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ABSTRACT

In order to study vehicle suspension and frame dynamics
under controlled and reproducible laboratory conditions,
TACOM's road simulator or "shaker test" was developed. A
road simulator is a laboratory test device which imparts
dynamic forces simulating road inputs, on a complete vehicle.
It is the purpose of this study to develop vertical position
control signals for the road simulator so that good correla-
tion between laboratory test and field results is obtained.

As a result of this study, the design engineer has a
more exact vehicle model than he has had and the test engineer
has a laboratory simulation which has been verified for verti-
cal dynamic inputs. The combined effect of these two
*engineering tools will serve to produce a better prototype
vehicle which, in turn, will eliminate many of the initial
field test failures which plague new vehicles.



LABORATORY CONTROL OF DYNAMIC VEHICLE TESTING

INTRODUCTION

The road simulator concept of laboratory vehicle testing
came into existence to facilitate studies of frame and sus-
pension dynamics. Prior to the road simulator, frame and
suspension components were divorced from the vehicle for
laboratory evaluation. In most cases, the control or excita-
tion signal for the test was some well defined mathematical
function whose correspondence validity to actual field
excitation is questionable. Testing then progressed to a
point where recorded field signals and shaped random noise
were used to control component tests.

Since there is interaction between the component being
tested and the vehicle to which it is mounted, it became
apparent that a road simulator which would test the total
vehicle system in the laboratory would yield useful results.
The early road simulators provided vertical inputs of low
amplitude to each wheel of a passenger car. The inputs were
accomplished using four electro-hydraulic linear actuators
with pedestals on which the tires rested.

Laboratory testing of off-road vehicles offered a new
challenge. Due to the large wheel deflections, the vehicle
had to be restrained from falling off the road simulator.
In order to facilitate restraining the vehicle and also to
allow the addition of longitudinal excitation forces, the
wheels were removed and the spindles attached to the actuator
through a multiple degree of freedom assembly. The restraints
were attached from vehicle to ground so that their effect on
the dynamic motion of the sprung mass was minimal.

The present state of the art includes vehicles in the
5-ton payload class with up to six vertical and four horizon-
tal linear actuators. Currently being constructed at the
U.S. Army Tank-Automotive Command (TACOM) is a road simulator
for 1/4-ton class vehicles which has four vertical actuators
with position control, four horizontal actuators with load
control and four rotary hydraulic pumps to be used as absorp-
tion dynamometers with torque control. This simulator, fully
operational, will test the total vehicle system under con-
trolled laboratory conditions.
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The analog position of force signals which control the
electro-hydraulic actuators must produce motions or forces
in the vehicle which can be correlated with those which were
recorded during field tests. This paper will present in
detail three different techniques by which valid position
control signals may be obtained from recorded field data or
from surveyed terrain elevations.

CONTROL SIGNAL GENERATION TECHNIQUES

The analog signal which controls the electro-hydraulic
actuators of the road simulator may be proportional to either
position or force. The vertical road input actuators are
position controlled and the fore and aft horizontal road
input actuators are load controlled. The most readily
obtained field data which can be transformed into vertical
wheel spindle displacements are vertical accelerations of the
wheel spindles. Terrain profile data can also be transformed
into vertical wheel spindle displacement if accurate vehicle
and tire models are on hand.

The field recorded fore and aft loads require no trans-
formation if the actuators are load controlled. Force is
proportional to acceleration, so the following analyses are
applicable.

Double Integraticn

The acceleration. sianaA which is to be double integrated
is the vertical acceleration of the wheel spindle. The
vertical accelerations of each wheel are recorded simultan-
eously so that the control signals generated from these
accelerations will have the proper phase relationship. The
acceleration signals thus recorded are a function of the
suspension geometry, the suspension parameters, the tire
characteristics and the terrain profile. Changes in any of
the above vehicle characteristics would require that a new
test course traverse be made. For the following analysis,
assume that an accurate recorded acceleration signal is
available.

