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Abstract

The present study brings out the influence of a non-linear dynamics model of military vehicle with trailing arm suspen-
sion, on the weapon dynamics responses. A 20 degrees of freedom integrated ride and cornering dynamics model has
sequentially been coupled with the 7 degrees of freedom weapon dynamics model. The 20 degrees of freedom integrated
model includes the bounce, pitch, roll, longitudinal, lateral and yaw motions of the sprung mass and rotational dynamics
of the 14 unsprung masses. The 7 degrees of freedom weapon model comprises the coupled elevation and azimuth
dynamics. The coupled weapon model includes angular rotation of the elevation drive, breech and muzzle in elevation
direction, as well as, angular rotation of the azimuth drive, turret, breech and muzzle in azimuth direction. The actual
physical behaviour of each of the hydro-gas trailing arm suspension units is implemented in the governing differential
equations. The non-linear governing equations also incorporate the dynamic coupling between each of the axle arms and
sprung mass, which is an inherent behaviour of the trailing arm suspension, unlike their equivalent vertical representation.
The integrated model has been simulated for different cornering manoeuvres at specified speeds. It is observed that the
sprung mass dynamics, emanating from different manoeuvres, significantly affects the coupled elevation and azimuth
dynamics responses of the weapon. The weapon dynamics model coupled with the integrated ride and cornering
dynamics model of the military vehicle, would be useful for implementation of a suitable robust gun control system in
military vehicles.

Keywords
Military vehicle, hydro-gas suspension, trailing arm dynamics, structural coupling, gun dynamics

Date received: 3 November 2017; accepted: 19 December 2017

Introduction

Military vehicles are designed to negotiate cross-coun-
try type of terrains with severe ground undulations.
As the vehicle manoeuvres this type of terrain, stabil-
isation of the main gun, carried on these vehicles,
becomes a challenge. Therefore, it is required to
develop a coupled elevation and azimuth dynamics
model of the weapon platform of military vehicle
along with an integrated three-dimensional ride and
cornering dynamics, in order to understand the
weapon dynamic responses during various man-
ocuvres. The mathematical model for weapon ecleva-
tion dynamics with an electric drive, has been
developed using a lumped parameter flexible beam
model, and integrated with an in-plane ride model
of a full tracked vehicle." A concise methodology for
design of the gun barrel using both finite element tech-
niques and lumped parameter flexible beam model has
been evolved for standardising the problem, in both

elevation as well as azimuth (traverse) drives.” The
methodology of formulating the governing differential
equations for the azimuth dynamics has been devel-
oped.’ However, the influence of a three-dimensional
vehicle dynamics response on the elevation and azi-
muth dynamics of the main gun, has not been brought
out in the above studies. Moreover, the above studies
do not consider influence of azimuth drive on the ele-
vation dynamics of the gun. The theoretical analyses
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of non-stationary motion of a tracked vehicle have
been carried out over level terrain, and steering
dynamics has been formulated with a system of dif-
ferential equations.* A multi-body dynamics model of
the M113 Armoured Personal Carrier vehicle has
been developed using LMS-DADS simulation soft-
ware, with the objective of accurately predicting
track dynamics.” The authors have carried out
detailed studies on interaction between the track and
terrain, and compared the simulation results with that
of super-element track model, under various terrain
and steering conditions.” Experimental studies are
carried out on a miniature model of tracked vehicle
running gear assembly, based on the suspension
dynamics of challenger main battle tank (MBT).
The experimental results have been correlated with
the predicted values from Waterways Experiment
Station (WES) system of mobility numerics, and
later implemented for future design of tracked vehi-
cles.® The theoretical analysis has been carried out for
predicting the steering dynamics of tracked vehicles,
during uniform cornering manoeuvre on level pave-
ment.” The authors have considered the effects of
track slippage and vehicle configuration during for-
mulation of the governing differential equations for
steering.” A single station representation of military
vehicle, incorporating the actual suspension kine-
matics, has been described, and sprung mass bounce
dynamics response is successfully validated.® The
inner and outer track forces for a military tracked
vehicle has been estimated during skid-steer, and
thereby, reasonable estimates for transmission loads
have been obtained.” The author has considered vari-
able tractive coefficient and pull-slip equations for
formulating the prediction model of track forces.’
A mathematical model of hydro-gas suspension unit
(HSU) has been developed, incorporating fluid com-
pressibility and expansion of other components, and
thereafter, flow through damper valve is modeled
through a look up table.'” Ride quality of a six station
vehicle is assessed by incorporating the HSU model. '’
The process of random road profile generation from
temporal power spectral density (PSD) has been
described.!! In this model, the vehicle is considered
to travel over the random terrain at a constant
speed.!" The non-linear ride dynamics model of the
entire military vehicle has been formulated, and fur-
ther validated with numerical experiments using MSC
Adams."” The hydro-gas suspension characteristics
are evaluated in an in-plane vehicle model, over sinus-
oidal terrains of various wavelengths and Aberdeen
Proving Ground (APG)."® The hydro-gas suspension
spring characteristics are modelled using polytropic
gas compression models, whereas damping orifices
are modelled using hydraulic conductance."® An in-
plane nonlinear computer simulation model of a
high mobility tracked vehicle is described using
Lagrangian model formulation.'* Suspension dynamic
analysis and ride quality assessment is carried out on

an arbitrary rigid terrain with a constant vehicle speed,
and experimentally evaluated on a discrete half round
bump and random course.'* A spatial motion analysis
of tracked vehicles is carried out with torsion bar sus-
pension systems for evaluation of ride, steerability and
stability conditions on rough terrains.'> The analysis
was carried out using multi-body equations, in which
separate equations of motions are initially formulated
for the vehicle body, torsion bar arms, road-wheels and
later coupled with constraint equations.'> A mechan-
ical model is developed, comprising three spatially and
elastically supported bounded bodies, in which a new
solution method for the equations of motion with
higher degrees of freedom, is proposed.'® A rail vehicle
with elastic and dissipative members has been con-
sidered, in which, the vertical vibrations at any arbi-
trary position in the vehicle could be determined based
on the above model.'® A field test is conducted on a
military tracked vehicle, in order to analyse the accel-
erations at selected locations on the vehicle for different
types of terrains and different speed conditions.!”
A tracked vehicle having six bogie wheel stations,
fitted with torsion bar suspension, has been considered
for the analysis.'” A finite element-based simulation
model is described to investigate the vibration and
ride dynamic characteristics of a medium weight,
high-speed military tracked vehicle negotiating a non-
deformable terrain.'® Research is carried out to esti-
mate the effect of suspension damping on vehicle
ride.'” A four degrees of freedom vehicle system is con-
sidered, in which the vibration differential equations
and road excitation matrix were formulated and fre-
quency response functions were obtained in order to
evaluate the vehicle ride, based on the variation in
shock absorber damping.!” A simulation model is pre-
sented for predicting the transient longitudinal dynam-
ics of a tracked vehicle.”® The driving inputs in the
model are estimated from a powertrain model, which
includes the engine, transmission, torque converter and
drivetrain.®® However, the effect of coupling ride
dynamics with the vehicle cornering dynamics, has
not been brought out in the above studies.

