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Fuzzy Logic Control of a Knuckle Boom Crane
for Forestry Machines

by
AspLunp, Christer ¥ and Fukupa Akifumi ®

Summary : This report describes a knuckle boom crane control system for forestry ma-
chines. The control system moves the crane tip in a desired direction, with a desired speed,
using the reference from, e.g. a three dimensional joystick. But it also moves the crane tip the
shortest way and as fast as possible from a starting point to a target point. Crane tip speed is
limited by the size and rotational speed of the hydraulic pump and the maximum allowed
controller output to the electro —proportional valves. The target position could be input by
the operator pointing at the target and a sensor measuring that position or by an intelligent
sensor which finds the position of trees. Here, the crane tip is only operated in two dimen-
sions using the boom cylinder and arm cylinder of the crane.

The controller of the system is a Fuzzy Logic Controller (FLC). The report describes
somewhat the fuzzy set theory which is the basis of the FLC and the characteristics of the
fundamental FLC designed here. By experiments on a prototype knuckle boom crane it is
shown that the FLC has a robust behavior, despite the non-linearities caused by the hydraulic
system and the geometry of the crane design. It is also shown that the crane control system
remains robust when a 440 kg weight is hanged from the crane tip. The orthogonal distance
error from the reference line to the crane tip, due to controller error, is less than 3 cm and
less than 5 ¢m when sensor error is included. The total error is considered to be small enough
for use in forestry machines. The time used for the transfer of the crane tip from the starting
point to the target point along the straight path between the two points is almost 30% longer
than the time used when no restriction is set on the used path with equal maximum controller
output, +0.8 Volt, to the proportional valves. One drawback with the FLC is that it does not
utilize the full control range of [—1,5;1.5] Volt because of stability problems. Some possible
solutions are suggested.

Finally it is concluded that a FLC has advantages compared to conventional controllers
and is a feasible technique for constructing a crane control system. The natural extension of
this project is to include the rotation of the crane and the extension of the arm in order to
move the crane tip in three dimensions.
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1 Introduction

It is a common fact that a forestry machine has a crane in order to manipulate the trees it is
harvesting or transporting. In some countries, especially in Scandinavia, it is also becoming
common that other forest operations are performed using the crane. A common type of crane
structure is the knuckle boom crane which is shown in fig. 1.

A harvester is used, as it’s name reveals, for harvesting trees in thinning operations and in fi-
nal fellings. The harvester crane is equipped with a processor in the crane tip which fells the tree,
delimbs it and cuts it into specified lengths and then leave the logs on the forest floor. A typical
operational speed is 50-60 trees/hour. When a stand has been cleared or thinned, it is time for the
forwarder to transport the logs to the landing site. The forwarder drive around the harvested
area and pick up the logs and load them onto the forwarder. A skilled operator can drive the ma-
chine forward while he is loading the logs. When the forwarders load carrier is full, the forwarder
is taken to the landing site where it unloads, again using the crane., The described operations are
from Swedish forestry. The above implies that the operator spend much time operating the crane.
In fact the operator spend so much time on operating the crane that many operators have trouble
from aching neck and shoulders. Through the years the control levers have been improved from
directly, mechanically, manipulation of the valves of the controlled hydraulic actuators to electri-
cal joystick controls. However, the joysticks still control every actuator separately.

In the future the time for the operator to concentrate on operating the machine will decrease,
due to new and more complicated tasks. The long trend in forestry is from monocultures toward
forests with high biological diversity. Clear cuttings will disappear and final fellings also, to be
replaced by selective cuttings. The new conditions will put new constraints on the operator in or-
der to minimize the disturbance on the environment he is working in. The harvester operator’s
concentration will be more directed to which tree to select and planning of the final biological result.
Hence, in order for the operator to achieve a good biological result while maintaining a high

productivity with quality, he will need help to operate the machine and the crane.
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2 Knuckle boom crane

2.1 General description

The experimental knuckle boom crane was constructed by FFPRI. It is quite a small crane
with a maximum reach of 2.8 meters from the crane pillar in the horizontal plane. The crane is
mounted on a radio controlled “base machine” which has four hydrostatically driven wheels and
articulated steering. A picture of the machine is shown in fig. 1.

The knuckle boom crane consist of four rigid parts: the crane pillar; the boom; the arm;
and the extender. The crane pillar is mounted with a revolving joint on to the base machine. A
three dimensional orthogonal coordinate system is defined to have it’s origin in the center of this
joint. The X coordinate is defined to be parallel with the machine in direction to the front, Y is
defined to go from the right to the left side of the machine, and Z is defined to be vertical di-
rected upwards. Hence, the crane pillar is revolving around the Z axis. The boom is mounted to
the crane pillar with a revolving joint in a plane orthogonal to the XY plane. The arm is mounted
to the boom with a revolving joint in the same plane as for the hoom. The extender, finally, is
sliding inside the arm in the extension of the arm.

The crane has four actuators for moving the crane tip to a desired position. A rotational hy-
drostatic motor is used for rotating the crane pillar. A cylinder is used for changing the angle be-
tween the crane pillar and the boom. The angle between the arm and the boom is also controlled
with a cylinder and so is the length of the extender. In appendix A is a schedule of the hydraulic
system and facts about the used actuators.

The flow to the actuators are controlled through eight electro—proportional valves, two for
each actuator. The solenoids of the valves are controlled with four 24 volt 100 Hz PWM signals.
Relays are used to select one of the two valves for each actuator in order to control the direction
of motion for the actuators. The PWM signals are output from four amplifiers (Daikin ZH-6-10),
who set the current level of the PWM signals according to the input 0-5 volt DC signal. The DC
signals are set by an IBM 486 personal computer through a 12 bit DA converter (Interface AZI-
3302). The ON/OFF modes of the relays (Matsushita HLAP 5) are set by a 24 volt digital signal

Fig. 1 Base machine and the knuckle boom crane
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from a 16 channel PIO board (Contec PIO-16/16 (98)). The working range for the DC signals of
the arm, boom and rotation actuator control is + [1.7;3.2] Volt and+ [1.7;3.3] Volt for the ex-
tension cylinder control.

The crane is also equipped with four sensors. The rotation of the crane is measured using an
incremental encoder and a 32 bit counter board (Interface AZI-818) which gives the resolution of
2 848 pulses/rad. The boom and arm angles are measured using rotational potentiometers, with
the resolution of 2 409 bits/rad and 1 801 bits/rad respectively. The extender length is measured
using a linear potentiometer, with the resolution of 10 578 bits/m, however the maximum exten-
sion is 0.37 m. The voltages from the potentiometers are read into the computer using a 12 bit AD
converter (Contec AD 12-16 D (98)) with a conversion time of 1.56 us. Some amplification of the
potentiometer signals are made in order to adjust for the working range of each actuator. This
will increase the resolution when the voltage signal is converted to a digital signal. A discussion
on sensor accuracy can be found in appendix B.

2.2 Crane geometry

Up to this point a general description of the crane has been made. However, in this report
only control of the boom and arm has been considered. Hence, the coordinate system has been re-
defined. Origin is defined to be in the joint between the crane pillar and the boom, and the boom
and arm are defined to move in the XZ plane according to the illustration in fig. 2.

