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Abstract

In this paper we present an approach to adaptive control of hydraulic actua�

tors with �exible mechanical loads� The approach is based on recursive identi��

cation of low order models of the dynamics from valve input to actuator position

and e�ective load pressure respectively� The model parameters are used to com�

pute a regulator that gives a well damped system with good servo properties�

The identi�cation is carried out on�line in closed loop with no other signals than

those present in normal operation� Here RLS with variable forgetting factor is

used� The method does not� however� need not more parameters to be set a priori

than ordinary RLS with �x forgetting factor� In this way an easily tuned and

robust identi�cation algorithm is obtained� Results from experiments carried out

on a lorry crane are presented�

� Introduction

Systems containing �uid power components o�er interesting and challenging applica�
tions of modern control techniques� Developments concerning measurement equipment
and and computing power have made in possible to apply fairly sophisticated methods�
An survey of the subject is given in ���� Of particular interest is control of hydraulic
actuators	 since their behavior is of great importance in	 for example	 robots	 cranes	

�



excavators	 etc� Applications of modern control theories to hydraulic actuators are
presented in e�g� �
�	 ���	 ��� and ��� A particularly interesting class of problems is sys�
tems	 controlled by hydraulic actuators	 that contain some kind of �exibilities� Flexible
systems have received increasing attention in the recent years	 in particular in the area
of robotics� We shall in this paper discuss such a problem	 namely control of a crane
containing hydraulic actuators� The crane is depicted i Figure �	 and it has previously
been discussed in e�g ���	 ��� and ����

Figure �� Hydraulic crane

The aim in this paper is to design an adaptive control system that gives a well damped
behavior of the crane� This will be done by �rst deriving a mathematical model of
the system and then approximating the transfer functions in the model by low order
transfer functions� Using the low order transfer functions we then determine a suitable
structure of the regulator transfer functions� Assuming the coe�cients in the system
model to be known we can then determine suitable values of the regulator coe�cients
such that the closed loop system gets a well damped behavior� The actual values of
the model coe�cients will be obtained using the recursive least squares �RLS� method�
Since the application of the RLS method to this problem requires some extra attention
this part will be treated in some detail� We �nally intend to test the resulting adaptive
regulator on the real crane� A alternative approach to the one described above is to
use the high order model for the control design	 and then to approximate the regulator
transfer functions by low order ones� This approach is presented in ��� and �����






� Mathematical model

A detailed model of the crane would be di�cult to derive and too complex to be used
in regulator design� We shall therefore instead use a simpli�ed model	 proposed in
����	 which is shown in Figure 
� In using this model we assume that the �exibility is
restricted to the arm of the crane�

Figure 
� Simpli�ed description�

In Figure 
 the variables pi�t�� Ai and Ci denote pressure	 piston area and capacitance
respectively in each chamber� Furthermore M� and M� denote masses while B and BP

represent friction coe�cients and K is the spring sti�ness� The variables xP �t�� xL�t�
and f�t� �nally denote piston position	 load position and external force respectively�
The �ow into the cylinder is controlled by a valve which however not is shown in the
�gure�

In order to obtain mathematical descriptions of the systems we start by formulating
some basic equations� Equations for the mechanical part of the systems are obtained
by the force balances

M��xP � A�p� � A�p� � BP �xP �K�xL � xP � �B� �xL � �xP � ���

and
M��xL � �K�xL � xP ��B� �xL � �xP �� f� �
�

For notational convenience we have here omitted the time argument� The relationship
between valve position	 pressure and piston movement for chamber one is obtained
from the equations

q� � A� �xP � C� �p�� ���

where q� denotes the �ow into chamber one and C� is the capacitance	 and

q� � KqxV �Kcp�� ���

�



In Equation ��� Kq and Kc denote �ow gain and �ow�pressure coe�cient respectively	
and xV is the valve opening� Equation ��� is obtained by linearization of the continuity
equation	 while ��� is derived by linearization of the nonlinear relationship between
valve position	 �ow and pressure drop in the valve� The linearization operations will
not be discussed here	 and we refer to ��
� or ����� Analogous treatment of chamber
two gives

q� � A� �xP � C� �p�� ��

and
q� � KqxV �Kcp�� ���

Finally	 the valve is described as a second order system	 and the relationship between
valve input u and valve position xV is given by

