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Abstract

A new design for a tracked forestry machine bogie (Long TrBokie; LTB) on soft and rough terrain is investigated using
nonsmooth multibody dynamics simulation. The new bogieshlaig wheel that is connected to and aligned with the chasais m
axis. A bogie frame is mounted on the wheel axis but left tatetreely up to a maximum angle and smaller wheels that atager
freely are mounted on the frame legs with axes plane pataltbe driving wheel. The wheels are covered by a single auiweal
forestry machine metal track. The new bogie is shown to hayleeh mobility and cause less ground damage than a conwveatio
tracked bogie but requires larger torque to create the seamtian force as a conventional bogie. The new bogie alsesgiss
acceleration when passing obstacles than the convenboga. Additionally, due to the shape and size of the newdogncept,

it can pass wider ditches.

Keywords: Bogie; Forest machine; Ground damage; Mobility; Multibatyyramics simulation; @-road; Rough terrain; Tracks;
Traction;

1. Introduction Despite the fact that wider and softer tyres can reduce the
o ¢ the challenai bl f the f ind . soil disturbances, wheeled machines have mobility linttein
ne of the challenging problems of the forest industry ISroughterrains. There are limitations that rule out the ibilty

to minimize the ground damage caused by heavy forestry mgg o\ orcome obstacles larger than the wheel's radius. Tisey a
chines during harvesting. The ground damage can lead to SRized land with continuous surface to operate oh [10].

vere problems like soil compaction, deep ruts and damage to ) ) .
b b P 9 As an alternative to the conventional wheeled machine, bo-

the roots of the remaining trees after thinning. . ) . .
Roots increase soil stability and therefore damage on thd!€s can be a proper solution to the mob.|I|ty prob!em: Bog|es
roots causes reduction on soil stability [1]. Soil compatti Increase the traction and Stab'“ty_ by basically mamtaag_rqhe
can negatively change soil properties, such as drainageean contact_between the ro_ugh terrain and wheels. Add|t|onaII)_/
the bogie systems provide more smoothness when the machine

sults in a growth reduction and increased surface Htifi2). b 104 F7110] 111 To i h d
Subsoil compaction is a severe problem becausefthete are overcomes o stac_ &s [£/10] 11]. To increase the groun cont
area and the traction, tracks are used over the bogie whaels.

long-lasting[3]. Compacted soil can cause up to a 50% redud@” . . . . ; . .
tion in the growth of trees remaining after thinning, andtie t this article, machines equipped with bogies with bogiekisac

subsequent forest crop after final felling. This reducevéthee will be refered to as tracked machines.
of the wood when it is harvested [4]. Soil erosion and paeticl  The wheeled machine and tracked machine performance dif-
transport to streams are additional problems that can axzur fers mainly in speed and soil damage. Herein, soil damage
a result of soil damage. When soil is laid bare in ruts or wheefefers to soil displacement and soil compaction. Tracked ma
tracks, rain and surface water erode the soil more easjhg-es chines have more contact with the ground which leads to less
cially in steeply inclined areas. This erosion can also esblg ~ ground pressure. Moreover, due to the increased area, diney ¢
affect aquatic ecosystems, primarily from suspended pasticleoPerate on softer and wetter soil without loosing tractiome
altering the light levels within water bodies, thufesting pho- ~ Pared to the wheeled machine. On the other hand, wheeled
tosynthesis. Otherfects include machines have higher top speed than tracked machines on flat

increased phosphorous and nitrogen levels in aquatic scosyfirm ground. But the main drawback of the tracked machine is
tems, which can cause eutrophication [5] that can havelserio the amount of soil displacement when the machine is turning,
consequences for productivity_ particularly in a limited area [:LZ]

