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V. INTRODUCTION 

The protection of equipment and/or personnel from the damaging 

effects of vibration and shock is a problem repeatedly encountered in 

equipment design and development. Probably the most common approach to 

this problem is to isolate the object to be protected from the source 

of disturbance by a properly designed passive suspension system (soft 

springs and dampers or viscoelastic mounts, for example). There are, 

however, two important problems for which passive isolators are unsatis-

factory. The first problem arises when the object to be isolated is 

a .low-frequency flexible system whose response to external dynamic 

disturbances must be kept within certain tolerable limits. The human 

torso, for instance, has several resonances in the neighborhood of 5 Hz. 

The second problem occurs when the equipment or personnel is subjected 

to vibratory and transient loads superimposed upon a gradually changing 

"steady" acceleration level. When both of these factors occur simulta-

neously the isolation problem becomes particularly difficult and it is 

this problem that is considered herein. An example would be the 

protection of flexible spacecraft payloads where vibratory disturbances 

are superimposed on the relatively steady flight accelerations which 

may range typically from 0 to 5 g's. This same phenomenon is also 

encountered to a degree by aircraft and ground transport vehicles. 

For example, the passenger compartment of a high-speed ground-based 

vehicle encounters vibratory disturbances due to roadway irregularities 

and steady level accelerations due to banking in curves (see ref. 1). 

1 
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Norma1 roadway irregularities inc1ude both 1ow amplitude, short wave-

length components due to construction tolerances, and so forth, as 

well as .longer wavelength, larger amp1itude components due to terrain 

profile, foundation shifts, and so forth. Passive isolators are not 

suitable for systems of this type because of the large static deflec-

tions associated with changes in steady acceleration level. Thus, an 

analytica.l and experimental investigation has been initiated to deter-

mine the feasibility of using an automatica.lly controlled (active) 

vibration isolation system. 

Various active isolation systems utilizing controllab.le viscous 

dampers have been investigated in the literature (see refs. 2 and 3). 

These provide very good isolation characteristics under a 1-g accelera-

tion but are unsuitable for launch vehicle application since they 

behave as a passive system under static loading conditions. Other 

active vibration contro.l techniques incorporate the use of servo-

mechanisms to eliminate isolator static deflections (see refs. 4 and 5. 

These systems are primari.ly used for rigid-body isolation where a fixed 

reference for measuring payload displacement is readily available. 

This paper presents the results of a research investigation to 

determine the feasibility of using an active vibration isolation 

system to protect sensitive, nonrigid payloads from the combined steady 

and vibratory load environment. For purposes of illustration and 

discussion the problem of .launch vehicle payload isolation will be 

considered although the results are applicable to other problems such 

as passenger compartment isolation. The approach used is to provide 
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an "isolation interface" between a launch vehicle and its payload that 

wi.11 (1) significantly attenuate the response of the payload to vibra-

tion disturbance generated in the launch vehicle and transmitted through 

the interface and (2) damp the payload response to transient loads such 

as those generated during booster staging or control maneuvers. The 

vibration isolator developed in this study is an active system that 

measures the local response of a low-frequency nonrigid payload and 

introduces forces to cancel this response. The active vibration 

isolation system consists of: (1) sensing elements to measure pay.load 

response, (2) control networks to process the measured response signals, 

and (3) a variable force actuating element that responds to the control 

commands in such a manner as to null the payload response. Primary 

consideration is given to the problem of isolating a sing.le-degree-of-

freedom payload although some preliminary work is included to indicate 

the possible extension of this approach to payloads with more than one 

degree of freedom. Ana.log and digital computer studies of the isolation 

system are conducted and a. working model of the isolator is developed. 

Theoretical and experimental results in the form of transmissibi.lity and 

transient response plots are presented to indicate the effectiveness of 

this isolator in attenuating the response of a one-degree-of-freedom 

payload to steady state and transient vibratory disturbances. Prelimi-

nary results are also included to illustrate the potential application 

of the isolator to the problem of isolating a two-degree-of-freedom 

payload. 



VI· LIST OF SYMBOLS 

A para.meter defined by equation (29), sec-2 

Ap piston area, in2 

a constant defined by equation· (36), sec-l 

B para.meter defined by equation (30), sec-2 

b constant defined by equation (37), sec-2 

C parameter defined by equation (31), sec-2 

Ca. accelerometer sensitivity, volts/in./sec2 

Cf sensitivity of actuator piston position sensor, volts/in. 

. ( ) lb-sec Cm damping coefficient single mass payload in. 

