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ABSTRACT

This dissertation is devoted to three objectives: (1) the development of a method
to estimate the damping characteristics of a hydraulic semiactive vibration absorber
(SAVA). (2) the determination of bi-state control gains for a SAVA controller. and (3)
the selection of an effective control scheme (among various control algorithms) for the
closed loop operation of a system equipped with a SAVA.

The work begins with the validation of the hydraulic behavior of SAVA via
experiment using both single- and two-degree-of-freedom test setups. The work
demonstrates that the behavior of the SAVA remains closely tied to the Reynolds
number of flow through a valve orifice. In addition the results indicate that for an exact
analysis of SAVA, the frictional force between the piston body and the cylinder body
should also be included.

The dissertation next reports the results of an investigation ot how best to craft a
Lyapunov control for the SAVA system. An analytical way to determine the control
gains of a bi-state controller is presented. The stability of 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 of a bi-state controller

using a two-degree-of-freedom (TDOF) system.

XxX1



Finally. the dissertation reports on a comparative analysis of various control
architectures for the SAVA system. The work contrasts the performance of heuristic as
well as analytical control algorithms.

While significant advances have been made in the study of semiactive hydraulic
systems, there is still a need to further explore the issue of how to control a semiactive
actuator. One key question that has hereto for remained unanswered is. among the
many control rules posed for use with semiactive system. which gives the best
performance. The purpose of this dissertation is to provide a comprehensive answer to
that question. That task was accomplished here. To the author’s knowledge. this is the
first time. A comprehensive comparison of competing 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 of the
field of semiactive control practice. The first three sections of the chapter describe (1)
in terms the hardware that comprises a semiactive control actuator, (hardware), (2) the
history of the development of control algorithms for semiactive systems, and (3) a
general history of semiactive applications in engineering. The chapter closes with an

outline of 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 of electrical power. SA systems are an ideal compromise between passive
systems (which are inherently stable) and require no power and active systems (which
are fully adjustable, but prove to instabilities and which require a significant power
source). There are certain limitations to the effectiveness of a SA system when
compared to active systems. Those limitations can be overcome to some extent by
selecting a best methodology for the operation of the device.

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

initially suggested by Krasnicki [1979]. Wu et al. [1993] was among the first group of



investigators to give specific details of the hardware needed to realize a semiactive
actuator. That design consisted of accumulators and a two-stage four port servo valve
with (typical to active control systems) and a complicated system of check valves.

A SAVA operates with low levels of electrical power for signal processing and
modulation of the valve orifice area. There is no need for line power, or a hydraulic
pump. The force output of a SAVA may be varied by instantaneously modulating the
area of 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 of reducing the
vibration of (1) structures [Patten et al. 1994a.b. 1996a,b], as well as (2) vehicles [Mo
et al. 1996b].

The hydraulic SAV A consists of a two-chambered cylinder, a valve and piping that
join the two chambers of the cylinder. Both chambers of the cylinder are filled with

hydraulic fluid. (The layout of SAVA is shown in Figure 1.1).
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Figure 1.1 Schematic representation of SAVA
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1.2 SAVA Control Algorithms

The purpose of a SAVA is to mitigate the dynamic response of the structure it is
attached to. In order to provide mitigation, the valve of the SAVA 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 SAVA control schemes as there are
investigator conducting SAVA research.

SAVA control schemes can be classified into two broad design categories; namely,
continuous and discontinuous control. Both design strategies have advantages and
disadvantages. The choice of which controller approach should be employed for a
given application depends on the performance desired. The performance of different
control schemes should be confirmed and compared for a particular application.

One typical approach to the discontinuous control of semiactive dampers is the
“on-off” method, which is used to throttle the SAVA between minimum and maximum
force levels. Krasnicki [1979], Miller and Nobles [1990] provide typical examples of
“on-off” controllers for the suspension systems of vehicles. The drawback to the use of
an “on-off” control is that it provides strong discontinuities that occur during
switching, which can in turn cause unwanted control noise, harshness and component
accelerations.

Optimal control designs have been applied to semiactive control systems for a
number of years [Hrovat et al. 1981, Butsuen, 1989, Hac, 1992]. Optimal solutions are

generally impractical however because they are computationally intensive, requiring



highly sophisticated computer hardware systems for real time operation. One
“suboptimal” approach to the control of SAVA systems that has found utility is the
“clipped optimal” controller introduced by Hrovat et al. [1988], Kamopp [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. When the desired force is nondissipative, the actuator is turned off.

The “on-off” control approach proves suitable for hydraulic valves with both high-
speed performance, as well as their nonlinear characteristics. For example a bistate
controller (based on the Lyapunov function candidates) is effective when certain
nonlinear characteristics are encountered. Lyapunov stability theory represents a
powerful mathematical tool for both the analysis and synthesis of nonlinear control
systems. Despite the usefulness of the Lyapunov theory, little work has been done to
demonstrate the effectiveness of that approach to semiactive systems. The work
reported here provides a clear indication of the effectiveness of 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 the sign of a
derived switching function. Leitmann [1994] applied the same approach to the control
of a generalized (and linearized) semiactive actuator. As in other approaches to the
design of control systems, one finds that the “gains” of the “on-off” control must be
tuned to yield best results. Kalman and Bertram [1960] first demonstrated that a bistate

control algorithm does not represent the optimal solution.
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1.3 Historical Background

One of the first technical treatments of the performance of a hydraulic shock
absorber is found in a paper by James and Ullery [1932]. There, the relationship
between relief valve and temperature (to improve vehicle-riding comfort) was
investigated. Much later, Segel and Lang [1981] presented a physics based model of a
shock absorber with 82 parameters. That model proved too complex 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 of physical parameters.

The concept of semiactive (SA) force generation was first proposed by Crosby and
Karnopp [1973]. They suggested that an active force generator be replaced by a
continually-controllable damper. The assumptions made by those authors have
provided the basis of a number of subsequent published works in which SA system
control was investigated. Margolis et al. [1975] and Krasnicki [1979. 1980]
demonstrated 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 of the work done to date on SA systems has been aimed the development of
low cost adjustable shock absorbers for automobiles. Karnopp [1983] and Margolis
[1983] suggested a semiactive controller for the two-degree-of-freedom (TDOF)

quarter car model of an automotive suspension system, that control law is now referred



to as “clipped optimal” (CO). Previously, semiactive control schemes were applied to
single-degree-of-freedom automotive chassis models [Crosby and Kamopp, 1973,
Krasnicki, 1979, Margolis, 1982].

Alternative control algorithms for semiactive dampers have been proposed by
Crosby and Karnopp [1973], Hrovat et al. [1988], Miller and Nobles [1990] and Patten
et al. [1996a,b]. Specifically, Crosby and Karnopp [1973] and Hrovat et al. [1988] used
a damper whose damping force could be modulated continuously. Miller and Nobles
[1990] and Patten et al. [1996a,b] used an “on-off” type controllers.

Only a few researchers have applied semiactive dampers to structures for the
reduction of structure vibration. For example, Hrovat et al. [1983] proposed a
semiactive tuned mass damper (TMD) for structure control. Later, Singh et al. [1997]
investigated the application of 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 damper. That
work assumed a piece wise linear damping behavior.

A few investigators (e.g.. Leitmann [1994], Patten et al. [1993, 1996a]) have
demonstrated the application of the Lyapunov method to semiactive control. That
method produces a bistate controller. An important problem associated with the
synthesis of a Lyapunov controller is the selection of the Lyapunov functions. This

dissertation will explore that difficulty.



1.4 Outline of the Dissertation

The hydraulic semiactive device developed by Patten et al. [1993, 1994, 1996a,b]
consists of an external bypass loop containing a motor-controlled valve. Consequently,
its mathematical model that describes the device is nonlinear. The work conducted by
this researcher has indicated that it is extremely important to analyze the hydraulic
characteristics of SAVA with as much precision as possible. A hardware design
procedure for a hydraulic SAVA is presented in Chapter Two. The purpose of Chapter
Two is to verify the mechanistic model of a SA damper via experiments.

A semiactive bistate control scheme, based on a Lyapunov synthesis, is
investigated in Chapter Three. The effectiveness of the SAVA system is investigated by
applying it to a seismic structure. The analytical results are also verified via
experiments.

[n Chapter Four. the performance of various bang-bang type controllers are
compared to the Lyapunov control when applied to seismic structure. Simulation is
used to compare the relative effectiveness of each control scheme. The comparisons are
made for differing arrangements of the actuator topology.

[n Chapter Five, a similar comparative analysis is conducted for a semiactive
vehicle suspension. In the last chapter, recommendations for future work are offered.

and conclusions regarding the various compared control algorithms are offered.



CHAPTER TWO

DESIGN PARADIGM FOR SAVA

2.1 Introduction

This chapter describes a hardware design procedure for hydraulic semiactive
vibration absorbers (SAVA). The work involved fills a significant gap in the literature,
since very little information exists on the actual selection of hardware for a SAVA
system. The selection of SAVA hardware is based on two performance critena: (1) the
desired passive damping for a nominal configuration and (2) the bandwidth of the
adjustable damper that is needed to achieve a particular objective. The methods used to
select SAVA hardware are demonstrated using both a single-degree-of-freedom
(SDOF) and a two-degree-of-freedom (TDOF) system.

The testing of SAVA devices suggests that a rational preselection of the hardware
can save an enormous amount of time and effort by minimizing the time normally
required to tune the control-system design. A poor preselection of components can
quite often waste the benefit originally expected from the closed loop operation of the
system. The following text describes the simple procedures that, when followed,
produce a reasonable selection of the SAVA hardware. Once selected, then the system
can be tuned for near optimum performance. Examples of the experimental testing used

to verify and iteratively refine a hardware 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 hardware design. The approach relies on the notion
that, while a multi-component automotive chassis, for example, is required to operate
over a broad band of frequencies; an adjustable damper should effect the dynamics of
the critical modal frequencies of the system in a beneficial way. Moreover, the basic
design of the SAVA system should provide performance equal to or better than a
standard damper, when the SAVA operated in its passive mode. The work begins with
the characterization of the flow through the valve orifice. When 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 more general case of
turbulent flow, the damping exhibits a nonlinear characteristic. In order to assure that
the hardware for such a design provides nominal levels of 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]:



Laminar flow

T <
0, _md Ap 2
128 pvi
where v represents the kinematic viscosity of the fluid, p represents the average density
of fluid and L represents the characteristic length of the flow chamber This equation is
known as the Hagen-Poiseuille equation. where the actual flow through the valve can

be assumed as:
O, - Cu Op (2.2)

where Cy represents the flow coefficient for the linear flow through the valve orifice.
When the velocity of flow through the valve is high (or the ratio of the area between
valve onfice and inner pipe is small) the flow rate through the valve orifice can be

expressed as

Turbulent flow

»

2 AP
Qr - sgn(AP )Cy Av s (2.3)

Here, Qr represents a volumetric flow rate of turbulent flow. while AP represents

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

density. Here, sgn represents the standard signum function. (', is defined as the
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discharge coefficient for a given valve where 0<(, </ The hydraulic force due to

pressure differences occurring inside a hydraulic cylinder can be expressed as

F, - A,AP (2.4)

where 4, is the effective face area of a piston (see Figure 2.1).

The fluid to be incompressible, then the flow through the valve must equal the flow

out of (or into) one of the two piston chambers;
qu{un ) APS‘ . (25)
which suggests that

lami
APS‘ _ ( Q[_ (laminar) | (2.6)
| Oy (turbulent)

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

. [¢,s  (laminar)
F, :APAP=< (2.7)
lc; 87 (turbulent)

where

. 128pvLA;
L= T a s
md”C
; 7 (2.8)
¢y = P,
T U243CE

Here, d represents the equivalent diameter of the valve orifice opening.
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If the flow is considered compressible, then it can be shown [Merritt, 1967,

Watton, 1989] that the hydraulic continuity requires that

ap BV Ve 5.0, (29)

V.l = ppe
1y 2

where

Q e ={ Q. (laminar) (2.10)

Q, (turbulent)
Here, /7, and }'; represent the volumes of each chamber of 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

0.,..Dnx

_ X pipe (2.11)

V A,

NRe

where D, is the hydraulic diameter of the valve orifice opening [Yeaple, 1996] and A. is
orifice opening area of the valve. The Reynolds number for transition from laminar to

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

Nre wansnon = 100 . (2 [2)

The hydraulic inertia force of the fluid inside the hydraulic cylinder of SAVA can

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

Fi=mi)=pl. A, 5 (2.13)
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where /. is the effective length of fluid that affects the inertia force, which can then be
determined from the experimental results of the SAVA. This value can be ascertained
when comparing the test result and simulation of a given system.

