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Abstract 

This thesis is devoted to the modelling and control of rotary crane sys
tems. The goal is to design a control system that assists the operator 
to move a cargo without oscillations and to correctly align the cargo at 
the final position. The control system is divided into two independent 
parts, one dealing with the alignment of the load with the aid of a power 
swivel or a cargo rotating device, and a second that deals with the elimi
nation of load oscillations. Both design and implementation of the control 
algorithms on a ful l scale crane are considered. 

In the cargo alignment system a linear cascade controller is considered 
that is shown to have near time-optimal performance for a system with 
saturation in both the angle and the angular rate of the power swivel. 

In the second part a weakly coupled pair of state feedback controllers 
with a nonlinear compensator is used to eliminate the load oscillations in 
two dimensions. 

In the third part of the thesis a software tool for simulation and real 
time control is presented. The development of the program started as a 
spin-off to the crane projects. 

Keywords : angular measurements, bang-bang control, cascade control, minimum 
time control, oscillation, pole placement, real time control software, rotary cranes, 
saturation, simulation,, state feedback. 
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Preface 

A long time has passed since I first used the word "automatic" in a 
composition. I remember the occasion well, I was twelve years old and 
our teacher of Swedish was about to return our compositions. But before 
that, she called for silence and announced that she would read out one 
essay anonymously. I don't remember why, this was the first and last 
time she did that. 

Twentyfive pair of eyes looked anxiously at her. Before she had f in
ished the first sentence, twentyfour pair of eyes were looking at me and 
with a unison voice they cried out: Thomasl I was deeply embarrassed 
and astonished, but only for a short while since I convinced myself that 
i t was my wild imagination, expressed in the essay, that had unmasked 
me. 

I t is my belief that, of all the words in the first sentence, i t was 
"automatic" that caused the reaction from the rest of the class.1 I don't 
know if i t was this experience that subconsciously allured me into the 
field of automatic control. I have, however, always been fascinated by 
the idea of creating automatic machines, not for the possible usefulness 
of the machine, but rather for the intellectual challenge. 

Now I have had the opportunity to be part of the creation of several 
almost automatic cranes, and the single most instructive moment in the 
creative process was to be inside an actuator and feel the actions of the 
control algorithm with the whole body. That is an experience I wish every 
control engineer to have. 

This is of course an afterthought, you say dear reader. But I am not so sure about 
that. 
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Introduction to Crane Control 

From Encyclopaedia Brittanica: 

crane, any of 14 species of tall wading birds of the family Gruidae 
(order Gruiformes). 

crane, any of a diverse group of machines that not only lift heavy 
objects but also shift them horizontally. Cranes are distinct from 
hoists, passenger elevators, and other devices intended solely or pri
marily for vertical lifting and from conveyors, which continuously 
lif t or carry bulk materials such as grain or coal. Cranes have come 
into their present widespread application only since the introduction 
of steam engines, internal-combustion engines, and electric motors, 
beginning in the 19th century. 

Cargo handling cranes can generally be divided into two types: trolley 
cranes and rotary cranes.2 In trolley cranes the load is normally sus
pended by one or more wires in the trolley that can move along a track. 
On larger cranes the trolley is usually placed on a bridge that can move 
orthogonally to the trolley. This makes i t preferable to use a rectangular 
coordinate system to describe the motion of the suspension point. 

Rotary cranes have in common that the crane structure can rotate 
around its vertical axis. The load is suspended by one or more wires to a 
luffing or pivoting j i b 3 or a trolley moving on a fixed arm. In this thesis 
we will only consider rotary cranes with a luffing j ib . Thus the movement 
of the suspension point is best described in a spherical coordinate system. 
An effect due to the crane rotation, not existent for a trolley crane, is that 
the load also oscillates around its vertical axis. Thus the load oscillates 
in three dimensions compared to the two dimensions of a trolley crane. 

2Rotary cranes are also known as derrick cranes or jib cranes. 
3 Cranes of this type are sometimes called a guy derrick. 
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A crane can in many aspects be treated as an over-sized robot. The 
major difference is, however, that a crane always has an operator that 
controls the movements in contrast to a robot which is supposed to work 
without supervision. Robots are thus built to be controlled by computers, 
i.e. they normally have a very stiff construction and are fully equipped 
with sensors and actuators adapted for computer control. The stiff con
struction makes i t very easy to measure the position of the robot tool 
with a very high accuracy. 

A crane, on the other hand, is usually constructed without any 
thought of computer control of the cargo motion. This can in some 
cases4 have the effect that a crane can have a mechanical construction 
that is supposed to reduce oscillations in the load, but this only makes 
the control more difficult. 

Fully automated cranes can only be considered if the cargo is trans
ferred between well defined points and the operational environment is well 
defined. Otherwise an advanced measurement system has to be used to 
measure the position of the cargo. When loading and unloading container 
carriers that have cargo ladders, then a semi-automatic system is possi
ble (Nordberg [26], Gustafsson & Rönnbäck [9]). The crane is utilized to 
measure the position and heel of the ship. The procedure is controlled by 
the operator that moves the spreader to a couple of known positions on 
the ship. The position of the spreader is then measured by a sensor on 
the crane. The positions of the cargo slots can then be calculated from 
the measured positions provided that the ship geometry is known. The 
calibration procedure must be repeated since the position and heeling of 
the ship changes when the load distribution changes. 

Regarding the control of the load oscillations there are mainly three 
principles that can be found in the literature: time-optimal control, pro
grammed acceleration in combination with or without feedback control 
and mere feedback control. 

Time-optimal Control 

The most common approach is to use a time optimal open loop strategy. 
Time optimal control of bridge cranes is found in Mårtensson [21], and 
of rotary cranes in Sakawa et al. [31]. Other references are Karihaloo 

4E.g bridge cranes used in harbors 
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& Parberry [16] and Manson [20]. Auernig & Troger [2] use a different 
approach since they control the length of the suspension wire to dampen 
the oscillations in the load. There is no known working commercial im
plementation of a time optimal controller applied to crane control. 

Programmed Acceleration 

A method that can be used on real cranes is to approximate the time 
optimal strategy with an acceleration profile of the trolley. Jones et al. 
[14], Morishita et al. [23] and van de Ven [36] use different methods to 
calculate the switching times for acceleration changes but they all utilize 
a feedback controller at the end to eliminate remaining oscillations in the 
load. 

Ohnishi et al. [27] solves the problem differently and starts with 
a feedback controller to reach maximum speed of the trolley without 
oscillations. Then programmed acceleration is used to stop the load at 
the correct position. This method has the advantage that the open loop 
controller always starts with a well known state. Ohnishi's method is also 
tested on a real cranes. 

There exists a working commercial system, that is based on pro
grammed acceleration. I t was developed by Sternad [35] and Bryfors 
[3] and is used mainly on coal cranes where the loading and unloading 
positions are well defined. 

Feedback Control 

The third method is to use a feedback controller. Simple models of trol
ley cranes are often used as a design example in control engineering text
books, e.g. in Scmidtbauer[33] and Ackermann [1]. A more complete 
treatment is found in Hazlerigg [11], Ridout [28] and an adaptive approach 
is made by Zinober [39]. Salminen [32] uses a robust design method to 
design a pole placement controller that is tested on a ful l scale trolley 
crane. 

Experiments have also been made with rule based control by Ya-
sunobu et al. [38]. The rules are derived from skilled crane operators and 
the rule selection is made with fuzzy logic. 
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Introduction to the Thesis 

This thesis is devoted to control of a rotary crane system where the oper
ator is an integrated part of the system. The difference in strategy com
pared to all other methods found in the literature is that the operator 
gives a speed reference instead of a position reference. The difference is 
important, since the absolute position of the cargo is usually not known 
to the control system, but with a well-behaved crane the operator can 
drive the crane at ful l speed and make a controlled stop at the loading 
position. The rotation of the crane also causes the load to oscillate around 
its vertical axis. 

In part I an angular position controller for load rotation is designed 
and implemented on a ful l scale model of a power swivel and a load 
suspended by two wires. This controller has later been commercialized 
and is sold under the name of "Steadyline" by AB Hagglunds &: Söner. 

In part I I a rotary crane controller for both the slew and luffing motion 
is designed and tested on a real crane with good results. This product has 
later been commercialized and is sold under the name "Swing Defeater" 
by AB Hägglunds & Söner. 

In part I I I a software tool for simulation and real time control is 
presented. The program emerged from the explicit need of a practical 
environment for control experiments during the laborative phases of the 
crane control projects. 
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Part I 

Modelling and Control of 
Cargo Rotating Systems 
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Part I. Cargo Rotating System 

Some of the material in this part has previously been published in the research report 
Rönnbäck, Gustafsson and Schmidtbauer: Lasthantering med Fartygskranar, TULEA 

1983:17. The project was sponsored by STU, the Swedish Board for Technical De
velopment under contract 80-4278 and by AB Hagglunds &; Söner who initiated the 
project. 
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Introduction 

This part deals with the theoretical aspects of control synthesis and prac
tical implications when implementing an automatic cargo rotating device. 
The latter is partly based on a research report [29]. 

A typical task when handling containers by cranes is to move a con
tainer from one position to another. I f we take the example of loading 
and unloading a cargo ship, the crane can either be on the ship or on the 
quay. When there is a demand for high throughput the crane is usually 
of gantry type located on the quay. Gantry cranes are very expensive and 
not suitable for a small harbors where a small rotary crane on the ship 
can be an alternative. 

Usually the most time consuming task, when using a rotary crane, 
is the accurate final positioning operation where the crane operator has 
to be in ful l control of all degrees of freedom of cargo motion, including 
vertical axis rotation. Even a highly trained operator has problems to 
control all 4 degrees of freedom simultaneously. Usually the crane oper
ator first moves the load into position and then starts to rotate the load 
for correct alignment spending almost the same amount of time for both 
tasks. Obviously an automated cargo rotating device has the potential 
to save lot of time. 
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Chapter 1 

Dynamic Model 

Among various types of cargo rotating systems, we are concerned to a 
system consisting of a cargo rotating device, suspended with two, almost 
parallel, wires. The load, normally a container, is grabbed by a spreader 
mounted under the cargo rotating device. 

We will not study the cases where a more complicated suspension, 
with diagonally intersecting wires, are used with the purpose to achieve 
a rigid suspension. Normally this type of suspension is used on overhead 
cranes involved in lifting heavy and bulky objects. The diagonal wires ef
fectively suppress vertical rotation. I t is, however, not possible to use this 
kind of suspension when there is a demand of a large vertical workspace. 

1.1 Dynamic Model of a Cargo Rotating Device 

Handling containers when loading and unloading ships has to be done 
with a high degree of accuracy to achieve a placement at the proper 
location. When ship cranes (revolving cranes) with a double wire cargo 
suspension are used, a remotely controlled load rotation is possible using 
a cargo rotation device placed between wires and load. The rotation is 
achieved by using the torque derived from twisting the wires. 

In this and next section we will produce two models for a cargo ro
tating device, henceforth (CRD). When developing a model, one has to 
consider the purpose with the model and choose representation and level 
of accuracy. The goal is of course to have as accurate model as possible. 

16 
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Figure 1.1: Part of a rotary crane with a container suspended by two 
steel wires. The cargo rotating device is seen between the wires and the 
spreader that grips the container 

As seen in figure 1.1 the process of interest consists of three parts, the 
suspension with two wires acting as a bifilar pendulum, the cargo rotating 
device which is the actuator and the container. 

The construction principle of a CRD is simple. I t consists of two 
halves connected with a plain bearing slide allowing the halves to rotate 
relative to each other. The rotation is carried out by a motor with a cog 
wheel placed on the upper half. The cog wheel is connected with a gear 
ring in the lower half. 

If the motor has adequate strength and speed, then it's dynamics can 
be neglected compared to the relatively slow dynamics of the torsional 
pendulum derived in the next section. The consequence is that the CRD 
can be modeled as an integrator 

i> = u e r d { t ) (l.i) 

When performing the experiments on the ful l scale CRD described in 
section 3, the CRD had only one speed ipmax and there was a time delay 
due to sluggish electrical valves. I t was then essential with an improved 
model 

i> = i>maTsign(ucrd(t - T c r d ) ) (1.2) 
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Chapter 1. Dynamic Model 

Figure 1.2: Definition of the angles <p and if> on a CRD with load 

1.2 Dynamic Model of a Bifilar Pendulum 

The load is assumed to be a rigid body with mass m and center of mass 
G. The mass moment of inertia about the axial axis is I = m r 2 where r 
is the radius of inertia of the load. The load is suspended by two identical 
parallel wires at a distance 2a [m] from each other. The center of mass 
G is assumed to be aligned with a rotational axis that in rest is parallel 
to and exactly in the middle of the suspending wires. We can make 
this assumption since spreaders in general are supplied with a device to 
balance the load. 

The wire length is A. Between the load and the wires there is a cargo 
rotation device (CRD) which can be used to rotate the load with respect 
to the wire suspension. Introduce <p as the rotation angle, of the load, 
with respect to an inertial frame, and ip as the angle between the cargo 
rotation device (CRD) and the load. 

We use Lagrange equations to evaluate the dynamics. The kinetic 
and potential energies of the load are 

where z is the vertical displacement of the load. More exactly z is the 
length of the projection of the wires on the rotational (vertical) axis. The 
negative sign of the potential energy in (1.3) indicates that z decreases 
when the load is hoisted. Simple trigonometrical relations give the holo-
nomic constraint 

mz2 + -mr2if2 

(1.3) 

U = —mgz 

z2 + 2a 2 [ l - cos(V> - f)] = X2 (1.4) 
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In our notation, the Lagrangian of the system is L = T—U. The equations 
of motion for the bifilar pendulum are then given by Lagrange's equation 

d f d L \ dL n 

To evaluate (1.5) some intermediate results are needed. Differentiat
ing (1.4) gives the following expressions for z and z 

zz = A A + a 2 sin (tp — <p) (<f — tp) 

zz = XX + A 2 - z2 - a 2 cos(V> - f){i> - <f)2 (1-6) 

— a 2 sin (tp — </?) (V> — $ ) 

The first term of (1.5) is 

d^ (dL 

dt \dip 

d (.dz , \ 
= m d A z m + r V 

..dz . d (dz , 
= m Z d ^ + m Z d t UJ + m r ^ 

where 

dz a 2 

— = -sm(tp-<p) 

Tt{d%) = ^ { ^ - ' f i ) c o s ( ^ - ' P ) - ^ a 2 s m ( i p - c p ) 
The second term of (1.5) is 

(1.7) 

(1.8) 

dL .dz dz . 
^ = mz~ + mg- (1.9) 

where 

|^ = ^tø-<p)co8(ip-<p) + ^ j ^ (a2(ip - (p) sin(V> - <p) - AÅ) (1.10) 

and finally 

dz a2 . , , , 
— = - s i n ( V - v ) (1.11) 
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Inserting (1.6)—(1.11) in (1.5) and rearranging the terms gives the dy
namic model of a bifilar pendulum 

, , a4sm2(é -«>),.. a2 . A 2 AÄ 
r 2 + V <P=—(9  

z1 z z z 
2 (2XX - 2a2sin(V> 

+ 

4z 3 

a2cos(V> — ip)(tj) — ip)2 

z 

(1.12) 

a 2 sin(V>-y)t/> . 
H ) sin(V' - <p) 

This unwieldy equation can under certain conditions be well approxi
mated. Consider (1.6) where typically o » l and z > 10. Suppose that 
the length of the wire A is kept constant or that the hoisting speed is very 
low. Let's also assume that ip is limited and of the same magnitude as tp. 
From (1.6) i t is then clear that \z\ •< \aip\. Under these conditions it is 
reasonable to assume that the kinetic energy mainly originates from the 
rotation of the load 

V k - m r - V 2 (1.13) 
2 

Now, using the Lagrangian L' = T' — U the dynamics are given by 

where 

and 

-— = mr ip and — I — - ) = mr Cp (1.15) 
dtp Y dt\dip,' 

2 dL' dz a 
— = m g - = mg-sm(rp-<p) (1.16) 

Inserting (1.15) and (1.16) in (1.14) gives the simplified dynamic model 

V?« <Josin(V> - y) (1-17) 

where 

«2 = S (i-«) 
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Chapter 1. Dynamic Model 

The same result can also be achieved by approximating (1.12) directly. 
From (1.4) i t is clear that we can safely assume that z « A when a <C z 

and 

* = ^ ( L I S ) 

Note that i t is not advisable to linearize (1.17) since the difference ip - <p 
can be very large. I t is, however, not necessary to allow angles larger 
than 90° since the maximum torque appears at that angle. Further it 
is not desirable, for security reasons, to exceed 90°. Normally there are 
electrical cables between the wires that certainly would be damaged if 
the difference between %p and ip exceeds 180°. 

Note that it is possible to make an exact linearization with a simple 
variable transformation. By introducing the new control variable u = 

sin(V> — <p) we get the linear system description 

Cp = u2u (1.20) 

which is an ordinary double integrator, although with a l imit in the con
trol \u\ < 1. This linear model is, however, only useful for small values of 
u0. W i t h large values on u>0 we can no longer neglect that the CRD has 
limited speed \tp\ < i>max- In fact this is the only available speed of the 
CRD. Thus we get 

Cp = w0

2 s\n(ip — i f ) 
(1.21) 

ip = ipmaTSign(v) 

where v is the control variable. 

1.3 Disturbances 

Al l disturbances were neglected in the mathematical models of section 
1.2. A rotary crane with load is, however, influenced by wind and ship 
movements induced by waves or crane movements. But since the ship 
is anchored both at the stem and stern its movements can be neglected. 
Thus the load rotation is mainly influenced by the wind and the crane 
rotation. 

The effect of the latter is easily modeled if one realizes that rotating 
the crane has the same effect as rotating the CRD. Then with 9 as the 
crane rotation angle (1.17) modifies to 

Cp ttul sin (ip -<p + 0) (1.22) 
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å 
I 

I 

Figure 1.3: Definition of the positive direction of the wind angle 7, and 
the positive torque Nwi„d. 

Wind disturbances can be regarded as the sum of two components, 
the mean wind and the turbulence. In this section we will only treat 
the mean wind which is considered to have the speed U and the direc
tion 7. An important assumption is that the disturbance is modeled as a 
torque N w i n d which is added to the undisturbed model (1.22). This is an 
approximation because the superposition principle does not necessarily 
hold. The dynamics of a bifilar pendulum exposed to a constant wind is 
then 

^ ^ u l s i n ^ - ^ + ^ f (1.23) 
m r 2 

where m is the mass and r is the radius of inertia of the load. 

For the torque Nwind induced by the wind, on a container, a general 
expression can be found in Nakaguchi [25] 

Nwind=
l-Cm{1)PU

2SL (1.24) 

where p is the density of air (0 = 1.23kg/m3), S is the cross-sectional 
area and L is the length of the container. The dimensionless coefficient 
C m ( j ) is ideally unaffected by variations in wind speed and container 
dimensions. 

Although a container is a very simple geometric body, very few aerody
namical studies have been reported that is applicable. There are, however, 
research including wind tunnel tests done by Nakaguchi [25] in conjunc
tion with automobile aerodynamics, that shows that even for a simple 
body as a three-dimensional bluff-body one can't expect to find a general 
formula for the wind coefficient Cm (7). 

Define 7 = 0° as the wind direction parallel with the long side of the 
container. Wind tunnel tests by Nakaguchi [25] gave the results shown in 
figure 1.4 for a bluff-shaped body with a length/width ratio 3 for angles 
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Figure 1.4: Experimental values for C m ( f ) 

up to 15°. As one can see in the figure we can not expect a linear relation 
between 7 and Cm (7) to hold except in a region very close to 7 = 0°. Wind 
tunnel tests also show that C m ( j ) is very sensitive to the length/width 
ratio of the bluff-body. 

If the wind is of constant speed and direction we can make an estimate 
of the compensation necessary to keep the rotation angle ip constant. 
A typical container has the measures: cross-sectional area 5 = 5 m 2 , 
Length L = 12 m. Estimating the maximum value of Cm ss 0.3 the wind 
disturbance torque is Nwind « 11Ü72. Let (p = 0 in (1.23). Then we get 
with ujQ as defined in (1.19) 

0 = - y r sirU^ -<p) + r-
r2X mr2 

Thus 

sin(V> — <p) = —11 
U2X 

a2gm 

(1.25) 

(1.26) 

The worst case with long lines A = 40, an empty container (including the 
spreader) m = 5000, and normal values for the distance between the lines 
is a — 1.5 gives 

U2 

s i n ( V > - < ? ) « - — (1.27) 

In this case the load would be uncontrollable in wind speeds exceeding 
15.8 m/s, since i t would require that sin(ip — ip) < — 1 . 

