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ABSTRACT

This dissertation is devoted to three objectives: ( 1 ) the development o f  a method 

to estim ate the damping characteristics o f  a hydraulic semiactive vibration absorber 

(SAVA), (2) the determination o f  bi-state control gains for a SAVA controller, and (3) 

the selection o f  an effective control scheme (am ong various control algorithms) for the 

closed loop operation o f  a system equipped w ith a SAVA.

The w ork begins with the validation o f  the hydraulic behavior o f  SAV.A via 

experiment using both single- and tw o-degree-of-ffeedom  test setups. The work 

dem onstrates that the behavior o f  the SAVA remains closely tied to the Reynolds 

number o f  flow through a valve orifice. In addition the results indicate that for an exact 

analysis o f  SAV.A, the frictional force betw een the piston body and the cylinder body 

should also be included.

The dissertation next reports the results o f  an investigation o f  how best to craft a 

Lyapunov control for the SAVA system An analytical way to determine the control 

gains o f  a bi-state controller is presented. T he stability o f  the SAVA system is also 

considered and it is shows that, given a bounded disturbance, the SAVA system will 

remain stable Finally, the work reports experimental verification o f  a bi-state controller 

using a tw o-degree-of-ffeedom  (TDOF) system.
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Finally, the dissertation reports on a com parative analysis o f  various control 

architectures for the SAV A  system. The w ork contrasts the perform ance o f  heuristic as 

well as analytical control algorithms.

While significant advances have been made in the study o f  sem iactive hydraulic 

systems, there is still a need to further explore the issue o f  how to control a semiactive 

actuator O ne key question that has hereto for remained unanswered is; am ong the 

many control rules posed for use with semiactive system, which gives the best 

performance The purpose o f  this dissertation is to provide a com prehensive answ er to 

that question. That task was accomplished here To the author s knowledge, this is the 

first time A com prehensive com parison o f  com peting semiactive bistate controllers has 

appeared in the open literature
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CHAPTER ONE

INTRODUCTION

This introduction chapter provides the reader first with a broad overview o f  the 

field o f  semiactive control practice. The first three sections o f  the chapter describe {1 ) 

in terms the hardware that com prises a semiactive control actuator, (hardware), (2) the 

history o f  the developm ent o f  control algorithms for semiactive systems, and (3) a 

general history o f  semiactive applications in engineering. The chapter closes with an 

outline o f the remaining chapters in the dissertation.

1.1 Hydraulic Model for Semiactive Vibration Absorbers

The greatest advantage to  using semiactive dampers (SA) involves their low-level 

requirement o f  electrical power. SA systems are an ideal com prom ise between passive 

systems (which are inherently stable) and require no pow er and active systems (which 

are fully adjustable, but prove to instabilities and which require a significant pow er 

source). There are certain limitations to the effectiveness o f  a SA system when 

compared to active systems. Those limitations can be overcom e to som e extent by 

selecting a best m ethodology for the operation o f  the device.

The basic hardware first used in a hydraulic semiactive vibration absorber was 

initially suggested by Krasnicki [1979]. Wu et al. [1993] was am ong the first group o f

1



investigators to give specific details o f  the hardw are needed to realize a semiactive 

actuator That design consisted o f  accum ulators and a tw o-stage four port servo valve 

with (typical to active control systems) and a com plicated system o f  check valves.

A SAVA operates with low levels o f  electrical pow er for signal processing and 

modulation o f  the valve orifice area. There is no need for line power, or a hydraulic 

pump. The force output o f  a SAVA may be varied by instantaneously modulating the 

area o f  the valve orifice. SAVA systems are particularly attractive to real applications, 

because the hardware required is inexpensive, technically simple, and readably 

available. The SAVA design has been shown to be an effective means o f  reducing the 

vibration o f  ( I )  structures [Patten et al. I994a,b, I996a,b], as well as (2) vehicles [Mo 

et al. 1996b].

The hydraulic SAVA consists o f  a two-cham bered cylinder, a valve and piping that 

join the tw o chambers o f  the cylinder. Both chambers o f  the cylinder are filled with 

hydraulic fluid. (The layout o f  SAVA is shown in Figure 1.1).

Pressure Sensors

Cylinder Body

Piston Body _ _ T L ________________________ J t _

Pi V, P; Vj
_______ P.gLi_____

Seals
Valve

„  MotorDecoder

Figure 1.1 Schem atic representation o f  SAVA
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1.2 SAVA Control Algorithms

T he purpose o f  a SAVA is to mitigate the dynamic response o f  the structure it is 

attached to. In o rder to  provide mitigation, the valve o f  the SAV A  is regulated using 

feedback signals obtained from sensors attached to  the structure and the actuator It 

has been said that there are as many different SA V A  control schemes as there are 

investigator conducting SAVA research.

SAV A  control schemes can be classified into tw o broad design categories: namely, 

continuous and discontinuous control. Both design strategies have advantages and 

disadvantages. T he choice o f  which controller approach should be employed for a 

given application depends on the perform ance desired. The perform ance o f  different 

control schemes should be confirmed and com pared for a particular application.

O ne typical approach to  the discontinuous control o f  semiactive dampers is the 

“on-off” method, which is used to throttle the SA V A  betw een minimum and maximum 

force levels. Krasnicki [1979], Miller and Nobles [1990] provide typical examples o f  

“on-off” controllers for the suspension systems o f  vehicles. The drawback to the use o f  

an “on-off” control is that it provides strong discontinuities that occur during 

switching, which can in turn cause unwanted control noise, harshness and com ponent 

accelerations.

Optimal control designs have been applied to  semiactive control systems for a 

number o f  years [H rovat et al. 19 8 1, Butsuen, 1989, Hac, 1992]. Optimal solutions are 

generally im practical how ever because they are com putationally intensive, requiring



highly sophisticated com puter hardw are systems for real time operation One 

“suboptimal” approach to  the control o f  SAVA systems that has found utility is the 

“clipped optimal” controller introduced by Hrovat et al [1988], K am opp [1983] and 

Margolis [1983]. That technique when combined with feedback linearization produces 

a continuous control force as long as the demanded force from the SAVA is 

dissipative. W hen the desired force is nondissipative. the actuator is turned off.

The “o n -o ff’ control approach proves suitable for hydraulic valves w ith both high­

speed performance, as well as their nonlinear characteristics. For exam ple a bistate 

controller (based on the Lyapunov function candidates) is effective w hen certain 

nonlinear characteristics are encountered. Lyapunov stability theory represents a 

powerful mathematical tool for both the analysis and synthesis o f  nonlinear control 

systems. Despite the usefulness o f  the Lyapunov theory, little w ork has been done to 

dem onstrate the effectiveness o f  that approach to semiactive systems. The work 

reported here provides a clear indication o f  the effectiveness o f  the Lyapunov control 

approach to semiactive system.

Patten et al. [1996b] proposed a bistate control algorithm for SAVA based on a 

Lyapunov approach in which the switching conditions were determined by th e  sign o f  a 

derived switching function. Leitmann [1994] applied the same approach to the control 

o f  a generalized (and linearized) semiactive actuator. As in other approaches to the 

design o f  control systems, one finds that the “gains” o f  the “o n -o ff’ control must be 

tuned to yield best results. Kalman and Bertram  [ 1960] first dem onstrated that a bistate 

control algorithm does not represent the optimal solution.



1.3 Historical Background

One o f  the first technical treatm ents o f  the perform ance o f  a hydraulic shock 

absorber is found in a paper by James and Ullery [1932]. There, the relationship 

between relief valve and tem perature (to  improve vehicle-riding comfort) was 

investigated. M uch later, Segel and Lang [1981] presented a physics based model o f  a 

shock absorber with 82 param eters That model proved too  com plex for computation 

and thus unsuitable for practical application. Wallaschek [ 1990] presented a method for 

the harmonic and stochastic linearization in shock absorber dynamics that produced a 

simple mathematical model with a small number o f  physical parameters.

The concept o f  semiactive (SA) force generation was first proposed by Crosby and 

Kamopp [1973]. They suggested that an active force generator be replaced by a 

continually-controllable damper. The assumptions m ade by those authors have 

provided the basis o f  a number o f  subsequent published w orks in which SA system 

control was investigated. Margolis et al. [1975] and Krasnicki [1979, 1980] 

dem onstrated their control schemes using both analysis and experiment. Their results 

indicated that a SA suspension provides superior vibration isolation when compared to 

a conventional passive suspension.

Most o f  the w ork done to date on SA systems has been aimed the development o f  

low cost adjustable shock absorbers for automobiles. K am opp [1983] and M argolis 

[1983] suggested a semiactive controller for the tw o-degree-of-freedom  (TDOF) 

quarter car model o f  an autom otive suspension system; that control law is now referred



to as “clipped optimal” (CO). Previously, semiactive control schemes w ere applied to 

single-degree-of-freedom autom otive chassis models [Crosby and Kam opp, 1973, 

Krasnicki, 1979, Margolis, 1982].

Alternative control algorithms for semiactive dam pers have been proposed by 

Crosby and Kamopp [1973], Hrovat et al. [1988], Miller and Nobles [1990] and Patten 

et al [I996a,b]. Specifically, Crosby and Kamopp [1973] and H rovat et al. [1988] used 

a dam per whose damping force could be modulated continuously. Miller and Nobles 

[1990] and Patten et al. [I996a,b] used an “on-o ff’ type controllers.

Only a few researchers have applied semiactive dam pers to structures for the 

reduction o f  structure vibration. For example, Hrovat et al. [1983] proposed a 

semiactive tuned mass dam per (TM D) for structure control. Later, Singh et al. [1997] 

investigated the application o f  a sliding-mode control for the active and semiactive 

control schemes to structures subjected to seismic excitations. Symans et al [1997] 

tested a multi-story, scale-model, building structure with a semiactive dam per That 

w ork assumed a piece wise linear damping behavior.

A few investigators (e.g., Leitmann [1994], Patten et al. [1993, 1996a]) have 

dem onstrated the application o f  the Lyapunov method to semiactive control That 

method produces a bistate controller. An important problem associated with the 

synthesis o f  a Lyapunov controller is the selection o f  the Lyapunov functions. This 

dissertation will explore that difficulty.



1.4 Outline o f the Dissertation

The hydraulic semiactive device developed by Patten et al. [1993, 1994, 1996a,b] 

consists o f  an external bypass loop containing a m otor-controlled valve. Consequently, 

its mathematical model that describes the device is nonlinear. The w ork conducted by 

this researcher has indicated that it is extremely im portant to analyze the hydraulic 

characteristics o f  SAVA with as much precision as possible. A hardw are design 

procedure for a hydraulic SAVA is presented in C hapter Two. The purpose o f  C hapter 

Two is to verify the mechanistic model o f  a SA dam per via experiments.

A semiactive bistate control scheme, based on a Lyapunov synthesis, is 

investigated in Chapter Three. The effectiveness o f  the SAVA system is investigated by 

applying it to a seismic structure. The analytical results are also verified via 

experim ents

In C hapter Four, the performance o f  various bang-bang type controllers are 

com pared to  the Lyapunov control when applied to  seismic structure. Simulation is 

used to com pare the relative effectiveness o f  each control scheme The com parisons are 

made for differing arrangem ents o f  the actuato r topology.

In C hapter Five, a similar com parative analysis is conducted for a sem iactive 

vehicle suspension. In the last chapter, recom m endations for future w ork are offered, 

and conclusions regarding the various com pared control algorithm s are offered.



CHAPTER TW O

DESIGN PARADIGM FOR SAVA

2.1 Introduction

This chapter describes a hardw are design procedure for hydraulic semiactive 

vibration absorbers (SAVA). The w ork involved fills a significant gap in the literature, 

since very little information exists on the actual selection o f  hardw are for a SAVA 

system. The selection o f  SAVA hardware is based on tw o perform ance criteria: (1) the 

desired passive damping for a nominal configuration and (2) the bandwidth o f  the 

adjustable damper that is needed to achieve a  particular objective. The methods used to 

select SAVA hardw are are dem onstrated using both a single-degree-of-freedom 

(SDO F) and a tw o-degree-of-freedom  (TD O F) system.

The testing o f  SAVA devices suggests that a rational preselection o f  the hardware 

can save an enormous am ount o f  time and effort by minimizing the time normally 

required to  tune the control-system  design. A poor preselection o f  components can 

quite often waste the benefit originally expected from the closed loop operation o f  the 

system. The following text describes the simple procedures that, when followed, 

produce a reasonable selection o f  the SAV A  hardware. O nce selected, then the system 

can be tuned for near optimum performance. Examples o f  the experimental testing used 

to verify and iteratively refine a hardw are design are included in the text here.



2.2 Theoretical Background

The following paragraphs point out certain issues that ought to be considered 

when selecting a nominal SAVA hardw are design. The approach relies on the notion 

that, while a multi-component autom otive chassis, for example, is required to operate 

over a broad band o f  frequencies; an adjustable damper should effect the dynamics o f 

the critical modal frequencies o f  the system  in a beneficial way. M oreover, the basic 

design o f  the SAVA system should provide performance equal to o r better than a 

standard damper, when the SAVA operated in its passive mode. The w ork begins with 

the characterization o f  the flow through the valve orifice. W hen the valve is open, the 

flow through the system may be either laminar or turbulent. If  the piping is large 

enough (and if  the valve affords no constriction when open), then laminar flow will 

prevail. In that case, the damping provided by the device is linearly related to the 

difference in pressure drop across the valve orifice. For the m ore general case o f 

turbulent flow, the damping exhibits a nonlinear characteristic. In order to assure that 

the hardware for such a design provides nominal levels o f  performance, the designer 

must first establish a target hardware configuration.

Laminar flow through the valve orifice is first considered. In this case, the flow 

inside the pipe can be expressed as [Yeaple, 1996];



Lam inar flow

ft

where v  represents the kinematic viscosity o f  the fluid, p  represents the average density 

o f  fluid and L represents the characteristic length o f  the flow chamber This equation is 

known as the Hagen-Poiseuille equation, w here the actual flow through the valve can 

be assumed as:

g ,  - C// Op (2.2)

w here O / represents the flow coefficient for the linear flow through the valve orifice. 

W hen the velocity o f  flow through the valve is high (o r the ratio o f  the area between 

valve orifice and inner pipe is small) the flow rate through the valve orifice can be 

expressed as

Turbulent flow

2' APQr sgn(AP ) C j  Ay J   (2.3)

Here, Or represents a volumetric flow rate o f  turbulent flow, while AP  represents 

the pressure difference across the valve (o r orifice) and p  represents the average fluid 

density. Here, sgti represents the standard signum function. C j is defined as the
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discharge coefficient for a given valve where 0 < C j <1 The hydraulic force due to 

pressure differences occurring inside a hydraulic cylinder can be expressed as

F , -  (2.4)

w here Ap is the effective face area o f  a piston (see Figure 2.1).

The fluid to be incom pressible, then the flow through the valve m ust equal the flow 

out o f  (o r into) one o f  the tw o piston chambers;

Qpu,.r, A pS  (2.5)

which suggests that

f a  (lam inar) , , , ,
I Op (turbulent)

Substitution o f  Equations (2.1) and (2.3), and solving for AP  yields

=  (2.7)
[CpS- (turbulent)

w here

\2 S p v L A -
c, =

Here, d  represents the equivalent diam eter o f  the valve orifice opening.

( 2 .8 )
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I f  the flow is considered com pressible, then it can be shown [M erritt, 1967, 

W atton, 1989] that the hydraulic continuity requires that

(2.9)
V I V 2

where

Here, Vi and V2 represent the volum es o f  each chamber o f  the actuator (Figure 2.1 ) 

The Reynolds number can be used to  distinguish between laminar and turbulent flow 

Specifically, the Reynolds number for flow through a valve is defined as

( 2 . 1 1 )
V A.

w here Dt, is the hydraulic diam eter o f  the valve orifice opening [Yeaple, 1996] and A,, is 

orifice opening area o f  the valve. The Reynolds number for transition from laminar to 

turbulent flow through a valve has been established by Dulay et al [1988] as.

N r .  trans,non - 1 0 0 . ( 2 . 12 )

The hydraulic inertia force o f  the fluid inside the hydraulic cylinder o f  SAVA can 

be calculated as [Dulay et al, 1988, A udenino and Belingardi, 1995]

F, = m /z ft)  = p l,A p ,^ /z ( tJ  (2.13)
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where 4  is the effective length o f  fluid that affects the inertia force, which can then be 

determined from the experimental results o f  the  SAVA. This value can be ascertained 

when comparing the test result and simulation o f  a given system.

