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Abstract

Linear Incremental Hydraulic Actuators combine one or more short-stroke
cylinders, and two or more engaging/disengaging mechanisms into one actuator
with long, medium, or even unlimited stroke length. The motion of each single
short-stroke actuator concatenated by the engaging/disengaging mechanisms
forms the motion of the linear incremental hydraulic actuator.
The patterns of how these motions are concatenated form the gaits of a specific
linear incremental hydraulic actuator. Linear incremental hydraulic actuators
may have more than one gait. In an application, the gaits may be combined to
achieve optimal performance at various operating points.
The distinguishing characteristic of linear incremental hydraulic actuators is
the incremental motion. The term incremental actuator is seen as analogous to
the incremental versus absolute position sensor. Incremental actuators realize
naturally relative positioning. Incremental motion means also that the behavior
does not depend on an absolute position but only on the relative position within
a cycle or step.
Incremental actuators may realize discrete incremental or continuous incre-
mental motion. Discrete incremental actuators can only approach discrete
positions, whereby stepper drives are one prominent example. In contrast,
continuous incremental actuators may approach any position. Linear electric
motors are one example of continuous incremental actuators.
The actuator has no inherent limitation in stroke length, as every step or cycle
adds only to the state at the beginning of the step or cycle and does not depend
on the absolute position. This led to the alternative working title Hydraulic
Infinite Linear Actuator.
Linear incremental hydraulic actuator provides long stroke, high force, and
linear motion and has the potential to

• decrease the necessary resource usage,
• minimize environmental impact, e.g. from potential oil spillage,
• extend the range of feasible products: longer, stiffer, better, etc.
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This thesis presents an analysis of the characteristics and properties of linear
incremental hydraulic actuators as well as the gaits and possible realizations
of some gaits. The gait for continuous, smooth motion with two cylinders
is comprehensively studied and a control concept for the tracking problem
is proposed. The control concept encapsulates the complexity of the linear
incremental hydraulic actuator so that an application does not have to deal
with it. One other gait, the ballistic gait, which realizes fast, energy-efficient
motion, enabling energy recuperation is studied.
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Sammanfattning (SV)

Linjära inkrementella hydrauliska aktuatorer (engelska: linear incremental hyd-
raulic actuators) kombinerar en eller flera korta cylindrar och två eller fler
ingrepps- / urkopplingsmekanismer till ett manövrdon med långa, medellånga
eller till och med obegränsad slaglängd. Förflyttningen av varje enskilt slag
sammanfogas av ingrepps- / urkopplingsmekanismerna som utgör rörelsen av
den linjära inkrementella hydrauliska aktuatorn. En specifik kombination av
dessa rörelser bildar en gångart av en specifik linjär inkrementell hydraulisk
aktuator. Linjär inkrementell hydraulisk aktuator kan ha fler än en gångart. I
en tillämpning kan gångarterna kombineras för att uppnå optimal prestanda
i olika driftspunkter. Den karakteristiska egenskapen hos en linjär inkremen-
tell hydraulisk aktuator är den inkrementella rörelsen. Termen inkrementell
aktuator ses analogt med inkrementell positionsgivare jämfört med absolut po-
sitionsgivare. Inkrementell aktuator realiserar naturligt en relativ positionering.
Inkrementell rörelse innebär också att beteendet inte beror på en absolut posi-
tion utan endast på det relativa läget inom en cykel eller ett steg. Inkrementell
aktuator kan realiseras i diskret eller kontinuerlig rörelse. Diskreta inkrementel-
la aktuatorer kan endast anta diskreta positioner, varigenom stegmotorer är ett
framträdande exempel. I kontrast kan kontinuerliga inkrementella aktuatorer
anta vilken position som helst. Manöverdonet har ingen inbyggd begränsning
i slaglängd, varje steg läggs endast till i början av cykeln och beror inte på
det absoluta läget. Det ledde till den alternativa arbetstiteln hydraulic infinit
linjear actuator.
Linjär inkrementell hydraulisk aktuator ger långa slag, stora krafter, linjära
rörelser och har potential att

• minska nödvändig resursanvändning,
• minimera miljöpåverkan som potentiellt oljeutsläpp,
• och bredda utbudet av möjliga produkter: längre, styvare, bättre,. . .
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Denna avhandling presenterar en analys av egenskaperna hos linjära inkre-
mentella hydrauliska aktuatorer till lika de olika gångarterna och möjliga re-
alisationer av vissa gångarter. Gångarten för kontinuerlig jämn rörelse med
två cylindrar är studerat och ett reglerkoncept för spårningsproblemet föreslås.
Kontrollkonceptet beaktar komplexiteten hos linjära inkrementella hydrauliska
aktuatorer så att en tillämpning inte behöver hantera detta. En annan gångart
som har studerats är den ballistiska gångarten. Denna gångart realiserar en
snabb och energieffektiv rörelse som också möjliggör energiåtervinning.
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1
Introduction

Linear incremental hydraulic actuator, the systems in consideration in this
thesis, combine one or more short-stroke actuators, cylinders, and two or more
engaging/disengaging mechanisms into one actuator with long, medium, or
even unlimited stroke length. The motion of each single short-stroke actuator
concatenated by the engaging/disengaging mechanisms forms the motion of the
linear incremental hydraulic actuator.
The patterns of how these motions are concatenated form the gaits of a spe-
cific linear incremental hydraulic actuator, see Chapter 4. Linear incremental
hydraulic actuators may have more than one gait. In an application, the gaits
may be combined to achieve optimal performance at various operating points.
The distinguishing characteristic of linear incremental hydraulic actuators is
the incremental motion. The term incremental actuator is seen as analogous to
the incremental versus absolute position sensor. Incremental actuators realize
naturally relative positioning.
Incremental actuators may realize discrete incremental or continuous incre-
mental motion. Discrete incremental actuators can only approach discrete po-
sitions, whereby stepper drives [Sil15] are one prominent example. In contrast,
continuous incremental actuators may approach any position. Linear electric
motors are one example of continuous incremental actuators.
The actuator has no inherent limitation in stroke length, as every step or cycle
adds only to the state at the beginning of the step or cycle and does not depend
on the absolute position. This led to the alternative working title Hydraulic
Infinite Linear Actuator. This alternative working title points out one possible
consequence of incremental actuation. The title chosen for this dissertation,
linear incremental hydraulic actuator, addresses the working principle.
In this thesis, the term conventional hydraulic actuator is used for conventional
hydraulic drives, for example hydraulic servo drives [Mer67; JK04; Wat09;
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Ryd16], to distinguish between the hydraulic cylinders used as a component
in the linear incremental hydraulic actuator and the conventional hydraulic
actuator as a whole actuator.

1.1 Background / Motivation

This thesis investigates one class of actuators for high-power linear motion, able
to provide long, or even unlimited stroke. A prominent actuator for high-power
linear motion is the conventional hydraulic actuator. Conventional hydraulic
actuators commonly consist of conventional hydraulic cylinders, see Figure 1.1,
and a valve system. Conventional hydraulic actuators are often used to ac-
tuate pivot motion, rotation, such as in the arm of an excavator. This pivot
motion is not the focus of this thesis, although it is not explicitly excluded.
Examples of machines using conventional hydraulic actuators for linear mo-
tion include many kinds of presses, injection molding machines, press brakes
(bending sheet metal), and feeding in for example in drilling rigs. A variant
of conventional hydraulic cylinders, telescope cylinders, is used for example in
hydraulic elevators.
The major limitations in realizing long linear motion with conventional hy-
draulic cylinders are buckling, hydraulic stiffness, hydraulic capacitance, inte-
gration, production, and assembly.
Hydraulic stiffness and hydraulic capacitance affect the dynamic behavior of the
overall system negatively and make it more difficult to control with increasing
stroke length. The influence of stroke length on dynamic behavior and thus
hydraulic stiffness and natural frequency [Wat09; Mer67; JK04; Vie80; Ryd16]
are usually compensated for by decreasing the system pressure. Decreasing the
system pressure results in increased component dimensions and oil volumes.
The increased component dimensions, especially the increased rod diameter,
also reduce the buckling risk for a given stroke length.

Figure 1.1 Symmetrical, double-acting, conventional hydraulic cylinder

2



Introduction

In the case of differential, plunger and telescope cylinders change the total
oil volume in the cylinder with cylinder position. The tank thus has to be
dimensioned accordingly, which leads to big tanks containing huge amounts of
oil.
Also for long-stroke linear actuation, minimal material usages and minimal oil
volumes, and therefore high system pressure are required for economic and
environmental reasons. This cannot be achieved with conventional hydraulic
cylinders. Linear incremental hydraulic actuators can be a practical concept
for overcoming these limitations.
Aiming for performance, medium stroke length linear actuators may also ben-
efit from the same advantages, as there are high hydraulic stiffness and low
hydraulic capacitance.
The concept has also emerging properties, like the option to double the force
for short strokes, see Section 4.3, which may be beneficial in some applications.
Today only simple variants of linear incremental hydraulic actuators are used
and only in niches like in the examples presented in Section 2.1. One explana-
tion why linear incremental hydraulic actuators are not commonly used may be
the high complexity and high necessary control effort compared to conventional
hydraulic actuators. Another cause may be the lack of necessary components
like suitable engaging/disengaging mechanisms or valves.
The concept has the potential to

• decrease the necessary resource usage,

• minimize environmental impact, e.g. from potential oil spillage,

• extend the range of feasible products,

• provide an agile component [Dov14]

• and may simplify integration

in at least some applications.
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1.2 Aim

The central goal in mind is a market-ready product "linear incremental hy-
draulic actuator". This goal reaches far beyond this thesis. Therefore, the aim
of the thesis is to investigate the potential of linear incremental hydraulic ac-
tuators with the focus on motion control aspects. The delivered artifacts are
intended to support future development of such actuators.

1.2.1 Research Questions

From the aim, the following research questions and their rationale have been
derived.

RQ1
What are the characteristics of a linear incremental hydraulic actu-
ator?
To be interesting, a new kind of actuator has to come with new or improved
characteristics while at least partially maintaining the performance of conven-
tional actuators. Therefore, on a general level, without a detail design of the
actuator, linear incremental hydraulic actuators need to be investigated.

RQ2
How can smooth, comparable to a conventional hydraulic servo-
system, motion be realized?
To replace conventional hydraulic servo-systems is a likely and attractive
generic application of linear incremental hydraulic actuators. Linear incre-
mental hydraulic actuators are more complex and switching the load between
multiple cylinders may introduce unacceptable jerk into the system. This may
be a knock-out criterion in many applications.

RQ3
How can the additional freedom be used beneficially?
The linear incremental hydraulic actuators used for most investigations in this
thesis have three mechanical degrees of freedom (DoFs), two continuous and
two discrete control inputs. Other variants of the linear incremental hydraulic
actuator may have even more or also fewer DoFs and control inputs. A conven-
tional hydraulic cylinder actuator on the other hand has one mechanical DoF
and one continuous control input.