C0 constant relating valve spool displacement to error voltage, 

in./volt 

Cv constant relating actuator flow to valve spool displacement, 

c 

D 

d 

E 
0 

e 

G(s) 

in2 /sec 

damping coefficient, upper and lower mass, respectively, 

constant defined by equation (38), sec-3 

para.meter defined by equation (32), sec-2 

constant defined by equation (39), sec-4 

output of potentiometer, volts 

constant defined by equation (4o), sec-5 

external force applied to payload mass, lb 

steady force acting on payload, lb 

natural frequency, Hz 

forward loop transfer :function (eq. (15)) 

4 

lb-sec 
in. 



G1(s) 

H1 (s) 

~(s) 

H3(s) 

5 

equivalent transfer function (see eq. (22)) 

feedback loop transfer functions (eqs. (19), (20), and (21), 

respectively) 

j denotes complex number, j ; ~ 

K spring constant, 1b/in. 

K0 spring constant, 1b/in. 

Kl'~ 

M 

s 

T 

t 

w 

spring constant, upper and lower mass, lb/in. 

feedback control gain, sec2 

spring constant (single n.o.F. payload), lb/in. 

mass, 1b-sec2/in. 

upper and lower mass, lb-sec2/in. 

volume flow rate, ft3/sec 

1aplace transform variable, sec-1 

transmissibility 

time to damp to one-half amplitude, sec 

time to damp to one-half amplitude for kc = O, sec 

weight, lb 

relative displacement, in. 

x payload mass displacement, in. 

'Ky servo valve displacement, in. 

x1 ,x2 upper and lower mass displacement, respectively, in. 

y actuator piston displacement, in. 

z input disturbance displacement, in. 
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~ axial acceleration, g units 

y normalized damping time, t/t0 

b.. static deflection, in. 

E error voltage, volts 

o servo valve control signal, volts 

oa accelerometer output, volts 

~ damping ratio (two-degree-of-freedom payload) 

~o accelerometer damping ratio 

~m damping ratio (single-degree-of-freedom payload) 

A payload overshoot, see equation (42) 

er real part of s', s = er + jw 

T time constant (lead network), sec 

Ta time constant (actuator), sec 

Tl time constant (lag network), sec 

w natural circular frequency, rad/sec 

rum payload natural frequency, rad/sec 

w0 accelerometer natura.l frequency, rad/sec 



VII. CHOICE OF ISOLATOR SYSTEM 

Isolator Requirements 

The problem of payload isolation is presented schematically in 

figure l which shows a. flexible payload mounted to a launch vehicle. 

For illustrative purposes it is assumed that the launch vehicle is a 

source of longitudinal. vibration input, z(t), and the acceleration 

response of the flexible payload is defined as the output and is 

denoted by x(t). The objective, then, is to provide a vibration 

isolation system at the payload-launch vehicle interface that will 

effectively attenuate payload response to vibratory disturbances 

transmitted through the isolator and transient disturbances acting 

directly on the payload. There are three very important conditions 

under which the isolator must operate. These are: 

(1) Both the payload and the launch vehicle are assumed to have 

critical frequencies which are less than 10 Hz. Thus the isolator 

must be capable of minimizing the low-frequency, large-amplitude 

response of such structures. 

(2) The isolator must operate within a variable "steady state" 

or nonvibratory acceleration field ranging from 1 to 5 g's. 

(3) "Rattle space" for payloads is generally very limited, there-

fore the isolator itself must maintain a fixed position. 

Vibration isolation systems are generally categor.ized as being 

either passive or active. Passive isolation systems depend entirely 

upon the dynamic characteristics of passive elements, such as 

7 
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mechanical springs and viscous dampers, for the required vibration 

isolation. Active systems, however, employ automatically contro.lled 

or active elements to sense the disturbance response and introduce 

forces to oppose it. The following paragraphs discuss the character-

istics of both the passive and active vibration isolation systems. 

Passive Isolation Systems 

For most conventional (or lg) vibration isolation problems the 

object to be isolated is mounted on relatively soft springs and dampers. 

A typical exa.mp.le is the automobile. This approach, however, has 

certain limitations when applied to the problem of payload isolation. 