The continuity equation o f  incompressible flow between the pipe and the cylinder 

body can be represented (see Figure 2 .1 ) as;

(2.14)

The inertia force o f  the hydraulic cylinder can therefore be expressed relative to the 

piston body as

p l a n ' s(t) (2 15)

— :(t)

nie

y . f c  ». fc ■ fc | r ' " ' ' - - - f — — -h
j jI « w»» ■ Mg,* ■ 1 — «

1

T

I f Tr

ApP I

Pj

ApP:

P,

Figure 2.1 Schem atic representation o f  force distribution o f  SAVA
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I 'iscous friction force

A frictional force may exist between the piston and the cylinder walls o f  the SAVA 

actuator It can be assumed that the flow through the clearance between the piston 

body and the cylinder body is Newtonian. The fnction force exerted by the piston 

motion can then be calculated according to  the relation

F ,  A ,  T (2  16)

where /I, represents the effective contact area o f  the piston body with the respect to the 

cylinder body, while Ô represents the clearance between the piston body and the 

cylinder body. This frictional force exerts an equivalent damping force /*} proportional 

to the velocity

V  (2  17)

where

c . ,  (2 18)

In light o f  the above, then the total hydraulic damping force o f  the cylinder can be 

represented as

F j F, + F, - /■; + F , + F, (2.19)

In the sections that follow, various test procedures are described that were used to 

verify the characteristics o f  the semiactive hydraulic hardware.
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2.3 Experimental Setup

T w o different test rigs configuration w ere used to verify the SAVA actuato r 

dynamics. Both configurations are discussed next.

2.3.1 A single-degree-of-freedom SAVA test rig

T he singie-degree-of-ffeedom  (SD O F) test rig is shown in Figure 2.2.

X Xd

SAVA

ki Cl

Servo-valve

k:
m

Active Hydraulic 
Actuator

Low-Friction Bearings 

Figure 2.2 Schematic representation o f  test rigs o f  SDO F

The equation o f  motion for the system shown in Figure 2.2 is 

m X ■ L.x ■ (k,  • k : ) x  -  • k.x^

The hydrodynam ic coupling equation o f  SAVA is [Patten, 1994b, 1996a]

V ,V :

( 2 .20 )

( 2 .2 1 )

w here P  is the bulk modulus. Defining X  = { x , x Y , then the state equation for the 

system takes the form.
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X  = A X +  B g { X ) + E X j ( 2 .22 )

where

L  rrx

• 1 

m

B = \ 0  . E =
I m  I

0 &  
m

-iT

(2.23 a)

(2.22 b. c)

A tw o-degree-of-freedom  test rig w as also used in the verification effort. That rig 

is described next.

2.3.2 A two-degree-of-freedom SAVA test rig

Figure 2.3 represents the experimental setup for the TDOF system;

Xi Xz Xa

mi Ki Cl mz
Kz Cz

Active Hydraulic 
Actuator

Low-Friction Beanngs 

Figure 2.3 Schem atic representation o f  TDOF test rigs.

Here, tw o masses are m ounted on low -fnction bearings. The equations o f  m otion for 

system are

1 6



mi Xi -  k i (x i ~  X:) ~ C i ( Xi ~ Xi) ~

m: X2 ki(xi  -  X2 )  +  Ci(xi ~ X2 )  ~ k 2 ( x 2 ~ x j )  ~ -  XjJ + kj

The hydrodynamic coupling equation is

Vi V 2

(2.24)

(2.25)

Defining

X  (x, X,  X, X, Y  . .Tj -! i-
! x j  J

(2 26)

then

X  = A X  + B g ( X )  + tJCj (2 27)

w here

0 0 1 0

0 0 0 1

ki kj_ C/ +  Ceq Cl +

mi mi mi mi
ki ki +  A; Cl + Cl +  +

- m 2 m 2 m 2

(2.28 a)

B = 0 0 &  &  
m, m .

. E
0 0 0 - ^  

m.

0 0 0
c.

m
-  J

(2 28 b. c)

A discussion o f  the model verification process follows next.
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2.4 Model Verification

The material presented here is intended to  provide an indication o f  the extent to 

which the hydraulic SAVA model predicts the actual process dynamics Both the 

single-degree-of-ffeedom the tw o-degree-of-freedom  test rigs were employed Each 

test presents the open loop response o f  the system for the open valve condition (A,- 

and the condition when the valve is partially closed (.4,. = 33%  o f  . 4 , ^ )  The 

physical param eters o f  SAVA are given in Table 2.1 The hydraulic fluid was pre­

charged in order to reduce the effect o f  entrained air in the fluid.

Table 2.1 Physical param eters o f  SAVA

Description Notation Unit Values

Effective piston area A , m‘ 1 0433 < 1 0 '

Valve fully open area A vmax m* 1 8096x10'-

Volume # I r, m ' 1 043 < 10-'

Volume # 2 m^ 1.043x10-'

Stroke - M 0.1016

Pre-charged pressure P . N/m" 1.03x10'"

Damping coefficient Ceq N/m/sec 545

2.4.1 Single-degree-of-freedom

The param eters that define the SDOF test rig are given in Table 2.2. A sinusoidal 

disturbance input was used for the experiment.
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Table 2.2 Physical param eters o f  SDOF system

D escription N otation Unit Values

Mass m Kg 141

Spring stiffness # 1 ki N/m 28000

Spring stiffness # 2 ki N/m 125270

Damping coefficient Cl N /m /sec 100

Tests w ere conducted with the valve set at the following tw o conditions:

Case 1 : Valve Fully Open (0 = 0°)

Figures 2.4 through 2.15 depict the m easured versus simulated response o f  the 

SDOF to open loop inputs w ith the valve fully open. The data  shown there represents 

the steady-state responses o f  the SD O F system. Figures 2.4 through 2.7 depict the 

com parisons between experim ent and simulation when the input disturbance is 

Xj = 0 005sin(6;zr) Here, the Reynolds number o f  fluid flow through the valve 

changes with the respect to  the variation o f  relative velocity o f  SAVA, but the 

maximum Reynolds number {NR^max ^  100) indicates that the flow in this case is laminar 

(co = 3 Hz)

Figures 2.4 and 2.5 depict the force-displacem ent and acceleration-displacem ent 

response. The corresponding differential pressures in each cham ber o f  the actuato r are 

shown in Figure 2.6 relative to  the initial charge pressure (i.e., 1.03x 10® N/m^).

19



The statistical average o f  the m easured force-velocity data (Figure 2.7) indicates a 

direction dependent characteristic A simulation, with and without the inertia effect is 

also shown there.

A  second test using 4 Hz sinusoidal input w as conducted for com parison purposes. 

The response data is shown in Figures 2.8 through 2.11. The com puted Reynolds 

num ber for this case was A'semox = 284 (turbulent flow). The force-velocity response 

(Figure 2.11) again indicates that the m odel provides near fidelity when fluid inertia is 

included. The force-velocity response (m easured versus simulated) for a 5Hz input is 

show n in Figure 2.15 The three tests confirm  the accuracy o f  the proposed model o f  

the SAVA.
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Figure 2.4 Com parison o f  force-displacement responses when the valve is 
fully open with disturbance input, x j  0.005sin(6nt), C h 0.45
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Figure 2.5 Com parison o f  acceleration-displacem ent responses when the 
valve is fully open with disturbance input, - 0.005sin(67it),
Ch 0.45.
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Figure 2 6 Com parison o f  the variation o f  differential pressure when the 
valve is fully open with disturbance input, x j  0 .005sm (6m ),
Ch 0.45.
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Figure 2 .7 Com parison o f  the inertia effect when the valve is fully open with 
disturbance input, Xj = 0.005sin(6m ), Cn " 0.45.
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Figure 2.9 Com parison o f  acceleration-displacem ent responses w hen the 
valve is fully open with disturbance input, x j  = 0.0Isin(87a),
Cu = 0.65.
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Figure 2.10 Com parison o f  the variation o f  differential pressure when the 
valve is fully open with disturbance input, x j 0.0Isin(8m ),
C j 0.65.
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Figure 2.11 Comparison o f  the inertia effect when the valve is fully open 
with disturbance input, Xd = 0 .0Isin(8m ), Cd = 0.65.
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Figure 2.13 Com parison o f  acceleration-displacem ent responses when the 
valve is fully open with disturbance input, Xj = O.OOSsinflOTa),
C j -  0.65.
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Figure 2.14 Com parison o f  the variation o f  differential pressure when the 
valve is fully open with disturbance input, x j O.OOSsindOm),
O  0.65
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Figure 2.15 Com parison o f  the  inertia effect when the valve is fully open 
with disturbance input, Xd = 0.005sin(W nt), Cd = 0.65.
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C ase 2: Valve Partially O pen (6 = 30°)

C ase I (above) described the open loop characteristics o f  the valve with the orifice 

set to  fully open. Case 2 represents the system responses obtained when the valve held 

at 30° from the fully open position. The force-velocity relationships are com pared in 

Figures 2.16 tfirough 2.18 for three different sinusoidal inputs. Figures 2.19 through 

2.21 represent the time history o f  the system responses to  a disturbance xj 

O.OOSsindOja). Figures 2.19 reveals the force-displacem ent o f  the system for 5Hz 

input. Figure 2.20 depicts the acceleration-force and Figure 2.21 show s the differential 

pressure versus time.
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Figure 2.16 Force-velocity diagrams when the valve is partially open 
C4v " 4.0x10'^ n r , 6  - 3 0 ° )  with disturbance input,
Xj 0.005sin(67a), C j 0.842.
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Figure 2.17 Force-velocity diagrams when the valve is partially open 
(A,. 4.0x10''^ m ', 6  30°) with disturbance input,
Xd " 0.005sin(87it), Cd = 0.842.
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Figure 2.18 Force-velocity diagrams when the valve is partially open 
(Av 4 .0x10 '' m~, 9  30°) with disturbance input,
Xj 0.005sin(I07tt), Cd " 0.842.
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Figure 2.19 Comparison o f  force-displacem ent responses when the valve is 
partially open (A^ 4.0x10'^ tn', 9  30°) w ith disturbance input,
Xj 0.005sin(I07a), C j 0.842.
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disturbance input, = 0.005sm (l0M ), Cd " 0.842.
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2.4.2 Two-degree-of-freedom  test fixture

Figure 2.3 depicts the schem atic representation o f  TDOF experimental setup. For 

this setup, LVDTs and accelerom eters w ere used to  m easure the relative displacements 

and absolute accelerations o f  the tw o moving masses, /»/ and m y  O ne LVDT was used 

to measure .r, (t) -  x , (t) , w hile a second LVD T tracked coordinate x, (t) -  Xj (t) 

Sinusoidal disturbance inputs w ere used to  com pare the exact solution with the 

experimental results. Tw o different valve positions were then used to determine 

response. Table 2.1 lists the specifications o f  the hydraulic cylinder o f  SAVA for the 

TDOF system, and the physical param eters o f  the TD O F test bed are listed in Table 

2.3.

Table 2.3 Physical param eters o f  TDOF system

D escription Notation Unit Values

M ass # 1 m, Kg 245

M ass # 2 m i Kg 37

Spring stiffness # 1 ki N/m 28000

Spring stiffness # 2 ki N/m 125270

Damping coefficient # 1 Cl N/m/sec 100

Damping coefficient # 2 Cl N/m/sec 100
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Case 1 : Valve Fully Open (6 = 0°)

In this case, the SAVA provides very little damping. Figures 2.22 through 2.25 

depict the response o f  systems when the valve is in the fully open position. Next, 

Figures 2.22 and 2.23 represent the force-displacement and the force-velocity o f  

SAVA, respectively, when the disturbance input is Xj 0 .0 Ism (6 m ). Figures 2.24 and 

2.25 show  the responses o f  force-displacem ent and the force-velocity o f  SAVA when 

the disturbance input is x j  O.OOSsindOrtt) The discharge coefficient o f  the valve for 

these cases is C j ~  0.65
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Figure 2.22 Force-displacem ent responses o f  SAVA when the valve is fully 
open with disturbance input = 0.01sin(67it), C j - 0.65.
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Figure 2.23 Force-velocity responses o f  SAVA when the valve is fully 
open with disturbance input, 0.0Isin(67it), C j - 0.65.
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Figure 2.24 Force-displacement responses o f  SA V A  when the valve is fully 
open with disturbance input, Xj 0.005sin(I07a), C j 0.65
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Figure 2.25 Force-velocity responses o f  SAVA when the valve is fully 
open with disturbance input, x j O.OOSsindOm), C j 0.65.

Case 2: Valve Partiallv O pen (Q = 30°)

For this test, the valve angle is fixed at 30° relative to the fully open position. 

Sinusoidal disturbances w ith the amplitude set at 0.005m  and frequency set at 3Hz, 

4 Hz and 5Hz w ere employed. Figures 2.26 and 2.27 represent the system responses o f  

force-displacement and force-velocity, respectively, when x j  -= 0.005sin(6m ). Figures 

2.28 and 2.29 show the system  responses o f  force-displacem ent and force-velocity 

when Xd 0.005sm(8ra). Figures 2.30 and 2.31 depict the com parison between 

simulation and experiment when Xd = 0.005sm (l07ü), which presents the responses o f  

force-displacement and force-velocity, respectively. Here, the discharge coefficient o f  

the valve is Cd -  0.842 for three different disturbance inputs.
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Figure 2.26 Force-displacem ent responses o f SAVA when the valve is 
partially open Mv -  4.0x10'^ m~, 6  30°) with disturbance input
Xj 0.005sin(6nt), C j 0.842.
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Figure 2.27 Force-velocity responses o f  SAVA when the valve is partially 
open (Av 4.0x10'^ m ', 9  30°) with disturbance input
Xd = 0.005sm(67Ct), Cd ^ 0.842.
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Figure 2.28 Force-displacem ent responses o f  SAVA when the valve is 
partially open  ̂ 4 .0x10'^ m ', 0 30°) w ith disturbance input
x j  0.005sin(8m ), C j 0.842.

400

Sim ulation
I vvith/vMthout inertia et'feet)200

z
o>
2
o
LL

E x p en m en t
-200

-400

-0.2 -0.1 0 0.20.1
Velocity [m/sec]

Figure 2.29 Force-velocity responses o f  SAVA when the valve is partially 
open (AV 4.0x10'^ m ', 8  iO°) with disturbance input 
Xd -  0.005sin(8nt), Q  0.842.
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Figure 2.30 Force-displacement responses o f  SAVA when the valve is 
partially open (A,. 4 .0x10 ’̂ m ', 6  3 0 ‘)  with disturbance input
Xj O.OOSsindOm), C j 0.842
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Figure 2.31 Force-velocity responses o f  SAVA when the valve is partially 
open (Ay = 4.0x10'^ m ', 0  = 30°) with disturbance input 
Xd = O.OOSsinflOM), Cd = 0.842.
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2.4.3 Fidelity o f controlled response

The response o f  the SAVA system to step type inputs is exam ined here That goal 

is achieved by im posing a bistate feedback law that produces a com plete opening or

closure o f  the valve based on a state feedback law A widely used Mocal” semiactive

law is used [Rakheja and Sankar, 1985];

^  (2 28)
I 4 m m

where Xrei and x^i are the relative displacement and velocity across the actuator.

A single-degree-of-ffeedom  test stand was used to  conduct the experim ent (Figure 

2.2). The equations o f  motion for the SDOF system w ere established previously 

(Equation 2.19). The system  was subjected to  a sinusoidal input The following figures 

depict both the experim ental and simulated for open loop operation (w ith the valve 

fully open (0 = 0°) o r partially closed (0 = 30°)) and for a closed loop bistate control 

The minimum valve angle was set to  30° to avoid large hydraulic shocks that 

accompany com plete valve closure. Figure 2.32 depicts the product o f  when

the product is positive, the valve angle is 0° (fully open) and when the product is 

negative, angle is set to  30°. Figures 2.33 and 2.34 depict a com parison o f  the open 

loop and controlled response displacement and acceleration for a sinusoidal input Xj

0.005sin(6nt). The data shown in Figure 2.33 indicates a 12% reduction of

displacement am plitude for the control performance. Figures 2.35 th rough  3.39 depict a
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com parison o f  the sim ulated and experimentally measured controlled responses for a 

sinusoidal input Xj O.OOSsinfôjit).
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Figure 2.32 Com parison o f  experim ent and simulation o f  displacement-
velocity for controlled responses 4.0x10'" nt'. 6  30°),
C j  0.842.
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Figure 2.33 Comparison o f  displacement responses o f  experiments between 
open loop Mv - A,ma.v, 0  0 ‘̂ and control Mv 4.0x10  ̂m ',
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Figure 2 .34 Comparison o f  acceleration responses o f  experiments between 
open loop (Av = Avrmx, 0  = 0°) and control (Av = A^,„  = 4.0x10'^ m', 
6  = 30°) with disturbance input Xj = 0.005sin(67it).
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Figure 2.35 Com parison o f  controlled displacement responses
(A,. 4.0x10'^ n r , 6  30 °) with disturbance input
Xj 0.005sin(6m), C j 0.842.
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Figure 2 .36 Com parison o f  controlled acceleration responses
(Av Avmm " 4 .0x10^ n r , Ô = 30°) with disturbance input 
x j ^ O.OOSsinfôM), Cd = 0.842.