�xV � 
�v�v �xV � ��

vxV � ��

vu� ���

This is also a simpli�ed description since the real valve dynamics also contains nonlin�
earities like	 for example	 dead band�

There are two signals that can be measured	 piston position xP and e�ective load
pressure pLe	 which is given by

pLe � p� � A�

A�

p�� ���

The important quantities in this paper will be the transfer functions from input signal
u�t� to piston position xP �t� and load pressure pLe�t� respectively� These transfer
functions can be derived via some straightforward but tedious calculations using the
equations above� We shall not give any details here but refer to ����� This reference
also presents how a state space description can be formed�

To illustrate the character of the system we show in Figures � � � the Bode diagrams
of the transfer functions from valve input to piston position and e�ective load pressure
respectively� In these �gures we see that if we restrict the attention to the low frequency
range the transfer functions can be fairly well approximated by the transfer functions

Xp�s� �
Kx

s
U�s� ���

and

PLe�s� �
Kp�s�Kp�

s����
� � 
��s��� � �

U�s� ����
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Figure �� Valve input to piston position
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Figure �� Valve input to e�ective load pressure

� Regulator design

In order to avoid a steady state error due to external disturbances	 dead band in valves	
etc it is necessary to use a regulator with an integral part� One approach is to use the
regulator structure in Figure 	 where GPI�s� is a PI�regulator

GPI�s� � ��I�s� ��K ����

and the pre�lter Gf �s� is used to cancel the overshoot usually caused by the PI�
regulator� From above we have that	 in the low frequency domain	 the transfer function
from input to piston position can be approximated by

Gx�s� � Kx�s ��
�





Figure � Regulator structure

The closed loop transfer function then becomes

Gc�s� �
Gf�s���I�s� ��KGx�s�

� � ��I�s� ��KGx�s�
����

By introducing

�c � KKx �a �
p
�c�I �a �

�



� �a

�I

����

we can rewrite equation ���� into

Gc�s� �
Gf �s��

s
�I
� ��

� s
�

��a
� 
 �a

�a
s� ��

���

If furthermore the pre�lter is chosen as

Gf �s� �
� s
�a
� ��

� s
�I
� ��

����

the zero at �I is replaced with a zero at �a	 i�e�

Gc�s� �
� s
�a
� ��

� s
�

��a
� 
 �a

�a
s� ��

����

In this way the overshoot is determined solely by �a� When �a � � there is only one
�real� pole at �a	 and there will consequently be no overshoot in the step response� A
faster response with only little overshoot is obtained if �a is in the range �������� From
speci�cations for the speed	 represented by �c or �a	 and damping	 represented by �a	
of the closed loop system we can determine the design variables K and �I�

The block diagram can be rearranged as shown in Figure �	 where we	 in order to in�
crease the damping	 also introduce pressure feedback� The rearrangement is motivated
by considerations regarding saturation� In the original scheme the pre�lter is useless if
the valve is saturated	 and it is unable to prevent the overshoot�

�



Figure �� Implemented regulator structure

For similar reasons the �ltered pressure signal is fed through the PI�regulator instead
of directly to the valve� This procedure allows the PI�regulator to handle saturation
and anti�wind up correctly� The break frequency of the PI�regulator is also lower than
the range where the pressure feedback is e�ective� Consequently	 the PI�regulator will
behave like a constant gain in this range� The transfer functions in Figure � are given
by

F��s� � �
s

���
� ��K� ����

F��s� �
s

���
� �

s
���

� �
����

and

F��s� �
K�s�

�

���
� �

���
�

�s���� � ���s���� � ��
�
��

where

K� �
�c


�aKx

��� � �a �
�c


�a
��� � �I �

�c

���a
��� � �a �

�c


�a
�
��

This solution is very similar to one of the solutions obtained through LQG�design	
and the synthesis procedure described here was inspired by a regulator obtained from
LQG�design described in ���� and ���� When it comes to the pressure feedback F��s�
the e�ect on the damping can be studied using the approximate transfer function from
input to pressure