As mentioned in the previous section, the boom and arm angles are measured. From the
measurements and geometry of the crane some other interesting variables can be calculated. Fol-
lowing are equations for calculation of crane tip position and speed, cylinder positions and speeds,
and flow into each cylinder. More comprehensive calculations of the different equations can be
found in the different appendixes. But first a more schematic drawing of the crane is shown in fig. 3.

z

[m}

[m]

Fig. 2 Illustration of the two dimensional knuckle boom crane
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Fig. 3 Schematic drawing of the knuckle boom crane

From fig. 3 the position of the crane tip can be calculated using,

% (O =lcosB (£)+ lcos (a () + B (1) 1)
z. ($y=1IsinB (¢)+ Lsin (a () + B (1) 2)
where

x{t) is the crane tip position in X
z{t) is the crane tip position in Z
I is the arm length

ls is the boom length

a (t) is the arm angle

B (%) is the boom angle

The inverse of (1) and (2) is,

)+ 2ty — 12— l¢ J + 7z (3)

a (f)=arccos [ A

B L= 12— xd ) —z/1)* 2 (8 4
B ()=arccos [_2 I )+ 2d ) ] tarctan [xc(t)] W

Since the arm and boom angles can only be within the ranges,

as [—2533, —0.672] rad
pe [—0.058, 1.210] rad

The working area for the crane tip can be calculated using (1) and (2), which is shown in fig. 4.

Crane tip speed can be calculated from the arm and boom angular speeds as,
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=g~ a(t)+g: - B(1) 5)
at)=gs- a (+g.- B(D) )
where,
g1= —Isin (a (£)+ 8 (2) (7
g2=—lsin B (¢)— Lsin (@ (H)+ 8 (1) (8)
g3=lcos (a (H+8 (1) 9
gi=1lcos B (H)+lcos (a ()+8 (1) 10)

The inverse of equation (5) and (6) is,

. 2 . g .
a(t)= ———— % (t)— ———-2z.(¢ 11
) 2184 8283 % () g184— g3 ® (1

. g5 . g .
= ————— % ()t —————— 2z (¢ 12
B P (t) pp——— (£ (12)
Repeated in fig. 5a and 5b from appendix F are simple drawings of how the arm cylinder is
mounted to the boom and arm, and how the boom cylinder is mounted to the crane pillar and boom.
From fig. 5a and 5b the arm and boom cylinder lengths can be calculated according to,

)= da+acos (6—a (1) (13)
2
Xb(t): ‘/(,‘3+ CsCOS (Bz—ﬂ (t)) (14)
where ¢y, ¢z, c3, ¢4 and &, & are constants calcu- .
lated from ki, ks,...ks which can be found in appen-
dix F.
The cylinder speeds as functions of the arm and Z[m] 0
boom angular speeds become,
) -1
W= —osnBza@® o 15) B T T e et O
2 fo+c cos (G—a (D) 0 1 2 3
. . X [m]
. & — . .
o (H)=——2= sin (¢ — 8 (1)) a (8) (16) Fig. 4 Working area for the crane

2 J+acos (—8 (1)

Fig. 5a Arm cylinder mounting between Fig. 5b Boom cylinder mounting between
boom and arm crane pillar and boom
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But it is more interesting to know the hydraulic flow to each cylinder which is the cylinder area
multiplied with the cylinder rod speed. However, the area is different for extension and contrac-

tion. The equations become,

D¢ . %20
. 4 asy -
Px)= an
z(Di—dd) ;. <0
4
=D P)
. 4 bs -
Pylx)= (18)
(A7) E(Dbz_dbz) ;:b ‘-Xb<0
— %

Equation (17) and (18) implies that the hydraulic flow is positive when the cylinders are extending
and negative when they are contracting. But, from the hydraulic system point of view, a flow is
always required from the pump in order to change the position of the cylinder.

3 Crane control system

3.1 General control strategy

The geometry of a knuckle boom crane is quite similar to the geometry of many industrial
robots, which implies that the control strategy also could be similar (SCHARF, 1985). Some exam-
ples can also be found where robotic techniques have been applied to knuckle boom cranes in or-
der to simplify the operation (LOFGREN, 1989 ; Mozuna, 1992 ; UCHINO, 1993)

The aim of the control system is to move the crane tip from the current position in a re-
quested direction or to a target position. The request or reference may come from the operator
by using a joystick to input the direction or by using a pointing device in combination with a sen-
sor to input the target position. But the target position could also come from a supervising con-
trol system which uses an intelligent sensor that for example locates the position of a tree.

The three dimensional joystick has three potentiometers, where the output signal from each
potentiometer should correspond directly to the speed of the crane tip in three orthogonal coordi-
nates. By integrating the three speed reference signals over time three position references in the
three crane coordinates are obtained. The position reference should of course be calculated sev-
eral times per second so the crane tip behave in the same way as the operator changes the joys-
tick. When a target position is given as input it should be divided into subtargets, which corre-
spond to positions where the crane tip should be, at different times. The path that the crane tip
takes does not necessarily have to be the shortest one between the starting position and the target
position. The sensor could for example give the position of obstacles, like stones or other trees,
which the crane tip should avoid. The two different ways of giving the input results in position
references where the crane tip should be at certain times.

When positioning the crane tip, it should move as fast as possible along the path decided by
the supervising control system to the target position. The speed will be restricted by the available
amount of hydraulic fluid from the pump and the maximum flow into the actuators. The maxi-
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mum crane tip speed will change with the position of the crane tip and direction of motion. When
using joystick control this maximum speed must be considered. The ordered speed from the joys-
tick must never be higher than the maximum possible speed.

Additional requirements on the control system are that positioning should be within a couple
of centimeters and that the crane tip should follow the given path within a couple of centimeters.

As mentioned in section 2.1 the measured variables are the arm and boom angles. The con-
trol variables are the two voltages to the electro—proportional valves, setting the flow to the arm
and boom cylinders.

A straightforward way of controlling the crane tip, is to control the arm and boom angles.
The arm and boom angle references are calculated using the inverse kinematics of the crane,
which transform the crane tip reference position into arm and boom reference angles. The angle
errors are formed by subtracting the reference angles from the measured angles, and these errors
are fed into the angle controllers. The controllers calculate an output voltage for the electro—
proportional valves (fig. 6). The calculations are made every 70 ms and so are the reference posi-
tions. How that is done will be treated in the next section.

3.2 Position reference calculation

When a target position, or as stated previously, a target path is given to the control system,
the crane tip should follow the reference path as fast as possible. In order to do that, the maxi-
mum possible speed must be calculated at the current position in the requested direction. This
speed can then be multiplied with the sample time which will be the change in reference position.
The new reference position is then fed into the controller.

