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ABSTRACT

Can Kutay TUC¢

DESIGN AND ANALYSIS OF A HYDRO -PNEUMATIC SUSPENSION SYSTEM
Baskent University Institute of Science and Engineering

Department of Mechanical Engineering

2020

Suspension systems agenerally one of the most critical component®r the ride
dynamics and comfort performance of a vehicle. Also, off road performance and mobility
of the high tonnagevehicles directly depend on the suspension system of the vehitle. |
this thesis studyfirstly displacement and velocity equations have been derived by using
the kinematics of théydropneumaticsuspension unif(HSU) mechanism. Furthermore,

the input and output parameters have been specified tondasigdBU and necessa
parametric equations have been derived which related with the input and output
parameters. By using the derived equatiangyraphical user interface (GUI) has been
developed which enables the user to easily design different catfans of an $U.

Then, by using the predetermined input parameters and developed GUI, detailecbfiesign
the systemand the 3D CAD model of hydropneumatic suspension systérave been
performedBill of materials, manufacturing and assembly drawings have been prepared for
the designed systemso, structural finite element analysimvebeen performed for the
worst case loading conditions of the system and finite element anadgsisshave been
compared with the GUI output results. Finally, technical data packagebkaweprepared

for the designed 8U.

KEYWORDS . Suspension, Hydrpneumatic suspension, Suspension design,

Parametric modelling
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1. INTRODUCTION

Suspension systems are one of the most critical components for the ride dynamics
and comforperformanceof a vehicle Also, off road performance and mobility of thegh
tonnagevehicles directly depend on the suspension system of the veltidign tonnage
vehicles such as tanks, tracked howitzers and fighting vehicles in military applications
generally use two types of suspension systems. Those are torsion bars and hydraulic
suspension systems. Most of the tracked military vehicles whiclredggh mobility and
off road performance together with comfortableness and speed preferred to use torsion bar
suspension systems due to low cost and low maintenance. But, hit accuracy and long term
combat requirements brought the necessity of using owrdortable and higher off road
performance for these types of vehicles. The solution to these naikeragnts is found
by the hydrepneumatic suspension systems.

fiA suspension system usually consists of a spring and a damper. The spring alone walyd alrea
allow the decoupling of input side and isolated side just by its elastic properties and would compensate
accelerations/displacements from the input side. Yet, due to the displacement, the spring would store energy
and therefore the system would keeposagillating permanently. Not only this, in case of further excitations
with suitable frequency and phase, it would pick up further energy and the amplitude on the isolated side
would increase even further (resonance). If this happens the result is thempasite of the original goal,
instead of reducing the accelerations on the isolated side they are amplified above the level without a
suspension system. This is why a spring is almost always used in combination with a damper. The energy
that has been meporarily stored in the spring is converted into heat by the damper and the amplitude of the
oscillation therefore decays. The higher the damping forces, the faster the amplitude will decay, yet the
stronger is the direct (neslastic) coupling of the inpside to the isolated side and the input side excitations
will be transferred with higher intensity. So to achieve the best possible result from the tuning of a
suspension system, there is a lot of experience, intuition and effort (especially testiegsgangcMost

commonly used dampers are hydraulic components which use the displacement of internal fluid and the

respective viscosity to generate damping foiicéise latter are therefore velocity depend@nt.( Bauer , 200 ¢
Pg. 9 [1]

The linear charactesiics of conventional suspension systems limitrttobility, the
ride performance and the comfaittracked vehicles. But the nonlinear characteristics of
hydro-pneumatic gspensiorunits (HSU) provide better performance abovementioned
parameters. ABHSU have superior damping performance and compact destgnshat

reasons th&lSUsnot only increases the mobility, ride performance and comfort, but also



significantly increase the weapon system accuracy for armored fighting vehicles by
providing morestable gun platform compared to conventional suspension systems.
As a result in tracked vehicle applicatiortsydropneumatic suspensiamits are

preferreddue to its advantages aonventional suspension systems.

1.1.Scopeof Work

There are two main purpes of this studyfirst one isto derive displacement and
velocity equations by parametric modellitgthe system fodevelopng a graphical user
interface (GUI) toeasilydesigndifferent configurations cAn HSU. The second one i®
designan HSU by usng thedevelopedGUI andprepae a technical data package fibvat
HSU.

The recessary equatiorend input-output parameterBave beenderived. Byusing
the derived equationg,GUI hasbeen developed n i MA-Aph A B D e da ppvider o
output parameters for designiagnydro-pneumatic suspension system.

By using he predetermined input parameters atelelopedGUI, detailed design
and the 3DCAD model of a hydrepneumaticsuspension systetmave beenperformed
Then bill of materials,manufacturing and assembly drawirtgs/e beerprepared for the
designed system. Furthermore; structdiaite elementanalysis haseenperformedfor
the worst case loading conditions of the system and finite element analysis results have
beencompared with the GUI output resultSinally, technical data package haveen
prepared for the designedSH. The typical view of KBUs on a tracked vehicle and the
front, left, top andsometric views of the designedSH have been shown figure 1.1
andFigurel.2 respectively.
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Figurel.l Typical viewof HSUs onatracked vehicleZ]



Figurel.2 Front, left, top andsometric views of the designedsd



2. LITERATURE REVIEW

S. Sridhar and N.S. Sekar have bgmiblished an articlebout optimization of
kinematics ofhydro-pneumatic suspension units used in tracked vehiktlesknown that
the sealing performance of thpeston seals is one of the most important issues for the
sydem reliability. The optimization method&r minimizing the transverse force on the
piston seals which arshifting andreorienting the cylinder axis and determination of the
load transfer factor, have been explained in detail in the study of S. Sridhar and N.S. Sekar.
The kinematic arrangement of a hygmeunatic suspension has been showrFigure
2.1. Also, the transverse force acting on the hydraulic pistorthe casesponshifted and
nonreoriented cylinder axis, sk#d but norreoriented cylinder axis, shifted and
reoriented cylinder axis have been shownFigure 2.2, Figure 2.3 and Figure 2.4

respectively.[2]
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U. Solomon and Chandramouli Padmanablieave publishedan article about
mathematical modelling of a hydmmeumatic suspension units used in tracked vehicles. In
this paper, the spring characteristics of a hymlmeumatic suspension have been
represented Yo using the polytrophic gas compression model and the orifices have been
modeled by using the hydraulic conductandereover, the analytical models have been
validated by experiment3he sketch view of the mechanism has been showigure2.5
and pbrceil displacement graph for analytical model results and experimental results have
been shown irFigure 2.6. The force acting on the wheel has been computed by using

equation(2.1) where,"O is piston reaction force ard is wheel reaction forcd3]

0 1
5

2.1)
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H. A. Hammad, A. M. Salem, |. Saleh Mostafa, |. A. Elshéafve carried out
theoretical and experimental studies on hypineumatic suspension units. A mathecslti
model has beedevelopedand thedevelopedmathematical model has been validated by
using MATLAB-SIMULINK . [4]

Gao Xiaodong, Gu Liang, Guan Jifaao Junfeng have published an article about in
arm suspension units (ISU). In this article, the growth #ed ISU products of three
companies, which are producing the 1 SUG6s in
the working principles, the main character
been discussed in this paper. [5]

Saayan Banerje&/. Balamurugan, R. Krishnakumbave published an article about
development of single station representation of a hpdeumatic suspensiorilhe
nonlinear stiffness characteristics of the system have been derived by using the kinematics
of the hydrepneumatic suspension system. Then, the equations of motion have been
derived for the system and the equations have been solved by using MATLAB. Moreover,
ride dynamics of the suspension have been analyzed and validated by using MSC
ADAMS. With the help of themathematical model developed in this study; vibration
characteristic of the vehicle has been estimated. [6]

GUO Huapingand LI Ning have published an article about tracked vehicle
suspension system growth for military application. In this article; actigpension and
semtactive suspension is explained. Moreover, improvement of the suspension system for
the military tracked vehicle is explaindd]

M. K. Ravishankarand C. Sujatha dve worked on comparison of torsion bar
suspension and hydimmeumatic suspension system&onstant stiffness passive
suspension system and variable stiffness hgadi® suspension have been compared on
known profile at different speeds. Althougloot mean soare (RMS) body bounce
accelerations have been decreased while the speed decfendsoth systemit is
observed50-60% more decreasing RMS body bounce accelerations on the-dgsiro
suspension systethan passive suspension systéfor the other paramese such asody
bounce displacements, similar reduction rditage beerobservedecause of the variable
stiffness characteristics of the hyeyas suspension system. Therefoheydro-gas

suspension system is preferable for military tracked vehjle.