The integral of well defined mathematical functions can
be found in any calculus text. Mathematically, the integral
of a continuous random variable such as vertical wheel
acceleration is also well defined. In fact, the double
integral of acceleration which results in displacement is
also well defined. The physical implementation of double
integration, however, is not well defined.
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It is a well known fact that a stable perfect double
integrator which has the transfer function Gl(S) = 1/S 2 is
not physically realizable. The task, then, is to develop a
stable transfer function, the frequency response of which
approaches a double integrator in the desired frequency band
of .5 to 50 Hz. This band is within the response limits of
most road simulators and also includes the frequencies of
interest for suspension dynamics studies. The transfer
function chosen to double integrate the recorded acceleration
signal to produce the poeition control signal for the road
simulator is G2 (S) = KS2
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As can be seen in Figure 1, the frequency response
curve for G2 (S) when K = 1 asymptotically approaches perfect
double integration beyond .636 Hz. The important character-
istic of G2 (S) is that the low frequency components of the
input signal are suppressed. These low frequency components,
especially zero frequency of D.C. offset, are the prime
contributors to unstable double integration. This fact is
quite clear in Figure 1. As frequency approaches zero,
GI(S) approaches infinity and G2(S) approaches zero. The low
frequency accuracy of G2 (S) can be theoretically improved by
shifting the intersection if its asymptotes to the left.
This can be accomplished by decreasing the constant 4 in the
denominator to 3, for example. However, as this constant
approaches zero, G2(S) approaches Gl(S). Another way to
increase low frequency accuracy is to increase K. Increasing
K, however, raises the whole response curve and the higher
frequency accuracy decreases. Stability is also reduced as
K is increased. Either method requires trial and error to
determine which K or which denominator gives acceptable res-
ponse in the desired frequency range.

Figure 2 shoes the result of playing a field-recorded
acceleration signal into G2 (S) with K = 1. The acceleration
signal was recorded at the front wheel spindle of an M656
5-ton 8x8 cargo truck as it traversed the Aberdeen Proving
Ground Belgian Block Course at an average speed of 15 miles
per hour. The displacement signal peak to peak magnitude of
.2 feet (Figure 2) was observed during the recording of the
acceleration tape.

The accuracy of the approximate double integration
depends, of course, upon the transfer function used to per-
forr. this operation. The correlation between the field
recorded vertical acceleration of the wheel and the labora-
tory recorded vertical acceleration of the wheel can be
computed to numerically determine the accuracy of the double
integration.
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Filtered Noise

The idea of playing random noise, which has a flat
power spectrum, through a shaping filter to control a labora-
tory road simulator has been suggested previously (references
1 and 2).

In order to apply this control technique, the vertical
wheel spindle acceleration must be recorded on magnetic tape
during field runs. From this data, a shaping filter for ran-
dom noise is desired such that the filter output is a
displacement signal statistically equivalent to the recorded
acceleration signal.
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Let the filter to be defined be a linear time invariant
function so that conventional methods of analysis may be
used. The total system is:

y(t)= h (t) x n(t) (1)

Where--

n(t) is the random noise input
h(t) is the filter
y(t) is the output displacement

Using the convolution integral and fourier transform, as
described in reference 3, page 182, the following relationship
is obtained from equation (1):

Sad(f) = lH(j2-P-f)12 Snn(f) (2)

Where--

Sdd(f) is the power spectral density (PSD) of the
desired displacement control signal

Snn(f) is the PSD of random noise. This is a constant
and will be defined to be unity

H(j2ly-f) is the frequency response function for the
shaping filter

The relationship between displacement and acceleration
PSD's is defined to be:

SUd(f) saa(f) (3)

Substituting Sdd(f) in equation (3) gives:

Saa (f) (2Y?-f) 4 IH(j2Q-f)I 2 Snn (f) (4)

Since Snn(f) = 1 by previous definition:

H (j2 77f) = 1 . aa(f) (5)

(2 fý_f) 2

Equation (5) will now be used to obtain from field data
the frequency response for the desired filter.
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Figure 3 is a PSD curve of the vertical front wheel
acceleration of an M656 5-ton 8x8 cargo truck. The accelera-
tion signal was recorded during field tests as Aberdeen
Proving Ground at an average vehicle speed of 14.2 miles
per hour. The test courses were the Belgian Block Course,
Three-Inch Spaced Bump Course, Two-to-Four-Inch Radial Wash-
board Course, Imbedded Rock Course and Two-Inch Washboard
Course. Substituting the values for Saa(f) from Figure 3
into Equation (5) results in the desired frequency response
curve shown in Figure 4. The desired curve was approximated
using an ESIAC algebraic computer by the following transfer
function where j2lff is replaced by the Laplace Operator S:

15.123 (S2 + 86.4 S + 202S)
H(S) = (6)

(S2 + 10.5S + 122S) (S 2 + 5S + 25)
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The actual frequency response curve for Equation (6) is
the dashed curve in Figure 4. Figure 5 is the output of the
filter with a random noise input.