The maximum crane tip speed in X and Z directions is calculated using the fact that the rela-
tion between x (¢) and z (¢) is known and that the total hydraulic flow is limited. In fact even the

flow to each cylinder is restricted. Hence,

)
C=x 19
Prox= [P (| + [P (D], |P: ()] = Puvax and | Py ()| S Pomax (20)

Using (19) and (5), (6), (15) to (18), the relation between the flow to the arm cylinder and boom

Otyef + Arm angle ~,
Xref controller
™ Inverse crane - Knuckle boom
Zref kinematics crane
— Bret + 3 Boom angle
\ controller

Fig. 6 The crane tip control system
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cylinder can be calculated. With the flow relation and (20) the actual flow to each cylinder can be
calculated. When the flow to each cylinder is known it is a simple task to calculate the crane tip
speed. A more detailed calculation of the maximum possible crane tip speed can be found in ap-
pendix I. Observe that the maximum possible crane tip speed depends on the available amount of
hydraulic flow, the current crane tip position and the requested direction of crane tip motion. Fig.
7 shows the maximum possible crane tip speed when the crane tip is moved in the positive direc-
tion along the X axis, and the hydraulic flow from the pump is limited to 38.9 £ /min and the
maximum allowed flow to the arm and boom cylinders are 13.5 £ /min and 10.0 £ /min respec-
tively.

By integrating the maximum possible crane tip speed a position reference can be obtained for
the control system. However, since the crane tip will not be able to follow the reference position
exactly and the exact maximum flows to the arm and boom cylinders, Pemax and Pbmax, are
not known, but with some error, the speed will have to be multiplied with a factor. This factor
has to be tuned with the actual crane.

Fig. 8 show calculation of the position reference. Here the aim is to move the crane tip as
fast as possible in a requested dircction, ¢. Maximum possible speed is calculated at the current
crane tip position given by « (t) and £ (t) in the requested direction ¢. The speed reference is
multiplied with a factor k and integrated in order to get the reference position. The position
reference is then fed into the controller according to fig. 6.

When a joystick is used it will give the reference speed. But the maximum possible speed is
always calculated in order to limit the reference from the joystick according to fig. 9.

3.3 The fuzzy logic controller and theory

The controllers of the actuators could be any type of controllers, but here it was chosen to be
Fuzzy Logic Controllers (FLC). Mainly because it is a technique which is becoming very popular
and has shown good results when, for example, controlling an airplane (LARKIN, 1985}, an indus-
trial robot (ScHARF, 1985), a hydraulic cylinder (VIRVALO, 1992), and a subway train (YASUNOBU,
1983, 1985). The application described in this report was chosen because it is of interest for for-
estry but also because hydraulic systems often contains nonlinearities which makes control with
conventional controllers more complicated.

The fuzzy set theory consist of several complex theorems, and is the basis of fuzzy logic con-
trol. The theory was first enunciated by Zadeh (ZADEH, 1973) and it’s application in fuzzy logic
control and terminology is comprehensively explained by, e.g. Lee (LEE, 1990a, 1990b). This section
will define the used terminology and describe the fundamental properties of the theories behind the
FLC in this application.

The structure of the FLC is shown in fig. 10. The inputs to the controller are the arm and
boom angle errors, e.and eg calculated according to fig. 6. However, the angle error changes
which are equal to the angle speeds, s. and s must be calculated. This is done by subtracting the
measured angle at the current sample with the measured angle four samples ago and then divid-
ing with the time passed over the four samples. This algorithm will give a simple filtering effect,
see appendix C.

The fuzzyfier performs a mapping that transfers the range of values of crisp input into corre-
sponding universes of discourse. It also quantizes the inputs as shown in table 1, partly repeated
here from table 1 in appendix ], in order to give the controller a more stable behavior as de-
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scribed by (Boverig, 1991). Then the fuzzyfier performs the function of fuzzyfication which con-
verts input data into the linguistic variables: arm angle error denoted as E« ; arm angle speed
denoted as S« , boom angle error denoted as Eg ; and boom angle speed denoted as Sg, using in-
formation from the database.

0.50

0.40

0.30

dx/dt [m/s]

0.20

0.10

0.00 -
1.00 1.50 2.00 2.50 3.00

x [m]

Fig. 7 Example of maximum possible crane tip speed when z=0

Xmax J Xref
_— k —
C Maximum speed
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—~Zmax__| 4 J’ ref
\ y
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B

Fig. 8 Reference calculation for high crane tip speed
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Maximum speed
calculation 3
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Fig. 9 Reference calculation when using joystick control
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. Knowledge base
Rule Data
base base

I c

Sq Ca Su Fuzzy Ca , .
Fuzzifier Eg inference Defuzzifier

SB eﬁ SB engine CB —-CE->

Fig. 10 Structure of the FLC

Table 1. Quantization of angle error.

Quantization { Arm angle error, e« | Boom angle error, eg Angle error [rad] Quantized
level [bit] [bit] angle error [rad]
1 [91, 3477] —1,931<ea= —0, 0500 —0. 0500
[121, 3177] —1.319<ep= —0, 0500

[86, 90] {115, 120] —0, 0500 <eaq, eg< —(, 0475 —0, 0475

[82, 85] [109, 114] ~—0.0475<ea, eg< —0, 0450 —0. 0450

20 [5,9] [7,12] ~0, 0050 <ea, eg< —0, 0025 —0, 0025
21 [—4,4] [-6, 6] —0.0025<eq, 8<0, 0025 0. 0000
22 [—9, —4] [~12, —7] 0, 0025<eq, e5<0, 0050 0, 0025
39 [—85, —82] [—114, —109] 0. 0450 = eq, es<0, 0475 0. 0450
40 {—90, —86] [—120, —115] 0. 0475<eq, <0, 0500 0, 0475
41 [—3352, —91] _ _ 0,0500=<e2<1.931 0. 0500

[-3177, 121] 0.0500=es<1, 319

The value of a linguistic variable is a set of fuzzy sets. A fuzzy set A is defined in a universe
of discourse U and characterized by a membership function x4 (#) which assigns to each generic
element € U a number in the interval {0,1], which represents the degree of membership, namely,
pa(u): U—[0,1]. Thus a fuzzy set A in U may be represented as a set of ordered pairs of a ge-
neric element # and its membership function: A= {(x, ua (u)) | uEU'}, In this application the
membership functions are triangular in shape since computer calculations become efficient and
since the shape of the function has little effect on the controllers behavior (Boveri 1991). Fig. 11
show the 11 fuzzy sets defined on the universe of discourse of angle error, and fig. 12 show the 9
fuzzy sets defined on the universe of discourse of angular speed. The names of the fuzzy sets are
short for : P meaning positive ; N meaning negative ; ZE and Z meaning zero; S meaning small ;
M meaning medium; I meaning large; and EL meaning extra large. However, in the case of
fuzzyfication, the crisp input is fuzzyfied into a fuzzy singleton, A’, which has a membership func-
tion defined as pa (#)=1.0 for ¥ = and zero for all other «.
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Probability

NEL NL NM NS NZ 1ZE PZ PS PM PL PEL

-0.05 ¢
0.05 Angle error

[rad]

Fig. 11 Membership functions of the fuzzy sets defined to denote angle error

Probability

NL NM NS Nz ZE PZ PS PM PL
1

Angle speed
[rad/s]

Fig. 12 Membership functions of the fuzzy sets defined to denote angle speed

The knowledge base comprises a knowledge of the application domain and the goals of the
controller. It consists of a “rule base” and a “data base”. The data base contain information on
the quantization levels of crisp data and the definition of fuzzy sets and their respective member-
ship function, as well as the universes of discourse. The rule base contain the fuzzy conditional
statements, who characterizes the control goals.