Ganesh Vijaykumar Kinagi, Syam Prasad Pitchuka and Dnyanesh Sondagee,
worked about light military tracked vehicle. They have described the design parameters for
hydro-pneumatic suspension of a military tracked vehicle. The required and important
paraneters are highlighted. Analyticalodeling of a hydrgopneumatic suspension hasen
described to find spring and damping characteristics. It is seen that leverage ratio is very
important parameter to identify initial gas volume anaximum gas pressure.dveover,
when the viaeel motion frequency is increasjrige darping force alsoncreases|9]

JinRae Cho, Hongvoo Lee and WanSuk Yoo have worked about damping
characteristics othe tracked vehicle hydrpneumatic suspension unit. It is found that
wheel motion frequency and orifice diametaffect the damping performancand gas
spring force. When frequency is increasing, damping for@sisincreasing. Moreover,
the damping force is increasing witihe decreasing orifice diameter. However, the gas
spling force is decreasing witthe decreasing orifice diameter and increasing frequency.
[10]



3. PARAMETRIC MODELLING OF THE SYSTEM

3.1.Introducing the HSU

The main components of th#SU are stationary casing, suspension arm, piston rod,
wheel arm and sliding pistons (hydraulic piston dwydro-gas piston) System is fixed
from the stationary casingRoad wheel is assembled to the wheel arm by using/ieel
mounting hub The vertcal movemat of the road whedeadsto rotatethe suspensiomrm
from the joint axes with the suspension affinus rotary motion of wheel arns converted
to lineardisplacemenbf hydraulic pistonThe hydraulic oil inside the hydraulic cylinder
flows through thehydraulic block assembly to the hydgas cylinder. As a resuithe gas
inside of the gas chamber is being compressed.

The main componentand the layout of the designedSH have been shown in

Figure3.1 andFigure3.2 respectively.

Hydro-gaspiston

Hydraulic Piston

Piston rod

Figure3.1 Main components of the SU

The developedHSU have been analyzed in three sectidriee first sectionis the
kinematics of the system which is a four bar slider crank mechanism. It is important to
configure the kinematics with suitable linkage arrangement considering the mechanism
limits, volumetric restrictionand loading conditions of theS4J.

The secondsection is spring characteristics of the system. Rather than the
mechanical spring used in rogentional suspension systems, nitrogen igassed as a

spring medium in BU. By usage ofitrogengas as a sprg, the spring characteristics
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(spring rate)f the system changes nonlinearly with tiwvardand downwardravel of
the wheel. The suspensions soft and spring rate is le$sr low distance travels ahe
wheel.However for high distance travels ahe wheel, spring rate increases dramatically
thanks to nonlinear characteristics of gélis provides better ride performance, comfort
and mobiity for the system in normal conditionSystem caralsosupply required forces
for gun recoilingandoff road usag.

Thelastsectionis thedampercharacteristics of the system. Hydraulic @#lves and

orifice have beemised toproviderequiredviscousdampingforcesfor the system.

Gas Chamber Hydro-gaspiston

Stationary casing Hydraulic oil

Hydraulic block

Hydraulic piston

Piston rod
Suspension arn Wheel arm

Wheelmounting hub
Figure3.2 Layout of the FBU

In this chapter, input and output parameters hasenspecified for designing a
HSU, parametric equations havbeen derived individually as a function of input
parameters for kiematics, spring charactstics anddamper characteristics ofhe system
respectively Finally, the combined kinematic, spring and danpharacteristics of the

system have been performed.

3.2.Input and Output Parametersof the System
Input parameterghich are reqired to begirfor designing &HSU areas follows

1 mechanism linkages

9 rebound, static and bump positions of the wiased

11



maximum axle arm velocity in terms of the vertical velocity of wheel

static wheel load and maximum wheel load

piston diameter (the diameter of hydraydiston anchydro-gaspiston are equal)
discharge coefficient of orifice

density of hydraulic oll

orifice diameter

=4 =2 4 4 -4 -5 -2

pressure relief valve set pressure
Output parameters othe HSU which are derived by using input parametare as
follows;
1 maximum piston foce
1 piston (gas) pressure at static position
1 maximum piston (gas) pressure
1 total piston stroke
1 required dead volume biydro-gaspiston
1 maximum velocity of the pistons

1 maximum flow rate of the hydraulic fluid

Furthermorethe equations foposition,velodty, pressures and forces have been computed

as a function of input parameters.

3.3.Kinematics of the System

The kinematic arrangement shown FHkigure 3.3 represents the slider crank
mechanism for theHSU which converts rotary motion of axle arnmto linear piston
displacement.

Design and optimization of mechanishrave beencarried out by takinginto
consideration space restrictions, wheel displacement limits (rebound and bump positions of
the wheelaxis), forces acting on links for static and dynamic conditions. Moredkier
radial forces acting on the hydraulic piston sdwse been considetebecausesealing
perfamance of the piston seals platical role for the KBU. Leakage in pistonsaylead
to failure of the KBU. To increase the sealing performance and life of the seals, radial loads
on hydraulic pistonseals have been minimized yb suitable design of the linkage
mechanism andhanging the orientatioof axis of the cylinder

12



rebound

Figure3.3 Sketch ofthemechanism

Kinematicanalysis has beeararried out to find out the displacement and the velocity
of thehydraulicpistonas a functiorof linearvelocity and displacement of the whegis.
The coordinates of point A can be written as,

® 1 ATSH NG 1 DEF

Also it can be writterby using geometry,
i VEF+ 1 VEF+ Q

Rearranging theboveequationyields

OEL iB'Q i VEL 3.1)

By usingFigure3.3 the displacement of the hydraulic pist@h can be written as;
® 1 ATH i AT o6 (3.2)

It is known that from trigonometry,
Al & OE+ P

ThanA | © can be written as,
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AlTS v p OEH (3.3

Substituting equatio(8.1) into equation3.3) and rearranginthe equation
Aio 2T 01 DEF

It is known that fromFigure3.3; AT &  mthen,
Al 2T 01 DEF (3.4)

By substituting equation(3.4) into equation(3.2) and rearrangingdisplacement othe

hydradic pistoncanbe determineds follows

d i ATL i Qi VE+ (3.5

Taking the derivative othe equation(3.5) with respect to time yields teelocity of the

hydraulic piston;

@ . o Q1 DMEF 3 A6 55y
i DEL — __ (3.6)
Qo Qo i Q i DEF
Note that,
(0% Q—

Qo © ©0ESy —

Substitutingw ® & Q- into equatior(3.6);
, A Q i VE+ 3 Al 6 -
R i DEF - (3.7)
i Q i DOE+

Equationg3.5) and(3.7) are the equations which show displacement and velotity
the hydraulic piston respectivelMote that lhe variables in these equations treangle of
link 2 with respect to the X coordinate- and the angular velocity of link 2 ).
However, t was aimed to dere/these equations as a functmfnpostion ('Q andvertical
velocity of the wheelaxis (w). Thereforethe angle of link 2 with respect to the X
coordinate ) and the angular velocity of link 24) must be written as a function of
position and velocity of the wheakis

From geometrythe position of the wheekxiscan be written as;
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Qi DEFL °0 — O %8 (3.8)
Also the angle of link 2 with respect to the X coordinate can be written as;
— ¢ = = (39

Combining and rearranging the equati¢®s8) and(3.9), the angle of link 2 with respect to
the X coordinate can be written as a function of postithe wheel axis.

