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Abstract—The paper deals with the model-based control of an
electro-pneumatic gearbox actuator. Electro-pneumatic systems
have many advantages, such as long lifetime and high oper-
ational safety, but their nonlinear behavior makes predicting
and controlling them difficult. The objective of the research is
to design an optimal control of an electro-pneumatic gearbox
actuator. In order to control a nonlinear system with linear
control methods a multi-state state-space representation of the
system is presented. Based on a preliminary comparison an
open-loop, a PID, and a linear quadratic controller were chosen
for development. The developed controllers were tested in a
Model in The Loop environment, and their performances were
compared based on previously defined controlling requirements.
Both the open-loop and the PID controller were able to meet the
given requirements. The open-loop controller has high parameter
sensitivity and relative low performances in case of collision speed
and shift time, while the PID controller has the highest number
of solenoid valve actuations. The linear quadratic controller has
good overall performance in case of neutral to gear changes,
however it cannot stabilize the system in neutral position within
the required time, which can be a consequence of the given
simplifications. With respect to the results of the Model in the
Loop tests two suggestions were made regarding the applicable
controller.

Index Terms—Pneumatic actuators, Control design, Position
control, PD control

I. INTRODUCTION

Pneumatic actuators use the compressed energy of the
compressed gas to achieve force transmission and to produce
reciprocating linear motion. Systems driven by pneumatic
or electro-pneumatic actuators are widely used in industrial
applications, since they have lower specific weight and higher
power density than an equivalent electro-mechanic actuator,
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and they are applicable on a wider temperature domain than
the hydraulic actuators. There is an unlimited supply of air
to be compressed, while the exhausted air do not need to
be collected, which means fluid return lines are unnecessary.
The compressed air can be easily stored, and transported,
while these type of actuators are easily maintainable, they
have long lifetime and high operational safety. They have a
wide range of applications in the field of robotics, automation
and manufacturing. A review of the industrial application of
pneumatic systems can be found in [1].

Many of recent studies focuses on the modeling and control
of pneumatic muscle actuators (PMA), such as [2], [3] and [4].
They are one of the most promising actuators for applications
that require greater proximity between the humans and the
robots. While researches connected to the vehicle industry
focus on the single- and double acting pneumatic cylinders.
These are commonly used in systems, like exhaust gas recir-
culation, air brake systems [5], turbocharger applications [6],
electro-pneumatic clutch [7] and gearbox actuator systems [8].

While the electro-pneumatic systems have many advantages,
their nonlinear behavior makes predicting and controlling them
difficult. [9] In literature one of the proposed methods is PID
control, which should be enhanced through gain scheduling
or it should be used in cascaded control [10]. Another control
methods are the linear quadratic (LQ) control [8], which
provides optimal control solution for a given cost function, the
sliding mode control [11] and H-infinity method [12]. Further
applicable controllers are the adaptive controllers [13], the
fuzzy-based controllers [14] and the Neural Network based
controllers, such as [15], [16] and [17].

The objective of the research is to design different concepts
of model-based controllers, which can assure the optimal posi-
tion control of a given electro-pneumatic actuator, and to find
an optimal control strategy, which can meet the contradictory
requirements of the system.



The paper is organized as follows: Section II describes the
modeled actuator, Section III shows the state-space represen-
tation of the system. Section IV presents the performances of
the developed controllers, Section V shows some conclusion
remarks.

II. SYSTEM DESCRIPTION

The modeled actuator is used for the automated manual
transmission of a heavy duty vehicles. Its function is to shift
the proper gear inside a previously selected lane or to set the
gearbox to neutral.
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Fig. 1. Simplified layout of the gearbox actuator

The pneumatic cylinder is driven by two 3-way 2-position
solenoid valves. In energized state the solenoid valves connect
the chambers to the supply pressure, while in released state
they connect them to the ambient pressure. There are two
working chambers and a control chamber distinguished inside
the cylinder. Both Chamber 1 and Chamber 2 are connected
to a single solenoid valve which serves both input and output
purposes, while the control chamber serves as an air spring
with no solenoid valve connected to its only port. The layout
of the modeled system can be seen in Figure 1.

To shift between different gears the main piston actuates
the shift finger and through it the gear shift linkage and
the synchronizer sleeve. It has three dedicated positions: two
gears (High and Low end positions of the piston) and Neutral
position. Its movement is generated by the opposing pressure
forces inside the working chambers. The function of the

floating piston is to act against the movement of the main
piston through collision and to tune the volume of the control
chamber.

