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Abstract

The objective of the research is to analyze the behavior of the developed electro-pneumatic actuator model and compare it to the 

behavior of the real system. The actuator achieves the requested gear changes by moving the two pistons inside the cylinder and it is 

operated by three-way two-position solenoid valves. Since not all model parameters are exactly known, such as contraction coefficients 

and friction parameters, they can be estimated based on literature then they can be further tuned to minimize the error of the 

simulation. The developed nonlinear model is capable of describing the dynamic behavior of the gearbox actuator, thus it can be used 

to analyze the effects of constructional modifications and it can serve as Model in the Loop (MIL) environment for controller testing.
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1 Introduction
Model-based development (MDP) is a widely used method 
in designing control systems and an effective way to react 
to the increasing product complexity and decreasing deve- 
lopment time. 

MDP has a wide range of applications, such as model-
ing of power networks for voltage controls (Petrone et al., 
2012), development of communication systems (Duncan 
and Etienne-Cummings, 2017), modeling of fuel cell sys-
tems (Ishaku et al., 2014) and it is of great importance for 
the automotive industry as it can be seen in (Bringmann and 
Krämer, 2008; Ogata and Katayama, 2010; Wakitani and 
Yamamoto, 2017).

It supports the development process (V-model) with the 
application of Model in the Loop (MIL) and Hardware in the 
Loop (HIL) environments. MIL environments can be used to  
determine the system specifications based on the given requ- 
irements, such as in (Kako et al., 2007) and controller algo-
rithms can also be designed and tested through MILs as it can  
be seen in (Németh and Gáspár, 2010; Ohata, 2009; Santillan-
Galvan et al., 2004), then they can be tested in HILs (Deng 
et al., 2008; Mihály et al., 2017; Rabinovici et al., 2012).

Electro-pneumatic systems are widely used in heavy-duty  
vehicles since they have many advantages, but their nonlin-
ear behavior makes predicting and controlling them difficult. 

Models can be powerful tools in controller and system 
design, but they should always be developed with regard 
to their applications and the modeling aims. Finite ele-
ment models can simulate systems with high accuracy, 
but they cannot be used to analyze the effects of smaller 
constructional changes because of their high calculation 
cost, and they cannot serve as MIL environments. Models 
without exact physical equations can be used for simple 
tests, although they are inadequate for tests that are more 
detailed and for fine tuning the controllers.

Models developed to serve as MIL environments should 
be able to describe the nonlinear behavior of the system, 
yet they should have reduced complexity. To provide reli-
able feedbacks to both design and controller development 
they have to be verified and validated against laboratory 
measurements.

The aim of this paper is to show the detailed verifica-
tion and validation process of the nonlinear model of a 
pneumatic actuator developed in (Szabó et al., 2018).

The paper is organized as follows: Section 2 describes 
the modeled actuator, Section 3 shows the model verifica-
tion, Section 4 presents the validation results and Section 5 
shows some conclusion remarks. 
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2 System description
The function of the modeled actuator is to shift the 
requested gear within an automated manual transmission 
of a heavy-duty vehicle, or to set the gearbox to neutral.

The actuator is driven by two 3-way 2-position solenoid 
valves, which connect the chambers to the supply pressure 
or to the ambient pressure. There are two pistons, two work-
ing chambers and one control chamber within the cylinder, 
which serves as an air spring between the pistons. The sim-
plified layout of the modeled system can be seen in Fig. 1. 

The main piston has three dedicated positions: two 
gears (High and Low end positions) and a Neutral posi-
tion, while the floating piston can move only between 
Neutral and High positions. 

The shift fingers main function is force transmission 
as it connects the actuator to the gearshift linkage. The 
detent mechanism – which prevents the unintended move-
ment of the pistons – is also connected to the shift finger.

3 Verification
The model verification is performed by comparing the 
behavior of the real system with the simulation results as 
regards the trends-, operation domain- and relationship of 
the variables. In the verification process four different oper-
ation cases were considered, which are the gear-to-neutral 
and neutral-to-gear changes. The verified outputs are the 
working chamber pressures and the main piston position. 

3.1 Neutral to High gear change
The first test case can be seen in Fig. 2. To switch the actua-
tor from Neutral to High position Solenoid Valve 1 is ener-
gized. It can be seen that after approximately 3 ms delay 
– which is caused by the inertia of the solenoid valve – the 
pressure in Chamber 1 starts to increase and after reaches, 
the supply pressure it remains constant. After releasing 
the solenoid valve the air from Chamber 1 exhausts, thus 
its pressure sets back to the ambient pressure. 