41



400

z

LL

Sim ulation
-400

0-4 4
Displacement [m] X 103

Figure 2.37 Force-displacem ent responses o f  SAVA when the valve is
controlled C4v Avmm 4.0x10'^ m ‘, 6  = 30°) with disturbance input 
Xj 0.005sm (6m ), C j 0.H42
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Figure 2.38 Force-velocity responses o f  SAVA when the valve is controlled 
(A,. Avmm 4.0x10'^ m~, 9  = 30°) with disturbance input,
Xd O.OOSsinfôM), Cd 0.842.
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Figure 2.39 Time history o f  valve action between experiment and simulation.
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2.5 Conclusion

The work reported in this chapter indicates that the model (Equations 2 15 

through 2.19) o f  a SAVA actuato r provides a reasonable means o f  characterizing it's  

dynamic performance. The w ork indicates that at low flow rate through valve, the 

device exhibits a linear characteristic, and at turbulent flow, a nonlinear (square root) 

characteristic.

The discharge coefficient o f  the valve directly relates to the Reynolds num ber and 

the opening area o f  the valve [M erritt, 1967]. The flow rate through the valve is 

restricted due to the size o f  SAV A  and the relative motion o f  the system. The 

maximum com puted Reynolds num ber o f  SAVA is not big different for each case, 

when the valve is fully open (0 = 0°) and partially open (0 = 30°). Therefore, the 

variation o f  Reynolds number is small and valve characteristic C j is essentially constant 

For the turbulent flow, the discharge coefficient o f  the valve is C j  = 0 .6 5  when the

valve is fully open (0 = 0°) and C j  = 0.842 when the valve is partially open (0 = 30°).

Finally, the experimental results suggest that inertia effects can be neglected at all 

but the lowest Reynolds numbers.
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CHAPTER THREE

LYAPUNOV CONTROL

3.1 Introduction and Literature Review

The treatment o f  nonlinear control systems is a broad area o f  science that has been 

discussed in some detail in a num ber o f  texts. Section 3 1 o f  the chapter will provide a 

description o f  the material offered in those texts as it pertains to the control o f  the 

semiactive hydraulic systems being studied in this dissertation. A review o f journal 

articles relevant to the w ork will also be offered. Section 3.2 o f  the chapter will 

describe the dynamics o f  a generic system that will be utilized in the control study here 

The Section 3.2 will also provide a description o f  the dynamics o f  the generic 

(hydraulic) actuator that is used in the SA control design. The mechanical coupling 

between the dynamics o f  actuator and the system is also discussed.

The chapter will dem onstrate that Lyapunov approach provides a rigorous 

technique for discovering the best possible control action at each point in time. 

Numerical and experimental verification o f  the effectiveness o f  the Lyapunov control 

approach for semiactive systems is presented in Sections 3 .3 and 3.4 respectively. The 

chapter ends with a set observations and conclusions regarding the Lyapunov controller 

approach for semiactive systems. A  review o f  the literature pertinent to the w ork 

presented in this chapter follows.
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The objective o f  the chapter is to explore the utility and the flexibility o f  the 

Lyapunov control m ethod and its application to semiactive systems. There are hundreds 

o f  papers in the open literatures that describe routinely test specific problem s in the 

nonlinear control area. The technique applied in this chapter is not new Certain texts 

that develop the Lyapunov approach are particularly readable. Exam ples include the 

work by V idyasagar [1978] that provides a presentation o f  the general nonlinear 

problem with specific discussions o f  the Lyapunov method. Perhaps the most widely 

read and coincidentally the m ost recent text in the mechanical engineering field that 

treats nonlinear control is that by Slotine and Li [1991]. Those authors provide wide- 

ranging coverage o f  the Lyapunov m ethod and include practical exam ples o f  the 

application. The text by M ohler [1991] affords the novice an introduction to  Lyapunov 

control m ethods that em phasizes applications. The texts m entioned here are not all- 

inclusive and in fact there are many additional excellent texts that trea t the subject; but 

are considered as interm ediate o r advanced presentations o f  the m ethod. The text by 

Nijmeijer and Van der Schaft [ 1990] is a typical example.

Leitm ann [1993, 1994] dem onstrated semiactive control strategy for semiactive 

systems that is based on a Lyapunov approach. That control schem e has different 

switching conditions com pared to  a conventional “o n -o ff’ controller. Patten et al. 

[1996a] have also proposed the semiactive control algorithm  based on a Lyapunov 

stability theorem  in which the controller represents “o n -o ff’ control. The perform ance 

o f  that control schem e when applied to  a SAV A system w as verified in the areas o f  

structure and auto  suspension both analytically and experimentally [Patten et al., 1996a,
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M o et al., 1996b], H itada and Smith [1997] presented a nonlinear controller using 

variable damping devices for civil structure under earthquake excitations based on 

Lyapunov stability theorem  That proposed controller takes the form o f  filtered bang- 

bang control. The following section describes the semiactive hydraulic ac tuato r control 

problem in a manner that will lead naturally to  its treatment using a Lyapunov approach 

to synthesis o f a controller.

4 7



3.2 Semiactive Control

The lexicon o f  control engineering has expanded during the past tw o decades to 

include various techniques and approaches to  system control that do not fit classical 

definitions. O ne relatively recent modification is that systems, previously treated as 

either active o r passive, are now examined in terms o f  an interm ediate possibility: 

semiactive. The introduction o f  a new descriptor has been adopted to make clear the 

nature o f  the pow er needed to  achieve the control objective. At one extreme, a passive 

control design is com prised o f  a collection o f  com ponents with non-time varying 

characteristics. Properly selected passive components can very often achieve a best 

solution. This is especially true if  the dynamics o f  disturbances are known apriori. 

Examples o f  passive control design include hydraulic shock absorbers on automobiles, 

and elastomeric bearing that are routinely used to mitigate a structures dynamic 

response to a seismic event. A purely passive design requires no external pow er source 

to achieve vibration mitigation.

Active control systems represent the other limiting control design Active 

controllers typically rely on the availability o f  an external energy source to pow er an 

actuator, which is in turn regulated to achieve prescribed objectives. The pow er 

required to operate an active control system is (in general) assumed to  be o f  the order 

o f  the power dissipated from a vibrating system. Active controllers are often plagued 

by features that make them less effective then might have been desired. Realities such 

as saturation, backlash fnction, and actuator dynamics can severely com prom ise the 

sought for performance o f  an active control design.
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The middle ground betw een a passive motion management design and active 

control designs for a system has em erged that presents today’s control system engineer 

with a much-expanded family o f  control solutions. While no hard and fast definition can 

be pointed to, this middle ground is typically referred to as semiactive, o r param eter 

adaptive control. The semiactive label was first introduced by control engineers in the 

automotive industry. The m ost com mon qualifier o f a semiactive control system is a 

prescription for the extent o f  external pow er utilized by the actuator, relative to the 

energy (power) managed (o r dissipated) by the actuator; it must be “small” Every SA 

system known to this au thor could also be thought o f  as a param eter adaptive passive 

control. In general, a SA actuato r provides judiciously selected levels o f  compliance 

during a dynamic event. The varied compliance, in its simplest form, might be linear 

damping and/or linear stiffness. Indeed, almost all o f  the articles that treat semiactive 

control design that appear in the open literature prior to 1990 discuss the SA actuator 

as a linear dam per with selectable levels o f  damping [Kam opp et al., 1974, Krasnicki, 

1979, Rakheja and Sankar, 1985, Butsuen, 1989, Miller and Nobles, 1990] 

Continuously variable linear stiffeners have also received attention [Kobori et al., 1993, 

Leitmann, 1994]. Those studies assumed an ideal actuator or com ponent in which the 

supposed linear compliance characteristic could be designed into the hardware.

The nature o f  the SA device employed in an actual application governs the 

dynamics o f  the actuator. T hose dynamics are typically complex and nonlinear, and are 

generally coupled to the dynam ics o f  the system that is to  be controlled. Those 

considerations must be addressed by the engineer before a system design can be
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finalized. While a simplified analysis that assumes that the actuato r can afford 

automatically selectable level o f  linear damping o r stiffness, the actual hardw are 

dynamics should be relied on at some point early in the design to confirm  that the 

control does achieve desired levels o f  performance. The dynamics o f  a semiactive 

vibration absorber is discussed next.

3.2.1 SA hydraulic ac tu a to r dynamics

The mechanical elements that make up a SA actuator are shown in Figure 1.1 

Nonlinear lumped param eter hydraulic model o f  the actuator has been previously 

reported [Patten, 1996a, b, 1988]. The general model takes the following form

^ P   ̂ ^ \ A p S - s g t i ( /^ ) ; i  AP  '  ) (3 1)
l ’i l ' :

where .v is the displacement o f  the piston and s  is the relative velocity o f  the piston.

The flow through valve is linear when N  I À = —— —  I and nonlinear when N  
M ZpvL

0 . 5 [ x - C , A . ^ y ^

Equation 3.1 defines the state o f  the pressure in the actuator. Experimental 

evidence (see Chapter Two) indicates that fluid inertia, which is not accounted for in 

the above model, plays a minor roll for m ost physical applications. Equation 3.1 reflects 

an assumption that the fluid density in the fluid/air mix is uniform and non-tim e varying 

[Patten, 1996a, 1998]. The system  is obviously nonlinear. The first term  in the brackets

50



on the right hand side o f  the Equation 3.1 represents the stiffness effect. This is made 

more obvious if  the valve is closed (A,. = 0) in that case, no flow takes place, and any 

change in pressure with time is a  reflection o f  the displacement o f  the piston. That 

m otion is possible if  and only if  the  fluid (o r fluid/air mix) is compressible, which it is. A 

study by Dulay et al. [1988] suggests that when air is entrained in the hydraulic fluid, 

then the following expression for the dependence o f  P on pressure holds

^  -  „  (3.2)
' +/ 3  ",

P -

w here represents bulk m odulus o f  the pure fluid (free from dissolved air, -  1.4 

G N /m “) and P., represents atm ospheric pressure. A plot o f  P versus P  is shown in 

Figure 3.1. In any real application, air is always present in the system, and the 

effectiveness o f  the design can be significantly reduced if  the design process neglects 

the variation o f  compressibility

W hen the valve is opened, then the pow er term M on AP  comes into play When 

the flow is turbulent, the pow er term  has a square root form, which corresponds to the 

Bernoulli loss term  for flow through an orifice. The loss is manifestation o f  the 

damping, or dissipativeness o f  the system. W hen the flow is laminar, N  I (see 

C hapter Two). The model (Equation 3.1) suggests that the SA actuator can provide 

tw o phenom enological effects, dam ping and stiffness, and that those effects are 

combinative. It is w orth noting that if  the orifice area A .̂ is large, then the principal
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effect is damping. The degree to  which both damping and stiffness play a role in the 

dynamics is dependent on the orifice area W,.) as well as on the kinematics o f  the 

stroke, which are reflected in the position dependent volumetric ratio in Equation 3 1

r  + r ,
( —------^ ). When the motion o f  the actuator is "small” then the ratio is often treated as

a constant. If large strokes occur during the action, then the volum etric ratio can effect 

the expected results considerably. The preceding discussion makes it clear that the 

dynamics o f  a semiactive hydraulic actuator depart significantly from an ideal dam per

(ApAP c s ) .

2%0 8

10%0.6

5%0.4

0.2

0 2 64 8 10
X 10®

Figure 3 .1 Effect o f  fluid/air ratio on bulk modulus

The following paragraphs describe the development o f  a closed loop control paradigm  

for the regulation o f  a  hydraulic semiactive actuator. The variation o f  P(P) with the
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pressure is also assumed to be negligible for the purpose o f  the control design. On the 

other hand, when tuning the controller via simulation, the variation o f  P  w ith pressure 

is included for each cham ber It is noted that the variation o f  P  with the pressure can 

becom e a significant issue if  there is an appreciable am ount o f  air entrained in the 

hydraulic fluid (see Equation 3 2).

3.2.2 Lyapunov control

T he general state equation (with the hydraulic SAVA and the external disturbance) 

can be expressed as

X  = A X  + Sg{ X )  + D (3.3)

where g ( X )  = AP . The form o f  A,  B  and D  are defined by the particular system being 

analyzed The proceeding assum es a single actuator. The model also assumes turbulent 

flow through the valve. The extension o f  the functional forms to m ore actuators is 

straightforward.

A  Lyapunov controller which is routinely applied to nonlinear systems with 

actuator saturation limits is used here [M ohler, 1991]. A quadratic Lyapunov function 

I is adopted

V = ] ^ X ^ O X .  (3.4)

r  represents all forms o f  conservative energy stored in the system. The control goal is 

to dissipate any stored energy, which in turn suggest that the controller should be
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crafted to move the system to its equilibrium position. D ifferentiating T with the 

respect to  time and substitution o f  the state equation produces

V = {A^O + O A ) X  + X ^ O B g i X )  + X ^ O D  . (3 5)

If  r  is negative, then we can conclude that the system is dissipative (stable). It is 

assumed that a O  exists and that A ^ O  ^ Q A  can be selected negative semi-definite. The 

last expression on the right hand side o f  equation (3 .5) is disregarded, because there is 

nothing that can be done to effect the dissipativeness o f  that term  Here, O  represents 

the positive definite solution o f  the algebraic Lyapunov equation for a given symmetric 

positive definite P  :

A " O  OA = - P  (3 6)

Several techniques have been proposed in the literature to  solve the algebraic 

matrix Equation (3.6). One elementary way o f  solving Equation (3.6) includes direct 

application o f  the Kronecker matrix product. The K ronecker product was originally 

suggested by both Bellman [1959]. The algorithm is not unique, for example, both 

Chen and Shieh [1968] and Bingulac [1970] constructed their own algorithms. 

Nevertheless, this m ethod remains both straightforw ard and simple for small matrices. 

The disadvantage o f  the method, however, is that it involves a great increase in 

calculation when the order o f  matrix A  becom es large. The Bartels and Stewart 

algorithm [1972] continues to be widely used at present. The algorithm  is based on
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solving the generalized Sylvester’s equation. The matrix A need not be asymptotically 

stable in order to  use this algorithm.

At the present time, com mercially available com puter softw are (e g., M ATLAB ) 

can easily calculate the m atrix Ü  o f  Equation (3 6). For any algorithm  applied to this 

calculation, however, one should determ ine whether o r not the calculated matrix O  is 

positive definite. O ne procedure that makes this determination involves confirming the 

eigenvalues o f  matrix 0  — according to this method, the real sym m etric matrix O  is 

positive definite if, and only i f  all eigenvalues are positive. Alternatively. Sylvester’s 

criterion for positive definiteness o f  quadratic forms represents another m ethod o f  

calculating O.  Overall, these tw o methods provide a convenient (and efficient) way for 

checking the stability o f  given matrix.

The second term  o f  Equation (3 5) can be controlled by changing the hydraulic 

damping force o f  SAVA. Here, let

/(A ) % - 0 % ( % ) .  (3 7)

For the multi-input control system. Equation (3.7) produces a scalar and can be 

rewritten in term s o f  state  vectors and controller action as

s m  X X  p , x . g ( X \  (3 8)
k i l l

where n is the num ber o f  states o f  the system and m  is the number o f  SAVA installed in 

the system. Equation (3.8) represents the generalized switching function with multiple
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SAVA. The maximum dissipation is assured if  Av (the valve orifice area) is selected 

using the following bistate control law,

[ > 0, X, =
sgn(AP) (3.9)

[< 0 . A ^ = A ^ ^ ^

The vector p , provides a means o f  weighting the different states to em phasize a

particular control objective.

The straightforward process outlined above produces, in essence, a feedback 

control. The notion that the control depends on all the states can appear to  be 

problematic (This because a full state estim ator will usually require som e know ledge o f  

the disturbance ). An inspection o f  the control rule makes it clear how ever that a 

judicious selection o f  p . (som e set to zero) can help to avoid the observer issue. A

block diagram o f  the Lyapunov controller with full state feedback is shown in Figure 

3.2. The implementation o f  the method is straightforward. The following section 

provides analytical and experimental evidence o f  the effectiveness o f  the control law, 

which is referred to as a bistate control law.

