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ABSTRACT 1

7

Vibration Isolation.Characteristics of a

[N

Class of Semi-Active Suspensions
' " James Atafholy . . 7~,\\\

N,
N~

In this thesis, the vibration isolation characteristics of six

-]
types of semi-active suspension schemes are presented. All schemes

+

are analysed with a simflar set of basic parameters and are compared
on the basis of peak and RMS acceleration transmissibilities. The

performance of each system is evaluated by'comparson with passive and

active ijsolators, and with each otgfr.

The suspension system is modeled as a single degree-of-freedom

‘ 4
base excited system. All six semi-active schemes give rise to

or—

. ordinary .differential equations containing discontinu1t1e§, Computer

simulation is carried out to determine system response. In the case

of two of the schemes, a special software package was used for

s

systems which use continuously varying damping is dealt with in a
unified manner. The other schemes which are based on On-0ff damping

are examined‘for the possibility of unstable switching behaviour

__which may lead to chatter of the On-Off vé]ve. .

»

Experimental results are also presented for a semi -active

control scheme employing On-Off damping.' The laboratory prototype

L4

-fif-

istabi]ity analysis. The possible lock-up behaviour in three of the




L4

, ‘ oy , ,
@ . : . ‘ -~ a:
consisted of a.modified off-road nntorcyclﬁlfront fork fitted-with a

. so]enoid controlled damper orifice. The experimental results showed

excellent corre1ation with theory and demonstrated the effectwveness

z
-~

of semi-act1ve suspension for vibration isolatio
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW -

1.1 GENERAL' INTRODUCTION

Suspensions are an integral part of any vehicle. They—perform
the important task of isolating the passenger and cargo from terrain
induc;d shock and vibration. A vehicle suspegsion Gﬁ?f'u;ually
con jsts of a spriné and damper. Normally they are "Passive Units"
beca §e they do not require any external power. By using hydraulic
or pneumatic ﬁower and sophisticated control devices, it is possible
toumﬂSQ"Active Suspensions" which could give substantially more

improved performance ‘than passive ones. But they are more complex,

- expensive, and less reliable than passive ‘suspensions.

A compromise between the active and passive types is the
“SemiJActiQe" suspension systeh. In thi§ system, no external power
is required. Desired forces are generated in a passive dampér by
modulating orifice areas for %1uid flow. However, 1ike an active
suspension system, this also _requires an instrumentation package and
control devices. It has been ;hown that a semi-active suspension can
provide a performance superior to that of a passive one without the
cost and complexity of a fully active suspension. It is the purpose »
of this investigation to carry out a comprehensive study of

semi-active suspensions.

1.2 STATE OF THE ART AND LITERATURE REVIEW

Conceptual d%sign of a vehicle suspension is usually carried out



 using a single-degree-of-freedom model. Although this is a simple

model, its characteristrics must be understood before a multi-degree
of-freedom model is studied. A single-degree-of-freedom vehicle
schematic is shown in Figure 1.1. This model neglects the unsprung
mass and the primary suspensipﬁ, and assumes that the terrain surface
is closely followed by the bése of the suspension. The suspension is
represented as a force,genérgtor S thch consists of a spring and a

\

damper mounted %n parallel. The requirement'pn the suspension is
that it should minimize the force transmitted to the mass while not
exceeding its 1imits of travel (rattle space).

‘Segeral passive, active and semi-activé suspension concepts have
been.proposed to achieve this with varying degrees of success. The
focus pf the present investigation is on the u%e of semi-active
su5pens{on for vibration isolation. Therefore the literature review
will emphasize“that area. However, a brief review of the vast amount
pf literature on passive an& active suspensions will also be
presented. This will help to placé‘the semi-active suspension in its

context as being a compromise between active and passive suspensions,

and demonstrate its adggﬁtages. o

1.2.1 PASSIVE SUSPENSION

The essential features of a passive suspension are a resilient
"]oad-supporting mechanism (spring) and an energy-dissipating

chanism (damper). In ground vehicle applications coil springs,

.
_torsion-bars or leaf 'springs are often’used and are generaly assumed

to be linear and massless. Damping is usually nonlinear in ,

)
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character but often assumed to be linear. Thus the simplified form
of isolator c;n be modeled as shown in Figure 1.2. The Hnearn
assuﬁptidns are‘;éasonable because many suspehsions operate much of
the time in.approximdtely 1inear regimes. Fuq}her, 1inear theory
gives results that can be generalized and can b‘tnt out geﬁeral

. restrictions on performance.

. \\\

. The equation of motion of a'passive single degree

freedom

1solato% can be written as:

TR 4 c(X=y) FK(X=Y) 20 . i e e e e e e e e e e
or o . ’
%+ chn(i-§)+ wp, 2(x-y) =0 VY. THRTRTP §
where | ‘5 |

¢

w2 =k/m and  g=c/(2/KWM ..o e W(123)

Transmissibility is defined for harmonic input as the ‘ratio of
the steady-state response amplitude to the excitation amplitude. For

the passive system described above, it is [1]:

1+ (26202 , ,
T=%= . 2: m‘z P ¢ B
C [1 _j(‘:’n,). 12 + [-ZCE,"] -

3
'

Figure 1.3 shows this ‘transmissibility plotied,for several values of
" the damping ratio, g. This piot illustrates the fundamental

performance'charactefi§tic of most passive suspensions, linear and
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nonlinear.

Based on this transmissibility plot, it can be seen that there
is a need for a trade-off between the performance at low'frequencig§
(w<:¢@§nn) and that at high frequencies (w>vZuw ). Lower damping

gives good isolation at high frequencies and poor resonance

- characteristics. However, higher damping results in good resonance

isolation at the expense of high frequency performance.

As mentioned earlier, damping is seldom perfectly linear. Many
researchers have studied isolators with nonlinear damping. Crede and
Ruzicka [2] have presented the results of viscous and Coulomb

friction dampers connected rigidly or elastically. Once again,

_resonance can only be avoided at the expense of high frequency

isolation. Ruzickaand Derby [3, 4] have studied various
nonlinearities including quadratic, Coulomb, velocity n-th power and
hysteritic damping. They used equivalent linearization technique [1]
to analyze each system. It was reporfed that for velocity n-th power
damping with higher values of the exponént, the hiéh frequency

isolation worsens if the resonant response is the same.,

“n pratical applications, the daﬁping characteristics could be
evep more complex than the above nonlinear models suggest. Segel and
Lang [5] bresent a very detailed model of an automotive shock
absorber. It has 82 different parameters and takes into account
fluid compressibility, development of vapor phase at low fluid

’ .
pressures etc. Computer simulation was used for the analysis.
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However, the emphasis in this work is on the'mo&eling of thé complex
fluid flows inside a damper and not on the overall suspension system
h\\)‘ ,

performance. van Viiet [6] studied motorcycle suspensions with a
highly nonlinear model using computer simulation. The model included

nonsymmetrical quadratic fluid damping, Coulomb friction, non]inear

spring due to entrapped air column, etc. /

The above studies all point out the same basic problem with

passive suspenions, namely the conflicting requirement of achwevnng

Tow transmissibw]ity at high frequencies and a c1ose to unity '
;%:”gggfnsmissibi11ty at low frequencies. Since such a requirement on (’ .
transmiss1b111ty is impossible, practical suspension design is a
compromise, depend1ng on application. In general, the minimum
natural frequency that can be ;chieved is about 1 Hz due to the faét
that the static deflection varies inversely as the square of the
ﬁ ngtuﬂﬁl frequency [7]. Damping is chdggn to 1imit the resonant peak

to an acceptable value.

"1.2.2 ACTIVE- SUSPENSION

In the case of active suspension, an active force generator is
> used to control fhe vehicle mass (Fig. 1.4). The force generater is
norma]Hy conceived to minimize the transmi;ted acceleration while
staying within its travel 1imits. Therefore, a cqmmon]y used
perfqrmaﬁée criterion in the synthesis of an activé force generator
is that the index |

I = chx-y)2 +yX2Jdt . e s e e e o e e e e e s e (1.5)
OJ' Y : @ -
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A

be minimum (v is a weighting factor). Using 6ptima1 control theory o

1t has been shown 8] that the suspension force is

Fg =~ cx - kix-y) c e e . R I I T b )

" 0 that . s

ﬁ;ti+“kﬂ=0 e & 1
or |
‘ \
§ o+ 2t X +udxy) =0 L.l (1.8) /
: ’ -~
with w, and T as defined in equation (1.3). The trarismissibility of A

this system is then given by

H . [0

T = - }+ — I N
J.i -/}/gn ( C;’n]

aﬁd is shown plotted in figure,1.§.' Since_the.dampiﬁaLforce is, to be
proportional to‘tg; absoiute velocity of the sprung mass, this system
s equivalent to the one shown\in Figure 1.6, with a passive damper
connected betwéen- the mass and the ihertial frame. Hence this system
is called a "Sky-Hook Isolator". Us{hg the performance criterion of
Eqéation (1.5), dam;}ng ratio ¢ was established to be 1//Z Q8J. The

optimum transmfssibility is also shown in Figure 1.5. This hﬁg’no

resonance amplification, and provides'high”iso1a§ion beyond'

resonance. “Comparing it with the.passive suspension performance in

Figure 1.3, it can be seen that the optimum-active shspension

performance is much superior to any passive system throughout the
‘. < ‘ :
frequency range. T

e

[

b



-10-
' 10.0 /f_.\
y ¥
, r=0.1
1 0.25
/ 0.5 _
| % -0.707 (optimai)|
1.0 -0
T A\NY
\\\‘V ..
NV
v\
) \
0.1 \_
° . AN
N \
vl AN
1 - \
¢
]
i
0.01 L . | LN
. 0.1 1.0 L — 10.0
. m/mn ‘

Fig. 1.5: Transmissibility -Plot of an Aci;fve Is\olator

L4
-

*y

-~ ———



e o .
. : ‘ . L .-"-
? v N
L WM L
. ) L c
P ’ . L:"_':'
_ _
- = LN ' .
. y
. ] | 5 | -¢- .
o - \ . ) . T
.« Flg. 1.6: Schematic df a Sky-hook Isolator
» “' L g{
/s R
‘
- ' )
) ‘ - X AC
A m EL
. a [ -
\ v o ‘ k
. i
| BN
, X \
N Flg. 1.7:, Schemat'ic.__of a Géneral .Semli -Act
e R
PR




“““““v‘./—\\ -12-

A number of papers [9, 10, 11]. discuss active suspensions using
this control scheme However this sﬁheme has_a severe limitation
because of the need td‘measu(g abs/}ﬂte velocity of .the sprung mass.
It is assumed that this can be achieved by integrating acceleration
signal. In vehicle applications, most of the input vibration ehergy

N 6ccurs at Tow frequencies [12]. Hence, integrating low frequency
agcelerétion signals to get accurate velocity values could be a —

- formidable task [13].

Active suspension can‘also’bé based on several other control
strategies. Cavanaugh [14] used a servo-actuator with jntegra] BN
displacement feedback. Schubert and Ruzicka [15] proposed a weighted
feedback of relative displacement, ré1ative velocity and ] ".'

acceleration. This systan can have extrehe1y=low hatqral frequency

/ and 1is 1nsens1t1ve to .vehicle loading. Guntur and Sankar [16]
examined various active control methods and suggested the use of
. passive elements in parellel with the active components. to’ ensure
fa11 safe operat1on Bender (8, 17] proposed preview controliahere‘
the road input 1s sensed before it reaches the suspension Sachs
(18] proposed cont1nuqus monitoring oﬁ terrain PSD with the help of
an on-board computer and varying susbension parametgrs periodically.
\ . o o )}
\ " B
Despite the wealth of theoretical studies [19], few active
z ‘suspensions have been realized in practice. In fact the only commdﬁ
type of “active" suspensioh is a “load Teveler* in yhich the average

suspension deflection is maintained at zero through the use of a slow

feedback system [10, 14]. The main.reason why active susbensions .