It may be noted that even though there are number
of research studies on military vehicle dynamics, no
literature is available on developing the weapon
dynamics, coupled with the integrated ride and cor-
nering dynamics non-linear model of a full military
vehicle with trailing arm suspension dynamics effects.
The present work initially concentrates on develop-
ment of the seven degrees of freedom coupled eleva-
tion and azimuth dynamics model of a weapon
platform. Thereafter, non-linear ride model of the
military vehicle, consisting of 17 degrees of freedom
with hydro-gas suspension stiffness characteristics
(described in Saayan Banerjee et al.'?) are coupled
through governing differential equations to additional
3 degrees of freedom (longitudinal, lateral and yaw
dynamics), arising out of vehicle cornering behaviour;
thereby forming a 20 degrees of freedom integrated
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model. The model incorporates the trailing arm sus-
pension dynamics of 14 wheel stations, coupled with
bounce, pitch and roll motions of the sprung mass.
The non-linear stiffness results from differential gas
characteristics at each of the suspension stations.
Each of the 14 wheel station inertias are coupled
with the sprung mass inertias, which is an inherent
behaviour of integrated trailing arm, unlike an
equivalent vertical suspension. The track mass is
lumped on each of the wheel stations, ignoring the
track link dynamics. The responses from the weapon
elevation and azimuth dynamics model are predicted,
based on integrated vehicle dynamics inputs.
Cornering events with differential track speeds and
random terrain excitation are provided as inputs to
the vehicle. The integrated model can later be used for
implementing a robust gun control technique. The
mathematical model is computationally effective,
desired for a vehicle simulator, and also will play a
key role in establishing an in-house dynamic simula-
tion laboratory.

Development of weapon dynamics of the
military vehicle

In the present section, weapon elevation and azimuth
dynamics model are formulated. The main gun barrel
will have its inherent degrees of freedom pertaining to
both the elevation and azimuth drives, which in turn is

sequentially coupled to the ride and cornering dynam-
ics model. The main gun of the vehicle is driven in the
elevation direction (YZ plane) and azimuth direction
(XZ plane). The schematic diagram representing over-
all vehicle model with the integrated weapon platform
(with all degrees of freedom indicated), is shown in
Figure 1. The basic dimensional nomenclature for
weapon dynamics is given in Figure 2(a).

Elevation and Azimuth dynamics model
of the main gun

Based on literature, the coupled elevation and azi-
muth dynamics of the main gun are derived."* The
main gun barrel is divided into muzzle and breech
sections; and the model is based on lumped parameter
flexible beam formulation. The elevation drive con-
sists of an electric motor, providing required torque
to elevate and depress the main gun barrel in vertical
plane about the trunnion support. The elevation
dynamics model consists of the rotational degrees of
freedom about X axis, for the elevation drive ‘4,°, as
well as ‘0,” and “6,” for the breech and muzzle sections,
respectively, about their corresponding center of grav-
ity (CQG) locations. The elevation model also has verti-
cal translational degrees of freedom ‘y;” and ‘y,’ for the
breech and muzzle sections along Y axis, respectively,
measured at the corresponding CG locations. The ele-
vation drive consists of a pinion, which is connected to
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Figure |. Schematic representation of the overall vehicle with integrated weapon platform (with all degrees of freedom indicated).



Proc IMechE Part K: | Multi-body Dynamics 0(0)

(a)
PR, ' S——

o—;

Sprung mass CG Trunploa

Duive Line

B

(b) . Yz
o 1,6, I 6,
Ki2(8; = 8,) + Cy2(6; - 8,) b
mz-y{ L (& " |
I Muzzle section
Cm(‘% ~ 3] Y N f}"
\ d | 2 l Ky2(8; = 6,) + Cy2(6; - 6,)
Hull CG md‘.l J' & " ] )
1 "1 él

Breech section

Kae(OaeRpe + (6 — 6y }xm?/

= Sy

lgeBge
v Tact (™
I g Cacbae Drive section

L

le " Muzzle Section

Breech Section

( ) x-_.T P2
= Kolos — 92) + Coly — 9) (jje l
> mell ;r\’.% ¢ )
m]ﬁl -IEI.I . Muzzle section
Iy Breech section
Cr(¢g {b}) Klg(‘Pr - 1)+ Cu(@: - )

Pe
Turret section

Keg(@e = 1) + Cog(@e = ¢4)

“~_

I d'T)')

Kaa (%m - 'Ppu](’

CdaPda
x e
7 lyafua _)T,,,, pa Drive section

Figure 2. (a) Basic dimensional nomenclature for formulating the weapon dynamics. (b) Elevation dynamics in YZ plane. (c) Azimuth

dynamics in XZ plane.

breech section with rack and pinion arrangement. The
trunnion has a hinge joint, having torsional viscous
damping characteristics. The breech and muzzle sec-
tions are connected together by hinge joint, having tor-
sional stiffness and torsional viscous damping
characteristics. The trunnion has vertical movement
along Y axis. ‘X(¢)’, ‘0(¢)” and ‘¢(z)’ represent the
bounce, pitch and roll displacements at the vehicle
sprung mass CG, respectively (as shown in Figure 3).
The free body diagram for elevation dynamics is shown
in Figure 2(b).

Apart from the elevation drive, the turret of the
vehicle has an azimuth drive, which provides required
torque to produce desired motion of the turret about
Y axis. The main gun exhibits rotational motion
about Y axis, by virtue of being connected to the
turret at the trunnion. The azimuth dynamics model
consists of rotational degree of freedom for azimuth
drive section ‘@4, as well as ‘¢,’, ‘p;” and ‘@,’, for the
turret, breech and muzzle sections, respectively, about
Y axis. The breech and muzzle sections also have lat-
eral translational degrees of freedom ‘x;” and ‘x,°,
respectively, along X axis, measured at the corres-
ponding CGs. The azimuth drive is coaxial with a
pinion, which is meshed with the turret ring gear.
Reaction force along Z axis, acts at the contact

point between pinion and turret ring gear. The
mounting interface between turret and hull is charac-
terised by viscous torsional damping about Y axis.
Apart from having torsional damping about X axis,
the gun breech and turret are connected at the trun-
nion, having torsional stiffness and torsional viscous
damping characteristics about Y axis. The trunnion
has lateral movement along X axis. The connection
interface between breech and muzzle has torsional
stiffness and viscous damping characteristics about
Y axis. ‘K* and ‘¢,(¢)° represent vehicle yaw moment
of inertia and yaw velocity, about sprung mass CG (as
shown in Figure 3). The free body diagram for azi-
muth dynamics is shown in Figure 2(c). The coupled
governing differential equations of motion for the ele-
vation and azimuth dynamics are derived, referring to
Figure 2(c).