A review of the characteristics of a passive isolation system (refs. 6 

and 7) will readily verify this point. Figure 2 illustrates schemati-

cally a rigid payload being isolated from a moving support by a passive 

isolator consisting of a spring and viscous damper. The transmissibil-

ity of the system is defined as the ratio of output acceleration to 

input acceleration and is presented as a function of frequency ratio, 

that is, input (or driving) frequency divided by the natural frequency 

of the isolator. Transmissibility plots are shown for the case where 

the damping ratio, c/cc, is zero and 0.2. The transmissibility is large 

when the driving frequency, m, is near the natural frequency of the 

isolation system, mn. This corresponds to a frequency ratio of approxi-

mately 1. For va.lues of frequency ratio above 1./2. the transmissibility 

becomes increasingly less than 1. If, for the case shown in figure 2, 

an SO-percent reduction in vibration response is desired 
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(tra.nsmissibility = 0.20) the frequency ratio must be equal to or 

greater than 5. Thus, if the input frequency of the launch vehicle is 

5 Hz, the isolator must be designed to have a natural frequency of 1 Hz. 

The inherent problem with a soft system of this nature is the large 

static deflections that result if the "steady" acceleration level 

changes. The static deflection, !:::.., is defined as 

F 
0 t:::..=K' 

where F0 is the steady force acting on the payload and K is the 

spring constant. For this problem 

F0 =a.W 

where ~ denotes the number of g units and W is the weight of the 

payload. For a spring-mass system, neglecting damping, the natural 

frequency is given by 

f n 

where M is the mass of the payload. Substituting (2) and (3) into 

(l) gives the following expression for static deflection. 

!:::.. = 9. 781' 
f 2 

n 

(1) 

(2) 

(3) 

( 4) 
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Equation (4) is plotted in figure 3 for a 1-Hz isolation system. As 

indicated by figure 3, a 1-Hz system has a static deflection of 

approximately 10 inches under a steady acceleration of lg. When the 

longitudinaJ. acceleration is increased, the static deflection becomes 

much larger. The deflection associated with a 5-g acceleration, for 

example, is approximately 50 inches which is obviously undesirable. 

Active Vibration Isolation System 

In order to minimize both vibration and static deflection under 

conditions of varying acceleration, it is apparent that some form bf 

an automatically controlled isolation system is required. This involves 

the establishment of control criteria, the selection of the important 

control or response variables, the measurement of the control variables, 

the processing of the measurements through a feedback compensation 

network, and the utilization of the processed values to operate an 

actuating element in such a manner as to satisfy the control criteria. 

A schematic diagram of the active isolation system selected is shown 

in figure 4, the components of which are discussed in the following 

paragraphs. 

Actuating Element 

The actuating element must be capable of generating and applying 

a variable force to the payload in response to control commands. Such 

elements are available in the form of servo-driven pneumatic or 

hydraulic actuators. An electrohydraulic servo actuator was chosen 
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because it offers several distinct advantages over the corresponding 

pneumatic actuators. Among these are: 

(1) Hydraulic cylinders are essentially linear elements since the 

compressibility effects of the oil are usually negligible. Pneumatic 

cylinders, on the other hand, are generally nonlinear due to the 

compressibility effects of air. 

(2) Hydraulic systems can respond quicker than pneumatic systems. 

Pneumatic systems cannot respond until the effects of compressibility 

ha.ve taken place. 

(3) The inherent nonlinearities of pneumatic systems create a 

more complex design problem. Therefore, they cannot readily handle 

changes in system para.meters without redesign efforts. 

Contro.l Criteria and Control Variables 

The control variables are obviously the absolute acceleration of 

the payload and the isolator static deflection. These will be measured 

by suitable acceleration and displacement transducers. The control 

criteria are simply to (1) maintain the vibratory accelerations of the 

payload at a zero level, and (2) eliminate isolator static deflection. 

It is important to keep in mind the fact that the pay.load itself will 

still "see" and (since it is flexible) respond to the steady accelera-

tion levels, that is, it will deflect due to the variations in flight 

acceleration level. 
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Compensation Networks 

The compensation networks consist of an acceleration controller to 

process the measured acceleration signal and a position controller to 

process the measured isolator deflection signal. Two modes of accelera-

tion control are considered. The first mode, called mode I, consists 

of proportional lead-lag compensation, and the second mode, mode II, 

consists of lead compensation only. The lead network is used to 

eliminate the response of the isolator to the DC acceleration component 

and the lag network attenuates the high-frequency components of the 

measured acceleration signal. 

The position controller is simply a direct proportional feedback 

of isolator displacement. 



VIII. PRESENTATION OF ANALYTICAL RESULTS 

General 

This section presents the results of an analytical investigation 

to determine the effectiveness of the active isolation system in pro-

tecting a low-frequency, single-degree-of-freedom payload. The 

analytical model of the isolator system is described and the system 

transfer functions are developed. Digital and analog computer studies 

are then made to obtain the transmissibility and transient response 

characteristics of the system. Preliminary analog computer results are 

presented for a two-degree-of-freedom payload to illustrate the possible 

application of the active isolator to more complex payloads. 