— ¢ ] —  wi (%5:2 (3.10
By taking the derivative of the equati@®10) with respect to timehe angular velocity of
link 2 can be computed as a functiorveftical velocity of the wheel axis

Q

B (311
1 Op ‘I—Q

Substituting— into equation(3.5) and rearranginghe equation displacement of the

hydraulic piston can be computed as a fuorctf position of the wheel axis.

O 1 AT & | — (A)IK?-E

i Q1 WVEE | — i of
' (3.12

Substituting— and — into equation(3.7) and rearranging the equation, velocity of the
hydraulic piston can be computed as a function of vertical velocity of the wheel axis. (Note

that’Q w anddd )
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A :dPEd;“ R leei—

1]

u
)
Q1 VEE | — oI G Rie | — oi gfn
1l
i Q i WVEE | — i g?% I
¥

o Jie! ®
i Op -19

(3.13

As a resultthe displacement and the velocity of the hydraulic piston as a function of
linear velocity and vertical displacement of the wheel axis have been computed in
equationg3.12) and(3.13).

3.4. Spring Characteristics ofthe System

The spring characteristics of the system are specified by the pressure of nitrogen gas
inside the gas chambdbisplacement of thdwydro-gaspistonleadsto compression and
expansion of nitrogn gas inside the gas cylind®uring the compression and expansion
of nitrogen gasit has beermssumed that nitrogen gas follows a polytrophic prodassto
rapid compressionr expansion of gawhenHSU is working.Thus spring characteristics
of the system change nonlinearlgnd increase progressively by thencreasing
displacement of thlaydro-gaspiston. The detailed view of the hydtgas piston has been
shown inFigure3.4.

The equations related to spring characteristics ld68 have been derivedinally
hydro-gas piston pressure angiston force have been computed as a fumctof the
position ofthewheel axis.

For polytrophic processhe ideal gas law can be written as;

0 0 o
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Instantaneous gas pressure in the hyareumatic cylinder() can be written as;
W
0 0 O— (3.14)
W
Also instantaneougasvolume inside théydro-pneumatic cylinderdp) can be written as;

O oo 8o O (3.15)

Substituting the equatig3.15) into equation(3.14) yields

5 5 " (L)
0 U oO——mm - (3.16)
w 0 W o

Also it is known that;
O 0 D (3.17)

Substituting equatioi3.16) into equation(3.17), theinstantaneougpiston springforce of
the hydregas piston as a function of tinneel position can be written as:
. - w .
O U O——m— - D
w 0w o

The spring coefficient of the gas can be written as;
X 0
Q -~ -~

O

Note thate, ® and0 are the initial conditions and can be calculated by using the
input parameers.

As a result, the equatidmasbeen derived which gives the piston force as a function
of the vertical displacement of the wheel axis.

Hydro-GasPiston

Figure3.4 Detailed view of hydregas piston
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3.5.Damper Characteristics ofthe System

The hydraulic section of the systeworks as a dampefrigure 3.5 shows the
hydraulic circuit diagram of thélSU. There are two cylindenshich havein-parallel
oriented to each otheFhe frst cylinder is a hydralic cylinderfilled with hydraulic oil.
The second cylinder is a hydpmeumatic cylinder whicls filled with nitrogen gas and
hydraulic oil at the same time. Nitrogen gas and hydraulic oil are separated tlomwilear

with hydro-gas piston.

— ifi Check Valve
Orifice

Gas o] ’\Y
i — -

Hydro-GasPiston

\
Hydraulic Piston \ \
‘ N — N |
Oil
‘ — Pressure Relief Valve

Figure3.5 Hydraulic circuit diagram

For upward motion of the wheehe hydraulic oil passes from hydraulic cylinder to
hydro-pneumatic cylindethrough thehydraulic block assembhyhich compresses the gas
inside the gas chambefhe fluid flow inside the hydraulic block is restricted with an
orifice. Pressure difference between the inlet and the outlet of the ogéoerates the
viscous damping forcelhe force generated by the orifice is proportional to the vertical
velocity of the wheel. Therefore, increasing the vertical velocity of the wheel teads
increase the damping forcediarly. But for high vertical velocities of the wheel, pressure
differencebetween the inlet and the outlet of the orifice increases dramatically. To protect
the systenfrom excessive pressures and damping fqorpesssureelief valve have been
assembled to the hydraulic block assembly. When the pressure difference exceeds the set
pressure of the pressure relief valgpool of thepressure relievalve opens and discharges
the over pressure to the hygsoeumatic cylinder.

For downward motion of the whegdrocess is reversed. The compressed gas in the

gas chamber forces the hyelyas piston anthydraulic oil flows freely through the check
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valve into the hydraulic cylinder side. So the wheel moves quiekig freely into the
downwardposition.

The equations related to damper characteristics S8 have been deriveand
finally damping force has been computed as a function oféheal velocity of he wheel
axis
The instantaneous flow rate at the orifice can be wréten

0 6 (3.18)

Also the instantaneous flow rate through the orifice can be written in another way as

follows,
. Y0
56 B C - (3.19
Equating the equatior{8.18) and(3.19) yields;
0
5 o 6 B > (3.20)

Rearranging thequation(3.20), differential pressure at the orifice can be written as;
Y0 ‘D W (3.22)
U — - .
CD D
Note thatthe differential pressure is limited by the pressure relief valve set pressure, so the

differential pressure must be less than or equal to the set pressure of the pressure relief

valve.
If Y0 YO © ¥ YO
Else, Y0 YO © ¥ Y0

Where Y0 is set pressure of the pressure relief vabethe dampingforce of the
hydraulic pistorcanbe written as;
"0 0w & M (3.22)

By substituting equatior§3.21) into (3.22) and rearranging the equation, the damping

coefficient can be written as;
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As a result, theequation have been derived which gives the damping force of the

piston as a function of theerticalvelocity of thewheel axis.

3.6. Combined Kinematic, Spring and Damper Characteristics
Viscous damping force and spring force equations have been reflectezl ihneel
by usingthe kinematics of the &U. Free body diagrams (FBD) for the links of the

mechanism have beemawn, which arshown inFigure3.6, Figure3.7 andFigure3.8.

Wheel

Figure3.6 Free body diagram of link 2

F
43

Figure3.7 Free body diagram of link 3
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F3 4 é Fpiston

[
&
S
=

F
fransverse

Figure3.8 Free body diagram of link 4

It can be written fronrigure3.6;

) O 13 Al 6
O 9 (3.23

and,
N 1 DEF (3.24)

Also, it can be seen frofkigure3.3;
—_ = = (3.25

By rearranging the equatiof3.23), (3.24), (3.25) the force acting on the piston rod can be
written as a function of the wheel position.

O QA AT S

i DEL — -

0

Also it can be seen that, the magnitudes of the fof@eand™O are equal to each other.
Thus, by using th&igure3.8, the longitudinal force (piston force) and the transverse force
(guide ring force) acting on théspon can be written as follows;

O 3 AT S
i DE+ — *

O 0 AT 6 Al S (3.26)

0 0 PEL O I MEL .. (327
e S |

By using theequation(3.26), the pring forceactingonthe wheel can be written as;
O 23 Qe — °
i ATH Al ©

"0 (3.29)

Also viscous damping forcactingto the wheel can be written as;
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"0 aJ e —

" — — 2
© i Al 6 Al o6 (3.29)
Substituting the equatig3.8) into equation3.28) and(3.29), equations yields;
) O A3 Qe — -
O . 0 . . -
i AT @i QG Al o
. O A 3dJ Qe — ¢
O . 0 . .
i AT @i (ge Al ©
Finally the total force acting on the whealn be written as follows.
. O A d Qe — ¢
O . 0 . . -
i AT @i Qe AT o
O A3 Qe — ¢
. 0 .
i AT @i Qe AT O (330

Simplifying the equatioi(3.30) yields,
0 0 3 9 0f
| AT 6 g8 RIS

0
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4. DEVELOPMENT OF THE GRAPHICAL USER INTERFACE

A graphical user interface hd&een developed n t he environment o
App De syusingthegarabetrice guati ons which are derive
MODELLI NG OF THE SYSTEMO topic.

Using the developed graphical userenfdce, determination and optimization of the
parameters for designing a hyegsneumatic suspension umibuld be performedquickly
and easily by iterating the input parameters. Thus, the time consumed in predesign phase

couldbe reduced significantly.