A fuzzy conditional statement or fuzzy relation has the form of IF x is A AND y is B THEN
z is C where A, B and C are fuzzy sets, and x, y and z are linguistic variables. x is A and y is B
are the antecedents and z is C is the consequent. The dynamic behavior of the controller is char-
acterized by a set of such fuzzy relations based on expert knowledge. The expert knowledge
could come from a skilled operator of the system that is going to be controlled. In this application
the antecedents are E« and S, and the consequent is C., or the antecedents and consequent are
Es Spand Cs. The linguistic variables Cs and Cp represent the fuzzy value of the control action.

Fig. 13 shows a relation matrix which is a convenient way of representing many fuzzy rela-
tions. The entries of each row and column are the antecedents and the elements in the matrix are
the consequent. The fuzzy relations represented by this relation matrix were developed by Vir-
valo and Koskinen (VIRVALO, 1992) and is used for the control of both the arm and boom cylin-

ders.
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Angle error

NEL NL NM NS NZ ZE PZ PS PM PL PEL

NL NM PM
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NM Nz | ZE | Pz
ps | pL
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NZ
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ﬁp’;gelg ZE | NL NZ | 75 | pz PL | pp,
NL PS
Pz
NM PM
PS NL
NS
PM NZ | ZE | Pz
NL PS
PL NM PM

Fig. 13 Fuzzy relation matrix for control of arm angle or boom angle

The inference of the fuzzy relations is done in the fuzzy inference engine. It performs a fuzzy
reasoning by using the fuzzy relations defined in the rule base and the definitions of the fuzzy sets
found in the data base. With the premises, x is A’ and y is B’, it performs the fuzzy AND with
the two antecedents of the fuzzy relation and then it uses the fuzzy relation function in order to
calculate the consequent.

Let A and B be two fuzzy sets in U and V respectively, with membership functions ga(u)
and ug (v) respectively. The AND operation then corresponds to the intersection A N B, where the
result is characterized by its membership function gans (%, v). In this case, with the premises

stated above, the result of the intersection becomes,
fans (20, vo) =min{pa (wo), pe (20) } (21

The fuzzy relation function used here is Mamdani’s minimum operation rule. The result is a

fuzzy set C'= {(w, uc (w))|we W} where the membership function is:

me(w)=panp (uy, )+ e (w) (22)

Fig. 14 show the membership functions of the fuzzy sets for control of the arm cylinder, which are
exactly the same for control of the boom cylinder.

The fuzzy set C’ is deduced from the fuzzy relation IF x is A AND y is B THEN =z is C with
the premises x is A” and y is B’. However, the controller consist of a set of fuzzy relations, where
the deduced fuzzy set from each fuzzy relation are connected using the fuzzy OR operation.

The OR operation between the two fuzzy sets A and B defined on the same universe of dis-
course W corresponds to the union AUB, where the union is characterized by its membership



— 78 — B AT RATET EB A 5 368 5

Probability

Cylinder control
[Volt]

Fig. 14 Membership functions of the fuzzy sets defining fuzzy control value

Ha ) Mg, (V)
Aj

He(w)

Ha ()

Fig. 15 Fuzzy inference

function g aus (w) defined as,
pauvs {w)=max{ua (w), us (w)} (23)

The deduction of the control action according to (21), (22) and (23) is shown graphically in fig.
15.

When the fuzzy inference engine has made its decision on the fuzzy control action, the fuzzy
value is converted into a crisp value by the defuzzyfier. The conversion is made using the center
of area method (COA) which gives a smoothly varying output (LARKIN, 1985; SCHARF, 1985).0b-
serve that the membership function of the fuzzy control value is discrete or quantized as shown in
table 3 appendix J, which gives the defuzzyfication equation as,
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c=Hau— (24)

where n is the number of quantization levels and w; is defined in appendix J. Hence, the crisp
control value, ¢, is real and can take any value in the same range as w. However, in order to in-
crease the tuning ability a field tuning factor, &, is multiplied with the control value, ¢, and in or-
der to further increase the stability of the controlled system the new control value, £-¢, is quan-
tized to the same extent as for the generic elements of the fuzzy control value. But, the domain is
increased to [—1.5 V, 1.5 V], since the hydraulic cylinders are working in the range [—3.2V,—1.7

V] for contraction and [1.7 V, 3.2 V] for extension.
4 Experiments and Results

The experiments aimed at showing the FLC’s ability to move the crane tip to a desired posi-
tion and/or in a desired direction, and the controllers robustness. Some step responses of the
boom and arm angle positioning are shown. A table showing the behavior of the straight line mo-
tion control is presented, and some sample plots of straight line movements are also shown, both
with and without a load in the crane tip.

4.1 Tuning the FLC

There are a number of parameters to adjust in order to tune the FLC. Quantization levels,
number of fuzzy sets and range of their support sets, and rules are the most obvious tuning pa-
rameters. These have already been set according to section 3.3, so here is the field tuning factor
to be considered. In order to avoid overshoot, and a relatively smooth controller output, a value
of 2.6 was chosen for the field tuning factor of the arm and boom angle controllers. In the step re-
sponse experiments only one of the cylinders was controlled at a time. First a certain arm or
boom angle was set, then the experiment started by giving a fixed angle reference to the arm or
boom angle controller. Fig. 16a-b show some different, small and large, step responses for the
arm and boom angles and the corresponding control signals are shown in fig. 16c-d.

A sine wave tracking experiment was also made in order to further investigate the controller
stability and control output smoothness. Only one of the cylinders was controlled at a time. A
sine wave was fed into each controller as a reference, representing the angle at different times.
The frequency and amplitude was chosen in order to keep the required hydraulic flow less then
the maximum hydraulic flow. In this case it also means that the controller output should seldom
be at maximum =*1 Volt. Fig. 17a-d show the arm and boom angles and the controller outputs.

The sine wave tracking experiment showed that the arm and boom angles could follow the
reference angle with a small time lag of about 200 ms. The time lag probably depends on dead
time in the amplifiers and the electro —proportional valves. Notice that it does not seem to affect
the robustness of the controlled system. The controller output for the arm cylinder seems to be a
little more “nervous” than the output to the boom cylinder. It suggests that the field tuning factor
could be somewhat reduced for the arm cylinder controller.

4.2 Straight line motion

After tuning the two controllers for each cylinder, some experiments were made transferring
the crane tip along straight lines and investigating the speed of the straight line following. Now,
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both cylinders were operating at the same time, which caused some instability in the form of
small oscillations of the arm and boom. In order to get a more stable behavior, the field tuning
factors were changed to 2.2 for both the arm cylinder and boom cylinder controllers. This means
that the maximum output was =+ 0.8 Volt to both the arm and boom cylinders, which correspond
to the maximum flow of approximately Pumax=10£ /min for the boom cylinder and Pma.x=13.54/
min for the arm cylinder.
Fig 18a-d show four experiments transferring the crane tip in a straight line. The maximum or-
thogonal distance error of the crane tip from the straight line between the starting point and the
target point is 28 mm. The target positioning error is maximum 10 mm. Observe that this is the
controller error, there is also an error in the sensors. In order to get a feeling for how large the
total error distance from the straight line is, a straight rod was placed on the line that the crane
tip was supposed to follow. The crane tip motion was then observed according to the straight rod.
Without doing any measurements it could be seen that the crane tip stayed within =5 c¢m from
the reference line.

