source to the actuator is not monotonically increasing 

as one would expect for purely-motoring operation. Regeneration is achieved whenever negative 

power becomes available. 

Control Input for Proportional Control 
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Fig. 4.6 Actuator force, power, and energy for K = 15 
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Fig. 4.7 Damper stroke length for K = 15 

Fig. 4.7 shows a plot of the damper stroke length when the gain is K = 15. When the stroke 

velocity has the same polarity or direction as the control force, then positive power is obtained. 

This corresponds to motoring action in the regenerative actuator. Energy is being drawn from the 

electrical supply. If the stroke velocity is in the opposite direction as the actuator force, then 
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generator action occurs and negative power is obtained. In this case, energy is returned to the 

actuator electrical supply source. 

Linear versus Nonlinear Model Response 

A comparison is made between the resulting displacement for a linear and a nonlinear 

model of the structure. The difference between the results is shown in Fig. 4.8. Clearly, the use 

of a linear model will not affect the results significantly. It is assumed, however, that control is 

applied immediately at the start of the disturbance. Otherwise, the initial conditions will become 

different for the two simulations. It is noticed that there is zero difference between the two 

simulations at the beginning of the simulation. This simply means that the nonlinear simulation 

keeps the displacement within the elastic (linear) region of the stiffness characteristics. 
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Fig. 4.8 Difference between a linear and a nonlinear simulation 

Gain Variation 

The sensitivities of the maximum displacement, control force, and damper stroke-length 

to variations in gain (XK) are shown in figures 4.9, 4.10, and 4.11, respectively. Increasing the gain 

above K = 7 does not produce any significant reduction in the maximum displacement. Thus, the 

larger control force being provided by the larger gains does not necessarily translate to a 

proportional decrease in the peak displacement. In fact, the maximum displacement starts to 

increase after K = 50. Looking at the root locus of the linear system, the increase in the 

displacement peak can be attributed to the decrease in the damping ratio of two system poles 

with increasing K. As expected, the maximum control force increases with the gain. The stroke- 

length also increases with increasing gain to provide the larger control force. 
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Effect of Actuator Time Delay 

Fig. 4.12 shows the resulting displacement of the structure as the time delay is gradually 

increased. A gain of 15 kips/in. and a measurement time of 0.05 seconds are used. There is no 

significant degradation of the displacement response up to Tz = 0.35 second. However, the 

system abruptly becomes unstable after that. This means that the time delay has exceeded the 

critical delay time. 
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Fig. 4.12 Displacement for various actuator time delays (7,7 seconds) for K = 15. 

Sensitivity to Actuator Time Delay 

The sensitivities of the maximum displacement, maximum control force, and maximum 

stroke length to variations in the actuator time delay are given in figures 4.13, 4.14, and 4.15, 

respectively. These plots show that the critical delay time is about 0.35 seconds, after which the 

system could become excited by the control force and even become unstable. Although the 

maximum control force and maximum displacement only start to increase at a delay of 0.35 

seconds, the stroke length starts to increase at a delay of 0.10 second. Therefore, it would be 

desirable to keep the actuator time delay at about 0.10 second to obtain the minimum stroke 

length. 
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Effect of Measurement Time Delay 

Fig. 4.16 shows the displacement of the structure for various measurement time delays. 

A gain of 15 kips/in. and an actuator time delay of 0.0 seconds are used in these simulations. 

There is no significant degradation in the displacement response until 7,, = 0.20 second, after 

which the system becomes unstable. This corresponds to the critical value for stability. In terms 

of an equivalent discrete-time system, at this value of the sampling time one root of the system 

has moved out of the unit circle and causing instability. 
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Fig. 4.16 Displacement for various measurement time delays (7,,, seconds) using K = 15 

maximum control force, and maximum stroke length are exhibited in figures 4.17, 4.18, and 4.19, 

respectively. There is a negligible amount of variation in these quantities up to the critical value 

Tn = 0.20 second. After that, instability sets in. 
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Fig. 4.19 Sensitivity of the maximum stroke length to variation in measurement time delay 

Example 4.2 Earthquake-excited Structure 

An earthquake excitation (see Fig. 3.14) is applied to the system in Example 4.1. The 

ground acceleration has a maximum value of 17.53 in/sec2. Without any control, the 

displacement is shown in Fig. 4.20. The displacement given by Fig. 4.21 is obtained when a 

displacement-feedback controller with a gain of 15 kips/in is used. This controller, which is 

found to be effective for wind excitation, is ineffective for the given earthquake excitation. This 

can be attributed to the high frequency components of the excitation which make feedback of the 

displacement insufficient to achieve control of the structure. 
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Example 4.3 Linear, Fixed-Base, 8-Story Building with a Mass Damper on the Top Floor 

Fig. 4.22 shows a linear, fixed-base, 8-story building with a mass damper on the top 

floor. 
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Fig. 4.22 Linear, fixed-base, eight-story structure 

The structure has the parameters given in Table 4.2. 
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TABLE 4.2 Parameters of the Structure 

  

  

  

  

  

  

  

  

  

            

Floor m c k 

[metric tons] [kN-sec/m] _ [kN/m] 

1 345.6 490 3.40x102 
2 345.6 467 3.26x10> 
3 345.6 410 2.85x10>_ 
4 345.6 386 2.69x10>_ 
5 345.6 348 2.43x10- 
6 345.6 298 2.07x10> 
7 345.6 243 1.69x10>_ 
8 345.6 196 1.37x10>_ 

Damper 172.8 76.98 843.97 
  

Without any form of active control, the response of the structure to a wind excitation is shown in 

Fig. 4.23. The wind force acting on each floor is given by 

fi= 5 PC3sin ot + 7sin 2@f + Ssin3e@t+ 4sin4or) 

i=1,2,3,4,5,6,7,8 

where p = 43.37 KN and @ = 1.0 rad/sec. 
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Fig. 4.23 Interstory displacements with passive control 
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Using a feedback of the displacement of the 8th floor with respect to the ground, a proportional 

controller with a gain of 10000 kN/m is used to provide active control to the structure. The 

resulting interstory displacements are shown in Fig. 4.24. 

Proportional Control 
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Fig. 4.24 Interstory displacements with proportional control 

A comparison of the building response with passive control and with proportional control is 

shown in Table 4.3. The third story experiences the largest interstory drift. A 31% reduction in 

this floor's peak displacement is achieved with proportional control. However, this is 

accompanied by a 820% increase in the peak damper stroke. As expected, the eighth floor 

experiences the largest displacement with respect to ground. This peak displacement is reduced 

by 36% with proportional control applied. 
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TABLE 4.3 Comparison of Response for Passive and Proportional Control 

  

  

  

  

  

  

  

  

  

                

FLOOR Zpas Zo Rnas Roo Ynas ora 

1 1.9067 1.3400 0.7100 0.4867 1.9067 1.3400 

2 1.9321 1.3520 0.7197 0.4926 3.8388 2.6920 

3 2.0803 1.4422 0.7755 0.5295 5.9191 4.1342 

4 1.9949 1.3603 0.7447 0.5082 7.9140 5.4945 

5 1.8995 1.2591 0.7107 0.4892 9.8134 6.7536 

6 1.7791 1.1207 0.6684 0.4796 11.5925 7.8730 

7 1.5231 0.9006 0.5773 0.4860 13.1156 8.7249 

8 0.9532 1.0235 0.3720 0.5537 14.0672 9.0484 

Damper 24.4881 225.2129 9.9176 121.1703 21.3250 225.2893 
  

  
where Z is the maximum interstory drift (cm), R is the RMS value of the interstory drift (cm), Y 

is the maximum displacement with respect to the ground (cm), pas is a subscript denoting passive 

control response, and pro is a subscript denoting proportional control response 

The actuator force, power, and energy is shown in Fig. 4.25. The peak actuator force is 

905 KN, which is 29% of the peak disturbance force (3128 kN) applied to the structure. Again, 

there are periods where the regenerative actuator's power is negative. This means that the 

actuator is able to regenerate and store this energy. The net energy flow is, however, from the 

source to the actuator. 
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Fig. 4.25 Actuator force, power, and energy for proportional control 
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The damper stroke length is shown in Fig. 4.26. When the stroke velocity is in the same 

direction as the applied control force, then positive power is drawn from the electrical source. 

Motoring action occurs in the actuator. When the stroke velocity and control force are in 

opposite direction, then generator action occurs and energy is recovered and stored for later use. 
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Fig. 4.26 Damper stroke length for proportional control 

The effect of variations in the gain on the maximum interstory drift, the maximum damper stroke, 

the maximum displacement with respect to ground, and the maximum control force is shown in 

figures 4.27, 4.28, 4.29, and 4.30. Increasing the gain reduces the interstory drifts, but increases 

the required control force. The increase in the control force causes a corresponding increase in 

the damper stroke. Because only one feedback variable is used, a very limited amount of 

adjustment in the system characteristics is attainable. At a gain of about 1000, the interstory 

drifts start to decrease but, at the same time, the damper stroke and control force show a 

significant increase. 
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Example 4.4 Linear, Base-Isolated, 8-Story Building with a Mass Damper on the 

Base Floor 

Fig. 4.31 shows a linear, base-isolated, 8-story building with a mass damper on the base 

floor. 
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Fig. 4.31 Linear, base-isolated, eight--story structure 

Table 4.4 gives the parameters of the structure. 
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TABLE 4.4 Parameters of the Structure 

  

  

  

  

  

  

  

  

  

  

  

Floor m Cc k 

[metric tons] [kN-sec/m] [kKN/m] 

Damper 172.8 76.38 843.97 
Base 450.0 26.17 18050 

1 345.6 490 3.40x10> 
2 345.6 467 3.26x10- 
3 345.6 410 2.85x10> 
4 345.6 386 2.69x10> 
5 345.6 348 2.43x10° 
6 345.6 298 2.07x10° 
7 345.6 243 1.69x10- 
8 345.6 196 1.37x10-           
  

With the mass damper acting in the passive mode, the structure's response to an earthquake 

excitation (see Fig. 3.14) is shown in Fig. 4.30. 
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Fig. 4.32 Interstory displacements with passive control 

To provide active control, a proportional controller with a gain K, of 1000 uses a feedback of the 

base displacement. The resulting interstory displacements are shown in Fig. 4.33. 
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Proportional Control 
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Fig. 4.33 Interstory displacements with proportional control 

Table 4.5 gives a comparison of the response of the structure in the passive mode and with 

proportional control. For this case, the first floor has the largest interstory deformation. 

Proportional control is able to reduce this displacement by 4%. As with any base-isolated system, 

interstory displacement is minimal while base displacement is sizable. A 7% reduction in the 

base displacement is afforded by proportional control. This controller, however, also causes a 

91% increase in the stroke length (from 35 cm to 68cm). Thus, the introduction of the feedback 

gain increases the damping on poles corresponding to all masses, except the damper mass where 

damping is reduced. 

TABLE 4.5 Comparison of Responses for Passive and Proportional Control 

  

  

  

                

FLOOR Zoas Zor Roas Roo Yas Vora 

Damper 31.4095 58.9167 10.8387 15.4515 35.4893 67.6722 

Base 12.5719 11.6516 | . 3.4460 3.0121 12.5719 11.6516 

1 0.5401 0.5182 0.1492 0.1265 13.1090 12.1500 
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2 0.5120 0.4978 0.1399 0.1191 13.5905 12.6351 

3 0.5326 0.5185 0.1426 0.1226 14.0548 13.1300 

4 0.5094 0.4857 0.1326 0.1154 14.4606 13.5950 

5 0.4984 0.4559 0.1250 0.1105 14.8198 14.0418 

6 0.4846 0.4292 0.1181 0.1060 15.1363 14.4684 

7 0.4349 0.3763 0.1037 0.0944 15.3955 14.8445 

8 0.2891 0.2428 0.0681 0.0627 15.5620 15.0866 
  

where Z is the maximum interstory drift (cm), R is the RMS value of the interstory drift (cm), Y 

is the maximum displacement with respect to the ground (cm), pas is a subscript denoting passive 

control response, pro is a subscript denoting proportional control response 

The actuator force, power, and energy are shown in Fig. 4.34. The peak control force 

(117 KN) is only about 1% of the total force (7541 kN) acting on the structure. Therefore, 

proportional control is slightly effective for this particular structure and excitation. Although 

there are periods of negative power which allow the regenerative actuator to recover energy, the 

actuator is mostly operating as a motor and consuming energy. 

Control Input for Proportional Control 
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Fig. 4.34 Regenerative actuator force, power, and energy for proportional control 
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Fig. 4.35 Damper stroke length for proportional control 

The damper stroke length when proportional control is applied is shown in Fig. 4.35. The stroke 

length is the displacement of the damper with respect to the ground. The peak stroke occurs 

during the early part of the disturbance. Motoring occurs when the stroke velocity and the control 

force are in the same direction. Otherwise, generator action is obtained and energy is recovered. 

The effect of gain variation on the maximum damper stroke, maximum base 

displacement, maximum interstory drift, and maximum control force is shown in figures 4.36, 

4.37, 4.38, and 4.39. Minimum base displacement occurs at a gain of 1000, before it starts to 

increase with increasing gain. The interstory displacement also keeps decreasing until a gain of 

1000 is reached. Therefore, this is a critical gain value after which instability starts to set in. 

Some of the excitation frequencies could also be approaching one or more of the system pole 

frequencies, contributing to the tendency to be unstable after a gain of 1000. 
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Fig. 4.36 Effect of gain variation on the maximum Fig. 4.37 Effect of gain variation on the maximum 
damper stroke base displacement 
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4.33 FEEDFORWARD CONTROL 

Fig. 4.40 shows a block diagram of a structure employing feedforward control, where a 

measurement of the external excitation w is used to generate the control force u. A gain K is 

applied to the measured excitation value to obtain the control input wu. It is assumed that the 

disturbance can be measured without any distortion or significant time delay. Otherwise, the 

system can become unstable when the distortion or delay causes an incorrect phase shift. 

Ww 

  

  

        v 
[ Structure ~—ey 

u 

  

      

Fig. 4.40 Feedforward control scheme 

The control input is of the form 

u= Kw (4.10) 

The state equations are modified as 

x = Ax + B(Kw)+ Hw = Ax +(BK + H)w (4.11) 

It can be observed that feedforward control does not affect the system poles. 
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Example 4.5 

Using the nonlinear system of Example 4.1 under wind excitation, plots of the resulting 

displacements when various gain values are employed are given in Fig. 4.41. A gain K = 0.12 

produces the least displacements. 
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Fig. 4.41 Displacement for various feedforward gains (K) 

A comparison of the responses for the passive case and a case with proportional feedforward 

control (K = 0.12) is shown in Table 4.6. A 60% reduction in the peak displacement is achieved 

through a 19% increase in the damper stroke. 

TABLE 4.6 Comparison of Response for Passive and Proportional Control 

  

  

  

          

CONTROL TYPE ,(peak) y,(rms) z(peak) z(rms) 

Passive 4.6275 1.8895 15.4839 9.3422 

Proportional Control 1.8679 0.9773 18.4036 10.0204   
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where y, is the structure's displacement with respect to the ground (in.) and z is the relative 

displacement between the structure and the damper (in.). 

Fig. 4.42 shows the actuator force, power, and energy required for K = 0.12. The 

negative power values indicate that the regenerative actuator is able to recover energy from the 

excitation. Note that the net energy flow is from the actuator to the source. This means that 

during the duration of the excitation, the source has gained energy instead of losing it. 

Control Input for Proportional Control 
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Fig. 4.42 Actuator force, power, and energy for K = 0.12 
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Fig. 4.43 Damper stroke length for feedforward control 

  

The damper stroke length is shown in Fig. 4.43. The stroke has the same waveform as the 

displacement. When the stroke velocity is in the same direction as the control force, then 

motoring occurs and energy is drawn from the electrical source. 
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Sensitivity to Gain 

The sensitivity of the maximum displacement, maximum control force, and maximum 

stroke length to variations in the feedforward gain are indicated by figures 4.44, 4.45, and 4.46, 

respectively. Note the critical gain of 0.12, after which the displacement starts to increase. The 

value of the critical gain will be dependent on the excitation and how close are its frequency 

content to the system frequencies. The stroke length and contro! force increase proportionately 
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Fig. 4.46 Sensitivity of the maximum stroke length to gain variations 

Effect of Time Delay 

The effect of time delay on the displacement response of the feedforward-controlled 

system is shown in Fig. 4.47. The critical delay time is approximately 0.35 second, greater than 

which the response starts to increase again. The gain is kept at 0.12. 
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Fig. 4.47 Displacement for various actuator time delays (7, seconds) 

Sensitivity to Time Delay 

The sensitivities of the maximum displacement, maximum control force, and maximum 

stroke length to changes in the actuator time delay are shown in figures 4.48, 4.49, and 4.50. The 

critical delay time is about 0.35 seconds. Larger time delays cause the system to become 

unstable. The maximum control force is determined by the excitation, which in this case has a 

fixed peak. 
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Fig. 4.50 Sensitivity of the maximum stroke length to changes in the time delay 

Effect of Measurement Time Delay 

When the measurement time delay is altered, the resulting displacements are shown in 

Fig. 4.51. The critical measurement time delay appears to be 0.70 seconds. The gain is fixed at 

0.12. The maximum displacement decreases until a delay of 0.70 seconds is reached. 
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Fig. 4.51 Displacement for various measurement time delays (T,,, seconds) 

The effect of the measurement time delay on the maximum displacement, maximum control 

force, and maximum stroke length are shown in figures 4.52, 4.53, and 4.54. From the plot of the 

maximum displacement versus measurement time delay, the critical measurement time delay is 

found as the one corresponding to the minimum displacement-maximum. The plot for the 

maximum displacement gives the critical measurement time delay at about 0.7 second. Increasing 

the measurement time delay above 0.7 second causes an increase in the displacement, control 

force, and stroke length. 
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Fig. 4.54 Sensitivity of the maximum stroke length to variations in measurement time delay 

Example 4.6 Earthquake-excited Structure 

With the same system and earthquake excitation in Example 4.2, a feedforward 

controller with gain of 0.12 kips/in/sec2 is used to provide control. The resulting displacement is 

shown in Fig. 4.55. As with feedback control, feedforward control is unable to reduce the peak 

displacements. The controller is unable to contain the response within the elastic limits. The 

response is very much similar to the uncontrolled case. 
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Fig. 4.55 Displacement with feedforward control 

4.4 PROPORTIONAL CONTROL IN DISCRETE-TIME 

To be able to apply digital control to a continuous system, the continuous system must be 

converted into an equivalent discrete-time system. Several techniques are available for 

discretizing a continuous system. Each technique has its own advantages and disadvantages. 

Examples of continuous-to-discrete transformations include the zero-order-hold (ZOH) or step- 

invariant transformation and the bilinear or Tustin transformation. 

After discretization, the state equations will be of the form 

x(k +1) = Agx(k)+ Egr(k) (4.12) 

where 

E,=(B Hy (4.13) 

u(k) 
r(k)=| f(k) (4.14) 

yolk) 

Example 4.7 

Using a sampling time (7) of 0.10 sec, the system of Example 4.1 is discretized using 

the zero-order-hold transformation. It is assumed that the system is completely linear and is being 

subjected to a wind excitation. Without any control being exerted, the structure's displacement is 

shown in Fig. 4.56. The displacement response given in Fig. 4.57 is for the case when a feedback 

gain of 15 kips/in is applied to the displacement to generate the control force u. Feedforward 

control, using a gain of 0.12 kips/kips, results in the displacement response shown in Fig. 4.58. 
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Fig. 4.58 Displacement with feedforward control 

These results show that there is a negligible difference between using a continuous and a 

discrete-time model in the simulations. Both models yield approximately the same results. 

4.5 SUMMARY 

This chapter does not present any original contribution. Its main purpose is to provide a 

benchmark against which controllers for the regenerative electric actuator can be evaluated and 

compared. 

For cases involving wind excitation, it is shown that proportional feedback control can 

provide effective control. The reduction in the structure's displacement is, however, accompanied 
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by an increase in the control force and the stroke length. The use of feedback control generally 

reduces the damping of the mass damper which, in turn, increases the stroke length. A certain 

amount of gain variation is found to be tolerable without degrading the response. Critical values 

of actuator time delay and measurement time delay have to be determined in order to set limits 

on these quantities. Feedforward control can also be used for wind-excited structures. Critical 

values for the gain, actuator time delay, and measurement time delay determine the limits of 

effectiveness for this type of control. Simulations are conducted for a single-degree-of-freedom 

system and a fixed-base multistory building. 

Feedback and feedforward proportional control of the single-degree-of-freedom system 

under earthquake excitation is found to be ineffective. It is only slightly effective for a base- 

isolated multistory building. Regeneration can be achieved while under proportional control. 
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CHAPTER 5 

Linear Quadratic Control 

5.1 INTRODUCTION 

Linear quadratic (LQ) controllers constitute the most prevalent type of structural control. 

Most of the research effort in past few years were geared towards this type of control for civil 

structures. No original contributions are being presented in this chapter. Since most of the 

previous work in active control of structures use this method, the purpose of this chapter is to 

provide a benchmark against which controllers for the regenerative electric actuator are 

evaluated. 

Since environmental disturbances are seldom known a priori, the regulator solution 

presented in this chapter is used to search for the best closed-loop control law for structures 

subjected to unknown disturbances. This is done by determining the response of the controlled 

structure when subjected to some assumed disturbances. The best regulator is one which 

performs well for most of the assumed excitations and excitations which closely resemble the 

actual disturbances. 

The LQ controller is tested on a single-degree-of-freedom system and on a fixed-base 

and base-isolated multistory building. Increasing the weight on the displacement produces a 

reduction in the displacement at the cost of increasing the control force and damper stroke. The 

LQ controller is shown to be effective for both wind and earthquake excitations. However, peak 

reduction seems to be a problem in earthquake-excited cases. Various criteria are suggested for 

choosing the weighting matrices. 

To improve control efficiency, limits can be set on the control force to reduce stroke 

length without compromising the displacement response. This type of controller provides 

opportunity for regeneration. In some cases with sufficient duration of the excitation, there is 

even a net gain in the source energy 

5.2 FORMULATION OF THE OPTIMAL CONTROL PROBLEM 

The state equations of any given system, whether it is linear or nonlinear, can be written 

in the form 

x(t) = a(x(t), u(t), ¢) (5.1) 
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where a is an n-vector function of the state x(f), control u(‘), and time ¢. To solve the optimal 

control problem [1], one must find an admissible control u*(ft) which will force the system to 

follow an admissible trajectory x*(t) which minimizes the performance index 

J=Wx(ty),t p+]? g(x(t),u(1),t)dt (5.2) 

and, at the same time, satisfying (5.1). In (5.2), A and g are scalar functions while fo and trare the 

initial and final times, respectively. The control u*(¢) which is found to minimize the 

performance index J is called an optimal control, while the resulting state trajectory x*(f) _ is 

called an optimal trajectory [1]. 

The necessary conditions for an optimal solution can be obtained by first defining the 

Hamiltonian as 

H(x(t), u(t), P(t),t) = g(x(t),u(t),¢) + p? (t)fa(x(1), u(2), 9] (5.3) 

where p(/) is an m-vector of Lagrange multipliers or costate variables. Assuming that the 

admissible controls are bounded, the necessary conditions for optimal control are given by [1] 

  

  

x*(t)= ee EO tg <t<Sty (5.4) 

pt(y=- SON OPO) to <t<ty (5.5) 

H(x *(t),u*(t),p*(t),t) s X(x *(t), u(t), p*(t),¢) tg Ststf (5.6) 

for all admissible u(s) 

Oh(x*(ty),t¢) r 
i= pr(te)] Sap +[M xt yur (te PH p stp) 

OW(x *(tp),tf) ODD by, =0 (5.7) 

where Ox¢ and otf are variations in the final state and final time, respectively. Note that (5.4) is 

simply the state equations as given in (5.1). Thus, (5.4) requires that the optimal trajectory and 

optimal control satisfy the state equations. Equation (5.5) results in what are known as the 

costate equations. Equation (5.6) is a statement of Pontryagin's minimum principle, i.e., that the 

optimal control must minimize the Hamiltonian. Equation (5.7) provides a set of boundary 

condition equations. If the admissible controls are not bounded, then a necessary condition for 

u*(f) to minimize the Hamiltonian is 
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O%(x *(t),u*(t),p*(t), (x *(Z) vp (t),t) _ 9 In StSty (5.8) 

The solution of the state and costate equations requires the evaluation of 2” constants of 

integration. To evaluate these constants, the initial conditions contribute m equations 

x(19) =X (5.9) 

and another set of » or (n+l) equations, depending on whether or not tf is specified, is 

contributed by (5.7). 

5.3 THE LINEAR REGULATOR PROBLEM 

The linear regulator problem is a subset of the optimal control problem wherein the 

optimal control is required to move the system from an initial state to a desired final state. For 

structural systems, the desired final state is the zero state, i1.e., zero displacement and zero 

velocity. Therefore, to obtain the optimal control for a structural system one must basically solve 

a linear regulator problem. The performance index is chosen so that it makes it desirable to keep 

the state as close to zero as possible while using the least control effort. 