4 Ul Figure - O *
INPUT PARAMETERS OUTPUT PARAMETERS
r2 (mm) 0 Fpbump (kN) o
73 (mm) 0 Pstatic (bar) 0
e (mm) 0 Pbump (bar) 0
T (mm) 0 Stotal (mm) 0
alpha (rad) 0 Vhump (cm™3) 0
thefaAC (rad) g Vpmax (mm/'s) 0
hrebound (mm) 0 Omax (Limin) 0
hstatic (mim) 0
Calculate Output Parameters
hbump (mm) 0
i GRAPHS
Vhimeax (mm/'s) 0
Position and Velocity Graphs
Fwstatic (N) 0
Fwhump (N) ] Piston Internal Pressure Graph
Dp i 0
Dp (mm) Force Graphs
cd 0
Dftuid (kg/m"3) 0 Show Mechanism Sketch
10 0 B
B DESCRIPTION
delPmax (bar) 0

Figure4.1 Main page of the developed GUI

The main page of the developed Gbés beenshown in Figure 4.1. Output
parameters, position and velocity grapbsHydraulic pistoncould be producedy filling
the input parameters in the GWIloreover gas pressure inside the gas chamsering

reaction force, damping reaction forsgtotal reaction forceon the wheelforce acting on
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the piston rod andiorce acting on theiston guide ringcould also be plottedby using

related buttons on the screen

The explanations for input and output parameters have been shdailé.1.

Table4.1 Explanation othe parameters ahe GUI

Parameter Explanation of the Parameter
Length of link 2 (suspension armjn Figure 3.3 Sketch ofthe
r2 (mm) .
mechanism
r3 (mm) Length of link 3 (piston rod) ikigure3.3 Sketch otthemechanism
e (mm) Offset distance of the hydraulic cylinder from X axis
rc (mm) Length of the wheel arm
alpha (rad) Angle between x and X axis

thetaAC (rad)

Angle between suspension arm and wheel arm

hrebound (mm)

Distance between x axis and wheel axis when the system
rebound position

hstatic (mm)

Distance between x axis and wheel axis when the system is at
position

hbump (mm)

Distance between x axis and wheel axis when the system is at
position

Vhmax (mm/s)

Maximum vertical velocity of the wheel axis

Fwstatic (N)

Wheel load at static position

Wheel load at bump position which is also equal to the maxir

Fwbump (N) | \vheel load
Dp (mm) Diameter of hydraulic and hydigas piston
Cd Dischargecoefficient at the orifice

Dfluid (kg/m"3)

Density of the used hydraulic oil

dO (mm)

Diameter of the orifice

delPmax (bar)

Set pressure of the pressure relief valve

Fpbump (kN)

Piston reaction force when the system is at bump position whi
alsoequal to maximum piston reaction force

This parameter might be used for calculating the maximum fq
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actingon the system components.

Pressuranside thecylinderswhen the system is at static position

Pstatic (bar) This parameter is used for settitiee initial pressure inside the g
chamber.

Pressure inside the pistons when the system isuatp position

which is also equal to the maximum pressure inside the pistons.
Pbump (bar) . : . .
This parameter might be used for determination of the wall thick

of the hydraulic and hydrgas cylinders.

Stotal (mm) Total piston stroke of the $1J

Vbump (cm”3) | Dead volume of the gas chamber

Vpmax (mm/s) | Maximum velocity of the pistons

Qmax (L/min) | Maximum flow rate of the hydraulic fluid

Six buttons have been placed on the main window of the Gdéeasn Figure4.1. The
functions of these buttons have been explainebainle4.2. Templates of the 2D and 3D
plots have been shown lfgure4.2 andFigure4.3 respectively.

Table4.2 Functions of the lttons

Button Name Functions of the Buttons

Represents the output paramsteon output

Calculate Output Parameters .
parameters section

Plots the graphs of hydraulic piston position ¢
Position and Velocity Graphs | velocity as a function of the wheel position and
wheel vertical velocity

Plots the graph of gas pressure insidthe gag

Piston Internal Pressure Grap chamber as a function of wheel position

Plots the graph of; spring reaction force, dam
reaction forcetotal reaction forcegforce acting on th¢
Force Graphs piston rod and force acting on the piston guide |
as a function of wheel positioand vertical whee
velocity

Displays the sketch view of mechanism wh
Show Mechanism Sketch contains the input parameters of the mechar
(Figure4.4)

Displays the description for input and outy

Description parameters tbelpthe useFigure4.5)
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4 Figure 1

File

Edit

View Insert Tools Desktop Window Help

Ddde | M|AROBDEL- 2|08 0O

Hydraulic Piston Fosition (XB)

0.9

0.8

0.7

0.6

0.4

0.3

0.2

0.1

Wheel Position - Hydraulic Piston Position

01 02 03 04 05 06 07 08 09
Wheel Position (h)
(mm)

Figure4.2 Template of a 2D graph
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4 Figure 2 — O

File Edit View Insert Tools Desktop Window Help

NEES| b RXRTDEL- || DB |aD

Wheel Vertical Velocity - Wheel Position - Hydraulic Piston Velocity

Hydraulic Piston Velocity (VB)
m/

0.5

0.4
0.2
Wheel Position (h) 0 o

{mm}) Wheel Vertical Velocity (Vh)
(mmy/'s)

Figure4.3 Template of a 3D graph
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4 Figure 1

File Edit View Insert Tools Desktop Window Help

Ddde | | RAROBDLEL- S |0B M

hrebound
hstatic
hbump

Figure4.4 Mechanism sketch view
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r2 (mm)

3 (mm)

e (mm)

re (mm)
alpha (rad)
thetaAC (rad)
hrebound (mm)
hstatic (mm)
hbump (mm)
Vhmax (mm/s)
Fwstatic (N)
Fwbump (N)
Dp (mm)

cd

Dfluid (kg/m”3)
do (mm)
delPmax (bar)
Epbump (kN)
Pstatic (bar)
Pbump (bar)
Stotal (mm)
Vbump (cm”3)
Vpmax (mn/s)

Omax (L/min)

: Crank radius

: Piston rod length

: Piston offset

: Axle arm length

: Slope of piston axis

: Angle between crank radius and axle arm
: Height of the wheel axis at rebound position
: Height of the wheel axis at static position
: Height of the wheel axis at bump position
: Maximum vertical velocity of wheel axis

: Static wheel load

. Maximum wheel load

: Piston diameter

: Discharge coefficient at orifice

: Density of hydraulic oil

: Orifice diameter

: Pressure relief valve set pressure

. Maximum piston reaction force

. Piston (gas) pressure at static position

. Maximum piston (gas) pressure

: Total piston stroke

: Required dead volume of hydro-gas piston
. Maximum velocity of the piston

: Maximum flow rate of the hydraulic fluid

Figure4.5 Description for input and output parameters
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5. DESIGN AND ANALYSIS OF THE SYSTEM

It is known that designg a HSU is complicatedand iterative processThe
developed GUI has been used to adjust requimput parameters for optimumSt. By
the help of the developed GUhe iteration of the inpuand outputparameterdhiasbeen

performed easily and quickly.

5.1.1nput and Output Parameters (Numeric)

Firstly, the maximum vertical velocity of the wheektatic and dynamic load
capacitiesof the HSU have been determined by catesing the using field of the $U. It
has leen assumed that, the designeslHwill be used in a tracked vehialhich has he
weight of 24 tones and totally 12 $U have been placed on the vehicle. For that reason,
the static wheel loatlasbeen taken 2 tones (19.61 kN) and the dynamic wheelHaad
been taken 8 tones (78.45 kNN. reference [3], the experimentatchtheoretical studies
have been performed for the frequencies of 0.1 Hz and 0.8 Hz. Moreover, in reference [6]
the maximum vertical velocity of the wheel has been taken about 300 mm/s. In this study,
it has been aimed that the designe®UH capable of woikg higher frequencies and
velocities compared to the references [3] and [6]. Thus, the maximum vertical velocity of
the wheel axis has been assumed 600 mhfsmechanism linkage has been created by
taking into consideration of the volumetric restricBoAt last, by using the developed
GUI, iterationhasbeenperformed andll the input parameters have been determiiiéd.

numerical values dhput parameterfor the designed BU have been listed ifable5.1.