~
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are not widely adopted IS because of their mstal]atmn and

maintenance costs, and the1r reduced robustness and rehatnhty

5 1.2.3 SEMI-ACTIVE SUSPENSION '

| ' A> was seen from earlieg sectiong/]. the active suspension can
. ' 4

perfom better than passive ones. However, the improvement in

performance may not justify its cost. The concept of semi-:active
suspénsion was first proposed by Crosby and Karh‘opb EZOJ in 1973.
This scheme does not require hydraulic power.- Forces are generated
in a dampér by modulating its fluid flow orifices. ”'It\ attempts to
emulate a skyzhook active damper for certain parfs of a vi‘bration
cycle. a - .l ‘ - .
) Figure }.7 shows the schematic of a general semi’-.active .
isotator., The senﬁ ;active damper generates the damper force, Fq
accdrding to a certain semi-active control scheme and is.nonlinear.
The spr;’ng‘ force, Fk’ is generated by a linear spring and can be
mathgmﬁticany expressed als,Fk= k(x-y)'.t |
' e
In a semi-active force generator, Jsince no power is supp]i@

the force generated is\such that the power
Fd'(i"'i)zo e 5 e 9 o .8 ®v & 8 ® e o o -' e o o o s o e @ (1.10)

% {.e., the power associated with Fd is always dissipated. In Crosby

o

and Karnopp's scheme,

().(",Y)>0.,....-.......-.—»&(1-11)
X B ‘ |
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e I

§
This scheme was shown to give a response close to that of an

‘ac;ivg susbension L20, 21]. To-imp]gmeﬁt this control.logic, one
needs a servbva]ve with a very large bandwidth as well as the
measurement of absolute and relative velocities. As mentioned
earlier,‘the accurate measureﬁeqt of the absolute velocity‘af é

’

moving vehicle is p'near impbssible task. Therefare, this schene ‘has

v

not béen implemented for vehicle suspensions’ to dape. Howéver{ B
several theofeticaldresglts have be4355¢a§gnted for’ vehicle
apptications int]udiné air-bushion vehicles, military tank§ qhd
agricu]tﬁral tractors,.122-26, 30, 31]. The concept was also applied
to the éonﬁrol of structural .vibrations .of vehicles- and bgi]dings
{27-29]. In all these instances it has been claimed that the *
semi-activé isolator is superior to a passive system and that its

' 4 ¢
performance is comparable to that of an active one.

The control scheme in equation (1.11) requires a continuous
modulation of damper orifice area. A simpief on-of f scheme was
proposed and gxperimentd1 results were presented [22, 30, 31, 33]. __

In this case, the damper force and the control logic where goverﬁed

§ N

by

F = C(i'j) ’

XY)>0 L. (12
d o , XX S

The difference between Equations (1.11) and (1.12) is that in

éhe*latter,.the force is proportional to the relative velocity across .

<+ the dampef. ;Ihuﬁ this scheme can be implemerited using an on-off

damper. Exper%menta1 results reported indicate that the on-off semff

-
A

i
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active isolator is. superior to passive one.

Fdi' -al1 the work referenced above in this section, suspension-
performaﬁce was characterized by displacement transmissibility ﬁlots.
‘It can be seen from equations 1.11 and 1.12 that the damper force hasm
step di scontinuties. Therefore, it will contribute to sudden
acceleration changes. Since the system is non)h' near, acceleration

transmissibility may not be equal to displacement transmissibility.

This point will be detailed tn a later section.

I

The experimental work r-eported [33-35] were conducted in
laboratomes and absolute mass veloci ty was directly measured usmg

Hnear ve]ocﬂ:y transducer. However, as n%ted earlier, th1s would

© ot have been- pos;\ble for a vemc'le apphcatwn. Margolis [13]

considered the effect of using realistic feedback signals. &n
acceleration feedback was also provided to compensate for the
ndn-ideaf velocity feedback. it was founqr th}at the—berfdnnance was
inferior to the ideal feedback, but still better than the p.assive

case. However, this was only an analytical study.
I'd

" .

Krasnicki |32} and.Boonchanta [35] have presented the
'experimenta_] _results for the conti nu/o:s semi-active.control scheme of
E;;"uation 1.11. Boonchanta studied both s1‘ng1e—deg;'ee-of-f.reedan and

2-DOF systems. Using displacement transmissibilities, he showed.
’that the experimental results vinchcated theoretical pred1ct1ons.
The high frequency performance was somewhat inferior to a 11ght] y
.damped passive system. But resonance peak was effectively

eliminated.

’ L]

7 . N
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Rakheja [36] proposed’ an on-off semi-active‘damper based on
another scheme. The control requires the measurement of relative -
Velocity and relative disblacement, both qf which are directly
'azasunable even‘in vehicle applications. The schgme is:

[y

NS S X))

) Cy (X=¥) 1X=y1 , (X-¥)(x-y)< 0
C*z(;"y.) |i'9|\) ().(-).')(X‘_Y) > d s

Fa

I ek ]

. A
Vibration iSolation characteristics of this type of system will be

ana]yséd in detail in the present study.

Another class of isolators which could also be classified as

" on-off semi-active system are "dual-phase" daﬁpers. Snowdon [37] and
Guntur and Sankar [38] have studied the shock iso]afion ”
characteristies of these suspensions. Hundal [39] has also studied
the two stage damperiused as an impact absorber.

L]

1.3 SCOPE OF THE PRESENT STUDY

. In this study, various semi-active schemes wil]_be evaluated for
their vibration isolation. These schemes include the three found'#h

1iterature [éO, 33, 36] and three new ones to be proposed.

Chapter 2 presents the various isolator models and their
equations of motion. For this purpose, a generalized computer
program is developed to analyse any of these systems. Chapter 3

detajls the solution procedure and Chapter 4 presents the results for .

1
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various schemes. Most of the analysis is carried out using computer
simulations. In two cases, the results of the investigation on the

stability of the semi-attive control scnemé§ are also presented.

Chapter 5 presents *the experimental inves%ﬂgation of an on-off

semi-active damping suspension unit. The prototype was constructed
by modifying a commercial off-road motorcycle front fork. The
experimental results validate predictions presented in Chapter 4,

Finally, in Chapter 6, general conclusions are drawn and

recommendations made for future study. ; . "



L " CHAPTER 2
SEMI-ACTIVE SUSPENSION MODELS

<
7

2.1 INTRODUCTION

L

A single-degree-of-freedom suspension model is used to study the
varipus semi-active schemes. Si; types éf,contfol strategies are
analyzed: The damping force 1in %he suspension unit is generatéd
passively by mo&ﬁ]ating the fluid flow through the damper orifices.
These damper force functions depend on wheiher a caégitiqn function
is postive,~negative or zero. Based on the nature 8f these condition
functions, the six’semi-active control schemes can be divided into
three classes. In each Class there are two types: in the first type
’the damper orifice area fis coﬁfinuou§]y modulated (requiring -
ﬁservo-éontrol); the second type is based on on-off control. Table
2.1 summarizes these various types. “Type 1 and 2 are Karnopp and
Crosby's continuous [20] and on-off [33] schemes. Type 3 in an
original concept using continuous control derived from Rakheja's [36]

on-off schet which is Type 4. Type 5 and 6 are ba;ed on relagive

velocity measurement alone.

Referring to Figure 1.7 the equation of motion of the -suspended

mass can be written as:

Y mx .f qu+ Fk = 0 L - e L L . . L L] L4 L] L) L] L] L ] L] . L] . . (2.1)

where

Fk = kz , 2 = X-y

18-
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-

Fg =Fq/m .

4

o o (2-@)

F& is the fofée*ﬁg;erated in the semi-active damper according to the

formulations that follow 15ections,2.2-2.7). These sections only

treat the case of the conditioﬁ function being negative or positive.

When the conditioh function is zero, all the 6 schemes can be treated

in a unified manner.

This is detailed in Section 2.8.

Table 2.1: The Six Semi-Active Schemes

®

Type No. | Basis of Control Scheme Continuous/On-of f
¥ S
1 Abs. vel. and rel. vel. Continuous
2 Abs. vel. and rel., yel. On-off
3 Rel. disp. and rel. vel. Continuous
4 Rel. disp. and rel. vel.. On-off
5 Relative velocity Continuous
6 i Relative velocity On-of f

4,\

)
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"2.3 TYPE 2 SEMI-ACTIVE SYSTEM

. -20-

T - ' -

2.2 TYPE 1 SEMI-ACTIVE SYSTEM .

This scheme was described in Chépter 1. HoweVer, for -the sake
of completeness, the damper force equations will be repeated here.
20 X, XZ>0

Fa: .o e ® ¢ e ® o 2 » o = o;ouoi‘&z'a)
0 , XZ<0 < i

-

This uses an on-off control with the damper force defined by:.

‘ Cwnz , xZ >0 ,
F& = .o N e e e o & & 6 ® & o s o o o e s o o (2.4‘)
0 , Xz<0 '

This scheme was origina]lylgzoposed by Roley [30, 31]. He

' presenté@ simulation results foﬁ\: four-degree-of-freedom tractor cab

suspension system with random inputs. He concluded that the Type 2

system gives 20 to 30 percent better vibration attenuation than a

ﬁassive system. Krasnicki [33] reported experimental results for
sinusoidal excitatibn. Hrovat and Margolis [34]’a1§6/presented

ekperimental results of a pneumatic on-off isolator employing the
same condition function as Equatidn (2.4). The results from both

these\{hvestigations show that although the semi-active suspension

providbd good low frequéncy isolation, the high frequency performance

was compromised. Margolis, et al. [22] also studied pneumatic

suspension system based oninpe 2 control scheme and presented
y o
simulation and experimental results for step inputs.

I [}
b

)

-
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The vibration isolation characteri§t1cs of the basic Type. 2

system has not been theoreticai]y studied in detail so far. .This

task {s undertaken here. It will be shown that this system has some

inherent drawbacks.

/

2.4 TYPE 3 SEMI-ACTIVE SYSTEM

Rakheja [36] observed that the damping force in a passive damper
tends to increase the acce]erationlgf the sprung mass during part of
a vibration cycle. This happens when the spring force and the damper

force have the same direction. Therefore it was proposed that an

" on-off damper be used which gives zero (or a very low) damping during

this part of the cycle. When this is not the case, the damper acts
1ike a fixed orifice passive damgzr. However,.when spring force and
tbé damper force are in opposite directions, if it is pos?ible to
generate a force in the damper with the same magnitude as the‘ﬁpring
force but opposing it, then thé net force acting on the mass will be

zero. This idea is the basis of Type 3 semi-active scheme.

4

\

- s .2<0 ' L
Fa a ' . e & o 8 e o 6 8 o 8 v e s o & 0(205)
. 0 Py Z:>0 ) * _ ¢

where g is the gain. In this study the effect of « on the system
sbehaviour will be investigated.

]

It is possible to implement this scheme using a servo-actuator

to control the damper orifice. This would be similar to the

ki

48

ar
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implementation of Type'1 semi-active damper reported by Boonchanta

[35]. From the control point of view, the obvious advantage of, this

v \ - .
system js. that it requires only the measurement of relative

. . , L "
displacement and relative velocity. These quantities can be measured

directly even for a moving vehicle suspension.

2.5 TYPE 4 SEMI-ACTIVE SYSTEM

This scheme corresponds to the one by Rakheja [36], except with _‘

‘a differenfe in that™a daﬁper with linear viscous damping will be

used insteéad of quadratic damping. The damper force is then given

by:

| / .
' rlimi, )z.i<r0 ’ o

(zs)

>

at this scheme has inherent stability problems

It was foundt)

and this wi\ll be inv@stigated in detail. v

&- o ~ p -

SEMI-ACTIVE SYSTEM -

o

2.6 TYPE 5

Thff'type‘of systém has the damper force

o

F., .2>0
Fd=_

o

Fo » z<0

o-"--oo-;-c-ootoo:’.n-(2;7)
where F° is a-constant. This damper foréergan be produced in a .
semi-active way by a continuous modulation of dampeF'orifices.
However, the forces given by Eduation (2.7) can also be generated

passively by a Coulomb friction device. One djstinctive feature of

-

\
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)solutions (44, 45], and numerical simulation‘;esults L46] are also

. ) ' , ;23- A
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gpufomb friction is that it causes the suspension to iock-up'under

certain conditions. A‘geheraﬂiﬁgd'tgeétment of the lock-up behaviour

B e N
’

for all semi-active isolatQrs is dealt with in detail in Section 2.8.

