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0  INTRODUCTION

Robot spot welding is nowadays present in several 
industries all around the globe. These systems 
increase production efficiency [1] and increase the 
quality of the products. The physical burden on the 
human workforce is relieved as well as the stress on 
their health [2]. Many of these systems are present in 
automotive industry [3] where contact spot welding 
is mainly used [4]. Besides automotive industry the 
robotic spot welding is present also in other industries 
[5] and [6].

Industrial robots have high position repeatability, 
but have at least a grade worse absolute position 
accuracy [7] to [9]. The robots are mainly programmed 
on-line where all robot points are defined or 
recalculated in regard to the base coordinate system 
of the robot. However, improvements in technology 
enable off-line robot programming to be used more 
and more nowadays. This type of programming 
saves the robot points in regard to the virtual robot 
coordinate systems. When these points are transferred 
to the real system on the shop-floor, usually a point 
position difference is present and the literature [10] 
specifies this error as positional absolute error or 
kinematic position error. The same problem occurs 
when machine or robot vision [11] systems are used 

[12], where points in camera coordinate system need to 
be transformed into the robot base coordinate system. 
When transforming coordinates from vision system 
to the robot system, usually the ideal robot kinematic 
model is used, but real kinematic parameters differ. 
For this reason an absolute calibration procedure 
is a must to accurately position the robot on proper 
position defined by the vision system.

To reduce or eliminate the absolute error, manual 
calibration of the robot system is usually used. But 
this conventional approach requires a large amount of 
calibration points, which results in a long calibration 
time and is therefore not suitable for shop-floor 
production. In the field of robotic automatic absolute 
error calibration procedures the reader can find 
several approaches using 1D and 2D vision calibration 
systems [13] to [16], calibration with laser trackers 
[17], image comparison [18], visual touch-up [19] and 
hybrid sensors using Kalman filters [20].

Most of the presented work for kinematic 
calibration of the robot system in the previous 
paragraph was tested in laboratory and used expensive 
dedicated measurement equipment or additional 
equipment needed to be installed that limits robot 
working space. These academic approaches have a 
large influence on calibration methods development, 
but are usually not implemented in shop-floor 

Robust Visual Touch-Up Calibration Method  
in Robot Laser Spot Welding Application

Rejc, J. – Munih, M.
Jure Rejc* – Marko Munih

University of Ljubljana, Faculty of Electrical Engineering, Slovenia

The article is describing the use of visual touch-up calibration method for defining the mathematical transformations used in a shop-
floor measurement and welding robot cell in the protector assembly process. The presented system is designed as a robust and cheap 
solution, using only the equipment needed for the production tasks in the robot cell. The main goal of the presented system is to use vision 
measurement system for measuring and calibration procedures and laser welding equipment to weld two protector assembly parts together 
where positioning tolerances are very narrow. These narrow tolerances forced us to implement auto-checking and auto-calibration procedures 
for all necessary mathematical aspects in the robot cell, based on the robust visual touch-up method. To demonstrate adequate solution in 
the measurement, calibration and also the production sequences, the graphs show production statistical results over a one year production 
period.
Keywords: robot welding, visual touch-up, calibration, kinematic error, transformations

Highlights
• The presented system enables accurate distance measurements in the industry. 
• The presented system enables robust visual touch-up robot calibration method. 
• The proposed calibration procedures take into account all robot kinematic errors. 
• All calibration procedures are automatic, enabling short production line dead times. 
• The system uses a calibration procedure that is not well described in the literature.
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production facilities [21]. All presented drawbacks 
forced us to develop the robot automated visual 
inspection (AVI) and measurement system for 
measuring and laser welding cell in a way that used 
previously installed equipment for measuring, welding 
and for all necessary calibration procedures. Among 
the presented approaches from the literature the 
simplified visual touch-up approach was implemented. 
The article presents the robot cell design, the 
automatic position error eliminating procedures and 
the results of installed approach. Presented is statistics 
for the whole year production analysis.

1 THE ROBOT CELL

1.1  The Protector

The robot cell workpiece called protector (Fig. 1) is 
a control and safety element incorporated into classic 
cast-iron cooking plates manufactured in different 
diameters and nominal power. The task of the 
protector is to turn off the power supply of the heating 
winding hobs in the event of overheating when the 
temperature reaches 400 °C ± 50 °C.

The basic components of the protector (Figs. 1 
and 2) are: ceramic housing, 1.2 mm thick bimetal 
with the set screw, limiter, toggle element, electrical 
switch and electrical contacts for connecting wires. 
When the temperature of the cooking plate is rising, 
the bimetal bends in the protector and exerts force via 
the set screw on the limiter. When the pressure on the 
limiter is high enough, it triggers the toggle element, 
which represents half of the electrical switch.

Fig. 1.  The protector and its assembly parts

The protector manufacturer was forced to change 
its design in 2013 for two reasons. The set screw 
was previously fixed to the bimetal with special glue 
paint. This solution was practical, but it sometimes 
happened that the set screw was not fixed enough and 
the protector switch-off temperature moved outside 

the tolerances. Also, this special paint was expensive, 
which called for a cheaper and more reliable solution. 
The protector redesign declared that the set screw is 
bonded with the bimetal by laser welding these two 
assembly parts together.

Fig. 2.  The field of view of the visual inspection system

1.2  The Robot Workspace and Attached Equipment

The robot cell (Fig. 3) is installed in the fourth of the 
five stages of the rotary table, where the assembly 
process of the protectors is finished. In this stage the 
task is to inspect two dimensions called A and B in the 
protector and to determine the intersection position of 
the bimetal and the set screw where laser welding of 
these two parts must be performed. The position of the 
set screw is set in the previous stage of the rotary table 
and is not important for the article.

Fig. 3.  Robot cell as one part of the five stage rotary table
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The selected robot is Epson G6 650 with 4 DOF 
and superb repeatability specifications: ±15 µm for 
the first and second horizontal axis together, ±10 µm 
for the vertical axis and ±0.005 ° for rotational axis. 
On the end of the robot two independent systems 
are installed, both necessary for all the production 
tasks in the fourth stage of the rotary table. The first 
system is a video camera inspection and measurement 
system. It consists of a video camera and appropriate 
optics. Installed camera is a type DMK 41AG02, 
monochrome with resolution of 1280×960 pixels, 
produced by The Imaging Source. We have chosen 
optics from the Keyence company, type CA-
LM0510. It is specified as macro lens with C-mount 
connection. The field of view of this video system is 
approximately 6 mm × 4 mm, marked with a dotted 
square in Fig. 1. The second attached system is a laser 
welding system with appropriate optics. The type of 
laser welding system is TruPulse 44, manufactured by 
the company Trumpf with a wavelength of 1064 nm 
and average power of 40 W. The laser optics is BEO 
D35 with a focus distance of f = 100 mm and 1 mm 
laser beam spot. This parameter combined with the 
bimetal width of 1.2 mm defined the laser welding 
point (WP) tolerance to ±0.2 mm.  The laser welding 
system is equipped with an additional video camera of 
the same type as the one in the measurement system 
and is used for calibration procedures of both systems. 
The camera attached on the welding system share the 
same optics, making the laser beam and the video 
camera visual path coaxial.

The production process of the fourth stage of the 
rotational table starts as follows: six protectors, set 
in a cluster, are rotated into the robot working space 
at once. After the cluster is positioned, additional 
mechanism positions the dedicated LED illumination 
for all protectors in a cluster. Then the robot positions 
the video measurement system over the first protector 
in a cluster, the dedicated image acquisition and 
image processing software captures the image, 
which is then processed during the motion to the 
next protector. When the last protector image in a 
cluster is processed, the robot moves in the opposite 
direction from protector to protector and positions the 
welding optics over the welding point according to the 
information from the measurement system. The laser 
welding is not performed if there is an error in image 
analysis or the measured dimensions A or B are not in 
defined tolerances.

In Fig. 3 two very important parts of the whole 
system are also seen. The measurement system 
first needs to be checked and calibrated to ensure 
accuracy. In our opinion the best object to perform 

the measurement calibration procedures is a precisely 
known object that is also measured in the robot cell. 
That is why three calibration protectors are set in the 
robot working space in a special chamber protected 
from laser welding dust as much as possible. The 
height of the optics in regard to these protectors was 
set by the same robot vertical Z axis distance as by 
protectors fixed in a cluster rotated by the rotary 
table. This is possible because both production and 
calibration protector clusters are physically set to 
the same height in the production line. This simple 
approach minimizes the influence of camera intrinsic 
parameters error and also the optics distortion error. 
Both dimensions A and B on all three calibration 
protectors were previously measured with the certified 
profile projector measuring system, type Mitutoyo 
PV500. Each protector has different dimensions A and 
B. The captured image with all important parameters 
can be seen in Fig. 2, except that the welding point is 
not defined during the calibration of the measurement 
video system. The first two calibration protectors 
are used to gain the transformation information used 
to recalculate distances from pixels to millimeters 
and the last calibration protector is used to check the 
measurement accuracy. The checking is performed 
every 10,000 pieces and if the accuracy is inside 
predefined tolerances of ±0.1 mm for both measured 
distances A and B then the production line continues. 
Otherwise the robot moves the measurement system 
over the first two calibration protectors and a new 
transformation function is calculated. Then the 
accuracy checking is repeated on the third protector. 
If the measured values are still outside tolerances, the 
production line is stopped with error message and an 
operator must check the situation.

Fig. 4.  Calibration coordinate system fixed in robot working space

The second important system in the robot working 
space in Fig. 3 is very simple, yet very efficient as 
we will show in the article. The 3D model of this 
assembly is shown in Fig. 4. The assembly consists 
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of an L stand that has a 5 mm hole on the bottom side. 
It is meant for a 5 mm LED. For better contrast we 
have chosen a green LED. On the top side of the stand 
two small holes in the 5 mm LED area are drilled. The 
bigger hole has a diameter of 0.8 mm and the smaller 
one a diameter of 0.5 mm. These two holes or dots 
represent one axis of fixed coordinate system (Fig. 5) 
in robot working space. The larger dot represents the 
origin (O) of coordinate system and the smaller a dot 
on the X axis of the coordinate system. Both dots are 
separated by 3 mm.

Fig. 5.  Threshold image of two LED dots with drawn coordinate 
system

2  THE VISUAL TOUCH-UP METHOD

The visual touch-up method is a non-contact version 
of a standard touch calibration method and can be 
used in many robot calibration areas. The non-contact 
method can be connected with contact method if the 
term of virtual pin is introduced (Fig. 6). Virtual pin 
is a virtual connection from the robot to the target 
position. The literature is very poor in the field of 
visual touch-up method used for robot calibration 
purposes and only Watanabe et al. [19] published a 
contemporary research article in this field, which 
was used as the basis for our approach. Watanabe et 
al. used a single camera attached on the robot end-
effector. The calibration target object is a perfect 
circle with its center point drawn in the robot working 
space. The size of the circle is predefined and is used 
to define geometric relations, where the center point is 
the target point. The authors state that the drawbacks 
of this approach are unidentified camera-intrinsic 
parameters and the distortion of the lens that can both 
affect calculations. 

Visual touch-up method can be used for purposes 
of robot new tool calibration, robot absolute accuracy 
calibration and also for calibration of several robots 
carried vision systems as in our case. The non-
contact method can use several sensors for calibration 
procedures: from laser distance sensors based on 
triangulation [22] and conoscopic holography [23], 
inductive or capacitive sensors and especially video 

cameras as Watanabe et al. is presenting. In our 
case we have chosen the video camera approach, 
because both on robot attached systems are vision 
based and also the planar robot movement simplifies 
the calibration procedures approach (Fig. 6). The 
reference objects of our visual touch-up approach are 
small round green dots presented in Figs. 4 and 5.

Fig. 6.  Visual touch-up system represented on 3D model

3  IMPLEMENTED VISUAL TOUCH-UP  
METHOD CALIBRATIONS

As described in the previous sections, the measurement 
vision system is checked for accuracy and calibrated 
by using the calibration protectors. With the 
implementation of this system, the welding point 
(PX, PY) is defined in camera image coordinate system 
C , independent in regard to any other coordinate 

systems of the robot cell (Fig. 2). But to be able to 
transform the welding point (PX, PY) from C  in to the 
robot reference coordinate system R  and to position 
the welding optics to the proper position (WPX, WPY) 
several coordinate systems need to be defined 
automatically via the visual touch-up method.

These calibration procedures calibrate the system 
only in X and Y axis, where the Z axis is fixed. The 
focal distance of the welding laser and its attached 
camera is 11 cm from the welding optics to the 
observed or welded object, defined with manual 
calibration stick, provided by the laser manufacturer. 
The same analogy valid also for the measurement 
camera, where the focus distance is also near 11 cm, 
making the stand-off distance also fixed. In other case 
the captured images are blurred.
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3.1  Robot Self-Calibration of the New Welding Laser 
Optics Tool

The robot can position the welding laser optics to the 
calculated coordinates WPX and WPY if the welding 
laser optics frame L  regarding to the robot default 
end E  E is defined as a transformation T

L

E  or as a 
predefined robot new tool (Fig. 7), also called tool 
center point (TCP). In production facilities this is 
frequently done by manually defining a new tool 
attached to the end of the robot with a special Epson 
wizard for manually defining new TCP‘s named as 
ToolN (e.g. Tool1). This procedure requires a certain 
amount of time of at least a few minutes to be finished 
by the operator and is therefore too inconvenient for a 
quick recalibration and totally improper for high 
volume production line.

Fig. 7.  The positioning of the welding laser optics according to the 
WPX, WPY welding point

In our system the robot makes fast movements 
that can shift attached equipment, or the operator 
accidentally hits the laser optics during maintenance 
of the robot cell. For these reasons an automatic 
tool calibration procedure for defining the center of 
the welding laser as a new tool, called Tool1, was 
developed.

Fig. 8.  Transformations for new TCP calculation

For the automatic tool calibration procedure a 
bigger LED dot from Fig. 5 is used. The calibration 
procedure requires positioning of the laser welding 
optics L  in the center of a reference point (bigger 

dot), marked as a filled circle in Fig. 8, in two different 
robot configurations and can be described with Eq. (1) 
where N is 1 and 2. To make all further figures 
transparent, only the x axis of the coordinate frame is 
marked and the z axis points out of the plane. The y 
axis is set respectively to the right-hand coordinate 
system.

 T T T
L

R

EN

R

L

E= ⋅ .  (1)

In this calibration procedure the robot first moves 
the laser optics to the predefined position (EXN, EYN, 
αN) in robot reference frame R , saved in the previous 
calibration procedure, where the center of the laser 
optics and the center of the reference point should 
align. The decision whether the welding laser optics 
center is aligned with the center of the reference point 
is made by the dedicated software by implementing a 
circular Hough transform [24] to [26] on the captured 
laser optics video camera image. The task of the 
Hough transform method is to search for objects of 
different shapes (lines, circles, ellipse) in an image by 
a voting approach in parameter space. Within this 
space the objects are gained as local maximum in an 
accumulator space.

Unlike in Watanabe et al. [19] where the error 
between the reference point and the captured image 
point is calculated and used in further calculations, we 
implemented a simple step position controller to 
reduce the position error inside the predefined 
tolerance area of 0.05 mm if the movement is 
necessary. The movement of the robot is in steps of 
0.015 mm in both planar axes. The tolerance area can 
be specified in millimeters because the width of the 
bigger dot is known and the result of the Hough 
transform is the radius of the circle in pixels. At this 
point the current robot TCP position E  is saved as a 
new point (EXN, EYN, αN) for the next calibration 
attempt. With this information a new transformation 
T
EN

R   (Eq. (2); N = 1) is set.

 T
EN

R = ( ) ⋅ ( )Rot z Trans E EN XN YN, , , .α 0  (2)

In order to calculate the transformation T
L

E  
between the end of the robot (E) and welding laser 
optics (L) a second transformation is needed (Eq. (1); 
N = 2). It defines the new configuration (Eq. (2);  
N = 2) of the robot, pointing with the center of the 
welding laser optics in the same, bigger LED reference 
point. The procedure is the same as described before, 
only the robot initial pose is different EXN, EYN, αN 
where N equals 2.

From the matrix in Eq. (3) only position 
coordinates ELX and ELY are needed and can be 
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expressed as Eq. (4). Coordinates ELX and ELY 
define the new TCP (saved as Tool1) representing the 
welding laser optics center (L) relative to the end of 
the robot (E).

 T
L

E = ( )Trans EL ELX Y, , ,0  (3)

 

EL E E

E E
X X X

Y Y

= −( ) ⋅ −( ) +
+ −( ) ⋅ −( )

1 2 1 2

1 2 1 2

cos cos

sin sin ,

α α

α α

 

EL E E

E E
Y Y Y

X X

= −( ) ⋅ −( ) −
− −( ) ⋅ −( )

1 2 1 2

1 2 1 2

cos cos

sin sin .

