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Sammanfattning 
I det här examensarbetet har aktiv sätesdämpning implementerats på ett prototypunderrede med 

enbart pneumatiska dubbelverkande aktuatorer till en skotare. Kontrollern består av en inre loop 

med en "Sliding Mode Controller" (SMC) som kontrollerar kraften och styvheten i cylindrarna 

och en yttre loop med en proportionerlig positionskontroller. Golvets vertikala position beräknas 

med en accelerometer och denna position används sedan för att minimera sätets rörelser. 

När stolen utsattes för en vertikal golvrörelse med en amplitud på 20 mm och en frekvens på 1 

Hz begränsade den bästa cylindern rörelsen till 9.6 mm nedåt och 4.6 mm uppåt. Det är en 

minskning med 64.5 % av rörelsens topp-till-topp-värde. Prestandan i den använda 

testutrustningen tros ha varit begränsad av det tillgängliga luftflödet. 

Resultaten visar att konceptet med dubbelverkande pneumatiska cylindrar är värt att undersöka 

vidare och det finns två huvudsakliga områden att starta med, det första är att konsolidera 

stabiliteten och prestandan hos den implementerade SMC:n och det andra området är att utveckla 

en lämplig kontroller för den yttre loopen samt att bestämma hur dess referens ska beräknas. 
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Abstract 
In this thesis an active seat suspension controller was implemented on a prototype forwarder seat 

undercarriage using only double acting pneumatic cylinders. The controller consists of an inner 

loop sliding mode controller (SMC) that controls the force and stiffness of the cylinders and an 

outer loop linear proportional position controller. The floor position is calculated using an 

accelerometer, this position is then used to minimize the seat movements. 

When subjected to a vertical floor disturbance with an amplitude of 20 mm and a frequency of 1 

Hz the best cylinder lowered the seat motion to -9.6 mm in the negative direction and 4.6 mm in 

the positive direction. This is a decrease of 64.5 % of the top to top motion. The performance was 

in the current setup believed to be limited by the available airflow. 

The results shows that the concept of double acting cylinders for active seat suspension is worth to 

investigate further where there are two main areas of interest to start with, the first is to consolidate 

the stability and performance of the existing SMC and the second is to determine an appropriate 

outer loop controller and its reference. 

 



 



Nomenclature

Notations and acronyms used in this report are listed below.

Notations

Symbol value Units Description
Psupp − Pa Supply pressure
Patm − Pa Atmospheric pressure
Pa − Pa Chamber A pressure
Pb − Pa Chamber B pressure
Pu − Pa Upstream pressure
Pd − Pa Downstream pressure
x − m cylinder position
Av − m2 Valve opening
Aa − m2 cylinder area A-side
Ab − m2 cylinder area B-side
Ar − m2 cylinder rod area
Va − m3 Chamber A volume
Vb − m3 Chamber B volume
ṁa − kg/s Mass flow to chamber A
ṁb − kg/s Mass flow to chamber B
T − K Temperature
R 286.9 J/(kg ∗K) Ideal gas constant
Pcr 0.5283 − Critical pressure ratio
γ 1.4 − Specific heat ratio for air
Cf 0.9 − Valve discharge coefficient

Acronyms

SMC Sliding Mode Controller
PD Proportional Derivative
PWM Pulse Width Modulation
RMS Root Mean Square
IMU Inertial Measurement Unit
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1 Introduction

In this chapter, the background to this thesis is presented together with its
goal and scope.

1.1 Background

The forest industry is a large part of Sweden’s export industry, in 2013 it
was the third largest area of export and Sweden is also one of the worlds
largest exporting countries in this area, see figure 1 and 2. It is economi-
cally important to maintain this position in the world market and in order
to do that, a continuous work to improve the efficiency of the industry is
neccessary [1].

In Europe, the forest is usually harvested using the "cut to length"
method. The trees are felled with a harvester which cuts them to suit-
able lengths before they are transported to a road by a forwarder (figure
3), once at the road they are transported by truck to a sawmill [2].

Figure 1: The main export and import areas of the
Swedish economy in 2013, forest industry products is

the third largest export area. Source: Skogsindustrierna
[3].
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Figure 2: The world leading exporters of pulp, paper and
sawn timber in 2013, Sweden was in third place.

Source: Skogsindustrierna [4].

Figure 3: The forwarder Buffalo from Ponsse, the
operator is located in the cabin on the left. Source:

Ponsse [5].

The research institute Skogforsk is providing the Swedish forest industry
with applicable knowledge in order to improve and maintain an econom-
ically and financially stable industry [6]. One of Skogforsk’s current goals
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is to be able to increase the speed of the forwarders. Forwarders are how-
ever traversing rough terrain and to simply drive faster would increase
the already severe health issues for the operators caused by vibrations in
the seat. Together with that many seat undercarriages today suffer from
fatigue issues, this has led Skogforsk to investigate the possibilities of a
more advanced undercarriage that will improve the work environment
for the operators. As a step in this research, a new seat undercarriage has
been designed and manufactured in an earlier master thesis which has the
ability to actively damp vibrations in the lateral, vertical and roll dimen-
sions [7].