The suggestion thgg the damper'provide a'coﬁsfanf*?prce as in
Equa?ion (2.?) can be arrived at Tnfuitiﬁe]y. From Figure 1;9, th;h
shows the transmissibility of a passive isolator, one can obsérve
that the highly damped systém has good resonanceﬁisplation while

giving a bad high frequehcy isolation. This is due to the dependence

of dihper fdrce on frequency (via velocity). In-order to avoid this

ane can arri?e at the concept of a damp;r which giv§s<a constant
maghitude force opposing the relativq_motion% irrespéEtive of .
frequency. 3 r : C b
, .
From a shock fsolgtibn pdini of view, a spriqg and‘éoulomb
damper suspension has been identified as an Optimuﬁ isolator 140,741/,

Its vibration isolation characteristics haS'be%gmstudied by several

researchers. Levitan [42] used a Fourier series approximation for

v
.thg Coulomb friction force. He obtained closed form solutions for

the case wnen continuous motion exists. Sch]ésfh;ér4L4dj has
pﬁasen;gd exact analytical solution for sticking and slipping phases.
. - Q N
For system with friction between mass and.ground, exact analytical
5N

availabie.

In .the present study, the Coulomb friction damped isolator is

p(esented as Type 5 sgmi;active.system. This has been doqe primarily

4 . . -
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for the sake of completenei/,’ It will be shown that Type 6
sem1-aet1ve system is.an on-off control version of the Type 5
system. Moreover the exact nomerical s1mu1atwon results for the .
Coulomb damped suSpension is not known to have been reported so far.
The results presented, although not néew, compares weT] with -~
analytical studies referred to earlier. This demonstrates the e
accuracy of the simu1a£ion‘methoqplogy; in pafficu]ar that of A‘ |
unified treatment of -lock-up cond1t1on for all semi-active schemes
(sect1on 2.8). . \ s

o & . /.
2.7 TYPE 6 SEMI-ACTIVF SYSTEM . '

This ‘scheme- operates based on relative velocity, and the damper

»

force is )
Id 3 .
: . . 4
)
thlwnz .’ ‘Z‘ < VS . » ¢ . .
F:j = A . . 'o o‘- * ‘e 2 & 9o 0 @ o)l . 0(208) :
2wz, ld>v - S ~ -~
2'n" 'S . . :
‘ : P N
> : _ - . N
‘where’C2<: Ly @ and VA is called the switching velocity. Tnis sqhéme : ; s
is similar to the dua1 phase damping proposed for shock mounts by /;w/*tf*\\\
et Ty .._..—/ . .
Snowdon [37]. In the present study the scheme is_extended for {
vibration isolation and the criterion for selecting V. ig formulated. \
: . . ) ] ,
The passive suspension system shown {in Figure 1.2 s a //

characterized by the set of equatwons (1.1) to (1.4). The
%ransm1ss1b111ty of this systan is shown in F1gure 1. 3 plotted fd?
' various values of dam;1ng ratio, ¢, Referr1ng to this figure, we
denote the ¢&sponse for § = 9.} as “oabc" and that for £ = 1.0 as

"odbe". The aim of Type 6 seﬁi-active system i{s to try to obtain‘o

©
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T3

‘response curve such as “"odbc”. This corresponds to a bassive system

with r = 1.0 for mw</7mn and r = 0.1 for w > /E“n'”
: '

&

From Equation (1.1), the amplitude of the steady sigte\re]ative

. A
velocity can be written as . ‘ ‘ .
(1(::—)2 aw
‘V = n e s s o e s s e% o o -0 o (209)
(1 - (2232 (2022, -
J “n - ¥n

v

4

where a is the amplitude of “the sinusoidal input. Figure 2.1 shows
thisjplotted for £ = 0.1 and ¢ = 1.0. It can be seén that the curvé

for ' = 1.0 increases mbnotonfca11y with frequency. Thus the value

A

- of the amplitude of the relative velocity is a ‘measure of the

frequency. This value at v = /?wn is denoted a§ VS. Then from

-

Equation (2.9), ! | ‘
® ’ ~‘ : 1 - .. %
v =33"zx By e e e e e (2010)

S

This is the switching velocity, for the Type 6 on-off semi-active
damper described by Equation (2.8). '

-
L]
o

Damping force of the form in Equation (2.8) can be produced by a
relief valve mounted\onhphe damper piston. In fact, such an
arrangement can be seen in some off—road motorcycle rear
§hock-absnrbers [47]. Afiempts érg alsé mAde to incorporate them in
aircraft 1a:33ng gear [48]. _Howevgr'these designs are carried out on
purely empiricq]hbastg.‘ In the preseqt study, a gystematic

theoretical basis for such suspensions has been preseﬁted.

« -~

Experimental results are also presented for this type of isolator

which confirm the theoretical predictions.
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2.8 SYSTEM EQUATIONS WHEN CONDITION FUNCTION BECOMES ZERO
: Y

r

In the.foregoing sections equations ef motion for the 6 types
of semi-act%'ve schemes have been presented. In eéch of ,ihese schemes
the damping force was defined for g:he positive an‘d m;fgative values of
the ‘condition _fupction. The situation when the” condition functior; is
zero is- treated in_this section. Only the semi-active schemes
emp'Toy'ing continuous control (Types 1, 3, and 5) can possibly handle

this situation édequate]y. /:Phe on-off control schemes, by their very

. nature, can only provide two stages of damping forces corresponding

@

to the positive or negative sign of the condition function.
Therefore, one must examine the qn-off control schemes to see if the -

switching behaviour is stable.

2.8.1 Contifiuous Control Semi-Active Schemes ' \
" Karnopp, et al. [20, 21] have described the control strategy for

the Type 1 system when the condition function is zero. For this

" system, the condition function is

6y = (X - y)
when °1' = 0, two spécia] cases exié,:c. In the firsf case X = 0, in
which case, it is desired to have F:i =.0. The seco}nd case is when
X #0and (X - y) = 0. In this case, the semi-active damper can ’
attempt to apply the' force 2cwni. Depending on subsequent time
history of motion, the condition function becomes either ﬁegative or
positive so that Eqdktion (2.3) applies, or ‘the force chni may be,

large enough to tock-up the syéem. Duringllock-uﬁ, X =y and the
spring force is F, = m;‘;~ {x - y). Thenthe<damper force is v

¥

&
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F&=—y—mﬁ(x—y‘)....uo-..-to---‘;~~0(2011)
| N

Thus the Type 1 semi-active system will lock-up when (X - y) = O and

the desired force ZCmni is greaterwthan the expression'in‘Equation )

©(2.11).

~
Following a similar argument, it is possible to deal with ¢3-0
situation for the Type 3 system. In this situation a1sd two special

cases arise. In the first case (x - y) = 0, in.which case, the

. damping force F&~= 0. The second case occurs when (X - y) = 0 and

(x - y) # 0. In this case, the system will lock-up’ if the desired
force Fy, (F} =.-aw§(x - y)) is greater: than the expression in
1

Equation (2.11).

For the Type 5 system, the zero\conditibn function, bg =0
occurs when (X - y) = 0. In this case, the lock-up persists as long
as the lock-up force of Equa&}pn (2.11) is less than the friction ®

force, Fo, i.e., lock-up exists for

Fo >]:y. +u)'?‘ (X - y)l e 8 6 e o s s e e+ o e & s e o+ e @ 0(2012)
.e . '
The above arguments can be unified to provide a succinct, yet
general, condition for lock-up situation. This will in fact define
the necessary condition for the existence of so}utfons for

differential equﬁtions with discontinuities.

N
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Copsider a first order differential equation such -as

o

Fl(x,'t) 9 ¢>0 cc-oo‘oo-ooco'o-(2013) %,

Pk ), 6<0 wuii. i (2.14)
| : |

Wh@l"@@’@(x,t) 0.."0....'.....4:0000(2.15‘)

X 1v jefined by eitheritquation (2.13’ or (2.14) depending pﬁ the
si;:uﬁ;\?he condition- function, ¢. Suppose ¢ is initially greater
than zero\énd’fﬁzz\?t*ﬂow becomes zero. Consequently we switch frmn
Euation 2.13 to Equation 2.14. pr if ¢ is less than zero, the
solution continues in time. However ai & = 0, if the very act of
switchihg to a djfferent eqdé:ion causes ¢ to revert back to its
original sign, then the differential equation ceases to héve'a
solution. . Although fhe situation is 1{1lustrated for one vdriable and
ongkcondition function, the principle applies to system® of equations V
as well. : ,(” ﬂ '

In the case of Type 1, 3 and 5 semi-active suspensions this
s1tua£}on d®curs when the relative velocity is zero. Hence, the
&amper can cause the‘system to lock-up until the change in the
relevant\variab]e permits it to continue the opefation accofding to
the force equations given in earlier sections. Thﬁs the lock-up fis
caused when the conditon function becomes zero and the consequent
sudden change in damper force is 1ikely to cause the condition

- e—

function to revert to its earlier sign. ' o
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2.8.2 On-Off Sémi-Active Schemes

The possibiliiy of the'systém equation ceasing to have solution
at points of discontinuity exists in the on-off case as well. By
their very nature, the on-off damper cannot cause lock-up in that
sitgation. Therefore, a successful on-off control scheme must ensure
that it will not cause the system to be ‘stuck’, or provide an
adequate strategy to deal with that possibility. .The three on-off
schemes, nameiy, Type 2, 4 and 6 systems will be examined in this
regard. '

e

For Type 2 system, the' condition function, 6y = U when either
(X -y) =0 s X =0. When (X - y) passes through zero, the damper
force is not'discontinuous‘becausg it is proportional to the relative
velocity (see Equation 2.4). However,-when X passes throngn'zero.
there is a step discontinuity in the damper force. Depending on the
relative magni}ude of system parameters and variables, the change in *
‘this force may be sufficiently large to cause X to change direction
at x = 0 and return 6, to its original sign. Mathematically, the

initial value problem gets ‘stuck' at that point.

For the Type 4 system, the %bndition function."o4 = U, when
either (X -y) = 0or (x’-y) = OﬂﬁéAs in Type 2 system, there will
not be a prbblem at (x - y) =0 be;nuse the;damper force is |
‘continuous at this point. When (x - y) panses throd@h Zero, there
will be a step discontiniuity in the damper force. However, since

| the velocity is continuous, the relative displacement cannot change

;. é& T
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direction at o4 = 0. Therefore Type 4 on-off scheme switching is

stable.

Switching operation in Type'6 system is stqple if Cz;jff{?\§>-

Otherwise the switching may become unstable. This can be proven as

- follows. Since velocity and displacement are continuous, their

_values just before and just after switching are the same. Thus, from

Equations (2.2) and (2.8), before switching,

X :
. 4 ' R
. . o) \

: i- = -Zc-wnz - Fk- e o s & & s 6 e ¢ o o ® s 2 o o @ .« (2.16)

~

After switching,

X*="2C+wni-F"<u.'.?...‘......,.......(2.17)

But % =X-§ Pand ¥+ = y- \

Then  (#+ - ) =203 (€7 =T+ o v v v w be o e s o . L (2.18)
. e , A\
o~

This situation is illustrated in F%gure 2.2 %or Type 6 system in

which gy < Cy- This figure is based on simulation results (Figure 4.42)

with some exaggerations for clarity. The superscript - or +

{ndicates the value of the respective quantity just before and just

after sw%tching takes place. It is noted that the chénge in the
absolute value of the relative acceleration is positive at all the
four switching instants per period. This means that switching causes.

the relative velocity to continue in its direction at a faster rate.

‘ Therefore the switchingnis staB]e. However, if

/
-

-
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Cr Cp» there is a possibility that the switching will be unstable.

Simulation results have borne out these conclusions.