The continuity equation of incompressible flow between the pipe and the cylinder

body can be represented (see Figure 2.1) as;

A= A,500). (2.14)

’ pipe~

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

piston body as

F.=pl.A,501). (2:15)
- (1)
T R
v 1 m. l
L L
i == =]
‘ R 7 (1) o
l I ! l_’ :,_in
S — F
A _ — - — —— e —
¢ Ap P_’ T - - b
] Pl 2 3 1 =
A S F et ’ N F,
- - T —
AP ] [ AP
— [

Figure 2.1 Schematic representation of force distribution of SAVA
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iscous friction force

A frictional force may exist between the piston and the cylinder walls of the SAVA
actuator. It can be assumed that the flow through the clearance between the piston
body and the cylinder body is Newtonian. The friction force exerted by the piston

motion can then be calculated according to the relation

APV (2.16)

P-] ' A/ (2 S
where A, represents the effective contact area of the piston body with the respect to the
cylinder body. while & represents the clearance between the piston body and the

cylinder body. This frictional force exerts an equivalent damping force F; proportional

to the velocity

F, C,,S8 (2.17)
where
Ar pv
Con - ___’6 (2.18)

[n light of the above, then the total hydraulic damping force of the cylinder can be

represented as

F, AP, -P,)+F, +F ~F, +F, +F (2.19)

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

verify the characteristics of the semiactive hydraulic hardware.
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2.3 Experimental Setup
Two different test rigs configuration were used to verify the SAVA actuator

dynamics. Both configurations are discussed next.

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

The single-degree-of-freedom (SDOF) test rig is shown in Figure 2.2.

X Ny
””” SAY,A Servo-valve
Bl k- 14
' l\l ) m S -: :4j
o - T Active Hvdraulic
Ay ra -

- - : Actuator

Low-Friction Beanings

Figure 2.2 Schematic representation of test rigs of SDOF

The equation of motion for the system shown in Figure 2.2 is
mx-cx-(k, -k-)x -, k.x, (2.20)
The hydrodynamic coupling equation of SAVA is [Patten, 1994b, 1996a]

AP BV, V)
Vab:

{4,%-0 (2.21)

2 pipe }

where £ is the bulk modulus. Defining X ={x,x}" ., then the state equation for the
system takes the form.

]



X -AX +Bg(X)+E X, (

S
88}
88}
'

where

[ o .
A=l _koks ey (2.23a)
L m m
A7 i
B:[o - "], £=|o —-]_ g(X) = AP (2.22b. c)
i m |_ m |

A two-degree-of-freedom test rig was also used in the verification effort. That ng

1s described next.

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

Figure 2.3 represents the experimental setup for the TDOF system:

mi Ki Ci me

LoD I ZTT NI L L Active Hydraulic
' T B T "~ Actuator

Low-Friction Bearings

Figure 2.3 Schematic representation of TDOF test rigs.

Here, two masses are mounted on low-friction bearings. The equations of motion for

system are
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_kl

m; X, -

m:Xx: kz(

The hydrodynami

AP

Defining

then

where

(X,'Xg)-cl(fl_f.’)_F;J
- (2.24)
;= x:) el ¥ —x2)—kal(x:—xa)—c:{ x:—xa) + F,
c coupling equation is
BOVLVadyy (-5)-0,. 1. (2.25)
I 1” 2
. [ v
Y oy, x. % ¥} X, { v (2.26)
L x|
X = AX + Bg(X) + EX, (2.27)
0 0 1 0 ]
0 0 0 l |
_ﬁ & CI+(—eq C1+C¢q , (228 a)
m; m m m; !
_k_] k1+k (-l+cm.[ Ll+ceq C: !
m-: m m: m: _
4 r {0 0 o0 k—}
3{00——" —”} E '"l (228 b. ¢)
L e m. l 000 ‘—‘
L m, |

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

The matenial presented here is intended to provide an indication of the extent to
which the hydraulic SAVA model predicts the actual process dynamics. Both the
single-degree-of-freedom the two-degree-of-freedom test rigs were employed. Each
test presents the open loop response of the system for the open valve condition (A.
Awmac) and the condition when the valve is partially closed (4. = 33% of A.m.). The
physical parameters of SAVA are given in Table 2.1. The hydraulic fluid was pre-

charged in order to reduce the effect of entrained air in the fluid.

Table 2.1 Physical parameters of SAVA

Description Notation Unit Values
Effective piston area A, m’ 1.0433 <107
Valve fully open area A e m* 1.8096<10~
Volume # | by m’ 1.043<107
Volume # 2 8 m’ 1.043<10™
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 parameters 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 parameters of SDOF system

Description Notation Unit Values
Mass m Kg 141
Spring stiffness # | ki N/m 28000
Spring stiffness # 2 k> N/m 125270
Damping coefficient c N/m/sec 100

Tests were conducted with the valve set at the following two conditions:

Case |: Valve Fully Open (8 = 0°)

Figures 2.4 through 2.15 depict the measured versus simulated response of the
SDOF to open loop inputs with the valve fully open. The data shown there represents
the steady-state responses of the SDOF system. Figures 2.4 through 2.7 depict the
comparisons between experiment and simulation when the input disturbance is
x, =0005sin(677). Here. the Reynolds number of fluid flow through the valve
changes with the respect to the variation of relative velocity of SAVA. but the
maximum Reynolds number (Ng.max < /00) indicates that the flow in this case is laminar
(0 = 3Hz).

Figures 2.4 and 2.5 depict the force-displacement and acceleration-displacement
response. The corresponding differential pressures in each chamber of the actuator are

shown in Figure 2.6 relative to the initial charge pressure (i.e., 1.03x10° N/m?).
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The statistical average of the measured 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 4Hz sinusoidal input was conducted for comparison purposes.
The response data is shown in Figures 2.8 through 2.11. The computed Reynolds
number for this case was Ngemac = 284 (turbulent flow). The force-velocity response
(Figure 2.11) again indicates that the model provides near fidelity when fluid inertia is
included. The force-velocity response (measured versus simulated) for a SHz input is
shown in Figure 2.15 The three tests confirm the accuracy of the proposed model of

the SAVA.
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Figure 2.4 Comparison of force-displacement responses when the valve is
fully open with disturbance input, x; = 0.003sin(6xt), Cyy  0.45.
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Figure 2.5 Comparison of acceleration-displacement responses when the
valve is fully open with disturbance input, x, - 0.005sin(6m),
Cy 045
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Figure 2.7 Comparison of the inertia effect when the valve is fully open with
disturbance input, x; = 0.003sin(6mt), Cy = 0.45.
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Figure 2.11 Comparison of the inertia effect when the valve is fully open
with disturbance input, x; = 0.0/sin(8nt), C4 = 0.65.
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Figure 2.12 Comparison of force-displacement responses when the valve is
fully open with disturbance input, x, 0.003sin(10m), C; 0.65.
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Figure 2.13 Comparison of acceleration-displacement responses when the
valve is fully open with disturbance input, x, = 0.005sin(10n1),
Cyq = 0.65.
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Case 2: Valve Partially Open (68 = 30°)

Case 1 (above) described the open loop characteristics of 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 compared in
Figures 2.16 through 2.18 for three different sinusoidal inputs. Figures 2.19 through
2.21 represent the time history of the system responses to a disturbance x,
0.005sin(10m). Figures 2.19 reveals the force-displacement of the system for 5Hz
input. Figure 2.20 depicts the acceleration-force and Figure 2.21 shows the differential

pressure versus time.
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Figure 2.16 Force-velocity diagrams when the valve is partially open
(A, - 4.0x10° m’, 8 = 309 with disturbance input,
xs  0.005sin(6m), Cy - 0.842.
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Figure 2.17 Force-velocity diagrams when the valve is partially open
(A.  4.0x10° m’, @ - 309) with disturbance input,
xqs = 0.005sin(8m), C,; = 0.842.
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Figure 2.18 Force-velocity diagrams when the valve is partially open
(A, +4.0x10° m", @ - 309 with disturbance input,
X;  0.005sin(10m), C; - 0.842.
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Figure 2.19 Comparison of force-displacement responses when the valve is
partially open (4, - 4.0x10° m’, & -~ 309 with disturbance input,
xs 0.003sin(10m), C,; - 0.842.
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2.20 Comparison of acceleration-displacement responses when the
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30



2.4.2 Two-degree-of-freedom test fixture

Figure 2.3 depicts the schematic representation of TDOF experimental setup. For
this setup, LVDTs and accelerometers were used to measure the relative displacements
and absolute accelerations of the two moving masses. m; and m: One LVDT was used

to measure x, (1)—x, (1), while a second LVDT tracked coordinate x.(1)—x,(1).

Sinusoidal disturbance inputs were used to compare the exact solution with the
experimental results. Two different valve positions were then used to determine
response. Table 2.1 lists the specifications of the hydraulic cylinder of SAVA for the
TDOF system, and the physical parameters of the TDOF test bed are listed in Table

2.3.

Table 2.3 Physical parameters of TDOF system

Description Notation Unit Values
Mass # 1 m; Kg 245
Mass # 2 m; Kg 37
Spring stiffness # | k; N/m 28000
Spring stiffness # 2 k> N/m 125270
Damping coefficient # 1 ¢ N/m/sec 100
Damping coefficient # 2 C: 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 of 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 of
SAVA, respectively, when the disturbance input is x, 0.0/sin(6xt). Figures 2.24 and
2.25 show the responses of force-displacement and the force-velocity of SAVA when
the disturbance input is x;  0.005sin(/0mt). The discharge coefficient of the valve for

these cases is (', = 0.65.

200 .
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Figure 2.22 Force-displacement responses of SAVA when the valve is fully
open with disturbance input x; = 0.0/sin(61), Cy = 0.65.
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Figure 2.23 Force-velocity responses of SAVA when the valve is fully
open with disturbance input, x; - 0.0/sin(6nt), C; - 0.63.
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Figure 2.24 Force-displacement responses of SAVA when the valve is fully
open with disturbance input, x; - 0.003sin(10m), C; - 0.65.
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Figure 2.25 Force-velocity responses of SAVA when the valve is fully
open with disturbance input. x;,  0.005sin(10m), C; 0.65.

Case 2: Valve Partially Open (8 = 30°)

For this test. the valve angle is fixed at 30° relative to the fully open position.
Sinusoidal disturbances with the amplitude set at 0.005m and frequency set at 3Hz.
4Hz and SHz were employed. Figures 2.26 and 2.27 represent the system responses of
force-displacement and force-velocity, respectively, when x,; = 0.003sin(6at). Figures
2.28 and 2.29 show the system responses of force-displacement and force-velocity
when x;, - 0.005sin(8m). Figures 2.30 and 2.31 depict the comparison between
simulation and experiment when x; = 0.005sin(!0nrt), which presents the responses of
force-displacement and force-velocity, respectively. Here, the discharge coetficient of

the valve is C; = 0.842 for three different disturbance inputs.
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Figure 2.26 Force-displacement responses of SAVA when the valve is
partially open (4, - 4.0x/0° m°, @ - 30°) with disturbance input
xs 0.005sin(6nt), Cy - 0.842.
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Figure 2.27 Force-velocity responses of SAVA when the valve is partially
open (4, 4.0x10°m’, @ 309 with disturbance input
xq = 0.005sin(6m), Cy = 0.842.
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Figure 2.28 Force-displacement responses of SAVA when the valve is
partially open (4, - 4.0x10°m’, 8 - 30°) with disturbance input
xs 0.005sin(8m), Cy  0.842.
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Figure 2.29 Force-velocity responses of SAVA when the valve is partially
open (4, - 4.0x10° m’, 6 - 30°) with disturbance input
xs = 0.003sin(8m), Cy - 0.842.
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Figure 2.30 Force-displacement responses of SAVA when the valve is
partially open (4, 4.0x10°m", @ 30°) with disturbance input
x; 0.005sin(10m), C; 0.842.
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Figure 2.31 Force-velocity responses of SAVA when the valve is partially
open (4, = 4.0x10° m’, @ = 309 with disturbance input
xqg = 0.005sin(10mt), Cy = 0.842.
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2.4.3 Fidelity of controlled response

The response of the SAVA system to step type inputs is examined here. That goal
is achieved by imposing a bistate feedback law that produces a complete opening or
closure of the valve based on a state feedback law. A widely used “local” semiactive

law is used [Rakheja and Sankar, 1985];

4 _ (Avm.x\ l.f 'rrel'trel > O
o _iA if x,x,, <0

vmn

where x,.; and x,,, are the relative displacement and velocity across the actuator.