4
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product
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product
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product
development

technology
development

technology
development

technology
development

product

product

product

Figure 1.2 Technology Development / Product Development, see [Rei97]

1.3 Scope

The starting situation for this work was a given idea or basic concept, see [5],
later characterized as the linear incremental hydraulic actuator.
Therefore, this was not a market-pull situation where solutions for a given
problem are investigated but more a technology-push situation [UE12; Rei97].
In technology-push, a technology is given and potential products incorporating
the technology, and thus the problems to solve, are investigated, Figure 1.2.
This work goes one step further and investigates parts of a technology intended
for technology-push and thus takes part in technology development. This re-
search is intended to deliver some of the groundwork needed to potentially
following technology development and development of products employing lin-
ear incremental hydraulic actuators.
As the problems to solve and requirements of any potential product are not
known, investigation of the type "Can a linear incremental hydraulic actuator
be used in product X?" cannot be made. This research therefore investigates
basic properties and potential operation modes, the gaits, and their potential
performance.
To continue to pursue a technology, the technology and thus its parts and
aspects have to be feasible to a certain degree. In this work, many high-risk
parts and aspects have been initially investigated to ensure a certain degree of
feasibility. To go further, the following assumptions have been made and the
necessary work postponed.

• Proper engaging/disengaging mechanisms exist or will be possible to de-
velop. Promising candidates are known but require further investigation.
Critical topics: Tribology, durability, response, energy consumption,
state when de-energized, and more.

• Proper compact mechanical designs will be possible. For this research, a
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models
knowledge, theories, methods,

goals, and requirements

«datastore»

synthesize / adapt

analyze

finalizationstart-up

Figure 1.3 Iteration, time aspect.

linear incremental hydraulic actuator has been designed and dimensioned
but the ambition was that this design can be realized with reasonable
effort for initial testing with focus on motion control in a lab environment.
Critical topics: buckling, alignment, and more.

• A sufficiently energy-efficient solution can be found.

• A sufficiently safe and reliable solution can be found.

• Solution affordable for some markets can be found.

1.4 Research Method

For the presented research, a method similar to commonly used modern Mecha-
tronics R&D methods was used. The development is performed mainly in the
virtual world by developing various models, for example simulation models,
and other virtual artifacts, like dimensioning algorithms and CAD models.
Additionally, the development is supported by real-world experiments, where
necessary.
Progress is made by an iterative sequence of synthesis / adaptations and anal-
yses, see Figure 1.3. This sequence can also be interpreted as a sequence of
proposing a hypothesis with a following falsification. This loop was applied
on various hierarchical levels. In some cases the steps in these iterations are
time-consuming and in others they blend into each other.
According to Ulrich and Eppinger [UE12], a prototype can be classified accord-
ing to how physical or analytical it is and according to the scope. The scope
can be focused, e.g. when investigating a component or effect, or comprehen-
sive when investigating the whole product in its designated environment. Ulrich
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Figure 1.4 Experiment / model classification following Ulrich and Eppinger
[UE12]. The area of the blobs symbolizes where in this diagram the experiments
/ models may fit. The arrows show how the experiments / models influence each
other.

and Eppinger use the term prototype as synonym for model, test, experiment,
simulation, and other terms.
Figure 1.4 shows the situation in this thesis. The main contributions are related
to the technology models. Component models and other details are required as
building blocks. These component models are based on existing knowledge from
trustworthy publications, virtual and real-world experiments, and dialogs with
experts. Product-near prototypes or conclusive technology demonstrations are
not in the scope of this thesis.
Building and performing real-world experiments is resource-consuming. Claus-
ing [Cla94] introduces hardware swamp as a risk in product development which
is also relevant in research. "Hardware swamps occur when the prototype itera-
tions are so numerous and so overlapping in time that the entire team becomes
swamped by the chores of debugging and maintaining experimental hardware."
Virtual experiments often require less resources and have also other advantages
like reproducibility and the ability to be stored.
Similar to Figure 1.3, Suh [Suh90] describes the design process as a feedback
control loop, Figure 1.5, where u is the input or problem definition, y the
output or solution, G the synthesis capability, and H the analysis capability.
This feedback control loop can be formulated as a transfer function as follows.

y

u
= G

1 +GH
≈ G

GH
= H−1 for GH � 1 (1.1)
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u: input y: outputG: syntesis

H: analysis

-
+

Figure 1.5 Suh’s [Suh90] feedback control loop depicting the design process.

Suh states that the loop gain GH should be as large as possible so that the
design process converges to the correct solution quickly. For a large loop gain,
the transfer function becomes the inverse of the analysis capability H and is
therefor independent of the synthesis capability. Interesting here is also the
similarity to numerical iterative approximation methods to solve an inversion
problem and to Figure 1.3.
This thesis focuses on motion control and the produced artifacts are mainly
lumped element simulation models, mathematical models, control algorithms,
design algorithms, and analysis and presentation programs. As all these arti-
facts are actually software, a method similar to a known software development
method, test-driven development (TDD), can be applied.
In short, TDD [Gre11] can be described as follows. The developer turns require-
ments into test cases. Test cases are itself programs, that test the requested
functionality. Then, the software is improved to pass the new and all existing
test cases. The next step is refactoring, where the developer cleans up and
reorganizes the existing code. These steps are repeated to add more and more
functionality in small increments. The growing set of test cases ensures that
existing functionality does not break undetected. The key in TDD is test au-
tomation, so that a large number of test cases can be reliably and conveniently
executed. For software development, sophisticated tools exist to support TDD.
In the case of the development of mechatronic products, the support for such
a development method is still limited in common tools. Nevertheless, the basic
method is commonly used substituting missing tool support with manual work
and engineering skills.

8



2
State of the Art

2.1 Linear Incremental Hydraulic Actuators

Linear incremental hydraulic actuators are commonly unknown and are not
an intensively researched class of actuators. However, the concept is not new.
There exist patents describing the principle of the linear incremental hydraulic
actuator from the years 1978 [RB78] and 1985 [HI85]. The German book
"Autonome Produktionszellen" [PS05] from the year 2005 presents the same
principle as the "hydraulischer Schrittmotor" (hydraulic stepper drive). No
scientific article has been found even though it is unlikely that the principle is
not investigated in for example articles about unfamiliar specific applications.
Two examples of commercial products utilizing concepts similar to the linear
incremental hydraulic actuator are Strand Jacks and Skidding Systems.

2.1.1 Skidding System

Skidding systems, like the ones from ENERPAC [EpSS] Heavy Lifting Tech-
nology, see Figure 2.1, and Bosch Rexroth [BRSS], are used to move huge loads
horizontally in temporary or permanent installations. These systems are for
example used in the construction industry to move parts of bridges, in plant
construction to move transformers, and in offshore applications. They are used
in permanent installations like cranes or crossbeams. Skidding systems realize
velocities up to 10 m/h whereby velocities up to 5 m/h are usual.
Skidding systems, like the one shown in Figure 2.1 consist of a skid track,
a skid shoe, an anchor block, and a cylinder pair. The anchor block is the
engaging/disengaging mechanism which engages on the rail, the rod, integrated
into the skid track. The friction between skid track and skid shoe is used
as second engaging/disengaging mechanism. The cylinder pair works as one
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cylinder. The anchor block is realized for example by gripper clamps or a
claw/notch mechanism.
The skidding system moves the load by extending the cylinder working against
the engaged anchor block. After the stroke, the load is held in place by friction
or other measures. The cylinder then retracts, moving the disengaged anchor
block to the next position. Obviously, there are other realizations of skidding
systems possible.

2.1.2 Strand Jack

Strand jacks, like the ones from ENERPAC [EpSJ] Heavy Lifting Technol-
ogy are actuators for heavy lifting applications. Strand jacks pull bundles of
strands, steel cables. For example, huge strand jacks pull simultaneously 84
strands with a diameter of 18 mm to lift 1250 t. This system is for example
used in the construction industry to lift parts of bridges, and for offshore ap-
plications. Strand jacks realize velocities up to 16 m/h but usual velocities are
much lower.
Strand jacks consist of one main cylinder that provides the lifting stroke. Two
anchor systems, the engaging/disengaging mechanisms, realized by a set of
wedges, grip each strand separately. The strand bundle corresponds to a rod.
For lifting motion, the lifting cylinder (Main Lifting Jack) extends and the
wedges of the top engaging/disengaging mechanism (Top Mini Jack) engage
automatically. The pulling of the strands through the bottom engaging/dis-
engaging mechanism leads automatically to its disengagement. When the top
position of the lifting cylinder is reached, the lifting cylinder will retract. The
reverse of the motion leads automatically to the engagement of the bottom
engaging/disengaging mechanism and disengagement of the top engaging/dis-
engaging mechanism. The load stops its motion during retraction.
Lowering is more demanding as the strands are pulled against the automatic
locking direction of the wedges through the engaging/disengaging mechanisms.
The engaging/disengaging mechanisms therefore have a hydraulically actuated
unlocking mechanisms which keeps the engaging/disengaging mechanisms dis-
engaged. Additionally, the load has to be explicitly shifted to the other engag-
ing/disengaging mechanism during each direction change of the lifting cylinder.

10
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skid track

skid shoe

cylinders anchor block

Figure 2.1 Skidding System. Courtesy of ENERPAC [EpSS].

Figure 2.2 Strand Jack. Courtesy of ENERPAC [EpSJ].
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2.2 The Basic Concept – The Inchworm Motor

0 1 2 3 4 5 6

Figure 2.3 Inchworm motor motion principle.
The six steps of one motion cycle [WLT13]. White rectangles stand for con-
tracted piezoelectric actuators and hatched rectangles stand for expanded piezo-
electric actuators respectively. The black dot symbolizes the mounting point of
the load and thus the actuator position. The shaded step 6 is step 0 in the next
motion cycle.

Concepts similar to the linear incremental hydraulic actuator exist outside the
field of fluid power actuators. One concept is called inchworm motor [WIKI-
IWM; WLT13]. Other similar concepts are called ultrasonic motor and piezo-
electric motor. An inchworm motor uses two piezoelectric actuators for clamp-
ing and one for propulsion. The working principle is shown in Figure 2.3. If
the load is connected to the middle of the piezoelectric actuator for propulsion,
the actuator performs a forward motion in both cases, when expanding and
when contracting. This concept has also been realized using other actuators,
for example electroactive polymers [Thu+16].