α α

α α  (4)

4.2 Welding Point Calculation

Fig. 9.  Transformations for welding point calculation

Fig. 9 shows the homogenous transformation 
relations that are important for calculation of the 
welding point in the reference robot frame R . The 
welding point, marked as P, is determined in the 
measurement camera frame C . This transformation 
can be written as a homogenous transformation matrix 
(Eq. (5)) marked as  with the same orientation as the 
measurement camera frame C .

 T
P

C = ( )Trans P PX Y, , .0  (5)

The camera C  is physically fixed in regard to the 
robot end E  described by the transformation T

C

E  (Eq. 
(6)). This transformation is defined with the distance 
(ECX, ECY) from robot end frame E  to the measuring 
camera frame C  and with a rotation angle ϑ around 
the Z axis.

 T
C

E = ( ) ⋅ ( )Rot z Trans EC ECX Y, , , .ϑ 0  (6)

The robot end frame E  pose in robot reference 
frame R  can be written as homogenous 
transformation T

E

R  (Eq. (7)) with parameters 
(EX, EY, φ) read directly out of the robot controller as 
Tool0 representing the bare end of the robot, based on 
ideal kinematic robot parameters.

 T
E

R = ( ) ⋅ ( )Rot z Trans E EX Y, , , .ϕ 0  (7)

The welding point position (WPX, WPY) is 
calculated from measurement camera C  position P 
into the robot reference frame R  by Eq. (8).

 T T T T
P

R

E

R

C

E

P

C= ⋅ ⋅ .  (8)

The welding point is a dot expressed as Eq. (9).

 

WP E EC P

EC P

WP E E

X X X X

Y Y

Y Y

= + ⋅ + ⋅ +( ) −
− ⋅ − ⋅ +( )
= +

cos cos

sin sin ,

ϕ ϕ ϑ

ϕ ϕ ϑ

CC P

EC P
Y X

X X

⋅ + ⋅ +( ) +
+ ⋅ + ⋅ +( )

cos cos

sin sin .

ϕ ϕ ϑ

ϕ ϕ ϑ  (9)

3.3 Defining the Measurement Camera

The welding point (WPX, WPY) position in robot 
reference frame R  is calculated by Eq. (8) where all 
three transformations ( T

E

R , T
C

E  and T
P

C ) must be 
known. A great problem is definition of the 
transformation T

C

E , representing the pose of the 
measurement camera frame C  in the robot end frame 
E . Just as the welding tool, the measurement camera 
can also move slightly due to vibrations and fast 
movements of the robot. This is why we developed an 
automatic calibration procedure to define 
transformation T

C

E .
To define transformation T

C

E  both green reference 
LED points positions in the robot reference frame 
must be known. At the end of the new tool (Tool1) 
calibration procedure described earlier in the text the 
welding laser optics is already positioned in the center 
of the larger reference point with a diameter of 0.8 
mm in Fig. 10 marked as a large shaded circle. 
Because the laser is defined as a new tool this position 
of the reference circle can be saved as point  
R1(R1X, R1Y) in the robot reference frame (Fig. 10a).

Fig. 10.  Green LED dots position in reference frame; a) bigger dot 
used for tool calibration, b) smaller dot used for tool calibration

Besides the position of the larger dot also the 
position of the smaller dot in robot frame must be 
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known (Fig. 10b). With the step position controller, 
described earlier in the text, the welding laser optics is 
positioned over the smaller reference point. Based on 
Tool1 the position of this reference point is saved as 
point R2(R2X, R2Y) in the robot reference frame.

Points R1 and R2 represent (Fig. 5) the reference 
coordinate system in robot reference frame, marked as  
in Fig. 11 and defined by Eq. (10), depending on robot 
kinematics and not representing the absolute accurate 
position.

Fig. 11.  Transformations for calibration of T
C

E

 T
P

R = ( ) ⋅ ( )Rot z Trans R RX Y, , , .γ
1 1

0  (10)

To determine transformation T
C

E , the position of 
both green reference LED points in the measurement 
camera frame C  must be known. This procedure is 
done by the robot moving the measurement camera in 
a predefined position where both reference points are 
visible by the measurement camera. The software then 
captures the image and determines the position of the 
reference points centers P1(P1X, P1Y) and P2(P2X, P2Y) 
in the measurement camera frame. With this 
information transformation T

P

C  is defined as Eq. (11).

 T
P

C = ( ) ⋅ ( )Rot z Trans P PX Y, , , .β
1 1

0  (11)

The situation in Fig. 11 is described by Eq. (8) 
where transformation  can be expressed as Eq. (12).

 T T T T
C

E

E

R R

P

C= ( ) ⋅ ⋅ ( )− −1 1

P
.  (12)

The transformation described by Eq. (12) and 
Eq. (13) gives the orientation angle ϑ and position 
coordinates ECX and ECY (Eq. 6) of the EC coordinate 
system.

EC RP E P

RP E P
X X X X

Y Y Y

= −( ) ⋅ − ⋅ + −( ) +
+ −( ) ⋅ − ⋅ +

cos cos

sin sin

ϕ β ϕ γ

ϕ β ϕ
1

1
−−( )

= −( ) ⋅ − ⋅ + −( ) +
+ −( ) ⋅ + ⋅

γ

ϕ β ϕ γ

ϕ

,

cos cos

sin

EC RP E P

RP E P
Y Y Y Y

X X X

1

1
ssin .β ϕ γ+ −( )  (13)

4  ROBOT CALIBRATION UNCERTAINTIES

The WP is defined by Eq. (9). This equation consists 
of several system variables, which all carry some 
uncertainty that accumulates into the final positional 
error.

Fig. 12.  ECX error depending on Δβ and Δγ when Δφ is 0.005°

Table 1.  EC transformation error estimation parameters

RPX = 270 mm ΔEX = 0.015 mm
RPY = 420 mm ΔEY = 0.015 mm
EX = –250 mm ΔRPX = 0.015 mm
EY = 360 mm ΔRPY = 0.015 mm
PX = 2 mm ΔPX = 0.1 mm
PY = 1 mm ΔPY = 0.1 mm
β = 90° Δφ = 0.005°
γ = 90° φ= 90°

The first variable is the pose of the robot end  
(EX, EY and φ) summed from joint angle, clearances 
and length error [27]. Each contribution separately is 
not given by robot manufacturer. The absolute error 
can not be estimated, but the relative error is the same 
as the robot repeatability specification for the first 
two planar joints, specified at ±0.015 mm. Next is the 
uncertainty of defining the welding point in camera 
coordinate system (PX and PY). It is originating 
from the measurement camera calibration tolerances 
defined at ±0.1 mm. In addition to the presented 
system variables, the most challenging task was to 
estimate the uncertainty of defining the pose of the 
camera coordinate system in regard to the robot end 
coordinate system (EC).

Before the robot cell was implemented in the 
production line and a proper calibration method was 
selected, the mathematical equations were used to 
estimate the error. For error estimation purposes 
the method of partial derivatives was used [28]. The 
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analysis result for Eq. (13), where in regard to 3D 
model robot cell parameters (Table 1) were included, 
is very poor. The maximal positional error of defining 
the camera coordinate system C  at the end of the 
robot coordinate system E  is from approximately 
–6 mm to 6 mm, higher in X direction (Fig. 12) than in 
Y direction (Fig. 13).

Fig. 13.  ECY error depending on Δβ and Δγ when Δφ is 0.005°

The analysis showed that the angles included in 
calculations dominantly contribute to the absolute 
error. The predicted errors of calculation angles were 
Δβ ≈ 1.9°, Δγ ≈ 0.95° and Δφ ≈ 0.005°, all together 
contributing to the ϑ angle (≈±3°).

Fig. 14.  WPX error depending on ΔECX and ΔECY  
when Δϑ is —3º

The camera coordinate system C  position error 
relative to the end of the robot coordinate system  E  
directly contributes (Eq. (9)) to the error of the laser 
(WP) in the robot coordinate system. Further analysis 
showed that the contribution is significant and the 
position error of laser welding poinn can be up to 
±20 mm, far too much than the desired ±0.1 mm. Figs. 
14 and 15 show the error of the laser (WP) if only 
the error of EC transformation is considered. Table 

2 shows all other necessary calculation parameters. 
In Fig. 14 the variables are ΔECX and ΔECY with 
resulting error ΔWPX and in the Fig. 15 the variables 
are ΔECX and Δϑ with resulting error ΔWPY. 

Fig. 15.  WPX error depending on ΔECX and Δϑ  
when ΔECY is 0.76 mm

Table 2. WP transformation error estimation parameter; ≈ 
represents any value

EX = ≈ mm ΔEX = 0 mm
EY = ≈ mm ΔEY = 0 mm
ECX = 75 mm ΔECX = 6 mm
ECY = –13 mm ΔECY = 0.18 mm
PX = 2.5 mm ΔPX = 0 mm
PY = 5 mm ΔPY = 0 mm
φ = 90° Δφ = 0°
γ = 90° Δγ = 3°

As presented, the literature declares the kinematic 
error as the main source of the absolute position 
error. However, the presented automatic calibration 
method enables to include all robot kinematic and 
measurement uncertainties into the final result 
written as transformation matrix T

C

E . This is possible 
due fixed equipment used in the robot cell and 
very frequent auto-checking and auto-calibration 
procedures. The drawback of this approach is an 
absence of information if the welding point is still 
properly calculated or something unexpected happens 
during the production process between the mentioned 
auto-checking or auto-calibration procedures. The 
feedback information about the welding point quality 
could come from packing station where the human 
makes the final inspection. Another solution would be 
to run the system auto-checking and auto-calibration 
procedures even more frequently, but till now there 
was no need to change the sequence.
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5  RESULTS FROM THE PRODUCTION LINE

All the manufacturing data for each protector in the 
robotic cell is stored into the database. In this section 
the manufacturing results for the whole year 2014 
are presented and used for visual touch-up method 
statistical analysis.

In 2014 a total number of 4,132,176 protectors 
were positioned into the rotary table clusters. In 
Fig. 16 the bars on the left represent the distribution 
of protectors throughout 2014. On average around 
340,000 protectors are put into the clusters each 
month, thus 15,000 each day. The bars on the right 
show the number of protectors processed with the 
robotic system.
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Fig. 16.  All protectors set in the clusters and processed with the 
robotic system in the year 2014

It can be seen that some of the protectors are 
not processed by the robotic system due to many 
reasons arising from previous production stages. A 
sum of 50,608 protectors of the total number were 
not processed by the robot cell, which is 1.22 % (2.5 
manufacturing days).

The total number of successfully analyzed 
and welded protectors in 2014 was 4,072,536. It is 
worth mentioning that in the case of unsuccessful 
measurement or welding (robotic system reports an 
error), these protectors are put back into the rotary 
table clusters at the end of the production day. In such 
cases, the system is not able to detect which protector 
was put back into the cluster. For this reason also the 
repeatedly measured protectors are included in the 
total number of successfully measured and welded 
protectors.

5.1  Welding Point Distribution

In addition to measure distances A and B, the task of 
the system is also determination of coordinates for 

the welding point defined in the measurement camera 
frame. The welding point is calculated by combining a 
fixed offset (dX, dY) and the welding point frame (W) 
position (WPX and WPY) (Fig. 2).

Fig. 17.  Welding point position in 2014
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Fig. 18.  Distribution of the welding point X in 2014; each bar 
represents 10 µm
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Fig. 19.  Distribution of the welding point Y in 2014; each bar 
represents 10 µm

Fig. 17, Fig. 18 and Fig. 19 show the distribution 
of the welding points in the measurement camera 
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coordinate system. The mean position of X coordinate 
is 2.74 mm and 4.91 mm in Y direction, marked 
with a cross (Fig. 17). The maximal width error in 
X direction is 0.32 mm and 1.56 mm in Y direction. 
These measurement results from the production line 
prove that the detection of welding point for each 
individual protector is a must, otherwise the set screw 
and the bimetal are not welded properly together. In 
Fig. 19 the reader can see two peaks in Y distribution 
arising from the fact that two different suppliers 
supply the company with protector ceramics. From 
there the dimensions of the ceramics can slightly 
differ, resulting in different bimetal vertical position.

5.2  Measurement System Calibration Statistics

As mentioned earlier in the text, the auto-checking 
and auto-calibration of the transformation of the 
measurement system accuracy is scheduled every 
10,000 protectors being processed. The measurement 
system has major influence on all calibration 
procedures between measurement and welding 
system. For this reason also the measurement system 
calibration results from production data are presented.
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Fig. 20.  Measurement accuracy calibration statistics  
for year 2014

Fig. 20 confirms well verification interval of 
measurement system auto-check and auto-calibration 
cycles that is 1.5 times per day or on average 34 times 
per month. The database data reveals in most trials (31 
per month out of 34) no need for an auto-calibration 
procedure. From Fig. 20 can also be verified, that 
some of the checking trials failed, in such case 
recalibration is needed. After the measurement 
system is verified again for measurement accuracy, 
in most cases the checking has been successful. In 
March, May and September, the checking after the 

recalibration of the measuring system failed and for 
this reason the production line stopped. The reason 
was primarily in the dust that came into the area of cell 
containing the calibration protectors. After cleaning 
all the area, the measurement system recalibration was 
started manually, consequently passed the test without 
a problem.

5.3 Measurement and Welding System Calibration 
Statistics

If auto-checking or auto-calibration procedure of the 
measuring system is passed, then the procedure for 
both auto-checking of the measurement and welding 
system transformations is started. In 2014, the 
transformations were checked on average 34 times 
per month (Fig. 21). This number is the same as for 
the measurement accuracy checking. The number of 
successful transformation checks is 31 per month. 
The biggest difference in the number of recalibration 
trials is observed in months when the majority of 
transformation recalibration procedures were started 
i.e. in June and July, 15 and 11 times respectively. 
From the information available from the database it 
is impossible to recognize a good reason for a high 
number of recalibration trials. It is encouraging that 
the number of instances where the production line 
stops is low. In these cases, the biggest problem was 
found to be the dust that fills the reference point holes. 
This happens despite the air stream constantly flowing 
through the holes from bottom to top.
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Fig. 21.  Measurement and welding calibration statistics for the 
year 2014

6  DISCUSSION

We developed a robotic cell with a vision system 
for dimension measuring and welding tasks on the 
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product called the protector. The implemented robot 
system uses very robust automatic vision touch-up 
method for defining transformations from local to the 
global coordinate systems present in the robot system. 
All the transformations are used for calculation of the 
welding point, defined in measurement video camera 
coordinate system into the global robot coordinate 
system.

Very high measurement requirements were 
satisfied by using a high resolution camera, high-
quality optics, adequate algorithm approach and in 
addition implementing auto-checking / calibration 
procedure of the measuring system. For maintaining 
measurement accuracy, all three reference protectors 
were in advance measured with a certified profile 
projector machine, type Mitutoyo PV500.

In addition to the camera measurement system 
auto-checking/calibration procedures also the auto-
checking/calibration procedure for transformation 
between the measurement and welding system is 
quick and reliable. The installed approach as a visual 
touch-up method seems to be the right solution for 
our application. This claim is confirmed with the 
final results showing the perfection of task in the 
production facilities.

In 2014 in a few checking instances (33) 
the transformation recalibration was needed and 
was in most cases also successful. On average 
31 transformation checks per month are started 
and usually there is no need to perform the entire 
transformation recalibration procedure again.

With implementation of proposed visual touch-up 
method, the errors arising from real robot kinematics 
deviations in regard to inbuilt ideal kinematic model, 
welding tool calibration error, measurement system 
error, lens distortion error and camera intrinsic 
parameters error are all included in calculated 
transformation T

C

E , that is defining the pose of the 
measurement camera coordinate system in regard to 
the robot end coordinate system. The common point 
of the measurement and welding system is an external 
fixed reference coordinate system. This reference 
object is implemented as two small dots with different 
but known diameter sizes and illuminated with a 
single green LED with known diameters. The benefits 
of using proposed visual touch-up calibration system 
are:
• the system is cheap,
• the space occupied in the robot cell is very small,
• simple to use,
• easy to maintain,
• short time of production line stop for any reason,

• the equipment is used also for other tasks in the 
robot cell,

• the long-period of maintenance free operation in 
the production shows a high robustness of the 
system.
In the production line the welding operation is 

frequent, leading to a lot of black dust accumulating 
in the robot working area. The long-time usage of 
the system revealed that the dust can cause problems 
when the auto-checking/calibration of measurement 
and welding system transformations is performed 
in spite of protection housing. The green reference 
LED points are not covered, but the dust problem is 
alleviated with air stream blowing through a separate 
hole connected with the green reference LED holes. 
This solution is not 100 % efficient and the operator 
needs to occasionally clean both small holes manually.