Suppose that the structural system is described by linear state equations of the form 

x(t) = Ax(t)+ Bu(t)+ Hw(t) (5.10) 

The linear regulator problem is to find the control which will minimize the quadratic 

performance index 

J=i [’ ix? (1)Qx(t) + u! (1)Ru(1)]dt (5.11) 

for a fixed final time ty subject to the constraint of the state equation (5.10). H and Q are real 

symmetric positive semi-definite matrices, while R is a real symmetric positive definite matrix. If 

the costate is chosen to be a linear function of the state, 

p*(t)= P(t)x(¢) (3.12) 

then the matrix Riccati equation will be given by 

P(t)+P(t)A - 4 P()BR™'B’ P(t) + A’ P(t)+ 2Qx(1)+ P(;)Hw=0 (5.13) 

P(t) =0 (5.14) 

The solution of this form of the Riccati equation requires a priori knowledge of the disturbance 

w. For most structural control problems, the excitation w is generally unknown and difficult to 

predict. For cases where w = 0 or w is a white-noise stochastic process, then the Riccati equation 

simplifies to 
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PA+A’P- PBR /B/P+Q=0 (5.15) 
and the control is given by 

u*(t)=—R7'B! Px(t) = —Kx(t) (5.16) 

If w is nonzero or not white noise, then the regulator solution given by (5.16) can still be used to 

look for the best closed-loop control law for structures subjected to unknown disturbances, 1.e., 

investigate the response of the controlled structure due to some assumed disturbances. Hence, the 

LQ regulator is used as a simulation benchmark. 

As long as the disturbance is present, the performance index will not converge to a 

steady-state value because the regulator solution does not take the disturbance into account. If the 

disturbance is known for the entire control interval, then (5.13) can be solved and a convergent 

performance index is obtained even in the presence of the disturbance. 

Example 5.1 Wind-Excited SDOF Structure with Mass Damper 

Consider the single degree-of-freedom structure with mass damper described in Example 

4.1. Assume that it is excited by a wind force with parameter p = 9.75 kips and @ = 1 rad/sec. A 

linear quadratic (LQ) controller is designed using the weighting matrices Q = diag(2000,1,1,1) 

and R = 0.1. The gain matrix is obtained as 

K= [-128.0780 1.8746 37.5252 5.8866] 

The displacement of the structure with LQ control is shown in Fig. 5.1. 
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Fig. 5.1 Displacement with LQ control 

  

A comparison of the structure's response with and without LQ control is shown in Table 5.1. 

There is a 80% reduction in the peak displacement with linear quadratic control applied. This is 

accompanied by a 35% increase in the maximum stroke-length. 
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TABLE 5.1 Comparison of Response for Passive and LQ Control 

  

  

            

CONTROL TYPE <(peak) y,(rms) z(peak) z(rms) 

Passive 4.6275 1.8895 15.4839 9.3422 

LQ Control 0.9148 0.4801 20.8562 10.0273 
  

where y, is the structure's displacement with respect to the ground (in.) and z is the relative 

displacement between the structure and the damper (in.). 

The control force and the instantaneous power and energy supplied by the regenerative 

actuator are given by Fig. 5.2. Almost half of the time, the actuator is consuming negative power. 

This means that the actuator is able to regenerate while under LQ control. The plot for the energy 

shows that there is a net energy flow directed towards the source after about 20 seconds of the 

excitation. 
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Control Input for LQ Control 
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Fig. 5.2 Control input supplied by the actuator 
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Fig. 5.3. Damper stroke length with linear quadratic control 

The damper stroke length is shown in Fig. 5.3. The peak stroke length occurs during the first 

half-cycle of the wing disturbance. This coincides with the occurrence of the peak displacement. 

When the stroke velocity and the control force are in the same direction, then motoring action is 

obtained. Opposing directions for the stroke velocity and control force result in generating action 

and energy recovery. 

The difference between the results for a linear and a nonlinear simulation is shown in 

Fig. 5.4 while using the LQ controller designed for the linear system. It is seen that the difference 

between the two simulations is negligible. At the start of the simulation, the difference is zero 

since the displacement is still within the elastic limit. As long as control is immediately available 

at the onset of the disturbance, then the displacement is kept within the elastic limits and no 

significant differences between the linear and nonlinear response is obtained. 
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Fig. 5.5 shows the displacement of the structure if a limit is set on the amount of control force, 

Umax equal to 0, 5, 15, and 37 kips. The saturation of the control force violates the optimality of 

the original system. However, the introduction of an input nonlinearity that is sector-restricted on 

the control input-output plane does not destroy the stability of the original system [3]. 
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Fig. 5.5 Displacement for various limits (U,,.,, kips) on the control force 

From these simulations, the sensitivity of the maximum displacement and of the maximum stroke 

length to limits set on the control force are shown in Fig. 5.6 and Fig. 5.7, respectively. It is noted 

that increasing the maximum control-force above 5 kips does not produce any appreciable 

reduction in the maximum displacement. This is indicative of the stability margins for the given 

controller. However, the larger control force causes a larger stroke length. This would suggest 

the use of a limit on the control force in order to obtain better efficiency. 
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Fig. 5.6 Sensitivity of the maximum displacement Fig. 5.7 Sensitivity of the maximum stroke length 

to limits on the control force to limits on the control force 

The effect of actuator time delay, 77, on the displacement response is shown in Fig. 5.8. The 

actuator time delay is not modeled in the control problem. A delay above 0.425 second causes 

the system to become unstable. This value would correspond to the critical actuator time delay of 

the controlled system. 
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Fig. 5.8 Displacement for various time delays (7,7 seconds) 
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Td = 0.250 Td = 0.425 
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Fig. 5.8 (cont.) Displacement for various time delays (7,7 seconds) 

The sensitivity of the maximum displacement, maximum control force, and maximum stroke 

length to variations in the time delay are shown in figures 5.9, 5.10, 5.11, respectively. These 

figures show that the displacement, control force, and damper stroke start to increase 

significantly after the critical delay time of 0.35 s is reached. 
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Fig. 5.11 Sensitivity of the maximum stroke length to variations in time delay 

The impact of measurement time delay on the displacement of the structure is shown by Fig. 

5.12. If the measurement time exceeds 0.75 sec., the system becomes unstable. Again, this 

corresponds to the critical measurement time delay. 
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The sensitivity of the maximum displacement, maximum control force, and maximum stroke 

length to changes in the measurement time delay are given by figures 5.13, 5.14, and 5.15, 

respectively. The displacement, force, and stroke start to breakaway rapidly after the critical 

measurement time is reached. 
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Fig. 5.15 Sensitivity of the maximum stroke length to variations in measurement time delay 

The time delays are not modeled for the control derivation. The introduction of time delay will 

destroy the optimality of the original system. The important thing is that the optimality of the 

original system allows the introduction of these modifications while maintaining closed-loop 

stability [3]. However, the properties of the original system cannot resolve all robustness and 

sensitivity issues. The system eventually becomes unstable once the critical values are reached. 
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Example 5.2 Earthquake-Excited SDOF Structure with Mass Damper 

Using the same LQ controller designed in Example 5.1, the response of the system in 

Example 5.1 is obtained for an earthquake excitation with a peak acceleration of 17.53 in/sec@ 

and having the same shape as Fig. 3.14. The resulting displacement is shown in Fig. 5.16. The 

controller is unable to reduce significantly the positive peak in the displacement. 
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Fig. 5.16 Displacement with LQ control 

A comparison of the structure's response with and without LQ is shown in Table 5.2. A 39% 

reduction in the peak displacement is obtained, while the stroke length increases by 421%. Since 

the weight on the control force is much smaller than the weight on the displacement, a larger 

control force is obtained. The larger force requirement produces a larger stroke length. 

TABLE 5.2 Comparison of Response for Passive and LQ Control 

  

  

  

            

CONTROL TYPE y.(peak) y<(rms) z(peak) z(rms) 

Passive 5.5956 1.8895 15.1441 9.3422 

LQ Control 3.4369 1.1349 78.8545 26.8077 
  

where y, is the structure's displacement with respect to the ground (in.) and z is the relative 

displacement between the structure and the damper (in.). 

The actuator has to provide the control force, power, and energy shown in Fig. 5.17. 

During the first 10 seconds, the actuator is motoring. The regeneration that occurs at about 10 

seconds reduces the net energy requirement from the source. 
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Control Input for LQ Control 
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Fig. 5.17 Actuator force, power, and energy 
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Fig. 5.18 Damper stroke length with linear quadratic control 

The damper stroke is shown in Fig. 5.18. The peak occurs in the positive direction. Motoring 

occurs when the stroke velocity and the control force have the same polarity. Regeneration 

occurs when the stroke velocity and control force have opposite polarities. 

Fig. 5.19 shows the difference between the results of a linear and a nonlinear simulation. 

The difference is not as negligible as in previous cases. This clearly demonstrates that a 

nonlinear model has to be used to arrive at more accurate simulation results. Since the controller 

is unable to restrict the displacement to within the elastic range, the system response becomes 

nonlinear. Hence, the difference between the two simulations are not quite negligible. 
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Fig. 5.19 Difference between a linear and a nonlinear simulation 

5.4 SELECTION OF THE Q AND R WEIGHTING MATRICES 

The choice for the weighting matrices Q and R has a great impact in shaping the 

response of a given structure under optimal control. In general, the magnitudes of the elements of 

Q and R reflect the relative importance being given to the structural response and the control 

force when minimizing the performance index. If response reduction is given a higher priority 

over the control effort, then the elements of the response weighting matrix Q are assigned larger 

values compared to those of R. This results in a faster and greater reduction of the response at 

the expense of larger control forces. One can also interpret this as assigning the structure's safety 

much more importance than system cost [3]. On the other hand, if the reduction of the control 

effort is given a higher priority over response reduction then the elements of the control 

weighting matrix R are assigned larger values compared to those of Q. This results in a slower 

and smaller reduction of the response due to smaller control forces. In this case energy 

requirements are reduced and thus gives system cost a higher priority over safety. Ultimately, a 

compromise has to be made between the structural response and the required control force in 

order to choose suitable Q and R matrices. For most practical cases, response reduction will have 

greater priority than control effort. 

Finding the "best" Q and R is one of the more difficult steps in LQ control design. When 

the weighting matrices Q and R are both assumed to be diagonal matrices, it is found that it is the 

ratio of the elements of these matrices (and not the individual magnitudes) which influences the 

response [4]. A trial-and-error approach is usually employed to find the weighting matrices 

which will give acceptable levels in the responses and control forces. 

The equations of motion can be written as 
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Mz + Cz+ Kz= Gu+ f —- myo (5.25) 

where G is the actuator influence matrix and z is the displacement relative to the ground. The 

other quantities are as defined in Chapter 3. If the number of actuators equal the number of 

degrees-of-freedom, then G will have full rank. Based on physical considerations, a possible 

choice for the weighting matrices is one which would lead to a minimization of both the energy 

of the structure and the quasistatic work done by the controller/actuator [5]. Therefore, if Q and 

R are chosen as 

aK 0 5.26 
Q=1 5 om (5.26) 
R=G’K"'G (5.27) 

then 

dx7Qx=a4z"Kz+ phi! Ma (5.28) 

where o and f are positive scalar weights. Note that the right-hand side of (5.28) is the weighted 

sum of the potential (strain) energy and kinetic energy of the system. The work done by the 

controller/actuator is indirectly weighted by a and B. Minimization of the performance index 

would result in the reduction of the total energy of the system with the minimum control effort. 

This approach has the advantage of reducing the number of design parameters. 

Other forms of the Q matrix that have been suggested include [6] 

Q= K 0 5.29 
10 0 ©.29) 

which will minimize the potential energy of the structure; and [7] 

Q= 0° 5.30 “lo 1 (5.30) 

Example 5.3 Wind-Excited SDOF Structure with Mass Damper 

The displacements given in Fig. 5.20 show the effect of varying the first diagonal 

element of the Q matrix for the system, controller, and excitation described in Example 5.1. 

Other elements of the Q and R matrices are kept constant. Increasing the weight on the 

displacement causes a reduction in the displacement at the expense of larger control forces or 

increases in the other state variables. 
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Fig. 5.20 Displacement for various Q11 values 

The sensitivity of the maximum displacement, maximum control force, and maximum stroke 

length to these variations in Q11 are shown in figures 5.21, 5.22, and 5.23, respectively. The 

reduction in displacement is accompanied by an increase in the required control force and stroke 

length. The control force starts to increase significantly only after Q11 = 100. 
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Fig. 5.23 Sensitivity of the maximum stroke length to variations in Q11 

On the other hand, if Q is fixed and R (composed of one element only) is varied, then the 

displacements shown in Fig. 5.24 are obtained. The bigger weight on the control force causes an 

increase in the displacement response due to lower cost being assigned to this variable. 

105



  

  
  

  

  

    
  

R=0.1 

2 

1.5} 

4| 

<< pos! \ 
of | | 

S 
das 2 

“1; 

1.5! 
>| | | | | 

0 20 40 60 80 100 
Time [sec] 

R=10 
2 > 

1.5} 

1; 
© 
5 0.5 

g 0 

& 20.5} || 

° 1 
“| 

-1.5} 

-2 . . ‘ 1 
0 20 40 60 80 100 

Time [sec] 

Fig. 5.24 Displacement for various R 
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The sensitivity of the maximum displacement, maximum control force, and maximum stroke 

length to variations in R are depicted in figures 5.25, 5.26, and 5.27, respectively. The higher 

cost on the control produces larger displacements. The smaller force requirement also results in a 

smaller stroke length. 
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Example 5.4 Linear, Fixed-Base, Eight-Story Building with Mass Damper on the Top Floor 

Consider the linear, fixed-base, eight-story building equipped with a mass damper on the 

top floor, described in Example 4.3. An LQ controller is used to provide active control to the 

structure while it is being subjected to the same wind excitation. The weighting matrices are 

chosen as, 

I 0 o-|%) 8x8 an R=0.0001 

O10xg 0x10 

where qj}, is a scalar factor that weighs the interstory displacements. With g}1 = 1x10°, the 

resulting interstory drifts are shown in Fig.5.28. All interstory displacements reach their peaks 

during the first cycle of the disturbance. 
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Fig. 5.28 Interstory drifts with LQ control 

Table 5.3 gives a comparison of the structure's response without active control and with LQ 

control. The third story experiences the most interstory displacement. LQ control is able to 

provide a 29% reduction in this displacement. In order to produce this reduction, the stroke is 

increased by 287%. 
TABLE 5.3 Comparison of Responses with Passive and LQ Control 

  

  

  

  

  

  

  

  

  

                

FLOOR Zpas Ziq Roas Rig _Yoas Yig 

1 1.9067 1.3374 0.7100 0.5942 1.9067 1.3374 

2 1.9321 1.3574 0.7197 0.6032 3.8388 2.6946 

3 2.0803 1.4674 0.7755 0.6522 5.9191 4.1618 

4 1.9949 1.4179 0.7447 0.6307 7.9140 5.5797 

5 1.8995 1.3703 0.7107 0.6100 9.8134 6.9473 

6 1.7791 1.3226 0.6684 0.5893 11.5925 8.2564 

7 1.5231 1.2232 0.5773 0.5432 13.1156 9.4428 

8 0.9532 1.0252 |- 0.3720 0.4438 14.0672 10.3155 

Damper 24.4881 94.8030 9.9176 40.4955 21.3250 98.0185 
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where Z is the maximum interstory drift (cm), R is the RMS value of the interstory drift (cm), Y 

is the maximum displacement with respect to the ground (cm), pas is a subscript denoting passive 

control response, and /q is a subscript denoting LQ control response. 

The force, power, and energy being provided by the actuator are shown in Fig. 5.29. 

There are instances where the regenerative actuator is able to recover some energy from the 

excitation. The net energy requirement is, however, still positive. As long as the structure is 

subjected to the excitation, the net energy keeps increasing because the actuator is consuming 

more energy than it is able to regenerate. 
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Fig. 5.29 Actuator force, power, and energy 
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Fig. 5.30 Damper stroke length for linear quadratic control 
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The damper stroke length is shown in Fig. 5.30. When the stroke velocity and the control force 

are directed in opposite direction, then regeneration occurs. Motoring action is obtained when the 

stroke velocity and control force are directed in the same direction. 

Varying the value of q 1; affects the maximum interstory drift, the maximum damper 

stroke, and the maximum control force as shown in figures 5.31, 5.32, and 5.33. The larger 

weights on the displacements require larger contro] forces and, consequently, larger stroke 

lengths. The larger control forces allow a reduction in the interstory drift. The stroke length starts 

to increase significantly at about g,; = 10000. 
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Example 5.5 Linear, Base-Isolated, Eight-Story Building with a Mass Damper on the Base 

Floor 

Consider the linear, base-isolated, eight-story building with a mass damper on the base 

floor, as described in Example 4.4. With the same earthquake excitation, the structure is actively- 

controlled using an LQ controller. The weighting matrices are chosen as, 

Q = diag(1,¢99,1,1, ... ,1) R= 0.0001 

922 is the weight on the base displacement. It is desired that active control be able to reduce the 

base displacement which is usually excessive for base-isolated systems. If g77 = 500, the 

interstory drifts are shown in Fig. 5.34. 
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Fig. 5.34 Interstory drifts for LQ control 

A comparison of the responses without active control and with LQ control is given in Table 5.4. 

The first floor experiences the largest interstory drift. LQ control is able to reduce this 

displacement by 2%, with a 49% increase in the stroke length. 
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TABLE 5.4 Comparison of Responses with Passive and LQ Control 

  

  

  

  

  

  

  

  

  

  

                

FLOOR _Zpas Zig Roas Rig Yoas Yig 

Damper 31.4095 46.8333 10.8387 11.5341 35.4893 53.4180 

Base 12.5719 11.6045 3.4460 2.8580 12.5719 11.6045 

1 0.5401 0.5314 0.1492 0.1293 13.1090 12.1339 

2 0.5120 0.5099 0.1399 0.1218 13.5905 12.6288 

3 0.5326 0.5310 0.1426 0.1254 14.0548 13.1327 

4 0.5094 0.4975 0.1326 0.1180 14.4606 13.6045 

5 0.4984 0.4670 0.1250 0.1130 14.8198 14.0576 

6 0.4846 0.4457 0.1181 0.1083 15.1363 14.4923 

7 0.4349 0.4026 0.1037 0.0964 15.3955 14.8769 

8 0.2891 0.2685 0.0681 0.0640 15,5620 15.1245 
  

  
where Z is the maximum interstory drift (cm), R is the RMS value of the interstory drift (cm), Y 

is the maximum displacement with respect to the ground (cm), pas is a subscript denoting passive 

control response, and /q is a subscript denoting proportional control response 

The actuator force, power, and energy are shown in Fig. 5.35. The negative peak in the 

regenerative actuator's power allows a net energy flow towards the source for the given duration 

of the excitation. Hence, there is a net gain in source energy. 

Control Input for LQ Control 
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Fig. 5.35 Actuator force, power, and energy 
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Fig. 5.36 Damper stroke for LQ control 

The damper stroke is shown in Fig. 5.36. Motoring occurs when the stroke velocity and the 

control force are in the same direction. Opposition of the stroke velocity to the control force 

results in generating action. 

The effect that variation in g7> has on the maximum interstory drift, maximum base 

displacement, maximum damper stroke, and maximum control force are shown in figures 5.37, 

5.38, 5.39, and 5.40, respectively. Increasing the weight on the base displacement causes a 

reduction in the base displacement. This is requires an increase in the control force which results 

in an increase of the stroke length. The minimum interstory displacement occurs at g27 = 800, 

while minimum base displacement occurs at gy = 500. The best compromise would to choose 

927 between these two values. Increasing qz7 also produces faster rates of decay in the 

displacement responses. However, this requires larger control forces and damper strokes. 
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5.5 SUMMARY 

This chapter does not present any original contribution. The main reason for its inclusion 

is to provide a benchmark against which controllers for the regenerative electric actuator are 

evaluated. A majority of the research in structural control have used this contro] algorithm. 

In most structural control problems, the environmental disturbances are often unknown a 

priori. Therefore, the Riccati equation cannot be solved completely. This is also the reason that 

feedforward LQ control is not implementable. The regulator solution presented in this chapter is 

used to search for the best closed-loop control law for structures subjected to unknown 

disturbances. This is done by determining the response of the controlled structure when subjected 

to some assumed disturbances. The best regulator is one which performs well for most of the 

assumed excitations and those excitations which closely resemble the actual disturbances. 

Simulations are performed for a single-degree-of-freedom system and for a fixed-base 

and a base-isolated multistory building. Reduction of the displacement response is obtained by 

increasing the weight on that particular displacement in the weighting matrix. The response 

reduction is attained at the cost of increasing the control force and the damper stroke. The LQ 

controller is shown to be effective for both wind and earthquake excitations. However, peak 

reduction seems to be a problem in earthquake-excited cases. Various criteria are suggested for 

choosing the weighting matrices. 

Critical values in the actuator time delay and measurement time delay limit the extent to 

which these parameters can be increased without losing stability. Limiting the control force to 
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reduce stroke length can increase control efficiency without compromising the displacement 

response. This type of controller is found to provide more opportunities for regeneration. In some 

cases with sufficient duration in the excitation, there is even a net gain in the source energy. 
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CHAPTER 6 

Sliding Mode Control 

This chapter is directed towards the application of sliding mode control (also known as 

variable structure control) for the active control of structures, with special emphasis on the 

mitigation of wind- and earthquake-induced motion in tall buildings using regenerative electric 

actuators. The rationale for using sliding mode control is the fact that regenerative electric 

actuators use a form of on-off control based on pulse width modulation (PWM). Sliding mode 

inherently provides a synthesis of this on-off nature of PWM control and guarantees stability for 

the on-off control law. Due to the limited energy available for active control, saturation of the 

control force often occurs. Sliding mode control naturally encompasses the nonlinear, on-off 

nature of control force saturation. At the same time, sliding mode control guarantees stability for 

the on-off control law. This study is the first of its kind to investigate the applicability of sliding 

mode control to civil structures. Both linear and nonlinear models of the structure are considered 

in this study to assess the sliding mode controller's performance during disturbances. It is shown 

that the controller is able to overcome sensitivity to structural parameter variations, particularly 

structural stiffness. Systematic procedures for the design of the sliding surface, using both pole- 

placement and quadratic-minimization methods, are presented together with simulation results 

obtained by using linear and nonlinear models of the structure. These controllers are also shown 

to be effective even in the presence of control force saturation. With sliding mode control, the 

regenerative electric actuator is able to recover energy and store it for later use. This reduces the 

net energy drawn from the supply by the actuator. In some cases, there is even a net gain in the 

energy of the supply. 

6.1 INTRODUCTION 

Sliding mode control or variable structure control uses a high-speed switching control 

law to drive a system's state onto a specified surface (switching or sliding surface) in the state 

space, and maintain the state trajectory on this surface [1]. If the state trajectory is above the 

surface, the controller has one gain and a different gain if the trajectory drops below the surface. 

The controlled system's behavior can be described as the system dynamics being restricted to this 

surface. Sliding mode control is characterized by invariance to system parameter variations and 

to disturbances. This makes it an attractive option in the area of active control of civil structures 
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where accurate structural models are difficult to obtain. The inaccurate models are further 

aggravated by nonlinear structural members. 

The current in the regenerative electric actuator is controlled by pulse width modulation 

(PWM) through the on-off application of voltage. Sliding mode control inherently provides a 

synthesis of this on-off nature of PWM control and guarantees stability for the on-off control 

law. Due to limitations on the available energy for control, saturation of the control force can 

occur. Sliding mode control naturally encompasses the nonlinear, on-off nature of control force 

saturation. While providing a natural synthesis of the on-off nature of control force saturation, it 

also guarantees stability for the on-off control law. 

The idea of applying sliding mode control to civil structures under wind and earthquake 

excitation was initially proposed in [2] and continued in [3]. The control form proposed in [3] is 

based on the diagonalization method [4], and preassigns a control structure composed of linear 

feedback with switched gains. A discontinuous, sliding-mode control law based on an alternative 

structure for the control are presented in [5] and [6]. In these last two studies, the preassigned 

control structure is a sum of two components --- the equivalent control and an augmentation to 

this equivalent control. A similar approach is taken in [7]. Controllers based on continuous 

sliding mode control [8] are proposed in [9], [10], and [11]. Again, these studies use the 

augmented-equivalent-control structure. Experimental verifications on scale models are reported 

in [12] and [13], extending the work done in [9], [10], and [11]. 

This chapter proposes a new sliding-mode controller for the regenerative electric 

actuator which will provide active control to civil structures. The control law is based on the 

diagonalization method and uses a control structure composed of linear feedback with switched 

gains. The method and results presented in this chapter are based on initial work done in [3]. 

