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Introduction 

Most of the models made for transmissions, engines, tyres and other vehicle dynamics are 
single models, just to investigate a specific goal. This makes it difficult to combine or 
re-use the models. 
Advance is a software package that solves these problems. Advance is an interface for 
MatlabISimulink which forces the user to program his component model in a certain, 
predefined way. Because of this the component models are reusable and orderly. 
This is not the only benefit of Advance; with Advance it is also possible to test the model 
"real-time", because it contains a complete vehicle model. 

The initial goal of the traineeship was to model a normal CVT and a GN-CVT [I] in 
Advance. The intention was to judge the fuel consumptions on the basis of these two 
models. 
This goal is reduced, because the modelling of the normal CVT in Advance appeared to 
be a complete traineeship. The fuel consumption of the normal CVT is now compared 
with the fuel consumption of the manual transmission. This paper contains the main 
problems and the found solutions which came across by making the model. 

In the first chapter Advance will be clarified, especially the upper layers will be 
discussed, these are the predefined layers. In this chapter there will be paid attention to 
the structure of Advance. 
Next the fitting of the CVT model to Advance will be discussed. There will be paid 
attention to making the model real time. 
After that there will be done some simulations with the model and the output plots will be 
discussed. 
Finally some conclusions and recommendations will be made. 
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Chapter 1: Advance 

I I General introduction about Advance 
Advance [2] is an environment in MatlabISimulink that makes vehicle modelling and 
analysis easy. Advance is more than just a library of fast and sophisticated vehicle 
component models. Advance combines efficient powertrain and vehicle dynamics 
modelling in one Matlab/Simulink simulation environment, and the user has all 
MatlabISimulink functionality at his disposal for concept studies, parameter studies, 
controller design, and real-time HILJRCP work. Controllers are being modelled in the 
same (Simulink) environment as the vehicle model. Due to its modularity and the 
intuitive interfaces between modules, Advance promotes component model re-use and 
makes it easy for the user to include his own component models. 
Advance is useful for developers and integrators in the fields of advanced (hybrid) 
powertrains, (semi-)active systems, by-wire systems, and intelligent vehicle systems in 
ge~erzi!. Advmce co;;ta;~s G U S  made iii ?&itlab, and coinponent rnodei ii'orary biocks 
modelled in Simulink. Core algorithms of the component models have been compiled as 
s-functions. The remarkably fast Virtual Reality Visualization tool is a C/C++ s-function 
that works with VRML files describing the 3D scene. 

Highlights 
0 Structured environment making Simulink vehicle modelling and analysis easy 

Intuitive and open modular structure 
Easy integration of your own component models 
Library of fast, validated powertrain and chassis component models 
Demonstrated button-press real-time capability (for Hardware In the Loop and 
Rapid Control Prototyping) 
DELFT-TYRE models searnlessly integrated (MF-Tyre is the default tyre model) 
Built in the MATLABISimulink environment 
Choose solvers, step sizes, etc. the way you would do for any ordinary Simulink 
model 
TNO Automotive organisation supports model development and vehicle 
(component) measurements 

Application Areas: 
Automotive 
Vehicle dynamics 
Advanced powertrains 
Real-time systems 

= P--+~- bVllLIVI desiga 

Concept development 
Parameter studies 
Simulation 
System integration 
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1.2 The upper-layer 
The upper layer of Advance contains six major parts: Test, Driver, Control, Powertrain, 
Chassis and Body (figure 1). 