In summary, the more convenient procedures o f  the calculation o f  control gains o f  

bi-state controller include the following steps;

1. defining a matrix P o f  Equation (3.6) as a positive definite matrix (For example, the 

unity matrix {P = diag(I, I , . . .,! ) )  is a simple positive definite matrix. The selection 

o f  the best diagonal elem ents in P  {diag(pu,p22, -,pnn)) is accom plished using an
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iterative tuning process with the com parison o f  system responses for a given input 

to  the system.)

2. calculating matrix 0  using convenient tools from the algebraic Lyapunov Equation

(3 .6) and

3. calculating the control gains from Equations (3.7) o r (3 8).

B

g(X)

o ^ma.x

^mm
S(X)

Figure 3 .2 Block diagrams o f  a bistate controller

3.2.3 Stability of SA systems

This subsection discusses the stability o f  time-invariant systems with both the 

stable-system matrix. A ,  along with nonlinear-controller action [Bellman, 1953,
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Lefschetz, 1957]. The discussion, assumes the following form  o f  dynamic control 

system with the initial conditions

+ (3 10)

where . T e \  the constant matrix /I e  Æ" "  and the constant matrix 

B e R" \  The controller action g { X)  represents the nonlinear dam ping force for

SAVA system. The external disturbance X j  e  R"  retains a bounded magnitude

{ X j  < ). Consequently, the maximum m agnitude o f  the disturbance should be

restricted to  the stable response o f  a system when the external input excites that 

system.

The solution o f  Equation (3 .10) is then [Bellman, 1953]

tf
.mV / ' . r ,  + (3 11)

where Equation (3.11) indicates the response o f  the system for t > t..

Theorem : The linear state equation o f  the time-invariant system  X  A X  is stable if  

and only i f  all the eigenvalues o f  A have negative real parts. [Chen, 1970]

Here, the square matrix A can be expressed in Jordan canonical form, w here the 

elements on the main diagonal represent the eigenvalues o f  A , and the elements just 

above the main diagonal are either 1 or 0, with all o ther elem ents being 0 

Consequently, all elem ents o f  e'^‘ exist in the form  o f  f  r«», n  ̂ w here cjj ■ icoj
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represents an eigenvalue o f  A In addition, m  represents the num ber o f  multiple 

eigenvalues (m 0 ,1 .2  m - l )  with " bounded for any m  w here a ,  is

negative. The Jordan expression o f  the square matrix A thus signifies that ||e  " | |  is

bounded because every entry o f  e ̂ ' is bounded Thus,

I I / '  (3.12)

In addition, the controller action g ( X )  and the external disturbance remain bounded

X j  ):

II B g ( X )  + G X ,  II <K- 11% II (3.13)

w here /cand {(/are finite positive constants. Hence, from Equations (3 12) and (3 13)

•/

M ultiplying both sides o f  Equation (3 .14) by yields

If
e"' II % ( / ) ! ! < / II %„ 11+ \ y ^ ^ ^ { K \ \ X \ \ + i f f X , ^ J d T  (3 15)

Next, w e recall Gronwall’s Lemma [Lefschetz, 1957];

G ronw all’s Lemma; Let K, ^  and Ç be positive constants and f( t)  be a scalar function 

such that
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f U ) < K +  \ { ÿ { T ) + ç } d r  (3.16)

for /, < r < r , If  / ,  -  -  M  , then

f o r / ,  < / < / ,  (3 17)

Finally, by applying G ronw all’s Lemma

(3 1 8 )

If we choose k  < — small enough, then 0 < Ky < À . In this case, X{ t )  —>Q as / —> x
/

and the system is asymptotically stable. The analysis proves that for the conditions 

cited, the controlled system is BIBO (bounded input bounded output) stable and 

asymptotically stable.
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3.3 Two DOF Structure with Base Isolation

In o rder to  dem onstrate the use o f  the techniques described above, w e consider 

here a test rig that can be used to study the motion control o f  simple structure. The test 

rig is shown in Figure 3.3. The rig can be used to represent a tw o-sto ry  structure with 

base excitation for example. The actuation is provided via a  pow ered hydraulic 

actuator O ne possible location for a semiactive hydraulic ac tuato r is shown in Figure

X, X2 Xd

Fd

mi Ki Cl m2
< < i <

_ . K; C2

Low-Friction Beanngs

Powered Hydraulic 
Actuator

Figure 3 3 Configurations o f TDOF test rigs (Case I )

The equations o f  motion for the device are

mi Xi - k i f x i  - X: ) -Ci (Xi  - x : ) - A ^ A P

m: X:  = k i ( x i ~ X2 )  ^ Ci ( Xi - Xj J - k j f X2~Xd) - C2( X2~Xd)  ~
(3.19)

Using the preceding definitions and introducing the state vector,

X  = {x̂  X. jc, (3.20)

Then the matrix coefficients in Equation (3.20) can be shown to take the form
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0 0 1 0

0 0 0 1

_ ^ L Al £ l
/w, m, m, /w,

h . Cl - c
_ /», m. m. triz

(3 .21  a)

B 0 0 - &  &  
m, m .

, D
0 0 0 

0 0 0

k.
m.
c,

m.

If  the weighting matrix Q  is expressed as

Q  = { p ,} / 1,2,  ....

Then the switching law for the system is

SyX) \p^ xi + Pz X:  + P] x\ + piXz]àJ^

(3 21 b, c)

(3 22)

(3 23)

3.3.1 Case studies

The test rig discussed above provides a means o f  testing control laws as well as 

control realizations (control hardw are layout possibilities). In buildings that may be 

subject to earthquakes, the engineer is faced with the responsibility o f  selecting an 

effective, least cost control configuration. The following section will exam ine the 

question o f  whether to mount the SA  system  between the top  floor and the
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interm ediate floor (Case I, Figure 3.3), o r betw een the interm ediate floor and the 

ground floor (Case 2, Figure 3 .4).

Fa

mi Ki Cl m2 K2 C2

  -------------------  — ---------- --------------■—  Powered Hydra uli
Actuator

Low-Friction Beanngs

Figure 3 .4 Configurations o f  TDOF test rigs (Case 2).

The am ended system m atrices for Case 2 are

0 0 I 0

0 0 0 I

_ f L
/w, /w, m, m,

ÜL C'/ '  C’
m, m. m. /»:

(3 24 a)

-\T
0 0 0 -

m.

0 0 0
k.
OT,

0 0 0 - ^  
m .

(3.24 b. c)
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3.3.2 Test stand specifications

A test stand was constructed to  test the effectiveness o f  a semiactive vibration 

absorber The two masses w ere m ounted on high precision. low friction ball bearings 

and attached to rails. The w eights and spring rates w ere carefully measured and the 

system was assembled. Tests w ere conducted to determine the am ount o f  apparent 

damping in the system prior to m ounting the semiactive damper. The measured 

param eters for the test stand are given in Table 3 .1.

Next, a semiactive dam per was constructed The parameters that characterize the 

dam per are given in Table A. 1 (see Appendix A). The valve orifice area is also given 

there. Testing was conducted to determ ine the dynamic response o f  the valve when 

operated with a DC servom otor. A simple PID control was utilized to regulate the 

com manded valve position. The closed loop bandwidth o f  the m otor/valve pair was 

determined to be in excess o f  80 Hz. with near perfect tracking at low to modest 

speeds. A standard high-pressure rated, low friction ball valve was used in conjunction 

with a high torque, pan/cake m otor w ith low inherent inductance to actuate the valve

The disturbance input (an earthquake time history) was provided by an active 

hydraulic actuator attached to  the system through a spring. The characteristics o f  the 

double acting hydraulic actuator are given in Table A 3 (see Appendix A). A PID 

controller was used to  accomplish com mand and tracking control o f  the base 

disturbance actuator. A tw o way, four port electrohydraulics spool valve manufactured 

by M oog Inc. was employed to provide regulation o f  the active fluid system. The 

measured bandwidth (closed loop) o f  the active disturbance system was in excess o f
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30Hz. The reader will note that the very light dam ping (less than 2% o f  critical 

damping ratio o f  the first mode o f  the system) made any testing w ithout a dam per 

problematic.

The instrumentation used in the experiment included tw o accelerom eters m ounted 

on each mass, an LVDT between mass #1 and #2, an LVD T between mass #2 and the 

inertial reference frame, and an LVDT to m easure the position o f  the active hydraulic 

actuator. Velocities needed to determine a control action were com puted via a 

numerical estim ate based on the LVDT output.

D ata acquisition was accomplished via a 16 channel, 200 kHz PC based I/O board. 

The sensors w ere sampled at 1 kHz. Each channel o f  analog input data was pre-filtered 

with a low  pass hardware filter (second order) w ith a cut o ff  frequency o f  200 Hz

3.3.3 Test results-open loop

O pen loop tests were first conducted to  determ ine the degree o f  damping that the 

SA actuato r provided. In each case, the valve w as fixed open and the system was 

subjected to simple random displacement input w ith an RM S amplitude o f  0 0028/» 

Transfer functions for Case 2 are shown in Figures 3.5 and 3.6. The added damping 

for the “passive” semiactive configuration is show n in Table 3.1. In o rder to  determ ine 

the level o f  friction inherent in the SA dam pers, stroke tests were executed on a 

separate head frame hydraulic testing unit. It w as determ ined that the SA actuator 

exhibited approximately 545 N/sec o f  friction (see Equation 2.16), indicating that the
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principal source o f  passive dam ping (when the valve is fixed open) is due primarily to 

the flow loss through the valve.

The time history o f  the  earthquake (El Centro, 1940) that was used is shown in 

Figure 3 7 that time history is the twice integrated acceleration time history that was 

recorded during the actual event. The m easured open loop tim e responses for Cases I 

and 2 are shown in Figures 3 .8 and 3 .14. T hose results indicate that the model o f  the 

process provides an excellent means o f  determ ining the expected open loop response.

3.3.4 Test resuits-closed loop

Using the gain set yo, (Table 3.2), then the closed loop response o f  the system 

was simulated, and experim entally m easured for Case 1 and Case 2. Graphical 

comparisons are reproduced in Figure 3 9 (C a se l)  and in Figure 3 15 (Case 2) The 

data shown there confirm s the accuracy o f  the model for the controlled system. The 

effectiveness o f  the closed loop versus passive response (A,. = /Ivmav) for both cases is 

shown in Figures 3.12 and 3.19. Table 3.3 lists the peak and RMS (root mean square) 

values o f  the closed and open loop response for Case 1 and Case 2. For the 

accelerations and displacem ents (absolute and relative) in addition, the peak values o f  

the pressures experienced in the actuator for Cases 1 and 2 are also listed.
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Table 3 . 1 System param eters for experiments

Symbols m, m; k, K: C| C; CO, cd:

Unit Kg Kg N/m N/m N/m/sec N/m/sec Hz Hz

Case I 131 136 45746 28420 100 645* 4 50 1.52

Case 2 144 193 28420 48470 645* 100 1.63 3 46

* includes 545 N/sec friction, œ,. W: = damped natural frequencies.

Table 3.2 Control gains for experiments (obtained via the Lyapunov Equation (3.7))

Pi P2 P5 P4

C ase 1 -1.306x10'^ 1497x10" 1.466x10'-' -3 296x10'*

C ase 2 -2.032x10 ’̂ 1 448x10'* 1.495x10'-' -3 297x10'*

Table 3 .3 Response reductions o f  control com pared to  passive [%]

Peak RMS

1 St floor 2nd floor 1 St floor 2nd floor

Case 1 49.3 ' 24.4 * 47 7 * () 3 *

Case 2 6.5 * 14.7" 3.9 ’ 15.9 "
1. 5 . see Figure 3 .12 

see Figure 3.18

2.6 . 

4.8
see Figure 3.13. 
see Figure 3.19.
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Figure 3 5a Open loop transfer function and phase between the second floor 
and random excitation; Case 2.
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Figure 3 .5b Open loop transfer function and phase between the first floor and 
random excitation: Case 2.
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Figure 3 .6a Closed loop (bistate control) transfer function and phase between 
the second floor and random  excitation; Case 2.
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Figure 3 6b Closed loop (bistate control) transfer function and phase betw een 
the first floor and random excitation: Case 2.
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Figure 3 .7 Tim e history o f  input disturbance

0.03

0.02 Experiment

0.01

0

•i2 -0.01

- 0.02 Simulation

-0.03
0 2 6 84 10

Time [sec.]

Figure 3 .8 Com parison o f  simulation and experim ent o f  the relative
displacem ent o f  the first floor w ith the passive SAVA (valve fixed 
open, Av = Avmax)'- Case 1.
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Figure 3 9 Com parison o f  simulation and experiment o f  the relative
displacement o f  the second floor with the passive SAVA (valve 
fixed open, = Avmax)'- Case 1.
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Figure 3 .10 Com parison o f  simulation and experiment o f  the relative 
displacement o f  the first floor with the controlled SAVA 
(Av Avmm = 1.0x10'^ nt~, 6  = 40 y .  Case 1
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Figure 3 .11 Comparison o f  simulation and experiment o f  the relative 
displacement o f  the second floor with the controlled SAVA 
M r A.^,„ I .O x lff '’ m \ d  C a s e l .
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Figure 3 .12 Comparison o f  experimental results o f  the relative displacement 
o f  the first floor with control (Av = Avmm = I.OxIO'^ m \  d  ~ 40°) 
and passive (with SAVA, valve fixed open, Av = Avmax)'- Case 1.
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Figure 3.13 Com parison o f  experimental results o f  the relative displacement 
o f  the second floor with control (/4v 1.0x10'^ 9  40^)
and passive (with SAVA, valve fixed open. A,. A.nux) Case 1
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Figure 3 .14 Comparison o f  simulation and experiment o f  the relative
displacement o f  the first floor w ith the passive SAVA (valve fixed 
open, Av = A.yrmx)'- Case 2.
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Figure 3 15 Com parison o f  simulation and experiment o f  the relative
displacem ent o f  the second floor with the passive SAVA (valve fixed 
open. A,, /iv-mat); C ase 2.

0.04

0.03

Simulation
Expenmcnt0.02

0.01

- 0.01

- 0.02

-0.03
0 2 4 6 8 10

Time [sec.]

Figure 3 16 Com parison o f  simulation and experiment o f  the relative 
displacem ent o f  th e  first floor w ith the controlled SAVA 
(A , - A.„,„ -  l .O x ia ^  m \  9  = 40°). Case 2.
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Figure 3 .17 Com parison o f  simulation and experim ent o f  the relative 
displacement o f  the second floor with the controlled SAVA 
Mv A^,„  LO xlQ -^m \ 6 - 4 0 ° ) .  Case 2.
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Figure 3.18 Com parison o f  experimental results o f  the relative displacement 
o f  the first floor with control -  A = I -Ox 10'^ m \  6  5°)
and passive (with SAVA, valve fixed open. Ay Ay„ax). Case 2.
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Figure 3 .19 Com parison o f  experimental results o f  the relative displacement 
o f  the second floor with control (A,. A^mm l.OxIO'^ m \  0  5°)
and passive (with SAVA, valve fixed open. A,. A,y„u.t) Case 2.
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Figure 3 .20 Com parison o f  experimental results o f  the pressure difference 
betw een control (A^ =  Avmm "  I.OxIO'^ m \ 9 ^ 4 0 ‘̂  and 
passive (w ith SAVA, valve fixed open, A^ = ^vmar): C ase 1.
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Figure 3 .21 Com parison o f  experimental results o f  the pressure difference 
betw een control (A^ -  A^mm " l.O xlO   ̂n r , 0  4 0 and passive
(with SAVA, valve fixed open, Av = A ^ .^ ):  Case 2.
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3.4 Discussion and Conclusion

The results confirm  that a single actuator mounted between tw o o f  the floors in 

the structure does provide significant mitigation. The reductions o f  the maximum 

relative peak are 49 .3%  (first floor) and 22.4%  (second floor) for Case 1, and 6 5% 

(first floor) and 14.7% (second floor) for Case 2, for the first and second floors, 

respectively. U sing the Lyapunov bistate control, the experiment for each case is 

accomplished w ith respectively accomplishm ent for case 1 o f  47 7% (first floor) and 

9.3% (second floor), and for case 2 o f  3.9%  (first floor) and 15.9% (second floor) 

reductions in RM S for the relative displacement.