6.2 VARIABLE STRUCTURE SYSTEMS 

Consider the single-input system 

x = Ax + bu (6.1) 

For state-feedback control, the structure of the state feedback is fixed so that control is a fixed 

function of the state, i.e., 

u=—Kx (6.2) 

The constant elements of K are chosen by using design methods like pole-placement and 

optimal control. In contrast to this, variable structure systems allow their structure to change by 

switching at any instant from one to another member of a set of possible continuous functions of 

the state [14]. One way of describing a control structure which results from a given choice of 
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feedback function is by drawing a phase plot. Different control structures will give different 

phase plots. Some of these structures are stable and some are unstable. Therefore, the design of a 

variable structure system requires the selection of the parameters of each of the structures, and 

the definition of the switching logic. A motivation for increasing the complexity of the design is 

the possibility of combining useful properties of each of the control structures by switching from 

one control structure to another. It is also possible that the resulting variable-structure system 

possesses new properties not present in any of the control structures used, such as being stable 

despite the fact that it is composed of unstable control structures. Regenerative electric actuators 

use a PWM type of control whose synthesis becomes easier with sliding mode control. 

6.3 SLIDING MODES 

To be more general, the systems that will initially be considered will be nonlinear in the 

state and linear in the control, L.e., 

x(t) = f(x,t)+ B(x, )u(t) + Hw(x, 7) (6.3) 

where x € R®, u € R™, and B € R"*M. Each component u,2) of the discontinuous switched 

control u(7) € R™ has the form, 

+ . 

uj = 44 G(x) >0 i=1,2,...,m (6.4) 
Uj o;(x)<0 

where ujt # uj; and 6,({x) = 0 is the ith switching (discontinuity) surface (hyperplane) associated 

with the (7 - m)-dimensional switching surface, 

o(x) =[0)(x) o7(x) ... Om(x)] =0 (6.5) 

The switching surface o(x) = 0 is an ( - m)-dimensional manifold in R" determined by the 

intersection of m (n-1)-dimensional switching surfaces o,{x) = 0. Since the design of linear 

switching surfaces is amenable to techniques used for linear controllers, switching surfaces are 

chosen to be of the form, 

o(x)=Sx(t)=0 (6.6) 

where S is an m x n matrix. 

The state trajectory intercepts the switching surface and remains on the surface for all 

subsequent time. This phenomenon of the state staying on the switching surface after the 

trajectory intercepts the surface is called a sliding mode. A sliding mode will exist for a given 

system if the state velocity vector (derivative of the state vector) is always directed towards the 

switching surface in the vicinity of the switching surface. It is possible that sliding mode may 

exist only on the intersection o(x) = 0 and not on the individual o,(x) = 0. 
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For sliding motion to occur on the ith hyperplane, it is required that, 

lim 6; <0 (6.7) 
o >0° 

and 

lim o;>0 (6.8) 
6,70 

This ensures that the motion of the state trajectory is always directed towards the ith switching 

surface, once the state is in the vicinity of the surface. Equations (6.7) and (6.8) can be combined 

to give the equivalent condition for sliding motion to occur as, 

0/6; <0 (6.9) 
in the neighborhood of o,(x) = 0. When the system is in sliding mode, it satisfies the equations, 

o;(x)=0 (6.10) 

and 

G;(x)=0 (6.11) 

Furthermore, the system gains invariance properties which makes the state trajectory independent 

of certain system parameters and disturbances. If sliding mode exists on all the switching 

hyperplanes, then the following will be true during sliding motion: 

o=0 (6.12) 

and 

o=0 (6.13) 

The ideal sliding mode will exist only when the state x of the controlled system satisfy 

o(x)=0 for all time ¢ > fo. In order for this to occur, the switching logic must work infinitely 

fast, with the control oscillating between uj* and u;. However, the switching mechanisms in 

actual systems have imperfections like time delay or hysteresis. They cause the switching to 

occur at a finite frequency. The trajectory then oscillates within a neighborhood of the switching 

surface as a phenomenon called chattering. In cases where the switching frequency is relatively 

very high compared to the frequency components of the system response, the effect of the 

switching imperfections and the finite switching frequency can become negligible. As the non- 

ideal characteristics diminish, the state trajectory will approach the ideal sliding mode on the 

intersection of the switching surface. 

The design of a variable-structure control system can be broken down into three major 

steps: (a) the design of a switching surface o where the restricted system will have a desired 

behavior, (b) the specification of a suitable control function which will ensure sliding motion 

along the intersection of the switching surfaces o,'s, and (c) the design of the switched feedback 
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gains of the control function which will drive the state to the switching surface o and keep the 

state on the surface. 

6.4 DESIGN OF THE SLIDING SURFACE 

A. Method of Equivalent Control 

The equivalent control method [15] was formulated to study the system's motion once it 

is restricted to the switching surface o(x) = 0. Assume that the state trajectory intercepts the 

switching surface at time f, and sliding mode is maintained for all ¢ = ¢,. For a sliding mode to 

exist, it is required that 

o(x(t))=0 and o(x(t))=0 (6.14) 

for all ¢ > ty. In order to solve for the equivalent control eg which will yield the sliding mode 

equations for the system, let 

. a. O 
= = [f(x,1)+ BOX, 1)iteg + Hw(x,1)]= 0 (6.15) 

If it is assumed that oo B is nonsingular for all x and ¢, then (6.15) can be solved for Ugg: Thus, 

= 
Weg = |% B(x.) S [f(x,1)+ Hw(x,7)] (6.16) 

If (6.16) is substituted into the original state equations given by (6.3) with the assumption that o 

(x(t,)) = 0, the dynamics of the system on the switching surface for all ¢ > t, will be described by 

-1 
i= 1 _ B(x.) = B(x) [ran +Hw(x,1)] (6.17) 

If a linear switching surface is used, i.e. o(x) = Sx, then (6.17) reduces to 

x= L - B(x, 1[SB(x,1)]'S [fx,0)+ Hw(x,7)] (6.18) 

where 

Oo 
—=S 6.19 Ox (6.19) 

For the linear, time-invariant case without any disturbance, 

Ugg = -(SB) 'SAXx(t) (6.20) 

and 
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x(1)=[1-B(SB) 's]Ax(s) (6.21) 

Therefore, the system's motion on the switching surface is given by (6.17) and the constraint 

o(x)=0. The constraint o(x) = 0 , which is a constraint on the state variables, will reduce the 

order of the dynamic equations when the system is on the switching surface. The m algebraic 

equations given by o(x) = 0 can be used to eliminate m state variables from the n-dimensional 

dynamic equations (6.17). Thus, the system dynamics is reduced from an nth-order to an 

(n—m)th-order system. This reduction is shown in the design of the sliding surface which is 

discussed subsequently. 

B. Canonical Form for Variable-Structure Controller Design 

The system equation given by (6.3) can be expressed as, 

x =(A+AA)x+(B+AB)u+v (6.22) 

where v is an external disturbance and AA and AB are system perturbations. The system 

described by (6.22) will possess certain invariance properties if the following matching 

conditions [16] are met: 

AA =BA 

AB = BB (6.23) 

v = Bv 

Differentiating o(x) = 0 with respect to time ¢ gives, 

[(A+AA)x+(B+AB)u+ v]=0 (6.24) 

From the matching conditions given by (6.23), (6.24) becomes, 

So [Ax+B(Ax +v)}+2 Ba +B)u =0 (6.25) 

Assuming that I+ B is nonsingular, the equivalent control for the sliding mode is obtained as, 

-1 

Weg = -a+by'(S8) [ax +B(Ax+#)] (6.26) 

Substituting Yeg in (6.22) yields, 

Xx = Ax + BAx + B(I+ B)ug, + BY (6.27) 

or, 
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do. | ao 
x = Ax- 5 8] — Ax (6.28) 

Ox Ox 

which is independent of AA, AB, and v. 

Since the sliding mode controller is invariant to parameter variations, nonlinearities can 

be considered as perturbations from a linear model. The controller's invariance to disturbances 

makes the design of the sliding surface independent of these disturbances. Thus, in designing the 

sliding hyperplane, it is sufficient to consider the nominal regulator system [17]. 

x(t) = Ax(t)+ Bu(t) (6.29) 

where x is the state 7-vector, u is the control m-vector, and A and B have dimensions nxn and nx 

m, respectively. It is assumed that m <n, B is of rank m, and (A,B) is completely controllable. 

The motion of the system in the sliding mode is determined by the defining condition 

o = Sx(1)=0 t2t, (6.30) 

where ¢, is the time of arrival at the sliding mode and S is an mxn matrix. To simplify the 

development of the theory and the design scheme, a particular canonical form is used for the 

system [5][6]. Assuming that matrix B has rank m, define a nonsingular linear transformation 

z(t) = Tx(t) (6.31) 

such that 

TB= 0 6.32 “|B (6.32) 

where T is an orthonormal nxn transformation matrix (T-! = T7) and B> is both mxm and 

nonsingular. To satisfy (6.32), the first (7 - m) rows of matrix T must form a basis for the (n - m)- 

dimensional subspace orthogonal to the subspace spanned by the vectors of B. T can be 

systematically derived by a QR (or QU) decomposition of B, in which B is decomposed into the 

form 

R 
B -0/5| (6.33) 

where Q is an orthogonal nxn matrix and R is a nonsingular, upper-triangular, mxm matrix. T 

can be obtained by rearranging the rows of Q/. 

In terms of the new state variables z, the state equation (6.29) can be written as, 

x(t) = TAT !2(1) + TBu(t) (6.34) 

If the transformed state z is partitioned as 
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> z= (6.35) 
Z2 

where z} and z> are vectors of length (7 - m) and m, respectively, then the matrices TAT"! and 

TB can also be partitioned accordingly such that the transformed state equations become 

allan azbel*[o 629 Z2| |A21 A22]|Z2] |B 

or 

Z(t) = Ay 12) (t)+ Ay2z2(t) (6.37) 

Z(t) = A212) (t) + Az279(t)+ Bou(t) (6.38) 
Aji1, 412, 421, and Az are respectively (n - m)x(n - m), (n - m)xm, mx(n - m), and mxm 

submatrices. The canonical form of the state equations given by (6.36) is used to determine the 

control which will ensure the reachability of the sliding mode. 

The sliding condition with respect to the new state variables become, 

o =ST !x(1) (6.39) 

After partitioning ST-]) the sliding condition can be written as, 

Z 

o=[S, S> } | (6.40) 
z 

or 

6 = $12) +8922 (6.41) 

where S, and Sz are mx(n - m) and mxm submatrices, respectively, and S> is nonsingular. 

C. Hyperplane Design using Pole-Placement Method{18]\[19] 

With the condition that o = 0, (6.41) which defines the sliding condition can be written 

as, 

29 = -S>~'S,2; (6.42) 

It can be assumed, without loss of generality, that 

S2 =I» (6.43) 

Therefore, it follows from (6.37) that 

a = Aqyzy + Aq2(-I7'S,2)) (6.44) 

or 

2) = (Ay — Ay2S))2y (6.45) 

123



The poles of the transformed system are the eigenvalues of the matrix (Aj 1-A 2S 1) and depend 

on the matrix S,. Note that (6.45) represents an (” - m)th-order system with state feedback 

control where Aj> is the input matrix and S, is the feedback gain matrix. If (A,B) is a 

controllable pair, then (A; ;],A)2) is also controllable [20]. Thus, the (7 - m) eigenvalues of (Aj 1- 

A 281) can be placed arbitrarily in the left-hand side of the complex plane by an appropriate 

choice of the matrix S,. For controllable systems, the following design procedure is formulated: 

(a) Determine the transformation matrix T in (6.31), (b) Find the matrix S, such that the (7 - m) 

eigenvalues of (A;,-A}2S)) have the desired location, and (c) Choose the equation of the 

switching hyperplane in the space of the original state variables to be, 

o=[S; I,|Tx(t)=0 (6.46) 

D. Hyperplane Design using Quadratic Minimization([18][19] 

Another way to design the sliding hyperplane is by minimizing the quadratic 

performance index 

_1/(*,T J= zh, x! Qxat (6.47) 

where Q is a constant, symmetric, and positive-definite matrix. The objective is to minimize J 

subject to the state equation (6.37), assuming that x(¢,) is a known initial condition. This problem 

can be restated as a linear quadratic regulator problem for the system defined by (6.29). If the 

matrix (T-!)7QT-! is partitioned as, 

_1\7 Qi1 Qi tT!) or'= 6.48 
( Q be ed 48) 

where 

Qo17 = Qi (6.49) 
then (6.47) can be restated as, 

J= 1 (aT, 1211 + 224" Qyyz9 +22’ Qnoz9 jae (6.50) 

Let 

V = 22 +Qo7 Qu22 (6.51) 
Q* = Q) 1 — Q12Q277 10127 (6.52) 

A*= Aq} - Ay2Qo7 Qi" (6.53) 
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Substituting in the performance index yields, 

J= a (2,7 Q* 2; + v7 Qyov at (6.54) 

The state equation (6.37) can be written as, 

Z, = A*z)+A}2V (6.55) 

The problem is now to minimize (6.54) subject to the constraint given by (6.55). These two 

equations have the form of the standard linear quadratic regulator (LQR) problem. The 

controllability of (A*,A}2) is ensured by the controllability of (A,B) [18]. An algebraic Riccati 

equation can be written for the LQR problem posed by (6.54) and (6.55), i.e. 

PA*+A*! P— PA Q77_'Aj7? P+ Q*=0 (6.56) 

Since Q is required to be positive, then (a) Q77 > 0 and Q7! exists, and (b) Q* > 0. Thus, a 

unique and positive-definite Riccati matrix P is guaranteed. The optimal control v can then be 

expressed as, 

V=-Qo7 Ajo! Py; (6.57) 
Substituting (6.57) in (6.51) gives, 

Z2 = -Q227|1Qoy + Ayo” Play (6.58) 

Comparing (6.58) with (6.42), it is found that 

S$, =Qo97!(Ay27P +Q197) (6.59) 
Therefore, the quadratic minimization method can be used as given in the following procedure 

for designing the sliding hyperplane: (a) Determine the transformation matrix T in (6.31), (b) 

Solve the (6.56) for the Riccati matrix P, and (c) Choose the equations for the switching 

hyperplane in terms of the original state variables as 

o= | Q20" "(Aya P +Q") Im [TxC0) =0 (6.60) 

6.5 CONTROLLER DESIGN 

Assuming that a sliding surface has been designed, the next step will be to determine the 

switched feedback gains which will drive the state trajectory into the switching surface and 

eventually maintain the trajectory on the surface. The control function is chosen to have the form 
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uj -{* o;(x)>0 (6.61) 

uj o;(x)<0 

u=(m wm... um) (6.62) 

6(x)= [o}(x) o7(x) ... om(x))" (6.63) 

To ensure that sliding motion will exist simultaneously on the intersection of the m sliding 

hyperplanes (an n - m subspace), the diagonalization method will be used to design the controller 

gains. The essential feature of the diagonalization method is the decoupling of motion in the m- 

dimensional subspace, which is composed of the switching or discontinuity surfaces o,{x) = 0 

(i=1,2,...,2), into m independent first-order motions. If sliding conditions are met on each of the 

o; = 0 surfaces, a sliding mode is ensured on the manifold o = 0. There are two different 

approaches to the implementation of this method. Method 1 introduces a new control vector u* 

through a nonsingular transformation of the original control vector u. Method 2, in the other 

hand, requires a nonsingular transformation of o based on the fact that the equivalent system is 

invariant to nonsingular transformations of the switching surfaces [21]. Method 1 will used in 

this study. 

Neglecting disturbances, the state equation (6.3) is reduced to, 

X(t) = f(x,¢)+ B(x,f)u(t) (6.64) 

Consider the nonsingular transformation of the original control vector u 

u*(t)= O-Kx.0} & Jeane (6.65) 

where Q(x,f) is an arbitrary mxm diagonal matrix whose constant elements q,x,f) (i=1,2,...,™) 

satisfy the condition, 

inf|q;| >0 Vt2>0,Vx (6.66) 

on the manifold o = 0. Although Q-!(x,2) allows weighting of u*, Q(x,/) is usually chosen as an 

identity matrix. Solving (6.65) for u(¢) and substituting into (6.64) yields, 

-1 
x(t)= £(x.1)+ B(x, B(x) Q(x, f)u*(r) (6.67) 

For the existence and reachability of a sliding mode, the condition of! (x)6(x) <0 must be 

satisfied. Thus, 
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of (x)6(x)= 07 (x) <0 (6.68) 

Substituting (6.67) in (6.68) gives, 

of! (x)G(x) = oT (x) f(x,t)+ Q(x,f)u 0 <0 (6.69) 

Therefore, the gains uj*t and u;*- are chosen such that, 

gi(x,t)u; ** <-Voj(x)f(x,1) o;(x)>0 (6.70) 

qj(x, Ou; * > -Vo;(x)f(x,¢) 0 ;(x)<0 (6.71) 

where Vo,(x) is the ith row of do/dx. Assuming a linear switching surface o(x) = Sx, 

n 

qi(x,t)u;** <-S sy f(x,0) o;(x)>0 (6.72) 
j=l 

n 

qi(x,t)uj* >->isy f(x) j(x)< 0 (6.73) 
j=l 

The actual control input is given by, 

-1 

w=] 22 8(%,0 Q(x, t)u*(t) (6.74) 

Example 6.1 SDOF Structure with Mass Damper (2DOF System) 

Consider the single degree-of-freedom structure with mass damper described in Example 

4.1. Assume that the system is being excited by a wind force with parameters p = 9.75 kips and 

= | rad/sec. The sliding surface is designed by using (a) the pole-placement method and (b) the 

quadratic minimization method. To obtain the canonical form, the transformation matrix T is 

chosen (by inspection) as 
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1 0 0 0 

0 1 0 0 

T=|0 0 s msi 
m, + mq 

The control is of the form 
* 

u =—Kx 

where 

K=[41 2 43 ha] 
The actual control is given by 

u=(SB) lu" 

For the pole-placement method, the equivalent-system poles are chosen to be {-1, -2, -3}. The 

coefficient matrix of the sliding surface is found to be 

S=[8.4465 3.0023 252.6342 5.4442] 

The elements of the gain matrix are then obtained as 

> Wy; />0 hi=| uy on i=1,2,3,4 
<Wij ox; <0 

where 

Y=SA=[wi1 wi2 wiz Y14]=[-247.1900 -0.4162 3.5027 2.9695] 
and 

(SB)! = 4.1568 

For the quadratic minimization method, the weighting matrix Q is chosen as diag(2000,1,1,1). 

This results in a sliding surface with a coefficient matrix 

S= [-16.4580 0.4905 13.2634 0. 7506] 

The elements of the gain matrix are derived as 

> Wij ox; >0 
kj = i=1,2,3,4 

<Wij ox; <0 

where 

Y=SA=[wi, wi2 wy3 Wy4]=[-12.5128 -0.4162 -0.1671 0.4576] 
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The results of simulations using the above variable-structure controllers are shown in Fig. 6.1. It 

is observed that using the pole-placement method to design the switching surface results in 

smaller displacements at steady-state. However, the peak displacements for both methods are 

approximately equal. A comparison of the responses for passive and sliding mode control are 

shown in Table 6.1. 
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Fig. 6.1 Displacement for (a) SM (P-P) control, and (b) SM (Q-M) control 

TABLE 6.1 Comparison of Response for Passive and SM Control 

  

  

  

              

CONTROL TYPE <(peak) y,(rms) z(peak) z(rms) 

Passive 4.6275 1.8895 15.4839 9.3422 

SM (P-P) Control 0.9052 0.3037 34.1406 11.9539 

SM (Q-M) Control 0.9246 0.4291 33.3344 13.6624 
  

where y, is the structure's displacement with respect to the ground, in inches; and z is the 

relative displacement between the structure and the damper, in inches. Table 6.1 shows that 

sliding-mode control is able to reduce the maximum displacement. There is a 80% reduction in 

the peak displacement for both the pole-placement method and the quadratic minimization 

method. However, this reduction in displacement is accompanied by an increase in the actuator's 

peak stroke-length. The pole-placement method produces a 120% increase in the peak stroke- 

length, while the quadratic minimization method produces a 115% increase. The larger stroke- 

lengths for the pole-placement method results in smaller steady-state displacements for this 

method of switching surface design. 
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The control input for both design methods are shown in Fig. 6.2 and Fig. 6.3, where the 

control force is limited to 15 kips. Thus, there is a saturation of the control force. Although other 

actuators such as hydraulic or pneumatic actuators may not be able to produce the given control, 

the regenerative electric actuator can easily provide the given control waveform since the force is 

produced electromagnetically. The plot for the actuator power shows that there are periods of 

negative power. During these instances, the regenerative electric actuator is able to recover 

energy from the building or structure instead of simply dissipating it. This reduces the peak 

energy drawn from the source. 
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Fig. 6.2 Actuator force, power, and energy for SM (P-P) control 
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Fig. 6.4 Damper stroke for pole-placement method Fig. 6.5 Damper stroke for quadratic minimization 
method 

The damper strokes are shown in Figs. 6.4 and 6.5. Whenever the stroke velocity is in the same 

direction as the control force, the actuator is operating in motoring mode. On the other hand, the 

actuator operates as a generator when the stroke velocity is opposite to the control force 

direction. 

The difference between the simulation results for the linear and the nonlinear models is 

shown in Fig. 6.6. As can be seen, the difference is almost negligible. As long as the desired 

control input is immediately available at the onset of the disturbance, then a linear model of this 

system will provide accurate results. It is important that control be applied immediately at the 

onset of the disturbance in order that the displacement be not driven into the inelastic region of 

the structure's stiffness. Once the displacement is driven into the inelastic region, significant 

differences could occur between the linear and nonlinear responses. 
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Fig. 6.6 Difference between responses of the linear and nonlinear models for (a) SM (P-P) and 

(b) SM (Q-M) control 
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To show invariance to parameter variation, Fig. 6.7 shows the results of simulations in which a 

25% step decrease in k, occurs at ¢ = 50 seconds. The switching surfaces for the two methods, 

which are designed using the original value of k,, are kept the same. The results show that the 

controller performance is not affected by the change in the structure's stiffness. 
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Fig. 6.7 Displacement for a 25% step decrease in k, with (a) SM (P-P) and (b) SM (Q-M) control 

The sensitivity of the maximum displacement to limits set on the control force is shown 

in Fig. 6.8. Without any limit, the control force required by the pole-placement method is 208 

kips, while 64 kips is required by the quadratic minimization method. Hence, the quadratic 

minimization method requires a smaller control force at the cost of having larger steady-state 

displacements. The maximum displacement increases at approximately the same rate as the limit 

on the control force is decreased in both methods. As long as the limit on the control force is 

above 5 kips for the pole-placement method and 10 kips for the quadratic minimization method, 

then the peak displacement is always below 1 inch. This shows that control force saturation does 

not degrade the effectiveness of the sliding mode controllers. Fig. 6.9 shows a plot of the ratio of 

the maximum displacement to the maximum control force. The plot gives an indication of the 

effectiveness of increasing the maximum control force in reducing the maximum displacement. 

For both the pole-placement method and the quadratic minimization, increasing the maximum 

force above 8 kips does not bring about any significant reduction in the maximum displacement. 

Increasing the maximum control force above this value is not very effective. If it is desired that 

the maximum displacement be reduced below 1 inch, then the maximum control force has to 

increased above 8 kips. 
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Fig. 6.9 Effectiveness in decreasing the maximum displacement by increasing the maximum control force 

Fig. 6.10 shows the sensitivity of the maximum stroke length to limits set on the control 

force. The limit on the control force has a lesser effect on the stroke-length for the quadratic 

minimization method than for the pole-placement method. Fig. 6.11 shows a plot of the ratio of 

the maximum stroke length to the maximum control force. This plot gives a measure of the 

effectiveness of decreasing the maximum control force in decreasing the maximum damper 

stroke. It is seen that keeping the control force below 20 kips will give higher effectiveness. 
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Fig. 6.11 Effectiveness in decreasing the maximum stroke length by increasing the maximum control force 

Based on the preceding discussion, it is seen that keeping the maximum control force 

between 10 and 20 kips will yield the best effectiveness in maximum displacement and maximum 

stroke reduction. Lower displacements can be obtained by increasing the limit on the control 

force at the cost of longer stroke lengths. 

Example 6.2 Earthquake-Excited SDOF System 

The nonlinear single-degree-of-freedom system in Example 6.1 is subjected to the 

earthquake excitation shown in Fig. 3.14 with a peak acceleration of 17.53 in/sec*. The 

excitation lasts until t = 24 sec. The variable-structure controllers designed in Example 6.1 are 

again used in this example. The simulation results are shown in Fig. 6.12. It is seen that the pole- 
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placement method for switching surface design produces a smaller peak in the displacement 

response. Table 6.2 gives a comparison of the response for passive and sliding mode control. 
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Fig. 6.12 Displacement for (a) SM (P-P) and (b) SM (Q-M) control 

TABLE 6.2 Comparison of Response for Passive and SM Control 

CONTROL TYPE y,(peak) _y,(rms) z(peak) __ 2z(rms) 

Passive 5.5956 1.8895 15.1441 9.3422 

SM (P-P) Control 1.2285 0.4200 188.4835 66.2260 

SM (Q-M) Control 2.4529 0.8494 100.6101 34.8416       
  

where y, is the structure's displacement with respect to the ground, in inches; and z is the relative 

displacement between the structure and the damper, in inches. The pole-placement method gives 

a 78% reduction in the maximum displacement compared to only a 56% reduction for the 

quadratic minimization method. However, this is accompanied by a larger control-force peak 

(301 kips) than the quadratic minimization method (149 kips). Consequently, there is a higher 

stroke-length for the pole-placement method due to the larger control force. The control input for 

sliding mode control with pole-placement and quadratic minimization is shown in figure 6.13 and 

6.14. Periods of negative power allow the regenerative electric actuator to recover energy. The 

energy curves show that the net energy drawn from the source is reduced by regeneration. 
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Figs. 6.15 and 6.16 show the damper strokes for both methods. The peak stroke occurs during 

negative displacement. Motoring occurs when the stroke velocity is in the same direction as the 

control force. Regeneration is attained when the control force is directed opposite to the stroke 

velocity. 

