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Abstract

Hydraulic switching control is an opportunity for eco-
nomic, robust and energy efficient hydraulic motion con-
trol. The hydraulic buck converter represents a promis-
ing concept, which meets these requirements. Part I of
this publication has shown, that for a convenient con-
trol performance a model based control should be ap-
plied. In this paper a flatness based controller for lin-
ear hydraulic motion control with a sub kilowatts hy-
draulic buck converter is presented. A simple model
based on an averaging of the switching converter is em-
ployed to derive a flatness based controller combined
with a nonlinear observer to estimate all system states
only from a position signal. Its performance is stud-
ied by simulations and experiments for large ramp type
and sinusoidal motions of a heavy mass. Comparison of
motion quality and energy consumption are made be-
tween the converter and a standard hydraulic propor-
tional drive using a servo-valve instead of the switching
converter. With this flatness based controller a track-
ing performance as good as of a proportional drive can
be achieved, yet at much better efficiency. Proportional
control for the switching converter, however, leads to
inferior results for this type of intended motions.

Keywords: hydraulics, buck converter, flatness based
control, switching control

1 Introduction and Retrospection

In electrical engineering switching control is al-
ready used for decades, for instance, in switch-mode
∗ c© Proceedings of the IMechE Part I: Journal of Systems

and Control Engineering

Fig. 1: Electric and hydraulic buck converter
schematics

power supply units. Hydraulic switching control at-
tempts to transfer switching concepts from power
electronics to hydraulics in order to make hydraulic
drives simpler, cheaper, more robust, and, to raise
energy efficiency compared to resistance control.
The simplest switching converter concept in hy-
draulics is the so called hydraulic buck converter
(HBC), which is decribed in the following.

1.1 The Hydraulic Buck Converter

An HBC is the hydraulic pendant to the electric
buck converter (EBC). Their basic operating prin-
ciples are depicted in Fig. 1. In this figure the EBC
is used for energy efficient rotary velocity control
as presented, for instance, in [1]. Power electron-
ics and DC-motor are considered as one dyamical
system, which eases the application advanced con-
trol strategies for a performance improvement. In
[2, 3] the concept of flatness based control was suc-
cessfully applied to the EBC-DC-motor configura-
tion, which suggests a corresponding realisation in
hydraulics. In contrast to the presented EBC the
HBC is used for linear motion control for both mov-
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Fig. 2: Test stand

Parameter Value
dead load m = 20 kg

diameter of the piston dP = 32mm
diameter of the rod dR = 20mm

Tab. 1: System parameters of the linear drive

ing directions. Only in the extending motion of the
hydraulic cylinder the HBC acts in the same way
as the EBC, in other words, as an energy efficient
step down converter. In the retracting direction the
“HBC” actually operates like a boost converter to
recuperate energy. Furthermore, in hydraulics the
switching frequencies are drastically lower than in
power electronics and wave effects in the inductance
pipe must be taken into account. Therefore, the de-
sign of the HBC and the flatness based approach is
different to electrical engineering.

1.2 Linear Motion with a P-Controller

In Part I of the publication the prototype HBC030
was introduced and the test rig according to Fig.
2 for the intended experiments has been presented.
The main dimensions and parameters of the sub
kilowatts cylinder drive are listed in Tab. 1. The
control performance of the drive was tested by mea-
surements and simulations with a proportional con-
troller according to Fig. 3, which is the simplest
closed loop controller for the investigated system.
In both cases the design of the controller is car-
ried out empirically. The controller gain was in-
creased until the stability border of the closed loop
was crossed, i.e., when the system started to os-