The data suggests that the sem iactive hardware provide only marginal reductions 

o f m otion o f  those  floors to which the actuator is not attached. The results leave 

unanswered the question o f  w hether the SA hardware design might not effect the 

performance. T hat question is addressed in part in the next chapter.
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CHAPTER FOUR

COMPARATIVE PERFORMANCE OF 

COMPETING SA CONTROLLERS

The Lyapunov control law developed in the previous chapter provides a rational and 

analytic basis for the regulation o f  a  SA hydraulic actuator. M uch o f  the past literature that 

reports control design for SA systems has relied on heuristic control laws. In some cases 

those alternative controllers have been dem onstrated to provide an effective approach to 

control. The majority o f  those works do not include a consideration o f  the dynamics o f  the

actuator. The com m on approach used is to assume that the SA actuator acts like an

adjustable (linear) dam per with the following constraint

 ̂ ^  ^  M U

The desired level o f  damping (c) is determined via a control law (The selection o f  c 

is sometimes restricted to discrete levels o f  c.). A common approach to the establishment 

o f  a control rule is to impose a realistic constraint on the operability o f  the device, that is 

accomplished by restricting the w ork performed by a SA actuator. To be dissipative,

() 3: (4 :!)

where F j = is the force delivered by the device, Ap is the piston area, AP is the

difference o f  pressure across the piston and Vr̂ i is the relative velocity across the actuator. 

Recalling the hydraulic analysis given in the preceding chapter, it is clear then that the
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constraint (Equation 4.1) fails to recognize the energy storage that is possible because o f  

the compressibility (see Equation 3.2). Various strategies can be used to establish a desired 

value o f  dam ping at any instant. Hrovat et al. [1988] and Patten et al. [1994b] have for 

example em ployed a “clipped” optimal control policy that appears to work well in 

simulations. T he “clipped” optimal approach presum es a linear system with a standard 

LQR feedback controller Patten et al. [1994b] does include the nonlinear dynamics o f  the 

actuator when developing a “clipped” optimal control, but he linearizes the hydraulics with 

nonlinear feedback (feedback linearization). The controller produces a desired actuator 

force at each m om ent. Next, Equation 4.2 was checked to  assure dissipativeness o f  the 

desired control force. If  the dissipativeness condition is satisfied (Equation 4.2), then the 

required force is achieved by adjust the damping. N oting that the force output o f  the 

adjustable dam per is linearly related to the relative velocity across the actuator

(4 3)

then the desired dam ping is

A^AP

V.
c = — ----- (4.4)

rel

In addition to  the “clipped” optimal algorithm, other control laws have been proposed 

in the past to  regulate adjustable dampers. The purpose o f  this chapter is to compare the 

performance o f  various control rules for semiactive dampers.
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4.1 Comparison between Different Control Algorithms

4.1.1 Case (a)

The performance comparison will be made in terms o f  a specific application. Consider 

first the tw o-degree-of-freedom  structure introduced previously (Figure 4 1 ) with tw o 

alternative configurations. The first (Case (a)) assumes the placement o f  a SA actuator 

between m/ and

Xi Xz Xd

Fa• V __

rrii Ki Cl rriz — . zi::, :r :- : z  _ :
' ' ' ' . — —

% Cz
— —*■- *■ . Actustor

Low-Fnction Beanngs

Figure 4.1 Configurations o f  TD O F system for Case (a).

Simulations o f  the systems response to  a seismic disturbance with different controllers will 

be determ ined. In addition to the Lyapunov and “clipped” optimal algorithm s, the 

following four algorithm s will be employed

Algorithm 1 [K am opp et al., 1974];

X i ( x i - X 2 ) ^ 0

=  i f  x , ( x , - X 2 ) > 0
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Algorithm 2 [Rakheja and Sankar, 1985];

i f  { x , - x . ) ( x , - x :  ) > 0
(4.6)

.AJgorithm 3 :

c' i f  { x , - x . ) ^ P < 0
if (X, - X , ) ^ P > 0

(4.7)

Algorithm 4 :

i f  ( x , - x : ) ^ P < 0  

I c i f  r x , - X : J A P > 0
(4 8 )

Algorithm 1 was proposed by Kamopp et al. [1974] as a means o f  adjusting a variable 

autom otive shock absorber. The logic is referred to  as a sky hook dam per Algorithm 2 

was proposed by Rakheja and Sankar [1985] as an alternative to the sky hook dam per to 

avoid the need to  estimate (o r measure) the absolute velocity x ,. The proposed algorithm 

can for example be realized by a single sensor (an L VDT to measure relative displacement) 

and a software filter to establish the relative velocity. Algorithm 3 is a  variant o f  algorithm 

o f  Algorithm 2. The tw o are equivalent if  the actuator force is assum ed to be linearly 

related to the relative velocity across the actuator. Algorithm 4 is in essence a bistate 

control logic that enforces the dissipativeness rule discussed above. While the origin o f  the 

rule is not clear, a review o f  SA control laws by Ivers and Miller [1991] indicate that this 

algorithm is in routine use by investigators. It is also noted that Algorithms 3 and 4 are in
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fact variants o f  the Lyapunov law (Equation 3 .26) with certain weight (p,) set either to  I 

o r 0

Simulations were carried out using each o f  the six controllers. In each case, the 

dynamics o f  the actuator are included in the simulation. The effectiveness o f  the controls 

is established by com paring the RMS and maximum am plitude o f the displacements and 

accelerations that result. The parameters used in the simulation are given in Tables 3.1 and 

3 4.

Table 4.1 Control gains o f  the bistate controller for Case (a)

Gains P i P2 P3 P4

Values -12823x10* 8.2237x10* -4.3998x10^ -5.8969x10 '

Clipped Optimal [Hac, 1992]

Consider the linear system described by

X  = A X  + B /  + E X ^  

and a performance index for the system 

. .  1 f r

(4.9)

(4.10)

where p i and ps are weighting factors for the absolute accelerations o f  the second ( x, ) and 

first ( X, ) floors, and /??, and p 4 for the relative displacements o f  the second ( x, -  x , ) and
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first ( x ,  - X j) floors. The performance index given by Equation (4.9) can be rewritten as

./ = lim I j '  { X ^ O X  + I X ^ N f  + f ^ R f  + I X ^ O . X j  + X / 0 , X ,  \dt (4 II )

Assuming that xj  can be suppressed, then, the control law that minimizes J  for the system 

(Equation (4.9)) is given by

f , = - R - \ N ^ + B ^ P ) X  (4 12)

w here f i s  a positive definite solution o f  the following algebraic Riccati equation:

P { A - B R  ' N ^ ) ^ { A - B R  ' M ^ ) P - P B R  ' B ^ P  + i Q - N R  = 0 (4.13)

The “o n -o ff’ control law based on the clipped optimal (CO) is given as follow

i f c - > 0  

M.  = i f  c  < 0

w here c is the damping rate m odulated using Equation (4.4) and

c '  -  — . (4 15)
s

Table 4.2 lists the control gains o f  clipped optimal controller for simulation o f  Cases (a) 

and (b), relative coordinates and tw o SAVAs. The minimum valve area o f  semiactive 

actuator is fixed for the simulation o f  Cases (a) and (b) and relative coordinates (A^mm 

2.5x10  '̂  m-. 6  10°).
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Table 4.2 Control gains of clipped optimal controller for each case

Gains Pi P2 P3 P4

Cases (a) 1.0 1.0x10^ 0.0 1.0x1 O’’

Cases (b) 1.0 3.0x10^ 1.0 3.0x10^

System (4.16) 10 i .o x io ’ 1.0 l.OxlO'"

Tw o SAVAs 1.0 1 0x10* 1.0 1.0x10*

Table 4.3 lists the RMS and maximum peak values o f  the response o f  the relative 

displacements and absolute accelerations. The com parisons are offered relative to  the 

performance o f  the  Lyapunov control. Negative values in Table 4.3 indicate that the value 

is larger relative to  the Lyapunov result. Larger relative displacements and accelerations 

are less desirable. The results in Table 4.3 indicate that there is no one “best” controller. 

The RMS relative displacem ent o f  Algorithm 1 is 30.8%  better at the first floor than the 

Lyapunov control, yet the relative displacement between the first and second floor is -  

35 9%  (larger). T he acceleration responses (RM S) using Algorithm 1 (the sky hook 

dam per) are reduced (22.2%  and 34.4% ) from those that result from the Lyapunov law 

The RMS values obtained using Algorithms 3 and 4 are less effective than the Lyapunov 

law because both the relative displacement and absolute acceleration o f  the upper stories 

are larger than those obtained using the Lyapunov control.

In order to  m ake a decision on which algorithm is best the following reasoning was 

employed. The increase (o r decrease) o f motion (displacement or acceleration) for each 

floor was added (e.g. for Algorithm 1, Table 4.3 then the sum o f  relative response indices
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is -4 .1 %  = 30.8%  -  34.9%). Those sums are shown in Tables 4 3 and 4 4 The nature o f  

the problem (seismic protection) indicates that the maximum peak m easurem ents are the 

most important criteria (Table 4.4) and that peak displacements are m ore critical than peak 

accelerations. Given that prioritization, then one can conclude that Algorithm 4 provides 

slightly better performance than the Lyapunov control, and that both Algorithm 4 and 

Lyapunov control provide significantly greater seismic protection than do Algorithms I 

through 3 and the clipped optimal controller.
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Table 4.3 RMS reduction compared with the bistate controller for Case (a)

Control
Algorithms

Relative displacement [m| Absolute acceleration [m/s'l

1st floor
(X-  - X , )

2nd floor
(X,  - X ,  )

1st +2nd 1st floor
( x j

2nd floor
(-r.)

1st +2nd

Algonthm I 30.9% -34.8% -3.9% 22.1% 33.5% 55.6%

Algorithm 2 1.2% -22.5% -21.3% -3.3% -12.5% -13.8%

Algorithm 3 1.2% -22.3% -21.1% -3.6% -12.4% -16.0%

Algorithm 4 -0.3% 8.7% 8.4% 2.3% 8.1% 10.4%

Clipped optimal 11.8% -9.4% 2.4% 14.8% 17.0% 31.8%

Lyapunov control 
'

0.0067 0.9683 0.00217 1.11

Negative values indicate larger values relative to  Lyapunov control result. 
Positive values indicate smaller values relative to Lyapunov control result.

2.5x10-^ m-. e = 35 °

Table 4.4 M aximum-peak reduction com pared with the bistate controller for Case (a)

Control
.Algorithms

Relative displacement [m| Absolute acceleration (m/s |

1st floor
)

2nd floor
(X,  -  X,  )

1st +2nd 1 St  floor
( X , )

2ad noor j
U ,) !

.Algonthm 1 18.8% -124.1% -105.3% -47.8%
1

57.6% 9.8%

Algonthm 2 -2.0% -38.3% -40.3% -21.4% -38.0% -59.4%

Algorithm 3 -2.0% -38.3% -40.3% -32.6% -38.0% -70.6%

Algorithm 4 0.4% 1.1% 1.5% 0.4% 46.8% 47.2%

Clipped optimal 7.3% -71.0% -63.7% 8.7% 48.1% 56.8%

Lyapunov control 0.0473 0.0108 6.656
---------------- 1----------- 1

13.1

Negative values indicate larger values relative to  Lyapunov control result. 
Positive values indicate smaller values relative to  Lyapunov control result.

2.5x10'^ m \  0  - 3 5 ° .
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4.1.2 Case (b)

The w ork next examines the perform ance o f  each o f  the six control algorithms (see 

above) when the actuator is used to provide base isolation for a seismic structure

X, X] Xd

nil Ki Cl rr>2 Kj C;

Actuator

Low-Fnction Bearings

Figure 4.2 Configurations o f  TD O F system for Case (b).

The simulations assume the same disturbance used in the previous section (El Centro, 

1940). The Lyapunov gains w ere established using the method described in Section 3 .2. 

Those gains are given in Table 4.5. The param eters that define the system are given in 

Table 3 .1. The results o f  the simulations are listed in Table 4.6 (RM S) and Table 4 7 

(maximum peak values) using the same criteria described in the previous section. The data 

suggests that Algorithm 4 provide the best performance, with the Lyapunov controller 

again placing a close second. In particular. Algorithm 4 provides significant peak 

displacement reduction at the first floor (17% ) and a 32%  reduction o f  acceleration there. 

Algorithm 4 realizes a small increase o f  both displacement and acceleration at the second 

floor relative to  the Lyapunov control w hen base isolation is employed.
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Table 4.5 Control gains for the bistate controller for Case (b)

Gains Pi P2 P3 P4

Values 13828x10* -4.0094x10'^ 3.3630x10^ -I 4214x10 '
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Table 4.6 RMS reduction compared with the bistate controller for Case (b)

Control
Algorithms

Relative displacement [m| Absolute acceleration [m/s")

1st floor 2nd floor
(x, -  X, )

1st +2nd 1st floor
( r ,)

2nd floor
(X,)

1st +2nd

Algorithm 1 -24.0% 11.1% -12.9% 16.1% 111% 27.2%

Algonthm 2 -22.1% -22.4% -44.5% -38.8% -22.4% -61.2%

Algorithm 3 -21.9% -22.5% -44.4% -38.7% -22.5% -61.2%

Algorithm 4 10.2% -4.1% 6.3% -7.2% -4.1% -11.3%

Clipped optimal 16.4% -17 6% -1.2% -33.5% -17 6% -51.1%

Bistate control 0.00169 0.00147 0.537 0.512

Negative values indicate larger values relative to Lyapunov control result. 
Positive values indicate smaller values relative to Lyapunov control result. 

2 .5x10^ m ' , e  35°

Table 4.7 M aximum-peak reduction com pared with the bistate controller for Case (b)

1

Control
Algorithms

Relative displacement {m| Absolute acceleration (m/s'l

1st floor
(X; -  X_, )

2nd floor
(X,  -  X,  )

1st +2nd 1 St  floor
(X, )

2nd floor
(X.)

1st +2nd

Algorithm 1 -54.0% -20.0% -74.0% 35.6% -20.2% 15.8%

Algorithm 2 -31.2% -46.4% -77.6% -95.3% -46.4% -141.7%

Algorithm 3 -31.2% -46.4% -77.6% -95.3% -46.4% -141.7%

Algorithm 4 17.1% -10.2% 6.9% 31.4% -10.0% 21.4%

Clipped optimal 27.2% -24.0% 3.2% -1.5% -23.9% -25.4%

Bistate control 0.00971 0.00971 8.059 3.389

Negative values indicate larger values relative to  Lyapunov control result. 
Positive values indicate smaller values relative to  Lyapunov control result. 
A ^,„  2 .5x10  ° m \  d  -  3 5 °
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4.1.3 Relative coordinates for Case (b)

An open question at this point is w hether the performance o f  the control scheme is 

affected if  relative coordinates are used to  define the system. There is a clear reason to 

relay on relative coordinates; the size (magnitude) o f  the relative displacement between 

floors in a seismic structure is a direct indication o f  the potential for damage. We rely again 

on the base isolation system to  make a determination (Figure 4.2, Case (b)).

Selecting the relative state coordinates as z, - r ,  - x ,  and z- x, -X j  then the

equations o f  motion o f  the system in state space have the form 

Z  XZ - (4.16)

where

A =

0 0 1 0 ■ 0 '

0 0 0 1 0

k . c. . B ^ &
m. m . m, /w. m. m.

h i . k . ÜL c. A
- w . m. w . m . m .

£  = [O 0 0 - . Z - i j

(4.17 a, b)

(4.17 c, d)

The switching functions for the four test algorithms in term s o f  the relative 

coordinates are shown in Table 4.8.
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Table 4.8 Switching functions o f  the four control algorithms

Algorithm 1 Algorithm 2 Algorithm 3 Algorithm 4

X, i . " 2 “ Z J , A f j ,  ^ P

The gains used in the Lyapunov controller were recomputed using the same 

information given in Section 3.2 above. The P  matrix used was (the diagonal elements are 

obtained by tuning for the best performance o f  system responses with a given acceleration 

earthquake (El Centro, 1940, horizontal direction) input to the system, see Section 3 2.)

1 0 0 0

0 lO' 0 0

0 0 1 0

0 0 0 10

(4.18)

The gains obtained are listed in Table 4 .9  The weighting factors used in the LQR/clipped 

optimal algorithm are given in Table 4.2.

Simulations o f  the controlled response w ere conducted using each o f  the candidate 

controllers. The El Centro 1940 earthquake was used as the disturbance (Figure 4.3). The 

RMS and maximum peak reduction relative to  the Lyapunov controller are listed in Tables 

4.9 and 4.10. The results reinforce the observation that Algorithm 4 provides isolation that 

is essentially identical to the isolation afforded by the Lyapunov controller. Tables 4.10 and 

4.11 also list the response norms when the semiactive actuator valve is fixed open (A .̂ 

Avrra.x 5.0x10'^ m~). Plots o f  the response o f  the structure when the Lyapunov controller 

is used, and the actuator operates with an open valve (passive mode) are shown in Figures
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4 .4 and 4,5, The results o f  the simulations indicate;

a) There is essentially no difference in perform ance when the coordinate system  is 

changed from absolute to  relative coordinates.

b) The Lyapunov controller and the local pressure/velocity (LPV) controller (A lgorithm  

4) provide virtually identical levels o f  seismic isolation.

c) Should the SA actuator fail in a valve open mode, some damping (which is desirable) 

is achieved.