For security reasons a crane is not allowed to operate at such wind 
speeds. A normal limit is 5 m/s. A t this wind speed an adjustment of ip 
with 5.7° is necessary to retain a correct load angle. 

Wi th a fully loaded container m = 60000 the wind can be neglected 
since the stationary error induced by the wind should be well below 1°. 
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Chapter 2 

Controller Design 

We shall first make some assumptions and design a controller. Later we 
shall relax these assumptions and see what this does to the design. 

• First we assume that the CRD is fast compared with the dynamics 
of the pendulum. Then we can neglect the slew rate limit for the 
CRD and use ip as control variable. 

• We also assume that u0 is perfectly known. Since a is a geometric 
constant and A is measurable this means that we assume that r is 
known. This is certainly not true in general. 

• Finally we assume that we can measure both tp and tp perfectly. 

Wi th these assumptions the design breaks down to the simple task of 
controlling a double integrator plant. 

To be able to compare different design methods we must set up goals 
for the design. For this particular process words like stability, robustness, 
speed and smoothness come in mind. 

However these are just words, and robustness and speed sound like 
counteractive qualities. The most crucial quality in the system should be 
stability. Fortunately i t is the easiest one to fulf i l l . 

The other three could be amalgated into one criterion. Keeping in 
mind that the most frequent situation to handle is a step change in the 
setpoint, we can then formulate a new criterion. 
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• On a step change in the setpoint, make the transition as fast as 
possible with an overshoot not exceeding 0.5°. 

The maximum allowable overshoot corresponds to the accuracy needed 
to position a container in the hold ladder of a container vessel. 

2.1 Minimum-Time Control 

For comparison it is interesting to analyze the performance of a mini
mum time controller, although it is not a practically f ru i t fu l way of con
trolling this type of plant. The main reasons are that our models are 
not sufficiently accurate and that the model parameter u>0 is in general 
unknown. The following analysis of minimum-time controllers for a sim
plified process model is partially based on [34]. 

Unlimited slew rate 

First consider the case when there are no constraints on the slew rate ip. 
Then the process becomes a standard double integrator plant, with the 
control magnitude constrained between ±WQ. 

Cp = U!Q sin (ip — <p) (2-1) 

I f we introduce a normalized time variable r = u>0t and take derivatives 
with respect to r equation (2.1) is replaced by 

g = s i n ( V - ^ (2.2) 

the control then being constrained between ± 1 . In Leitmann [18] we find 
the solution of the minimum-time problem which gives us the normalized 
time for a transition from (<p0, <p0) to the origin. 

[ yo + y4yo + 2 y 0

2 <p0 > -\<po\<po\ 

-¥>o + y/-4(p0 + 2<p0

2 <p0 < - § ^ > ( # o | ( 2 - 3 ) 

I \<Po\ <Po = - f ^ o t ø o l 

Starting from (<pT,0) with the origin as final destination the normalized 
minimum transition time is thus 

T?=2yJ\^\ (2.4) 
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Figure 2.1: Time-optimal trajectories with unlimited actuator slew rate. 
The solid curve is tp, the dashed curve is <p and the dotted curve is the 
control ip. Note that the difference \\p — ip\ always is 7r/2 thus ensuring 
that maximal torque is used. 

The time-optimal (bang-bang) trajectories to rotate the cargo (pr radians 
are shown in figure 2.1. 

Limited slew rate, small angles 

I f the slew rate is constrained it is impossible to analytically solve the 
minimum-time transition problem, since that involves an analytic solution 
of (2.2). If, however, the deflection angles are small \ip — (p\ <C TT/2 then we 
don't have the problem with double saturation 1 and an analytic solution 
is possible. Assume small deflection angles and define the maximum 
actuator slew rate as 

(hp I V i 
= K 

W i t h ip as control signal then the plant (2.2) becomes 

dhp 

d r 3 

dip dtp 

( - - - ) « * # - ¥ > ) 

and using the small angle assumption gives the approximation 

d3tp dip dip 

d r 3 dr dr 

(2.5) 

(2.6) 

(2.7) 

Since (2.7) is a linear controllable system the optimal control strategy 
according to Leitmann [18] is bang-bang. The bang-bang strategy should 

'Besides the limited slew rate, the torque is limited due to the nonlinearity in (2.2). 

26 



Part I. Cargo Rotating System 

Chapter 2. Controller Design 

include at most two switches. Wi th the system at rest in the starting 

point f = 0 and with a setpoint <pr > 0 the control strategy is to start 

with tp = K and switch sign at rx — x and T\ + x, where x > 0. The 

equality occurs when no switching is required. Solving (2.7) with the 

given optimal control sequence gives the following expression for (p(r) 

and its derivatives when r > Tj + x 

^ ( r ) = K(T - 4x) - <p(T) (2.8a) 

V?(r) = K ( 1 - cos(r) + 2cos(r - n + x) - 2cos(r - r x - x)) (2.8b) 

Cp(r) = «(sin(r) - 2sin(r -TX+X) + 2sin(r - r x - x)) (2.8c) 

Note that if x = 0 then y(2nn) = 2nirn and <p(2nw) = <p(2nn) = 0 for any 

integer value of n. Then at r = 2n7r the system is momentarily at rest, 

and this can serve as a new starting point. Thus i t is only necessary to 
calculate the optimal sequence for terminal times Tj <2n. The conditions 

at the terminal time Tj are <p{T}) = (pr and tp(Tj) = (p(rj) = 0. Rewriting 
(2.8b) and (2.8c) and applying the terminal conditions gives 

1 — cosTf = 4sinfrf — r i ) sin x 
' W ' (2.9) 

sin T j = 4 C O S ( T ; — T\) sin x 

Squaring and adding the equations in (2.9) gives 

2 - 2 cosr/ = 16 sin 2 z (2.10) 

which can be rewritten as 

2sinx = s m ^ , Tf<2n (2.11) 

From (2.8a) we get that 

Tf - Ax = ^ (2.12) 

K 
which inserted in (2.11) gives an implicit equation for the minimum tran

sition time Tj. 

2sin ~^r^K^j = sin ^ , ipR/K < rs < 2n (2.13) 

Note that (2.13) can be written as a fourth order algebraic equation in 

sin(ry/4) that can be solved with standard methods. 
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2 4 6 8 

Figure 2.2: The solid curve shows the normalized minimum transition 
time Tf as a function of tpR/K. The dashed curve shows the approxima
tion (2.16) that is valid at least for tpr < 4K. The curve has a periodic 
behavior since the system is momentarily at rest at r = 2n7r, see more 
comments in text. 

If the setpoint tpT > 2TTK then the optimal strategy is to let tp = K until 
T = 2nn < Tf < 2(n + l)n and then proceed with the sequence above. 
I t is possible to find simple lower and upper bounds for Tf. Inspection 
of (2.12) shows that Tf has its lower bound when x = 0 and (2.11) gives 
that sin a; < 1/2 which inserted in (2.12) gives 

— <Tf < ^ + 4 s i n - 1 ^ + (2.14) 
K K 2 K 

For Tf = n, (2.11) and (2.12) gives equality in (2.14) at tp/n = K/3, which 
can also be seen in figure 2.2. 

Notice that if \ & \ < . | | * | then (2.7) can be simplified to 

d 3 f ^ d j p 

~ TT ( 2 - 1 5 ) 

Solving the minimum transition time problem for (2.15) is straightforward 
and gives the minimum time 

/32|V> r| 
Tf = \ \ - ^ (2.16) 

which is a surprisingly accurate estimate of T} . The difference between 
Tf and T*} is illustrated in figure 2.2. 

A typical step response for the simplified system (2.7) is shown in 
figure 2.3. Other simulations of the bang-bang controller and a nonlinear 
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1 _ S  
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"H , U l r—T—l< 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 

Figure 2.3: Time-optimal trajectories; small deflection angles. The solid 
curve in the left figure is tp, the dashed curve is tp. The solid curve in 
the other figure is 1/1, the dashed curve is ip. The slew rate limit « = 1 
and with <pr = 3.267 the minimum normalized time is TJ = Zir/2. 

system model (2.2) show that the small angle approximation made in 

the beginning of this section is valid when K < 1, not for control design 

purposes but rather as a method to estimate the minimum transition 

time. And we shall see in chapter 3 that a normal CRD has K-values well 
below this limit which makes rs a useful estimate. 

As a special case we will now consider the problem to reach an os
cillation free angular rate in shortest possible time. The difference to 

the previous problem is that the terminal conditions are ( p { r 3 ) = K and 
<£(r4) = 0. Note that we are only considering the case with maximum 

speed. The optimal control strategy is as before bang-bang, but with at 
most one switch since the system order is lower than before. Denote the 

switch time with r r . Solving (2.7) with the given optimal control sequence 
gives the following expression for ip(r) and (p(r) when T > Ti 

( p ( r ) = A C ( 2 C O S ( T — T t ) — 1 — cos(r)) 
(2.17) 

tp(r) = K,(sin(r) - 2sin(r - Ti)) 

Applying the terminal conditions on (2.17) gives a unique minimum and 
the switch times 

(2.18) 
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Limited slew rate, general case 

When the angle deflections are too large we must use numerical methods 
to compute the time-optimal trajectories. This section is based on a paper 
by Schmidtbauer & Rönnbäck [34].2 They are using a two-dimensional 
Newton-Raphson iteration method to calculate the time-optimal switch
ing instants. 

The resulting trajectories ip(r) turn out like in figure 2.4 where the 
setpoint <pr is adjusted to achieve equal minimum time Tj = 4 for different 
values of K. For a normalized slew rate K > 1.5 a double saturation occurs 
and the trajectories resemble those for the "double integrator plant", 
whereas for lower values of K the trajectories are similar to the previous 
case with small deflection angles. The resulting relationship between Tf, 
<pr and K is shown in figure 2.5. The linear parts of the curves in figure 2.5 
correspond to the case when the small angle deflection assumption holds 
and the minimum time is proportional to the cubic root of <pr (2.16). 
One exception is the curve marked with "oo" which corresponds to the 
case with unlimited slew rate and with minimum time proportional to 
the square root of ipr (2.4). 

When the normalized slew rate of the CRD is low, i.e. K < 1 and the 
setpoint <pr is sufficiently large then the minimum time is, according to 
(2.14), proportional to the setpoint <pr. This would correspond to curves 
with slope 1 in figure 2.5. The figure does, however, not cover this. 

2Figure 2.4 and figure 2.5 are used with permission from the authors 
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O.I Q2. o.s t Z 5" 

Figure 2.5: Minimum normalized time TJ as a function of slew angle 
ifr and peak actuator slew rate «. For low values of tpr the slope of 
the curves is 1/3 corresponding to that TJ ~ tffr. Not shown is that 
for K < 1 and higher values of ipr the slope gradually changes to 1 
corresponding to that TJ ~ <pr 
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2.2 State Feedback Control 

Unlimited slew rate 

We shall now study the simplified process model (2.1) used in section 2.1. 
Our goal is to design a time-invariant linear state feedback controller 
that has a performance comparable with the time-optimal bang-bang 
controller developed in section 2.1. An obstacle is that (2.1) is highly 
nonlinear, and we can't use normal linearization to create a linear model 
useful for control design. But this is not a major obstacle since a simple 
variable transformation u = sin(^ — <p) transforms (2.1) into a simple 
linear system 

ip = u2

0u (2.19) 

although with a constraint on the input |u| < 1. 

We can now design a controller for (2.19) and then calculate the real 
input to the system (2.1) as 

ip = ¥> + s in - 1 (u ) (2.20) 

As we have restricted ourself to use a linear state feedback controller the 
only thing we can do is to place the poles of the closed loop system. Since 
(2.19) has two poles we can use two parameters to arbitrarily place the 
poles. We shall now study what happens if we use an ordinary linear 
controller with saturation on the output, but with unlimited CRD slew 
rate available. A general linear controller with saturation for the process 
described in (2.19) can be written as 

2 of v2 

u = -sat[-^<p- ^<<pr-<p)\ (2.21) 

The design parameters p and £ represent the natural frequency and rela
tive damping for a closed looped system without saturation. By choosing 
this controller we are guaranteed that the system is always stable as shown 
by this lemma. 

Lemma 2.1 The controller (2.20) and (2.21) stabilizes the process (2.1) 
for all p > 0 and £ > 0. 

Proof Without restriction we can consider the case when u0 = 1 and 
3 3 • 2 

ipr = 0. Let V(ip, <p) = s-^- + Y be a Liapunov function candidate. 
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V(tp,<f) is positive definite, i t remains to show that V(tp, (p) is negative 

definite. 

V(<p, <f) = p2f<f + f f = p 2 f f - <psat(2pf<f + p 2 f ) (2.22) 

We can discern three cases 

i) when \2p£,f + »VI < 1 t n e n ^(v> 'P) = p V ^ ~ V>(2p£<£ + i>V) = 
—2p£<f2 thus V(<f, <f) is negative semidefinite. 

ii) when 2ptø + p2f > 1 then V ( f , (p) = p2tf<f - <p = - ^ ( 1 - pV ) -
The condition above can be rewritten as — <p < — 1 ~ ^ f

y which gives 

that V(ip, <p) < - ^ ~ f ^ 3 < 0 thus V(<p,<p) is negative definite. 

iii) when 2p£.<p + p2<p < - 1 then V(tp, <p) = p2ip<p + <p = <y?(l + P2<p)-

The condition above can be rewritten as tp < —1 which gives 

that V ( f , <p) < - ^ y y ^ < 0 thus V[<p, t f ) is negative definite. 

Observe that the closed loop system in the first case is linear with poles 
strictly in the left half plane, thus the system is globally asymptotically 
stable. • 

If the controller is unlimited then obviously arbitrary slew rate is 
possible. But with a limited controller the achievable slew rate depends 
on the reference value f r . Assume for a moment that the controller has 
a relay function 

u{t) = -signrM.<p(t) - 4 K - *>(«)) (2-23) 

and the system is at rest when t = 0. Obviously we can not outperform 
a time-optimal controller, but we can achieve the same performance with 
the controller (2.23). The idea is to choose p and £ such that the control 
output mimics a time-optimal controller which we know from section 
2.1 is bang-bang. In other words u(t) takes only two values 1 and —1 
and switches between them after half the transition time t m , „ . Define 
t>witch — £fmn/2 as the switch time. The condition for the control output 
u(t) in (2.23) to change sign at the same time as a bang-bang controller 
will then be u(t„witch) = 0. Using the assumption that the system was 
in rest at t = 0 and assuming <pr > 0 then f ( t ) = tp(t) = u2t and 
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ip(t) = u>2t2/2. Substituting this into (2.23) gives 

1. P2 /,_ Up*2witch \ _ n / 0 O A \ 

From (2.4) we conclude that 

U0t,witch = \JVr\\ (2.25) 

Then we can solve (2.24) to get an optimal value for p, which is valid also 

for <pr < 0 

P = ^ p j (2.26) 
V\<Pr\ 

The controller then mimics the behavior of a time-optimal controller. One 

obvious disadvantage of using a relay in the controller is that we can easily 
get clattering when the control error is close to zero. To avoid clattering 

we must replace the relay function with some function that have limited 
gain for small control errors but resembles a relay for large errors. A 
simple solution is to use a dead-zone where the output is zero. Better is 

to use a saturation to avoid stationary errors. 

Simulations with f = 0.85 show that a saturated controller gives an 

overshoot of about 5 %. Changing p to 

_ 3.6^o , . 
p = / [ _ - . (2.27) 

gives almost zero overshoot when £ = 0.85. Wi th £ — 1 then then a choice 
of p = 3.8£u>0/\/\<pr\ gives almost zero overshoot. 

Although (2.21) looks to be a closed loop controller i t would be more 

correct to describe i t as a combination of an open loop controller when 
we have saturation and a closed loop controller when we are in the linear 
mode. 

Limited slew rate 

As we have seen in section 2.1, the transition time, when making a 

large rotation <pr of the CRD with limited slew rate, is roughly equal 

tO iPr/\^\max-
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Slew angle 
controller 

Slew rate 
controller CRD 

Figure 2.6: Principal outline of a cascade controller. The part enclosed 
by the dashed box is approximated with a linear system when designing 
the slew angle controller 

Wi th limited slew rate a large "time-optimal" rotation consists 
roughly of three different parts, acceleration to maximum slew rate, main
taining constant slew rate and retardation to a stationary state. The usual 
approach to retain a near time-optimal behavior combined with a robust 
treatment of disturbances and modeling errors is to start with an open 
loop controller that ideally takes the CRD to maximum speed without 
oscillations. When the control error e = ipr — <p is sufficiently small, a 
feedback controller is used to eliminate divergencies due to disturbances 
and model errors. 

The main problems with this approach are that the open loop con
troller can not handle disturbances and is depending on a good model. To 
avoid this problem a slew rate controller is used instead of the open loop 
controller. Still there has to be a decision when to change from a rate 
controller to an angle controller, but as we shall see later, this decision 
is completely avoided if the controllers work in cascade as in figure 2.6. 
The crucial part is to limit the output "<£>„" from the outer controller to 
a level "<^ r" that conforms to an achievable slew rate, i.e. \<pr\ < ipmax. 

Slew rate controller 

Using the same variable transformation as in the previous section (see 
(2.19)) i t is easy to see that a slew rate controller is achieved with a 
proportional controller. 

k 
u=—(ipr-<f) (2.28) 

LO0 
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If u is admissible then the closed loop system will have one pole in — ku0 

and one pole in the origin. Now u is not a real control signal and we 
must transform (2.28) to a form that can be used to control the CRD. 
The dynamics of the CRD are 

i> = i>maxsign(v) (2.29) 

where v is the actual control signal. If we neglect the effects of relay 
chattering then a controller that makes the CRD follow a reference value 
ipr is simply 

v = i p r - i p (2.30) 

Since u = sin(V> — <p) the reference value for ip can be constructed from 
(2.28) 

ipr = tp - f s i n - 1 (u ) = <p + s i n - 1
 (—(<pr — (p)^j (2-31) 

and by inserting (2.31) in (2.30) the controller becomes 

v — ipr — ip = tp + s i n - 1 ^ — (<pr — <p)^ — ip (2.32) 

Note that sin - 1(|a; |) > \x\. A cautious and simpler controller with lower 
gain is thus achieved with 

k 
V = 1pr-lf> = tp-\ ((pr - (p) ~1p (2.33) 

To work properly the reference value (pr must not exceed the maximum 
slew rate. Otherwise a steady state with an oscillation free angular speed 
of the load can not be achieved. In steady state with <p = (pr and no 
oscillations (tp = ip) the control output (2.33) becomes 

v„ = (p-ip (2.34) 

Differentiating (2.34) and assuming that (pr > \ip\max gives 

V„ = (p - Ip = (pr - lP > <fr - \i>\max > 0 (2.35) 

Thus v,„ is increasing and not always zero. From (2.34) we then conclude 
that there are oscillations since <p ^ tp which contradicts the assumption. 

If the CRD is slow then there can be problems with saturation that 
must be considered in the choice of k. Consider a system at rest exposed 
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to a setpoint change <pr = ipmax or dtp/dr = K i f a normalized time r = u>0t 
is used. The control output at r = 0 will then be 

«(0) = ku > 0 (2.36) 

giving dip/dr = KT. Wi th a slow CRD then (2.7) is an appropriate 
approximation of the system. Solving (2.7) with dip/dr = KT gives 

< ^ ( T ) = K(T — sin r ) 

dtp (2-37) 
—— = K ( 1 — cosr) 
a r 

Insert (2.37) in a normalized version of (2.33) to get 

V(T) = K(T — sin r ) + k(n — K(1 — cos r ) ) — KT 

= —Ksinr + kK cos r 
(2.38) 

Now i t is time to go back and study the time optimal rate controller in 
section 2.1 where i t was found that a time-optimal bang-bang controller 
switches at 

n = s in" 1 (2.39) 

This is an absolute upper limit that should be avoided in a feedback 
controller. Thus the parameter k should be chosen such that the slew 
rate controller switches before an optimal controller. Inserting (2.39) in 
(2.38) gives 

/ \ • . kK . . 
V(Ti) = — KSinTj + ÄACCOSTi = -K 1 (2.40) 

4 4 

and the condition that V(TX) = 0 gives k = V15 which is an upper limit 
of the gain. Lower values of k gives V(TX) < 0 and the switching is thus 
made before the critical time. 