Fig. 3: Control scheme with P-controller

cillate. The response of the HBC is opposed to a
hydraulic proportional drive (HPD). In Fig. 4 the
measurements, respectively, the simulation results
of the tracking performance with the P-controller
are illustrated. The investigations taught, that in
fact a lower energy consumption could be proven
with the HBC, but the desired control performance
could not be achieved with a simple P-controller.
This Part II of the publication studies a flatness
based controller for the motion control of a sys-
tem comprising a small HBC driving a hydraulic
cylinder which lifts a load. The main motivation to
count on this type of control is the severe nonlin-
earity of the hydraulic accumulator (CA) which is
strongly changing the dynamics of the plant when
the pressure pA varies. The large and varying soft-
ness coming from the accumulator allies with the
high friction of the small hydraulic cylinder to a
nasty control problem.
The paper is organized as follows: Chapter 2 deals
with the modelling of the HBC for control purposes
in order to derive a qualified mathematical model
for the controller design. Chapter 3 is devoted to
the flatness based controller with a nonlinear ob-
server, which is assessed with an advanced simu-
lation model accounting for effects, which are not
considered in the model used for controller design.
Chapter 4 shows experimental results obtained with
an HBC test rig compared with an HPD. Conclu-
sions and an outlook are given in Chapter 5.

2 Modelling

For a suitable control of the linear drive the pres-
sure fluctuation in the cylinder due to the switch-
ing process must be negligibly low. For this rea-
son the accumulator has to be sufficiently large,
which makes the load system soft. If the drive is
designed properly, the resonator consisting of the
dead load m and the gas spring in the accumula-
tor has a natural frequency, which is much lower
than the switching frequency of the converter. This
frequency gap allows to split up the drive configura-
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Fig. 4: Trajectory tracking with P-controller
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Fig. 5: System segmentation
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Fig. 6: Inverted converter characteristics

tion into two subsystems with fairly different time
constants, as depicted in Fig. 5. Since the par-
tial system of the converter according to Fig. 5a
represents a much faster system than the load sys-
tem, the converter switching can be neglected and
the mean value of flow rate qA in Fig. 5b can be as-
sumed to be constant over one switching cycle. The
quasi-static behaviour of the converter can be com-
pensated by its measured steady state characteris-
tics from Fig. 6 for the flatness based control. The
diagram shows, for instance, which duty ratio κ is
necessary to achieve a flow rate qA at the output of
the converter at a pressure pA. Thus, the dynamic
model for the synthesis of the drive is reduced to
the configuration depicted in Fig. 5b. Using the
momentum balance of the mechanical part of the
system and applying a simple polytropic change of
state model for the accumulator results to the fol-
lowing nonlinear autonomous dynamic system ẋ

v̇
ṗA

 =

 v
1
m (pAA1 − pSA2 −mg − dvv)

pAκ

VA

( p0G
pA

) 1
κ

(−A1v + qA)

 ,
(1)

with the state vector

x =

 x
v
pA

 (2)

and the control input qA.
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3 Flatness Based Control

The control of nonlinear systems along certain tra-
jectories with linear methods results sometimes in
a meager performance concerning accuracy. Fur-
thermore, in most cases the stability of the track-
ing error cannot be proven at all. The gas spring
of the pulsation damper at the output of the con-
verter represents a nonlinearity, which cannot be
compensated with linear controllers, at least if a
linearisation around a steady working point is ap-
plied. In the following it will be shown, that the
considered differential cylinder driven by an HBC
belongs to the special class of flat systems. This
property allows a comprehensive dynamic analysis
and the design of a powerful controller.
The concept of flatness was introduced by M. Fliess
et al. in the 1990ies, see for instance [4]. The basic
awareness was the classification of certain nonlinear
systems, that behave like linear ones by applying
a special type of state feedback. This property of
dynamic systems is tightly related to the method
of input-output linearisation of nonlinear systems,
which can be found, e.g., in Isidori [5]. Another ac-
cess to flatness is the dynamical invertibility of flat
systems. A flat system can be inverted by a feed-
forward control - depending on the flat output and
its derivatives with respect to time - which con-
trols the system along the desired trajectories at
least in case of disturbances. For a comprehensive
treatment of the flatness concept some knowledge
in differential geometry is necessary. But, in this
work only the basic definition of flatness and at least
some applied mathematical terms are presented in
accordance with the literature. To keep the analy-
sis simple, the following considerations focus more
on the physical view than on mathematical theory.
The application of the flatness based approach can
be separated into three major design steps. First, a
feedforward control will be calculated by an exact
inversion of the system (1). Hence, in case of no
disturbances the output of the system follows the
desired trajectory. For this purpose, a flat output
y must be found, which allows the intended inver-
sion of the system. Second, the design of a state
feedback control is carried out in order to assure
that the system follows the desired trajectories in
case of disturbances. And third, the state feedback
control requires the knowledge of the complete sys-
tem state. Since only certain state quantities can
be measured a state observer must be designed.
The theoretical background for the flatness con-
siderations stems from Rothfuß [6], Rothfuß et al.
[7], Rudolph [8]. Further interesting literature con-
cerning flatness is given, for instance, by Lévine