1.2 Purpose

The purpose of this thesis is to develop a control system for the seat un-
dercarriage that was manufactured in a previous master thesis [7]. The
objective for the control system is to dampen the vibrations that the oper-
ator is subjected to via the seat which are caused by traversing the terrain.
The undercarriage is built with double acting pneumatic cylinders and it
is of interest to investigate if this is a viable solution since this type of ac-
tuator has not been used alone before in seat suspension systems.

The research question that is to be answered: Is it possible to dampen the
vibrations in a forwarder seat by actively controlled pneumatic actuators mounted
on the seat undercarriage?

1.3 Delimitations

• The thesis will only consider the use of pneumatic double acting
cylinders as actuators.

• The thesis will only consider the hardware design manufactured in
[7].

• In order to limit the scope of the thesis the focus will be on the verti-
cal suspension.

1.4 Method

The scientific methods that will be used are simulation and experimental
validation. Many of the control theories that exists today are model based,
e.g. sliding mode, backstepping, input-output linearization etc [8]. To be
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able to take full advantage of the control theory knowledge that exists to-
day, deriving and verifying a model of the system is crucial. This model
will be derived from first principles but to determine the exact system pa-
rameters it has to be compared to experimental data.

A simulation model of the vertical cylinders will be created in
Simulink. Even though it is not verified at this stage, it is the best source
for determining requirements on the necessary sensors. To verify the
model, the most reliable solution is to mount one of the vertical cylin-
ders on a test rig that allows the cylinder to move with minimal external
disturbances. Compared to trying to verify it on the seat this solution min-
imizes the number of sources for errors. Due to time constraints and the
wish of Skogforsk to focus on an implementation on the actual seat sus-
pension, model verification will be done on one of the cylinders while it is
still attached to the undercarriage. Since pneumatic cylinders and valves
exhibits a highly nonlinear behaviour, it is likely that multiple different
tests needs to be performed to identify the system parameters. Controllers
will be implemented and tested in Simulink before they are implemented
on the real system. Finally the system will be tested by mounting it on a
steward rig that can create a vertical motion, see chapter 3.6.

4



2 Frame of reference

There are three broad categories that a suspension system can be divided
into, passive suspension, semi-active suspension and active suspension,
see figure 4. The system built for this project falls under the category of ac-
tive systems since it only has actuators, that is, there are no passive damp-
ing elements or passive springs. Passive systems are relatively cheap and
are widely used but they suffer from some drawbacks which has sparked
the interest in more advanced suspension systems, for a more detailed
overview of the different types of suspensions the reader is referred to [9].

A suspension system is subjected to two sources of disturbances, for
a seat suspension the first source is the floor accelerations which it is of
interest to remove as much as possible of. To remove these disturbances
an infinitely low stiffness is desirable. The other source of disturbance is
accelerations caused by the operator, for example when the operator is
using the vehicle controls a force is generated on the suspension. Since
it is of interest to give the operator good support a high stiffness is now
instead desirable [10]. This short reasoning shows that it can be of interest
to be able to control the stiffness of the system.

Figure 4: 1. Passive suspension consisting of a damper
(left) and a spring (right). 2-3. Semi-active suspension

where either the spring stiffness or the damping
coefficient is controlled. 4. Active suspension where a

force actuator is used in parallel with a passive system.
5. Active suspension using only a force actuator,
corresponding to the system used in this thesis. m

symbolizes the mass of the seat and operator.

In this project three previous master theses have been conducted. In 2012,
an existing seat undercarriage was analysed and the reasons for why it
was unable to withstand the vibrations caused by driving a forwarder in
the forest were identified [11]. The thesis contributed with a better under-
standing of why the seat undercarriages break down and also suggested
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new concepts designed to withstand these vibrations. In 2013, this work
was continued and two design concepts that separated the height adjust-
ment from the damping and allowed for lateral damping were developed
[12]. In 2014, the prototype undercarriage used in this thesis was designed
and manufactured based on one of the concepts developed in the previous
thesis conducted during 2013 [7].

2.1 Previous research on active/semi-active suspensions

Research on active/semi-active seat suspensions has been conducted
mainly on semi-active suspensions by modifying existing seats with a
bellow-type spring. A fuzzy controller was tested in a system with both a
semi-active pneumatic spring and a semi-active hydraulic damper in [13].
The controller adjusted the stiffness of the spring and the damping co-
efficient of the damper. in [14], a fuzzy controller was used to control
the stiffness of a pneumatic spring in parallel with a passive damper. In
[15], a comparison was made between a fuzzy logic controlled semi-active
spring with a passive damper and a neural network controlled semi-active
damper with a passive spring. In [16], a combination of fuzzy controllers
and neural networks were used to control a semi-active spring in parallel
with a passive damper. To the best of the authors knowledge, there are
no articles available on the subject of active suspension that are only using
pneumatic double acting cylinders.