III. MODEL DESCRIPTION

To control the nonlinear system with linear methods, a
multi-state state-space representation of the modeled system
is presented. Since the modeled system shows input-affine
properties, the representation can take the following form:

ẋ = f(x, d, r) +

m∑
i=1

g
i
(x, d, r)ui (1)

y = h(x, d, u, r) (2)

where x is the state vector, y is the output vector, u is the input
vector, d is the disturbance vector and r is the hybrid mode
mapping. The state matrices can be obtained by linearization,
as it is shown:
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where A is the state matrix, B is the input matrix, C is the
output matrix, and D is the feedthrough matrix.

The nonlinear model contains unmanageable number of hy-
brid states, therefore it had to be simplified for control design
purposes. Compared to the nonlinear model the following
simplifications were made:

• the solenoid valve models are substituted with their mass
flow rates

• Detent mechanism is disregarded
• Contact forces are disregarded
• Control chamber pressure is assumed to be equal to the

ambient pressure
• Heat transfer is neglected
• Coulomb-friction is neglected
• based on the main piston position, the floating piston

is either at neutral position, or it is assumed to move
together with the main piston

With the given simplifications the operation domain of the
actuator can be described by two hybrid states, based on the
position of the main piston and by two hybrid states for each
solenoid valves, based on their input signals. The state vectors
of the state-space representation are written as follows:

x =


pch1
pch2
xMP

vMP

 y =

pch1pch2
xMP

u =

[
ṁch1

ṁch2

]
d =


pamb
Tamb
psup
Tsup

 (5)

where p is the pressure, m is the air mass, T is the
temperature, x is the position, amb refers to ambient, sup



refers to supply, ch1 refers to Chamber 1, ch2 refers to
Chamber 2 and MP refers to main piston.

With the given state vectors, the state-space representation
takes the following form, where f, g1, g2 and h vectors are the
function of x, d and r:

f =


−κairpch1V̇ch1

Vch1

−κairpch2V̇ch2
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g1 =


κairRairTinw1

Vch1

0
0
0

 , g2 =


0
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0
0
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where κair is the heat capacity ratio, Rair is the gas constant
for air, V is the volume, Tinw1 and Tinw2 are the temperature
of the air flowing to Chamber 1 and Chamber 2.

A more detailed description of the nonlinear model can be
found in [18].

IV. CONTROL DESIGN

A. Controlling aims

To choose the applicable control methods, first the con-
trolling goals have to be determined. To achieve the tasks
described in Section II, the developed control has to meet
different, contradictory requirements:

• Tracking of a reference position signal
• Maximum 80ms shift time
• Maximum 0,2m/s impact velocity at reaching the end

positions of the cylinder
• Maximum 1mm overshooting and amplitude when reach-

ing neutral state
• Maximum 6 solenoid valve actuation

In terms of vehicle dynamics and comfort it is essential,
to achieve the gear change as fast as possible. For this,
high actuation force is required, however the high speed
collision decreases the expected lifetime of the system and
the comfort of the vehicle. A possible optimum between the
two requirements is to divide the piston movement into two
parts. In the first part of the movement the main task is
the acceleration of the piston, therefore decrease the shift
time, while in the second part the piston velocity should
be decreased to minimize the collision speed or reduce the
overshoot.

In case of impulse driven systems, like this, the optimal
control would be a Pulse-Width Modulation method, however
it is contradictory to the solenoid valve requirements.

Based on previous experiences it is assumable, that the
discretization parameters of the solenoid valves has a higher
effect on the number of solenoid actuations, than the controller
parameters.

TABLE I
PRELIMINARY COMPARISON OF THE APPLICABLE CONTROL METHODS

PID LQ SMC MPC Hinf O-L
DoI (1) 4 3 2 2 1 5
CC (3) 4 3 2 3 1 5

GCL (3) 4 3 1 1 1 5
S (2) 2 3 5 3 5 1
P (2) 2 4 5 4 5 1
Total 36 35 31 28 27 39

B. Applicable methods

Based on the available literature, the following control
methods could be used to achieve position control:

• Open-loop control (O-L)
• Linearization based control (such as PID and linear

quadratic (LQ) controls)
• Sliding mode control (SMC)
• Model predictive control (MPC)
• H-infinity control (Hinf )
Considering the controlling aims and the dynamic properties

of the system, it is obvious, that the chosen controller has to
be able to handle multiple hybrid states. This can be done by
using multi-state switching controls, or more complex control
methods, such as the sliding mode control.