Equations of motion for the elevation dynamics

Rotational dynamics for the elevation drive. This is rep-
resented by equation (1).

Tde + Cdeéde + Kde(edeRpe + (9 - QI)XI[)) Rpe =0
(1)

I deé.de -
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Figure 3. Representation of forces and moments for coupled vehicle dynamics model.

Vertical motion of gun breech section along Y axis.
This is represented by equation (2).

miji —fy + Kae(OaeRpe + (0 — 0)Xp) + /12 =0 (2)

where
yi =y +6in —nPsin(y;) (3)

Rotational motion of gun breech about X axis in the
YZ plane. This is represented by equation (5).

161+ C1p (01 — 6) + fio(let — 1) + fym
— K262 — 61) — Cp2(6> — 61) (%)
- Kde(gdeRpe + (9 - el)ti) (ti + nl) =0

Vertical motion of gun muzzle section along Y axis.
This is represented by equation (6).

myjs — f12 =0 (6)
where
V2 =y +6ny 4 01ler — (Lo + n2)Psin(g;) (7

Rotational motion of gun muzzle section about X
axis in the YZ plane. This is expressed in equation (8).

L0 + fiony + Kia(0r — 01) + Cia (6 — 6)) =0 (8)

Equations of motion for the azimuth dynamics

Rotational motion of azimuth drive. This is expressed
in equation (9).

Lia$da — Taa + Kaa(@aa — ¢pa) + Caapaa =0 )

Equation of motion for pinion, meshed with turret.
This is expressed in equation (10).

JaRpa = Kaa ((pda - (Ppa) (10)
where
RyaPpa = Ripy (11

Rotational dynamics of turret about sprung mass CG
in the XZ plane. This is expressed in equation (12).

1§ — faR, + Cz(@ - ¢7y) + Kig(or — 1)

. . (12)
+ Cio(@r — @1) + frim Xi — K¢, =0

Lateral motion of gun breech along X axis. This is
expressed in equation (13).

X1+ foim2 — fim =0 (13)
where

X1 = Xp + 119 (14)

Xip =X+ Xt(("t + </7y) (15)
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x = Lateral displacement of the vehicle, measured
at sprung mass CG, along X axis.

¢, = Yaw angular displacement of vehicle, about
sprung mass CG, about Y axis.

Rotational dynamics of gun breech about Y axis in
the XZ plane. This is expressed in equation (16).

Lo+ Kp(p1 — ¢2) + Co(@1 — ¢2)
+ftmln1 +<fmlm2(lel - ”l) (16)
- th(fpr —@1) — Ctg(¢1 —¢1)=0

Lateral motion of gun muzzle along X axis. This is
expressed in equation (17).

m2x2 _ﬁnlm2 =0 (17)
where
X2 = Xp + L1 + mgn (18)

Rotational motion of gun muzzle about Y axis in the
XZ plane. This is expressed in equation (19).

Ly — Kiy(p1 — 92) — Cp(@1 — @2) + frntmanz =0
(19)

Formulation of integrated ride
and cornering dynamics model

The 17 degrees of freedom non-linear ride dynamics
formulation of the military vehicle is described in
detail.'? In addition, the vehicle model contains lon-
gitudinal, lateral and yaw degrees of freedom, which
pertains to cornering dynamics behaviour. The pure
cornering dynamics of the military vehicle is initially
formulated, based on the described methodology.*
Thereafter, the vehicle ride degrees of freedom are
coupled with cornering degrees of freedom, thereby
forming a 20 degrees of freedom integrated ride and
cornering non-linear model. The coupled governing
differential equations are derived for 20 degrees of
freedom of the vehicle, namely sprung mass bounce,
pitch and roll motions, vehicle longitudinal, lateral
and yaw motions, as well as rotational dynamics for
each of the 14 unsprung masses. The coordinate
system, followed for three-dimensional force and
moment representation of the entire vehicle, is high-
lighted in Figure 3. The nomenclatures of various
parameters (as indicated in Figure 3) pertaining to
the vehicle ride model, are already described.'?
Remaining parameters are described subsequently.
Due to relative longitudinal and lateral motions of
the vehicle, slip takes place between each of the
road—wheel springs and ground. ‘g;(¢)* and ‘e,(¢)* rep-
resent slip under left and right roadwheel springs

(i=1-7), as shown by equations (20) and (21),
respectively.

e = atan(Vy;/ Vx/i) (20)
&ri = atan(Vyri/ Vi (21)
where
Vai=Vy—Becpy — Vu (22)
Vai=Vy+ (B — Beg)py — Vi (23)
Vyi =V, — Diigy [Dyi = l; — lcg — Lsin(p;;)]

(24)
Vi = Vy — Dy [Dyi = l; — lc — Lsin(py;)]
(25)

The friction forces are determined from the net
dynamic vertical reaction forces on each of the road-
wheel springs, as well as from slips between the road-
wheel springs and ground. Separate coupled non-linear
governing differential equations of motion are devel-
oped for the vehicle, referring to Figure 3.

Bounce motion of sprung mass from the
integrated dynamics model

The vertical bounce motion contains inertia coupling
effect due to vertical inertia of the sprung mass as well
as vertical inertia of unsprung masses, resulting from
unsprung mass rotational motion.'> Bounce dynamics
of the sprung mass also incorporates the effects, pro-
duced from cornering motion, and additionally cou-
ples with the longitudinal, lateral and yaw dynamics
of the vehicle. The forces, resulting from road—wheel
spring deflections, are also contributed from corner-
ing behaviour of the vehicle, and in turn affects the
overall bounce response, expressed in equation (26) as

7
MX + Z my(Xi + Xoi)

i=1

7 7 7
+ Zmri(x}n’ + Xgﬂri) + Z FL’[i + Z F(?ri =0
i=1 i=1 i=1

(26)

where, F,; and F,; are the vertical restoring forces
from the roadwheel translational springs, belonging
to left and right side ith suspension stations respect-
ively (i=1-7), measured at unsprung mass CG, due to
the coupled effect from both ride and cornering
dynamics.

Foi = kui[ Xii 4 Xgii + Xii_ax — Xiiay — Yii] (27)

Fcri = ktri[Xri + X(/zri + Xri_ax + A/ri_ay - Yri] (28)
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Xjiav and X,; 4 are the dynamic deflections of
roadwheel translational springs, belonging to left
and right side ith suspension stations, respectively
(i=1-7), resulting from moments due to vehicle lon-
gitudinal acceleration, about the road—wheel centre.