A field that has seen more research on control of two-way pneumatic
cylinders is robotics. In the field of robotics, research on control of pneu-
matic two-way cylinders for interacting with the environment is a hot
topic thanks to the ability to independently control both force and stiff-
ness [17]. Different variants of modified PI and PID controllers have been
tested in [18, 19, 20, 21] but in later years these solutions have been out-
performed by more advanced, nonlinear control methods that have been
more succesful in terms of bandwidth and robustness. A sliding mode
controller (SMC, see chapter 3.3) has been used in several articles where
it is often chosen due to its robustness against model uncertainties, in [22]
it was used to control the impedance if the cylinder, in [17] it was used
to control the force and stiffness of the cylinder, the article also derived
the maximum and minimum stiffness given the cylinder state and the ref-
erence force. Finally two versions of an SMC were used in [23] for force
control, one based on a highly detailed system model and one simplified,
the results showed that the controller based on the more detailed model
was able to achieve a significantly higher bandwidth but at a high cost
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in terms of complexity and online calculations. A backstepping controller
was developed in [24] which controlled the force and stiffness of the cylin-
der, the results where however not verified with physical experiments but
this would follow in a later article. A combination of SMC and backstep-
ping together with online recursive least squares estimation of the system
parameters called adaptive robust control (ARC) was developed in [25] for
position control, this controller showed very good tracking performance
even under disturbances.

2.2 The undercarriage prototype

The undercarriage suspension is completely separated from the height ad-
justment and features four pneumatic double acting cylinders allowing the
seat to be controlled in the vertical, lateral and roll dimensions, see figure
5. The two vertical cylinders are the Airtec XL-063-080 which has 80 mm
stroke and the two lateral are the Airtec NXD-063-30 with 30 mm stroke.

Figure 5: The prototype undercarriage viewed from
behind (left) and in a 3D view (right), the seat is

mounted on the seat bracket. Each vertical column hides
a double acting cylinder that can control the height of

that side of the seat. Together with the two lateral
cylinders the seat can be made to move vertically,

horizontally and roll. Starting from the bottom right and
going counter clockwise the cylinders are numbered 1-4.

A major difference from other seat suspensions that is of interest for
this thesis is the choice of suspension actuators, this system only features
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pneumatic double acting cylinders instead of a combination of springs and
dampers. Double acting or two-way cylinders have two chambers where
the pressures can be individually controlled, this allows them to exhibit a
force in either direction by changing the pressure difference between them,
see figure 6. Since this type of cylinder features two degrees of freedom
(two chamber pressures) it also allows for separate control of the cylinder
force and its stiffness, this is since the force is proportional to the pressure
difference while the stiffness is proportional to the sum of the pressures.

Figure 6: A sketch of a double acting cylinder, showing
the pressure chambers A and B.

2.3 The vibration spectrum in a forwarder cabin

Skogforsk have a test track specifically designed to simulate the environ-
ment for a forwarder. Test runs have been made by Skogforsk with an IMU
(inertial measurement unit) attached to the cabin floor which shows what
frequencies the seat suspension is subjected to. A frequency spectrum was
created from one of these test runs and can be seen in figure 7.
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Figure 7: The freqency spectrum from a test run on the
Skogforsk test track. The main frequency content is in

the range of 0-5 Hz. The vertical motions shows a
maximum at 4.17 Hz and the lateral and roll motions

have their maximum at 0.28 Hz.

2.4 ISO standards and legislations

ISO 2631-1 vibration and shock - Evaluation of human exposure to whole-body
vibration - Part 1 [26] is used as the Swedish standard for whole-body vibra-
tion measurements [27]. Among other cases it defines how and where to
measure the vibrations for a sitting person and has been used several times
to measure the performance of seat suspensions [13, 15, 28, 14, 16, 29]. It
defines a measurement of the severity of vibrations which is calculated
from the frequency weighted root mean square (RMS) acceleration.

The Swedish Work Environment Authority (Arbetsmiljöverket) de-
fines two values based on this standard and a list of actions that are to
be carried out by the employer if they are exceeded. If the measured RMS-
value is above 0.5 m/s2 the employer must take measures to ensure that
the effect of the vibrations are minimized, the limit value is defined as 1.1
m/s2 which if exceeded forces the employer to immediately take action to
lower the employees exposure to the vibrations [27]. Operator discomfort
and injuries are caused by accelerations in the seat and since accelerations
are directly proportional to the applied force, having direct control of the
cylinder forces can be of interest.
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2.5 Conclusion from the background research

The measurements made by Skogforsk shows that the frequency range
that is of interest for forwarder seat suspensions mainly is in the range of
0-5 Hz where the vertical motions have a maximum at 4.17 Hz and the
lateral and roll motions have their maximum at 0.28 Hz.

Due to the problem of having two sources of disturbances for seat sus-
pensions, having the ability to have direct control of the suspension stiff-
ness is of interest. Since the relevant ISO for this thesis is based on the
accelerations in the seat it is also of interest to have direct control of the
force in the suspension.
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3 Implementation

In this chapter, the choice and implementation of the controller is dis-
cussed together with the implementation of the cylinder and valve mod-
els. All simulations were done in Simulink and Matlab.

