KSME International Journal, Vol. 18 No. 3, pp. 471~ 480, 2004 471

Statistical Simulation of Shift Force for a Manual Transmission

Joohyung Kim
Engineer, Samaung Data System,
Maetan-dong, Paldal-gu, Suwon 443-370, Korea
Sangjoon Park
Graduate Student, School of Mechanical Engineering, Sungkyunkwan University,
Chunchun-dong, Jangan-gu, Suwon 440-746, Korea
Hanlim Song
Assistant Professor, Dept. of Computer Applied Mechanical Engineering,
Ansan College of Technology, Choji-dong, Ansan 425-792, Korea
Chaehong Lim
Senior Research Engineer, Manual Transmission Engineering Team,
Hyundai Motor Company, Hwaseong-gun, Gyeonggi-do 445-855, Korea
Hyunsoo Kim*
Professor, School of Mechanical Engineering, Sungkyunkwan University,
Chunchun-dong, Jangan-gu, Suwon 440-746, Korea

Statistical simulation approaches are proposed to evaluate the shift feeling for a manual

transmission. First, shift force simulator for the manual transmission is developed by consi-

dering the dynamic models of the external and internal linkage, synchronizer, and drivetrain. It

is found that the shift force by the simulator shows a good correlation with the test results. Using

the simulator, two kinds of statistical simulation approaches are proposed and the objective

parameters that can be used to evaluate the shift feeling quantitatively are obtained. It is expected

that the shift force simulator with the statistical approaches, developed in this study can be used

as a useful design tool to evaluate the shift feeling in the initial design stage.
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1. Introduction

The shift feeling that a driver experiences dur-
ing the shifting is one of the important factors
influencing the evaluation of controllability and
operational comfort in the manual transmissions.
The importance of shift quality of the manual
transmissions has increased significantly over the
past few years as the refinement of other vehicle
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systems has increased.

The shift feeling has been evaluated tradition-
ally in subjective manner by the experienced test
driver. In evaluating the shift feeling, the driver
judges the evaluation point from many parame-
ters such as easiness of the shift operation, exist-
ence of the harshness, clash and etc. If the accu-
rate shift effort, i.e., shift force transmitted to the
driver’s hand can be predicted, the shift feeling
can be evaluated quantitatively in objective man-
ner. However, since the shift feeling is produced
by the dynamic interaction between the linkage,
shift fork, synchronizer and the drivetrain, it
is difficult to figure out the mechanism of these
phenomena by experimental approaches, and vir-
tually impossible at concept design stage. To
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overcome these difficulties, it is required to eval-
uate the shift feeling by a simulator constructed
based on the dynamic meodels of the manual
transmission,

A few studies have been reporsed on the dy-
namic modelling of the shiflt pracess for the man-
yal transtmission. Goto gt al {1998} obtained a
simple simulation model for g synchronizing sys-
temn inciuding the shift control system from the
fever to the fork. Analytical model of the sync-
hronizes components was ptoposed by Hoshine
{1998) using ADAMS. In theic work, the syne-
hronizipg step is divided into six steps such as
movement of the sleeve, detent, index, balk, mesh
of the sleeve and the ouler ring, the mesh of the
sleeve and the cluteh gear. However, the shift
force wansmitted to the driver’s hand could not
be estimated since the dynamic model of the lin-
kage system as well as the drivetrain was not
inchuded. Kelly and Kent {2000) developed a
gearshift quality dynamic models including the
linkage, iransmission, driveline apd the sync-
hronizer using MATLAR Simulink. The model
takes each of the degrees of freedom, and solves
for the accelerstion of each component either
axiafly or rotationally. Synchronizing motion was
analyzed by Shinbata aud Naksmura (1991 10
investigate the nibble mechanism. They quantified
the effect of design parameters on the nibble using
experimental results, and a dynamic model cover-
ing the sleeve and gear without consideration of
the linkage system.

In this paper, a shift force simulator for a
manual transmission is developed. Dynamic mo-
dels of the entire system including the external
and internal linkage system, the synchronpizer and
the drivetrain are obtained. Simulation results are
compared with the experimenial results from the
bench test to validate the dynamic models of the
simulator. In addition, statistical approsches are
proposed to estimate the shift feeling by consi-
dering the vatiaton of the design parameters.