2.8.3 Conclusion

~ A1l the six semi-active schemes preégg&gd are characferized by

iscontinuous differential ;quétions. The behavipur of the various
schemes at the point of discontinuity has been examined in fhe
foregoing sections. The control schemes 6al] for lock-up of the
damper in Type 1, 3 and 5 systems under certa{n conditions. However,
15 physical implementation of thg control schemes, true lock-up may
be 1dpossible because of time delays in the control loop (except-for
Type 5 system, if it is configured as a passive Coulomb friction
isolator). What will happen is that the damper force will oscillate
about .the lock-up force with the re]atiyé velocity*:;arlglpero [211.
Eventudﬂﬁy the system variable change so that the system breaks out
of the lock-up situation.s The exact nature of lock-up behaviour is
obviously dependent .on the physical implementation of the control
scheme. This aspeCt of the problem is not investigated in this

study.

In the case of the_.on-off control scheme of Type 2 isolator, it

.was found that the switching will be ‘unstable’ under certain

conditions. In a physical reaiizagﬁon this means that the on-off

solenoid wi%ﬂ exhibit ‘chatter’, lim[§ed by its -time constant. Once

contro] set up, and is not studied here. Type 4 and Iype 6 on-off

control schemes have been shown to have stable switching operation.



2.9 SUMMARY

In this Chapter, the damper force equations were presented for
the six tybes of semi-active suspensions proposed. Three of the
schemes require Tontinuous servo-operated damping control and other
three, simple on-off valves. A1l six of the schemes are |
characterized by ordinary differential equations containing
discontinuities. These equations have been defined for positive and e
negative values of the. condition function. .The case when condition
function becoves zero is dealt with separately. It has been.shown
that Type 1, 3 and 5 systems may lock-up in this situation. Type 2
system may"céase to have further solution (mathematicallly) under
certain circumstances.

.Figure 2.3 will help to visualize the characteristics Ef/ihe,
damper force gener;ted according to the six different schemes.. The

2

plots are drawn for a hypothetical case of { = « = w, =& " Fo = 1.0,
¢, = 0.2, Vo = 0.5, y = Sin (t) and x = Sin (t+ %J with 0 < t <2x.

L]
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‘CHAPTER 3 - N
SOLUTION PROCEDURE . h .

. ]

3.1 INTRODUCTION . . g T o

The equation§ of motion of the semf-active suspension systems
. 4 ’ .
described in Chapter 2 have step discontinuities and{hence' are

nonlinear. Therefore no closed form solution is possible.
Equivalent 1inearjzation technique may be used to 11nga;*1ze "the' \' >

A

noanéar problem. However, the Inon]inearities which are de'alt with . *

\ R - * P/J Fa.
are significant and a linearized model would be highly inaccurate. f -

]

[49, 50J. Furthermore, the very purpose of this study is to see ‘the I

-

effect of damping nonlinearities on _the system\ﬁeha\fiour and hence

-

]
linearization would be self-defeating. ,

4
- ) - A
L 0

R ¥

3.2 COMPUTER SIMULATION

w,
The most direct and fast'way of solving the syste.m equatipns is\
by computer simulation. THis is the appréach used by. pre;rious '
invesﬁgatorsﬂ?& 36]. In As:imulati‘on, the differentiﬂ equation are
solved as an initial value problem for a given set of pqraﬁet-ers.

When a frequency domain performance is desired (such as |

transmissibility¥) the simulation is carried out at each discrete

frequency. The simutation proceeds ip time until a ‘steady-state’ is e
reached. Then the response variables are evaluated and the process
is repeated for the next frequency. : ’ ’ .
The second order differential equation (Eqn. (2.1)) describing
the system is rewritten as a pair of first order equations. The ’
' \
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ﬁumerical 1ntegration is carried out using a 4th order Runge-Kutta
algorithm [51] The diigontinuities in the equation requ1re special
treatment. Otherwise ‘the integration algorithm will be very

inefficient and will cauﬁelinaccurate results [52, 53].
The systeh*diffgrential eduations can be rewritten as

v, ot

e
i

0«0 s s sie o‘ol_' a & o e s s ° & e 0(311)

<o
]

'F(li - w%(X'- y)
where

-

a S“n wt * e e & o 9T o o . t‘t . * o .0 @ ’_l L I ] lo L] n(352)

Ké
n

and a = amplitudé of sinusoidal input’ o - “,\ o

- f""
e w70 o ‘

. Fd =' - . . [ . . ] L) L) . . * L O » l'll‘ ‘(303)

. Fa,i» <0 = S

L

5.,

where'c,1 corresponds to the condtion function of the ith system t}pe.
e 5 . . . .

./ =

The equat1ons are a generalized form of Equat1ons (2 3)- (2 8).

.The zero-crossing of the cond1t1on funct1on &f determlnes the

switching point for the damping force function. Table 3.1

' s »
summarizes the dgyper forces for the 6 types of systems. .
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Table 3.1 Summary of Damper Forces

Type, i ¢; Flei Fa. 1
1 X. (X = y) 26w, X 0
2 (% - %) 2eu, (x = §) 0
| + A y
‘ ‘ [ ] L] : ‘ “’
3 =(x - y)o(x - y) -awﬁ(xjrﬁrr~\i 0
N L&
| 1 je | i
¥ T T T vy ‘j
4 “(x -y)x -9 | 2 (k-3) |0 *
{ .
L & | ' 1 l |
I ! | 1 I
5 ' (x.-¥) ~ . Fd -Fg
i | 1 ] ]
LI ~—t, | i 1 1 _l
o 6 . v, - (x 79) 2r.1wn(i -y) 2rpu, (X - §)
@\ ! | ; l |
. . ) B “

It is possibie to solve these ordinary d%fferentia] equations
(ODE) using numerical integration algorithms with error control, such
‘as a»Predictor-Cofrector a]gorithm [§4J. . As the stép sizé chosen by ‘
the in;egration aigorithm is qoﬁtiol]ed,by'the current estimate of
truncation error, it will fdjust the step size sufficiently to
overcome ‘the discontinuity. But in the present apﬁ]icaiion thisp

process has two major drawbacks. , - .

1) The algorithm 'will move around the discontinuity, .

* using largé number of function evaluations before a

NS
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’ step size is found which crosses the discontinuity

with satisfactory accuracy LSZJ.’

-

2) The actual time at which the discontinuity occurs may
not be used as an’ integraiiou point Therefore the

values of the response var1ab1es at this. instant will

not' be available fdr processing (e.g. calculation of

-

peak forces and accelerations).

¥
-~

Severa] researchers have studied the problem of numerical

" integration of ODE with discontinuities |52, 53, 55 56t. Their

Y

basic approach,js to incorporate a zero-finder in the integration

procedure. At each 1ntegration'step a test is performed to detect

the change in sign of the condition function. If no change occurs
the integration proceeds. Otherwise a zero-finder determines

/ .
accurately the time, t*, when the condition function is zero. The

1ntegration then stops with the o]d set of system.functions and

restarts with the appropriate new set. I

Carver [52] treated the condition functions the same way as the

system function in an expanded system. This requires the time

derivat¥ve of ¢ to be continuous, and is efficieni only when the
system fs large and the number of condition functions sﬁall. Ellison
[55], Li, et al. [56] and Bortﬁwqck (53] have used Hefmite and/or
inverse interpolation formulae as zero-finders dependinglon accuracy

requirements. They have obtained good results with high efficiency.

—

- N

¢
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However ;he Hermite interpoiation requires the derivat{ve of the
“condition function. . -
In the present study it is desired to have an effective
algorithm which can handle all the six types of semi-active éontro]
.schemes. The method suggested by Li, et al. [SbJ was found .to be
very efficient. However, this is not suitable for the Type 6 system
because its condition function has dlscontinuous time derivative.
Therefore some efficiency “is sacrificed in favour of a more general
methoq\and a'bisectgon algorithm [51] is used as tﬁe zero finder.
This-does not reqﬁire the time derivative of ¢ and will always

-

converge to the solution.. °

-

3.3 BIFURCATION ANALYSIS

Bifurcation or branching is a phenomenon that occurs in
nonlinear problems, albeit a rare one. In the case of Tybe 4
semi-ad%iQe system, it was observed in simq]ation ;un that the
solution exhibited a drift beygndtp cé:tiin frequency. This'
suggested a bifurcation problem. It is not easy to examine
bifurcation and stabiTity problems using simulation techniques.
Therefore the study was done with the help of a bifurcation anaiysis
software package called AUTO [57] Type 3 and Type 4 systems were

analyzed this way. AUTO so]ves the system as a boundary value

problem instead of using simulation.

3.3.1 Problem Description

AUTO is a subroutine package for the automatic bifurcation

1.
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4
analysis of autonomous systems of ordinary differential equations.
Using AUTO it is easy to study the system behaviour as different
parameters are varied. Since the differential equations need to be
continuous and autonomous, the equations need to be fjsjfied. The
inverse tangent fynction. For example, a step discontinuity as shown

{n Figure 3.1 (a) can be'approximated by the équation,
¢ = c, [arctan (or) + %J. S e e e e e e s .53.4)

where r is called the 'homotopy’ baramete%. When r = ~the above -.
function s identical to the step discontinuity. Figure 3.1 (b)

shows this function plotted for r = 100.0.

AUTO also requires that the system of equatfons be autonomous,

which means that the forcing term in Equation (3.2) cannot be used.
Instead, two more différentigl equations are added whose solution can

be used to produce the forcing function. These coupled nonlinear

-\
4

equations are . ‘ .

-

E”p+wq'p(p2’+q2)..:.....--. ....,’..(3-5)

q=q-w -q(p2+ q?)

They have.the solution
. . -

- ' Yo

3]

p = sin(wt)

- q = cos(wt)
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Note that this pair of equations are decoupled from the system

equations and they .are shown to’be stable [58).

From Equation 3.1 and 3.5 the expanded systen can be written as

four simultaneous nonlinear ordinary differential equations, namely,

o

e
"

v

+
<e
"

~F -“wg(x - ap)

p + wq - p(p2 + q2)o e ® ® * o o o ® s\e o o e o ® (307)
q-wp - q(q? + q2) - . |

N N
\ ~
- . *

3.3.2 Solut1on Scheme

De TJe

To find the frequency doma1n performance, w is treated as free

parameter. The equat1on (3.7) is of the form

~u'(t) = Flu(t),w)) . S AT < 2% -
In general, the period of the solution p may be different from
the pefiod of excitation w. Finding ﬁ—periodic solutions of (3.8) is
equivalent to finding 2n-periodic solutions, aMd p of the boundary

value problem

™ 14

.
- ate) =g Elulthe)) 0L, (3.9)

" u(0) = u(2x)



The d1ff1cu]ty in solving (3 9) is that u(t) is not unique.
because if (u(t).p,m) is a solution, then (u(t + o),p,w) is also a

solution for any o. This indeterminacy is removed by 'aligning' the
the jth solution with respect to the (j - 1)th solution along the

time axis. This adds ahother equation,

2n

< f(u(t)-ul(t))u(t)dt 0 v v e et et (3.10)

o

This way if the solution points (gi; 04 wi)’ i=1,2,.. J-1,

are computed, one proceeds to- computing the jth solution point
(gj; Pj» wj). w is not used as Font{ﬁuation parameter because of the
pdssibi]ity of encountering Timit points. Using the general pseudo-

" “arclength continuation scheme [59], another equation is added

treating w as an unknown.

2r ‘ | . -
Joug(e)=ug (005 1 (6)de + (o404 1)by ) +&j"”j 110517 85

0

(3.11)

where “." .denotes differentiation with respect to the'arclength

paramétgr s.

3.3.3 Stability of Periodic Solutions

Let (u, p) be a solution and consider the linearization

Q



-47- RR
y'(t) = 5 F ult),w(t) _ L
7 I & 1 )
v(0) = v(2x) :
d If V(t)'is the fundamental-solution matrix of the,above systgﬁ

~ (note that V(t) is Zn-periodic), with V(0) = I, the identity matrix,

8

then,

v(2x) = V(2x)y(0)

1

. e ayy
v(m2x) = (V(2z )™ y(0)

The solution is stable, if the eigenvalues of V(2x) lie inside
. the unit circle, except for the one e%genvalue which will always be

at 1. The eigenvalues of V(2=), which determine fhe stability, are

- called the Floquet Multipliers. A

Change of stability happens when one the following cases occur:
1. An eigenvalue crosses the unit circle through 1.