GP �s� �
Kp�s

s�

��
�

� 
��
s
��
� �

�

�

Closing the pressure feedback loop yields

PLe �
Kp�sF��s��Xpr � F��s�Xp�

s����
� � 
��s��� � � � F��s�F��s�Kps

�
��

�



If we for simplicity assume that F��s� � K� and F��s� � K� this yields

PLe �
Kp�sF��s��Xpr � F��s�Xp�

s����
� � �
����� �K�K�Kp�s� ��

�
��

Introducing the e�ective damping ��e gives

PLe �
Kp�sF��s��Xpr � F��s�Xp�

s����
� � 
��es��� � �

�
�

and

K� �

���e � ���

��K�Kp

�
��

Although �� is estimated it is low compared to the ��e wanted to ensure stability�
Therefore it is neglected �or assumed to have a constant but small value��

K� �

��e

��K�Kp�

�
��

A normal value for the desired damping is ��e � �� There is however a risk with too
large values of K�	 since hysteresis in the valves may cause a phase shift such that
higher resonances can be unstable	 see ���� The bandpass �ltering of the pressure
signal has two objectives� Since there is a steady state in the load pressure	 this will
generate an error signal in steady state unless the signal is high�pass �ltered� The
high�pass �ltering is used to remove the in�uence of higher resonances� The �lter
break frequencies ��� and ��� could be spaced symmetrically around the resonance
frequency ��� In this way there will be no phase shift at the resonance frequency and
the damping will be e�ective� This feedback is also consistent with the LQG�control
design� The upper cut�o� frequency ��� can sometimes be omitted since the valve itself
has a limited bandwidth that will act as low�pass �lter�

� On�line identi�cation

Let us now face the problem of �nding estimates of the transfer functions that are
needed for control design� Our aim in this paper is to illustrate how this problem can
be handled using system identi�cation� Even though we are primarily interested in the
coe�cients of the continuous�time description we will consider discrete�time models in
the general discussion� The starting point is hence the following di�erence equation

y�t� � a�y�t� �� � � � �� any�t� n� � b�u�t� �� � � � �� bnu�t� n� � v�t� �
��

where u�t� and y�t� denote the input and output signals while v�t� is a disturbance
signal� For notational convenience we introduce

��t� � ��y�t� �� � � �� y�t� n� u�t� �� � � � u�t� n��T �
��

�



and
� � �a� � � � an b� � � � bn�

T ����

which gives the compact expression

y�t� � �T �t�� � v�t� ����

We now want to �nd the parameter vector � that gives the best description of the real
system	 and this is done by minimizing the criterion

Vt��� �
tX

k��

�y�k�� �T �k���� ��
�

It is then straightforward to show that the minimizing vector can be computed recur�
sively as

���t� � ���t� �� � P �t���t�	�t� ����

where
	�t� � y�t�� �T �t����t� �� ����

and

P �t� � P �t� ��� P �t� ����t��T �t�P �t� ��

� � �T �t�P �t� ����t�
���

These equations de�ne the well known recursive least squares �RLS� method� For a
thorough discussion of this algorithm we refer to	 for example ����� There are however
some factors that prevent a direct use of the RLS algorithm	 and we will discuss these
problems and some methods to handle them�

The �rst problem is that P �t�	 updated according to equation ���	 will tend to zero�
This will then stop the updating of the parameters	 and this is of course an undesirable
property in applications	 e�g� the hydraulic crane	 when the dynamics change during
operation� There exist several methods for handling this problem	 and the perhaps
most common one is to introduce a so called forgetting factor� Using the forgetting
factor equation ��� becomes

P �t� �
�


�t�

�
P �t� ��� P �t� ����t��T �t�P �t� ��


�t� � �T �t�P �t� ����t�

�
����

Here the forgetting factor 
�t� is chosen in the interval � � 
�t� � �� Choosing

�t� � � we come back to the original RLS algorithm	 equation ���	 which means
that there is no forgetting in the system i�e all values are equally weighted for the
parameter identi�cation� The choice 
�t� � �	 on the other hand	 means that there is
an exponential weighting of the measurements in such a way that old measurements
are given less weight less than new ones� There is however a trade�o� in the choice of
forgetting factor� Choosing a �small� value of 
�t� gives good ability to follow varying