[9], Rouchon [10], Sira-Ramírez and Agrawal [11].

3.1 Flat Output and Feedforward
Control

The major property of a flat system is that the con-
trol input can be described as a function of the so
called flat output and a finite number of its deriva-
tives with respect to time. With this relation be-
tween output and control input, the search of the
flat output can be started at the differential equa-
tion for the pressure pA of system (1)

ṗA = pAκ

VA

(
p0G

pA

) 1
κ

(−A1v + qA) , (3)

which contains the input qA. In the following, the
individual differential equations of system (1) are
considered as a sort of conditional equations. Thus,
Eq. (3) represents such an equation for the pressure
pA, which in turn has influence on the mechanical
momentum equation

mv̇ = pAA1 − pSA2 −mg − dvv. (4)

This equation represents another conditional equa-
tion for the velocity v. The momentum equation
(4) determines the velocity v, which is conditional
for the remaining system equation

ẋ = v. (5)

Since no further conditional development is possi-
ble, a flat output is given by

y = x. (6)

The next step is the calculation of a feedforward
control, which must be a function of the flat output
and its derivatives with respect to time. Consider-
ing system (1) and the chosen output (6) the first
and the second derivative with respect to time read

ẏ = ∂y

∂xẋ = v (7)

ÿ = ∂v

∂xẋ = 1
m

(pAA1 − pSA2 −mg − dvv) , (8)

where all components of the system state x are
present. Using Eqs. (6) to (8) the complete state x
calculates to x

v
pA

 =

 y
ẏ

1
A1

(ÿm+ pSA2 +mg + dv ẏ)


= ψ1 (y, ẏ, ÿ) (9)
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Fig. 7: Inversion of system (1) with the flatness
based feedforward control (12)

depending only on the flat output and its deriva-
tives, which is another important property of flat
systems. The third derivative of y with respect to
time reads

...
y = ∂ÿ

∂xẋ = 1
m

(ṗAA1 − dv v̇) (10)

= 1
m

pAκA1 (−A1v + qA)

VA

(
p0G

pA

) 1
κ

−dv
m

(pAA1 − pSA2 −mg − dvv)
)
, (11)

where the input qA appears. Thus, solving Eq. (11)
for qA leads to the flatness based feedforward con-
trol

qA = A1ẏ +
(m

...
y + dv ÿ)VA

(
p0G

A1
pSA2+dv ẏ+mÿ+mg

) 1
κ

κ (pSA2 + dv ẏ +mÿ +mg)
= ψ2 (y, ẏ, ÿ, ...y ) . (12)

With the conditions of Eq. (6), Eq. (9) and Eq.
(12) it could be shown, that the considered system
(1) is flat.
The feedforward control (12) provides an exact in-
version of system (1), like depicted in Fig. 7, at
least if no disturbances influence the system.

