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Immersion and Invariance based Impedance Control for
Electrohydraulic Systems

W. Kemmetmiiller':*, A. Kugi!

L Automation & Control Institute
Complex Dynamical Systems Group
Vienna University of Technology

SUMMARY

This work deals with the impedance control of electrohydraulic systems based on the concept of
immersion and invariance. In the first step, the impedance control task for a basic electrohydraulic
system comprising a hydraulic cylinder and a 4/3 proportional valve is analyzed. In order to mitigate
the problem of energetic inefficiency and the high demands on the dynamics of the valve, an extended
electrohdydraulic system is proposed. By means of a suitable choice of the parameters and an
immersion and invariance based controller strategy, a significant reduction of both energy consumption
and required dynamics of the valve can be obtained. The feasibility of the proposed impedance control
strategies is demonstrated by extensive simulation studies. Copyright (© 2002 John Wiley & Sons,
Ltd.

KEY WORDS: electrohydraulic systems; impedance control; nonlinear control; immersion and
invariance; energetic efficiency

1. Introduction

Electrohydraulic systems find a wide field of applications in many technical products, ranging
from automotive and aeronautical applications over mobile hydraulics for excavators or cranes
to industrial applications. Despite the compact design of the actuators electrohydraulic systems
enable large forces or torques. A further advantage of electrohydraulic actuators is the
possibility to realize large displacements at high velocities.

The most common control tasks for electrohydraulic systems are position or force control,
which are the topic of numerous works, see, e.g., [5], [6], [7], [10], [16], [20] and [24]. However,
there are applications where neither the force nor the position of the electrohydraulic actuator
but the compliance of the system has to be actively controlled. Possible applications are given
in the field of robotics, where a desired end-effector compliance should be achieved or in
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automotive applications, where e.g. the spring and damping characteristics of the suspension
system should be continuously adjusted to the actual driving situation.

For active compliance control basically two approaches do exist [23]: (i) In the hybrid
position/force control approach the overall task space is subdivided into two orthogonal
position and force controlled subspaces (see, e.g., [21]). (ii) In the impedance control approach
it is desired to establish a dynamic relationship between the position and the force of the
system. Traditionally, the control strategies for the impedance control task are based on
cascaded control loops. In the so-called position based impedance control, the position is
controlled in the inner control loop while the desired force is controlled in the outer control
loop. Contrariwise, the so-called force based impedance control uses a force controller in the
inner control loop and a position controller in the outer loop.

Both, the hybrid position/force control and the impedance control approach are commonly
used in robotics, in particular in combination with electric actuators. However, only few works
are concerned with the impedance control of systems with electrohydraulic actuators. For
instance, in [23] the authors propose linear controllers for the active impedance control of a
teleoperated hydraulic excavator. The application of a robust sliding mode control strategy to
the impedance control of an hydraulic excavator is discussed in [11]. The authors of [1] use a
transfer function approach in combination with linear controllers to analyze the stability of
an electrohydraulic impedance system. Up to the knowledge of the authors in this context no
works can be found which directly account for the nonlinear characteristics of electrohydraulic
systems. Therefore, this paper is dedicated to the active (nonlinear) impedance control of
electrohydraulic systems, where the control task can be summarized as follows: The response
of the closed-loop electrohydraulic control system to an external load force should equal that
of a desired eventually nonlinear (mechanical) impedance system.

In [17] and [13] it was shown how an analysis of the flows of energy in the electrohydraulic
system can be advantageously used to design an impedance controller which systematically
takes into account the nonlinearities of the system. Thus, an energy-based control strategy was
developed in [17]. In [13] it was demonstrated that a controller based on integrator backstepping
exhibits a very good and robust performance.

In this work, we will pursuit a different approach to the impedance control task of
electrohydraulic systems. Therefore, the impedance control task shall be formulated in a
more conceptual form: In the impedance control task it is desired to control a nonlinear
system of higher dimension (i.e. the electrohydraulic system) in such a way that its behavior is
equal to that of a nonlinear system of lower dimension (i.e. the desired mechanical impedance
system). For such control design tasks the framework of immersion and invariance proves to
be very well suited, see, e.g., [2], [3], [4], [19]. Here, we will apply an immersion and invariance
controller strategy to the impedance control of electrohydraulic systems. Therefore, the basic
configuration of the system, its mathematical model and the controller task are introduced
in Section 2. The first part of Section 3 is concerned with the design of an immersion and
invariance based controller for the electrohydraulic system. The feasibility of this controller
is demonstrated in the second part by extensive simulation studies using components and
parameters of an industrial system. Even though a very good controller performance and
robustness can be achieved by the proposed control structure, the electrohydraulic system
lacks of energetic efficiency. Thus, the first part of Section 4 deals with the design of an
extended electrohydraulic system in order to improve the energetic efficiency of the system.
Afterwards, an immersion and invariance based impedance controller strategy is developed and

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2002; 00:1-6
Prepared using rncauth.cls

Pre-print version of the article: W. Kemmetmiiller and A. Kugi, “Immersion and invariance-based impedance control for electrohydraulic
systems”, International Journal of Robust and Nonlinear Control, vol. 20, no. 7, pp. 725-744, 2010. por: 10.1002/rnc.1462

The content of this pre-print version may be slightly different to the published paper. This pre-print does not contain the publisher’s final
layout or copy editing.


http://dx.doi.org/10.1002/rnc.1462

AIC|IIN

IMPEDANCE CONTROL OF ELECTROHYDRAULIC SYSTEMS 3

tested for the extended electrohydraulic system. Here, especially the improvement of energetic
efficiency is emphasized. The paper closes with a short summary and outlook to further research
activities.

