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Introduction

This thesis deals with the modeling and control of an electro-pneumatic
floating piston actuator. The developed methods are applied to a
specific pneumatic floating piston actuator and validated on an actual heavy-duty gearbox; they are also universal and can be easily
extended to different layouts, e.g., to actuators with two floating pistons.
The first part of the research deals with the mathematical modeling of the actuator. Depending on the goals, complexity, and detail
and thus the accuracy of the models may vary. The research follows
the model-based development (MBD) process [1], meaning one shall
create a control-oriented model that can support the controller design. Using the result as a Model In the Loop (MIL) environment, the
performances of different controllers can be compared before testing
on the real system. Due to the MBD process, the development time
shortens, as the early development phases can be done in simulation.
Only the final stages (e.g., finetuning of the controller parameters)
require a real target.
Control-oriented models of pneumatic actuators have been developed and presented in the related literature. In [2] a new modeling approach and control law for pneumatic servo actuators are presented. The nonlinear system model is developed using a combination
of mechanistic and empirical methods and novel bipolynomial functions are used to simulate the valve flow rates, which shows to have
a more accurate solution than prior approaches. In [3] a dynamic,
hybrid model of an electro-pneumatic clutch actuator is developed.
The model has hybrid properties, hence a nominal hybrid mode is
used to present the model, which is based on conservation equations.
The model is then transformed into state-space form for the control
design purposes. In [4] a systematic approach is presented for model
simplification, which preserves the physical meaning of the variables
and parameters, while their complexity is decreased significantly.
First, the nonlinear model is created based on conservation equations, then it is formulated as a combination of two Linear Parameter
Varying (LPV) models, which reduces the simulation time by 50%
compared to the nonlinear model, while it’s accuracy is almost the
same.
The second part of the thesis presents the results of the Linear
Time-Invariant (LTI) controller design. In these applications, typically, open-loop methods and PID controllers are used. In [5], a
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Linear Quadratic servo control is presented to control a single-piston
pneumatic gearbox actuator, and PID type controllers are also commonly used due to their simplicity and low calculation cost. Still,
they are often combined with other methods to enhance their performance. In [6], the controller is divided into a fuzzy-model-based
controller, which cancels the effects of the nonlinearities. Hence the
servo-based portion can be controlled by a linear PID controller.
Nonlinear and post-modern control techniques show promising
results and possibly better performance, but they have higher calculation cost, which can be an issue in certain applications. In [7] a
discrete-valued Model Predictive Controller is developed to control a
hybrid pneumatic-electric actuator, which is also augmented with a
payload estimation algorithm, and it presents experimental results.
[8] presents a discrete-valued MPC controller, which aims to achieve
the position control of a pneumatic actuator using on/off valves.
Therefore a gain-scheduled PID controller has been developed
to serve as a benchmark. Furthermore, a linear quadratic regulator
(LQR) has also been designed. The LQR method requires a linearized
state-space representation of the system, which has been derived from
the nonlinear model of the system. The presented state-space representation is an input-affine, multi-state model. As a state-feedback
control method, the LQR controller requires all states of the system,
though not all are measured to reduce the system’s cost. Thus, a
Kalman-Filter (KF) and an extended Kalman-Filter (EKF) are presented, with their performances compared to measurement data.
The third part of the research focuses on the LPV-based control
of the system. Depending on the application, pneumatic actuators
are often controlled either by nonlinear or LTI methods, pneumatic
systems can also be formulated as Linear Parameter Varying systems. LPV control design is a widely used approach for modeling
and control of a special class of nonlinear systems. An overview of
the main application areas, where LPV-based controllers have been
successfully applied and the results have been validated either by
measurements or high-fidelity simulations is presented in [9]. The
authors defined seven notable areas, namely: aerospace applications,
mechatronic systems, active magnetic bearings, automotive applications, vehicle motion control, robotic manipulators, and academic
research. In [10], a pneumatic positioning system is formulated as a
polytopic LPV model, while [11] deals with the quasi-LPV control of
the pneumatic system of an aircraft.
Besides, the nonlinearities of the pneumatic system, the presented
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actuator contains a floating piston with a limited movement range.
This means, that based on the Main Piston’s position, the actuator has two discrete state-space representations, which can be easily
handled by the LPV approach.
An LPV/H2 and an LPV/H∞ controller are presented using different qLPV models of the actuator and generalized plants. As gridbased LPV representations are used, the key is to minimize the system’s number of grid-points. Hence, the qLPV models describe only
the system’s mechanical model. The thermodynamic and solenoid
valve models are described by appropriate transfer functions. The
methods are compared, then the chosen controller is further simplified to meet the limitations of an industrial ECU. Finally, the LPV
controller is tested on the real system, and its performance is compared against the results of the presented LTI methods.
In the fourth part of the thesis, machine learning based approaches
are presented. While reinforcement learning algorithms are mainly
used to achieve controlling tasks, which are very challenging - or
rarely impossible - for classical algorithms, they also perform well in
mechatronic systems, where the controlling aim is different and easier
in some sense. Modeling the environment is more straightforward in
these cases, though it remains nonlinear.
Such area is the realm of robotics, where the popularity of RL
algorithms in robotics is continuously increasing [12]. From RL point
of view, robotics differ significantly from classical RL benchmark
problems. They are often best represented with high-dimensional,
continuous states and actions, while the state is often only partially
observable. There is a vast amount of research presented in related literature, which is including but not limited to the following papers. In
[13] a new reinforcement learning algorithm is proposed for accelerating the acquisition of new skills by real mobile robots, without requiring simulation. It speeds up Q-learning by applying memory-based
sweeping and exploiting the natural ordering of sensory state spaces
in many robotic applications by only allowing transitions between
neighboring states. [14] presents a modified reinforcement learning
algorithm for a multifingered hand approaching target objects, which
integrates the heuristic search information with the learning system,
and solves the problem of how an arm-hand robot approaches objects
before grasping.
As the control task is episodic, it provides optimal circumstances
for Reinforcement Learning. Several algorithms are compared using a
nonlinear, although simplified simulation environment, which aims to
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minimize the training process’s time requirement. Then, a policy gradient (PG) algorithm is chosen for validation test, hence it is trained
using a more detailed environment. The PG agent’s final structure
has been determined by iterative testing, and then it has been implemented and tested on the real target. Its results are compared
against the performance of the LPV and the PID controller.
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System description