2. An eigenvalué crosses the unit circle through -1.

+2niA

3. Complex conjugate pair through e , 0 rational.

4. Through 2718 irrggipnal.

) .
3
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In case 1, when fﬁ%re is a double eigenvalue at 1, a variety of
cases may occur; there may be a bifurcation. 1In case 2, there ﬁiil
be' a period doubling bifurcation. Cases 3 and 4 lead to bifurcations
to invarient tori. .

3.4 PERFORMANCE CHARACTERIZATION

Since the semi-active- system is nonlinear with step changes in
damper force, the acceleration response will have discontinuities.
Previous researchers have used displacement transmissibility (ratio ’)/ﬁfy

"of the peak displacement response to the input amplitude) to
characterize the suspension performance. Sincé the human bodf or a
suspended mass is sensitive to inertial forces, the characterization
in terms of acceleration would be more appropriate.

In this study the ratio of the root-mean-square.(RMS) value of
the response acceleration to the RMS yalue.of the input acceleration
is taken as the transmissibility. The various types of semi-active
schemes will be judged on this basis. The acceleration mean square

a

value of a periodic signal with period 7 is '

1 totr )
;-{ [X(t)J2 dt v v v v ¢« o v o v o o 770 2 o o #(3.14)

In the °°mPUtif program the integration is carried out using

L3

© ' trapezoidal rule LSIJ For the input y = a Sin wt, the

transmissibility is ‘ , - {
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* A
. 72 a
[ T ?‘52. ¢ o 0 s e @ L] . . & e o' e o . s s e l(3l15)

The uée, of RMS value is the standard pratice in.random vibration
analyrsis. There, the area under a PSD curve i$ equal to the mean
square value of that signal [60]. It can be shown using Parseval's

TRy
__Theorem that this is also equal to the expression in Equation (3.14).

/
| Therefore, in the experimentéﬂ investigation presented in Chapter 5,
- a FFT analyzer was used to calculate the RMS value of the <
“ acceleration signal using the area under its PSD curve. - |
A?lalysis was carried out for.the frequency range 0.1 to 10.0 Hz. ~ )
’ This was {pased on the fact that most of the ground input energy for
on-road and off-road terrains fall within this band [12\].
3.5 CONCLUSION
The procedure w solving the semi;active s}stem equations are- f
presented. Computer simulation is used for all cases. Type 3 and 4
- systems are also studied using a bifurcation ana]ysirs software
package. The performance of the various semi-active vibration '
1 o isolation schemes are characterized by acceleration transmissibility

&
plots. For this the ratio of the RMS value of the response -
acce]er'ation to the RMS value of the base acceleration excitation is
‘computed. The results are presénted and discuséed in the following

k4

" chapter.



CHAPTER 4

> COMPUTER RESULTS AND DISCUSSION

P v
'y

4.1 INTRODUCTION -

Thé governing equations of the six types of Semi-active /:’///
isolators and' the solution scheme were presented in the previous
chapters. The results are given in th{s chapter. These are detailed
for each type seperately. \The performance of the various semi-active
schemes arehcompared with that of active and passive isolators. For
each system a set of basic parameter values are estab]fshéd. The
effect Sf varying some relevant parameters are compared with the
'basic system'. Comparison between the various types are ﬁade i

whenever -appropriate. The results are summarized in the concluding

section.

4.2 TYPE 1 SEMI-ACTIVE SYSTEM

The basic set of parameters for this system are wy ® 1.0,
¢ =0.707 and a = 1.0. Thus, this semi-active scheme attémpts to . -
emulate an optimum active isolator. Figures-4.1, 4.2 and 4.3 show;
the steady stéte response from simulation for the frequency ratio
(w/wn) of 0.5, 1.0 and 5.0. The time scale is normalized with
respect to the period of oscillation. It can be verified that-the
<ﬁamber force conforn% to Equation (2.3). ‘Figure 4.1 clearly shows
the three regions where the digper force is (a) broportional to
absolute velocity, (b) equal to zero and (c) the region where lqck-up

occurs. Lock-up condition does not occur at high frequencies.

50
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fhe sudden changes in damper.force,givés rise to sharp

4

5

3 [

acceleration peaks.- Although the diép]acémen%uresponse is'close to

béing sinusoidal, the acceleration and velocity are not. Figure 4.4

shows the peak amplitude transmissibility of acceleration, velocity

and_disp]acement. One ié higher than the other in the®same order.

Especﬁa11y at lower frequencies, the acceleration isolation is not as

good as displacement isolation.  However,as described in section 3.3,

transmissibilities based on RMS vaiues rather than-on péﬁk vlues are

uséd‘to'charactgrize the system performance. The RMS transmis-

sbility

this with Figure 4.4 that RMS acceleration tnansmf?ﬁbility is ibwer

t {s shown in Figure 4.5. It 1s apparent by comparing
{

than the peak-acceleration transmissiblity. However it is still

higher than displacement or velocity transmissibility.

i

Figure 4.6 shows the transmissibility of Type 1 system

™~

it

superposed on that of active and passive systems. The semi-active

system has a performance close to that of a fully active system.

Al though the active system does not amp]?fy the input at any
frequency, Type 1 system does So upto a frequency ratio of 0,8.

However, the amplification is not large. Above a frequency ratio of ‘_'

2, the semi:gétive and active éysfgms have aimost tdentical -

)
A performance. .

AN

- .\ "v, Ll
In comparison with passive i{solators, the semi-active system {s

~

L
o

-~

v

I's

,:ﬁ"?'!
-

clearlﬂy ‘superior. Its high frequency p\erfo'hua‘nce fs better .thqn that

of an undamped passive isolator. Howewer, its low frequency
o~ f

berformance s slightly worse than that of any passive system below a

o



g

4

=53- ..

[ 4]

AN

Z/
P —
—1 e
. \ ! |J|L..a
N i
- - >
A | -
il s T 3
4’ \\ \b A W
72 :
X eX X“ i
\\
\ ¢ Lo
71 --.w
. \ - ]
i \ I - I%# -
] _‘ - , - 7]
PN > o *
. —_—
h |
- o)
i
¢ I~
s < —o
o. - [aw] ' T - ~—
o \‘1.“ ﬂw » N n.vu
— o
T
B o

Fig. 4.4: Peak Transmissibility &F Type 1 System



Ly
v

- 7 ., ‘
. IR
10.0 ‘s{; I
Xy X -
1.0 |
’ N
- \\
T i N\
0.1 i \\L
X
| .
' \
) { | iN
! . PN
0.01 ; :r" _-_--L-_.. fomet o 12 l’,
1.0 o/, 10.0

/.




~-55-

' Y
. i
10.0 I
/ ) |
4 Passive
Y r[z;=o.1>
T ' ~(Passive
/./ /r [2='|.0
1.0 | ——— 2= M\ Xeb=Tyme 1
. DN~
.8 T 1~C :
. A AN N
= Active + "\ ~
1 A \ .
T i \\ \\\
4 . -
N
N ] - \ )
. [S
0.1 I ! .
o i L
. T
. ; {
. i -
4 — ‘ ! M I \\
! :L ! B AN
1 ‘ i \ Y.
T H
[ | I . | J o \
’ - ' .‘ DU SR B .
TR
- BRI H ,\
| l ; P ' v ?a i
-0 b —-fs'—~-wf~
0.1 ° 1.0 m/mn “ 10.0

Fig. 4.6: fbmaparison‘of RMS Acceleration Transmissibilities of:
-Active System wi

Type 1 Semi
Systems .

[

L 4

. o

°

th Active and Passive

o



: )
° 56 -

frequency ratib of 0.4 by a relatiyely insignificaZI?amount.

-

The reason why €he'Type 1 semi-aciive system has poor - .
performanqg'at thg very low frequency end is as follows. The control
scheme forces the i%olator-to Tock-up fgr parts of the cycle. ‘The
" switching between various force leveis cau;es acceleration peaks.
Thus the performance is deéraded. This fact is wmade clearer if one

°

" looks at the peak acceleration transmissibility in Figure 4.4,

y
BE o Y

The performance is not influenced by changes in thegnaturdl
frequency or excitation amplitude. The only pér;meter of importancs
ﬂis the dampiné ratio, . Figure 4.7 shows thé effect of ¢ on thé RMS

aﬁceleration transmissibility. The trend {s similar™®o the active
isolator casél Lower&dampiﬁgygives worse performance. However it
should be‘;;ted that the'performange deéradation due to switching
phenomenon at very low frequen;iés worsens with higher damping. This
is to be expected® since" the damper force Li]l be relatively more
significan§ than the spring force and any irregularities in it will
have a greater effect on the mass acceleration.

- ~ W

In conclusion, the Type 1 semi-dactive scheme is capable of \\

« »

achjeving a performance comparaple to that of an active system. The
semi-active isolator with a: damping rati? of U.707 comes very close
to reproducing the performance of an optimym active damper excebt ag
Tow frequéncies.~ The acceleration isolation at the lower frequency

!

end is somewhat degraded due to the damper force discontinuities.
{
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This performance drawback was not apparent from the previously
reported work [20-25]. Displacement transmissibility, which was used |

to charachfize the isolator performance bj these researchers, does

~ 4.3 TYPE 2 SEMI-ACTIVE SYSTEM

This is an on-off version of”fype 1 system. The basic set of __
parameters are the same as before (wn = 1.0 ¢ = 0.707, .and a = 1.0).
When simulation is carried out under the same initial conditions as
before, it was found that the system did not have a solution at the

§tarting frequency %— = 0.1; the initial value problem is stuck at ~
n

. _the point where the condition function reaches zero. The reason for

4

this situation was discussed in detail in chapter 2. It is entirely

[—

possible that solution migﬁ% exist for the same frequency for a

&  different set of initial conditions. Another trial run indicated

that this was indeed true. In this case, solutions were obtained for
discrete frquencies only upto w/wn = 1.0. However, spot checks

revealed that solution did exist for certain higher frequencies.

Thus it is evident that the Type 2 system described by the set
of differentigl equaiions set out earlier leads to physica]]y
infeasible situations:/’ﬁf;hysical system must of couége;e§hib1t
finite response quanti;ies for all time. When one says-that a set of
differential equations do not have a solution, it only means that the
mathematical system does not have a physical counterpart. Or, in
other woéds, it will be impossible to construct a physical system

”

hot show this ghenomenon. \ ;

W
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which will be exactly described by this kind of differential

equations.

The differéntial equations describiﬁg Type 2 system {and all
others as well) require instantaneous changes in damper force. This,
in turn, requir® a controller with zero response time, which is
physically impossible. The actual delays involved in the ‘on-off'

semi-active controller and the dynamics of the valves will determine

-

-

the éxact nature of the system behaviour. In reality, the on-off -
valve will ‘'chatter’' when the switching is 'unstable'. This

behaviohr is complex and requires a detailed understanding of all the

. physica1°componénts involved. Since the purpose of this study is to

examine semi-active suspensions in a general way, control circuit

delays, valve dynamics etc. were not taken into acCount. However, in
J 2
the semi-active control schemes which have stable switching

characteristics this idealization is quite realistic.

!

For reasons outlined above, the Type 2 semi-active scheme as
described by equations is deemed to be infeasible. Therefore no

further analysis was carried out.

4.4 TYPE 3 SEMI-ACTIVE SYSTEM

This innovative control scheme is based on relative velocity and
relative displacement measurements. When these quantities have the
opposite signs, the damper force opposes the spring force with an

equal magnitude. Otherwise the damper force is zero.