3.1 Choice of controller type

The literature review showed that the nonlinear controllers outperformed
their linear counterparts in terms of bandwidth and robustness, therefore
the choice to use one of these became quite clear. Based on the findings
mentioned in chapter 2 and 2.4 it also seems reasonable to be able to have
control of both force and stiffness of the cylinders. Based on this, the choice
fell on the SMC described in [17] for force and stiffness control.

Since this SMC does not control velocity or position it had to be used
together with an outer loop controller that could take into account the lim-
ited stroke available. For low frequencies the inner loop system consisting
of the SMC and the cylinder could be approximated with the linear trans-
fer function

x

f
=

1

ms2
(1)

where x is the cylinder displacement, f is the input force, m is the mass
of the operator and seat and s is the Laplace operator. This is a very sim-
ple model that assumes that the friction forces are negligible but for ini-
tial control design it is useful. This allows for the use of a linear position
controller where the reference is calculated to minimize the absolute seat
movements while also accounting for the limited stroke.

3.2 Model development

The simulation model was developed using standard equations for com-
pressible gases which have been successfully used in earlier projects, for
example [17, 22]. Equation 2 describes how the pressure levels behaves in
a cylinder based on the assumption that the air is undergoing an isother-
mal process. The system behaviour will differ from a truly isothermal
case but the simplified equations together with the known robustness of
SMC:s was deemed to motivate this assumption. For the air flow through
the valves, a model of air flow through a converging nozzle is typically
used, see equation 3 and 4. The use of the model of a converging nozzle
may lead to inequalities in the response between the model and the real
system since the flow through a valve is usually more complicated than
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that of a converging nozzle [9]. To develop a more advanced model of the
flow through a valve would require a substantial amount of work and was
therefore deemed to be outside the scope of this thesis. In the model for
the valves, the spool dynamics are neglected since they are much faster
than the complete system dynamics.

With the assumption that air is an ideal gas undergoing an isothermal
process, the relationship for the pressure derivative in the cylinder cham-
bers becomes the following:

Ṗa,b =
RT

Va,b
ṁa,b −

Pa,b
Va,b

V̇a,b (2)

where Pa,b is the absolute pressure in the different chambers, R is the ideal
gas constant, T is the absolute gas temperature at the valve orifice, Va,b is
the volume of each chamber and ṁa,b is the mass flow to each chamber.
For a more detailed model and discussions about the use of it the reader is
referred to [30] or [24].

The mass flow through a converging nozzle is algebraically related to
the valve opening as follows:

ṁ(Pu, Pd) = AvΨ(Pu, Pd) (3)

where

Ψ(Pu, Pd) =


√

γ
RT

√
( 2
γ+1

)
γ+1
γ−1CfPu if Pd

Pu
≤ Pcr (choked)√

2γ
RT (γ−1)

√
1− (Pd

Pu
)
γ−1
γ (Pd

Pu
)

1
γCfPu otherwise

(4)
where Cf is the discharge constant of the valves, γ is the specific heat ratio
for air, Pcr is the critical pressure ratio and Pu and Pd are the valve up-
stream and downstream pressures. Note from equation 4 that the mass
flow through a converging nozzle has a saturation level proportional to
the upstream pressure when Pd

Pu
≤ Pcr.

Since the undercarriage control system consists of multiple valves and
cylinders of the same model, a Simulink library was created containing
the basic models for valves and the two types of cylinders. This allowed
for easy reuse of models and making modifications to them once they had
been created, an image of the cylinder model can be seen in figure 8. The
valve model structure can be seen in figure 9.
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Figure 8: The cylinder model consists of two sections
dealing with the pressure dynamics of each chamber and

one section that is calculating the output force.

Figure 9: The right block contains equation 4 and the
left block determines the correct input pressures to that

equation.

Images of the larger systems are omitted in this report since they do not
ease the understanding of their implementation. Early in the project there
was a need to get a better understanding of the dynamics of the cylinders

13



under load. It was also necessary to get an understanding of which per-
formance range the sensors and actuators would need to have (see chapter
3.6 regarding the choice of sensors and actuators). Therefore a basic model
of a vertical cylinder with a mass was created in order to study the open
loop behaviour.

In order to ease the model verification phase one model was created
specifically for this purpose that consists of one vertical cylinder and two
connected valves. The inputs to this model are the voltage outputs from
the ECU to the valves, This simplified the model verification process since
the model would run with the recorded data and the outputs could easily
be compared.

The simulation of the controller was implemented in Simulink in two
steps. First, the inner loop SMC was implemented and tested with a model
of two valves connected to a vertical cylinder and a mass that simulated
the weight of the operator and seat. This file was then copied and an outer
loop position controller was added.

3.3 Implementation of control structures

In simulation all parts of the controllers were implemented using the MAT-
LAB Function block in order to simplify the translation into c-code for later
implementation on the hardware.

The SMC was implemented as suggested in [17] with two key differ-
ences, in an attempt to mitigate the shattering associated with the basic
form of SMCs the sgn(s) was replaced with s

|s|+ε which is referred to as a
quasi-sliding mode controller [31]. For a small ε the function will have a
high resemblance with the original function but it has a smoother transi-
tion around s = 0. Instead of giving an independent stiffness reference,
the calculations of the maximum and minimum achievable stiffness for a
certain state of the cylinders were used to allow the user to give a relative
stiffness reference, 0-100 %.

