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FÖRORD 

Föreliggande licentiat-avhandling behandlar ett forskningsprojekt som 

bedrivits vid Högskolan i Luleå  under  ca två år. Dess titel är 

"Operatörsvänliga styr- och reglerfunktioner för lasthantering med 

fartygskranar" och 	det  har  till största delen finansierats med 

STU-medel.  En mindre del har  finansierats av företaget Hägglund & 

Söner (Örnsköldsvik) vilka även påtagit sig återbetalningsskyldigheten 

till STU. Detta mot att  de  får "äganderätten" till projektresultaten. 

Projektets mål, vilket uppnåtts, var att utveckla ett styrsystem som 

förenklar användningen av  de  lastvridare Hägglunds tillverkar till 

sina kranar, och därmed effektivisera lasthanteringen.  

Under  projektets gång  har  två skrifter producerats, ett paper  och  en  

forskningsrapport. Skrift  A  i denna avhandling utgörs av detta  paper  

och där  visas  att  en markant  effektivitetsökning kan 
 
förväntas för 

några olika styrfunktioner ifall  man  lyckas ralisera  dem.  I forsk-

ningsrapporten, vilken utgör projektets slutrapport, utreds dessa och 

några ytterligare styrfunktioner 

uppkommer när funktionerna ska 

också resultaten av  de  praktiska 

mera detaljerat  samt de problem  SOM 

realiseras i praktiken. Där redovisas 

försök som gjorts. Dessvärre så var 

det  nödvändigt att sekretess-belägga  rapporten  för att ge Hägglunds 

ett försprång gentemot sina  konkurrenter.  Detta gör att  skrift B  i 

denna avhandling, vilken  skulle ha  utgjorts  av slutrapporten,  endast 

omfattar dess  abstract.  

Till  sist vill  jag  passa på att framföra mitt varma  tack  till ett 

antal personer som på olika sätt bidragit till denna avhandlings till-

komst, nämligen:  

Bengt  Schmidtbauer för hans  roll  som examinator och handledare  

samt  för hans insats vid författandet av  de  bägge skrifterna.  

Thomas  Gustafsson för hans stora insats i projektets senare  

del,  bl  a  som medförfattare till skrift B. 



Gösta Harlin och  Per  Mäkikaltio som framförallt varit engagerade 

vid konstruktion och utprovning av försöksutrustningen. 

Hägglund & Söner som lånat oss utrustning till försöksuppställ-

ningen och medverkat i ett antal givande diskussioner. 

LULE/1 i oktober 1983 

Stefan  Rönnbäck 
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Abstract 

Handling large pieces of cargo, e.g. containers, with ship cranes is a 
difficult manual control task. If vertical axis control is added by in-
troducing a torsional pendulosity, the difficulties begin to exceed what 
can be adequately handled by dock workers in many ports where ships are 
routed. 

To alleviate the manual control operation, dynamical load compensation 
can be inserted between operator couimands and actuator motion, leading 
to apparent load dynamics that are easier to handle. The implementation 
is done in a microcomputer, giving a high flexibility and possible 
sophistication to the compensation functions used. 

The current work, dealing mainly with controlling the rotational motion, 
starts with a simulation study, to be followed by a small scale labora-
tory hardware implementation and a full scale prototype system. 

For the simulation part a graphics processor with a 13" CRT, showing a 
visual real-time display of simulated cargo motion, is used together with 
a test operator with appropriate controls. Software for animated picture 
generation, simulation of load dynamics and implementation of above 
mentioned compensation functions has been produced for a Z80 - micro-
computer. 

The simulation set-up is currently used as an aid to find the best load 
compensation. In the longer run it could have another application as a 
crane operator training facility. 

1. Introduction 

Cargo transported on ships nowadays comes mainly in standardized units 
with weight and volume of considerable size, e.g. 20' and 40' containers. 
To move these pieces around human muscle has been replaced by hydraulic 
actuators, even for the accurate final positioning operation. The crane 
operator thus has to be in full control of all degrees of freedom of 
cargo motion, including vertical axis rotation. 