The difference between simulations using a linear and a nonlinear model is shown in Fig. 

6.17. Again, the error introduced by assuming a linear model is almost negligible for this system. 

Since the structure undergoes larger displacements for the quadratic minimization method, it 

drives the structure's stiffness more into inelastic behavior. This results in a slightly larger 

difference between the linear and nonlinear simulations, as compared to what is obtained for the 

pole-placement method. 
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Putting a limit on the control force has the effect shown in Fig. 6.18. Without any limit, 

the control force for the pole-placement method is almost twice that for the quadratic 

minimization method. Both methods have approximately equal sensitivity to limits on the control 

force. As long as the limit on the control force is kept above 70 kips for the pole-placement 

method and 60 kips for the quadratic minimization method, then the displacement is always 

below 3 inches. This shows that control force saturation does not degrade the effectiveness of 

these sliding mode controllers. 
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Fig. 6.19 Effectiveness of increasing the maximum control force in reducing the maximum displacement 

Fig. 6.19 shows a plot of the ratio of the maximum displacement to maximum control force. 

Increasing the maximum control force above 100 kips does not produce any significant reduction 

in the displacement. Increasing the control force above 100 kips is not as effective in reducing 

the maximum displacement as for control force limits set at lower values. Therefore, a control 

138



force limit of 100 kips is desirable. However, if maximum displacements lower than 3 inches is 

desired then the control force has to be increased above 100 kips. 

Example 6.3 Linear, Fixed Base, Eight-Story Building with Mass Damper on the Top Floor 

The fixed-base, eight-story building with a mass damper on the eight floor as described 

in Example 4.3, is equipped with a sliding mode controller to provide active control. The 

quadratic-minimization method is used to design the controller parameters. The weighting matrix 

Q used in the quadratic-minimization method is chosen to have the form 

o-|" Hox9 0 
0 I9x9 

where qj, is a scalar factor. With q,; = 800, the interstory drifts are shown in Fig. 6.20. The 

peak interstory displacement occurs after several cycles of the disturbance have elapse. 

Sliding Mode Control 
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Fig. 6.20 Interstory drifts for sliding mode control (Q-M) with q, ; = 800 

The comparison shown in Table 6.3 is between the responses for passive and sliding mode 

control. The third floor experiences the largest interstory displacement. The maximum 
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displacement for this floor is reduced by 9% with sliding mode control. The displacement of the 

top floor with respect to the ground is reduced by 6 %. In contrast to previous cases considered, 

the damper stroke in this particular case is reduced by 88% instead of being increased. 

TABLE 6.3 Comparison of Responses with Passive and Sliding Mode Control 

  

  

  

  

  

  

  

  

  

                  

FLOOR Zas Zor Rnas Rem Ypas Yom 

1 1.9067 1.7172 0.7100 0.7849 1.9067 1.7172 

2 1.9321 1.7439 0.7197 0.7973 3.8388 3.4611 

3 2.0803 1.8865 0.7755 0.8630 5.9191 5.3476 

4 1.9949 1.8245 0.7447 0.8353 7.9140 7.1721 

5 1.8995 1.7618 0.7107 0.8076 9.8134 8.9339 

6 1.7791 1.6902 0.6684 0.7766 11.5925 | 10.6241 

7 1.5231 1.5164 0.5773 0.7003 13.1156 | 12.1405 

8 0.9532 1.0810 0.3720 0.5072 14.0672 | 13.2206 

Damper | 24.4881 2.9734 9.9176 1.4094 21.3250 | 14.0991 
  

where Z is the maximum interstory drift (cm), R is the RMS value of the interstory drift (cm), Y 

is the maximum displacement with respect to the ground (cm), pas is a subscript denoting passive 

control response, and sm is a subscript denoting SM control response. 

The force, power and energy being supplied by the actuator is shown in Fig. 6.21. It is 

noted that the net energy transfer is from the structure to the actuator supply source. Most of the 

time, the actuator is regenerating. The amount of energy that can be recovered will be determined 

by the energy capacity of the storage device. 
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Fig. 6.21 Actuator force, power, and energy for q, 1 = 800 
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The damper stroke is shown in Fig. 6.22. The relative polarities of the stroke velocity and the 

control force determine whether the actuator operates as a motor or as a generator. If they have 

the same polarity, the actuator is operating as a motor. Otherwise, it is operating as a generator. 

The effect of varying gq}; on the maximum interstory drift is shown in Fig. 6.23. 

Increasing g, reduces the interstory displacement. Fig. 6.24 shows the ratio of the maximum 

interstory displacement to g;;. This plot provides a measure of the effectiveness of increasing 

g 1 in reducing the maximum interstory drift. It is seen that above q ;= 10 there is no significant 

reduction in the maximum interstory drift. This can also be deduced from the almost-constant 

effectiveness shown in Fig. 6.24 after g j= 10. 
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Fig. 6.25 shows the sensitivity of the maximum damper stroke to variations in q,. After q,, = 

800, the damper stroke tends to increase slightly. This value is a critical value. Increasing q1 

above this critical value can lead to instability. Fig. 6.26 shows the ratio of the maximum stroke 

to q 1. It provides a measure of the effectiveness of increasing qg,, in reducing the maximum 

stroke length. Above gq ; = 10, the effectiveness is almost constant. This means that no 

significant reduction in the maximum stroke length can be obtained above this value. Based on 

stroke length, the best choice for q; is between 10 and 800. 
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Fig. 6.27 shows the sensitivity of the maximum control force to variations in g;;. The maximum 

control force tends to increase slightly above q,; = 800. Increasing g,, above 8000 causes the 

control to be extraordinarily large. This means that q,, = 800 is a critical value for q,1, above 

which the system tends to be unstable. Fig. 6.28 gives the ratio of the maximum control force to 

q - This plot gives a measure of the effectiveness of increasing q}1 in decreasing the maximum 

control force. It is observed that above q,; = 10, the increase in qj, is not as effective in 

reducing the control force as for values below g}, = 10. Based on the maximum control force, 

the best range of values for q; is between 10 and 800. 
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Fig. 6.27 Sensitivity of the maximum control Fig. 6.28 Effectiveness of increasing q, in 

force to variations in q1 decreasing the maximum control force 

Example 6.4 Linear, Base-Isolated, Eight-Story Building with Mass Damper on the Base 

Floor 

In Example 4.4, a base-isolated, eight-story building with a mass damper installed on the 

base floor was considered. A sliding mode controller is designed to provide active control to the 

structure. The sliding surface is designed using the quadratic-minimization method, with the 

weighting matrix Q chosen to have the form 

Q = diag(1, 929, 1,1,..., 1) 

With g>> = 10, the interstory drifts are shown in Fig. 6.29. It is seen that it takes some time for 

the displacements to decay to zero, even after the disturbance goes to zero at about 25 seconds. 

Using a larger q7> will cause a faster rate of decay at the cost of larger control forces and longer 

damper strokes. 
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A comparison of the responses for passive and sliding mode control is given in Table 6.4. The 

first story undergoes the largest interstory drift. This displacement is reduced by 4% with sliding 

mode control, while the base displacement is reduced by 4%. On the other hand, the damper 

Sliding Mode Control 
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Fig. 6.29 Interstory drifts for sliding mode control with q2> = 10 

stroke is increased by 34%. 

TABLE 6.4 Comparison of Responses with Passive and SM Control 

  

  

  

  

  

  

  

                    

FLOOR _Zoas Zen Roas Rew Ynas Yom 

Damper 31.4095 45.5523 10.8387 10.0140 35.4893 47.59 

Base 12.5719 12.1154 3.4460 3.5261 12.5719 12.12 

1 0.5401 0.5183 0.1492 0.1642 13.1090 12.63 

2 0.5120 0.4964 0.1399 0.1537 13.5905 13.11 

3 0.5326 0.5171 0.1426 0.1562 14.0548 13.61 

4 0.5094 0.4912 0.1326 0.1444 14.4606 14.08 

5 0.4984 0.4812 0.1250 0.1352 14.8198 14,53 
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0.4846 0.4686 0.1181 0.1268 15.1363 14.95 

0.4349 0.4218 0.1037 0.1106 15.3955 15.32 

0.2891 0.2815 0.0681 0.0722 15.5620 15.56 
    
where Z is the maximum interstory drift (cm), R is the RMS value of the interstory drift (cm), Y 

is the maximum displacement with respect to the ground (cm), pas is a subscript denoting passive 

control response, and sm is a subscript denoting sliding-mode control response. 

The force, power, energy being provided by the actuator is shown in Fig. 6.30. The peak 

force occurs during the earlier part of the disturbance when the peak displacements also occur. 

After 5 seconds, the actuator is essentially regenerating. Therefore, there is a net gain in source 

energy after 50 seconds. 
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The damper stroke is shown in Fig. 6.31. The relative polarities of the stroke velocity and control 

force determine whether the actuator is operating as a motor or as a generator. If the velocity and 

force are in the same direction, then the actuator is operating as motor. If the velocity and force 

are in opposite directions, then the actuator is operating as generator. 

Varying qg27 affects the maximum interstory drift as shown in Fig. 6.32. Increasing q7> 

has the effect of decreasing the interstory displacement. Choosing a larger g7> also produces a 

faster rate of decay in the interstory drifts. Fig. 6.33 shows a plot of the ratio of the maximum 

interstory drift to q77. This plot gives a measure of the effectiveness of increasing q9> in 

reducing the maximum interstory displacement. From this plot, it is observed that the 

effectiveness is almost unchanged after go> = 10. Therefore, this would be a desirable value 

based on the effectiveness in reducing the interstory drift. 
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Fig. 6.32 Sensitivity of the maximum interstory Fig. 6.33 Effectiveness of increasing qy> in 

drift to variations in q7 reducing the maximum interstory drift 

Fig. 6.34 shows the sensitivity of the maximum base displacement to variations in q77. The 

increase in g7> has the opposite effect on the base displacement as compared to its effect on the 

interstory drift. Increasing q77. causes an increase in the maximum base displacement. Fig. 6.35 

shows a plot of the ratio of the maximum base displacement to qg. It provides a measure of the 

effectiveness of decreasing g2 in reducing the base displacement. Lower values of g77 produce 

larger reductions in the maximum base displacement for every decrease in q >. This 

effectiveness starts to increase below q77 = 10. Therefore, lower values of q is desired for 

lower base displacements. 
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Fig. 6.36 shows the sensitivity of the maximum damper stroke to variations in q 77. The 

effectiveness of decreasing g7> in reducing the maximum damper stroke is shown in Fig.6.37. It 

is observed that below q77 = 10 there is a larger reduction in the maximum damper stroke per 

unit decrease in g>7. Therefore, it is desirable to chose a value below g77 = 10 for lower stroke 
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The sensitivity of the maximum control force to variations in gz is shown in Fig. 6.38. 

Increasing g77 also increases the maximum contro] force. Fig. 6.39 shows a measure of the 
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effectiveness of decreasing qz7 in reducing the maximum control force. Below g77. = 10, an 

decrease in q7. produces the most reduction in the maximum control force. Thus, it is desirable 

to have lower q99. 

From the preceding discussion, it is desirable to have lower qo> for lower base 

displacement, stroke length, and control force. However, this also increases the interstory 

displacement. If interstory drift reduction is more important, then a larger g>> must be chosen at 

the cost of larger control forces, base displacements, and damper strokes. 

  

  

  

  

      

  

2000 ——- 

300 
> 1500 

= 

8 N 
& Ss 
5 1000! 8 200 
5 ic 
Oo | 3 

x F 
= 500: © 400} 

| © 
= 

0 : 
0 1 2 3 0 : 4 

10 10 922 10 10 40° 40' 40° 10° 

wees . ; . q22 . ; 
Fig. 6.38 Sensitivity of the maximum control Fig. 6.39 Effectiveness of decreasing q>> in 

force to variations in q79 decreasing the maximum control force 

The base displacement can be reduced by choosing a different weighting matrix. For 

example, choosing the weighting matrix as 

_ [1001 

Q= I 

reduces the base displacement to 11.7525 inches, as compared to 11.8617 inches for g9 = 1 in 

the previous choice for the form of Q. However, the interstory drift increases from 0.5458 inch to 

0.5502 inch and the peak control force increases from 32 kips to 208 kips. 

6.6 SUMMARY 

This chapter investigates the applicability of sliding mode control (also known as 

variable structure control) for the active control of structures, with special emphasis on the 

mitigation of wind- and earthquake-induced motion in tall buildings using regenerative electric 
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actuators. The rationale for using sliding mode control is the fact that regenerative electric 

actuators use a form of on-off control based on pulse width modulation (PWM). Sliding mode 

inherently provides a synthesis of this on-off nature of PWM control and guarantees stability for 

the on-off control law. Due to the limited energy available for active control, saturation of the 

control force often occurs. Sliding mode control naturally encompasses the nonlinear, on-off 

nature of control force saturation. At the same time, sliding mode control guarantees stability for 

the on-off control law. This study is the first of its kind to propose the application of sliding 

mode control to civil structures. Sliding mode control is proposed as a candidate controller for 

the regenerative electric actuator because of its invariance to parameter variations and 

disturbances. The sliding mode controller being proposed has a form obtained through the 

diagonalization method, and has a structure which is composed of linear feedback with switched 

gains. To assess the sliding mode controller's performance during disturbances, both linear and 

nonlinear models of the structure are considered in this study . It is shown that the controller is 

able to overcome sensitivity to structural] parameter variations, particularly structural stiffness. 

Systematic procedures for the design of the sliding surface, using both pole-placement and 

quadratic-minimization methods, are presented together with simulation results obtained by using 

linear and nonlinear models of the structure. These controllers are also shown to be effective 

even in the presence of control force saturation. With sliding mode control, the regenerative 

electric actuator is able to recover energy and store it for later use. This reduces the net energy 

drawn from the supply by the actuator. In some cases, there is even a net gain in the energy of the 

electrical supply. 
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CHAPTER 7 

Neural Network Control 

A new direct-control scheme for neural network control of civil structures using 

regenerative electric actuators is proposed. This allows on-line control of the structure without 

the need for either an accurate model of the system or a specific learning stage. Unlike the 

controllers that have previously been considered, the neural network controller is able to address 

changes in system parameters and changes in the operating point and external disturbances. A 

modified backpropagation algorithm is used to train the neural network. Since the error at the 

output of the neural network controller will be unknown in the direct-control scheme, the error at 

the system output is instead backpropagated through the system by considering the system as an 

additional layer of the neural network. Simulations are conducted for wind and earthquake 

excitation using a two-layer network composed of neurons with tangent-sigmoid activation 

functions. It is shown that the controller can tolerate large variations in the input scaling factor, 

output gain factor, and maximum control force. It is also equally effective for both linear and 

nonlinear models of the structure. 

7.1 INTRODUCTION 

One of the important problems in control systems is the inverse problem of determining 

the input which will produce a desired output. The design of a controller based on a linear 

approximation of the plant characteristics has certain inescapable disadvantages: (1) The model 

becomes computationally prohibitive for complex and highly dynamic plants, (2) The control 

quality is very sensitive to the quality of the linear approximation, and (3) The model has 

difficulty in adapting to time-varying plant parameters. Therefore, an adaptive controller that 

learns to control the system interactively and autonomously while in operation is required. 

Because of their ability to learn actual relevant control and plant data, neural networks have 

become a promising approach to controlling complicated, multidimensional, and dynamic 

systems [1]. 

The use of a neural network controller trained off-line is proposed in [2] and [3] for 

application in the active control of civil structures. This chapter proposes a new neural-network 

control scheme for use with a regenerative electric actuator providing structural control. This 

neural network controller can be trained on-line and is able to adapt itself to variations in the 
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system parameters. The method and results presented in this chapter are based on work done in 

[4] and [5]. 

7.2 LEARNING ARCHITECTURE 

Learning control is a control method which determines the inputs required to control or 

improve the transient behavior of a dynamic system, given that prior knowledge of the controlled 

system may not be available. The problem is to develop a learning control algorithm which will 

always produce a smaller error on successive trials. One of the possible solutions to the learning 

contro! problem is to use neural networks to determine the control inputs [6][7]. 

u 
d ——+ nw. Plant [—_7_* Y 

t Nw. \ 

Fig. 7.1 Indirect learning architecture 

  

  

           

  

      

      

Three learning control architectures for neural networks have been proposed [8][9]. In 

the indirect learning architecture shown in Fig. 7.1, the desired plant output d is propagated 

through a neural! network to produce the plant input uw. The actual plant output y is then used as 

an input to a copy of the controlling network. The difference between the outputs of the 

controlling network and its copy is the indirect or training error which is used to adapt both 

networks to drive this error to zero. A disadvantage of this architecture is that the networks tend 

to settle to a solution that maps all desired responses to a single plant input. This input is in turn 

mapped by the plant to an output that gives zero training error but obviously a non-zero total 

error. To overcome this problem, the generalized learning architecture shown in Fig. 7.2 trains 

the neural network by using different u's as inputs to the plant and teaches the neural controller to 

map the corresponding output y's back to the u's. Disadvantages of this learning strategy are: (1) 

The controller is inoperative during the learning phase, (2) It cannot delimit its operating range to 

the relevant one, and (3) The plant is assumed to be a static physical process. 
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Fig. 7.2 Generalized learning architecture 

The above disadvantages can be avoided by using the specialized learning architecture 

shown in Fig. 7.3. Training involves using the desired responses a's as input to the network. The 

network then learns to find the plant inputs u's that drive the system outputs y's to the desired a's 

by using the error between the desired and actual responses of the plant. Thus, the network (1) 

specifically learns in the region of interest, and (2) may be trained on-line, fine-tuning itself 

while performing its function. As a result, the controller learns continuously and is able to 

control plants with time-varying characteristics. Therefore, a specialized learning architecture is 

\, 
d > NW. Plant -y 

e 
+ - 

t 
Fig. 7.3 Specialized learning architecture 

used in this study. 

    

  
  

  

            

  
  
  

7.3 TRAINING ALGORITHM 

The back-propagation algorithm cannot be directly applied to the specialized learning 

architecture because of the location on the plant. It was proposed [8] that the plant can be thought 

of as an additional, although unmodifiable, layer [1]. In the specialized controller architecture 

shown in Fig. 7.4, the error signal at the system output can be propagated back through the plant 

using the partial derivatives of the plant at its operating point. The error back-propagating rule 

can then be used to adjust the weights in all layers except the virtual output layer (the plant). 
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Fig. 7.4 Controller architecture 

During the forward pass of the back-propagation algorithm, an activation of the input is 

propagated through the network and the plant to yield an output. The output layer (the plant) can 

be thought of as consisting of units that use a linearized transfer function, while the layers of the 

neural network controller consists of units having a chosen activation function. Therefore, the 

connection weight between controller output u, and the plant output Yq can be expressed as 

_ Yq 
Oug 

During the backward pass of the algorithm, the differences between the desired and the actual 

Wok (7.1) 

outputs are propagated back through the plant and the network. By starting at the controller's 

output layer, each layer of the neural network controller is successively adjusted by using these 

back-propagated differences. The generalized delta-rule [10] can be used to evaluate the error eg 

and the weighted sum ng of the inputs to the plant's output units. Hence, 

(dy — yg) (7.2 &q ~\4q ~ ¥q ang 2) 

O¥g =) —4t 7.3 Ng - 5 1 (7.3) 

where ag is the output of neuron unit g. However, the transfer function of each plant neuron unit 

is simply equal to unity. Therefore, the error at a plant output can be written as 

These errors are, in turn, used to calculate the errors in the output units of the controller. 

Therefore, the error in unit k is given by 
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eg = f(g) > esWks (7.5) 

where s denotes all units in the succeeding layer connected to unit k. f' is the derivative of unit 

k's activation function. Substituting (7.1) and (7.4) in (7.5), the error in the output units of the 

controller becomes 

oy q —+ 7.6 oy (7.6) en = F'(mE (dg - Yq) 
q 

Using the generalized delta-rule, the weight adjustments in the controller output layer are 

obtained as 

Awy = Ne ja; (7.7) 

where 7 is the learning rate. This update equation is also used in all preceding network layers. 

In general, the partial derivatives Oy, /@u, depend on the plant's operating point, and 

therefore, these are essentially unknown. An approximation can be obtained by using changes 

between iterations. Thus, 

Avg) Ayg| _ yqi ~ Yah 5 (7.8)   

Oug|; Auk F uy! — uj) 

The on-line numerical estimation of the Jacobian may cause fast variations in the instantaneous 

estimates [11] which directly influence the updating of the weights of the neural network 

controller. Averaging can minimize these variations but will result in slow or ineffective 

learning. 

The errors in the controller's output layer can be approximated as, 

ex = f'(ng) Yq -yq)sen| 2 (7.9) 

q 

by using sign(Oyg /Ougz) instead of Oyg /Oug. The neural network will create a distributed 

representation of the numerical values of these partial derivatives by incorporating these values 

into the weights of the neural network controller [1]. One can use the approximation 

A 
in( 22 ~ sin( 22 (7.10) 

Ou; Au, 
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at each iteration. Therefore, the sign is evaluated in every update cycle. 

Since the system layer does not get updated, convergence could become slow in some 

cases. To solve this problem, a gain factor, which is proportional to the Jacobian's inverse, is 

introduced between the neural network and the system as shown in Fig. 7.5. This gain can either 

be kept constant or be updated on-line [12]. 
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Fig. 7.5 Modified control scheme 

A typical structure of the neural network controller that will be used in subsequent examples is 

shown in Fig. 7.6. In the figure, d, is the desired structural displacement (zero), y, is the actual 

displacement, and y, is the structure's velocity. K; is an input scaling factor and K, = G is the 

output gain factor. 
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Fig. 7.6 Neural network structure 

Example 7.1 SDOF Structure with Mass Damper under Wind Excitation 

Using a nonlinear model, the single-degree-of-freedom system described in Example 4.1 

is subjected to a wind force with parameters p = 9.75 kips and @ = 1.0 rad/sec. A two-input, two- 

layer neural network is chosen as the controller. The two inputs are the building displacement 

and the desired displacement (zero). The fully-interconnected network has seven neurons in the 
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first layer and a single neuron in the second (controller output) layer. The activation function 

used for all neuron units is a hyperbolic-tangent sigmoid given by 

_ ng \ _ 1~exp(~n,) Feu) ag 
All weights are initially set to 1.0. 

Several network structures were considered by varying the number of layers and the 

number of neurons per layer. It is found that a two-layer network is sufficient for the given test 

system. In general, a learning rate of 1.0 results in faster learning times. Using K; = 0.05 and K, 

= 15, the resulting displacement, stroke length, and control input are shown in figures 7.7, 7.8, 

and 7.9, respectively. The input scaling factor is found by trial and error, while the output gain 

factor is set equal to the peak force required by the linear-quadratic controller used in previous 

simulations for the same system. A time step of 0.10 second is used in the simulation. 
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Control Input for NN Control 
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The plot for the actuator power shows that there are periods of negative power. This means that 

the regenerative electric actuator is able to recover energy from the excitation. This reduces the 

peak energy drawn from the actuator supply. The peak energy is reduced from 0.4485 MJ to 

0.1815 MJ by regeneration. Without regeneration, the negative power is simply dissipated as 

heat. 

The damper stroke is shown in Fig. 7.8. If the stroke velocity is in the same direction as 

the control force, then the regenerative actuator is operating as a motor. If the stroke velocity is 

opposite to control force direction, then the actuator is regenerating. 

A comparison of the results with the passive case is shown in Table 7.1. 

TABLE 7.1 Comparison of Response 

  

  

  

  

          

PARAMETER Passive Neural Network 

Control 

Max. displacement [in] 4.6275 1.0078 

Max. stroke [in] 15.4839 28.8394 

Max. control force [kips] 0 13.1444 

Max. power [kW] 0 29.5657 
  

Neural network control provides a 78% reduction in the peak displacement. This reduction is 

achieved at the cost of an 86% increase in the stroke length. 
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Fig. 7.10 Trajectory of the displacement versus control force 

A plot of the displacement versus control force is shown in Fig. 7.10. The plot shows 

that Oy, /Ou, is mostly negative. There are a few points with positive Oyg /Ou, when the network 
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is initially untrained. As the network becomes trained, Oy, /Ou remains negative most of the 

time. 

The sensitivity of the peak displacement and control force to variations in the output gain 

factor is shown in figures 7.11 and 7.12, respectively. The input scaling factor is fixed at 0.05. 

Increasing K, above 10 does not produce any significant reduction in the peak displacement. On 

the other hand, increasing K, simply causes a proportional increase in the peak control force. 