�



dynamics	 but it also implies high sensitivity to disturbances� The choice of forgetting
factor will be further discussed below�

Instead of tending to zero P �t� will	 for a constant forgetting factor	 stay around a
mean level

P �t� � ��� 
�Q�� ����

where Q is the mean value of the matrix ��t��T �t�	 i�e�

Q � lim
t��

�

t

tX
k��

��t��T �t� ����

An alternative way of preventing P �t� from tending to zero is to	 at each time instant	
add a matrix R��t� to the right hand side of equation ���� This yields

P �t� � P �t� ��� P �t� ����t��T �t�P �t� ��

� � �T �t�P �t� ����t�
�R��t� ����

The matrix R��t� can also be interpreted as a measure of the rate of change in the
parameters of the system that is identi�ed� Using R��t� instead of forgetting factor
o�ers more degrees of freedom for the user	 but also more design parameters choose�

Analogous to equation ���� it can be shown that in this case	 for R��t� � R�	 P �t� will
stay around a constant matrix �P given by

�PQ �P � R� ����

A �small� value of R� will hence result in a �low� mean value of P �t�� It is interesting
to note that the choice

R� � ��� 
��Q�� ����

gives that P �t� is given by equation ����	 which means that the RLS algorithm with
forgetting factor is a special case of equation ����� We can also note that the choice

R� � ��Q ��
�

implies
�P � �I ����

where I denotes the identity matrix� Returning to equation ���� this hence corresponds
to the algorithm

���t� � ���t� �� � ���t�	�t� ����

which is the so called least mean squares �LMS� or gradient algorithm�

The introduction of mechanisms to ensure that the algorithm maintains ability to track
varying parameters however results in a new problem that has to be considered� In the

��



discussion above we have assumed that the signals involved are persistently exciting	
i�e� that they �contain su�ciently many frequencies�� If we focus on the forgetting
factor modi�cation of the RLS algorithm it is a well known fact that when the signals
are not persistently exciting and we use a forgetting factor less than one the matrix
P �t� will start growing exponentially	 a phenomenon often denoted covariance blow�up�
See for example ����� We hence have to introduce some safety mechanism that prevents
P �t� from tending to in�nity	 and also here some di�erent alternatives are available�
One method is to monitor and adjust P �t� such that its trace	 i�e� sum of diagonal
elements	 remains constant� Another method	 proposed in ����	 is inspired by the fact
that the blow�up of P �t� is equivalent to that its inverse tends towards a singular
matrix� Using so called regularization	 i�e� at each time step adding a scalar times the
identity matrix to the inverse	 it is possible to prevent blow�up of P �t�� Looking at the
update equation for P �t� regularization approximately corresponds to adding a term
�P ��t� ��	 where  is a small positive scalar	 to the right hand side of ����

Finally	 the third problem that has to be dealt with is caused by poor excitation in
combination with disturbances� Even though we manage to keep P �t� bounded during
periods with poor excitation the parameters may drift away due to disturbances acting
on the system� This phenomenon can be handled by introducing a dead zone that
stops the updating of the parameters when the error 	�t� is too small� The parameter
update equation are then modi�ed into

���t� � ���t� �� � a�t�P �t���t�	�t� ���

where where the positive scalar a�t� can be used to turn o� the updating� Introducing
a�t� into the equation for P �t� yields

P �t� �
�


�t�

�
P �t� ��� a�t�

P �t� ����t��T �t�P �t� ��


�t� � �T �t�P �t� ����t�

�
����

The main problem with this approach is of course that we need some rule for how a�t�
should be chosen� One idea	 discussed in ����	 is to use

a�t� �

�
�a j 	�t� j� 
�
� otherwise

����

Applying this idea requires that suitable values of the parameters �a and � are selected�

��



� On�line identi�cation of the hydraulic crane

��� Choice of design variables

In the on�line identi�cation of the hydraulic crane we have to consider all three prob�
lems discussed above� The system dynamics change with operating point	 so it is
necessary to use an algorithm that maintains the ability to follow varying dynamics�
There will furthermore be periods with poor excitation	 and there will always be dis�
turbances in�uencing the identi�cation� Our solution to these problems is to use the
RLS algorithm described above with the forgetting factor computed according to