The simultaneous manual control of 4 degrees of freedom (pitch and roll 
oscillations are disregarded), 3 of these being slow virtually undamped 
oscillations, is a formidable task, even for highly trained operators. 

Al 



Ship cranes are usually handled by local dockers in the various ports 
along the ship's route. Their training on specific ship crane operations 
is often very limited. Thus it is particularly desirable in this case to 
add microcomputer intelligence to the manual control loops to improve 
cargo handling efficiency and ease the task of the crane operators. 

The work presented here is carried out together with Swedish ship crane 
manufacturer Hägglunds. In the initial phase we are concentrating on 
vertical axis rotational control, since this is a novel area in crane 
operations requiring particular attention. 

2. Load dynamics  

A2 

To be able to exert a vertical axis 
torque, the load is suspended from two 
wires at a distance a [m] from each 
other (Fig. 1). The wire length is 1 [m] 
and the radius-of-inertia of the load 
(container) is r [m]. With these assump-
tions the natural frequency of vertical 
axis oscillations is deduced from 
straightforward Newtonian dynamics as 
("torsional pendulum"): 

al 	a  
0 	r 	

[rad/sec] 	...(1) -o = 2 	1 

Fig. 1 Ship crane with CRD and container 



The wire suspension can be rotated 
with respect to the container using 
the cargo rotation device (CRD), 
the rotation angle T  [rad]  being 
the primary variable for vertical 
axis control (Fig. 2). 

Neglecting energy dissipation and 
assuming 1 >> a, the equation for 
the angular motion  cp  [rad]  of the 
container can be expressed as: 

(.45 = w
o
2 • sin(T t ) 	...(2) 

The maximum angular acceleration is 
thus equal to w02  [rad/s2] and 
occurs when the wires are twisted 
900  in either direction. 

A3 

Fig. 2 Rotation angle definition 

3. Time-optimal control  

Even though this study is aimed against manual control, it is essential 
that the optimal control problem is analysed, to serve as one of the 
standards of comparison for the manual control results. A natural formu-
lation of the optimal control problem is one of time-optimal control, 
i.e. to move the system to the desired target state in the least possible 
time under the inherent physical constraints of the process. 

Case 1: No constraints on CRD velocity (T) 

In this case the process (2) becomes a standard double integral plant, 
with the control magnitude constrained between ± w02, the solutions 
being well-known (Ref. 1). For simplicity a normalized time variable is 
introduced as: 

T = W
o
t 

Taking derivatives with respect to T, equation (2) is replaced by: 

,2  
(P  - sin(T-(P 
2  

the control then being constrained between ± 1. 

dr  
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The time-optimal (bang-bang) 
control trajectories to take 
the system from the origin 
though a cargo rotation of 
(D i  radians with zero terminal 
derivatives (cjo,) are shown 
in Fig. 3. The idealized 
control trajectory T(T) is a 
solid curve whereas a more 
practical case with limited 
CRD actuation speed is indi-
cated with dotted lines. 

With the resulting parabolic 
arcs for Qp(T), the relation-
ship between deflection angle 
and the corresponding minimal 
time duration is: 

7/2  

(ef  

Fig. 3 Time-optimal trajectories; 
high actuator speed 	

T1 = 2/(7  

Case 2: Limited CRD velocity; small deflection angles 

Here it is assumed that /w/ << /T/ << 7/2 and the maximum actuator speed: 

dT 
/--/ 	= 	1w  =b 	 ...(6) 
dT max 	max 0 

The control signal is now CRD speed, the plant (4) approximately becoming 
triple integral: 

d
3w dT 

dT
3 dT 

   

The corresponding time-
optimal trajectories are 
shown in Fig. 4. In this 
case the function w(T) is 
piecewise cubic, the ex-
pression for the minimal 
time duration T1  for an 
angular rotation (pi  be-
coming: 