2.3 Hydraulic Actuation

Linear incremental hydraulic actuators are part of the more general class of
hydraulic actuators. Other hydraulic actuators are competing technologies.
Linear incremental hydraulic actuators are also hydraulic systems in themselves
and consist of components for hydraulic actuation.
The area of hydraulic actuation can be divided into linear actuators and rota-
tional actuators. Rotational actuators, also known as hydraulic motors, are
commonly realized as positive displacement motors, see for example [II01;
Mur98]. Hydraulic motors are usually part of hydro-static transmissions, which
are for example used as drivetrains in heavy construction machinery.
The most common linear hydraulic actuator is the conventional hydraulic cylin-
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der, see Figure 1.1. Other, exotic realizations of linear hydraulic actuators are
for example hydraulic artificial muscles (HAM) [Tiw+12; Sli17] and their vari-
ants.
Conventional hydraulic cylinder actuators can be further categorized by their
hydraulic subsystem. Common hydraulic subsystems are on/off hydraulics
with directional control valves, hydraulic servo-systems (HSS), digital hy-
draulics, electro-hydraulic actuators (EHA), and direct driven hydraulic ac-
tuators (DDHA).
Electro-hydraulic actuators (EHA), and direct driven hydraulic actuators
(DDHA) are integrated solutions of conventional hydraulic cylinders and
pumps, whereby the main control input is the pump flow controlled by the
shaft speed and/or the pump displacement, see for example [MLP13; MP17;
Sou+17].
In the field of electrical drives [Kal12; Sil05; Cet07], the so-called stepper motor
allows sensorless positioning. "Sensorless positioning" means in this case that
there is no dedicated position sensor used to determine the position of the
load but the performed steps are counted to estimate the position. Stepper
drives have also been realized by means of pneumatics, see [Sto+07]. Hydraulic
stepper drives as investigated in [GPS16; GKS14; GS17; Gra16; PGS16] utilize
a valve/piston system delivering a fixed volume of fluid per pulse with high
accuracy and thus moving the load a given distance per pulse. The linear
incremental hydraulic actuator investigated in this thesis can be operated in
gaits realizing sensorless positioning. These are the gaits Stepping, Section 4.6,
and Stepping Simplified, Section 4.7.
In this thesis, digital hydraulics [Lin11] is interpreted as an umbrella term for
switching hydraulics and secondary control with multi-chamber hydraulic cylin-
ders. Digital pumps are not considered. Digital hydraulics realizes concepts
from digital electronics by means of hydraulics.
In switching hydraulics (Linz style digital hydraulics), e.g. [Kog12], fast on/off
valves are used to control the flow of fluid exploiting the inductance of the
fluid or other system components. The control input is implemented as pulse-
width modulation (PWM) or pulse-frequency modulation (PFM). For example,
one switching hydraulic system is the hydraulic buck converter [Kog12]. A
linear hydraulic actuator exploiting the inertia of the load in combination with
so-called freewheeling valves has been presented in [GS94]. The freewheeling
valves allow motion without discharging flow from the supply line.
Another digital hydraulics concept is secondary control with multi-chamber
hydraulic cylinders [Lin+09], also called variable displacement linear actuator
(VDLA) [HS17]. The enabling components of this concept are cylinders with
multiple piston areas. By selecting given pressure levels for each piston area,
the effective piston area and thus the actuator’s force can be changed. This
variability in the effective piston area led to the name variable displacement
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linear actuator.
A hydraulic servo-system (HSS) consists of a symmetrical or differential con-
ventional hydraulic cylinder and a servo valve or proportional valve. In this
thesis, the terms servo valve and proportional valve are seen as synonyms, see
[Joh12]. The modeling and control of hydraulic servo-systems is extensively
treated in common textbooks like [JK04; Mer67; Wat09; Ryd16]. Control of
hydraulic servo-systems is still an active research topic, see for example [Koi16;
KM17; KM15; And+05; And+15; KSK99; Kug00].
One trend in hydraulic servo-systems is to use valves with independent meter-
ing, and another is to use valves with integrated sensors and built-in advanced
controllers. An example of valves following both trends is the Independent-
Metering Mobile Valve from Eaton [EatonCMA200]. Independent-metering
valves can for example be used to improve the control performance [RZ17] or
to improve the energy efficiency [KW16].
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The System

3.1 The System in Consideration

The system in consideration in this thesis, the linear incremental hydraulic
actuator, is depicted as a Block Definition Diagram (BDD) in Figure 3.2. One
possible partial instantiation of the linear incremental hydraulic actuator is
shown in Figure 3.1.
As Figure 3.2 shows, linear incremental hydraulic actuators consist of one or
more hydraulic cylinders. The piston assembly of each cylinder is equipped
with an engaging/disengaging mechanism locking (or unlocking) the cylinder’s
piston assembly temporarily to the rod. In this work, piston assembly or just
piston stands for the whole moving part of the cylinder including all perma-
nently connected parts as there are or may be seals, a rod permanently con-
nected to the piston, and other parts. The term rod is used very generally
and includes everything with which the engaging/disengaging mechanism can
engage, respectively disengage from. Additionally, there may be an engag-
ing/disengaging mechanism to lock the rod in the actuator.

cylinder A cylinder B

rodengaging/disengaging mechanism

Figure 3.1 Schematic of the system: Two double-acting cylinders temporar-
ily hydraulically detachable from the common rod driving the load.
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Linear Incremental Hydraulic Actuator

Hydraulic Cylinder

Engaging /
Disengaging
Mechanism

PistonCylinder Body

Rod

Hydraulics
and

Control
System

0, 1

1..*

Figure 3.2 SysML Block Definition Diagram [Fri+11; CSM] of the linear
incremental hydraulic actuator.

The engaging/disengaging mechanisms may be able to engage at any position,
continuous position engagement, or only at defined positions, discrete position
engagement, Figure 3.3. An example of a system realizing continuous posi-
tion engagement is the hydraulic hub-shaft connection [ETPOCT] from ETP
Transmission AB [ETP], see Figure 3.8. Discrete position engagement is an
interlocking solution featuring for example grooves or cogs. Discrete position
engagement mechanisms are realized in industrial applications such as injection
molding machines, see Figure 3.4. This work investigates only linear incremen-
tal hydraulic actuators with continuous position engagement mechanisms, even
though some findings may also apply for discrete position engagement. The
hydraulically actuated hub-shaft connection is used as a surrogate for various
kinds of continuous position engagement mechanisms.
The engaging/disengaging mechanism may engage automatically, auto-locking,
or is controlled by the control system. An example of an auto-locking en-
gaging/disengaging mechanism is one with wedges like in Strand Jacks, see
Section 2.1.2, and in Skidding Systems, see Section 2.1.1. An example of a
controlled engaging/disengaging mechanism is the hydraulically actuated hub-
shaft connection from ETP [ETP], Figure 3.8. This work investigates only
linear incremental hydraulic actuators with controlled engaging/disengaging
mechanisms.
Another property of engaging/disengaging mechanisms is whether they are en-
gaged, disengaged or undefined when not energized. "Not energized" is the
state of the mechanism when no external energy is provided. These states
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(a) Continuous position engagement (b) Discrete position engagement

Figure 3.3 Types of engagement.

Figure 3.4 Locking mechanism of the clamping unit of an ENGEL DUO
injection molding machine. Courtesy of ENGEL [ENGELDUO].

are commonly also called normally-engaged or normally-disengaged, respec-
tively. The hydraulically actuated hub-shaft connection used for investigations
engages when pressurized and disengages when the pressure drops. This mech-
anism is thus disengaged when not energized. Engaging/disengaging mecha-
nisms like the hydraulically actuated clamping and braking element from ZIM-
MER GROUP [ZIM], see Figure 3.5, need to be pressurized to disengage. This
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Figure 3.5 Hydraulically actuated clamping and braking element,
Series KBHS from ZIMMER GROUP [ZIM].
Energized to open, i.e. engaged when not pressurized, 100 000 static clamping
cycles, safety element; 1: profile rail from common linear motion guides, 2: knee
lever, 3: clamping jaws and brake shoes, 4: housing, 5: membrane, 6: extension
bolt 7: scraper. Courtesy of ZIMMER GROUP.

mechanism is thus engaged when not energized.
The actuator can be used so that the load is connected to the rod and the ac-
tuator, i.e. the cylinder bodies, is stationary. The opposite case is also possible,
where the load is connected to the actuator and the rod is stationary. This
work assumes the case where the actuator is stationary, i.e. connected to the
inertial frame of reference, and the rod moves, driving the load.
Linear incremental hydraulic actuators possess additional DoFs compared to
conventional hydraulic cylinders. These additional DoFs make it possible to
operate the linear incremental hydraulic actuators in various gaits. Gaits are
the patterns of motion the actuator can operate in. Gaits are discussed in more
detail in Chapter 4.
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3.2 The System Model

Linear incremental hydraulic actuators as described in Section 3.1 can be re-
alized in various forms. For analysis and especially simulation, it is necessary
to specify the system in consideration more concretely. This thesis and the
appended papers, see page vii, primarily consider a system like the one inves-
tigated in this section and depicted in Figure 3.6. This chapter also provides
background information on the system studied in the appended papers, in par-
ticular paper [I].
This chapter describes the system, covers mathematical modeling, and presents
assumptions made concerning the components. For the purposes of simulation
and numerical analysis, a concrete instance of the investigated system is pre-
sented. The investigated application lifts a mass, as this is a simple but generic
load case, see Section 3.2.2. The investigated linear incremental hydraulic ac-
tuator consists of two equal symmetrical cylinders with a continuous position
engaging/disengaging mechanism each, see Figure 3.6.
The actuator has three DoFs which are temporarily coupled depending on the
discrete states. Hence, the actuator is a hybrid system [Lib03] with both,
continuous and discrete states and/or control inputs. The discrete states are
formed by the engaging/disengaging states of the engaging/disengaging mech-
anisms of each cylinder, see Figure 3.7. The on/off valves controlling the en-
gaging/disengaging form the discrete control inputs.

3.2.1 The Engaging / Disengaging Subsystem

The engaging/disengaging subsystem is the key subsystem in linear incremental
hydraulic actuators and the enabler of the concept. Its purpose is to lock and

cylinder A cylinder B

load

Figure 3.6 Linear incremental hydraulic actuator with two symmetrical
cylinders, each actuated by a proportional valve and equipped with a hub-shaft
connection as engaging/disengaging mechanism actuated by an on/off valve.
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cylA engaged
cylB engaged

cylA engaged
cylB disengaged

cylA disengaged
cylB engaged

cylA disengaged
cylB disengaged

Figure 3.7 Discrete states of the investigated actuator.

unlock the cylinders to the common rod. Safe locking and complete unlocking
as well as the timing are critical characteristics.
The control concept proposed in paper [I] assumes only a few characteristics
of the engaging/disengaging subsystem as: a) when engaged the transferable
force is beyond a specified lower limit; b) when disengaged the disturbance
force is below a specified upper limit; c) the engaging process takes less than a
specified upper limit of duration Tengage; d) the disengaging process takes less
than a specified upper limit duration Tdisengage. Tengage and Tdisengage consider
all delays from the trigger in the software until the required force is actually
transferable. This includes for example delays in software, electronics / bus
system, valve, pressurization of the clamping element, as well as squeeze and
stick effects. They also include the uncertainty in the engaging/disengaging
process.
More detailed models could be used to slightly improve the performance of the
controller, but that would mean that the controller would depend on effects
with limited reproducibility, e.g. friction. For paper [I], the design decision
was that the control strategy shall not depend on such effects. The simulation
model to test the control strategy considers more details, which are presented
in this section.