In order to reduce these negative impactdfedent tech- The impacts of the wheeled machine and the tracked machine
niques like using larger tyres, tyres with lower pressui@, b on the forest have been studied in Myhrman [13], Bygdén.et al
gies and bogie tracks have been introduced to the indug7], Bygdén and Wasterlund [14], Sakai et al.|[15], as ves|

try [4,16,[7,8)9]. investigation on the mobility of the machines irffdrent condi-
tions. Comparison between the wheeled and tracked machines
“martin.servin physics.umu.se emphasizes the fact that it is desirable to benefit from advan
144690 786 6508 tages of both types of machines.
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This study considers a new design of tracked bogie trackpodeling and simulation framework is described in §&d. 8dL a
called thelong-tracked-bogi€LTB). The idea behind the LTB the particular machine, bogie and track models in Get. 2.2.
is to combine features of wheels and tracks in a single bogie
design. A big driving wheel is connected to and aligned with2.1. Non-smooth rigid multibody dynamics
the chassis main axis. A bogie frame is mounted on the wheel We use the framework afion-smooth rigid multibody dy-
axis but left to rotate freely up to a maximum angle. Smallemamics [17,/18,/19]. A mechanical system is modeled as a
wheels are mounted on the frame legs with axes plane paratollection of rigid bodies of various geometric shape andsna
lel to the driving wheel. The smaller wheels rotate freelgeT Articulated mechanisms are modeled by imposing kinematic
three wheels are covered by a single conventional forestiry m constraints on the bodies relative positions and velagitey.,
chine metal track. The LTB is illustrated in Fid. 1 togethéthw  hinge constraint for connecting wheel and wheel axes to the
a conventional bogie, which we will denatebogie chassis. The constraints give rise to additional (congirai
forces to the Newton-Euler equations of motion. Secondary
constraints can be imposed on the remaining degrees of free-
dom to model motors, joint limits and internal friction. l@gts
and frictional contacts are introduced dynamically, teged
by the contact detection process, as additional conssraint
assuming the Signorini-Coulomb law and the Newton impact
law. Frictional contacts and seconday constraints brimgs-c
plementarity conditions to the equations of motion and raake
the velocity discontinuous in time, i.e., non-smooth.

We use a particular variational integrator scheme| [20, 21]
where constraint regularization and stabilization paransean
be mapped to physical viscoelasticity and enables stabke ti
integration at large time-steps. Each time-step involedsrsg
amixed linear complementarity problgfLCP) with problem
size usually 2-10 times the number of degrees of freedinf) (
depending on the number of contacts and drive-line comglexi

We apply a direct block-sparse solver that provides reaé-ti
interactive simulation for simple systems involving mamhi
Figure 1: A conventional tracked bogie (top) and the profose (roughly 100dof) and contacting objects, e.g., rocks or logs,
long-tracked bogie (bottom). (1000 dof). The simulations were performed uskgX Multi-

physics Toolkit version 1.1f22]. Gravity is set to 9.81 yis?,

A suitable geometric shape of the LTB geometry is expectedime step 0.01 s and direct solver settings on both normal and
to provide a large contact surface (low contact pressure anictional forces.
good traction) on soft ground but minimal contact surfacemvh
turning on firm ground (small shear and soil displacemen®. W2.2. Machine, bogie and track model
adjust the LTB geomtry with the frame angle, and ratio, Two identical articulated machine configurations witffeti-
dsite/dite, between small and big wheel diameter. The freeent bogies are considered. The reference configuration uses
rotating frame aims to smooth the path of the center of gravit conventional tracked bogies, referred to abogiein short.
when the machine passes an obstacle just like a c-bogie. The the other configuration, the c-bogies are replaces with th
frame rotation is mechanically restricted at some maximam a proposed LTB. Apart from the bogie the machine configura-
gle to prevent the bogie from turning over instead of pulling  tions are identical, see Figl 2. The machine chassis is frat o
machine. small forwarder - a machine used fdi-ooad transportation of

The LTB was proposed by Lars-Gunnar Nilsson and Jologs between the felling place and transportation road ist@u
hannes Nilsson at Vimek AB located in Vindeln, Sweden. Sim{ength forestry systems. The mass of the front and rear ishass
ilar design ideas can be found for wheeled robots and smalldés 2 tons and 3.5 tons, respectively. The articulation is mod
agriculture machines, e.g., the Galileo Wheel [16]. eled as a universal joint with relative pitch motion conistea