Table 4.9 Control gains for the bistate controller

Gains Pi P2 P3 p4

Values -4 4 4 4 5  X10'^ -1.8355x10'^ -1.2110x10'^ -7.6073x10'^
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Table 4 10 RMS reduction compared with the bistate controller

Control
Algorithms

Relative displacement [m|
,

Absolute acceleration |m /s'|

1st floor
(X, -  . r j

2nd floor
(r, -  X,) 1st +2nd

1st floor
(X:)

2nd floor
(.r,) 1 St +2nd

Algorithm 1 0.1% 4.2% 4.3% -11.4% 4.2% -7.2%

Algorithm 2 -11.6% -1.9% -13.5% -43.0% -1.9% -44 9%

Algorithm 3 -48.0% 10.7% -37.3% -11.4% 10.7% -1.3%

•Algorithm 4 0.0% 0.1% 0.1% 0.3% 0.1% 0.4%

Clipped optimal -29.2% 14.0% -15.2% 1.7% 14.0% 15.7%

Passive* -63.2% 10.7% -52.5% -4.3% 10.7% 6.4%

Bistate control 0.0109 0.00928 2.109 3.244 11
* Passive represents that SAVA is installed in the system and valve is fully open. 
Negative values indicate larger values relative to Lyapunov control result.
Positive values indicate smaller values relative to Lyapunov control result.

5 0x10 ' 'm-. 0 28°

Table 4 .11 Maximum-peak reduction com pared with the bistate controller

Control
Algorithms

Relative displacement [m| Absolute acceleration [m/s'|

1st floor 2nd floor
(x, -X ,) 1st +2nd

1st floor 
(%:)

2nd floor
(X,) 1st +2nd

Algorithm 1 -2.2% 2.1% -0.1% -54.0% 2.1% -51.9%

Algorithm 2 -3.8% -9.5% -13.3% -244.5% -9.5% -254.0%

Algorithm 3 -86.0% 3.6% -82.4% -10.3% 3 2% -7 1%

Algorithm 4 0.0% 0.1% 0.1% 0.0% 0.1% 0.1%

Clipped optimal -38.5% 16.4% -22.1% -1.6% 16.4% 14.8%

Passive* -72.3% 13.1% -59.2% 14.5% 13.1% 27.6%

Bistate control 0.0449 0.0550 12.7 19.2

* Passive represents that SAVA is installed in the system and valve is fully open. 
Negative values indicate larger values relative to Lyapunov control result. 
Positive values indicate smaller values relative to Lyapunov control result.
A ^ „  = 5.0x10-^ m-. 9  = 28°
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Figure 4.3 Time history o f  acceleration earthquake disturbance
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Figure 4.4 Comparison o f  the relative displacement o f  the first floor between 
the bistate controller (A^mm = S .O xlff^  n r , 6  ^ 28°) and passive 
(with SAVA, valve fully open, Av = A ^ ^ )
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Figure 4 .5 Com parison o f  the relative displacement o f  the second floor between 
the bistate controller (A,y„,„ 5.0x10'^ m \  6  28°) and passive
(with SAVA, valve fully open, A^max)
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4.2 T D O F  Seism ic C o n tro l w ith  T w o SA VAs

4.2.1 M athem atical models

The preceding results would appear to indicate that the Lyapunov and LPV control 

provide the same performance. A final test o f  that observation is offered here. In this case, 

the seismic structure is assum ed to  be outfitted with an actuator at each story The 

kinematic arrangem ent is shown in Figure 4.6.

X, X2 Xa

Fdi FcC
------------ ' ■N - ,    V _  -

mi Ki Cl Kb 02

“  H Z Z — Z Hydraulic
"  Actuator

Low-Friction Bearings 

Figure 4.6 Schematic representation o f  TDOF system with tw o SAVAs.

The equations o f  motion in absolute coordinates are given in Equation (4.19) and 

relative coordinates in Equation (4.20), w here -  x, and _y, -  x , -  x ^ .

mi xi - k i ( x i ~  X:)  -  Cl ( xi - X2J -  Fj\
m :  X: k i ( x i  -  X:J ' Ci (Xi  -  X : ) - k : ( X 2 ~ X j ) ~ C : ( x :  - X j )  '  h'j\  -  F jz

(4 19)

or.
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kz
r  \  

Cl Cj^ Cz ■
> • /  - y , -------------Tr- T , — yz

Lm , ntz J mz ^nti ntz ntz

ki kz Cl . c Faz ..
T : -—y, —  y z ~ — y r ~ yz^ -  Xj

mz mz m , ntz ntz ntz

,m i n t2 J nt: (4.20)

The dynamics o f  each SA  actuato r is defined in Equations (4.21 a, b) and (4.22 a, b)

^ P ,  a ,  A p \ ÿ , - s g n ( ^ P l ) C J ^  A.x
I i

A p,

A P : a- Ap z ÿ j -  sgn( A P: J Cj z  A.Z

P J

2 A p ,

(4 21 a)

(4.21 b)

w here

P<(Vi-Vz) P. (V3^VJ
 TTT • .------V IV 2 V 3V 4

The forces provided by each o f  the actuators are 

FJ^ Xp, A p , .  p -„  A p z ^ P :  

w here AP̂  P  -  P. and AP, = P, -  P, Defining state space vector,

^  = [y, T : J>, J>, Y

The preceding model can be cast in state space form as 

w here

(4.22 a, b)

(4 23 a, b)

(4.24)

(4.25)
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A  -

0

0

"-1
/W-,

0

1

0

0 0 ' o '

0 0
0 'A P , '

B r  1 11 , E = . g (X ) =
0 AP,

■'̂ Pi

L /»2 L - > J

0

C'2
m ,

C \

m .

(4.26 a)

(4.26 b, c, d)

4.2.2 C ontrollers

The general form o f  the controller for multiple SA actuator can be rew ritten from 

Equation (3 7).

(4.27)

Expanding the term s o f  Equation (4.27) out then the bistate rule for each actuator is

{puy\ ^P2,yz ^p3,y\ ^p^iÿzY^Pi M 2 8 a)

.S \(y ) - -  p , , y . ^ P :  (4.28 b)

In addition to the Lyapunov controller, we also examine variations o f  the heuristic 

controllers when applied to  tw o actuators. Those control laws are listed in Table 4.12.
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Table 4.12 Switching functions o f  four control algorithm s with tw o SAVAs

Algorithm 1 Algorithm 2 Algorithm 3 Algorithm 4

SA V A #1 T,J>i

SAVA #2 T:J>:
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4.3 Numerical Simulations

The passive param eters used in the simulation are listed in Table 4.13 included in that 

table are passive dam pers which w ere employed to  obtain the passive response o f  the 

system assuming a forced and w ear ideal level o f  damping;

( I ) Damping ratio o f  the first floor — Ç, Cl

2 yjkimi
= 0.13.

(2) Damping ratio o f  the second floor — , C2 = 0 16

(4.29)

(4.30)
2 y jk :m :

Those two hypothetical dam pers w ere not included when the SA control simulations were 

conducted.

Table 4.13 System param eters for simulations

Symbols m , m: fci fcj Cl c:

Unit Kg Kg N/m N/m N/m/sec. N/m/sec.

Values 131 136 45746 28420 645 645

Using the Lyapunov contro l gains listed in Table 4 .14 and the control laws listed above, 

the RMS and maximum m otion norms o f the responses are listed in Tables 4.15 and 4.16. 

Next, Figures 4.7 and 4.8 com pare the relative displacem ent o f  each floor between the 

passive (when the SA actuato r valve is fixed at fully open ^ A^„ax) and bistate 

controller. As seen in Figures 4.7 and 4.8, one should naturally expect that the system with 

two SAVAs proves superior to  the system with one SAVA  in the reduction o f  relative
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displacement. The minimum valve area o f  semiactive actuator is fixed for this simulation 

Wvmm, -  i.O x ia ^  m -(0, = 40°)M ^,„2  = 5.0x10'^ m ' (Oj -  28°)).

Table 4  14 Control gains for bistate control (j = I o r 2)

Pij P2j P3j P4j

S A V A # I -1.1456 -0.0001 -0.2323 -0 2318

S A V A  #2 0.0028 -1.8371 -0.3731 -0.7610
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Table 4 15 RMS reduction compared with the bistate controller

Control
Algorithms

Relative displacement [m| Absolute acceleration (m/s'|

1st floor
( X .  - X j  )

2nd floor
(x, - X ,  )

1st +2nd
1st floor

( X , )

2nd floor
( X , )

1st +2nd

Algonthm 1 2.6% 10.0% 12.6% -7.3% -10.3% -17.6%

Algorithm 2 -4.9% -6.1% -11.0% -28.1% -45.3% -73.4%

Algorithm 3 -4.6% -1.3% -5.9% -30.0% -46.4% -76 4%

Algonthm 4 -0.4% 2.6% 2.2% 0.8% -0 3% 0 5%

Clipped optimal 0.1% -6.0% -5.9% 1.0% 0.4% 1.4%

Passive*
■

-62.6% -176.0% -238.6% 1.9% -22.6% -20.7%
---  ------- ---------- !

Bistate control 0.0105 0.00244 2.008 2.024

* Passive represents that SAVA is installed in the system and valve is fully open. 
Negative values indicate larger values relative to Lyapunov control result.
Positive values indicate smaller values relative to Lyapunov control result.
(/Ivmm, / Ox/0-" m- (6 , 40 r  J.Ox/O''* m- (0 2  28°)).

Table 4.16 M aximum-peak reduction com pared with the bistate controller

Control
Relative displacement fm| Absolute acceleration [m/s"|

Algorithms 1st floor
(X- - x j

2nd floor
( X ,  - X , ) 1st +2nd

1st floor
( X , )

2nd floor
(X, ) 1st +2nd

Algorithm 1 -3.9% 0.3% -3.6% -48.2% -95.3% -143.5%

Algonthm 2 -3.3% -2.4% -5.7% -160.6% -303 4% -464.0%

Algonthm 3 -3.5% -0.3% -3.8% -198.0% -301.9% -499 9%

Algorithm 4 0.0% 0.8% 0.8% 0.0% -0.1% -0.1%

Clipped optimal 0.7% -5.0% -4.3% 1.7% 18.1% 19.8%

Passive* -75.0% -242.0% -317.0% 33.3% 17.9% 51.2%

Bistate control 0.0424 0.00948 14.04 14.43

* Passive represents that SAVA is installed in the system and valve is fully open. 
Negative values indicate larger values relative to Lyapunov control result. 
Positive values indicate smaller values relative to Lyapunov control result.
Wvmm/ - l.OxlQ-^ m- (0, = 40°). = S.OxlOr^m- (0. = 28°)).
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Figure 4.7 Com parison o f  the relative displacement o f  the first floor between 
bistate control (.4v w  I.OxIO'^ m ' (d, = 5 . 0 x 1 0 °  m~ 
( 6 2  =28°))  and passive (with SAVA, valve fully open, A^i = A,„axi, 
Avj - A^a.xj) for tw o SAVAs.
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Figure 4.8 Com parison o f  the relative displacement o f  the second floor between 
bistate control (/Ivmm/ = 1.0x10 ° (6 1  = A0 ° ) ,A ^ ,„ 2  - 5 .0x10  ° m '
( 6 2  = 28°)) and passive (with SAVA, valve fully open,
Av2 = Avmaxj) for tw o SAVAs
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4.4 Conclusion

The purpose o f  the chapter w as to  provide a com parison o f  the perform ance o f  

various control laws that are often suggest for the regulation o f  semiactive hydraulic 

actuators. The comparison included four heuristic rules, the clipped optimal control, the 

Lyapunov control, and the passive system (SA V A  attached and valve fully open). The 

com parisons w ere made relative to  the Lyapunov control performance. A tw o story 

seismic structure was employed in the simulations, and three possibilities for the 

installation o f  the SA actuator w ere considered. A com parative analysis using relative 

rather than absolute coordinates was also included. Comparisons o f  the RMS displacement 

and acceleration and the maximum displacem ent and acceleration w ere provided. Using 

the maximum displacement results from the simulations, it is clear that the Lyapunov 

controller and the pressure/velocity algorithm  (LPV, Algorithm 4) provide the best 

performance. An open question is w hether that finding would hold for different application 

o f  the SAV A  system. That question is addressed in the next chapter w here a similar 

com parative analysis is conducted in term s o f  an autom otive suspension application.

105



CHAPTER FIVE

COMPARATIVE ANALYSIS OF SA CONTROL 

ALGORITHMS FOR VEHICLE SUSPENSION

APPLICATIONS

5.1 Introduction

The previous chapter reported on the com parative perform ance o f  various control 

strategies that provide bistate control com mands for the regulation o f  the orifice valve o f  

a semiactive hydraulic damper (actuator). That study w as conducted via simulations o f  a 

seismic structure, w here the principal objective was to  reduce the maximum relative 

displacement between floors o f  the structure. The results there indicated that the Lyapunov 

control and the LPV (Algorithm 4) provided similar levels o f  performance.

The question that remains to be addressed is; do the results o f  the seismic structure 

analysis hold for other dynamic system, where th e  objective o f  the control is differenf^ In 

order to address that question this chapter reports on the com parative perform ance o f 

various semiactive bistate controllers when applied to vehicle suspensions. The nature o f 

the vehicle suspension design objective is established below  in term s o f  simplified (but 

standard) chassis suspension models. Com parisons o f  the perform ance o f  the candidate 

controllers for application to a heavy tractor-trailer type suspension with linearized 

stiffness and non-linear leaf spring is considered. A review o f  the literature pertinent to
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semiactive autom otive suspension design is discussed in the following paragraphs.

As noted previously, the semiactive suspension has been the object o f  considerable 

previous research; both analytical and experimental. The reason is that the autom otive 

industry took an interest in the development o f  adaptable suspensions to im prove ride and 

handling qualities o f  vehicles, while costing less than a fully powered (active) suspension 

design. Many o f  the seminal papers on SA control w ere published by a handful o f  

investigators in the I970 ’s and 1980’s (see for example Hrovat [1981, 1983, 1988], 

K am opp [1974, 1987, 1988], M argolis [1975, 1982, 1983, 1984]). A review o f the 

developm ent o f  SA suspensions for vehicles appears in Kam opp [1995]

T he effort by autom otive manufacturers never matured to the platform  product 

release stage; though trials w ere conducted for large numbers o f  various vehicles. Many 

problems w ere encountered w ith the new technology. The cost and reliability o f  the SA 

hardw are com ponents that w ere developed w as less than acceptable, but the most 

significant draw  back was the lack o f  apparent improvement that that a SA suspension 

provides relative to a passive suspension design. The hum an’s inability to distinguish 

between small differences in dynamic levels o f  vibration made it impossible to  convince the 

buyer to  invest in the proposed systems. A nother serious problem encountered in the 

application o f  SA suspensions to automobiles was the harshness that w as experienced, 

which w as caused by a host o f  different factors including friction in the actuators, valve 

lockup at large loads, and by hydraulic hammer effects caused by instantaneously closing 

the hydraulic valve under load. The added cost o f  the SA systems for autom obiles and the 

perceived harshness combined to end any real interest by manufacturers in SA  systems for
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automobiles.

While the application o f  SA suspensions to  autom obiles is not considered practical, 

there is an open possibility that the addition o f  a semiactive shock absorber to  a truck 

suspension may have utility. The following text trea ts the SA truck suspension problem, 

and examines the performance o f  the various com peting controller designs.
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5.2 Truck Suspension Dynamics

The standard practice am ong suspension engineers is to  use a simplified model to 

assess the dominant features o f  the system design A so-called one-quarter vehicle model 

is used here to characterize the features o f  a typical tandem  axle suspension (Figure 5 1). 

The model assum es that the tire com pliance is essentially linear elastic.

There are several suspension options available for trucks. A most com m on feature is 

a com pliant spring mechanism m ounded betw een the axle and the  sprung mass. Options 

include leaf springs, coil springs, air springs and combinations o f  these and other devices. 

Leaf springs [Fancher et al., 1980] and air spring [Klinger and Galzade, 1977] are typically 

nonlinear devices, which can be treated as linear com ponents for small amplitude vibration. 

In the case o f  a leaf spring, the sliding o f  the steel leaf spring produces a (hysteric) 

damping effect in addition to an essentially linear elastic effect. A ir springs provide much 

less damping, and tend to be “softer” than leaf springs.

The w ork here examines the effectiveness o f  a semiactive hydraulic suspension when 

installed on a generic 'A truck model. M easurements o f  the dynamic characteristics o f  a full 

size truck w ere used [Patten et al., 1997, Kang, 1998] to obtain a set o f  param eters that 

are desirable to  the truck suspension (see Table 5.1). The truck was outfitted with steel 

leaf springs.
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rtis
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Xu
rriu

Ku

Xu

Figure 5 1 Schematic representation o f  quarter-car model 
with linear spring and SAVA.

