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INTRODUCTION AND SUMMARY

In the past, engineers have designed the suspension system of a mili-
tary tank by using rough estimating procedures based on the performance
of earlier models, and then have tried out this design on a pilot model.
Frequently the results obtained were not particularly satisfactory, and it
was necessary to modify the design at considerable expense in time and
money until a suitable system was obtained. The same end result can be
achieved and much of the trial and error procedure can be eliminated by
simulating the proposed suspension system on an electronic computer.
Such a simulation allows system performance to be predicted accurately,
and since the design features of the system and the values of the design
parameters can easily be varied on the simulator, an optimum suspen-
sion design can be selected quickly and efficiently.

The Willow Run Research Center, under contract DA-20-018-ORD-
12087 with the Detroit Arsenal, is engaged in a research program for
developing the analytic basis for suspension system simulation. This
report describes the work which has been done in this field thus far.
Particular emphasis is placed on explaining the technique of setting up a
specific problem on a computer and obtaining design data from it.

Before electronic simulation techniques can be used to study the per-
formance of tank suspension systems, it is necessary to be sure that these
techniques are capable of representing such systems accurately. For
this reason, a program of comparing the response of a simulated tank
with that of a real tank was the first step in the research program (Sec. II).
This correlation program gave assurance that simulation techniques could
provide accurate information on the performance of proposed suspension
systems, thereby eliminating the necessity of obtaining these data from
pilot models. It also aided in the subsequent analysis of the suspension
system dynamics.

The tank for which experimental and simulated data were correlated
was an M47, a medium tank weighing 48 tons. A successful comparison
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was achieved between the real and simulated response. The suspension
systems of different types of tanks are considered sufficiently similar
that the correlation program which was carried out provides the neces-
sary data and methods required to extend the simulation to different tank
designs.

Using the suspension system simulation which was developed for the
correlation program, a study was made of the M47 tank to determine its
performance under different conditions of tank speed and road profile and
for certain variations of design features and parameter values. Specifi-
cally, the torsion bar and shock absorber constants were varied, and in
one series of runs dry-friction snubbers were substituted for hydraulic
shock absorbers. The results of this study are described in Section III.
It was found that increasing the stiffness of the torsion bars by 50 per
cent over the value of those on existing production units reduced the tend-
ency for the suspension system to bottom when traversing a road obstacle
12 inches high. System performance was improved by reducing peak
values of hull displacement and acceleration in both pitch and bounce. A
comparison of the hydraulic shock absorber used at present with both
weaker and stronger units indicated that the present units give approxi-
mately optimum performance. It was also learned that dry-friction
snubbers rated at 3100 pounds had a performance close to that of hy-
draulic shock absorbers having half the strength of the production units.
This study of the M47 system serves as a good illustration of the kinds
of performance data which can be obtained from a suspension system
simulation.

In Section IV, conclusions are drawn concerning the present status
and future trends of suspension system simulation. Although good pro-
gress has already been made, much remains to be done. Necessary test
data on tank components must be made available, basic analysis of sus-
pension mechanisms must continue, and quantitative standards on such
characteristics as road profiles and ride behavior must be adopted.

In this report, an understanding of analog computer simulation tech-
niques is assumed. This subject is treated in References 1, 2, and 3.
Its application to vehicle design problems is discussed in References
4, 5, 7, and 8.
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II

CORRELATION OF SIMULATED AND EXPERIMENTAL DATA

2.1 DESCRIPTION OF M47 SUSPENSION SYSTEM

Depending on the requirements of specific designs, the layout of a
suspension system may vary considerably from one type of track-laying
vehicle to another. The features peculiar to the M47 suspension system
are shown in Figure 1. The weight of the tank is supported on twelve
road wheels, six on each side, which are attached to the hull through
road arms and torsion bars; the torsion bars have the effect of springs.
To limit the maximum upward displacement of each road wheel with re-
spect to the hull, a volute spring (or "bump stop') is installed which acts
in parallel with the spring effect of the torsion bar after the road arm
moves up through a certain free distance. This volute spring adds to the
restoring force of the torsion bar; when fully depressed, it provides a
solid stop for the road arm and prevents further appreciable deflection.
Shock absorbers, attached to road wheels 1, 2, 5, and 6, damp out motion
of the hull. The road wheels on each side of the tank ride on an endless
track, which completes its circuit by passing over the drive sprocket at
the rear of the tank, three support rollers along the side of the hull, and
an adjusting idler wheel at the front of the tank. Track guides are used
on each track block to prevent throwing of the track. The drive sprocket
provides the means for applying power from the engine to produce tank
motion. The adjusting idler wheel at the front of the tank is linked to the
front road wheel in such a manner that when the front road wheel is
raised, the total length of the track's path (and hence the track tension)
remains relatively unchanged. A spring-loaded compensating idler wheel
behind the sixth road wheel provides an additional means of maintaining
track tension. Each track is installed in such a way that it is normally
under 6000 pounds in tension.

2.2 FIELD TESTS

To obtain the necessary data for developing an accurate simulation
of the suspension system, field tests were run on an M47 tank. These
field tests consisted of running the M47 over two types of road obstacles
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and recording the pertinent data on hull and wheel motion. A 12-inch-
square oak timber (referred to hereafter as a 12-inch-square) and an
inverted-V wood ramp 8 inches high were used as road obstacles (Fig. 2).
For each type of road obstacle, runs were made at various forward speeds
of the tank, ranging from 5.3 to 27.0 feet per second. The hull pitch
angle was recorded by means of a gyro and the hull vertical acceleration
was recorded by means of an accelerometer. Motion pictures were taken
from which the pitch angle and vertical displacement of the hull and the
vertical displacement of each of the road wheels could be measured

(Fig. 3).

The steady-state position of the hull and each road wheel was also
directly measured at various positions of the tank in relation to the road
obstacles to check the computer solutions for simplified reproducible
conditions.

The instrumentation techniques used are described in detail in
Appendix A.

2.3 BASIC RELATIONS USED IN THE SIMULATION

Information obtained from the Detroit Arsenal on characteristics of
the suspension system components and observation of the results of the
field tests (Sec. 2.2) provided the basis for certain assumptions from
which a simulation of the suspension system could be formulated.

