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a b s t r a c t

When controlling a complex system consisting of several subsystems, a simple divide and conquer
approach is to design a controller for each system separately. However, this does not necessarily result
in a good overall control behavior. Especially when there are strong interactions between the subsystems,
the selfish behavior of one controller might deteriorate the performance of the other subsystems. An
alternative approach is to design a global controller for the entire mechatronic system. Such a design pro-
cedure might result in more optimal behavior, however it requires a lot more effort, especially when the
interactions between the different subsystems cannot be modeled exactly or if the number of parameters
is large.

In this paper we present a hybrid approach to this problem that overcomes the problems encountered
when using several independent subsystems. Starting from such a system with individual subsystem
controllers, we add a global layer which uses reinforcement learning to simultaneously tune the lower
level controllers. While each subsystem still has its own individual controller, the reinforcement learning
layer is used to tune these controllers in order to optimize global system behavior. This mitigates both the
problem of subsystems behaving selfishly without the added complexity of designing a global controller
for the entire system. Our approach is validated on a hydrostatic drive train.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

When multiple independent subsystems are present in a global
mechatronic system, the subsystem controllers are not aware of
the interactions among them and will behave selfishly. This may
not only deteriorate the performance of the other subsystem con-
trollers but also put the control of the entire system at risk [1,2].
Alternatively, instead of designing individual controllers for the
subsystems, one global controller can be designed. This approach
requires more effort as a more complex problem needs to be solved
as a whole, but this extra effort will result in the overall system to
become more optimal when compared to multiple independent
subsystems [3,4]. This paper presents the results of tuning a global
controller, which controls the gains of 2 local PI controllers [5],
using reinforcement learning (RL) [6] on a hydrostatic two-output
drive-train. Tuning of PI(D) controllers with reinforcement learning

was previously proposed in e.g. [7,8], however in this work we con-
sider the novel scenario of jointly tuning multiple local controllers
in order to optimize global performance.

In the following section, we give a brief explanation of the
hydrostatic two-output drive-train followed by a description of
the distributed control architecture for the hydrostat set-up, using
PI controllers to track the reference speeds for individual hydromo-
tors. We then explain how we use reinforcement learning to jointly
tune the gains for these controllers in order to optimize the global
system behavior. Reinforcement learning (RL) is a model free
learning method for achieving optimal control in Markov decision
processes. This approach does not require any prior knowledge of
the dynamics of the system to be controlled. Instead, optimal con-
trols are discovered through repeated interaction with the system.
RL has been successfully applied in a wide range of control applica-
tions, both within and outside the field of mechatronics [9–12]. We
explain RL in more detail in Section 4. The results of our method,
both in simulation and on the real setup are described in Section 6.
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2. Hydrostatic two-output drive-train

The hydrostatic drive-train (Fig. 2) [13] was developed as a
demonstrator for advanced control techniques. Fig. 1 shows the
working of the drive-train. An electric motor drives a hydraulic
pump, which is hydraulically connected to two hydraulic motors.
Each hydraulic motor drives a flywheel, that is in turn connected
to another electric motor. The electric motors can generate any tor-
que, and as such simulate any load. The electric motor driving the
pump can also be used to simulate any engine, e.g. an internal
combustion engine that cannot recuperate energy.

The hydraulic pump and hydraulic motors have a variable dis-
placement volume, which is the amount of fluid that flows for
one revolution of the pump/motor. Neglecting the losses, the ratio
of the pump displacement volume over the motor displacement
volume equals the transmission ratio between the pump shaft
and the motor shaft.

To develop a simulation of this setup, an in-depth search was
performed to mathematically define the system with system equa-
tions. These equations are then used to model the hydrostatic
drive-train in SimScape.

