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ABSTRACT 
In this paper a real-time model for a virtual gear shift testbench is presented. The testbench 
is destined for the virtual design of manual gearshifts. It enables the engineer to immediately 
experience the influence of his design changes on the shifting comfort. The model is derived 
from a fully detailed powertrain and transmission model including the external shift linkage. It 
is simplified to reduce computational effort and thus runs in real-time on the used dSPACE 
platform. Some examples for parameter influences are shown. 

1. INTRODUCTION 
The simulation of the gear shift behaviour has become an accepted tool to speed up the 
design process of manual transmissions and the involved components. Therein, of course, 
the shifting comfort is always a criterion of great importance. There is consensus that not 
only the internal and external gear shift mechanism, but also the whole powertrain have to be 
considered in the design process. The simulation enables the engineer to systematically 
investigate the influence of numerous design parameters. It is possible to compute result 
curves for speeds and forces that could hardly be measured. Nevertheless, gear shift comfort 
is a very subjective experience. It is not an easy task to translate adjectives like “brusque”, 
“crisp” or “soft” into results curves especially when talking to non-technicians. 
The presented testbench of a virtual manual gear shift might close this gap. The machine, 
which is named “gearshift simulator”, consists of three components: An actuated joy-stick, 
which represents the gear lever, provides signals for angular position, velocity and 
acceleration of the lever to a real-time computer. The computer is running the real-time 
simulation model of the gear shift. The forces at the gear lever are results of the calculation 
and given as set values to the actuator, which has to apply the “reaction force”. The real-time 
computer is controlled by a host computer running the user interface. Via this interface 
parameters of the simulation model can be changed and results (such as forces, speeds, 
etc.) can be visualized.  
Despite the synchromesh gear stage the simulation model contains the inner and outer 
shifting, the drive train and the control of the actuator (joy-stick). Parameters (such as drag 
torque, stiffness of shafts, inertias and friction coefficients, but also geometry data of toothing 
and friction cones) are modifiable before or during the real-time simulation. Hence, the 
gearshift simulator is suitable for gearshift design. The expectable behaviour can be 
demonstrated to the customer and adjusted to his expectations before the implementation of 
any hardware (e.g. even during the offering process). 



2. HARDWARE 

2.1 ACTUATOR 
The actuator consists of two integrated servomotors. A planetary gearbox allows an 
independent movement of the two axes, one for shifting and one for gear pre-selection. The 
motors are connected to a power source which provides several integrated control modes: 
e.g., position control mode, speed control mode, force control mode and impedance control 
mode. In the latter mode the motor can be given a set value for the force and in addition 
parameters for stiffness, damping, mass and friction related to a reference position and 
speed. All the necessary values and parameters can be set via a CAN bus interface. A load 
cell placed at the bottom of the gear shift lever measures the actual force at the stick. The 
actuator system including the power supply was developed and manufactured by 
WITTENSTEIN aerospace & simulation [5]. 
 

 

Figure 1: Left: actuator mounted on the gear shift simulator; right: power supply, dSPACE 
real-time system and host PC. 

2.2 REAL-TIME SYSTEM 
The real-time simulation model runs on a dSPACE PX10 Expansion Box. It is equipped with 
a DS1006 processor board, a DS4302 CAN interface board and a DS814 host interface 
board [6]. 
The simulation model is built up with SimulationX. Apart from the physical model it includes 
all peripheral components. That means especially CAN communication to set up the 
parameters of the actuator’s control and the exchange of set values and measured values. 
For this task special sub models were developed. The model further includes a state 
machine that controls the execution of the whole experiment: setup, initialisation, running of 
the gear shift model, termination. 
SimulationX supports the export of simulation models as C code to different target platforms 
(including the DS1006) with or without a solver. During the guided export process input and 
output values as well as parameters are selected via drag and drop. After this the C-code is 
generated and compiled automatically. The result is an executable file that can be 
downloaded to the real-time system using dSPACE ControlDesk. 



3. GEAR SHIFT SIMULATION MODEL AND COMPONENTS 
The real-time model is derived from a detailed model that considers the most important 
components of a manually shifted car with respect to the shifting comfort. This detailed 
model, shown in Figure 2, is based on [1], wherein it was presented and validated. 
Furthermore, in this paper the most important physical parameters that influence the gear 
shift comfort were identified. To obtain a clear arrangement, the model is built up by 
components. These are: the internal and external gear shift linkage, the synchroniser 
mechanism of the Borg-Warner type, the drivetrain and the inertias of the synchronised gear 
stages as well as the secondary side inertia of the clutch. The desired real-time model is 
supposed to consider all relevant parameters and should be adaptable to as many 
configurations as possible, for example rear wheel drives and front wheel drives. 
 