The modeled actuator is the shift actuator of a heavy-duty AMT system. To provide a wide range of gear ratios, while also optimizing
the fuel consumption heavy-duty gearboxes usually have three gearbox stages: a split gear, a range gear, and the main gearbox section.
Hence, the number of gear pairs and the size of the gearbox can be
minimized. Both the split and range gears have two gear pairs, and
in most cases, they do not have a neutral position. Therefore, the
neutral of the whole gearbox is achieved through the main gearbox.
The kinematic chain of a typical heavy-duty AMT is shown in Figure
1.

Figure 1: Kinematic chain of a 12-speed heavy duty AMT with
twin countershaft design (Source: [15])
Depending on the construction, the main gearbox has either two
or three parallel shift actuators, or a shift and a select actuator.
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The latter is shown on Fig. 2 corresponds to the H-pattern of manual transmissions, thus two different movements are distinguished
to achieve gear shift: the first movement is the lane selection along
the horizontal axes of the pattern, for example selecting the lane of
1st-Neutral-2nd gears, or the lane of 3rd-Neutral-4th gears, which is
achieved by the select actuator. The second step, which is the gear
shift is performed by the shift actuator: it moves the gear stick along
the vertical axes of the shift pattern as it shifts the gearbox to neutral
or to a requested gear within a previously selected lane. To provide
three stable positions, mostly floating piston actuators are used.