One of the draw-backs of the proposed calibration 
system is the time that is needed to complete all 
necessary auto-checking/calibration procedures. For 
auto-checking of the measurement system 4 seconds 
are needed and for auto-checking of measurement 
and welding systems transformations 10 seconds are 
needed. This is approximately the time to manufacture 
6 protectors and in one year approximately 2400 
protectors less are manufactured. The total time for 
full auto-calibration procedure of measurement and 
measurement with welding system is cca. 40 seconds. 
In this time 18 protectors could be manufactured. 
In one year this leads to a 6670 (≈0.2 %) smaller 
production of protectors only due to the necessary 
calibration procedures. The presented calculations 
force us and also the operational workers to maintain 
the system as clean as possible for continuous 
manufacturing of protectors.

7  CONCLUSIONS

A robust robot measurement and laser welding 
system for protector supervision was developed with 
integrated robust visual touch-up auto-calibration 
method. The complexity of the robotic system brought 
many challenges that needed to be solved, especially 
in the field of automatic calibration procedures and 
methods used behind these procedures.

The quality of the presented system is confirmed 
with the production statistic results for the year 2014. 
The results confirmed that the welding point needs to 
be defined separately for each manufactured protector. 
Also, the introduced auto-checking/calibration 
procedures are a must and are functioning with 
satisfaction of company and scientific contributors.
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0  INTRODUCTION

The electro-hydraulic servo system (EHSS) has been 
demonstrated to be a promising choice for diverse 
applications due to its high-power density, ease of 
implementation, good dynamic performance and 
durability, despite the rapid development of electric 
power transmission. Owing to these characteristic, 
the EHSS has been widely used in the aircraft control, 
machine tools and manufacturing, excavating, and 
automotive industries [1] to [4]. 

The problem of EHSS position tracking control 
has been addressed in many papers and numerous 
methods have been proposed to improve the position 
tracking control performance of the EHSS. To be 
specific, in [5], an extended disturbance observer is 
presented to achieve the position-tracking task for 
its fast response speed in handling the disturbance. 
An adaptive robust controller (ARC) has also been 
utilized for the trajectory tracking of hydraulic 
actuators in the presence of uncertain nonlinearities 
and parameter uncertainties [6] and [7]. A feed-
forward plus Linear Quadratic Regulator (LQR) 
controller and quantitative feedback controller (QFT) 
were proposed in [8] and [9], respectively, to improve 
the robustness of the EHSS. A compound control 
strategy based on velocity compensation and active 
disturbance rejection control was proposed in [10] to 
enhance the system’s anti-jamming capability while 
simultaneously improving the control precision of the 

system. Although the aforementioned methods have 
been demonstrated to be successful for their specific 
purpose, the EHSS is not among the most efficient 
actuation methods from an energy-saving perspective, 
which may limit its further applications in industrial 
and machinery contexts.

Therefore, certain efforts have been made in 
the literature to improve the overall efficiency of the 
EHSS. An integrated control of clamping force and 
energy saving by using a load-sensing variable pump 
was proposed in [11]. The electrical adaptations of 
this method, electro-hydraulic load sensing (EH-LS), 
which includes a constant displacement pump and an 
AC motor, was also utilized to improve the energy 
efficiency of the EHSS [12] and [13]. However, the 
pressure difference across the valve, which is usually 
set at a constant value, is not optimized from an 
energy-saving perspective. Thus, the efficiency of 
the load-sensing pump could be further improved by 
reducing the pressure loss across the valve [14]. As an 
alternative, energy regeneration is also an attractive 
research field for energy saving of EHSS [15] and 
[16]. Specifically, in [16], the independent valve 
metering control method for a hydraulic manipulator 
using five cartridge valves and one accumulator was 
proposed. However, although a significant energy-
saving capability was obtained, the energy loss in the 
cartridge valve is still considerable.

It is clear that although a certain amount of energy 
can be saved by the aforementioned methods, system 
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efficiency can be further improved by reducing the 
pressure loss across the valve. To achieve this goal, 
the variable supply pressure control (VSPC) has 
gained more attention in recent years. A switched 
linear control algorithm-based VSPC is proposed to 
improve the energy-saving capabilities of the EHSS 
in [4]. Another VSPC combined with the nonlinear 
backstepping controller which is presented in [3] also 
has an energy-saving effect on the EHSS. However, 
since the power unit in these methods is a constant 
displacement pump, the overflow loss still exists in 
these studies. In most cases, the maximum flow rate 
of the pump is much larger than the demand flow rate 
for a given trajectory. Thus, a large amount of energy 
will be consumed. 

In this study, a load-sensing structure is proposed 
to reduce the overflow loss. Based on this structure, 
the VSPC is employed to decrease the pressure loss 
across the valve. Therefore, the flow and pressure 
of the system can both adapt to the control demand. 
Additionally, an adaptive backstepping sliding mode 
control is presented to achieve a precise position 
tracking performance. The dynamic behavior of the 
system and the effectiveness of the controller are 
verified with experiments.

1  PROBLEM FORMULATION

The schematic diagram of the proposed system is 
shown in Fig. 1. A proportional relief valve (PRV) 
is used in parallel with the hydraulic line at the 
location of the load-sensing pump to regulate the 
desired supply pressure. A proportional directional 
valve (PDV) is utilized to control the position of the 
cylinder.

Fig. 1. Schematic diagram of the  
proposed electro-hydraulic system

Since the natural frequency of the servo valve 
used here is much higher than that of a typical EHSS, 
the valve dynamics are often neglected without a 

significant reduction in the control performance [5]. 
Therefore, the flow equation of the hydraulic valve 
can be written as:
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where is the flow gain coefficient of the servo valve, 
kx is a positive constant, ps is the supply pressure of 
the pump, pt is the tank pressure, ρ is the oil density, p1 
and p2 are the chamber pressures of the cylinder, Q1 is 
the supply flow rate to the forward chamber and Q2 is 
the return flow rate from the return chamber, ud is the 
input signal of PDV.

The pressure dynamics of the actuator can be 
written as:
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where xp is the piston position, Ct = Ci + Ce is the total 
leakage coefficient [17], Ce is the external leakage 
coefficient, Ci is the internal leakage coefficient, 
h1 = βe / V1 , h2 = βe / V2 , V1, V2 are the control volumes 
of the two chambers, respectively. βe is the effective 
bulk modulus of the system. 

The force balance equation of the system is 
expressed as:

 mx p A p A B x F F 

p c p L f
= − − − −

1 1 2 2
,  (4)

where m is the equivalent mass of the load, xp is the 
displacement of the cylinder rod, Bc is the coefficient 
of viscous damping, FL is the external load force, Ff is 
the Coulomb friction force.

Define the system state variables as Eq. (5):

 [ , , , ] [ , , , ] .x x x x x x p p
1 2 3 4 1 2

T

p p

T=   (5)

In order to make the system fall into the strict 
feedback form, the state variables are reconstructed as 
Eq. (6), where a = A2 / A1 .

 [ , , ] [ , , ] .x x x x x p ap
1 2 3 1 2

T

p p

T= −  (6)

Considering the uncertainties and disturbance 
in the model, the entire system can be expressed in a 
state space form as Eq. (7):
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where f1 ~  f4 are shown in Eq. (8) and d1, d2 represent 
the lumped modelling error including unmodelled 
dynamics and external disturbance. It can be seen 
that the system is highly nonlinear because it suffers 
from the lumped modelling error and parametric 
uncertainties. 

The control task is summarized as follows: given 
the desired motion trajectory xd , the objective is to 
synthesize a control input of the PDV such that the 
output x1 tracks xd as closely as possible. Meanwhile, 
The PRV is utilized to regulate the supply pressure ps 
in order to reduce the energy consumption.

2  ENERGY-SAVING STRATEGY

For a fixed displacement pump, there always exists 
excess pressure and overflow loss. The VSPC 
can reduce the excess pressure loss of the system. 
However, the overflow loss is not considered in these 
studies. The load-sensing pump can adjust the flow 
and pressure per the demand. Thus, the overflow 
loss can be eliminated by employing a load-sensing 
pump. However, the pressure margin of the load-
sensing pump, usually fixed approximately 14 bar to 
30 bar across the valve, is not optimized in studies 
involving load-sensing pumps. Thus, if the VSPC 
could be applied to the load-sensing pump, the system 
efficiency would be significantly improved.

2.1  Configuration of the Load-Sensing Structure

The load-sensing structure of the proposed system is 
shown in Fig. 2. The structure comprises the load-
sensing pump, the PRV, and the throttle valve. If the 
pump pressure is larger than the sum of the preset 
pressure margin pm and feedback pressure pLs , the 
cylinder will be driven to reduce the angle of the 
swash plate θ until the pressure is balanced on both 

sides and vice versa. The pressure margin pm is preset 
by the spring inside the load-sensing pump. However, 
this margin can be indirectly regulated by adjusting 
the feedback pressure pLs , which is controlled by 
the PRV. The function of the throttle valve is only to 
establish the pressure difference between the pump 
and the PRV. The power consumed in the throttle 
valve is neglected because the orifice of the throttle 
valve can be adjusted to a small value and the pressure 
difference across the valve is equal to pm when the 
system is stable. 

Fig. 2.  Schematic diagram of load sensing

2.2  Variable Supply Pressure Control

For a certain demand flow, the smallest possible 
pressure drop will occur if the valve is fully opened. 
However, in that case, the PDV cannot be adjusted in 
a certain range to compensate for the tracking error. 
It can be concluded that if the opening of the PDV 
remains at a relatively high level during the forward 
and backward motion while the pump only provides 
the demand pressure, the pressure loss across the 
valve will be minimized. The VSPC is introduced as 
follows.

For the forward motion ( x
d
≥ 0 ), the desired inlet 

pressure drop across the PDV Δp1 = ps – p1 can be 
calculated as follows:

 A x k k u p
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where umax is the maximum input voltage of PDV 
during the forward motion, α is the desired normalized 
input signal of PDV determined by the users/designers 
to indicate the importance of energy saving. The 
value of α can adjust the desired spool position of the 
PDV, and a higher value of α can improve the energy 
efficiency. 

The pressure drop between pump and valve can 
be obtained as:
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 ∆p l
d

x
2

2
= λ

ρ 
d

2

,  (11)

where λ is the layer resistance coefficient, l is the pipe 
length, d is the pipe diameter. 

Because of uncertainties in the plant, the design 
of the desired pump pressure must allow for a margin 
of safety. Thus, σ1p1 is added to the value of desired 
pump pressure [3]. From Eqs. (9), (10) and (11), the 
desired pump pressure, the indirect feedback pressure 
and the input signal of PRV can be written as:

 p p A x
k k u
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x p
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,  (12)

 p u k p p u p p
kLs1 rv1 rv sd1 m rv1

sd1 m

rv

= = − → =
−

,  (13)

where krv is the PRV gain, urv1 is the control input 
of the PRV, psd1 is the desired pump pressure in the 
forward motion, pLs1 is the indirect feedback pressure 
governed by the PRV in the forward motion. Because 
the supply pressure always exceeds the cracking 
pressure, the dynamic of the PRV can be simplified as 
Eq. (13) [3]. 

As with the case of forward motion, the desired 
pump pressure, and control voltage of the PRV when 
x
d
< 0  are expressed as:

 p p A x
k k u

l
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x p
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= + + +
2

2
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2 2 2 2
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,  (14)

 p u k p p u p p
kLs2 rv2 rv sd2 m rv2

m

rv

= = − → =
−

sd2
.  (15)

Remark 1: It should be noted that the pump 
pressure will remain as the preset pressure margin pm 
when the desired pump pressure is less than the pm. 
Furthermore, although the pump pressure is not zero 
when x

d
= 0 , the input signal of PDV varies slightly 

around zero. Consequently, the pump only provides a 
little flow mainly for compensating for the internal 
leakage. Therefore, the energy consumption, in this 
case, is also very small.

3  NONLINEAR POSITION TRACKING CONTROL

To implement the proposed position tracking strategy, 
the following assumption should be made as follows.

Assumptions: θ1, θ2 are used to denote the 
dominant uncertain parameters FL / m, Bc / m. The 
extent of parametric uncertainties and uncertain 
nonlinearities are expressed as:
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Then, the Eq. (7) can be rewritten as:
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Step1: Define the tracking error as e1 = x1 – xd , 
then the time derivative of e1 is given by:

    e x x x x
1 1 2
= − = −

d d
.  (18)

Define the Lyapunov function as V e
1 1

2
2= / . The 

time derivative of V1 is given by:

 

V e x x
1 1 2
= −( ).

d
 (19)

The virtual control input is designed as 
x x k e
2d d
= −

1 1
 where k1 is a positive constant. The 

second error variable is e2 = x2 – x2d . Thus, Eq. (19) 
can be rewritten as:

 V e e k e
1 1 2 1 1

2= − .  (20)

Step2: The time derivative of e2 is given by

    e x x A
m
x x x

2 2

1

3 2 2 1 1
= − = − − + −

2d 2d
θ θ ∆ .  (21)

The Lyapunov function is defined as:

 V V e
2 1 2

21

2
= + .  (22)

Combining Eqs. (20), (21) and (22), the time 
derivative of V2 is obtained as:

   

� � � � � �V e A
m
x x x x

e e k e

d2 2

1

3 2 2 1 1 2 2 2 1

1 2 1 1

2

= − − + − − − +

+ −

( )

,

θ θ θ θ∆

 (23)

where θ1  and θ 2  are the estimates of θ1 , θ2 
respectively, θ1  and θ2  denote the estimation errors. 
The virtual control is designed as:

x m
A

e x x k e e
3d 2d
= − + + + − −

1

1 2 2 1 2 2 1

2

1

( tanh( )),θ θ δ
ε

� � �  (24)

where tanh(•) is the hyperbolic tangent function, 
which is employed to further attenuate the input 
chattering, k2 is a positive constant.

The third error variable is e x x
3 3
= −

3d
 and the 

Eq. (23) can be obtained as:
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Step3:  The time derivative of e3 is given by:





 e x x f x f x f x f u x
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3d d 3d
∆ . (26)

The Lyapunov function is defined as:
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where ρ1 and ρ2 are the error coefficients.
Combining Eq. (25), (26) and (27), the time 

derivative of V3 is obtained as:

 (28)

The actual control is designed as:
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where k1 is a positive constant. The adaptation law is 
chosen as:

  (30)

In case the parameter estimate θ i  varies 
significantly, which may result in a very large input 
voltage,  is updated using the following projection 
type adaption law [16].
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Substituting the Eqs. (29) and (30) into Eq. (28) 
yields:
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Remark2: Because the proposed control strategy 
is a set point strategy, it is necessary to verify the 
stability of the system. However, the stability of the 
internal dynamics of the system is difficult to ensure. 

A method in [3], which utilized a new state variable 
and zero dynamics to validate the stability, can also be 
used in this study. The extended state variable x5 and 
the dynamic of the pump pressure, which are deduced 
by Eqs. (12) and (14), respectively, are as follows
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Case1. Zero output: In this case, the output of the 
system should be kept at zero. This means that
x x x x x x x x
d d d d
= = = = = = = =     

1 1 1 1
0 . Thus, the 

control input approaches zero in this case according to 
Eq. (29). Accordingly, the flows of the two chambers 
are also near zero. Neglecting the leakage, we can get 
 p p
1 2

0= =  from Eq. (3). Thus, the chamber pressure 
will be regulated at constant values. Consequently, the 
pump pressure is also a constant value and ps = 0 
according to Eqs. (12), (14), and (34). As a result, x5 
will tend to be a constant value and x

5
0= .

Case2. Constant output: In this case, x x
d
= ≠

1
0 ,

     x x x x x x
d d d
= = = = = =

1 1 1
0 . Based on Eqs. (29) and 

(34), the control input and ps  will approach zero 
again, and the rest of the analysis will be the same as 
Case1, which means that in a set point strategy, the 
internal dynamics of the system will be stable. 

4  EXPERIMENTAL RESULTS

The setup is presented in Fig. 3. The position of the 
cylinder is measured by a displacement sensor (LS 
628C). The pressures in the two cylinder chambers 
and supply pressure are measured by pressure sensors 
(HDP702). A dSpace1104 data acquisition data board 
is used to acquire the feedback signals from sensors 
and to generate control signals. The variable pump is 
a Danfoss load-sensing pump. The parameters of the 
system are shown in Table 1.