I TNO Aclaomative 

Figure 1: upper layer of Advance 

This is the general structure of Advance. As shown in figure 1 only the three lowest parts 
(Powertrain, Chassis and Body) are connected to each other. This is direct one of the 
ways of programming in Advance: the mechanical connections between components are 
as much as possible made by lines. The upper three parts (Test, Driver and Control) are 
not connected with lines, these receive there data fiom the Main Connector (Bus). The 
Bus is the connector in the upper right comer of figure 1. The connector receives all the 
data fiom the six parts and can send them to each of them. The Bus also sends the data 
via thc Oxpat Selector to the Bas Output, which saves them in a structure. 
In the upper left comer there are also two blocks: Parameters Setting and Result Plot. 
V&it the block ,D~ramete,..s ,Czttl'r,g the ?~~itflitb-fi!es which cnntzins the pslrzmters for the 
model can be selected. The block Result Plot contains a graphical interface, which makes 
it easy to plot the selected data. 
Next the lay out under the part Powertrain will be discussed, the layout under all of the 
other parts in practical the same. 



j mehanical engineering 
Modeling a CVT in Advance 

1.3 The second-layer; Powertrain 
The second layer of the Powertrain part again is divided into four pieces. The Engine, 
Torque-Converter, Transmission and the Final Drive (figure 2). Again the in the 
mechanical connections are made with lines and the other come from the Sub Connector 
in the upper right comer. In this Sub Connector also all the data from the four parts are 
collected and send to the Main Collector in the upper layer. 

I 
I 
I atio 

I 

i 

Figure 2: second layer of Advance from the Powertrain part 

Figure 3 shows schematically the coupling between the components of figure 2. The 
incoming signals of each part are the incoming torque and sum of all foregoing inertias 
by one line and the outgoing speed and it's differentiated by another line. The output of 
each component is the outgoing torque and the sum of inertias, including his own, by one 
lice. Ey the ether l i ce  the i i i c ~ ~ i i ~ g  speed md its Gifferei-iiiated is send back. 
Also in this layer just the mechanical connections go by line, while the other go by bus. 
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Figure 3: general structure of Advance. 

With this coupling each of the components can be modelled separately. Under this layer 
the user has complete freedom of modelling, whit one constrain: the incoming and 
outgoing signals have to match. 
Of course it is better that all users in an organization use the same structure, so they it is 
easier to understand models made by other. A recommendation is to use the structure 
used in Advance also under this layer. 
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Chapter 2: Modelling the CVT in Advance 

2.1 The existing model 
The available model was a geared neutral model [3].This model was made up of a model 
f ~ r  the belt, the chi~i-;ll, the epileptic gezring and a very simpie modei for tne vehicle itseif. 
The geared neutral model is used because of the good description of the belt behaviour. 
The output of the engine and the load were predefined in this model. The shifting was 
also not included in the model, because the model was based on launch performance. 
Further there were made some simple assumptions for the losses. The model worked 
well for the defined specific conditions. 
From this model a "real time normal CVT model has to be made": 

2.2 Fitting the model for Advance 

2.2.1 Implementing the available CVT model 

CVT component 

Figure 4: schematically representation of the implementing of the available CVT model. 

In figures 4 is schematically shown how the available CVT model is implemented into 
Advance. Because the model is based on two input velocities and returns two output 
torques this is fitted two Advance in the shown way. The formulas that are related with 
this implementation are: 

with: T,, =Tc-T,,, 
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The available CVT model can be schematically represented as shown in figure 5: 

Figure 5: schematicaiiy representation ofthe avaiiable CVT moael 

Figure 5 shows a schematically representation of the available CVT model. The block left 
fiom the CVT represents the inertia of the foregoing components. The block on the right 
represents the inertia of all following components. In the figure is shown that the ingoing 
and outgoing speeds of the transmission are input variables, while the ingoing and 
outgoing torque are the output variables. 
The relation between these input and output variables is made by the traction diagram, 
between the two pulleys in the figure. This traction diagram has on the horizontal axis the 
slip of the belt and on the vertical axis the torque that has to pass on. The slip is 
determined at the following way: 

Where r w is the ratio between the pulleys, so between ingoing 
While r - g is the geometric ratio, so the actual ratio of the belt. 

and outgoing speed. 