A single-degree-of-freedom test stand was used to conduct the experiment (Figure
2.2). The equations of motion for the SDOF system were established previously
(Equation 2.19). The system was subjected to a sinusoidal input. The following figures
depict both the experimental and simulated for open loop operation (with the valve
fully open (8 = 0°) or 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 complete valve closure. Figure 2.32 depicts the product of x %, , when

rel
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 comparison of the open
loop and controlled response displacement and acceleration for a sinusoidal input x,

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

displacement amplitude for the control performance. Figures 2.35 through 3.39 depict a
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comparison of the simulated and experimentally measured controlled responses for a

sinusoidal input x, 0.005sin(6).
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Figure 2.32 Comparison of experiment and simulation of displacement-
velocity for controlled responses (4. Aumn  4.0x10° m", 6 309,
Cs 0.842.
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Figure 2.33 Comparison of displacement responses of experiments between
open loop (A, - Awmae, @ 09and control (A, -~ Aumn  4.0x10° -,
6 309 with disturbance input x, - 0.003sin(6m).
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Figure 2.34 Comparison of acceleration responses of experiments between
open loop (Av = Awmas 6 = 0°) and control (4, = Ay = 4.0x10° nr’,
6 = 30°) with disturbance input x, = 0.003sin(6m).
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Figure 2.35 Comparison of controlled displacement responses
(Ae  Awmn 4.0x10°m. @ 30°) with disturbance input

x; 0.0053sin(6m), C; 0.842.
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Figure 2.36 Comparison of controlled acceleration responses
(Ay = Awmin = 4.0x10° m’, 6 = 30 with disturbance input
xq = 0.005sin(6m), Cq = 0.842.
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Figure 2.37 Force-displacement responses of SAVA when the valve is

controlled (4, = Aymn - 4.0x10° n’, @ = 30°) with disturbance input
xys 0.005sin(6m), C; 0.842.
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Figure 2.38 Force-velocity responses of SAVA when the valve is controlled

(Ac * Awmn -~ 4.0x10° m°, 8 = 309 with disturbance input,
x4 - 0.005sin(6m), Cy - 0.842.
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Figure 2.39 Time history of 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) of a SAVA actuator provides a reasonable means of characterizing it's
dynamic performance. The work 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 of the valve directly relates to the Reynolds number and
the opening area of the valve [Merritt, 1967]. The flow rate through the valve is
restricted due to the size of SAVA and the relative motion of the system. The
maximum computed Reynolds number of SAVA is not big different for each case,
when the valve is fully open (6 = 0°) and partially open (6 = 30°). Therefore, the
variation of Reynolds number is small and valve characteristic (', is essentially constant.

For the turbulent flow, the discharge coefficient of the valve is (', = 0.65 when the
valve is fully open (8 = 0°) and C, = 0.842 when the valve is partially open (8 = 30°).

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

but the lowest Reynolds numbers.




CHAPTER THREE

LYAPUNOV CONTROL

3.1 Introduction and Literature Review

The treatment of nonlinear control systems is a broad area of science that has been
discussed in some detail in a number of texts. Section 3.1 of the chapter will provide a
description of the material offered in those texts as it pertains to the control of the
semiactive hydraulic systems being studied in this dissertation. A review of journal
articles relevant to the work will also be offered. Section 3.2 of the chapter will
describe the dynamics of a generic system that will be utilized in the control study here.
The Section 3.2 will also provide a description of the dynamics of the generic
(hydraulic) actuator that is used in the SA control design. The mechanical coupling
between the dynamics of actuator and the system is also discussed.

The chapter will demonstrate that Lyapunov approach provides a rigorous
technique for discovering the best possible control action at each point in time.
Numerical and experimental verification of the effectiveness of 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 of the literature pertinent to the work

presented in this chapter follows.
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The objective of the chapter is to explore the utility and the flexibility of the
Lyapunov control method and its application to semiactive systems. There are hundreds
of papers in the open literatures that describe routinely test specific problems in the
nonlinear control area. The technique applied in this chapter is not new. Certain texts
that develop the Lyapunov approach are particularly readable. Examples include the
work by Vidyasagar [1978] that provides a presentation of the general nonlinear
problem with specific discussions of the Lyapunov method. Perhaps the most widely
read and coincidentally the most recent text in the mechanical engineering field that
treats nonlinear control is that by Slotine and Li [1991]. Those authors provide wide-
ranging coverage of the Lyapunov method and include practical examples of the
application. The text by Mohler [1991] affords the novice an introduction to Lyapunov
control methods that emphasizes applications. The texts mentioned here are not all-
inclusive and in fact there are many additional excellent texts that treat the subject; but
are considered as intermediate or advanced presentations of the method. The text by
Nijmeijer and Van der Schaft [1990] is a typical example.

Leitmann [1993, 1994] demonstrated semiactive control strategy for semiactive
systems that is based on a Lyapunov approach. That control scheme has different
switching conditions compared to a conventional “on-off” controller. Patten et al.
[1996a] have also proposed the semiactive control algorithm based on a Lyapunov
stability theorem in which the controller represents “on-off” control. The performance
of that control scheme when applied to a SAVA system was verified in the areas of

structure and auto suspension both analytically and experimentally [Patten et al., 1996a.
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Mo et al., 1996b]. Hitada 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 of filtered bang-
bang control. The following section describes the semiactive hydraulic actuator control
problem in a manner that will lead naturally to its treatment using a Lyapunov approach

to synthesis of a controller.
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3.2 Semiactive Control

The lexicon of control engineering has expanded during the past two decades to
include various techniques and approaches to system controi that do not fit classical
definitions. One relatively recent modification is that systems, previously treated as
either active or passive. are now examined in terms of an intermediate possibility:
semiactive. The introduction of a new descriptor has been adopted to make clear the
nature of the power needed to achieve the control objective. At one extreme, a passive
control design is comprised of a collection of components with non-time varying
characteristics. Properly selected passive components can very often achieve a best
solution. This is especially true if the dynamics of disturbances are known apriori.
Examples of 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 power source
to achieve vibration mitigation.

Active control systems represent the other limiting control design. Active
controllers typically rely on the availability of an external energy source to power an
actuator, which is in turn regulated to achieve prescribed objectives. The power
required to operate an active control system is (in general) assumed to be of the order
of 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 friction, and actuator dynamics can severely compromise the

sought for performance of an active control design.
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The middle ground between a passive motion management design and active
control designs for a system has emerged that presents today’s control system engineer
with a much-expanded family of control solutions. While no hard and fast definition can
be pointed to, this middle ground is typically referred to as semiactive, or parameter
adaptive control. The semiactive label was first introduced by control engineers in the
automotive industry. The most common qualifier of a semiactive control system is a
prescription for the extent of external power utilized by the actuator. relative to the
energy (power) managed (or dissipated) by the actuator; it must be “small”. Every SA
system known to this author could also be thought of as a parameter adaptive passive
control. In general. a SA actuator provides judiciously selected levels of compliance
during a dynamic event. The varied compliance, in its simplest form. might be linear
damping and/or linear stiffness. Indeed, almost all of the articles that treat semiactive
control design that appear in the open literature prior to 1990 discuss the SA actuator
as a linear damper with selectable levels of damping [Karnopp et al., 1974, Krasnicki,
1979, Rakheja and Sankar. 1985, Butsuen, [989. 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 component in which the
supposed linear compliance characteristic could be designed into the hardware.

The nature of the SA device employed in an actual application govemns the
dynamics of the actuator. Those dynamics are typically complex and nonlinear, and are
generally coupled to the dynamics of 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 actuator can afford
automatically selectable level of linear damping or stiffness, the actual hardware
dynamics should be relied on at some point early in the design to confirm that the
control does achieve desired levels of performance. The dynamics of a semiactive

vibration absorber is discussed next.

3.2.1 SA hydraulic actuator dynamics

The mechanical elements that make up a SA actuator are shown in Figure [.1.
Nonlinear lumped parameter hydraulic model of the actuator has been previously

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

AP ﬁ(ij—p'f;"(A,.e-sg;z(Ap)x AP ¥ ) (1)
Ve

where s is the displacement of the piston and s is the relative velocity of the piston.

4 N\
The flow through valve is linear when N - / (/1 = Jand nonlinear when N

- 128 pvL
0.5 (A =C,A, %)

Equation 3.1 defines the state of 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 most physical applications. Equation 3.1 reflects
an assumption that the fluid density in the fluid/air mix is uniform and non-time varying

[Patten, 1996a, 1998]. The system is obviously nonlinear. The first term in the brackets
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on the right hand side of the Equation 3.1 represents the stiffness effect. This is made
more obvious if the valve is closed (4, = 0) in that case, no flow takes place, and any
change in pressure with time is a reflection of the displacement of the piston. That
motion is possible if and only if the fluid (or 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 of 3 on pressure holds

where f, represents bulk modulus of the pure fluid (free from dissolved air, 8, = 1.4
GN/m’) and P, represents atmospheric pressure. A plot of B versus P is shown in
Figure 3.1. In any real application, air is always present in the system, and the
effectiveness of the design can be significantly reduced if the design process neglects
the variation of compressibility.

When the valve is opened, then the power term N on AP comes into play. When
the flow is turbulent, the power term has a square root form, which corresponds to the
Bernoulli loss term for flow through an orifice. The loss is manifestation of the
damping, or dissipativeness of the system. When the flow is laminar, N - [ (see
Chapter Two). The model (Equation 3.1) suggests that the SA actuator can provide
two phenomenological effects, damping and stiffness, and that those effects are

combinative. It is worth noting that if the orifice area 4. 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 (A4.) as well as on the kinematics of the

stroke, which are reflected in the position dependent volumetric ratio in Equation 3.1

o+ . . " ..
(ll—l ). When the motion of the actuator is “small” then the ratio is often treated as

| Il
a constant. [f large strokes occur during the action, then the volumetric ratio can effect
the expected results considerably. The preceding discussion makes it clear that the

dynamics of a semiactive hydraulic actuator depart significantly from an ideal damper

(A, AP~ cs).
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e
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Figure 3.1 Effect of fluid/air ratio on bulk modulus

The following paragraphs describe the development of a closed loop control paradigm

for the regulation of a hydraulic semiactive actuator. The variation of fP) with the
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pressure is also assumed to be negligible for the purpose of the control design. On the
other hand. when tuning the controller via simulation, the variation of # with pressure
is included for each chamber. It is noted that the variation of # with the pressure can
become a significant issue if there is an appreciable amount of air entrained in the

hydraulic fluid (see Equation 3.2).

3.2.2 Lyapunov control
The general state equation (with the hydraulic SAVA and the external disturbance)

can be expressed as
X =AX + Bg(X)+D (3.3)

where g(X) = AP . The form of 4, B and D are defined by the particular system being
analyzed. The proceeding assumes a single actuator. The model also assumes turbulent
flow through the valve. The extension of the functional forms to more actuators is
straightforward.

A Lyapunov controller which is routinely applied to nonlinear systems with
actuator saturation limits is used here [Mohler, 1991]. A quadratic Lyapunov function

}"is adopted
V:%X’QX. (3.4)

}"represents all forms of 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. Differentiating }° with the

respect to time and substitution of the state equation produces
P =X"(A"Q+00)X + X OBg(X)+ X"QD . (3.5)

If }” is negative, then we can conclude that the system is dissipative (stable). It is
assumed that a Q exists and that 4"Q + QA4 can be selected negative semi-definite. The
last expression on the right hand side of equation (3.5) is disregarded, because there is
nothing that can be done to effect the dissipativeness of that term. Here, () represents
the positive definite solution of the algebraic Lyapunov equation for a given symmetric

positive definite P :
ATQ-Q4=-P (3 6)

Several techniques have been proposed in the literature to solve the algebraic
matrix Equation (3.6). One elementary way of solving Equation (3.6) includes direct
application of the Kronecker matrix product. The Kronecker 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 method remains both straightforward and simple for small matrices.
The disadvantage of the method, however, is that it involves a great increase in
calculation when the order of matrix A becomes 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 algonthm.