2. Control Task and Mathematical Modeling

First we will analyze the impedance control task for an electrohydraulic linear actuator as given

in Fig. 1, which probably is the most common electrohydraulic system. This system comprises

a double acting cylinder which is rigidly connected to a constant mass m and controlled by

a four lands three ways (4/3) proportional directional valve. It is assumed that the system is

supplied by a constant pressure supply with the supply pressure ps and the tank pressure p;.
The motion of the mass m is described by the balance of momentum

d

5 = Wr (1a)
d 1

Ewp = E(plAl —p2As —mg — ). (1b)

Here, s, denotes the position of the piston, w,, is the velocity of the piston, p; and p> denote
the two chamber pressures and A; and Ay are the corresponding effective areas of the two
chambers of the piston. Furthermore, 7; describes the load force which cannot be measured
and thus is assumed to be unknown.

m
. q2 s
A\2 b2 Ss
: T
'} ;
Sp A[ p1 ] ><
1
Ds lJ |_|L bt

Figure 1. Basic electrohydraulic system used in the impedance control task.

Remark 1. In many practical applications of an electrohydraulic impedance system a spring
would be included in parallel to the hydraulic cylinder in order to provide a mominal spring
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characteristics and to compensate for gravitational forces. The extension of the subsequent
control strategy to include such a spring is rather straightforward and thus will not presented
in this paper.

For the description of the material behavior of the fluid inside the chambers of the cylinder
we assume a constant bulk modulus § of the oil (cf. [6], [9], [13]), i.e.
8= pg—i = const., (2)

with the density of the oil p. Using the constitutive equation (2) in the continuity equation for
the two chambers of the cylinder we obtain the following equations for the description of the
chamber pressures p; and ps.

d B

Epl = —Alsp (—Alwp + Q1) (3&)
d B

S P (Ao —

P = I (1 =, Aztr — ) (3b)

Thereby, leakages either between the chambers or out of the chambers are neglected and the
effective length of the cylinder is denoted by L.

The hydraulic actuator is controlled by a 4/3 proportional directional valve which provides
the volume flows ¢; and go. Without loss of generality we assume a symmetrical critical center
valve with rectangular ports, see, e.g., [6], [9]. This gives the mathematical model in the form

—Tys. = kyssy/Ps — D1 for ss >0 (4a)
== kyssv/p1 — pt for $s <0

s — kv55~/p2 — Dt for Sg > 0 (4b)
2= 228 = kvss VPs — P2 for 85 < 07

where the valve coefficient k,, for a proportional directional valve with a main spool of diameter

ds reads as
2
ky, = omrds\/j. (5)
o

Here, o denotes the constant discharge coefficient (typically a = 0.7). The dynamics of the
valve is basically given by the dynamics of the spool position. For fast dual or multi-stage
proportional directional valves as considered in this work, it can be assumed that the dynamics
of the valve is much faster than the dynamics of the remaining system. Thus, the spool position
ss can be regarded as the control input of the system.

Remark 2. Of course the subsequent control design is not limited to proportional directional
valves with rectangular ports. If e.g. a symmetrical valve with circular ports is used, the volume
flows q1 and qo of the valve can be described by

ad(Iso) 2V =pr for >0

q1 = (6&)
—aAy ([ss]) \/%\/Pl —pt  for  s5<0
aAy (|ss) zm for s¢>0

q2 = \/: (6b)

55 <0,

—aA, (|ss]) \/%\/ps —p2  for
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with the opening area As from supply to port 1 or 2 and the opening area A¢ from port 1 or 2
to tank. Since an inversion of the (strictly increasing) functions As and Ay is always possible,
the valve spool position ss can again be regarded as the control input.

In order to define the impedance control task, the desired mechanical impedance system
7 as depicted in Fig. 2 is introduced. The system comprises a mass m which is supported
by a (nonlinear) spring and a (nonlinear) damper. The mathematical model of the desired
mechanical impedance system X7 is given by

R (7a)
d 1
T = 7 (x () = xa (wp) = 7)., (7h)

where ! (SZI,) denotes the desired nonlinear spring characteristics and x} (wé) is the desired
nonlinear damping characteristics. For simplicity it is assumed that both the damping and
the spring characteristics are strictly increasing functions in their respective arguments, with
x4 (0) =0 and x! (sly) = 0, where s denotes the relaxed length of the spring.

ln

B~

Figure 2. Desired mechanical impedance system 7.

Thus, the impedance control task can be formulated as follows:

Definition 1. (Impedance Control Task) The electrohydraulic system (1), (3) and (4) has
to be controlled by means of the valve spool position ss as the control input in such a way that
the dynamic behavior of the piston position s, in response to an external load force 7, is equal
to that of the desired mechanical impedance system S according to (7).

3. Impedance Control based on Immersion and Invariance

3.1. Control Design

For the subsequent control design a reformulation of the mathematical model of the
electrohydraulic system (1), (3) and (4) proves to be useful. Therefore, consider (3) in
combination with (4) describing the pressures p; and ps in the two chambers of the piston.
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As a matter of fact, it is not possible to independently control the pressures p; and ps with
only one control input ss. Furthermore, the mechanical subsystem (1) is only influenced by the
pressure force 7, = p1 A1 — paAs. Thus, a change of coordinates in the form [s,, wp, p1,p2] —
[Sp, Wp, Tp, px] With the sum pressure py; = p1 + po yielding

d
a’r T (8a)
d 1
Sy = — (7, = mg — 1) (8)
d
3 = ~Tiwp + s, (8¢)
and
d -
== —Tawp + Zass 9)
is meaningful. Here, the abbreviations
le(%+ ﬂAQ), TQ:(E— b ) (10a)
Sp L—s, sp, L—sp
- B g = g g
= =(—T r Ho = r;— r 10b
! <sp TS T A, T MLy (10b)

with I'y and 'y according to (4) are used.

For the solution of the impedance control task only the subsystem (8) with the state
z = [Sp, wp, Tp]T and the input ss has to be considered, since the influence of the sum pressure
px (9) due to the valve characteristics I'; and I's can be exactly compensated if the supply
pressure pg, the tank pressure p; and the chamber pressures p; and ps are measured. Of course,
the stability of the overall system including the sum pressure psy, has to be proven separately
in the final step of the controller design.