 

Figure 2: Overall detailed simulation model 
 
To achieve real-time capability the complex model must be reduced. To ensure the 
convergence of a fixed step solver the eigenfrequencies of the simulation model have to be 
limited to an upper bound, which depends on the used step size. This step size itself is 
limited to a lower bound that is defined by the performance of the real-time hardware as well 
as the models and the solvers computational effort. 
Regarding effort, the most expensive parts of the suggested solution are the synchroniser 
mechanism with its locking and selector tooth contacts as well as the necessary overhead 
due to experiment and hardware management. 
A further limitation that has to be taken into account in this application is the frequency 
response of the actuator system. As a result of these considerations an upper bound of 250 
Hz for the highest eigenfrequency was derived. This limit is kept in mind for reduction of the 
simulation model. Nevertheless test computations have to be accomplished to assure 
convergence. This is due to the fact that the system includes many nonlinearities and it is not 
viable to calculate the eigenfrequencies of the linearised model for all possible states. 
The “physical kernel” of the real-time model is shown in Figure 3. The driver model was 
replaced by an interface to the actuator. The integer values for speed and position of the 
actuators resolver are converted into the physical quantities at the gear lever’s top. These 
values can be seen as inputs into the physical model. The reactive force is a result value of 
the simulation model. It is fed back as a set value to the actuators force control. 
 



 

Figure 3: Physical real-time model 
 
Comparing Figure 2 and Figure 3 some further adjustments can be noticed: The model was 
extended to be able to switch between two gears. Hence the single synchroniser mechanism 
has been replaced by a double one. Furthermore, the drive train has been extended by a 
switchable friction connected to a preset for the drivetrain output speed. That makes it 
possible to readjust the speed on demand and at the same time preserves the degree of 
freedom of the car and the corresponding mode shapes.  

3.1 POWERTRAIN AND CAR 
Both, the detailed and the real-time simulation model of the car and its powertrain, are 
torsional vibration systems with the car inertia and the driving resistance converted to the 
rotatory system. Furthermore, the driven axles are reduced to one single branch. 

DETAILED MODEL 
The diagram view of the simulation model is shown in Figure 4. It was build up for a rear 
drive and consists of all relevant elements concerning stiffness, inertia, as well as gear ratios 
and friction losses. The driving resistance is expected to be connected outside of the 
component.  
The labels at the elements indicate which components are at least partially considered in the 
associated parameters. Components where inertias can be easily related to a primary or 
secondary side are split into primary inertia, secondary inertia and a spring-damper element 
in between. The inertias of shafts are separated by half and added to inertia elements 
symmetrically arranged around a spring-damper element, parameterised with the shaft 
stiffness. 
The inertia of the final drive includes the pinion gear on the primary side, and the ring gear 
and the differential cage with the spider kit at the secondary side. 
 



 

Figure 4: View of the component of a detailed powertrain simulation model 

REAL-TIME MODEL 
The dynamic behaviour of the real-time component is reduced to the three-mass-oscillator 
shown in Figure 5.  Due to the requirement, that the physical parameters of the detailed 
model should be changeable during the real-time simulation, a suitable reduction method has 
to be applied. Here a method proposed by RIVIN and DI presented in [2] was chosen.  
It is well known from many applications, that the lower eigenfrequencies of an opened 
powertrain are mostly influenced by the inertia of the clutch disk, the vehicle mass, the 
stiffness of the half shafts, the tires and - in case of a rear wheel drive - the propeller shaft. 
These parameters are considered in the real-time simulation model and can be changed 
while running the experiment. 
 

 

Figure 5: Powertrain component for the real-time simulation model 



3.2 GEAR SHIFT LINKAGE 

DETAILED MODEL 
There are numerous variants of gear shift mechanisms with different working principles and 
assemblies.  For example some use a gear shift rod others use a control cable.  
Figure 6 shows a detailed simulation model for an inner and outer gear shift mechanism that 
uses a lever mechanism at the gear shift fork and a shifting rod. As can be seen from the 
model view there are many nonlinear components such as backlashes and the detents that 
should be considered for simulative investigations. 
 