An SMC is based on a model of the system that it will control, in this
case it is controlling force and stiffness and therefore the dynamics of the
cylinder needs to be described using force and stiffness as state variables.
A compact description of the controller will follow here but the interested
reader is referred to [17] for the full explanation. The force generated by a
cylinder is calculated as

F = PaAa − PbAb − PatmAr (5)

where Patm is the atmospheric pressure, Aa and Ab are the areas of each
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side of the cylinder piston and Ar is the piston rod area. By differentiating
equation 5, inserting equation 2 and writing the chamber volumes as Va,b =
Aa,b(

L
2

+ x) we obtain the equation for the force derivative:

Ḟ =
RT
L
2

+ x
ṁa −

RT
L
2
− x

ṁb −
PaAa
L
2

+ x
ẋ+

PbAb
L
2
− x

ẋ (6)

where L is the cylinder length and x is the cylinder position measured
from the middle position.

The stiffness is defined as

K =
∂F

∂x
(7)

and by using the assumption that air is an ideal gas the chamber pressures
can be written as

Pa,b =
RT

Aa,b(
L
2
− x)

ma,b. (8)

By using the equations 5, 7 and 8 one can derive the stiffness derivative

K̇ =
RT

(L
2

+ x)2
ṁa +

RT

(L
2
− x)2

ṁb −
2PaAa

(L
2

+ x)2
ẋ+

2PaAa

(L
2
− x)2

ẋ. (9)

The system equations 6 and 9 can now be written as

Ẋ = f + bu (10)

whereX is the state vector [F K]T , u is the input vector [ṁa ṁb]
T consisting

of the mass flows to both sides of the cylinder and f and b are derived from
the equations 6 and 9. A sliding mode control law can now be written as

u = b−1[Ẋd − f − κ
S

|S|+ ε
] (11)

where Ẋd is the time derivative of the desired input vector defined as
[Fd Kd]

T , κ = [k1 k2]
T is the controller gains and S = [F − Fd K − Kd]

T .
Inserting equation 11 into equation 10 results in the system

Ẋ = Ẋd − κsgn(S) (12)

which shows that in theory, if the system model is identical with the real
system, the system will always stay on the reference once it has reached it.
By using equation 3 the mass flows can be converted to a valve opening
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and by relating the valve openings to their control signal, the sliding mode
controller is complete.

In the simulations an output feedback proportional derivative con-
troller (PD-controller) for position control was implemented together with
a static offset for the weight of the seat and operator, this was done by us-
ing pole placement theory [32], the structure of the controller can be seen
in figure 10. Due to time limitations there was no possibility to mount the
seat on the undercarriage and since the PD-controller was designed for the
weight of the seat and an operator there was no use in implementing it on
the real system. Instead a proportional controller (P-controller) was im-
plemented and manually tuned for the position control with a static offset
to counter the weight of the seat bracket.

Figure 10: The general structure of an output feedback
controller modified with a static offset to compensate for
the weight of the seat and operator. G is the system to be
controlled, the polynomials S, R and T are chosen to put
the closed loop poles and zeros at the desired positions.

The reference position for the cylinders was calculated by integrating the
floor acceleration twice to get its position. After each integration the signal
was high pass filtered to remove any drift which was done with a first
order butterworth filter with a cutoff frequency of 0.2 Hz. This position
was then given with a negative sign as the reference for the cylinders.

3.4 Method for model verification

Open loop test were used in order to verify the model behaviour. In partic-
ular it was of interest to determine the discharge coefficient of the valves
and to create a lookup table relating the signal to the valve to the valve
opening. To determine the discharge coefficient a cylinder was locked in a
known position, then the maximum available command signal was given
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to the valve and the pressure levels were logged. The maximum com-
mand signal was used since the max valve opening was known from the
data sheets. This data was then compared to the model behaviour and the
discharge coefficient could be adjusted accordingly. Due to time limita-
tions there was no possibility to verify lookup tables that were provided
by the valve manufacturer Festo.

3.5 Software implementation

The ECU was programmed in the language C with scheduled tasks, one
for the control of the system and one for logging. A flowchart of the dif-
ferent parts of the program can be found in appendix B, C and D.

The control task was designed as a nested state machine where the state
could be chosen by the user via messages over a CAN bus. The states will
here be numbered in increasing order starting with the innermost state as
number 1 to simplify this section. The innermost state, state 1, is where
the signals to the valves are sent, this state will get these commands either
from state 2 or directly from a message over a CAN bus depending on
what state the user chooses. Going from the innermost state and outward
each state adds a level of autonomy to the system. State 2 contains the
SMC and it calculates the valve commands that are sent to state 1. If this
state is chosen it calculates these commands based on a reference force and
stiffness sent by the user, otherwise these references are passed on from
state 3. State 3 contains the position controller which calculates the force
reference passed to state 2. The reference position for this state is either
sent by the user or passed on from state 4. State 4 calculates a position
reference for state 3 based on the IMU data. In parallel with these nested
states there is a default state which is either actively chosen by the user or
is being entered automatically if the user sends an erroneous state request.
In this state the valves are fully opened against atmosphere. A description
of the different available commands can be found in appendix A.