§
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e basic set of parameters are: uh(' 1, the gain ¢ = 1 and
a = 1. Figure 4.8 through 4.10 show fhé/stegdy-state response at 3

frequencies. At ﬁ%—= 0.5 (Figure 4.8) the damper opgrdfés in three
R ;

phases: (a) exactly opposing the spring force, (b) zero force and (c)
lock-up force, The Xock-éondition occurs only at low frequencies.,
This type of system\has a unique behaviour in that for nearly half of‘
the time the mass acceleration is zero. This in turn leads to good
isolation characteristics. J

-

Figure 4.11 and 4.12 show the peak and RMS transmissibilities
y

repectivelxiff Type 3 system. The peak acceleration transmissibility

{s higher than the displacement and velocity transmissibilities.

This will in fact be the case for most semi-active systems because of
the Uiséqntinuities in the damper force. The RMS transmissibilfty
shows the excellent isolation characteris%ics of_this system. The

RMS transmissibility has a peak value of 1.84 at §%~= 0.5 and reduces
0 :

to 0.007 at £ = 10.
Y

—-—

Comparison of this system to active and passive isolators fis
shown 1in Figure 4.13. -Compared to the passive isolator, Type 3
system has a far supeéior performance for ﬁ%— greater than 0.95. At

n
%}-= 10, the isolation is almost 1.5 times better than that of an
n .

undamped passive isolator. However, there is a price to be paid in

terms of inferior low frequency performance. But there is a

' : . ‘t
ROt 1
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consolation that there is an effective lowering of the system natural
frequency. Figure 4.13 also shows that TXES/3 system is also

superior to be the optimum ac{ive isolator for,g_ >1.24. This:
n

result is extremeley enceraging because it is achieved through
semi-active control.
Variations in excitation amplitude, a, or the system undamped

natural frequency, w, do not affect the performance. But the damper

n
force gain, « is an important parameter. When looking at the steéﬁy-
state time plots of the system, it is felt-that a larger than unity

value of a will give better-isolation. To test this, a« was set to
& N

2.0 and simulation was carried out. But the computer run indicated

that the system failed to achieve periodic oscillations.
| 4

It was recongnized that the periodic solutions may be unstable
at certain values of gain. - To stﬁdy this in ﬁére detail, the
software package AUTO [47] Qas used. As describid %n chapter 3, AUTO
so1vés the system equations as a boundary value proBRem. The
pertinent details of this analysis were given in chapter 3. One
approximation involved in the system qu;tions is that the

discontinuous damper force function was replaced by a continuous one

:using*the inverse tangent function (see chapter 3).. It was seen that

with the 'homotopy' parameter equal to 100, the solution from AUTO is
almost Eagentical to that from simulation. Figure 4.14 shows the
solution form AUTb for w = 0.5 and a = 1.1902. Comparing this with
the simulation results, it was seen that the approiimatiop is

acceptable. Even the Tock-up condition is closely followed.

Ve

-
-

\
’
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Figure~4.15.gﬁghs the peak value of displacement response at

v . for the value of gain upto.1.5, the response peaf decreases.

However, the ?olutions lose stability for a>i.4. This}means that

CoA ) { J
they will not persist under’perturbations. Numerlcal integration in
i ® . ) . - \,ﬂ\ .
~ T simulation techniques inherenly invoires perturbations due to

- , ]
round-off errors. Therefore the unstable solutions are Inever
. Lt - . ) . ‘ Y

T"“obtain'ed in simulation.

~ A
I . " * ! N .~ °

. :/!~ . » Using AUTO it s normally possible to accurateBy determine the
' ] o point where stability changes (bifurcation po1nt) It is also '

at B

" : ~" t possible to trace out this b1furcat1on po1nt§as a functxon of two _

; : system ﬁarameters. However; 1n this case, because of the h1gh eegreee
’?f ‘nonlinearity in our system the software package had convergﬁnce
AifflSHIties in trying to trace out the bifurcation po1n§ as a
funEtion of o and w. .Therefore, ‘s]ides"qf this trace was obtained

at differehp freduencies. This _shows that the upper bound on « for
1 4 '

_ ,5table solutions 40 exist increases as the frequency in increased.

‘ e \_
K .‘ ) . . ¢ i )
< N El ’ / . . . , - .

',' o : , ’ PRI o ' ) ; [ . -
s o ‘ ) "'o “@ ‘ T o ‘ \ o | R‘“\' ﬁ?"‘
W0 T L . : s v o] A ) .

w= 0.5 when o is varfed form 1.00 to 2.00. It should be noted that.

L ’ Table 4.1 show§ these results. : ; o

e
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Table 471: Upper Bound on o for Stable Sb]uti?ns

~

. - - st p—— } ]
Frequency Ratio, w/wn a
0.5 ‘ 1.366 °
R W < | 1.
2.55 1.857 :
3.96 - 1.86 -
14 - 6.384 | 1.88 :
- ®.0 - 2.00
©

Simulation was carried out with « = 1.3. Figure 4.16 (a) and
4.16 (b) shows the Qransmissibi]ity plots. It is 6bvious that this
va1u: of o gives a better perfofmanéé than the unity gainsystem
(Fidures 4.11 and 4.12).  The RMS acceleration transmissibility has “a
peak qf 1.19, but outperforms even active suspensions at high '

frequencig;. Figure 4.17 shows the transmissibility for various

va1uesﬁof the gain «. As a is decreased, resonant peak increases.

r'd

As a is increaséd, performance improves. However, there is a Tim{t
on a for stability as established earlier.
' : i *

)

4. 5 TYPE 4 SEMI-ACTIVE SYSTEM o ' ' #
Type 4 condition function is the same as 1n IypeNQ with the
damper force control based on on-off switching, The basic set of
4

system parameters fis: the §ame as for Type l‘and 2, namely a = 1.0,

Wy 10 and § = 0.707. .Eigure»4.18 throygh 4.20 show the
1
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b

steady-state response off8the system. The damper force is either zero

" or proportional to the relative velocity depending on whether the

relative displacement and velocity have the same sign or not. The
interesting thing to note is that Figure 4.20 sﬁows that the

steady-state displacement oscillates about a non-zero mean.

Figure 4{%1 and 4.22 show the peak and RMS transmissibilities of
this system, It is clear from the RMS displacement transmissibility
curve that above m/wn = 2.5, the steady-state solutions show a
drift. This may not be .tolerated in practical applications.
Furthermore, as can be seen from F1gure 4. 22, zhen the drift OCCUFS
the relative displacement is always pos1tive and the damper ‘simply
acts Ijke a one-wq*ﬁdgﬁve dashpot. The acceleration transmissibility
s very close to that of a passive system with
¢t = 0.4, Therefore, even if the drift is tolerated, there 'is little

-

improvement #n performance.

)  This system was also studied using the software AUTO. It was
. .

'“geén that the drift is .indeed a bifurcation phenomenon. -Figure 4.23

shows Eue,bifurcation diaggam which has the peak value of the /

- ’ 7/
displacement response plotted against the frequency ratio. The

systen parameters are a = i. 146 £ £ 1.0 and ¢ = 0.5, Solution
ﬂ

' . -« ! .
branch 1 has a bifurcapion point at 1abe1 5. Beyond this point the

. € -
solutions on this branch are unstable. The two buanches that lead

from the pitch fork bifurcation at label 5 are stable. Figure 4.24

. shows the orbits at-the labels marked 9, 6 anq 14 in_Figure 4.23.
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This clearly shows the stable vibration occurring about a.non-zero

mean. The solution along branch 3 are mirror symmetry of solutions
along‘branch 2. At a given frequency, theré are two possible stable
solutions. Which one of these is attained in practice or simulation X\,.

depends ‘on the initial conditions or the perturbations.

The frequency at which drift occurs as seen from simulation was '
higher _than that determined by AUTO.* This could be because near this
frequency the drift occurs so slowly that the simulation does not
detect it. The drift frequency ratio s not affected by variations
in Wy e It increases with decreasing values of ¢ and decreasing

values of a.

4.6 TYPE 5 SEMI-ACTIVE SYSTEM

This type of systen émp]oys a Cou]omﬁ friction damper. The

- fdealization is made that the kinetic -and static friction have tﬁe\‘

same value. The basic system parameters are chosen as a = 1.0, //[

w, = 1.0 and Fb = 1.0,

d

/
‘ "l ) N /
Up until %— = 1, system is locked-up and no relative motdon -
. =
V N N
exists between the base and the mass. At g— = 1 it exhibits

n . N
“stick-slip" motion. At_thfs'stage‘?amper'causes Tock-up for some

iiye and motion occurs for some time as shown is Figure 4.25. At

high frequencies lock-up does not occur (Figure 4.26). The solution

~ obtained from simulation shown fs Figure 4.26 has also been observed

~ in laboratory.
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v \ ngure 4.27 ;and 0’28 show the peak” and RMS tra §missibilit1es o# o
tLis system. They show unity transmissiblity unt11 —_— 1 6 due to
9 & - n

lock-up‘and then a sma\1‘d1p followed by a sma]\'peak. Thereafter

13)

-
\ the transmissibility drops by a steady rate of 40 db/decade. The

- peculiar dip that follows the‘lock-up stage has also been observed in

1ab6fatory experiments [43]. :
. i P

-

Comparing this with active and passive isolators as shown in
Fiﬁure 4.29, it 1s eage to explain why the Coulomb friction damper is
“judged to be optimum i\ It provides exce1lent isolation at high « ¢
frequencies (very close to that of a passive system with © = 0.1)
and virtually e]fminates resonance peak. Howevér. this is true only
v for the combination of 1nput.amp11tude, a, and friction force, Fo

\ considered. ' 4

0

i

) W
The effect .of varying the friction force, Fo ﬁ; sholn in Figure
4;30. The break‘fre uency decreases with decreasing Fo- This could
" lead tqmveny undesirable resohant peaks. - The effect of.increas1ng a
has theﬂsame effect as decreasing F; by the same factor'T From the

system equations 1t cah be seen that the rélatiye motion exists when

. ’ aw? > Fo s - ' . '
or
. Fo b . V. ) - o
. ,‘u:/> el : . '

.1 0f all the s}stemé considered so far this is the only one -

-
-~

o | ° .
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(except Type 4 syétem whose bifurcation point is affectedigw a) -
where the transmissibility {s affected by the input ampli tude.

~

4.7 TYPE 6 SEMI-ACTIVE SYSTEM
rAlthough the Type 5 system considered in the previous chapter

can be implemented using a Coulomb friction damper, it can be thought
of ﬁs a semjréCQJve damper wi th orifice area continuously‘moauiated
‘depending on relative velocity to give a constant force. Type 6
system is an on-off version of Type 5. A passive viscous damper is
fitted with an on-off value giving Wmn possible dampihg ratios ¢,
and §,. The basic parameters are chosen as‘a = 1.0, w, = 1.0

~

g " 1.0, and Gy = 0.1. Then. from Equation (2 10), V_ = 0.943.

" From simulation it is seen that system acts like a passive

{solator with ¢ = 1.0 upto ﬁ}- = i.4.f.Frmn'then on the damping value
n [ 4

”\j) switches between 1.0 and 0. depending‘on the magnitude of relative
vefocity Figure 4.31 through 4.33 show the steady-state response

/;~«‘ éwaqust before switching starts (-—-— 1.4), just after switching starts
“h -
(ZT" 1.42) and also at a high frequency (%~ = 5.0). "
" = | @

Figure 4;34 and 4.35 give the peak and RMS transmissibilities of

Type 6 system. The transmissibilities of a passive system with -
¢=1.0 and ¢ = 0.1 are also shown in Figure 4.35. It is c]ear]y A
seen from this figure that the Type 6 semi-active system behaves 1ike a
S passive system -with high damping'(c = 1.0) gpto %;" Y2 and as a

»
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lightly damped passive system (Z = 0.1) thereafter. This was the s
performance one was looking for when the Type 6 control scheme was
: . \

o . »

bropo§ed. - . , .