3.2 Controller Design

The flat output and its derivatives from Eqs. (6) to
(8) can be written as y

ẏ
ÿ

 =

 x
v

1
m (pAA1 − pSA2 −mg − dvv)


= ψ−1

1 (x) . (13)

This means, that if the state x is known, the ac-
tual flat output y and its derivatives with respect
to time are known too. Thus, Eq. (13) can be
used for a static state feedback. For this purpose,
the transformed state (13) is applied to Eq. (12),
which results in a state feedback

qA = ψ̃2 (x, vC) (14)

Fig. 8: Flatness based control of system (1)

with a new input vC , which is related to the third
derivative of the flat output with respect to time.
Furthermore, the trajectory error is defined by

e
ė
ë...
e

 =


yd − y
ẏd − ẏ
ÿd − ÿ...
y d − vC

 (15)

with the input vC of the state feedback (14) and
the desired trajectory yd. Hence, with y = x the
dynamics of the position error e = yd − x can be
written as

0 =
[
γ0 γ1 γ2 1

] 
yd − y
ẏd − ẏ
ÿd − ÿ...
y d − vC


= ...

yd − vC + γ2ë+ γ1ė+ γ0e, (16)

which represents a linear differential equation. Ex-
tracting vC from Eq. (16) the resulting control law
reads

vC = ...
yd + γ2ë+ γ1ė+ γ0e (17)

with the parameters γi, i = 0, 1, 2. The block di-
agram of this flatness based control is depicted in
Fig. 8. To assure asymptotic stability of the trajec-
tory error all poles of Eq. (16) must have negative
real parts. This is related to the roots of the cubical
characteristic polynomial

s3 + γ2s
2 + γ1s+ γ0 = 0. (18)

Since the flat output y = x represents a position, its
third derivative

...
y has the unit m

s3 . Thus, the units
of γ0, γ1 and γ2 read 1

s3 , 1
s2 and 1

s , respectively, and
the choice of the poles for the closed loop system al-
lows a physical interpretation as a PDDD-controller
for the position of the linear hydraulic drive.

3.3 Observer Design

The static state feedback (13) requires the knowl-
edge of the complete state x of system (1). But
in common industrial applications no measurement
of the piston velocity is provided. Furthermore, for
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Fig. 9: Block diagram of the intended control ex-
ploiting a nonlinear observer

cost reasons it is better to avoid a sensor for the
pressure pA. Hence, the whole system state cannot
be measured and, thus, a dynamic state observer
has to be designed. The following considerations are
carried out in accordance with Fliess and Rudolph
[12] and Rothfuß et al. [7].

For the investigated nonlinear system (1) an ob-
server of the form

˙̂x = f (x̂, û) + L(t) (η − h(x̂)) , x̂(0) = x̂0 (19)

with the estimated state x̂, the generally time vary-
ing observer gain L(t), and the measured quan-
tity η, is intended. Under the assumption that the
flatness based control keeps the system state suf-
ficiently close to the desired trajectories, û = q̂A
represents the input of the closed loop system. The
intended flatness based control with a nonlinear ob-
server is depicted in Fig. 9.

The dynamics of the estimation error ê = x̂ − x
reads

˙̂e = f (x̂, û) − f (x, û) + L(t) (h(x) − h(x̂)) , (20)

which represents a system of nonlinear differential
equations. For a convenient analysis Eq. (20)
must be linearised. Since the hydraulic drive is de-
signed to move certain loads a linearisation around
a steady working point is not sufficient. Thus, the
nonlinear estimation error system (20) can be lin-
earised around the desired trajectories under the
assumption that the control keeps the system state
sufficiently close to the desired trajectories. This
assumption leads to a linear time varying design
problem. The linearisation of Eq. (20) along the
desired trajectory calculates to

˙̂e =
[
A (t) ∆̂x + b (t) ∆u+ L(t)

(
c>∆x − c>∆̂x

)]
︸ ︷︷ ︸

observer

−[A (t) ∆x + b (t) ∆u]︸ ︷︷ ︸
system

(21)

with

A(t) = ∂

∂xf (x, u)
∣∣∣∣
xd(t),ud(t)