When the pressure difference between the chambers is 
high enough to overcome the Coulomb-friction both the 
Main- and Floating pistons start to move towards High 
position. After reaching their end position, the movement 
of the pistons stops and a breakpoint can be observed in 
Chamber 1 pressure since the volume change of Chamber 1 
suddenly drops to zero.

A small pressure increase can also be seen in Chamber 2, 
which is caused by the combined effect of its decreasing 
volume and the choke of Solenoid valve 2.

3.2 High to Neutral gear change
A High to Neutral gear change can be seen in Fig. 3. To 
reach Neutral position both solenoid valves were ener-
gized at the same time. Chamber 2 has smaller volume at 
the beginning of gear change, therefore the pressure gra-
dient of this chamber is higher, than the pressure gradient 

Fig. 1 Simplified layout of the gearbox actuator Fig. 2 Verification – Neutral to High gear change
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of Chamber 1. However, as the pistons start to move, the 
volume decrease of Chamber 1 compensates the smaller 
initial volume of Chamber 2, thus Chamber 1 pressure is 
higher for the most part of the gear change.

It can be seen that for a short time the pressure of 
Chamber 1 exceeds the supply pressure, which is caused 
by the decreasing volume of the chamber as its pressure 
reaches the supply pressure before the movement stops.

Since Chamber 2 pressure is applied not only to the Main 
Piston, but also to the Floating Piston the smaller pressure 
inside Chamber 2 can switch the actuator to Neutral.

3.3 Neutral to Low gear change
The third test case can be seen in Fig. 4. In this case, most 
of the conclusions that were made regarding the first test 
case are also correct. The only relevant difference between 
the two cases can be seen in the behavior of the Floating 
Piston. As the movement of the Floating Piston is limited 
between Neutral and High, in this case it stays in Neutral 
position as it was expected. 

3.4 Low to Neutral gear change
The last test case can be seen in Fig. 5. It shows that the 
movement of the Main Piston is slower, than in case of 
the second test case because in this side of the actuator 
there is no floating piston. Therefore, the pressure force 

generated by the pressure difference of the working cham-
bers is much lower as the differences of the corresponding 
piston areas are smaller. This can be compensated by an 
offset between the solenoid commands.

Fig. 3 Verification – High to Neutral gear change Fig. 4 Verification – Neutral to Low gear change

Fig. 5 Verification – Low to Neutral gear change
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4 Validation
4.1 Measurement system
The model was validated against laboratory measurements, 
where the measured signals were the solenoid commands, 
the working chamber pressures and main piston position. 

The measurements were taken on a heavy-duty AMT 
test bench, which includes a 16-speed heavy-duty auto-
mated gearbox, a gearbox actuator (including the shift cyl-
inder), two electric motors with speed sensors, a supply 
pressure sensor and for each cylinders in the actuator there 
are two pressure sensors and a position sensor. 

During the validation measurements the supply pres-
sure was set to 9.5 bar and the supply voltage was 28 V. 
The chamber pressures were measured with 2 ms sample 
time, while the piston position was measured with 5 ms 
sampling. In the validation process all four possible gear 
changes were analyzed.

4.2 Parameter estimation
The aim of the validation was to minimize the sum squared 
error of the simulation through tuning the unknown para- 
meters of the model.

First, the unknown parameters of the model had to be 
determined. These are the contraction coefficients, heat 
transfer coefficients, viscous friction coefficients and 
Coulomb friction parameters, then for each of them an ini-
tial value was defined along with its extremes. A constant 
delay was also taken into consideration for each sensor.

In the next step the thermodynamic (including the  
solenoid valve models) and mechanical models were vali-
dated separately. The sample times of the measurements 
are much higher, than the simulations, thus this step can  
only serve as a rough parameter estimation before fine- 
tuning the model. 

In case of the thermodynamic model the input signals 
were the solenoid commands and the piston positions, where 
the floating piston position was determined based on the 
main piston position. Because of the relatively large sample 
time of the position measurement, the measured signal had 
to be interpolated. This sub model could have been further 
tuned by fixing the pistons in their end positions, hence 
further increasing the accuracy of the parameter estima-
tion. The tuned parameters of the thermodynamic model 
were the contraction coefficients of the solenoid valve and 
the heat transfer coefficients of the cylinder.

