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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. Introduct ion  

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 models of the manual 

transmission. 

A few studies have been reported on the dy- 

namic modelling of the shifi process for the man- 

ual transmission. Goto et a1.(1998) obtained a 

simple simulation model for a synchronizing sys- 

tem including the shift control system flom the 

lever to the fork. Analytical model of the sync- 

hronizer components was proposed by Hoshino 

(1998) using ADAMS. In their work, the sync- 

hronizing step is divided into six steps such as 

movement of the sleeve, detent, index, balk, mesh 

of the sleeve and the outer ring, the mesh of the 

sleeve and the clutch gear. However, the shift 

force transmitted to the driver's hand could not 

be estimated since the dynamic model of the lin- 

kage system as well as tile drivetrain was not 

included. Kelly and Kent (2000) developed a 

gearshift quality dynamic models including the 

linkage, transmission, driveline and the sync- 

hronizer using MATLAB Simulink. The model 

takes each of the degrees of freedom, and solves 

lbr the acceleration of each component either 

axially or rotationally. Synchronizing motion was 

analyzed by Shinbata and Nakamura (1991) to 

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 synchronizer and 

the drivetrain are obtained. Simulation results are 

compared with the experimental results from the 

bench test to validate the dynamic models of the 

simulator. In addition, statistical approaches are 

proposed to estimate the shift feeling by consi- 

dering the variation of the design parameters. 

2. Dynamic  Model  of M a n u a l  
Transmiss ion 

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

hanism from the shill lever to the synchronizer 

of the manual transmission, investigated in this 

study, is shown. When tile driver pushes or pulls 

the lever, the displacement of the lever is trans- 

mitted to the rubber bushing through the cable. 

The linear motion of tile rubber bushing is trans- 

formed into the rotational motion of the shift 

arm. The rotational motion of the shift arm is in 

turn transformed into the linear motion of the 

control shall, and the shift fork that is attached 

to the control shaft pushes or pulls the sleeve of  

the synchronizer, where synchronization occurs. 

A weight is attached at the end of the shift arm 

to increase the inertial effect of the linkage 

system. 

2.1 Linkage system 
The linkage system consists of the external and 

the internal system. The external system includes 

shift lever, cables and rubber bushing. These are 

modelled as a spring mass damper system. In 

order to determine the stiffness of each element, 

experiments were performed. The cable stiffness 

was measured for a layout installed in an assem- 

bly. For a given input displacement, the reac- 

tion lbrce was obtained. In addition, a gap di- 

splacement between the cable core and the outer 

coat covering the cable core, was measured. It is 

noted fi'om the experiment that the gap displace- 

ment increases with the input displacement while 

the reaction force is small, but remains almost 

constant for a relatively large reaction force. This 

means that, when the lever displacement is small, 

the input displacement is absorbed to fill the 
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Fig. 2 Bondgraph model of linkage system 

gap between the cable core and the oute," coat. 

Once the gap is completely diminished,  a linear 

relat ionship between the input displacement and 

the reaction force can be obtained.  As for the 

rubber bushing, a force-displacement  relat ionship 

was obtained by experiment.  The internal l inkage 

mechanisrn includes poppet  ball, control  shaft, 

shift fork and sleeve. The masses, inert,as, 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 shilt arm 

rotates over  a given range. 

In Fig. 2, a Bondgraph model  for the entire 

l inkage system is shown (Karnopp,  2000). From 

the Bondgraph model,  state equat ions of  the 

l inkage system can be derived. State equat ions of  

the lever velocity, gzever, and the sleeve velocity, 

Vsteeve, a r e  obtained as 

Mt~,er (7 ,e,~r = F t e v e ~  - [ l'(,e,,erXte .... 
(1) 

+ Bl  ..... ( ~l . . . .  -- Ls(ol~r) ] 

M,,e,e, f/*,e~e = E jvr, X Io,~ + B zo~, ( 14.o,,.o,.~,,~, - l/ ,~v,) 
(2) 

- B.~e~. g,ee,,e-- F . e . . ~ .  

where Mtever is the lever mass. Fzever is the dri- 

ver's input lever force. Is is the lever stillness, 

Xtever iS the relative displacement of  the lever. 