At the present time, commercially available computer software (e.g., MATLAB")
can easily calculate the matrix () of Equation (3.6). For any algorithm applied to this
calculation, however, one should determine whether or not the calculated matrix Q is
positive definite. One procedure that makes this determination involves confirming the
eigenvalues of matrix O -- according to this method, the real symmetric matrix Q is
positive definite if, and only if, all eigenvalues are positive. Alternatively. Sylvester’s
criterion for positive definiteness of quadratic forms represents another method of
calculating Q. Overall, these two methods provide a convenient (and efficient) way for

checking the stability of given matrix.

The second term of Equation (3.5) can be controlled by changing the hydraulic

damping force of SAVA. Here, let
fX) - XT0Bg(X). (3.7)

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

rewritten in terms of state vectors and controller action as

SO D pux.8(X), (3.8)

k -1

where n is the number of states of the system and m is the number of 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 4, (the valve orifice area) is selected

using the following bistate control law.

The vector p, provides a means of weighting the different states to emphasize 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 estimator will usually require some knowledge of
the disturbance.). An inspection of the control rule makes it clear however that a

judicious selection of p, (some set to zero) can help to avoid the observer issue. A

block diagram of the Lyapunov controller with full state feedback is shown in Figure
3.2. The implementation of the method is straightforward. The following section
provides analytical and experimental evidence of the effectiveness of the control law.

which is referred to as a bistate control law.

In summary, the more convenient procedures of the calculation of control gains of
bi-state controller include the following steps:
1. defining a matrix P of Equation (3.6) as a positive definite matrix (For example, the
unity matrix (P = diag(l,1....,1)) is a simple positive definite matrix. The selection

of the best diagonal elements in P (diag(p,.pz:....pwn)) 1s accomplished using an
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iterative tuning process with the comparison of system responses for a given input

to the system.)

£

. calculating matrix Q using convenient tools from the algebraic Lyapunov Equation

(3.6) and

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

(9]

B8 + X lf\ X
I/
A

a(x)

® Lgm
q,——‘ S(9)

Figure 3.2 Block diagrams of a bistate controller.

3.2.3 Stability of SA systems
This subsection discusses the stability of 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 of dynamic control

system with the initial conditions

X AX - Bg(X)+GX,. Xt ) X, (3.10)

where XY € R™'. X € R""'. the constant matrix A< R™" and the constant matrix

B e R"" . The controller action g(.Y) represents the nonlinear damping force for
SAVA system. The external disturbance X, € R" retains a bounded magnitude

(Y,<X ). Consequently, the maximum magnitude of the disturbance should be

4 max
restricted to the stable response of a system when the external input excites that
system.

The solution of Equation (3.10) is then [Bellman, 1953]

147

xw x| e“Bg(X. 1)+ GX, idr G.11)

[l

where Equation (3.11) indicates the response of the system for ¢ >, .

Theorem: The linear state equation of the time-invariant system X AX is stable if,
and only if, all the eigenvalues of 4 have negative real parts. [Chen, 1970]

Here, the square matrix 4 can be expressed in Jordan canonical form, where the
elements on the main diagonal represent the eigenvalues of A, and the elements just

above the main diagonal are either | or 0, with all other elements being O

Consequently, all elements of " exist in the form of /¢ '@/ where o, i@
q y J J
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represents an eigenvalue of A . In addition. m represents the number of multiple

eigenvalues /m 0,1,2,...m-1) with ("¢ "'®/" bounded for any m where o, is
negative. The Jordan expression of the square matrix 4 thus signifies that |[¢" || is

bounded because every entry of ¢ is bounded. Thus,

e i<pe ™ (3.12)
In addition, the controller action g(X) and the external disturbance remain bounded
(v Xy )

I Bg(X) +GX, ISk X ||+ ) (3.13)
where x and y are finite positive constants. Hence, from Equations (3.12) and (3 13)
. . .’/ .
| X))l X, I +re™ Ie el X1+, T (3.14)
Multiplying both sides of Equation (3.14) by ¢* yields

XISy 1Y, 1+ [re {icil X1 4, JdT (3 15)

Next, we recall Gronwall’s Lemma [Lefschetz, 1957},

Gronwall’s Lemma: Let K, & and ¢ be positive constants and f{?) be a scalar function

such that

59



JW<K+ [Ig() +gldr (3.16)

fore, <e<t, Ift, -1, =M , then
f)<{aM + Ke™ fore, <t<t,. (3.17)

Finally, by applying Gronwall’s Lemma

I X I 7§l X, ||+, Je e s (3.18)

If we choose « < il small enough, then 0 <xy <A . In this case, X(¢/) >0 as ¢t > x
Y

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 order to demonstrate the use of the techniques described above. we consider
here a test rig that can be used to study the motion control of simple structure. The test
rig is shown in Figure 3.3. The ng can be used to represent a two-story structure with
base excitation for example. The actuation is provided via a powered hydraulic
actuator. One possible location for a semiactive hydraulic actuator is shown in Figure

21
I

ms Ki Cy mz T e

Do L T _. Powered Hydraulic
- -7 T T w i o - Actuator

Low-Friction Bearings

Figure 3.3 Configurations of TDOF test rigs (Case 1).

The equations of motion for the device are

m; X, -k;fx/-x:)-c;(ir/'.i‘:)'A,,AP

_ (3.19)
m:¥:=ki(x;-x2) = ci{ x1=-%2)=ka(x2-xa)-c2(%2-%a) - A, AP
Using the preceding definitions and introducing the state vector,
X={x x, % un}. (3.20)

Then the matrix coefficients in Equation (3.20) can be shown to take the form
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) 0 1 0 |
0 0 0 1
A k, k, ¢ ¢, (321 a)
ml ml ml ml
.A;l_ _ k] + k: ‘_[ _ ¢ €2
i m, m, m, m: |
k T
r 0 0 0 —
A A m,
B |00 -—2 2| D S (3.21b,¢)
L m, m, 0 0 0 >
m, |
If the weighting matrix 2 is expressed as
Q={p,} i 102 .. 4 (3.22)
Then the switching law for the system is
(3.23)

S(/\/) {pl xitp.x:tpyxit Py -fZ}A'P‘

3.3.1 Case studies

The test rig discussed above provides a means of testing control laws as well as
control realizations (control hardware layout possibilities). In buildings that may be
subject to earthquakes, the engineer is faced with the responsibility of selecting an
effective, least cost control configuration. The following section will examine the

question of whether to mount the SA system between the top floor and the
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intermediate floor (Case 1, Figure 3.3), or between the intermediate floor and the

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

X1 ) X2 - Xa B
Fa
I e
ms K: Cs m2 K: C:
T U Tz D L powered Hydrauli

S R a Actuator

Low-Friction Beanngs

Figure 3.4 Configurations of TDOF test rigs (Case 2).

The amended system matrices for Case 2 are

(o 0 | 0
| |
.0 0 0 L
A, k, k, : ¢ (324 a)
moomomom
k_y _k1+k3 < e
m, m: m, m> |
T
r [o 0 0 kﬁ]
B (o 00 - ’} D, -| " (3.24b. )
L 0 0 0 —
L ”’:J
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3.3.2 Test stand specifications

A test stand was constructed to test the effectiveness of a semiactive vibration
absorber. The two masses were mounted on high precision, low friction ball bearings
and attached to rails. The weights and spring rates were carefully measured and the
system was assembled. Tests were conducted to determine the amount of apparent
damping in the system prior to mounting the semiactive damper. The measured
parameters for the test stand are given in Table 3.1.

Next. a semiactive damper was constructed. The parameters that characterize the
damper are given in Table A.1 (see Appendix A). The valve orifice area is also given
there. Testing was conducted to determine the dynamic response of the valve when
operated with a DC servomotor. A simple PID control was utilized to regulate the
commanded valve position. The closed loop bandwidth of the motor/valve pair was
determined to be in excess of 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 motor with 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 of the
double acting hydraulic actuator are given in Table A3 (see Appendix A). A PID
controller was used to accomplish command and tracking control of the base
disturbance actuator. A two way, four port electrohydraulics spool valve manufactured
by Moog Inc. was employed to provide regulation of the active fluid system. The
measured bandwidth (closed loop) of the active disturbance system was in excess of
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30Hz. The reader will note that the very light damping (less than 2% of critical
damping ratio of the first mode of the system) made any testing without a damper
problematic.

The instrumentation used in the experiment included two accelerometers mounted
on each mass, an LVDT between mass #1 and #2, an LVDT between mass #2 and the
inertial reference frame, and an LVDT to measure the position of the active hydraulic
actuator. Velocities needed to determine a control action were computed via a
numerical estimate based on the LVDT output.

Data acquisition was accomplished via a 16 channel, 200 kHz PC based 1/O board.
The sensors were sampled at | kHz. Each channel of analog input data was pre-filtered

with a low pass hardware filter (second order) with a cut off frequency of 200 Hz.

3.3.3 Test results-open loop

Open loop tests were first conducted to determine the degree of damping that the
SA actuator provided. In each case, the valve was fixed open and the system was
subjected to simple random displacement input with an RMS amplitude of 0.0028m.
Transfer functions for Case 2 are shown in Figures 3.5 and 3.6. The added damping
for the “passive” semiactive configuration is shown in Table 3.1. In order to determine
the level of friction inherent in the SA dampers, stroke tests were executed on a
separate head frame hydraulic testing unit. It was determined that the SA actuator

exhibited approximately 545 N/sec of friction (see Equation 2.16), indicating that the
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principal source of passive damping (when the valve is fixed open) is due primarily to
the flow loss through the valve.

The time history of 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 measured open loop time responses for Cases |
and 2 are shown in Figures 3.8 and 3.14. Those results indicate that the model of the

process provides an excellent means of determining the expected open loop response.

3.3.4 Test results-closed loop

Using the gain set p, (Table 3.2), then the closed loop response of the system

was simulated, and experimentally measured for Case | and Case 2. Graphical
comparisons are reproduced in Figure 3 9 (Casel) and in Figure 3.15 (Case 2). The
data shown there confirms the accuracy of the model for the controlled system. The
effectiveness of the closed loop versus passive response (4. = A.m..) for both cases is
shown in Figures 3.12 and 3.19. Table 3.3 lists the peak and RMS (root mean square)
values of the closed and open loop response for Case | and Case 2. For the
accelerations and displacements (absolute and relative) in addition, the peak values of

the pressures experienced in the actuator for Cases | and 2 are also listed.
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Table 3.1 System parameters for experiments

Svmbols m, m; ki K C c: @, o>

Unit Kg Kg N/m N/m N/m/sec | N/m/sec Hz Hz
Case | 131 136 45746 28420 100 645° 4.50 1.52
Case 2 144 193 28420 48470 645" 100 1.63 346

* includes 545 N/sec friction. w,. 0> = damped natural frequencies.

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

P P2 ps P4
Case | -1.306x10° 1.497x10° 1.466x10° -3.296«10%
Case 2 -2.032x10° 1.448x10° 1.495<10% -3.297.10%

Table 3.3 Response reductions of control compared to passive [%]

Peak RMS
Ist floor | 2nd floor | Ist floor | 2nd floor
Case | 493" 244" 477° 93°
Case 2 6.5° 14.7* 397 159"
I’j:seeFigure 3.12 j‘::see Figure 3.13.