In the following the subsystem (8) with 7; = 0 is denoted as X,

d
2 e f@ g (11)
with & = [sp, wp, 7], u = s5 and
Wp 0
f@=| n(mp-—mg) |, gl@)=| 0 (12)
lewp El

Definition 1 of the impedance control task states that the higher order system ¥ with = € R3
should be controlled by means of the control input u = s; € R in such a way that, in a certain
sense, its behavior is equal to those of a lower order system, i.e. the desired impedance system
S with 2! € R2. Certainly, this control problem can be interpreted as an immersion and
invariance (I&I) stabilization problem which is well known from the literature [2]. Following
the ideas of this controller design strategy, the impedance control task can be reformulated in
the form:

Definition 2. (Impedance Control Task with I€61) Given the system X (11), (12) and
the desired mechanical impedance system %1 ((7) with 7 = 0), the goal of the impedance control
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task is to find a manifold M, described implicitly by {x € R3|¢ (x) = 0} or in parametrized
form {z e Rz =7 (901) , 21 € R?}, which can be rendered invariant and asymptotically stable
by means of the control input u, such that the restriction of the closed-loop system to M is
described by L.

The design of the manifold M and the control input u basically follows Theorem 2.1 of [2].
For the sake of clarity this theorem is given in a form which fits the impedance control task
considered in this work.

Theorem 1. (T Stabilization)[2] Consider the following system (i.e. the electrohydraulic
system X))

d
S =f (@) +g@)u, (13)

with x € R™, uw € R™, and an equilibrium point xs € R™ to be stabilized. Assume that there
exist smooth mappings f1 : RP - RP, 71 : R? - R”, ¢ : R® = R*P, ¢ : RP - R™ and
v:R"™ x R"™P — R™, with p < n, such that the following holds.

(A1) The target system, i.e. the desired impedance system T,

d 7

=l (2! 14
Lot = 1), (14)
with 7 € RP, has a globally asymptotically stable equilibrium at 1 € RP and
zo =7 (). (15)
(A2) For all x' € RP
om
F(m (@) +g(r (@) e(n (@) = 571" (1) (16)
(A3) The set identity
{J:ER”|¢(:U):O}:{xER”’\x:w(a:I),mIERp} (17)
holds.
(A4) All trajectories of the system
d 0¢
=T 1
Co= @ @i 2), (18a)
d
—z=[f(z)+g(x)v(z,2), (18b)

dt

are bounded and (18a) has a uniformly globally asymptotically stable equilibrium at z = 0.
Then, x5 is a globally asymptotically stable equilibrium of the closed-loop system

d
r = @ +g@)v(z,¢(2)). (19)

On the previous assumptions that both the spring characteristics x! (SZI)) and the damping

I

characteristics xé (wp

) are strictly increasing, the unique equilibrium point ! of 7 for 7, = 0
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is given by 2! = [s]y,0]”. Using the total energy stored in the desired mechanical impedance

system consisting of the kinetic energy & of the mass m

1 2
¢ = 3™ (w{)) (20)
and the potential energy &, of the spring
= [ d©d (21)
5:51{,0

as a positive definite Lyapunov function candidate, V = &, + €&, > 0, it can be easily seen
that the change of V along a solution curve of the system %/ is negative semi-definite,
%V = —Xd (wZI)) w{) <0. (22)
This already proves the stability of the desired impedance system. The asymptotic stability can
be shown by means of the invariance principle of Krassovskii-LaSalle [14]. Finally, the global
asymptotic stability of ¥/ results from the fact that the Lyapunov function V is radially
unbounded [14]. Consequently, (A1) of Theorem 1 is fulfilled.
In the next step the manifold M is calculated by means of (16). For the system 3 (cf. (11),
(12)) under consideration and the desired mechanical impedance system X! due to (7) this
results in three nonlinear partial differential equations, which, without previous knowledge,

cannot be easily solved for m = [m1,me,m3] and ¢ (7). However, an analysis of the physical
meaning of the impedance control task advises to choose
Sp =1 (s,{, w{,) = 5,{ (23a)
wy = (s, wl) = w). (23b)

With this assumption used in (16), the first PDE is trivially fulfilled and the second and third
(partial differential) equations for 7, = 73 and u = ¢ () read as

73 (s w5) = mg = =x; (53) = xa (wp) (24a)
o oz 1
_ Iy = _Ym3 98 L T (I T (]
Tyw, + Zic(m) D51 wy, + dul m (—xs (s5) = xa (wy)) (24b)
Solving (24a) for m3 (s{), w{,) gives
73 (sp,wp) = mg — x; (s3) = xa (wp) (25)

and using this solution in (24b) yields

ox! oxL 1
Tywy — 5wy, — 5od— (=xs (55) = xa (wp))
c(r) = r P . (26)

=1

The manifold M is defined in its explicit form by x = 7 (.Z‘I) = [y, 72, m3)T with ! € R?,
m1 and 7y from (23) and 73 from (25), or in its implicit form as

¢(z) =1p —mg+ Xi (sp) + XcIt (wp) = 0. (27)
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Then, the off-manifold dynamics (18a) is given by

I I

1
iz — aXs p + %_
dt Osp ow, m

(Tp_mg) _lep+517}(x7z)7 (28)

where u = v (x, z) is used. In order to asymptotically stabilize the off-manifold dynamics the
control law

ox! oxh 1
Y100 — G~ Gy (0~ 19) 012
v(z,z) = L - (29)
=1

is chosen, with the constant and positive controller parameter 5{ € R* which is used as a
tuning parameter for the off-manifold dynamics.