Table5.1 Numerical values of the input parameters

Parameter Parameter Value Description
r2 (mm) 150 mm Determined from the ecthanism linkge
r3 (mm) 325 mm Determined from the mechanism linkag
e (mm) 140 mm Determined from the mechanism linkag
rc (mm) 550 mm Determined from the mechanism linkag
alpha (rad) 0.201 rad Determined from the mechanism linkag
thetaAC (rad) | 1.361 rad Determinedrom the mechanism linkage
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hrebound (mm) | 470 mm Determined from the mechanism linkag

hstatic (mm) 335 mm Determined from the mechanism linkag
hbump (mm) 100 mm Determined from the mechanism linkag
Vhmax (mm/s) | 600 mm/s Determined from theystemlimit

Fwstatic (N) 19.61 kN (2 tones)| Determined from the system limit

Fwbump (N) 78.45 kN (8 tones)| Determined from the system limit

Dp (mm) 100 mm Determined by iteration

Cd 0.9 Orifice discharge coefficient
Dfluid (kg/m”"3) | 860 kg/m"3 Fluid density

dO (mm) 3 mm Determined by the iteration
delPmax (bar) | 80 bar Determined by the iteration

The output parameters have beehievedand related graphics have been plotted by
using the developed GUThe achievedutput parameters for designedst havebeen
listed inTable5.2.

Table5.2 Achievedoutput parameters for designe&Hl

Parameter Explanation of Parameter

Fpbump(kN) | 288.4kN

Pstatic (bar) 86.87bar

Pbump (bar) | 367.2bar

Stotal (mm) 107.2mm

Vbump (cm”3) | 283cm”3

Vpmax (mm/s) | 172.5 mm/s

Qmax (L/min) | 81.28 L/min

Input and calculated output parameters of the system have been sHégureb.1. Also,
the plots obtained by using the input parameters have been shbwrie5.2, Figure5.3,
Figureb.4, Figureb.5, Figure5.6, Figure5.7, Figure5.8 andFigure5.9.
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Hydraulic Piston Position (XB)

(mm)

300

“lu Figure

Vimax (mm/s)

INPUT PARAMETERS
r2 {mm) 150
r3 {mm) 325
e (mm)
T {mm)
aipha (rad)
thetaAC (rad)
Trebound (mm) 470
hstatic (mm) 335
hbump (mm) 100

Fwstatic {N) 1.961e~0
Fwbump (N} 7.845e~0
Dp (mm) 100
ca
Dffuid (kg/m3)
il (mm)
delPmax (bar)

- O
OUTPUT PARAMETERS
Fpbump (kN) 2884

Pstatic (bar) §6.87
Phump (bar) 367.2
Stotal (mm) 107.2

Vhump (cm”3) 283

Vpmax (mm/s) 1725

[

Omax (Limin) 8128

Calculate Output Parameters |

GRAPHS

| Position and Velocity Graphs |

[Piston Internal Pressure Graph]

| Force Graphs

|' Show Mechanism Sketch

| DESCRIPTION |

X

Wheel Position - Hydraulic Piston Position
T T T

Figure5.1 Display of tie input and daulated output parameters
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Figure5.2 Wheel positiori Hydraulicpiston positiorplot
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Hydraulic Piston Velocity (VB)

Gas Pressure (Pi)

Wheel Vertical Velocity - Wheel Position - Hydraulic Piston Velocity

200
200
Wheel Position (h) 100 0
(mm) Wheel Vertical Velocity (Vh)

(mm/s)

600

Figure5.3 Wheel vertical velocity Wheel positiori Hydraulicpiston velocityplot

(bar)

400

Wheel Position - Gas Pressure
I

350 -

300 -

250 -
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Figure 5.6 Wheel vertical velocityi Wheel positioni Damping reaction force othe

wheelplot
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Figure5.7 Wheel vertical velocityi Wheel positioni Total reaction force on the wheel

plot
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Figure5.8 Wheel vertical velocity Wheel positiori Force acting on piston rqaot
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Wheel Vertical Velocity - Wheel Position - Force Acting on Guide Ring

x10*

Force Acting on Guide Ring (Fguidering)

600
200
200
Wheel Position (h) 100 0
(mm) Wheel Vertical Velocity (Vh)

(mm/s)

Figure5.9 Wheel vertical velocityy Wheel positioni Force acting on piston guide ring

plot
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5.2.Detailed 3D CAD Model Design and Dawings of the HSU

Figure5.10 Isometric views of the designedSd

In thedetailed design process,

1 The component®f the HSU have been designed and medeby aking into
consideration the parameters whichve beerachievedby using the developed
GUI.

The commercial off the shelf (COT#ms have been determined.

Using the designed parts atite COTS items,the subassemblies anithe main

assembly have been created.

9 Bill of materials for the designed3t, which contains althe parts andhe COTS

items, hasbeen created.

9 Drawings fortheassemblies antthe parts havdseengenerated.

The isometric views of the designed hygmoeumatic suspension unit have been
shown inFigure5.10.
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Figure5.12 Fully exploded view of the IBU
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The exploded views of the$U have been shown Higure5.11 and Figure 5.12.
The HSU is consisted of four subassembliwhich are suspension arm assemiqllyigure
5.21), hydraulic piston assemblyHigure 5.28), hydro-gas piston assembl§Figure 5.30)
and lydraulc block assemblyFigure5.32). In this section; parts, subassemblies, sealing
details of the design, bill of matesaland drawings of the designedsH have been
descibed

5.2.1.Parts and subassembliesof the HSU
i Stationary casing

Stationary casindnave been used for fixing the systémthe vehiclebody. Bolt and
pin holes on the stationary casing have hééized to mount the 15U to the vehicle body.
Front cover, rear cap arston cylinders havalsobeen mountedn the stationary casing.
Moreover the nitrogen gas filling interface has been located on the stationary CHseng.
isometric views of the stationary casing have been showigure5.13.

The downward motion of the wheel arm has been limited with the extruded section
inside the casingThe surface of the suspension arm pushesstiniace of theextruded
section inside the casing, while the suspension arm is at the enddwwinevardstrokeas
seen inFigureb.14.

Gas Filling

ExtrudedSection

Figure5.13 Isometric views of the stationary casing
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Figure5.14 Position of the wheel arm at the end of the downward stroke

1 Piston pinand anchorage plate

Connecibn of the suspension arm and the piston rod has been provided with the piston
pin. Lubrication holes have been drilled into pin for greasing the jontisinga grease
nipple Piston pinhave beerfixed on to the suspension arm by using the anchorage pla
Isometric view of the piston pin has been showirigure5.15. Also, assembled view of

the anchorage plate, grease nipple and piston pin have been sheigureb.16.

Figure5.15 Isometric view of the piston pin

Piston Pi

Grease Nipple

Anchorage Plate
Figure5.16 Assembled view of the anchorage plate, grease nipple and piston pin
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1 Piston cylinder
There are two piston aylders in designed $U which have been assembled parallel
to each otherPiston cylinders have been fixed on the statiorasing via the threaded
portion The tightening of piston cylinders have been performed from the wrench flats on

the part.The isometric view of the piston cylinder has been shovigare5.17.

Threaded Portion

Wrench Flats

Figure5.17 Isometric view of the piston cylinder

1 Hydraulic block cap
The hydraulic block cafnas been designed for fixing the hydraulic block ttee
piston cylindersThe isometric view of the hydraulic block cap has been shoviagure
5.18.

Figure5.18 Isometric view of the hydraulic block cap

1 Bearing cap and rear cap :
Bearing cap and rear cap have been designed for fixing the spherical roller bearing on arm
shaft and stationargasing.The isometric views of the bearing cap and the rear cap have
been shown ifrigure5.19.
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Figure5.19 Isometric vews of the bearing cap and rear cap

1 Maintenance cap
The maintenance cap has been designed for accessing thesgus@em- piston
rod joint. By removing the maintenance gagssembling and disassembling of the joint
also greasing of the joirtan beperformed easilyThe isometric view of the maintenance

cap has been shownkigure5.20.