Although the track produces some modification of the hull response,
its total contribution is relatively small. When the tank is sitting on
level ground, the track tension twists the torsion bars so that the hull of
the tank sits approximately one inch lower than it otherwise would, but
the track tension has no appreciable effect on the pitch angle of the hull.
When torque is applied to the drive sprocket from the engine to move the
tank forward, there is a slightly noticeable effect of the track in lowering
the back end of the hull; however, this pitch is relatively minor, and can
safely be neglected. In several tests, certain road wheels leave the
ground (e. g., wheels 1 and 3 of Figure 3). Each wheel rests on the track
and is thus subjected to an upward force transmitted by the track. This
force, in turn, is applied to the track either from the road or from some
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other part of the tank, such as the adjusting idler wheel. For that part
of the vertical force on the roadwheel which comes from some other part
of the tank, the vertical forces on the hull approximately cancel and can
be disregarded. Vertical forces transmitted to the wheel from the road
are always small unless the wheel is very close to the rectangular bump.
To account for the effect of the track on the wheels in the vicinity of the
bump, the bump can be represented in the simulation by the trapezoid
shown in Figure 2 rather than as a sharp-edged rectangle.

The spring effect for each road wheel consists of the sum of terms
due to the torsion bar, the volute spring, and the metal-to-metal con-
tact which occurs when the volute spring is fully depressed. The wind-
up constant of each torsion bar has been given as 7500 inch-pounds per
degree of wind-up. By referring to a scaled layout of the suspension
system, the torsional spring constant can be graphically converted with-
in the allowable error to a linear spring constant of 20, 000 pounds per
foot. In the downward direction, the force transmitted to the hull by the
torsion bar is limited to the weight of the road arm and the wheel itself.
The characteristics of the volute springs, including the metal-to-metal
contact, are shown in Figure 4. Combining all terms and making minor
modifications to simplify the simulation circuitry produces the curves
used for the simulation of the spring effect as shown in Figure 5.

The forces due to the shock absorbers are given as functions of the
speed of the piston with respect to the cylinder. As in the case of the
spring constant, it is necessary to convert these data graphically into
functions of vertical motion of the road wheel with respect to the hull.
The results (as far as data were supplied) are shown in Figure 6. Ex-
tensive extrapolation of the data was required.

The simulation computes the pitch and vertical deflection of the hull
by use of equations which represent the following mathematical relations:

1. The sum of the vertical forces on the hull (due to the torsion bars,
the volute springs, the shock absorbers, and gravity) is equal to
the mass of the hull multiplied by its vertical acceleration.
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2. The sum of the moments applied to the hull about its center of
gravity (C. G. ) is equal to the polar moment of inertia about the
pitch axis multiplied by the angular acceleration of the hull. All
moment-producing forces are assumed to act in a vertical direc-
tion.

3. The deflection of each of the road wheels with respect to the hull
is computed as a function of vertical deflection of the center of
gravity of the hull, pitch angle of the hull, and vertical position
of the road wheel, by use of the known geometrical arrangement
of the various components of the tank.

4. The sum of vertical forces on each road wheel (due to the torsion
bar, the bump stop, the shock absorber, the upward reaction of
the road acting through the spring and damping effects of the tire,
and gravity) is equal to the mass of the wheel multiplied by its
vertical acceleration.

The equations used in the simulation and the corresponding computer
set-up are given in Appendix B.

2.4 CORRELATION RESULTS

As a means of comparing the real tank with the simulated tank under
the least complicated conditions, checks were made of hull pitch and
vertical deflection under static conditions. These data were obtained by
riding the tank onto an obstacle, allowing it to come to rest, and then
measuring pertinent distances, from which vertical displacement and
pitch of the hull could be determined. Comparing these measured quanti-
ties with the simulated values provides a check on the validity of the com-
puting technique for the steady-state conditions. This comparison is
shown for the case of the 12-inch square in Figure 7, where pitch and
vertical displacement are plotted for different horizontal locations of the
tank with respect to the bump. It can be seen that the correlation between
real and simulated values is, for the most part, within the limits of the
measurement errors.

An example of the correlation of the dynamic response of the tank
for runs over the inverted-V ramp at 20 fps is shown in Figure 8. Again,

12
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good agreement is obtained, although there are noticeable discrepancies.
The general shapes of the curves are similar. The pitch-frequency
match is necessarily good, since the response of the real tank in pitch
was used as a basis for computing moment of inertia of the hull. Bounce
frequencies were calculated independently of the test results but are
nevertheless in fairly good agreement. Peak amplitudes of the real and
simulated motion check quite closely. The simulated tank is more heavily
damped than the real tank. This discrepancy may be due to uncertainties
in the data for higher values of shock absorber speed.

An example of the correlation of the dynamic response for runs over
the 12-inch square is shown in Figure 9. Because the tank bottoms
(i.e., reaches the metal-to-metal position for one or more wheels) when
traversing the 12-inch square, the shape of the response curve can be
influenced markedly by small variations in the speed of the tank, the
values of wheel-to-hull deflection at which bottoming occurs, and the
characteristics of rubber and metal at high loadings. The correlation
between real and simulated response, although somewhat less satisfactory
than for the inverted-V ramp, is within the limits of accuracy required
for use in engineering design. As in the comparison for the inverted-V
ramp, there is close correlation of frequencies and peak amplitudes of
motion, and the real tank is more lightly damped than the simulated tank.

In reviewing the results of the correlation tests, it is important to
keep in mind certain limitations in the program, namely:

1. The primary field test data used for the dynamic tests were
taken from the photographic records. It seems probable that
individual measurements taken from these pictures contained
errors of 1 or 2 inches in measured vertical deflection.

2. Knowledge of tank characteristics was limited. Measurements of
some parameters could not be made directly on the components
used in the M47 being tested. In some cases, the data used were
made available by the Detroit Arsenal based on tests on similar
components. In other cases (e.g., spring characteristics of the
rubber tire and track), the type of data required was not available
and was therefore estimated.

15
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During the field tests, complete control of test conditions was
not obtainable. The road was not absolutely hard or smooth as
simulated on the computer. The 12-inch square sometimes
moved ahead a few inches when the tank passed over it. The
horizontal speed of the tank could not be maintained constant
while passing over the bump.