In order to show that all trajectories of the closed-loop system (18) with v (z, z) from (29)
are bounded, the transformation [s,, wy, 7] = [$p, wp, n] With n = 7, — mg + X2 (s,) + x5 (wp)
is used. This gives the transformed system

%z T (30a)
d

5 = W (30b)
d 1 I I

T = 7 (1= (sp) = xa (wp)) (30c)
% S (30d)

By construction of the control law v (x,z), cf. (29), the equilibrium z = 0 is globally
exponentially stable. Thus, 7 in (30d) is clearly bounded. Furthermore, it has been shown that
the equilibrium s, = s/, and w, = 0 of the subsystem (30b), (30c), describing the position
sp and the velocity w, of the piston, is asymptotically stable for n = 0 (see the discussion for
the stability of the desired mechanical impedance system). Thus, the fact that 7 is bounded
also implies that the trajectories of s, and w, are bounded, cf. [22]. Now, Theorem 1 states
that the equilibrium z, = [s],,0,mg]" of the closed-loop system (8) with the control law
ss = v(x,¢(x)) according to (29) is asymptotically stable. In the last step of the controller
design the boundedness of the sum pressure py; has to proven. Since this proof is completely
equivalent to the proof presented in [18], it is omitted in this paper and the interested reader
is referred to this article.

Remark 3. A similar control strateqy can be obtained using the method of integrator
backstepping, cf. [13]. Thereby, it is taken advantage of the fact that the system (11) with
(12) is given in strict feedback form. In the first step of the backstepping controller design,
the pressure force T, is considered a virtual control input. Then, the matching condition yields
7 =mg—xL (sp) = X% (wy). The stability of the corresponding subsystem can be shown by using
the total energy of the desired impedance system as a suitable Lyapunov function candidate. In
the next step, the Lyapunov function is extended by a quadratic term in the pressure force error
€r, = Tp— Mg+ XL (5p) 4+ x4 (wp) and a suitable control law is calculated such that the closed-
loop system is asymptotically stable. It can be easily seen that z = ey, holds and that z = 0
is equal to the matching condition used in the controller design via integrator backstepping.
Nonetheless, the major advantage of using I61 for the design of the impedance controller is
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that the I€1 stabilization implies the invariance and the asymptotic stability of the desired
manifold M.

3.2. Simulation Results

For testing the 1&1 based impedance controller (29) a number of simulation studies were carried
out using MATLAB/SIMULINK. Here, the results for an electrohydraulic system comprising
a standard industrial single rod cylinder (Hénchen 300 15000-0140-25 [12]), an industrial
dual stage 4/3 proportional directional valve (Bosch Rexroth 4WS2EM 6-2X [8]) and a mass
m = 250 kg, cf. Table I, are presented. In the simulation studies the dynamics of the valve is
approximated by a linear second order low pass filter with cut-off frequency w, and damping

ratio &s.
rod diameter D, 25 | mm
piston diameter D, 40 | mm
effective area 1 of cylinder Ay 125.6 | mm?
effective area 2 of cylinder A 76.6 | mm?
effective length of cylinder L 200 | mm
rated flow of the valve at 70 bar | ¢nom 20 | 1/min
maximum stroke of valve Ss,max 0.6 | mm
valve natural frequency Ws 27300 | 1/s
valve damping s V2/2
mass m 250 | kg
bulk modulus of the oil B 1.6-10° | Pa
density of the oil P 860 | kg/m?

Table I. Parameters of the electrohydraulic system given in Fig. 1.

For the desired impedance system a nonlinear spring characteristics of the form

v (s5) = ef (s) = s50) b (55 — 5h0) (31)

with the parameters ¢! and ¢l given in Table II is chosen. This spring characteristics exhibits
progressive stiffness for deflections from the relaxed length 5;{0 = L/2, cf. Fig. 3. The desired
damping characteristic is given by

Xéi, (wé) = d{iw{) + déi (wzl,)B , 1=1{1,2,3}. (32)

The corresponding coefficients provided in Table I show that x7, relates to a medium damping,
X}y to a small damping and x%,; to a high damping, cf. Fig. 3. Naturally, the mass of the
electrohydraulic system X cannot be changed by the proposed control strategy, which is
why the mass m of the desired impedance system Y7 is assumed to be equal to that of the
electrohydraulic system .

In the first simulation, the performance of the closed-loop system ¥ with the control law
(29) is verified using nominal parameters and an infinitely fast 4/3 proportional directional
valve. Figure 4 depicts the results for a desired spring characteristics x! given in (31) and a
desired damping characteristics x4, from (32). A staircase like external force 7, was used (cf.
Fig. 4) and a value of 5{ = 8-10% was chosen for the controller parameter.
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linear stiffness coeflicient cf 50-10% | N/m

cubic stiffness coefficient cl 1125-10° | N/m?

viscous damping coefficient 1 | df, 2-10% | Ns/m

cubic damping coeflicient 1 d, 1-10% | Ns3/m3

viscous damping coefficient 2 | df, 500 | Ns/m

cubic damping coeflicient 2 di, 0 | Ns3/m?

viscous damping coefficient 3 | df, 4-10% | Ns/m

cubic damping coeflicient 3 dis 2-10° | Ns*/m?

Table II. Parameters of the spring and damping characteristics
of the desired mechanical impedance system.

40 60 80 100 120 140 160 —0.2 —0.1 0 0.1 0.2
szlj in mm wp{ in m/s

Figure 3. Desired nonlinear stiffness characteristics x2 (sf,) and damping characteristics xJ; (w,{)
according to (31) and (32) with parameters given in Table II.

In the topmost graphs of Fig. 4 it can be seen that an almost perfect tracking of the desired
impedance characteristics is achieved by the proposed control concept. The graph for the
chamber pressures p; and po reveals that the initial value of p; is larger than the initial value
of po which is necessary to compensate for the gravitational force mg. On the right hand side
of Fig. 4 the valve spool position s and the corresponding volume flows ¢; and g are depicted.
Here, the different values of ¢; and ¢2 are mainly due to the different effective areas A; and
As of the single rod cylinder. Finally, it can be seen that relatively large volume flows are
necessary to track the desired impedance system.