M(B; — Bcg)Dy; . .
Xli_ax = (17—66)2/ (VY + Vy(py) (H+ X)
B Zi:l kfliDli
(29)
MBccD,i . .
Xijjv=———>-" (Vo4 V) (H+
i_ax B] ZZZI kmD%i ( X ‘p)) ( X)
(30)
B 7 7
M=M+ > mi+y my (€]
i=1 i=1

Xji_qy and X,; 4, are the dynamic deflections of road-
wheel translational springs, belonging to left and right
side ith suspension stations, respectively (i=1-7),
resulting from moments due to vehicle lateral acceler-
ation, about the road-wheel centre.

Y. o M (B, — Bcg)
ri_ay — 5 2
7{ktrlBCG + ktr'Z(Bl - BCG) } (32)
x (Vy = Vigy) (H+ X)
M B
Xli,ay = <o

Tk Beg + kun(Bi — Beg)') (33)
X (Vl - VY@L) (H+ X)

Pitch motion of sprung mass from the integrated
dynamics model

The longitudinal friction forces between roadwheel
spring and ground, resulting from dynamic reaction
forces due to longitudinal and lateral inertias, also
affect the vehicle pitch response, apart from the effects
due to ride-induced degrees of freedom. The pitch
dynamics about the sprung mass CG is written in
equation (34) as

19 21: mlI(Xll + X(p/l)Dll 21: n'lrl(Xn + X(prI)Dl‘l
= =

+ Zml’ gliLyii + Zmu oriLri
7
- Z FuiDji — Z FoiDyi + Z P+ Z P.i=0
=1 =l =1 P

(34)

where, m;;Z(/,;,«LW[ is the pitching moment about
sprung mass CG, due to horizontal component of
rotational inertia (m/if}wli) and longitudinal inertia
(myoeyy;) of the left ith wheel station (i=1-7).

Zgi = Yy — i (35)

Ayl = I./xli + Vyli¢y (36)

m,.,-ZWiLw,.i is the pitching moment about sprung mass
CG, due to horizontal component of rotational inertia
(m,; Y, ori) and longitudinal inertia (m,o,;) of the right
ith wheel station (i=1-7).

Zwri = "gori — Oy (37)
Axri = eri + Vyriﬁby (38)

F.D; and F.,;D; are the pitching moments
about sprung mass CG due to vertical restoring
force from roadwheel translational springs, belonging
to left and right side ith suspension stations respect-
ively (i=1-7).

P.; and P,, are the moments about sprung
mass CG, due to longitudinal friction forces between
roadwheel springs and ground, belonging to left
and right side ith suspension stations respectively
(i=1-7).

lei = Qxli L(pli (39)
Py = eri szri (40)

Oxii = oy €0S(T + 1)k ix i — e cOS(TT 4 1) F i
41)

— Mx COS(” + &) Feri
(42)

Owri = Wy cos(w + Sri)ktrixtri

xy; and x,; are the static deflections on left and right
roadwheel springs (i=1-7)."?

Roll motion of the sprung mass due to the coupled
ride and cornering dynamics

The roll motion of sprung mass is affected by rota-
tional dynamics of the suspension. Apart from that,
lateral friction forces between roadwheel springs and
ground, resulting from dynamic reaction forces due to
longitudinal and lateral inertias, also affect the sprung
mass roll response. The sprung mass roll motion
about CG is expressed in equation (43) as

7 7
JB =" mi(Xi+ Xgi) Beo + Y mu(Xoi + Xp) By

i=1 i=1
Z FeiBcg

+ tha}]l oli + Zm,,a}” ori
+ ZFcriBZ - ZP},[,' — Z Py”» =0
i=1 i=1 i=1

(43)

where Bz = B] — BCG-
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myiotyiLyy 1s the rolling moment about sprung mass
CG, due to lateral inertia (myyy;) of the left ith
wheel station (i=1-7).

ayi = Vi = Veiy (44)

myictyriLgy 1s the rolling moment about sprung mass
CG, due to lateral inertia (myay,.) of the right ith
wheel station (i=1-7).

Qyri = I/yri -

V iy (45)

F.;Bcg and F,;B, are the rolling moments about
sprung mass CG, due to vertical restoring forces from
the roadwheel translational springs, belonging to left
and right side ith suspension stations, respectively
(i=1-7).

Py; and P,,; are the moments about sprung mass
CG, due to lateral friction forces between roadwheel
springs and ground, belonging to left and right side ith
suspension stations respectively (i=1-7).

Py/i = lei L(pli (46)
P yri = eri L(pri (47)

Oyii = My SIN(TT + €5)K X g — py SIN(TT + £5) Foy
(48)

eri = My SN + &)k giX i — My SIN(TT + &) Fori
(49)

Angular rotational motion of left and right side
unsprung masses measured about pivot

location of corresponding axle arm, due

to integrated dynamics

Angular motion of the unsprung mass also includes
inertia coupling effect due to rotational inertia of
unsprung mass and unsprung mass translation, result-
ing from sprung mass motion. The angular dynamics is
further affected by longitudinal inertia effects. The
angular motion of each of the left and right side
unsprung masses, measured about the axle arm pivot
locations, is expressed in equations (50) and (51) as

m L2 + my: Xy Lsin(pi; + ¢i)
— myicgiLeos(pii + i)
+ (T} — Tsui) + exiiLo + FeiLsin(pii + @) = 0
(50)

My L* Gy + myi X i Lsin(pri + @r1)
— M0y Leos(pri + @ri)
+ (Tvi — Tyri) + cXpilo + FepiLsin(pri + @) = 0
(51)

Longitudinal motion of the vehicle due to coupled
ride and cornering dynamics

Longitudinal forces on the vehicle are equilibrated by
dynamic longitudinal friction forces between road-
wheel springs and ground, for all wheel stations.
The longitudinal motion is additionally affected by
rotational dynamics of trailing arm suspension.
The vehicle longitudinal motion at sprung mass CG
is expressed in equation (52) as

7 7
M( V\ + Vy(py) + Z’nliaxli + Z’nria.xri

i=1 i=1

7 B 7 . 7 7
- E m; Y(p/i - E my; Y(/Jri - E Qxli - E eri =0
i=1 i=1 i=1 i=1

(52)

Lateral motion of the vehicle as a result
of the integrated dynamics

Lateral forces on the vehicle are equilibrated by
dynamic lateral friction forces between roadwheel
springs and ground, for all wheel stations. The vehicle
lateral motion at sprung mass CG is written in equa-
tion (53) as

.
MV, = Vi) + Y mycty;
i=1

7 7 7
+ E MOy — Z Oyii — Z 0y =0
=1 =1 i=1

(33)

Yaw motion of the vehicle pertaining to the
coupled dynamics

Yaw motion of the vehicle is equilibrated by moments
about sprung mass CG, produced due to generated
longitudinal and lateral friction forces between road-
wheel springs and ground. The vehicle yaw motion
about sprung mass CG is written in equation (54) as