While the crane tip is moving along the straight line, the maximum possible crane tip speed
is calculated at every sample period as described in section 3.2. The speed is multiplied with a
constant, and the result is used for calculating the new reference position as input to the FLC.
Through experiments it was found that the constant should be 0.75 which guarantees that the ac-
tual crane tip speed does not exceed the maximum possible crane tip speed. Fig. 19a-b show the
crane tip speed and reference corresponding to fig. 18a and 18d respectively.
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In order to investigate the robustness of the FLC, a weight of 440 kg was placed hanging
from the crane tip. This weight was chosen because it was available, and a heavier one would
have turned over the base machine. A tree in a final felling in Sweden typically weighs 300 to 500
kg. Fig. 20a-b show the motion of the crane tip in a straight line along the X-axis without and
with the 440 kg weight. There is no substantial change in distance error, but the crane show a
somewhat oscillating behavior in the position with the weight in the crane tip, however the ampli-
tude of the oscillation is very small.

The oscillating behavior in fig. 20a and 20b is somewhat explained when looking at the arm
and boom angle error and angular speeds which are the inputs to the controller, and when look-
ing at the output voltages from the FLC. As can be seen in fig. 21a-f the FLC could be further
tuned. A lower value of the field tuning factors could maybe make the behavior of the system
more robust but it is not certainly so. The oscillation could also be the effect of the time delays in
the proportional valves. Note however in fig. 21b and 21d, that the oscillation is somewhat larger
in amplitude compared to fig. 21a and 21c with the 440 kg weight in the crane tip, especially for
the boom cylinder.

4.3 Crane tip motion speed

Since the crane tip seemed to be able to follow a straight line with acceptable error, an inves-
tigation was made on how much slower this system is compared to a control system with no con-
straints on the used path. No constraints on the used path means that the crane tip should reach
the target by setting the correct arm and boom angles as fast as possible, with no concern taken
to the available amount of hydraulic fluid. Hence, the reference angles to the arm and boom cyl-
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Table 2. Positioning time for different control strategies

Positioning Fast Straight
1 8.4s 9.3s
2 10.4 s 12.5 s
3 80s 8.6s
4 7.9 s 13.2 s
5 9.6 s 12,2 s

inder controllers of the “fast” system are the angles at which the crane tip is at the target posi-
tion, while the reference angles to the controllers of the “straight” system are calculated so the
crane tip will follow a straight line from the starting point to the target point. The FLC’s in the
two different systems were exactly the same. It was only the reference angles to the controllers
that differed. Five different positionings were made with the two different reference input strate-
gies. In both cases the positioning was halted when the boom tip was within 2 cm from the target
position and the time used is shown in table 2.

On average, for the five positionings, it takes 27% longer time to move the crane tip along a
straight path from the starting point to the target point, then just setting the correct angles of the
arm and boom as fast as possible. However, the additional percentage of time used for the
straight movement differ a lot with the start and target position. In positioning 4 (67%), the
change of arm and boom angles are sequential, in order to move the crane tip along the straight
line. While the boom angle is changing, the arm angle is hardly changed at all. Close to the target
however, the arm angle is changed a lot while the boom angle is almost still. In positioning 3
(8%), the arm angle was changed very little, while the boom angle made all the work, in order to

achieve a straight motion of the crane tip.
5 Discussion

The FLC is controlling the crane tip with an accuracy which is acceptable for the use in a
forestry machine. This fundamental controller also seems to be very robust and was not affected
by the 440 kg weight in the crane tip. The nonlinearities due to the mounting of the hydraulic cyl-
inders, the non symmetric hydraulic cylinders, the constant change of load on the cylinders, and
time lag in the proportional valves, are not affecting the robustness of the controlled system.
However, oscillations with a small amplitude were found in the control values and cylinder exten-
sion/contraction speeds. It should be further investigated whether they depend on the time lag in
the proportional valves, or maybe the quantization levels of the measured and controlled vari-
ables. It should be mentioned that the oscillations could only be detected in the measurements,
and not by only watching the crane.

In some of the experiments it can be seen that the orthogonal error distance from the refer-
ence line always seem to have the same sign, i.e. the crane tip stays on the same side of the refer-
ence line from the starting point to the target. This implies that some kind of integration of this
error should be performed and fed back to the controller. An other method could be to try the
more aggressive defuzzyfication method mean of maxima (MOM).
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Calculation of maximum possible crane tip speed also seems to work quite well. By always
knowing the available amount of hydraulic fluid and keeping the required consumption at a lower
level, no sudden “dips” in crane tip position will occur. However, the available amount of hydrau-
lic fluid is determined by the size and rotational speed of the pump, and by the largest possible
control value. In this case the output is restricted to +0.8 Volt by the value of the field tuning
factor. A larger field tuning factor causes the cylinder control to become unstable even though
the proportional valves are not fully open until the control value reaches #+1.5 Volt. By having a
wider support for the fuzzy sets close to the domain limits and more narrow support for the sets
close to zero, it could be a solution to using the whole output range without stability problems.

Due to shortage of time an accurate measurement was not made of the crane tip position ac-
cording to the reference line it was supposed to follow. One simple way of doing this is by using
two potentiometers with a known distance from each other located in the plane of the crane, eg.
on the ground, and connected with wires to the crane tip. By triangulation, the correct path trav-
eled by the crane tip can be calculated. .

A natural extension of this project is of course to involve the rotation of the crane and the
extender. By introducing these two actuators the crane tip can be controlled in three dimensions
using four degrees of freedom. The extra degree of freedom could be used in order to minimize

the use of hydraulic fluid, which will maximize the crane tip speed.
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Appendix A The hydraulic system

The hydraulic system consist of a hydraulic pump powered by the diesel engine and four ac-
tuators: a rotational motor and three cylinders. Fig. 1 show a schedule of the system.

Extender - Rotation Boom Arm

Fig. 1 Schedule of the knuckle boom crane hydraulic system

In table 1 data on the pump and the actuators can be found. The hydraulic pump is directly
powered by the diesel engine, which has a maximum rotational speed of 2800 rev/min. Between
the hydraulic rotational motor and the crane pillar is a gear with ratio 6.5: 1.
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Table 1. Data for hydraulic pump and actuators.

Hydraulic pump

Type
Displacement
Maximum pressure

Nachi IPH-4A-20-12
20.7 cm®/rev
175 MPa (adjustable)

Efficiency 0.94
Rotational motor Type Nachi PC-100-19-1B-0864

Displacement 20.7 cm®/rev

Maximum torque 552 Nm

Maximum flow 22 £ /min
Boom cylinder Type Kobayashi

Min length 517 mm

Max length 802 mm

Piston diameter 90 mm

Piston rod diameter 45 mm

Max flow 23 + 3£ /min

Max pressure 17.2 MPa
Arm cylinder Type Kobayashi

Min length 582 mm

Max length 932 mm

Piston diameter 90 mm

Piston rod diameter 40 mm

Max flow 23 + 3£ /min

Max pressure 17.2 MPa
Extension cylinder Type Kobayashi

Min length 862 mm

Max length 1232 mm

Piston diameter 80 mm

Piston rod diameter 40 mm

Max flow 45 £ 52 /min

Max pressure 17.2 MPa




Appendix B Angle accuracy using potentiometer sensors
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The angle between the crane pillar and the boom, 8, and the angle between the boom and the
arm, a, are measured using angular potentiometers CP-2UP (8) and CP-3UY (@) manufactured by
Midori Precisions Co. The 0-5 volt potentiometer signal is converted to a digital signal using a 12
bit A/D converter. The resolution of the angular sensors are given in table 1.