16
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III

ANALYSIS OF THE M47 SUSPENSION SYSTEM

3.1 PERFORMANCE DATA WHICH CAN BE OBTAINED BY MEANS OF

SIMULATION

The performance data which can be obtained from the simulation of
a suspension system include the following:

1.

The ride behavior of the tank can be determined. Ride behavior
is defined as the effect of the pitch and bounce of the hull on the
comfort and performance of the operating personnel. Plots of
pitch and bounce in terms of displacement, velocity, and accel-
eration at any position in the hull can be obtained, and these can
be interpreted in such a way as to indicate the effect on person-
nel in producing fatigue over long periods of time or in inter-
fering with the ability of the personnel to perform tasks while the
tank is in motion.

The effect of hull motion on the performance of certain equipment
can be investigated. For example, in a tank having a gun stabili-
zation system, pitching of the hull increases the errors in gun
stabilization by introducing disturbances into the system.

Stresses in suspension or structural components, such as road
arms, volute springs, or the frame of the hull, may be computed.
These will usually have maximum values at instants when the hull
bottoms on the suspension system. It is also possible to infer
the magnitude of stresses occurring on such items as mounting
brackets from computed values of maximum acceleration occur-
ring at the appropriate point in the hull.

The type of information described above can be used as a basis for
suspension system design. The effect on ride behavior and stresses of
varying the geometrical arrangement and the characteristics of the sus-
pension components can be observed in order to arrive at the optimum
system design.

17
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Not only does the simulation of the suspension system provide useful
data for suspension design, but it also provides data to aid in the design
of other components of the tank, such as fire-control systems and gun
shock absorber systems.

Ride behavior may be considered to include hull motions both in the
range corresponding to the basic natural frequency of the suspension sys-
tem, and also at high frequencies such as might be caused by the road
wheels running over the irregularities of individual track blocks. The
work covered in this report is concerned only with the motion at the
lower range of frequencies.

3.2 COMPUTER STUDIES OF M47 HULL RESPONSE

Having established a satisfactory correlation between the real and
simulated M47 tank, a study was conducted using this simulator set-up to
determine the effect on the tank's performance of changing certain design
parameters. The quantities recorded included:

1. Pitch angle of hull,
2. Vertical displacement of hull at C. G.,

w

Vertical displacement of hull above first wheel (i.e., at driver's
position),

Angular acceleration of hull in pitch,

Vertical acceleration of hull at C. G.,
Vertical acceleration of hull above first wheel,
"Ride index'' of hull above first wheel,

Total spring force at wheel 1,

Total shock absorber force at wheel 1,

Shear at C. G. of hull,

© W 0w =N o U b

1
11. Bending moment at C. G. of hull,

The methods used in recording the shear, bending moment, and ride in-
dex are discussed in Appendices B and C.

18
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Figure 10 shows a set of runs illustrating how the system response
is recorded from the output voltages supplied by the computer. In this
example the runs were made over the 12-inch square at a speed of 10 fps.

The values of the peak and average ride index provide a basis for
comparing, in a general way, the ride behavior of the tank under various
conditions. The ride-index curves are given in terms of an ordinate re-
lated to the recommended limit for riding comfort as given in Chart 11
of Reference 6. This recommended limit is based on riding comfort con-
sidered desirable for passenger car use; for tank operation, higher
values of ride index are probably acceptable. It should also be remem-
bered that the transients presented in this report are of relatively short
duration, and unless the road obstacle were repeated at frequent intervals
the over-all effect on ride behavior could be considered less serious than
a steady-state behavior of the same peak or average ride index. Thus,
the high peaks in the ride index curves which occur during bottoming are
not particularly serious if they occur only occasionally. As noted in
Appendix C, further research needs to be carried out on riding comfort
measurements to establish the limits of usefulness of the ride index com-
putation.

In Figure 10, the ride-index curve is plotted as a function of time.
By comparison, the curve which would be produced by a sinusoidal vibra-
tion corresponding to the recommended limit specified in Reference 6

1

would appear as a sine wave having a peak amplitude of 350 of full scale.
Average ride index is obtained by computing the ratio of the average of
the absolute magnitude of the ride index curve over a given period of time
to the average of a sinusoidal vibration corresponding to the recommended
- limit.

In order to study the effect on the tank's ride behavior of variations
in speed and road profile, complete series of computer runs were made,
using the existing M47 design, for all combinations of 3 speeds and 3
sizes of rectangular bump. The speeds studied were 5, 10, and 15 fps.
The rectangular bumps were 12 inches wide and 4, 8, or 12 inches high.
Runs were also made over a bump 16 inches high at speeds of 5 and 10 fps.

19







[[[TTTTTTTT7TT]

7T

T

T

Road Function

T

[T T[T/ ][]]