Therefore, choosing an output gain near 10 would give the best trade-off for minimizing the 

displacement-peak with the least control force. Increasing the gain above 10 also produces a 

slight increase in the peak of the displacement waveform at steady-state. 
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Fig. 7.11 Sensitivity of the maximum displacement Fig. 7.12 Sensitivity of the maximum control force 
to variation in the output gain to variation in the output gain 

The effect of varying the input scaling factor on the maximum displacement and control force are 

shown in figures 7.13 and 7.14, respectively. The output gain is fixed at 15. Increasing the 

scaling factor above 0.04 does not produce any significant reduction in the peak displacement. 

However, the peak control force is increased by larger values of this scaling factor. The effective 

gain being applied on the input to generate the control is proportionately increased by increasing 

the input scaling factor K;. Therefore, choosing the input scaling factor to be about 0.04 gives 

optimum results. The peaks of the displacement at steady-state are unaffected by an increase in 

the input scaling factor. 
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Fig. 7.13 Sensitivity of the maximum displacement Fig. 7.14 Sensitivity of the maximum control force 
to variation in the input scale factor to variation in the input scale factor 

The sensitivity of the maximum displacement and control force to variations in the 

learning rate is shown in figures 7.15 and 7.16, respectively. No significant reduction in the peak 

displacement is obtained if the learning rate is increased above 0.30. Increasing the learning rate 

from 0.8 to 2.0 does not cause any significant increase in the control force. Higher learning rates 

result in an increase in the displacement and control force. 
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The difference between the results when using a linear and a nonlinear model is shown in Fig. 

7.17. The error introduced by assuming a linear model is negligible. Again, it is assumed that 

control is applied at the instant that the disturbance occurs. This keeps the displacement within 

the elastic limits of the structure's stiffness at all times. As long as the structure's stiffness remain 

elastic, the structure's response closely approximates a linear system. 
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Fig. 7.17 Difference between linear and nonlinear results 
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Fig. 7.19 Effect of control force saturation on 
the maximum stroke length 

Fig. 7.18 shows that increasing the limit on the control force above 5 kips does not decrease the 

maximum displacement significantly. The maximum displacement is basically not affected as the 

maximum control force is increased from 5 to 13 kips. At the same time, the maximum stroke 

length shown in Fig. 7.19 does not increase significantly for a maximum control force of above 5 

kips. Without any limit, the peak control force requirement is 13.14 kips. All simulations started 

with an untrained network, with all weights set equal to 1. Choosing a limit of 5 kips will be 

desirable for this system and excitation. 

Example 7.2 Nonlinear SDOF System under Earthquake Excitation 

The nonlinear single-degree-of freedom system used in Example 7.1 is subjected to the 

ground acceleration shown in Fig. 3.4 with the peak acceleration of 17.53 in/sec?. The input 

scaling factor is chosen as K; = 0.05 and the output gain is chosen as K, = 150. As before, the 

choice for K, is based on the peak control force required by a linear quadratic controller which is 
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designed for the same system and excitation. The same neural network used in Example 7.1 is 

used in this study, with the structure's velocity as an additional input as depicted in Fig. 7.6. The 

time increment is 0.01 second and the activation function is chosen to be a hyperbolic-tangent 

sigmoidal function. The learning rate is set at 0.03. The results of the simulations are shown in 

Fig. 7.20 and Fig. 7.21. Compared to previous controllers, there is a slower decay of the 

displacement with neural network control. Other controllers usually have almost-zero 

displacement after 25 seconds. While previous controllers have a positive peak-displacement, 

neural network control produces a negative peak-displacement. This can be attributed to the 

training which occurs during the earlier portions of the disturbance. Using a faster learning rate 

will cause an increase in the peak displacement and control force. 
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The plots for the actuator power and energy shows that it is able to regenerate during periods of 

negative power, thereby reducing the peak energy requirement. The peak power requirement for 

this type of control is relatively bigger than for previous types of control. Table 7.2 shows a 

comparison of the results with neural network control to those results obtained without active 

control. Neural network control is able to reduce the peak displacement by 45%, with a 1155% 

increase in the stroke length. The power requirement is relatively larger than for previous 

controllers. However, the peak energy requirement is reduced by 52% from 8.2382 MJ to 3.9187 

MJ through regeneration. 

TABLE 7.2 Comparison of Response 

  

  

  

  

  

          
  

PARAMETER Passive NN Control 

Max. displacement [in] 5.5956 3.0893 

Max. stroke [in] 15.1441 190.0026 

Max. control force [kips] 0 132.9180 

Max. power [kW] 0 1783.7 

Max. energy [MJ] 0 3.9187 
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Fig. 7.22 Damper stroke for neural network control 

The damper stroke is shown in Fig. 7.22. If the stroke velocity is in the same direction as the 

control force, then the actuator is operating as a motor. If the stroke velocity and control force are 

opposite in directions, then the actuator is regenerating. 
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7.4 SUMMARY 

A new direct-control scheme for neural network control of civil structures using 

regenerative electric actuators is proposed for the first time. This allows on-line control of the 

structure without the need for either an accurate model of the system or a specific learning stage. 

Since the controller learns on-line, it is able to address uncertainties and variations in the system 

parameters and in the operating point. All previous controllers are fixed after the design is 

completed. Since the design is based on the parameters of the system, any variation in these 

parameters will render the design incorrect. The neural network controller is able to adapt to any 

parameter variation. 

A modified backpropagation algorithm is used to train the neural network. Since the 

error at the output of the neural network controller will be unknown in the direct-control scheme, 

the error at the system output is instead backpropagated through the system by considering the 

system as an additional layer of the neural network. Simulations are conducted for wind and 

earthquake excitation using a two-layer network composed of neurons with tangent-sigmoid 

activation functions. The sensitivity of the neural network controller to variations in the input 

scaling factor, output gain factor, and learning rate are determined. The effect of control force 

saturation is also investigated. A comparison is made between the results of simulations using a 

linear and a nonlinear model. Based on simulation results, the controller is shown to be effective 

even in the presence of variations in both system and controller/actuator parameters. The 

regenerative actuator is able to recover energy and reduce the peak energy requirement for 

control. 

163



CHAPTER 8 

Adaptive Fuzzy Control 

A new on-line, direct-control scheme for active control of civil structures using an 

adaptive fuzzy controller is proposed. The advantage of using an adaptive fuzzy controller is that 

it does not require an accurate model of the system. The controller learns the system dynamics by 

adapting its parameters on-line. A modified gradient descent method is used as the adaptation 

mechanism. In order to adapt the parameters of the fuzzy system, the error at the output of the 

fuzzy controller must be known. In the proposed direct-control scheme, this error is unknown. 

Thus, it is proposed that the updating be based on the output error of the system directly. The 

update equations are derived for the controller. Simulations are performed for a structure with a 

regenerative electric actuator. 

8.1 INTRODUCTION 

There has been a rapid growth in the use of fuzzy logic in a wide variety of consumer 

products and industrial systems. Fuzzy logic represents one of the model-free approaches to the 

problems of system identification and control. The control of vibrations in civil structures due to 

environmental forces can be viewed as a mapping problem between the controller inputs and 

controller output. Fuzzy logic systems have been proven to be universal approximators [1] and 

hence are good candidates for solving complex control problems. Some of the advantages of 

fuzzy logic systems are that they can be nonlinear, can be adaptive, can admit a high degree of 

parallel implementation, and can tolerate uncertainty in the system. More importantly, human 

experience and expertise about the system and its performance can be incorporated into the 

design of a fuzzy controller. 

There has been a number of attempts at using fuzzy control for the active control of civil 

structures. Nonadaptive fuzzy controllers for civil structure are presented in [2],[3], and [4]. 

Genetic algorithms are proposed in [5] for self-tuning inference rules and their parameters. 

Neuro-fuzzy control is suggested in [6] and [7] to improve the performance of a neural network 

controller. 

This chapter presents a novel adaptive-fuzzy control scheme for use with a regenerative 

electric actuator providing active contro] to civil structures. The gradient descent method is the 
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adaptation mechanism through which the parameters of the fuzzy controller are updated. The 

method and some of the results presented in this chapter are also reported in [8]. 

8.2 ADAPTIVE FUZZY CONTROL 

The basic objective of adaptive control is to maintain consistent system performance in 

the presence of variations or uncertainties in system parameters or operating conditions. In 

contrast to nonadaptive fuzzy controllers, the adaptive fuzzy controller achieves better 

performance by adjusting itself to the changing operating condition. It requires lesser information 

about the system because the adaptation mechanism is able to learn the dynamics of the system 

while it is operating. However, this type of control results in a nonlinear and time-varying control 

system which Is also more expensive to implement. 

Aside from the fuzzy controller itself, the adaptive fuzzy control system also includes a 

process monitor and an adaptation mechanism [9]. The process monitor determines changes in 

the system characteristics and passes the information to the adaptation mechanism. The 

adaptation mechanism updates the controller parameters in order to address these changes in the 

system characteristics. The process monitor can be in the form of a performance measure which 

evaluates how well the controller is able to adjust to the system changes, or a parameter estimator 

which continuously updates a model of the system. Parameter estimation usually requires an on- 

line identification of a system model. Performance assessment can be based on overshoot, rise 

time, settling time, frequency of oscillations of the transient, integral of the squared error, 

integral of the absolute value of the error, gain and phase margins, etc. A parameter that can be 

adjusted is the scaling factor which map controller input and output values onto the universe of 

discourse. Altering the scaling factor has a similar effect as gain tuning in PID controllers. 

Parameter adjustment can also be achieved by altering the shapes of the fuzzy sets or 

membership functions. The IF-THEN rules constitute another set of parameters which can be 

adjusted by the adaptation mechanism. An existing set of rules can be continuously modified or, 

starting from an empty rule-set, rules can be gradually constructed and/or deleted as the 

controller learns the system dynamics. 

Adaptive fuzzy control can be classified into three types: indirect, direct, and combined 

indirect/direct [10]. In indirect adaptive control, the fuzzy controller is initially constructed from 

a collection of IF-THEN rules describing the input-output behavior of the system. The fuzzy 

controller in direct adaptive control is initially constructed from IF-THEN rules describing 

control action. The combined indirect/direct fuzzy controller makes use of both system and 

control information. 
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8.3 CONTROL SCHEME 

Fig. 8.1 shows the proposed scheme for an adaptive fuzzy controller to be used in the 

active control of civil structures. In it, y=[ys is)’, d=(0 oy", e=d-y=le en)", and y, 

is the structural displacement. The structure's displacement and velocity are measured quantities. 

The difference between the desired (zero) and the measured displacement and velocity are errors 

which then become inputs to the fuzzy controller. The fuzzy controller is composed of a 

fuzzifier, a rule-base, an inference engine, and a defuzzifier as shown in Fig. 8.2. The fuzzifier is 

the structural system-to-fuzzy system interface which performs a mapping of real-valued 

variables into fuzzy variables. The fuzzy rule-base consists of a collection of fuzzy rules which 

can be developed by using IF-THEN rules based on available knowledge. These can be fine- 

tuned by training the fuzzy system to match controller input-output pairs. A selected set of 

training pairs can also be used to determine the fuzzy system parameters. In the fuzzy inference 

engine, fuzzy logic principles are used to combine the IF-THEN rules of the rule-base into a 

desired mapping. The defuzzifier is the fuzzy-system-to-structural-system interface which 

performs a mapping from fuzzy variables in to real-valued variables. The adaptation mechanism 

modifies the parameters of the fuzzy system based on the errors in displacement. 
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Fig. 8.2 Form of the fuzzy logic controller 

The following steps are taken to implement the adaptive fuzzy controller described in the 

preceding paragraphs: (1) Obtain a nonadaptive fuzzy controller based on input-output pairs 

obtained for an existing controller. (2) Modify the parameters of the fuzzy controller to obtain an 

improvement over the existing controller. Some intuition may be required in order to determine 

the direction in which certain parameters should be varied. In the worst case, where no such 

intuition is forthcoming, run several test simulations to observe the effect that varying different 

parameters have on the controller performance. (3) Adapt the fuzzy controller parameters using 

some performance criterion. The current value of the performance criterion can be attributed to 

different parameters of the fuzzy controller. 

8.4 ADAPTATION MECHANISM 

If a reliable set of controller input-output data is available, then the membership 

functions used in the fuzzy controller can be tuned using an optimization procedure. The gradient 

descent algorithm is one of the simplest solution to such an optimization problem. This iterative 

algorithm seeks to decrease the value of an objective function with each iteration. This is due to 

the fact that the objective function at any point decreases most rapidly in the direction of the 

negative gradient vector of its parameters at that particular point. 

The squared-error at the output of the fuzzy logic controller shown in Fig. 8.1 can be 

written as, 
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Ey=4(ug -u)? (8.1) 
where ug is the desired output of the fuzzy controller and uw is the actual output of the fuzzy 

controller. For the typical adaptive-fuzzy controller [10], this squared-error is used to adapt the 

parameters of the membership functions. This is the objective function which is to be minimized 

by the fuzzy controller. For the scheme shown in Fig. 8.1, the main problem is the evaluation of 

(ug - u) because the appropriate control uy is not known. Only the system squared-error 

Ey =5(d- yy (8.2) 

which is implicitly related to E,,, can be measured at the output of the structural system. To solve 

the problem, it is proposed that the system squared-error Ey, be used as the objective function 

which has to be minimized by the fuzzy controller instead of £,,. Let 

ey =(d—y)=(0-y)=-y (8.3) 

The gradient of the error with respect to the fuzzy controller parameters 0 is, 

OE ory. Yy =- 8.4 oe 98 (8.4) 

Using the chain rule, 

OE Gu y oy =e,“ .— 8.5 a 7 du (8.9) 
To apply the gradient-descent method, the update equation is given by 

OE 

where 7 is a learning rate. For this study, the fuzzy system is chosen to have a product inference 

engine, a singleton fuzzifier, a center average defuzzifier, and Gaussian membership functions. If 

x and x> are the inputs to the fuzzy controller and wu is the corresponding output, then 

M 

> ( Mi) (uo; )u 
y= t= = iL (8.7) 

> (u1)(H2,) 
i=] 

where 
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_ \2 
Xi —- XxX; 

[4; = exp 4130 (8.8) 

1 

— \2 
XI) —X9; 

H2j = exp -4( 2222] | (8.9) 
92; 

It is assumed that there are M rules, i.e., i= [1,44], and p14); and j1y; are the degrees of membership 

of the first and second input, respectively, for rule i. The fuzzy controller parameters which can 

be adapted are: the center of the output membership function for rule i, u;; the center of the 1st- 

input membership function for rule i, x);; the center of the 2nd-input membership function for 

rule i, x>;; the spread of the Ist-input membership function for rule i, 0);; and the spread of the 

2nd-input membership function for rule i, o2;. To facilitate the derivation of the update 

equations, let 

Z j= wih: (8.10) 

M 
b=) Z; (8.11) 

i=] 

M 
a= HZ; (8.12) 

i=l 

Therefore, the control can be expressed as, 

a —% 8.13 u b ( ) 

Based on the gradient descent method, the update equation for the center of the output 

membership function for rule 7 is given by, 

GE 
x (8.14) 

u;(k) 

Substituting (8.5) into (8.14), 

  uj(k+1)=uj—7 

ey Ou 
Bu Ou;(k) (8.15) 

However, the partial derivative of u with respect to u; is, 

uj(k +1) =uj(k)+ ney 
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ou ou Oat 7, (8.16) 
Ou; Oa Ou b 

Therefore, (8.15) can written as, 

  

  

_ _ Oy Z; 
i(k +1) =uj(k)+ =: 8.17 Hi(k +1) = H4(k)+ Ney (8.17) 

The update equation for the center of the jth input's membership function for rule i is 

given by, 

¥ j(k +1) = ¥ jj(k) Fy = [1,2] (8.18) x se + = x oe — T J = 5 . 

” m Ox jj(K) 

Substituting (8.5) into (8.18), 

_ _ Oy Ou . 
X (kK+1) =x j(k)+ ne, —- = [1,2 8.19 Jil )=xi(k)+n Yon a i(k) J=[12] (8.19) 

However, the partial derivative of u with respect to x j; is, 

    

  

Gu Ou OZ; lig (x;-x,i) uu OL; Nyy). Pd eH (8.20) OF; OZ; Ox db” 0577 

Combining (8.19) and (8.20), ¥j;(k +1) is, 

- - 5, —u) Zi(x;-X)) 
zj(k +1) = (8+ ney 2 ) Fils > j=[1,2] (8.21) 

0 ji 

The update equation for spread of the jth input's membership function for rule 7 is given 

  

  

by 

k+l k Ob y ;=[1,2 8.22 5 ji(K +1) =o ji(*) "36 iC) J=[L2] (8.22) 

Substituting (8.5) into (8.22), 

_ Oy Ou _ 
© jj(k+1) = ji(k)+ ney Bu 8 J=[1,2] (8.23) 

However, the partial derivative of u with respect to o ji is, 
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_ \2 
. X;—-X35 

Ou _ Ou OL; “Mg -a)-2, 0H (8.24) 
OO jj OZ; 06 jj b 

Substituting (8.24) into (8.23) gives the update of the spread as, 

_ \2 

ay (au) Zixj-%,1) 0 (k+l) = 6 i(k) + Ney — ; j=[L2] (8.25) 
Ou b oj 

  

Since the learning rate in each update equation can be chosen carefully, the exact partial 

derivatives in (8.15), (8.19), and (8.23) are not required in the update equations. If the signs of 

these partial derivatives are determined, the gradient descent algorithm can reach the minima by 

traveling in the proper local direction of greatest error reduction. The direction is determined by 

the polarities of the partial derivatives. Thus, the following approximations can be made: 

® ~ sion & Bu sien( (8.26) 

(4; _ w(x, ~¥ jj) = sign| (i; _ u(x; -%;;)| (8.27) 

(a; — u) = sign(i; — u) (8.28) 

Noting that Z;, 5, and Gj; are always positive, then the update equations can be approximated as 

uj(k +1) = uj(k)+ ney sign 2} (8.29) 

¥ i(k +1) = ¥ ,(k)+ ney sign( sien - u(x; -¥;,)] j=[12] (8.30) 

6 i(k +1) = 0 s((k)+ Ney sign 2%) sien(a —u) j=[12] (8.31) 

The signum functions in the above equations have to be evaluated during each update. Equation 

(8.26) can be approximated [11] in each update as, 

(G) (as) sign| — | * sign] — 8.32 en a} 8 3, (8.32) 

To avoid being stuck in a local minimum, a momentum factor m, can be included in the update 

equation such that 

6(k +1) = me0(k) + (1— mp )O(k +1) (8.33) 
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In the next update, 

0(k) = 6(k) (8.34) 

Example 8.1 

Consider the single-degree-of-freedom system with mass damper under wind excitation 

described in Example 4.1. To obtain a nonadaptive fuzzy controller, controller input-output pairs 

are recorded for simulations using a proportional controller. The controller inputs are the 

structure's displacement and velocity. The control output is u. Fifty data pairs are selected, 

determining the centers of the membership functions for the inputs and the output. It should be 

noted that this method for determining the centers of the membership functions is not unique. If 

knowledge on the behavior of the system is available, some linguistic rules can be formed rather 

than relying completely on the controller input-output data. The widths of membership functions 

are assumed to be 0.10. In this particular example, only the centers of the membership functions 

are adapted on-line. A learning rate of 0.01 and a momentum factor of 0.95 are used in the 

simulation. 

The resulting displacement and damper stroke length are shown in Fig. 8.3 and Fig. 8.4. 

Since the training data is obtained from results for a simulation using proportional control using 

displacement feedback, then the response obtained closely resembles that obtained for 

proportional control. Since the controller is undergoing adaptation during the first few cycles of 

the disturbance, it cannot effectively reduce the peak that occurs during this period. 
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Fig. 8.3 Displacement with adaptive fuzzy control Fig. 8.4 Stroke length with adaptive fuzzy control 
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TABLE 8.1 
Comparison of Responses 

  

  

  

  

          

PARAMETER Passive Adaptive Fuzzy Control 

Max. displacement [in] _ 4.4035 0.9760 

Max. stroke length [in] 15.4733 23.9320 

Max. control force [kips] 0 37.9155 

Max. actuator power [kW] 0 35.4019 
  

A comparison of the response with and without adaptive fuzzy control is shown in Table 8.1. 

There is a 78% reduction of the peak displacement with adaptive fuzzy control. However, this is 

accompanied by a 55% increase in the damper stroke length. In order to provide the necessary 

control force to the structure, the stroke length has to increase accordingly. 
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Fig. 8.5 Actuator force, power, and energy for adaptive fuzzy control 

The regenerative electric actuator provides the control input shown in Fig. 8.5. Since the 

maximum displacement occurs during the first few cycles of the excitation and the controller is 

initially based on a proportional controller, the maximum force also occurs at this time. The 

periods of negative power enables the regenerative actuator to store energy and reduce the peak 

energy required from the supply. The peak energy requirement is reduced from 0.4789 MJ to 

0.2048 MJ for the given duration of the disturbance. This translates to a reduction of 57% in the 

required electrical source capacity. 
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8.5 SUMMARY 

A new on-line, direct-control scheme for active control of civil structures using an 

adaptive fuzzy controller is proposed. The adaptive fuzzy-control approach does not require an 

accurate model of the system in order to function. It is able to achieve this by adapting the fuzzy 

controller parameters on-line. A modified gradient descent method is used as the adaptation 

mechanism. In order to adapt the parameters of the fuzzy system, the error at the output of the 

fuzzy controller must be known. In the proposed direct-control scheme, this error is unknown. 

Thus, it is proposed that the updating be based on the output error of the system directly. The 

update equations are derived for the controller. Simulations are performed for a structure 

equipped with a regenerative electric actuator, while under wind excitation. 
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CHAPTER 9 

Comparison of Controllers 

The preceding chapters investigated the feasibility of various controllers for application 

in structures with regenerative electric actuators. In these studies, actuator dynamics are 

neglected because they are very much faster than the dynamics of the structure and the damper. 

This chapter compares the different controllers based on various criteria. The major factors that 

have to be considered when choosing a controller for the regenerative electric actuator include 

maximum displacement, stroke length, control force, actuator power, and actuator energy. 

Control force saturation has to be considered to obtain the most effective type of control. The 

final decision in choosing a controller for the regenerative electric controller has to consider all 

of the above-mentioned factors. A compromise may be required if conflicting objectives have to 

be satisfied. 

9.1 DISPLACEMENT, DAMPER STROKE, AND CONTROL FORCE 

A. Single-Degree-of-Freedom System under Wind Excitation 

For the single-degree-of-freedom structure under wind excitation, Table 9.1 shows a 

comparison of the maximum displacement, maximum damper stroke, and maximum control force 

for different controllers. 

TABLE 9.1 Comparison of Maximum Displacement, Stroke, and Control Force 

  

  

  

  

  

  

  

              

CONTROL TYPE Max. Max. Stroke Max. Displacement- 
Displacement [cm] Control Force Force Ratio 

[cm] _IKN] _[cm/KN] 

Passive 11.7538 39.3291 0 - 

Proportional 2.4803 66.1388 65.1550 0.0381 

Linear Quadratic 2.3236 52.9747 165.8796 0.0140 

Sliding Mode (P-P) 2.2992 86.7171 66.7230 0.0344 

Sliding Mode (Q-M) 2.3485 84.6694 66.7230 0.0352 

Neural Network 2.5598 73.2521 58.4689 0.0438 

Adaptive Fuzzy 2.4790 60.7873 168.6557 0.0147 
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The maximum displacement occurs during the first cycle of the displacement waveform. It is 

during this time that the controller and actuator is trying to build up the necessary counter-force 

to mitigate the effect of the disturbance. Table 9.1 shows that the minimum peak-displacement is 

obtained when using the sliding mode controller which is designed by the pole-placement 

method. An 80% reduction in the maximum displacement is obtained when using this type of 

control. The sliding mode controller is able to issue a larger control command even if the 

displacement response is still small during the first few cycles of the disturbance. Therefore, it is 

able to limit the peak displacement to a lower value as compared to the other controllers. 

The largest maximum-displacement value results from using the neural network 

controller. This is due to the fact that the network is initially untrained. It takes a few training 

cycles before it learns the system dynamics and issue the correct control command. It is during 

these early training cycles that the peak displacement occurs. Thus, it is unable to limit the peak 

displacement as well as the other controllers. 

The large displacement that occur during the first few cycles of the excitation causes the 

controller to issue a large control command. This produces the peak in the control force 

waveform. Table 9.1 shows that the neural network controller has the minimum peak-control- 

force. Since the network is still undergoing training during the early cycles of the disturbance, it 

does not command a proportionately large force for the large displacement that occurs. 

The sliding mode and proportional controllers produce peaks in the control force that are 

comparable to that produced by the neural network controller. The control force for the sliding 

mode controllers is limited to 67 KN, based on the peak value obtained for the proportional 

controller. Despite the limit set on the control force, the sliding mode controller still produces the 

smaller peak-displacement. The linear quadratic controller has a larger control force due to the 

smaller weight placed on the control as compared to the displacement response. 

Due to the more abrupt changes in the control command for the sliding mode controller, 

the maximum stroke length for these controllers are larger than those for the other controllers. 