One of the main reasons for using an electrohydraulic impedance control approach is the
possibility of actively changing the impedance behavior during operation without constructive
changes. On the left hand side of Fig. 5 simulation results for different desired damping
characteristics x%;, i € {1,2,3} with parameters given in Table II are presented. The system
is excited by an external load force 7; as shown in Fig. 4. Obviously, a change of the system
behavior from nearly undamped to strongly damped is easily possible. Of course it has to be
pointed out that the minimum damping of the system is limited by the friction of the hydraulic
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Figure 4. Simulation results for the nominal electrohydraulic system ¥ with the I&I based controller
(29), the desired spring characteristics x. (31) and the desired damping characteristics x%; (32) with
parameters given in Table II.
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cylinder. On the right hand side of Fig. 5 a change of the linear stiffness ¢! to 2¢] at time
t =5 s is examined. In this simulation a rectangular external load force 7; of amplitude 1 kN,
a cycle time of 2 s and a duty cycle of 50 % is used to excite the system. As expected, the
increase of the linear stiffness coefficient ¢! yields a significantly smaller deflection of the mass
m. As can be seen from Fig. 5, the tracking of the desired impedance system is excellent also
in this case.

140 110 -
]
" P h
r " i h 3 3
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oy dhM N Iy B iy
1 v {v 1 o . iv
! 1 ¢ . \ A - 1 | i 1
g 100 g ! c [ S L
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Figure 5. Change of the desired damping characteristics x} and of the
desired spring characteristics x..

Up to now, an ideal hydraulic system, neglecting leakages, variations of the bulk modulus of
the oil and of the valve coefficient, an infinitely fast valve and no measurement noise have been
assumed. For the proposed impedance controller (29) to be practically feasible, the robustness
of the closed-loop system with respect to such imperfections has to be analyzed. For conciseness
the results of the numerous simulations, which were carried out to study these effects, are only
summarized. First of all, the proposed control concept is relatively insensitive to measurement
noise. Even rather large measurement noise on the pressures signals ps, p1 and p2 of amplitude
1 bar and in the position s, of amplitude 50 pm (the velocity w, was calculated by approximate
numerical differentiation of the perturbed piston position) does not significantly deteriorate
the performance of the system. Secondly, the closed-loop system also turns out to be robust
to changes in the system parameters. Here, especially a change of the bulk modulus 8 in the
range 0.18n0m < B < 2B8nom, with the nominal bulk modulus B0, given in Table I, and a
change of the valve coefficient k, in the range 0.9k, nom < kv < 1.1ky pom, with the nominal
valve coeflicient k. nom, result in only a small and thus tolerable decrease in the performance.
Also internal or external leakages typically occurring in the cylinder or the valve do not reduce
the quality of the impedance control.

Finally, the influence of the dynamics of the 4/3 proportional directional valve is analyzed.
Here, it turns out that the assumption of an ideally fast valve is crucial in order to obtain the
perfect matching behavior of the electrohydraulic system with the desired impedance system
as it has been presented before. If the dynamics of a fast two stage 4/3 proportional directional
valve, represented by a second order LTI system with valve natural frequency w, and valve
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damping &, (cf. Table I) is included in the simulation, it turns out that this, in combination
with a controller parameter 5} = 8-102, yields an unstable system. By means of a significant
reduction of the controller parameter to 6% = 1.6-102 a stable system can be obtained with the
drawback of an increased tracking error between actual and desired impedance characteristics,
see Fig. 6.

120

110 -
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90 1

801
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707
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tins tin s

Figure 6. Simulation result of the electrohydraulic system X with the I&I based controller (29) and
an industrial valve with parameters given in Table I.

For many practical problems this tracking error is still tolerable. Nonetheless, there are two
main obstacles for the practical implementation of the proposed control concept. (i) As has
been pointed out in the previous analysis, very fast valves are necessary for the implementation
of the control concept. Naturally, these valves entail high costs rendering them unsuitable for
many applications. (ii) The energetic efficiency of the overall system is rather poor, especially
from the perspective that the desired mechanical impedance system only dissipates energy but
does not need any external power supply.

Thus, the next section is concerned with an extension of the construction of the
electrohydraulic system of Fig. 1 in order to improve these issues.

4. Design and Control of an Extended Electrohydraulic System

4.1. Constructional Setup and Mathematical Modeling

For the improvement of the energetic efficiency of the electrohydraulic system let us first
analyze the desired mechanical impedance system given in Fig. 2. Assuming that the spring
and damping characteristics are fixed, it can be easily seen that energy is either transformed
from kinetic energy of the mass m into potential energy of the spring and vice versa or it
is dissipated by the damper. Obviously, no external supply of energy is necessary to achieve
the desired impedance characteristics. In comparison to this, no efficient possibility of storing
potential energy is included in the basic electrohydraulic system according to Fig. 1. Thus,
in order to improve the energetic efficiency of the electrohydraulic impedance system, the
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inclusion of an appropriate energy storage device is inevitable.

Secondly, the natural stiffness of the basic electrohydraulic impedance system is very high
compared to the desired stiffness of the mechanical impedance system. This results in a very
high dynamics of the chamber pressures p; and p, and therefore of the pressure force 7,. This
fact also explains the high demands on the dynamics of the valve used for the control of the
basic electrohydraulic impedance system.

Summarizing, an improvement of the basic electrohydraulic system relies on the efficient
storage of energy and on the reduction of the stiffness of the system. It is well known that
(hydraulic) energy can be efficiently stored in hydraulic accumulators. Thus, the connection
of hydraulic accumulators to the chambers of the cylinder as depicted in Fig. 7 enables the
efficient storage of energy. Naturally, this also yields a significant reduction of the stiffness
of the system. Furthermore, the hydraulic impedance system is extended by two laminar
damping orifices which provide a certain nominal damping characteristics. Finally, the 4/3
proportional directional valve used in the basic electrohydraulic impedance system is replaced
by two 3/3 proportional directional valves which obviously provide more degrees-of-freedom
for the controller design. Of course, the usage of two 3/3 valves instead of one 4/3 valve
increases the complexity of the system. Nonetheless, the overall cost of the system might be
significantly lower for the extended electrohydraulic system according to Fig. 7 since, as it will
be demonstrated later, rather slow and therefore low-cost valves can be used.