Figure 2: Actuator system of a heavy-duty AMT
To achieve power-flow in the selected gear, the otherwise freerunning gearwheel of the gear pair must be connected to its shaft.
For this purpose, face-dog clutches are used, which connect the elements in a shape-locking manner. To successfully connect the elements and shift the gear, the angular velocity difference between them
must be reduced, which is achieved either by internal or central synchronization. In the case of internal synchronization, a synchromesh
mechanism is also part of the dog clutch. It decreases the speed
difference between the shaft and the gear through friction and also
prevents the connection until synchronization occurs. In the case of
central synchronization, the speed difference is reduced to a partially
synchronized state either by the countershaft brake or by modifying
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the input shaft speed through the engine control. In heavy-duty vehicles, typically central synchronization is used, hence in this research
central synchronization is assumed, which precedes the gear change.
Thus, the gear shift starts in an already synchronized state, which
simplifies the controlling task.
In the case of the shift actuator, the pneumatic cylinder is driven
by 3-way 2-position solenoid valves. The valves connect the supply
pressure to the chambers in energized state, while in released state
they exhaust the chambers by connecting them to the environment.
A simplified layout of the system can be seen in Figure 3.
Air Tank
Solenoid
valve 1

Supply

Solenoid
valve 2

Main
Piston

Chamber 1

Chamber 2

Detent

Floating
Piston

Control
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Figure 3: Simplified layout of the gearbox actuator
The actuator contains two pistons, namely the Main Piston and
Floating Piston, which divide the cylinder into three chambers. Each
of the working chambers (Chamber 1 and Chamber 2) is connected
to a single solenoid valve (Solenoid Valve 1 and Solenoid Valve 2).
The valves serve both inflow and outflow purposes. Chamber 3 is
also called "Control Chamber", which acts as an air spring between
the cylinder housing and the Floating Piston: if the Floating Piston’s speed is high enough, the air flowing through the port cannot
compensate for the volume change. Therefore, the pressure in the
chamber changes and it will act against the movement of the pistons.
To shift the gearbox to the selected gear, the Main Piston shall be
moved to one of its dedicated positions, which are the two gears (High
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(H) and Low (L) end of the cylinder) and Neutral (N). The latter is an
intermediate position, where the cylinder diameter is changed. The
Main Piston is moved by the opposing pressure forces of the working
chambers, which is controlled by the solenoid valves. As the piston
moves, it rotates the Shift Finger, which is connected to the face-dog
clutches through the gearbox linkage. Hence, by moving the Main
Piston, the requested gear can be shifted. A Detent Mechanism is
also connected to the Shift Finger, which fixates the actuator in its
dedicated positions and prevents their unintentional movement.
The Floating Piston’s movement is limited between Neutral and
High. Depending on the direction of the movement, it either helps
or acts against the movement of the Main Piston through collision.
To understand the need for the Floating Piston, typical open-loop
control strategies of the actuator must be considered: to shift the
actuator to, e.g., High, Solenoid Valve 2 must be activated. Thus, the
pressure in Chamber 2 increases and the pistons will move towards
High. As the piston moves, the volume of Chamber 1 decreases,
hence its pressure slightly increases. Thanks to the Floating Piston,
the pressure of Chamber 1 acts on a bigger cross-section area, thus
it helps to slow down the movement of the pistons and reduces the
collision’s speed. To reach Neutral from High without overshoot, both
working chambers should be loaded at the same time. To ensure that
the piston will eventually reach Neutral, the cross-section area of
the pistons connecting to Chamber 1 must be bigger than the area
connecting to Chamber 2. As the same logic can be applied to Low
to Neutral and Neutral to Low gear changes, it is clear, that different
ratios of cross-sections are ideal in the two sides of the cylinder. This
is achieved by limiting the movement of the Floating Piston to one
side of the cylinder.
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Contributions of the Thesis