Using the maximum value of k counteracts the original purpose of 
introducing a feedback controller, since a high gain infallibly leads to sat
uration that in practise gives the feedback controller the same disturbance 
suppression qualities as an open loop controller. 
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Slew angle controller 

I f the slew rate controller has a moderate or low gain then it is safe to 
approximate the closed loop system, enclosed by the dashed box in fig
ure 2.6, with a second order linear system with <pr as the control variable 

Cp + ku)0<p = ku0ipr (2-41) 

This makes i t straightforward to design a slew angle controller by plac
ing the closed loop poles using a state feedback controller that works in 
cascade with the slew rate controller (2.33) 

lpr = ki((pr - ip) - k2<p (2.42) 

where the gains kx and k2 are determined by the design parameters up 

and £ as 

h = ^ - and k2 = ^ - 1 (2.43) 
KLJQ KLJQ 

to give the closed loop system 

Cp + 2frp<p + u2<p = u2ipr (2.44) 

The damping ratio £ can be chosen to a value below 1 since we accept a 
small overshoot and there is probably some unmodelled damping in the 
system. 

To find a suitable value for up we observe that if the angular rate 
reference value <pr is large, then the output from the controller (2.42) 
saturates and the slew rate controller (2.33) alone determines the closed 
loop dynamics. I f the saturation is persistent then the slew rate con
troller eventually makes Cp = ip = ipmax and consequently ip(t) = ip(t) due 
to the damping introduced by the slew rate controller. This continues un
t i l (2.42) desaturates, and then we can calculate ipr by substituting (2.42) 
and (2.43) in (2.31) 

rPr = ( l - ^ - ^ < P + ^ < p r (2-45) 

Taking the time derivate gives 

^ = ( 1 - ^ - * ^ (2.46) 
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but ip(t) = ip(t) in the system equation gives that ip = 0 and 

rpr = (1 - %<p (2.47) 

At the time when the slew angle controller desaturates then it is still true 
that <p = t p m a x and a cautious design would be to assure that ipr does not 
exceed ipmaz, thus keeping the loop closed. Evaluating (2.47) gives that 
the maximum value of UJP under those conditions is 

up = V2u0 (2.48) 

Now one has to remember that the process is nonlinear and as such the 
performance is normally highly dependent e.g. of the size of the reference 
value ipT. The nonlinearities also make it difficult to analyze the perfor
mance unless simulation is used. Wi th the goal to find controller para
meters that minimize the transition time for a broad range of setpoints 
an extensive simulation study was performed. The results for a normal 
CRD with AC = 0.157 and a fast CRD with K = 0.785 are described. In 
the following then the absolute transition time t is normalized to 

A r = u>0t - — (2.49) 
AC 

where the second part represents the normalized time it takes to rotate 
the CRD alone. Thus A r represents the excess time needed to stabilize 
the system. Compare the definition (2.49) with the inequality (2.14) that 
states the limits for a bang-bang controller. For a bang-bang controller 
A r < 2.1 

In the first simulation experiment the maximal allowable value of the 
parameter k in the slew rate controller was used. As we can see in fig
ure 2.7 and figure 2.8 i t is possible to decrease A r by using u>p > y/2u>0 

for certain setpoints, but we also notice that A r then increases for other 
setpoints. I f up > l.Sui0 then an unstable mode is excited for certain 
setpoints. 

In the second simulation experiment then k = 1 was used. As we can 
see in figure 2.9 and figure 2.10 the performance is to a greater extent 
predictable and it is possible to decrease A r for all setpoints by using 
u>p « 1.9u>0. W i t h this design i t is possible to get A r < 3 for all set-
points. Compare this with a time-optimal controller where 0 < A r < 2.1 
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according to (2.14). This small difference explains the difficulties encoun
tered in the first simulation experiment where the performance, due to 
the higher gain in the inner loop, was closer to the performance of an 
optimal controller. The "mountains" in figure 2.7 and figure 2.8 indicate 
the high sensitivity to parameter changes that usually occurs when one 
tries to optimize the performance in a closed loop system. Wi th a choice 
of > 1.7u;o the unstable modes were excited for certain setpoints. Since 
A r » 1 for other setpoints with this value of up, the instability can be ex
plained by the fact that the feedback controller was designed to be faster 
then a time-optimal controller for certain values of the setpoint (pr. 

Finally figure 2.11 and figure 2.12 show some typical step responses. 
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10 20 30 40 

Figure 2.7: Performance with a normal CRD and k = \ / l5 . The nor
malized transition time A r for a step change in the setpoint is shown as 
a function of the setpoint <pr and the parameter up. Note that unstable 
modes are excited when up > 1.7wo- The distance between the contour 
levels is 0.2 [s]. Darker color represents a shorter transition time A r 

20 40 60 80 100 

Figure 2.8: Performance with a fast CRD and k = \ / l5 . The normalized 
transition time A r for a step change in the setpoint is shown as a function 
of the setpoint ipr and the parameter up. Note that unstable modes are 
excited when wp > 1.7w0. The distance between the contour levels is 0.2 
[s]. Darker color represents a shorter transition time A r . 
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10 20 30 40 

Figure 2.9: Performance with a normal CRD and k = 1. The normalized 
transition time A r for a step change in the setpoint is shown as a function 
of the setpoint ipr and the parameter uip. The distance between the 
contour levels is 0.2 [s]. Darker color represents a shorter transition 
time A r . 

20 40 60 80 100 

Figure 2.10: Performance with a fast CRD and k = 1. The normalized 
transition time A r for a step change in the setpoint is shown as a function 
of the setpoint tpr and the parameter up. The distance between the 
contour levels is 0.2 [s]. Darker color represents a shorter transition 
time A r . 
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Figure 2.11: Three Step responses with tpT equal to 5°, 20° and 50°, for 
a normal CRD with K = 0.157. The controller parameters were k = 1, 
£ = 1 and Up = -\/2woThe solid curves show tp and the dashed curves 
show ip. 

50 r 

i • , 1 1 1 1 
0 2 4 6 8 10 

Figure 2.12: Step responses for a normal CRD with « = 0.157 and a 
fast CRD with K = 0.785.The controller parameters in both cases were 
k = 1, £ = 1 and up = \Æwo.The solid curve shows <p and the dashed 
curve shows rp. 
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2.3 Comments on Adaptive Control 

When implementing the controller designed in 2.2, a good knowledge of 
the system parameters is essential to achieve good performance. As noted 
in section 2.2, the only parameter involved in the design is the frequency 
of the pendulum u0. In section 1.2, a detailed expression of u0 was given 
as 

ul = - J [ (2.50) 

where a and g are known constants, A is measurable and the radius of 
inertia is unknown but constant for a particular load. 

Since the system dynamics are 

if = u)l sin(V> - <f) (2.51) 

where LJ0 is the only unknown quantity, i t should be possible with a 
straightforward recursive estimator to get a good estimate of u0. There 
is, however, a major complication in the fact that the system is operated 
in a closed loop, which successfully keeps ip = <p and thus if — 0 during 
the main part of a load cycle, making it almost impossible to estimate 
u0 from the sparse set of data available. The counterargument that a 
controller based on an erroneous u0 fails to keep ip = if does not hold, 
since i t is easy to show with an approximative linear analysis that the 
slew rate controller, which is the active controller during this phase, is 
not depending on an exact knowledge of u>0. What happens is that the 
time constant of the closed loop changes and (2.41) modifies to 

kul kuf, 
f + — f = — <fr 2.52 

OJd ud 

where ud is the estimate of u0 used in the design. When the slew angle 
controller, based on ud instead of w 0 , is active then the closed loop system 
becomes 

£ + 2 f u p — £ + w f ø = w f ø . (2.53) 
i^d 

This is a system with the same natural frequency as a system where the 
design is based on the true value of UJ0. They differ, however, in the 
damping ratio which is £ in the latter case and £w 0 / u>d in the former 
case. From a simulation experiment shown in figure 2.13 we conclude 
that if w 0 is known then the best choice of the damping ratio is £ « 0.8 
and if u0 is unknown then the choice of ud as the mean expected value of 
oj0 seems to be the most appropriate. 
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Figure 2.13: Performance with a normal CRD, k = 1 and w p = V^Ud-
The normalized transition time A r for a step change of 45° in the set-
point is shown as a function of uij/ uo and the damping ratio £. The 
distance between the contour levels is 0.2 [s] where a darker color repre
sents a shorter transition time 

45 



Part I. Cargo Rotating System 

Chapter 3 

Full Scale Experiments 

Experiments have been performed both with a small, scaled down, process 
model and a ful l scale system. The small model used a stepping motor 
for the cargo rotation device. Due to the weakness of the stepping motor 
we were not able to make a real test of the control algorithms and this 
experiment will not be described in this report. 

The experiments on the ful l scale process was made before the cascade 
controller described in section 2.2 was designed. The controller used in 
the experiments was a position controller that has equal performance as 
the cascade controller for small changes in the setpoint <pr. But for large 
changes the experimental controller has problems with saturation. 

3.1 Full Scale Experiments Setup 

Thanks to Hagglunds, a Swedish manufacturer of rotary cranes and cargo 
rotation devices, we were able to perform experiments on a real CRD in 
a laboratory at the University of Luleå. 

In the laboratory, which has extra high ceiling height, the CRD was 
suspended with two steel wires in an overhead crane. As a load we used a 
beam construction (see figure 3.1) with two concrete blocks, each with a 

weight of 3000 kg. The CRD had a maximum velocity t p m a x = ±1-56 rpm, 
which is slightly lower than normal. 

Although the laboratory is large, the ceiling height is not sufficient 
to imitate real conditions with wire lengths up to 40 meters. This was 
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Figure 3.1: Full scale experiment setup. The arrow in the upper part of 
the picture points at the device used to squeeze the wires to lower the 
resonance frequency. 
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Figure 3.2: The cargo rotation device with the electric motor to the left 
and the hydraulic motor to the right. 

solved by squeezing the wires together which reduces the effective distance 
between the wires. Wi th this method it was possible to have resonance 
frequencies u>0 in the range 0.13-0.74 rad/sec. I t corresponds to wire 
lengths from 6 to 200 meters (see (1.19)), with a nominal wire distance (a) 
of 2 meters and an inertial radius (r) of 1.73 meters. For later comparison 
with time-optimal control i t can be worth noting that the possible K -
values for the CRD was in the range 0.22-1.25. 

The rotation of the halves of the cargo rotating device (see figure 3.2) 
is carried out by a hydraulic motor with a cog wheel placed on the upper 
half. The cog wheel is connected with a gear ring in the lower half. A 
hydraulic pump powered by an electric motor supplies the high pressure 
oil. In the original design the only possibility to control the rotation 
was by starting and stopping the electrical motor. This introduced huge 
delays which made the control very difficult. To overcome this problem 
electrical valves were mounted between the hydraulic pump and motor 
enabling quick start, stop and direction changes. 

The CRD was equipped with two sensors, one shaftencoder placed 
between the two halves measuring the CRD slew angle ip, and a rategyro 
used for measuring the load angular rate <p. Ideally the rategyro should 
be placed on the load or on the lower half of the CRD which has a 
stiff connection with the load. Since all communication with the sensors 
must go through cables between the suspension wires it is much cheaper 
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Figure 3.3: Shaftencoder between the load and a runner on an xy-table 
used to measure the load angle <p 

and easier to have the rategyro placed on the upper half of the CRD 
thus avoiding the problem of making an electrical connection between 
the rotating halves. 

For validation purpose an extra sensor to measure the real value of 
the rotational angle <p of the load, a shaftencoder, was placed between 
the load and a runner on a low friction xy-table with three degrees of 
freedom. The construction shown in figure 3.3 allows small movements of 
the load without affecting the measurement. The resolution of this sensor 
was about 0.08 degrees. 

A rather primitive, but sufficient, Z80A-based microcomputer was 
used for implementation of the real time control software. Another com
puter was used for simulation. The experience of trying to identify dif
ferences between simulation and real world experiments only to find that 
it all depended on an error introduced when implementing the controller 
was the origin of RegSim described in part I I I . 

3.2 Control of the CRD Slew Angle 

To successfully implement an automatic load position control system, a 
first step is to secure that a control output tp, as fast as possible, results 
in a rotation of the CRD to the correct position. According to (1.2) the 
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Vv 
CRD 

Figure 3.4: Simple on-off control of tp 

CRD has only one speed and no dynamics. Thus a simple on-off controller 
with a small dead-zone to avoid limit cycles should do well. Experiments 
showed that a deadzone of ±0.7° is necessary to avoid limitcycles. A l 
though this is inside the demands of the overall accuracy (±1°) i t is too 
large to be acceptable. 

The stepresponse of the CRD alone can be measured with the load 
barely resting on the ground, with almost maximum tension in the wires, 
keeping the lower half of the CRD at a constant position. I t is then 
possible identify the dynamics of the CRD alone. The result shown in 
figure 3.5 reveals that the model (1.2) may be sufficient when designing 
a load controller, where the dynamics are slow, but i t is not sufficient for 
a fast servo controller. A better model that includes the dynamics and a 
time-delay is 

Ht) = 7^-(ucrä(t - r c r d ) - # ) ) (3.1) 

J-crd 

From the stepresponse in figure 3.5 we can estimate that Tcrd ~ 0.1 and 
T„D « 0 . 2 . 

rcrd 1 2 3 4 [s] 

Figure 3.5: Stepresponse of the CRD. Note that rpmax « 9 [°/s] 
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With describing function analysis we can get a good estimate of the 
conditions for limit cycles to arise. A relay with a dead-zone D and 
amplitude ipmax has the describing function 

N(a) = 4 ^ J l - ^ (3.2) 
na y o 2 

Note that N(a) has its maximum 2ipmax/nD at a = D\/2. W i t h the 
process transfer function 

G<5> = «£535 <3-3> 
we get the borderline case for the existence of a limit cycle when 

G(ju)N(DV2) = - 1 (3.4) 

which has the solution u> = 5.38 [rad/sec], and D/ipmax « 0 . 1 ° . 

There are at least two obvious methods of avoiding limit cycles for 
smaller dead zones. We will not consider to decrease ipmax, as this gives 
a slower system. A better method is to decrease \G(joj)\ either with a 
notchfilter or even better by eliminating the timedelay in (3.1) with a 
prediction of ip. 

The analysis so far has been for a continuous time system model but 
the implementation in a computer is in discrete time. We can observe that 
the sampling time must relate to tpmax and the demanded accuracy. I f 
the accuracy should be better than 0.1° then a sampling time lower than 
h — 0.1/ipmax ~ 0.01 must be used. Otherwise the change of ip, during 
one sample period, exceeds the demanded accuracy. A conventional model 
based predictor in discrete time would then be of order 20 or larger due 
to the comparatively long timedelay r c r d 

We have two goals with the ^»-Controller. On the one hand we want 
a time optimal control of ip, on the other hand we want to minimize 
the usage of the valves. Fortunately these goals are not conflicting. As 
a typical time optimal sequence would include one start and one stop, 
the problem is to know when to stop. As we can see in figure 3.5 a 
stop is commanded at t = 1.9 [s] and the CRD is at a complete rest at 
t = 2.35 [s]. I f we predict the distance A ^ traveled during this period, a 
near time optimal control as shown in figure 3.6 is easy to implement. To 
avoid having a large predictor we assume that if the CRD has accelerated 
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max 

CRD 

max 

predictor 

Figure 3.6: Position servo modified with a predictor resulting in a near 
time optimal control 

to ful l speed then the stopdistance is always equal to Aipmax. The time 
the valve has been open is named t o n and we assume that ful l speed is 
attained when t o n = t f . Further we assume that nothing happens if the 
valve is open for a shorter time then t m i n . For times in the interval from 
t m i n to t j we assume there is a linear relation as in (3.5). 

The predictor (3.5) is only valid when the valve is open. To avoid clatter
ing either the predictor must be enhanced to cover the case with a closed 
valve or one can prescribe that if the valve closes i t must remain closed 
until the CRD has stopped. Due to mechanical play in the gear ring i t is 
difficult to determine that the CRD has stopped. I t is better to let the 
valve be closed for a specified period of time. 

Experiments with this predictor show that i t is possible to use a dead-
zone of 0.2° without a risk of limit cycles to appear. The accuracy is 
typically better than 0.1°. 

3.3 State Estimation 

We have in previous sections assumed that all states are available. This 
is not the case since i t is very difficult to measure absolute angles in this 
process. What we have available for measurements is a rategyro placed on 

' 0 
Aip = < Atp, 

max j 
max 

(3.5) 
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1 20 ' 40 ' 60 [Jj 80 

Figure 3.7: Gyro measurement yx showing mechanical noise mainly orig
inating from mechanical play between the cog wheel and the gear ring 

the upper half of the CRD. This placement implies that the measurement 
is 

yx = $ - ip - £ + ei (3.6) 

where £ is a slowly changing bias due to earth rotation and friction in 
the rategyro, ex is some random measurement error. The second mea
surement is an absolute anglemeter placed between the two halves of the 
CRD 

t/2 = ip + e 2 (3.7) 

From these two measurements we want to extract information about ip 
and <p. A straightforward method is to use a Kalmanfilter. In our case 
we have to use an extended filter due to the nonlinearities in the process. 
To be able to implement an extended Kalmanfilter we need a discrete 
time model of the process. The problem is the nonlinearity which makes 
i t impossible to derive an exact discrete time model. 

To overcome this problem we prefilter the measurements with the 
purpose to eliminate ip from the measurements. The measurement yx 

is an analog signal with high frequency noise both from mechanical and 
electrical sources. Thus prefiltering is required to avoid aliasing when the 
signal is sampled. We can choose the cutoff frequency rather low since 
the useful signal should be of low frequency. The other measurement y2 

is a quantized discrete time signal. Wi th a numerical differentiation of y2 

we can get an estimation of ip to use in conjunction with yx to create a 
measurement that is free from ip. In figure 3.8 we can see the structure 
of the prefilter. 
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Rate-Gyro H Gyro Electronics 

ABtlog Hilar 

Anglemeter 

Computer 
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Figure 3.8: Prefiltering of measurements 

The output z from the filter in figure 3.8 is 

z = (p + e + £3 (3.8) 

where £ 3 should be some noise with relative high frequency. Wi th this 
new measurement i t is possible to reduce the model size to a second 
order model to describe the process, augmented with a first order model 
to describe the bias. A continuous representation of the model looks like 

ip = u2 sm(tp — f ) 

i = 0 (3.9) 

z = + £ + £ 

The term sin(^— f ) in (3.9) makes it impossible to do an exact sampling 
of the system. We have to settle with an approximative discrete time 
model. Since the resonance frequency UJ0 of the process is normally lower 
than 1 [rad/sec] we can choose a sampling interval of h = 0.1 [sec] which 
is well below the necessary sampling rate. A first order approximation of 
(3.9) will then suffice 

<fk+i = fk + hifk 

<fk+\ = <Pk + hw2sm(tpk - <fk) 

ffc+l = ik 

zk = <Pk + tk + £fc (3.10) 

For this model we can design the following Kaiman filter 

<Pk+i = <Pk + hifk + kx(zk - zk) 

<f>k+i = <Pk + h^o sin(V'fc - <Pk) + k2(zk - zk) 
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Figure 3.9: The estimated value of ip using the extended Kaiman filter 
(3.11) on the same data as in figure 3.7 

Since the disturbances e, are broad-banded compared to the process dy
namics, good performance can be achieved by determining the Kaiman 
gains ki, k2 and k3 using linear Kaiman filter theory. This type of filter 
is sometimes called an "extended Kaiman filter" [13]. Further details of 
the derivation of the Kaiman gains can be found in [29] where i t is shown 
that a good choice is 

Using the filter (3.11) with gains (3.12) on the same data as in figure 3.7 
gives the result shown in figure 3.9. 

By using the extra sensor shown in figure 3.3 we can evaluate how 
well the filter estimates tp. As we can see in figure 3.10 the filter performs 
fairly well. I t has, however, difficulties to recover from a large disturbance 
at t fa 32 [sec], probably the result from a mechanical shock that causes 
the A/D-converter, connected to the gyro, to saturate. 

In figure 3.12 we can see that the Kaiman filter (3.11) is robust against 
model errors. The main reason for it's robustness is that the prefiltered 
gyro measurement is of high quality, why a large value of k2 can be used 
in (3.11). 

Cfc+i — £k + k3(zk — zk) 

Zk = <pk + ik (3.11) 

ki = 0.72/wo - 0.63 

k2 = -3.0 

k3 = 0.1 

(3.12) 
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Figure 3.10: Comparison between the measured value of tp and the 
estimated value tp 
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Figure 3.11: Kaiman filter estimate of gyro bias £ 

Figure 3.12: Due to the large value of the Kaiman gain k2 we can expect 
good performance even if an incorrect value w2, = 1.2WQ is u s e d in the 
Kalmanfilter (3.11) 
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Figure 3.13: Typical step response for the position controller (3.13). In 
this case UIQ = 0.23, p = W Q and £ = 0.85 

3.4 Experiments with Position Control 

Control experiments were performed with both acceleration control and 
speed control. Those experiments will not be described in this report, 
since we consider that a position control is the most well-suited con
troller. In all experiments a discrete time implementation of the position 
controller designed for a CRD with unlimited slew rate was used. The 
controller is described in detail in section 2.2 and we will only repeat 
equations (2.20) and (2.21). 