2. Dynamic Model of Manual
Transmission

In Fiz. 1, a schematic diagram of the shift mec-
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Fig. 1 Schematic diagram of linkage system

hanism from the shilt lever to the synchronizet
of the manrval transmission, nvestigated in this
stady, 1 shown, When the drives pughes or pulls
the lever, the displacement of the lever is trans-
mitted to the rubber bushing through the cable.
The {inear motion of the rubber bushing is {rans-
formed into the rotatinnal motion of the shift
arm. The rotational motion of the shift arm s in
rarn transformed into the lineat wotion of the
control shaft, and the shift fork that is attached
o the contol shaft pushes or pulls the sleeve of
the synchronizer, where synchronization occurs.
A weighe is attached at the end of the shift arm
o noreast the mertial effect of the Yinkage
system.

2.3 Linkage system

The linkage system consists of the external and
the interpal system. The external system includes
shift {ever, cubles and rubber bushing, These are
madelled g5 a spring-mass—damper system. In
order to determine the stiffness of each element,
experiments were performed. The cable stiffness
was measured for a Jayour installed in ap assem-
bly, For a given input displacement, the ceac-
tion force was obtained. In addition, a gap di-
splacement between the cable core and the owter
coat covering the cable cory, was measured. It is
noted from the experiment that the gap displace-
meni increases with the inpuat displacement while
the teaction force s small, but remaing glmost
constant for a relatively large reaction force. This
means that, when the lever displacement ts small,
the inpur displacement is absorbed ro HY the
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Fig. 2 Bondgraph model of linkage system

gap between the cable core and the outer coat.
Once the gap is completely diminished, a linear
relationship between the input displacement and
the reaction force can be obtained. As for the
rubber bushing, a force-displacement relationship
was obtained by experiment. The internal linkage
mechanism includes poppet ball, control shaft,
shift fork and sleeve. The masses, inertias, fric-
tion, damping, stiffness and backlash present in
the system are modelled. The poppet ball is used
to provide a moderate shift feeling to the driver by
generating a negative torque when the shift arm
rotates over a given range.

In Fig. 2, a Bondgraph model for the entire
linkage system is shown (Karnopp, 2000). From
the Bondgraph model, state equations of the
linkage system can be derived. State equations of
the lever velocity, Viever, and the sleeve velocity,
Vsteeve, are obtained as

M lever V tever = Fever— [K tever X tever
+ Biever ( Viewer— L fCUlevET) ]

M sleeve Vs[ee’[)e = K for);X fork + B fork ( anrml.sha/t - Vsleeve)

-B sleeve Vsleeve ~F reaction

(1)

(2)

where Miever is the lever mass, Fieper is the dri-
ver’s input lever force, Kiever is the lever stiffness,
Xiever is the relative displacement of the lever,
Blever 1s the lever damping coefficient, Ly is the
length from the hand ball to the rotational cen-
ter of the lever, @ieper is the lever angular velo-
city, Msiweeve is the sleeve mass, Kyors is the fork
stiffness, Xyore is the relative displacement of
the fork, Bsom is the fork damping coefficient,
Veontrot.shart 1s the velocity of control shaft, Biieeve
is the sleeve damping coefficient and Fregction 18
the reaction force applied to the sleeve.

2.2 Driver model

In Eq. (1), the shift lever force, Fieper, is ap-
plied as an input to the linkage system. In the
simulator, the shift force transmitted to the dri-
ver’s hand needs to be calculated as a reaction
force by the transmission, which seems to be im-
possible because no dynamic system can generate
effort {force) when the effort is given to the sys-
tem. In other words, in order to obtain the shift
force, the shift lever velocity should be given as
the input. In this study, a driver model is intro-
duced to describe the relationship between the
driver’s intention and the shift lever input force,
Fiever. The driver’s intention can be represented
as a velocity of the shift lever motion. There-
fore, in the driver model, the shift force can be
obtained as the output from the system for the
given velocity input.