Thesis I.
I have developed a Linear Parameter Varying, control-oriented model
of an electro-pneumatic floating piston actuator of an automated manual transmission system. The initial nonlinear model is based on conservation equations assuming no spatial variations and homogeneous
materials. To keep the trade-off between parameter-size and model
accuracy, further simplifications have been applied based on engineering assumptions. The nonlinear elements have been linearized and
the hybrid states have been described scheduling parameter vectors
containing both exogenous and endogenous variables.
Related publications: [SBGA18b], [SBA19]
• I have developed a nonlinear, control-oriented model of an
electro-pneumatic floating piston actuator, which is based on
conservation equations
• I have verified the model then identified its unknown parameters and validated the model using measurements on the real
target
• I have derived an LPV-based representation of the solenoid
valve model from the nonlinear model.
• I have derived an LPV-based representation of the cylinder
model from the nonlinear model.
• I have pointed out the advantages of the LPV representation
regarding versatility and simulation time

Thesis II.
I have designed two linear, time-invariant control algorithms to achieve
the position control of an electro-pneumatic floating piston actuator.
To solve the nonlinear, set-valued control problem, both algorithms use
parameter switching. The PD algorithm utilizes the integral property
of the system, and its parameters are scheduled based on the requested
gear change. The feedback gain of the linear quadratic regulator is calculated according to the actual hybrid mode of the system. Still, it is
not able to stabilize the system in Neutral with the available control
frequency. To provide all needed states for the LQR controller, I have
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designed two state-observers, which use only the measured position
and the solenoid valve commands to estimate the system’s states.
Related publications: [SBGA18c], [SBGA18a], [SB19], [SBGA19],
[SBG20]
• I have designed a gain-scheduled PD type controller, and I have
pointed out that the integral term can be omitted due to the
integral properties of the system.
• I have designed a Kalman Filter and an Extended Kalman
Filter to estimate the unmeasured states of the system, which
I have validated on measurement data
• I have pointed out that the performance of the Kalman Filter
is not suitable for embedded applications with respect to the
available control frequency
• I have developed a linear quadratic regulator, which is based
on a gain-scheduled state-space representation.
• I have pointed out that despite of all individual controllers of
the gain-scheduled LQR controller are stable, the high speed of
the system may cause large transients during switching between
the controllers around Neutral, which cannot be handled with
the given control frequency in practice.

Thesis III.
I have designed a gain-scheduled H2 and an H∞ controller for the
position control of the floating piston pneumatic actuator using the
LPV approach. The controllers are scheduled based on endogenous
parameters and the state-space representations are limited to the mechanical model of the actuator, while the pressure dynamics and the
solenoid valves are modeled by appropriate transfer functions. Therefore the size of the scheduling parameter vector and the number of
LTI models is greatly reduced. Using validation measurements, I have
compared the LPV-H∞ controller to LTI methods.
Related publications: [SBA20], [SBAG20]
• I have derived two simplified qLPV representations of the system with different state matrices and scheduling vectors for
controller synthesis.
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Figure 4: LPV/H-infinity controller order reduction
• I have formulated the generalized plants of the system for both
qLPV representations, which contain the unmodeled dynamics
of the system and the performance weights.
• I have compared the synthesized controllers concerning their
applicability in embedded applications. Based on the comparison, the LPV/H∞ controller has been chosen for embedded
applications.
• I have simplified the LPV/H∞ controller using a balanced truncation model order reduction method. The original and the
reduced-order controllers have been compared, which is shown
in Fig. 4.
• I have compared the qLPV/H∞ controller’s performance against
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LTI controllers using validation measurements on the actuator.