3.2.1.1 The Clamping Element

In the considered system, the engaging / disengaging is realized with the COTS
hydraulically actuated hub-shaft connection Octopus from ETP, [ETPOCT],
see Figure 3.8. The hub-shaft connection transfers the cylinder force due to
the friction of the hydraulically actuated membrane pressed against the rod.
The friction is modeled as Coulomb friction as follows, see also paper [IV].

Fc =
{
Fc0 when: pc < pc0

Fc0 + µAc (pc − pc0) else
(3.1)

Fc0 is the remaining friction force caused for example by scrapers. pc is the oil
pressure in the connection and pc0 is the minimal pressure where the hub-shaft
connection starts to engage. µ is the friction parameter and Ac the effective
area where pc acts to create the normal force to create the friction force.
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valve LCM FSVi 4.1 [FSVi]
switching time 1 ms + 2 ms
nominal flow at 5 bar qnom 5 L/min

fluid
kinematic viscosity at 0 ◦C 580 cSt
kinematic viscosity at 20 ◦C 144 cSt
kinematic viscosity at 40 ◦C 46 cSt

clamping element ETP Octopus O40 [ETPOCT]
pc0 1 MPa

friction parameter µ 0.1

subsystem
duration to engage Tengage 10 ms
duration to disengage Tdisengage 10 ms

Table 3.1 Parameters for the engaging/disengaging subsystem in simulation.

Figure 3.8 Hydraulic hub-shaft connection Octopus [ETPOCT].
Courtesy of ETP Transmission AB [ETP].

Squeeze and stick effects (stiction) between clamp element and rod are assumed
to be handled by measures on the hub-shaft connection, for example grooves
and surface finish, and are not explicitly modeled. The remaining effect is seen
as part of the uncertainty in the pressurization process. It is also assumed that
the connection is axially rigid.
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3.2.1.2 The Actuation System

The clamping element is actuated by pressure pc in the inner volume of the
hub-shaft connection, represented as a dark area in Figure 3.8. A fast on/off
valve connected to the clamping element via a hose controls the pressurization
and depressurization.
The dynamics of the pressurization / depressurization are mainly dependent on
the valve dynamics and the pressure build-up and relief in the volume. Hence,
accepting the limited fidelity, the actuation system is modeled as volume pres-
surized through a resistance and a valve. It is assumed that the pressure and
tank connection of the valve are supported by accumulators. The volume con-
siders the volume of the hub-shaft connection and the hose. The deformation
of both is considered by accordingly increased volumes. The flow resistance in
the hose is modeled according to Hagen–Poiseuille [JK04].

Valve The fast switching-valve FSVi 4.1 [FSVi] from Linz Center of Mecha-
tronics GmbH is used. This valve features a 5 L/min at 5 bar pressure drop
and a nominal switching time of 3 ms. A summary of the state of the art in
digital valve technology can be found in [WPS15].
The opening dynamics of the FSVi are approximated by a delay of 1 ms and
constant acceleration of the poppet, which opens and closes the valve in 2 ms.
This simple model fits sufficiently to the plots in the data sheet [FSVi]. Simu-
lation results are shown in Figure 3.9, "valve opening xVc".

3.2.1.3 Results

Figure 3.9 show simulation results of an engaging and a disengaging process.
The figure shows that the valve opens and closes within 3 ms.
Within the mentioned assumptions the pressurization / depressurization occurs
within 10 ms at room temperature. At 0 ◦C the pressurization still occurs within
10 ms, but in the case of depressurization the friction force is approximately
1.5 kN at 10 ms and reaches minimum approximately 2 ms later. In the case of
0 ◦C, the assumed characteristics thus do not hold.
Assuming the friction parameters specified in the data sheet [ETPOCT], see
also Table 3.1, the transferable force reaches approximately 23 kN and exceeds
the actuator design force by a factor of 1.15.

3.2.1.4 Slip

In this contribution, everything resulting in deviation between the actuator po-
sition xact and the accumulated position of the cylinders is named "slip", even
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Figure 3.9 Engaging / disengaging subsystem: Simulation results of an en-
gaging and a disengaging process.

though it is not related to sliding under the influence of stiction. The accu-
mulated position is the theoretical actuator position caused by the cylinders if
ideal clamping is achieved.
This deviation has many causes and effects. There are a) position accuracy
of the cylinders when engaging or disengaging; b) not ideal sensors; c) motion
between the reference systems of the sensors, and others. Assuming a Coulomb
or Dahl friction model [Wit+95], slip between the pistons and the rod may
occur d) while overloaded (force peaks beyond the stiction force); e) while
engaging and some period after (fluid, squeeze effect). Slip may also be caused
by f) load changes and the elastic deformation of the clamping element and the
rod.
Most of these effects cause slip during the engaging and disengaging phase but
not during the driving phase. Other effects, like overload, shall not occur in
well-dimensioned systems. Slip may also be an integral part of the concept in
some systems.

3.2.2 Load Subsystem

As discussed, the intention of this contribution is not to design an actuator for
one defined application, but, in a technology-push manner [UE12], investigate
the properties of this concept to enable decisions as to whether this concept is
suitable for emerging applications.
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effective load force FL −20 kN
effective mass / inertia mL 2000 kg
effective damping bL 0 N s/m

Table 3.2 Parameters for the load in simulation.

cyl. A cyl. B coupling i j equations
E D [xact, xcylA] A B 3.6 + 3.2
D E [xact, xcylB] B A 3.2 + 3.6
E E [xact, xcylA, xcylB] – – 3.7
D D [] – – 3.2+3.2+3.4

Table 3.3 Equation selection for the four discrete states.
E: engaged, D: disengaged.

Various load cases are discussed in [III]. A load can often be simplified to a
(varying) mass with additional force and viscous friction. In this contribution,
a case similar to lifting a mass is considered, see Table 3.2. Viscous friction is
kept low as this is the worst case scenario.

3.2.3 Equations of Motion

The actuator has in total three DoFs. Depending on the discrete states, the
DoF of each cylinder can be coupled with the DoF of the load. The DoF of
cylinder A or the DoF of cylinder B or the DoFs of both are thus temporarily
eliminated.
The equations of motion for the cases Cylinder Disengaged, One Cylinder En-
gaged and Both Cylinders Engaged are presented in the following. For each
discrete state in Figure 3.7 the equations of motion are selected according to
Table 3.3.

3.2.3.1 Cylinder Disengaged

Equation 3.2 describes the motion of a disengaged cylinder. Considered are
the cylinder force, Equation 3.13, including the friction in the cylinder, Equa-
tion 3.14, and the friction between piston and rod, Equation 3.3, see Sec-
tion 3.2.1.1, Equation 3.1. The friction between piston and rod considers
scrapers and guidance.
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This is the case which is relevant during retraction.

d2

dt2xcylj = 1
mPj

(Fcylj + Fd clampj + Fdisturbance) (3.2)

mPj = mPjSteel + ρfluid VAj(xcylj) + ρfluid VBj(xcylj)

Fd clampj = −bclamp
d
dt (xcylj − xact)

− sign
(

d
dt (xcylj − xact)

)
Fcoulomb, clamp (3.3)

3.2.3.2 Load while both Cylinders Disengaged

This case describes the motion of the load when both cylinders are disengaged.
It considers the load force and load friction as well as the friction between
pistons and rod.

d2

dt2xact = 1
mL

(FL + FfL − Fd clampA − Fd clampB) (3.4)

FfL = −bL
d
dtxact (3.5)

3.2.3.3 One Cylinder Engaged

In this case one cylinder, cylinder i, is engaged with the load while the other,
cylinder j, is disengaged

d2

dt2xact = 1
m

(Fcyli − Fd clampj + FL + FfL) (3.6)

m = mPi +mL

3.2.3.4 Both Cylinders Engaged

In this case both cylinders are engaged with the load.

d2

dt2xact = 1
m

(FcylA + FcylB + FL + FfL) (3.7)

m = mPA +mPB +mL
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3.2.4 Cylinder Valve Subsystem

The derivation of the equations for a system like that in Figure 3.6 can be
found in various textbooks, for example [JK04] and [Wat09]. See also [Kug00].
They are included here for consistency and completeness.

3.2.4.1 Cylinder

Fh = APA pA −APB pB (3.8)
d
dtpA = E

VA(xP)

(
qA −APA

d
dtxP

)
(3.9)

d
dtpB = E

VB(xP)

(
qB +APB

d
dtxP

)
(3.10)

VA(xP) = V0A +APA xP (3.11)
VB(xP) = V0B −APB xP (3.12)

The cylinder friction, Ff cyl, is modeled as viscous and Coulomb friction.

Fcyl = Fh + Ff cyl (3.13)

Ff cyl = −bcyl
d
dtxP − sign

(
d
dtxP

)
Fcoulomb, cyl (3.14)

Table 3.4 shows the parameters used in simulation. Friction in cylinders is
pressure-dependent. In the used simulation models this pressure dependence
is ignored. For the case Cylinder Disengaged the cylinder friction force is a
dominating part of the load. In this case the chamber pressures are always
near to pS+pT

2 and thus the pressure dependence has little influence if param-
eters are selected for this working point. In the case when driving the load,
load forces are dominant and the cylinder friction has less influence and the
pressure dependence is considered as disturbance. More complex models like
Stribeck, LuGre, Dahl [Wit+95] are not applied. The friction parameters are
estimated from measurement results in [Amo16]. The parameters are scaled
proportionally according to the sum of the lengths of the seal’s edges.

3.2.4.2 Proportional Valve

The valve is assumed to be of a fast servo valve kind with linear characteris-
tics. Under-lapped characteristics are considered in the simulation model and
controller design but not presented in this work for readability reasons.
The dynamics of the valve are modeled as a combination of a rate limitation
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type symmetrical
piston area APij 1180 mm2

stroke ±100 mm
chamber volume at xcyl = 0m V0ij 300 cm3

piston mass mPj 18 kg
viscous friction coefficient bcylj 1000 N s/m
coulomb friction 300 N

Table 3.4 Parameters for the cylinders in simulation.

nominal flow at 35 bar per edge qnom 25 L/min
corner frequency for small amplitudes fV 200 Hz
damping δ 0.7
actuating time for signal step 0 to 1 TVstep 5 ms

Table 3.5 Parameters for the proportional valve in simulation.

that considers a limited spool velocity and a PT2 element.

qA = cV AS sg(xV ) ∧
√
pS − pA

− cV AT sg(−xV ) ∧
√
pA − pT (3.15)

qB = cV BS sg(−xV ) ∧
√
pS − pB

− cV BT sg(xV ) ∧
√
pB − pT (3.16)

d2

dt2xV = ω2
V

(
u− 2d

ωV

d
dtxV − xV

)
(3.17)∣∣∣∣ d

dtxV

∣∣∣∣ <= ẋV limit ≈
1

TVstep
(3.18)

To simplify the way of writing the equations the following shortcuts are used.

sg(u) =
{

0 for u < 0
u else

(3.19)

∧
√
u = sign(u)

√
|u| (3.20)

For the simulation, parameters similar to the high-response directional control
valve BOSCH 4WRREH6–25L are used, see Table 3.5. The valve is assumed
to be without hysteresis.