Analytical Model 

The various components of the analytical model of the isolator-

payload system are shown in figure 4. The payload is represented by 

a one-degree-of-freedom spring-mass-damper system tuned to have a 

resonant frequency of 30 rad/sec or 4.87 Hz and is shown suspended from 

the top of a rigid box that is in turn rigidly fastened to the 

hydraulic actuator piston. It is assumed that this payload model is 

typical of t.he fundamental resonant response characteristics of a 

discrete or continuous structure, and also that the higher resonances, 

if present, are much less critical. The justification for these 

assumptions is based on the fact that the principal danger to payloads 

of this nature arises from the large amplitudes associated with 

13 
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low-frequency response. Also, the isolation of the payload from the 

high-frequency disturbances can generally be handled by more conven-

tional techniques. 

The operation of the active vibration isolator is described as 

follows: (1) the vibratory response of the payload to launch vehicle 

disturbance vibrations, z(t), and/or external disturbances, F(t), is 

measured by a servo accelerometer. The external disturbance function 

includes the force due to a steady flight acceleration. Thus, the 

servo accelerometer generates a signal proportional to the superposition 

of payload acceleration response and steady flight acceleration, (2) the 

acceleration signal is applied to the accelerat.ion controller for com-

pensation. During this process the lead network eliminates the steady 

(or DC component) of the signal, (3) the output of the acceleration 

controller is amplified and applied to the servo valve, resulting in 

flow through the valve that is proportional to the payload acceleration, 

and (4) the servo valve displacement generates an actuator piston 

velocity, causing the piston to move to oppose the payload acceleration. 

It is important to note that the servo actuator response to the com-

pensated acceleration error signal is an approximate integration 

process. Thus, the actuator force applied to the payload is approxi-

mately proportional to payload velocity. This corresponds to the 

addition of damping to the system. A second loop measures the actuator 

piston position, compares it to a preset command position, and generates 

a signal to the servo valve that tends to restrict the piston to move 
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about the command position. It is this loop, together with the lead 

network, that eliminates isolator response to gradually changing steady 

acceleration levels. 

System Transfer Functions 

The signal flow diagram of the payload-isolator system is presented 

in figure 5. The transfer f'unctions associated with each block of the 

signal flow diagram will now be discussed. 

A sketch of the pay.load model and the coordinate system used to 

develop its transfer function is shown in sketch 1. 

x(t) 
M 

Piston w(t) 

y(t) 

Servo 
actuator _j z(t) 

Sketch 1. Payload model and coordinate system 

The x and z coordinates are independent. The y coordinate 

defines the position of the actuator piston relative to the actuator 

housing and the w coordinate is the relative displacement between 

the payload mass and the payload support structure. Summing the 

forces acting on the payload mass gives 
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MX = -k w - Cm. w m 

x = .. 1.: f kw + c w 
M [ m m 

Taking the laplace transform of equation (7) results in 

where s is the laplace transform variable. Rearranging 

Equation (9) is the transfer function relating the acceleration 

(6) 

(7) 

(8) 

(9) 

response of the flexible payload to the input disturbance displacement. 

In order to develop an approximate servo actuator transfer func-

tion, the fallowing simplifying assumptions are made: 

(a) The hydraulic oi1 is incompressible. 

(b) Servo valve spool displacement is d:i,:rectly proportional to 

actuating voltage. 

(c) Servo valve flow is directly.proportiorlal to the valve spool 

displacement. 

Consistent with these assumptions the block diagram of the servo 

actuator with closed-loop position control is represented as shown 

in sketch 2. 
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o(s) . 
+ € c ~T -

Q 1 Y. 1 y . - c - -\.,/ 0 
~ v , 

~ s -

E 
0 cf -

Sketch 2 

From sketch 2, the transfer function relating piston displacement, y, 

to actuating voltage, 8, can be written. It is 

Wat=%; ( 1 ). 
c ~ c s + 1 

0 v f . . 

or 

- .(10) 

where 
A (11) ,ra. = a c c 

. 0 v f 
,_ ,j 

and C0 is the constant ~~).ating 'valve spool displacement to error ... 
. ,. . 

voltage E, C is the constant :r;elating actuator flow to valve spool v .. . 
displacement, A is the piston area, Q is volume. flow through valve, 

y is the actuator piston displacefuent, and Cf is the constant that 
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converts piston displacement to an equivalent voltage. The constant, 

T , is the time constant of the servo actuator and has the value of a 
o.4o sec. The constant, Cf, has the value of 60 volts/in. 

The mode I acceleration controller consists of a lead-lag compen-

sation network with overall gain k . The transfer function in laplace c 
operator notation is 

o(sJ . _ k ( TS ) 
~ - C TS + 1 

(12a) 

where o is the output of the acceleration controller and T and Tl 

are time constants and are set equal to one (T =Tl= 1.0). 