The purpose of this study is to critically investigate the-pr and torque motor for controlling the yaw motion when stegrin
posed features of the LTB for heavy forestry machines by proThe bogie main axes are centered on each chassis and modeled
viding numerical evidence and finding the optimal choice ofusing hinge constraints. The distance between articulftiat
LTB frame angle and wheel diameters considering mobility an center and front and rear axeslis= 1.1 m andl, = 2.0 m,
ground damage. respectively. The transmission is modeled by individEdnts
constraints (hinge motor) providing the c-bogie wheel axid
LTB main axis with torque to maintain a specified angular ve-
locity. Differential unlocking is applied when turning to mini-

The comparative study is carried out using computer simumize contact slippage. The bogies have a maximum tilt angle
lation of two identical machines with theftérent bogies. The set tofmax = 15 degrees.
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2. Model and computation method



Table 1: Geometrical and physical properties.

Notation Value Comment

0 variable LTB frame angle

dc 0.874m c-bogie wheel diameter

die 1.2m LTB big wheel diameter

dsi B variable LTB small wheel diameter

It 11m articulation to front axis

Iy 20m articulation to rear axis

Lite 1.92m LTB frame length

Lc 117 m c-bogie frame length

w 0.38m track and wheel width
Figure 2: The conventional bogie (top) and the LTB (bottom) 10t machine weight

on a simple machine model.

The c-bogie is modeled as a rigid body frame with two rigid regularization parameters of the numerical method and-is as
wheels rotating at identical angular velocity. The LTB detss  sumed to include also the tyre elasticity. A rough terrast te
of a big center wheel at the main bogie axis. A rigid framecourse was constructed and specifically obstacles in thedor
is also attached to the bogie axis but rotates freely up to tha step and square ditch.
maximum tilt angle. At both ends of the frame there is a smalle
wheel that is also free to rotate. All wheels are given cyiical
shape and identical widthr = 0.3 m. The dimension and mass

of the frames arel.c = 1.17 m andmyc = 200 kg for the c- Simulation of machine dynamics with theffirent bogies

bogie and. s = 1.92 m andmurg = 200 kg for the LTB. The 5 direrent design variables Gndds s) was performed for
big wheels of the LTB have mass 200 kg. The wheels on th@jigerent test cases) driving over a step of height 0.1 m, 0.3
c-bogie have mass 100 kg. Each of the 20 track elements hayg gnd 0.4 miji) driving over a square ditch of width 1 m, 1.5

mass 15kg. . m and 1.9 mjii) making a U-turn with 10 m radius. The ma-
Each bogie is covered by a metal track that is modeled aghines where driven on both axes and at a target spee.1 m

rigid body elements linked together by hinge constrainech Images from the simulations can be found in FigCID-14 in the
track element is also constrained to move in the CO'mOVinQprendix.

symmetry plane of the bogie frame. The track and bogie wheels 1¢ gesign variables are varied inffidrent simulations as

int_era_th through contact forces _vvith the friction @ogient set  gpown in TabléR. In total 125 simulations of roughly 6000 s
to infinity to model the strong grip between track element an ;.o performed.

deep tyre tread. Dry friction in the links between the trakk e

3. Simulation study

ements is modeled using nonholonomfie constraints. The 9 148 164 160 166 172 180
link friction is important for numerical stability at largane- dye | 0.45m 055m 0.65m
step integration.

The geometric dimensions and physical properties of the ma- Table 2: Design variables

chine, bogies, whedsand tracks are summarized in Table 1
with notations according to Figl 1 afdl 2. The total machine Position, orientation, velocity, acceleration and torqtithe
weight is about 10 tonnes. This represents a small forwardeathassis and the bogies are logged for each time-step dimng s
that is commonly used in thinning on softer (weaker) ground. ulation. All contact data — position, penetration depthrnmal
In the numerical simulations the machine is driven along aand tangential velocities and forces — for track and grontet
specified path at specified velocity. A motion tracker and mo-action is also stored as time series. In post-processingumes
tion planner is implemented to maintain that path by setiireg  for soil displacement, mobility, slippage, ground pressand
wheel axis target velocity and target turning angle. contact area are computed. These measures are used in study
The terrain is represented as a static height field with variof the dependency of the design variablessoit displacement
able mesh-size down to@ m. The contact model between andmobility. Soil displacement is the volume of soil displaced
track and terrain includes friction ciient set tq: = 1.0 and by the tracks over time. Each contact pdiebntributes to the
elasticit{] set toY = 40 GPa. The elasticity is mapped to the soil displacement rate by an amount proportional to theivela
surface velocity; and the cross-section area associated with the
contact point. The contact point cross-section area imestid
to A = diw/2, whered is the contact depth and the width