~ —
- [~ 1
- [T o | L — 1 1 N L+ 1 ™
| — . I~ |+ —— LA |
|| | |+ = - = | | — A —t————1"1
| 1 — 1 I~ [ 11 1~ 1 |
~ | | _ |+ ~ 1~ |
- [ 7o | - < — — 1 ———1—1
| — [ | - || Fl |+ F———1—1
| | 4 L2 || I ~e | B | B I |t
RSN ] 4 [3 T T s = 11 L NN o
| 1 +—1 — 1 L M~ |+ ~ | +— L+ - .
I % I~ | . L.
~ | 2 —1 ~% | | = e i I e O N N B B g
L+ e I | —— {14 i L+ ] L £4 - - | 4 2
~ L4 =3 | 4—1 =~ ~ - [~ [ 4+ [+
| 1 1 ERS! =4 ~o L T = = —+ y = ~O° | L — e S ——H 1
L — > 1 ~2 3 —t+— o ~+——3 | 4+ ——t—11 )
- T I~ | 2 ~ . L
B S | +— k2 | I ™~ 8- < | | 1 o f—1 e S N O
—H— =T | 1 — - P
| ~ L {4 ° < 11 ™~ L +—1 5 ] 2 ] ~3 L4~ |
| —| | 5 < 1l — L= 1L < % L4 [~ 6o | 1 -~ T —
1 = 1T = | - = = - T ~ S . |
| L+ I~ o = nm | “.m. [¢] ~=d . :W. | ~Z | | A o4 1.1 1 1 ——1 i 1
| | 1 ~ ~ | | { = L2
| | 14 ~ - | J Lt U~ ~T ° ~© | o | [l 14 M~ 1 1l I+
| 1A 5 ~t———H I~ e 1 Lo * ~o_| | 1A N o =
~— L +— e L2 | | =11 0 - o4 =4 Lo ~< 8 I e | |+ ~_d L+
[+ 13 - {13 I | 1 k¢ e T+ a4 [ 1 | -+ B3 —1 L2 L4 L3
B 1 24 L | 1 6~ ~o_| Lo K< B S | S || £ L+
{— = .l ~ [ 4 % a— = =~ — 8 ol
l - \ | . - . _ - 2] L1 =] |
] r324 |+ g _| | o K | 4 £ o | | E L3 | | 5 111 14 3 —1 s——1 11 1+
| 8 £ L 10— ~ I 54 I} T4 14 I L< o
o | 1+ =2 S |4 —1 <1 Fad ~s 0= —_— | - B O —— L+
[ 1 o Ex I 1 ~ | 4 o — G o o L o111 %
Mo |4 k.2 ~ K < | — S4—1 1 1 Lo o £ < | G _| L o |
| dul t—1 a- \W ~a L+ L || L< 1 € | < = Iﬂl | = 4 {1 O ——1
~ ~— £ — H {— —— L= — P g ~S L4 ~ 5 | A
| £+ L 5 — L= 3 | K] B 5 EE Fe——l | -84 2 | ] | w1 31 o1 I | L
1 - "] ] T ~ _ ~ .o | o - o ] £ al — ~= ~ =
- L+ & | 8- |2 > = o ~= | & ~ ~73 | — S - L o~ L
—+1 |5 H 4 £ L +—1 L2 | 4 % o £ o - 21—+ 5 Y o
11 Lo | 4 |~ — o L — o~ — Il © < bl .o ~ 2 4+ < [+
| pon ¥ A e > = I~ | _{— < B = < _| > -0 ~ & | A I | I = A w
] L — T < -l _— L~ | 1+
- S S 3 -1 | _{— B ; .Wn 7 ~— =3 ~ [ 4~ | | |+ 1" =~
11| {— — L 1 L I~ |~ | | ~ | -~ [ —
1 — 1 | s >4 [T 3] M I 1 [ O T e
| SEAN . o] L — | g2 [T reqd M I |+ ™ 1 ™ 1
mumEs N L+ 187 1] [ | ) | =3 117 ] ] T~ | A L T A
—1 .l L~ | w1 ) 1 mll
L — —1 - -l L — \ o M~ e L N L [ I S | 1A
|+ — 1 | 4 E 1 5 — .
| 1+ - 1 e e |7~ ] | ~~— L+ [—1— [ |+
L+ —o +— | | z - t— —]— | —
| 1 |- Z- | L4 ] \ i - | 4~ [ R S [ L4+ ] | {4+
| —1 Tt L— 1
s = (] T 1T N SENENR YEEER N Ry guEE
= 1 M~ | 1A | 54 Ao [~ | 1 1 L
| =1 - I\\,O T M~ L — ol » [~~~ - | ~4 | 1 i | +—1 [~~— [ +—
| — 1 —1 | —| . ~—t——H—+— S e
| - - L4 -
T r +H o . - HaH S FeiH O HT
L~ I~ |~ |
= L ——1 —
| | L 1L+ L o4~ - ] wr [~ L . S | 11 ———X1
——T | 1 1 ~ - — —
] B AT yamEs T ™ N S NEnn s B N .
. | 1 ~ L+~ -
| 4 - | ~ =l B | | || |
——T1 E I \ | |+ | <~ < T—1T<%—1 I~ . =
-6l |3 | — ~— D - |~ | | — | — ] | ]
I I T | .m B | | 4+ - —t——D——11 | B I~ | -~ | 4
[ ~ 41 . —t ~ —1 44—+ . 1
| —— P —11 =~ = —d | ~— [ +—1 M~ | 4+
|+ S I - L od | || ™ —~—] | L o= ] | 4 - | —f——1
] e O 1 S 1 S R H A e
| 1 | p |
ol = ~ L~ | S
| - | | ~— I E | 1~ | 1 — | | 1— S W)
all N ~= L+ Y S I o~ = - - | | ~ | 4~ |~
| | ] | — - | - | B
- — [ | - E Ll 4 | ~~ M L +—1 [~
T - | | - - | - | w —
1 - ~ N =T 1 — 4 W = — R
| 14— ——H——1 =~ | g1 | ~ - % N — ™3 -~ B Ml = -8
1 5 0 - D - M~ | 11 ~L
™ - b - | K g ~-38 -y L4 8 | 1 . 3
I = L > Ly 1
3 < = - ~N 2 L X | L
& Lo b i el | .m ] 5 ‘,I_H. -l | ‘i% | 1 “ < \\ a My
Ry ~- { 4 Lo —~ { — ~ | [~~~
o_L A o M~ | & = ~o Il e B s ] | wt 3
1 -1 o =] T 1T - D s L1 ™
| | - H S ~e | L& - L=
= Q9
o~

1]

[ ]

T

WU N W W P W

L L L W W W W

/

I

[T

LI
i

]
1

7T T T T T T T T TT

Bending Moment at C.G. of Hull

]
1

1

T

T

|

No. of Road Wheel Reaching Bump

L ]
Hé\\—*\\\\\ MU VR V| VA O | W W

Tank Speed of 10 fps.)

[T1]
i

A

H

|

f

3
\

FIG. 10 SIMULATED RESPONSE OF M 47 (12 Inch Square Bump,

[T T[] T[]]

[ ]

I

H

H

\

2

1
\

1

|

|

[ 47T
11 11

195,000 Ft. Lbs.







UNIVERSITY OF MICHIGAN

2023-2-T

For a number of reasons, the results (Sec. 3.4) of the runs over the
16 -inch bump are not considered to provide accurate data and should be
used only to indicate general trends.

Further studies were made to determine the effect of varying design
parameters, and were confined to a tank speed of 10 fps over a 12-inch
square. During one series of these runs, the hydraulic shock absorber
characteristics were varied, while the torsion bars and volute springs
were retained at their original values. The shock absorbers in one case
were changed to produce only half the force of the standard units at a
given velocity and in another case to produce twice the force. Another
variation was to replace the hydraulic shock absorbers with snubbers
having a constant damping force in both directions of 3100 pounds.
Another set of runs was made to determine the effect of varying suspen-
sion spring characteristics. In these runs, the stiffness of all torsion
bars and volute springs was increased by 50 per cent.