Figure5.20 Isometric view of the maintenance cap

1 Suspension arm assembly:

Figure5.21 Exploded view of the suspension arm assembly
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The exploded view of the suspension arm assembly has been sh&wune5.21
and the section view of the suspension arm assembly has been sHegur@®b.26. The
suspension arm assemlb$ consisted of front coveiFigure 5.22), locating shim Figure
5.23), arm shaft(Figure 5.24), suspension arm (Figure 5.25), wheel arm(Figure 5.27),
wheel arm cagFigure 5.23), keys (Figure 5.23) and the COTS itemgylindrical roller
bearing, rotary seal, bolts, washers and spring washers)

Figure5.22 Isometric view of the front cover

Figure5.23 Isometric views of the locating shim, the wheel arm cap and the key

Wheel arm and suspension arm have been located on the arnirbBeaftientation
of the whel arm, the suspension arm and the arm shaft related to each other is directly
effects thelinkage positiors of the mechanismn assembled state of theSH. For that
reasonposition of the keyways on the wheel arm, the position of the keyways according to
the spline profile on the arm shaftdthe orientation of the spline profile according to the

cartesian axis of the suspension amequite important.
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Figure5.24 Isometric view of the arm shaft

The wheel arm has been interference fittedhenarm shafand transmits the torque
produced due to the force on the wheel ahmhb The torquehasbeen transmittedrom
wheel arm to arnshaftwith keys and the friction force occurred between the intemniss
fitted surfaces of the part§o, plling out of the wheel arm and the keys from the
suspension arrhasbeen blocked with the wheel arm cajso the suspension arm has
been fitted on the arm shaft by using théngal connections on the parfBhe am shaft
has been located on the front cover by using a cylindrical roller bearing and a rotary seal
has been used for isolating the interior of the system from environmental effhets.
whole location of the suspension arm assembly into the stationanygchas been

determined by the locating shim.

Figure5.25 Isometric view of the suspension arm
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, Bearing Rotary Seal
Suspension Arm

N N

/] Wheel Arm Cap

Locating Shim

Arm Shaft /

FrontCover

Wheel Arm

Figure5.26 Section view of the suspension arm assembly

Wheel armis consisted of two parts which welded and joined together. Firstly these
parts have been roughly machined and welded. After that diéed parts have been
machined to satisfy the close tolerances on the phegreen painted surfaces shown in

Figure5.27 have been machined after welding of the gpart

Figure5.27 Isometric vieve of the wheel arm
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1 Hydraulic piston assembly:

Figure5.28 Exploded view of the hydraulic piston assembly

The exploded view ofhe hydraulic piston assembly has been showrignre5.28
and the section view of the hydraulic piston assembly has been sh&iguie5.29. The
hydraulic piston assemblg consisted of hydraulic piston, piston rod bushing, piston front
cap, piston frictionbushing hydraulic piston and the COTS itenSeéls, piston guide
rings, bolts, washers and spring washers).

Seals and Guide Ring _
/ Piston Rod
— g g /

/

e

e eyl |
\ \ Piston Front Cap
Friction Bushing Piston Rod Bushing

Hydraulic Piston

Figure5.29 Section view of the hydraulic piston assembly

As known from slider crank mechanism, the movement of the piston rod is not linear.
When the wheel arm moves, piston rod linearly displaces and rotates from the joint of the
hydraulic pistonLikewise, the piton rod makes relative motion to the suspension aon.

that reasos, the friction bushing and the piston rod bushing Hasen designed to prevent

the wear and reduce the friction at the jairsston guide rings have been used for

absorbing the transvse forces occurred between piston and cylinder.
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1 Hydro-gas piston assembly

Figure5.30 Exploded view of the hydrgas piston assembly

The exploded view of the hydigas piston assembly has been showhRigure5.30
and the section view of the hydgas piston assembly has been showirigure 5.31.
Hydro-gas piston assemblg consisted of hydrgas piston, seals and piston guide rings.

Note that, volume of the groove inside the hydes piston is equal to tlealculateddead
volume ofthe hydregas piston.

—g g—

™)

SHS

Figure5.31 Section view of the hydro gas piston assembly

9 Hydraulic block assembly

Figure5.32 Exploded view of the hydraulic bloclssembly
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The exploded view of the hydraulic block assembly has been shokigure5.32.
The hydraulic block assembig consisted of the hydraulic block and the COTS items
(pressure relief valve, orifice check valveydraulic connector and plugs)he pressure
relief valve and orifice check valve have been selected by considering the maximum flow
rate of the hydraulic qilthe maximum pressure inside the pistonlthe degyned oifice
diameter of the BU.

5.2.2.Sealingdetails of thedesign

When the system was designing, it has been known that the designed system is going
to be work at harsh environmental conditions. Therefthe sealing of the system from
environmental conditions plays critical role for increasing the life and the reliability of the
system.Also, the sealing performance of the pisteealsinside the system (hydraulic
piston sealsand hydregas pistorseal$ is another important subject for the life atmg
performance of thdesignedsystem.

The sealing between the stationary parts have been ensured byQisimgs.
Suitable Gring grooves have baanachinedto the related partd.he Grings used in the
HSU have been shown irigure5.33, Figure5.34, Figure5.35 andFigure5.36.

Figure5.33 O-ring used under maintenance cap
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Figure5.36 O-rings used in cylinders and hydraulic block assemblies
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The sealing of the rotating parts have been ensured by using the rotary seal between
the rotating and stationary parts. The only rotating patside the 13U is arm shaftthe

used rotary seal has been showFigure5.37.

Figure5.37 Rotary seal used in theS4

As mentioned the sealing performance of the piston seals are critical for the system.
Considering the maximum wking velocity of the seals and maximum pressure inside the
cylinders proper seals have been selec#®do, the transverse forces acting on the seals
have been diminished by using guide rinbise selecteghistonseals andjuide rings have
been shown ifrigure5.38.

Figure5.38 Piston seals and guide rings

The maximumpressure inside the cylinder and the maximum vsjaaitthe seals
hasbeendeterminedrom thevalues obtained bgutput parameters of the GUI 3867.2
barand 172.5mm/s respectivelyThe velocity of the hydraulic piston has been plotted as a
function of wheel vertical velocity and wheel position as showkigure5.39.
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Wheel Vertical Velocity - Wheel Position - Hydraulic Piston Velocity
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Figure5.39 Hydraulic piston velocity plot

Surface pressures on the guide rings of the hydrpidgton have been calculated by
using the maximum force acting on the guide rii@ ( = 8361 N, which have been
taken from t he 7 WhMheel Positierir RoricecAating ox €dide Rinigt y
plot as seen ifrigure5.40. Also it is known that, piston diameté®() is 100mm and the
total width of the used guide rings in hydraulic piston ( is 50mm. Then the

surface pressure ohd guide ringhasbeencalculated as follows;

. 0 Yo qip " v o

v 0 o pT&a Dumg ¢ PWLLO
For chosen guide rings the maximum allowable surface presgire s ) 12 MPa
Then factor of safetyQ; ) for the chosen guide rindgiavebeen calculated as;

. 0 g PO D

% § owo G o XX
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Wheel Vertical Velocity - Wheel Position - Force Acting on Guide Ring

x10*

Force Acting on Guide Ring (Fguidering)

Wheel Position (h) 100 0
(mm) Wheel Vertical Velocity (Vh)
(mm/s)

Figure5.40 Force acting on guide ring plot

5.3. Structural Finite Element Analysisfor the Critical Parts

Structural finite elemerdanalysis haveen performedbr the worst case condition of
the system.The worst case condition has beassumed that, the system is in bump
position and maximum allowed wheel force (78.48 kN) has been applig® system.
Stressesstrainsand displaementshave been achieveddr the critical parts of the &U.
Moreover, thehydraulic piston reactioforces, also the forces acting on the bearings and
hydraulic piston guide rings havgeen performedThen the forces obtained from the
analysis and the forces obtained from GUI have been compared.