. see Figure 3.18 ;
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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 between
the first floor and random excitation: Case 2.
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Figure 3.8 Comparison of simulation and experiment of the relative

displacement of the first floor with the passive SAVA (valve fixed
open, A, = Aymax): Case 1.
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Figure 3.9 Comparison of simulation and experiment of the relative
displacement of the second floor with the passive SAVA (valve
fixed open, A, = Auma): Case |
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Figure 3.10 Comparison of simulation and experiment of the relative
displacement of the first floor with the controlled SAVA
(Av = Awmin = 1.0x10° m’, 0 = 409): Case 1.
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Figure 3.11 Comparison of simulation and experiment of the relative
displacement of the second floor with the controlled SAVA
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Figure 3.12 Comparison of experimental results of the relative displacement
of the first floor with control (4, = Aymn = 1.0x10° m°, 8 - 409)
and passive (with SAVA, valve fixed open, A, = Auma): Case 1.
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Figure 3.14 Comparison of simulation and experiment of the relative
displacement of the first floor with the passive SAVA (valve fixed
open, A, = Auma): Case 2.
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Figure 3.15 Comparison of simulation and experiment of the relative
displacement of the second floor with the passive SAVA (valve fixed
open, A.  Auma): Case 2.
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Figure 3.16 Comparison of simulation and experiment of the relative
displacement of the first floor with the controlled SAVA
(Av = Aumin = 1.0x10° m’, @ = 409): Case 2.
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Figure 3.17 Comparison of simulation and experiment of the relative
displacement of the second floor with the controlled SAVA

(Av = Avmin = 1.0x10°m°, 8 = 409: Case 2.
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Figure 3.18 Comparison of experimental results of the relative displacement

of the first floor with control (4, = Aum. = 1.0x10°m’, 6 - 59
and passive (with SAVA, valve fixed open, 4, - A.m..): Case 2.

75



0.03 ~ . . .
0.02 | H y
1 / Passive Control
Eoo} 1 '
c A » I
[+3} ; \
E
Q
Q
~
Q.
0
(@]
-0.01
-0.02 .
0 2 4 6 8 10
Time [sec.]

Figure 3.19 Comparison of experimental results of the relative displacement
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and passive (with SAVA_ valve fixed open, A.  A.m.): Case 2.
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Figure 3.20 Comparison of experimental results of the pressure difference
between control (4, = Aumn = 1.0x10°° m’, 0= 40° and
passive (with SAVA, valve fixed open, A, = Auma): Case 1.
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Figure 3.21 Comparison of experimental results of the pressure difference
between control (4, = Awmn = 1.0x10° m’, @ - 40°) and passive
(with SAVA, valve fixed open, A, = Auma): Case 2.
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3.4 Discussion and Conclusion

The results confirm that a single actuator mounted between two of the floors in
the structure does provide significant mitigation. The reductions of 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. Using the Lyapunov bistate control. the experiment for each case is
accomplished with respectively accomplishment for case | of 47 7% (first floor) and
9.3% (second floor), and for case 2 of 3.9% (first floor) and 15.9% (second floor)
reductions in RMS for the relative displacement.

The data suggests that the semiactive hardware provide only marginal reductions
of motion of those floors to which the actuator is not attached. The results leave
unanswered the question of whether the SA hardware design might not effect the

performance. That 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 of a SA hydraulic actuator. Much of the past literature that
reports control design for SA systems has relied on heuristic control laws. In some cases
those alternative controllers have been demonstrated to provide an effective approach to
control. The majority of those works do not include a consideration of the dynamics of the
actuator. The common approach used is to assume that the SA actuator acts like an

adjustable (linear) damper with the following constraint

Comn SCSCL . 4.1)

mn

The desired level of damping (¢) is determined via a control law (The selection of ¢
is sometimes restricted to discrete levels of ¢.). A common approach to the establishment
of a control rule is to impose a realistic constraint on the operability of the device, that is

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

0< F,v (4.2)

where F, = A AP is the force delivered by the device, A4, is the piston area, 4P is the

difference of pressure across the piston and v, 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 of
the compressibility (see Equation 3.2). Various strategies can be used to establish a desired
value of damping at any instant. Hrovat et al. [1988] and Patten et al. [1994b] have for
example employed a “clipped” optimal control policy that appears to work well in
simulations. The “clipped” optimal approach presumes a linear system with a standard
LQR feedback controller. Patten et al. [1994b] does include the nonlinear dynamics of 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 moment. Next, Equation 4.2 was checked to assure dissipativeness of the
desired control force. If the dissipativeness condition is satisfied (Equation 4.2), then the
required force is achieved by adjust the damping. Noting that the force output of the

adjustable damper is linearly related to the relative velocity across the actuator
F,=cv, (4.3)

then the desired damping is

c=—r (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 of this chapter is to compare the

performance of 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 of a specific application. Consider
first the two-degree-of-freedom structure introduced previously (Figure 4.1) with two
alternative configurations. The first (Case (a)) assumes the placement of a SA actuator

between m; and m-.

ms Ky Cy my ~.. v “;111: ol :é:; -
z s o S D - .. Actuator

Low-Friction Bearings

Figure 4.1 Configurations of TDOF system for Case (a).

Simulations of the systems response to a seismic disturbance with different controllers will
be determined. In addition to the Lyapunov and “clipped” optimal algorithms, the

following four algorithms will be employed

Algorithm 1 [Kamopp et al., 1974];

{C:Cmm if %, (% -%:)<0 (4.5)

€ = Crna if %;(%;-%:)>0



Algorithm 2 [Rakheja and Sankar, 1985];

C=Cpp lgf(xl—x:)(j-,-f_,)so (4.6)
C=Cone I (X, = X)) (=% )>0
Algorithm 3;
¢ c.. f(x,-x,)AP<0 4.7
¢ -C.. If(x—-x,)AP>0
Algorithm 4;
{ c;cmm !f. (x.l-x'Z)APSO (48)

| ¢-c if (%-%:)AP>0

Algonthm | was proposed by Karnopp et al. [1974] as a means of adjusting a variable
automotive shock absorber. The logic is referred to as a sky hook damper. Algorithm 2
was proposed by Rakheja and Sankar [1985] as an alternative to the sky hook damper to

avoid the need to estimate (or measure) the absolute velocity %, The proposed algorithm

can for example be realized by a single sensor (an LVDT to measure relative displacement)
and a software filter to establish the relative velocity. Algorithm 3 is a variant of algorithm
of Algorithm 2. The two are equivalent if the actuator force is assumed 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 of the
rule is not clear, a review of 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 vanants of the Lyapunov law (Equation 3.26) with certain weight (p,) set either to |
or 0

Simulations were carried out using each of the six controllers. In each case, the
dynamics of the actuator are included in the simulation. The effectiveness of the controls
is established by comparing the RMS and maximum amplitude of the displacements and
accelerations that result. The parameters used in the simulation are given in Tables 3.1 and

34

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

Gains P1 P2 P3 Ps

Values -1.2823x10° 8.2237x10® -4.3998x10° -5.8969x10°

Clipped Optimal [Hac, 1992]

Consider the linear system described by
X = AX + Bf + EX, (4.9)

and a performance index for the system

. l T T} S .o h
J = lim —L {p X +p,(x, —x,) +p %5 + p,(x, —x,) }dt . (4.10)

Trmz

where p; and p; are weighting factors for the absolute accelerations of the second ( ¥,) and

first (¥, ) floors. and p», and p for the relative displacements of the second ( x, - x.) and
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first (x, — x,) floors. The performance index given by Equation (4.9) can be rewritten as
J = ;im -i—j:,r (XTOX +2X"Nf + fTRf +2X7Q.X, + X,70, X, jdt (4.11)

Assuming that x, can be suppressed. then, the control law that minimizes ./ for the system
(Equation (4.9)) is.given by
f, =-R'(NT + B"P)X (4.12)
where P is a positive definite solution of the following algebraic Riccati equation:
P(A-BR'N")+(A-BR'NT)P-PBR'B"P+(Q-NR 'N")=0 (4.13)
The “on-off” control law based on the clipped optimal (CO) is given as follow:

A=A F e >0 (4.14)
A =4 . if ¢ <0

where ¢’ is the damping rate modulated using Equation (4.4) and

¢’ = /. ‘ (4.15)

Table 4.2 lists the control gains of clipped optimal controller for simulation of Cases (a)
and (b), relative coordinates and two SAVAs. The minimum valve area of semiactive
actuator is fixed for the simulation of Cases (a) and (b) and relative coordinates (4.

2.5x10°m’, 8 - 109).
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Table 4.2 Control gains of clipped optimal controller for each case

Gains P1 o7) o P4
Cases (a) 1.0 1.0x10° 0.0 1.0x10°
Cases (b) 1.0 3.0x10° 1.0 3.0x10°

| System (4.16) 1.0 1.0x10° 1.0 [.0x10°
| Two SAVAs 1.0 1.0x10* 1.0 1.0x10®

Table 4.3 lists the RMS and maximum peak values of the response of the relative
displacements and absolute accelerations. The comparisons are offered relative to the
performance of the Lyapunov control. Negative values in Table 4.3 indicate that the value
is larger relative to the Lyapunov resuit. 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 displacement of 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). The acceleration responses (RMS) using Algorithm | (the sky hook
damper) 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 of the upper stories
are larger than those obtained using the Lyapunov control.

[n order to make a decision on which algorithm is best the following reasoning was
employed. The increase (or decrease) of motion (displacement or acceleration) for each

floor was added (e.g. for Algorithm 1, Table 4.3 then the sum of 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 of
the problem (seismic protection) indicates that the maximum peak measurements are the
most important critenia (Table 4.4) and that peak displacements are more 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 |

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

Relative displacement [m] Absolute acceleration [m/s”]
Control
: 2 p)
Algorithms Ist floor 2nd floor lst +2nd lst“ﬁoor -nd“ﬂoor Ist+2nd
(x: _xll) (x, _x:) (x:) (xl)

Algonthm | 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%

Algonthm 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%
Lvapunov control | 0.0067 0.9683 0.00217 .11

Negative values indicate larger values relative to Lyapunov control result.
Positive values indicate smaller values relative to Lyapunov control result.
Avmin = 2.5x10°m’, 6 = 35°

Table 4.4 Maximum-peak reduction compared with the bistate controller for Case (a)

Relative displacement [m]| Absolute acceleration [m/s’]
Control
. b) 2
Algorithms Ist floor 2nd floor Ist +2nd lst”ﬂoor _nd“ﬂoor Ist +2nd
(x: _xd) (x1 _x:) (x:) (xl)

Algorithm [ 18.8% -124.1% -105.3% -47.8% 57.6% 9.8% |

Algonithm 2 -2.0% -38.3% -40.3% -21.4% -38.0% -39.4%

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% | 356.8%
Lyvapunov control | 0.0473 0.0108 6.656 13.1

Negative values indicate larger values relative to Lyapunov control result.
Positive values indicate smaller values relative to Lyapunov control result.
Aumin = 2.5x10° 0", 9 = 35°
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4.1.2 Case (b)

The work next examines the performance of each of the six control algorithms (see

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

Low-Friction Bearings

Figure 4.2 Configurations of TDOF system for Case (b).

The simulations assume the same disturbance used in the previous section (El Centro,
1940). The Lyapunov gains were established using the method described in Section 3 2.
Those gains are given in Table 4.5. The parameters that define the system are given in
Table 3.1. The results of the simulations are listed in Table 4.6 (RMS) 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 of acceleration there.
Algorithm 4 realizes a small increase of both displacement and acceleration at the second

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

Gains P1 P2 pa P4

Values 1.3828x10% -4.0094x10" 3.3630x10° -1.4214x10"
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Table 4.6 RMS reduction compared with the bistate controller for Case (b)

Relative displacement [m] Absolute acceleration [m/s”}
Control
: 2 2
Algorithms Ist floor 2nd floor Ist +2nd lst"ﬂoor ..nd“floor Ist +2nd
(x: —xd) (x\ _x:) (x:) (xl)
Algorithm | -24.0% I.1% -12.9% 16.1% I1.1% 27.2%
Algorithm 2 Lo22.0% | -22.4% 44 5% -38.8% 222 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% SE%
Bistate control 0.00169 0.00147 0.537 0512

Negative values indicate larger values relative to Lyapunov control result.
Positive values indicate smaller values relative to Lyapunov control result.
Aemn 2.3x10°m, @ - 35°

Table 4.7 Maximum-peak reduction compared with the bistate controller for Case (b)

r T T
i | Relative displacement [m] f Absolute acceleration [m/s”|
‘ Control
: 2
Algorithms Ist floor 2nd floor [st +2nd lst”floor -nd"ﬂoor Ist +2nd
(xy —x,;) | (x;, —x,) (%,) (x,)
Algorithm 1 -34.0% -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%
Algonithm 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.
Avmin - 2.5x10° m’, 6 = 35°
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4.1.3 Relative coordinates for Case (b)

An open question at this point is whether the performance of 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) of the relative displacement between
floors in a seismic structure is a direct indication of 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, =x, -x, and z. - x,-x, then the

equations of motion of the system in state space have the form

Z - AZ - Bg(Z) - EX, (4.16)
where
0 0 1 0 | o0 ]
0 0 0 l 0
A=l Kk _k k. ¢ ¢ ¢, [.B-| 4, (4.17 a, b)
y my, o om, . m, m, m,
W ke g 4,
. om, m m, m, | L m, |
E-fo oo -1f.z-[z =z, z :zJ. (4.17 c. d)

The switching functions for the four test algorithms in terms of the relative

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

Algorithm | Algorithm 2 Algorithm 3 Algorithm 4

X.32 =, 2 . AP . AP
X. 2. I, 2, z. z.