Bzeoer is the lever damping coefficient, L s  is the 

length from the hand ball to the rotat ional  cen- 

ter of  the lever, O0ze,,~,- is the lever angular  velo- 

city, msteeve is the sleeve mass. Kro,-k is the lbrk 

stillness. )l}o,~ is the relative displacement of  

the fork, Bsork is the fork damping coefficient, 

Veo,,trot.s,~a.n is the velocity of  control  shati, Bs~eeve 
is the sleeve damping coefficient and F,-eaa~o,, is 

the reaction force applied to the sleeve. 

2.2 Driver model 
In Eq. (1), the shift lever force, Fte,,e,-, 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 .1o 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 relat ionship between the 

driver 's  intention and the shift lever input force, 

Ftever. 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) control ler  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�9 The 

driver 's  arm and hand are modelled as a damped 

spr ing-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 engagernent gear 

as follows : 

Step 1 : Sleeve moves from the neutral posit ion 

until the sleeve contacts the outer ring�9 

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. 3 Synchronizer 

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 

Freaction = Fsl . . . . .  :tic + FslJr.:ric (3) 

+ Fs: . . . .  ~l+ F~x~z 

where F~leeve.:r~ is the sleeve friction, Fs,~.:ri~ is 

the spring friction, Fspr.axiat is the ring spring 

reaction force in the axial direction. Parameters 

fsm..:ric and fspr.axial can be obtained as the axial 

component of the friction and the ring spring 

reaction force. The axial force, faxiaz, can be 

obtained from the axial force applied to the ring 

chamfer, which is explained below. 

Fig. 4 Synchronizing procedure 
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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, 

F~az,  is determined as 

Fox~l= Kcontacr q- Bcontact Vsl . . . .  (4) 

where Kcontact is the contact spring stiffness, 

AXsteeve is the deflection at the contact surface 

and l~contact is the damping coefficient. The axial 

force, Fax~z, 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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,uc~..W sin 0~.. / 0 ~ ~Weos c~ 

/ ' + ; J  _.-,. 02,21 , 
Fig. 5 

W c o s  19chain 
2 

Forces acting on outer ring chamfer 

,..o~ ( F~,,o~ + _%,...,., ) 
sin 0~o,,, 

Fig. 5, the tangential  force Fring.tangent t o  generate 

the index torque  are obtained. 

Fring.tangent: W cos OC~ am ~r~g.charnW sin O?m (5) 

�9 o c h  . . . .  o~o~, 
Fax~nt  = W s i n  ~ - [ l r i n g . c h a m  gg COS - -  (6) 

where W is the normal  force acting on the sleeve 

chamfer, Ocha~, is the angle of  the outer ring 

chamfer, [~trazg.cham is the friction coefficient be- 

tween the outer  ring and sleeve chamfer�9 From 

equat ion (5), (6), Fring.tangent is represented by 

Faxiat a s  

Eying. tangent 

COS~--Mring'charnSinO? m (7) 
=- Faxiat 

�9 Oc , , ,~ , , , ,  O~,,am 
S m  ~• COS 

The axial 

Fspr.axial, 
The cone 

Fig. 6 as 

force, Fax~t, and the ring spring force, 

are used to generate the cone torque. 

t o r q u e ,  Tcone, can be obtained from 

.U~o,, R . . . .  (Fo~ t+  F,p..a=~,) (8) Tcone= sin Ocone 

where/leone is the friction coefficient of  cone, Ocone 
is the angle of  cone and Rcone is the mean radius 

of  synchro cone. 

Fig. 6 Cone torque 

Fig. 7 Drivetrain model 

clutch disc and the inertias. In Fig. 7, N is the 

gear ratio, w is the speed, J is the inertia, b is 

the damping coefficient, subscript i is the input 

shaft, o is the output  shaft and number  1--5 

denotes the speed range. When the sleeve moves 

by the driver 's  lever operat ion,  the friction oc- 

curs between the rings and the gear cone, which 

results in the synchronizat ion.  During the syn- 

chronizat ion,  this friction affects the rotat ional  

speed response of  the input and the output  shaft. 