The mode II acceleration controller consists of lead compensation 

only and its transfer function is 

o(s} _ k ( TS ) 
~ - C TS + 1 

The transfer function of the servo accelerometer is 

o (s) a 
x(s) 

c a 
= 2 2s 
~+--2+1 2 ' ill 
ill 0 

0 

(12b) 

(13) 

where m0 is the natural frequency of the accelerometer and s0 is 

the accelerometer damping ratio, and C is the sensitivity of the a 
accelerometer. The accelerometer used in this study has a natural 

frequency of 300 Hz (w0 = 1885 rad/sec) and a damping ratio of 
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approximately 0.7. Consequently, for the operating frequencies con-

dered in this study, the transfer function is 

5 (s) 
__,,a....,..._ = C 
x(s) a 

(14) 

The block diagrrun of the active isolation system with the appropriate 

transfer functions substituted is shown in figure 6. The mode I and 

mode II acceleration controllers are indicated by the dashed boxes and 

are mutually exclusive. 

Digital Computer Study 

The NASA-Langley IBM 7094 was utilized to compute the transmissi-

bility and stability characteristics of the active isolator system with 

the one-degree-of-freedom :payload model. For convenience the transmis-

sibility is defined as the ratio of payload velocity, x, to input 
. 

disturbance velocity, z. The block diagram used to develop the trans-

missibility equation is given in figure 7. The forward loop transfer 

function ahead of the acceleration :pickoff point is defined as 

Setting 

and 

k 
~ - Ul 2 

M - m 

c 
m 

M - 2s ru mm 

(15) 

(16) 

(17) 
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2 
(l) 

G(s) = ~ + 2s w s mm 

The inner feedback loop transfer function for mode I acceleration 

control is 

IS_(s) 

and for mode II control is 

2 s k TC c a 

2 s k TC c a 

The outer feedback loop transfer function is 

The block diagram of figure 7 can now be replaced by the system 

illustrated in sketch 3. 

H1(s) -
H2(s) -

y 

. +' if z - 1 I - - G(s) ~ '-../ , ,, . - I - s 

x 

H3(s) -

Sketch 3 

(18) 

(19) 

(20) 

(21) 



21 

The block diagrum can be further simplified by replacing the inner 

feedback loop of sketch 3 by its equivalent transfer function, which is 

(22) 

where H(s) can be either of the acceleration controller transfer 

functions. The block diagram now reduces to that indicated by sketch 1~. 

+ x 1 z - G1 (s) -- s - - .r - \ 

x 

H3(s) -

Sketch 4 

Using sketch 4, the transmissibility equation can be written directly. 

It is 

~Ltl = T(s) ¥[S) (23) 
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or 

(24) 

Substituting the appropriate transfer fUnctions for the case of mode I 

control gives 

T(s) = (2s ms+ ro 2 )(T s + 1)(T1s + l)(Ts + i)(cf)/(cf) 2(T s mm m a 1 a 

+ l)(TlS + l)(TS + 1) + (2s ro s + ro 2 )k TC 83 mm m c a 

+ (2s ill S +ill 2 )(Cf)(T S +l)(TlS + l)(TS +1) mm m a (25) 

For steady-state vibrations the laplace transform variable can be 

replaced by 

s :::: jlD (26) 

Equation (25) now becomes 

T(jm) = (m 2 + 2j~ w rn)(l + jT m)(l + j'Till)(l + jT1w)(cf)/ (.cf) (ru2 )(1 m mm . a 

+ jTa.ru)(l + jTLD)(l + jT1ro) + (c:n 2 + j2sill ru)k TC (-j~) m m c a 

+ (ru 2 + j2s (I) c:n)(Cf)(l + jT ill)(l + j,-<.0)(1 + jTlill) m mm a (27) 
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Equation (27) can be written in the form 

where 

A + jB 
T(jro) = C + jD 

- 2s W ru[ru(T +Tl +T) mm a 

. c .4 a + 2k TS (l) {.!) -c m m cf 

(28) 

(29) 

(30) 

(31) 

(32) 
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Finally, the transmissibi1ity can be calculated as a function of input 

frequency w by determining the magnitude of T(jw) 

(33) 

and the phase angle is 

-1 B -1 D 
1> = tan A - tan C (34) 

Equation (33) represents the transmissibility of the active isolator 

with a one-degree-of-freedom payload for mode I acceleration feedback 

control. This equation was programed on the digital computer for 

calculation of transmissibility as a function of the ratio of input 

frequency to payload natural frequency. The results of the trans-

missibility calculations are presented in figure 8 which is a plot of 

transmissibility versus frequency ratio for various. values of feedback 

loop gain kc for mode I control. The curve for kc = 0 is the 

steady-state response of the payload without active control. The upper 

limit on the control gain is k = 924 c since for values slightly 

larger than this the control system becomes unstable. The isolation 

characteristics are good for the lower frequency range (ru/w ~ 1.5), m 

especially at the resonant frequency of the payload. However, for the 

higher frequencies the transmissibility curves (with the exception of 

the case for k = 924 indicate some deterioration of isolation c 
capability when compared to the no-control condition. 