The model for theanalysis has been created by simplifyihg designed 3 CAD
model of the KBU. Cylinders and hydraulic block assembly removed from the model as
seen inFigure5.41. Also wheel arm, arm shaft and suspension aave been modeled as
one part as seen Figure5.42. The mechanism view of the simplified 3D model has been

shown inFigure5.43.
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Figure5.41 Simplified 3D model of the KU

Z
0,00 150,00 300,00 {mrm)
I .

75,00 225,00

Figure5.42 Simplified 3D model of thevheel armi arm shafi suspension arm
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Figure5.43 Mechanism view of the simplified 3D model

The simplified 3D model has bearsed for structural analysis by finite element
program througlANSYS R19.2.Tetrahedraljuadratic and éxahedraljuadratic elements
have been used for meshing the geometry. Total§28elementsand 123257 noddsave
been used for meshingihe average mesh quality is 0. Meshed view othe simplified
3D model of the I3U has been shown irigure5.44 andFigure5.45.
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I .00
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Figure5.44 Meshed view of the model

0,00 100,00 200,00 (rarm) x
I

50,00 150,00
Figure5.45 Meshed view of the mechanism

The systenhas been fixed from the stationary casing and the foasebeempplied
from thewheel mounting hub as seenFigure5.46.
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Figure5.46 Boundary conditions

Stress and strain distributignen the FSU andon the partsof the HSU have been
achieved.Stres distribution on the designedSd has been shown iRigure 5.47 and
Figure5.48. Stress distributions on the stationary casing and front cover have been shown
in Figure5.49. Stress distributions on the wheel arm, arm shaft and suspension arm have
been shown irFigure 5.50. Moreover, stress distributions on the piston rod, hydraulic
piston and piston pin have been shownFigure 5.51, Figure 5.52 and Figure 5.53
respectively.

Furthermore the displacementalueshave beenobtained from the redts of the

structural analysis which has been showRigure5.54.
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Figure5.47 Stresses distributioonthe HSU
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Figure5.48 Stress distributiomn the mechanism
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A: Static Structural

Equivalent Stress
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Unit: MPa

Time: 1

352,61 Max
250

190

180

150

100

60

40

20

0,0074797 Min

0,00 150,00 300,00 (mm)
| T ]

75,00 225,00

Figure5.49 Stress distribution othestationary casing arfdont cover
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Figure5.50 Stress distribution othewheel arm, arm shaft and suspension arm
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Figure5.51 Stress distribution on the piston rod
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Figure5.52 Stress distribution on hydraulic piston
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Figure5.53 Stress distribution on th@ston pin
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Figure5.54 Total displacements on the system
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Arm shaft has been located on the system by using a double row cylindrical roller
bearing (NNCF 4924 CF) and a sphericdler bearing (22216 E) which have been shown
in Figure5.55. The reaction forceactingon the double row cylindrical roller bearing and
spherical roller bearinpave been achieved from the results of the structural analysis as
155.8 kKN and 168.1 kN respective(lyigure 5.56 and Figure 5.57). Moreover, the axial
force and the transverse force acting on the hydraulic piston have been achieved as 288.7

kN and 6.9 kN respectivelfrigure5.58 andFigure5.59).

NNCF 4924 CF

22216 E

h=3 «

Figure5.55 Bearings used in the$U
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Geometry A Print Preview ) Report Preview/ |
Tabular Data n
Time [s] |[7 Joint Probe 2 (Total Force X) [N] ”7 Joint Probe 2 (Total Force Y} [N] “7 Joint Probe 2 (Total Force Z) [N] “7 Joint Probe 2 (Total Force Total) [N] |
1]02 -25907 -17241 0, 31119
2 (04 -51837 -34487 0, 62261
3[07 -90779 -60365 0, 1,0902e+005
411, -1,2977e+005 -86254 0, 1,5582e+005

Figure5.56 Reaction force on the first bearing (NNCF 4924 CF)

X
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Geometry A Print Preview ) Report Preview/ ]
Tabular Data 2
Time [s] [[V Joint Probe 6 (Total Force X) [N] [[¥ Joint Probe 6 (Total Force Y) [N] [[¥ Joint Probe 6 (Total Force Z) [N] [[¥ Joint Probe 6 (Total Force Total) [N] |
1]02 -30374 14399 6,853 33614
2]04 -60744 28810 24,969 67230
3]07 -1,0629e+005 50449 74,308 1,1766e+005
4, -1,5183e+005 2117 150, 1,6809¢+005

Figure5.57 Reaction force on the second bearing (22216 E)
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411, 0, 0, -2,8878e+005 2,8878e+005

Figure5.58 Axial force acting on the hydraulic piston
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204 -2752,6 -19,671 0, 27527
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a1, -6905,1 -116,84 0, 6906,1

Figure5.59 Transversdorceacting on the hydraulic piston
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The axial and the transverse forces acting lom liydraulic pistorobtainedfrom the
structural analysis and the develoged|l have been compared Trable5.3. As seen from
the table the results are consisterfl.he transverse force acting on the hydraulic piston

obtained from the GUI has been showifrigure5.60.)

Table5.3 Comparison of th&UI results and thetructuralanalysisresults

Parameter GUI Result | Analysis Result
Axial force on hydraulic piston 288.4 kN 2888 kN
Transverse force on hydraulic pisto 6.9 kN 6.9 kN

Wheel Vertical Velocity - Wheel Position - Force Acting on Guide Ring

x10*

Force Acting on Guide Ring (Fguidering)
(N)
o
(4]
/

20‘?\\ - 300

150 200

100
Wheel Position (h) 100 0
(mm) Wheel Vertical Velocity (Vh)
(mm/s)

Figure5.60 Transverse force acting on the piston (GUI output)
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5.4. Material Selection Criteria

It is known that, the selectiaof materials for the BU partsplay critical role for the
design processStress valuesn the parts of the $U and the forces acting on the piston
and bearings have been determined for the most critical loading condition of the system by
using the structural analysis results

The computed stress results are the pringdatgrionfor the seéction of the materials
of the HSU parts Also machinability, weldability and heat treatment capabilities of the
materials are other critical criteria for the selection of the types of matdvialsmum
stresses on theritical parts of the BU and the chsen materials have been tabulated in
Table5.4.

Table5.4 Maximum stresses on the critical parts and chosen materials

Part of the HSU Mag;irrgsusm Chosen Material Yifr']de?\;ftgﬂg} of
Stationary Casing 58 MPa 1.1191 (CA45E) 565 MPa
Front Cover 68 MPa 1.1191 (C45E) 565 MPa
Wheel Arm 210 MPa | 1.0570 (S355J2G3) 315 MPa
Arm Shaft 353 MPa | 1.6587 (18CrNiMo76) 785MPa
Suspension Arm | 353 MPa | 1.6587 (18CrNiMo76) 785 MPa
Piston Rod 241 MPa | 1.1191 (C45E) 565 MPa
Hydraulic Piston | 151 MPa | 1.1191 (C45E) 565 MPa
Piston Pin 120 MPa | 1.1191 (C45E) 565 MPa

The types of materials oken for the parts of thdSU have been given in bill of
materials (BOM) and drawings of the pardso, the heat treatment details for the parts

have been given in drawings of the parts.
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5.5.Bill of Materials (BOM) and Drawings

Bill of materials has been preped according to thdesigned HSU. The prepared

BOM for the HSU has been shown Trable5.5.