3.2.4.3 Reduced System

For the controller design, a reduced model is derived by introducing load
pressure pL = pA − pB according to [JK04]. With the symmetry assump-
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tions pS+pT
2 = pA+pB

2 and the simplifications V = VA = VB = VA0 = VB0,
E = EA = EB, follows

qL = cV xV
1√
2
√
pS − pT − sign (xV) pL (3.21)

d
dtpL = E

V

(
2 qL − 2AP

d
dtxP

)
(3.22)

qL = qA − qB
2 = qA = −qB (3.23)
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4
The Gaits

The motions of the cylinders are concatenated by engaging and disengaging to
the motion of the actuator. The patterns of how the cylinders are concatenated
form the gaits. The gaits are therefore the principal categories of how to control
the motion of a linear incremental hydraulic actuators.
Which gaits can be realized in a proper way is determined by the design of
the actuator. Relevant are for example the number of cylinders, the engag-
ing/disengaging mechanisms, sensors, and the hydraulic subsystem, especially
the valves. Actuators with a higher number of cylinders and engaging/dis-
engaging mechanisms, and therefore a higher number of DoFs, may realize a
higher number of distinct gaits.
An application may use exclusively one gait or it may combine various gaits.
Gaits have strengths and weaknesses that may fit various operating points.
Combining gaits may thus help to achieve optimal performance over a wide
range of operating points. Depending on the application, some gaits may be
useful or not.
This chapter outlines gaits which can be realized with an actuator with two
equal symmetrical cylinders, see Figure 3.1 and Figure 3.2. The special case
where only one cylinder with an engaging/disengaging mechanism is combined
with an engaging/disengaging mechanism that locks the actuator to the rod
is also considered. The engaging/disengaging mechanism is assumed to be of
the continuous position engagement type, see Section 3.1 and Figure 3.3. In
this thesis, some gaits have been studied in more detail, others are listed and
briefly described.
Each of the two cylinders, A and B, can be engaged or disengaged. This results
in four different engagement states for the actuator. The states are shown in
Figure 4.1, in the form of a state machine. The pattern of the transitions
between these states characterizes a gait. State machines are therefore used in
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this chapter to depict gaits. States, which are not used in a gait, are marked
in gray. Some figures show variants of a gait in one graph.

cylA engaged
cylB engaged

cylA engaged
cylB disengaged

cylA disengaged
cylB engaged

cylA disengaged
cylB disengaged

Figure 4.1 State machine: States of the investigated actuator.

4.1 Gait: Free Motion

In this gait, all cylinders are disengaged, see Figure 4.2. The actuator affects
the load solely with the residual forces of the disengaged cylinders, see Sec-
tion 3.2.3.2.

cylA engaged
cylB disengaged

cylA disengaged
cylB disengaged

cylA disengaged
cylB engaged

cylA engaged
cylB engaged

Figure 4.2 State machine: Gait: Free Motion.

This gait may be used in cases where the load is to move freely, e.g. during
commissioning or in modes where the load is controlled by other means.

4.2 Gait: Short Stroke or Hold

This gait can be realized alternatively in two variants, where cylinder A or
where cylinder B is engaged, see Figure 4.3. While the actuator operates in
this gait, no engaging or disengaging occurs. In this gait the actuator operates
like a conventional hydraulic cylinder with the same stroke length.
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cylA engaged
cylB disengaged

cylA engaged
cylB engaged

cylA disengaged
cylB disengaged

cylA disengaged
cylB engaged

Figure 4.3 State machine: Gait: Short Stroke or Hold, two variants.

4.3 Gait: Short Stroke, Accumulated Force

In this gait both cylinders are permanently engaged, see Figure 4.4. With both

cylA engaged
cylB engaged

cylA disengaged
cylB disengaged

cylA engaged
cylB disengaged

cylA disengaged
cylB engaged

Figure 4.4 State Machine: Gait: Short Stroke, Accumulated Force.

cylinders engaged, twice the force of one cylinder can be applied on the load.
This may be relevant in applications where the load has to be move over a
longer distance and where one short stroke with higher force is then required.
This is an implementation of secondary control.
This gait may also be used to enhance the control performance for a short
position interval. Two cylinders driving the load leads to a higher natural fre-
quency. Even though both cylinders are mechanically connected, the hydraulic
subsystems are still separated and therefore also the control inputs. The sys-
tem forms a so-called over-actuated system. This additional freedom may be
for example used to increase the system’s damping.

4.4 Gait: Infinite Hydraulic Stiffness

This gait has been studied in paper [IV].
When the desired position has been reached, one piston disengages and moves
to its end-stop while the other holds the load. The position of the load will
thus not be changed. Reaching the end-stop, the cylinder chamber opposing
the end-stop will be fully pressurized before the cylinder engages. This can
then be repeated with the second piston.
After this preparation, the configuration for this gait is set and one or both
cylinders are permanently engaged, see Figure 4.5.
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cylA disengaged
cylB engaged

cylA engaged
cylB disengaged

cylA disengaged
cylB disengaged

cylA engaged
cylB engaged

Figure 4.5 State Machine: Gait: Infinite Hydraulic Stiffness, three variants.

(a) One piston at the-end stop

(b) Two pistons at equal side end-stops

possible backlash

(c) Two pistons at opposed side end-stops

Figure 4.6 Infinite hydraulic stiffness, see [IV].

If one or both engaged pistons are forced against the end-stops, the pistons
have mechanical contact with the cylinder casing and the hydraulic stiffness
becomes infinite, i.e. the oil column with a length of 0 m does not influence the
dynamic behavior of the system any more. This gait is therefore called "Infinite
Hydraulic Stiffness".
This gait can be realized in three basically different configurations, see Fig-
ure 4.6. Forcing one piston against an end-stop, Figure 4.6a, may replace
separate locking mechanisms. Forcing both pistons against end-stops as in
Figure 4.6b doubles transferable force. Both pistons have to be placed on the
same side as otherwise backlash may be introduced into the system.
Actuators utilizing normally-engaged engaging/disengaging mechanisms may
safely lock the load position bidirectionally for power-off by positioning the
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pistons against opposing end-stops as in Figure 4.6c.

4.5 Gait: Slipping

Slipping, relative motion between piston and rod while being engaged, is in
most cases undesirable. Many considerations in the design of a linear incre-
mental hydraulic actuator concern how to avoid slip. Slip may cause wear and
reduces performance.
For designs like the one presented in Section 3.2, slip can be designed as a
desired feature. Slip limits the transferable force and may thus be used as
safety feature. The force where the engaging/disengaging mechanism starts to
slip can be configured by the clamping pressure, see Equation 3.1, excepting
the uncertainty in the friction model.
Another utilization of slip has been studied in paper [IV] and is called "Con-
trolled Passive Damping". In this case, the gait Infinite Hydraulic Stiffness,
Section 4.4, is used with reduced clamping pressure to introduce controlled
passive damping into the system.

4.6 Gait: Stepping

This gait has been presented in [PS05] as "hydraulischer Schrittmotor", German
for hydraulic stepper drive. This gait has similarities with the Inchworm Motor
presented in Section 2.2.
The motion principle is shown in Figure 4.7 and Figure 4.8. The engaged cylin-
der, A, 0), drives the load until its end-stop while cylinder B fully retracts, 1).
Cylinder B then engages, 2), followed by cylinder A disengaging, 3). Cylinder
B then drives the load until its end-stop while cylinder A fully retracts, 4).
Then, cylinder A engages, 5), followed by cylinder B disengaging, 6). This
process repeats until the desired position has been reached.

cylA engaged
cylB disengaged

cylA disengaged
cylB engaged

cylA disengaged
cylB disengaged

cylA engaged
cylB engaged

Figure 4.7 State machine: Gait: Stepping and Gait: Smooth Motion.

Characteristic of this gait is that the motion of the load stops after each stroke.
In an implementation with directional control valves, the pistons hit the end
stop cushions during each cycle to deaccelerate. Therefore, this gait is only
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0 1 2 3 4 5

Figure 4.8 Gait: Stepping, motion principle.
The six steps of one motion cycle. The steps without numbers show the end po-
sition of the previous step. Cf. Figure 2.3, the inchworm motor motion principle.
The blue/dark pistons are engaged, the white disengaged. The shaded step, 6,
is step 0 in the next motion cycle.

reasonable in applications with relatively low kinetic energy, i.e. low velocity
and/or low inertia/mass. This also characterizes the actuator as discrete in-
cremental actuator. To widen the reasonable application area, proportional
valves and feedback control can be used to ensure suitable forces and thus
accelerations, in particular when stopping.
The number of strokes can be used to determine the position as the stroke
length of the cylinders is known. The actuator in this gait therefore realizes
sensorless positioning.
Many simpler or more advanced variants of this gait exits.

4.7 Gait: Stepping Simplified

A simplified version of the gait Stepping, Section 4.6, can be realized with only
one cylinder and one additional holding mechanism. The holding mechanism
may be realized by utilizing the friction of the load, a freewheeling mechanism,
or an engaging/disengaging mechanism.
In this gait, the cylinder engages, moves the load, disengages, and retracts
repeatedly.
Variants of this gait are implemented in commercially available linear incre-
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mental hydraulic actuators presented in Section 2.1, the Skidding System, Fig-
ure 2.1, and the Strand Jack, Figure 2.2.