%pT = ip + s in _ 1 (u ) 

r2p£ . p 2 . 
u = -sat[—ip - -^(<pr - tp)] 

The reason for using the simpler controller was that all experiments were 
made before the cascade controller described in section 2.2 was designed. 

Numerous experiments with p = u>0 and resonance frequencies u0 in 
the range from 0.13 rad/sec to 0.74 rad/sec showed that a choice of 

f = 0.85 (3.14) 

gave the best performance. Typical step responses are shown in fig
ure 3.13. Note that all trajectories due to the limitations in CRD-speed 
follow the same path the first 5 seconds. The magnified view of the po
sition error <p — <f>r in figure 3.14 shows that the demand for an accuracy 
better than ±1° is accomplished with good margin. 

(3.13) 
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Figure 3.14: Magnified view of the position error tp — <pr. In this case 
W Q = 0.23, p = wo and £ = 0.85 

10 20 30 40 [a] 50 

Figure 3.15: Step response of the position controlled system with differ
ent p values. In this case w 0 = 0.23 and £ = 0.85. The shortest settling 
time occurs when p = 2w0. Compare with figure 3.16. 

According to (2.16) the minimum time for an angular rotation (pr is 

U ° V mmax 

For the system used in the experiments the minimum time for a rotation 
of 20° is 10.9 s. For 90° the minimum time is 18 s. As seen in figure 3.14 
the position controller is slower by about 4 s. I t is possible to decrease 
this difference by using a higher value of p. 

As seen in figure 3.15 and in section 2.2 there exists an optimal value 
for p which gives a shortest settling time with a performance very close 
to that of a time optimal controller. A prerequisite in the extreme case is 
good knowledge of u0, otherwise the performance deteriorates. I t cannot 
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Figure 3.16: Values of p/wo with £ = 0.85 that gives the shortest settling 
time for different values of w 0 and tpr when a CRD with ipmax = 156 
rpm is used. The marked value corresponds to the system in figure 3.15. 

be assumed that u0 is known better than with a relative error of 10 %, 
even if the length of the wire is measured, since the inertial radius of the 
load is unknown and not easily measured. 

According to (2.27) the optimal choice of p for a CRD with unlimited 
slew rate when f = 0.85 is 

_ 3.6c>o 
Popt = n T (3.16) 

v\Vr\ 

With the system used in figure 3.15 then popt « 5.2u>0, which is consid
erable higher then p = 2UJ0 that gave the best performance for a CRD 
with limited slew rate in figure 3.15. The optimal choice of p is a nonlin
ear function of w 0 when the CRD has limited slew rate which is clearly 
illustrated in figure 3.16. 

I t was not possible to experiment with wind disturbances in the labo
ratory. A constant wind disturbance was, however, emulated by pushing 
off center with a constant force on both sides of the load, thus generating 
an outer torque for a short period of time. The result of this momentary 
disturbance can be seen in figure 3.17. As one can expect, a constant 
moment disturbance results in a constant error in the load angle <p. I t 
should be possible to use an integrating controller to reduce the effect 
of constant disturbances. This has not been done since the cranes for 
security reasons usually do not operate in strong winds with speeds over 
5 m/s. 
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Figure 3.17: The reaction on a momentary disturbance, the disturbing 
moment ends at t = 23 

Another more important reason for not implementing an integrating 
controller is that a constant disturbance is not observable with the sensors 
that are used. Note that the reaction on a disturbance in figure 3.17 was 
measured with the extra sensor showed in figure 3.3 and not with the rate 

gyro. 

60 



Doctoral Thesis: Modelling and Control of Rotary Crane Systems 

Part II 

Modelling and Control of a 
Rotary Crane 

61 



Part II. Rotary Crane System 

The material in this part has previously not been published. The project was sponsored 

by STU, the Swedish Board for Technical Development under contract 83-3039 and 

by AB Hagglunds & Söner who initiated the project. 
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Introduction 

Rotary cranes are widely used as deck cranes on cargo vessels, usually 
manually operated by local harbor operators with different skill levels. 
Therefore, i t is desirable to facilitate the crane operation for reasons of 
economy and safety of the operation. A complete automation of these 
types of cranes is difficult as i t would require information on where to load 
and unload the cargo, a task that is usually performed by the operator. 
In [30, 31] such an approach is taken where initial and terminal conditions 
are given and an optimal controller is used to make the transfer. 

Our approach is to keep the operator but let him control the motion 
of the cargo instead of controlling the crane motors. This can be realized 
by a nonlinear feedback changing the dynamics in order to assist the 
operator. 

63 



Part II. Rotary Crane System 

Chapter 4 

Dynamic Model 

We consider the rotary crane shown in figure 4.1, where the boom angle 
7 is controlled by a wire which is wound around a drum. The body of 
the crane can be rotated about the z-axis by a rotation motor. The pivot 
of the boom does not necessarily coincide with the origin. To make it 
simple we regard the crane as a rigid body, and the load as a point mass. 
Further, we neglect frictional torques in the mechanism. The most crucial 
assumption is to neglect the dynamic influence of the load on the crane. 
This can be justified by a stiff crane machinery, which is the case for the 
cranes considered in this thesis. 

For a leaning crane i t is, however, necessary to take into account how 
the load is influencing the crane. 

The result of these assumptions is that the process can be described 
with three models, one each for the boom and rotation dynamics and one 
model for a 2-dimensional pendulum driven by a 3-dimensional accelera
tion defined in the suspension point. 

4.1 Boom and Rotation Dynamics 

The details about the dynamics of the machinery is not in the scope of 
this thesis, mainly because it is not necessary. I t is usually possible to 
remodel the dynamics of the machinery with a servo feedback controller, 
both to make the machinery stiff towards external forces and to make 
the dynamics simple for an operator handle. This approach makes us to 
a great extent independent whether the drives are hydraulic or electric. 
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I t is, however, worth noting that the design and implementation of a 
controller for a hydraulic system is usually more demanding than it is for 
an electric system. 

We have previously mentioned that we assume that the crane machin
ery is stiff. This is not the common assumption in the literature where 
the usual approach is to use a force as the control variable. We have, how
ever, found from studies of real cranes, both hydraulically powered deck 
cranes considered in this thesis and electrically powered bridge cranes1, 
that i t is justifiable to regard the machinery as stiff, especially when the 
crane motors are servo controlled. The advantage with a stiff machinery 
is that the dynamic models for the crane is independent of the load. 

A simple test of stiffness is to initiate an oscillation of the load, prefer
ably a heavy load, and stop the motion of the crane to observe whether 
the crane moves with the load or not. Usually the crane remains in a 
resting position thus verifying the correctness of the stiff crane assump
tion. An eventual divergence from this behavior normally emerges from 
a crane operating in an open loop fashion. 

The normal effect from a heavy load is that the available maximum 
speed can vary depending on the phase of the oscillation. We will , how
ever, not take this into account in our models. 

Although they are different in shape and construction, a feedback con
trol of the angular rates gives us similar behavior for the boom dynamics 
and rotation dynamics. The difference is in time delay and in time con
stants. Wi th 1 /Kg as the time constant and re as the time delay we can 
with good approximation write the rotation dynamics as 

é(t) = Ke[fe(ue(t - re)) - 0(t)} (4.1) 

where /»(•) contains both a saturation and an arbitrary nonlinearity. In 
a hydraulic crane the nonlinearity typically originates from valves and 
mechanical play. 

A useful approximation is to consider the time delay re to be short 
compared to the dynamics of the pendulum, and also that i t is possible 
with a suitable choice of a nonlinear compensator to cancel the nonlin
earity /»(•). In most cases / ( • ) is mainly linear but with a saturation and 

'We have in a project, sponsored by ABB Drives AB, designed an automatic positioning 
system for container cranes. The servo controlled electrical motors on the bridge 
cranes proved to be very stiff towards external forces. 
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a dead-zone. The saturation is impossible to cancel, but canceling the 
dead-zone results in the following linear process model 

9\t) = Ke[ue(t) - 0(t)] (4.2) 

for the crane rotation, or henceforth the slewing motion which is the 
accepted term of the trade. The model of the luffing motion will be 
equally simple 

7(t) = ff7K(t)-7(0] (4.3) 

4.2 Pendulum Dynamics For a Point Mass 

In this section we assume that the load can be regarded as a point mass.2 

As we shall see this not only simplifies our equations, but also makes 
them independent of the load mass. 

This section is logically divided into five parts. In the first part, the 
general case, there are no restrictions on the movements of the suspension 
point. In the second part treating the rotary crane case it is more natural 
to use the two crane angles 6 and 7 defined in figure 4.1 as inputs. In 
the third part efforts are made to reduce the model complexity. Then we 
take a close look at the steady state behavior and finally a model for a 
leaning crane is discussed. 

General Case 

In an inertial frame where Xt = {xt,yt,zt} are the coordinates of the 
suspension point and Xm = {xm, ym,zm} are the coordinates of the load, 
define the angle ß as a positive rotation around the X-axis and a as a 
positive rotation around the ''Y-axis. The notation is used to emphasize 
that the second rotation, as illustrated in figure 4.1, is in the new frame 
defined by the first rotation. Such a set of rotation angles is called Euler 
angles [4] and gives the following expression for the coordinates of the 
load 

— sin a } 
cos a sin/? = Xt + Aft (4.4) 

— cos a cos ß j 

! In appendix B an analysis of a load with distributed mass is discussed. 
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Figure 4.1: Notations for a rotary crane. The left part shows the boom, 
defining the angles 6 and 7, the boom length L and the pivot offset b. 
The right part shows the load and the suspension point defining the load 
swing angles a and ß and the length of the wire A. The coordinate axes 
without index is the inertial system. The crane-fixed system has index 
"c". The system with index " ß" is explained in the text 

where A is the Jength of the suspension wire. Using a and ß as general
ized coordinates we can use Euler-Lagrange equations [17] to establish a 
dynamic model. The kinetic and potential energies are 

T=\m{im + ym + z2J (4.5) 

U = mgzm (4.6) 

where m is the mass of the load. Wi th the Lagrangian as £ = T — U we 
use Lagrange's equations 

where «7, stands for the generalized coordinates a and ß. A detailed 

derivation of the dynamics is found in appendix A where (4.7) is solved 

for ä and ß to give a coupled pair of second order differential equations 

A ö = 'xt cos a — (g + z\) sin a cos ß 

+ y\ sin a sin ß — 2Xå — Xß2 sin a cos a (4.8a) 

A cos a ß = -y\ cos ß - (g + zt) sin ß 

-2Xßcosa + 2Xc\ßsma (4.8b) 
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Notice that the equations (4.8a) and (4.8b) are almost symmetric. Wi th 
another choice of the load swing angle ß, for instance as ym = yt — A sin ß, 
the equations of motion would be completely symmetric. The reason not 
to pursue on this track is that the complexity of the equations of motion 
increases with this particular choice of load swing angle. I t seems like the 
choice of load swing angles made in (4.4) gives a compact, i f not the most 
compact, equation of motion. 

Example 4.1 Consider the special case when the length A of the wire is 
fixed, the influence of z\ is negligible, and the angles cv and ß are small. 
Then (4.8) reduces to 

ö = -uj2a + - ß2oi (4.9a) 
A 

ß = -u2ß - jyt + 2äßa (4.9b) 

where u2 = g/X. Linearization of (4.9b) around a = ß = å = ß = 0 gives 
ß = —u>2ß — yt/X which has the homogeneous solution ß = csin(u;£) where 
\c\ <C 1 since we have assumed small angles. Consequently ß = cwcos(wt) 
and ß2 = C2UJ2 cos(wt) 2 <C w 2 . Thus it seems reasonably to assume that 
the last term in (4.9a) is small compared to the first term and with a 
similar method it is also possible to show that the last part in (4.9b) is 
negligible. Thus (4.9) can be simplified to 

ö = -u2a + \-xt (4.10a) 
A 

ß = -u2ß - \yt (4.10b) 

• 

From (4.8) i t looks like that the system has three 3 inputs and two outputs, 
with very strong coupling. This is not the ideal situation. I t would be 
much easier to design a controller for a decoupled system. Thus our goal 
is to find a set of inputs and outputs that decouples the system. 

Rotary Crane Case 

Since we are considering a rotary crane the natural choice of inputs are 
the crane rotation angle 6 and the crane boom angle 7. From figure 4.1 

3Four if the line length A is considered as an input. 
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we can derive that 

xt = — (b + L cos 7) sin 9 

yt = (b + L cos7) C O S Ø (4-11) 

zt — L sin 7 

In order to achieve decoupling we define a crane-fixed frame, indicated in 
figure 4.1 with CX and CY, that rotates with the crane such that the crane 
boom always coincides with the cV-axis. The relation between a point in 
the inertial frame X and the crane-fixed frame CX is then by definition 

X=\ sin9 C O S Ø 0 \ CX=CR
CX (4.12) 

I t is easy to check, by inserting 0 = 0 in (4.11), that the suspension 
point has the coordinate cXt = (0, b + L cosy, L siny)T in the crane-fixed 
system and a translation to the inertial system with Xt = cR

cXt gives 
the coordinates in (4.11). Define the new Euler angles av and ßv, in the 
crane-fixed system such that the coordinate of the load is 

cXm — cXt + Å 
— sin a., I 

cos a v sin A, | = cXt + Xüv (4.13) 
^ — cos av cos ßv 

Inserting the last parts of (4.4) and (4.13) in the relation between coor
dinates in the inertial and crane-fixed system defined in (4.12) gives 

Xt + \n= cR(cXt + Afi„) = Xt+ cR\nv (4.14) 

which simplifies to 

Ü = cRSlv (4.15) 

Expanding (4.15) gives 

— sin a = — sin av cos 0 — cos av sin ßv sin 0 

cos a sin ß = — sin av sin 0 + cos av sin ßv cos 0 (4.16) 

— cos a cos ß = — cos cv,, cos ßv 

Now using Xm = Xt + c i2AQ v when solving the Euler-Lagrange equa

tions (4.5)-(4.7) gives the following equations of motion expressed in the 
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crane-fixed load swing angles 

Aö„ = —g sin av cos ßv — 2AcV„ — A/?2 sin av cos a„ 

+ L sin av sm(f - ßv) j2 

— (2Äsin ßv + 2Xßv cos 2 a„ cosßv) 6 

+ 2Lj d cos a„ sin 7 (4.17a) 

- f (A cos av cos2ßv — (b + L cos 7) sin ßv) 02 sin cv„ 

— L sin cv„ cos(7 — /?„) 7 

— (A sin ßv + (6 + L cos 7) cos av) Ö 

Xßv cos o„ = — g sin /?„ + 2AcV„/3„ sin av 

+ L cos(7 - ßv) j2 - 2Xßv cos av 

+ 2(AcV„ coso„ + A sin av) f?cos/?v (4.17b) 

+ (A cos av sin ßv + b + L cos 7) f?2 cos /3„ 

+ L sin(7 — /3„) 7 + A sin cvv cos /?„ Ö 

The derivation of the equations above is with advantage performed with 
a symbol manipulation program. We used Mathematica [37] which is 
well-suited for this purpose and appendix A contains the details of how 
the derivation was made. 

Model Complexity Reduction 

The model equations (4.17) above may be accurate but they are not 
well-suited, due to their complexity, to use in the design of a controller. 
Instead as simple a model as possible is preferable. Notice that (4.17) is 
valid for all values of the load swing angles a„ and ßv. This seems like 
an unnecessary luxury since the oscillation of the load in an extreme case 
can reach angles up to 10°, but in normal operation i t is uncommon with 
angles greater than 5° and even less if an efficient controller is used to 

eliminate the oscillations. Thus i t is safe to assume that the load swing 
angles av and ßv are sufficiently small. An elimination of sinus and cosines 

in (4.17) then gives valid model equations. Wi th small load swing angles 
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(4.18a) 

then the equations of motion modify to 

Aö„ = -gav - 2AtV„ - Xß2av + La„(sin 7 - ßv cos 7) j2 

- (2Xßv + 2Xßv) 0 + 21,70sin 7 

+ ( X - (b + L cos j ) ß v ) 02av 

- Lav (cos7 + ßv sin 7) 7 - (Xßv + (b+ L cos 7)) 0 

Xßv = -gßv + 2Xävß\av + L(cosj + ßv sin 7) j2 - 2Xßv 

+ 2(Xc\v + Xav) 0 + (Xßv + b + L cos7) 0 2 (4.18b) 

+ L(sin 7 - ßv cos 7) 7 4- Aa„ 0 

Example 4.2 We now consider the special case when the length A of the 
wire is fixed, and the crane is at rest. Further, the angles av and ßv are 
small. Then (4.17) reduces to 

ö„ = -tJ2av - ß2av (4.19a) 

ßv = -u2ßv + 2ävßvav (4.19b) 

where u2 = g/X. As in example 4.1 the last terms can be neglected. Thus 
(4.19) can be simplified to 

ä„ = — üj2av (4.20a) 

ß\ = -u2ßv (4.20b) 

• 

In an effort to further reduce the complexity of (4.18) we can notice 
that i t is possible to rewrite (4.18a) as 

&v = -oj2

aav - L j - L j - 2Xåv/X + ß j (4.21) 

where 

L l = 2-±ßv + 2ßv 

A r v ' A 

b + L cos 7 

A 

+ ßl-
2 9 , ö 2 I ( s i n 7 - / 3 „ c o s 7 ) . 2 - 2 

(4.22) 

6+LCOS7 - 2 X(cos7 + /3 vsin7).. 
+ -x ß j + 7 
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The immediate goal is now to show that w 2 « u2 = g/X. To be able do 

this one has to know more about the magnitudes of the angular rates and 

accelerations of the crane. These data can be found in the experimental 

chapter 6 where i t is stated that 0 m a x = 0.14 [rad/s] j m a x = 0.035 [rad/s] 
and Xmax = 0.5 [m/s] for the crane that we used in the ful l scale experi

ments. The crane arm length is L = 27 [m] and the length of the wire is 
typically A = 20 [m]. Using these data and assuming that the load swing 
angles are less then 5°, gives the following bounds on the factors in o>2 

I « 0.5, \ß2

v\ < 0.01 I - i — J — r 1 - 7 I < 0.0017 

0 2 <O.O2, \ b + L ™ S J ß v 0 2 \ < 0.0023, |L(cos 7 + ßv sin 7)7! < 0.001 

Clearly u>2 « QJ2 = g/X is a good approximation. 