The target lever velocity can be obtained from
the average value of the test results. A propor-
tional, integral, and derivative (PID) controller is
used to describe the driver’s behaviour. The dri-
ver generates the shift lever force corresponding
to the reaction force from the linkage system. The
driver’s arm and hand are modelled as a damped
spring-mass system.

2.3 Synchronizer

The synchronizer is an integral element that
generates the friction force to reduce the sync-
hronized side speed at upshift or to increase the
synchronized side speed at downshift, and chan-
ges the power flow. Figure 3 shows a double cone
synchronizer used in this study. The double cone
synchronizer consists of the sleeve, gear, synchro
cone, hub, outer ring and inner ring. In this study,
the synchronizing motion is modelled as seven
steps as shown in Fig. 4. Each step is determined
depending on the relative position of the sleeve to
the ring spring, outer ring, and engagement gear
as follows :

Step 1 : Sleeve moves from the neutral position
until the sleeve contacts the outer ring.

Step 2: Sleeve and outer ring are in contact.

Step 3 : Outer ring or sleeve is indexed.

Step 4 : Sleeve moves passing the outer ring to
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Fig. 4 Synchronizing procedure

the impact point.

Step 5: Impact between the sleeve and gear.

Step 6 : Sleeve moves past the gear to the stop-
per.

Step 7: Sleeve maintains contact with the stop-
per.

At each step, the shift force transmitted to the
driver’s hand is determined by the sleeve reaction
force. For instance, in step 2, the sleeve reaction
force, Freaction, can be obtained as

Flreaction=F steeve.fric+ I spr.fric ( 3)
+ Fspr.axial +Fax:'al

where Fsueeve.rric is the sleeve friction, Fipr sric is
the spring friction, Fspr.axia: is the ring spring
reaction force in the axial direction. Parameters
Fspr.rric and Fpr.gxiai can be obtained as the axial
component of the friction and the ring spring
reaction force. The axial force, Fiuxus;, can be
obtained from the axial force applied to the ring
chamfer, which is explained below.

2.4 Chamfer to chamfer contact model

The contact model is required to calculate the
reaction force generated at the contact surface
between the sleeve chamfer and the outer ring
chamfer. In this study, a spring damper model is
used to describe the contact mechanism. The re-
action force at the contact surface can be calculat-
ed from the deflection between the contact sur-
face, which is determined when the displacements
of both contact sides are given. The displacement
of the sleeve can be obtained by integrating the
velocity of the sleeve, which is determined from
the dynamic model of the linkage system. The
spring constant for the contact model was obtain-
ed from finite-element analysis using ABAQUS.
From the contact model, the axial reaction force,
Flxiai, is determined as

Foviai=Keontace AX steeve + Beontact Visieeve (4)

where Kconaee is the contact spring stiffness,
AXsieeve 1s the deflection at the contact surface
and Beontact is the damping coefficient. The axial
force, Favi, acting on the outer ring chamfer
generates the index torque and the cone torque.
From a force equilibrium at the contact state in
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Outer ring
chanmfer

Fig. 5 Torces acting on outer ring chamfer

Fig. 5, the tangential force Frug.rangens 10 generate
the index torque are obtained.

Ben
F ring. tangent W cos czzm

= Uring.cham W sin ﬁc;am (5)

Faxo’al:: W sin

99 4 s cran W 05 2228 (5)

where W is the normal force acting on the sleeve
chamfer, fenam is the angle of the outer ring
chamfer, ftrmg.cham 18 the friction coefficient be-
tween the outer ring and sleeve chamfer. From
equation (5), {6), Frug.cangens 15 tepresented by
Faviar as

F ring.tangend

[ . b
Cas chait = Uring.cham SITL "'g%‘z”@ (7)
= Faxiat | 7
sin czm + Hring.cham cOs — 22

The axial force, Foxas, 2nd the ring spring force,
Fopraxms, are used to generate the cone torque.
The cone torque. Tcone, Can be obtained from
Fig. 6 as

e Pcone
cone =TT
* sin Bone

ane (FarmL+Fapr,axmt) (8)

whete pone 15 the friction coefficient of cone, Bope
is the angle of cone and Keone is the mean radius
of synchro cone.