7 7 7
Kgby + Z lei D/,' + Z eri Dri + Z QxliBCG
i=1 i=1 i=1

7 7 7

- Z OxriBy — Z myiaty;i Dy — Z MOy Dy
=1 =1 =1

7 . 7 .
myZyiBeg — ZmrizgpriB2 =0

=1 =1

+

(34)

Solution of the coupled vehicle
dynamics model

Equations (20) to (54) are coded in Matlab. Second-
order differential equations are formulated for sprung
mass bounce, pitch, roll dynamics and unsprung mass
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rotational dynamics for each of the 14 unsprung
masses; whereas, first-order differential equations are
formulated for the vehicle longitudinal, lateral and
yaw dynamics. Therefore, the second-order equations
are reduced to first-order form and thereafter, the
system of 20 first-order differential equations are
numerically simulated with explicit time integration
procedures. The differential track speed input and
input base displacements, corresponding to various
terrain excitations, are modeled in Simulink using
signal builder approach. Cubic interpolation tech-
nique is used to interpolate the base excitation
inputs and differential track velocities over different
times. The Matlab code is synchronized with Simulink
signal builder to appropriately extract the inputs.

Solution of the weapon dynamics model

The terms ‘f,” and ‘f12’, being unknown forces, are
eliminated from equations (2) and (6). Similarly,
forces /4, ‘fum1” and ‘f1.2° are also eliminated from
equations (10), (13) and (17). The displacement terms,
‘vi°, ‘»2’, ‘x1” and ‘x,’ are replaced by substitutions
from equations (3), (4), (7), (14), (15) and (18),
respectively, in the corresponding equations of
motion. Therefore, the coupled elevation and azimuth
dynamics model of the weapon system, reduces to a
seven degrees of freedom non-linear model, which are

Table 1. Magnitudes of various parameters for a military vehicle.

subsequently coded in Matlab using non-linear state
space approach (described in Appendix 1). The 7
degrees of freedom weapon dynamics model has
sequentially been coupled to the 20 degrees of free-
dom ride and cornering dynamics model of the entire
vehicle. The system of equations is numerically simu-
lated with explicit time-integration procedures. The
drive torques, differential track speed input and
input base displacements are modeled in Simulink
using signal builder approach. The solution procedure
is similar as that, described in previous section.

Prediction of weapon dynamics beha-
viour from coupled vehicle dynamics

The integrated ride and cornering dynamics model are
simulated over the random terrain at vehicle speed of
40 kmph, as well as over plain terrain with differential
track speed inputs varying from 20 to 15 kmph on both
left hand (LH) and right hand (RH) sides. In the above
simulations, the lateral and longitudinal dynamic fric-
tion coefficients between roadwheel springs and ground
are assumed as 0.5. It may be noted that there is no
separate tyre model used in the above simulations, as
the military vehicle is considered to have a track
system, wrapped around. Therefore, the road-wheel
springs comprise the solid tyre and bottom track pad
stiffness. Due to combined motion of the vehicle, the

Parameter Magnitude

M, Sprung mass 75,000 kg

I, Pitch moment of inertia of the sprung mass about CG 5.3 x 10° kgm?

J, Roll moment of inertia of the sprung mass about CG 8 x 10* kgm?

mj; and my;, Left and right ith unsprung masses (i=1-7) 575.5 kg

ke and kyi, Left and right ith roadwheel stiffness (i= 1-7) 8000 kN/m

L, Axle arm length of each suspension station 0.55m

Lo, Perpendicular distance between actuator piston axis and pivot 0.137m

I;, Distance between first suspension pivot and vehicle end 5.44m

h,, Distance between second suspension pivot and vehicle end 4.65m

I3, Distance between third suspension pivot and vehicle end 3.80m

l4, Distance between fourth suspension pivot and vehicle end 2.96m

Is, Distance between fifth suspension pivot and vehicle end 2.12m

ls, Distance between sixth suspension pivot and vehicle end 1.3Im

I7, Distance between seventh suspension pivot and vehicle end 0.50m

lcg, Distance between sprung mass CG and vehicle end 2.67m

B, Distance between left and right side suspension stations 225m

Bcg, Distance between left suspensions and sprung mass CG 1.125m

aji and o, Angle between the axle arm of left and right ith suspension stations and vertical 20.36° (i=1)
direction, at rebound position 32° (i=2-7)

dj and d,;, Vertical distance between left and right ith suspension stations and sprung mass 025m (i=1)
CG (i=1-7) 03m (I=2-7)

¢, Suspension viscous damping coefficient, along the cylinder axis 400 kNs/m

Charging pressures at first, second, sixth and seventh left and right stations 1.4 MPa

Charging pressures at third, fourth and fifth stations 10.7 MPa
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road—wheel springs will have both longitudinal and lat-
eral velocities. By virtue of the road—wheel longitudinal
and lateral motions, lateral slip occurs between the
bottom track pads and ground. Longitudinal and lat-
eral friction forces between the road—wheel spring and
ground, are estimated from the respective slips,
dynamic friction coefficients and net vertical forces
on the respective road-wheel springs, as highlighted
in equations (41), (42), (48) and (49), respectively.
The dynamics friction coefficients will vary based on
nature of the terrain. The longitudinal and lateral fric-
tion forces can accordingly be estimated in the compu-
tational domain from the above equations. The
parametric values used in the vehicle dynamics and
weapon dynamics models are described in Tables 1
and 2, respectively.

Gun dynamics analysis over random terrain with
variance of 0.064 m* at 40 kmph

The coupled vehicle dynamics model is subjected to
random terrain excitation with variance of 0.064 m?,
at 40 kmph speed. The elevation torque is initially

Table 2. Magnitudes of various parameters for weapon dynamics.

applied as pulse input for 5s with peak value of 1000
Nm, followed by similar pattern of azimuth drive
torque provided from the 7th s with peak value of
2000 Nm (shown in Figure 4). The vehicle is stationary
till both drive torques are applied. After that, the vehi-
cle is accelerated from rest to a speed of 40 kmph in
18, with both LH and RH tracks maintained at the
same speed (shown in Figure 4). The base excitation is
applied from the 40th s to the corresponding road
wheels, simulating vehicle movement over random ter-
rain. The total simulation is carried out for 90s.

Figure 5 represents the sprung mass CG bounce
displacement as well as breech and muzzle angular
displacement responses in the elevation direction,
respectively in time domain. The PSD for sprung
mass CG bounce acceleration and muzzle angular
acceleration in the elevation direction is indicated in
Figure 6.