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 of system responses with a given acceleration

earthquake (EI Centro, 1940, horizontal direction) input to the system, see Section 3.2.)

1 0 0 O
0 70° 0 O
P - : (4.18)
O 0 1 o
10 0 0 /0]

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 of the controlled response were conducted using each of 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 Algonthm 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 (4, -
Aumee  3.0x10° m°). Plots of the response of 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 of the simulations indicate;

a) There is essentially no difference in performance when the coordinate system is
changed from absolute to relative coordinates.

b) The Lyapunov controller and the local pressure/velocity (LPV) controller (Algorithm
4) provide virtually identical levels of seismic isolation.

c) Should the SA actuator fail in a valve open mode, some damping (which is desirable)

1s achieved.

Table 4.9 Control gains for the bistate controller

Gains P P2 Ps Ps

Values -4.4445x107 | -1.8355x107 | -1.2110x10?% | -7.6073x107
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Table 4.10 RMS reduction compared with the bistate controller

Relative displacement [m] Absolute acceleration [m/s”|
Control
Algorithms Ist floor | 2nd floor R Ist floor | 2nd floor 5
(x,-x,) | (x,-x;) | 1St¥20d b (e (%) Ist +2nd
Algorithm | 0.1% 4.2% 4.3% -11.4% 4.2% 72% |
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% f
Algorithm 4 0.0% 0.1% 0.1% 0.3% 0.1% 04% |
Clipped optimal -29.2% 14.0% -15.2% 1.7% 14.0% 15.7%
Passive* -632% 10.7% -52.5% -4.3% 10.7% 6.4%
Bistate control 0.0109 0.00928 2.109 3244

* 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.

Aomn  50xI0°m. 6 28°

Table 4.11 Maximum-peak reduction compared with the bistate controller

Relative displacement {m] Absolute acceleration [m/s”)
Al(;c)):ittr:rlns Ist floor 2nd floor st +7nd lst"floor 2nd“ﬂoor lst +2nd
(x,-x,;) | (x, —x.) (x.) (X))
Algorithm | -2.2% 2.1% -0.1% -54.0% 2.1% -31.9%
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.

Avmin = 5.0x10°m°, @ = 28°
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Figure 4.3 Time history of acceleration earthquake disturbance
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Figure 4.4 Comparison of the relative displacement of the first floor between
the bistate controller (Aymn = 3.0x10° m’, 8 = 289 and passive
(with SAVA, valve fully open, 4, = A.max)
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4.2 TDOF Seismic Control with Two SAVAs

4.2.1 Mathematical models

The preceding results would appear to indicate that the Lyapunov and LPV control
provide the same performance. A final test of that observation is offered here. In this case,
the seismic structure is assumed to be outfitted with an actuator at each story. The

kinematic arrangement is shown in Figure 4.6.

Xi X2 Xa
Far Fa
- ~ o —_—N .
,——‘C———‘a .—A(—«
m Ki Ci M2 Ky C; Fw = ii-—ooe
- = T -2 Hydraulic
Actuator

Low-F rict;on Bearings

Figure 4.6 Schematic representation of TDOF system with two SAVAs.

The equations of motion in absolute coordinates are given in Equation (4.19) and

relative coordinates in Equation (4.20), where y, =x, -x, and y, = x, —x,.

m; X; 7'kI(XI'x.’)'Cl(fl'x'.’)'Fdl (4 19)
m: :f: k,(x,-x;) " cl(.\",-,\?:)-k:(x;-xd)-c:(:&:'.\"4) ) ["Jl'["..‘l -

or,
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k k k: C C C2
Y ‘{_1' : jyl'—y:'(—l I ) /. y
m; m:> m: m; m:> m:
. k- . .. F, F,, _
g, Ky ke, ery cxy Ta Te g
m:> m: m: m: m: m:

The dynamics of each SA actuator is defined in Equations (4.21 a, b) and (4.22 a, b)

. ( . : 2AP,j
AP, ail Ap V,=-sgn(AP,)C s A (4.21 a)
\ P
. : 2Ap,
AP: T a: Ap;y_,-Sgn(AP:)Cd:Av: (421 b)
\
where
a ﬂ,([['l’:)' a:iﬂz(I’J»pJ)» (422&,b)
L’l L';' ’/'3 [’"4
The forces provided by each of the actuators are
Fa AnAP,. Fu: A AP (423 a.b)
where AP, - B, - P, and AP. = P, — P, . Defining state space vector,
Y:{)/I Y. W yl}r' (4.24)
The preceding model can be cast in state space form as
(4.25)

Y = AY - Bg(Y)- EX,

where
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0 0 0 I
A= ( k., k k, a  q o (4.26 a)
J— _+ = — _+_
\m_m, m, m_m, m,
k, _ k, ¢ 6
L ml mz mz ml |
0 0 ro
0 0 . AP
B - | L, A, | E= , g(¥) = . (4.26Db,c, d)
- m_l * m, 7! m, 0 AP:
. A, _ A,, .
i m, m, | LU

4.2.2 Controllers

The general form of the controller for multiple SA actuator can be rewritten from

Equation (3.7).
fY)= YT OBg(Y). (4.27)
Expanding the terms of Equation (4.27) out then the bistate rule for each actuator is

S, (¥) = {pu."l “PuY: T Pyl 'p41y:}APl (4.28 a)

S.(Y)= i) - PY: " Py~ Py }A P (4.28 b)

In addition to the Lyapunov controller, we also examine variations of the heuristic

controllers when applied to two actuators. Those control laws are listed in Table 4.12.
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Table 4.12 Switching functions of four control algorithms with two SAVAs

Algorithm | Algorithm 2 Algorithm 3 Algorithm 4
SAVA #1 £, 82 »AP »AR
SAVA #2 Xy, V. V. AP, V. AP,
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4.3 Numerical Simulations

The passive parameters used in the simulation are listed in Table 4.13 included in that
table are passive dampers which were employed to obtain the passive response of the
system assuming a forced and wear ideal level of damping;

C

(1) Damping ratio of the first floor -- {, —=== =0.13. (4.29)
2\//(/ m;
(2) Damping ratio of the second floor -- ¢ . — £ =016 (4.30)
2\”‘: m:

Those two hypothetical dampers were not included when the SA control simulations were

conducted.

Table 4.13 System parameters for simulations

Symbols m; m; k; k> ¢ C>
Unit Kg Kg N/m N/m N/m/sec. | N/m/sec.
Values 131 136 45746 28420 645 645

Using the Lyapunov control gains listed in Table 4.14 and the control laws listed above,
the RMS and maximum motion norms of the responses are listed in Tables 4.15 and 4.16.
Next, Figures 4.7 and 4.8 compare the relative displacement of each floor between the
passive (when the SA actuator valve is fixed at fully open (4, = A.ma) 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 of relative
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displacement. The minimum valve area of semiactive actuator is fixed for this simulation

(Avmins = 1.0x10°m” (6; = 409, Az = 5.0x10° m’ (8; = 289)).

Table 4.14 Control gains for bistate control (j = | or 2)

Py P2j P3 Py
SAVA #1 -1.1456 -0.0001 -0.2323 -0.2318
SAVA #2 0.0028 -1.8371 -0.3731 -0.7610
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Table 4.15 RMS reduction compared with the bistate controller

Relative displacement [m] Absolute acceleration [m/s”|
Control
Algorithms Ist floor | 2nd floor Ist floor | 2nd floor "
(x. -x,) (x, —x.) Ist +2nd (x.) (X)) Ist +2nd
Algorithm | 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%
Algonthm 3 -4.6% -1.3% -5.9% -30.0% -46.4% -76.4%
_i
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%
1 Bistatc 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 Lvapunov control result.
Positive values indicate smaller values relative to Lyapunov control result.
(Avmint  1.0x10°m" (6, - 409. Avmin> - 3.0x10° m™ (6, - 289).

Table 4.16 Maximum-peak reduction compared with the bistate controller

I .
| Relative displacement [m] Absolute acccleration [m/s”]
! Control
. Algorithms ist floor | 2nd floor Ist floor | 2nd floor R
(x. —x,) | (x, -x.) Ist +2nd (¥.) (£,) Ist +2nd
Algorithm 1 -3.9% 0.3% -3.6% -48.2% -95.3% -143.5%
Algorithm 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% -199 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.
(Avmint - 1.0x10° m” (6 = 409), Aypnz = 5.0x10° m’ (6 = 289).
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Figure 4.7 Companson of the relative displacement of the first floor between
bistate control (Awmm;  1.0x10°m’ (6, = 409, Avpnz  3.0x10° m°
(6> - 289) and passive (with SAVA, valve fully open, 4.; = Aumax,
A,> ~ Auma) for two SAVAs.
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Figure 4.8 Comparison of the relative displacement of the second floor between
bistate control (Aumni = 1.0x10° m’ (6 = 409, Aumm> = 5.0x10° m’
(6; = 289) and passive (with SAVA, valve fully open, 4,; = Amax,
Ay = Aumax) for two SAVAs.
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4.4 Conclusion

The purpose of the chapter was to provide a comparison of the performance of
various control laws that are often suggest for the regulation of semiactive hydraulic
actuators. The comparison included four heuristic rules, the clipped optimal control. the
Lyapunov control. and the passive system (SAVA attached and valve fully open). The
comparisons were made relative to the Lyapunov control performance. A two story
seismic structure was employed in the simulations, and three possibilities for the
installation of the SA actuator were considered. A comparative analysis using relative
rather than absolute coordinates was also included. Comparisons of the RMS displacement
and acceleration and the maximum displacement and acceleration were 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 whether that finding would hold for different application
of the SAVA system. That question is addressed in the next chapter where a similar

comparative analysis is conducted in terms of an automotive suspension application.
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CHAPTER FIVE

COMPARATIVE ANALYSIS OF SA CONTROL
ALGORITHMS FOR VEHICLE SUSPENSION
APPLICATIONS

5.1 Introduction

The previous chapter reported on the comparative performance of various control
strategies that provide bistate control commands for the regulation of the orifice valve of
a semiactive hydraulic damper (actuator). That study was conducted via simulations of a
seismic structure. where the principal objective was to reduce the maximum relative
displacement between floors of the structure. The results there indicated that the Lyapunov
control and the LPV (Algorithm 4) provided similar levels of performance.

The question that remains to be addressed is; do the results of the seismic structure
analysis hold for other dynamic system, where the objective of the control is different? In
order to address that question this chapter reports on the comparative performance of
various semiactive bistate controllers when applied to vehicle suspensions. The nature of
the vehicle suspension design objective is established below in terms of simplified (but
standard) chassis suspension models. Comparisons of the performance of the candidate
controllers for application to a heavy tractor-trailer type suspension with linearized

stiffness and non-linear leaf spring is considered. A review of the literature pertinent to
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semiactive automotive suspension design is discussed in the following paragraphs.

As noted previously. the semiactive suspension has been the object of considerable
previous research; both analytical and experimental. The reason is that the automotive
industry took an interest in the development of adaptable suspensions to improve ride and
handling qualities of vehicles. while costing less than a fully powered (active) suspension
design. Many of the seminal papers on SA control were published by a handful of
investigators in the 1970’s and 1980’s (see for example Hrovat [1981, 1983, 1988],
Karnopp [1974, 1987, 1988], Margolis [1975, 1982, 1983, 1984]). A review of the
development of SA suspensions for vehicles appears in Karnopp [1995].