Howerver, due to electrical noise, the sensor signals are fluctuating. @ was measured when
the crane structure was not moving and 100 observation are shown in fig. 1. The mean value is

at 1349, and the standard deviation is 2.1 (bits), with a maximum error of 5 bits. In order to im-

prove the measurement of the angle, a number of measurements, n, can be made. The calculated
average can then represent the angle at the current sample time. This requires that the total time

for the n A/D conversions is short in comparison with the sample time.

Two measurements

consisting of 100 observations each, with different values on n are shown in fig. 2 and 3. Correspond-
ing mean values and standard deviations are shown in table 2.

Table 2. Statistical data for different arm angle measurement methods

Table 1. Theoretical resolution of angular sensors

[bits/rad] [rad/bit]
Arm angle, a 1801 5.55 - 10
Boom angle, 8 2 409 4,15-107¢

n mean std min max
1 1349 2.1 -5 +5
5 1352 L0 -2 + 2
30 1355 0.7 -2 +2

-
o
b

Arm angle [bits]
g

5

Arm angie [bits]
g &5 B8

g

|
|
i
® & )

1340 1340
[}] 20 100
Observation
Fig. 1 %=1 measurement per observation Fig. 2

point

0 20 40 60
Observation
n=5 measurements per observation

point
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1365
& 1360 +
7
(53
E- 1350 -
1345
0 20 40 60 80 100
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Fig. 3 % =30 measurements per observation
point
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Appendix C Angular speed accuracy and filtering

The angular speed between the crane pillar and the boom, d 8/d, and the angular speed be-
tween the boom and the arm, d @/dt, are calculated from the angle meaéurements as mentioned in
section 3.3. A simple approach to calculate the speed is to take the change in bits over one sam-
ple and divide with the sample time. In fig. 1 the result from such a calculation is shown when the
arm angle is measured with a sample time of 70 ms. As can be seen the signal is quite noisy, due
to electrical noise, and to vibrations in the mechanical structure of the crane and the mounting of
the potentiometer. There is also noise produced by the calculation since the sample time in this
case can have an error of = 10 ms. Since the sampling time is not constant, a digital filter is not
easily constructed. But a simple filter would be to calculate some kind of moving average. In this
application the speed is calculated according to,

ﬂt.‘ ak)—alk—d)
dt —  t(k)—t(k—d) (1)

where, % is the current sample
d is number of samples to look in the past
a (k) is the arm angle at sample k
t (k) is the time at sample k

In fig. 2, the calculated arm angular speed is shown, using the same data as used in fig. 1, when d=2,
and in fig. 3 when d=4.

Fig. 4 shows the anguiar speed when the angle measurement has been improved, using the method
described in appendix B, with #=30. The speed is then calculated with d =4. The same data is
not used as in fig. 3. There is no obvious difference in the smoothness of the speed signal be-
tween fig. 3 and 4.

200 200
0 0 (*

= ‘200 g 200
2 z Ay
& i B w0l \ A AN

00 600

800 -800

[ 2000 4000 6000 8000
Time [ms] Time [ms]

Fig. 1 Speed calculated with d=1 Fig. 2 Speed calculated with d=2
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200

[bits/s]
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400 |+
-600
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0 2000 4000 6000 8000
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Fig. 3 Speed calculated with d=4
200 ¢
0
Z 2200 F I S p S S
£ _4(x) . . ) -
-600 |
-800
0 2000 4000 6000 8000

Time [ms]

Fig. 4 Speed calculated with d=4 and
n=30
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Appendix D Crane kinematics and it’s inverse

Fig. 1 Schematic drawing of the knuckle boom crane

1) Kinematics, i.e. calculation of the coordinates in the orthogonal coordinate system from arm
angle, « (#), and boom angle, £ ().
It can easily be seen that,

% (8)=hecosB (1) + Leos (a (1) +B (1) @
2 () =hsing (1) + lsin (a () +8 (1) (2)

2) Inverse kinematics, i.e. calculation of « (¢) and 8 (¢) when the crane tip coordinate is known.

The cosine theorem and Pythagoras theorem gives,

% (O Fzd =L+ 1 =2 Ll cos (a(H)—n) 3)
L= (0% 20+ 1 =2 b {2 (0P + 200 cos | B (#)—arctan [iﬁg } } @)

from (3) and (4) the angles can be calculated,

_ ( x{ty+zdt)— 12— 12
a (f)=arccos | S A d } + = )
~ L2— 12— x>~ 2{2)? z{8 6
A (#)=arccos [_2 AR T 20 ] +arctan [A;(t) J
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Appendix E Crane tip speed

Calculations of the equations that describe the crane tip speed in the orthogonal coordinate

system when the arm and boom angular velocities are known, are shown here. How the inverse

equations are calculated is also described.

The crane tip position is calculated using the equations described in appendix D, repeated here,

% (N =heosf () +Lecos (a (1) +B (D)
z. () = hsinf (#) + Lsin (a (1) + 8 (1))

where,
x-=position in X coordinate
z.=position in z coordinate
a (t)=angle between arm and boom, called arm angle

B (ty=angle between crane pillar and boom, called boom angle
In order to get the speed, the time derivative is taken of (1) and (2),
wty=g - a()+g - B2
=g - a(t)+g - B ()
where,
g=gla(t), B(t)=~Lsin (¢ ()+L (1)
g=g(a(t), B(t)=—Isin ()—isin (e )+ 5 (1)

g=gla(t), BN =lcos (a () +H(2)
g=g(a(t), B(t)=lcos B(f)+icos (a(f)+8 (1)

@
2

(3

4)

(5
(6)
)
®)

If the crane tip speed is known, the arm and boom angular velocities can be calculated by solving

equations (5) and (6),

. & . & .
a(f)= —=— . (t)— —=— -z (¢
& 8181 £:83 @) 81817 £:83 @

. & ) @ .
n= —2 _ x(+ —L— (¢
B(t) T % (8) g1g4—g2g32()

9

(10)
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Appendix F Arm and boom cylinder lengths

Fig. 1 Arm cylinder mounting between arm and boom

1) Arm cylinder length

From fig. 1 the cosines theorem gives,

(= kit kit ki k=2 TRk AR+ kA cos (G—a (£)

where,
b =0.743 m
kz = 0244 m
k= 0210 m
fy = 0.045 m

#=arctan [%] —arctan [%] =~ —(.10621 rad

hence, the arm cylinder length can be calculated using,

% ()= Aa+c cos (Bi—a(t)

where,

a= kit R+ R+ RE=0.65771 m?

e=—2 {kith® {ki+ki~—0.33501 m?