The initial torque is applied to the azimuth and
elevation drives in order to position the gun barrel
at a particular orientation, followed by subsequent
movement over the terrain. From Figure 5, variations
are observed in breech and muzzle angular dynamics

Parameter Magnitude
X;, Distance between sprung mass CG and trunnion I m

ti, Distance between trunnion and elevation pinion centre 0.75m

Kge, Elevation driveline stiffness 6000 kN/m
Cge, Elevation driveline torsional viscous damping coefficient I.5 kNms/rad
Rpe, Elevation pinion radius 0.04m

lge, Elevation drive mass moment of inertia 0.5kg m?2
Cip, Torsional viscous damping coefficient at trunnion in elevation I.5 kNms/rad
m;, Gun breech section mass 2165 kg

I;, Gun breech mass moment of inertia, measured about breech CG 1090 kgm2
le1, Length of the gun breech section, measured from the trunnion 1.75m

n,, Distance between breech CG and trunnion 0.465m

K2, Torsional stiffness between breech and muzzle, about X axis 4000 kNm/rad
C),, Torsional viscous damping coefficient between breech and muzzle, about X axis 2 kNms/rad
m,, Gun muzzle section mass 335 kg

I, Gun muzzle mass moment of inertia, about muzzle CG 281 kgm2

le2, Length of the gun muzzle section 3.25m

n,, Distance between muzzle CG and connection interface between breech and muzzle 1.32m

l4a, Mass moment of inertia of azimuth drive gear 25 kgm2

Kgq, Driveline stiffness of azimuth drive

Cda, Torsional viscous damping coefficient of azimuth drive
R:, Turret ring gear pitch circle radius

Rpa» Azimuth pinion pitch circle radius

I;, Mass moment of inertia of turret about sprung mass CG

C;, Torsional viscous damping coefficient at connection interface between turret and hull

Kig, Torsional stiffness between turret and gun about Y axis

Ci» Torsional viscous damping coefficient between turret and gun about Y axis
Ky, Torsional stiffness between breech and muzzle, about Y axis

Cp, Torsional viscous damping coefficient between breech and muzzle about Y axis

2000 kNm/rad
150 kNms/rad
I.Im

0.08 m

1.6 x 10° kgm?

90 kNms/rad

4.5 x 10° kNm/rad
225 kNms/rad
4000 kNm/rad

2 kNms/rad
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over the random terrain. From Figure 6, peak mag-
nitudes of muzzle angular acceleration PSD in the
elevation direction occur at about 18 Hz, which is
close to the natural frequency of the weapon system.
As the vehicle almost moves in a straight path, the
lateral and yaw angular velocity magnitudes are neg-
ligible, and therefore, its influence on gun azimuth
motion is insignificant.

Estimation of gun dynamics over plain terrain
with differential speeds of 20 and |15 kmph

The integrated vehicle model is also simulated over
plain terrain with differential track speed inputs of
20 and 15 kmph. Keeping the vehicle stationary, the
drive torque inputs are applied in similar manner, as
described in the previous section. Thereafter, the vehi-
cle is accelerated from rest to a speed of 20 kmph in

16s, with both tracks maintained at same speed
(shown in Figure 7). From the 40th s, cyclic variation
of track speed is provided to both LH and RH tracks
from 15 to 20 kmph (shown in Figure 7). The model is
simulated for a total time of 140s.

Figure 8 represents the sprung mass CG bounce
displacement as well as pitch and roll angular dis-
placement responses about CG, respectively.
Figure 9 represents the breech and muzzle angular
displacement responses in elevation direction. The
yaw velocity, turret, breech and muzzle displacements
in azimuth, are highlighted in Figure 10.

Unlike previous section, the present case study
highlights the influence of vehicle cornering behaviour
on the weapon azimuth dynamics as well. During the
manoeuvre, the yaw velocity is significant enough to
affect the azimuth response of the gun (observed from
Figure 10). There is close similarity in turret, breech and

10
8
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:_; 6
2
2
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o
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Figure 7. Variation of differential track speed with time.
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Figure 8. Variation of sprung mass bounce, pitch and roll displacements in time domain, with differential track speed variation

between 15 and 20 kmph.
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muzzle azimuth angular responses. In this case, though
there is no base excitation, still there is a variation of
breech and muzzle response in elevation direction, by
virtue of the coupled weapon dynamics model.

Conclusion

The present study highlights a novel approach to
development of a sequentially coupled weapon
dynamics and vehicle dynamics model, with the
effect of trailing arm hydro-gas suspension. The pro-
posed mathematical ride, cornering and weapon
dynamics model is a generic one and may be used
for any military vehicle with trailing arm suspensions.
The model has superior computational benefits over
the commercially available multi-body dynamics soft-
ware tools. It is observed that the sprung mass
dynamics significantly affects the structural dynamics
responses of the weapon platform in elevation and

azimuth directions, over different manoeuvring envir-
onments. The natural frequencies of the weapon
model reside within the sprung mass frequency spec-
trum over the random terrain, which is an unavoid-
able phenomenon. The dynamics influence of the
azimuth responses on the elevation model is also
observed during the cornering manoeuvres. This
study is an essential pre-requisite for developing
robust gun controllers for military vehicles. This
study can form a platform for implementation of suit-
able gun control algorithms and deciding the location
of control actuators. The model can be used for para-
metric evaluation of ride dynamics and fine tuning the
suspension characteristics for improving the vehicle
ride comfort, as well as for capturing the dynamics
over different cornering manoeuvres. The model can
easily be implemented in a military vehicle simulator.
The coupled model can also be used to predict the
vehicle dynamics during gun firing. The developed
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integrated vehicle dynamics model would be a very
useful design platform for freezing the suspension
configuration of future military vehicles.
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Appendix

Notation

A(@r (/’t)

By

B,

Beg
B(Xa 05 I/y’

Py, Tcles T da)

4

Cda

Cde

G

Cie

Cp

di ,

Dy, Dy

non-linear system matrix (for state
space formulation of coupled eleva-
tion and azimuth dynamics)
distance between left and right sus-
pension stations

difference between B; and Bcg
distance between left-side suspension
stations and sprung mass CG
non-linear input matrix (for state
space formulation of coupled
elevation and azimuth dynamics)
viscous damping coefficient of the
suspension, along the direction of
actuator piston motion in line with
the cylinder axis (for single station)
torsional viscous damping about Y
axis, at the connection interface
between breech and muzzle sections
torsional viscous damping coefficient
in the azimuth drive

torsional viscous damping in the
elevation drive

torsional viscous damping coefficient
of trunnion hinge about X axis
torsional viscous damping coefficient
at the mounting interface between
turret and hull, about Y axis
torsional viscous damping about Y
axis, at the trunnion interface, con-
necting the gun breech section and
turret

torsional viscous damping at the
connection interface between breech
and muzzle, about X axis

d,; distance between axle arm pivot
points of left and right side ith sus-
pensions and sprung mass CG, mea-
sured vertically (i=1-7)

horizontal distance between points
of support of left and right ith (i=1-
7) suspensions on ground, from
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Fcli s Fcri