25 

Stability was investigated by calculating the roots of the char-

acteristic equation obtained from the denominator of the closed-loop 

transfer function of the system. The characteristic equation is 

defined by the denominator of equation (25) and is 

s5 + as 4 + bs3 + cs2 + ds + e = 0 (35) 

where 

(36) 

2 ca . ~ ( ) 2 
T + Tl + T + ill k T -C + 21;, ill T T.l + T T + T.lT + W T TlT a m c f mm a a ma. 

TaTlT 
(37) b = 

(38) 

(39) 

(40) 

The roots of equation (35) were calculated as a function of feedback 

gain k and the results for the control mode are presented in c 
figure 9 in the form of a root locus plot for the positive frequency 

values only. For very small feedback gains, k ~ 0.693, the control c 
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mode behaves essentially as a nonoscillatory system. At the value 

k ""'1.155 the root locus breaks away from the negative real axis, c 

thus becoming oscillatory and at the value kc = 23.1 begins to 

become less stable for increasing loop gain. At a value of feedback 

gain slightly larger than 924 the locus crosses the imaginary axis 

into the real plane, signifying an unstable condition. 

For mode II control the first-order time lag is removed by setting 

Tl = 0 in equation (27). The transmissibility and stability calcu-

lations are performed as before and the results are presented in 

figure 10 and figure 11, respectively. Figure 10 indicates a marked 

improvement in transmissibility over the entire frequency range for 

much lower values of feedback gain. The root locus plot (fig. ll) for 

the unstable root shows that the instability occurs for much lower 

values of feedback gain. With these results in mind, an analog computer 

study of the simulated active isolation system was conducted for the 

mode II feedback control system only. 

Analog Computer Results 

One-degree-of-freedom model.- The analog computer is a very useful 

and versatile tool and is especially suited for investigations of this 

nature. It pprovides a means of rapidly determining the effect of 

variations of individual system para.meters on overall system perform-

ance as well as permitting the simulation of a gradually changing 

steady acceleration level. In addition, the isolator response to sinu-

soidal, step, or impulsive input disturbances can be observed and 
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evaluated in real time. The particular computer used for this study 

is a Pace Model 231R. 

The analog computer circuit diagram representing the block diagram 

of figure 7 for mode II acceleration control is illustrated in figure 12. 

The input disturbance functions are applied to integrator 06 and the 

acceleration response of the payload is picked off the output of 

amplifier 22. 

This signal is then applied to the lead network with feedback gain 

set by attenuator Q15 . The output of the lead network drives the 

simulated servo actuator to generate the actuator piston velocity, y, 

at the output of amplifier 17. The piston velocity is integrated once 

to obtain piston displacement which is fed back through attenuator Q17 

to amplifier 17. The piston velocity is then applied to the input of 

integrator 06 to complete the acceleration feedback loop. The time 

constants for the controller and actuator are set at the same values 

used in the digital computer simulation. 

The results of the transmissibility calculations using the analog 

computer are identical to those obtained in,the digital computer simu-

lation (fig. 10). To obtain the transient response characteristics of 

the active isolation system to simulated. step acceleratio~ inputs it is 

necessary to analytically generate the servo actuator piston accelera-· .. 

tion. This is accomplished by representing the ~ervo actuator as a 

highly damped second-order system as shown in the a.ruUog computer 

circuit diagram of figure 13. The analog computer plots of figure.14 
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illustrate typical transient response characteristics of the payload-

isolator system to a l. 0-g step input acce.leration. 

The input disturbance acce.leration is shown on the upper trace, 

the payload acceleration response on the middle trace, and the actuator 

piston displacement on the .lower trace. Figure 14(a) shows the response 

of the system for the 11 control-off 11 condition. The payload responds as 

a lightly damped system at a frequency of approxiniately 4.87 Hz. 

Figures l4(b), 14(c), and 14(d) show the effect of increasing f'eedback 

gain on system response. Note, particularly, the highly damped payload 

response and the quick return of the actuator piston to its preset 

position. However, this improved performance is accomplished at the 

expense of larger piston deflections. Thus, the upper limit of isolator 

performance will be highly dependent upon the physical liniitations of 

the actuator (total stroke, for example). Ths piston displacements and 

actuator response time can be reduced by setting the position feedback 

gain at higher values. This, in turn, limits the ability of the servo 

actuator to respond freely to control commands. Thus, the design of 

an isolation system of this nature will have to consider the perf'orm-

ance trade-off's between tight position control of the isolator and 

tight acceleration control of the payload. 