3.3 SUMMARY OF SIMULATION RESULTS

Runs similar to Figure 10 were made for all the conditions listed in
Section 3.2 except the total spring force and total shock absorber force
of wheel 1. Table 1 presents a summary of the data obtained on the hull
response by the computer for the various runs.

As the bump height is increased from 4 inches to 16 inches, it can be
seen that generally, at a given speed, all the response variables of the
hull increase with the height of the bump. For example, the approximately
exponential variation of pitch angle with bump height is shown graphically
in Figure 11. Similar curves could be drawn for the vertical displace-
ment at the C.G. and at the driver's seat and for the maximum shear and
bending moment at the C. G. The values of maximum pitch and vertical
accelerations as well as ride index remain fairly constant for the 4- and
8-inch bumps and then rise sharply for the 12- and 16-inch bumps. An
example of this is shown in Figure 12 where maximum vertical accelera-
tions at the C. G. and the driver's seat are plotted as a function of the
height of the bump.

Examination of the computer recordings from which the above data
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were obtained indicates that the large increases in the variables for the
higher bumps are due to the bottoming which occurs when the bump height
is 12 inches or more. For these heights, bottoming occurs consistently
when the first road wheel rides up the bump. Additional indications of
bottoming occur for the back wheels, but the particular wheels affected
depend on the height of the bump and the speed of the tank. Higher bumps
tend to increase the total number of wheels which bottom, while higher
tank speeds tend to shift the secondary bottoming farther to the rear.

For constant bump height, the values of pitch, vertical displacement
of the hull at the C. G. and driver's seat, and shear and bending moment
at the C. G. seem to remain fairly constant with changes in speed. How-
ever, there is a rather uniform rise in the values of ride index, maximum
pitch acceleration, and maximum vertical acceleration at the driver's
seat and C. G. as the speed increases from 5 to 15 fps.

The response of the M47 hull with suspension systems having shock
absorbers one-half standard, standard, and twice the standard strength
used in the other computer runs are also shown in Table 1. For these
suspension systems at a constant bump height of 12 inches and speed of
10 fps, it can be seen that the values of nearly all of the variables show
an appreciable decrease as the shock absorber parameters are raised
from one-half standard to standard value. Raising the parameters to
twice standard value produces a further decrease in most of the variables,
but by a relatively small amount. The oscillation of the hull, in response
to the bump, is noticeably under-damped for the lowest value of damping
used. This is not enough to be disturbing as far as ride behavior is con-
cerned, but might interfere to some extent with the effectiveness of a gun
stabilization system. On the basis of this study it can be concluded that
the present shock absorber settings give approximately optimum perfor-
mance.

Some of the later production versions of the M47 use friction snub-
bers instead of hydraulic shock absorbers; therefore, it is of interest to
compare the response of the tank with this type of damping against the
response using the hydraulic shock absorbers. The snubbers were as-
sumed to react with 3100 pounds of force in a direction parallel to their
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length in both compression and rebound. They were also assumed to be
positioned in the same physical location as the hydraulic shock absorbers
are on the M47. The simulated runs with the snubbers were made over
the 12-inch square at 10 fps. It is seen from Table 1 that the values of
all the variables of response for the snubbers is always slightly higher
than the values for the half-strength shock absorbers. A comparison of
the curves on which Table 1 is based also brings out the fact that the
damping for the two systems is about the same. It can be concluded that
the variations in the type of damping device which were tried did not have
any major effect on the tank response and that the 3100-pound snubbers
are almost equivalent to the half-strength shock absorber.

The effect of using torsion bar spring constants 50 per cent greater
than the standard values can also be determined from Table 1. At a
speed of 10 fps over a 12-inch square, this system shows a decided de-
crease in all of the variables of the hull response compared to the stan-
dard suspension system. The values of pitch angle and vertical dis-
placement are decreased slightly by increasing the torsion bar spring
constants while the values of ride index, pitch acceleration, vertical
acceleration, and shear and bending moment are reduced to a larger
degree. The reduction in peak values is due to the fact that the increased
cushioning effect of the stronger torsion bars materially reduces the im-
pact which occurs when wheel 1 bottoms and completely eliminates the
bottoming of wheels 3 and 4.

From the curves of Figure 10, numerical values can be obtained to
indicate the magnitude of stresses in certain of the suspension and
structural components of the tank. It can be determined, for example,
that the following maximum values exist for the condition studied at some
instant during the run:

Vertical acceleration of hull at C. G. = 2.64 g.
Vertical acceleration of hull at driver's seat = 7. 15 g.
Shear at section through C. G. of tank = 27,600 lbs.

Bending moment at section through C. G. of tank = 156, 000 ft. -1bs.
(in direction to produce compression at top of hull).
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Velocity of front shock absorber on wheel 1 = 156 in. /sec.

Velocity of rear shock absorber on wheel 1 = 35 in. /sec.

Force transmitted through bump stop of wheel 1 = 103, 000 lbs.

By setting up appropriate computer circuits and recorder connections,

data similar to the above can be found for other positions in the hull or
other road wheels.
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CONCLUSIONS

Based on the work described in this report, it is possible to draw
the following general conclusions concerning the present state and future
trends of suspension system simulation.

4.1 PRESENT STATE OF THE ART

The suspension system studies undertaken thus far have been con-
fined to motion of the tank in the pitch plane and have been limited to
problems not requiring extensive consideration of the effects of the track
or of longitudinal forces. At present, results of engineering accuracy
can be expected from suspension system simulations only if computer
studies are confined to situations which do not result in bottoming of the
suspension system. When bottoming does occur, computer results should
be accepted as having qualitative significance only; the general nature of
the effects produced by changing a given parameter can be observed and
insight can thus be gained into the operation of the mechansim, but values
of the quantities recorded by the computer should be used on a compara-
tive basis only.

4.2 FUTURE TRENDS

The development of a more comprehensive and more accurate sus-
pension system simulation should include the following phases:

1. Collection of test data on vehicle characteristics and performance,
personnel capabilities, and terrain characteristics.