 

Figure 6: Detailed simulation model of an inner and outer gear shift mechanism 

REAL-TIME MODEL 
For a realistic experience of the shifting comfort of course the detent forces are essential. 
Therefore the real-time simulation model considers two possible detent curves. One for the 
inner and one for the outer gear shift mechanism. For the dynamic behaviour and especially 
the lower eigenfrequencies, that have to be considered in this application, two stiffnesses can 
be identified: 1st the stiffness of the contact between the selector fork and the sliding sleeve 
and 2nd the stiffness of the control cable, if existing. The real-time simulation model shown in 
Figure 7 was derived based on the example depicted in Figure 6. After removing backlashes 
and detents, the eigenfrequencies of this detailed model were both higher than 100Hz. 
However the lowest eigenfrequency will decrease significantly if the dynamic behaviour of a 
gear shift mechanism that includes a control cable shall be reproduced. That is why a spring-
damper-backlash element was integrated in the real-time simulation model. It is 
parameterised with the stiffness of the selector shaft and the contact between selector fork 
and sliding sleeve connected in series. The backlash parameter of the spring-damper 
element is set to the sum of all backlashes within the gear shift mechanism. 
For calculation of the mass element the masses of the components within the inner gear shift 
were summed up. The same was done for the outer gear shift mechanism but the 
corresponding inert force is computed within the actuators impedance control. 
The resulting real-time model may be also used to simulate different gear shift mechanisms 
that can be reduced to this structure. 
 



 

Figure 7: Real-time simulation model of inner and outer gear shift mechanism 

3.3 SYNCHRONISER MECHANISM 
 
REAL-TIME MODEL 
For the synchroniser mechanism the same model components are used in the detailed and 
in the real-time simulation model. The double synchroniser is built up by two single 
synchronisers of the Borg-Warner type. 

 

Figure 8: Component of the double synchronisation mechanism 
 
The simulation model of the single synchroniser shown in Figure 10 includes the locking 
contact between the sliding sleeve and the synchroniser ring as well as the selector contact 
between the sliding sleeve and the clutch body at the idler gear. The contacts are modelled 
by a spring in normal direction of the dog surface and a friction element acting in parallel to 
the dog surface as shown in Figure 9. It is estimated, whether there is contact between the 
dogs and which dog flanks are in contact. The contact angles and the current stick/slip 
situation for the contacting surfaces are computed. Furthermore the backlash variation with 
the mutual positions of the dogs and the stiffness of the teeth are considered.  
 



 

Figure 9: Contact calculation in the synchroniser submodel and geometry data 
 
The force in shift direction at the dog clutch, which results from locking, is used to compute 
the synchronising torque in the friction cones. For further information about the dog clutch 
element please refer to [4].  
To ensure that the fixed step solver solution converges, the tooth contacts should not result 
in eigenfrequencies that are too high. Therefore, the stiffness of the tooth was calculated as 
low as possible but high enough to comply with a given maximum deformation of the teeth. 
As parameters of the synchroniser simulation model not only inertias, stiffness and 
backlashes are available. It is also possible to insert geometry data such as tooth thickness, 
top angles and to choose different dog shapes such as pointed, flat or rounded top. 
 

 

Figure 10:Single synchroniser mechanism 

4. USER INTERFACE 
As the user interface to the real-time application of the gear shift simulator on the processor 
board dSPACE ControlDesk is used, which runs on the host PC. An experiment including 
several layouts was created to be able to observe and control the real-time simulation. Most 



important, it is possible to change numerous parameters as already mentioned in the 
preceeding sections. 

4.1 PARAMETERS 
As an example Figure 11 shows the layout where the user can change the parameters of the 
synchronising mechanism. Those are the geometry data for the locking and the selector 
teeth, the parameters of the friction cones and the characteristic curve of the pre-
synchronisation force. 
 

 

Figure 11: ControlDesk layout for parameter input of the Borg-Warner single synchroniser  

4.2 RESULTS 
Figure 12 shows an example for the representation of the result values during real-time 
simulation. The upper plot shows the actual force at the gear shift lever top as well as the 
actual lever position, in the lower plot the speeds of the idler gears and the countershaft are 
displayed.  
The most important result of this application is the subjective experience of the gear shift 
comfort. 
 



 

Figure 12:Example for online representations of signals 

5. CONCLUSIONS 
The gear shift simulator as an online design tool was presented in this paper. Therein the 
main focus was the derivation of a real-time simulation model which is appropriate for 
generating a realistic experience of the gear shift comfort to be expected, based on the most 
relevant physical parameters. The general structure of the model permits an adaption of 
parameters to similar gear shift mechanisms and vehicles. Apart from the possibility to use 
the simulator within the design process it is a useful tool to ease communication and 
understanding between OEMs, component suppliers and customers. For this purpose there 
exist two further applications for the given hardware, which are not based on a physical 
model but on behavioural descriptions.  They are intended to create a certain gear shift 
experience for presentations or discussions without an existing physical design. 
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