Other controllers have a gradual change in the control command as compared to the sliding mode 

controllers. Consequently, the stroke lengths for these controllers are smaller. The sliding mode 

controller which is designed by using the pole-placement method experiences the largest increase 

in the damper stroke of about 120%. The linear quadratic controller produces the least increase in 

damper stroke of 35%. This increase in damper stroke is greatly dependent on the weight placed 

on the stroke length. 

The displacement-force ratio is the ratio of the maximum displacement to the maximum 

control force. This provides a measure of the effectiveness of the control force. A larger value 
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means that there is a greater reduction in the maximum displacement per unit of force being 

applied. The neural network, sliding mode, and proportional controllers have comparable 

effectiveness. These controllers have approximately the same peak control force providing the 

same amount of reduction in the displacement peak. The larger control forces required by the 

linear quadratic and adaptive fuzzy controllers make the displacement-force ratio smaller for 

these controller types. 

Based on the maximum displacement, stroke length, and control force, the proportional 

and sliding mode controllers provide the best control for the single-degree-of-freedom system 

under the given magnitude of wind excitation. 

B. Single-Degree-of-Freedom System under Earthquake Excitation 

For the single-degree-of-freedom system under earthquake excitation, Table 9.2 shows a 

comparison of the maximum displacement, maximum stroke, and maximum control force for 

different controllers. 

TABLE 9.2 Comparison of Maximum Displacement, Stroke, and Control Force 

  

  

  

  

  

            

CONTROL TYPE Max. Max. Stroke Max. Displacement- 
Displacement [cm] Control Force Force Ratio 

[cm] [kN] [cm/kN] 

Passive 14.2128 38.4660 0 - 

Linear Quadratic 8.7297 200.2904 553.5109 0.0158 

Sliding Mode (P-P) 4.0284 373.1494 667.2300 0.0061 

Sliding Mode (Q-M) 6.2304 255.5497 664.7141 0.0094 

Neural Network 7.8468 482.6066 591.2458 0.0132   
  

The maximum displacement occurs during the first few cycles of the displacement waveform. 

During this period, the actuator and damper is trying to build up the necessary counter-force. The 

damper's inertia causes the delay in the generation of sufficient force. Table 9.2 shows that the 

minimum peak-displacement is obtained when using the sliding mode controller which is 

designed by the pole-placement method. A 72% reduction in the maximum displacement is 

obtained when using this type of control. The sliding mode controller is able to issue a larger 

control] command even if the displacement response is still small during the first few cycles of 

the disturbance. Therefore, it is able to limit the peak displacement to a lower value as compared 

to the other controllers. 
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The linear quadratic controller produces the largest peak-displacement, with a reduction 

of only 39%. The largest weight is given to the displacement response. Since the displacement is 

small at the start of the disturbance, the control force generated during this period is relatively 

smaller. Therefore, larger peaks in the displacement are obtained. 

The large displacement that occurs during the first few cycles of the excitation 

eventually causes the controller to issue a large control command. This produces the peak in the 

control force waveform. Table 9.2 shows that the linear quadratic controller has the minimum 

peak-control-force. This simply means that the effective gain applied to the displacement to 

generate part of the control is smaller for the linear quadratic controller than for the other 

controllers. The sliding mode controllers require the largest control force peak but have lower 

displacement-force ratios. This is due to the fact that the sliding mode controller produces 

smaller peaks in the displacement while using control forces that are comparable in magnitude to 

those used by other controllers. 

The damper stroke and velocity are not used as inputs to the neural network controller. 

Therefore, the resulting peak in the damper stroke is largest for this type of controller. All the 

other controllers use a feedback of the damper stroke and velocity. Thus, these controllers are 

able to minimize the damper stroke. 

Based on the maximum displacement, stroke, and control force, the sliding mode 

controller is able to provide the best control for the single-degree-of-freedom system under the 

given magnitude of earthquake excitation. 

C. Fixed-Base, Multidegree-of-Freedom System under Wind Excitation 

For the fixed-base, multidegree-of-freedom system under wind excitation, Table 9.3 

shows a comparison of the maximum displacement, damper stroke length, and control force for 

various types of control. 

TABLE 9.3 Comparison of Maximum Displacement, Stroke, and Control Force 

  

  

  

  

  

CONTROL TYPE Max. Interstory Max. Stroke Max. Displacement- 

Displacement [cm] Control Force Force Ratio 

[cm] [kN] [cm/kN] 

Passive 2.0803 24.4881 0 - 

Proportional 1.4422 225.2129 904.8419 0.0016 

Linear Quadratic 1.4674 94.8030 546.8642 0.0027 

Sliding Mode 1.8865 2.9734 354.1092 0.0053             
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In all cases, the maximum interstory displacement occurs at the third floor. The eighth floor 

experiences the largest displacement with respect to the ground. For the given excitation, the 

peak displacement occurs during the first or second cycle of the disturbances waveform. Table 

9.3 shows that proportional control results in the minimum peak in the interstory displacement, 

producing a 31% reduction in the peak interstory drift. However, the required control force is 

very much greater than in the other two control types. This is due to the fact that the feedback 

quantity in the proportional controller is the displacement of the eighth floor with respect to the 

ground. This quantity definitely undergoes a larger variation than the interstory drifts used in the 

linear quadratic and sliding mode controllers. 

Table 9.3 shows that for the given system and excitation, larger control forces result in 

longer stroke lengths. Due to the smaller control force required by the sliding mode controller, 

the displacement-control force ratio is the larger value for this type of controller. Based on the 

maximum damper stroke and control force, the sliding mode controller provides the best control. 

If smaller interstory displacements are desired, then proportional control gives better results at 

the cost of larger control forces. 

D. Base-Isolated, Multidegree-of-Freedom System under Earthquake Excitation 

For the base-isolated, multidegree-of-freedom system being subjected to earthquake 

excitation, Table 9.4 gives the maximum displacement, damper stroke length, and control force 

for various controllers. 

TABLE 9.4 Comparison of Maximum Displacement, Stroke, and Control Force 

  

  

  

  

              

CONTROL Max. Max. Base Max. Max. Control | Displacement- 

TYPE Interstory Displacement Stroke Force Force Ratio 

Drift [cm] [cm] [cm] [KN] [cm/kKN] 

Passive 0.5401 12.5719 35.4893 0 - 

Proportional 0.5185 11.6516 67.6722 116.5160 0.0044 

Linear Quad. 0.5314 11.6045 53.4180 147.0765 0.0036 

Sliding Mode 0.5183 12.1154 47.5925 339.6541 0.0015 
  

  
The maximum interstory displacement occurs in the first floor for the linear quadratic and sliding 

mode controllers. For proportional control, the maximum interstory displacement occurs in the 

third floor. Table 9.4 shows that proportional and sliding mode control give the minimum peak in 
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interstory displacements, reducing the peak by 4%. However, linear quadratic control gives the 

smallest peak in the base displacement by reducing it by 8%. 

For the given system and excitation, the peak stroke length is inversely affected by the 

peak control force. Proportional control has the longest stroke length but requires the smallest 

peak force. On the other hand, sliding mode control has the shortest stroke length but requires a 

the largest peak in the control force. 

If the primary objective is to reduce the interstory drift, then proportional control gives 

the most reduction in the peak displacement for the least control force. If the primary objective is 

to reduce the base displacement, then sliding mode control gives the best result at the cost of 

higher peaks in the control force. 

9.2 POWER AND ENERGY 

A. Single-Degree-of-Freedom System under Wind Excitation 

For the single-degree-of-freedom system under wind excitation, Table 9.5 gives a 

comparison of the actuator power and energy for different controllers. The peak energy is 

determined for a disturbance duration of 100 seconds. 

TABLE 9.5 Comparison of Power and Energy 

  

  

  

  

  

  

  

CONTROL Max. Power Max. Energy Max. Energy Reduction in 
TYPE [kW] with Regen. without Regen. Max. Energy 

[MJ] [MJ] 

Proportional 22.3242 0.1788 0.2902 38% 

Linear Quadratic 50.4336 0.0398 0.6941 94% 

Sliding Mode (P-P) 46.9538 0.1407 0.8603 84% 

Sliding Mode (Q-M) 47.3990 0.1572 0.7104 78% 

Neural Network 29.5657 0.1815 0.4485 60% 

Adaptive Fuzzy 35.4019 0.2048 0.4789 57%             
  

The energy values are the energy required by the actuator from the electrical source. These 

values are reduced through the use of a regenerative electric actuator. Instead of dissipating 

energy as heat, the regenerative electric actuator recovers the energy during periods of negative 

power and stores it for later use. The lower energy requirement translates to a lower ampere-hour 

rating for a battery bank which acts as the electrical source for the actuator and as the energy 

storage device. 
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The maximum actuator power determines the peak power rating of the actuator. The 

nominal power rating of the actuator is lower than the given maximum power. Table 9.5 shows 

that a proportional controller requires the least power. However, the amount of energy saved by 

the actuator through regeneration is only 38%. On the other hand, the linear quadratic controller 

requires the maximum peak-power but is able to reduce the peak energy requirement by 94%. It 

is observed that the higher the maximum power, the greater is the recovered energy. 

B. Single-Degree-of-Freedom System under Earthquake Excitation 

For the single-degree-of-freedom system under earthquake excitation, Table 9.6 gives a 

comparison of the actuator power and energy for different controllers. The maximum energy is 

determined for a disturbance duration of 24 seconds. 

TABLE 9.6 Comparison of Power and Energy 

  

  

  

  

  

CONTROL Max. Power Max. Energy Max. Energy Reduction in 
TYPE [kW] with Regen. without Regen. Max. Energy 

_ [MJ] __[MJ] 

Linear Quadratic 608.8404 0.6408 0.8285 23% 

Sliding Mode (P-P) 1469.7 2.3613 3.3416 29% 

Sliding Mode (Q-M) 751.0914 1.0193 1.1535 12% 

Neural Network 1783.7 3.9187 8.2382 52%             
  

The linear quadratic controller requires an actuator with the smallest power rating. However, the 

peak energy requirement is reduced by only 23%. If it is desired that more energy be recovered, 

then a larger actuator rating is required by using a neural network controller. Despite having the 

lowest power requirement, it is noted that linear quadratic control does not necessarily result in 

the lowest percentage in energy reduction as is observed for wind excitation. 

C. Fixed-Base, Multidegree-of-Freedom System under Wind Excitation 

For the fixed-base, multidegree-of-freedom system subjected to a wind excitation, Table 

9.7 gives a comparison of the actuator power and energy for various controllers. The maximum 

energy is determined for a disturbance duration of 20 seconds. 
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TABLE 9.7 Comparison of Power and Energy 

  

  

  

        

CONTROL Max. Power Max. Energy Max. Energy Reduction in 
TYPE [kW] with Regen. without Regen. Max. Energy 

[MJ] [MJ] 

Proportional 2701.1 10.1141 58.3865 83% 

Linear Quadratic 654.9221 0.8237 8.5644 90% 

Sliding Mode (P-P) _ 45.1081 0 0.0002728 100%     
  

mode control is desirable for this particular system and disturbance. 

The maximum energy is determined for a disturbance duration of 24 seconds. 

TABLE 9.8 Comparison of Power and Energy 

For this particular system and excitation, sliding mode control requires the least power rating for 

the actuator and recovers 100% of the energy expended for control through regeneration. The 

zero energy peak means that the actuator is in generation-mode all of the time. Proportional 

control has the largest peak in power and reduces the energy requirement by the lowest amount 

among the three controllers being considered. Based on maximum power and energy, sliding 

D. Base-Isolated, Multidegree-of-Freedom System under Earthquake Excitation 

For the base-isolated, multidegree-of-freedom system subjected to an earthquake 

excitation, Table 9.8 gives a comparison of the actuator power and energy for various controllers. 

  

  

  

            

CONTROL Max. Power Max. Energy Max. Energy Reduction in 

TYPE [kW] with Regen. without Regen. Max. Energy 

[MJ]. [MJ] 

Proportional 115.4689 0.2176 1.3873 84% 

Linear Quadratic 88.3408 0.0451 0.5280 91% 

Sliding Mode (P-P) 133.7742 0.0659 0.0937 30% 
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linear quadratic control is desirable for this particular system and excitation. 

Table 9.8 shows that linear quadratic control has the minimum power requirement and the largest 

reduction in the energy requirement of the actuator. Based on the maximum power and energy, 

  

 



9.3 CONTROL FORCE SATURATION 

A. Single-Degree-of-Freedom System under Wind Excitation 

For the single-degree-of-freedom system under wind excitation, Fig. 9.1 shows a 

comparison of the effect of control force limits on the maximum displacement for different 

controllers. The effectiveness of increasing the control force limit to obtain smaller peaks in the 

displacement is determined by the slope of the plot. Larger negative slopes indicate that 

increasing the control limit will produce larger reductions in the maximum displacement. Near- 

zero slopes indicate that increasing the control limit will not produce any significant reduction in 

the peak displacement. 

Proportional and adaptive fuzzy control allow a control force maximum of about 5 kN 

without any significant increase in the displacement maximum. Of course, further reduction of 

the control limit will eventually degenerate into the equivalent of an uncontrolled case. For these 

two controllers, it would be desirable to keep the control limit at a low value. Increasing the 

control force limit does not produce any reduction in the peak displacement. However, the 

control limit must not be placed so near zero because variations in the system or controller 

parameters might result into that of the uncontrolled case. 

For linear quadratic and neural network control, increasing the control force limit above 

20 KN does not produce any significant reduction in the maximum displacement. Therefore, it 

would be desirable to fix the control limit at 20 kN for these two controllers. To take into 

account any variation in system or controller parameters, it would be prudent to choose a control 

limit which is slightly above 20 kN. This will avoid the possibility of increasing the maximum 

displacement above 2.5 cm. 

Only the sliding mode controllers possess the ability to decrease the maximum 

displacement by increasing the control limit above 20 kN. The plot for the pole-placement 

method has approximately a constant slope above 20 kN. Therefore, choosing a control limit 

anywhere between 20 and 120 kN will result in the same control effectiveness. For the quadratic 

minimization method, the slope of the plot is slightly higher near 20 kN and gradually decreasing 

until 70 kN. After 70 kN, the slope remains essentially constant. Choosing the control limit to be 

at or near 20 kN would not be desirable since the maximum displacement is slightly above 2.5 

cm. Choosing the control limit at or near 50 KN would keep the displacement within 2.5 cm. As 

in the linear quadratic and neural network controller, it would be wise to select a control limit 

which is slightly above the "knee" of the plot. If it is desired that the maximum displacement be 

reduced below 2.5 cm, choosing a sliding mode controller will produce the desired reduction. 
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Fig. 9.1 Comparison of the effect of limiting the control force on the maximum displacement 
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B. Single-Degree-of-Freedom System under Earthquake Excitation 

For the single-degree-of-freedom system under earthquake excitation, Fig. 9.2 shows a 

comparison of the effect of control force limits on the maximum displacement for various control 

types. For the linear quadratic controller, increasing the control limit above 300 kN does not 

produce any significant reduction in the maximum displacement which remains at about 9 cm. 

Similarly, increasing the control limit above 300 kips for the neural network controller does not 

produce any significant reduction in the maximum displacement. In this case, the maximum 

displacement remains at about 8 cm. To avoid the possibility of getting a significant increase in 

the displacement due to parameter variations, it would be advisable to choose a control limit 

above the "knee" of the plot. Although the linear quadratic controller has a higher peak 

displacement, the displacement waveform decays faster for this type of control as compared to 

neural network control. Thus, the linear quadratic controller has a slight advantage over neural 

network control. 
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Only the sliding mode controller is able to reduce the peak displacement below 8 cm. 

The slope of the plot for the quadratic minimization method approaches zeros at about 600 KN. 

Therefore, increasing the control limit above 600 kN will not result in any significant reduction 

of the maximum displacement. The peak displacement remains essentially constant at about 6.3 

cm. The slope of the plot for the pole-placement method remains nonzero even above a control 

limit of 600 kN. Therefore, it is advantageous to set higher control limits for this controller. This 

will result in smaller peaks in the displacement. Maximum displacements below 6.3 cm can even 

be obtained, which is not possible for the other controller types. 

9.4 SOME CONSIDERATIONS IN CONTROLLER IMPLEMENTATION 

The proportional controllers that were considered made use of only one input. Although 

it makes proportional control easier to implement, the appropriate feedback quantity must be 

chosen carefully. For fixed-base systems, the displacement of the top floor with respect to the 

ground is usually a likely candidate. A base-isolated structure usually behaves like a rigid body, 

with minimal interstory displacements. Therefore, the base floor displacement is a possible 

choice in base-isolated systems. 

For linear quadratic and sliding mode control, a full state feedback is required. This 

requires a measurement of displacements and velocities. Depending on the model used, these 

displacements can be interstory displacements or displacements with respect to ground. 

Compared to proportional control, a larger amount of information is required for these two types 

of control. An estimation of some quantities may be resorted to if these are not directly available. 

For neural network and adaptive fuzzy control, increasing the number of input variables 

will require a longer training time. Since these controllers are trained on-line, it is important that 

the updating of the controller parameters be done in a short time as possible. On the other hand, 

more inputs could provide a better mapping of the controller inputs and output. Therefore, a 

compromise has to be made between faster update times and more accurate mappings. 

9.5 SUMMARY 

The major factors that have to be considered when choosing a controller for the 

regenerative electric actuator include maximum displacement, stroke length, control force, 

actuator power, and actuator energy. Control force saturation has to be considered to obtain the 

most effective type of control. 

Based on the maximum displacement, stroke length, and control force, the proportional 

and sliding mode controllers provide the best control for the single-degree-of-freedom system 

186



under the given magnitude of wind excitation. For the same system under a given earthquake 

excitation, the sliding mode controller is able to provide the best control based on the maximum 

displacement, stroke, and control force. 

Based on the maximum damper stroke and control force, the sliding mode controller 

provides the best control for multistory fixed-base system under wind excitation. If smaller 

interstory displacements are desired, then proportional control gives better results at the cost of 

larger control forces. 

If the primary objective is to reduce the interstory drift in the multistory base-isolated 

system under earthquake excitation, then proportional control gives the most reduction in the 

peak displacement for the least control force. If the primary objective is to reduce the base 

displacement, then sliding mode control gives the best result at the cost of higher peaks in the 

control force. 

For the single-degree-of-freedom system, choosing a controller based on the actuator 

power and energy requires a compromise between using smaller ratings for the actuator and 

recovering a larger amount of energy through regeneration. 

Based on maximum power and energy of the regenerative actuator, sliding mode control 

is desirable for the fixed-base multistory system subjected to a wind disturbance. On the other 

hand, linear quadratic control is desirable for the base-isolated multistory system under an 

earthquake disturbance based on the maximum power and energy of the actuator. 

For the single-degree-of-freedom system subjected to wind excitation, choosing a control 

force limit above 20 kN keeps the maximum displacement at or below 2.5 cm. If further 

reduction is desired, using a sliding mode controller will result in smaller peaks. The pole- 

placement can produce greater reduction in the peak displacement if a larger control force is 

available. If the same system is subjected to an earthquake excitation, choosing the control limit 

above 300 kN will keep the maximum displacement at or below 9 cm. If smaller peaks in the 

displacement is desired, sliding mode control can produce the desired effect. The pole-placement 

method can produce the largest reduction if larger control forces are available. 

The final decision when choosing a controller for the regenerative electric controller has 

to consider all of the above-mentioned factors. A compromise may be required if conflicting 

objectives have to be satisfied. 
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CHAPTER 10 

Regenerative Electric Actuators 

10.1 INTRODUCTION 

A novel technique is investigated for utilizing the motion caused by environmental forces 

on a civil structure to generate electrical energy when the structure's response is within safety 

limits. When strong winds and earthquakes occur, the utility power source which supply energy 

to the actuator in an active control system is usually not reliable. It is during these instances that 

active control is needed most. With a regenerative electric actuator, the recovered energy is used 

to reduce the peak oscillations of the structure by applying forces (through actuators which use 

the recovered energy) counter to the environmental forces even if the utility power is not 

available. To achieve this, a tuned mass damper is used as the intermediary for the energy 

transfer between the structure and the actuator. The actuator proposed for this study is a 

permanent-magnet brushless DC machine which can provide a higher instantaneous torque in a 

compact frame size. This study is the first of its kind to propose and investigate active control of 

civil structures using regenerative electric actuators. 

The actuator can either operate in the passive mode, 4-quadrant mode, or in the 2- 

quadrant generation mode. In the 4-quadrant mode, the performance of various controllers are 

compared based on the maximum displacement, stroke, control torque, actuator power, and 

source energy. Motor and generator action can both occur in the 4-quadrant mode. It is desired 

that the controller require a smaller actuator power rating so that the cost of the machine will be 

lower. A lower actuator energy is desired so that the capacity of the electrical source will be 

lower. Furthermore, a lower energy requirement means that a lower capacity for the energy 

storage device is needed. In majority of the test cases, sliding mode control often has the lowest 

power and energy requirement. The use of regenerative electric actuators reduce the required 

source capacity as compared to using non-regenerative actuators which simply dissipate energy 

as heat. The amount of reduction is often significant. This can translate to savings in equipment 

cost. Single-degree-of-freedom and multidegree-of-freedom structures are simulated. In the 2- 

quadrant generation mode, the system response must always fall within the safety margins of the 

structure. The amount of energy that can be recovered is limited by the power rating of the 

actuator and the energy capacity of the electrical source and the storage device. 
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The dynamics of the electrical subsystem can be incorporated into actuator-structure 

system to determine transient behavior of the entire system. It is shown that the actual torque 

closely follows the command torque. This is one of the advantages of using an electrical actuator. 

More accurate models of the electrical source and storage device can also be included in the 

simulation to determine the variation of the voltage at the terminals of the source. In this study, 

the variation of the terminal voltage of the source is determined by representing the source as an 

ideal voltage source in series with a source resistance. 

Preliminary results of this study are also reported in [1]. In this chapter, the equations of 

motion are derived for the combined system with the actuator. In order to obtain a preliminary 

estimate of the system response, it is initially assumed that the commanded control 7,* is also 

the actual control 7,. It is shown in a later section that this assumption is valid, due to the faster 

time constants of the electrical subsystem compared to those of the mechanical subsystem. 
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Fig. 10.1 Single-Degree-of-Freedom Structure with Mass Damper 

10.2 MODES OF OPERATION 

The actuator can operate in either passive mode, 4-quadrant mode, or 2-quadrant 

generation mode. In the passive mode, there is no torque or force exerted by the actuator. The 

actuator's mass and damping simply contribute to the damper's mass and damping. In the 4- 

quadrant mode, the actuator acts as a motor or a generator. Using a feedback of the system 

response, a controller (e.g., sliding mode, neural network, fuzzy) determines the control force 

magnitude and direction which will mitigate the structure's motion due to an external 

disturbance. To gain a physical insight into motoring and generating action, consider the single- 
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degree-of-freedom structure with mass damper shown in Fig. 10.1. The actuator can mitigate the 

oscillation of the structure by exerting a force on the damper in the positive or the negative 

direction. A force exerted on the damper in the positive direction will be transmitted to the 

structure through the damper stiffness and damping as a push in the positive direction. A force 

exerted on the damper in the negative direction will be transmitted to the structure as a pull in the 

negative direction through the damper stiffness and damping. When the structure is moving in a 

particular direction, the force exerted on the damper must be in the opposite direction in order to 

reduce the structure's displacement. Assume that the damper is moving in the positive direction 

(positive velocity). Motoring action occurs when the actuator applies a control force in the 

positive direction, i.e., in the same direction as the velocity. Generating action occurs when the 

actuator applies a control force in the negative direction, opposite to the direction of motion. In 

motoring action, the actuator is imparting kinetic energy to the damper by pushing on the 

damper. On the other hand, the actuator is absorbing some of the kinetic energy of the damper 

during generating action as the actuator is being pulled by the damper. 

In the 2-quadrant generation mode, the actuator operates strictly as a generator. The 

controller produces a control force of a specified magnitude, whose polarity is opposite to the 

direction of motion. Thus, the controller output can have two possible values of the same 

magnitude but different polarities. The controller has to monitor the structure's response, making 

sure that it is always within the safety limits. 
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Fig. 10.2 Quadrants of operation for the regenerative electric actuator 

Fig. 10.2 shows the four possible quadrants of operation for the regenerative electric 

actuator. Positive torque corresponds to positive force, while positive angular velocity 

corresponds to positive linear velocity. In forward motoring, both torque and velocity are 

positive. Reverse motoring has both negative torque and negative velocity. Forward generation 
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has positive torque but with negative velocity, while reverse generation has negative torque with 

positive velocity. Positive velocity means that the damper is moving in the positive direction. In 

the 4-quadrant mode, the actuator can operate in any of the four quadrants of operation. In the 2- 

quadrant generation mode, the actuator can operate in either quadrant II or IV. 