2. Mathematical analysis of the mechanics of the suspension system.
3. Preparation of the computer set-up for more complex simula-

tions.

4.2.1 Collection of Test Data

Basic knowledge of vehicle characteristics and performance, person-
nel capabilities, and terrain characteristics is still quite limited and much
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of it will have to be obtained by conducting tests under carefully controlled
conditions. In particular,data are needed on rubber characteristics, de-
flection and coefficient of restitution of metal in nominally rigid mem-
bers under heavy loading, and the relationship of the wheels to the track
in order to allow accurate computation of maximum forces and stresses.
Also, generally accepted quantitative criteria of environment and per-
formance need to be established, particularly characteristics of road
profiles and standards of acceptable vehicle ride behavior.

4.2.2 Mathematical Analysis

More mathematical analysis of suspension systems must be
carried out for the pitch plane simulation as well as for more advanced
simulations. It would be desirable to increase the scope of the present
simulation to make it more accurate and comprehensive:

1. The effect of longitudinal forces on the motion of the tank can
be introduced. This would include the forces transmitted by
the engine acting through the drive sprocket, forces produced
by the friction between track and road or by road obstacles,
gun recoil forces, and the effect of gravity when the tank is
on a slope.

2. Track effects can be introduced. Support of road wheels by
the track as well as downward forces exerted on the drive
sprocket and adjusting idler wheel would be allowed for. Since
the magnitude of these effects depends on track tension, this
variable would also be brought into the computation.

3. The simulation can be extended to three dimensions by includ-
ing roll motion as well as pitch motion.

4.2.3 Simulation Techniques

The preparation of the computer set-up for more complex simulation
does not appear to present any difficult problems. The suspension sys-
tem of a tank can be treated as an assemblage of masses, non-linear
springs and non-linear damping devices for simulation purposes. Simu-
lation of the dynamics of such a system makes use of basic computer
circuits and techniques already well established in the analog computer
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field. It is believed that the work discussed in this report has success-
fully dealt with most of the problems likely to be met in setting up and
operating the computer. Not only have the Newtonian equations of motion
of this complex system been set up and solved on the computer, but
solutions have been obtained for special equations of a type capable of
indicating motions, forces, or stresses at virtually any point of interest
in the system. The one special item of computer equipment that is re-
quired for advanced methods of simulation is a device for generating
more complicated road functions than the ramp and the square.

Thus, the use of the analog computer for suspension system simula-
tion consists largely of applying known methods to a specific type of pro-
blem. The principal requirement for developing an improved suspension
simulation is, therefore, continued basic research on tank design.
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APPENDIX A

INSTRUMENTATION METHODS USED IN OBTAINING DATA
ON TANK RESPONSE FROM FIELD TESTS

To obtain the necessary data on the motion of the M47 tank as it rode
over obstacles in the road, a measuring scale, electronic measuring and
recording instruments, and motion pictures were used. Data taking was
confined to motions of the tank in the plane perpendicular to its pitch axis.

A.1 STEADY-STATE MEASUREMENTS

As a first step in justifying the assumptions used in simulating the
tank, a series of steady-state measurements was made with a ruler while
the tank rested in various positions with respect to the square timber or
the inverted-V ramp. From dimensions hy and h,. (Fig. A-1), it is pos-
sible to calculate both pitch angle, 8, and vertical displacement, y,, of
the hull. The vertical position of each road wheel was also measured.

A.2 ELECTRONIC INSTRUMENTATION

For measuring the pitch angle of the hull, a gyro was mounted on
the hull of the tank so that the spin axis of the gyro was vertical. The
electrical pickoff on the gimbal whose axis is parallel to the pitch axis
of the hull provided a direct measurement of the pitch angle. The a-c
output of the pickoff was amplified, demodulated, and filtered, and the
resulting d-c signal was applied to a recording system. This recorder
thus furnishes a continuous record of pitch angle as a function of time.

The physical quantity measured by the accelerometer is the vertical
acceleration of the tank at the point at which the accelerometer is located.
To obtain the acceleration data, the output of the accelerometer was
amplified, demodulated, filtered, and applied to a recorder.

Power required for the above instrumentation consisted of 28 volts

d-c supplied from the tank battery and 115 volts 60 cps a-c supplied by
a gasoline-engine-driven generator mounted on one fender of the tank.
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A.3 USE OF MOTION PICTURE CAMERA

Another method of measuring tank motion is the use of motion picture
camera techniques. While this approach does not give data as directly
as electronic instrumentation, it provides records not only of the hull,
but also of the movement of the road wheels and track as they operate
over obstacles in the road. A single frame from one of the motion pic-
ture records is shown in Figure 3 for the tank traveling over a 12-inch
square.

In preparation for recording a run by motion pictures, a straight
course was mapped out over which the tank was to be driven and an ob-
stacle such as a square timber or ramp was placed in the road. The
camera was set up at a distance of about 100 feet from the road and was
equipped with a telephoto lens so that the tank would take up as much of
the picture frame as possible. At the same time, the camera was far
enough back from the road so that problems due to photographing the tank
at oblique angles were minimized. On the side of the road nearest the
camera a fence was set up with a continuous horizontal bar on it to pro-
vide a reference line from which vertical measurements could be made.
The posts were spaced at regular intervals so as to provide an indication
of the location of the tank for each frame of the picture, and could there-
fore be used to determine the tank speed throughout the runs. As shown
in Figures 3 and A-1 vertical bars were placed on the tank at the front,
middle, and back so that measurements could be taken from these marks
to the horizontal line established by the fence. In a typical run, the tank
started at one end of the road, got up to speed, passed over the obstruc-
tion, and maintained its speed until the transient disturbance died out,
after which it came to a stop. The camera followed the tank throughout
the run.

Data reduction was accomplished by projecting the completed picture
on a vertical surface, one frame at a time, and measuring appropriate
dimensions. The vertical deflection of the hull at the center of gravity,
Yo,Was obtained by substituting in the formula:

::'I =
)]

(h - hy)

e«
1]

S
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where a barred quantity indicates a true distance, an unbarred quantity
indicates a distance measured off the projected picture, and h; is the
value of h when the tank is sitting on level ground.