The effort by automotive manufacturers never matured to the platform product
release stage; though trials were conducted for large numbers of various vehicles. Many
problems were encountered with the new technology. The cost and reliability of the SA
hardware components that were developed was less than acceptable, but the most
significant draw back was the lack of apparent improvement that that a SA suspension
provides relative to a passive suspension design. The human’s inability to distinguish
between small differences in dynamic levels of vibration made it impossible to convince the
buyer to invest in the proposed systems. Another serious problem encountered in the
application of SA suspensions to automobiles was the harshness that was experienced,
which was caused by a host of 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 of the SA systems for automobiles and the

perceived harshness combined to end any real interest by manufacturers in SA systems for
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automobiles.

While the application of SA suspensions to automobiles is not considered practical.
there is an open possibility that the addition of a semiactive shock absorber to a truck
suspension may have utility. The following text treats the SA truck suspension problem,

and examines the performance of the various competing controller designs.
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5.2 Truck Suspension Dynamics

The standard practice among suspension engineers is to use a simplified model to
assess the dominant features of the system design. A so-called one-quarter vehicle model
is used here to characterize the features of a typical tandem axle suspension (Figure 5.1).
The model assumes that the tire compliance is essentially linear elastic.

There are several suspension options available for trucks. A most common feature is
a compliant spring mechanism mounded between the axle and the sprung mass. Options
include leaf springs. coil springs, air springs and combinations of 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 components for small amplitude vibration.
In the case of a leaf spring, the sliding of the steel leaf spring produces a (hysteric)
damping effect in addition to an essentially linear elastic effect. Air springs provide much
less damping, and tend to be “softer” than leaf springs.

The work here examines the effectiveness of a semiactive hydraulic suspension when
installed on a generic "4 truck model. Measurements of the dynamic characteristics of a full
size truck were used [Patten et al., 1997, Kang, 1998] to obtain a set of parameters that
are desirable to the truck suspension (see Table 5.1). The truck was outfitted with steel

leaf springs.
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Figure 5.1 Schematic representation of quarter-car model
with linear spring and SAVA.

The equations of motion of the system are

m; % - —ko(x, X, )—c(x.—x.) - A,AP
(5.1)
mo % kil xi—xi)telx— %) ki(xi~xs)+AAP

The dynamics of the semiactive actuator (see Section 2.2) are

Y. 2 AP
AP - 'ﬂ(i'l L'[’ —)( Ap(i'x-x‘u)’sg’l(AP)(‘d A _p— J (52)
R 25N

Defining the state space vector as
X [x, x, . &f (5.3)

then the system equations for the Y4 truck are
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X-AX-BgX)-EX, (5.4)

where

0 0 1 0
0 0 l
A k, k, ¢, c, (55a)
mI m." m‘ mf
Kk, k +k, < o«
L mu mu mu mu p

3

r
'--[o 00 ""], gX) AP (55b.c)
[ “_J

The physical parameters that characterize the system components are given in Table 5.1.
[t 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 of the spring

components (leaf or air) would have to be included in the analysis.

Table 5.1 System parameters of a quarter-car for a heavy truck

Symbols m, m, ke Ke C O, Oy
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 important criterion. The
comfort of the passenger in the vehicle is a strong consideration. A vibration comfort
metric that has been adopted by the International Standards Organization (ISO) suggests
that the RMS acceleration level of the sprung mass be highly correlated with a human’s
perception of vibration comfort [ISO. 1991]. In addition, the control should enhance the
handling characteristics of the vehicle. In terms of the quarter truck model, desirable
handling is reflected in the variation of 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 of each control is
measured relative to the Lyapunov control. The controller performance is also compared
to the valve open passive operation of the system. Recalling the previous description of
the four local algorithms (see Section 4.1) then those algonthms expressed in terms of the

vehicle models are given in Table 5.2.

Table 5.2 Switching functions of the four control algorithms for a quarter-car model

Algorithm | Algorithm 2 Algorithm 3 Algorithm 4

-"(J(xs--tu) (x:-xu)(ix'x-u) (x.r-xu)AP (-i's—x.u)AP
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The development of “on-off” controller based on the clipped optimal (CO) was
discussed in Section 4.1. The CO control, restated in terms of the vehicle suspension
problem., is requires a two step procedure;

(1) Find an optimal control, which minimizes

r . - .
J = J: {p X7 +p.(x, —x,) + py(x. —x,) |dt (5.6)

!
2 )
subjected to

X =AX+Bf +EX,. (5.7)

(Note that the plant model does not include the nonlinear dynamics of the actuator.)

(2) Control law for a SA system is

A =4 f ¢ <c
J v vmin l-f ¢ . ('mnx (58)
AV = A\' max l-/' ¢ S c‘.’!‘lll‘l

I
N

where ¢ is the damping rate derived from

¢ = -f—' (5.9)

The penalty terms p, used were p; = 1.0, p> = 10°, p; = 0.0 and p, - 1.0°.
Finally, the Lyapunov control was established using the methods described in Section

3.2. The Lyapunov equation was

ATQ-QA=-P, Q O0andP -0 (5.10)

P
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where P was selected as (the diagonal elements are obtained by tuning for the best
performance of system responses with a given white noise input to the system, see Section

3.2):

1 0 0 0]
01 00
P- . (5.11)
001 O
0 0 0 1]

The switching function of Lyapunov control for Equation (5.4) is
2 . . .
S(X)=-a ; { quex, + G X, + G5 X, T X, + 4 AP Pg(x). (5.12)

The selection of 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 of semiactive actuator

is fixed for this simulation (Aumn = 4.0x/10°m", 8 = 309).

Table 5.3 Control gains of the bistate controller for a heavy truck

Gains p1 P2 (o} (o

Values -3.8647x10° | 2.7120x107 | -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 of 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 of bistate controller as
compared with passive suspensions with (SA actuator valve is fixed at fully open (4.

Aimac)) and without 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 of sprung mass and road excitation x ., (natural frequency of unsprung

mass). The transfer function between the suspension deflection and road excitation is
compared in Figure 5.6. The corresponding differential pressures in each chamber of the
actuator are shown in Figure 5.7. The simulation results of 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 comparisons of the

valve actions.
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Table 5.4 Maximum-peak reduction for a bump roadway with linearized spring

Control Acceleration of Tire Suspension
Algorithms Sprung Mass Deflection Deflection
Algorithm 1 -29.6% -32.7% 22 8%
Algorithm 2 0.4% 1.2% -0.2%
Algorithm 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 (with SA)" 5.8% -3.1% -2.0%
Lyapunov Control 1.28 0.0029 0.034

Negative: worse than Lvapunov control. Positive: better than Lvapunov control.
*: with valve fullv open (Aumn = 4.0x10°m’. 8 - 309.

Table 5.5 RMS reduction for a bump roadway with linearized spring

Control Acceleration of Tire Suspension
Algorithms Sprung Mass Deflection Deflection
Algorithm | 0.8% -1.2% 20.7%
Algorithm 2 0.2% 0.4% -0.5%
Algorithm 3 0.2% 0.4% -0.5%
Algorithm 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 (with 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 (Avmn = 4.0x10°m’. 6 = 309,
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Table 5.6 RMS reduction for a random displacement excitation with linearized spring

Control Acceleration of Tire Suspension
Algorithms Sprung Mass Deflection 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% -712.5%
Passive (with SA)’ 26.8% -29.7% -31.0%
Lyapunov Control 1.27 0.0035 0011

Negative: worse than Lyapunov control. Positive: better than Lyvapunov control.
*: with valve fully open (Avm, = 4.0x10 ‘m’. 6 - 309.
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Figure 5.4 Comparison of transfer function of tire deflection for bistate controller
and passive with linearized spring for a random displacement roadway
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Figure 5.5 Comparison of transfer function of acceleration of sprung mass for
bistate controller and passive with linearized spring for a random
displacement roadway (Aumn = 4.0x10° m’, 8 = 309).
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Figure 5.6 Comparison of transfer function of suspension deflection for bistate
controller and passive with linearized spring for a random displacement
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Figure 5.7 Comparison of pressure difference between bistate controller and
passive (SAVA valve fully open) with linearized spring for a random
displacement roadway (Aumn = 4.0x10° m’, 8 = 309).
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Figure 5.9 Comparison of acceleration of sprung mass between bistate
controller and passive with linearized spring for a bump roadway
(Aomun = 4.0x10° m*, 9 = 309).
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5.4 Control Response with Nonlinear Spring

Having established a control paradigm for the linear model of the '4 truck chassis
model, then a question remained regarding the effectiveness of the design to chassis that
was characterized by nonlinear compliant elements. 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 other hand, it is reasonable to ask
whether the controller “works™ when the system undergoes large deviations from the
nominal states. The following text examines that question by considering a more exact
nonlinear model of 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 of
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 of a leaf spring

force is [Yi. et al. 1989, He, 1994]

Fi Fn(Fi-Fni)e * (5.13)
where
F. represents the suspension force at the current simulation-time step,
F.., represents the suspension force at the last simulation-time step,
o, represents the suspension deflection at the current simulation-time step,

0., represents the suspension deflection at the last simulation-time step,
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F, represents the force corresponding to the upper boundary when deflection &
increases (or, alternatively, the force corresponding to the lower boundary when

deflection & decreases) at &,, and

K,6 +S, whend <o, ,
Fr . (5.14)
K. 0o, +8, whend, <0,

Here, .., represents the force corresponding to the upper boundary when deflection o
increases (or the force corresponding to the lower boundary when deflection ¢ decreases)

at 5,,,and f,. B, represents the friction parameter that characterizes the rate at which

the calculated force approaches the upper (or lower) boundary.

In this case, K., and §, represent the spring stiffness and intercept, respectively, of
the lower portion of the envelope, while K., and §, represent the corresponding values

for the upper portion. Next, both £, and S, provide vertical transitions between the

upper and lower curves of the force-displacement diagram.
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Figure 5.13 Typical force-deflection curve of a leaf spring
Table 5.7 Leaf spring parameters
Symbols S S; B, Bu Ke: K.y
Unit N N m N/m kN/m
Values -500 S00 0.0001 236 236
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5.5 Truck Suspension Dynamics with a Leaf Spring

Figure 5.14 represents a schematic diagram of a quarter-car model with a leaf spring.
This model consists of (1) sprung and unsprung mass, (2) a linear spring (instead of tire

stiffness), (3) a nonlinear leaf spring for suspension and (4) a SAVA.

Figure 5.14 Schematic representation of quarter-car model
with leaf spring and SAVA.

The equations of motion of the quarter-car model become

m; X,

I‘vfp - Cs(-*,s - x..'u) - [".l

mu.‘r.u = —

(5.15)
Fo (%= %)= kual(xa—x4) " Fu

where [, represents the hydraulic force generated by SAVA and F,, the nonlinear leaf

spring force. The time variation of the hydraulic pressure within the SAVA can be
rewritten as (see Equation 5.2)

127



P 3 AP
AP ﬂ(pl I/-)( Ap(f:-xu)-sg’(AP)(‘JAv - J (5[6)
Fub: P

Define the state space vector as
X [e. v, % =T (517)

u 5

then the state equations are

X AX +Bg(X)+ EX, +GF,, (5.18)
where
) I 0 |
0 O 0 1
A 0 ku C, C, (5193)
m, m‘ m_‘
0 _k“ L &S
L mu mu mu_
r 4, 4,7 kT
B loo -2 22 E{O 0 0 } (519b.¢c)
L m.. m, | m,
r 1 1]
G-10 0 — —-—{, g(X)=AP (5.19d, e)
L m, m, |

The reader is cautioned that given the nonlinear spring stiffness, then the system matrix A
is singular, and the guarantees of asymptotic stability (see section 3.2) are lost.

The nonlinear model was used in a sequence of simulations to determine the extent
to which those nonlinearities might effect the predicted open and closed loop performance

of 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 of the open and
closed loop performance for the “bump” are shown in Figures 5.15 through 5.17. For the
random road profile, the RMS values of the sprung mass acceleration, the tire force and
the rattle space deflection for each of the controllers and passive system are listed in Table
5.8. The maximum and RMS values of 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

Control Acceleration of Tire Suspension
Algorithms Sprung Mass Deflection Deflection
Algorithm [ 15.5% -9.4% -3.8%
Algorithm 2 17.7% -1.1% -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%
Bistate Control 1.28 0.0035 0011

Negative: worse than Lyapunov control. Positive: better than Lyapunov control.
*: with valve fully open (4vm, = 4.0x/ 0°m. 0 =309
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Table 5.9 Maximum-peak reduction for a bump roadway with leaf spring

Control Acceleration of Tire Suspension
Algorithms Sprung Mass Deflection 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 Lvapunov control. Positive: better than Lyapunov control.