The mentioned controllers were compared based on their
performance (P), stability (S), generated code length (GCL),
computing cost (CC), and their difficulty of implementation
(DoI). The features were rated on a scale of 1 to 5, where 1
means the worst, while 5 the best rating. Then the different
features were weighted. Since the controller has to be able
to run on embedded systems, these features have the highest
weight parameters, while the difficulty of implementation has
the lowest weight parameter. The evaluation (see Table I) is
based on literature and previous experiences.

Based on the results of Table I. the following methods were
chosen:

• Open-loop control
• PID control
• Linear-quadratic control

C. Test environment

The implemented controllers were tested in a Model in
the Loop environment, using the detailed, nonlinear model
developed in [1]. The input signal of the environment is the
reference position, which is processed by the controller. The
control signals are the solenoid valve commands, while the
system outputs are the position and velocity of the main piston.
The layout of the test environment can be seen in Figure 2.

The simulation runs in 0.001ms, while the sample time of
the controller is 1ms. All possible gear changes were tested
with the developed controllers, but in the following sections
only a part of these test cases will be shown.

D. Open-loop control method

In case of open-loop control, the control signal is one of
four, previously determined solenoid valve sequence and it is
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Fig. 2. Block scheme of the Model in the Loop environment

TABLE II
PERFORMANCES OF THE OPEN-LOOP CONTROLLER

Open-loop controller N2L L2N N2H H2N
Simulation time [ms] 23.71
Shift time [s] 63 58 70 63
Collision speed [m/s] 0.194 - 0.177 -
Maximum overshoot [mm] - 0.78 - 0
Number of solenoid actuations [pc.] 2 2 2 2

chosen with respect to the input signal. While determining the
valve sequences, the following rules were taken into account:

• While switching into High or Low position, the collision
speed should be decreased by loading the counter-side
chamber

• While switching into Neutral, both of the chambers
should be loaded at the same time

Three of the four gear changes can be accomplished by
using the principles above, however in case of the Low to
Neutral gear change the piston velocity is highly decreasing,
therefore loading Chamber 2 has to be delayed compared to the
loading of Chamber 1. This case can be seen in Fig 3. Figures
showing the controller performances should be interpreted as
follows: the first diagram shows the output signals of the
presented controller (these are the solenoid valve commands),
on the second diagram the chamber pressures are shown. The
third diagram shows the input signals of the controller, which
are the reference position and the actual position signal. The
last diagram presents the piston velocity.

The results of the open-loop control can be found in Table
II.

E. PID control method

First, a multi-state PID controller was used to control the
system, but after further investigating the controlling aims and
the dynamic properties of the system, the integrate term of
the controller was terminated. The function of the integral
term is to eliminate the residual error by adding a control
effect due to the historic cumulative value of the error, but
at the same time it decreases the stability and increases the
overshoot of the system. The elimination of the residual error
can be done by the detent mechanism, the additional dynamic
assured by the integral term is not required, while increasing
the overshoot is contradictory with the minimized collision
speed and overshoot.

Fig. 3. Open-loop control - Low to Neutral gear change

In the controller, the input signal and the feedback signal
(position of the main piston) are sampled with 1ms to match a
sample time suitable for embedded systems. If the calculated
position error reaches a previously defined value, the controller
intervenes, while under this value the detent mechanism has to
be able to eliminate the error. There are four P and D parameter
pairs, one for each possible request. The last part of the
controller algorithm is to convert the output signal of the PD
controller to solenoid valve commands. To prevent the back
and forth activation between the solenoid valves there is in lane
around zero, where both of the solenoid valves are inactive.
Over this lane, Solenoid Valve 1, while under it Solenoid Valve
2 is activated. Because of the inertia of the system, the too
short, but frequent solenoid valve commands are not effective,
therefore the shortest enabled solenoid commands given by
the controller are 5ms long. This constraint has an other useful
effect. Because of the lane of the control signal around zero,
the controller would not be able to activate both valves at the
same time, which would be useful in case of Gear to Neutral
gear change. With this, it is possible that when reaching neutral
with one of the valves, the control signal goes through the
lane actuating the counter side valve, while the previously
actuated valve is still active, because of the constraint. Since
the simulation runs in 0.001ms sample time, the output signal
of the control logic also has to be sampled.

The parameter tuning of the PD controller was done by
manually, since the widespread parameter tuning methods,
such as the Ziegler-Nicholson method were not able to provide
acceptable results.