2The small wheel diameters exist on market and may be put illghto
match the width of the big wheel and the track. The big wheaingiter has
been chosen as big as possible without inflicting the loadespalume on a
forwarder machine.

3In AgX 1.10 the elasticity value for contacts is purely a fegaation pa- rameter rather than physical elasticity
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of the track element. Rather than choosing a soil model and Time series of the chassis longitudinal velocity, longitadi
geometric track shape we simply assume a constant track peaeceleration, average torque, total slip, pressure aati¢on-

etration depthd; = 0.01 m (considering turning on firm forest tact area was compiled and analyzed. Sample time series for
ground). This is a reasonable model for studyingriative  the optimal LTB passing the.d m step obstacle are shown in
difference between the LTB and conventional bogie. The nefig.[3 and# with time series for the c-bogie included for ref-
soil displacement is thus computed erence. A general trend is that acceleration peaks for tige LT
are smaller than for the conventional and the LTB has smaller
o [\e® variations in contact area and thus better preserveddracf
V= fto .le Avi fdt @) critical point, however occurs for the LTB when climbingste
- obstacles. When the front bogie center wheel reaches the cor
whereNc(t) is the number of contact points between the trackner of the step the contact area become minimal and traction
and ground at time, ranging from start and end time of the drops. This can be seen in the time series in[Hig. 4 around the
simulations, andt;. time point 16 s. Also a large torque is required to overcoree th
The mobility is measured from the acceleration of one poinPbstacle at the desired speed as seen ir Fig. 3.
in the front chassis, e.g., where a driver would be positione
We use the root-mean-square acceleration

velocity [m/s]

1/2 r & .
05 ) === LTB

1 f :
(@ = [f N+ o xrf? dt] (2) L o-boge
tl - to IO 5 10 15 20

wherev s the chassis center of mass velocity veatahe chas-
sis angular velocity vector anmdhe measurement point relative
position vector to the front chassis center of mass. We ahoos
r =[0,0,1] m. The contribution from rotational motion to the x10*
velocity and acceleration measurements turned out to bé neg

gible compared to the linear motion, however. Good mobigity ~ gzsr O I A SO O
small{a) which means smooth motion over the obstacles. Poo e T:] = o
mobility is large acceleration or inability to pass the @lots.

The secondary measures are the slippage from the wheel ngre 3: Time series of longitudinal velocity, longitudirac-

the ground, the contact pressure force from_the machi_neeon tr}:eleration and torque for optimal LTB passing thé f step
ground and the contact area from the bogie. The slippage ISystacle.
computed as the mean relative velocity in the contact tangen

plane of the contacting track elements. The ground contact
pressure force, or simply pressure, is the total force (fedim

four bogies) from the machine acting on the ground. Also the o

contact area is summed for the four bogies.

acceleration [m/s?]
\

",

‘
R
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’ ,"'

torque [Nm]

S

slip [m/s]

o o
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i

4. Resaults

The main goal of the simulation is to find the optimal design
for the LTB and then compare its performances with that of ¢
c-bogie. As shown in SeE. 4.1, the simulation results sugge:
the values for the optimal design variables to be frame angl
6 = 160 degrees and small wheel diamedgirg = 0.65 m. , ;
The mean acceleration and soil displacement for this se¢-of d s 1w s =
sign parameter values of LTB and for the c-bogie are found ir .