T

—

m
accumulator b
W, Ps
. q2 Qv 549 L I
" ~ ' Qs2
damping orifice b Pt
A D2
\
I accumulator a
A
W |, O 2
Ay q1 Ga  $4 L,
x — R
Uy Pt

damping orifice a

Figure 7. Extended electrohydraulic impedance system.
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electrohydraulic system is equal to (1) and reads as

5 = W (33a)
d 1
Ewp = m (p1A1 —p2As —mg — 7). (33b)
The pressures p; and ps in the chambers of the cylinder are given by
d B
—p = —_A 4
@’ T A, (—Avwp +q1) (34a)
d B
—pp=——(A —q2) . 4b
P T AL =) Az @) (34b)

Here, the volume flows ¢; and ¢2 through the laminar damping orifices a and b can be described
by

q1 = kda (pa - pl) (353)
a2 = kay (p2 — po) (35b)

where kg, and kg, denote the laminar flow coefficients of the damping orifices. For calculating
the pressures p, and p, in the hydraulic accumulators, the gas inside the accumulator is
assumed to satisfy the isentropic equation

PV =poVyo = Co- (36)

Thereby, p denotes the pressure, V; is the volume, pg and Vo are the pressure and the volume
of the gas at precharge condition (y, and x denotes the constant isentropic coefficient of the
gas. Using the constitutive equation of the gas (36) and the oil (2), the pressures in the
accumulators follow as (cf. [6], [9], [13])

d I{'/B ada

P = P : (37a)
kpaVa + (6 — KPa) (%)

d KBpus

—pp = 37b

dtpb ) ( )

1
KpyVi + (B — Kpy) (%) ’
where V, and V; denote the overall volume of the hydraulic accumulators. The volume flows
qq and ¢p into the accumulators are described by
da = 4s1 — q1 (38&)
b = qs2 + q2, (38b)

with the valve volume flows ¢s; and gso (cf. (4))
_ _ kvlssl\/ps — Pa for sg1 >0
a1 = F1851 N { kvlssl VPa — Pt for Ss1 S 0 (39&)

kv2332 VPs — Pb for Ss2 > 0
s2 = r s2 = 39b
2 252 { kv2ssav/Po — b for 552 <0. (39D)
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Thereby, k,1 and k.o denote the valve coefficients, ps is the supply pressure, p; the tank
pressure and s and sso denote the valve spool position of valve 1 and 2, respectively.

Analyzing the overall mathematical model (33)—(35) and (37)-(39) of the extended
electrohydraulic impedance system due to Fig. 7, it can be seen that the dynamics of the
chamber pressures p; and po is significantly faster compared to the dynamics of the remaining
system. This fact becomes more evident when rewriting the mathematical model in the form
of a singularly perturbed system. Therefore, (34) with (35) is replaced by

d 1

—p = ——(—A o (Do — 4
‘7" = As, (—Arwy + kda (pa — p1)) (40a)
e—d - (A — kap (p2 — pv)) (40b)

dtp2 = AQ (L — Sp) 2Wp db (P2 —Pb))

where e = 1/ serves as an appropriate singular perturbation parameter. Considering the limit
€ — 0, which refers to an incompressible fluid, yields the quasi-stationary solution of the fast
subsystem, see, e.g. [15]

Ajw Asw
PL=pa— =L, pr=py+ /2 (41)
kda Kap
The reduced slow dynamics (33), (37) is then given by
d
o = W (42a)
d 1 A2 A2
Ly = = (pads —ppds — [ 2L+ 22 ) ) —mg — 421
= m (p 1 — PpA2 (kda + k’db) wp —mg Tl) (42b)
%pa _ KPa (Flssl _lAlwp) (42C)
Coa \ ®
Pa
(%)
d Tosso+ A
= =y (Lasey + Aywp) (42d)

(%)
Py

Naturally, an appropriate choice of the parameters of the extended electrohydraulic system is
of particular importance in order to achieve the desired reduction in the energy consumption.
Thereby, the parameters of the cylinder (i.e. the length L and the areas A; and As) are
chosen such that the demands on pressure force and travel are met. The parameters of the
accumulators and the damping orifices are typically designed in such a way that the extended
electrohydraulic system already shows a desired spring and damping characteristics without
control, i.e. sg1 = S50 = 0.

Remark 4. For the dimensioning of the accumulators the pressure force 7, = p, A1 — ppAs
in the stationary case wy, = 0 for closed valves, i.e. sg1 = sg2 = 0, is calculated. The pressure
force is a function of the position s, and the parameters of the system only, see, e.g., [15].
Coa A1 Con A2
Tp = u r K (43)
(Vgao + A1 (sp = 5p0))"  (Vgvo — Az (5p — 5p0))

Clearly, in the stationary case the pressure force T, has to be equal to the sum of the spring
force xI and the gravitational force mg. Let us assume that the desired spring characteristics
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X1 (sp) is given in the form

Xa (8p) = €1 (sp = 530) + Xz (5p) » (44)
with the desired linear stiffness ¢! and the nonlinear part Y% (sp) which meets the following
assumption

a~I
Xs (sp) =0. (45)
aSp S!’:S;{JO

If the linear part ¢l (sp - 51170) of the spring characteristics is dominating at least in the vicinity
of 5£07 it is meaningful to choose the parameters of the accumulator such that the stationary
pressure force gradient o1 of the extended electrohydraulic system

or A2k nt1 A2k st
e et & e % (46)
P, b
COaA%K CObAglﬂ

= K + K
(Vgao + A1 (sp — 5p0)) A (Vgbo — Az (s8p — 5p0)) i

at S, = S corresponas 1o € aesire mear StiJJjness C rom . (2 1S assumption a
tsp = sh ponds to the desired li ti ! With thi pti

systematic determination of the parameters of the accumulators is possible [13].
The choice of the parameters of the damping orifice is rather trivial if the desired damping
characteristic x% (w,) is supposed to be written in the form

XcIi (wp) = dilwp + )25 (wp), (47)

where di, is the linear (viscous) damping coefficient and X! (w,) denotes the nonlinear part.
Considering (42b) it is obvious to choose

At A3 ) 1
Ly 2) =g 48
<kda kdb 11 ( )

for the desired viscous part of the damping characteristics.