Fig. 4 depicts the harmonic reference tracking 
test for the proposed method by selecting α as 0.86. 
It can be observed that the actual trajectory follows 
the desired position well. The pump pressure and 
chamber pressures are shown in Fig. 5, in which the 
maximum pressure margin is 7.5 bar. It is less than the 
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preset pressure margin 14 bar in the pump. Moreover, 
with the increase in the flow, the pressure margin is 
boosted, and the decrease of the pressure margin is 
associated with decreases in flow. A higher pressure 
margin always appears at the middle stroke of the 
cylinder in both forward and backward motion, which 
could verify the effectiveness of the energy-saving 
method.

Table 1.  Parameters of the system

Total leakage 
coefficient

3×10-11 Oil bulk modulus 1×109 Pa

Piston/rod  
diameter

40/30 mm
equivalent mass  
of the load

15 kg

Oil density 890 kg/m3 Viscous damping 800 N/m

kqkx 8.8×10-7 δ1 0.005

δ2 1 σ1 0.2

σ2 0.05 k1 100

k2 200 k3 135

Fig. 3.  Schematic of the equipment

Fig. 4.  Tracking performance

The parameter estimates are shown in Fig. 6, 
and the tracking errors of three different methods are 
shown in Fig. 7. It can be observed that the proposed 
method exhibits a better tracking performance than 
PID control with a maximum tracking error of 1.2 
mm. If sliding mode control is used to achieve the 
same level of tracking performance, high feedback 
gain must be employed, which may result in 

overshoots due to the low-pressure difference and 
the chattering problem. As can be seen from Fig. 7, a 
significant tracking error of 3 mm occurs in the peaks 
of the reference signal. Moreover, the average tracking 
errors of the proposed method and the sliding mode 
controller are 0.75 mm and 0.9 mm, respectively. 
Hence, the proposed method has a better tracking 

Fig. 5.  Pump pressure and cylinder chamber pressures

Fig. 6.  Estimation results

Fig. 7.  Tracking errors (α = 0.86)

Fig. 8.  Tracking errors (α = 0.7)
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performance than the sliding mode control regarding 
the average error and maximum error. To further verify 
the tracking performance of the proposed method, 
another experiment was carried out by selecting the 
α as 0.7. As can be seen from Fig. 8, the proposed 
method demonstrates a better tracking performance 
compared with the sliding mode controller. It can 
also be found that although the tracking error of the 
proposed method is slightly smaller when α is 0.7, 
it is not obvious. Meanwhile, the energy-saving 
performance will degrade by choosing a smaller value 
of α. The suitable value of α is determined by trial-
and-error and eventually chosen as 0.86 by taking 
both energy saving and position tracking performance 
into account.

To evaluate the energy-saving performance of 
the proposed method, it is compared with a fixed 
displacement system. The system pressure of the 
fixed displacement system is assumed to be 50 bar, 
and the flow provided by the pump is assumed to be 
16 l/min, which is slightly higher than the maximum 
demand flow. The energy-saving performance of the 
proposed system was also evaluated by comparing the 
energy efficiency with that of the fixed displacement 
system with VSPC, which is similar to the existing 
VSPC system. Neglecting the energy loss across the 
throttle valve, the supply energy of the three methods 
are shown in Fig. 9. The energy is calculated by 
psQL , in which QL is the flow rate of the pump. It 
can be observed from Fig. 9 that the supply energy 
of a fixed displacement system is 20 kJ, whereas the 
supply energies are 14.8 kJ and 7.5 kJ in the fixed 
displacement system with VSPC and the proposed 
system, respectively. Thus, it can be concluded that 
the proposed method is capable of saving 62.5 % 
energy in comparison with a fixed displacement 
system and approximately 49 % energy in comparison 
with a fixed displacement system with VSPC.

Fig. 9.  Supply energy of the system

To further verify the proposed method, multi-
step reference tests were conducted by selecting α as 
0.82. The results are depicted by Figs. 10 to 12. It can 

be observed from Fig. 10 that the proposed method 
succeeded in realizing position tracking and the 
dynamic behaviour of the presented system is good. 
The pump pressure and chamber pressures are shown 
in Fig. 11. It can be observed that the maximum 
pressure margin is 10 bar and the pump pressure 
remains at 14 bar when the desired pump pressure 
is lower than the preset pressure margin. The supply 
energy during the whole motion cycle is shown in Fig. 
12. The system pressure of the fixed displacement 
system is assumed to be 45 bar. It is shown in Fig. 
12 that the supply energy of the fixed displacement 
system is 28 kJ. Compared with the fixed displacement 
system, the fixed displacement system with VSPC 
saved approximately 62 % energy, and the proposed 
system saved approximately 90 % energy.

Fig. 10.  Tracking performance

Fig. 11.  Pump pressure and cylinder chamber pressures

Fig. 12.  Supply energy of the system

5  CONCLUSIONS

1) A VSPC based load-sensing structure is presented 
in order to reduce the overflow loss and excess 
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pressure loss across the PDV. Thus, the flow and 
pressure of the EHSS can both meet the control 
demand. Additionally, an adaptive backstepping 
sliding mode control is introduced for position 
tracking.

2) Compared with the fixed displacement system, 
the proposed method is capable of saving 62.5 % 
and 90 % of supply energy in harmonic reference 
tests and multi-step reference tests, respectively. 
The results also demonstrate that the presented 
method has a better energy-saving performance in 
comparison with [3] and [4] because the overflow 
loss can be reduced in this study.

3) The proposed method exhibits a good tracking 
capacity with a maximum tracking error of 1.2 
mm in the harmonic reference tests. Furthermore, 
the tracking performance and dynamic behaviour 
for the multi-step reference tests are also good.
This method could also be combined with the 

independent metering to save even more energy in 
mobile machinery and other applications because the 
load-sensing pump presented here is widely used in 
engineering machinery.
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0  INTRODUCTION

In the past decade, the EU has been taking a more 
active role in the field of improving energy efficiency, 
reducing energy consumption and exploiting 
renewable energy sources. In order to define the actual 
primary energy efficiency of various energy-related 
processes, the primary energy factor (PEF) can be 
used as a tool. The PEF enables a comparison between 
the input primary energy to the system and the energy 
delivered to the consumer. Its evaluation involves the 
energy required for the extracting, processing, storing 
and transporting to a power plant, energy conversion, 
transmission, distribution and the losses associated 
with these processes. The primary energy in this 
particular case includes the energy contained in the 
raw fuels as well as other forms of energy received as 
the input to the energy-supply system. It covers both 
renewable and non-renewable energy sources and 
the definition here is in accordance with EN 15316-
4-5 [1], which states that ‘… waste heat, surplus heat 
and regenerative heat sources are included with the 
appropriate primary energy factors.’

A set of directives has been approved in order to 
reduce the energy consumption, increase the efficiency 
and exploit renewable energy sources. The PEF has 
been used as a significant metric in order to calculate 
the actual primary energy efficiency of different 

processes in several legislations, i.e., in Directive 
2012/27/EU on energy efficiency [2], Directive 
2010/31/EU on the energy performance of buildings 
[3] and Directive 2009/28/EC on the promotion 
of the use of energy from renewable sources [4]. 
The essential requirements from those directives 
appear in the relevant European standards in order 
to implement the calculation of the energy efficiency 
and the PEF. Standard EN 15203/15315:2006 [5] 
presents the different values of the PEF provided 
by the Swiss Federal Institute of Technology. In the 
standards EN 15316-4-5:2006 [1] and EN 15603:2008 
[6] the different values of the PEFs for various types 
of electricity generation are recommended. All the 
standards listed above use fixed values of the PEFs 
that are commonly not updated. However, PEFs are 
variable, because they depend on the specific mix 
of primary energy sources and the efficiency of the 
processes of generation, storage and transportation. 

Beretta et al. [7] presented a method that provides 
a dynamic calculation of the PEF depending on the 
variation of time and geographical location. Laverge 
an Janssens [8] attempted to use empirical data to 
calculate the PEFs for a set of countries in a specific 
year. However, his study did not follow a complete 
and replicable methodology and it did not include 
the losses associated with generation, storage and 
transportation. Wilby et al. [9] claimed that fixed 
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Keywords: primary energy factor, combined generation, district cooling, chiller

Highlights
• Primary energy factors (PEFs) appear in many legislations and research reports.
• PEF can be used to determine the primary energy consumption of cold production.
• This work provides mathematical model for calculation of PEFs for different cooling technologies.
• Moreover this work provides results of analysis of PEFs of district cooling systems.
• The PEFs of district cooling systems can be used for the selection of the most primary energy efficient cold production 

technology.
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values of PEFs are not capable of representing the 
evolution of the energy system. He proposed an 
application to calculate dynamic PEFs based on 
empirical data. Among the 14 countries that were 
included in the study, 9 countries had real PEFs of 
electricity below the European average of 2.5 (Finland 
1.32, Norway 1.39, Denmark 1.7, etc.) and the rest 
of the countries had values above the European 
average (Poland 2.91, France 3.4, etc.). Schicktanz 
et al. [10], Fumo and Chamra [11] and Mago and 
Chamra [12] used the PEF to calculate the primary 
energy consumption and energy costs of a combined 
heating, cooling and power system (trigeneration). 
Different PEFs from different types of district heating 
and cooling systems are presented by Wirgentius 
[13]. The renewable part of the primary energy was 
excluded from the study. Dalla Rosa and Christensen 
[14] presented the primary energy performance of 
a network that was designed for low-temperature 
operation. The calculations hypothesized PEFs of 2.5 
for electricity and 0.8 for district heating. Prandin [15] 
used the PEFs to calculate the exergy consumption of 
a space heating system. Życzyńska [16] explored the 
methodology for determining the PEF of a specific 
urban heating system. The methodology was based 
on real measurements. A PEF of 0.5 (heat from 
cogeneration) was obtained in this study. Jungbauer et 
al. [17] presented measurements of the PEF of a district 
cooling system in Barcelona (0.6), Copenhagen 
(0.93), Helsinki (0.18), Gothenburg (0.44) and Vienna 
(0.62). Riepl et al. [18] used PEFs to calculate the 
primary energy savings using solar thermal cooling 
and heating plants with absorption chillers compared 
to electric vapour-compressor chiller systems. 

The aim of this study is a development of a 
general mathematical model for the calculation of 
the PEFDC. This mathematical model can be used as 
a tool in a feasibility study of a new district cooling 
system in order to select the cooling technology with 
the lowest PEFDC. In this paper several different types 
of cold production are included in the calculation of 
the PEFDC. This study concerns cold production with 
an absorption chiller driven by the heat from different 
available sources as well as cold production with a 
compressor chiller driven by different types of engines 
and related energy sources. A study of PEFDC in such 
a wide range of district cooling technologies has not 
yet been found in the literature.

1  DEFINITION OF THE PEF OF A DISTRIC COOLING SYSTEM

The primary energy efficiency of a district cooling 
system can be defined by evaluating the PEFDC, 

which is the ratio between the primary energy input 
QP and the cooling energy at the primary side of 
the substation QDC. The cooling energy QDC in the 
Eq. (1) presents the sum of the cooling energy of all 
consumers connected to the district cooling system. 
The basic definition of the PEF for a district cooling 
system can be shown using the following expression:

 PEF Q QDC P DC= .  (1)

In the case of a trigeneration system only part of 
the fuel input is used for the cold production. The rest 
of it is used for the production of heat and electricity. 
Therefore, in the case of a district cooling system 
related to a trigeneration plant, the expression for PEF 
in Eq. (1) can be rearranged as [19]:
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In the following text, the PEFDC for different 
types of cold production and different types of fuel 
input are determined. In this case the cooling-energy 
consumption of an absorption chiller is defined as:

 Q Q COPDC abs H abs DN,
.= ⋅ ⋅η  (3)

For the compressor chiller, the cooling-energy 
consumption is defined as:

 Q W COPDC com el com DN,
.= ⋅ ⋅η  (4)

Fig. 1 illustrates the different types of cold 
production that are analyzed in this paper. Cold can 
be produced either by a compressor or by absorption 
chillers. Different types of absorption chillers can 
be used: a single-effect absorption chiller (SEAC) 
driven by hot water, a double-effect absorption chiller 
(DEAC) driven by steam and a direct-fired absorption 
chiller (DFAC) driven by natural gas. Waste heat 
(WH) from an industrial process can also be used to 
drive an absorption chiller. Compressor chillers are 
divided into two groups: compressor chillers driven 
by an electric motor (CC) and compressor chillers 
driven by an internal combustion engine (ICE). In this 
study, the primary energy consumption of the cooling 
towers is not included in the calculation of the PEFDC.

The technical parameters of the chillers are 
presented in Table 2.
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1.1 Cold Production with an Absorption Chiller Driven by 
the Heat from a Boiler (CB)

The heat from the combustion of fuel in a boiler 
drives the absorption chiller. A single- or double-
effect absorption chiller can be used to produce cold. 
The primary energy consumption is: 

 Q Q PEFP CB
H

CB
F,
.= ⋅

η
 (5)

The PEF of a district cooling system for this 
particular case can be defined by using Eqs. (3) and 
(5) in Eq. (1):

 PEF
COP

PEFDC CB
abs DN CB

F,
.=

⋅ ⋅








 ⋅

1

η η
 (6)

Coal and natural gas are considered as fossil fuels 
in this study. According to [1], the PEFcoal = 1.3, and 
for natural gas, the PEFNG = 1.1 (see also Table 1).

1.2 Cold Production with a Direct-Fired Absorption Chiller 
Driven by Natural Gas (DFACNG)

A direct-fired absorption chiller is driven by the 
heat from the combustion of natural gas. According 
to Makita [20], the COP of a direct-fired absorption 
chiller is defined as:

 COP Q QDFAC C LHV= .  (7)

The primary energy consumption of a direct-fired 
absorption chiller is calculated as:

 Q Q PEFP NG LHV NG,
.= ⋅  (8)

Using Eqs. (1), (7) and (8), the PEF of a district 
cooling system can be defined as:

 PEF
COP

PEFDC NG
DFAC DN

NG,
.=

⋅








 ⋅

1

η
 (9)

The PEFNG is given in Section 1.1 (see also Table 
1).

1.3 Cold Production with an Absorption Chiller Driven by 
Waste Heat from an Industrial Process (WH)

In the case of a district cooling system consisting of 
an absorption chiller driven by the waste heat from an 
industrial process, the primary energy consumption is 
calculated as follows:

 Q Q PEFP WH H WH,
.= ⋅  (10)

The heat delivered to the absorption chiller can 
be effluent, hot water or steam. Using Eqs. (1), (3) 
and (10), the PEF of the waste heat from the industrial 
process is:

 PEF
COP

PEFDC WH
abs DN

WH,
.=

⋅








 ⋅

1

η
 (11)

The waste heat includes the heat from municipal 
incineration and industrial surplus heat. The PEF of the 
waste heat is defined according to Refs. [21] and [22] 
as PEFWH = 0.05 (see also Table 1). Using waste heat 

Fig. 1.  The different types of cold production included in this study
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to drive an absorption chiller avoids the use of fossil 
fuels and make use of the energy flows that otherwise 
would be lost. Hence, the value of the PEF is almost 
0. When calculating the PEFDC that uses waste heat to 
drive an absorption chiller, it is necessary to take into 
account that heat with different parameters (see Table 
2) is used. 

1.4 Cold Production with a Compressor Chiller Driven by 
the Electricity from the Grid (CCmix)

Different energy sources can be used to generate 
electricity. This is then further used to drive the motor 
of the compressor chiller. 

The primary energy consumption of an 
electrically driven compressor chiller is:

 Q W PEFP mix el el mix, ,
.= ⋅  (12)

Using Eqs. (4) and (12), Eq. (1) can be rewritten 
as:

 PEF
COP

PEFDC CC
com DN

el mixmix, ,
.=

⋅








 ⋅

1

η
 (13)

The PEF of the electricity from the grid is defined 
according to Ref. [14] as PEFel,mix = 2.5. This value 
represents the European average. Each country has the 
right to set a different value for its PEFel,mix, providing 
its choice is adequately justified (see also Section 0).

1.5 Cold Production with a Compressor Chiller Driven by 
the Electricity Generated in a Thermal Power Plant (CCTPP)

Since the electricity from thermal power plants 
(TPP) represents only a part of the electricity mix, 
the electricity produced in the thermal power plant is 
discussed separately. 

In this subsection a compressor chiller driven 
by the electricity from a thermal power plant (TPP) 
is studied. Two different scenarios are discussed: 
a compressor chiller driven by the electricity 
generated in a generator, connected to a steam turbine 
(combustion of coal), and a compressor chiller driven 
by electricity, where the generator is connected to a 
combined cycle of gas and steam turbine (combustion 
of natural gas). 