The reduction of the second equation of motion (4.18b) is equally done 
by first rewriting i t to 

ßv = -u:2ßv + L ß j + L j 2 + L29 + I 3 7 2 + (0 + 2ävßv)av (4.23) 

where 
, , L sin 7 . , L cos 7.. •, , 

w 2 = u2 ^ 7

2 + — ~ 1 - 92 « u2 

L sin 7 

A 
L2 = 2av + 2 - a „ 

(4.24) 

L 
L cos 7 

3 

Steady State 

Now consider a steady state solution of (4.21) and (4.23) when äv, ßv, 

7, A and 0 are equal to zero and 0^0, possibly due to a controller that 
eliminates the oscillations. Then (4.21) becomes 

0 = -u2

aav - L j (4.25) 

But Li = 0 gives the steady state solution ö„ = 0 that inserted into (4.23) 
together with the conditions above gives 

0 = {02 - u2)ßv + La0
2 (4.26) 
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which has the solution 
= b + Lcæj -2 

o - A f ? 2 ; 

The corresponding steady state solution of the complete nonlinear model 
(4.17) is obtained by inserting the solution ctv = 0 from (4.17a) into 
(4.17b) giving 

0 = -gsmßv +(\smßv + b-r Lcos*f)02cosßv (4.28) 

This can be rewritten as a quartic equation in s = sin ßv 

a V - f ( S

2 - l ) ( s + :r.)2 = 0 (4.29) 

where a = u>2/02 and x = (b + Lcosj)/X. The explicit solution of (4.29) 
is rather voluminous and we confine ourselves to merely stating that ßv  

conforms well with the appropriate solution of (4.29) if a > 5 when x » 1. 
Typical values for a real crane is a « 20 and 

A marginal improvement over ßv is to make the approximation 
cosßv = 1 in (4.28) which then has the solution 

s i n / l = 6 + L c O S V (4.30) 
g-XØ2 K ' 

Leaning Cranes 

When the crane is leaning, which is a common case for deck cranes used 
on ships with a heel, the coordinates of the suspension depend on the 
slopes and (4.11) is no longer valid since the crane rotation angles are 
defined in a boat-fixed frame and not in the inertial frame where Xt 

is defined. The relation between the inertial frame and the boat-fixed 
frame can for our purpose be described by the two rotations shown in 
figure 4.2. A strict definition is to start with a rotation of the inertial 
frame in positive direction around the X-axis with a pitch-angle £ p . Then 
a point in the inertial frame X has the coordinate PX in the "pitch"-frame 
and the relation between them is X = p7lpX where 

(4.31) 
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Then rotate the "pitch"-frame in a positive direction around the pY-axis 
with a roll-angle Cr to arrive at the boat-fixed frame. A point in the 
"pitch"-frame has the coordinate bX in the boat frame and the relation 
is "X p

bn
bX where 

in 
' C O S Cr 0 

0 1 
^ — sin Cr 0 

sin Cr ^ 
0 

C O S Cr ; 

(4.32) 

Thus a point defined in a boat frame bX has the coordinate X = pn
p

bn bX 

in an inertial frame. Define b n = p n \ n and use (4.31) and (4.32) to get 

hn 
' cos Cr 0 sin Cr ^ 

sin Cp sin Cr cos CP — sin Cp cos Cr 

^ — cos Cp sin Cr sin CP cos CP cos Cr ; 
(4.33) 

Now since the suspension point coordinates in the boat-fixed frame are 

% = 
I — (b + L cos 7) sin 0 \ 

(b + Leos7) cost? 
Lsin-y 

(4.34) 

then the coordinates of the suspension point in the inertial frame are 

Xt — bR>bXt• The dynamics are then elaborately calculated as previously 
in the normal rotary crane case by using Xm = Xt + CRXQV when solving 
the Euler-Lagrange's equations (4.5)-(4.7). The unwieldy proportions of 
the equations make them in practice useless and another approach must 
be taken to get a more manageable form. 
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In practice the crane will never be allowed to lean more then 5°, since 
there is otherwise a risk that the wire can slip from the wire-wheel. Thus 
i t is a good approximation to assume that cos C RJ 1 and sin C ~ C f ° r 

both angles, giving the inertial coordinates 

— (b - f Leos7) sine? + C r Lsin7 

Xt « I (b + L cos 7) cos 0 — CPL sin 7 

L sin 7 + Cr (b + L cos 7) sin 0 + Cp (b + L cos 7) c o s ^ ^ 

(4.35) 

for the suspension point. Now substituting (4.35) and (4.16) into (4.10) 
gives 

+ 2 ( ^ 7 - / W 

+ (CP sin 0 - Cr cos 0) ( 7

2 + 7) 

Ä « (0 2 - f ) Ä + M + 6 + £

A

C O S T g 2 + 2aJ 

L sin 7.. L cos 7 . , 

. , „ , . „ . L e o s 7.. L s i n 7 . 9 , , , 
+ (Cp cos0 + Cr sin 0 ) ( — y - ^ 7 T ^ 7 2 ) (4.36b) 

There is yet another approach, that is pursued in section 5.4, with 
active control of the crane arm angle with the purpose to make the sus
pension point follow the same track as if the crane was not leaning. Some 
approximations must, however, be done since perfect tracking is not pos
sible. The suspension point has only two degrees of freedom 4 compared to 
the three degrees of freedom that are necessary for a complete correction. 

In an early stage of the project an extension to the crane arm was considered that 
would make it possible to change the length of the crane arm thus giving it three 
degrees of freedom. The main purpose was, however, to increase the available control 
energy in the direction parallel to the crane arm. 
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Control Design 

The objective of this chapter is to design a servo controller that facili
tates, not automates, the use of a rotary crane. This distinction is very 
important to make, since the operator remains as an integrated and com
manding part in our approach. 

The operator is responsible for the overhead strategy, where to load 
and where to unload. He should also take necessary actions to operate the 
control levers to move the crane, and the load, into appropriate positions. 
Moving the load is the difficult part since i t calls for a high degree of skill 

and concentration to avoid unnecessary time delays due to oscillation of 
the crane load. 

The idea with a facilitating servo is to remove the tricky dynamics 
and let the angular rate of the load be directly proportional to the angles 
of the control levers. This is unfortunately not possible due to limitations 
in the crane machinery. But i t should be possible to let the load behave 
as a well damped linear system. 

This obviously leads to a need for mental adaptation by the operator. 
He should now ignore the movements of the crane and concentrate on the 
load. In a study by Schmidtbauer and Rönnbäck [34] i t is, however, shown 
that well-damped process dynamics, in contrast to undamped dynamics, 
reduce both the learning time and the cycle time even for an untrained 
operator. 

A reason to use a rate servo controller instead of a position controller 
is that i t is important to have a simple man-machine interface. Rotary 
cranes used on ships are usually operated by local dock workers. I t is thus 
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not possible in practice to train an operator on a crane with complex or 
different man-machine interface. 

5.1 Simulation Model 

In all simulations used throughout this chapter a typical crane has been 
used with the following specifications 

• Arm length L - 27.085 [m] 

• Line length A = 18 [m] 

• Maximal slewing speed Bmax = 8 [°/s] 

• Maximal luffing speed j m a x = 2 [°/s] 

• Maximal hoisting speed A = 0.5 [m/s] 

• Actuator time constants 1/Kg = l / K y = 0.5 [s] 

• Pivot offset b = -0.7 [m] 

Figure 5.1: Type crane used in simulations 
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5.2 Linear Design 

Before considering a full-blown controller, let us step back and start by 
considering the linearized versions of the equations of motion for a pen
dulum in a crane-fixed frame (4.17) found in (4.21) and (4.23) but with 
all the cross coupling terms stripped off 

ö„ = -u2av - L j (5.1a) 

ßv = -u2ßv + Lßy (5.1b) 

Thus we simplify the controller design as we can decompose the controller 
into two parts and treat them separately. One purpose with this is to show 
that i t is necessary to take the cross-coupling into consideration. 

We also need linear models of the crane. I f we ignore or assume that 
we can compensate time delay and nonlinearities in the actuators, then 
we can model them as linear first order systems (cf. (4.2) and (4.3) ) . 

0 = ke(ug-0) (5.2a) 

7 = M u 7 - 7 ) (5.2b) 

where ue and u 7 are inputs to the actuators. 

Since the linear models of the slewing motion and the luffing motion 
have identical structure, and differ only in the values of the parameters, 
it is at this stage only necessary to study one of them. Our choice is to 
study the slewing motion. 

5.2.1 Linear Control of the Slewing Motion 

Having linear models of both the load and the crane we can combine 
them into a fourth order state space model for the rotational or slewing 
movement. The natural choice of state vector is x — ( av cV„ 6 0 )T 

which gives the following linear state space description 

x = Ax + Bug = 

/ 0 1 0 0 \ ( 0 
-u2 0 0 Lakg 

x + 
—Lakg 

0 0 0 1 
x + 

0 

V 0 0 0 -kg j kg J 

Ug (5.3) 

The goal with the controller, as mentioned before in this chapter, is to 
make it easier for the operator to handle the crane. Originally, in a manual 
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system, the slewing motion of the crane is controlled by an operator with 
a control stick, where the slew rate of the crane is proportional to the 
stick angle. The problem with the manual mode is that the operator has 
to compensate for the undamped oscillation modes in the dynamics of the 
load. To avoid this, a controller can be used to automatically stabilize 

the pendulum motion. 

Furthermore, to avoid confusion, i t is necessary to redefine the control 
stick function. Instead of being proportional to the crane slew rate the 
control stick angle should be proportional to the speed or angular rate of 
the load orthogonally to the crane arm. This speed can be calculated by 
taking the scalar product between a direction vector orthogonal to the 
crane arm and the velocity vector of the load. Then normalize with the 
radius to get the angular rate. The coordinates of the load in the crane 
fixed frame are { c x m , c y m } and the direction orthogonal to the crane arm 
is {—1,0} which gives angular rate of the load as 

»W = é - 7c Ti c 2 ( 5 - 4 ) 

where a term 0 is added since the crane fixed frame is rotating with that 
rate. The radius can be approximated with 

y/e*m + cVm « cym « b + L C O S 7 = XLa (5.5) 

where La is defined in (4.22). Using a small angle approximation and 
assuming constant wire length A then °xm = —Xc\v which together wi th 
(5.5) inserted in (5.4) gives 

y = 0 + ^-av (5.6) 

The open loop transfer function from the input ue to the angular rate y 
of the load is 

Y i s ) _ kts kes
2 

Ue(s) s(s + ke) (s + ke) (s 2 + w*) ( ' 

where Y(s) and Ug(s) are the Laplace transforms of the angular rate y(t) 

and ue, the control signal defined in (5.2a). 

Now our goal is to design a state space controller 

ue = Gv{t) - Kx[t) (5.8) 
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Figure 5.2: Simulation of the linear state space controller (5.9) with 
UJc = ui = 0.7381 and £ = 1 that among other things shows that the 
decoupled models (5.1a) and (5.1b) should be coupled 

such that the angular rate of the load y(t) as well as possible tracks the 
demanded angular rate v(t). Since {A,B} forms a controllable pair i t is 
possible to design a linear state controller, such as (5.8), and arbitrary 
place the closed loop poles. The open system (5.7) has poles in 0, — kg 

and ±joj. I t is reasonable not to modify the two real poles which originate 
from the crane dynamics. The poles on the imaginary axis must, however, 
be modified to have negative real parts. A standard state space pole 
placement method [15] can be used and straightforward calculations show 
that the control law 

ug = -±v(t) - kfav - k%av - kid (5.9) 

with the gains 

k < x _ _2fu>c _ u2

c - u2 

La kgLa 

kgLa Lau
2 

ka

4 = 
IJJ2 — LJ2 

gives the closed loop transfer function 

Y(s) kg^4  

Ug{s) ~ [s + kg)(s2 + 2facs + u2) ( 5 - 1 1 ) 

In figure 5.2 we can see the result of a simulation of the closed loop 
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system for the model crane, described in section 5.1. I t shows an evident 
coupling between the systems (5.1a) and (5.1b) with oscillations in ßv  

initiated by the rotation, but i t also shows that a linear controller like 
(5.9) can be used to eliminate the oscillations orthogonal to the crane 
arm. 

In an effort to maintain a good man-machine interface the next step is 
to modify (5.9) to avoid oscillations in ßv. The reason for calling it a man-
machine interface is that if the operator initiates a slewing motion with 
the control stick then the luffing motion should be kept to a minimum. 

Effects of coupled movements 

A modification of (5.1) is thus necessary to model the coupling between 
the systems. Such model is found in (4.23) 

Ä, = - u>2

ßßv + L ß j + LJ2 + L j + L 3 7 2 

- 2 - ^ + (0 + 2ävßv)au 

This model conforms well with the complete nonlinear model (4.17b) since 
the only approximation made is that the angles are assumed to be small. 
If the use of the model is to describe the coupling between a slewing 
motion and an oscillation then a simplified variant can be used. Assume 
that the length A of the wire is constant and that j2 is negligible. Using 
the same reasoning as in example 4.1 then (5.12) simplifies to 

ßv = -u2ßv + Lßy + L j 2 + 2åJ (5.13) 

which is verified by the same type of simulation as in figure 5.2. The 
output from (5.13) is almost indistinguishable from the output of the 
nonlinear model, provided that (5.1a) is modified to 

ö„ = -u2av - LJ - 2ßJ (5.14) 

which is a simplified version of (4.21) using the same assumptions as for 
(5.13). 

I t can be worthwhile to comment the origin of some of the terms in 
(5.13) and (5.14). Since the crane is rotating there must be a centrifugal 
force acting on the load and it is modeled by the term La9

2 in (5.13). 
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Figure 5.3: Simulation of the linear state space controller (5.9) with 
£ = 1, we = w = 0.2214 corresponding to A = 200 m. The coupling 
is too large and the linear controller fails. The set point is constant 
v(t) = 0.86»m a x 

The other nonlinear terms in the equations are also a result from the 
rotation of the crane. I f the pendulum is oscillating in a plane, then i t 
keeps oscillating in the same plane unless there is an external force. The 
plane has an orientation relative to the crane that changes when the crane 
is rotating. The faster the crane rotates the faster is the change, hence 

the factor 6. 

Notice that if a normalized time r = ut is used then (5.14) becomes 

d2av dH dßvd0 

The coupling is thus proportional to 

f = U (5.16) 
or u 

Problems can thus occur if the length A of the wire is very long (making u 
small) or the crane is fast. In figure 5.2 the ratio 0 m a x / u 2 is 0.02. Figure 
5.3 shows a simulation where the ratio is 0.234 corresponding to A = 200 
m. In this case the coupling is too large to be neglected and the controller 
consequently fails to suppress the oscillations. 

Notice that it is impossible to eliminate oscillations in ßv solely by us
ing uø as control variable. Since 02 is always positive i t can only influence 
ßv in one direction. An expedient solution would be to use feedforward 
to eliminate the coupling, but the following short counterexample shows 
that feedforward should be avoided. 
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The condition for no oscillations in ßv 

ßv=ßv = ß\ = 0 (5.17) 

inserted in (5.13) gives 

0 = 0 + Lßy + L J 2 + 2c\j (5.18) 

Substitute (4.22) and (4.24) in (5.18) to get 

0 = ^ y +

b - ± ^ é 2 + 2åJ (5.19) 

Now assume that å„ = 0, b = 0 and rearrange 

j = - f? 2 co t7 < 0 if 0 < 7 < TT/2 (5.20) 

Thus the condition (5.17) cannot be fulfilled in a stationary state since 
7 must be constantly decreased to compensate for the centrifugal force. 
The conclusion must then be that i t is necessary to design also a luffing 
motion controller. 

5.2.2 Linear Control of the Luffing Motion 

This is an easier task than controlling the slewing motion since a change 
of the luffing angle 7 does not affect the slewing angle a„ . Both the 
linearized dynamics and the objectives of the control are equal to that of 
the slewing motion. Thus we can use the same controller structure as in 
section 5.2.1 

i i 7 = ^ u , - * f ßv - k ß J v - kß

4y (5.21) 
u2 

where we prudently remember the sign difference in (5.1) when the con
troller gains are calculated 

k ß _ 2^Je U2 - U2 

Lß kyLß 

k ß = 2 ^ _ u2

c - L>2

 ( 5 2 2 ) 

k^Lß Lßüj2 

ß _ u2 - u2 

* 4 ~ u2 
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Figure 5.4: Simulation of the linear state space controller (5.21) with 
uic = uj = 0.7381 and £ = 1. The reference value to the controller 
v1 = 0.57 m a x during the first 20 seconds of the simulation and then set 
to zero. 

to get the closed loop poles 0, — ke and a double pole in — uc. 

A crucial difference to the slewing controller is that the crane arm an
gle 7 is typically limited to angles between 15° and 80° and the controller 
has to stop before the limits to avoid the oscillations resulting from a 
quick stop. In figure 5.4 we can also note that the system is not critically 
damped as expected, probably because the parameter Lß varies with the 
crane arm angle 7. 

5.3 Simultaneous Control of Slewing and Luffing 

Some progress has now been made towards the construction of a linear 
controller, but as noted in section 5.2.1 it still remains to solve the prob
lem arising from the coupling between the systems. Notice in figure 5.2 
that a step in the set point for the slew rate excites an oscillation in ßv, 
furthermore notice that the load swing angle ßv is biased. A l l efforts to 
eliminate the bias will undoubtedly lead to a system of the same kind as 
(5.20) leading to a constantly decreasing crane arm angle 7 in the effort 
to compensate the load swing angle caused by the centrifugal force. Con
sequently we should only try to eliminate the oscillation allowing the bias 
to exist. A straightforward method is to use the stationary solution (4.30) 
of (4.17) as an approximation of the bias and modify (5.21) to 

u1 = v 1 - k ß ( ß v - ßv) - kß

2ßv - k^j 

where the gains are the same as in (5.22). 

(5.23) 
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Figure 5.5: Simulation of the nonlinear controller (5.23). The reference 
value to the controller ve = O.80m„r during the first 20 seconds of the 
simulation and then set to zero. Notice that, in contrast to figure 5.2, 
there are no overshoots in o„ 

Simulating the same typical crane as in figure 5.2 with the modified 
control law (5.23) together with the slewing motion controller (5.9) shows 
a pronounced improvement, not only for ßv but also for av. In the latter 
case i t is mainly because the system eventually reaches a steady state 
where ßv = 0 which, according to (5.12) reduces the coupling. The result 
of the simulation is displayed in figure 5.5 

A remaining problem with the controller (5.23) is conspicuous if we 
study the variation of 7 in figure 5.6 from the same simulation as in 
figure 5.5. Despite the fact that only the set point for the slew rate has 
been changed there is an unwanted steady-state error in the luffing angle 

7-

The reason for this is that the closed loop system has a pole in the 
origin and a disturbance not balanced by a comparable disturbance with 
opposite sign will leave a trace in 7. Thus one solution to the problem is 
to change the pole placement of the luffing controller such that the closed 
loop transfer function from the reference value v1 to the crane arm angle 
7 becomes 

l i f L = P*2^ ( 5 2 4 ) 

V,(s) (s + p)(s + k1)(s
2 + 2^cs + ul) V - ; 

The control law (5.23) should then be modified to 

u, = k%Vl - k{(ßv - ßv) - k ß ß v - k ß y - k ß j (5.25) 
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7 n 

Figure 5.6: Simulation of the controller (5.23). The reference value to 
the controller vg = O.S6max during the first 20 seconds of the simulation 
and then set to zero. Note that 7 changes despite the fact that only the 
slew rate set point has been changed 

where for the special case when uc = u 

ß _ 2fßu{k^ + p) p _ 2£,ß{u2 - k^p) 
fC\ IT- 2 T 1 

k^Lß Lßk^u 

kß=p k ß = p ( J - + 2t;ßu?) 

The effect of this modification can clearly be seen in figure 5.7 

The use of a position controller for the luffing motion also solves the 
problem mentioned at the end of section 5.2.2, that arises from the limita
tions of the crane arm angle 7. A well-behaved closed loop system (5.24) 
with a damping ratio £ = 1 has no overshoot in 7, so i t is safe to give a 
set point to (5.25) that is close or equal to a l imit . To make the closed 
loop system behave like a rate controller i t is necessary to integrate the 
rate set point from the command stick to obtain an appropriate position 
set point. 

5.4 Leaning Cranes 

This section treats the common case when the rotary crane is mounted 
on a cargo vessel. Cargo vessels, or ships as they are sometimes called, 
spend most of their time floating on water trying to minimize the potential 
energy, which has the consequence that the deck can lean in any direction 
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t [s] 

Figure 5.7: Simulation showing the improved decoupling with the posi
tion controller (5.25) compared to the rate controller (5.23). The solid 
curve is the same as in figure 5.6. The reference value vg = O.80m a x 

during the first 20 seconds of the simulation and then set to zero. 

depending on the distribution of the load. This is true even if the vessel is 
anchored to a quay. Sometimes the slopes change influenced by a moving 
crane. Slopes right up to 5° are not uncommon. 

This aggravating circumstance has two essential effects on the control 
system. Principally, the measurement system must be enhanced to be 
able to correctly measure the angles av and ßv even if the ship, and with 
it the crane, is leaning. For a while we consider this enhancement as done 
and trust the measurements. In section 6.2 we will analyze if this was 
correct. 

The second effect is that the load will influence a leaning crane with a 
static torque which can be devastating especially in cranes with hydraulic 
motors. The problem is most pregnant when both the crane and the load 
are at rest, since a hydraulic motor may be stiff towards dynamic loads, 
but when it comes to static loads there is always a leak flow in the motor 
that causes the motor and consequently the crane to move. The normal 
way to solve this in a manually operated crane is to use a mechanical 
brake that automatically switches on when the motor is supposed to be 
at rest. 

Mechanical brakes are, however, unacceptable, or at least difficult, 
to use in an automatic system, since they are slow in action and thus 
introduce time delays that can be difficult to handle. Only when loading 
or unloading should the brakes be used to increase the security. 