10.3 BASIC CONTROL SCHEME 

Fig. 10.3 shows the basic scheme of the proposed active/semi-active structural control 

system. The building-TMD system is being subjected to an external excitation f Sensors measure 

the response y of the building-TMD and sends the measurements to the controller. The controller 

then forms a command input 7,* to the actuator subsystem. The actuator can be switched to 

operate in either passive mode, 4-quadrant mode, or 2-quadrant generating mode. In 4-quadrant 

mode, the actuator applies the required control force to the building-TMD system. It should be 

noted that depending on the polarities of the torque and the stroke velocity, the actuator can 

consume or generate energy while in the 4-quadrant mode. In contrast to pneumatic or hydraulic 

actuators which dissipate energy as heat during periods of negative power, the regenerative 

electric actuator is able to store the recovered energy. If the external disturbance is such that the 

resulting displacements are well within safety limits, then the actuator can be switched to operate 

entirely in the 2-quadrant generation mode. The torque command is chosen such that it will have 

a polarity opposite to that of the stroke velocity. Thus, the actuator power will always be 

negative. During regeneration, the actuator converts the building-TMD motion to electrical 

energy for storage in battery or capacitor banks. If the battery bank is used as the electrical 

supply source for the actuator, regeneration will reduce the required energy capacity of the 

battery bank. 
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Fig. 10.3 Basic control scheme 

10.4 SYSTEM MODELING 

Consider the single-degree-of-freedom structural model with a mass damper, as shown in 

Fig. 10.1. In previous chapters, the mechanical dynamics of the actuator are neglected in order to 

obtain a faster estimate of the system response. This section incorporates the mechanical 

equations of the regenerative actuator with the mechanical equations of the structure-and-damper 

system. To facilitate the derivations, it is initially assumed that the stiffness k, is linear. The 

equations of motion are given by, 

MyZ5 + CsZ5 + ksZs —CgZq —kgzg = f —u-m, Yo (10.1) 

Mq(Z5 +Zg)+CqZq + kqzq =u-mgyo (10.2) 

All quantities are as previously defined in Chapter 3. The actuator is a regenerative electric 

actuator. The actuator has to counteract the mechanical losses and provide the linear control 

force u. Similar to the concept of referring quantities to one side of a transformer, the control 

force uw is reflected as the load torque 7; on the actuator. Thus, the control can be written as, 

u=n,Ty (10.3) 

where n, is the linear-rotational transformation ratio which is determined by the mechanism 

through which rotational torque is converted to linear force, and vice versa. The actuator torque 

equation is given by 

Tr = Te - Jo - Bo (10.4) 

where T, is electromagnetic torque, J is the moment of inertia, and B is the damping coefficient. 

The rotational quantities are related to the linear quantities such that 

O=mMZq (10.5) 

O =n,Zq (10.6) 
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The equations of motion are then modified as, 

MsZ5 + C5Z5 +kyZ5 —CgZ@q —kgzq = f- n,|Te — InZg- Bn,zq| —Ms¥o (10.7) 

mq (Zs + Zq)+cgég tkqzq = np|Te - Imig - Bnyzg|— mao (10.8) 

Rearranging terms in (10.7) and (10.8), the equations of motion are rewritten as, 

Mig + Cyig + kgZg — Ing — lea + Bny? |ég ~kgZq =f —MTo - meio (10.9) 

mig + mg + In? lig + lea + Bn? lig + kgzq =mTo — mq (10.10) 

or 

MsZ5 + C525 + ksZ5 — JjZ2qg — 2g —kgzq = f —mTe — ms Vo (10.11) 

MgZs+mZqt+czqtkgzq =nTe—mgyo (10.12) 

where 

J, = In? (10.13) 

cy = cg + Bn,? (10.14) 

my = mg + Sry” (10.15) 

From (10.12), one can get the expression 

Zq = iq Witte ~ ma V0 — Maes — C124 ~ kaa] (10.16) 

Substituting (10.16) into (10.11) and moving terms to the right hand side yields 

M25 = —C5Z5 —ksZ5 + m ttle — mgyo - Mgzs — (12g - kgza| 
(10.17) 

teZgq + kgzq + f ~My Te — ms Vo 
Rearranging terms in (10.17) gives 

m + aL mali = —CsZ5 —ksZ5 + [ ~ “lai + [ - “i aca 

"a m " (10.18) 

+f—-n [ -Afp “|r «hm 
m m 

or 
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WZ, = —C5Z5 —kyZ5 + [ — Alas + [ _ Aiea + f- ni — Afr — MM Yo 
m m m (10.19) 

where 

my = mg +h mg (10.20) 
my 

From (10.19), one can solve for 

Zs os —C5Z5 — KZ +[1-2b ada [1-21 ha fon 1-2 remit (10.21) 

m m m m 

Substituting (10.21) into (10.12) results in, 

1d) oz. —hyZ, (1 - “i ada + ( - asa + f- nf Zur ~ mii 
m mm m m (10.22) 

timzg + cZq + kgzg =mTe — mg yo 
Rearranging terms in (10.22) will yield, 

igs} ro Ma(1-A Vg) -21 haeg~ Mei, 125 

Mg on) rota -2 r, 
m m m 

Finally, from (10.21) and (10.23), the structure and damper accelerations are obtained as, 

(10.23) 

Zs = —*S3, _*s 5. +21 Jotg+ Lit legs -En -tlgs Lg i 
m) m2 m m m2 m m2 m m 

(10.24) 
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    gq = md _-c3, + tee Ei a1) og E14 Me 1-21 rae 
mm) mm) m m| 

m m m mm 

x =[2 x2 X3 x4]’ =[zs Zq 2s zg]! 

T 

Let 

w=[f jo 
then the state-space equation for the system is given by, 

x = Ax + B7, + Hw 

    

where 

rT 60 0 ] 

0 0 

a.| -# Zf 21} _£s. 
7 m) m) m m 

mq, 1 imal} md ; 
| m2 m m m min 

    

195 

m2 (10.25) 

(10.26) 

(10.27) 

(10.28) 

jl, A mm ( my Ja (10.29) 

~Lhioéf i) 
m | mlm jf   

(10.30)



0 0 

0 0 

H=| — -l (10.31) a 

_™d 9 
mm 

To take into account a structure with a nonlinear stiffness force, the nonlinear motion equations 

can be written as, 

  

      

4] [2, az, +(1-a)Dyv 
x Zz Zz 
ce oa d +BI, + Hw (10.32) 

X3 Zs Zs 

X4 Zd Zd 

. . 1 . . -l|. is == [22, —Brlzafol" —v,v|"} (10.33) 
y 

Kg 
m Ug Ug 

co, 47 
Cd OD) 
  

  

  

      

                

Ground       

Fig, 10.4 Multidegree-of-freedom structure with REAs 

Consider the multistory structure shown in Fig. 10.4. In terms of the interstory drifts, the 

multidegree-of-freedom equations are given by, 
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meio + ip +ig)+Cgtg thyzg =—Ug (10.34) 

m,,( io + Zh + Z| +...42,) + CyZn + ky Zn _ Cdzq - kgdZq = Sn + ug (10.35) 

ma (vo + Zp tiptti, tig)+cgig tkgzg =—ug (10.36) 

where 

Ug = nig| Tog _ Jetig Zp - i.) _ Borg -25 - ég)| (10.37) 

ug = Md|Ted - Jama(-2a)- Bama(-za)| (10.38) 

All structural parameters are as defined in Chapter 3. Substituting (10.37) and (10.38) into 

(10.34), (10.35), and (10.36) will result in the motion equations being expressed as, 

ee 2. 2.. 
meio +Zp+ i.) +CgZg + gig = —Nglog — J gttg” 2p — J gig" Zg 

, 3 (10.39) 

—Bogttg” Zh — Bynig”Zg 

m, (Ho +Zp+2] +...tZ,) +Cy2Zn t+ kp2Zy —CdZq - kqzq = 
: | (10.40) 

Sn + Maled + Jamdig + Banig’ia 

ma\(¥o +Zp+2Zt...+Z, + Zq) +CgZq+kqzq= 
: | (10.41) 

—naTed ~ Sandia — Band?2d 

Rearranging terms in (10.39), (10.40), and (10.41) yields, 

(mtg + Sot” )ig +( mg + Seta” lip + (Cy + Bot” )ig + BoMyy ip + kgZg = gre giig Mgt \Me Teg Mb Tg * Palig Ia Pais “OT '8E = 19 49) 

—Nglog — Mg Yo 

ok . 2.. . 2). _ 
m, (Zp + Z+...+2,) — Janid’Zd + CnZn - (c4 + Bang Jeg +ky2,—kgzq = (10.43) 

In+MdTed — ™nYo 

on .. 2).. 2). _ 
mal zp +2] +...42,) + (my + Jgnig \e4 + (cg + Band Jed +kyzq= (10.44) 

—Ngled — Mg Yo 
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The matrix equations describing the structural system without the dynamics of the regenerative 

electric actuator can now be modified by using the above equations. 

Example 10.1 

Consider the single-degree-of-freedom structure with a mass damper described in 

Example 4.1. In that particular example, a single-degree-of-freedom structure with a mass 

damper is subjected to a wind disturbance. The same wind excitation is also applied in the 

present simulation. A regenerative electric actuator is used to provide control to the system. It is 

assumed that the actuator has the following parameters: J = 0.1 kg-m2 and B = 5.34x10-4 kN- 

sec/rad. A ball-screw with a pitch p of 3.3 mm/rev is used to couple the actuator to the damper. 

One can also use other types of linear-to-rotational transformations. The best efficiency will be 

obtained if a linear electrical machine is used as the actuator. For a ball screw mechanism, the 

transformation ratio is given by 

2ne 
Mr => 

Pp 

where ¢ is the efficiency of the ball screw. 

For the 4-quadrant mode, three types of control are considered: proportional, linear 

quadratic, and sliding mode control. A proportional controller with a gain K = 15 is used. The 

LQ controller is designed using the weighting matrices Q = diag(2000,1,1,1) and R = 0.1. This 

results in the gain matrix K = [-108.2373 3.1268 82.6489 4.99192]. To design the sliding 

mode controller, the quadratic minimization method is used with Q = diag(2000,1,1,1). This 

results in Y = SA =[26.0162 0.4202 34.0752 —0.9640]. With the wind excitation being 

characterized by the parameters p = 9.75 kips and w = 1.0 rad/sec, Fig. 10.5 shows a comparison 

the resulting displacements for the different types of control. 
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Fig. 10.5 Comparison of displacements for various types of control 

If no control is applied, the plot for the passive system is obtained. Fig. 10.5 shows that all three 

controllers are able to produce remarkable reductions in the displacement. The peak 

displacement for proportional control occurs after several cycles of the excitation has elapsed. 

On the other hand, the peak displacement occurs during the first cycle for linear quadratic and 

sliding mode control. Table 10.1 gives a comparison of the peak responses for the three 

  

  

  

  

          

controllers. 
TABLE 10.1 Comparison of Maximum Responses 

CONTROL Max. Max. Damper Max. Control Displacement- 

TYPE Displacement Stroke [in] Torque [kips-in] Control 

[in] Ratio 

Passive 3.2340 3.0590 0 - 

Proportional 1.3654 147.6482 20.4829 0.0667 

Linear Quadratic 0.9114 21.4440 3.3567 0.2715 

Sliding Mode 0.6987 39.2330 2.7080 0.2580     
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Table 10.1 shows that sliding mode control produces the most reduction in the peak displacement 

of about 78%. This type of control also requires the least control torque. The longer stroke length 

for proportional control compared to the other types of control makes it an undesirable controller. 

The displacement-control ratio is the ratio of the maximum displacement over the maximum 

control torque. This quantity can provide one with a measure of the control's effectiveness in 

reducing the peak displacement. Table 10.1 shows that linear quadratic control has the best 

displacement-control ratio. Sliding mode control also provides a comparable control 

effectiveness. Based on the maximum displacement and maximum torque, sliding mode control 

would be a better controller due to its lower control torque requirement. 
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Fig. 10.6 Comparison of damper stroke lengths 

Fig. 10.6 shows a comparison of the damper stroke waveforms for the different 

controllers. Proportional control gives the longest stroke length, while linear quadratic control 

yields the shortest stroke length. Sliding mode contro] has an unsymmetrical stroke length. This 
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can be attributed to the unsymmetrical switched gains used for the controller. Based on damper 

stroke length, linear quadratic control would be the best choice for the controller. 
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Fig. 10.7 Comparison of control torques for various controllers 

Fig. 10.7 shows a comparison of the control torques required by various controllers. 

Proportional control requires the largest torque, while sliding mode requires the least amount of 

control torque. Linear quadratic and sliding mode control have similar torque waveforms due to 

the use of the same Q weighting matrix. 
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Fig. 10.8 Comparison of actuator powers for various controllers 

Fig. 10.8 shows a comparison of the instantaneous power being provided by the 

regenerative actuator for the three control types. Note that there are periods of negative power. 

These correspond to periods of regeneration while the actuator is being operated in the 4- 

quadrant mode. Due to the large control torques required by the proportional controller, the 

resulting power requirement is also substantial. The sliding mode controller requires the least 

control torque and hence, the least power for the actuator. Therefore, the actuator rating for this 

type of control will also be smaller. Based on the required rating for the actuator, the sliding 

mode controller will be the better choice. 

Fig. 10.9 shows the net energy drawn from the source for the three types of control. The 

upper curve is a plot of the energy drawn if there is no regeneration. The lower curve is a plot of 

the net energy drawn from the source with regeneration, i.e., with the use of a regenerative 

electric actuator. Without regeneration, the energy is dissipated as heat by a non-regenerative 

actuator during the periods of negative power. 
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Fig. 10.9 Comparison of actuator energy with and without regeneration for various controllers 

The large control forces required by the proportional controller make its energy requirement also 

enormous. With regeneration, there is an 88% reduction in the peak energy requirement for 

proportional control during the given 50-second duration of the disturbance. Linear quadratic 

control also achieves an 88% reduction in the energy peak during the given duration, while 

sliding mode control produces an 86% reduction. Note that a longer duration of the disturbance 

will allow more recovery of energy and will result in 

peak. A lower energy peak translates into a lower energy capacity for the electrical source. 

Therefore, regeneration reduces the required energy capacity of the electrical supply. Among the 

three controllers, sliding mode control will be the best choice since it requires the least energy 

for the actuator. 
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Example 10.2 

The single-degree-of-freedom structure and regenerative actuator described in Example 

10.1 is operated in the 2-quadrant generation mode. A wind excitation characterized by p = 5 

kips and w = 1.1 rad/sec. is assumed to be acting on the structure. During regeneration, a torque 

command is specified. This torque command will determine the amount of energy that is 

recovered. For a torque command of 5.65 kN-m, the resulting displacement, actuator power, and 

actuator energy are shown in Figs. 10.10, 10.11, and 10.12. 
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Fig. 10.12 Recovered energy during regeneration 

The displacement shown in Fig. 10.10 is assumed to be well within the safety limits of the 

structure. This criterion has to be satisfied before the actuator is operated in generation mode. 

Other criteria, like maximum acceleration, can also be specified. The peak power in Fig. 10.11 

will be determined by the rating of the actuator. A higher power rating for the actuator means 
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that a higher torque command can be specified. This also means that more energy as shown in 

Fig. 10.12 can be recovered. The maximum amount of energy that can be recovered is 

determined by the capacity of the storage device. Therefore, the amount of energy has to be 

monitored in order that the storage capacity is not exceeded. 
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Fig. 10.13 Control torque during regeneration 

Fig. 10.13 shows the control torque required for regeneration. The polarity of the control 

torque is determined by the polarity of the stroke velocity. The commanded torque is not 

necessarily the optimum value which will mitigate the structure's motion. That is why it is 

necessary to monitor the structure's response to make sure that it is always within safety limits. 
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Figs. 10.14 and 10.15 show the maximum power and maximum displacement as a 

function of the torque command. For a given actuator rating, Fig. 10.14 gives the corresponding 

limit on the torque command that can be issued. To increase the amount of energy that is 

recovered, the torque command can be increased in order to increase the power. The maximum 
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power and energy will be determined by the power rating of the actuator and the energy capacity 

of the storage device. For the given range of torque commands, the maximum displacement 

shown in Fig. 10.15 is more or less constant and unaffected by the torque command. These 

simulations assume that the actual torque follows the torque command closely. Otherwise, there 

will be periods of positive power when the polarity of the torque is the same as the polarity of the 

velocity (motoring action). This will decrease the amount of recovered energy. 

Example 10.3 

The structural system and regenerative actuator described in Example 10.1 is operated in 

4-quadrant mode while under an earthquake excitation with a peak acceleration of 17.53 in/sec2. 

The shape of the earthquake excitation is as given in Fig. 3.14. The linear quadratic and sliding 

mode controllers designed in Example 10.1 are also used in this simulation. Fig. 10.16 shows a 

comparison of the resulting displacement for these two types of control. 
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Fig. 10.16 Comparison of displacements for different types of control 
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Without any form of active control, the displacement shown for the passive case will be 

obtained. Fig. 10.13 shows that in the passive case it takes a relatively long time for the 

displacement to decay to zero if no active control is applied. If control is applied, these 

displacement decay to zero in approximately 30 seconds. The resulting displacements for linear 

quadratic and sliding mode control have basically the same shape, except for the peak values. 

This can be attributed to the use of the same weighting matrix Q in both methods. A comparison 

of the peak response values is given in Table 10.2 

TABLE 10.2 Comparison of Maximum Responses 

  

  

  

  

CONTROL Max. Max. Damper Max. Control Displacement- 

TYPE Displacement Stroke Torque Control 

[in] [in] [kips-in] Ratio 

Passive 5.3970 7.4091 0 - 

Linear Quadratic 3.2060 73.8032 33.0407 0.0970 

Sliding Mode 2.4501 100.9051 5.6919 0.4305             
  

Sliding mode control is able to achieve a larger reduction in the peak displacement. There is a 

55% reduction in the peak, while linear quadratic control reduces the peak displacement by only 

41%. However, there is a 1262% increase in the stroke length for sliding mode control, as 

compared to 896% for linear quadratic control, with both increases being measure with respect to 

the damper stroke for passive control. Despite the longer stroke length, sliding mode control 

requires a very much smaller control torque. This is reflected in the displacement-control ratio. 

Thus, sliding mode control is more effective in reducing the peak displacement. Based on the 

maximum displacement and control torque, sliding mode control will be a better choice for the 

controller. 
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Fig. 10.17 Comparison of damper stroke lengths for the two controllers 

Fig. 10.17 shows a comparison of the damper stroke lengths for the two controllers being 

performance. 
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shown in Fig. 10.18. The control torque for linear quadratic control is larger than that for sliding 

mode control. It also has more high-frequency components. Based on the control torque, the 

sliding mode controller is better because it requires a smaller magnitude of torque and a 
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Fig. 10.18 Comparison of control torques for the two controllers 

A comparison of the control torque required by the two controllers being considered is 

smoother torque waveform. 
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Fig. 10.19 Comparison of actuator powers 

Fig.10.19 shows a comparison of the instantaneous actuator power for both types of 

control. Periods of negative power allow the actuator to regenerate. The larger control torque 

required by the linear quadratic controller result in a larger power consumption. The smaller 

power requirement for sliding mode contro! will allow the use of an actuator with a smaller 

power rating. Therefore, a sliding mode controller is the better choice based on actuator power 
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Fig. 10.20 Comparison of actuator energy with and without regeneration for two controllers 

Fig. 10.20 shows a plot of the actuator energy with and without regeneration for the two 

types of control. The upper plot is the energy drawn from the electrical source if there is no 

regeneration. The lower plot is the energy drawn from the source when a regenerative electric 

actuator is used. Due to the higher control torques required by the linear quadratic controller, the 

energy requirement is also higher as compared to that of the sliding mode controller. For the 

given disturbance duration of 50 seconds, linear quadratic control produces an 81% reduction in 
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the peak energy requirement. Sliding mode control reduces the maximum energy by only 22%. 

Since the peak energy requirements are approximately the same for both controllers with a 

regenerative actuator, either controller can be used if the choice is solely based on the required 

energy capacity of the electrical source and storage device. 

Example 10.4 

The single-degree-of-freedom system is operated in 2-quadrant generation mode while 

being subjected to an earthquake excitation with a peak acceleration of 8.76 in/sec2. The 

excitation has the same shape shown in Fig. 3.14. For a torque command of 1000 kN-m, the 

resulting displacement, actuator power, and actuator energy are shown in Figs. 10.21 , 10.22, and 

10.23. 
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It is assumed that the displacement shown in Fig. 10.21 is within the safety limits of the 

structure. Additional criteria can be imposed for regeneration to insure that structural integrity 

and occupant comfort are maintained. The peak power that can be attained in Fig. 10.22 is 

determined by the torque command. The amount of energy recovered is, in turn, dependent on 

the power that can be handled by the actuator. The power rating of the actuator will determine 

the maximum torque command that can be given. The energy capacity of the storage device will 

limit the amount of energy that can be recovered. 
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Fig. 10.24 Control torque during regeneration 

Fig. 10.24 shows the required control torque for 2-quadrant regeneration. The polarity of 

the torque command is opposite to the polarity of the stroke velocity. The structure's response has 

to be constantly monitored because the control torque is not necessarily the optimum value for 

response mitigation. 
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For the given system and excitation, Fig. 10.25 shows the relationship between the 

maximum power and the torque command. Fig.10.26 shows the effect of the torque command on 

the maximum displacement. The actuator power can be increased by increasing the torque 

command. The maximum torque command will be determined by the power rating of the 

actuator. In addition, the safety limits have to be continuously satisfied in order to keep on 

regenerating. The accumulated energy have to be monitored in order not to exceed the capacity 

of the storage device. For the given range of torque commands, the maximum displacement 

appears to have minimal variation. Choosing a torque command below 10 kN-m or above 1000 

kN-m yields lower peak-displacements. 

Example 10.5 

Consider the fixed-base, multidegree-of-freedom system described in Example 4.3. A 

regenerative electric actuator with parameters J = 3 kg-m2 and B = 0.01688 N-m/rad/sec is used 

to provide active control to the structure. The same wind excitation used in Example 4.3 is used 

in the present simulation for 4-quadrant mode. Three controller types are considered: 

proportional, linear quadratic, and sliding mode. The proportional controller uses a gain K = 40 

on the displacement of the 8th floor with respect to the ground. The linear quadratic controller is 

designed by using the weighting matrices 

o-[5e8 veo | 
Oi0xs 90x10 

The sliding mode controller is designed by using the quadratic minimization method with the 

R = 0.0001 

weighting matrix chosen as 

100I9x9 0 of 0 I9x9 

TABLE 10.3 Comparison of Maximum Responses 

  

  

  

  

                

CONTROL Max. Max. Max. Control | Displacement- Max. 
TYPE Interstory Damper Torque Control Power 

Drift [cm] | Stroke [cm] [kN-m] Ratio [kW] 

Passive 2.1351 11.2405 0 - 0 

Proportional 1.7066 88.1034 4.3355 0.3936 1394.5 

Linear Quad. 1.4738 69.8386 4.4434 0.3317 954.8924 

Sliding Mode 1.8850 3.6047 1.6739 1.1261 0.2080 
  

212



Table 10.3 gives a comparison of the maximum responses for the different control types. Linear 

quadratic control gives the largest reduction in the peak displacement of 31%. However, it 

requires the largest control torque. In terms of control effectiveness, sliding mode control has the 

highest displacement-control ratio because it has the lowest control torque. The low control 

torque also makes the required power rating for the actuator a low value. Furthermore, sliding 

mode control reduces the damper stroke instead of increasing it. Based on the maximum 

responses, sliding mode control provides the best results. Its only drawback is the higher 

interstory drift. 
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Fig. 10.27 Damper stroke lengths for various controllers - 

Fig. 10.27 compares the damper stroke lengths for the three controllers being considered. 

Proportional control has the longest stroke length, while sliding mode control has the shortest 

stroke length. Therefore, sliding mode control would be the better controller for having the 

shortest stroke length. 
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Fig. 10.28 Comparison of control torques for various controllers 

Fig. 10.28 shows a comparison of the required control torque for various controllers. 

Proportional control requires the most amount of control torque, while sliding mode control uses 

the least amount of control torque. Although the torque magnitudes are relatively close, sliding 

mode control is the better controller for having the smallest torque requirement. 

Fig. 10.29 shows a comparison of the energy requirement for the different controllers. 