*: with valve fullv open (Avpun

40x10°m™. 6 309.

Table 5.10 RMS reduction for a bump roadway with leaf spring

Control Acceleration of Tire Suspension
Algorithms Sprung Mass Deflection Deflection
Algorithm | -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 (Aymn = 4.0x10° m’. 8 = 309).
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Figure 5.15 Comparison of tire deflection between bistate controller
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5.6 Conclusion

The results indicate that the Lyapunov control provides the best overall performance
for a vehicle. The importance of each aspect of response (tire deflection, sprung mass
acceleration and rattle space deflection) can on the other hand skew the apparent
effectiveness of each of the controllers. In fact the measure of goodness (maximum values
versus RMS values) can alter the outcome. For example, Algorithm 4 appears to be very
competitive with the Lyapunov control when maximum output values (Table 5.4) are
measured for the bump input. On the other hand, Algorithm 4 is apparently much less
effectiveness when the RMS output of the system is measured (Table 5.5).

The response of the controlled system to a random displacement input (Figures 5.4
through 5.6) indicates that the Lyapunov controller provides the greatest amount of
attenuation of the vehicle dynamics at the vehicles resonant frequencies.

Finally, the pressure responses for the Lyapunov control for the two different inputs

(see Figures 5.7 and 5.11) indicate a reasonable level of acting pressure in SAVA actuator.
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CHAPTER SIX

RECOMMENDATIONS

The purpose of this chapter is to provide the reader with an indication of additional
research issues need to be explored with regard to the development of semiactive vibration
mitigation systems.

The most obvious research question is how does one select (design) the semiactive
hardware? A related and possible more important question is does the SA system design
effect the performance of the control design. A review of the hydraulic Equations
(Equations 2.9, 3.2) indicates that the control analysis must presume pre-selected values
of the (double acting) face area of the piston in the actuator (4,), the free stroke of the
piston (/,), the bulk modulus of the hydraulic fluid (8, varies dramatically from one
hydraulic fluid to the next) and the degree of air entertainment. The valve characteristics
(Avmin, Awmac) are also presumed to have been pre-selected, as has (', the discharge
coefficient of the valve.

The work presented above relied on hardware 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 of a readily
available, inexpensive valve that was selected because it had very low rotational inertia

making it ideal to applications requiring high bandwidth.
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The need for thorough study of the design of semiactive systems is made evident with
the following case study. When the author began his study of the SA seismic mitigation
system. he presumed valves of the SA system parameters consistent with past work [Mo,
1996, He, 1994]. One assumption made was that A.m, should be 45° (valve is fully closed).
Simulations of the various bistate control laws indicated however that complete closure
of the valve produced extremely high internal pressures. A study was then initiated to
discover is a more suitable value of A, might be determined. A random base excitation
was used with an RMS amplitude of 0.0043 m and different A, 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 A.m»,. On the other hand, the displacement of the story not
outfitted with a SA actuator increases as A.... decreases. While relative displacement is of
prime importance for seismic isolation designs, the level of acceleration produced by the
control action is also significant to the assessment of controller performance.

The acceleration amplitude (RMS) responses at each story for the various values of
A.min used are shown in Figure 6.2. The graphical results indicate that when Am, is less
than 14% of A.ma. then the trade off between reduced story height at the first and second
floor becomes significant. That sensitivity study led to the selection of an A .., of 14% of
the A.m. Of the valve used (See Table 4.3).

The sensitivity analysis of the design performance versus A,.» clearly indicates that
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the values of the SA system parameters used can effect the performance in a significant
way. It is recommended that a thorough and systematic effort be undertaken to develop
a means of optimizing the selection of SA system parameters in order to optimize the
closed loop performance of the system. That task is not trivial. Design optimization
methods for linear systems are well known. Design optimization techniques for nonlinear
systems are less well developed.

Next, it is valuable to compare the performance of the different five control
algorithms that effectively represent different performances for both displacement and
acceleration. Chapter Two revealed that various physical parameters of SAV A affect the
damping behaviors of a dynamic system. These parameters, of course, included piston
effective area. discharge coefficient of the valve, valve area, etc. More importantly, when
the hardware specifications of the SAVA are determined, the damping characteristics of
the system then depend on the valve area to control. In investigating the effect of the
change in valve area, one desires to know the effect of decreasing, as well as increasing,
this area. The knowledge of both effects will, in turn, then provide much useful
information as to the decision of optimal valve-opening area to obtain the overall
performance desired with the given hardware of a SAVA. To this end, the TDOF system
in Figure 4.1 with SAVA (Table 2.2 lists the physical parameters of SAVA) was used to
the simulations in this work.

Figures 6.3 through 6.6 represent proper guidance options for the two 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 terms of vibration
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reduction) than that of 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 of a nonlinear system is a virtually
unexplored area of research. The challenge is therefore significant. The next chapter offers

concluding comments.
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CHAPTER SEVEN

CONCLUSIONS

The work reported in the dissertation provides heretofore-unavailable comparison of
the effectiveness of various two states or bistate control algorithms for the operation of
a hydraulic semiactive vibration mitigation system.

The study began with a detailed discussion of the various mechanisms that come into
play when an adjustable hydraulic damper is utilized to absorb vibration. Chapter Two
described an analytical and experimental effort to correlate the nonlinear dynamics of a
semiactive actuator.

The next chapter (Chapter Three) provides a detailed review of the control approach
that is used in most of the semiactive designs that have been developed at the University
of Oklahoma’s Center for Structural Control: the Lyapunov bistate control. While the
dynamics of the SAVA system are demonstrably nonlinear, the actuator provides a
straightforward proof of the stability of a Lyapunov control when applied to a stable linear
system. The author also demonstrates 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 two hydraulic chambers
of the semiactive actuator.

The actual comparison of different semiactive control laws is presented in Chapters

Four and Five. Chapter Four reports the results of a variety of tests using competing
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bistate control laws to govern the responses of a structure subjected to an earthquake. A
two-story model of 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 of that control (which relies on the velocity and differential pressure
across the actuator) provide nearly identical levels of isolation. The other algorithms
tested, including the clipped optimal control design provided much less protection.

The comparison of the performance of the various SA controllers was applied to a
two-degree-of-freedom linearized suspension model of a vehicle. Two types of road input
were assumed: a white noise displacement and a road swell. The comparisons included
three criteria the same controllers were applied to a nonlinear model of the same vehicle
(which included a leaf spring suspension). The comparative results of 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 of
the Lyapunov control is that it assumes full state feedback that requires the construction
of an estimator (or observer) to produce an estimate of 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.

Two approaches are possible: 1) rely only on the outputs and either use one of the
“local” controllers (Algorithms | through 4) or deweight the gains in the Lyapunov
controller that multiply states that are not readily available. The deweighting 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 of each of the algorithms tested could
probably be improved by tuning each. No attempt was made hereto determine best gains

for each controller because those “best” gains are likely to vary with different inputs to the

system.
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APPENDIX A

The specifications of the test rig are listed below:

Table A.1 Semi-Active Vibration Absorbers (SAVA)

Name Model Model Description Manufacturer
Actuator 1.SKDXSR04.0 | Bore size : 0.0381 m Parker
Rod diameter:0.011Im
Effective piston area :
1.043x10" m®
Stroke : £0.0508 m
Motor RE035-071- DC motor, Operating Maxon motors
33EAB200A current - 3.06 A.
Operating Voltage: 30V
Flexible coupling WAC22-4-6 Helical
Valve SS-33VF4 Orifice dia.: 0.0048 m Whitey Co.

Flow coefficient : 0.9
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Table A.2 Sensors, electronic circuit and hardware for the PC-based control system

Name Model Model Description Manufacturer
LVDT #1 DLE-2000 Stroke : £0.0508 m Sensotec
LVDT #2 MDLC-1000 | Stroke : +0.0254 m Sensotec
LVDT #3 AC100 Stroke * £0.127 m Solartron
LVDT modulator | 1000-0012 Trans-Tek Corp.
Absolute pressure | LM/2345-10 | Pressure range : 6.9 MPa | Sensotec
sensor Output:2ImV @6.9MPa
Accelerometer 3021-005-N | 5g max. Output : 8 mv/g | IC Sensors
Encoder HEDS-5540 | Res.: 500 counts/rev. Hewlett Packard
Current amplifier 2 channel Controls Lab, OU
Voltage amplifier 8 channel Controls Lab, OU
ADA board ADA3100 AD : 8 channel, RTD (Real Time
Devices, Inc.)
DA : 2 channel
HCTL2020 Hewlett Packard Controls Lab, OU
decoder board HCTL2020 quadrature
decoder/counter interface
IC
DIO board CIO-DIO 24 | For HCTL2020 decoder | Computer Boards,
board Inc
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Table A.3 Active hydraulic power supply units and vibrating stand

Name Model Model Description Manufacturer
Servo valve 76-263 Flowrate : 0.63 liter/sec Moog
Actuator 2.5KJJ 2H Bore size : 0.0635 m Parker
KT24/24A-10
Stroke : £0.127 m
Electric motor R-8905-01-436 | 1S HP, 260 V, 3 phase US Motors
Hydraulic pump AA10VSO28- Axial variable Rexroth
DFR displacement piston pump
Capacity : 0.8 liter/sec
Accumulator A2A0058A1K | Piston type Parker
Capacity : 0.95 liter
Linear bearing TWA 16 Low friction sliding unit Nippon
Bearing Co.
Self aligning FAC-1250-F Compensate 2° angular E&E
coupler error and 1/16 lateral Engineering
misalignment Inc.

Table A.4 Parameters of SAVA for a heavy truck (Chapter Five)

Symbols Ap Avmax [/’l 1=1.2 ﬂ
Unit m? m?> m’ N/m?
Values 1.824x10° | 1.8096x10° | 2.317x10™ 8.61x10’
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APPENDIX B

The performance index given by Equation (4.11) can be rewritten as;
J = lim -i-jr {XTOX +2X"NF + fTRF+2X70.X, + X,70,.X, dt

(1) for Cases (a) and (b) of Chapter 4

ki kP kk, )
012) = -p, >~ p, -ps(—‘w -
m m m:
k
0(13) = p, 22+ p, 251
m; m:
0(1.4) = - p, k‘i—p(k‘—‘+ﬁi-j
v \m: m?
y k, )
oo p e ep B ) L,
1 2 m:)
k.c kc k.
003 =-p b [k j
v \m:ooomy
k
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(2) relative coordinates system, Equations (4.15) and (4.23)

Q(l*l):pl[k_{'*'—kL"*'fl—:'J*’p:"'p;k—{
m;= mm. m; m:

kk. k¢ k¢
Q(12)=-p, "2, Q(L3)= p, L+ p, L
2 m, )
k.c. k: k:
Q(l~4): —pz_'—;-—w Q(2~2):p1 < tps Tt P,
m: m m: (B.3)
.
k.c k.c,
Q(213) =—p3;— :l ’ Q(274) =py— 3-
m: m:
Q<3.3>:pfc—i+i+i:}p;ii
\m; mm., m: m;:
C,C, Cf C.:
03.4) = ~P ‘_:- 04.,4) = P TP
m: m_ s
and
0. =0(1,2), OG.1)=0013), 03.2)=0(2.3) B4
0(41)=0(14), 0(4.2)=0(24). 0(43)=0(.4) Y
Matrices N and R:
(1) Cases (a)
i k, k ]
ph—=+p 2
m, m;
k, k, k.
il ey
N = I Y (B5a, b)
p—5+p, —% e m
1 m:
_ p i__ cl + C:
‘m} T\ mi omi )
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(2) Cases (b)
- k, ]
Py —=
m,
(kl kq \
TPy Tt T
N = \m: m_ R:—p-;- (B.6a~ b)
C "
Py —7 -
m.
[ L‘l : j
Pl mt
| m: m; ) |
(3) system (4.15)
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1 (:‘
b py—
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(4) system (4.23)
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