(D

@
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2) Boom cylinder length
From fig. 2 the cosines theorem gives,
2 (P =kt ki thP+ R —2 4kt h? AR+ R cos (— (1) (3
Fig. 2 Boom cylinder mounting between crane pillar and boom
where,
k= 0.247 m
ks = 0.142 m
k= 0544 m
ks = 0.119 m
_ &]_ [_kg] z _
& =arctan [ % arctan % 3 1.26440 rad
hence, the boom cylinder length can be calculated using,
% ()= et e cos (6:—F (D) @

where,
63:k52+ k62+k72+ k32:0.39127 mz

6‘4:—2 ’Vk52+k62 ’Vk72+k52x_0.31731 m2
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Appendix G Arm and boom cylinder speeds

The arm and boom cylinder lengths, x. (t) and x; (t), are calculated from the arm and boom

angle respectively using the functions described in appendix F, which are repeated here,

X ()=Adatecos (B—al(r)

% ()= 1 ¢s+ ¢ cos (6:—B (1)

Where ¢, ¢, 3, cs and 6, 6; are defined in appendix F.

The cylinder speeds are calculated taking the time derivative of (1) and (2),

% (BD=ga(t)

-;Cb (8 :geé ()

where,

asin (6—a (1)
2 Yeit+c cos (Bi—a (8)

&=g (a ()=

s sin (6:+ 8 (1))
2 {ey+e cos (6:—B (1)

g=g (B (H)=—

D

@)

(4)

6

6)

If the cylinder speeds are known then the angular speeds can be calculated by solving (3) and (4),

. 1 -
ﬂ'(f):g Xa (8)

. 1 .
FI=5 (1)

)

8)



Fuzzy Logic Control of a Knuckle Boom Crane for Forestry Machines (ASPLUND et al.) — 101 —

Appendix H Cylinder flow rates

b x(t)

| .
D 5.,d
ke

Fig. 1 Hydraulic cylinder

When the arm and boom cylinders are extending they will require more hydraulic fluid then
when they are extracting due to the construction of the cylinders (fig. 1), i.e. the piston rod is only
taking up volume on one side of the piston. The flowrate is defined as the change in volume per
time unit. It is also defined to be positive when the cylinder is extending and negative when the
cylinder is extracting. The hydraulic flow to the arm cylinder, Pa(t), and boom cylinder, Py(t) are,
P (Y=g (x (1) » x(2) (1
P (=g (1) - 3 (1) (2)
With the diameters for the arm and boom cylinders

D,=0.090 m

d.=0.040 m

D,=0.090 m

d=0.045 m
g7 and gs becomes,

Z’f_f ~6.36173-10-, vz0
g7:g7(l)): 9 2
ﬂD_a;ﬁ ~5.10509-10"%, v<0
2
”f” ~6.3617310%, 20
gazga(v):
7 (Dié—dé) ~4.77129-1073, v<0
Z

When the hydraulic flow is known the cylinder extension speeds can be calculated,

. 1

= — .Pa t 3
nt)=—pm W 3
. 1
%% ()= ————— P (1) (4)

& (P (1)
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Appendix I Maximum crane tip speed

Since the amount of hydraulic fluid is limited it will determine the crane tip maximum speed
in a desired direction. It is of interest to know this speed since it is changing with the current arm

and boom angles and in order to avoid too excessive reference values to the controllers.

The desired direction of motion of the crane tip can be written as,

o z(D

=20 1)

The crane tip speed is a function of the arm and boom angular speeds which is according to ap-

pendix E,
(=g aB+a- B @)
(=g a()te- B 3)

and the arm and boom angular speeds are functions of each cylinders speed according to appen-
dix G,

&(t):;—s 1) (4)
B=L % 5)
-1

and finally, the cylinder speeds are functions of the flow rates according to appendix H,

. 1
xa(t):E P () (6)
. B 1
X (t)—g P, (#) (M

Hence, the desired direction of crane tip motion ¢, can be written as,

_ gk () Hawss b (1) (8)
&8:gsFy (1) + gugsg P (1)

Since ¢ is known, the relation between the flow to the arm and boom cylinder can be written as,
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1
P (= V3 B (8 (9)
where,
_ B6&B (&—ca) le] <1
&g (g—cg)
g (10)

_ &g (g/c—g)
8587 (g/c—g)

In order to avoid numerical problems in a computer the factor g describing the relationship be-
tween the hydraulic flow to the arm and boom cylinders should be calculated according to equa-
tion (10). Notice also that the factors g and g are depending on the direction of motion of the
arm and boom cylinders. When the calculation of g is made, the arm and boom angular speeds
could be used as argument to g and g respectively. These speeds are calculated using (2) and(3).
Observe that it is only the sign of the angular speeds that effects the result.

Since the available hydraulic flow is limited to Puax the flow to the arm cylinder, P, (#), and boom
cylinder, P;(#), can be determined. However, the flow is defined to be positive when a cylinder is
extending and negative when contracting. This means that the flow equality equation must be

written as,
Pa= [P (D] + P, ()] (1
Equation (11) can be divided into four special cases where (9) is used.
1} P.()20 and F;(¢)=0 which gives,
Pmax:Pa (t)+Pb(t) (12)
(9) and (12) gives,
1
P (H)= Ttz Prax (13
Pb (t):—Pa (t)+Pmax (14)
2) P.($)20 and P (#)<0 which gives,
Pmax:Pd (f)_Pb(t) (15)

(9) and (15) gives,
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1
P (1= Tz Prax (16)

Pb (t):Pd (t)_Pmax (17)
3) F:(5)<0 and P (¢)=0 which gives,
Brax=—PF, (£} + P (¢) (18)

(9) and (18) gives,

1
1—

Pat:_ max
83 ; £ 19)

Py (y=Py (1) + Puax (20)
4) P.($)<0 and F;(#) <0 which gives,

Pra=—F ()P (#) 21

(9) and (21) gives,

p 1
P ()= g Prax (22)

Py (5)=—F (§) — Prax (23)

Since P (t) and P;(¢) are known it is a simple task to calculate the maximum crane tip speeds

from equation (2) to (7). Hence,

: _ & £ .
% (H= s P (0)+ 2o Py (t) (24)

7

; _ & &4 .
z. (= P P.(t+ o P15 (25)
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Appendix J Quantization of crisp data

Table 1. Arm and boom angle error quantization levels.