(8) 

   

     

     

 

Fig. 4 Time-optimal trajectories; small angles 
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In the range not covered by case 1 and 2 the time-optimal trajectories 
can be computed numerically. Using a two-dimensional Newton-Raphson 
iteration to calculate the time-optimal switching instants, the resulting 
trajectories T(T) turn out like in Fig. 5 for the case of normalized time 
T1  = 4. For normalised CRD speed  b  larger than around 1.5 a double 
saturation occurs like in "case 1" whereas for lower values of  b  the 
trajectories are similar to "case 2". 

A5 

o 

, 25 

0.0 	 .0 
	

2.0 
	

3.0 	 4 

Fig. 5 Simulated time-optimal trajectories (T1 = 4) 

The resulting relationship between T
1, 

cp
1 
and  b  is shown in Fig. 6 

(logarithmic scales). 

0.1 	02. 	£2. 5 tradi  

Fig. 6 Minimal time as a funtion of slew angle and peak actuator 
speed (normalised values) 
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4. Approaches to computer-assisted manual control  

The most difficult part of manual cargo rotation control is the fact that 
the torque changes with the rotation angle leading to the undamped 
oscillator type of dynamics. A first step in the compensation approach is 
to decouple torque control from cargo rotations, leading to an effective 
control signal uo according to (et equation (4)): 

1/0 = 

The CRD rotationcommand T = uep thus has to be computed as the sum of the 
control command uo and the rotation angle w ,the latter obtained from 
measurement or state estimation techniques. From the operator's point of 
view the plant has been changed from halmonic oscillator to approximately 
double integral (if  b  is large). 

However, a double integral plant with additional lag due to CRD speed 
restrictions is still difficult to handle, and needs a high degree of 
anticipatory (lead or derivative) action to be stable and well behaved. 
One way to change plant dynamics from double integral to single integral 
with lag is to introduce artificial viscous damping to the plant dynamics. 
With  c  [s] being the viscous damping constant, the primary control signal 
has to be: 

u
c 

= T-40-ccp 

with the corresponding CRD rotation command T = u +(p-c(4). 
C 

A6 
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The different versions of apparent 
plant dynamics are illustrated by 
their respective impulse responses 
in Fig. 7. 

Fig. 7 Impulse responses for different 
apparent load dynamics 
A. Uncompensated CRD speed control  
B. Decoupled with fast CRD  
C. Decoupled with fast CRD and damping 



5. Simulation model 
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Based on the principles of 
the previous section, diffe-
rent computer assisted 
manual control schemes have 
been evaluated with a number 
of test operators. Plant 
dynamics compensation func-
tions and real-time graphics 
were implemented on a Z80-
microcomputer, with a 
graphics processor and a 13" 
CRT for visual presentation 
(Fig. 8). 

 

Fig. 8 Computer and graphics display 
equipment 

 

Plant model (cf. section 2) 

  

For the test runs the following numerical values were chosen: 

Wire length 	I = 15 m 
Wire distance 	a = 1 m 
Inertia radius r = 1.73 m 
(20' container) 

Substituting into equation (1 ) we get: 

 

w = 0.233 rad/sec 
0 

 

_(12) 



Fig. 9 Display for manual 
control tests 

The control task used in the simula-
tions is to rotate the container by 
900  ((p1  = u/2  rad).  A top view of 
the container and the CRD is presen-
ted on the display tube, according 
to Fig. 9. The operator exerts 
(continuous) control by rotating a 
potentiometer. In the uncompensated 
case the potentiometer signal is 
directly turned into a correspond-
ing CRD speed command. With computer 
assistance the potentiometer signal 
is a setpoint for the commands uo  
or uc in eqns. (9) or (10). The 
corresponding CRD retation angle Y(t) 
is generated with a software local 
feedback loop with the appropriate 
saturation characteristics 

bw ). 
max 	0 

A8 

Manual control task 

A manually controlled 900  rotation is considered to be accomplished when 
the orientation has been within ± 0.03  rad  of the target during 5 seconds. 