Ja

fMlzJ12

fl‘m 1

Iy
fi2

K,

Kda

Kde

g

ki s ki

sprung mass CG, during axle arm
rotation from static equilibrium
condition

vertical restoring forces from tyre and

track pad translational springs,
belonging to left and rights side ith
suspension  stations  respectively

(i=1-7), measured at unsprung mass
CG, due to the coupled effect from
both ride and cornering dynamics
reaction force at the point of contact
between pinion and turret ring gear,
measured along Z direction

lateral reaction force along X axis, at
the connection interface between
breech and muzzle sections

lateral reaction force along X axis, at
the trunnion interface, connecting
the gun breech section and turret
vertical reaction force on the trun-
nion hinge along Y axis

vertical reaction force at the con-
nection interface between breech and
muzzle sections, along Y axis
distance between the sprung mass
CG and road-wheel tyre center,
measured vertically, after vehicle
attains static equilibrium

pitch moment of inertia of the
sprung mass about CG

mass moment of inertia for the azi-
muth drive

mass moment of inertia for the ele-
vation drive

mass moment of inertia of breech
section about its CG

mass moment of inertia of muzzle
section about its CG

mass moment of inertia of the turret
about sprung mass CG

roll moment of inertia of the sprung
mass about CG

vehicle yaw moment of inertia about
sprung mass CG

torsional stiffness about Y axis, at
the connection interface between
breech and muzzle sections
torsional stiffness of the azimuth
drive

driveline stiffness of rack and pinion
arrangement for elevation drive
torsional stiffness about Y axis, at
the trunnion interface, connecting
the gun breech section and turret
equivalent translational stiffness of
road-wheel with track pads, belong-
ing to left and right side it suspen-
sion stations. (i=1-7)

L(I

szli s Lwri

my; , My;

ny
n
M(ga 90[)

ny

n

Px]i > eri

Pyli 5 Pyri

Qxli B eri

lei 5 eri

torsional stiffness at the connection
interface between breech and muzzle,
about X axis

length of the axle arm

longitudinal distance between sprung
mass CG and vehicle end

length of breech section

length of the muzzle section
longitudinal distance between pivot
points of left and right ith (i=1-7)
suspension stations and the vehicle
end

perpendicular distance between the
actuator piston axis and pivot point
vertical distance between the left and
right ith road—wheel center and axle
arm pivot location, respectively
(i=1-7)

sprung mass

summation of the sprung mass and
all the unsprung masses

left and right ith unsprung masses
(i=1-7)

mass of breech section

mass of muzzle section

non-linear mass matrix (for state
space formulation of coupled eleva-
tion and azimuth dynamics)
distance between breech section CG
and trunnion

distance between muzzle section CG
and hinge, located between breech
and muzzle sections

moments due to longitudinal friction
forces between the track-pad and
ground, belonging to left and right
side ith suspension stations respec-
tively (i=1-7), about the sprung
mass CG

moments due to lateral friction
forces between the track-pad and
ground, belonging to left and right
side ith suspension stations respec-
tively (i=1-7), about the sprung
mass CG

longitudinal friction forces, acting
between the bottom of left and right
side ith tyre springs and ground
(i=1-7)

lateral friction forces, acting between
the bottom of left and right side ith
tyre springs and ground (i=1-7)
Pinion radius, corresponding to azi-
muth drive

Pinion radius for the elevation drive
radius of turret ring gear, corre-
sponding to azimuth drive

torque required for azimuth rotation
of the turret about Y axis
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Txtli 5 Tslri

th(t)

V(1)

V(1)

Vi(t)

I/xri ( ! )

V(D)
Vyli(l‘)

Vyri (t )

Xii 5 Xpi

Xtli 5 Xtri

Xli_ax 5 X‘i_ax

torque required to elevate and
depress the main gun barrel
moments about axle arm rotational
axis, from left and right side ith
(i=1-7) suspension gas spring
restoring forces on actuator piston,
during trailing arm rotation from
static position

static reaction moments on left and
right ith (i=1-7) suspension stations
about respective pivot points (for full
military vehicle)

longitudinal track velocity on
ground, resulting from sprocket
motion, on left side of the vehicle
longitudinal track velocity on
ground, resulting from sprocket
motion, on right side of the vehicle
longitudinal velocity at sprung mass
CG

relative longitudinal velocity, mea-
sured below the left ith tyre and track
pad springs (i=1-7)

relative longitudinal velocity, mea-
sured below the right ith tyre and
track pad springs (i=1-7)

lateral velocity at sprung mass CG
relative lateral velocity, measured
below the left ith tyre and track pad
springs (i=1-7)

relative lateral velocity, measured
below the right ith tyre and track pad
springs (i=1-7)

actuator piston displacement of left
and right side ith (i=1-7) suspen-
sions, measured in line with the
actuator cylinder axis, from static
equilibrium position

static deflection of the left and right
ith road—wheel tyre springs of the full
military vehicle (i=1-7)

lateral displacement at the trunnion
along X axis

lateral translational degrees of free-
dom for muzzle and breech sections
along X axis

lateral displacement of the vehicle, at
sprung mass CG, along X axis.
bounce displacement of sprung mass,
measured from static position
vertical translational displacement of
left and right ith wheel stations
(i=1-7) respectively, due to coupled
bounce, pitch and roll motion of
sprung mass about CG

dynamic deflections of tyre and track
pad translational springs, belonging
to left and right side ith suspension
stations respectively (i=1-7),

Xli_uy 5 Xri_uy

Xi

X[p

X, oli > X, ori

Vi,

i
Y(1)
Yii(1)
Y1)

szli s Y(pri

Z oli > Zgari

Axli 5 Uyri

Aypli 5 Ayri

(1)

Eri(t)

Qde

resulting from moments due to vehi-
cle longitudinal acceleration about
the tyre centre

dynamic deflections of tyre and track
pad translational springs, belonging
to left and right side ith suspension
stations respectively (i = 1-7), result-
ing from moments due to vehicle lat-
eral acceleration about the tyre
centre

distance between trunnion and
sprung mass CG

distance between trunnion and
pinion centre

vertical displacement component due
to rotational motion of the left and
right ith wheel stations (i=1-7)
respectively

vertical translational degrees of
freedom for the breech and muzzle
sections along Y axis, respectively
vertical displacement of the trunnion
along Y axis

base excitation from the terrain (for
single station)

base excitation at tyre spring bottom
of left ith suspension (i=1-7)

base excitation at tyre spring bottom
of right ith suspension (i=1-7)
horizontal displacement component
due to rotational motion of the left
and right ith wheel stations (i=1-7)
respectively

state vector (for state space formu-
lation of coupled elevation and azi-
muth dynamics)

difference between the horizontal
component of rotational acceleration
and longitudinal acceleration, per-
taining to left and right side ith sus-
pension stations respectively (i=1-
7)

longitudinal acceleration of the left
and right ith suspension stations,
respectively (i=1-7)

lateral acceleration of the left and
right ith suspension stations, respec-
tively (i=1-7)

slip under the left ith tyre and track-
pad spring, resulting from longitudi-
nal and lateral motion of the vehicle
(i=1-7)

slip under the right ith tyre and
track-pad spring, resulting from
longitudinal and lateral motion of
the vehicle (i=1-7)

rotational degree of freedom for the
elevation drive about X axis
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0
0>
0