, (22)

b(t) = ∂

∂u
f (x, u)

∣∣∣∣
xd(t),ud(t)

, (23)

c> = ∂

∂xh (x)
∣∣∣∣
xd(t),ud(t)

(24)

and the output equation y = h (x) of the original
nonlinear system. Substituting ∆̂x = x̂−xd, ∆x =
x−xd, ê = x̂−x and ∆u = û−ud into Eq. (21) the
linearised observer dynamics of Eq. (20) follows to

˙̂e =
(
A(t) − L(t)c>

)
ê. (25)

The time varying observer gain L(t) in Eq. (25)
has to be designed for asymptotic stability of the
estimation error ê. But, before the observer can be
designed, the observability of the linearised system

∆ẋ = A(t)∆x + b(t)∆u (26)
∆η = c>∆x (27)

must be checked. Therefore it is necessary, that
components of the state can be calculated from the
output ∆η and its derivatives with respect to time.
This is only possible if the following expressions

∆η = c>∆x (28)

∆η̇ =
[

d
dtc
> + c>A(t)

]
∆x

=
[(

A>(t) + d
dt

)
c
]>

∆x (29)

∆η̈ = d
dt

[
d
dtc
> + c>A(t)

]
∆x

+
[

d
dtc
> + c>A(t)

]
A(t)∆x

=
[(

A>(t) + d
dt

)2
c
]>

∆x, (30)

can be calculated, i.e. the observability matrix

Q (t) =

 c>
MA(t)c>
M2

A(t)c>

 (31)

has full rank, where MA(t) represents the differen-
tial operator

MA(t)t>1 = t>1 A(t) + ṫ>1 (32)

Mk+1
A(t)t

>
1 = MA(t)

(
Mk

A(t)t>1
)
, k > 0 (33)

M0
A(t)t>1 = t>1 (34)



3.3 Observer Design 7

for time dependent1 row vectors tᵀ1 and the ma-
trix A(t). But, even if system (26) is observable
negative real parts of the eigenvalues of the error
dynamics (25) do not guarantee stability, since it
is a time varying system. In order to assure the
stability of the estimation error the time variance
must be compensated, which can be done in the
observer’s canonical form. The necessary change of
coordinates reads

ζ = Θ(t)x, (35)

which is a regular transformation. In Eq. (35) the
vector ζ represents the state in coordinates of the
canonical form. The calculation of Θ(t) requires
the differential operator NA(t)

NA(t)b = A(t)b − ḃ (36)

Nk+1
A(t)b = NA(t)

(
Nk

A(t)b
)
, k > 0 (37)

N0
A(t)b = b (38)

for column vectors b applied to the matrix A(t).
In the concrete case the design of a complete ob-
server will be presented. The resulting performance
of the different observer designs will be verified by
simulations in Matlab/SimulinkTM.
The complete observer type estimates the full sys-
tem state, even though only one state variable

η = h(x) = x, (39)
the position of the dead load, is measured. As
pointed out before, the linearisation of system (1)
along the trajectory leads to a linear time varying
dynamical system with

A(t) =

 0 1 0
0 − dv

m
A1
m

0 − A1κpA(t)

VA

( p0G
pA(t)

) 1
κ

(−A1v(t)+qA(t))(κ+1)

VA

( p0G
pA(t)

) 1
κ


c> =

[
1 0 0

]
.