Control parameters  

Five different cases of control are investigated in the simulation study. 

Case 0: Direct control of CRD speed with no compensation (low peak speed; 
see Al below). 

In all cases of computer assistance a decoupling of container rotation is 
carried out (see section 4). 

The differences in the compensation are with respect to: 

A. Peak CRD speed 

Al Low speed actuator: 41 	= wnb = 3 rpm = 0.314  rad/s  
A2 High "- 	 eax  = tun:,  = 30 rpm = 3.14  rad/s  

max 	0  

B. Amount of artificial damping 

B1 No artificial damping 	c = 0 [s] 
B2 High artificial damping c = 21 [s] 

—(14) 

The computer assisted control alternatives thus can be labelled as: 

Case 1: Low speed/low damping 
Case 2: Low speed/high damping 
Case 3: High speed/low damping 
Case 4: High speed/high damping 



Time-optimal_control 

With �1 = 90
° 

and b given by Al and A2 above (equal to 1.35 or 13.5 for
low and high speed actuator respectively), the corresponding minimum time 
durations can be obtained from Fig. 6 as: 

Al: 
A2: 

... ( 15) 

In the case (B2) with artificial damping the minimal time is increased, 
since the cargo rotation speed saturates at: 

• 
1T 

/�/ = � = 0.075 rad/s ... (16) 
max 2c 

Taking the transient behaviour at the beginning and end of the trajectory 
into account, the effective minimal time in the damped case is approxi
mately : 

t = 22 secs1d 

6. Simulation results

... ( 17) 

In the simulations 25 different test operators were used, 5 on each of 
the test cases described in the previous section. Each operator had to 
carry out 25 runs (90° rotations). 

The ensemble mean values for the required time in the successive trials 
are plotted in Fig. 10. The corresponding theoretical time-optimal 
control limits are also indicated. Based on the results we can make the 
following observations: 

Need_for_comrensation 

The uncompensated non-decoupled dynamics in case O were extremely hard 
to control manually, even after the in this case very long training 
session of 25 trials. A high degree of attention is necessary to even 
maintain stability. Results are very poor. Learning is slow and improves 
drastically in the cases with compensation. 

Actuator_sEeed 

The increased lag in the slow actuator cases (1 and 2) leads to a 
decreased manual control performance in comparison with the correspond
ing cases with a fast actuator (3 and 4). For a practical design this 
effect has to be traded against the increased cost of a fast actuating 
mechanism. 

A 9 
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Fig. 10 Sample mean values of time duration in successive trials 
for the different control cases. 

Artificial damEing 

Artificial damping has little influence on the mean values but has a 
strong effect in decreasing fluctuations, both between different opera-
tors and between different trials. Less attention is required. Thus for 
predictable and dependable manual control a fair amount of damping 
appears to be desirable. 

7. Areas of further study  

For a practical implementation of the computer assisted control schemes 
discussed in this paper a sensing mechanism for cargo rotation  (g)  is 
needed. We are currently looking into a single-axis gyro implementation 
but also into the possibility of reconstructing the rotation angle with 
state estimation techniques using other information sources. 

in acomplete ship-crane manual control system, the cargo rotation controls 
have to be treated in an integrated framework together with translational 
control. 
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ABSTRACT: 

Handling containers on 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. This is achieved by 

using the torque derived from twisting the wires. Due to the difficult 

pendulous dynamic characteristics of the process, the operator has 

large problems in exerting proper control. This report describes how 

the crane operator's task is alleviated by placing an auxiliary 

control function between operator command and rotation device 

actuation. This auxiliary function is implemented in a microprocessor 

and has been successfully tested under full scale conditions. 

B  I  

----  Resten  av rapporten är sekretess-belagd ---- 
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