T@ should be reménbered that the switching velocity Ve dépends
on the excitation amplitude, a. Therefor;\it 1s,%mﬁnrtan£\to see:the
system performance for a fixed V and varying a (or vice versa).
Figure 4.36 shows this for a = 0 25,. 0 5 1.0 and 2.0. The result 1s
“similar to that observed for Type 5 system.” Nhen a is decreased the © ———
transmissibility breaks from the high damping curve to join the Tow
damping curve at higher frequencies.‘ Thu§ the perfornance suffers e
when one uses amplitudes lower or hjéﬁer than the one for which the
isolator is tuned. The worgt low frequency performance occurs for ”
large values of a at resonance. The maximum resonant peak is 1imi ted
b_y'r:2 and is ;bout 5 for Ly = 0.1. Frlom equations (2. 9) and (2.10)
it can be seen that the transmissibility break from the high damping

curve to the low damping one occurs at 95 = 1 when

n
g ' £

&‘*\\. ~
4/2

a>—3—' as=1.88635-.........--..'-7.(4’.3) ."'~

‘

where ag is the amplitude level for which the damper was tuned. Thus

a band of amplitudes mayxgg.indentified for a given system such that

1

the low and high frequency performance.is satisfactory.

0 | ' :

4.8 CONCLUSION o 3
[ 32

Cnmputer simulation and bifurration analysis results for tne six
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types of seémi-active schemes have been presented in the previous

sections. The advantages and disadvantages of éach type and tti:a

comparison of their performance with active and passive isolators are .

also discussed. These points are -summarized here along with some

additongl comments.

-

3

'Type 1 system gives a pérformance clode. to that ¢f ay active

~ system. The low frequenc_y performance is a Tittle degraded due to

acce]eration peaks occuring with damper switcmng However the major
drawback of this scheme is that implementation in vehicle suspensions
may be impossible due the difficuly of ebtaining accurate absolute
veloci';y measurements. Jype 2 system seems to lead to complexities

S

due' to force discontinuity. Under certain cases no mathematical

solution exists for the system. In practical implementation this may
lead to damper valve chatter. A delay may be built intj.o the valve

switching to improve the situation.
\'\—))

S
-

Type 3 system is based on directly measurable variables of a
vehic1e suspension.™ Performance improves as the g\am is increased.
The upper bound on the gain is determined for stablity. f‘ﬁe h1gh
frequency performance is better tha' all the other systems
considered. The low frequency performa?rce is comparable to that of
Type 1 system when gain is 1.3. Type 4 system exhibits ‘dr'ift at high
‘frequencies. 'The point of onset of drift can be shifted higher by
decreasing the damping ratio. However this leads to high resonant
-pe&ks. The overa'l] system performance is judged to be not much’

better than that of a passi ve system.

-

t

Ctom o
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~ Type' 5 system is physically a Coulom friction isolator. It has ' SN

-

been treated as semi-active damper with continﬁously modulated

orifice area. Thus Type 6 system is considered as an on-off version

" of Type 5. Both systems combﬁne the good low frequency performance =~
of highly damped passive 1solator with the good high‘frequency. .
‘perfprmance of a 1ightly- damped isolator.  However the system must be
tuned for a particular excition amplitude. The advafitage of Tybe's
system over type 5 is that there is no lock-up and the system is
. returned to static position after aﬁy tran§1ents. A1;;?>§p worst
case resonant peak is much lower. | o
v . . {
v - 1 '\14 . ‘. !
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. " CHAPTER §

A  EXPERIMENTAL INVESTIGATION
gl - 3 K

5.1 INTRODUCTION - B

w/'\ T X ~ T

: "Exper?mental verificaiton of analytical predictions is a

A,y . -
2 ' necessanyig%epzin system design. Theoretical analysis cannot take

J

fnto account all the non-ideal characteristics.of various components.
o> &

Hften this is because these.characteristics are not precisely known

'L*~Q§, ‘ or understoed. Also, even if they are known.,the{r inclusion in the

model may make the analysis too complex or d1ff1cu1t to perform. A

-

-typical vehicle suspension consisting of a sﬁ}1ng and damper has many

non-1deal charactenist1cs which were not thken into account in the °

/

preceding analysws. These 1nc1ude Coulomb friction, damping
s < . .

nonlinearities, nonlinear spring due to entrapped air ﬁ?1umn,

. .
viscosity change ‘of oil due to tempergiure variation, etc.. The

.

" {nfluence of these on the suspension performance were assumed to be

' \1psigﬁ1fiqgn; and tnereforé/ignored in the analytical investigation.

»
. @
. - P
N » . )

. The purposgéof exp:riﬁental investigation is to study how -
feasible-a proposed co;tept is-and to'eva]uate~5ny perfﬁnnance
- improvement. It should be noted, however, that the test set-up
r{itse1ffnay have'éome.charécteristics of its own which may vary from
the agfual envifonment“fo? which the desjgn is.intgpded. This was
the case in this study where the test rtg gaaﬁ‘rise to some ‘

undesif%ble effectés . D

~

Lo
s 4 ‘ I . . ' ‘ . .
r(,‘ : Experimental- study is carried out for theﬂType-G §§mi-act1ve
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;;stem. From the control circuit and suspension hardware po[nt of .
view, this is: the easiegt to implement. The analytical studies )
indicdted that this control scheme succeeds in combining tﬁe good
Héﬁ;racteristics of both 1ightly damped and highly damped passive R
. ] ’ ‘sxstemtl The experiment was undertaken to,see if this w;s indee |
5 feasible in practice and to identify.any special effects'causegﬁiz\\_,//
the physical comp&%ents. The fo]lowihg seétions,detaiTﬁlhe o
experimental procedure and results. -~ g
N ( .
5.2 TEST FACILITIES AND SETUP ' ¥

N
.

< ! -

The ,semi -agtive shock-gbsbrper was tested for two fixed values
of damping, and On-Off damping based on Type b control scheme. Ihe
acceleration tr;nsmjssibilities were computed for ‘various excitation

' &.
levels. * The hardware used fpr this procedure {s described in.this

section.’

~

| 4

5.2.1 Semi-Active Isolator .
v ih order to relate this work to a practjcal‘applicqtion, a.
comiercially available suspension unit was used as the basis' of a
prototype. A 45mm front fork of an off—roa& motorcycle manufactured '
b& Fox Industries 6f California ‘was taken and modifieq to fnborporate

On-Off damping. )

P
Figure 5.1 shows a schematic of the cfass-section of the
original unit. @A pair of these forks form the front secondary
suspension of an off-road motorcycle. A fork consists of two-o0il

filled telescopic tubes with the bdp one (stanchion tube) sliding

’
inside the lower one (slider). A piston is attached to the Towe
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]

end of the stanchion tube. As the pistog,moves up or down in the
slider. the oil flow across the orifice in it creates damping forces.

The piston has“a one-way valve in 1t giving less damping In -

| thpression than fn extention. The Coulomb friction at the oil seals

also dampen’s -the motion. Sprfnging action is provided by the coil

springs and entraped air column.” When the slider moves up'onfo the.

’;stanchion tube, the extra volume of oil displaced by the tube goes

through the orifice Bt the bottom of the damper rod.
, . )

The "On-0ff" damping was to be provided by an orifice controlled
by a solenoid. Sioce ie~wou1d be difficult to implement one on the
piston, a different method wao'adopted for modulating the oil flow.
Figure 5.2 shows the nnd{fied fork. . The orifice at the base of the
damper rod was made larger and control]eo py a sélenoid; Large
orifices were also made at the top.of the damper rod for the oil tQ
travel past the piston when the botton oriflce is open. When the

o]enoid is on, the orifice in the damper rod base is fully open and
most of the oil flow occurs through it with relatively 1ess

restriotion. When the solenoid is off, this orifice.is mostly closed .

(full closure will cause lock-up) and the oil flowing through it and

 “past the piston creates higher damping. The piston has a small fixed

orifice. The solenoid operates on 12V DC and is controlled by an

electronic control circuit.

{
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5.2.2 Control Circuit

The principle of Type 6'semi-act1ve'isolator is fhat when the
magnitude of the relative velocity is above a certain fixed value,
the damping should be low and when it is below this value, the
damping should be high. As described in the prev}ou; section, the
.damping is low whén th; solenoid is on and high when off. The -

control circuit receives the relative velocity from an LVT and \

_operates the solenoid, . ' ,

5.2.3 Instrumentation %

- The motion sensors consisted of the following: . ‘ .

———— ° &

. 2 accelerometers (Bruel & Kjaer 4370 peizoeleétric,'deItdﬁ o

shear type) measure _accelerations of the base and

U

v mass; ' : o
. o -
2 a
~~a linear velocity transducer (LVT) with 102 mm (4") -stroke" . -
(Rob{ﬁson Halpern model 240A-4000) to measure re]ative‘\ ;. A
velocity across the isolator; ) IR .
a 406 mm (16") stroke potentiometer (New England
" 1 Instruments), to measure relative displacement; and o

>
N )
i )

o 8 Nicolet 660B digital FFT analyser for signal précessing.
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5.2.4 Input Exciter S
The sinusoidal excitation required to determine the frequency

response function of the:isolatqr was provided by an
electro-hydraulic shaker. This was manufactured by International
Scientific Instruments of Japan and is capable of producing Yarge and

stable low frequency signals. Sinusoidal displacements of 1 Hz to 8

Hz were used at amplitudes of 12.7 mm (0.5 nch) 19.1 mm {0.75 inch)

\ andﬁZS.4 ma (1.0 inch).

Al

5.2.5 The Sprung Mass

AN

- Two steet/yst'with a total mass of 33.37 kg were attached to

the top of the suspension unit. This répkesents the equivalent mass
on one front fork of an off road mot;:r%;ﬁe with an average sized
rider on board [6]. In order to provide lateral guidance for the
"mass as it moves up and down, two Thomson linear bearings, attgched‘

to a rigid frame were provided.

Figyres 5.3 through'5.6 shows the various details of the

experimental setup.

5.3 RESULTS AND DISCUSSION

As iﬁ ghe case of analytical results, experimental results are
also presented in the form of transmissibility plots. The isolator
was excited at discrete frequencies and the transmissibility
determined. For a near system, for a sinusoidal 1npgt,(the

response will also be sinusoidal and the ratio of the peak values

s
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.- lLegend N: Base Accelerometer  .2: Mass Accelerometer
b 3: Potentiometer 4: Velocity Transducer

" Fig. 5.5:

.
L}

Motion Sensor Locations
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will give the transmissibility. However for a non-linear system the‘
response bandwidth will be larger than the input and therefo;;:the
ratio of peak values may not be meaningful. Therefore as in ‘the case
-of analytical“?ésulfs, rigio’of the RMS values of acclerations are
presented as the transmiéé%ﬁ%]ty. This was carried out usiﬁg the
FFT analyser within the bandwidth70.05 to 20 Hz.
) -

The experiment was run in three phases. In tﬁe first and second
phases, characteristics of the suspension for fixed v§1ues of high
and Tow dampiqg valués (valve elosed and valve open) were determined.

in the third phase the response of the on-off semi-active suspension

was evaluated.

In the test setup the two linear bearings used for guidance
unfortunately introduced Coulomb type friction. This frjiction acts

as a "skyhook" damper (Figure 1.4).- As was seen in chapter 4,

-~

skyhook damping is especially effective in lowering the resonance
peak. Further, the oil seals in the suspension unit itself gives
some Coulomb frictio: This causes the unit to lock-up until the

inertia force exceeds the friction force fﬁ].

Type b semi-active system (relative velocity based Un-Uff)

-~ -

_proposes to combine the good Tow frequencj performance of a higyhly
damped passive system and the good high frequency performance of a

1ightly damped system. Thus the high and Tow damping response of the

system aréjeva]uated first. Then, based on these, the switching

»
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Tevel of relative velocity is determfned and the semi-active scheme »

‘\\\\:f tested. - .

£

»

NG

5.3.1 Passive, High Damping

N

. The performance of the‘ydssive.suspensfon unit was evaluated for

. the case of high damping. The high value of dampfng is the damping

—_——

when the solenoid is not energized, Three input amp]itude levels
were used, namely, 12.7 mn: (0.5 in) 19.1 mn (0.75 in), and 25.4 mn
(1.0 1néh). Since the system is nonlinear, the performance does

vary with differentlinput levels.