The upper curve corresponds to the energy requirement without regeneration, while the lower 

curve is obtained when a regenerative actuator is used. 
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Fig. 10.29 Comparison of actuator energy with and without regeneration for various controllers 

Fig. 10.29 shows that proportional control will require the most energy. The higher control 

torques for the proportional and linear quadratic controllers result in the much higher actuator 

energies as compared to the sliding mode controller. For 20-second duration of the disturbance, 

proportional control reduces the peak energy through regeneration by 58%, while linear 

quadratic control is able to reduce it by 81%. With sliding mode control, the actuator is most of 

the time regenerating. The small control torque required by sliding mode control makes the 

required energy small, too. Therefore, sliding mode control will provide the best control based on 

a smaller power rating of the actuator and a smaller capacity for the electrical source. 
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Example 10.5 

Consider the base-isolated, multidegree-of-freedom system described in Example 4.4. A 

regenerative electric actuator with parameters J = 3 kg-m2 and B = 0.01688 N-m/rad/sec is used 

to provide active control to the structure. The same earthquake excitation used in Example 4.4 is 

used in the present simulation for 4-quadrant mode. Three controller types are considered: 

proportional, linear quadratic, and sliding mode. The proportional controller uses a gain K = 2 on 

the displacement of the base floor with respect to the ground. The linear quadratic controller is 

designed by using the weighting matrices 

Q = diag(1,300,1,...,1) R = 0.0001 

The sliding mode controller is designed by using the quadratic minimization method with the 

weighting matrix chosen as 

Q = diag(1,6,1,...,1) 

TABLE 10.4 Comparison of Maximum Responses 

  

  

  

  

                  

CONTROL Max. Max. Base Max. Max. Displacement- Max. 
TYPE Interstory | Displacement | Damper Control Control Power 

Drift [cm] [cm] Stroke Torque Ratio [kW] 

[cm] [kKN-m] 

Passive 0.5591 11.9108 36.7615 0 - 0 

Proportional 0.5468 11.5771 49.6540 0.2315 2.3620 0.1221 

Linear Quad. 0.5019 10.9518 66.1756 14.1020 0.0356 13.3137 

Sliding Mode | 0.5388 11.6605 28.2114 1.2125 0.4444 0.3933 
  

Table 10.4 gives a comparison of the maximum responses for the different control types. Linear 

quadratic control gives the largest reduction in the peak displacement of 10%. However, it 

requires the largest control torque. In terms of control effectiveness, proportional! control has the 

highest displacement-control ratio because it has the lowest control torque. The low control 

torque also makes the required power rating for the actuator a low value. Sliding mode control 

reduces the damper stroke instead of increasing it. Based on the maximum responses, sliding 

mode control provides the best results. Its only drawback is the higher interstory drift. 
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Fig. 10.30 Comparison of damper strokes for the three controllers 

The damper stroke lengths for the three controllers being considered are compared in 

Fig. 10.30. Proportional control has the longest stroke, while sliding mode control yields the 

shortest stroke length. However, linear quadratic control produces the fastest decay in the damper 

displacement. Based on stroke length, either a linear quadratic or a sliding mode controller will 

provide the better performance. 
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Fig. 10.31 Comparison of control torques for the three controllers 

A comparison of the control torques required by the three controllers is shown in Fig. 

10.31. Proportional control requires the smallest peak torque but has a slower rate of decay in the 

stroke length. On the other hand, linear quadratic control requires the most torque but has a faster 

rate of decay for the stroke length. Based on the control torque, either of the three controllers can 

be chosen. The choice will be compromise between smaller control torques and faster rates of 

decay for the stroke length. 

Fig. 10.32 shows a comparison of the energy requirement for the different controllers. 

The upper curve corresponds to the energy requirement without regeneration, while the lower 

curve is obtained when a regenerative actuator 1s used. 
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Fig. 10.32 Comparison of actuator energy with and without regeneration for different controllers 

Fig. 10.32 shows that linear quadratic control will require the most energy. The higher control 

torques for the linear quadratic controller result in the much higher actuator energies as 

compared to the proportional and sliding mode controllers. For the 50-second duration of the 

disturbance, proportional control reduces the peak energy through regeneration by 32%, while 

linear quadratic and sliding mode control are able to reduce it by 80%. With sliding mode 

control, the actuator is most of the time regenerating. The small control torque required by 

sliding mode control makes the required energy small, too. Therefore, sliding mode control will 

provide the best control based on a smaller power rating of the actuator and a smaller capacity 

for the electrical source. 
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10.5 SELECTION OF THE ELECTRIC ACTUATOR 

The use of an AC machine as the actuator is not pursued because it requires external 

excitation for four-quadrant operation. On the other hand, the use of a DC machine with 

commutators is limited by saturation and commutation problems due to the high currents. 

Therefore, a permanent-magnet brushless DC machine is chosen as the regenerative electric 

actuator (REA) because this machine-type has a higher peak-to-rated torque ratio. Furthermore, 

this machine has a more compact frame-size compared to other machine types. This makes it 

attractive for installation or retrofitting in structures with limited space. The machine can either 

be a rotational machine or a linear machine. 

10.6 MODELING OF THE PERMANENT-MAGNET BRUSHLESS DC MACHINE 

The model used in this section is based on [2]. Since the flux distribution in a PM 

brushless DC machine is nonsinusoidal, no advantage would be gained in using the d-g reference 

frame to formulate the machine model. Thus, the stator a-b-c reference frame is used. It is 

assumed that iron and stray losses and rotor induced-currents due to stator harmonic fields are 

negligible. 

The voltage equations for the stator windings are given by 

Vas R; 0 0 | as Laa Lab Lac || las Cas 

Vos |=| 0 Ry O Wins |+—| Log Lpp Lpe ll ibs |+ Cbs (10.45) 

Ves 0 0 Rs iis Lea Leh Lee |Lics €cs 

where Va,, Vps, and vo, are the a, b, and c phase voltages, respectively, and i,,, ips, and i,, are 

the a, b, and c phase currents, respectively. R, is the stator phase resistance, and L;; and Lj; are 

the self- and mutual inductances, respectively. Since the flux distribution in a permanent-magnet 

brushless DC machine ts trapezoidal, the induced emf's e,,, €,,, and e,, are also trapezoidal with 

a peak value 

Ep = Kp, (10.46) 

Ky is the induced-emf constant and @, is the electrical rotor speed. Fig. 10.33 shows the induced 

emf for phase a. Phases b and c have the same shape but shifted +120° and -120°. 
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Fig. 10.33 Phase-a induced emf 

Assuming that the rotor reluctance is independent of rotor position and that the three phases are 

symmetric, 

Lea = Laa = Lag = L (10.47) 

Lab = La = Lac = Lea = Lb = Leh = M (10.48) 

Substituting into the voltage equations, 

Vas Ry 0 0 flips L MM 7 las Cas 

Vas |=| 0 Ry Ol ips |+| MM LM at ibs [+] Cbs (10.49) 

Vos 0 O Rs] es MM L los cs 

Furthermore, for a 3-wire connection, 

las + tbs + ics =0 (10.50) 

Thus, the voltage equation can be rewritten as 

Vas 

Vbs 

Ves 

R; 0 Of is] [(L-M) 0 0 7 las Cas 

=| 0 R, O | ips |+ 0 (L-M) 0 mo ips |+] ps | (10.51) 

0 0 Rsll ics 0 0 (L-M) los cs 

The electromagnetic torque can be expressed as 

I. = 

or 

I, = 

1 ; ; 
5 Leaslas + €psins + €csicg], N-m (10.52) 

m 

P 1 . . . 
Foy Casas + Cbslbs + Cosics |, N-m (10.53) 

r 
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where P is the number of poles and @,, is the mechanical speed. The induced emf's can be 

expressed as, 

Cas = Sas(8, )KpOy (10.54) 

ens = Shs (Or) K 40> (10.55) 

Cos = Ses (8, Kyo, (10.56) 

where f(8,) is a position-dependent function having the same shape as the corresponding emf but 

with a peak magnitude of 1. The electromagnetic torque can now be written as 

  

P ; ; ; 
Te = > Kp| fas(8, igs + Sos (8p dibs + Ses (9, Yics | (10.57) 

The mechanical equations for the machine are given by, 

do P 
J—+Bo,=—(Z-T, 10.58 yt Ber = 5 (Te- M1) (10.58) 

dB, —-=@ 10.59 ao (10.59) 

where J is the rotor moment of inertia, B is the damping coefficient, and 7; is the load torque. 

The electrical and mechanical equations can be combined in state-space form as 

x= Ax+Bu (10.60) 

where 

. . . T 

x=[las ibs ics Or 2] (10.61) 

; Rs Kp ] 

“Ly 0 0 -—> 7,.(8,) 0 
I) 

Ly Fas\ r) 

R K 
0 “ 0 ~ 7 esl r) 0 

_ 0 0 -% - +2 Fos(8,) 0 (10.62) 

(5) y Fal) (f) a fa r) (2) oy fale) J     
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Fig. 10.34 PM brushless DC torque-drive scheme 

10.7 DRIVE SCHEME FOR THE PM BRUSHLESS DC MACHINE 

Fig. 10.34 shows the torque-drive scheme for the permanent-magnet brushless DC 

machine. This scheme is adapted from a portion of the speed-control drive described in [2]. The 

absolute rotor position is obtained through a position sensor. The current magnitude command 

I P 
absolute rotor position are used to generate the stator phase-current commands. These are 

* is generated from the torque command T. De Then the current magnitude command and the 

compared with the actual phase currents to determine the current errors. Only two currents need 

to be measured because 

las = —lbs — les (10.66) 
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for 3-wire, three-phase systems. Pulse width modulation (PWM) or hysteresis logic is used to 

generate the switching logic signals for the converter switches, based on the current errors. 

Regeneration is achieved by generating a torque of opposite polarity to that of motoring 

torque. In order to do this, the directions of the currents in the machine windings must be 

reversed. Hence, the emf and the phase current waveforms are in-phase during motoring and 

180° out-of-phase during regeneration. In order to produce regenerating torque, the sequence in 

which converter switches are gated ON must be changed from that which is used during 

motoring. 

Example 10.6 

The entire system composed of the structure, mass damper, and actuator, under wind 

excitation, is simulated for the torque command shown in Fig. 10.35. The actuator is a 50 kW, 

500 V permanent-magnet brushless DC machine. Other machine parameters are: R, = 0.11 Q, L, 

= 50 wH, Ky = 0.24588 V-sec/rad. The PWM frequency is set at 25 kHz. The resulting 

electromagnetic torque is shown in Fig. 10.36. 

    

  

    

  

          

60 . + — 

40 Ee 

Ee 2 
Z 20 3 
E g 
E 0 ; og 
8 Eh 

oO 
3-20} | | £ 

c 3 
-40! | it -404 

-60 — — ; -60 — — — 
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 

Time [sec] Time [sec] 

Fig. 10.35 Torque command 7,* Fig. 10.36 Electromagnetic torque 7, 

Thus, the assumption that the actual torque closely follows the commanded torque is validated. 

The torque ripple is a consequence of the PWM control of the phase currents. The rise time in 

the torque waveform will be dependent on the machine inductances. The phase currents are 

shown in Fig. 10.37. 
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Fig. 10.37 Phase currents [A] 

The phase current in phase a remains zero due to the rotor position. At this position the current 

command for phase a is equal to zero for either a positive or negative torque command. 

10.8 TERMINAL VOLTAGE OF THE ELECTRICAL SOURCE 

In all previous simulations, it has been assumed that the terminal voltage of the electrical 

source supplying the actuator is constant. This assumption may not be true if the power drawn by 

the actuator approaches the rating of the electrical source. To get a better estimate of the terminal 

voltage, a more accurate model of the source must be used. If a battery bank is used, it can be 

represented as an ideal voltage source in series with a source resistance. It should be noted that 

this source resistance is generally not constant and can be affected by the temperature or the 

operating current. The value of equivalent resistance will depend on the type of battery used. Ifa 

capacitor bank is used as a storage device, then we can model it as a capacitance in parallel with 

a resistance. In these applications, the capacitor bank must have a large capacitance in order to 

maintain the voltage near its nominal value. 

Example 10.7 

Consider the single-degree-of-freedom system being subjected to a wind disturbance. 

The same regenerative electric actuator and sliding mode controller used in Example 10.1 is also 

used in this simulation. Assume that the electrical source can be modeled as ideal voltage source 

in series with a source resistance. The source resistance is assumed to 0.1 ohm. The line current 

is shown in Fig. 10.38. The resulting terminal voltage of the source is given by Fig. 10.39. 
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Fig. 10.38 Line current for sliding mode control _—‘ Fig. 10.39 Line voltage for sliding mode control 

There is 15% peak-to-peak ripple in the terminal voltage shown in Fig. 10.39. To reduce the 

fluctuations in the voltage, the source resistance (or equivalent battery resistance) must be 

reduced by using a different type of battery or a different configuration for the battery bank. 

Capacitors can also be installed. During regeneration, the terminal voltage must be protected 

against overvoltage. If the voltage approaches the limit, then the torque command must be 

reduced. 

10.9 SUMMARY 

This chapter presents the first study of its kind to investigate active control of civil 

structures using regenerative electric actuators (REA). This novel technique utilizes the motion 

caused by environmental forces on a structure to generate electrical energy when the structure's 

response is within the safety limits. The rationale for this type of active control is that the utility 

power supply which provides power to an actuator is usually not reliable during episodes of 

strong winds or earthquakes. The recovered energy is used to reduce the peak oscillations of the 

structure by applying control forces to counter the environmental forces. To achieve this, a tuned 

mass damper is used as the intermediary for the energy transfer between the structure and the 

actuator. The electric actuator proposed for use in this scheme is a permanent-magnet brushless 

DC machine (PMBDC). The rationale for choosing a PMBDC for this application is provided. 

The combined system consisting of the structure, TMD, and actuator is simulated and analyzed 

for both wind and earthquake forces. Based on the results obtained, it is shown that the proposed 

strategy is both a viable and reliable alternative for active control of civil structures. 

The actuator can either operate in the passive mode, 4-quadrant mode, or in the 2- 

quadrant generation mode. In the 4-quadrant mode, the performance of various controllers are 
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compared based on the maximum displacement, stroke, control torque, actuator power, and 

source energy. It is desired that the controller require a smaller actuator power rating so that the 

cost of the machine will be lower. A lower actuator energy is desired so that the capacity of the 

electrical source will be lower. Furthermore, a lower energy requirement means that a lower 

capacity for the energy storage device is needed. In majority of the test cases, sliding mode 

control often has the lowest power and energy requirement. A major advantage of using 

regenerative electric actuators is the reduction in the required energy capacity for the electrical 

source. The amount of reduction in the peak energy requirement depends on the choice for the 

controller. Single-degree-of-freedom and multidegree-of-freedom structures are simulated. In the 

2-quadrant regeneration mode, the system response must always fall within the safety margins of 

the structure. The amount of energy that can be recovered is limited by the power rating of the 

actuator and the energy capacity of the electrical source and the storage device. 

To obtain a better estimate of the transient behavior of the entire system, the dynamics of 

the electrical subsystem can be incorporated into actuator-structure system. It is shown that the 

actual torque closely follows the command torque. This is one of the advantages of using an 

electrical actuator, i.e., to provide accurate and controllable damping to the structure. To 

determine the terminal voltage of the source, the source is modeled as an ideal source behind a 

source resistance. More accurate models of the electrical source and storage device can also be 

included in the simulation to determine the variation of the voltage at the terminals of the source. 
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CHAPTER 11 

Conclusions and Recommendations 

11.1 CONCLUSIONS 

A novel technique is investigated for utilizing the motion caused by environmental forces 

on a civil structure to generate electrical energy when the structure's response is within safety 

limits. When strong winds and earthquakes occur, the utility power source which supply energy 

to the actuator in an active control system is usually not reliable. It is during these instances that 

active control is needed most. With a regenerative electric actuator, the recovered energy is used 

to reduce the peak oscillations of the structure by applying forces (through actuators which use 

the recovered energy) counter to the environmental forces even if the utility power is not 

available. To achieve this, a tuned mass damper is used as the intermediary for the energy 

transfer between the structure and the actuator. The use of a regenerative electric actuator allows 

a precise control of the amount of damping being provided by the actuator. Another advantage of 

using regenerative electric actuators is the reduction of the required energy capacity of the 

electrical source. This translates into lower energy ratings for the electrical source, and lower 

equipment and maintenance costs. This study is the first of its kind to propose and investigate 

active control of civil structures using regenerative electric actuators. 

Although no original contribution is being claimed for proportional control, it can be 

used as a benchmark against which controllers for the regenerative electric actuator are 

evaluated. The effect of variations in gain, actuator time delay, and measurement time delay on 

the structural response is investigated. Differences between the results of a linear and a nonlinear 

simulation and the effect of control force saturation are also studied. 

For wind excitation, it is shown that proportional feedback control can provide effective 

control. However, the reduction in the structure's displacement is accompanied by an increase in 

the control force and the stroke length. The use of feedback control generally reduces the 

damping of the mass damper which, in turn, increases the stroke length. A certain amount of gain 

variation can be tolerated without any significant increase in the displacement. Critical values of 

the actuator time delay and measurement time delay have to be determined. Feedforward control 

can also be used for wind-excited structures. Critical values for the gain, actuator time delay, and 

measurement time delay determine the limits of effectiveness for this type of control. 
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Simulations are conducted for a single-degree-of-freedom system , a fixed-base multistory 

building, and a base-isolated multistory building. 

Feedback and feedforward proportional control of the single-degree-of-freedom system 

under earthquake excitation is not effective. It is only slightly effective for a base-isolated 

multistory building. It is shown that regeneration can be achieved while under proportional 

control. 

Although no original contribution is being claimed for linear quadratic (LQ) control, it 

provides a benchmark against which controllers for the regenerative electric actuator are 

evaluated. Since environmental disturbances are seldom known a priori, the regulator solution 

presented is used to search for the best closed-loop control law for structures subjected to 

unknown disturbances. This is done by determining the response of the controlled structure when 

subjected to some assumed disturbances. The best regulator is one which performs well for most 

of the assumed excitations and those excitations which closely resemble the actual disturbances. 

The LQ controller is tested on a single-degree-of-freedom system and on a fixed-base 

and a base-isolated multistory building. Increasing the weight on the displacement produces a 

reduction in the displacement at the cost of increasing the control force and damper stroke. The 

LQ controller is shown to be effective for both wind and earthquake excitations. However, peak 

reduction seems to be a problem in earthquake-excited cases. Various criteria are suggested for 

choosing the weighting matrices. 

To improve control efficiency, limits can be set on the control force to reduce stroke 

length without compromising the displacement response. The linear quadratic controller provides 

opportunity for regeneration. In some cases with sufficient duration of the excitation, there is 

even a net gain in the source energy 

This study is the first of its kind to investigate the applicability of sliding mode control to 

civil structures, with special emphasis on the mitigation of wind- and earthquake-induced motion 

in tall buildings using regenerative electric actuators. The rationale for using sliding mode 

control is the fact that regenerative electric actuators use a form of on-off control based on pulse 

width modulation (PWM). Sliding mode contro! provides a synthesis of this on-off nature of 

PWM control and guarantees stability for the on-off control law. Furthermore, sliding mode 

control naturally fits the nonlinear, on-off nature of control force saturation which is always 

present in the active contro] of civil structures. Again, sliding mode provides a natural synthesis 

of the on-off nature of control force saturation and guarantees stability for the on-off control law. 

Both linear and nonlinear models of the structure are considered in this study to assess 

the sliding mode controller's performance during disturbances. It is shown that the controller is 
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able to overcome sensitivity to structural parameter variations, particularly structural stiffness. 

Systematic procedures for the design of the sliding surface, using both pole-placement and 

quadratic-minimization methods, are presented together with simulation results obtained by using 

linear and nonlinear models of the structure. These controllers are also shown to be effective 

even in the presence of control force saturation. With sliding mode control, the regenerative 

electric actuator is able to recover energy and store it for later use. This reduces the net energy 

drawn from the supply by the actuator. In some cases, there is even a net gain in the energy of the 

supply. 

A new direct-control scheme for neural network control of civil structures using 

regenerative electric actuators is proposed. This allows on-line control of the structure without 

the need for either an accurate model of the system or a specific learning stage. Unlike the 

controllers that have previously been considered, the neural network controller is able to address 

changes in system parameters and changes in the operating point and external disturbances. A 

modified backpropagation algorithm is used to train the neural network. Since the error at the 

output of the neural network controller will be unknown in the direct-control scheme, the error at 

the system output is instead backpropagated through the system by considering the system as an 

additional layer of the neural network. Simulations are conducted for wind and earthquake 

excitation using a two-layer network composed of neurons with tangent-sigmoid activation 

functions. It 1s shown that the controller can tolerate large variations in the input scaling factor, 

output gain factor, and maximum control force. It is also equally effective for both linear and 

nonlinear models of the structure. 

A new on-line, direct-control scheme for active control of civil structures using an 

adaptive fuzzy controller is proposed. The advantage of using an adaptive fuzzy controller is that 

it does not require an accurate model of the system. The controller learns the system dynamics by 

adapting its parameters on-line. It is proposed that a modified gradient descent method be used as 

the adaptation mechanism. In order to adapt the parameters of the fuzzy system, the error at the 

output of the fuzzy controller must be known. In the proposed direct-control scheme, this error is 

unknown. Thus, it is proposed that the updating be based on the output error of the system 

directly. The update equations are derived for the controller. Simulations are performed for a 

structure with a regenerative electric actuator. 

After investigating the feasibility of various controllers for application in structures with 

regenerative electric actuators, a comparison is made of the different controllers based on various 

criteria. The major factors that have to be considered when choosing a controller for the 

regenerative electric actuator include maximum displacement, stroke length, control force, 
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actuator power, and actuator energy. Control force saturation has to be considered to obtain the 

most effective type of control. 

Based on the maximum displacement, stroke length, and contro! force, the proportional 

and sliding mode controllers provide the best control for the single-degree-of-freedom system 

under the given magnitude of wind excitation. For the same system under a given earthquake 

excitation, the sliding mode controller is able to provide the best control based on the maximum 

displacement, stroke, and control force. 

Based on the maximum damper stroke and control force, the sliding mode controller 

provides the best control for multistory fixed-base system under wind excitation. If smaller 

interstory displacements are desired, then proportional control gives better results at the cost of 

larger control forces. 

If the primary objective is to reduce the interstory drift in the multistory base-isolated 

system under earthquake excitation, then proportional control gives the most reduction in the 

peak displacement for the least control force. If the primary objective is to reduce the base 

displacement, then sliding mode control gives the best result at the cost of higher peaks in the 

control force. 

For the single-degree-of-freedom system, choosing a controller based on the actuator 

power and energy requires a compromise between using smaller ratings for the actuator and 

recovering a larger amount of energy through regeneration. 

Based on maximum power and energy of the regenerative actuator, sliding mode control 

is desirable for the fixed-base multistory system subjected to a wind disturbance. On the other 

hand, linear quadratic control is desirable for the base-isolated multistory system under an 

earthquake disturbance based on the maximum power and energy of the actuator. 

For the single-degree-of-freedom system subjected to wind excitation, choosing a control 

force limit above 20 kN keeps the maximum displacement at or below 2.5 cm. If further 

reduction is desired, using a sliding mode controller will result in smaller peaks. The pole- 

placement can produce greater reduction in the peak displacement if a larger control force is 

available. If the same system is subjected to an earthquake excitation, choosing the control limit 

above 300 kN will keep the maximum displacement at or below 9 cm. If smaller peaks in the 

displacement is desired, sliding mode control can produce the desired effect. The pole-placement 

method can produce the largest reduction if larger control forces are available. 

The final decision, when choosing a controller for the regenerative electric actuator, has 

to consider all of the above-mentioned factors. A compromise may be required if conflicting 

objectives have to be satisfied. 

231



The actuator proposed for this study is a permanent-magnet brushless DC machine which 

can provide a higher instantaneous torque in a compact frame size. The actuator can either 

operate in the passive mode, 4-quadrant mode, or 2-quadrant generation mode. In the motoring 

mode, the performance of various controllers are compared based on the maximum displacement, 

stroke, control torque, actuator power, and source energy. It is desired that the controller require 

a smaller actuator power rating so that the cost of the machine will be lower. A lower actuator 

energy is also desired so that the capacity of the electrical source will be lower. Furthermore, a 

lower energy requirement means that a lower capacity for the energy storage device is needed. In 

majority of the test cases, sliding mode control often has the lowest power and energy 

requirement. The use of regenerative electric actuators reduce the required source capacity as 

compared to using non-regenerative actuators which simply dissipate energy as heat. The amount 

of reduction is often significant. This can translate to savings in equipment and maintenance 

costs. Single-degree-of-freedom and multidegree-of-freedom structures are simulated. In the 

regeneration mode, the system response must always fall within the safety margins for the 

structure. The amount of energy that can be recovered is limited by the power rating of the 

actuator and the energy capacity of the electrical source and energy storage device. 

The dynamics of the electrical subsystem can be incorporated into the actuator-structure 

system to determine the transient behavior of the entire system. The equations of motion are 

derived for the combined system. In order to obtain a preliminary estimate of the system 

response, it is initially assumed that the commanded control 7,* is also the actual control 7,. It is 

shown that this assumption is valid, due to the faster time constants of the electrical subsystem 

compared to those of the mechanical subsystem. This is one of the advantages of using an 

electrical actuator. More accurate models of the electrical source and storage device can also be 

included in the simulation to determine the variation of the voltage at the terminals of the source. 

In this study, the electrical source is modeled as an ideal voltage source in series with a source 

resistance. 

The study shows that the use of regenerative electric actuators is a viable and a reliable 

alternative for active control of civil structures. 

11.22 RECOMMENDATIONS FOR FUTURE WORK 

The following are recommendations for possible investigation in future studies: 

(1) Apply REA to multiple dampers in a single structure. 

(2) Investigate the application of REA for structural motion in two-dimension. 

(3) Consider other adaptation mechanisms for adaptive fuzzy control of REA. 
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(4) Investigate the applicability of other adaptive control methods for REA. 

(5) Investigate the use of power capacitors, inductors, and other energy storage devices as 

alternative energy sources. 
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