The equations o f  motion o f  the system are

nts -  k / x ^  -  Cs( Xs -  Xu) ~

niu Xu k j x ,  -  Xu)~  ̂Cs(Xj -  Xu) ~ ku(Xu ~ x j )  +
(5.1)

The dynamics o f  the semiactive actuator (see Section 2.2) are

^ P P(Vi  -  V:) Ap (xs -Xu)- sgn(AP)Cj Av 2 AP
(5.2)

Defining the state space vector as

(5 3)

then the system equations for the 'A truck are
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X  - A X  - B g (X )^  E X , (5 4 )

w here

0 0 1 0

0 0 0 1

&
/w.

&

(5.5 a)

B 0  0 - ^
r

E 0 0 0 - ^
'" u . " w .

g(X) AP  (5.5 b, c)

The physical param eters tha t characterize the system com ponents are given in Table 5 1. 

It is emphasized that the system is assumed to behave in a linear fashion for small 

displacement if  large displacements are to  be examined, then the nonlinearity o f  the spring 

com ponents (lea f or air) w ould have to be included in the analysis.

Table 5 .1 System param eters o f  a quarter-car for a heavy truck

Symbols m. m„ kc ku c. CO, COu

Unit Kg Kg KN/m KN/m kN/m /sec Hz Hz

Values 6840 794 236 3150 10.0 0.93 10.0
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5.3 Control

The control objective for a vehicle suspension is more complex then that for a seismic 

structure. Like the seismic control, one objective is to limit the relative displacement 

between the sprung and unsprung masses. This is the least im portant criterion. The 

com fort o f  the passenger in the vehicle is a strong consideration. A vibration com fort 

metric that has been adopted by the International Standards Organization (ISO ) suggests 

that the RMS acceleration level o f  the sprung mass be highly correlated with a hum an’s 

perception o f  vibration com fort [ISO, 1991], In addition, the control should enhance the 

handling characteristics o f  the vehicle. In term s o f  the quarter truck model, desirable 

handling is reflected in the variation o f  the tire force from static conditions.

The controllers that are examined here will be shown to affect those three goals in 

varying degrees. Four local controllers which are based on popular usage are included, as 

is the clipped optimal control and Lyapunov control. The performance o f  each control is 

measured relative to the Lyapunov control. The controller performance is also com pared 

to the valve open passive operation o f  the system. Recalling the previous description o f  

the four local algorithms (see Section 4.1 ) then those algorithms expressed in terms o f  the 

vehicle models are given in Table 5.2.

Table 5.2 Switching functions o f  the four control algorithm s for a quarter-car model

Algorithm 1 Algorithm 2 Algorithm 3 Algorithm 4

Xsf Xs-Xu J r  Xs-XuJ(Xs-XuJ (  X s - X u J ^ f X i - x j A f *
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The developm ent o f  ■‘o n -o ff’ controller based on the clipped optim al (CO ) was 

discussed in Section 4.1. The CO  control, restated in term s o f  the vehicle suspension 

problem, is requires a  tw o  step procedure;

( 1 ) Find an optimal control, which minimizes

= { p , x , - + p , ( x , X T , ) - + p , ( X : - X j )-)£// (5.6)

subjected to

X  = A X  + B f  + E X j  ( 5 7 )

(N ote that the plant model does not include the nonlinear dynam ics o f  the  actuator.)

(2) Control law for a  SA  system  is

~ ■̂ vmin i f  ^ gj

where c '  is the dam ping rate derived from

C' z: A  (5 9)
s

The penalty term s p, used w ere p i = /. 0, p 2 = 10^, = 0 .0  and p 4 - 1.0^.

Finally, the Lyapunov control was established using the m ethods described in Section

3.2. The Lyapunov equation was

A ^O  OA = - P ,  O O a n d P  0 (5.10)
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where P  w as selected as (the diagonal elem ents are obtained by tuning for the best 

performance o f  system responses with a given white noise input to the system, see Section 

3.2) :

1 0  0 0 

0 1 0  0 

0 0 1 0  

0 0 0 1

The switching function o f  Lyapunov control for Equation (5 .4) is

(5.11)

^SX.V) = -  a  \— { + q ,,A P  }#(A )
\ P

(5 12)

The selection o f  the elements in P  was accomplished using an iterative tuning process, with 

a given white noise input to  the system assumed. The Lyapunov control gains obtained via 

that tuning process are listed in Table 5.3. The minimum valve area o f  semiactive actuator 

is fixed for this simulation (4vm,n " 4.0x10'^ 0  ^ 30°).

Table 5 .3 Control gains o f  the bistate controller for a heavy truck

Gains Pi P2 P3 P4

Values -3.8647x10* 2.7120x10'* -6.1684x10'* 5.1210x10'*

In order to make legitimate comparisons, an excitation input were assumed; a random 

face characterized by a random displacement and a small road bump. A portion o f  the
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random road surface profile is shown in Figure 5.2. The road bump is shown in Figure 5.3 

Next, Figures 5.4 through 5.6 represent the simulation results o f  bistate controller as 

com pared with passive suspensions with (SA  actuator valve is fixed at fully open (A^ 

Â -max)) and w ithout SAVA. Figure 5.4 depicts the transfer function between the tire 

deflection and road excitation. Figure 5.5 represents the transfer function between the 

acceleration o f  sprung mass and road excitation x co;̂  (natural frequency o f  unsprung

mass). The transfer function between the suspension deflection and road excitation is 

com pared in Figure 5 .6. The corresponding differential pressures in each cham ber o f  the 

actuator are shown in Figure 5.7. The simulation results o f  the open and closed loop 

performance for the “bump” excitation are shown in Figures 5.8 through 5.10. Figure 5 11 

shows the differential pressure versus time. Figure 5.12 depicts the com parisons o f  the 

valve actions.
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Figure 5.3 Road profiles for a swell bump used for simulation, 
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Table 5.4 Maximum-peak reduction for a bump roadway with linearized spring

C ontrol
A lgorithm s

A cceleration o f  
Sprung M ass

Tire
Deflection

Suspension
Deflection

A lgorithm  1 -29 6% -32 7% 22.8%

Algorithm  2 0.4% 1.2% -0.2%

A lgorithm  3 0.4% 1.2% -0.2%

•Algorithm 4 -3.4% 6.9% -3.8%

Clipped Optimal -33.3% -33.6% 34.8%

Passive (no SA) 7.9% -4.5% -6.7%

Passive (w ith SA)* 5.8% -3.1% -2.0%

Lyapunov Control 1.28 0.0029 0.034

Negative: worse than Lyapunov control. Positive: better than Lyapunov control. 
*: with valve fully open {Â mw " 4.0x10 '’ m'. G 30

Table 5.5 RM S reduction for a bump roadw ay with linearized spring

C ontrol
A lgorithm s

A cceleration o f 
Sprung M ass

Tire
Deflection

Suspension
Deflection

A lgorithm 1 0.8% -1.2% 20.7%

•Algorithm 2 0.2% 0.4% -0.5%

Algorithm  3 0.2% 0.4% -0.5%

A lgorithm  4 -34.7% -30.3% -44.3%

Clipped Optimal -15.8% -16.4% 27.2%

Passive (no SA) -42.5% -37.8% -55.3%

Passive (w ith SA)* -30.7% -26.5% -38.1%

Lyapunov Control 0.34 0.00077 0.0087

Negative: worse than Lyapunov control. Positive: better than Lyapunov control.
*.: with valve fully open (A^,„ 4.0x10'^ m'. G ^ 30°).
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Table 5.6 RMS reduction for a random displacement excitation with linearized spring

Control
Algorithms

Acceleration o f  
Sprung Mass

Tire
Deflection

Suspension
Deflection

Algorithm 1 16.1% -11.1% -5.0%

Algorithm 2 17.9% -8.4% -28.9%

Algorithm 3 15.8% -8.0% -33.0%

Algorithm 4 -0 1% 0.5% 12.5%

Clipped Optimal 8.0% -7.0% 21 1%

Passive (no SA) 31.5% -72.7% -72.5%

Passive (with SA)* 26.8% -29.7% - 3 1 0 %

Lyapunov Control 1.27 0.0035 0 .0 1 1

Negative: worse than Lyapunov control. Positive: better than Lyapunov control. 
*: with valve fully open (A^mn " ■f.OxIO'  ̂m \  9 30°).
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Figure 5 .4 Com parison o f  transfer function o f  tire deflection for bistate controller 
and passive with linearized spring for a random displacem ent roadway 

= 4.0x10'^ 9 - 3 0 ° ) .

Bistate control
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Figure 5 .5 Com parison o f  transfer function o f  acceleration o f  sprung mass for 
bistate controller and passive with linearized spring fo r a  random  
displacem ent roadw ay (A^mw = 4.0x10'^ m ', 9  = 30°).
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Figure 5 .6 Com parison o f  transfer function o f  suspension deflection for bistate 
controller and passive w ith linearized spring for a random displacement 
roadw ay (/Ivmm - 4.0x10'^ m ', 9  30°).
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Figure 5 .7 Com parison o f  pressure difference between bistate controller and 
passive (SAV A  valve fully open) with linearized spring for a random  
displacement roadw ay (A^mm = 4.0x10'^ m ', 0  = 30°).
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Figure 5 .8 C om parison o f  tire deflection between bistate controller 
and passive w ith linearized spring for a bump roadw ay 

4.0x10-^ m \ e  3 0 ^ .

Bistate control

Passive with SAVA, 
valve open {K = Am«,)

oi
Co
2<D
S
< Passive without SAVA

-01

-0 2

Time [sec.]

Figure 5 .9 C om parison o f  acceleration o f  sprung mass betw een bistate 
controller and passive with linearized spring for a bum p roadw ay 
Wvmm = 4.0x10 '^ m \  9 =  30°).
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Figure 5 .11 C om parison o f  pressure difference betw een bistate controller 
and A lgorithm  4 with linearized spring for a bump roadway 
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Figure 5 .12 Com parison o f  valve action o f  four algorithms, clipped optimal 
and bistate controller with linearized spring for a bump roadway.
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5.4 Control Response with Nonlinear Spring

Having established a control paradigm for the linear model o f  the '<* truck chassis 

model, then a  question remained regarding the effectiveness o f  the design to chassis that 

was characterized by nonlinear com pliant elem ents Recall that the linear model was 

identified from actual field data, and that for small perturbations one would expect the 

linearized model to  mimic the linear model. On the o ther hand, it is reasonable to ask 

w hether the controller “w orks” when the system undergoes large deviations from the 

nominal states. The following text examines that question by considering a m ore exact 

nonlinear model o f  the support springs in the chassis. The nonlinear spring model is then 

used in a simulation with the semiactive vibration absorber to determine the robustness o f  

the SA controller design.

A typical hysteresis loop for a leaf spring is shown in Figure 5 13 The upper curve 

represents compression and the lower extension. The mathematical model o f  a leaf spring 

force is [Yi, et al, 1989, He, 1994]

F, F,. (5.13)

where

F, represents the suspension force at the current simulation-tim e step,

F,., represents the suspension force at the last simulation-tim e step,

S, represents the suspension deflection at the current simulation-time step,

S,.i represents the suspension deflection at the last simulation-time step,
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Fh, represents the fo rce corresponding to the upper boundary when deflection Ô 

increases (or, alternatively, the force corresponding to  the low er boundary when 

deflection Ô decreases) at S , , and

+5', w h e n ô , < ô , ^
F h, (5 14)

K .S , + S \ when â, <S, ,

Here, f r e p r e s e n t s  the  force corresponding to the upper boundary when deflection S  

increases (o r the force corresponding to the lower boundary when deflection â  decreases) 

at S .-i , and /3, , represents the fnction param eter that characterizes the rate at which

the calculated force approaches the upper (or lower) boundary

In this case, K^i and S \ represent the spring stiffhess and intercept, respectively, o f 

the low er portion o f  the envelope, while and represent the corresponding values 

for the upper portion. N ext, both p^ and p^  provide vertical transitions between the 

upper and low er curves o f  the  force-displacem ent diagram.
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Linearized spring 
stiffness

K,

Figure 5 .13 Typical force-deflection curve o f  a leaf spring

Table 5 7 L eaf spring param eters

Symbols s, S2 Pi , Pu Kc2 Kc,

Unit N N m N/m kN/m

Values -500 500 0.0001 236 236

126



5.5 Truck Suspension Dynamics with a Leaf Spring

Figure 5.14 represents a schematic diagram o f  a quarter-car model with a leaf spring. 

This model consists o f  ( 1 ) sprung and unsprung mass, (2) a linear spring (instead o f  tire 

stiffhess), (3) a nonlinear leaf spring for suspension and (4) a SAVA.

■X,
m.

Leaf
Spring - I  SAV A

C,
X,.

K,.

Figure 5 .14 Schematic representation o f  quarter-car model 
with leaf spring and SAVA.

The equations o f  motion o f  the quarter-car model becom e

X, F sp -  c, (X,  -  Xu) ~ F j

rriu Xu -  Fsp ~ Cs(X,-  Xu) ~ ku( Xu ~ xa) ~ F j
(5 15)

where F j  represents the hydraulic force generated by SAVA and F,p the nonlinear leaf 

spring force. The time variation o f  the hydraulic pressure within the SAVA can be 

rewritten as (see Equation 5.2)
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P ( V I  - V : )S P
V 1 V 2

Define the state space vector as 

X  (at, 

then the state equations are

A p ( x . - X u ) -  ^ ) C j  Au
2 AP (5.16)

f

X  A X  + Bg(X) + E X j  4-

w here

0 0 1 0

0 0 0 1

0 &

0
f^u

a  | o  0
I m , m.

-If
E 0 0 0

tn.

G 0 0 —  -  —  

fn. m..

(5 17)

(5 18)

(5 19a)

(5 19 b, c)

(5 19d,  e)

The reader is cautioned that given the nonlinear spring stiffiiess, then the system matrix A 

is singular, and the guarantees o f  asym ptotic stability (see section 3 .2) are lost.

The nonlinear model was used in a sequence o f  simulations to  determ ine the extent 

to  which those nonlinearities might effect the predicted open and closed loop performance 

o f  the truck suspension. The Lyapunov gains developed for the linear vehicle control were
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used here to  simulate the nonlinear response. The parameters that characterize the damper 

for a heavy truck are given in Table A.4 (see Appendix A). The examples o f  the open and 

closed loop perform ance for the “bump” are shown in Figures 5.15 through 5.17 For the 

random road  profile, the RM S values o f  the sprung mass acceleration, the tire force and 

the rattle space deflection for each o f  the controllers and passive system are listed in Table 

5 ,8. The maximum and RMS values o f  the sprung mass acceleration, the tire force and the 

rattle space deflection for bump road are listed in Tables 5 9 and 5 10

Table 5 .8 RMS reduction for a random displacement excitation with leaf spring

C ontrol
Algorithm s

Acceleration o f  
Sprung Mass

Tire
Deflection

Suspension
Deflection

Algorithm  1 15.5% -9.4% -3.8%

Algorithm  2 17.7% -7.1% -27.0%

Algorithm  3 16.0% -6.4% -32.5%

Algorithm  4 -0.2% 0.4% 11.7%

Clipped Optimal 15 6% -12.7% -79 3%

Passive (no SA) 31.3% -64.6% -71.7%

Passive (with SA)* 26.3% -26.6% -31.0%

B istate Control 1.28 0.0035 0.011

Negative: worse than Lyapunov control. Positive: better than Lyapunov control. 
*: with valve fully open (Â mm " 4.0x10'^ m', d = 30°).
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Table 5 .9 Maximum-peak reduction for a bump roadway with leaf spring

Control
Algorithms

Acceleration o f  
Sprung Mass

Tire
Deflection

Suspension
Deflection

Algorithm 1 -26.4% -29.2% 22.3%

Algorithm 2 0.4% 1.2% -0.4%

Algorithm 3 0.4% 1.2% -0 4%

Algorithm 4 -3.3% 6.0% -4.3%

Clipped Optimal -30.0% -30.0% 34.1%

Passive (no SA) -4.7% 5.9% -7.3%

Passive (with SA )' -4.6% 5.9% -7.1%

Bistate Control 1.33 0.003 0.033

Negative: worse than Lyapunov control. Positive: better than Lyapunov control. 
*: with valve fully open 4.0x10'^ m'. 6  30

Table 5 .10 RMS reduction for a bump roadw ay with leaf spring

Control
Algorithms

Acceleration o f  
Sprung Mass

Tire
Deflection

Suspension
Deflection

Algorithm 1 -0.4% -2.2% 19 4%

Algorithm 2 0.3% 0.5% -0.5%

Algorithm 3 0.3% 0.5% -0.5%

Algorithm 4 -21.9% -17.6% -37.3%

Clipped Optimal -15.8% -16.5% 26.7%

Passive (no SA) -26.8% -22.1% -46.3%

Passive (with SA)* -26.4% -21.8% -45.7%

Bistate Control 0.35 0.00079 0.008

Negative: worse than Lyapunov control. Positive: better than Lyapunov control.
*: with valve fully open (Av 4.0x10-° m \ e -  30°).
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Figure 5 .15 Comparison o f  tire deflection between bistate controller 
and passive with leaf spring for a bump roadway (A^m,,
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Figure 5 .16 Comparison o f  acceleration o f  sprung mass between bistate 
controller and passive with leaf spring for a bump roadway
(A^,„ = 4 .0 x W ^ m \  9 =  30°).
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5.6 Conclusion

The results indicate that the Lyapunov control provides the best overall performance 

for a vehicle. The im portance o f  each aspect o f  response (tire deflection, sprung mass 

acceleration and rattle space deflection) can on the o ther hand skew  the apparent 

effectiveness o f each o f  the controllers. In fact the measure o f  goodness (maximum values 

versus RMS values) can alter the outcome. For example. Algorithm 4 appears to be very 

com petitive with the Lyapunov control when maximum output values (Table 5 4) are 

m easured for the bump input. On the other hand. Algorithm 4 is apparently  much less 

effectiveness when the RMS output o f  the system is m easured (Table 5 .5).