The primary energy consumption of the 
electrically driven compressor chiller is calculated as:

 Q W PEFP TPP
el

el
F,
.= ⋅

η
 (14)

The PEF of a district cooling system with an 
electrically driven compressor chiller (electricity 

produced in a thermal power plant) is calculated using 
Eqs. (1), (4) and (14):

 PEF
COP

PEFDC CC
com DN el

FTPP,
.=

⋅ ⋅








 ⋅

1

η η
 (15)

The PEFF are given in Section 1.1 (see also Table 
1). 

1.6 Cold Production with a Compressor Chiller Driven by an 
Internal Combustion Engine (CCICE)

This kind of system consists of a compressor chiller 
that is driven by the mechanical energy produced with 
an internal combustion engine (ICE). According to 
Yingjian [23], the COP of an engine-driven compressor 
chiller is defined as:

 COP Q Wcom ICE C me,
.=  (16)

The primary energy consumption of an engine-
driven compressor chiller is:

 Q W PEFP ICE me F,
.= ⋅  (17)

Using Eq. (4), (16) and (17), Eq. (1) can be 
rewritten as:

 PEF
COP

PEFDC CC
com ICE DN

FICE,

,

.=
⋅









 ⋅

1

η
 (18)

The ICE can be driven by diesel, petrol, kerosene 
or natural gas; the values for the PEF of the fuel are 
defined according to [1] and [24] (see also Table 1).

1.7 Cold Production in Combined Cooling and Power 
Generation (CCP)

A trigeneration system (combined cooling, heating and 
power generation) is a combination of a cogeneration 
plant and an absorption chiller (see Fig. 1). In such 
a system where the cooling energy is produced with 
absorption chillers driven by heat, the steam should 
be extracted from an extraction-condensing turbine 
using the parameters that are required for the chiller’s 
normal operation (see the parameters in Table 2). 
Consequently, the generation of electrical energy 
is reduced, and more primary energy is consumed 
in order to produce the same amount of electrical 
energy as in the case of a condensing turbine regime. 
In this subchapter the combined cooling and power 
generation is considered. It is assumed that all the 
available heat from a thermal power plant is used to 
produce cold. Therefore, the district heat consumption 
QDH in Eq. (2) is equal to 0.
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To calculate the PEFDC based on combined 
cooling and power generation (CCP) the Eq. (2) can 
be rearranged to:

    PEF Q PEF
COPDC CCP

F F

abs DN CCP total CCP el
,

, ,

,=
⋅
⋅

⋅
−( )

∆
η η η

1  (19)

where ΔQF presents the difference between the 
energy consumption of fuel, when both, electricity 
and cold are produced (i.e. CCP) and when only 
electrical energy is produced in thermal power plant 
(TPP) (see the Eq. (20)). In both cases the amount 
of produced electrical energy remains the same 
(Wel = Wel,TTP = Wel,CCP).

       ∆Q Q Q WF F CCP F TPP el
CCP el el

= − = −








, ,

,

.
1 1

η η
 (20)

The PEF of a district cooling system where all 
the available heat from plant is used in an absorption 
chiller to produce the cooling energy is calculated 
using Eqs. (3), (19) and (20):

  PEF
PEF x
COPDC CCP

F

abs DN CCP total CCP el
,

, ,

,=
⋅ −( )
⋅

⋅
−( )

1 1

η η η
 (21)

where
 x CCP el el=η η, ,  (22)

is the ratio between the energy efficiency of the 
electricity generation in a combined cooling and power 
generation system ηCCP,el (heat and power production; 
heat is extracted from an extraction-condensing 
turbine) and the energy efficiency of the electricity 
generation in a thermal power plant when operation is 
related only to the production of electricity ηel (power 
production; condensing turbine). The total energy 
efficiency of a cogeneration system where all the 
extracted heat is used for cold production is ηCCP,total. 
Only natural gas and coal are considered as the fuels 
in this study. The PEFF are given in Section 1.1. 

2  PARAMETERS USED IN THIS ANALYSIS

Based on the equations from Section 1 a mathematical 
model was developed. The parameters used in this 
model are divided into two categories: 
• Primary energy factors (PEFDC, PEFel, PEFF 

(PEFcoal, PEFNG, PEFWH)).
• Technical parameters (ηCB , ηDN , ηel , ηCCP,el , 

ηCCP,total, COPabs, COPDFAC, COPcom, COPcom,ICE).
The PEFs of the fuels considered in this study are 

shown in Table 1. 

Table 1.  Primary energy factors of fuels

Fuel PEF Ref.
Coal 1.3 [1]
Natural gas 1.1 [1]
Oil 1.1 [1]
Heat from combined gas and steam turbine 0.5 [25]
Heat from steam turbine 0.8 [14] and [25]
Waste heat from industrial process 0.05 [21] and [22]
Electricity (EU average) 2.5 [14]
Diesel, petrol, kerosene 1.19 [24]

Table 2 shows the technical parameters of the 
chillers considered in this study. The calculations for 
the PEFDC were made for a single-effect absorption 
chiller driven by hot water, a double-effect absorption 
chiller driven by steam, and a direct-fired absorption 
chiller driven by natural gas or the waste heat from an 
industrial process. The electrically driven and engine-
driven compressor chillers were also included in this 
study.

In the literature the COPs of different types of 
chillers were presented at given conditions: for gas 
absorption and engine-driven compressor chiller the 
chilled water temperature was 7 °C. The cooling water 
inlet temperature was 32 °C for DFAC and 30 °C 
for ICE. For all other types of chillers the chilled 
water temperature was 6 °C and cooling water inlet 
temperature 32 °C.

Table 2.  Data for the selected chillers

Chiller
Cooling 
power  
[kW]

Chilled water 
temperature  

[°C]

Cooled water 
inlet temperature 

[°C]
Driving energy COP Ref.

Steam absorption (DEAC) 2000 6 32 8 bar steam COP = QC / QH = 1.39 [26]

Hot water absorption (SEAC) 2000 6 32 98 °C hot water COP = QC / QH =0.79 [26]

Gas absorption (DFAC)
282 to 
2462

7 32
Natural gas  

(LHV=34 MJ/Sm3) COP = QC / QLHV =1.42 [20]

Compressor chiller 2000 6 32 Electricity COP = QC / Wel =6.6 [26] and [27]

Engine-driven compressor 
chiller (ICE) 140 7 30 Fossil fuels COP = QC / Wme =2.7 [24] and [28]
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The following energy efficiencies were used in 
this study [29] to [34]: the total energy efficiency of 
a combined cooling and power generation system 
(ηCCP,total), the boiler efficiency (ηCB) and the energy 
efficiency of a district network (ηDN). For the purpose 
of the study they are all assumed to be 0.9. Energy 
efficiency of the network considers heat gains which 
affect the primary energy consumption; therefore, 
more primary energy has to be used to provide the 
required cooling demand. 

3  RESULTS AND DISCUSSIONS

Based on the parametric analysis, introduced in 
Section 1, this section provides the values for the 
PEF of a district cooling system (PEFDC) for different 
types of cold production as a function of:
• the COP of absorption or compressor chillers 

(COPabs, COPcom),
• the PEF of the electricity (PEFel),
• the energy efficiency of the electricity generation 

when operation is related only to the production 
of electricity (ηel).
In this study the ratios x in Eq. (22) are set as 

0.95 when single effect absorption chiller is used for 
cold production and 0.92 or 0.90 when double effect 
absorption chiller is used. The values of the PEF for 
the electricity mix considered in this study are 2.5 
[17] and 1.3 [9]. The PEFDC in Sections 3.1 and 3.2 
were calculated for a constant energy efficiency of the 
electricity generation when operation is related only 
to the production of electricity: ηel = 0.37 for a steam 
turbine and ηel = 0.55 for a combined cycle of gas and 
steam turbine. 

The COP is highly dependent on operating 
conditions. The operating conditions are considered in 

this study indirectly in Sections 3.1 and 3.2, where the 
PEFDC as a function of COPs is presented. 

3.1 PEFDC as a Function of the COP for the Absorption 
Chiller

The PEF of a district cooling system (PEFDC) as a 
function of the COP of an absorption chiller (COPabs) 
is presented in Fig. 2. In this case, different types of 
cooling with an absorption chiller were evaluated: 
• cooling with an absorption chiller driven by heat 

from a boiler, where coal (CBcoal) and natural gas 
(CBNG) are used as the fuel, 

• cooling with a direct-fired absorption chiller 
where natural gas (DFACNG) is used as the fuel,

• cooling with an absorption chiller driven by waste 
heat from an industrial process, 

• cooling with combined cooling and power 
generation, where coal (CCPcoal x el, . , .= =0 95 0 37η ) and 
natural gas (CCPNG x el, . , .= =0 95 0 55η ) are used as the 
fuel.
In this Section the ratio x remains the same 

(x = 0.95) for all the values of the COPabs. In the 
following subsections the different values of the ratio 
x, as a consequence of the different parameters of the 
heat extracted from the extraction-condensing turbine, 
are taken into account. 

As can be seen from Fig. 2, the PEFDC decreases 
with an increase of the COPabs (since less heat is 
required to drive the absorption chiller). The highest 
value of the PEFDC is achieved when the absorption 
chiller is driven by the heat from a boiler and when 
coal is used as the fuel (CBcoal). For this particular 
case the PEFDC = 2.53 for the absorption chiller with 
the COP = 0.6 and the PEFDC = 1.09 for the absorption 
chiller with the COP = 1.4. 

Fig. 2.  Primary energy factor of a district cooling system as a function of the COP for an absorption chiller
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The PEFDC can certainly be improved in the case 
of combined cooling and power generation (CCP – a 
CHP plant where all amount of heat is used to drive 
absorption chillers). For instance, when coal (i.e. case 
CCPcoal) is used as the primary energy source in such 
a plant, the PEFDC = 0.22 (for the COP = 0.6) and the 
PEFDC = 0.09 (for the COP = 1.4). When natural gas 
(i.e. case CCPNG) is considered as the primary energy 
source, the PEFDC = 0.27 (for the COP = 0.6) and to 
PEFDC = 0.12 (for the COP=1.4). The lowest value 
of PEFDC is achieved when the absorption chiller is 
driven by waste heat from the industrial process.

3.2 PEFDC as a Function of the COP for the Electrically 
Driven Compressor Chiller

The PEFDC as a function of the COP for an electrically 
driven compressor chiller (COPcom) is shown in 
Fig. 3. In this case different types of cooling with a 
compressor chiller were evaluated: 
• cooling with a compressor chiller driven by 

electricity mix from the grid (CCmix),
• cooling with a compressor chiller driven by 

electricity generated in a thermal power plant, 
where coal (CCTPP coal el, , .η =0 37  and CCTPP coal el, , .η =0 45 ) 
and natural gas are used as the fuel  
(CCTPP NG el, , .η =0 55  and CCTPP NG el, , .η =0 60 ).
From the results in Fig. 3 it is clear that the lowest 

values of the PEFDC are achieved when a compressor 
chiller driven by electricity mix from the grid 
(PEFel = 1.3) is used. For this particular case 
PEFDC = 0.36 (for the COPcom = 4) and PEFDC = 0.18 
(for the COPcom = 8). In the case when the compressor 
chiller is driven by electricity from a thermal power 
plant (combined cycle of gas and steam turbine; 
natural gas is used as the fuel), PEFDC = 0.56 (for the 
COPcom = 4) and PEFDC = 0.28 (for the COPcom = 8) 

when ηel = 0.55. When ηel = 0.60, the PEFDC for this 
case decrease to PEFDC = 0.51 (for the COPcom = 4) 
and PEFDC = 0.25 (for the COPcom = 8). The highest 
values of PEFDC are achieved when the cold is 
produced by a compressor chiller driven by electricity 
generated in a thermal power plant with ηel = 0.37 
where coal is used as the primary energy source 
(CCTPP coal el, , .η =0 37 ).

3.3 PEFDC as a Function of the PEF for Electricity

Fig. 4 shows the PEFDC depending on the PEF 
of electricity (PEFel) for the typical COPs for the 
absorption and compressor chillers given in Table 2. 
Different types of cold production were considered in 
this analysis: 
• the cold production by an electrically driven 

compressor chiller (CCmix); the PEFel,mix ranges 
from 1.3 to 3.5, 

• the cold production by an engine-driven 
compressor chiller (CCICE),

• the cold production by single- and double-effect 
absorption chillers; absorption chillers driven 
by the heat from a steam turbine; (CCPSEAC,coal, 
CCPDEAC,coal ); the ηel of a steam turbine ranges 
from 0.32 to 0.45 and consequently the PEFel of a 
steam turbine ranges from 2.9 to 4,

• the cold production by single- and double-
effect absorption chillers driven by the heat 
from a combined cycle of gas and steam turbine 
(CCPSEAC,NG, CCPDEAC,NG); the ηel ranges from 
0.35 to 0.60 and consequently the PEFel of a gas 
and steam turbine ranges from 1.8 to 3.1. 
From the results in Fig. 4 it is clear that the 

PEFDC system decreases when increasing the PEFel of 
the thermal power plant in the case when absorption 
chillers are used to produce the cold. The PEFel of 

 
Fig. 3.  Primary energy factor of a district cooling system as function of the COP for an electrically driven compressor chiller
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the thermal power plant is inversely proportional 
to the energy efficiency of the electricity generation 
(PEFel = PEFF / ηel); therefore, by decreasing the 
ηel , the PEFDC decreases. In the case of electrically 
driven compressor chiller the PEFDC increases when 
increasing the PEFel.

The PEFel does not affect the PEFDC when an 
engine-driven compressor chiller (CCICE) is used 
(because this particular compressor chiller is directly 
driven by mechanical energy, i.e., no electricity 
is used). In this particular case the PEFDC can be 
considered as constant (PEFDC,ICE = 0.49). Therefore, 
when the PEFel > 2.9, the primary energy consumption 
is lower in the case of an engine-driven compressor 
chiller, compared to an electrically driven compressor 
chiller PEF PEFCC CC mixICE

<( ), .
The PEFDC of the electrically driven compressor 

chiller (CCmix) increases from PEFDC = 0.22 (at 
PEFel = 1.3) to PEFDC = 0.59 (at PEFel = 3.5). 

The lowest value for the PEFDC is achieved when 
a double-effect absorption chiller (x = 0.92), driven 
by the heat from a combined cycle of gas and steam 
turbine, is used (CCPDEAC,NG,x=0.92). For this example 
PEFDC = 0.24 (at ηel = 0.6 and PEFel = 1.8) and 
PEFDC = 0.13 (at ηel = 0.35 and PEFel = 3.1). If ratio x 
for double effect absorption chiller is lower (x = 0.9), 
the PEFDC increases and is even higher compared to 
PEFDC when single effect absorption chiller is used. 

The energy efficiency of the electricity generation 
using the steam turbine, when operation is related 
only to the production of electricity, ranges from 0.32 
to 0.45. The lower the ηel, the lower is the PEFDC. 
For this particular case the lowest PEFDC = 0.18 is 
achieved at ηel = 0.35 when double effect absorption 
chiller (x = 0.92) is used.

3.4 PEFDC as a Function of the Energy Efficiency of 
Electricity Generation in a Thermal Power Plant

The aim of this subsection is to provide information 
about the PEFDC as a function of the energy efficiency 
of electricity generation in a thermal power plant, 
when operation is related only to the production of 
electricity (ηel). In Fig. 5a, the condensing steam 
turbine (coal is used as the primary energy source) 
is illustrated when a compressor chiller is driven by 
the electricity from the thermal power plant, and an 
extraction-condensing steam turbine is illustrated 
when absorption chillers are used. In Fig. 5b the 
combined cycle of gas and steam turbine is taken into 
account (natural gas is used as the primary energy 
source).

As is clear from both examples in Fig. 5, the 
PEFDC is the lowest when a double-effect absorption 
chiller (CCPDEAC,x=0.92) is used to produce the cold. 
The PEFDC, with a compressor chiller driven by 
electricity from the grid (CCmix,), does not depend 
on the energy efficiency of the thermal power plant 
(ηel). In this particular case, it remains constant 
(PEFDC = 0.42 at PEFel = 2.5 and PEFDC = 0.22 at 
PEFel = 1.3). By increasing the value of the ηel the 
PEFDC decreases when a compressor chiller driven by 
electricity from a thermal power plant (CCTPP) is used.

From the results in Fig. 5a, the PEFDC with a 
single-effect absorption chiller (CCPSEAC,coal,x=0.95) and 
double-effect absorption chillers (CCPDEAC,coal,x=0.92 
and CCPDEAC,coal,x=0.90) are lower, compared to 
electrically driven compressor chillers (CCmix and 
CCTPP), for any value of ηel at given ratios x.