Table5.5 Bill of materials of the designed3t

NO PART NUMBER PART NAME MATERIAL WE(L(;)HT QTY
1 001-0100600-R00 SUSPENSION ASSEMBLY | ASSEMBLY 19583 | 1
11 001-0100801-R00 STATIONARY CASING 1.1191 (C45E) 6235 | 1
12 001-0100802-R00 PISTON PIN 1.1191 (C45E) 2.46 1
13 001-0100003-R00 PISTON PINANCHORAGE 1 1 0402 (c22) 0.07 1
14 001-0100804-R00 PISTON CYLINDER 1.0044 (S275JR) 5.49 2
15 001-0100805-R00 HYDRAULIC BLOCK CAP | 1.1191 (C45E) 3.87 1
16 001-0100806-R00 BEARING CAP 1.1191 (C45E) 0.75 1
17 001-0100807-R00 REAR CAP 1.1191(C45E) 247 1
18 001-0100808-R00 MAINTENANCE CAP 1.0037 (S235JR) 0.82 1
1.9 001-0110000-R00 osE N ARM ASSEMBLY 79.20 1
191 | 000110601-R00 FRONT COVER 1.1191 (C45E) 1454 | 1
192 | 00:0110002-R00 ARM SHAFT 1.6587 (18CrNiMo76) | 2193 | 1
193 | 0010110003R00 LOCATING SHIM 1.1191 (C45E) 0.77 1
194 | 0010110004R00 SUSPENSION ARM 16587 (18CINiMo%s) | 1222 | 1
195 | 0010110005R00 WHEEL ARM 1.0570 (S355J2G3) 2677 | 1
1.951 | 001-0110005-R0001 WHEEL ARM BODY 1.0570 (S355J2G3) 2486 | 1
1952 | 0010110005R00:02 WHEEL ARM PIN 1.0570 (S355J2G3) 1.92 1
196 | 0010110006R00 WHEEL ARM CAP 1.1191 (C45E) 1.73 1
1.97 | 001:0110007-R00 WHEEL ARM KEY 1.1191 (C45E) 0.29 2
198 | BEARING_NNCF_4924 CV COTS ITEM - - 1
199 | ROTARY_SEAL 130x160x15 | COTS ITEM - - 1
1.910 | WASHER_DIN 125_M10 COTS ITEM . - 6
1.9.11 fg?_',\'\/‘lfo—VVASHER—D'N COTS ITEM - - 6
1.9.12 | BOLT_DIN 912 M10x40 COTS ITEM - - 6
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HYDRAULIC PISTON

110 | 000120000-R00 R ASSEMBLY 1368 | 1
1101 | 001-0120601-R00 PISTON ROD 1.1191 (C45E) 8.53 1
1102 | 001-0120602-R00 PISTON ROD BUSHING | 2.0966(CUAILONiSFed) |  0.38 1
1103 | 00:0120003R00 PISTON FRONT CAP 1.1191 (C45E) 0.11 2
1104 | 001-0120604R00 PISTON ERICTION 1.7225 (42CrMod) 0.60 1
1105 | 001-0120605R00 HYDRAULIC PISTON 1.1191 (C45E) 3.85 1
1106 | SPRING_WASHER_DIN 128 M5| COTS ITEM - - 8
1.10.7 | BOLT_DIN 912_M5x16 COTS ITEM - - 8
1108 | WASHER_DIN 125_MS5 COTS ITEM . - 8
1.10.9 IQE%EESE%ISSQESNN—GLYD COTSITEM . - 2
110 10 | TRELLEBORG_SLYDRING_GP7 [ o ey ] ] )
111 | 001-0130600-R00 gggﬁﬁes PISTON ASSEMBLY 3.65 1
1111 | 0020130001-R00 GAS SIDE PISTON 1.1191 (C45E) 3.57 1
1112 igi%fggg%ﬂg&%“-ﬁm COTS ITEM . - 2
1115 | [RELLEBORG_SLYDRING_GP7| ¢ prey ) ] )
112 | 0010140000-R00 B oRe s BLock ASSEMBLY 14.60 1
1121 | 001-0140001-R00 HYDRAULIC BLOCK 1.1191 (C45E) 1450 | 1
22 | Qe SRS SO | cors e | NE
s | CESRE R A oo, | nE
1124 | CONNECTOR_SKK2@G1 4 PB | COTS ITEM . - 1
1125 | PLUG_DIN 908_G3_4 COTS ITEM . - 1
1126 | PLUG_DIN 908_G1 2 COTS ITEM - - 2
1127 | PLUG_DIN 908_G1_4 COTS ITEM . - 1
113 | BEARING_22216_E COTS ITEM . - 1
114 | CONNECTOR_SKK20G1 4 PB | COTS ITEM - - 1
115 | O-RING_117,07x3,53 COTS ITEM . - 2
116 | O-RING_107,54x3,53 COTS ITEM . - 2
117 | O-RING_139,37x2,62 COTS ITEM - - 1
118 | O-RING_1,78xL1118 COTS ITEM . - 1
119 | WASHER_DIN 125_M12 COTS ITEM . - 18
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1.20 f;g{_',\NAfZ—WASHER—D'N COTS ITEM . - 18
121 | BOLT_DIN 931_M12x50 COTS ITEM - - 8
122 | BOLT_DIN 931_M12x40 COTS ITEM - - 10
123 | WASHER_DIN 125 _M10 COTS ITEM - - 10
1.24 fgg‘_'l\NA%WASHER—D'N COTS ITEM - - 10
125 | BOLT_DIN 912_M10x25 COTS ITEM - - 6
126 | BOLT_DIN 912 M10x40 COTS ITEM - - 8
127 | ORING_1,78xL447 COTS ITEM - - 1
128 | WASHER_DIN 125_MS5 COTS ITEM . - 7
129 | SPRING_WASHER_DIN 128 M5| COTS ITEM - - 7
130 | BOLT_DIN 912_M5x14 COTS ITEM . - 7
131 ?EE’;E&IQEZLE—D'N COTS ITEM . - 1

Detailed manufacturing drawings for the parts and assembly drafeingssemblies

of the designed HU have been given in Appendix 1.
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6. CONCLUSION

Suspension systems are one of the most criticaiponents for the ride dynamics
and comfort performance of a vehicle. Also, off road performance and mobility of the high
tonnage vehicles directly depend on the suspension system of the vehicle. High tonnage
vehicles such as tanks, tracked howitzers fglgting vehicles in military applications
generally use two types of suspension systems. Those are torsion bars and hydraulic
suspension systems. Most of the tracked military vehicles which require high mobility and
off road performance together with cartibleness and speed preferred to use torsion bar
suspension systems due to low cost and low maintenance. But, hit accuracy and long term
combat requirements brought the necessity of using more comfortable and higher off road
performance for these type$ \wehicles. The solution to these new requirements is found
by the hydrepneumatic suspension systems.

In this thesis, a parametric design tool is aimed to be developed for manufacturing
hydro-pneumatic suspension system which may serve for all type mieghvith different
tonnages. For prelimary design of a hydrpneumatic suspension system, a Graphical
User Interface (GUI) has been developed for the input parameters and getting output
design parameters. This enables to process the-aypptit paramers fast and easily.

Thus, the predesign process time for designing a hydeamatic suspension unit has
been reduced significantly. Essentially, the back side of the GUI runs the developed
analytical solver by using input parameters and provides opgmaimeters required for
designing @ydro-pneumaticsuspension unit. For this tool, a mathematical model has been
developed which contains necessary equations for developirgydeo-pneumatic
suspension unit and then, kinematics, spring characteristicaamgler characteristics of a
hydro-pneumaticsuspension unit have been analyzed.

In order to verify the mathematical model with finite element analysis, required input
parameters for 84 tonesexample have been specified and output parameters and plots by
the developed graphical user interface have been generated for detailed degigdrof a
pneumaticsuspension unit.

Finally, structural finite element analysis has been performed for the critical parts of
the system. Stress and strain distributions om ¢htical parts have been obtained.
Furthermore, the reaction forces on the bearings and hydraulic piston have been obtained

from the structural analysis results. The axial and transverse forces acting on the hydraulic
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piston, obtained from the analysissults and the graphical user interface have been
compared and it has been seen that the results are consistent to each other.

After verification, a technical data package based on selected vehicle data has been
performed which involves 3D CAD model of tdesgned HSU, bill of materials (OTS
items included), assembly and part drawings of the system. Thus, a verified developing

tool has been settled for further designs.

6.1. Future Work
A prototype of the designddydro-pneumaticsuspension unit might be prepd and
tested By using the test results, the developed mathematical model and designed 3D CAD

model might be improved.
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APPENDIX



APPENDIX 1 : TECHNICAL DRAWINGS OF THE DESIGNED HSU
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