For a better readability, the entries of the matrix
A(t) are abbreviated according to

A(t) =

 0 1 0
0 a22 a23
0 a32(t) a33(t)

 . (40)

Before the observer is designed, the observability
is checked by the calculation of the observability
matrix

Q =

 c>
MA(t)c>
M2

A(t)c>


=

 1 0 0
0 1 0
0 a22 a23

 . (41)

1 For better readability the argument t of the time depen-
dent vectors tᵀ1 is omitted.

This matrix has full rank for every point in time
and, thus, the linearised system is observable. The
time varying state transformation to the canonical
form calculates to

Θ−1(t) =
[
θ NA(t)θ N2

A(t)θ
]

=

 0 0 1
0 1 a22 + a33(t)
1
a23

a33(t)
a23

a32(t) + a2
33(t)
a23

+
d

dta33(t)
a23


(42)

with

θ = Q−1

 0
0
1

 (43)

and NA(t) according to Eq. (36). With Eq. (42)
the desired canonical form follows to

A?(t) =
(

d
dtΘ(t) + Θ(t)A(t)

)
Θ−1(t)

=

 0 0 a22
d
dta33(t) + d2

dt2 a33(t) − a23
d
dta32(t)

1 0 a23a32(t) − a33(t)a22 − 2 d
dta33(t)

0 1 a32(t) + a33(t)

 .
(44)

The time varying entries of matrix (44) can be com-
pensated in this canonical form by the design vector

L?(t) =

[
α0 + a22

d
dta33(t) + d2

dt2 a33(t) − a23
d
dta32(t)

α1 + a23a32(t) − a33(t)a22 − 2 d
dta33(t)

+α2 + a32(t) + a33(t)

]
,

(45)
which leads to the dynamic matrix of the state ob-
server

A?(t) − L?(t)
[

0 0 1
]

=

 0 0 −α0
1 0 −α1
0 1 −α2


(46)

with the characteristic polynomial of the observa-
tion error

s3 + α2s
2 + α1s+ α0 = 0, (47)

which must be a Hurwitz-Polynomial2 in s. The
observer parameters αi, i = 0, 1, 2 must be adjusted
properly for asymptotic stability.
In original coordinates the flatness based complete

2 All roots of a Hurwitz-Polynomial have negative real
parts.
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observer reads
˙̂x = f(x̂, û) + Θ−1(t)L?(t)(η − h(x̂)) (48)

=

 v̂
1
m

(p̂AA1 − pSA2 −mg − dv v̂)
p̂Aκ

VA

( p0G
p̂A

) 1
κ

(−A1v̂ + q̂A)


+




(
α2 − dv

m
+ ϑ(t)

)(
α1 − 2 dϑ(t)

dt − dvϑ(t)+ς(t)A1−dvα2+d2
v

m

)
Υ(t)


+

 0(
ϑ(t)α2 + ϑ2(t)

)
0

 (x− x̂) (49)

with

Υ(t) = mα0

A1
− dς(t)

dt

+
md2ϑ(t)

dt2 + ϑ(t)mα1 − 3ϑ(t)mdϑ(t)
dt

A1

+2ϑ(t)ς(t) + α2ς(t) − ς(t)dv
m

+
ϑ(t)2mα2 + ϑ(t)3m− dϑ(t)

dt α2m

A1
,(50)

ς(t) = − A1pAd
κ

VA

(
p0G

pAd

) 1
κ
, (51)

ϑ(t) = − (κ + 1) (A1vd − qAd
)

VA

(
p0G

pAd

) 1
κ

, (52)

where η = x denotes the measured position of the
dead load and x̂ = [x̂ v̂ p̂A]> represents the state
of the observer. It is important to mention, that
the observer (48) requires the knowledge of the de-
sired trajectories xd and ud. Since in the concrete
case the flatness based control is a sort of a PDDD-
controller, the desired trajectory of the flat output
and, further, a number of its derivatives with re-
spect to time have to be provided. Furthermore,
this flatness based observer requires the fourth and
fifth derivative of the desired flat output according
to Eq. (50), which puts corresponding continuity
requirements on the desired trajectories generation.
This can be realised either offline by pre-processing
or by the implementation of a pre-filter as shown in
the following section.