Analysing the results from Fig. 5b, the PEFDC 
with a compressor chiller driven by electricity from 

Fig. 4.  Primary energy factor of a district cooling system as a function of the primary energy factors of electricity for different chillers
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a thermal power plant is lower, compared with the 
one driven by the electricity mix (PEFel = 2.5) when 
ηel > 0.44. In the case of cold production with a 
single-effect absorption chiller (CCPSEAC,NG,x=0.95), 
the PEFDC is lower compared to electrically driven 
compressor chiller (PEFel=1.3) until ηel > 0.57. Using 
the double-effect absorption chiller with x = 0.92, the 
PEFDC are lower compared to any electrically driven 
compressor chiller for any value of ηel. When double 
effect absorption chiller with x = 0.90 is used, the 
PEFDC is lower compared to the compressor chiller 
driven by electricity from the grid (PEFel = 1.3) when 
ηel < 0.55.

4  CONCLUSIONS

In this paper an analysis of the primary energy factors 
of district cooling systems (PEFDC) for different types 
of cold production is presented. Several different types 
of chillers were included in the study: a single-effect 
absorption chiller, a double-effect absorption chiller, a 
direct-fired absorption chiller and a compressor chiller 
driven by electrical energy or by mechanical energy 

from an internal combustion engine. The PEFs of the 
different fuels were taken from earlier studies. 

The results of the study reveal that:
• The most primary energy of all the cases 

discussed in this study is consumed for cold 
production with an absorption chiller driven by 
the heat from a boiler (see Fig. 2).

• Cold production with an engine-driven 
compressor chiller (ICE) compared to an 
electrically driven compressor chiller (CCmix) is 
rational only if the PEFel > 2.9 (see Fig. 4).

• Primary energy consumption can be reduced by 
using heat from CHP plant to drive absorption 
chillers (heat and electricity are produced in 
a CHP plant; all of the heat is used for the cold 
production). The lower the energy efficiency of 
electricity generation in a thermal power plant 
(ηel), the lower is the PEFDC (see Fig. 5).

• If the energy efficiency of electricity generation 
in a thermal power plant with a combined cycle 
of gas and steam turbine is higher than 0.44, the 
PEFDC is lower for a compressor chiller driven by 
electricity from a thermal power plant (CCTPP,NG) 

Fig. 5.  Primary energy factors for a district cooling system as a function of the energy efficiency of the electricity generation in a thermal 
power plant: a) steam turbine (coal), b) combined cycle of gas and steam turbine (natural gas)
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, compared to a compressor chiller driven by 
electricity from the grid with PEFel = 2.5 (see Fig. 
4). The PEFDC of a thermal power plant with a 
combined cycle of gas and steam turbine achieve 
its lowest value when ηel = 0.6 (PEFDC = 0.31).

• The heat extracted from the turbine affects the 
energy efficiency of electricity generation in 
a CHP plant. When a double-effect absorption 
chiller is used to produce cold, the energy 
efficiency of the electricity generation is lower 
compared to the energy efficiency of electricity 
generation when the heat to drive a single-
effect absorption chiller is extracted. The ratio 
x, between the energy efficiency of electricity 
generation in a CHP plant (the heat is extracted 
from the extraction-condensing turbine) and the 
energy efficiency of electricity generation in a 
thermal power plant (condensing turbine) has a 
significant impact on the PEFDC (see Fig. 5).

• The comparison between the primary energy 
consumption of different cooling technologies 
and the cooling with electrically driven 
compressor chiller when PEFel = 2.5 is presented 
in Appendix A.
The general mathematical model developed in 

this study can be used as a tool for selecting the most 
primary energy efficient type of cooling technology 
in a feasibility study of a new district cooling system 
implementation. In the future work this mathematical 
model has to be improved by considering the 
production of the electricity, heat and cold at the 
same time (trigeneration system). A very complex 
general mathematical model for the calculation of 
the PEFDC will have to take into account the ratio 
between the heat used for heating and the heat used 
for cold production. Moreover, it will consider the 
increase of the consumption of the primary energy 
as a consequence of heat extraction from the turbine 
and lastly, the primary energy consumption as a 
consequence of different parameters of the extracted 
steam has to be taken into the consideration. 

5  NOMENCLATURE

COP coefficient of performance, [-]
PEF primary energy factor, [-]
Q  energy, [kWh]
W  work, [kWh]
η  energy efficiency, [-]

Abbreviations
abs  absorption chiller
coal  coal

com  compressor chiller
el  electricity
G  generator
H  heat
F  fuel
me  mechanical energy
mix  electricity mix
P  primary energy
trigen trigeneration
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APPENDIX  A

The ratio between the primary energy input of 
different cooling technologies and the primary energy 
input for the case of cooling with electrically driven 
compressor chillers (PEFel = 2.5) is presented in 
Fig. A1. The primary energy input is calculated by 
rearranging the Eq. (1):

 Q PEF QP DC DC= ⋅ ,

and the ratio is calculated as:
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PEFDC at given conditions for different cooling 
technologies are given in Table A1. 
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Table A1.  PEFDC for different types of cooling technologies

Type of cooling 
technology General Eq. for PEFDC,i PEFDC
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Fig. A1.  The primary energy input of different cooling technologies compared to the primary energy input when cooling with electrically 
driven compressor chillers (PEFel = 2.5)
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0  INTRODUCTION

Speed reducers, which perform the function of speed 
and torque conversion, are widely utilized in modern 
machine applications. A common speed reducer can 
offer speed reduction with fixed relative position 
between the input shaft and output shaft. For instance, 
to reduce the speed between parallel shafts of bicycles, 
Wu and Chen proposed an eight-speed internal 
cylinder gear hub [1]. Instead of traditional four discs, 
Blagojevic et al. adopted two cycloid discs to achieve 
two-stage speed reduction with the advantages of 
compact structure, good load distribution and dynamic 
balance [2]. Furthermore, it is proved that efficiency 
is decreased with the increase of friction and contact 
forces [3]. By numerical simulation and experiment 
verification, Concli and Gorla studied the influences 
of parameters on the planetary speed reducer, 
including lubricant temperature and rotational speed 
[4]. Speed reduction transmission with fixed intersect 
shafts can be achieved with bevel gear mechanisms. 
Wang summarized the mathematical models of 
the spiral bevel gear, including the applications of 
thermal analysis, frictional analysis and advanced 
manufacturing technology [5]. For spiral bevels and 
hypoid gears manufactured with the duplex helical 
method, Zhang et al. calculated the basic machine-
tool settings with a new method [6]. Worm reducers 

or the screw gear reducer transmits two screwed 
vertical shafts. Dudás established the model of a 
new worm gear drive having point-like contact and 
conducted simulations to verify the better tolerance 
with misalignment [7]. For the case of a non-vertical 
intersection angle between the shafts, by defining 
and calculating the sliding rate, Ding et al. proposed 
a parameter selection criterion of the helix curve 
meshing wheel (HCMW) [8]. As it is transmitted 
between the space curves instead of space surfaces, 
the load capacity is limited, and the transmission ratio 
is unstable. However, the reducers mentioned above 
have no ability to adapt to variable intersection angles 
in the transmission process. A couple of universal 
joints are usually introduced, which leads to a more 
complicated connection relationship among the shafts 
and a larger size of transmission system in the axial 
direction.

Our research team proposed a speed reducer of 
externally engaged gears with the RCRCR mechanism 
[9]. Litvin and Tan proposed a general approach 
in determining the singularities of the motion and 
displacement functions of the RCRCR mechanism 
[10]. Through several tests of the prototype, the 
phenomenon of “lock up” among the components 
appeared in the process of transmission, preventing 
it from rotating smoothly. After theoretical analyses 
and prototype tests, it shows that, except the factors 
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Highlights
• A planetary gear mechanism with a difference of a few teeth presents the advantages of high transmission ratio and compact 
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of assembly and lubrication, uneven stress plays an 
important role as the torque is transmitted by only 
one pair of eccentric shafts. In contrast, with the same 
transmission ratio, the speed reducer achieved by 
synchronous pulleys or external gear pair occupies a 
larger size than the internal gear pair, which obviously 
limits the application of the mechanism ([11] to [13]). 
The “few teeth difference” planetary gear mechanism, 
named for the small difference between the engaged 
gear teeth, has been widely used in mechanisms for 
the outstanding advantages of compact structure, 
large transmission ratio and high efficiency ([14] 
to [16]). For instance, if the teeth of the centre gear 
and planetary gear are 50 and 49 respectively, the 
transmission ratio is 50, while the eccentric distance is 
only m/2, in which m is the module of gear.

Regarding the two problems mentioned above, 
a novel planetary gear reducer of internal gearing 
with a difference of a few teeth is proposed in this 
paper to achieve universal transmission and compact 
structure. A common application for such a universal 
reducer is the transmission system in the industry, 
as depicted in Fig. 1. In the traditional reduction 
configuration of Fig. 1a, two extra couplings are 
introduced to transmit the power, which requires high 
precision alignment. However, errors and tolerances 
caused by manufacturing, assembly, load, friction and 
temperature are inevitable, which requires significant 
efforts in installation and maintenance. In Fig. 1b, 
with the fault tolerance ability to compensate the 
relative displacement error, even for the inconsistent 
axes of the transmission components, there is great 
convenience and feasibility in the installation and 
operation processes.

a)

Load

Reducer

Motor

Coupling

Load
Motor

Universal reducer

a)

b)

b)

Load

Reducer

Motor

Coupling

Load
Motor

Universal reducer

a)

b)Fig. 1  Application of universal reducer; a) traditional reduction 
configuration with two extra couplings, and b) the reduction 

configuration with the universal reducer

1  MECHANISM THEORY

The universal reducer integrates a planetary gear 
mechanism of internal gearing and an RCRCR spatial 
mechanism; the architectures are introduced in detail 
below.

1.1  Planetary Gear Mechanism

A K-H (K-centre gear, H-planetary carrier) planetary 
gear is depicted in Fig. 2, which is composed of centre 
gear O1 with teeth z1, planetary gear O2 with teeth 
z2, and planetary carrier H connecting O1 and O2. 
According to the degree of freedom (DOF) equation, 
the mechanism DOF obviously is 2, which means a 
certain restriction is needed to guarantee a stable 
transmission ratio.

1ω

1z

2zHω
1O

2O
H

2ω

Fig. 2.  Planetary gear train

Define the transmission ratio as the angular 
velocity ratio of the input shaft to the output shaft. 
Taking the planetary carrier angular velocity ωH as a 
reference, the angular velocity transmission ratio of 
gear 2 to gear 1 is satisfied as Eq. (1) shows.

 i z
z

H H

H
21

2

1

1

2

=
−
−

= +
ω ω
ω ω

,  (1)

where ω1, ω2 and ωH are angular velocities of the 
centre gear, planetary gear and planetary carrier, 
respectively, z1 and z2 are the centre gear and 
planetary gear teeth respectively. The symbol “+” 
means that the centre gear and planetary gear rotate 
in the same direction (planetary carrier H acts as the 
reference object), while the symbol “–” means that the 
centre gear and planetary gear rotate in the opposite 
direction.

This needs to be emphasized for the case of 
ω1 = ωH . Although, according to Eq. (1):
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 iH H

H
21

2

1

0

0
=

−
−

=
ω ω
ω ω

,  (2)

as an integral, the relative positions of the centre gear, 
planetary gear, and planetary carrier never change 
in the transmission process, as depicted in Fig. 1. 
Consequently, the transmission ratio is 1 for certainty 
as ω1 = ω2 = ωH .

To obtain a stable transmission ratio, supposing 
planetary gear O2 is constrained to perform a 
translational motion in space by the RCRCR spatial 
mechanism proposed below, which means ω2 = 0, the 
following equations can be deduced according to Eq. 
(1).

 i z
z

H H

H
21

1

1

2

=
−
−
ω

ω ω
= ,  (3)

 ω
ω
H z

z z
1

1

1 2

=
−

.  (4)

Consequently, taking the angular velocities of 
planetary carrier ωH and centre gear ω1 as the input and 
output velocities respectively, a stable transmission 
ratio is concluded. To obtain the transmission ratio in 
Eq. (4), it can also obviously be achieved by adopting 
two external gearing pairs with three gears at least, 
making one of the gears an idler gear. However, it 
would increase the mechanism components and make 
the transmission system more complicated.

As a comparison, if an external gearing pair is 
adopted, the transmission ratio of the planetary gear 
would be deduced as below.

 ω
ω
H z

z z
1

1

1 2

=
+

.  (5)

Comparing the results of Eqs. (4) and (5), it 
is proved that, with the same gear parameters, the 
transmission ratio of the mechanism with internal 
gearing is much larger than that with external gearing.

1.2  RCRCR Spatial Mechanism

To achieve the translational motion of the planetary 
gear, the RCRCR spatial mechanism is proposed in 
Fig. 3. The spatial mechanism is composed of shafts 
“1”, “2”, “3”, “4” and stander “0”, including three 
revolution pairs (R) and two cylinder pairs (C). The 
characteristics of the RCRCR spatial mechanism are 
stated below in detail. The axes of the revolution pairs 
are denoted as “a”, “d” and “f”, in which, “a” and 
“d” are the fixed axes of the intersection shafts; the 
floating axes of the cylinder pairs are denoted as “b” 
and “c”, which are parallel to the fixed axes “a” and 

“d” respectively. The intersection distance d0 between 
the connecting shafts “a” and “d” is equal to the 
distance “d1” between the connecting shafts “b” and 
“c”. The distance r1 between “a” and “b” is equal to 
the distance rh between “c” and “d”. The intersection 
angle α14 between “a” and “d” equals α23 between “b” 
and “c”.

hr

4

1r

10

3

aaω

b

2
1d

f

0d
H

c

d
Hω

Fig. 3.  RCRCR spatial mechanism

The degree of freedom (DOF) of the RCRCR 
spatial mechanism is calculated below.

 F f kpk
k

= − = −∑ ∑
=

−

λ λ
λ

1

1

,  (6)

in which Σ f is the DOF of the open chain mechanism 
of the space-connecting shaft, which is 7, supposing 
the mechanism is disconnected with the stander. λ is 
the DOF of the end link of the open chain, which is 6.

As a result, the RCRCR mechanism is of 1 DOF, 
which proves the transmission feasibility.

 F f= − =∑ λ 1.  (7)

2 KINEMATIC ANALYSES

Kinematic analysis is carried out to prove the 
translational motion of the connecting shafts in the 
RCRCR spatial mechanism. For the convenience of 
analysis, a right-hand rectangular coordinate system 
is constructed on each component depicted in Fig. 4. 
Z-axis is along the axis of each kinematic pair, and 
X-axis is along the common perpendicular of two 
axes of the adjacent kinematic pairs. hj is the shortest 
distance between zi and zj along the axis xj. sj is the 
distance between xi and xj along the axis zi. αij is the 
angle between zi and zj along the axis xj. θj is the 
rotating angle of the corresponding component i.

A direction cosine matrix is employed to express 
the exchanging relationships between coordinate 
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system xi (yi) zi and xj (yj) zj, which can be written as 
the equation (8).

4
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Fig. 4.  RCRCR spatial mechanism
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Along axes z2 and z3, the closed loop can be 
separated into two parts: fixed chain 3-4-0-1-2 
and floating chain 2-3. According to the geometric 
equivalence property of the kinematics, the direction 
cosine of the axes z2 and z3 in fixed chain 3-4-0-1-
2 equals to that in floating chain 2-3, which can be 
defined by the following equation.

      cos( , ) cos( , ) cos ,z z z z
2 3 3 4 0 1 2 2 3 2 3 23− − − − −= = α  (9)

in which,

cos( , ) [ , , ][ ][ ][ ][ ][ , ] .z z C C C C T
2 3 3 4 0 1 2 34 40 01 12

0 0 1 0 01− − − − =  (10)

Through calculation, Eq. (5) can be simplified as

 cos( ) .θ θ
1 2

0+ =  (11)

Thus,
 θ θ

2 1
270= − .  (12)

According to the equal geometry principle, 
the vector projection of the closed mechanism to 
coordinate axis x4 is zero. Then the following equation 
is satisfied.
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It is concluded that,

 s s h
1 0 1 40 1 40

1= − +( cos )sin / sin .α θ α  (15)

In a similar way, other motion parameters can be 
concluded as follows.
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.  (16)

Assuming the angular velocity of connecting 
shaft 2 is − θ1  in relative to input shaft 1, and the 
angular velocity of input shaft 1 is θ1  in relative to the 
stander, the angular velocity of connecting shaft 2 is 0 
in relative to stander, which means the connecting 
shaft only translates in space. In the same way, the 
angular velocity of connecting shaft 3 is  θ θ

4 1
= −  in 

relative to input shaft 4, and the angular velocity of 
input shaft 4 is set as θ0  (relative to the stander). 
Thus, relative to the stander, connecting shaft 3 only 
translates in space. However, the motion features of 
the spatial mechanism are never related to intersection 
angle α40. Therefore, the transmission relationship 
will not change, even though the intersection angle α40 
changes in the process.