3.6 Hardware implementation

In order to implement a controller for the suspension it was necessary to
acquire and mount position sensors, pressure sensors, valves and an ECU.
The undercarriage did not have any prepared sensor or valve mountings
so this had to be made as well. Early simulations showed that the ver-
tical cylinders would have eigenfrequencies in the range of 4-10 Hz, de-
pending on which weight they were subjected to, cylinder position and
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the chamber pressures. Based on this it was decided that suitable valves
and sensors should have a bandwidth of more than 100 Hz in order to not
interfere significantly with the full system dynamics.
The ECU is an RC28-14/30 from Bosch Rexroth. Two IPL Linear Position
Sensors with proportional voltage output and 100 mm stroke from Vari-
ohm were used in order to measure the cylinder positions, see figure 11
and 12. A table of the electrical sensor and actuator connections to the
ECU can be found in appendix E.

Figure 11: Right vertical position sensor.

Figure 12: The connectors for the position sensors were
very fragile and they were therefore glued on order to

make them more durable.

Five PX2AG1XX025BSCHX pressure sensors with a 4-20 mA output and
range of 1-25 bar from Honeywell were used together with the NPQM-
D-Q8-S6-P10 adapter from Festo to fit them to the pneumatic tubes to
measure the supply pressure and chamber pressures, these sensors have
a response time of <2 ms. The pressure sensors for the chambers were

18



mounted as close as possible to the valves in order to ensure an as good as
possible control of the mass flows through the valves, see figure 13. Four
5/3 MPYE-5-M5-010-B proportional valves from Festo were used in a 3/3
configuration to control each cylinder chamber, see figure 14, these valves
have a bandwidth of 115 Hz. A pneumatic circuit diagram of the system
can be found in appendix F.

Figure 13: Valves and chamber pressure sensors for the
left vertical cylinder, valve ports 4 and 5 are blocked.
The valves are mounted with the sleve in a horisontal

position to minimize the risk for disturbances due to seat
vibrations.
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Figure 14: Pneumatic connection diagram showing two
valves and a cylinder, the pump is connected to valve

port 1.

The valve signal pin had a resistance of approximately 250 kΩ and needed
an analog reference signal of 0-10 V. The ECU had four PWM outputs at
0-10 V with a frequency of 5000 Hz but they are built for a load of 12 kΩ.
In order to be able to use these pins, a first order filter was built that both
lowered the overall resistance over the valve to approximately 12 kΩ and
smoothed the signal, figure 15 shows the electrical circuit for the filter.

Figure 15: Low pass filter used to connect the valves to
the ECU where R1 = 100 Ω, R2 = 12, 7 kΩ and

C = 10 nF.

The pump that was used is able to deliver an air flow of 3000 Nl/min at
a pressure of approximately 7.4 bar, it was connected to the undercarriage
via an 8 meter long 1/2" hose ending with a 2.5 meter long 8 mm hose.

In order to simulate ground motions the undercarriage was mounted
on the steward rig Micro Motion 600-6DOF-200-MK6 from Bosch Rexroth,
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see figure 16. This rig can create motions in all three translational direc-
tions as well as rotations around these axes.

Figure 16: By using a traverse crane the undercarriage
was mounted on top of another master thesis project

about active cab suspension which in turn was mounted
onto the steward rig.
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4 Results

In this chapter the test results of the model validation and the performance
of the controllers are shown. The results are discussed later in chapter 5.1.

4.1 Model verification

The open loop test where a 100 % opening (2 mm2) in the valves was used
showed good compliance once the discharge coefficient of the valve had
been tuned to 0.9. The coefficient was tuned so that the slope of the pres-
sure curves had the best match in the middle of the rising pressure slope,
see figure 17. Figure 18 and 19 shows two zoomed in versions of figure 17
and clearly displays the differences between the model and the real sys-
tem.
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Figure 17: Open loop test, the supply pressure drops
when the A-side valves to both vertical cylinders open

fully.
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Figure 18: The real system has an initial "burst" in
pressure before the slope stabilizes. When the pressure

difference across the valve becomes small the real system
is slower than the model. This test also shows that there

is a delay of 20-30 ms between the control signal and
that the sensors register a change in the chamber

pressures.
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Figure 19: The real system has a higher initial pressure
drop but becomes slower than the model when the

pressure difference across the valve is low.

4.2 Performance of the evaluated controllers

The force tracking performance of the SMC was tested when the cylinder
was locked at the middle position, a sinusoidal force reference input was
used with a positive offset of 880 N, this offset was chosen to simulate the
weight of the seat and a 90 kg operator. Since the controller is not linear
there is no standard definition of the bandwidth and as seen in figure 20
which is showing a test where the desired stiffness was 100 %, it was eas-
ier for the controller to follow the lower end of the reference signal. The
bandwidth has therefore been defined as when the controller gain is lower
than -3 dB on the upper half of the reference signal. The results in figure
20 should be compared to the ability to follow the same reference signal
when the stiffness reference is lowered to 50 % seen in figure 21.
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Figure 20: The behaviour of the force controller when
following the reference r = 880 + 800sin(2πt) with 100
% stiffness. The controller has problems when trying to

follow very high force references that are close to the
maximum force output.
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Figure 21: The behaviour of the force controller when
following the reference r = 880 + 800sin(2πt) with 50
% stiffness. The ability to track high reference forces has
improved compared to what can be seen in figure 20 but

at the cost of higher noise levels in the output force.