25 Drivetrain

Figure 7 shows a drivetrain model of the man-
uaf transmission used in this study. The drivetrain
consists of the input and output shaft, [~3 speed
gears, rear gear, 1-2, 3-4 and 5-R synchronizer,
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clutch disc and the inertias. In Fig. 7, N is the
gear ratio, @ is the speed, [ is the inertia, b is
the damping coefficient, subscript ¢ is the input
shaft, ¢ is the output shaft and number I~3§
denotes the speed range. When the sleeve moves
by the driver’s lever operation, the friction oc-
curs between the rings and the gear cone, which
results in the synchronmization. During the syn-
chronization, this friction affects the rotationaf
speed response of the input and the output shaft.

3. Simulation Results and Discussion

In Fig. 8, simulation results for -2 upshift
are shown. System parameters used in the simula-
tion are shown in Table 1. In the simulation,
the target velocity of the driver model was used
a5 Varwer=1 m/sec, which was obtained as the
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Table 1 Parameters used in simulation

Parameter Value
1 stage gear ratio 3.636
2™ stage gear ratio 2.056
3" stage gear ratio 1.296
4™ stage gear ratio 0.943
5t stage gear ratio 0.756
Mass of lever, Micper 0.4435 kg
Stiffness of popet ball spring, K | 2381 N/m
Stiffness of lever, Kiever 47180 N/m
Mass of sleeve, Msicere 0.3 kg
Stiffness of fork, Ko 800000 N/m
Friction coefficient between outer 0.1
ring and sleeve chamber, firng.cham
Friction coefficient of cone, ftone 0.09
Mean radius of double cone for 1-2 | 72.45 mm
upshift, Reone
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Fig. 8 Simulation and experimental results for 1-2
upshift

average velocity of the shift lever from the bench
tests. The time response of the shift lever di-

splacement (a), the sleeve displacement (b), the
index and cone torque (c), the sleeve force (d),
the input and output speed (e) and shift force (f)
are plotted. In addition, experimental results of
the input speed and the shift force are compared
with the simulation results. The simulation results
are divided into seven steps as described in the
text. In step 1, as the lever displacement increases,
the sleeve moves forward, clearing the gaps be-
tween the sleeve and the outer ring. In this step,
a small cone torque (c) is generated by the ring
spring reaction force. The shift force (f) in this
region is represented as a summation of the ring
spring force and the poppet ball spring force,
which occurs in the opposite direction of the
shift lever motion. In step 2, the sleeve chamfer
maintains contact with the outer ring chamfer.
Therefore, the sleeve displacement (b) remains
almost constant. In this step, the driver pushes
the shift lever (a) to generate the cone torque
(c) that is required to reduce the synchronized
side (input) speed for the synchronization. Cor-
respondingly, the input speed (e) decreases and
a large shift force (f) is transmitted to the driver.
As shown on the input speed response (e), most
of the synchronization process is accomplished in
step 2. Step 3 is the indexing region where the
outer ring chamfers are aligned for the sleeve
chamfers to pass through the outer ring chamfers.
As the outer ring (gear) speed becomes lower
than the output shaft speed (e), the outer ring
rotates relative to the sleeve and the sleeve moves
forward (b). Therefore, the sleeve force decreases
and shows zero value when the outer ring is ready
to allow the sleeve to pass between the outer ring
chamfers. In step 4, the sleeve moves past the
outer ring until it impacts the gear. Since no reac-
tion force is applied to the sleeve (d) while the
sleeve is moving, no cone torque (c) is generated.
However, the shift force decreases slowly owing
to the dynamic characteristics of the linkage sys-
tem. Step 5 is the impact region between the sleeve
and the gear. During step 2 and 3, the linkage
mechanism has been compressed, storing the en-
ergy in the system. Since the sleeve is released at
the end of step 3 by the stored energy, the sleeve
impacts the gear in step 5 which results in a spike
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in the sleeve force (d). The oscillation of the
sleeve force in the impact region means that the
impact occurs several times in a short period.
However, the shift force (f) shows a relatively
small second load peak in spite of the spike in
the sleeve force owing to the linkage system dy-
namics. In step 6, the sleeve chamfer moves for-
ward past the gear chamfers until the sleeve con-
tacts the stopper. The shift process is basically
completed in step 6. Step 7 is the region where the
driver operates the shift lever after the shift is
finished. The large shift force (f) in step 7 is due
to the after-motion of the shift lever (a). The shift
force in step 7 does not contribute any effect on
the shift feeling that the driver experiences. In this
study, the dynamic modelling of the synchroniz-
ed side rotational motion is performed until the
sleeve begins to align with the gear, since it can be
assumed that the synchronized side (input side)
speed is equal to the output speed after the
alignment. The discontinuous point in the input
speed is due to this assumption. In reality, a speed
difference may occur owing to the clearance be-
tween the gear and the sleeve. However, the shift
force is not affected any more by the relative
motion of the sleeve to the gear since no force is
exerted to the sleeve except the friction (d) after
the alignment between the sleeve and the gear.
The shift force (f) after the alignment is due to
the dynamic response of the linkage system.
Simulation results of the input speed (e) and the
shift force (f) are compared with those obtained
by the experiments. It can be seen that the simu-
lation results are in good agreement with the
experiments.