3. Simulat ion Results  and Discuss ion  

2.5 D r i v e t r a i n  In Fig. 8, s imulat ion results for I-2 upshift 

Figure 7 shows a drivetrain model  of  the man- are shown. System parameters used in the simula- 

ual  t ransmission used in this study. The drivetrain tion are shown in Table  1. In the simulation,  

consists of  the input and output  shaft, 1 -  5 speed the target velocity of  the driver model  was used 

gears, rear gear, 1-2, 3-4 and 5 -R  synchronizer,  a s  Vdriver= I m/sec ,  which was obtained as the 
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Table 1 Parameters used in simulation 

Parameter Value 

1 st stage gear ratio 3.636 

2 nd stage gear ratio 2.056 

3 rd stage gear ratio 1.296 

4 th stage gear ratio 0.943 

5 th stage gear ratio 0.756 

Mass of lever, Mzever 0.4435 kg 

Stiffness of popet ball spring, /s 2381 N/m 

Stiffness of lever, IX~ever 47180 N/m 

Mass of sleeve, Msteeve 0.3 kg 

Stiflhess of fork, Is 800000 N/m 

Friction coefficient between outer 0.1 
ring and sleeve chamber, ,tEr~g.cham 

Friction coefficient of cone, [lcone 0.09 

Mean radius of double cone for 1-2 72.45 mm 
upshift, Rcone 
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Time. sec 

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- 
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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. S t a t i s t i c a l  S i m u l a t i o n  o f  

S h i f t  F e e l i n g  

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 

Fig. 9 Probability density function of drivels 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 = l  m/sec from the bench test. Assuming that 

the input lever velocity, ~ever has a Gaussian 

probability distribution and using the mean ve- 

locity and the standard deviation, o'=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 Vlever 
is m = l  m/sec in the band m - - d t o  m + d a n d  the 

probability that Vlever lies between m--o" and 

m + 6  is 68.3%. 

The probability density ft, nction of the synchro 

cone friction coefficient and the drivetrain dam- 

ping coefficient can be established in similar man- 

ner, using the data fi'om 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- 

ion of the impact between the sleeve chamfer 

and the gear chamfer. Since the impact position 
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Fig. 10 Random generation of chamfer impact posi- 
tion 

-~ X ~  X ~  X 
~ C h a r  

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 2re~z, where z is the 

number of the sleeve chamfer teeth. 

4.2  S t a t i s t i c a l  s i m u l a t i o n  

For the statistical simulation, two kinds of 

simulation method are proposed. 

S t a t i s t i c a l  a p p r o a c h  (I) : In Fig. l I, 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 (1), 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. 

S t a t i s t i c a l  approach (II):  Statistical approach 

(If) proposed in this study can be explained as 

follows; If Xn is the nth input lever velocity 

which has the probability a~, Ym is the mth fric- 

tion coefficient which has the probability fl,~, 

Copyright (C) 2003 NuriMedia Co., Ltd. 
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parameters 

and zk is the kt~ damping coefficient of" the dri- 

vetrain, that has the probability 7k, the simulation 

results of the objective parameter Rn,m,k is defined 

as 

R .... k=simulat ion result using Xn, Ym, Z~ (9) 

Therefore, the representative value of the objec- 

tive parameter R can be obtained by considering 

the probability as 

Representative value of 

R=RLl,1•215 (10) 

A w e  . . . .  k -  t X Olnt~mTk-1 ~- g . . . .  k x Otnt~m yk  

n = l ,  2, ' . - , 5  

m = l ,  2, -.., 5 

k = l ,  2 , . . . ,  5 
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Table 2 Simulation results of objective parameters 120 

for 1-2 upshift 100 

Objective parameter Approach (I) Approach (II) 

Time shift integral 
m=8.488Nsec 

0.=0.946Nsec 

m=0.563 Nsec 
Time second load integral 

Max. synchron zation force 

Max. second load force 

Shift time 

0=0.350 Nsec 

m=83.624 N 

0-=4.962 N 

m=42.775 N 

o'=23.885 N 

m=0.190 sec 

d=0.017 sec 

8.274Nsec 

0.499 Nsec 
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41.805 N 

0.186 sec 
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Statistical analysis in time domain for input 
lever velocity at 1-2 upshift 

statistical approach mentioned earlier. 

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 S t a t i s t i c a l  a n a l y s i s  in t ime  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 upshifi 

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 

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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