In order to be able to change the damping and spring characteristics, a control input has to
be added to the system. If it is only intended to control the pressure force 7, then one control
input, e.g. valve 1 or 2 in Fig. 7, is sufficient. Otherwise, with only one valve it is not possible
to actively influence the natural stiffness of the system, cf. (46). It can be easily shown that the
extended electrohydraulic system with only one control input is energetically very inefficient
in case large changes of the stiffness are demanded [13]. Therefore, it is useful to add a second
valve as a second control input. Then, both pressures p, and p, can be controlled independently
and thus also the pressure force 7, = p, A1 — ppA2 and also the quantity o; corresponding to
the stiffness of the system (46) can be controlled independently. This contributes to increase
the overall energetic efficiency of the system.

For the subsequent design of an impedance controller the system (42) is transformed into
the new coordinates & = [sp, wp, Tp, 01]7. Note that the coordinate transformation & = ¢ (z)
with z = [sp,wp,pa,pb]T locally defines a diffeomorphism and thus serves as an admissible
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change of coordinates. The transformed system reads as

d
&Sp = ’u)p (493’)
d 1 A2 A2
5. — = — = 22 — — 49b
T = (Tp <kda + kdb> wp — Mg Tl> (49b)
d
3T XS Wp + by (49¢)
d
PN Eal = —XcWp + "[)c (49d)
with the abbreviations
A2kp, AZkpy
Xp = ! a; + =2 T (50a)
() ()
Pa Py z=t—1(¢)
A A
Yy = Lpalrlssl - 2Kp§ Iass2 (50b)

B &)
Pa Do z=t—1(¢)

A3k (k+1) s+2 A3k (k+1) =2
. < ) =2 Afr(etl) = (500)
CGa Cob a=t=1(¢)
A%k (k+ 1) =tz A2k (k+ 1) =tz
e = (1(2_)17(1” Tiser + %pb” 2542 (50d)
(o Cob z=t=1(¢)

Since (50b) and (50d) can be solved for given 1, and 1), w.r.t ss; and ss2, henceforth ¢, and
1. may be considered as new control inputs. A closer inspection of the system (49) reveals
that the subsystem ¥ (49a), (49b) and (49c) can be decoupled from the subsystem %¢ (49d)
by applying the input transformation

Vp = XpWp + 12)17 (51a)

wc = XcWp + wm (51b)
where 1/~)p and 1. serve as new control inputs. The real input signals s,; and s, of the system
can be calculated from the virtual control inputs 1, and 1. using (50) and (51)

~ Ao(r ~
¢c + chp + M (wp + XPwP>

T
Sob ) ®
Py

Sg1 = (52a)
Iik(k+1)A1pa Al + Az
T T I
()t \GmF T (a)?
~ Ay (rl ~
¢c + XcWp — ﬁ <¢P + Xpwp)
Sey = Pa . (52b)
Tor(k+1)Aapsy ( A — As , >
1
3 C0a )% w
(%) G (%)
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The subsequent control design task can then be subdivided into two parts: (i) the control
of the pressure force f, such that the closed-loop system exhibits the desired impedance
characteristics and (ii) the control of the pressure force gradient o7 of the system to achieve a
good energetic efficiency.

4.2. Control Design

Basically, the first control design task is similar to the one already formulated in Definition 2.
That is, the subsystem %P with x? = [s,, wp, 7p]7 of (49), (50) has to be controlled in such a
way that its response to an external load force 7; is equal to that of the desired mechanical
impedance system ! due to (7). Thus, this control task can once again be tackled as an
I&I-stabilization problem. Since the derivations are basically equal to those in Section 3, here
only the results of the controller design are summarized.

The transformation ¥ = m (2) is given by, cf. (23), (24a)

Sp =1 (sll,,wé) = SZI7 (53a)
wp = Ty (szl,,w{]) = wé (53b)
7y = (s],wl) = A AN o rgay il 53
p =3 (85, w,) =mg + ka + Eab Wp — Xs (sp) Xd (wp) (53c)
and ¢ (7) results in
XL g x4 A? | A3 1 I(d I
__ % Oxag _ (AL A2 _L . 4
c(m) 9] wy, + dul e + Fa ) ) (Xt (sp) + xa (w))) (54)
With the definition of ¢ (z?)
A2 A2
6(7) =1y = mg = (T2 4 72 )l (57) 4 X ), (55)
da db

the off-manifold dynamics yields

A (o (4, A 2o\ N ol
dtz_(awpi kda+kdb m\? " kdaJrkdb Wp +35pwp+v($vz)a(56)

where v(z?, z) = 1%, which can be rendered asymptotically stable by the choice

Ox} A2 A2 1 A2 A2 Ox!
p — [ ZAd _ (71, “72 Bl _ 2Ly 2 _As 0 st
v (2P, 2) (6wp (kda + kdb)) —\ ™ —mg (kda + T ) Bs, wp—01 2. (57)

Therein, 5{ > 0 denotes the controller parameter. Along the lines of the previous section it
can be shown that the requirements of (A4) of Theorem 1 are met. Thus the control law

. oL (A2 AZ\\ 1 A2 A2
v (9Xa (A1 AN\ L /o (AT Ay
vs (@) (5% <kda " kdb)) m (Tp " <7€da - kdb) wp)

axg A2 A2
o, s ( g <E ; %) wp 1 (5) + X4 <wp>) (58)
p a

yields an asymptotically stable closed-loop system.
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For the second control task let us consider the subsystem X° of (49) with z¢ = oy from
(46). Henceforth, the desired linear stiffness ¢! () is supposed to be sufficiently smooth and is
commanded by a superordinate system. Introducing the stiffness error e, = o1 — ¢} and the
integral of the stiffness error el yields

d .
aelc =e (59a)
d -
Eec =1, — c{.
It can be easily verified that the control law
Yo = —85el — 8ec + ¢l (60)

with the positive controller parameters d§, 65 > 0 entails an exponentially stable dynamics for
the stiffness error. Furthermore, the error dynamics can be arbitrarily assigned by means of
the controller parameters.