Apparently a modification of the controller is necessary to avoid slid-
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ing cranes. A first step is to model the disturbance by modifying (5.2a) 
to 

where we in a first attempt consider S(t) as constant. I f this was true then 
an integrating controller would solve our problem. But unfortunately i t 
is not true unless 0 is constant, as a strict analysis shows that S(t) is 
depending on 0 according to 

S(t) = fxMgr — fiMg(b + L cos 7) (sin Cr cos 0 - cos Cr sin Cp sin 0) (5.27) 

where r is the momentum arm. The mass of the load is denoted by M 

and the roll- and pitch-angles defined in figure 4.2 are denoted by Cr and 
Cp. Those three quantities are normally unknown. Even the coefficient /i 
is unknown. For the crane used in our experiments then \8(t) \ < 0.02. 

To make the analysis easier we exclude the small vessel case when 
a moving crane can change the slope of the vessel. Then all quantities 
in (5.27) except 0 is constant and (5.27) can be reduced to 

Linearization of (5.28) around 0 0 gives 

8(t) « / i 1 cosöo+/x 2 sinf?o + (/X2Cost?o-/xisin0o)(0-c?o) = SO+Ko0 (5.29) 

Thus if the variation in 6 is sufficiently small then S(t) can be considered as 
a constant disturbance to a slightly modified system. I t may, however, not 

be possible to use this linearization since 0 is subjected to large variations. 
Principally there are two different solutions 

• With knowledge of S(t), then feedforward and gain scheduling can 
be used to compensate for leaning cranes. 

• Without knowledge of 8(t) then the controller, in some sense, must 
be robust. 

Regardless of the structure of the controller, i t can not be the rate con

troller (5.9) since the closed loop system then has a pole in the origin. 
The Laplace transform of 0 for the closed loop system controlled by (5.9) 
and with a constant disturbance 6(t) is 

0 = ke{u„ - 0) + 6{t) (5.26) 

S(t) = fii cos 0 + fi2 sin 0 (5.28) 

9 ( 5 ) = 
keLj2Ve(s) + keu2A(s) 

(5.30) 
s(s + ke)(s

2 + 2£L>cs + uZ) 
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Figure 5.8: Comparison of the slew rate 6 between a rate controller 
(dashed curve) and a position controller (solid curve). The crane is 
leaning £ p = —5°. The rate controller gives a steady-state error causing 
the crane to glide away 

A constant disturbance S will thus make the angle 0 dr i f t away. 

Redesigning (5.9) to a position controller similar to the one previ
ously designed for the luffing motion gives an immediate improvement. 
The difference is displayed in figure 5.8 An important difference is that 
the position controller is slower than the rate controller. This is clearly 
noticeable sitting in the operators cabin. The position controller feels 
viscous compared to the rate controller. Although the difference in time 
is small this viscous feeling leads an experienced operator to believe that 
the automatic controller is slow and inferior. The reason is of course the 
extra pole that is introduced with the position controller. To improve the 
speed, this new pole can, however, be cancelled by a set point filter 

ue = k^(v + pv) - k?av - k%av - k°0 - k%0 (5.31) 

where v is the set point and p is the pole to cancel, the difference can be 
seen in figure 5.9. The same improvement in speed can also be made for 
the luffing controller by extending (5.25) with a set point filter. 

Note that i t is not necessary to base the control design on the dynam
ics for a leaning crane (4.36). The linear model (5.1), augmented with a 
term describing the centrifugal force, gives adequate precision provided 
that the slope angles of the crane are small and that the ratio between 6 
and oj is sufficiently small. 

In section 4.2 we promised that an active control of the crane arm an
gle would obliterate the need of an extended model. The main purpose is, 
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Figure 5.9: Comparison of the slew rate 9 between a rate controller 
(dashed curve) and a position controller with set point filter (solid curve). 
The crane is leaning 5°. The rate controller gives a steady-state error 
causing the crane to glide away 

however, to increase the quality of the man-machine interface. Consider 
the coordinates of the suspension point in the inertial frame (4.35) 

( -(& + .Lcos7)sin0- |-Cr£ siri7 
(b + Leos 7) cost? - C P £s in7 (5.32) 

L sin 7 + Cr [b + L cos 7) sin 0 + Cp {b + L cos 7) cos 0 j 

Now the horizontal distance c y m from a vertical axis, that coincides with 
the rotational axis of the crane at the rotary joint, to a load without 
oscillations, is the y-coordinate in cXt which can be calculated, using 
(4.12), as 

cXt = c i T 1 Xt (5.33) 

which after insertion of (4.12) and (5.32) becomes 
c y m - (6 + L C O S 7 ) - C 7 L s i n 7 (5.34) 

where C7 = Cr sin 0 + Cp c o s ^ Obviously the distance changes even if the 
crane arm angle 7 is kept constant. 

We stated, in the beginning of this chapter, that if the operator only 
intends to rotate the crane, then i t shall only rotate. We have, however, 
already made some exceptions from that rule as i t is otherwise impossible 
to successfully eliminate the oscillations of the load. 

The rule can also be interpreted as that the distance c y m , defined 
above, should be kept constant during a rotation. From (5.34) we con
clude that the only way to accomplish this is to change 7 with feedfor
ward. Let 7 r be the set point due the operator. Then the set point to 
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Figure 5.10: The complete controller with feedforward from the slew 
angle command signal to the luffing angle set point, vg and u 7 are 
the command signals from the control sticks that serves as angular rate 
references. They are modified with a filter to position set points 0r and 
7 r . The control outputs are tig and u 7 . 

the controller jc is calculated from the equality 

(6 + Leos 7,.) = (b + L cos jc) — C 7 Lsin7 c (5.35) 

where the left part is the distance that the operator wants. Solving (5.35) 
gives the new set point 

cos 7 r + C7 v/C2 + s i n 2 7 r 

cos 7C = i + C2" " C O S T r + ^ S m 7 r 

To get the best tracking one should use the set point for slew angle 0, as 
in figure 5.10, to calculate £ 7 when making the correction of the set point 
for the crane arm angle 7. 

An additional feature with this procedure is that the suspension point 
will always follow a circular path when pure rotation is demanded thus 
decreasing the influence on the pendulum dynamics that a leaning crane 
has. 

(5.36) 
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Full Scale Experiments 

Experiments have been performed on a hydraulically powered rotary 
crane of type G-2 manufactured by A B Hägglund & Söner. The crane was 
mounted on their special test platform that made i t possible to lean the 
crane. Al l results presented in this chapter come from experiments made 
when the crane was leaning with Cp = —5° and £. = 0°. See definition of 
the leaning angles in figure 4.2. 

Some other features of the G-2 crane used in the experiments are: 

• Arm length L = 27.085 [m] 

• Maximal slewing speed 6 m a x = 8 [°/s] 

• Maximal luffing speed j m a x = 2 

• Maximal hoisting speed \ m a x = 0.5 [m/s] 

• Length of wire A = 18 [m] 

• Initial arm angle 7 = 50° 

• Initial slew angle f? = 0° 

• Hoisting capacity 40 [metric tonnes]. 

• Weight of load M — 8 [metric tonnes] 

The reason for using a rather upright arm was to have a wire length 
comparable to the lengths that are common in a real situation where the 
crane is mounted on a high pillar. 
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Figure 6.1: Picture of the AB Hagglunds k Söner G-2 type crane that 
was used in the full scale experiments. The large building in the back
ground is the plant where the cranes are manufactured. Notice that the 
crane is leaning 5° to the right. With the definition of directions used 
in the experiments then the slew angle 9 m —90°. 
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Figure 6.2: Open loop step responses of the slewing and luffing drives. 

The hydraulic system of the crane was supplemented with electrical 
valves to allow remote control of the motors. Shaft encoders were used 
to measure both the slew angle 9 and the arm angle 7. The mechanical 
sensor described in section 6.1.1 was used to measure the load swing 
angles cv„ and ßv. There was no easy way to measure the wire length, 
but the crane has a construction that keeps the load at a constant height 
with varying arm angles. I f the wire length is known for one arm angle, 
then it is easy to calculate the actual wire length, provided there is no 
hoisting. 

A predecessor of RegSim running on a P C / X T compatible computer 
was used to implement the Kaiman filter described in section 6.2 and the 
control law described in chapter 5 along with a complete set of simulation 
models. The advantage of using the same implementation of the controller 
in simulation and in control of the real process was considerable, since the 
sources of obnoxious behaviors could easily be traced down by comparing 
the simulation with the real world appearance. 
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Figure 6.2 illustrates one of the problems with a hydraulic crane. Both 
the slewing and luffing drives have a considerable time delay that makes i t 
difficult to use a high-gain servo controller to remove the coupling between 
the load and the crane drives. Notice that the time delay is not constant. 
This is partly explained by an existing mechanical play between the cog 
wheels in the drives, and by the mechanical play in the crane arm. The 
variation in the time delay was, however, not a major problem and we 
made no effort to model the variation. 

A transient response identification of the drives showed that they can 
be well approximated by a first order system with a time constant of 0.5 
sec, and a time delay of 0.4 sec. 

6.1 Measurements 

In order to implement the control laws (5.31) and (5.23), there is a need 
to measure or calculate the crane angles (6,j), the load swing angles 
(av,ßv) and their derivatives. The crane angles are relatively easy to 
measure with a shaft encoder and we will not discuss them any further, 
thus concentrating on the more difficult task of measuring the load swing 
angles. 

6.1.1 Angle Sensing 

There are mainly two principles that are applicable. One can measure the 
angle directly, with some device in contact with the wire or one can mea
sure the position of the load relative to the crane thus indirectly measuring 
the angle. A third alternative, described in Rönnbäck & Gustafsson [29], 
using inertial sensors is possible if only the angular speed is relevant. 

When comparing the direct and indirect method then the indirect 
method has an obvious advantage since the oscillations in the wire are 
automatically suppressed. 

Regardless of the method there are a number of difficulties that the 
measurement system must be able to handle. 

• The sensor must be able to operate in, or at least endure, a tough 
environment, such as bad weather (heat, cold, rain, snow and ice), 
and exposure to salt water. 
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• On a ship-based crane i t is not possible to rely on a fixed vertical 
reference since the ship can be leaning in any direction. 

• A load with asymmetric mass distribution that is suspended with 
more than one wire is not at rest when the load swing angles are 
equal to zero. This can also be regarded as a controller problem. 

• Must not be sensitive to oscillations in the suspension wires. 

In section 4.2 we treated the pendulum as a mathematical pendulum 
with a point mass suspended by a mathematical wire without mass. In 
real life there is no such thing as a massless wire, although it is a good 
approximation in most cases when the load is heavy compared to the 
weight of the wire. In the case of a light load, or no load at all, we can 
expect that the mass in the wire will cause oscillations1, like in a guitar 
string. Its frequency will , among other things, depend on the tension in 
the wire and is higher than the frequency of the load swing. Since the 
bandwidth of the actuator in general is limited we are not able to control 
or dampen this oscillation by means of feedback. Our main concern would 
then be to prevent the contributions from the oscillations to influence the 
controller. 

Particular to the experiment system in figure 6.1 was that the main 
source for the oscillations in the suspension wire was that the hook had 
a considerable mass and was placed about 4 meter above the load. I t the 
load was to light then the wire-hook system was better described as a 
double pendulum. 

Indirect methods 

Indirect or non contacting measurement methods can e.g. be based on 
ultrasonic sensors, image processing or an active laser. They all have 
problems in bad weather. To our knowledge there are at least three 
successful implementations of indirect sensors used in crane control 

• We used image processing, combined with an active element on the 
spreader, in a project together with ABB Drives AB, to measure the 
angles on a gentry crane. The active element reduces the problems 

'This will occur even with a heavy load, but then the amphtude of the oscillation will 
be insignificant. 
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with contrast and association that sometimes can be a problem in 
image processing. The details of the project are until further notice 
classified, but the result was an automatic positioning system for 
gentry cranes used in harbors that is now made into a product and 
sold by ABB Drives. 

• An ultrasonic load position measurement system with three sensors 
have been used on a bridge crane in Helsinki University of Tech
nology by Marttinen et.al [22] and Salminen [32]. I t has, to our 
knowledge, not been tested in a production system or in a tough 
environment. 

• Mitsubishi is, (Nordberg [26]), using image processing with a passive 
element, a white line on a black background, on the spreader. No 
further details are known. 

Another common feature of the indirect methods is the high cost. This 
can be justifiable on a big expensive harbor crane with a large throughput, 
but not on a smaller and less expensive deck crane. This was one of the 
reasons why we used a mechanical sensor. 

A Direct Method - the Mechanical Sensor 

To be able to perform practical experiments on a real crane we designed 
the simple mechanical sensor shown in figure 6.3. The sensor is composed 
of a U-formed link arm that freely rotates around two hubs fixed on each 
side of the cover around the wirewheel. The link arm has a slit in which 
the wire runs freely thus making the arm follow the movements of the 
wire. By measuring the angle ßg of the link arm with a shaftencoder we 
indirectly get a measure of the angle ßv that is tangential to the crane 
boom. 

By mounting a ring around the wire, that can slide inside the slit, 
and measure the position of the ring, we obtain an indirect measure of 
the angle cv„ that is orthogonal to the crane boom. In the prototype the 
position of the ring was measured by connecting the ring to a shaftencoder 
by a thin wire. A spring in one end of the thin wire was used to avoid 
slack. Experiments were also made with a magnetic sensor to measure 
the position of the wire inside the slit. The magnetic sensor was, however, 
not tested on the crane due to a combination of insufficient accuracy and 
an unnecessarily high sensitivity to the ambient temperature. 
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Figure 6.3: Simple mechanical sensor used in the full scale experiments. 
Two shaftencoders are used to indirectly measure the load swing angles 
av and ßv. Compare with figure 6.4 

Figure 6.4: Geometry for the part of the mechanical angular sensor that 
is used to measure ßg that is nonlinearly dependent of the load swing 
angle ßv. 

98 



Part II. Rotary Crane System 
Chapter 6. Full Scale Experiments 

As we can see in figure 6.4, we are not able to measure ßv directly. 
But the coordinates of the point { A } can be expressed in measurable and 
known quantities as 

yA = / is in7 + zcos7 + I s s i n ( 7 + /3g) (6.1a) 

zA = -hcosf + x sin 7 — Lg cos(7 + ßg) (6.1b) 

where 7 is the boom angle in the boat-fixed frame and Lg is the length 
of the link arm. The coordinates of { A } can also be expressed with the 
unknown angle ßv as 

yA = r cos ßv + A o r m sin ßv (6.2a) 

zA = r sin ßv - Xarm cosßv (6.2b) 

where A a r m depends on ßv and is defined as the length of the wire that 
is between the link arm and the wire-wheel. Since the quadratic sum of 
(6.2a) and (6.2b) is r 2 + A 2

r m = y\ + z\ so that 

K r m = y/y2

A + z2

A-r
2 (6.3) 

i t is thus possible with an explicit expression for the load swing angle 

. a VA^arm + ZAT 
S m / 3 " = „ 2 + 2 2 ( 6 - 4 ) 

VA T Z

A 

I f the crane is leaning then (6.4) is defined in a crane-fixed frame that 
is leaning compared to the inertial frame, this means that the vertical 
reference is not always correct and the measurement can be biased. The 
coordinate of the load in the crane-fixed system is cXm — cXt + A f t m where 
fim are the measured angles 

n m = 
— sm a / 

cos cC sin ß™ (6.5) 
^ — cos am cos ß™ 

The relation between a coordinate in the crane-fixed system and the in
ertial system for a leaning crane is X m = „Tlc'WXm. Thus the relation 
between the inertial load swing angles ft and the measured angles is 

n=bncnnm (6.6) 
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What we want is the angles ft„ defined in (4.15). Substituting (4.15) in 

(6.6) gives an expression for S)„. 

Qv = en-x

b1lcnüm (6.7) 

Assuming that all angles except 8 are small gives the following explicit 

relation between the measured angles and the angles with the correct 

vertical reference 
cv„ « cv!" + Cr cos f? — C sin 0 

(6.8) 
ft « / C - C r s i n 0 - C p c o s 0 

Another problem that was specific for this ad hoc implementation was 
that the sensors had a bias that was difficult to eliminate by means of 

calibration. The bias was most apparent in the a„-sensor where the thin 
measurement wire sometimes slipped on the shaftencoder wheel causing 

the bias to suddenly change. The ft-sensor had a more sturdy construc
tion and one calibration at the start of the day was sufficient. 
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6.2 State Estimation 

In the previous section some comments were made about the fact that the 
available measurements are not well-suited for direct use in a feedback. 
Mainly there are two reasons. The prime reason is that the crane is 
leaning with an unknown magnitude and direction. The second reason 
is the unknown bias in the measurements. The task a state observer has 
to solve is thus to produce good estimates of the angles av, ßv and the 
angular rates c\v, ßu that are used in the controllers. 

In section 4.2 we derived two different dynamic models, where the sec
ond model (4.18) was especially well-suited for the control design process 
due to the direct coupling between control inputs and outputs and the 
lack of coupling between the two pendulum models. In fact the partly 
linearized model 

proved to be sufficient. The major drawback in using (6.9) as a base for a 
state observer is that i t would then be necessary to calculate the second 
order derivatives of 9 and 7, from measurements with limited resolution, 
to use as inputs to the observer. I t is, however, easy to partly eliminate 
this problem with a state transformation. E.g. the new state variables 
Xi — av and x2 = åv + La8 gives the state equations 

The associated measurement is ya = av + ea where ea is a constant bias. 
Rewriting the measurement equation using (6.8) gives 

(6.9) 

ii = x2 — La9 

x2 = — U2Xi 
(6.10) 

ya = av - Cr cos 9 + £ p sin 9 + ea (6.11) 

Equivalently the new states x3 = ßv and x4 = ßv — Lßj gives the state 
equations 

Vß — ßv~ Cr sin 6 -Cp cos 9 + eß (6.13) 
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where eß is a constant bias, possibly equal to zero if the calibration men
tioned in the previous section was successful. 

Now consider Cr and C P to be known. Then it is certainly possible to 
augment (6.10) and (6.12) respectively with an extra state to model the 
bias, and successfully estimate all states since the system is then clearly 
observable. Conversely if the bias is zero or known but the slope angles 
are unknown and has to be estimated, then i t is also possible to get an 
observable system by augmenting (6.10) and (6.12) with extra states to 
model the constant slope angles. But trying to estimate both the slopes 
and the biases with the two existing measurements will undoubtedly fail 
since the augmented model has then four poles in the origin and it takes 
then at least four linearly independent outputs to make an observable 
system. 

The best method is presumably to measure the slope angles of the 
boat with inclination sensors.2 Another method is to eliminate the need 
to estimate the bias by differentiating the outputs ya and yß which, with 
the assumption that both the slope angles and the biases are constant, 
gives 

V\ — Va = <*„ + 0(Cr sin 0 + Cp cos 0) 
(6-14) 

2/2 = yp = ßv - 0 (0 cos 0 - Cp sin 0) 

Those constructed outputs can of course be used in conjunction with the 

original outputs. Our choice was, however, to rely only on the differenti

ated outputs, mainly to reduce the order of the observer, but also since 

they have the advantage of giving a measurement without bias when the 

crane is not rotating. 
Now the complete system model, based on the modified linear systems 

(6.10) and (6.12) augmented with two states for the slope angles has the 
state space vector a; = (x1: x2, C r , x3, x4, C p ) ' a n d the dynamic model is 

x = 

/ 0 
-u2 

1 
0 

0 
0 

( -La0 \ 
0 

0 0 0 
x + 

0 
0 1 0 

x + 
Lßj 

-u2 0 0 La0
2 

\ 0 0 o ) 0 / 

= Ax + u (6.15) 

2 Inclination sensors are now used by AB Hagglunds &; Söner in their commercial prod
uct "Swing defeater", that is based on the work presented in this thesis. 
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with the output vector y = (2/1,2/2)' 

2/ = 
0 1 

0 0 

6 sm6 

-ØcosØ 
0 0 
0 1 

ØcosØ 

ØsinØ 
x + = Cx + uy (6.16) 

Given the system above, i t is a straightforward task using standard meth
ods [19] to design the gain matrix K in an asymptotic state observer wi th 
the structure 

& = Ax + u + K(y- Cx - Uy) (6.17) 

to achieve arbitrary asymptotic behavior. 

The details of the implementation in the experiment computer system 
will be left out of this presentation, only a short description will be given. 
Since the computer used in the implementation had limited capacity i t 
was necessary to consider a simplified version of (6.17). 