4. Statistical Simulation of
Shift Feeling

The simulation results of the shift feeling in
Fig. 8 are obtained using the fixed parameters.
However, in actual maneuver of the manual
transmission, the input lever velocity can be
varied by the driver and the design parameters
such as friction coefficient can not be maintained
as constant value during the period of the trans-
mission life. Therefore, a statistical approach is

{Mean = 1, Btendard teviation ~ 0.3y

o € 5

B

Input lever velocity, mig
NT5 e | 116 125
Fig. 9 Probability density function of driver’s input
lever velocity

inevitable to evaluate the shift feeling that is
meaningful to the designer. In this study, two
kinds of statistical approaches are proposed to
evaluate the shift feeling using the probability
density function.

4.1 Probability density function

To process the statistical simulation, the prob-
ability density function of the design parameters
need to be known. In this study, as the design
parameters, the driver’s input lever velocity, fric-
tion coefficient of the synchro cone, damping
coefficient of the drivetrain are selected.

Driver’s input lever velocity : The mean value
of the driver’s input lever velocity is obtained as
m=1m/sec from the bench test. Assuming that
the input lever velocity, Vieer has a Gaussian
probability distribution and using the mean ve-
locity and the standard deviation, 6=0.1 m/sec,
the probability density function of the input
lever velocity is obtained as shown in Fig. 9. It
is noted from Fig. 9 that the mean value of Vieger
is m=1 m/sec in the band m— ¢ to m~+ o and the
probability that Vieser lies between m—o¢ and
m+o is 68.3%.

The probability density function of the synchro
cone friction coefficient and the drivetrain dam-
ping coefficient can be established in similar man-
ner, using the data from the bench test results.

Impact position of chamfers: When synchro-
nization is carried out, magnitude of the second
load peak varies depending on the relative posit-
ton of the impact between the sleeve chamfer
and the gear chamfer. Since the impact position
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Fig. 11 Simulation procedure for statistical ap-
proach (I)

is determined in an arbitrary manner, the ran-
domness of the chamfer impact position is consi-
dered as shown in Fig. 10. First, the random
number is generated from MATLAB Simulink,
and this random number is converted into the
pitch position between 0 to 27/z, where z is the
number of the sleeve chamfer teeth.

4.2 Statistical simulation

For the statistical simulation, two kinds of
simulation method are proposed.

Statistical appreach (I): In Fig. 11, the simu-
lation procedure for the statistical approach (i) is
shown. Simulation is performed using the combi-
nation of three design parameters and the impact
position that is determined randomly. The total
number of simulation is 125, which is a product
of the five representative values for three vari-
ables. This approach is basically same with the
Monte Carlo method.

From the statistical approach (I), probability
density function of the objective parameters that
can be used to evaluate the shift feeling quanti-
tatively, are obtained as shown in Fig. 12. In Fig.
12, probability density function of the selected
objective parameters such as time shift integral
are shown with the mean and standard deviations.