Consequently, translational motions of the 
connecting shafts “2” and “3” in space are achieved 
with the RCRCR mechanism. Fixing the planetary 
gear O2 in Fig. 1 and the connecting shaft “3” in 
Fig. 2 together, the planetary gear O2 would translate 
together with the connecting shaft “3”, instead of 
revolving around axis “c”. Furthermore, connecting 
the centre gear with the stander along the axis “d”, the 
angular velocity relationship between the center gear 
and the carrier is determined by Eq. (4).

As ωH = ωa, ω2 = 0, the transmission ratio in Eq. 
(4) is concluded below.

 i z
z z

H a= = =
−

ω
ω

ω
ω

1 1

1

1 2

.  (17)
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From the equation above, the transmission ratio 
of the reducer would never vary with the intersection 
angle and the distance between the shafts “1” and “2” 
in the process of transmission. Thus, it is a universal 
speed reducer maintaining a stable transmission 
ratio, which is adaptive to different intersect angles. 
If intersect distance d0 = d1 = 0, then the transmission 
shafts axes “a” and “d” intersect with each other; and 
if distance d0 = d1 ≠ 0, then shafts axes “a” and “d” are 
the spatial crossing.

In conclusion, the RCRCR mechanism shown 
in Fig. 3 is a 1-DOF spatial mechanism adaptive to 
variable intersection angles and distances, achieving 
the required translational motion of the planetary gear 
in the universal reducer. In addition, the motion pairs 
in the mechanism are all low pairs, which is beneficial 
to improve wear-resisting performance.

3  SIMULATION RESULTS AND DISCUSSION

To prove the function of the speed reduction 
transmission of the mechanism, a simulation model of 
the mechanism is established in Automatic Dynamic 
Analysis of Mechanical Systems (ADAMS) software. 
The simulation model is depicted in Fig. 5 in detail. 
To show the structure inside the speed reducer clearly, 
the gearbox is shown as partially transparent. Taking 
Figs. 3 and 4 as references, the input shaft “a” is 
designed with a flange, while the output shaft, which 
is in alignment with “d”, is designed fixing with the 
centre gear. For the convenience of manufacturing 
and testing, let the intersection distance d0 = d1 = 0. 
The centre pair of connecting shafts corresponds to 
shafts “b” and “c” in Fig. 3. The offset of the input 

shaft “a” and the centre connecting shaft “b” is equal 
to the offset of the output shaft “d” and the centre 
connecting shaft “c”, which is the rotational radius 
of the planetary carrier. Since the offset is so small 
while a large driving torque is needed, three additional 
connecting shafts are introduced, distributed on a 
larger circle equally to help the connecting shaft 
revolve and thus to ensure the reducer work smoothly. 
Furthermore, it is beneficial to improve supporting 
capacity and avoid the phenomenon of “lock up” 
mentioned above as they distribute the load more 
evenly. The gearbox not only performs the function 
of a hermetically sealed chamber but also that of a 
transmission component.

The necessary parameters of the simulation 
model are listed in Table 1.

Table 1.  Universal reducer parameters

Parameters Values
Planetary gear teeth 29
Center gear teeth 34
Module of gear [mm] 2
Eccentric offset [mm] 5
Transmission ratio 6.8

Figs. 6 and 7 illustrate the angular velocities of 
the input shaft, output shaft, and planetary gear of the 
speed reduction mechanism with the intersect angles 
α = 135° and α = 160°, respectively, simulating with 
the same parameters, including simulation period and 
input velocity.

Comparing the simulation results in Figs. 6 
and 7, we can prove the translational motion of the 

Center gear

Planet gear

Output shaft
Input shaft

Center connecting 
shafts “b” and “c”

Fig. 5.  Simulation model of the mechanism
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Fig. 6.  Angular velocities of the input and output shafts with α = 135°

Fig. 7. Angular velocities of the input and output shafts with α = 160°

Fig. 8.  Step torque response of the universal reducer

connecting shafts in the RCRCR mechanism by 
testing its angular velocities. It is concluded that the 
mechanism, which maintains the stable transmission 
ratio of 6.8, can be adaptive to different intersect 
angles, even the intersection angle changes in the 

process of transmission, which means the universal 
reducer presents brilliant robustness with the position 
perturbations of input and output shafts. It is also 
a significant advantage in the applications of the 
variable intersection angle between the input and 
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output shafts during transmission, which is common 
in transmission close to wheel for electric vehicles. 
To suppress the negative effects of a heavy unsprung 
mass in electric vehicles, a common practice is to 
arrange the motor on the vehicle framework as the 
sprung mass. Consequently, the universal reducer is 
introduced to transmit the power between two floating 
components perfectly without a constant velocity 
universal joint.

The torque fluctuation is also an important 
performance aspect for a speed reducer. A step torque 
response simulation is carried out, in which the initial 
input torque is 100 N·m and changes to zero at the 
time of 1 second; the whole simulation lasts 5 seconds.

From the angular velocity results shown in Fig. 
8, the output angular velocity is much smoother than 
the input angular velocity, while the transmission ratio 
remains stable. It is concluded that the universal speed 
reducer with the few teeth difference planetary gear 
has an excellent performance of torque fluctuation 
tolerance.

Note that the working condition of the 
reducer is complex, including the varying loads 
and misalignment of each element, especially the 
connecting shafts and cylinders. All the above may 
influence the transmission smoothness and reliability, 
so it is important to emphasize manufacture and 
assembly precision.

4  PROTOTYPE DESIGN

4.1  Structure Design

To test the speed reducer performances with the 
few teeth difference planetary gear mechanism, the 
detailed design is carried out. The parameters of the 

universal reducer are the same as those used in the 
simulation shown in Table 1. The universal reducer 
prototype is designed in Fig. 9, and the components 
are listed in Table 2. The oil-less bearing is adopted 
for a compact structure. The reference diameters of 
the centre gear and planetary gear are 68 mm and 58 
mm respectively, while the distribution diameter of 
the three additional connecting shafts is 52 mm. The 
offset of the input shaft and the centre connecting 
shaft is equal to the offset of the output shaft and the 
centre connecting shaft, which are both 5 mm. The 
diameters of the input shaft and output shaft are both 
25 mm. The radius of the centre connecting shaft and 
the three additional connecting shafts are 15 mm and 
10 mm, respectively. The gearbox radius is 53 mm, 
and the overall thickness is 84 mm. In conclusion, 
the designed universal reducer has the advantage of a 
compact structure.

Table 2.  Prototype components

No. Name No. Name
1 Input shaft 13 Planetary gear
2 Elastic collar 14 Reducer shell
3 Deep groove ball bearing 15 Center gear
4 Bush 16 Deep groove ball bearing
5 Oil-less bearing 17 Elastic collar
6 Oil-less bearing 18 Deep groove ball bearing
7 Connecting shaft 19 Bush
8 Connecting shaft 20 Bush
9 Bolt 21 Bolt

10 Connecting shaft 22 Rubber gasket
11 Planetary carrier 23 Socket head cap screw
12 Reducer shell

Fig. 9.  Speed reducer prototype
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4.2  Strength Analysis

A torque Min is applied on the input shaft, while the 
load on the output shaft is Mout. With the transmission 
ratio i, Eq. (18) is concluded.

 M i Mout in= ⋅ .  (18)

Firstly, taking the connecting shafts (marked as 
components 2 and 3) as a whole object, the forces 
and torques applied to the object are depicted in Fig. 
2. The distance between B and E is L1, the same as 
the distance between C and E. The angle between 
the connecting shafts 2 and 3 is 2α, and the distance 
between the input shaft and the connecting shaft is r, 
which equals to the distance between the output shaft 
and the connecting shaft (component 3).

EM
E

2α
CM

C

CF

2
BM

B

BF

3

C1M

1L
1L

Fig. 10.  Dynamic analysis of component 2 and 3

In the rotating process, when the connecting 
shafts are located at the highest position, with the 
involvements of FB and FC on the shafts 2 and 3, to 
keep the translational motion of the connecting shafts, 
a torque of ME is generated on point E.

 M F L
E B
= 2 sin ,α  (19)

in which, F M rinB
= / .

A torque of MC1 is applied on point C under the 
tangential force of the planetary gear.
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in which, Ft is the tangential force, m is the module of 
the internal gear and z1 is the teeth of the internal gear.

According to the kinematic analysis, to guarantee 
the translational motion of the connecting shafts, the 
torques should be kept balanced as follows.

     
M M M M
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The torques MB and MC can be concluded 
according to the equations above.

Clearly, the critical position of connecting shaft 
3 locates C point. The connecting shaft (component 
3 in Fig. 10) is torqued by MC1 and bent by MC 

simultaneously. 45# steel with the allowable bending 
stress of 60 MPa is preferred. Based on the third 
strength theory, the equation below should be satisfied.

   σ ca
M
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aT
W

M M
d

= + =
+

( ) ( )
( . )

.
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2 2

2

1

2

3
4
2

0 6

0 1

C C  (22)

in which, W is the section coefficient in bending. 
Considering the torsional shear stress is the pulsating 
cycle stress, a is determined as 0.6.

As the prototype is designed in a much smaller 
size than the real universal reducer, the output torque 
is about 34 N·m. Given α = 60°, d=15 mm, the bending 
strength:

 σ ca3 52 4= . MPa.  (23)

For the component 2 in Fig. 10, it is only bent by 
MB. Consequently, the bending strength is computed 
as follows, while the allowable bending fatigue stress 
is 275 MPa.

 σ ca
M
d2 3

0 1
158 5= =B

MPa
.

. . (24)

Similarly, the strength analyses of other main 
components can be carried out through force analyses. 
The emphasis and contribution of this paper are to 
propose a novel mechanism with the function of 
universal reduction. Based on the planetary gear 
and RCRCR spatial mechanism, a prototype with a 
smaller ratio is designed. Consequently, the results of 
other main components are listed in Table 3.

Table 3.  Main components strength analyses

Components
Allowable strength 

[MPa]
Actual strength  

[MPa]
Input shaft 1 60 47.04
Connecting shaft 7 275 158.52
Connecting shaft 10 60 52.45
Center gear 15 60 45.35

For the strength of the planetary and internal 
gears, the equations below are satisfied respectively 
[17].

 σ σF
p g F

g
FP

KK T Y
bd m1

1

1

2
= ≤ ,  (25)

 σ σ σF
F

F
F FP

Y
Y2

2

1

1 2
= ≤ ,  (26)

in which, K is the load efficiency, Kp is the uneven 
load distribution coefficient, Tg is the torque of the 
planetary gear, YF1 and YF2 are tooth shape coefficients 
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of planetary and internal gears respectively, b is the 
tooth width, dg is the pitch circle diameter of the 
planetary gear, and m is the gear module.

According to the parameters of the gears and the 
torque, the bending strengths of the planetary and 
internal gears are 213.84 MPa and 201.6 MPa, while 
the allowable strengths are 238 MPa and 303 MPa 
respectively.

According to the strength analysis results of 
the main components above, it is concluded that 
the strength requirement of the universal reducer 
prototype is satisfied.

4.3  Manufacturing and Lubrication

For the manufacturing of the proposed universal 
reducer, the importance of the RCRCR spatial 
mechanism manufacturing should be especially 
emphasized as it plays an important role. In theory, the 
connecting points of the transmission shafts should 
be strictly located in the same plane, as depicted by 
the dotted line depicted in Fig. 9. In addition, the poor 
assembly between the shaft and hole may contribute to 
the failure of the reducer. Combining the two aspects 
above, in the RCRCR mechanism, more precision is 
required between the connecting relationship between 
8 and 10 than that of 8 and 7. Consequently, for the 
components on both sides of the plane, to guarantee 
equal manufacturing precision and assembly tolerance 
based on the same standard, the holes corresponding 
to the connecting shafts can be manufactured 
simultaneously, as depicted in Fig. 11.

Reducer shell

Input shaft

Fixture Fixture

Fig. 11.  Simultaneous manufacturing

The assembly tolerance can be H7/h7. 
Furthermore, feasible manufacturing processing 
to improve the manufacturing precision should be 
involved, such as grinding and polishing.

Lubrication is beneficial for the reductions 
of friction and temperature. Consequently, system 
efficiency and working life are improved. In addition 

to low load capacity in common working conditions, 
the low circumferential speed also contributes to 
the application characteristics. Combining the two 
factors above, grease is preferred in the lubrication of 
planetary gear reducer and deep groove ball bearing, 
while no lubrication is needed for the oil-less bearings.

5  CONCLUSIONS

A novel speed reduction mechanism with self-
adaptability to variable intersection angles is proposed 
in this paper, which is integrated by the few teeth 
difference planetary gear mechanism and the RCRCR 
spatial mechanism, achieving the translational 
motion of the planetary gear. Another three pairs of 
the connecting shafts are added to the mechanism to 
improve the supporting capacity and the homogeneity 
of load distribution. Through theoretical analysis 
and simulations, it is proved that the speed reduction 
mechanism proposed maintains a stable transmission 
ratio; even the intersection angle varies in the process. 
The detailed design is conducted for manufacture. 
For the transmission smoothness and reliability, the 
precision of manufacture and assembly is of much 
importance. It has significantly wide applications 
of real-time speed reduction in poor working 
environments for transmission shafts.

However, some work remains to be completed 
and improved. The mechanical efficiency of the 
universal reducer should be tested. Furthermore, for 
better application and spread, lightweight design and 
strength analysis need to be carried out to improve 
structure compactness and integration. 

6  ACKNOWLEDGMENTS

The authors gratefully acknowledge the support by the 
National Natural Science Foundation of China under 
Grant No. 51375344.

7  REFERENCES

[1] Wu, Y.C., Chen, L.A. (2015) Design of an 8-speed internal 
gear hub with a rotary control mechanism for bicycles. 
Tehnički vjesnik - Technical gazette, vol. 22, no. 4, p. 865-871, 
DOI:10.17559/TV-20131225075135.

[2] Blagojevic, M, Marjanovic, N, Djordjevic, Z, Stojanovic, B., 
Disic, A. (2011). A new design of a two-stage cycloidal speed 
reducer. Journal of Mechanical Design, vol. 133, no. 8, p. 
085001, DOI:10.1115/1.4004540.

[3] Blagojevic, M., Kocic, M., Marjanovic, N, Stojanovic, B., 
Dordevic, Z., Ivanovic, L., Marjanovic, V. (2012). Influence of 
the friction on the cycloidal speed reducer efficiency. Journal 

http://dx.doi.org/10.17559/TV-20131225075135
http://dx.doi.org/10.1115/1.4004540


Strojniški vestnik - Journal of Mechanical Engineering 62(2016)12, 730-739

739A Novel Universal Reducer Integrating a Planetary Gear Mechanism with an RCRCR Spatial Mechanism

of the Balkan Tribological Association, vol. 18, no. 2, p. 217-
227.

[4] Concli, F., Gorla, C. (2013). Influence of lubricant temperature, 
lubricant level and rotational speed on the churning power loss 
in an industrial planetary speed reducer: Computational and 
experimental study. International Journal of Computational 
Methods and Experimental Measurements, vol. 1, no. 4, p. 
353-366, DOI:10.2495/CMEM-V1-N4-353-366.

[5] Wang, J., Kong, L., Liu, B., Hu, X., Yu, X. Kong, W. (2014). The 
mathematical model of spiral bevel gears - A review. Strojniški 
vestnik - Journal of Mechanical Engineering, vol. 60, no. 2, p. 
93-105, DOI:10.5545/sv-jme.2013.1357.

[6] Zhang, Y., Yan, H., Zeng, T. (2015). Computerised design and 
simulation of meshing and contact of formate hypoid gears 
generated with a duplex helical method. Strojniški vestnik - 
Journal of Mechanical Engineering, vol. 61, no. 9, p. 523-532, 
DOI:10.5545/sv-jme.2015.2627.

[7] Dudás, L. (2013). Modelling and simulation of a new worm 
gear drive having point-like contact. Engineering with 
Computers, vol. 29, no. 3, p. 251-272, DOI:10.1007/s00366-
012-0271-0.

[8] Ding, J., Chen, Y., Lv, Y., Song, C. (2014). Position-parameter 
selection criterion for a helix-curve meshing-wheel 
mechanism based on sliding rates. Strojniški vestnik - Journal 
of Mechanical Engineering, vol. 60, no. 9, p. 561-570, 
DOI:10.5545/sv-jme.2013.1574.