In Fig. 3 we have a schematic representation of the whole setup.
For our experiments, both Tdes1 and Tdes2 are zero. Therefore we can
define the setup as being an interaction between the three motors
(PUMP, HM1 and HM2). All three motors are similar and are
simulated using the following system equations. Eq. (1) is the
first-order model for the stroke volume and Eq. (2) defines the
velocity of the hydraulic component. While Eq. (3) is the speed-
flow hydraulic component associated with volumetric efficiency.
The last two Eqs. (4) and (5) are two equations responsible for
the torque-pressure hydraulic component associated with
hydrostatic yield.

Sx actðsÞ ¼
1

sp � sþ 1
� SxðsÞ ð1Þ

Vx ¼
Vx 210 � Vx 35

210bar � 35bar
� ðDpx � 35barÞ þ Vx 35 ð2Þ

Q x ¼ �gx volðDpx;xy; Sx actÞ � Vx � Sx act �xy ð3Þ

Tfric x ¼ Tx � ð1� gx mecðDpx;xy; Sx actÞ � tanh
xy

0:01 rad
s

 !
ð4Þ

Tx ¼ Dpx � Vx � Sx act þ Tfric x ð5Þ

where the subscript x stands for either one of the hydraulic com-
ponents (pump and hydromotors) and y is the DrAx for the PUMP
and the LdAx for HM1 and HM2. For the hydromotors 1 and 2 the
Tx is negative. Some of the values are constants and are defined
here:

Vp 210 ¼ 113:31
cc

rev and Vp 35 ¼ 113:31
cc

rev
VHM1 210 ¼ 59:9

cc
rev and VHM1 35 ¼ 59:3

cc
rev

VHM2 210 ¼ 59:7
cc

rev and VHM2 35 ¼ 59:1
cc

rev

ð6Þ

In this paper we adopt a simplified control strategy using stan-
dard industrial PI-controllers to control the hydrostatic drive-train.
This control strategy is explained in the following section (used to
be pressure dependent).

3. Hydrostat controller

The distributed controller for the hydrostat designed by XTO-
CON consists of three individual modules with a limited set of
available measurements, setpoints and controlled manipulated
variables. The goal of this controller is to track dynamic reference
trajectories for both hydraulic motors. The first controller, the
pump controller, has a measurement of the oil pressure and the ref-
erence trajectories of the two motors available. This controller
steers the swash plate position and the velocity of the pump
engine. The second and third controllers, the motor controllers, each
have a measurement available of their corresponding individual
hydraulic motor velocity and reference trajectory. Additionally,
they are also allowed to use a measurement of the pressure.

The control strategy is based on the two physical insights: given
a constant pressure, increasing a motor swash position plate leads
to an increased motor torque which accelerates the motor and
leads to a higher motor velocity, and given fixed motor swash plate
positions, increasing the pump flow (by either increasing the
engine speed or the pump swash plate positions) leads to a higher
pressure. This control strategy leads to the basics of the controllers’
design strategy, let the flow controller (pump controller) steer the
pressure and let the motor controllers track the reference trajecto-
ries. The design is based on the following observations of the
physics of the hydrostat. The basic ideal state equations are:

S1 �w1 þ S2 �w2 ¼ Sp �wp ðflow balanceÞ
Tp

Sp
¼ T1

S1
¼ T2

S2
ðtorque balanceÞ

w1 ¼ f 1ðT1Þ with df1
dT1

< 0 ðstable load on motor 1Þ

w2 ¼ f 2ðT2Þ with df2
dT2

< 0 ðstable load on motor 2Þ

S1 and S2 are the swash plate positions of the motors. T1 and T2 are
the torques of the motors. Sp is the swash plate position and Tp the
torque of the pump. f 1 and f 2 are two load functions, expressing the
relation between the speed on the load and the motors. Then the fol-
lowing assumptions are made which were experimentally vali-
dated. Increasing the pump speed (7) and increasing the pump

Fig. 2. Photograph of the real hydrostatic system.

Fig. 1. Schematic drawing of the hydrostatic system.
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