The torque is also depending on the geometric ration of the variator and on the clamping 
force: 

Where F is the clamping force on the secondary pulley, R, is the radius of the primary 

pulley and a is the cone angle of the pulleys. 
The output torque is related to the input torque at the folowing way: 

Where T,,, is the torque loss that will be discussed later on. 
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2.2.2 Shifting 
The existing model is based on a GN-CVT, the controller does not have a part where the 
ratio is determined. This can be done with a variogram [4] (figure 6): 

Figure 6: variogram 

On the basis of a variogram the desired number of revolutions of the engine can be 
determined. The inputs are the position of the acceleration pedal and the car speed, with 
this information the desired radial speed of the engine can be determined. 

So with the variogram the desired radial ingoing speed can be determined at each 
moment. This desired speed and the actual ingoing speed are available, when this actual 
speed is subtracted from the desired speed, there is an error signal. Now it is possible to 
implement a acorrhol!er -~v~dich actuates the hydraulic cylinders. Because of this it is 
possible to shift, so the actual ingoing speed follows the set point. 
Because the signals are available at each moment, it is possible to use the controller for 
real time applications. 

2.2.3 Braking 
Braking is also a problem in the existing modei. The ide modei, so as it is called in the 
existing file, determines the shifting speed on the basis of four varia.blbles: the p-a-y a d  
secondary ciamp force, the actuai radius of the belt and the rotational speed of the 
primary pulley. 

When the driver breaks, the variator has to shift back. The maximum (back) shift speed 
of the used model is relatively low. 
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The problem can be solved by implementing a brake safety in the model; this brake 
safety means that when the driver brakes, the difference between the clamping forces 
becomes maximal. Than the ide model shift as fast as possible. Figure 7 shows how this 
is implemented in Simulink. 

Figure 7: Control of clamping forces with the brake safety 

The brake safety works as follows: the switch in the middle determines if the primary 
pulley is rotating or not, the brake safety will not be active. If the primary pulley is 
rotating, and the driver brakes the two switches on the right will switch to maximal 
clamping forces. This makes the variator shift back as fast as possible. 

With this controller the only tuning freedom is the primary and secondary clamp forces. 
A problem that is causes by this brake safety is that it causes peaks in the output torque; 
this will be discussed later on. 
In a next stadium it is possible to implement a slip controller, which does not work with 
the ide model, and keeps the slip in control, also with braking. 
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2.2.4 Implement the losses 
The losses of the CVT are also implemented in the model. These losses are based on 
measurement data and contain the belt losses as well as the pump losses. 
The data from the measurement were only till 2500 rpm, while the range of the motor is 
till 6000 rpm. However the maximum number of revolutions that the motor reached in 
the used test cycle, the NEDC cycle, is 3000 rpm. So the data are extrapolated till 3000 
qm. 

Tlo,, by N=25[10 rprn 
- 

ratio 

Tlo,, by P=10 bar 

2 2.2 2.4 
ratio 

Figure 8: T-loss as function of the ratio by constant number of revolutions and constant pressure. 

As shown in figure 8, this extrapolation is not a bad assumption. The losses increase 
minimal by up going revolutions (the line in lower figure contains actual the three lines 
from the legend), while they increase considerable by up going pressure. 
m 

I he iesses are implemented till 3000 rpm; this is a problem when the engine speed 
becomes larger. When this problem occurs the losses model has to be changed. 
So the engine revolution is a restriction for the model, when is whished for simulations 
with higher engine revolutions, the torque loss model has to be suited. 
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2.2.5 The engine 
The used engine is a 92 kWl125 hp gasoline engine, with a maximum torque of 180 Nm. 
The maximum engine speed is 6000 rpm. The fuel consumption of the motor is 
distributed as shown in the fuel map (figure 9). 

otto engine: 1.9L, bsfc [gikwh] 

Figure 9: fuel map 
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Chapter 3: Simulations 

3.1 The NEDC-cycle 
The entire NEDC cycle includes four ECE segments, figure1 0, repeated without 
interruption, followed by one EUDC segment, figure 11. Effective year 2000, that idling 
period has been eliminated. This modified coid-start procedure is aiso referred to as the 
New European Driving Cycle or WEDC. 