The pitch angle, 6, was obtained from the formula:

o5 (r-hy)

1

i

S
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APPENDIX B

EQUATIONS USED IN THE SIMULATION

Although a solid body in space has six degrees of freedom (three of
translation and three of rotation), only two degrees of freedom were con-
sidered in the simulation of the M47 tank on the analog computer, namely:

1. Vertical motion of the center of gravity (usually called bounce).

2. Rotational motion (usually called pitch) about a transverse axis
running horizontally through the center of gravity of the tank.

In the simulation, the hull of the tank was considered to be a rigid
bar coupled to six masses (wheels) by six springs (torsion bars plus
volute springs) and four dampers (shock absorbers). These six masses
were, in turn, supported above the road by six springs and dampers
representing the spring and damping effect of the rubber tires and track.
Only six wheels and half the mass of the tank were used in the simulation
since it was assumed that the tank is symmetrical about a longitudinal
vertical plane. This schematic representation of the tank suspension
system is shown in Figure B-1.

The equations of motion are given below. A quantity of the form
ki(y,-yp) represents the force exerted by a spring as a function of
(ya—yb), the change in its length from the reference condition. This is
a non-analytic function consisting of a series of straight-line segments
(see Figure 5). A quantity of the form c;j(y,-¥;,) represents the force
exerted by a shock absorber as a function of (jfa—j'b), the time rate of
change of its length. This is also a non-analytic function consisting of
a series of straight-line segments (see Figure 6). Constants used in the
simulation are given in Table B-1.

1. Vertical motion of the hull.
My =~k (¥, =¥ o) =m0, -V o) - Ky, -y a) - Ky, -y )
B k5(y5 -yw5) B ké(y6 _yw6) B Cl(yl _ywl) B Cz(yz -ywz)

- 05(}’5 -yWS) - 06(}’6 -yw6) + Mg
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1. Positive direction of force and displacement is assumed upward. Positive direction

of moment and angle is assumed clockwise.

2. Reference position of hull and each wheel is vertical position of each item if tank
were resting on level ground and had no weight.
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FIG. B-1 SCHEMATIC REPRESENTATION OF THE TANK SUSPENSION SYSTEM
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2. Vertical motion of wheel 1.

Mwlywl - kl(yyl -ywl) B kwl(ywl _al) * Cl(yl -ywl)

"Wy 3 Mg

3. Vertical motion of wheel 2.
M2 Vwa T Ky =¥ 0o) - Koo ma,) e, (y, -7 ,)
w2Wwz ~3) T M8
4. Vertical motion of wheel 3.
M 3Vys = Kglyg =¥y 3) ~ Ko a-ag) -y o -a,) + M g
5. Vertical motion of wheel 4.
Mo Vwa T K0y Y a) ~ K aOa m2y) m ey, -2, + M8
6. Vertical motion of wheel 5.
M 5% 5™ KslVs ~¥s) ks (s -ag) +e5(35 -5, 5)
B Cw5(yw5 B a5) + MWSg
7. Vertical motion of wheel 6.
M eYwe ™ KelVe " Twe) = BueWwe ~26) ¥ S0 ~T6)
B cwb(ywb -36) * Mwég
8. Pitch of the hull.
JO = - Lk (y) -yyq) - Lk (5, =500 - k(v -y )
+1 k (y4 wa )+1 k (y5 . )+ 16k6(y6-yw6)
cl(yl—ywl) - lzc?_(y2 w2 )+1 c (y5 y )
Flecelye =Yg
9. J = Mh?
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10. y, =y +1,0 16. ¥, =yo+1lé
1. y, =y +1,0 17. y2=yo+12é
12. y, =y +1,0 18. y3=y0+13é
13. y, =y_-1,0 19. 5’4:5'0’149
14. y =y - 1.0 20. y5=yo-15é
15. y, =y - 1.8 21. yé=yo-16b

The values of shear and bending moment which were computed in the
simulation are for a section (designated Section z - z) of one side of the
hull through the C.G. of the tank.

22. VL, =k -y ) H i, -y o) TRy oy )
. o2 . s M . . _
o)y T Ty i) #2 (G419 - o)

where: V,_, = Shear exerted on front section of tank at Section
z-z in pounds.

1 = distance from C.G. of tank to C.G. of front half of hull
© - 4,17 feet.

23. M, =y ) F IR0, ) sk, Y )
Fliey -yy) * 100, Ty + 7 (G r 19 - )

where: M,_, = Bending moment exerted on front section of tank
at Section z-z in foot-pounds.

The schematic diagram of the analog computer set-up is shown in
Figure B-2. The circuits for computation of bending moment, shear and
ride index are not included in this figure,
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FIG. B-2 SCHEMATIC DIAGRAM OF SUSPENSION SYSTEM SIMULATION
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TABLE B-1

CONSTANTS USED IN SIMULATION

M = Mass of half the tank = 1340 slugs

h = radius of gyration = 5.4 ft.

J = moment of inertia = 39, 000 slug-ft. 2
6.66 ft.

1_=3.98ft.

—
i

= 1,56 ft.
= 0.90 ft.
= 3,33 ft,
= 5,79 ft.

M . =M
w

= = = = =15,
wl MW MW4 MW5 MW 5.6 slugs

6
k) = 20,000 lbs /ft when 0 < (¥, —ywl)< 0. 86 ft.

2 3

87,000 lbs /ft when 0, 86 ft. < (v, -ywl)< 1.11 ft.
)

o when 1,11 ft.< (yl "Y1

= = = = < - <0. .
k, =k, =k, =k, =k =20,000 Ibs /ft when 0 (3, =) <0 86 ft

= 48,000 lbs /ft when 0. 86 ft. < (yi-ywi) <1.11 ft,

= = when 1. 11 ft. <(y, -y_.)

c, = 5800 1bs/fps when 0< (jrl -jrwl) <0.154 fps Compression
= 580 lbs/fps when 0.154 fps < (jr1 —jrwl) Compression
= 5800 lbs/fps when 0 < (jr1 -ywl) <0.283 fps Rebound
= 1400 lbs/fps when 0.283 fps < (jfl -jfwl) Rebound

c, = 7800 1bs/fps when 0 < (yz -ywz) < 0.16 fps Compression
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TABLE B-1 (Continued)

780 1bs/fps when (jrz -ywz) >0.16 fps

7800 1bs /fps when 0 <(jr2 —ywz) < 0.28 fps

1400 1bs/fps when (¥ -y__)> 0.28 fps
Y2 Vw2

Compression
Rebound

Rebound

Cé = 6400 1bs/fps when 0< (y5-6 -yw5_6) <0.17 fps Compression
= 640 1bs/fps'when (y5_6 —yw5_6) >0.17 fps Compression
= 6400 lbs/fps when 0 < (y5_6 -yw5_6) <0.31 fps  Rebound
= 1150 lbs/fps when (575_6 -}.’w5—6) >0.31 fps Rebound

kWZ:kW3 :kw4 =kW5 =kw6 =156,000 1bs /ft when 0< (ywi—ai)< 0.133 ft.