The transient response data are summarized in figure 15 which 

presents the variation of the normalized damping tinie and payload 

overshoot with acceleration feedback gain k . Normalized damping c 

tinie and overshoot are defined as follows: 
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6. = normalized damping time = t t 
0 

where t is the time required for the payload to damp to one-half 

(41) 

amplitude with control on and t 0 is the corresponding damping time 

for the control-off condition. 

"\ h lRL____W 
f\ = overs oot = - 1~r- -.. 

Examination of figure 15 indicates a very rapid initial decrease in 

damping time and an appreciable decrease in payload overshoot for 

increasing gain values. For k > 5. 0 the damping time remains c 

( 42) 

essentially constant and the primary effect of the control system is 

a reduction in payload overshoot. 

A slowly varying steady acceleration level was simulated by 

applying a low-level DC voltage to the input of an integrator and thence 

to the input of amplifier 22. The resulting steady state and transient 

response behavior of the system was unchanged. 

Active Isolator and Two-Degree-of-Freedom Payload 

This section presents the preliminary results of a study to 

evaluate the potential ability of the active isolator to attenuate the 

flexible response of a more complex payload. This payload is repre-

sented by the two-degree-of-freedom model shown in figure 16. The 

equations of motion for the payload with no control are: 
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(43) 

and 

(44) 

Setting cl = c2 = c, Kl = K2 = K, z = o, and Ml = ~ = M and using 

the relations 

and 

~ = ru2 = 900 rad/sec2 

-l = 0.10 sec 

( 45) 

(46) 

the undamped coupled liatural frequencies of the model can be calculated. 

They are f 1 = 2.9l Hz and f 2 = 7.72 Hz. The analog circuit diagram 

representing equations (41) and (42) is shown in figure l7. It is 

assumed that only one acceleration measurement is available and this 

is arbitrarily chosen to be the acceleration of mass M2 . Using the 

same active isolation system as before the transmissibility curves of 

figure 18{a) and figure 18(b) were obtained. Figure 18(a) shows the 

response of the lower mass (~) for the "no-contro.l" and "control-on 1' 

conditions. Figure 18(b) indicates the response of the upper mass. 

Both figures show a significant reduction in transmissibility over the 

frequency range with the exception of the point at 5 Hz. At this 
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frequency, the isolator seems to have relatively little effect on the 

s~t~. 

The response of the payload and isolator to a 1-g step accelera-

tion disturbance is presented in figure 19. The response of both 

masses is quickly damped, but at the expense of somewhat large piston 

displacements and a much slower return to the preset position. 



IX. PRESENTATION OF EXPERIMENTAL RESULTS 

General 

Experimental models of the a.ctive isolation system and single-

degree-of-freedom payload were built to provide data for comparison 

with the anaJ.ytical results. The experimentaJ. data are presented in 

two forms. First, the actual isolator hardware is applied to the prob-

lem of isolating an anaJ.og computer simulation of the payload. The 

disturbance inputs for this case are sinusoidal and step accelerations. 

Secondly, the isolation system hardware is used to isolate an actual 

physical model of the payload. This model is comprised of leaf springs 

and a cylindrical mass and is tuned to have a resonant frequency of 

4.82 Hz. The disturbance inputs for this case are sinusoidaJ. and step 

displacements. Displacement inputs are used because of the difficulty 

of experimentally generating a step acceleration. 

Experimental Active Isolator Model 

The experimental model of the active isolator consists of: 

(1) a servo accelerometer to measure pay.load response, (2) a propor-

tional lead network (acceleration controller) to process the output 

signal from the servo accelerometer, (3) a linear potentiometer to 

measure piston displacement, (4) a direct proportional network (position 

controller) to process the output signal from the potentiometer, and 

(5) an electrohydraulic servo actuator to apply a variable force to 

the payload in response to control commands. 

32 
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The input vibration disturbances are applied to the experimental 

payload by means of a hydraulic vibration exciter system. 

The servo accelerometer is a Kistler model 303B. It has a natural 

frequency of 300 Hz with a flat frequency response from DC to 100 Hz. 

The electrohydraulic servo actuator is a surplus item originally 

intended for use as a control fin actuator on the NASA Scout launch 

vehicle. It is a 3000-psi device capable of generating a force up to 

1500 pounds with a total stroke of l inch. Frequency response tests 

indicate a reasonably flat frequency response up to approximately 12 cps. 