4.8. Simulation Results

For verifying the proposed control strategy of the extended electrohydraulic system according
to Fig. 7 numerous simulations were carried out. Thereby, the parameters of the piston and the
desired impedance system were chosen identically to Section 3.2. Furthermore, the parameters
of the accumulators and the laminar damping orifices were calculated such that the stationary
pressure force gradient oy of the extended electrohydraulic system is equal to ¢! at SII)O =1L/2
and the damping is equal to d!,. The resulting parameters of the extended electrohydraulic
system are summarized in Table III.

volume of accumulator a Va 1.0 |1
volume of accumulator b Vi 0.79 | 1
precharge pressure a at Vo, = Vo | poa 58.2 | bar
precharge pressure b at Vorb = Vi | pop 75.1 | bar
coefficient of damping orifice a Kda 1.58-107° II{I‘—S
coefficient of damping orifice b kab 5.86- 10710 II{I‘—S
isentropic coefficient K 1.6

rated flow of the valves at 70 bar | ¢nom 20 | 1/min
valve natural frequency ws 2730 | 1/s
valve damping &s V2/2

Table III. Parameters of the extended electrohydraulic system given in Fig. 7.

In the first simulation the closed-loop behavior of the nominal extended electrohydraulic
system with a desired impedance characteristics due to (7), (31), (32) and the parameters
cl, cb, dl, and di; given in Table IT is investigated. As it can be seen in Fig. 8 a very good
matching of the desired impedance characteristics can be obtained. This is remarkable since
the rather slow dynamics of the valves (approximately 1/10 of the dynamics of the valve used
in the basic electrohydraulic system due to Fig. 1) has already been included in the simulation
model. Since these valves are significantly cheaper than the fast valve used in the basic system,
a reduction of costs can be achieved despite the increased complexity of the system.
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Another interesting point is the influence of the damping orifices which can be seen in the
plots for the chamber and accumulator pressures in Fig. 8. Obviously, the differences between
the pressure p, and p; or py and p2, respectively, correspond to the dissipation of energy.

Of course the robustness of the extended electrohydraulic system with respect to parameter
variations and model uncertainties has been examined in extensive simulation studies.
Summarizing, the results obtained by the extended electrohydraulic system are similar to
those of the basic system. The dynamics of the valves can further be lowered without causing
instability problems.

The active change of the desired stiffness ¢! of the system is presented in Fig. 9. There, oy is
doubled from o1 = ¢f to o1 = 2¢! at time t = 5 5. As it has already been pointed out before, the
stiffness of the system is basically equal to the sum of the pressures in the cylinder chambers.
Thus, in order to increase the stiffness of the extended electrohydraulic system, the pressures
have to be increased, see Fig. 9. For this, rather large volume flows are necessary. However, the
maximum value can be decreased if the dynamics of the stiffness change is limited. It should
be emphasized that the change of the stiffness of the system by means of the change of the
pressures is mainly done in order to increase the energetic efficiency of the system. The desired
impedance characteristics is already obtained by the controller for the pressure force 7, which
is not influenced by the stiffness controller.

In the last simulation it is shown that the extended electrohydraulic system indeed yields a
significant improvement of the energetic efficiency. Therefore, both the basic and the extended
electrohydraulic system are excited by a rectangular load force 7; of amplitude 1 kN and
frequency 0.5 Hz. The desired stiffness was chosen to o1 = ¢! (c3 = 0) and doubled at time
t =20 s. The desired damping is given by d; = d{; with d3; = 0. Then, the hydraulic energy
consumption of both systems is depicted in Fig. 10. As can be seen, the energetic efficiency
is considerably improved for the extended electrohydraulic system in comparison to the basic
electrohydraulic system for both values of the desired stiffness of the system.

Remark 5. In [13] it has been shown that the substitution of a laminar damping orifice by a
proportional valve can be used to even further increase the energetic efficiency. This is especially
the case when large changes of the desired damping behavior are demanded while the stiffness
of the system is basically kept constant.

5. Conclusion

In this paper the impedance control task for electrohydraulic systems was systematically
analyzed and a new control strategy was proposed. First, an 1&I (immersion and invariance)
based impedance controller was developed for a basic electrohydraulic system consisting of
a hydraulic cylinder controlled by a 4/3 proportional directional valve. It was shown that
the proposed control concept yields a very good and robust performance of the closed-loop
system. Nonetheless, two main problems for a practical implementation were identified: (i) the
required dynamics of the valve has to be very high and (ii) the system is energetically inefficient.
Therefore, an extended electrohydraulic system was designed yielding a significant increase in
the energetic efficiency. For this extended system a control concept consisting of an I&I-based
impedance controller and a controller for the stiffness of the system was proposed. By means of
extensive simulation studies using components and parameters of an industrial system it was
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Figure 8. Simulation results of the extended electrohydraulic system in combination with the I&I
based impedance control strategy.
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Figure 9. Change of o1 from o1 = c{ to o1 = 20{ at time ¢t = 5 s for
the extended electrohydraulic system.

shown that a very good agreement between the desired and the realized impedance behavior
can be achieved even when using rather slow low-cost valves.

Future work will deal with a generalization of the proposed impedance control strategy for
electrohydraulic systems with several degrees-of-freedom.
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