3.4 Trajectory Planning

As pointed out in the previous subsections the de-
sired trajectory and a finite number of its deriva-
tives with respect to time must be provided for the
flatness based controller. Basically, there are two

Fig. 10: Bode plots of the filter according to Eq.
(54) for differentiation of order 0 (just am-
plification) up to order 5

possibilities to fulfill this requirement. First, the
trajectory can be planned by pre-processing in of-
fline mode. Therefore, the intended motion of the
system must be known and parameterised before
the application goes into operation. In many cases
the desired trajectory is uncertain itself, moreover it
is governed by the operator of the drive during the
working process. In such cases a second method is
applicable. It uses a certain pre-filter, which deliv-
ers a trajectory with all its derivatives necessary for
the controller. Since such a filter represents a sort of
differentiator, this method only works in a certain
dynamic operating range. There exist a number of
methods to calculate the necessary derivatives for
a flatness based control in online mode, as for in-
stance in von Löwis and Rudolph [13]. However, in
this work a digital pre-filter according to Wolfram
and Vogt [14] is used.
Basically, a transfer function of the form

G(s) = 1
τσsσ + . . .+ τ1s+ 1 , (53)

with σ as the number of necessary derivatives, is
qualified for online trajectory planning. Such a fil-
ter can be, for instance, a Bessel-, Butterworth or
any other low pass filter of sufficient order. The
continuous transfer function (53) is equivalent to
the canonical form in state space

ẋ = ACx + bCu
y = CCx + dCu.

(54)

In this canonical form the entries of the state x cor-
respond to the derivatives of the filtered signal u.
The filter, which is parameterised for the flatness
based control of the linear hydraulic drive powered
by the HBC, is illustrated in Fig. 10. Since an ideal
differentiator is not realisable, the filter has a cut-
off frequency. In this case the maximum frequency
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of the desired operating cycles is limited to approx-
imately 10Hz. For implementation on a digital sig-
nal processing unit the continuous filter of Eq. (54)
must be discretised with a constant sample time TS .

3.5 Simulation

The block diagram of the flatness based control
(FBC) employing a complete observer is illustrated
in Fig. 11, where the advantage of this observer
type becomes clear. The nonlinear observer esti-
mates the whole system state x̂ = [x̂ v̂ p̂A]>, which
is necessary for the FBC, just by measuring the po-
sition of the load x. The set variable of the non-
linear controller is the flow rate qA, which must be
transformed to a duty ratio κ by the inversed static
converter characteristic according to Fig. 6.

The first simulation case considers a ramp in both
moving directions with a constant slope of vd =
100mms . The corresponding results are illustrated
in Fig. 12, where the flatness based control is
compared to a conventional hydraulic proportional
drive.

Fig. 12: Simulated trajectory tracking of the FBC

In Fig. 13 simulation results of a 0.2Hz sinusoidal
trajectory are presented.

Fig. 13: Energy consumption of the FBC at trajec-
tory tracking simulations

In the lower diagram the energy consumptions of
both drive concepts are depicted. The HBC in com-
bination with an FBC needs for a similar perfor-
mance less than half of the power of the HPD in this
specific case. It must be remarked, that the overall
drive configuration represents a nonlinear system,
which prevents an extrapolation of the illustrated
results to other power dimensions. Also the specific
load scenarios play a significant role for the energy
consumption of such drives.

4 Measurements

In the following, results of the experiments on the
closed loop performance of the HBC are compared
with a conventional proportional drive (HPD) with
the test rig according to Fig. 2. The flatness
based control is realised according to Fig. 11 on a
dSpace DS1103 PPC Controller Board. The char-
acteristic diagram from Fig. 6 is used to com-
pensate the static characteristics of the switching
converter. The dynamics of the nonlinear flatness
based observer is implemented quasi-continuously,
which means, that the nonlinear differential equa-
tions are approximated by an Adams-Bashforth-
Algorithm with a much higher sampling frequency
than the time constants of the observer dynamics.
The flatness based control is represented by alge-
braic equations, since the dynamics of the system
is parameterised by the planned trajectories accord-
ing to the filter design described above.
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Fig. 11: FBC of a linear hydraulic drive employing a complete observer

In Fig. 14 the closed loop measurements of the
flatness based control with a complete observer are
illustrated. Now the tracking performance of the
HBC is even better than the HPD with a conven-
tional P-controller, while the energy consumption
of the HBC is approximately the half of the HPD.
In Fig. 15 the measurements for a sinusoidal tra-
jectory at a frequency of 0.2Hz is illustrated. Also
in this case the tracking performance of the HBC
with the flatness based control is satisfying and the
energy consumption of the HBC is nearly half the
HPD consumption.