The servo valve is a flow control device with full rated flow 

(0.38 ± 15 percent G.P.M.) at 8 ma differential current and 1000 psi 

differential pressure. The acceleration controller is the same as that 

discussed in the analysis section for mode II control and is shown in 

figure 6. The operational amplifiers of the analog computer were used 

to build the control functions. A photograph of the experimental 

isolator and model is shown in figure 20 with the various components 

labeled. The electrohydraulic servo actuator is shown mounted between 

the hydraulic vibration exciter and payload. 

Ex:perimental Results 

The experimental data are presented in figure 21 which is a plot 

of transmissibility versus frequency ratio. The unshaded symbols , 

indicate the results obtained by using the experimental isolator to 

attenuate the response of the simulated payload. The upper and lower' 

curves correspond to feedback gains of 2.31 and 23.1, respectively. 
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Both curves show very good isolation capability for values of frequency 

ratio less than 2.0. For frequency ratios greater than 2.0 the data 

tend to approach or exceed the 11control-off 11 curve. This is believed 

to be due to the combined effect of actuator response dropoff and pha.ne 

shift in the 10- to 12-Hz region. The important point, however, is the 

fact that the transmissibi1ity is substantially less than one over the 

entire frequency range investigated, particularly at the payload 

resonant frequency. The shaded symbols represent the best data obtained 

by using the experimental payload model. These data compare favorably 

with the data obtained with the simulated payload although the same 

degree of isolation was not attainable at the higher frequencies. The 

feedback gain for this case was approximately two-thirds the value used 

with the simulated payload. 

The transient response of the simulated payload to a step-input 

acceleration is shown in figure 22(a) for the "control-off 11 cond.ition 

and in figure 22(b) for the "control-on" condition. With control the 

payload response is damped out in less than one cycle and the actua.tor 

piston quickly returns to the preset position. 

A comparison of the analytical and experimental results {for the 

simulated payload) is presented in figure 23 for two values of accelera-

tion feedback gain. The experimental data compare favorably with the 

theoretical curves, especially in the region near payload resonance. 

Keeping in mind the linear analytical approximations of the physical 

system components, this is felt to be very good agreement. 



X. CONCLUDilfG REMARKS 

An experimental and analytical investigation has been conducted to 

determine the feasibility of using an automatically controlled vibration 

isolation system for protection of flexible payloads from dynamic 

disturbances inputs. Based on the results of the investigation, the 

following statements can be made: 

(1) The feasibility of such a system has been proven and its 

effectiveness verified by experimental tests of an active isolator model. 

(2) The active isolation system has the ability to sense the local 

dynamic response of a nonrigid payload and utilize this measurement to 

generate forces that oppose the response. 

(3) The steady-state response, or transmissibility, of a single-

degree-of-freedom payload isolator system can be held to a .low leve.l 

over a range of frequencies. The transmissibility never exceeded one 

and in most cases was substantia.l.ly less than one. 

( 4) In the higher frequency range (m/m > 2.0) the isolator m-
had neg.ligible effect on the transmissibility characteristics of the 

system. 

(5) The active isolation system was highly effective in damping 

the transient response of the payload to step disturbances. 

(6) The preliminary results for the two-degree-of-freedom payload 

suggest an effective application of the active isolator to more complex 

payloads. 

(7) The static deflection of the isolator due to a gradually 

changing steady acceleration level is negligible. 

35 



(8) Further work should be done to define the perform.a.nee capabil-

ities with respect to the isolation of more complex discrete system 

payloads as well as continuous payloads, such as flexible beams and 

plates. 
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Figure 20.- Photograph of experimental apparatus. 
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Figure 22.- Experimental transient response of simulated payload. 
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Figure 22.- Concluded. 
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Figure 23.- Comparison of analytical and experimental transmissibility. 



ACTIVE VIBRATION ISOLATION 

FOR FLEXIBLE PAYLOADS 

By 

Jack D. Leatherwood 

ABSTRACT 

Results are presented of an experimental and analytica1 investiga-

tion to determine the feasibi1ity of using active control techniques to 

(1) attenuate the response of a flexible payload to low frequency sinu-

soidal vibration disturbances, (2) damp the transient response of a 

f1exible payload to step disturbances, and (3) eliminate isolator static 

deflections under conditions of gradually changing steady acceleration 

levels. An active vibration isolation system was developed and an 

experimental working model of the system was built and tested. Digital 

and analog computer studies were conducted to obtain the transmissibil-

ity and transient response characteristics of the isolation system. 

The analytical and experimental results indicate that the active vibra-

tion isolation system is very effective in attenuating the response of 

a one- and two-degree-of-freedom payload to vibratory disturbances. 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072