The ECE cycle is an urban 
driving cycle, also known as 
UDC. It is devised to represent 
city driving conditions. It is 
characterized by low vehicle 
speed, low engine load, and low 
exhaust gas temperature. 

208 Figure 10: ECE 15 cycle 

Figure 11: EUDC cycle 

The EUDC (Extra Urban 
Driving Cycle) segment has 
been added after the fourth ECE 
cycle to account for more 
aggressive, high speed driving 
modes. The maximum speed of 
the EUDC cycle is 120 kmlh. 

Figure 12: 

Complete NEDC-cycle 

lime [sl 
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3.2 Output 
With the model a lot of output data can be generated. The CVT is implanted in a "real- 
time" vehicle model, so at the behaviour of all components can be determined at each 
moment in the test cycle. 
In this paragraph some of the output plots will be discussed. 

3.2.1 Output plots 

Figure 13: The upper figure shows the acceleration pedal position; the figure below shows the 
position of the brake pedal. 

Figure14 13 shows the "drivers' behaviour". The figures show the position of the brake 
and acceleration pedal, between zero and one. As shown in the figure, there are some 
fluctuations in the acceleration pedal signal. These fluctuations come back in the whole 
power train. This is something that has to be tuned. 
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400 6010 800 I a m  I 2nn 
time [s] 

time [s] 

Figure 14: the upper figure shows the set point speed and the lower figure the real speed. 

Figure 14 shows the set speed and real speed of the primary pulley. As shown the model 
follows the set speed pretty well, only quick changes can not be followed. This is also 
natural, because the variator can not shift infinitely fast. Another thing that stands out is 
that the real incoming speed does not goes to zero, this is because otherwise there are 
numerical errors in the simulation. 
Also shows the upper figure that there are some vibrations in set speed, this is causes by 
the input of the throttle pedal. The controller of the throttle and brake pedal has to be 
tuned well, so that this problem does not occur any more. 
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slip 

Figure 15: The upper figure shows the slip, the figure below shows the ratio of the variator ( r-ide) 
and the ratio between the wheels( w-outlw-in). 

As shown in Figure 15 the high slip values occur when the vehicle stands still. This is no 
real slip. The cause of this slip is that the upper and under ratio of the wheels is limited, 
this because otherwise this ratio should blow up by low outgoing speeds, like taking of. 
The ratio of the variator is also limited, but the ratio of the wheels is limited just a little 
bit lower as the ratio of the variator, otherwise numerical errors would occur. 
Because of this, the output torque of the model shifts up when the vehicle stands still. 
Because there is still slip, what leads to traction. 
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Figure 16: The ingoing and outgoing torque of the varistor. 

Figure16 shows the ingoing and outgoing torque of the torque converter. As mentioned 
before the outgoing torque peaks at the moment the brake pedal is released. When the 
velocity is zero, there is also a constant torque output. These two problems are caused by 
the implemented way to prevent numerical errors by low velocities. Because there still is 
slip when the vehicle stands still, the model has a torque output at these moments. 
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3.2.2 Fuel consumption 
As discussed in chapter 2, there is an engine implanted with known characteristics. The 
engines torque and radial speed at each moment are also known. 
The fuel consumption of the CVT will be discussed on the basis of figure 17. Figure 17 is 
the fuel map of the engine, in here the engines torque at each moment is plotted against 
the radial speed. 

otta 1.91, bsfc [glkwh] 
I I I I I I I I I I I 

500 1800 150D 2000 25130 3[1100 35UO 4800 4500 5000 5500 6LI0il 
engine speed [rpm] 