The response o f  the controlled system to  a random  displacement input (Figures 5 4 

through 5.6) indicates that the Lyapunov controller provides the g reatest amount o f 

attenuation o f  the vehicle dynamics at the vehicles resonant frequencies.

Finally, the pressure responses for the Lyapunov control for the tw o different inputs 

(see Figures 5.7 and 5.11) indicate a reasonable level o f  acting pressure in SAVA actuator
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CHAPTER SIX

RECOMMENDATIONS

The purpose o f  this chapter is to provide the reader with an indication o f  additional 

research issues need to be explored with regard to the development o f  semiactive vibration 

mitigation systems.

The most obvious research question is how does one select (design) the semiactive 

hardware? A related and possible m ore im portant question is does the SA system design 

effect the performance o f  the control design. A review o f the hydraulic Equations 

(Equations 2.9, 3.2) indicates that the control analysis must presume pre-selected values 

o f  the (double acting) face area o f  the piston in the actuator (Ap), the free stroke o f  the 

piston (/p), the bulk modulus o f  the hydraulic fluid (/% varies dramatically from one 

hydraulic fluid to the next) and the degree o f  air entertainment. The valve characteristics 

(̂ v-mrn, -4vm̂ t) are also presumed to have been pre-selected, as has C’j  the discharge 

coefficient o f the valve.

The work presented above relied on hardw are configurations that adopted based on 

engineering estimates that lead in turn to  an informed choice. For example, the SA 

actuator parameters used in the truck chassis analysis were based on a standard passive 

shock absorber. The valve characteristics employed reflect the properties o f  a readily 

available, inexpensive valve that was selected because it had very low rotational inertia 

making it ideal to applications requiring high bandwidth.

134



The need for thorough study o f  the design o f  semiactive systems is made evident with 

the following case study. When the author began his study o f  the SA seismic mitigation 

system, he presumed valves o f  the SA system parameters consistent with past work [Mo, 

1996, He, 1994]. One assumption made was that should be 45° (valve is hilly closed). 

Simulations o f  the various bistate control laws indicated how ever that complete closure 

o f  the valve produced extremely high internal pressures. A study was then initiated to 

discover is a m ore suitable value o f  might be determined. A random base excitation 

was used with an RMS amplitude o f  0.0043 m  and different Avm,„ were incorporated. The 

study was based on the Lyapunov control design.

With the actuator mounted between the first floor and the second floor, then the 

predicted RMS displacements and accelerations were recorded and plotted (Figures 6 1 

and 6.2). Figure 6.1 indicates that the SA system reduces deflection for the story on which 

it is mounted for all values of/fvmm On the other hand, the displacement o f  the story not 

outfitted with a SA actuator increases as decreases. While relative displacement is o f  

prime im portance for seismic isolation designs, the level o f  acceleration produced by the 

control action is also significant to the assessment o f  controller performance.

The acceleration amplitude (RM S) responses at each story for the various values o f  

v̂-mm used are shown in Figure 6.2. The graphical results indicate that when A,y„,„ is less 

than 14% o f  A vmax then the trade off between reduced story height at the first and second 

floor becomes significant. That sensitivity study led to the selection o f  anA^„,„ o f  14% o f  

the o f  the valve used (See Table 4,3).

The sensitivity analysis o f  the design performance versus Avmw clearly indicates that
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the values o f  the SA system param eters used can effect the perform ance in a  significant 

way It is recom m ended that a thorough and systematic effort be undertaken to develop 

a means o f  optimizing the selection o f  SA system param eters in o rder to  optim ize the 

closed loop perform ance o f  the system. That task is not trivial. Design optim ization 

methods for linear systems are  well known. Design optimization techniques fo r nonlinear 

systems are less well developed

Next, it is valuable to  com pare the performance o f  the different five control 

algorithms that effectively represent different performances for both displacem ent and 

acceleration. C hapter Tw o revealed that various physical param eters o f  SAVA  affect the 

damping behaviors o f  a dynam ic system. These parameters, o f  course, included piston 

effective area, discharge coefficient o f  the valve, valve area, etc. M ore importantly, when 

the hardware specifications o f  the SAV A are determined, the damping characteristics o f  

the system then depend on the valve area to  control. In investigating the effect o f  the 

change in valve area, one desires to  know  the effect o f  decreasing, as well as increasing, 

this area. The knowledge o f  both effects will, in turn, then provide much useful 

information as to the decision o f  optimal valve-opening area to obtain the overall 

performance desired with the given hardw are o f  a SAVA. To this end, the TD O F system 

in Figure 4.1 with SAVA (Table 2.2 lists the physical parameters o f  SAVA) w as used to 

the simulations in this work.

Figures 6.3 through 6.6 represent proper guidance options for the tw o  decisions 

regarding ( 1 ) valve area to control and (2) the control algorithms themselves. Algorithm 

4  and the bi-state controller represent a better performance (in term s o f  vibration
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reduction) than that o f  Algorithms 2 and 3 for all cases. As seen in this chapter, various 

possible control algorithms should be tested and selected to  obtain the best control 

performance when using “on-ofF’ controllers. Techniques that automatically produce best 

solutions for the combined design and control o f  a nonlinear system is a virtually 

unexplored area o f  research. The challenge is therefore significant. The next chapter offers 

concluding comments.
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CHAPTER SEVEN  

CONCLUSIONS

The w ork reported in the dissertation provides heretofore-unavailable com parison o f  

the effectiveness o f  various tw o states or bistate control algorithm s for the operation o f  

a hydraulic semiactive vibration mitigation system.

The study began with a detailed discussion o f  the various mechanisms that come into 

play when an adjustable hydraulic dam per is utilized to absorb vibration. C hapter Two 

described an analytical and experim ental effort to correlate the nonlinear dynamics o f  a 

semiactive actuator.

The next chapter (C hapter Three) provides a detailed review o f  the control approach 

that is used in most o f  the sem iactive designs that have been developed a t the University 

o f  O klahom a’s C enter for S tructural Control: the Lyapunov bistate control. While the 

dynamics o f  the SAVA  system  are demonstrably nonlinear, the actuato r provides a 

straightforward p roo f o f  the stability o f  a Lyapunov control when applied to a stable linear 

system. The author also dem onstrates that the Lyapunov design can be used directly to 

establish a state feedback law with fixed gains that provides a logical control decision: 

when to open, and when to close the by pass valve connecting the tw o hydraulic chambers 

o f  the semiactive actuator.

The actual com parison o f  different semiactive control laws is presented in Chapters 

Four and Five. C hapter Four reports the results o f  a variety o f  tests  using com peting
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bistate control laws to  govern the responses o f  a structure subjected to  an earthquake. A 

tw o-story model o f  a structure was used in the analysis this made it possible to test two 

different actuator topologies. The results clearly indicate that the Lyapunov control and 

a special variant o f  that control (which relies on the velocity and differential pressure 

across the actuator) provide nearly identical levels o f  isolation. The o ther algorithms 

tested, including the clipped optimal control design provided much less protection.

The com parison o f  the performance o f the various SA controllers was applied to a 

two-degree-of-ffeedom  linearized suspension model o f  a vehicle. Tw o types o f  road input 

were assumed: a white noise displacement and a road swell. The com parisons included 

three criteria the same controllers were applied to a nonlinear model o f  the same vehicle 

(which included a leaf spring suspension). The com parative results o f  the different 

controllers were little different from those obtained with the linear model. The Lyapunov 

control provided the best overall performance. A possible drawback to the application o f 

the Lyapunov control is that it assumes full state feedback that requires the construction 

o f  an estim ator (or observer) to produce an estimate o f  the full state vector from the 

outputs, that need poses a problem when disturbances act on the system, because in order 

to provide an accurate estimate, one must supply information about the disturbance to the 

estimator.

Tw o approaches are possible: 1) rely only on the outputs and either use one o f  the 

‘lo ca l” controllers (A lgorithm s 1 through 4) o r deweight the gains in the Lyapunov 

controller that multiply states that are not readily available. The dew eighting would have 

to be carried out indirectly by tuning the P  matrix in the Lyapunov equation (Equation
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3.9).

Finally, it is pointed out that the effectiveness o f  each o f  the algorithms tested could 

probably be improved by tuning each. No attem pt was made hereto determine best gains 

for each controller because those “best” gains are likely to vary with different inputs to the 

svstem.
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APPENDIX A

The specifications o f  the test rig are listed below:

Table A.l Semi-Active V ibration Absorbers (SAVA)

Name M odel Model Description M anufacturer

Actuator 1.5KDXSR04.0 Bore size : 0.0381 m

Rod diameter:0.011 Im 
Effective piston area 
1.043x10'- m^

Stroke : ± 0.0508 m

Parker

M otor RE03 5-071- 
33EA B 200A

DC motor. O perating 
current 3 .06 A. 
Operating Voltage: 30V

M axon m otors

Flexible coupling W A C22-4-6 Helical

Valve SS-33V F4 Orifice dia. 0.0048 m 

Flow coefficient : 0.9

W hitey Co
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Table A.2 Sensors, electronic circuit and hardware for the PC-based control system

N am e M odel M odel Description M anufacturer

LVDT #1 D LE-2000 Stroke : ± 0.0508 m Sensotec

LVDT #2 M DLC-1000 Stroke : ± 0.0254 m Sensotec

LVDT #3 AC 100 Stroke : ± 0 .1 2 7  m Solartron

LVDT m odulator 1000-0012 Trans-Tek Corp.

A bsolute pressure 
sensor

LM /2345-lO Pressure range ; 6.9 M Pa 
O utpu t:2 Im V  @ 6.9M Pa

Sensotec

A ccelerom eter 3021-005-N 5g max. O utput : 8 mv/g 1C Sensors

Encoder H ED S-5540 Res.; 500 counts/rev. H ew lett Packard

Current amplifier 2 channel Controls Lab, OU

V oltage amplifier 8 channel Controls Lab, OU

ADA board ADA3100 AD : 8 channel, 

DA : 2 channel

RTD (Real Tim e 
Devices, Inc.)

H CTL2020 
decoder board

H ew lett Packard 
H CTL2020 quadrature 
decoder/counter interface 
IC

Controls Lab, OU

DIO board CIO -D IO  24 For H CTL2020 decoder 
board

C om puter Boards, 
Inc
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Table A 3 Active hydraulic power supply units and vibrating stand

Name M odel M odel Description M anufacturer

Servo valve 76-263 Flow rate : 0.63 liter/sec M oog

A ctuator 2.5KJJ 2H 
K T24/24A -10

B ore size ; 0.0635 m 

Stroke : ± 0 .127  m

Parker

Electric m otor R -8905-01-436 15 HP, 260 V. 3 phase US M otors

Hydraulic pump AA 10V SO 28-
DFR

Axial variable 
displacement piston pump

Capacity : 0.8 liter/sec

Rexroth

A ccum ulator A 2A 0058A IK Piston type 

Capacity : 0.95 liter

Parker

Linear bearing TW A 16 Low  friction sliding unit Nippon 
Bearing Co.

Self aligning 
coupler

FA C -1250-F Com pensate 2° angular 
e rro r and 1/16 lateral 
misalignment

E&E
Engineering
Inc.

Table A 4 Param eters o f  SAVA for a heavy truck (C hapter Five)

Symbols A p Avmax f t-1.2 P

Unit m^ m^ m* N/m‘

Values 1.824x10" 1.8096x10'* 2.317x10"* 8.61x10?
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Pressure Sensors

5 ^ ^  5(D -y- '-r <D
E     — ' E
2  §

3  §
<  ^  '  <

LVDT

: • , Hydraulic
LVDT Servo-valve

----------L--------------  ‘
—'------  _ ,     Hydraulic

Decoder Signal Amplifier Power
Low Faction Conditioning   Supply

Bearing Guide

ADA

Figure A. 1 Schematic representation o f  experimental setup
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APPENDIX B

The perform ance index given by Equation (4.11) can be rew ritten as;

y = l in y l j '  {X^OX Nf + f  Rf + 2X^ 0 , X , + X  /  0 , X  , \d t  (B 1)

Matrix O.

(1 ) for Cases (a) and (b) o f  Chapter 4

0(1,1) -  /?, —V + p ,  + P j
m:

kr

m;
r

0(1,2) - -p ,   r  -  P ;  -  P ;
m:

k; k k̂.
■ +

m\ m:

0(1.3) =
m:

kx.

m
r

0(1 ,4 ) = - p , ^ - p ,
m:

k.c, k.c,
_ L ^  H —
m : m::

0 (2 ,2 ) -  p, —^  + p , + p,
m: m. m , j

P a

0 (2 ,3 ) = -p ,  ^ - p  
m-

0 (2 ,4 ) = p , ^  + P3 
m:

Vm ;

Ar.c, Æ.C, A,c, k,c, —!—L -̂---!—=_ -̂-=—L ---- :—=_

0 (3 ,3 ) -  p, —y  + p- —y

V

£l
m :

/

/w; m ; /w; m:

0 (3 ,4 ) = -p ,  - 3 ^ - p ,
/w:

• +
6-,6-,

y
(B.2)

0 (4 ,4 )  = p, - V  + P3 
m :
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(2) relative coordinates system. Equations (4.15) and (4.23)

0 (L I)  -  P,
'A c fc; K

m .m . m :
+ p ,  + p- - Y  

m:

0 ( 1 2 )  =  - p ,
m ;

k ,c .

m 3 )  = p / ' ' '

0(14)  -  - p /  ' : 

0 (2 ,3 )  = - p ,

m;

k :

P ,
k)C)
m \

k :

m :

k.c ,

0 (2 ,2 )  -  p , + p ,  —=r + P i
m : m :

m ;
0 (2 ,4 )  = p ,

k .c .
m :

0 (3 ,3 ) = p , + ■
m:

c.c.

m ,m . m: j +  P i —  m:

0 (3 ,4 )  = - p , — 0( 4, 4)  = p , - V  + p .
m. m :

c:

m:

( B 3 )

and

0(2 ,1 ) = 0(1,2), 0 (3 ,1 ) = 0(1,3), 0 (3 ,2 ) = 0 (2 ,3 )  

0(4 ,1 ) = 0(1,4), 0 (4 ,2 )  = 0 (2 ,4 ) , 0 (4 ,3 ) = 0 (3 ,4 )
(B.4)

M atrices A/̂  and R.

(1) Cases (a)

N

m:
P i

/w;
r

- - P i +  ■

A  + Pi  —

y m :  m :  j
c,

m, m ;

- P i m: P i
c.

- V  +  -  .
m i j

m : m;
(B.5 a, b)
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(2) Cases (b)

(3) system (4.15)

(4) system (4.23)

M =

P ,
m :

-p - ,
k .

— r -t ^
m : J

P3 m :

P',
m:

c.

m i J

R P,
m ;

(B 6 a, b)

P ;

- p ,

P',

/w;
' 1

/w:
c\

/n ; /n :
(B 7 a, b)

N =

P i  — r  +  P ]  — r  -  P 3 — r  
m" m \ m:

k .  k .
-  P 3 P 3 ^

/w;m :

P, - ^  + P 3 - ^m: m ;
c \ c.

(8  8)
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• +  ■

R  =
/w,/w, m :  

P,

+  ■

m: m :  

m : m:

(B9)
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