Table[3 and 4, respectively. From Table 3 we observe that thﬁ. 4 Ti . £ sl ; q tact
mean acceleration for the LTB is roughly 50% smaller than fo \gure =. 1ime Series of Slip, pressure force and contad are
the conventional bogie. For obvious reasons the LTB can paggr optimal LTB passing the.@ m step obstacle.

wider ditches than the c-bogie. The LTB can pass ditches up

to 1.9 m wide while the c-bogie can pass ditches that are max_hSampIeFt?mEBseri&T,Gof _;[_T]e (()jpttimalh LTB Iﬁrtﬂ:ﬁ U-lt_urn fatrr?
imally 1.6 m wide. The soil displacement for the optimal LTB shown in FigLo andio. € dafa shows that the siip ot he

in the U-turn test is 44% smaller than for the c-bogie. c-t?ogle_ is considerably larger t_han for the LTB at the tugnin
points in the U-turn. The c-bogie frame is raised to one wheel

at the turning point around= 25 s by the involved forces but
the resulting net soil displacement is still larger than thoe
LTB, as seen in Tablg 4.

pressure [kN]

contact area [m°]




step 0.1| step 0.3| step 0.4| ditch 1 | ditch 1.5 | ditch 1.9
LTB 2.6 2.9 34 2.8 3.6 7.0
c-bogie 4.6 5.0 4.5 5.0 7.1 fail

Table 3: Mean acceleratiga)y [m/s?] for optimal LTB and conventional bogie.

Soil displacement]

Mean contact area Mean acceleration

LTB

c-bogie

0.9n?
1.6 n?

1.0n? 2.4 ms?
1.1n? 4.0 mys?

Table 4: Soil displacement, contact area and acceleratiooptimal LTB and conventional bogie in a U-turn.
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Figure 5: Time series of longitudinal velocity, longitudirac-
celeration and torque for optimal LTB in U-turn.
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4.1. Dependency on design parameter values

Figure$T anfl8 show how the mean acceleration for step and
ditch crossing depends on the choice of frame a6igied small
wheel diameteds 1. The corresponding value for the c-bogie
is added for reference. From the step obstacle data in Higure
we conclude that the frame angle is best chosen between 160
and 175 degrees to minimize the acceleration. The ditch test
results in Figur€l8 suggests frame angles less than 175afegre
and the largest diameter of the small wheel. Only the bogie
with largest small wheel diameter was able to pass the 1.9 m
wide ditch.

The soil displacement depending on frame angle and small
wheel diameter is shown in Figurk 9, again with the corredpon
ing value for the c-bogie included for reference. As can be ex
pected large frame angle and small wheel diameter minimizes
the soil displacement. But in the region between 155 and 170
degrees the soil displacement do not depend strongly onlwhee
diameter.

Altogether the dependency of acceleration and soil digplac
ment on bogie design variables points to the choice of frame
angle to 160 degrees and wheel sizgg = 0.65 m.
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Figure 7: Mean acceleration for step obstacle as function of
frame angle and for elierent small wheel diameter. The steps
have height @ m (a), 03 m (b), Q4 m (c).

Figure 6: Time series of slip, pressure force and contaet are

for optimal LTB in U-turn.

5. Discussion

The optimal LTB bogie has higher mobility than the conven-
tional bogie in terms of smaller mean acceleration andtgbili
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of passing wider ditches. The explanation is that the leagth
shape of the bogie results in a large contact area, and thereb
traction, on uneven terrain and smooth climbing over olbssac
thanks to its larger size and suitable shape. At the chogge an
the soil displacement is also smaller when turning on flat firm
ground.

The maximum load for a given bearing capacity can also be
increased using the LTB. The maximum ruth depth for avoiding
ground damages arelOm. For a c-bogie, the contact area on
soft ground is roughlyl(;+0.5d;) xw while for the optimal LTB
it is roughly (Lot sin(@/2) + 0.5ds.tg) X W when it is sunken
more than Gl m and the track is in contact with ground all
the way to the small wheels. For the given bogie parameters
the numerical values of these areas a@L0w and 085 nv,
respectively, which means that the LTB can potentiallyyap
to 40% larger load because of larger contact area to distribu
the load pressure on. Théect on the bogie alignment relative
to the ground when applying torque is assumed negligible.