4.8 Gait: Smooth Motion

This gait has been studied in papers [I] and [III]. The gait is called basic gait
in paper [II].
Characteristic of this gait is that at least one cylinder is engaged at all times.
This gait thus has similarities with the gait Stepping, Section 4.6. Both gaits
can be described by the same state machine, see Figure 4.7.
The major difference is that the gait Smooth Motion aims for continuous motion
without stopping for load shifts. Velocity or force deviation caused by the load
shift is also to be omitted.
The piston therefore has to synchronize with the rod when engaging. One way
to realize this synchronization is that the piston engages and the increasing
friction force in the clamping element passively accelerates the piston to the
rod velocity. This solution may cause increased wear and the acceleration of
the piston by the rod causes jerk. Another problem is that the hydraulic system
may block the piston, which leads to further disturbance. One way to mitigate
this problem is discussed in paper [II] and introduces lockable check-valves
between the cylinder chambers.
A more advanced alternative is presented in paper [I]. There the trajectory of
the retracting cylinder is coupled to the driving cylinder via a virtual gear func-
tion. This virtual gear function causes the retracting cylinder to synchronize
with the driving cylinder and thus the rod before the transition phase where
the cylinders change roles. The engaging is thus independent of the friction
behavior of the clamping element and its uncertainty, as the retracting cylinder
is already synchronized before it starts to engage.
When the retracting cylinder engages, the driving cylinder drives the full load.
Should the formerly driving cylinder now disengage, the immediate transfer of
the load would cause that substantial jerk to be introduced into the system.
This problem is analyzed in paper [III]. Paper [I] proposes a solution where
the load is actively shifted from the former to the later driving cylinder before
disengaging. During the whole load shift the combined force of both cylinders
is kept at the required force, which means it is kept constant for the simple
case of constant velocity. The now retracting cylinder thus drives no load when
disengaging and therefore a disturbance of the system is as good as omitted.
Additionally, rod and cylinder are synchronized because of the virtual gear
function. This leads to next to no jerk being introduced into the system while
disengaging.
The solution proposed in paper [I] realizes smooth and accurate motion at
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relatively high velocity. This solution encapsulates the complexity so that the
application does not have to deal with it. This solution suits arbitrary loads,
including high and low inertia loads.
Figure 4.9 presents simulation results of a linear incremental hydraulic actuator
raising and lowering a mass. Details are presented in paper [I]. The load is
raised and then lowered 1 m at a constant velocity of 0.25 m/s. The first and
second plots show how the cylinders drive the load and then retract, which
results in the motion of the actuator. Plot three amplifies the velocity and
velocity deviation. This plot shows that in this simulation the velocity deviation
is � 0.5% of the velocity.
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Figure 4.9 Gait: Smooth Motion.
Simulation results from the solution proposed in paper [I].
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4.9 Gait: Ballistic Gait

This gait has been studied in paper [II]. In the ballistic gait, one or both
cylinders engage to give the load a push, Figure 4.10. The load then carries
on with its motion by means of inertia, cylinders disengaged. Characteristic is
that a short strong thrust is followed by a free motion period.

cylA engaged
cylB disengaged

cylA disengaged
cylB engaged

cylA engaged
cylB engaged

cylA disengaged
cylB disengaged

Figure 4.10 State machine: Gait: Ballistic, three variants.

The ballistic gait brings switching technology, see for example the Hydraulic
Buck Converter [Kog12], to the hydraulic-mechanical field. The control in-
puts are for example how often the thrusts are executed, how long the thrusts
are, or how many cylinders engage for a thrust. The actuator may therefore
realize hydraulic-mechanical pulse-frequency modulation (PFM), pulse-width
modulation (PWM), and pulse-code modulation (PCM).
This gait is energy-efficient and able to recuperate energy. The drawback is
that the gait does not provide smooth motion and accuracy is limited. This
gait suits high-inertia loads.
Figure 4.11 presents simulation results of a linear incremental hydraulic actua-
tor with one cylinder moving a mass horizontally. Plot 2 shows how the cylinder
retracts, delivers the thrust, retracts again and so on. When the desired veloc-
ity is exceeded, the cylinder waits with the next thrust for the velocity to drop
below the desired velocity. Plot 4 shows the supply flow to the valve which
corresponds to the consumed power. The blue regions mark where the thrusts
are delivered and thus useful work is carried out. The green regions mark the
retraction phase and thus losses. These losses may be partially avoided by
using a low-pressure power source for retraction. During the period marked in
red the flow is negative and thus recuperating. The orange dashed line marks
the flow of a conventional cylinder with equal velocity. The area between the
blue and the orange dashed lines stands for the volume and thus energy saved
by the linear incremental hydraulic actuator in the ballistic gait compared to
a conventional cylinder.
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Figure 4.11 Gait: Ballistic Gait.
Simulation results from the solution proposed in paper [II].
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4.10 Combining Gaits

An application may exclusively utilize one gait of a linear incremental hydraulic
actuator. However, the greatest benefits are expected when different gaits are
combined in an application. Gaits have strengths and weaknesses that may fit
different operating points.
For example, machines may require the following working modes:

• A high performance and high accuracy work stroke with medium to infi-
nite stroke length results from applying the Smooth Motion gait.

• A short, high-force work stroke, where the force and stiffness of two cylin-
ders are combined, results from applying the Short Stroke, Accumulated
Force gait.

• A holding period utilizing the infinite hydraulic stiffness where no power
is consumed results from applying the Infinite Hydraulic Stiffness gait.

• A fast and efficient not-work stroke for retraction is realized by the Bal-
listic Gait.

An application field for such a working cycle might be the motion of the mount-
ing plates of machines for advanced injection molding.
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5
Discussion

This work focuses on the motion control of linear incremental hydraulic actua-
tors. But is the concept as a whole feasible so that there is a point in working
on motion control?
Strand Jacks and Skidding Systems as presented in Section 2.1 are examples
of commercially available products realizing at least one gait. Drill rigs used in
mining or drilling oil wells also implement linear incremental hydraulic actua-
tors with the specialty that they build the rod from segments. Probably there
also exist further implementations. Therefore, at least these gaits in these ap-
plications are feasible. Nevertheless, linear incremental hydraulic actuators are
not common and cannot be purchased as commercially available off-the-shelf
(COTS) component.
For a convincing cost analysis the design is insufficiently specified. A valve-
controlled conventional hydraulic cylinder system can be compared with a lin-
ear incremental hydraulic actuator implementing the gait Smooth Motion, Sec-
tion 4.8. To realize an actuator implementing the gait Smooth Motion more
components and perhaps more expensive components are required. On the
other hand, the cost of conventional hydraulic actuators increases substan-
tially when it comes to long stroke length, but the cost of linear incremental
hydraulic actuators remains almost the same. Linear incremental hydraulic ac-
tuators therefore have a chance to be used for long strokes. For medium stroke
length additional features and qualities may make linear incremental hydraulic
actuators interesting in some applications as well.

5.1 Feasibility of the Mechanical Subsystem

Buckling is probably the main issue limiting the stroke length of conventional
hydraulic cylinders. The simple design of a linear incremental hydraulic ac-
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tuator used in this thesis does not improve this issue. For tests and in some
applications, buckling can be avoided by limiting the load force to pulling forces.
This is generally not satisfactory. The problem is that the chosen engaging/dis-
engaging mechanism, the hydraulically actuated hub-shaft connection, encircles
the rod. The rod has therefore to be of column type and thus the buckling prob-
lem applies. An alternative is to use engaging/disengaging mechanisms which
do not encircle the rod. COTS holding brakes for linear guides, Figure 3.5, are
an example of such engaging/disengaging mechanisms. The rails of the guides
are mounted on a support structure. Buckling therefore does not apply for the
rails and thus the actuator. This work focuses on the motion control and not on
the mechanical design of linear incremental hydraulic actuators. A component
that is easy to analyze and is available for tests has therefore been chosen.
The engaging/disengaging mechanism is the critical component of the actu-
ator. Two COTS components has been presented as candidates. In linear
incremental hydraulic actuators, both would be used outside their usual appli-
cation area. It may be assumed that for many applications these components
will work satisfactory. But in general, investigations addressing the usages of
these components in linear incremental hydraulic actuators are necessary. Re-
sponse, slip, wear, compactness, and others are issues to look at. An alternative
concept for realizing engaging/disengaging mechanisms are elastic mechanisms
which may be designed by topology optimization [Sig97]. These mechanisms
are produced as one part. They have no gliding or rolling parts and need no
seals. Levelers and joints are formed by varying the wall thickness.
For safety reasons, applications may require the engaging/disengaging mecha-
nisms of an actuator to be engaged when not energized (power off). The holding
brakes for linear guides, Figure 3.5, are examples of such engaging/disengaging
mechanisms and the concept with elastic mechanisms may also be used.
These arguments conclude that the critical mechanical components of the ac-
tuator are probably feasible. Therefore, from the mechanical perspective the
actuator is also probably feasible.

5.2 Feasibility of the Hydraulic Subsystem

Beside the mechanical subsystem, a hydraulic subsystem is required. The hy-
draulic subsystem to actuate the engaging/disengaging mechanisms was inves-
tigated in paper [I] and in Section 3.2.1. The fast switching-valve FSVi 4.1
[FSVi] from Linz Center of Mechatronics GmbH provides satisfactory perfor-
mance for the investigated system.
For the investigation of the cylinder motion, a common, high-performance hy-
draulic servo-system, see Figure 3.6, was used and investigated in paper [I]. In
this solution, the mutual disturbances of the cylinders are low and therefore
high control performance is expected. The drawback is the wasteful use of

42



Discussion

hydraulic power for retraction, where more than half of the supply flow is used
without performing useful work, see paper [I].
An alternative solution is to use a second supply with low pressure for retrac-
tion to achieve more efficient actuators.
Another solution would be to reuse the flow from the driving cylinder for re-
traction. This can be realized by extending the idea of independent-metering
valves [EP11]. The valve subsystem shall have individual control over the flow
from supply to each cylinder chamber of each cylinder and further to tank.
Additionally, it shall control the cross-flow between each cylinder chamber and
each cylinder. This valve subsystem has to allow the supply to be connected to
the A chamber of the driving cylinder, its B chamber to the B chamber of the
retracting cylinder and its A chamber to tank. The problem is that the needed
flow of both cylinders does not match. Not even the volume per stroke is the
same, see paper [I]. These two solutions have not been investigated in detail.
The first discussed solution, which was also used in papers [I; III], provides
a feasible hydraulic subsystem. To also reach satisfactory efficiency, further
research is required.

5.3 Feasibility of the Control Subsystem

This analysis considers a control concept similar to that for the gait Smooth
Motion, Section 4.8, presented in paper [I]. It is assumed that most of the
other gaits require similar or less sophisticated control subsystems.
The control concept uses pressure sensors and position sensors for the cylin-
ders and the actuator. The position sensors of the cylinders are short, require
high resolution and fast update cycles, but have no extraordinary requirements.
Some applications may require exceptionally long position sensors for the ac-
tuator position. In paper [I], a solution was presented that avoids the need for
such long position sensors. The solution assumes that actuator position accu-
racy is required only in the area of and relative to the destination of moves,
and the position sensor is therefore only realized in these areas. Candidates
for such position sensors are for example contact-less magnetic linear encoders.
The motion of the linear incremental hydraulic actuator can be realized with
cylinder position sensors for the whole move except for the area around the
destination. Some distance before reaching the destination, the position sensor
signal becomes available and the actuator recalculates the trajectory to the
target position. Some applications may also work entirely without actuator
position sensors, for example if only relative motion is required.
The natural frequencies of linear incremental hydraulic actuators are consider-
ably higher than those of similar conventional hydraulic actuators, in particular
when retracting. Controllers with faster update cycles are therefore required.
Inverse kinematic and the tracking controller are not computational intensive,
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especially when the inverse kinematic is implemented via lockup-tables. The
computationally most challenging function is the actuator trajectory generator,
but this function is realized in most servo controllers and solutions therefore
exist.
The mechanical, the hydraulic and the control subsystems are sufficiently fea-
sible and there is thus a point to working on motion control.