The bandwidth of the controller was tested with different reference ampli-
tudes for different values of the stiffness, the results can be seen in figure
22.
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Figure 22: The force controller bandwidth for a
sinusoidal reference with an offset of 880 N. The
bandwidth is increasing with lowered stiffness.

The position controller was tested with a sinusoidal reference with an am-
plitude of 20 mm around the middle position, this test was also done with
different values for the stiffness, the resulting bandwidth (-3 dB) can be
seen in figure 23. The reason that the position controller wasn’t tested
with higher amplitudes was that the SMC suffered from stability issues
when the cylinders were close to their end positions.
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Figure 23: The position controller bandwidth for a
sinusoidal reference with an amplitude of 20 mm. The
bandwidth is increasing with lowered stiffness. The

bandwidth was measured for the stiffness references 30,
50 and 100 %.

During the tests of the position controller, which also indirectly tests the
SMC during motion, the performance of the SMC degraded severely, see
figure 24.
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Figure 24: Force tracking during position tracking, the
position reference is r = 0.02sin(1.5 · 2πt) and the
stiffness is 100 %. The force controller is unable to

follow the reference during large parts of the trajectory
when the force reference is created by the position

controller.

Due to lack of time and the aforementioned stability issues with the SMC
near the cylinder end positions, the suspension was not tested with the
Skogforsk test track in the in steward rig. The suspension functionality
was instead tested by letting the steward rig create a vertical motion with
20 mm amplitude at 1 Hz. The resulting seat motion can be seen in figure
25. In this test, the best cylinder removed 64.5 % of the floor top-to-top
motion.
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Figure 25: During this test the steward rig was
following the position reference r = 0.02sin(2πt), there

is a clear difference in performance between the two
cylinders. Cylinder 2 had a lowest position of -9.6 mm
and a highest position of 4.6 mm, top-to-top this is 14.2

mm which means that the suspension removed 64.5 % of
the floor movements.

During position control for a fixed position reference, the noise levels in
the output position became lower with an increased stiffness reference,
when the stiffness reference was below 30 % it was in most cases unable
to maintain a steady position. The force controller performed best when
the cylinders were near their middle positions and could get an oscillating
behaviour when being close but not at the cylinder end positions.
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5 Discussion and conclusion

In this chapter of the overall results are discussed together with the final
conclusions from this thesis.

5.1 Discussion

The maximum measured bandwidth of the position controller was 1.8 Hz,
this should be compared with the frequency content of the Skogforsk test
track shown in figure 7. The roll motions showed a maximum at 0.28 Hz
and the vertical motions showed a maximum at 4.17 Hz. This clearly
shows that for the lateral motions there is more work to be done before
the solution suggested in this thesis will work adequately.

The SMC showed good force tracking properties when the cylinders
were fixed near the middle position while the tracking performance de-
graded severely during motion. Since it was showed in [17] that this type
of controller is capable of following a force reference during motion, the
conclusion must be that something has gone wrong. The measurement
data showed that the valves were fully open when the SMC was unable to
follow the force reference which indicates that the available air flow was
insufficient. Apart from this there are two other potential sources that can
affect this behaviour. The first one is that there could be a bug in the con-
troller implementation. The second one was detected during the simula-
tions of the controller, it was discovered that the two parts of the controller
(force and stiffness control) could fight each other if the gains were poorly
chosen. This gave the result that the controller was unable to follow any of
the references or only one of them. If the source of this error is found and
corrected the bandwidth of the outer loop position controller will most
likely be increased and therefore the ability to damp higher frequencies
will improve.

In this thesis the controller has only been tested on the vertical cylin-
ders for the vertical motions. These cylinders can also control the roll mo-
tions when they are controlled together with the lateral cylinders. The
achieved bandwidth of the controller is almost six times faster than the
roll motions which is promising but it also needs to be tested with the
amplitudes that roll motions create before any conclusions can be drawn.
The lateral cylinders have smaller volumes than the vertical cylinders. For
a given pressure change these cylinder require a lower airflow than the
vertical ones and they therefore have the ability to be faster. The prospect
of being able to damp the lateral motions is therefore good but the stabil-
ity issues encountered close to the cylinder end positions must be solved
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since this problem will be more evident with smaller cylinders.
Festo provided simple plots showing the relation between the mass

flow through the valves and their voltage reference for an upstream pres-
sure of 6 bars and a downstream pressure of 1 bar. Due to the limited time
available this could unfortunately not be verified but some tests that were
made after the initial model verification hinted that this data was not cor-
rect. Therefore an incorrect lookup table is believed to be the main cause
of the controller instability when the cylinders are near the end positions.
When the cylinders are near their end positions, the volume in one of the
chambers becomes very small and an error in the mass flow through the
valves will generate a relatively big error in pressure compared to when
the volume is larger, an error in pressure difference translates directly to
an error in generated force in the cylinder. For the case when the position
controller becomes unstable during low stiffness references the same er-
ror is believed to be the main cause. A low stiffness corresponds to low
pressures in both chambers and vice versa. Given a pressure difference
between the chambers the cylinder will have to move further to even this
out if the stiffness is low which causes the oscillating behaviour.