The block structure of the system was emphasized by introducing two 
new outputs constructed as 

2/3 = 2/<* sin B — i/ß cos 6 — CT8 + ö„ sin 8 — ßv cos 0 

2/4 = 2/a c o s e — yB sin 0 = £ p 0 + c\v cos 0 — ßv sin 0 
(6.18) 

The purpose was that y3 can be used to update the estimate of Cr and y 4 

to update the estimate of £ p . The calculation of the gains was simplified 
with the choice of a sparse gain matrix 

K = 

f ki 0 0 0 \ 
0 0 0 

0 k3 
0 0 

0 0 ki 0 
0 0 k2 

0 
\ 0 0 0 k3 1 

(6.19) 

The system was then treated as two identical second order systems and 
two identical first order systems giving four independent observers that 
had one measurement each. The errors used in the filter updates were, 
however, calculated by using all state variables. The obvious drawback 
with this method is that the poles of the estimation error system will be 
slightly different from the poles chosen in the design since only a part of 
the system is considered in the design, thus neglecting the cross coupling 
that actually exists between the systems. We found, however, that the 
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6^ 

Figure 6.5: A simulation of the experiment system with the mechanical 
sensor in figure 6.3 and the estimator (6.17) in combination with the 
controller in figure 5.10. The crane is leaning with CP = 5°. The dashed 
curves in the lower figure are from the estimator, the solid curves rep
resent the true values. The set point vg is set to 0.86max at t = 5 and 
back to zero at t = 40. 

difference was not significant enough to motivate the extra computations 
needed to implement the ful l observer. 

Figure 6.5 shows a simulation of a discrete time implementation of the 
four independent observers and the controller shown in figure 5.10. The 
simulation is not representative for a typical load cycle since the slope 
angles usually are known from previous load cycles. But a simulation 
of a normal load cycle would not be different from the case without an 
observer. The observer is designed to have four poles equivalent to con
tinuous time poles in — u> and two poles in — u>\0\. The latter poles gives 
constant observer gains. 

6.3 Control Experiments 

Early experiments showed that the time delays in the motor drives were 
of such a magnitude that they could not be ignored in the control de
sign. But with the observer (6.17) as a base a prediction was made of 
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Figure 6.6: Control experiment with the slewing motion controller. The 
solid curve is the load swing angle a„, the dashed curve is the command 
signal vg and the dotted curve is the slew rate 0. 

all state variables used in the controller and no modification to the con
troller was necessary beyond that. The controller was implemented in two 
subsystems with different sampling periods. In the fastest system with 
a sampling period of 4 [ms] necessary measurements and digital filtering 
was made. The'observer and the controller had a sampling period of 0.2 
[s]. 

Unfortunately there are very few appropriate experiment results that 
are saved. Most of the experiments results that are saved were made 
mainly to verify the function of the measurement and observer system 
since i t turned out that this was the weak point in the system. The 
problems we had were mainly due to the low resolution in the 8-bit A / D -
converters that we were using. 

A direct comparision of the angular rate 8 in figure 5.9 and figure 6.6 
reveals, among other things, that the real crane has a higher acceleration 
than the simulated crane. The overall behavior is still the same. A typical 
transition, from a steady state without oscillations, starts with a short 
acceleration phase of the crane. The load is almost at rest during this 
pahse. Thus the load swing angle originates mainly from movement of 
the crane. In the next phase the angular rate of the crane is decreased 
until the load gains momentum and reaches the same speed as the crane. 
Then the crane accelerates to the desired oscillation free speed. 
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Figure 6.7: Control experiment with the crane arm controller. The solid 
curve is the load swing angle ßv, the dashed curve is the command signal 
v~f and the dotted curve is the crane arm angular rate 7, 

I 1 1 1 1 1 1-

0 5 10 15 20 25 30 

Figure 6.8: Control experiment with both controllers. The solid and 
dashed curves show the load swing angles a„ and ßv.The dotted curve 
is the command signal u« and the dot-dashed curve shows the slew rate 
6. The oscillations in ß„ mainly originate from the wire-hook system. 
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Part III. Software Tools for Real Time Control and Simulation 

Chapter 7 

RegSim 

When a control engineer has designed a new control algorithm, he is 
usually keen to verify the design in a laboratory experiment. RegSim is 
a software tool that makes the step from design to experiment short and 
encourages the engineer to continuously work with the real world. 

RegSim is an acronym formed from "Reglera" and "Simulera" which 
is Swedish for "Control" and "Simulate". A translation of RegSim to 
English would thus be "ConSim", which is a good reason to keep the 
Swedish acronym since we do not want to be tricked by a computer. 
Another interpretation is in the slogan - to use RegSim is the Regular 
procedure to Simulate a dynamic system. 

This chapter describes the process that was behind the creation of 
RegSim and some of its features that we think are necessities in a suc
cessful control project. 
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Motivation 

In the two projects described in the two first parts of this thesis a lot 
of the time was spent working in the laboratory with experiments trying 
to verify theories and control algorithms designed at an earlier stage. 
We found that the success of an experiment was often dependent of the 
quality on the software that was used. 

This was especially true in the first project dealing with the control of 
a Cargo Rotating Device 1. The control software was mainly hand coded 
in the Z80-assembly language and executed on a CP/M-computer. A 
few simulations were made with a small BASIC-program on a somewhat 
larger computer. The main experience from this period was that control 
experiments should be avoided unless you were extremely interested in 
debugging assembler programs. 

For a control engineer this is not a satisfying situation since i t is our 
belief that a true control engineer should both master the theory and 
be able to convert the theory into useful, functional control algorithms. 
These have to work in the real world that not always pays attention to the 
crucial assumptions you were forced to make in the process of constructing 
proofs for your theorems. 

In the second project dealing with the control of a rotary crane 
system2 the lesson was learned and the excellent simulation program 
Simnon 3 (Elmquist [6]) was acquired. The available computers were, 
however, not of the right brand and the version of Simnon that we had, 
used a slow interpreter and not a fast compiler as in other implementa
tions. This in conjunction with that the computer was heavily overloaded 
by diligent students made it in practice impossible to use the program. 
A simple simulation of a second order nonlinear system could take up to 
one hour. This was of course a disappointment since we had learnt to 
appreciate the way dynamic systems were described in Simnon code, but 
it was also the injection that later gave birth to RegSim. 

As a provisional arrangement we wrote a simple simulation program 
in Pascal that had a rudimentary interactive interface that made it pos-

'See part I of this thesis 
2 See part II of this thesis. 
3Our unconfirmed guess is that Simnon is an acronym for Simulation of nonlinear 
systems. 
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sible to change parameters and choose what signals to plot or save. The 
simulation models were hard coded in Pascal procedures, which made it 
necessary to recompile the program each time a change in the simulation 
model was made. This was of course time consuming but the gain in 
simulation speed was considerable and more than enough to motivate the 
use of the program. 

During the project more and more features were added to the simu
lation program and it was also ported to a PC-compatible computer and 
made use of its graphic capabilities. In the latter part of the project when 
the experimental phase was about to begin and a search for a suitable 
platform to implement the real time controller system had begun, then 
the memories from the first project were haunting us. Since the experi
ments this time would be out of town and we had a limited amount of time 
to our disposition, there was no room for debugging or other unessential 
exercises. 

I t was soon clear that we should use a PC computer and the idea 
was born that we should make use of the simulation program that at this 
time had a rather good user interface. The main idea was that the code 
describing the real time controller should be exactly the same as the code 
used for the controller in the simulation program. That way all errors due 
to the implementation would be avoided since i t was possible to carefully 
test the controller in advance with simulations. 

Now since we had already implemented a real time kernel that was 
heavily used in the control laboratory i t was a rather simple task to 
incorporate real time capabilities into the simulation program. The main 
problem was that a PC computer is not well-suited to use as a platform 
for real time processing since DOS, the ill-famed operating system, by 
construction is non-reentrant. This meant that all operations normally 
performed by the operating system had to be done by the Pascal program 
in a manner that allows a user to interact and e.g. change parameter 
values even when the real-time kernel is active. 

The combination of a simulation program and a real time implemen
tation of a control system proved to be successful at the ful l scale ex
periments. Unexpected behaviors of the process4 could sometimes be 

4 The most unexpected behavior was not in the process, but in the computer. The 
floating point processor showed to have a bug: multiplying zero with a number smellier 
then 1 0 - 3 0 8 sometimes produced infinity as a result ! 
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reproduced in a simulation. Then an enhanced control algorithm that 
managed the simulated process usually proved to work even on the real 
process. 

After the encouraging experiences from the ful l scale experiments 
there were, however, some flaws in the program. 

• The need to recompile the program each time a change was made 
to the model was at this time very time consuming since the strive 
to make the program easy to handle for an operator also made i t 
very big. 

• The Pascal code written to describe the models had a tendency to 
be long since the Pascal compiler knows nothing about dynamic 
modelling 

To overcome these flaws the program, now called RegSim, was com
pletely rewritten in Modula-2 and more important a compiler was written 
to translate dynamic system models described in a Simnon like language 
to machine code. This made the program a lot easier to handle and the 
simulation speed was increased considerably. I t is possible to go much 
further in the optimization of the generated code with a specialized com
piler that has knowledge of how to simulate a dynamic model, compared 
to what a Pascal or Modula-2 compiler can achieve. 

Design Outline 

RegSim is composed of several interacting software components where 
the most important ones are shown in figure 7.1. The database shown 
in the middle is not a real component, i t only indicates the existence of 
a common set of data that are accessible by all components. The access 
is, however, controlled by the real time kernel, thus avoiding the classical 
read-write problem in a real time system. 

The size of the source code to RegSim is about 31,000 lines of original 
Modula-2 code. The simulation engine and the real time kernel are both 
small with about 500 lines of code each. The compiler is together with 
the user interface largest and consists of 7000 lines of code each. 

Some of the more important components will be described in detail 
starting with the compiler. 

112 



Part III. Software Tools for Real Time Control and Simulation 
Chapter 7. RegSim 

Simulation 
Engine 

Compiler 

Process 
Interface 

Real Time 
Kemel 

Command 
Intepreter 
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Figure 7.1: Block scheme showing the principle structure of RegSim 

Compiler 

The compiler is a fairly standard recursive descent compiler that produces 
optimized code directly for a numerical coprocessor. The code is, however, 
generated in twosteps. Firstly an intermediate machine independent code 
for a fictive stack based processor is produced. Then a small (500 lines) 
machine dependent part of the compiler translates the intermediate code 
into machine code. There is also an alternative where the intermediate 
code is executed directly by an interpreter. 

A non standard but essential feature is that all equations are sorted 
before the code is generated. The precondition for the sorting algorithm is 
that all variables except state variables and parameters are undefined and 
in order to evaluate an equation and calculate a value for an undefined 
variable, then all variables used in the equation must be defined. This 
means that recursion or algebraic equations of the type 

y = y - 1 

are not allowed since y can not be defined before the evaluation. 

The code produced for each system is classified in three categories for 
continuous systems and two categories for discrete systems. The common 
category is the time independent code that has to be executed only once, 
typically calculation of variables only depending on parameters. Some 
care must, however, be taken when parameters are changed in the middle 
of a simulation or real time control experiment. Al l variables depending 
on the changed parameter must also be changed to ensure a correct result. 
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In a simulation this is not a big problem since the evaluation is sequential. 
The problem occurs when systems are run in real time and the parameters 
are changed asynchronously. Then the real time kernel is responsible for 
ensuring that all dependent variables are changed before they are used in 
a discrete system. 

An option in the compiler is to evaluate time independent subexpres
sions only once, e.g the PI controller in listing 7.3 has the line 

n i = i + k*h/Ti*e 

where k, h and T i are parameters and the subexpression k * h / T i is then 
only evaluated once. 

For a continuous system the code used for calculating derivatives of 
the state variables is minimized and separated since i t is heavily used 
by the simulation engine to integrate the state variables. The remaining 
code is only necessary to execute if the variables are plotted or exported 
to another system. 

Real Time Kernel 

The real time kernel is responsible for scheduling the execution of the real 
time processes. There are mainly five different types of processes each 
with a different priority. They are listed below with decreasing priority 

• Each discrete system constitutes a separate process with the sam
pling period defined by the parameter samptime. The sampling time 
must be fixed, but i t can be changed at any time by the operator. 

• I f logging is asked for, then the sampling period of the logging 
process can be given explicitly or i t can be automatically deter
mined from the logged variables. 

• Plotting can be made in four different windows each with a unique 
sampling period that can be changed with a simple command. 

• Every second a small process is executed that shows the elapsed 
time in a small information window 

• The command interpreter runs as a background process without 
priority. This can be a problem if the other processes are time 
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consuming. Then there is very little time left for the command 
interpreter and the result is a sluggish user interface. 

The real time kernel itself is executed periodically with a period time 
that is calculated as the greatest common divisor of all the sampling 
periods of the running processes. The administrative duties of the kernel 
are kept to a minimum to ensure a short overhead at process switches. 
The overhead on a PC/AT-compatible computer is about 300 fis and the 
shortest sampling period is set to 1 ms. 

A very important detail is that i t must be possible to define an execu
tion order between the discrete systems.5 This is essential as i t otherwise 
could lead to unexpected time delays in the signals between two con
nected systems. The problem can be illustrated with the simple example 
in listing 7.1 

DISCRETE SYSTEM reg 
TIME t 
TSAMP t s 
u = k*( re f - y[proc] ) 
t s = t + samptime/1000 
k : 1 
END 

DISCRETE SYSTEM proc 
STATE x 
NEW nx 
TIME t 
TSAMP t s 
nx = x + u[reg] 
y = x 
t s = t + sanptime/1000 
END 

Listing 7.1: A controller - process pair with an inherent conflict, the 
execution order is indeterminable. 

The execution order between the controller r e g and the process p r o c 
is indeterminable since a system is not allowed to execute before all in
puts to the system are calculated. And r e g is depending of the input y 
calculated in p r o c , but p r o c is depending on u calculated in r e g and we 
are back at the beginning. In this case the problem is artificial. Simply 
rewrite the fourth row of the controller to 

u = k * ( r e f - x [ p r o c ] ) 

5 One could argue that if the systems have different sampling periods and are sampled 
at different times then the problem never occurs, but since the sampling period is 
an integer value then the sampling times eventually will coincide, regardless of the 
sampling periods. 
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Then the problem disappears since x [p roc ] is an old value that was 
calculated in the previous sampling instance and reg can be executed 
before proc without any problem giving the intended function since y 
and x basically are the same signal. 

Note that if the output from the process had been y=x+l then this 
calculation has to be made in the controller reg. This can of course be 
avoided with a possible improvement of the compiler. The solution is to 
divide the code of the discrete systems into two parts, one with variables 
depending only on state variables and parameters and one part where 
variables depending on inputs are evaluated. Then only the execution 
order between the latter parts has to be established. 

The proposed solution solves the problem in listing 7.1 since the evalu
ation of the output from the process is only dependent on a state variable 
and thus belongs to the first category and can be evaluated before the 
controller is evaluated. Then the rest of the process variables are evalu
ated. 

Notice that this problem does not occur with continuous systems since 
all continuous systems are lumped together in one system and there is no 
need to establish an execution order between the systems. 

Normally the user never has to care about the execution order since 
it is automatically determined by the compiler. There is, however, a 
simple rule that eliminates possible problems. To avoid a situation with 
indeterminable execution order you should only import and/or export 
state variables and parameters. I f i t is necessary to import or export 
derived variables, like in the controller in listing 7.1, then only import or 
only export should be considered and there must always be at least one 
system that breaks the chain and neither imports nor exports a derived 
variable. 

As an alternative to a fixed sampling period there is an option to 
control the sampling of a discrete system with external events. This 
has been used by Hillerström & Sternby [12] to implement a periodic 
disturbance rejection algorithm to control the angular rate of a peristaltic 
pump. The sampling was synchronized with the rotation angle of the 
pump axis. 
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User Interface 

RegSim contains an interactive command driven user interface, with a 
repertoire of about 60 commands. Most of the commands can be used 
even when the real time kernel is active. This is a key feature of RegSim 
since i t is very important for instance to be able to change parameter 
values or change what variables should be plotted during an experiment 
without the need to restart the controller. 

Almost all commands that take an argument use the compiler to evalu
ate expressions given as arguments. This is neat if one for instance wishes 
to increase the value of the parameter k with y/l5 which is easily done 
with the command 

par k k+sqr t (15) 

Or if one wants a plot of the difference between two variables then the 
command 

p l o t x -y 

does the work. Al l variables defined in the systems are accessible during 
an evaluation of a command argument. 

The presentation of the simulation or real time control results can 
be done with different types of graphics, as curves, bar graphs, or simple 
animated figures. Figure 7.2 shows a snapshot from a session with RegSim 
on a Macintosh computer, where both curves and an animated picture is 
displayed. There is no limit on the number of graphical objects, and i t is 
possible to mix all types of objects in a single window. 

Notice in figure 7.2 the window in the lower left corner. I t contains 
a list of all variables and their values. I t is possible to show live val
ues during a simulation. This decreases, however, the simulation speed 
considerably. The user can also easily change any parameter value and 
immediately see the effect in the simulation and in the values of all depen
dent variables. Thus i t is possible to use RegSim as a simple spread sheet 
program. A natural extension, to increase the similarity, would then be 
to both show the equations and allow the user to change them. 

A useful feature is the command files that can be used to create new 
commands. Listing 7.2 shows an example of a command file. 
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§ 1 Q graflfc Simulera H ons 20.10.11 nCgJI 

Par a 0.2 
Par bcont 0.6 

Par dornt 0.24 

Sta* fi -0.670354 

State fid -1.331885 
Par g 9.8065 

Par hcont 0.255 
Par k 2. 

Par 1 3. 
Ontjrat 1 mod 2.997113 

Par m 10. 
Par r 0.3 

Papperskorg 

Figure 7.2: Screen snap shot from the Macintosh version. The window 
named "Grafik 1" displays a 3-D animation of a bifilar pendulum. 
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MACRO f ig8 pole 
default pole w 
co»p pendel reg2 
load luta.SAV 
•ax win 1 
s i z e -x 10 340 -y 100 230 
sca le -x 0 40 -y -0.02 0.12 
A l i a s go ( i n i t ; p a r j t e t 0 . 8 ; i n i t ; s i m i -w 20;par j t e t 0;simu -w 40) 
axes; i n i t 
# pos i t ion c o n t r o l l e r 
par k j 1; par pteta $(pole) 
plot tdfkran] 0 - h " " 

g ° 
* rate contro l l er 
par pteta 0 

plot - i 2 tdfkran] -h " " 

g° 
dumpeps - f f ig8 . eps 

Listing 7.2: The command file that was used to create figure 5.8 in Part 
I I of this thesis. 

Command files can be nested and take arguments and there are several 
control structures as loops and if-then-else constructions that can be 
used. This makes i t possible to automate simulation experiments. E.g 
to create figure 2.5 over 400 simulations were made. This was easily 
accomplished with a command file with two nested loop commands. 

Another way to augment the command repertoire is to use the alias 
command which is a simpler form of a command file. The advantage, 
compared to command files, is that an alias can be used even when the real 
time kernel is active. 6 This makes it possible with a custom made interface 
e.g. in control lab courses. A command fi le 7 can be used to compile the 
system descriptions and define menus and simple alias commands etc. 
that facilitates the use of RegSim. The student can then concentrate the 
work on automatic control. 

The file system can not be used when the real time kernel is active since DOS disables 
all interrupts during a disc access thus preventing the real time kernel from doing its 
job. 

RegSim looks for a command file named "regsim.mcr" at the start and executes it 
automatically. 
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Simulation Engine 

This is a very important part, since the quality of a simulation depends 
mainly on the algorithms used in the integration method. This is espe
cially true for stiff systems where there exist different time scales. There 
are today a vast number of integration methods that adapt to the model. 
In RegSim two integration methods are used, one third order Runge-
Kutta method due to Fehlberg [10] with automatic step size selection 
and one f i f th order Runge-Kutta method due to Dormand and Prince [5] 
but with a step size selection scheme proposed by Gustafsson [7]. The 
second method is especially good for stiff systems. I t has, however, some 
problems if the model has hard nonlinearities such as relays. Then the 
step size tends to be very short unless some special care is taken to avoid 
the problem. The first method is sufficiently good in most cases even 
with hard nonlinearities but if the model is stiff, then its step size selec
tion scheme can be unstable. 

There is one disadvantage with good integration algorithms. Some
times the step size becomes too long with the effect that a plotted curve 
can be broken. This is of course only a cosmetic error but there is an 
algorithm in the simulation engine that estimates the interpolation error 
made in the plotting and assures that i t is below a limit selected by the 
user. 

The simulation can be synchronized to run in real time, or in a scaled 
real time if a slower or faster simulation is preferred. This is especially 
useful when the simulation result is presented with animation. 