Increased mobility and maximum load can in turn shorten
the routes and decrease the transportation time. Thisésm
duced fuel and personal costs. The amount depends stromgly o
the particular terrain characteristics. As an elucidatixample,
the forwarding costs in Sweden are estimated to 340 million
EUR per year and a 5% decrease in cost would thus result in a
gain of 17 million EUR. The estimation is based on yearly pro-
duction volume of 73 million rhand forwarding costs ranging
between 4.3 EURn® (harvesting) and 6.8 EUR:® (thinning).

One drawback of the LTB bogie is that it requires larger
torque than the c-bogie. To produce the same traction force
the LTB require a torque that is a factdyrg /d. times that for
a c-bogie, i.e., 37% larger in this specific case. When climgbi
over high step obstacles, e.g.40n, the LTB bogie has a crit-
ical point where it looses large contact and traction. Thils w
be pronounced for more smooth obstacles. The larger rejuire
torque might negativelyfgect the fuel economy.

The main uncertainty of the present study concerns the lack
of empiric data for model validation and the choice of tesesa
For simplification the vehicle and terrain have been modelle
as a rigid multibody system. This includes the assumptian th
the tyres and terrain can be modelled as rigid bodies. Regu-
larization of the tyre-terrain contact constraint is enygld and
brings some elasticity but is not based on any particularehod
for tyres and terrain. We observe that numerical dissipatio
the track links are present but no validation against di&ip
in real tracks has been made. This numerical dissipatiomis e
phasized for the LTB, with higher radius of curvature, réagl
in larger torque even on flat ground than for conventionaléog
All other errors associated with the model and simplifiaagio

Figure 9: Soil displacement for U-turn as function of frame are similar for both bogies and thus not alter the qualiater

angle and for dterent small wheel diameter.

sults that are based on comparison rather than on absolute va
ues.

The test cases and search for optimal design also have-imita
tions. A larger and more resolved parameter space for bsth te
scenes and bogie design would have been preferable. The cur-
rent simulation study was based on 125 simulations andyotal
6000 seconds of dynamics. Each second taking roughly 10 sec-
onds for computing on a conventional desktop computer. This



gives a total computing time of 17 hours plus post-processin [4]
computations of a few hours. Extending to 4 design variables
each discretized by 10 values and 10 tests scenes in totéd wou [5]
have changed this into roughly 18imulations, 16 seconds

of dynamics time and ¥0seconds of computation time, i.e., [6]
roughly 100 CPU days. It would also have been preferable to
run the tests with dierent vehicle speed.

A physical full-scale setup of vehicles with LTB and c-bogie [7]
as described in this paper is under construction and testing
step and ditch obstacles. Also, tyre and terrain deformatio 8]
models are under development as well as parallelized solver
and simulation framework to handle more fine-grained mod-[g]
els and test cases with good computational speed. Future re-
search on bogies for increased mobility and reduced groun[qO]
damage should include validation between simulation nmeodel
and physical prototypes to give virtual tests higher priadic
value. Also, the possibility of applying active control dmet  [11]
bogie frame rotation, frame angle and length should be con-
sidered. This way the bogie can be interactively shapedeo th

optimal design best fitting the current obstacle and teicair  [12]
ditions.

[13]
6. Conclusions

(14]

The results show that the LTB combine the advantages fro
both a wheeled machine and a bogie machine. The LTB, wit
the selected parameters, has significantly less soil dispiant
than the conventional bogie when turning on firm ground. The
LTB bogie can pass wider ditches, have better ride smooghne
and can carry larger loads on soft ground. It does, howevei7)
require larger torque.

5]

(18]
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Appendix

Image sequences from simulations are shown in[Eilj. 10-14.
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Figure 12: Image sequence of the conventional bogie takiag t
square ditch obstacle of width 1.9 m.

Figure 10: Image sequence of the conventional bogie takiag t
step obstacle of height 0.4 m.

Figure 11: Image sequence of the LTB taking the step obstacl

of height 0.4 m Eigure 13: Image sequence of the LTB taking the square ditch

obstacle of width 1.9 m.



Figure 14: Image from U-turn of 10 m radius with the LTB.
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