Since PSD is an approximate measurement and the actual
filter response function is an approximation of the desired
filter response function, the accuracy of this technique
depends upon the accuracy of the approximations. This tech-
nique is validated using statistical measurement techniques
such as histograms, cross correlation and probability density
functions.
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Terrain Profile

The two previous methods of control signal generation
required that vehicle dependent acceleration signal at the
wheel spindle be recorded during test course traverse. In
other words, new instrumented test runs must be made for
each different vehicle configuration. Consider now the
possibility of using surveyed terrain profiles to control
the road simulator system where the excitation is through
the wheel spindle as previously stated.

Surveyed terrain elevation data are readily available,
in reference 4 for example. The major problem to be solved
then is the transfer function from terrain to the wheel
spindle. This transfer function represents not only the tire
assembly dynamics but is also a function of the suspension
dynamics and the sprung mass. It is concluded then that a
mathematical model of the total vehicle system is required.
This model would be programmed on an analog or hybrid computer
and run in parallel with the road simulator to provide the
wheel spindle position control signal. The block diagram
of this systemis shown in Figure 6.
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Profile Model Position •Simulatorl

FIGURE 6

System Block Diagram

The system in Figure 6 assumes an accurate model of
both the tire and the vehicle. The tire is a complex non-
linear system which is discussed thoroughly in reference 5.
A tire model can be made so complex that it is unwieldy or
it can be simplified to a second order mass-spring-damper
system. The latter case with a realistic non-linear spring
and point follower, Figure 7, may give satisfactory results
for the vertical control of a road simulator.

YT(t)

K D

y (t)

FIGURE 7

Simple Tire Model

Where--

M is the unsprung mass
K is the spring rate
D is the damping coefficient
y(t) is the terrain profile
yT(t) is the wheel displacement
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NOTE that the velocity profile, y(t), of the terrain is also
required. The digitized terrain profile is digitally differ-
entiated to obtain y(t).

Obtaining an accurate mathematical model of the vehicle
dynamics is facilitated by the availability of the road
simulator. The differential equations of motion for the
vehicle are obtained using any of the conventional techniques
such as Lagrangian or Newtonian mechanics. The equations are
then programmed on an analog or hybrid computer. The computer
model and the road simulator are excited at the wheel spindles
with identical signals and the responses are compared. The
response is a combination of sprung mass output signals, which
could include, for example, pitch, bounce and roll displace-
ments. The parameters of the computer model are adjusted
either manually or automatically such that the error between
comparison signals is minimized. Reference 6 presents a
continuous parameter tracking technique which could be
extended to attain the automatic parameter adjustment.

Once the accurate model is obtained, its parameters may
be easily adjusted to maximize some index of performance
such as driver comfort. The sensitivity of any performance
parameter to changes in each of the physical vehicle para-
meters can be measured. This type of study tells the design
engineer a range of acceptable values for each physical
parameter... The physical parameters include spring rates,
damping coefficients, center of gravity location, wheel
base, etc.

The above described technique is an ambitious under-
taking currently being implemented at TACOM. Extensive
computer analysis is required, but the resulting vehicle
model will give the design engineer a new tool with which to
improve vehicle performance.
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SUMMARY

Three methods for obtaining the road simulator control
signal (the input at the wheel spindle of the test vehicle)
have been presented.

The double integration of field recorded vertical wheel
spindle acceleration and the filtered random noise both
require field data acquired by a vehicle similar to the test
vehicle. These two methods are well suited to long term
durability studies.

The third method requires and facilitates the develop-
ment of an accurate mathematical model of the vehicle. The
selected terrain profile is played into the computerized
vehicle model and the wheel displacement signals from the
model are then used to control the road simulator.

The first two techniques have been used at TACOM to
control simulators. The third technique is currently being
implemented; we expect to be using it by December 1971
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