5.4 Characteristics

Paper [IV] states the following characteristics of linear incremental hydraulic
actuators. It is assumed that the load does not change.

1. The actuator may be applicable in applications which require long or
unlimited stroke.

2. The behavior of the actuator is in good approximation independent of
the stroke length.

3. The behavior of the actuator is in good approximation independent of
the actuator position.

4. The actuator can be designed, produced, and sold without knowing the
actual stroke length.

Characteristic 1 comes with an additional cycle being just a repetition of the
one before and thus there is no conceptual limit in stroke length. Nevertheless,
when realizing an actuator one will experience one or the other limitation. With
the discussed way to come around buckling, this limitation is overcome. One
could drive a train with linear incremental hydraulic actuators. In this case, the
limitation on the distance to travel is high. Characteristics 2 and 3 comes with
characteristic 1. A kind of actuator for long stroke that changes behavior heav-
ily with stroke length and actuator position is probably not practical. Linear
incremental hydraulic actuators do not by the concept change their behavior
with the actuator stroke length. However, they obviously change behavior with
the stroke length of the cylinders used. Also, the behavior is dependent on the
position of the cylinders but not on the position of the actuator, as the actuator
can engage at any position and a full cycle will be the same. Characteristic
4 matches to some extent with properties of agile components. According to
[Dov14] the word agile refers to operational adaptability and the sustainment
of that adaptability in an uncertain and evolving environment. Only the length
of the rod and maybe the length of the actuator position sensor and supply
hoses etc. depend on the actuator length. The main part of the actuator, cas-
ing, cylinders, engaging/disengaging mechanisms, and control, does not depend
on the stroke length. The actuator can therefore be designed, produced, and
sold without knowing the actual stroke length. The stroke length can even be
changed when the actuator is in use, assuming that the length of the rod can be
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changed, like for example common linear motion guides. Properties perceived
by the surrounding system do not change with stroke length.
The cylinders used are short and the chamber volumes are therefore small. This
results in low hydraulic capacitance of the chamber volumes, high hydraulic
stiffness and consequently high natural frequencies of the system, see paper [IV].
These properties are usually perceived as positive. During retraction, the driven
mass is also small and the natural frequencies are therefore particularly high.
These frequencies may be in the range of the 90 deg phase shift frequency of
the valve, and may therefore cause problems for the controller, paper [I].
Increased design pressure leads to smaller components and less oil in the system,
but reduces the natural frequency of the system. The natural frequency of a
system with a linear incremental hydraulic actuator is high compared to the
same system equipped with a conventional hydraulic cylinder. The design
pressure can therefore be increased and the systems natural frequency remains
within specifications, see paper [IV].

5.5 Control Concept for the Gait Smooth Motion

The main contribution of this work is the tracking control concept for the gait
Smooth Motion, Section 4.8, presented in paper [I].
One problem addressed is the inherent complexity of the control task. A con-
troller for that type of linear incremental hydraulic actuator has to handle and
synchronize the load, two cylinders and two engaging/disengaging mechanisms.
The presented solution encapsulates the internals of the linear incremental hy-
draulic actuator so that an application does not have to consider them. The
design decision to decouple the actuator trajectory from the actual cylinder
positions and engaging/disengaging states leads to narrower constraints on the
actuator trajectory and thus reduced performance of the system. On the other
hand, this compromise enables flexible usage which also includes the case of
human in the loop.
Conventional hydraulic actuators have no velocity limit by the concept as long
commonly relevant velocities are considered. The practical limits are anyhow
unremarkably low. Data sheets of conventional hydraulic cylinders limit the
stroke velocity to up to for example 0.5 m/s [Bos08]. The limitation may be
the dimensions of the channels in the cylinder heads/caps and line connections
or considerations of the wear of the seals for this specific cylinder type. The
linear incremental hydraulic actuator presented in paper [I] and outlined in
Section 3.2 requires the retracting cylinder to move 2.4-times faster than the
driving cylinder and thus the load. The attainable velocity is therefore consid-
erably lower than that of conventional hydraulic cylinders, even though it is
still high compared to Strand Jack, Section 2.1.2, and Skidding System, Sec-
tion 2.1.1.
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The retracting cylinder has to move faster than the driving cylinder as it has to
move a longer distance in the same time. The distance the actuator moves the
load during one cycle is called effective stroke length. Additional to the effec-
tive stroke there is the distance required for the transition phase, for changing
the motion direction and for synchronizing. When aiming for high velocity, it
is critical to minimize these additional distances. The distances for changing
the motion direction and for synchronizing depend on the performance of the
hydraulic subsystem, in particular the valves, the controller, and the chosen
retracting trajectory. Paper [I] presents an efficient solution for the retract-
ing trajectory defined as a virtual gear function. The distance required for
the transition phase depends on the time required for engaging and disengag-
ing as well as the time required for the load shift. One engaging/disengaging
mechanism has been analyzed in Section 3.2.1 and paper [I]. There the fast
switching-valve FSVi 4.1 [FSVi] from Linz Center of Mechatronics GmbH is
used to achieve short engaging and disengaging durations. The duration for
the load shift depends again on the performance of the hydraulic subsystem,
the controller, and the requirement for smoothness.
The impact of all these additional distances and durations depends on the
effective stroke length. A longer effective stroke length allows the actuator ve-
locity to be increased or alternatively the requirements on the components to
be slackened. But increasing the effective stroke length also means increasing
the stroke length of the cylinders and thus the overall size of the actuator. An
alternative is to use three cylinders, but this also increases the overall size.
The factors influencing the attainable velocity also influence the efficiency of
the actuator. The distances the cylinders have to move additionally to the
effective stroke require flow which does not provide useful work.
The presented solution to realize the gait Smooth Motion is practical and has
prospects for high performance for that kind of system. The biggest drawback
is the poor energy efficiency, which requires further research. The presented
solution is interesting for applications where the advantages of the system out-
weigh the poor energy efficiency.

5.6 The Ballistic Gait

The Ballistic Gait is another gait and presented in paper [II] and Section 4.9.
In this gait, one or both cylinders engage to give the load a push. The load
then continuous with its motion by means of inertia, cylinders disengaged. This
repeating sequence of a short strong thrust followed by a free motion period
realizes hydraulic/mechanic switching. This switching allows the efficiency of
constant pressure systems to be increased.
Switching technology is used in electrical power systems and hydraulics [Kog12].
In electrical systems, switching frequencies beyond human perception are used.
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In most cases, the low-pass characteristic of the system prevents switching in
the electrical systems from becoming noticeable in the application. In hydraulic
switching technology, common switching frequencies are around 100 Hz and
switching is noticeable mainly as noise. In the Ballistic Gait, the switching
frequency ranges from a fraction of a Hz to a few Hz. Humans would feel
the switching as a variation in motion. The switching may also introduce
oscillations in the support structure. This may be acceptable or not depending
on the application.
In walking mechanics, the Froude number [WIKIFro] is used to characterize the
transition from walking to running. Analysis of the Ballistic Gait, paper [II],
yields a dimensionless value, calculated with an equation similar to the one
used for the Froude number. In the same way as the Froude number, this
dimensionless value can be used to characterize motion in the Ballistic Gait.
Dimensioning linear incremental hydraulic actuators in the Ballistic Gait ac-
cording to the same dimensionless value will lead to motion with the same
relative variation in velocity.
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6
Conclusion

In this work, a class of hydraulic actuators, the linear incremental hydraulic ac-
tuators, has been introduced. Linear incremental hydraulic actuators combine
one or more short-stroke actuators, hydraulic cylinders, and two or more en-
gaging/disengaging mechanisms into one actuator with medium, long, or even
unlimited stroke length.
Outside the field of fluid power actuators, linear incremental actuators like
the inchworm motor are common. In fluid power, only rotational incremental
actuators, i.e. positive-displacement motors, are common. Linear incremental
hydraulic actuators are nearly unknown, even though there are commercial
products containing variants of linear incremental hydraulic actuators. Never-
theless, linear incremental hydraulic actuators have interesting characteristics
which may be beneficial in various applications, which leads to the first research
question:
RQ1: What are the characteristics of a linear incremental hydraulic
actuator?
This has been investigated in paper [IV]. Section 3.1 defines what is considered
to be a linear incremental hydraulic actuator. Characteristic of linear incre-
mental hydraulic actuators is the incremental motion. The incremental motion
results in the actuator being applicable for long or even unlimited stroke length.
The behavior of the actuator is in good approximation independent of stroke
length and actuator position. The small cylinder chamber volumes lead to low
hydraulic capacitance, high hydraulic stiffness and consequently high natural
frequency of the system.
Characteristic is also that the incremental motion can be accomplished in vari-
ous ways. The applied patterns are called gaits and are introduced in Chapter 4.
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For linear hydraulic actuation, hydraulic servo-systems with conventional hy-
draulic cylinders are currently the most prominent candidates. Linear incre-
mental hydraulic actuators may be an attractive alternative but they are more
complex and switching the load between multiple cylinders may be problematic.
One obvious problem is that switching the load between multiple cylinders may
introduce unacceptable jerk into the system. Smooth motion, i.e. motion with-
out disturbing changes in velocity, jerks, is important in many applications.
This leads to the second research question:
RQ2: How can smooth, comparable to a conventional hydraulic
servo-system, motion be realized?
This has been investigated in papers [I] and [III]. The gait Smooth Motion as
discussed in Section 4.8 is the relevant gait for realizing this motion.
It has been identified that two problems have to be solved. The first is to
coordinate the cylinders’ and the load’s motions. Paper [I] presents a solution
utilizing a virtual gear function coupling the motion of the two cylinders. The
second is the shift of the load from one cylinder to the other. As investigated
in paper [III], this load shift may introduce substantial jerk into the system.
Paper [I] presents a solution where the force of both cylinders is controlled in
a way that the sum of these forces always corresponds to the force needed to
drive the load according to a given trajectory.
The resulting system realizes smooth motion. The jerk introduced into the
system exists but is small and probably does not affect most applications. The
realizable velocity is slower but of a similar magnitude to that of conventional
hydraulic cylinders.
From the motion control perspective smooth motion can thus be realized with
linear incremental hydraulic actuators and one solution has been presented.