Thesis IV.
I have designed machine learning-based algorithms, which learned to
achieve a preliminarily selected operation mode of the floating piston pneumatic actuator. The learning utilizes a simplified nonlinear
model as the environment, and the agent is rewarded based on the shift
time and the overshoot. Then, using validation measurements, I have
compared the policy gradient agent to a PD and an LPV controller.
Related publications: [BASG18], [KBSA20], [BSK+ 20]

• I have designed a simplified nonlinear model, which preserves
the main characteristics of the system, but enables fast training
process
• I have developed different machine learning-based algorithms
to achieve the Low to Neutral gear change of the actuator. The
interaction between the agents and the environment is shown
in Fig. 5.
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Figure 5: Interaction between the agent and the environment in
reinforcement learning
• I have formulated a reward function, which is the weighted sum
of the subrewards of the shift time and maximum overshoot and
the reward given for successful episodes.
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Figure 6: Distribution of chosen actions (Class 1 - red; Class 3
- blue) on the latent space reduced by PCA.
• I have compared the developed algorithms with respect to their
quantitative performance and their applied strategies. The distribution of the chosen actions is shown in Fig 6
• I have reduced the state-space used by the Policy Gradient
algorithm and validated it on the real system
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Future Work

There is room for improvement regarding several aspects of the presented algorithms, some of them have been highlighted in the corresponding parts of the thesis. Besides, in this chapter, I would like to
highlight a few possible directions related to the heavy-duty vehicle
market.
As the number of AMT systems in the heavy-duty vehicle market,
the cost-sensitive market makes new claims on the manufacturers. To
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meet these requirements and reduce the production cost, manufacturers have to provide manual transmission and AMT systems on
the same mechanical basis. As a consequence, AMT gearboxes also
have to be synchronized internally, instead of the recently used central synchronization, therefore new strategies have to be developed.
During synchronization, the force shall be controlled accurately and
it shall be held within a defined interval, as too high force damages the mechanical parts, while too low force results in slow or even
failed synchronizations. One possible solution is to develop a force
controller and combine it with a position controller using a positionbased switching strategy. The force controller provided nearly constant force within the determined interval during synchronization,
while the developed position controllers can be used in the free-flight
zone to reach the requested gear. Some of the further tasks, which
need to be solved are the transition between the controllers to guarantee successful synchronization without damaging the system and
holding the synchronization force within the given limit, while also
keeping the restriction of the valve activations.
The similarities and differences between pneumatic clutch and
gearbox actuators have been already pointed out in the thesis. The
presented linear methods are widely used along with SMC and MPC
controllers, although LPV and RL-based controllers are scarcely used
to control a clutch. In the case of the LPV method the nonlinear force
of the diaphragm spring could be either an additional disturbance, it
could be included in the model and scheduled based on the piston’s
position. A clutch actuators mostly are single-acting pistons with a
single-piston, hence the number of states and grid-points are lower.
Furthermore, clutches must be slipped in some cases, which means
continuous request instead of a step function. On one hand, from
RL point of view, this means continuous behavior, while the need for
more precise control enables a higher number of valve activations or
even PWM-based strategies.
In this thesis, the RL agents have been trained to achieve one particular gear shift, which could be extended to all of the possible gear
changes. As the bottleneck of this application is the capacity of the
commercial ECU, it would be important to analyze the generalization
of agents and the effects of the extension of the controlling aims on
the size of the network. Furthermore, network reduction techniques
should also be tested.
In the last few years, due to the continuous innovation in the field
of electric mobility, the application of electric actuators in heavy-duty
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vehicles also started to spread. Recently, due to the popularity of air
brake systems in heavy-duty vehicles, a significant part of the actuators is operated by compressed air, as the air preparation system
is given because the air brake system and pneumatic actuators have
many advantages over equivalent electromechanical actuators. However, in electric vehicles, the electric motor can be used in generator
mode to replace the air brake system, which is one of the primary
consumers of compressed air. Besides, electric vehicles already have
high battery capacity, which can easily supply most actuators of the
vehicle. Hence, in electric vehicles, electromechanical actuators can
provide a viable alternative to pneumatic actuators, as the air preparation system can be removed. Further research can also focus on the
control design of such actuators.
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