Statistical approach (II): Statistical approach
(I1) proposed in this study can be explained as
follows ; If X, is the nth input lever velocity
which has the probability @n, Yn is the men fric-
tion coefficient which has the probability Sn,

04 ]
03 ‘ m =8.488
Z 0z - o =0.946

0.1

0.0

3 5 7 9 11 13
Time shift integral, Nsec

f(x)

-1.00 -0.50 0.00 0.50 1.00 1.50 2,00
Time second loaf integral, Nsec

1.0 m = 0.563
o =0.350

0.5

0.0 e

0.10 =
m =83.624
Zoos | o =4.962
0.00

59 64 69 74 79 84 89 94 93 104
Max. synchronization force, N

0.02 — —

f(x)
°
=4

67 -42 17 8 33 58 83 108 133
Max. second load force, N

25
20 m =0.190

15 & o =0.017

f(x)

610 0.13 0.16 0.19 0.22 0.25 0.28
Shifttime. s

Fig. 12 Probability density function of objective
parameters

and 2 is the ki damping coefficient of the dri-
vetrain, that has the probability y., the simulation
results of the objective parameter Ry, m,» is defined
as

Ry »=simulation result using Xy, Y, Zp (9)

Therefore, the representative value of the objec-
tive parameter R can be obtained by considering
the probability as 4

Representative value of
R=RuXapfint+Ru2Xapfiyr+ (10)
+Rn,m,k—1 X dnﬁka—l+Rn,m,k X a’nﬂm?’k

n=1,2, -, 5
m=1, 2, ==-, §
k=1,2, -+, 5
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Table 2 Simulation results of objective parameters
for 1-2 upshift

Objective parameter Approach (I) | Approach (II)
m=28.488 Nsec
Time shift integral 8.274 Nsec
0=0.946 Nsec
m=0.563 Nsec
Time second load integral 0.499 Nsec
6=0.350 Nsec
o m=83.624 N
Max. synchronization force 83.089 N
0=4962N
m=42775N
Max. second load force 41.805N
0=23.885N
m=0.190 sec
Shift time 0.186 sec
0=0.017 sec

Objective parameters obtained by the statistical
approach (II) are compared with those by the ap-
proach (I} in Table 2. It is seen that the objective
parameters by the two methods show almost the
same values.

4.3 Statistical analysis in time domain

Statistical analysis in time domain provides an
insight to the design engineer since the effect of
the design parameter on the behavior of the ob-
jective parameters can be investigated directly in
the time domain. The time domain analysis is
performed by varying the one design parameter
while using the representative values of the other
two parameters, that have the most probability.

In Fig. 13, results of the time domain analysis
of the double cone synchronizer for 1-2 upshift
are shown. The simulations are performed by
varying the driver’s input lever velocity while
using the most probable representative values of
the cone friction coefficient and the damping co-
efficient. It is noted from the statistical analysis in
the time domain that as the input lever velocity
increases, the first peak of the shift force increases
while the required shift time becomes shorter,
which seems quite natural by considering the
operation of the manual transmission. However,
the second load peak does not depend on the
input lever velocity because the second load peak
is determined by the relative position between the
sleeve and the gear chamfer, which requires the
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Fig. 13 Statistical analysis in time domain for input
lever velocity at 1-2 upshift

statistical approach mentioned earlier.

5. Conclusions

Statistical simulation approaches are presented
to evaluate the shift feeling for a manual trans-
mission. To investigate the shift force, shift force
simulator is developed by considering the dy-
namic models of the external and internal lin-
kage, synchronizer, and drivetrain. The synchroni-
zing motion is modelled as seven steps depending
on the relative displacement of the sleeve to the
ring spring, outer ring and engagement gear. It is
found that the shift force by the simulator shows
a good correlation with the test results. Using the
simulator, two statistical simulation approaches
are proposed. From the statistical simulations, the
objective parameters that can be used to evaluate
the shift feeling quantitatively, are obtained. It is
expected that the shift force simulator with the
statistical approaches developed in this study can
be used as a useful design tool to evaluate the shift
feeling in the initial design stage.
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