=1,560,000 lbs/ft when (ywi—ai) >0.133 ft.

wl

w3

=¢c__=c_, =156 lbs/fps

w5 wb

i

312 1bs/fps
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APPENDIX C

RIDE INDEX CIRCUIT

The purpose of recording the ride index of the simulated tank was to
provide a quantitative record of its motion in terms of a recognized
standard of performance related to riding comfort. A suitable standard
is that based on work done by the SAE Riding Comfort Research Com-
mittee; this standard has been reported in Reference 6 and is summarized
in Chart 11 of that report. Essentially, this standard consists of a curve
giving the upper limits of related values of amplitude and frequency of a
sinusoidal vertical vibration for a satisfactory ride. The ride index cir-
cuit is designed in such a way as to modify a vertical acceleration signal
to provide an indication whose amplitude corresponds directly to the
riding comfort as defined by the curve previously mentioned.

The ride index circuit is shown in Figure C-1. The vertical acceler-
ation signal received from the computer is fed to an equalizing network.
The equalizing network produces an output voltage whose amplitude is
such a function of input amplitude and frequency as to relate it directly
to the riding comfort curve. For example, any sinusoidal voltage whose
amplitude and frequency place it on the recommended limit curve would
produce a sinusoidal output from the equalizing network having a constant
amplitude independent of frequency. This output can be recorded on a
direct inking recorder, in which case riding comfort can be read off by
noting the amplitude of the recorded signal.

The circuit just described gives valid results for sinusoidal motion;
however, there is as yet insufficient justification for assuming that it
gives a correct measure of the ride for most practical cases in which the
ride consists of miscellaneous motions of a non-periodic nature. To
establish the validity of the ride index under these conditions, an experi-
mental program would have to be carried out to correlate the ride indica-
tor results with the subjective responses of human beings subjected to
the same ride.
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APPENDIX D

VISUAL DISPLAY OF TANK SIMULATION

Graphic records obtained from a simulation by such devices as ink
recorders or plotting tables give accurate data on the values of simu-
lated variables as a function of time. However, for complicated systems
such as the suspension system of a tank, it is frequently difficult for the
engineer to visualize the performance of the simulated system in physical
terms. A visual display which presents the physical action of the system
as it is simulated on the computer can be of great usefulness in this re-
spect. Such a display would also be very useful in demonstrating the
essential nature of the simulation to non-technical personnel.

To provide such a device, an electronic system was developed which
presented on a cathode-ray tube a picture showing a representation of the
elevation view of the hull and each of the road wheels of a tank as it goes
over a bump. The frontispiece shows a series of photographs of this
cathode-ray tube display as the simulated tank is passing over a bump.

A block diagram of the components involved in producing the display
is shown in Figure D-1. The simulated M47 tank was run over a simulated
12 -inch square at varying speeds. Voltages representing the vertical
position of each wheel and the vertical position and pitch angle of the hull
as functions of time were available as outputs from the computer. As
shown in the block diagram, a dual-beam oscilloscope was used in the
display. One gun was used to paint the wheels and the other gun was
used to paint the hull,

The rectangle representing the hull was painted on the scope in the
following manner: the simulated voltage representing the pitch angle, 6,
was converted by means of a vibrator and filter to a 60-cps a-c voltage
whose amplitude corresponded to the absolute magnitude of 8 and whose
phase corresponded to the sign of 8. This a-c voltage was routed to a
summing amplifier where it was added to the d-c voltage from the sus-
pension simulation representing yo,, vertical displacement of the C. G.

If the sum of these two voltages were fed to the vertical deflection plates
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of the cathode-ray tube and the 60-cps signal from the transformer were
fed to the horizontal deflection plates, the result would be a straight line
on the scope whose pitch and vertical displacement would match that of
the simulated hull. In the display this line has been expanded vertically
to give the appearance of appreciable height of the hull by adding to the
Yo and 8 signals an additional 20-kc signal.

The six wheels of the tank were produced by the second gun of the
oscilloscope. Pairs of time-varying voltages were fed into the horizon-
tal and vertical deflection plates, respectively, of the cathode-ray tube
in time sequence at a frequency high enough to avoid flicker. Each wheel
was represented by a circle whese center was fixed in the x direction and
variable in the y direction, with the y position being made to follow one
of the outputs of the computer. To produce a circle, the horizontal de-
flection plate received a fixed voltage corresponding to the x position of
the wheel, x _;, plus a modulation voltage consisting of a 3-kc sine wave,
while the vertical deflection plate received a voltage corresponding to
the vertical displacement of the road wheel, yy_i, as a function of time
plus a modulation voltage consisting of a 3-kc sine wave voltage 90 degrees
out of phase with that sent to the horizontal deflection plate. The sine-
wave modulation produced a circle of appropriate diameter whose center
moved in a vertical direction only.

Since all six wheels must be presented simultaneously on the tube,
it is necessary to gate appropriate voltages corresponding to each of the
six road wheels into the deflection plates of the cathode-ray tube in rapid
succession. Because the size of all road wheels is identical, the gating
process could be confined to the voltages representing the coordinates of
the centers of the wheels. The ring counter sequentially opened a series
of gates such that voltages from the suspension simulation representing
the vertical positions of the individual wheels were applied to the y axis
of the cathode-ray tube. The oscillator which drove the ring counter also
drove a staircase generator, and the staircase voltage was applied to the
x axis of the cathode-ray tube. This voltage fixed six spots equally
spaced in the x direction.

The hull and the wheels represented in this way on the oscilloscope
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made it possible to observe the behavior of eight time-varying quantities
simultaneously in a manner exactly corresponding to their relationship
in the real physical system.
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