The gait Smooth Motion is one of the possible gaits. The linear incremental
hydraulic actuators used for most investigations in this work have three me-
chanical DoFs, two continuous and two discrete control inputs. A hydraulic
servo-system with conventional hydraulic cylinder has in contrast one mechan-
ical DoF and one continuous control input. These additional DoFs and control
inputs give additional freedom for the control strategy, lead to the third re-
search question:
RQ3: How can the additional freedom be used beneficially?
Linear incremental hydraulic actuators have additional DoFs and control inputs
compared to conventional hydraulic cylinders. This additional freedom allows
implementation of various gaits as introduced in Chapter 4, and is the enabler
for incremental motion. The following two examples show how the freedom can
be used beneficially.
The gait Smooth Motion, RQ2, enables smooth, long-distance motion. This
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gait can be combined with the gait Short Stroke, Accumulated Force, which
allows twice the force for a short distance to be applied. When the motion
has stopped, the gait Infinite Hydraulic Stiffness can be used to eliminate the
hydraulic elasticity in the system and to lock the actuator in place for power-off.
This has been investigated in papers [I] and [IV].
Another way to use this freedom is the Ballistic Gait, investigated in paper [II].
In the Ballistic Gait, one cylinder engages to give the load a push. The load
then carries on with its motion by means of inertia, cylinders disengaged. This
gait thus realizes hydraulic-mechanical pulse-frequency modulation (PFM), is
energy-efficient and is able to recuperate energy.
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Notation

[]d desired value of []
δ valve’s damping factor 1
µ friction parameter 1
ρfluid density of the fluid kg/m3

Ac effective area where pc acts to create the normal force
to create the friction force m2

APij cylinder’s piston area, chamber i, cylinder j m2

bclamp viscous friction parameter for the disengaged
engaging/disengaging mechanisms N s/m

bL effective damping N s/m
bL viscous friction parameter for the load N s/m
bcylj viscous friction parameter for the cylinder j N s/m

cV valves flow parameter L/min√
Pa

cV iS valves flow parameter, chamber i, supply L/min√
Pa

cV iT valves flow parameter, chamber i, tank L/min√
Pa

E fluid’s bulk modulus Pa
Fc0 remaining friction force caused e.g. by scrappers N
Fc friction force generated by the clamping element N
FL effective load force N
fV valve’s corner frequency for small amplitudes Hz
Fcylj force of cylinder j N
Fdisturbance disturbance force N
Fd clampj disturbance force from the disengaged

engaging/disengaging mechanisms on cylinder j N
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mL effective mass / inertia kg
mPj mass of cylinder j kg
pc0 minimal pressure where the hub-shaft connection

starts to engage Pa
pc pressure applied to the clamping element Pa
pL reduced system’s load pressure Pa
pA pressure in chamber A Pa
pB pressure in chamber B Pa
pS supply pressure Pa
pT tank pressure Pa
qL reduced system’s load flow rate L/min
qnom nominal flow at e.g. 5 bar or 35 bar L/min
Tdisengage disengaging duration, upper limit s
Tengage engaging duration, upper limit s
V0ij volume of cylinder at xcyl = 0m, chamber i, cylinder j m3

VAj volume of cylinder chamber A of cylinder j m3

VBj volume of cylinder chamber B of cylinder j m3

xact position of the actuator m
xcylj position of cylinder j m
xVc normalized vale spool position 1
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Abbreviations

BDD Block Definition Diagram

COTS commercially available off-the-shelf

DDHA direct driven hydraulic actuator

DoF degree of freedom

EHA electro-hydraulic actuator

HAM hydraulic artificial muscles

HILA hydraulic infinite linear actuator

HSS hydraulic servo-system

LIHA linear incremental hydraulic actuator

PFM pulse-frequency modulation

PWM pulse-width modulation

SysML Systems Modeling Language

TDD test-driven development

VDLA variable displacement linear actuator
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Glossary1

actuator In this work actuator shall be defined as the whole mechanism driv-
ing a load. An actuator aggregates mechanical, hydraulic, electric, sen-
sory, and software subsystems.
Alternative Definition: “An actuator is a type of motor that is responsible
for moving or controlling a mechanism or system.” [WIKIAct]

Block Definition Diagram The Block Definition Diagram (BDD) is one of
the Systems Modeling Language (SysML) diagram types. The Block
Definition Diagram is used to model the structure of systems. [Fri+11]

commercially available off-the-shelf (COTS) “An adjective that describes
software or hardware products that are ready-made and available for sale
to the general public.” [Webopedia]

conventional hydraulic actuator In this work conventional hydraulic actu-
ator shall be defined as a system consisting of a conventional hydraulic
cylinder, a valve system, and a control system.

conventional hydraulic cylinder In this work conventional hydraulic cylin-
der shall be defined as the part of a conventional hydraulic actuator that
converts hydraulic pressure to mechanical force. The main components
are cylinder body, piston, seals, guides, and rod. The movable piston sep-
arates the low-pressure from the high-pressure chamber. The pressures
in the chambers and the areas of the piston create the mechanical force
used to drive a load. They are commonly called hydraulic cylinders and
occasionally also linear hydraulic motors or linear hydraulic actuators.
In this work the term conventional hydraulic cylinder is used to distin-
guish between the hydraulic cylinders used as a component in the linear
incremental hydraulic actuator and the hydraulic cylinder forming the
conventional hydraulic actuator.

1Where appropriate the template for definitions according to [RS11] is used.
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degree of freedom (DoF) “In physics, the degree of freedom of a mechanical
system is the number of independent parameters that define its configu-
ration.” [WIKI]

digital hydraulics In this work digital hydraulics shall be defined as gener-
alization of switching hydraulics, multi-chamber hydraulic cylinder, sys-
tems utilizing multiple supply pressures and on/off valves, and similar
technologies.

directional control valve “Directional control valves direct or prevent the
flow through certain selected passages. They do not regulate the flow, at
least as a primary function, but simply perform a switching function. As
such they have a discrete number, usually two or three, of valve positions.”
[Mer67, page 319]

fluid power In this work fluid power shall be defined as technology to transmit
power by the flow of pressurized fluid [NFPA]. This work considers only
fluid power where the fluid is oil, also called hydraulics.

gait In this work gait shall be defined as the pattern of movement of linear
incremental hydraulic actuators.
Alternative Definition: “Gait is the pattern of movement of the limbs
of animals, including humans, during locomotion over a solid substrate.”
[WIKIGait]

hydraulic infinite linear actuator (HILA) Hydraulic Infinite Linear Actu-
ator is an alternative working title for linear incremental hydraulic actu-
ator.

hydraulics In this work hydraulics shall be defined as a synonym for fluid
power whereby the fluid used is mineral, synthetic oil or alternatives. It
builds primarily on hydrostatics. [NFPA]

incremental actuator In this work incremental actuator shall be defined as
an actuator moving in increments which can be steps or cycles. The
increments may, but do not have to, be equidistant, or defined positions.
One prominent example of an incremental actuator is the stepper motor.
In [Sil15], stepper motors are classified as incremental drives.

inertial frame of reference “An inertial frame of reference, in classical
physics, is a frame of reference in which bodies, whose net force acting
upon them is zero, are not accelerated, that is they are at rest or they
move at a constant velocity in a straight line.” [WIKI]
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jerk In this work jerk shall be defined as a quick, sharp, sudden movement,
[OXD] or alternatively as the time derivative of acceleration and thus the
third time derivative of position: d

dt a(t) = d3

dt3x(t).

linear incremental hydraulic actuator In this work linear incremental hy-
draulic actuator shall be defined as an incremental actuator for linear
motion driven by fluid power.
An alternative term is hydraulic infinite linear actuator (HILA).

load In this work load shall be defined as the system driven, moved, or acted
on by the actuator.

long stroke length In this work long stroke length shall be defined as the
stroke length defining an actuator which is beyond the usual in that
domain. The domain is linear hydraulic actuation. Beyond the usual is
interpreted as not feasible, not economically acceptable, or that there is
substantial derating of functionality or performance.

mechatronic adjective to Mechatronics

Mechatronics Mechatronics is a multidisciplinary field of engineering that in-
cludes among others a combination of mechanical engineering, electronics,
and computer engineering [WIKI].
“A mechatronic system requires a multidisciplinary approach for its de-
sign, development, and implementation.” [Sil05]

medium stroke length In this work medium stroke length shall be defined
as the stroke length defining an actuator which is usual in that domain.
The domain is linear hydraulic actuation.

model German: “Ein Modell (M) eines Systems (S) und eines Experiments
(E) ist irgendetwas, worauf E angewendet werden kann, um Fragen über
S zu beantworten. (Lecture notes Skriptum Bionik refered to [Min65])”

“We use the term model in the following sense: To an observer B, an
object A* is a model of an object A to the extent that B can use A* to
answer questions that interest him about A.” [Min65]

German: “Model: Physikalisch-mathematisches Abbild eines technis-
chen Bauelements, einer Baugruppe oder eines komplexen Systems.”
[VDI2206]

“A model is a representation of one or more concepts that may be realized
in the physical world. It generally describes a domain of interest. A key
feature of a model is that it is an abstraction that does not contain all
the detail of the modeled entities within the domain of interest. Models
are represented in many forms including graphical, mathematical, and
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logical representations, and physical prototypes.” [Fri+11]

“A selective representation of some system that captures accurately and
concisely all of its essential properties of interest for a given set of con-
cerns.” [Sel11]

“We don’t see everything at once. What we do see is adjusted to the
purpose and to human understanding.” [Sel11]

“Reducing complexity to a human scale.” unknown source

piston In this work the term piston shall be defined as a short form of piston
assembly.

piston assembly In this work piston assembly or just piston shall be defined
as the whole moving part of the cylinder including all permanently con-
nected parts as there are or may be seals, a rod permanently connected
to the piston, and other parts.

pneumatics In this work pneumatics shall be defined as a synonym for fluid
power where the fluid used is air.

proportional valve In this work proportional valve shall be defined as a valve
to control flow, whereby the control element, often a spool, can be po-
sitioned continuously within the opening range. It is assumed that the
control input is an electrical signal sent from control hardware. Propor-
tional valve is seen as a synonym for servo valve, see [Joh12].

rod In this work the term rod shall be defined as the part to which the engag-
ing/disengaging mechanism can engage, respectively disengage from. The
term is seen very general and does not assume limitations on geometry.
In many cases a circular rod is assumed.

sensorless positioning In this work sensorless positioning shall be defined
as positioning, where no dedicated position sensors are used to determine
the position of the load.

servo valve In this work servo valve shall be defined as a synonym for pro-
portional valve, see [Joh12].

short stroke length In this work short stroke length shall be defined as the
stroke length defining an actuator which is below or in the lower range
of the usual in that domain. The domain is linear hydraulic actuation.
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Systems Modeling Language “The Systems Modeling Language (SysML)
is a general purpose modeling language for engineering systems.” See
[Fri+11]

test-driven development (TDD) “Test-driven development is a software de-
velopment process that relies on the repetition of a very short develop-
ment cycle: Requirements are turned into very specific test cases, then
the software is improved to pass the new tests, only.” [WIKI]. See also
[Gre11].
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