Figure 17: The torque and engine speed at each moment with a CVT transmission plotted in the fuel 
map 

The figure shows that the CVT transmission shift in such a way that the engine condition 
goes straight to the sweet-spot of the fuel map. With the comment that the variogram is 
not tuned for this transmission, so tuning the variogram will decrease the fuel 
consumption. 
Figure 18 shows the engines torque and radial speed when using a manual transmission. 
The simdzitim with the manual h m s ~ i s s i m  is dme with the xode! thzt is a!rea&j 
modelled in Advance. This figure shows that the manual transmission, with the 
predefined sliift i i i ~ ~ ~ i i t s  iii Advafice, keeps the ~figiiiiie conditions far away from the fuel 
maps sweet-spot. In this simulation the drive style is sportive, so the data can not be 
compared with the data from the CVT. 
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~ t t o  1.91, bsfc [glkwh] 
200 I I I I I I I I I I I 

engine speed [rprn] 

Figure 18: The torque and engine speed at each moment with the manual transmission plotted in the 
fuel map. This is the manual transmission that is already implanted in Advance. 

The two transmissions can be compared with data that the manufacturer of the car and 
engine publishes [5]. These data are with the same car and same engine for an NEDC- 
cycle. 

transmission 

In reality the differences between the CVT and the manual transmission are not so large. 
The differences can be explained by some phenomena that are not included in the model: 
Acceleration enrichment is not included in the fuel map. The fuel map is good for 
stationary conditions, but going from one stationary point to the other is not described. 
Another thing that is not taken into account in the model is the increase of weight that is 
causes by a CVT. E.g. a weight increase of 50 kg causes a fuel increase of 0.1 LIlOO km. 
in the NEDC-cycle. 
The NEDC-cycle also contains a cold start, which is not implanted in the model, and the 
fuel map measurement conditions (environmental) vary from the test conditions. 

fuel consumption 

Manual transmission 
(Manufacturer) 

CVT 
(Simulation Advance) 

+I- 7.7 [ 11100 krn] 

6.9 [l/lOO krn] 

Table 1: comparing the fuel consumption. 
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Conclusions and recommendations 

Advance is very useful software, because it structures MatlabISimulink. 
MatlabISimulink is for most of the students and employees well-known, because of this 
working with Advance is not a large step. The main benefits fiom Advance are that it 
forces the users to program in a certain way and makes it easy to do "real-time" 
simulations. Because the way of programming is predefined, the models that are made 
are easily to combine or compare and re-usable. 

The model is a good start for a final "real-time" CVT model. The model has to be fine 
tuned; therefore there will be made some recommendations: 

One of the major problems of the model is that the variogram is not tuned for the engine. 
This is something that has to be done to make good fuel simulations. 
It is also possible to implement E-line tracking, so that the fuel consumption decreases 
even further. 

The "driver behaviour" is also a main problem in the model, there are fluctuations in the 
acceleration pedal, which makes themselves felt although the powertrain. A proposal is to 
make the block "driver" in such a way that the signal acceleration pedal and brake pedal 
can be tuned separately. 

Implement a controller that keeps the slip under control, this will decrease the fuel 
consumption also. The controller in this model contains a brake safety, so that the 
variator can switch down fast enough by braking. A disadvantage from this brake safety 
is that at the moment of breaking the clamp forces increase, which leads to very high, 
theoretical, torque outputs. 

The slip according to the output plots is unreal; this is to prevent numerical errors. There 
should be looked for other nm-erical solutions to prevent this error, because this one has 
some unpleasant side line effects. 



/' mechanical englncering Modeling a CVT in Advance 

References 

[I] GN-CVT see the paper of Casper Jans 

[2] www. tno .nl 

[3] The variogram made by VDT 

[4] The vehabzadeh4Rl2.mdl model created by B .P.Peeters. 

[5] http://www.autoworld.com/news/Mercedes/A 190HiTech.htm 