Mx s My

()

pri(l)

Pda

7
(2N
Ppa

@ii(1)

(pri(t)

P(1)

§0y(t)

rotational degree of freedom for the
breech section about X axis
rotational degree of freedom for the
muzzle section about X axis

pitch angular displacement of sprung
mass, from stationary position
longitudinal and lateral dynamic
coefficients of friction between tyre
as well as track-pad springs and
ground, for all wheel stations

angle between the left ith unsprung
mass static settlement position and
vertical direction (i=1-7)

angle between the right ith unsprung
mass static settlement position and
vertical direction (i=1-7)

rotational degree of freedom for
azimuth drive about Y axis
rotational degree of freedom for
turret about Y axis

rotational degree of freedom for
muzzle and breech about Y axis
rotational angle for turret pinion
about Y axis

relative angular displacement of the
left side ith unsprung mass, with
respect to sprung mass, from station-
ary position (i=1-7)

relative angular displacement of the
right side ith unsprung mass, with
respect to sprung mass, from station-
ary position (i=1-7)

roll angular displacement of sprung
mass, from stationary position

yaw angular rotation about sprung
mass CG

Appendix |

If
Oge = pl
0 = p2
6, = p3
Pda = p4
@ =p5
@1 = pb
o =p7

SubStituting édes éls 929 ¢liua Qbrs (;bl and ¢2 in equa-
tions (1) to (19) and thereafter converting the equa-
tions to matrix domain

-~ A@, Z+BX,9,V,, ,,‘Te, Ta
M((/),<p,){ 0, ) ( 0. Ties Taa)}

(55)

where,

R
p2
p3
p4

po

Qde
0,
)
Pda

Y1
(%)
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M1 0 0 0 0 0 0 0 0 0 0 0 0 07
0 M2 M23 0 M25 O 0O 00 0 0 O0O00O0
0 M32 M33 0 M35 0 0O 00 0 0 O0O00O0
0 0 0 M44 0 0 0O 00 0 O0O0O0O0
0 0 0 0 M55 M56 M57T 0 0 0 OO O O
0 0 0 0 M65 M66 M67 0 0 0 0 0O O O
N 0 0 0 0 M75 M6 M77 0 0 0 0 0 O O
M@, ¢;) =
0 0 0 0 0 0 0 1 000 0 0O
0 0 0 0 0 0 0O 01 0 00 O0O0
0 0 0 0 0 0 0O 00 1 0 000
0 0 0 0 0 0 0O 0001 000
0 0 0 0 0 0 0O 00 001 00
0 0 0 0 0 0 0O 00 0 O0O0T10
L 0 0 0 0 0 0 0O 0 0 0 0 0 0 1
A1l 0 0 0 0 0 0 A18 A19 0 0 0 0 0
0 A22 423 0 A25 0 0 A28 A29 A210 0 A212 0 0
0 A32 433 0 A35 0 0 0 A39 A4310 0 A312 0 0
0 0 0 444 O 0 0 0 0 0 A411  A412 0 0
0 0 0 0 A55 A4A56 0 0 0 0 A511  A512  A513 0
0 0 0 0 A65 466 A67 0 0 0 0 A612  A613 A614
0 0 0 0 0 476 A77 O 0 0 0 0 AT713  A714
AW, @) =
1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0
L 0 0 0 0 0 0 1 0 0 0 0 0 0 0
[ B117] M22 = I} + myn; + myle?
ggi M23 = mpleiny
B4l M25=—{mlnl(X[+n1)+mzlel(X[+lel +n2)}
Bs1 x fcos(¢,)
B61 M32 = monyley
B(X,0,Vy, 0y Taer Taa) = %1 M33 =L, + mym3
0 M35 = —mrny (X, + ny + ley) Geos(g;)
0 Mad = 1y,
8 M55 =1, + m X2 + my X2
0 M56 = mn X; + myX,le
L 0 MS5T = nmrXn»

Elements inside the matrix M(%, ¢;) are described as MOS = mim X, + my Xilen
follows M66 = I, + mni + myle;

Ml =1, M67 = manyley
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M75 = sz,nz
MT6 = monyle
M77 = I, + man}

Elements inside the matrix A(, ¢,) are described as

follows

All = —Cy,

A18 = —K4 Ry,

A19 = Ky Xy Ry

A22 =—-C, — Cpp

A23 = Cypp

A25 = {mm (X, + ny) + male (X, + ley + n2)}

X {Zﬁcos(fp,) — 0@}
A28 = Ky Xy Ry
A29 = —K4 X2, — Kip
A210 = K)»
A212 = {mln](X[ +ny) + maley (X, + ley + ’12)}(?J
2 4
X {1 — % +%}
A32 =Cpp
A33 =-Cp,
A35 = many(X, + ley + n2)g,

x {20cos(¢,) — Bsin(g,))}

A39 = K>
A310 = —K)»
_ T
A312—Wl2]’12(X[+l€1 +n2)@{1 6 +120}
Ad44 = —Cy,
A411 = —Ky,
A412 = Raks
pa

ASS = _Ct - C[g
A56 - C[g

19
4511 = Kaals
Ry,
KR

A512 = <K,g + ) )
A513 = K,

465 = C,q

466 = —Cj — Cyq

A67 = Cp
4612 = K,
A613 = —K, — K;q
A614 = K,

A76 = Cp

ATT = —Cp
AT13 = K,
AT14 = —K,

Elements inside the matrix B(X,6,V,, ¢, Ty, Tas)
are described as follows

Bl = Ty — Ko Xy Ry
B21 = —(myn; +male){ X + X0} + K4 X7

tp

9+C129

B3l = —mmy{ X + X0}
B4l = Ty,

B51 = Cigy + (K — m1 X} — mX})G, — (m X, + my X))V,
B61 = —(mini X; + mayle1 X)g, — (miny + mzlel)V'y

BTl = —myny X9, — many V}

_As observed from equation (55), the matrices
M@, ¢;) and A(D,¢,) are of non-linear nature with
incorporation of the roll and turret motions.
Similarly, the matrix B(X, 0, Vy, ¢, Tqe, Taa) 18 depen-
dent upon the vehicle responses and input drive
torques.