�t� � �� ��� 
�����  �t�

 max

� ����

Here  �t� denotes the trace of P �t� while  max is a user supplied upper bound on the
trace� This means that the forgetting factor tends to one when the trace of P �t� tends
to its upper limit	 and this ensures that P �t� stays bounded� Note that apart from the
control of a�t� there are only two parameters to set for this type of identi�cation	 
�
and  max� To start up the algorithm it is suitable to initialize P to be diagonal and
have a trace of the value  max�

The variable a�t� can be controlled either by the information in the input signals in
the system	 or by the trace of P �t� in a way that a large  �t� yields a small a�t�� It
can however not be chosen identically zero	 since this would turn the identi�cation of
completely� One possible way of calculating a�t� is given by equation ���� below�

a�t� � ��  �t�

 max


� ����

The parameters to be tuned are the lower bound on the forgetting factor 
� and  max	
i�e� not more parameters than are needed in the RLS algorithm with constant forgetting
factor� In order to suppress identi�cation based on signals with low amplitude  max

should be low enough to increase 
�t� as soon as the signals start to diminish� In the
implementation of the identi�cation algorithm a prime concern has been to have as few
user de�ned parameters as possible� Furthermore	 the user de�ned parameters should
be quantities that can be grasped easily�

When choosing the forgetting factor we start from the equation

�id� �
T

��� 
��
���

where T is the sampling interval� This equation de�nes an approximate time constant
for the adaptation of the estimated parameters at a sudden change in the system� See

�




����� The value of 
� can hence be seen as a function of �id� which is the lower limit
of the time lag in the parameter adjustment	 and 
� can be calculated by rearranging
equation ���	 into


� � �� T��id� ���

Obviously	 the choice of �id� is a rough estimate of the system dynamics	 and �id� should
be longer than the interesting time constants of the system�

The upper limit of the trace of P �t�	 i�e�  max	 is not a very natural parameter for the
user� It does	 however	 re�ect an estimate of the signal level in the system	 and this is
a property which it is rather easy to give a rough estimate of� From equation ���� we
have that in stationarity

P �t� � ��� 
�Q�� �
�

where Q is the average of the matrix ��t��T �t�� For simplicity assuming for that Q is
a diagonal matrix we get

 �t� � ��� 
���
�nX
i��

�

E���i�
� ���

where E denotes the expectation operator� This means that the signal with the smallest
variance will dominate  �t�� If a lower bound xmin of the level of �useful signals� is
known a value for  max can be calculated that limits P �t� when the signal level goes
below that value� The relationship can be described by equation ���

 max � ��� 
����
�nX
i��

�

x�min

� ���

There are some additional considerations that have to be made for the implementation�
Using the discrete time representation above the identi�cation is strongly dependent on
the step size� The sampling rate must be fast enough to monitor the dynamic variations
in the system� On the other hand	 a to small time step could lead to numerical problem�
The identi�cation is based on the di�erence between values in di�erent time step	 and
a small time step can reduce the di�erence between two samples to the order of the
noise level�

One very e�cient way to improve the identi�cation procedure is to �lter both input
signal and output signal to the identi�er with identical �lters� In this way the transfer
function remains unchanged since the two �lters cancel each other� Here a state�space
representation is used where the highest derivative is calculated and the other states
are integrated using the trapezoidal rule �corresponding to bilinear transform�� A
byproduct of the �ltering is that the derivatives of the �lter outputs are obtained� The
identi�cation algorithm can then work on the continuous time system instead of the
time discrete representation� The model used for the identi�cation is the following
di�erential equation

dny

dtn
� a�

dn��y

dtn��
� ��� � any � b�

dnu

dtn
� b�

dn��u

dtn��
� ���� bnu ��

��



For a survey of continuous time identi�cation we refer to ����� In order to obtain all
the necessary derivatives from the �lter they have to be at least of order n� A suitable
choice is to set the order to n � �� In this way all derivatives are low pass �ltered
compared to the input signal and no numerical problems due to di�erentiation are
to be expected� These choice of the �lter break frequencies re�ects an estimate of the
range of the system dynamics� The break frequency of the high pass �lter �hp should be
lower than any of the system dynamics� The break frequency of the low pass �lter �lp

on the other hand should be higher than the system bandwidth� In the applications of
interest here	 hydraulic servo systems	 the interesting frequency range is usually within
a range of one or two decades� Therefore	 a typical value of �lp would be