The current implementation for the calculation of the position refer-
ence worked well for the initial tests of the suspension made in this thesis
but it is too simple for a real world implementation. It will probably cause
the cylinders to hit their end stops for sudden motions with an amplitude
larger than half the cylinder stroke since it does not take this into account.
One way to solve this could be to have dynamic filter parameters in the
high pass filter for the floor position that are changing based on the cylin-
der position. If the filter gets a higher cutoff frequency when the cylinders
are getting closer to the maximum stroke this could act as a progressive
damping. Another issue can be seen by studying figure 25. It can be seen
that the seat is changing direction with high accelerations even though
these accelerations are not present in the floor motion. This is caused by
the saturation in the controller in combination with when the controller
error switch sign. One solution could be to implement a trajectory plan-
ner for the controller which takes into account a desired amplitude for the
accelerations. Another solution could be to change the outer loop to a ve-
locity controller with a slow integration on the position error to prevent a
long term offset in the cylinder positions.

Initially the intention was to evaluate any implemented controller with
ISO 2631-1. This was however not possible due to a very tight schedule
at the end of the thesis. A Simulink file that implements this standard
was created in an HK-project conducted at KTH during the autumn 2013.
This was improved upon and it is recommended that this file is used to
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evaluate the performance when the steward rig simulates the Skogforsk
test track.

5.2 Conclusion

The controller for the vertical motions implemented in this thesis is in its
current state not able to damp the majority of the vertical motions in a
forwarder seat due to a too low bandwidth. This is believed to be caused
by a limited air supply in the test setup but is yet to be confirmed. The
controller achieved a maximum bandwidth of 1.8 Hz for position control
while the main vertical frequency in a forwarder seat is concluded to be
4.17 Hz based on measurements made by Skogforsk. Main frequencies for
the roll and lateral motions are concluded to be 0.28 Hz. Coupled with
that the cylinders that will be used to control the seats lateral motions are
predicted to be faster than the vertical cylinders due to small chamber
volumes, it is likely that it will be possible to implement a roll and lateral
controller that can damp the majority of the these motions.

When subjected to a floor disturbance with an amplitude of 20 mm and
a frequency of 1 Hz the best cylinder lowered the seat motion to -9.6 mm
in the negative direction and 4.6 mm in the positive direction. This is is a
decrease of 64.5 % of the top-to-top motion.

These results shows that the concept of double acting cylinders for ac-
tive seat suspension is worth to investigate further where there are two
main areas of interest. The first is to consolidate the stability and perfor-
mance of the existing SMC and to understand its limitations. The second
is to determine an appropriate outer loop controller and its reference.
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6 Future work

In order to continue the work towards a controller that can control all three
degrees of freedom for the seat the following bullets should be considered:

• The reasons for why the controllers become unstable or get a de-
graded performance during the cases mentioned in chapter 4.2 must
be found and solved.

• Proper lookup tables for the valves should be derived.

• The existing SMC should be optimized to remove as much shattering
as possible from the control signal since this causes additional vibra-
tions in the seat. If this issue cannot be solved, it is recommended to
consider the solution that was developed in [24].

• An outer loop control suitable for the weight of the seat and an oper-
ator must be implemented, special consideration should be taken to
account for the varying weight of the operator, perhaps some kind
of observer could be used. The outer loop control must have a band-
width suitable for the frequency content showed in figure 7.

• During testing of the prototype concerns regarding the durability of
the seat bracket mounts were raised since the seat bracket now has a
backlash and has become tilted, this should be looked in to.
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Appendices

A Available commands
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B Flow chart - main function
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C Flow chart - control task
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D Flow chart - logging task
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E Electrical connections table

This tables lists all sensor and actuator connections with their respective
ECU pin.

ECU pin Input Output
IN_33_AIV Cylinder 2 position sensor
IN_34_AIV Cylinder 3 position sensor
IN_58_AIC Supply pressure sensor

IN_59_AIC Cylinder 2 A-side
pressure sensor

IN_60_AIC Cylinder 2 B-side
pressure sensor

IN_53_AIC Cylinder 3 A-side
pressure sensor

IN_61_AIC Cylinder 3 B-side
pressure sensor

OUT_36_AOV valve control signal
cylinder 2 A-side

OUT_34_AOV valve control signal
cylinder 2 B-side

OUT_33_AOV valve control signal
cylinder 3 A-side

OUT_35_AOV valve control signal
cylinder 3 B-side
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F Pneumatic circuit diagram

48



 



TRITA MMK 2015:111 MDA 526

www.kth.se