5 Conclusion

Compared to electric switching control, today only
relatively low switching frequencies are feasible in
hydraulics, mainly because of the limitations of
valve response dynamics. In turn, accumulators for
pulsation attenuation have quite high hydraulic ca-
pacity which gives the system high softness and sig-
nificant nonlinear behaviour. Simple proportional
control of such a converter may lead to bad perfor-
mance, for instance, if high dry friction is present
in the system. The system composed of the buck
converter and the linear drive is flat in the sense of
control theory, if the converter is modelled as a con-
tinuous system. This suggests to employ a flatness
based controller. That controller requires all states
of the corresponding system model to be known. It
could be shown, that in case of a measureable po-
sition signal a nonlinear observer can be used. The
controller brings a substantial performance gain
over a simple proportional controller, but no im-
provement of efficiency. Its tracking behaviour is as

(a) Extending piston movement

(b) Retracting piston movement

Fig. 14: Measurements of HBC with flatness based
control compared with HPD
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Fig. 15: Measured sinusoidal trajectory of FBC vs.
HPD

good as that of a conventional hydraulic servo-drive
for the investigated motions, the energy consump-
tion is approximately only one half, at least in the
investigated cases. This is a remarkable improve-
ment in view of the relatively low power rating of
that converter and the deficiencies of the used check
valves. It is obvious that significantly higher switch-
ing frequencies require much smaller accumulators.
In some cases even fluid compressibility in the cylin-
der chamber might be enough. Such systems behave
much simpler and simple controllers might provide
sufficient performance. Future work will focus on
improved key components, in particular on better
check valves and on prototypal tests of the buck
converter for specific industrial applications.
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Nomenclature

A1 cross-section area of piston . . . . . . . . [m2]

A2 cross-section area of annulus chamber
[m2]

dv viscous friction . . . . . . . . . . . . . . . . . . . . [Nsm ]

e error

e error vector

ê vector of estimation error

g gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ms2 ]

L observer design matrix

m dead load . . . . . . . . . . . . . . . . . . . . . . . . . . [kg]

MA(t)tᵀ1 differential operator on the matrix A(t)
and the row vector tᵀ1

NA(t)b differential operator on the matrix A(t)
and the column vector b

p0G
gas pre-pressure . . . . . . . . . . . . . . . . . . . [Pa]

pA load pressure . . . . . . . . . . . . . . . . . . . . . . [Pa]

Q observability matrix

qA flow rate at output of the converter [m
3

s ]

v velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ms ]

VA accumulator volume . . . . . . . . . . . . . . . [m3]

x position . . . . . . . . . . . . . . . . . . . . . . . . . . . . [m]

xd desired position . . . . . . . . . . . . . . . . . . . . [m]

x̂ observer state vector

yd desired output

αi ith observer parameter

∆ζ deviation of ζ

∆u deviation between actual and desired set
value

∆x deviation between actual and desired state

∆̂x deviation between estimated and desired
state

η measured quantity

γi ith controller parameter

κ polytropic exponent . . . . . . . . . . . . . . . . . [1]

ψ1 state transformation

ψ2 input transformation

ψ̃2 state feedback

σ number of derivatives with respect to time

ς auxiliary variable

τi ith filter parameter

Θ state transformation matrix into canonical
form

ϑ auxiliary variable

Υ auxiliary variable

ζ state vector in canonical form

? canonical form
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