�lp � ���hp ���

An upper bound on �lp is the Nyquist frequency ���
T �� The structure of the RLS
based identi�cation algorithm used here can be described by Figure �� A RLS�manager
controls the values of 
�t� and a�t�� The user supplied inputs are a lower limit for the
identi�cation time constant �id�	 a value of a typically small signal amplitude xmin� In
the �gure also the �lter break frequencies and the sampling time are included among the
user de�ned parameters	 These values are	 however	 also dictated by a rough estimate
of the interesting frequency range in the same way as �id�� The value of the sampling
time T is noncritical as long as it is short enough �shorter than ���
�lp���

There are instances where the system becomes so highly nonlinear that the model is
completely unrepresentative of the system behavior� This can be when limitations are
reached� One example is when pistons reach there end stroke� These conditions can
usually be detected and in these cases it is wise to shut of the parameter updates� This
can be done by setting a�t� to zero through the external override indicated in Figure
�� Finally	 an approximate value of the identi�cation time constant �id or its inverse
�id	 given by

�id � a�t���� 
�t���T ���

can be monitored� The RLS�algorithm can be see as a �ltering of the system parame�
ters	 with the cut�o� frequency �id� Equation ��� provides the user with an excellent
possibility to monitor the behavior of the identi�cation�

��



Figure �� Structure of the RLS implementation
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��� Simulation example

In order to demonstrate the properties of the identi�cation algorithm it was applied to
the system

Y �s� �
�

s����
� � 
��s��� � �

U�s� � V �s� ���

where V represents measurement noise� During the simulation the input signal and the
resonance frequency �� was varied� Figure � shows the input signal u and the output
signal y� V was white noise �ltered through a �rst order low�pass �lter with break
frequency of � rad!s	 and the variance of the noise was �����

Figure �� Input and output signal of test system

In Figure � the change in resonance frequency	 the response of estimated resonance
frequency	 and the inverse of the identi�cation time constant is shown� Note that
�id becomes zero between the transients	 and that the small transient at �ve seconds
hardly makes it react� Figure �� shows the behavior of the forgetting factor 
�t� and
the control variable a�t�� The trace of P �t� is not shown but from equation ���� it
follows that 
�t� and  �t� follow each other�

��



Figure �� Resonance frequency	 estimated resonance frequency and the inverse of the
identi�cation time constant�

Figure ��� Forgetting factor 
�t� and identi�cation control variable a�t��

��



��� Identi�cation of crane dynamics

The regulator design requires the open loop gain Kx and the resonance frequency
�� and ��� Furthermore the gain Kp� from input signal to pressure at the resonance
frequency is needed� The parameters ��	 �� and Kx can be obtained from identi�cation
of the transfer function between input signal and pressure� An approximate expression
of this transfer function is given by equation ����

PLe�s� �
Kp�s�KP�

s����
� � 
��s��� � �

U�s� ���

The model used for the identi�cation was�

PLe�s� �
"�s�"�

s� � "�s� "�

U�s� ����

From the identi�ed �� vector the parameters in equation ���� can be calculated as�

��� �
q
���� ����

�Kp � ������� ��
�

The parameter Kx can be obtained from identi�cation of the transfer function between
input signal and piston position� However	 in the low frequency domain the Gx�s� can
be approximated by

Gx�s� � Kx�s ����

This means that equation ���� can be used provided that the pre�lters have a low
upper cut�o� frequency corresponding to the range where equation ���� is valid� The
model used for the identi�cation is therefore simply

sXp�s� � KxU�s� ����

To conclude this section� The variables needed for the regulator design are Kx	 ��	 and
Kp� �� and Kp are obtained from identi�cation of equation ���� while Kx is obtained
from identi�cation of ����� The structure of the identi�cation is shown in Figure ���

��



Figure ��� Structure of the RLS implementation

Since there are two identi�cations in parallel there should be twice as many parameters
to set� Some of them can	 however	 be taken to be the same� The only one that di�ers
is the cut�o� frequency of the low pass �lters� When �ltering the piston position xp
a much lower cut�o� frequency is used since the model is valid in the low frequency
range only� The xmin values could be di�erent	 but both input signals are the same
and they dominate the magnitude of the  values	 since it is much smaller than the
derivatives of the output signals� Therefore xmin are taken to be the same for both
identi�cations� Di�erent values for �id� could also be used	 but for simplicity the same
value is used for both�

It should be stressed that it is very important to avoid running the identi�cation when
sever nonlinearities are encountered� There are two ways to avoid this� The �rst is to
override the control variable a�t� and set it to zero when known nonlinear regions are
encountered such as the end stroke of pistons� Another way is to control the system
in such a way that the nonlinear regions are avoided altogether	 i�e avoid the region
close to the end stroke of pistons� Another phenomena that was encountered was the
e�ect of pump saturation� The e�ect is similar to saturation in the valve� When the
system is saturated a lower gain Kx is identi�ed which means that the control gain
K� is increased which drives the system even more into the saturated region� In order
to avoid this runaway behavior of the gain the input signals must be limited in the
software in such a way that the system �valve!pump� never becomes saturated and
that the limited signals are sent into the identi�er� This is particularly important
when several actuators are supplied by the same pump�

��



� Experimental results

At �rst the adaptive controller was tested against a simulation model of the crane�
The simulations where carried out in the HOPSAN simulation package where the com�
plete nonlinear equations for the di�erent components can be simulated including the
mechanical structure of the crane� The modeling technique is described in ���� In this
simulated yet nonlinear environment the algorithm performed perfectly� When the
algorithm had been tested	 the same program could be used to control the real system�

The experiments where carried out in a full size lorry crane� It was equipped with
pressure and position sensors� The control valves where electrically controlled mobile
proportional valves� The dead band in the valves was considerable and therefore dead
band compensation in the software was implemented�

Figure �
 shows the reference position	 actual position of the piston and the e�ective
load pressure� The identi�cation starts immediately but at �rst the controller used is
a simple proportional control� At �� seconds the adaptive regulator is introduced� The
behavior is thereafter smooth and the position error is driven to zero� The controller
is also able to handle saturation in the control signal which is demonstrated here since
the control signal is saturated most of the transition between the steps as can be seen
in Figure ���

Figure �
� Reference position	 actual position of the piston and the e�ective load
pressure


�



Figure ��� Input signal to the valve

The identi�cation of som of the parameters are shown in Figure ��� The inverse of the
identi�cation time constant	 the identi�cation bandwidths �idp and �idp is shown in Fig�
ure �� The corresponding forgetting factors are shown in Figure ��� The parameters
used for the identi�cation where

�id� � � �s�
Xmin � ����
#hp � � �rad!s�
#lp � 
��rad!s�
#hx � � �rad!s�
#lx � � �rad!s�
T � ���
 �rad!s�
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Figure ��� Estimated resonance frequency and estimated velocity gain

Figure �� Identi�cation bandwidths







Figure ��� Forgetting factors

Figure ��� Estimated pressure gains
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Of the estimated parameters	 it seems to be very easy to �nd the resonance frequency
�and the damping	 although not shown�� The pressure gains on the other hand is much
more di�cult� The reason for this is probably that the dead band region of the valve is
not very well de�ned� Although dead band compensation is used �after u� it cannot be
cancelled completely� Therefore the correlation between input signal and pressure are
not very strongly correlated at small input signals� The imperfect valve characteristics
also degrades the transient response� A much better overall result would therefore be
expected if valves with characteristics closer to servo valves where used�

	 Conclusions

In this paper it has been demonstrated that adaptive control can be successfully imple�
mented in the control system of a hydraulic crane� The RLS algorithm with variable
forgetting factor was used for on�line identi�cation of the system� The models used
for the identi�cation are simple with only a few parameters to identify	 and this as�
sures quick convergence of the parameter estimates� The identi�ed parameters are used
for the design of a PI�based regulator� The approach is rather general and both the
identi�cation and the regulator design should be relevant to most hydraulic position
servos�
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