Quantizatioanrm angle error, e« | Boom angle error, e Angle error [rad] Quantized
level [bit] [bit] angle error [rad]
) —1,.931<e.=—0. -0,
B s
2 [86, 90] {115, 120] —0. 0500 < e es=—0, 0475 —0, 0475
3 [82, 85] (109, 114] —0.0475<eq es= —0. 0450 —0. 0450
4 [77, 81} {103, 108] —0. 0450 <eq, es= —0. 0425 —0,0425
5 [73, 76] [97, 102} —0.0425<eq, es= ~0. 0400 —0.0400
6 [68, 72] [91, 96] —0.0400<eq es=—10. 0375 —0.0375
7 [64, 67] [85, 90] —0. 0375 <eq eg= -0, 0350 —0.0350
8 [59, 63] [79, 84] —0, 0350 <eq, esg= —0, 0325 —0.0325
9 [55, 58] [73, 78] —0, 0325 <e., es= ~0, 0300 —0, 0300
10 (50, 54] [67, 72] —0, 0300 <eq es= —0, 0275 —0.0275
11 [46, 49] [61, 66] —0.0275<eq, €5= ~0, 0250 —0, 0250
12 [41, 45] [55, 60] —0.,0250<eq eg= —0, 0225 —0.0225
13 [37, 40] [49, 54] —0.0225<eq 5= —0, 0200 -0. 0200
14 (32, 36] (43, 48] —0.0200<eq ep= —~0. 0175 —0.0175
15 [28, 31] {37, 42] ~—0.0175<eq eg=—0, 0150 —0. 0150
16 (23, 27] (31, 36] —0, 0150 <ea, es= —0, 0125 —0, 0125
17 [19, 22] {25, 30] —0.0125<e. es=—0. 0100 —0.0100
18 [14, 18] [19, 24] —0.0100<eq, es= —0. 0075 —0, 0075
19 [10, 13] [13, 18] —0. 0075<eq eg= —0, 0050 —0. 0050
20 [5 9] [7, 12] —0. 0050 <eaq, es= ~0, 0025 —0.0025
21 [—4, 4] (-6, 6] —0, 0025< eq, es<0. 0025 0. 0000
22 [—9, ~4] [—12, —7] 0, 0025=eq, es<0, 0050 0. 0025
23 [—13, —10] [—18, —13] 0. 0050=e« es<0, 0075 0. 0050
24 [—18, —14] [—24, —19] 0. 0075=ea, £5<0, 0100 0. 0075
25 [—22, —19] [—30, —25] 0.0100=ex, es<0, 0125 0. 0100
26 [—27, —23] f—36, —31] 0. 0125= e, e5<0. 0150 0.0125
27 [—31, —28] [—42, —37] 0. 0150=e, e5<0, 0175 0, 0150
28 [—36, —32] [—48, —43] 0,0175=eq, <0, 0200 0.0175
29 [—40, —37] [—54, —49] 0. 0200=<eq es<0, 0225 0. 0200
30 [—45, —41] [—60, —55] 0. 0225< eq, €5<0, 0250 0. 0225
31 [—49, —46] [—66, —61] 0.0250=e es<0, 0275 0. 0250
32 [—54, —50] [—72, —67] 0,0275=e4 e5s<0, 0300 0. 0275
33 [—58, —55] [—78 —73] 0. 0300 =€, e5<0, 0325 0. 0300
34 [—63, —59] [—84, —79] 0.0325=e4 e5<0, 0350 0. 0325
35 [—67, —64] [—90, —85] 0.0350=ea es<0, 0375 0. 0350
36 [—72, —68] [—96, —91] 0. 0375 < eq e5<0, 0400 0. 0375
37 [—76, —73] [—102, —97] 0. 0400 =eq, es<0, 0425 0. 0400
38 [—81, —77] [—108, —103] 0. 0425=<eq e5<0, 0450 0. 0425
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Table 1. Continued
39 [—85, —82] [—114, ~109] 0. 0450 S eq €5<0, 0475 0. 0450
40 [—90, —86] [—120, —115] 0, 0475=eq,es<0, 0500 0. 0475
41 [—3352, —91] 0. 0500=e.<1, 931 0. 0500

[—3177, —121]
0.0500=es<1, 319
Table 2. Arm and boom angle error change quantization levels
Quantization Arm angle error Boom angle error Angle speed [rad/s] Quantized
level change, S« change, sg angle speed
[bit/0.28 s] [bit/0.28 s] [rad/s]

1 [202, oo] [270, oo] Sa, $p= —0, 400 —0. 400
2 (185, 201] (248, 269] —0. 400 <s« sp= —0, 367 -0, 367
3 (169, 184] (225, 247] -0, 367 <sa 8= —0. 333 —0.333
4 [152, 168] {203, 224] —0.333<sa sp= —0. 300 —0. 300
5 [135, 151] [180, 202] —0. 300<sq 5= —0, 267 —0. 267
6 [118, 134] [158, 179] —0. 267 <Sa, 55= —0, 233 —0.233
7 f102, 117] [135, 157] —0. 233 <84 8= —0, 200 —0. 200
8 (85, 101] [113, 134] —0.200<sq s8=—0, 167 —0. 167
9 (68, 84] [90, 112] —0. 167 <sa, 6= —0, 133 —0.133
10 (51, 67] {68, 89] —0. 133 <sa s6= —0, 100 —0. 100
11 (34, 50] [45, 67] —0, 100 <sa, sp= —0, 067 —0. 067
12 [17, 33] [23, 44] —0, 0667 <sa, 58= —0. 033 —0.033
13 [—16, 16] [—22, 22] —0. 0333 <s4 55<0, 033 0. 000
14 [—33, —17] [—44, —23] 0, 033 =54 56<0, 067 0,033
15 [—50, —34] [—67, —45] 0. 067 =54 55<0. 100 0. 067
16 [—67, —51] [—89, —68] 0. 100 =s4 55<0, 133 0. 100
17 [—84, —68] [—112, —90] 0, 133=s, 55<0. 167 0,133
18 {~101, —85] [—134, —113] 0. 167 =s4 55<0. 200 0, 167
19 - [—117, —102] [~157, —135] 0. 200=sq 5£<0, 233 0.200
20 [—134, —118] [—179, —158] 0. 233 <84 56<0. 267 0.233
21 [—151, —135] [—202, —180] 0. 267 =s4,55<0. 300 0, 267
22 [—168, —152] [—224, —203] 0. 300=s54,55<0, 333 0. 300
23 [—184, —169] [—247, —225] 0. 333=84 8<0, 367 0. 333
24 [—201, —185] [—269, —248] 0. 367 =S, 55<0, 400 0. 367
25 [—oo, —202] [—o0, —270] 0. 400 =50, 58 0. 400
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Table 3. Arm and boom cylinder control quantization levels when field tuning tactor is 2.2

Quantization FLC output Quantized Arm and boom PIO output
level [Volt] control output cylinder control, c. |ON=1, OFF=0
[Volt] and cs [bit]
1 Cay C8= —0. 364 -2.5 2047 0
2 —0, 363=caq cs=—0. 319 —2.4 1965 0
3 —0.318=ca cp=—0.273 —-2.3 1883 0
4 —0.272%ca cs=—0,228 —2.2 1801 0
5 —0,227=ce co=—0,182 —2.1 1719 0
6 —0.181=ca cs=—0,137 -2.0 1638 0
7 —0,136=cq, cg=—0, 091 —1.9 1556 0
8 —0,090=cs cs=—0. 046 —1.8 1474 0
9 —0.045=cq 5= —0, 000 -17 1392 0
10 0. 000=cq cp=0. 045 1.7 1392 1
11 0. 046 =ca cpg=0. 090 1.8 1474 1
12 0.091=cq cs=0. 136 1.9 1556 1
13 0.137=ca cs=0, 181 2.0 1638 1
14 0.182=ca cs=0, 227 2,1 1719 1
15 0. 228=<caq cs=0.272 2.2 1801 1
16 0.273=ca cp=0.318 2.3 1883 1
17 0, 319=ca cs=0. 363 2.4 1965 1
18 Ca, 520, 364 2.5 2047 1