The PD controller can be implemented without detailed
knowledge of the controlled system, but its tuning was a



Fig. 4. PD control - Neutral to Low gear change

TABLE III
PERFORMANCES OF THE PD CONTROLLER

PD controller N2L L2N N2H H2N
Simulation time [s] 25.33
Shift time [ms] 44 49 59 56
Collision speed [m/s] 0.179 - 0.162 -
Maximum overshoot [mm] - 0.36 - 0.99
Number of solenoid actuations [pc.] 5 4 3 6

complex task with respect to the contradictory controlling
goals. The Neutral to High with PD controller can be seen
in Fig 4.

The results of the PD controller development are summa-
rized in Table III.

F. Linear quadratic controller

The processing of the input signals is the same as in case
of the PD controller. In case of the linear quadratic controller,
the state matrix and the input matrix are calculated according
to the state space model given in III. The measured signals
required to the matrix calculations are the outputs of the Model
in the Loop environment. Based on the state matrix, input
matrix and the weight matrices, the optimal gain matrix is
calculated. The weight matrices were tuned manually. Since
there is only position reference signal, the aim of the LQ
controller development was to find an optimum between the
weight of the position error and the cost of the input signals.
The optimal gain matrix is then separated into vectors to
determine the required mass flow rates by both of the solenoid
valves. If the required mass flow rate exceeds a previously
determined value, the solenoid valve is activated. Following
this, the solenoid valve commands has to be sampled.

TABLE IV
PERFORMANCES OF THE LINEAR QUADRATIC CONTROLLER

LQ controller N2L L2N N2H H2N
Simulation time [s] 35.37
Shift time [ms] 54 300 57 200
Collision speed [m/s] 0.169 - 0.160 -
Maximum overshoot [mm] - 2.56 - 2.25
Number of solenoid actuations [pc.] 1 2 1 3

As an example, the Neutral to High gear change can be seen
in Fig 5.

Fig. 5. Linear quadratic control - Neutral to High gear change

The results of the linear quadratic control development can
be found in Table IV.

V. CONCLUSIONS AND FUTURE WORK

In this paper three different type of position control design
has been presented through the application of a pneumatic
gearbox actuator. The developed controllers were tested in
Model in Loop Environment, and their performances were
compared based on the given control aims and requirements.

The Open-loop controller satisfies the requirements given in
Section IV in all test cases, but in its current form it cannot
adapt to the changes of environmental and supply parameters.

The PD controller is also able to meet the given require-
ments, and it achieves faster gear changes than the Open-
loop controller, however it has the highest number of solenoid
actuations in all test cases.

The linear quadratic controller has the highest simulation
time and it is not able to meet the requirements in case of
Gear to Neutral gear changes. This is presumably caused by
the ignorance of the detent mechanism in the state space



TABLE V
PERFORMANCES OF THE COMBINED OPEN-LOOP AND LQ CONTROLLER

Combined controller N2L L2N N2H H2N
Shift time [ms] 54 58 57 63
Collision speed [m/s] 0.169 - 0.160 -
Maximum overshoot [mm] - 0.78 - 0
Number of solenoid actuations [pc.] 1 2 1 2

representation. However, it has the best results in case of
Neutral to Gear shift. It has the smallest collision speeds, and
the least amount of solenoid actuations.

Based on the results, two suggestions can be made regarding
the applicable controller. The first one is the state based com-
bination of the linear quadratic and the open-loop controller,
which could utilize the advantages of both controllers. The
performances of the combined controller are summarized in
Table V. The second suggestion is the further improvement
of the linear quadratic controller. Since the main function
of the detent mechanism is to hold the actuator in the three
dedicated position, by integrating a simplified model of it to
the state-space representation, presumably the linear quadratic
controller could be able to provide acceptable results in case
of Gear to Neutral shifts.

Further research will focus on the implementation of a
synchronizer mechanism to the nonlinear model, and on the
parameter sensitivity analysis of the completed model. Re-
searches on the external synchronization strategies of heavy
duty vehicles can be found in literature, such as [19], [20]
and [21]. However, as number of the AMT systems in the
heavy duty vehicle market is increasing the manufacturers have
to provide the manual transmission and the AMT systems
on the same mechanical basis to meet the requirements of
the cost-sensitive market. As a consequence of this, these
AMT gearboxes has to be synchronized internally, instead
of the application of countershaft brakes. The widespread
gear change strategies cannot meet the requirements of the
internally synchronized gearboxes, therefore new strategies
have to be developed.

The developed models and controllers will be used to
develop a cascade control loop, which can assure the position
control of the actuator, while during synchronization it can
reduce the stress appearing on the synchronizer elements.
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