Figure 5.7 sﬁows the transmis§1b111ty for the 3 excitation
levels. It is noted that in this case the damping is very high -
indeed. At 25.4 mm (1.0 inch) excitaiion, one could only go upto
2.8 Hz. It was felt™that beyond thfs frequency the forces generated
would damage the suspension itself. “At‘}9.1 mm (§.75 inch) and" -
12.7 ymlkO.S inch) excitations, runs were made uptdq 3.5 Hz, and
5.0(Hz respectively. The fact thqp the sysf%m is very highly damped

can be noticed from the transmissibility at 5 Hz for 12.7 mm (0.5

‘}nch) excitation. This value of O¢61 corresponds to a damping ratio

J

of 1.40 for a linear system (Eqn 1.4).

5.3.2 Passive, Low Damping Lo

.. The low damping case is obtained ‘when the valve is open

-~ v :
" (solenoid energized). Once again the transmissibilties are-|

. determined for three levels of excitation amplitgdes. The results

are shown in Figure 5.8." Because of the Coulomb friction -
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discussed earlier, and relatively high amount of damping, a resonance
peak is observed only for the case of excitation amplitude of 25;4|nn
(1.0 inch). For this case, at $ Hz, the_transmissibility of 0.21

-’

corresponds to a damping ratio of 0.37 for a 1inear'system.

5.3.3 On-0ff Semi-Active Damping

For the high damping case, the amplitude of the relativé PN

\
velocity was seen to be monotonically Tmcreasing with frequency. ' \

Therefore, the scheme of On-0ff damping based on relative velocity:is
‘feasible. The objective is to produce a sjstem having hignh dam;ing
at 16w freéuencies-and Tow damping at high frequenties. However,
because of the hardware limitations, the dffference in performance
between high and low damping cases at low frequencies was discernible

only for excitation amplitude of 25.4 mm’(l.u inch). _In this case,

f
the transmissibilty curves cross over at,1.8 Hz. Thgrefore the peak

 value of the relative velocity for the damped system

corresponding to this frequency .is set as the switching velscity,
. ' ]

VS, on the control circuit. ¢ )

4

Figure 5.9 shows the response of the semi-active system for 25.4

mm (1.0 inch) exctitation amﬁlitude, together with the response of *
pasgfée systems. It sh&ws that the semi-active system performs even
bett@? than theoreticaliy predicted. Upto 1.8 Hz, fgzsso1enoid did °
not oﬁerate because the re]ative velocity never ‘exceeded the

preset value on the control circuit. For 2.0 Hz and 2.2 Hz, the

solenoid operates in on-off mode. Above this ffequency the 'solenoid

»
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~ pemains continually open, giving low damping. Thus the semi-active

system trdnsmissibj1ity closely follows the low damping
transmissibi]ity at high ﬁrequeﬁcies.

‘ In the analytical studies carried out earlier, the time constant
of the solenoid was not .considered. The results showed that the high
A frequency isolation of the semiJactive system is siighty worse than
‘that of a lightly damped passiVé system. However, the exper*men¥al
résu]ts shoy the two systems have identfcal transmissibilit‘ This
improvement was caused by thg time delay of the sodenoid.

» The solenoid selected is capa;;e of operating upto 20 Hz. The
reason why it did not switch at frequenC1es above 2.4 Hz is ‘because,
at these frequenc1es, the off-cycle period was too short. This fn
turn is due to the fact that the relative velocities had very higﬁ
amplitudes. Iherefore,,althodgh the control circuit did switqh the
vo1tq9e supply to thg solenoid, it remained energized., Figures 5.10
shows, for various frequencies, the relative velocity signal from the
LVT and the voltage at tﬁe base of tne'power transistor that oberate;
the sqlenoid. When the latter ishhigh‘(+12v) the solenoid is to bé .
off and when lo;I(Ov) on. At,i:4 Hz, thé off—cyclé is only about 0.3

seconds and the solefioid did not respond.

r
t

Since any suspension will have to operate under various
excitation levels, one must study how thé semi-active system responds
for other amp11 tudes. .Theréfone transmissibilities were also

determined for ihpqt amplitudes of 12.7 mm (0.5 inch) and 19.1 mm

-~

L]



= pae
g

: 1l2- ‘
‘ ' (a)_Frequency = 1.8 Hz )
‘ (Valve remains closed) = | ) v
Relative velocity
Control signal
1
(b) Frequency = 2.0 Hz.
" (On-off operation) ..
, . » . : . I ’
/ Control signal - -
- ~~ ‘ !
Relative velocity \ -
(c) Frequency.= 2.4 Hz
N (valve regains open),
’ ‘Control signal ~
‘ "Relative velocity ) ’
N L
. — Fig.‘,S.IO:“ ‘Solenoid Contro] Signal at 3 Frequencies ] - S
— , . f.,l : ’
. Sl e w




. "]]3-'
[}
2.0
f? L)
: ‘ Legend - '
me
1.0 % g H, @?mmm ‘ @ a-=o0.5"
< ul..l_]r‘ ‘ ) ,
F- BV - O a=0.75"
T 5 VT -
J hosl ¢ - .o"
> o az=1.0
l _ x
0.5 ; ' \?Q '
b) Ln
P
U]
@
. ,'P o
¢<> N
0.2 * l--l D
A
i‘ -~
0.1 , ' : ‘ | o
, 1.0 2.0 5.0 10.0
o _ Frequency, Hz
. @y,

Fig. 5.11: Transmissibility with On-Off Damping at 3
- Excitation Levels )




- RYPREEN -

—~

(0.75 {nch{; while keeping the switching velocity the same as before.
Figure 5.11 shows these plotted together with the one for a = 25.4 mm
(1 inch). Once again the results are as expe;cted. As. the amplitude

level is decreased, the transmissibility curve breaks off from the

B

high damping one at a later frequency.
5.4 CONCLUSION

Experimental results for the Type' 6 semi-active system have

fully verified the analytical predictions. This system is shown to
be superior to the passive ones. The high freqhency response of the
experimental setup was even better than expected because of the

dynamics of the solenoid.
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CHAPTER 6

CONCLUS¥ONS AND RECOMMENDATIONS FOR

FUTURE WORK

6.1 HIGHLIGHTS OF THE PRESENT WORK

In this thesis, thé vibration isolation characteristics of six

types of semi-active suspension schemes have been presented. A1}l the -

schemes are analysed with the same basic parameters and the results \;\
are compared on the basis of peak and RMS acceleration
transmissibilities. The merits and demerits of each type of systemq
is presented in comparison with passive and active 1sol$tors and with
each oggir.

The major contr;bution of this research is the'introduction of
two' new semi-active vibration isolator schemes and the investigation

of these in relation to the performance of other semi-active

=

isolators. The continuous control sepi-active schemes referred to as

. )
Type 3 system is an original contribution. The results of the

present fnvestigation show that the vibration isolation >
characteristics of this scheme is superior to that of a fully active
system. Moreover, the control schéme {s based, on directly measurable
quantities and has prac;ical potgptial for vehic]e'éuspensions. Thb'
formulation of Type 6 system employing on-off damping for vibration

isolation is also an original contribution. This scheme has béen

' presented earlier by other researchers for shock isolation. In the

present study, a systematic theoretical basis has been presented for

its use in vibration isolation. The results from theoretical and

< -115-
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experimental studies have demonstrated the effectiveness of this

scheme. .

Another highlight of this study {s the examination of the

o

e

! sta {lity of the various semi-active schemes. The on-off control

(\,séhéuws were checked for the possibility of unstable switching
leading to Ehatter. A unified basis fo? investigating the 1ock-ub
condition for the continuous control schemes wés also established.

6.2 CONCLUSIONS

The conclusions from computer simualtion and experimental
investigation have been detailed in tne relevant chapters. Therefore

.only an overall sumﬁary is presented in this section.
, P

Theoretical and experimental results for Type 1 system and

variations of Type 2 and Type 5 systems, and theoretical results for
-3 va;iation of Type 4 system have been reporfed earlier by other-

investigators. In the present investigation two new schemes are also
1ﬁfroducéd and a total of six schemes are studied in detail for thier
vibration isolation characteristics. The transmissibilities of the v
various semi-active suSpensioﬁ concepts are presented in terms of RMS ‘ .
acceleration.

of the'thr ‘semi-active schemes proposed by earlier
investigators, stély, bee'i, Type 2 and Type 4 systems, only the
first is seen to have a viable control scheme. However, even in this

case it is noted that the difficulty of obtaining accurate absolute

velocity measurements in vehicle applications will severly limit the
\ . L ,’-&\

> ¢
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usefulness of the control scheme. It was .shown thaé the d?fferentia]
equations describing Type 2 system may not h;;;“;;lutions. The
impiementation of this on-off c&ntrol scheme will lead to chatter of
the on-off control valve leading to performance degradation. Type 4
system exhibits drift at high frequeﬁcies. It was shown that éven if
the drift is disregarded, the acceleration i;olation {é not any ~w

| T4

better than what could be achievéd through passive means.

~

0f the three new semitactive schemes bréposed in fhis thesis,
Type 5 system can be implemented passively using Coulomb friction.
Type 5 and its on-off counterp;rt, Type 6 systq?s7cap avoid resonance
peaks and provide gpdd igh frequency isoiatioanhen the excitation
amplitude is within.a narrow band. Unlike the Type 5 system, Type 6
system will return to static position after any transients. Further-
more, in tQS.Type 6 system when large amplitude inputs.are
encountered, the resonance peak %s limited by the lower value of
dé@ping ratio (resonance ampliffcation of 5 for g, = 0.1).

\

' " Type 3 system has the same condition function‘as”;he Type 4
Esysxgm: This depends on relatiié’a?gﬁlaéement and relative velocity

-and can be impTemented even in vehicle applications. The computer
simulation results have shown that the hfgh'frequency vibration
isolation of this novel system can be better tha& that of an active ‘
system, when thé damper gain, «, is 1.3. :}here i? a small
dégradation in the performance at low frequenc%e§'due to the
discontinuities in"the damper force. Considering the 6verall
pefformance, Type 3 system can bﬁézgidfto be superior to all the

other 5 Iype; of semi-active suspensiohs studied.

———
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6.3 RECOMMENDATIONS FOR FUTURE WORK

Future work based on the present investigation ‘faﬂs into two
ca’cegor;ies namely, analytical and experimenta_l'.‘ Recommendations for
,analytical work may be summerized as follows:

. Y
1) Analysis of the various semi-active schemes under transient

and random inputs. ¢

2) Improvement of the mathematical model to include suspension
effects such as seal friction, veloc’ity-squared'damping and ﬂeffeét_‘of
entrappe;i air column.

" P

3) Inclusion of a realistic model of the dynamics of the fluid
flow control valve and its effect on the suspension performance. As
has been noted in Chapj;er 4, the analysis of Type 2 system cannot be
;:arried out independent of the valve dynamics because of the expected
“chatter" phenomenon. A model that includes the valve dynamics may
suggest a modi flied cpntrdl strategy, whereby the unstable switching
may be WVoided. . ‘

4) Application of semi-active congrol in
mu'lti-degrge-gf-freedom systems. Some studies have “been reported for
Type 1 system.l .Ihe work may be extended for other schemes presenj:ed |
in this thesis.z’;, Q

o

Experimental studies are important because the analytical work

invariably contains approximations and idealizations. Future

[

experimental work may include:
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1) Vvalidation of the results predicted for Type 3 and Type 4

systems. -In the <ase of Type\g systems, if fts predi(s:ted\ vibration
. isolation characteristics are shown to be realingle- in practice, it
'wili prove to-be a major contribution. For Type 4 system, the »
‘ experiment may determine how severe the -problem of drift may be, and

whether it will give any improvement over passive,isolato'rs.
2) Study of the e‘ffectz\of valvé%namics. If a programmable

o controller is built for the d{la;ion of damper force, it will be

véry easy to study the® effect of various controller parameters on the

suspension performance. This maj lead to innovative concepts or
improvements which would not have been possible arough analytical

means.

¥
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