Some Examples 

A main feature with RegSim is that i t is possible to use the same code 
for simulation and for real time control. In listing 7.3 an example of a 
PI controller that can either be used to control a simulated process or a 
real process connected with A / D and D / A converters. This can easily be 
accomplished by using the boolean function s i m u l a t i n g O . For example, 
one row of the code is 

e = yr - ( IF s i m u l a t i n g O THEN y ELSE adin(O) ) 

Thus the controller error e is yr-y when the system is simulated and 
yr-adin(O) when the real time kernel is active. The output from the 
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controller is directed in a similar manner. 

DISCRETE SYSTEM preg 
MPUT y 
OUTPUT u 
STATE i 
NEW n i 
TIME t 
TSAMP t s 
INITIAL 
samptiae =100 
SORT 
utemp • k*e + i 
e = yr - ( I F simulating O THEN y ELSE adin(0) ) 
n i = i + k*h/Ti*e 
u = I F s imulat ingO THEN utemp ELSE daut(0,utemp) 
t s = t + samptime/1000 
k : 1 
T i : 10000 
END 

Listing 7.3: A RegSim PI Controller that works both in simulation and 
as a real time controller 

The description language in RegSim is, as mentioned before, closely 
related to the description language in Simnon. There are, however, some 
differences. One is that i t is possible to use vectors and matrices in 
RegSim, and almost all functions take matrices as argument. This makes 
it for instance easy to implement neural network algorithms and recursive 
identification algorithms. 

The ful l capacity of Modula-2 can be utilized if necessary, since i t 
is possible to include modules written in Modula-2. This is certainly 
necessary when the communication with the process is done by other 
means than with A / D and D/A-converters. The normal way to enhance 
the capabilities of RegSim is to write functions that can be called inside a 
RegSim system but i t is also possible to create new commands and write 
discrete systems in Modula-2. Al l variables defined in a Modula-2 system 
can if necessary be accessed by RegSim systems and vice versa. 

The modules written in Modula-2 are loaded at runtime so there is no 
need to change RegSim. This is in fact the way different drivers for A / D 
and D/A-converters are loaded and it makes i t very easy to change the 
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hardware. Usually there is no need to rewrite the systems descriptions 
interfacing the hardware if standard names and arguments are used for 
the interface functions. 

Command Summary 

This section gives a short description of most of the commands that are 
available to the user. A more detailed description can be found in the 
RegSim manual [8]. 

alg Used to select integration algorithm. Currently the user 
can choose between a third and a fifth-order Runge-Kutta 
method. 

alias This is the poor mans command file. Creates new composite 
commands without arguments. See example in listing 7.2. 
Can be quite complex since i t is possible with nested aliases. 

arrow The user can interact with a system both in simulation and 
real time. When this command is given then the user can 
control the values of three functions by pressing different keys 
on the keyboard. 

axes Clears the display. 

calc Almost all commands evaluates the arguments. This com
mand does just that and presents the result. Useful for in
stance to check A / D and D / A converters offl ine, or to check 
the value of a variable. 

cd Changes the working directory. 

comp This is the compiler. One or more systems are prepared for 
further use. by the simulation engine or the real time kernel. 
If systems written in Modula-2 is to be included then they 
should be included in the argument list. 

debug This command makes the compiler print out the equations 
classified and sorted. 

default Used in command files to give the arguments default values. 
See example in listing 7.2. 
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define Defines a new variable. Usually used to create a loop counter 
variable in command files. 

dumpeps Dumps the contents of a graphic window to an encapsulated 
postscript file. 

edit Starts a user defined text editor. 

end This command marks the last command in a loop. 

exit Terminates RegSim. 

exitloop Aborts a loop when the boolean expression given as argument 
becomes true. 

fast Tells RegSim to plot continuous signals both before and af
ter a sampling. This gives the correct ragged appearance 
of continuous variables that are dependent of discrete time 
variables. (If turned off then the plot is almost twice as fast, 
hence, the name). 

foreach One of the loop primitives. Executes a block of commands 
each time with a new value of the loop variable. The values 
are given in a list 

func Creates a new function with up to five arguments. I t is also 
possible to redefine an existing function. 

graph Off line plot of expressions. Useful for creating static back
ground pictures in a graphic window. 

help Gives a list of all commands or a short description of a named 
command. 

if Use together with else, elsif and endif to implement condi
tional execution in a command file 

init This tells the simulation engine to initiate all states and out
puts and to start the next simulation from scratch. 

list Presents a list of all variables with their actual values. 

load A previously saved file with parameter and initial values is 
loaded. 
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loadfunc Loads a driver, function or system written in Modula-2. 

loop Executes all commands between the loop-command and a 
end-command until a exitloop command is found. 

make Saves the current state of RegSim as a command file. 

makefunc Creates a table function. A list of argument values with cor
responding function values is given in a named file. Function 
values are calculated with linear interpolation. The function 
can be periodic. 

menu Displays a user defined hierarchic menu with variables that 
can be changed. Handy to use during real time control. Al l 
important parameters can be collected in one menu. 

mode Turns automatic scaling on or off. 

opt Turns optimization of the code on or off. 

par Is used to change values on parameters and state variables. 
And initial values of state and output variables. 

plot Use this command to specify what, when and where to plot. 
A complex command with many options. 

plotper Changes the sampling period of the plot processes. 

regu Start or stops the real time kernel. I t is possible to define pro
cedures that will be executed before the kernel is started and 
procedures that will be executed after the kernel has stopped. 
I t can, for instance, be wise to initialize the hardware to a 
known, safe state, before and especially after an execution. 

save Saves all parameter values and all initial values of state and 
output variables in a named file. 

scale Changes the scaling of one or many graphic windows. 

setaxes A graphic window can be without scales. This command is 
used to do that. 

setsize Changes the size and placement of a graphic window. 
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show Plots data that previously have been saved with the command 
store. 

simu Starts or continues a simulation. A simulation stop when 
the simulation time is passed or when the user breaks the 
simulation or when an optional boolean expression, given as 
an argument, becomes true. 

store This is the access to the data logger. Tells RegSim which 
variables that should be logged. The logging is not started 
until a simu or regu command is given. 

trap RegSim gracefully handles division with zero. W i t h this com
mand RegSim can be made to abort an execution if division 
with zero or other strange things happens. The offending 
equation is presented when RegSim aborts an execution. 

text Puts text on a given location in a graphic window 

write Writes some text in the command window. Useful in com
mand files. 

writeexp As write but evaluates the argument and writes the result. 

Conclusions 

RegSim has proved its all-round capabilities in many real time control im
plementation from the control of a model-sized bridge crane to a full-size 
60 m high harbor crane. Other uses have been the control of autonomous 
vehicles, robots, peristaltic pumps and ore crushers to mention a few. 

The most common use is perhaps as an educational tool in the control 
laboratory where i t gives the students an opportunity to experiment with 
different types of controllers and designs in a very flexible and straight
forward manner. 
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Appendix A 

Derivation of the Equations of 
Motion for a Pend 

In this appendix some Mathematica [37] sessions that were used to cal
culate the equations of motion for a 2-dimensional pendulum are listed. 
The appendix is a complement to the analysis made in section 4.2. 

Inertial System 

This section shows how the dynamic model (4.8) can be calculated with 
Mathematica. The first step is to enter the coordinates of the load defined 
in (4.4). 

x » : = x [ t ] - l [ t ] S i n [ a [ t ] ] ; 
ym:=y[t]+l[t] Cos [a [ t ] ] S i n [ b [ t ] ] ; 
z * : « z [ t ] - l [ t ] Cos [a [ t ] ] C o s [ b [ t ] ] ; 

where the name convention a [ t ] = a(t) and b [ t ] = ß(t) is used. Then 
the kinetic energy T, potential energy U and Lagrangian L are calculated. 
The rather lengthy output from Mathematica is suppressed with a colon 
at the end of the lines. 

T= 1/2 (D[xm,t]-2 + D[ym,t]-2 + D[zn , t ] "2); 
U= g Z M ; 

L= T-U; 

Then the two Euler-Lagrange equations are formed and solved for ö = 
a ' ' [ t ] and ß = b " [ t ] 
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l a g l = ( D [ D [ L , D [ a [ t ] , t ] ] , t ] - D [ L , a [ t ] ] ) - » 0; 
lag2 - ( D [ D [ L , D [ b [ t ] . t ] ] , t ] - D [ L , b [ t ] ] ) — 0; 
Solve [ { l a g l , lag2} , { a " [ t ] , b " [ t ] } ] 

« a " [ t ] -> (-(g Cos[b[ t ] ] l [ t ] S i n [ a [ t ] ] ) -
2 2 

l [ t ] S in[2 a [ t ] ] b ' [ t ] 
2 l [ t ] a ' [ t ] l ' [ t ] + 

2 

C o s [ a [ t ] ] l [ t ] x " [ t ] + 
l [ t ] S i n [ a [ t ] ] S i n [ b [ t ] ] y " [ t ] -

2 
Cos [b[ t ] ] l [ t ] S i n [ a [ t ] ] z " [ t ] ) / l [ t ] , 

b " [ t ] -> 
- ( ( S e c [ a [ t ] ] (g S i n [ b [ t ] ] -

2 l [ t ] S i n [ a [ t ] ] a ' [ t ] b ' [ t ] + 
2 Cos [a [ t ] ] b ' [ t ] l ' [ t ] + Cos [b[ t ] ] y " [ t ] + 
S i n [ b [ t ] ] z " [ t ] ) ) / l [ t ] ) } } 

Crane-Fixed System 

The same procedure as in the previous section is pursued to calculate the 
equations of motions expressed in the load swing angles otv and ßv that 
are defined in a crane-fixed frame. 

First we define the coordinates of suspension point (4.11) 

x t [ t ] := - ( b + L G o s [ g a [ t ] ] ) S i n [ t h [ t ] ] ; 
y t [ t ] := ( b + L Cos[ga[ t ] ] ) C o s [ t h [ t ] ] ; 
z t [ t ] := L S i n [ g a [ t ] ] ; 

where g a [ t ] is the crane arm angle 7 and t h [ t j is the slew angle 6. 
Substitute (4.16) in (4.4) to find the coordinates of the load 

xa := x t [ t ] - l [ t ] ( S i n [ a v [ t ] ] C o s [ t h [ t ] ] + C o 8 [ a v [ t ] ] S i n [ b v [ t ] ] S i n [ t h [ t ] ] ) ; 
yu :» y t [ t ] +1 [ t ] (-S in [av [ t ] ] Sin [th [ t ] ] +Cos [av [ t ] ] S in[bv [ t ] ] Cos [ t h [ t ] ] ) ; 
zm := z t [ t ] - l [ t ] C o s [ a v [ t ] ] C o s [ b v [ t ] ] ; 

Then we calculate the kinetic energy (4.5), potential energy (4.6) and the 
Lagrangian C = T — U 

T * 1/2 ( D [ x « , t ] - 2 + D [ y * , t ] - 2 + D[zm,t ] -2 ) ; 
U - g zm; 
Lag = T-U; 

131 



Doctoral Thesis: Modelling and Control of Rotary Crane Systems 
Appendix A. Derivation of the Equations of Motion for a Pendulum 

and solve the Euler-Lagrange equations (4.7) for ö„ and ßv 

l a g l - (D[D[Lag,D[av[t] , t ] ] , t ] - D[Lag,av[ t ] ] ) -= 0; 
lag2 - (D[D[Lag,D[bv[t] , t ] ] , t ] - D[Lag,bv[t ] ] ) — 0; 
dynamics = Solve [ { l a g l , lag2} , {av " [ t ] , b v " [ t ] } ] / /Expand; 

We use the solution dynamics to calculate Åö„ as 

1[t] av " [t] / .dynamics 

- ( g Cos[bv[t ] ] S i n [ a v [ t ] ] ) -
2 

l [ t ] S in [2 a v [ t ] ] b v ' [ t ] 

2 
2 

L S i n [ a v [ t ] ] S in [bv[ t ] - ga[ t ] ] ga ' [ t ] -
2 

2 a v ' [ t ] l ' [ t ] + (-2 Cos[av[ t ] ] Cos[bv[t] ] l [ t ] 
b v ' [ t ] + 2 L Cos[av[ t ] ] S in [ga[ t ] ] ga ' [ t ] -

2 S i n [ b v [ t ] ] l ' [ t ] ) t h ' [ t ] + 
2 

Cos[bv[t ] ] l [ t ] S in [2 a v [ t ] ] 
( 

2 
b S i n [ a v [ t ] ] S i n [ b v [ t ] ] -

2 
L Cos[ga[t ] ] S i n [ a v [ t ] ] S i n [ b v [ t ] ] ) t h ' [ t ] -

L Cos[bv[t] - g a [ t ] ] S i n [ a v [ t ] ] g a " [ t ] -
(b Cos[av[ t ] ] + L Cos[av[ t ] ] Cos[ga[t ] ] + 

l [ t ] S i n [ b v [ t ] ] ) t h " [ t ] 

and calculate Xcosavßv as 

l [ t ] Cos [av[ t ] ] bv " [ t ] / . dynamics 

- (g S i n [ b v [ t ] ] ) + 2 l [ t ] S i n [ a v [ t ] ] a v ' [ t ] b v ' [ t ] + 
2 

L Cos[bv[t] - ga [ t ] ] ga ' [ t ] -
2 Cos [av[ t ] ] b v ' [ t ] l ' [ t ] + 
2 Cos[bv[ t ] ] (Cos[av[ t ] ] l [ t ] a v ' [ t ] + 

S i n [ a v [ t ] ] l ' [ t ] ) t h ' [ t ] + 
(b Cos[bv[ t ] ] + L Cos[bv[t ] ] Cos[ga[t] ] + 

Cos [av[ t ] ] l [ t ] S in [2 b v [ t ] ] 2 
) t h . [ t ] -

2 

L S in [bv[ t ] - ga [ t ] ] g a " [ t ] + 
Cos[bv[t ] ] l [ t ] S i n [ a v [ t ] ] t h " [ t ] 
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The equations of motion can be written in a more readable form 

Aä„ = —fif sin ctv cos ßv — 2Aå„ — Xß2 sin av cos av  

+ L sin a„ sin(7 - ßv) j2 

— (2Asin ßv + 2Xßv cos 2a v cosßv) 0 

+ 2Lj 0 cos av sin 7 ( A . l ) 

+ (A cosa v cos2ßv - (b + L cos7) sin ßv) 0 sin av 

— L sin av cos(j — ßv) 7 

— (A sin ßv + (b + L cos 7) cosa„) 0 

Xßv cos av = —gsmßv + 2Xävßv sin a„ 

+ L cos(j — ßv) j2 - 2Xß\ cos av 

4- 2{Xåv cosa„ + A sin a„) 0cosßv (A.2) 

+ (A cos av sin /?„ + b + L cos 7) <r cos /?„ 

+ L sin(7 - /?„) 7 + A sin a„ cos ßv 0 
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Pendulum Dynamics For a 
Distributed Load 

We have seen in section 4.2 that i t is beneficial if the load can be regarded 
as a point mass. In this section we shall t ry to explore when this is 
possible. 

The difference between a point mass and a distributed mass is that in 
the latter case the load also has inertial moments. This means that (4.5) 
must be modified to include contributions from the rotational movements 
of the load. This is not easy with a choice of angles as in (4.4). Therefore 
we use the alternative definition illustrated in figure B . l 

xm = xt — A sin <p sin ip 

Vm = Vt - A sin <f> cos ip (B . l ) 
zm = zt - A cos (f> 

We also introduce 7̂  and It as the moment of inertia about the axial 
axis respectively the transverse axis. Then the kinetic energy in (4.5) 
modifies to 

T = l-M{xl + y2

m + zl) + cos2 cp + \ l t tf + sin 2 <p) (B.2) 

Two extra terms are due to axial rotation and transversal rotation of the 
load. In order to get equations that are independent of the load mass we 
define the inertial radii as It = Mr2 and 1$ = M r J . 

Notice that (B.2) includes several approximations. A more correct 
analysis would treat the wire-load system as a double pendulum allowing 
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Figure B. l : Definition of the pendulum angles <p a nd tp 

the load to have other angles then those of the wire. But if the load is 

symmetric and suspended with a single wire then (B.2) should be fairly 

accurate except for the torsional tension in the wire that is neglected. A 

more complete analysis can be found in Moustafa & Ebeid [24] were some 

of the problems mentioned here are addressed. 

Evaluating Lagrange's equation gives the following equations of mo

tion 

(A 2 + r2)cp = — g X s i n <p + (A 2 + r 2 - rl)tp2 cos <f> sin <f> 

— 2AA<̂ > + Ax cos <p sin i p + X y cos <p cos i p (B.3a) 

— Azsin <p) 

L i p = sin <p(—2XXip sin <f> 

_ 2(A 2 + r 2

t - r l ) U cos <p (B.3b) 

+ X x cos i p — X y sin t p ) 

where 

L = X 2 sin 2 <p + r2 sin 2 <p + r 2 cos2 <p (B.4) 

For comparison with previous sections we consider the case where the load 

can be regarded as a point mass, then = It = 0. Further we assume 
constant line length and that the suspension point is at rest. Then (B.3) 
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reduces to 
cj> = — — sin cp + ip2 cos cp sin cp 

A (B.5) 

ip = —2cpxp cot cp 

Notice that -if) tends towards infinity when <p is near zero. That makes 
this representation inferior, from a numerical point of view. 

Also consider the case when both 1^ and It are nonzero and the os

cillation is in a plane, i.e. ip = tp = 0 then the homogeneous variant of 

(B.3a) is 
{\2 + r2)4>= -gXsmcfi (B.6) 

Thus the system has the same natural frequency as a system with a wire 

length A + r f / A and a point mass. 

Evaluation of Lagrange's equation with Mathematica 

In this section some Mathematica [37] sessions that were used to calculate 
the equations of motion (B.3) are listed. This complements the brief 
analysis made above. The first step is to enter the coordinates of the load 
defined in ( B . l ) . 

xm:=x[t ] - l [ t ] S i n [ f [ t ] ] S i n [ p [ t ] ] ; 
y » : = y [ t ] - l [ t ] S i n [ f [ t ] ] C o s [ p [ t ] ] ; 
zm: =z [ t ] -1 [ t ] Cos [f [ t ] ] ; 

where the name convention f [ t ] = cp and p [ t ] — tp is used. Then the 
kinetic energy T, potential energy U and Lagrangian L are calculated. The 
rather lengthy output from Mathematica is suppressed with a colon at 
the end of the lines. 

H/2 (D[xm,t]-2 + D[ym,t]-2 + D[zm,t] _2) + 
(M ra"2)/2 D[p[t] ,t]"2 Cos [f [ t ] ] "2 + 
(H rt~2)/2 ( D [ f [ t ] , t ] * 2 + D[p[t] , t ] "2 S in [ f [ t ] ] *2 ); 
T=Expand[7.]//.a_. Sin[x_]"2 + a_. Cos[x_]"2 :> a; 
U= - M g l [ t ] Cos[f [ t ] ] ; 
L=T-U; 

where the name convention ra = is used. Notice that the kinetic energy 

is calculated in two steps. In the first step (B.2) is calculated and in the 

second step the result from the first (referenced with '/, in Mathematica) 

is simplified. 

The next step is to form the two Euler-Lagrange equations and solve 

them for cj> = f ' ' [ t ] and ip' = p " [ t ] 
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eql=(D[D[L,D[f [t] ,t]] ,t] - D [ L , f [t] ] ) == 0; 
eq2-(D[D[L,D[p[t] ,t]],t] - D[L,p[t]]) — 0; 
dynamics=Solve[{eql,eq2},{f " [t] ,p" [t]}]//Simplify; 

We use the solution dynamics to calculate <f> as 

f " M/.dynamics[M] 
(-2 g l[t] Sin[f[t]] - 4 l[t] f'[t] I ' M -

2 2 2 2 
ra Sin[2 f[t]] p'[t] + rt Sin[2 f [t]] p'[t] + 

2 2 
I M Sin[2 f[t]] p ' M - 1 M S i n K M - p M ] x " M + 

1 M Sin[fM + pM] x"[t] + 
Cos[fM - p M ] 1 M y " M + 
Cos K M + P M ] 1 M y " M - 2 l M S i n K M ] z " M ) / 

2 2 
(2 (rt + 1 M ) ) 

and calculate tp as 

p " [t] / . dynamics [ [1] ] 
2 

(2 S i n K M ] (2 ra Cos K M ] f ' M p ' M -
2 

2 rt CosKM] f ' M p ' M -
2 

2 CosKM] l[t] f ' M p ' M -
2 1 M S i n K M ] I ' M p ' M + Cos[pM] l[t] x " M -
I M Sin[pM] y " M ) ) / 

2 2 2 2 2 
(ra + rt + ra Cos[2 f [t]] - rt Cos[2 f M ] + l M -

2 
Cos [2 f M ] l[t] ) 
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