To validate the mechanical model, the input signals 
were chosen as the measured working chamber pressures, 
while the control chamber pressure was assumed equal 

to the ambient pressure. The identified parameters of the 
mechanical model were the friction related parameters of 
the model.

Parameters identified with the standalone validation of 
the sub models were used as initial values and they were 
further tuned during the validation of the complete model.

4.3 Validation results
The Neutral to Gear and Gear to Neutral gear changes can 
be seen in Fig. 6, Fig. 7, Fig. 8 and Fig. 9. The figures pre-
sented in Subsection 4.3 show the results of the validation 
and parameter identification with solenoid commands as 
input of the model and should be interpreted as follows: 
the first diagram shows the solenoid valve commands, 
the second and third diagrams present Chamber 1 and 
Chamber 2 pressures (pch1 and pch2) and the fourth diagram 
shows the main piston position (xmp).

Fig. 10 shows the sum squared error of the model after 
validation in every measured timestep.

To get a representative value for the accuracy of the 
model the Euclidean norm of each error signals was calcu-
lated as follows:
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All validated outputs have their own time interval for 
every test case, which is limited to the time, when the 
given signal varies, hence the constant states cannot dis-
tort the results. Individual errors of the model can be seen 
in Table 1, where N refers to Neutral, H refers to High and 
L refers to Low.

5 Conclusion
It can be seen in Table 1 that the model accuracy is above 
95 % for all three validated outputs for all test cases. The 
standalone test cases can be grouped and compared in dif-
ferent ways, for instance a useful comparison can be made 
between Gear to Neutral and Neutral to Gear shifts.

Instead of a more complex friction model, such as the 
Stribeck model, a combination of Coulomb- and viscous 
friction was implemented. During Gear to Neutral gear

Table 1 Euclidean norms of the error signals

N2H f H2N l N2L l L2N f

pch1 [%] 1.45 2.96 1.84 2.28

pch2 [%] 1.02 4.49 1.91 4.57

xmp [%] 3.13 3.38 2.40 2.69
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Fig. 6 Validation – Neutral to High gear change

Fig. 7 Validation – High to Neutral gear change

Fig. 8 Validation – Neutral to Low gear change

Fig. 9 Validation – Low to Neutral gear change
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changes the effect of the breakaway friction can be much 
higher as the movement of the pistons is slower, than in 
case of Neutral to Gear shifts, which can explain why are 
the latter test cases more accurate. Another possible rea-
son could be that the supply lines of the working cham-
bers were not perfectly separated during the measurement, 
which can distort the results. This would also explain the 
small pressure increments in both of the working cham-
bers, which can be observed when air was exhausted from 
the counter-side chamber and there is no piston movement. 
This can be seen in Fig. 10 around 12 s and 27 s.

The results can also be compared based on the location 
of the main piston. As between Low and Neutral the con-
trol chamber has no effect and there is no collision, only 
friction between the pistons, the higher accuracy of the 
simulated position meets the prior expectations. 

It can be seen, that the pressure deviances are much 
smaller in case of Neutral to High gear changes, than in 
any other test cases. This can be explained by the Main 
Pistons geometry. On the right side of the cylinder the pis-
ton movement is limited by a bumper, while on the left side 
it is limited by the piston skirt. The exhaustion is assured 

Fig. 10 Deviances of the validated outputs
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in both sides of the cylinder; however, it is possible that in 
the left side the skirt geometry limits the cross-section of 
the flow instead of the port.

In spite of the flaws of the model it can be said that it 
became able to simulate the system behavior with accept-
able accuracy, as its unknown parameters were tuned to min-
imize its sum squared error compared to the measurement.

The model accuracy could be further improved by more 
detailed validation process (e.g. more measured outputs, 
and more validated sub models), or by modeling sim-
plified physical phenomena in details, such as the fric-
tion or the heat transfer. Currently the heat transfer areas 
are assumed to be constant, but they could be calculated 
based on the piston positions. There could also be a more 
complex friction model implemented, such as the previ-
ously mentioned Stribeck model (which is a steady state 
model), or even dynamic models, for instance the LuGre 
model, or the seven-parameter friction model. While these 

modifications could increase the model accuracy, they 
would also increase the calculation cost and the number of 
unknown parameters.

Future work will focus on the complementing of the 
actuator model with a synchronizer model - which takes 
into consideration the engagement probability of the syn-
chromesh mechanism - and on the development of Neural 
Network based controllers to achieve the position control 
of the system. 
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