[9] Chen, X.B., Li, Y. (2004). Speed Up/Down Mechanism of 
Universal Transmission Based on Internal Planetary Gear. 
Patent No. 200410024618.8, State Intellectual Property 
Office of the P.R.C., Beijing.

[10] Litvin, F.L., Tan, J. (1989). Singularities in motion and 
displacement functions of constrained mechanical systems. 
The International Journal of Robotics Research, vol. 8, no. 2, 
p. 30-43, DOI:10.1177/027836498900800203.

[11] Chen, X.B., Li, Y. (2004). Speed Up/Down Mechanism of 
Universal Transmission Based on Planetary Synchronous 
Pulley. Patent No. 200410024617.3, State Intellectual 
Property Office of the P.R.C., Beijing.

[12] Chen, X.B., Wang, B., Chen, M.F., Li, Y. (2012). An innovative 
speed reduction mechanism with self-adaptability to variable 
transmission angles. Mechanism and Machine Theory, vol. 
48, p. 41-51, DOI:10.1016/j.mechmachtheory.2011.09.004.

[13] Chen, X.B., Li, Y. (2004). Speed Up/Down Mechanism of 
Universal Transmission Based on External Planetary Gear, 
Patent No. 200410024619.2, State Intellectual Property 
Office of the P.R.C., Beijing.

[14] Li, S. (2008). Contact problem and numeric method of 
a planetary drive with small teeth number difference. 
Mechanism and Machine Theory, vol. 43, no. 9, p. 1065-
1086, DOI:10.1016/j.mechmachtheory.2007.10.003.

[15] Chen, E., Walton, D. (1990). The optimum design of KHV 
planetary gears with small tooth differences. International 
Journal of Machine Tools and Manufacture, vol. 30, no. 1, p. 
99-109, DOI:10.1016/0890-6955(90)90045-K.

[16] Xiao-Long, S. (1995). Determination of load sharing factor 
for planetary gearing with small tooth number difference. 
Mechanism and Machine Theory, vol. 30, no. 2, p. 313-321, 
DOI:10.1016/0094-114X(93)E0007-S.

[17] Pu, L.G. (1994). Mechanical Design. Higher Education Press, 
Beijing.

http://dx.doi.org/10.2495/CMEM-V1-N4-353-366
http://dx.doi.org/10.5545/sv-jme.2013.1357
http://dx.doi.org/10.5545/sv-jme.2015.2627
http://dx.doi.org/10.1007/s00366-012-0271-0
http://dx.doi.org/10.1007/s00366-012-0271-0
http://dx.doi.org/10.5545/sv-jme.2013.1574
http://dx.doi.org/10.1177/027836498900800203
http://dx.doi.org/10.1016/j.mechmachtheory.2011.09.004
http://dx.doi.org/10.1016/j.mechmachtheory.2007.10.003
http://dx.doi.org/10.1016/0890-6955(90)90045-K
http://dx.doi.org/10.1016/0094-114X(93)E0007-S


Strojniški vestnik - Journal of Mechanical Engineering 62(2016)12, 740-750 Received for review: 2016-04-24
© 2016 Journal of Mechanical Engineering. All rights reserved.  Received revised form: 2016-07-22
DOI:10.5545/sv-jme.2016.3694 Original Scientific Paper Accepted for publication: 2016-09-21

*Corr. Author’s Address: Chongqing University, The State Key Laboratory of Mechanical Transmissions, Chongqing 400044, China, ljc6mail@163.com740

0 INTRODUCTION

Effective machine health assessment provides 
diverse benefits including improved safety, improved 
reliability and reduced costs for operation and 
maintenance of complex manufacturing systems. 
Monitoring and assessing the degradation trend of 
some key components, such as bearings, allow the 
degraded behavior or faults to be corrected before 
they cause machine breakdown [1]. According to our 
literature review, it has been discovered that many 
of the existing works are based on signal-processing 
methods, such as instantaneous energy density self-
similarity, time-frequency entropy, and regularization 
dimension for health assessment [2] to [6].

However, as the data collected from machines is 
becoming increasingly greater and the requirements of 
the speed and accuracy of machine health assessment 
are becoming higher and higher, there is an urgent 
need for new assessment methods that can effectively 
analyse massive amounts of data and automatically 
provide accurate assessment results. Yu [1] proposed 
a hidden Markov model (HMM) and contribution 
analysis-based method to assess machine health 
degradation. Do and Nguyen [7] utilized adaptive 
empirical mode decomposition (AEDM) for bearing 
fault detection and made comparisons with those of 

using envelope analysis and the latest version of the 
EMD. In addition, back-propagation network (BPN) 
was used by Yan and Guo [8] for on-line bearing 
performance degradation assessment. More recently, 
as a new area of machine learning, various deep 
learning algorithms, such as deep belief networks 
(DBNs) [9], convolutional neural network [10] and 
deep neural networks (DNNs) [11] have been applied 
successfully and rapidly in many different fields. 
Feng et al. [6] utilized DNNs to implement both fault 
feature extraction and intelligent diagnosis. Discrete 
wavelet transform and neural network (NN) were 
adopted by Li et al. [12] to detect gearbox crack 
faults. Moreover, Meng et al. [13] proposed a novel 
hierarchical diagnosis network by collecting DBNs by 
layer for the hierarchical identification of mechanical 
systems. 

In addition to assessment methods, extracting 
the representative features of the vibration signal 
collected from the target machines is another crucial 
task. There are two kinds of conventional methods 
for extracting vibration signal features: time domain 
analysis and frequency domain analysis, which 
include correlation function analysis, fast Fourier 
transform (FFT), etc. Recently, some novel analysis 
techniques, such as wavelet packet transform 
(WPT) [14], short time Fourier transform (STFT) 
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[15] and Wigner-Ville distribution (WVD) [16] have 
also been successfully used for the same purpose. 
However, usually, after a series of transformations 
the dimensionality of the acquired parameters reaches 
tens or even hundreds, so it is essential to reduce 
the dimensionality prior to entering the data into the 
assessment model. The major idea of dimensionality 
reduction is that the extracted redundant statistical 
features in a high-dimensional space are mapped to a 
few significant features in a low-dimensional space, 
where these features are used to represent different 
crack levels [17]. Principal component analysis (PCA) 
is a popular linear dimensionality reduction method 
that constructs a low-dimensional representation of 
the data that describes as much of the variance in the 
data as possible by finding a linear basis of reduced 
dimensionality for the data, in which the amount 
of variance in the data is maximal [18]. As for non-
linear dimensionality reduction methods, in addition 
to Isometric feature mapping (Isomap), Laplacian 
Eigenmaps and local linear embedding (LLE) are 
two other techniques that find a low dimensional data 
representation by preserving local properties of the 
manifold [19].

By comparing and analysing the deficiencies 
of the existing methods, this paper presents a novel 
combined assessment model (CAM) by combining 
WPT, Isomap, and DBN to assess the health condition 
of the target machine; the method includes three 
steps: (1) extract original features of the vibration 
signals through time and frequency domain analysis 
and WPT, (2) reduce the dimensionalities of the high-
dimensional arrays by Isomap, (3) enter the acquired 
low-dimensional arrays composed of significant 
features into the trained DBN to obtain assessment 
results. To present a comprehensive comparison and 
highlight the advantages of the proposed method, 
two other popular dimensionality reduction methods 
(PCA and Laplacian Eigenmaps) and two other 
intelligent algorithms (HMM and back-propagation 
neural network (BPNN)) have also been introduced to 
conduct the same experiments. 

The rest of the paper is organized as follows: 
Section 2 presents the proposed combined assessment 
method (CAM) for assessing machine health, in which 
all the concepts and algorithms are described clearly. 
In Section 3, a series of experiments were conducted, 
including extracting the representative features of the 
vibration signal and designing the DBN architecture. 
In Section 4, comparison experiments with the PCA 
linear dimensionality reduction method and the 
Laplacian Eigenmaps nonlinear local dimensionality 
reduction technique, which have commonly been used 

for feature extraction were conducted, which proved 
the advantages of the proposed CAM. The assessment 
results are analysed in Section 5.

1  THE PROPOSED CAM

1.1  Techniques for Original Features Extraction 

Extracting the representative features of the vibration 
signal collected from the target machines is a crucial 
task for the work of health assessment. To illustrate 
the general applicability of the proposed method, both 
conventional and modern feature extraction methods 
will be employed.

1.1.1  Time and Frequency Domain Analysis

Time domain analysis directly based on the time-
domain signal to analyse and give results is the 
simplest and most direct analysis method, which is 
especially effective when the signal contains simple 
harmonic, periodic or transient pulse components. 
Time domain analysis mainly includes probability 
analysis, time domain average synchronous method, 
correlation function analysis, and analysis of the 
extracted features of the time domain waveform. 
Frequency domain analysis converts the signal in the 
time domain to the frequency domain with the help 
of Fourier transform and then determines the type and 
degree of the fault according to the characteristics 
of the frequency distribution and the trend of the 
signal. It mainly includes spectrum analysis, cepstrum 
analysis, and envelopment analysis. 

In the proposed method, 11 time-domain original 
features, such as crest factor, peak value, variance 
value, etc., and 13 original features, such as standard 
deviation frequency, spectrum kurtosis, first order 
centre, etc. are extracted. 

1.1.2  WPT

WPT, an extension of wavelet transform (WT) that can 
provide level-by-level decomposition, is introduced 
to extract the original features in this study. WPT 
can decompose a time-domain signal S into several 
levels of wavelet packet (WP) nodes to construct the 
structure of a WP tree, in which each level stands 
for a frequency resolution. The WP coefficients of a 
function S can be computed via [20]:

 C S W t ij k
i

j k
i

, ,
, , , ,...,= ( ) =1 2  (1)
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where the integers i, j and k in W tj k
i
, ( )  represent the 

modulation, scale and translation parameters, 
respectively. Each coefficient of Cj k

i
,  measures a 

specific frequency band content indexed by the scale 
parameters i and j. Therefore, the definition of wavelet 
packet node energy can be:

 e Cj i j k
i

, ,
,= ∑( )2  (2)

which measures the signal energy contained in some 
specific frequency band controlled by i and j. Each  
(i, j) will be referred to as a wavelet packet node in the 
following. Each value of the node energy of wavelet 
packet can be regarded as an individual feature 
element and serve as a robust preliminary exploration 
of the specific features of the machine vibration 
signals, from which the useful information for health 
assessment purposes could be abstracted.

After selection, 14 WPT original features are 
extracted in this paper.

1.2  Isomap Dimensionality Reduction

The sample data of high dimensional space (D 
dimensional) is in a low dimensional manifold (L 
dimensional, L ≤ D); the manifold structure retains the 
geometric characteristics of the original data, and  L 
is the intrinsic dimensionality of the sample [21]. As 
a nonlinear global dimensionality transformation 
technique, Isomap finds a mapping solution after a 
series of conversions through which the geodesic 
distance between input points in the original space 
can be represented by a Euclidean distance in the 
projection space as accurately as possible [22], of 
which the effect can be generally expressed as:

 M M L DD
Isomap

L⇒ ≤( ), ,  

where MD and ML stand for the D-dimensional 
original features and projected L-dimensional 
features, respectively. The main solution procedures 
are summarized as follows:

Step 1: Establish matrix T which is composed of 
the geodesic distances between each two data points 
in MD according to the neighborhood graph P and 
shortest-path algorithms proposed by Dijkstra [23], 
where MD = [o1, o2, ..., oM]T.

Step 2: Update the entries gij and double-center 
matrix G by Eq. [9], where G = T 2, T (oi, oj) denotes 
shortest path between oi and oj in graph P.

 g g
N

g
N

g
N

gij ij
l

il
l

jl
lm

lm= − − − +








∑ ∑ ∑1

2

1 1 1

2
.  (3)

Step 3: Solve the eigenproblem in Eq. (4) 
and form the columns of matrix V with d primary 
eigenvectors νk (1 ≤ k ≤ L) that correspond to d maximal 
eigenvalues δk (1 ≤ k ≤ L), respectively.

 Gv v= δ .  (4)

Step 4: Compute the entries pi of matrix ML which 
is the low-dimensional representation of MD by:

 pi = δk k
iv ,  (5)

where vk
i  is the ith element of the kth primary 

eigenvector  of the matrix V.
Step 5: Construct L-dimensional embedding ML 

of the original D-dimensional data matrix MD with pi 
through:

M L T= [ ]p p pM1 2
, , .

The main procedures can be presented in Fig. 1.

Fig. 1.  Flow chart of Isomap space transformation

As described in Section 2.1, in this paper, a high-
dimensional n×38 original features array is obtained 
from the vibration signal. To obtain reasonable 
dimensionality, a maximum likelihood estimation 
(MLE) algorithm is introduced to evaluate the 
intrinsic quantity of the projected dimensionalities 
before the array is transformed to an n×m one (m < 38) 
by Isomap. 

1.3  DBN-Based Assessment Model

As a probabilistic generative model that can 
effectively capture the typical information from raw 
data with various non-linear transformations and 
approximate complex non-linear functions, DBN is 
highly appropriate for machine health assessment. 
Next, the construction and training of DBN model 
will be introduced.

1.3.1  DBN Architecture

DBN is constructed by stacking a sequence of 
restricted Boltzmann machines (RBMs) layer by 
layer [8], as shown in Fig. 2, layer 1 (input layer V) 
and layer 2 (hidden layer H1) form RBM1, layer 2 
(hidden layer H1) and layer 3 (hidden layer H2) form 
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RBM2, and so on. Each RBM consists of a hidden and 
a visible layer, both of which are composed of binary 
stochastic units that only connect with the units from 
different layer but do not connect with the ones within 
the same layer.

The energy of a joint configuration of the visible 
and hidden units is given:

    E w v h b v a h
i

V

j

H

ij i j
i

V

i i
j

H

i jv h, ; ,θ( ) = − − −
= = = =
∑∑ ∑ ∑
1 1 1 1

 (6)

where matrix w denotes the weights between visible 
and hidden layer, vectors a and b are the biases of 
hidden units hj and visible units νi, while θ = {w, b, a} 
are the model parameters.

Fig. 2.  Schematic architecture of DBN

To further clarify the working process of DBN, 
take single RBM1 as an example. ∀ ∈{ } ∈{ }i j v hi j, , , , ,0 1 0 1

∀ ∈{ } ∈{ }i j v hi j, , , , ,0 1 0 1 . Each component of input array X  
corresponds to a node of the visible layer, by this way 
X is input into a RBM1. After a series of calculations, 
an output array Y of which each component 
corresponds to a node of the hidden layer is obtained.

1.3.2  DBN Model Training

The distinctive architecture makes it feasible to 
train DBN by training a series of RBMs with the 
contrastive divergence (CD) algorithm. The primary 
training procedure can be summarized as: each RBM 
layer is trained by using the activation probabilities of 
the sub-network RBM as the input training data, while 
the output serves as the input to the next RBM layer. 
After the unsupervised RBM pre-training, the first 
layer is fed with the raw input data and is Gaussian-
binary restricted Boltzmann machines (GB-RBM) for 

real-valued input; the others are binary or Bernoulli–
Bernoulli RBM. Finally, the updating rule for the 
parameter is given:

 W W← + −( )εw i j i jv h v h0 1
,  (7)

 

a a

b b
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← +
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h h

v v

0 1

0 1

,

,  (8)

where εw, εa and εb denote the learning rates of weights, 
hidden bias and visible bias, respectively. Details of 
the training process can be found in literature [24].

For machine health assessment tasks, after the 
generative pre-training, other typical discriminative, 
learning procedures which can effectively fine-
tune the weights will be combined to improve the 
performance of DBN. A very effective way that 
has been successfully confirmed for implementing 
discriminative fine-tuning is to add an extra layer of 
variables that denote the desired labels after the last 
RBM. Then, the back-propagation algorithm similar to 
that in the standard back propagation neural network 
will be introduced to adjust all the network weights.

Multiple samples for training and testing are 
obtained by dividing the dataset, which are further 
divided into small “mini-batches” for efficient training 
[22]. To meet the application requirements, the first 
2000 min data NL of the transformed dataset ML in 
projected space, which are all collected under normal 
conditions are used as training data to train and fine-
tune the normal DBN model, that is:

 Training data:   N L
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1.4  Assessment

The specific structure and nonlinear learning 
procedures of DBN make it very effective for 
obtaining the intrinsic characteristics from a large 
number of data. After obtaining the normal DBN 
model, the entire feature dataset ML that contains 
normal data as well as fault data are used as testing 
data to assess the machine whole life health state, that 
is:
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where N ML L∈ .
The principal work for DBN-based machine 

health CAM can be summarized as follows: (1) Pre-
process the original vibration signal data, such as 
eliminating the abnormal data. (2) Extract features of 
the datasets with Isomap and divide them into training 
and testing subsets. (3) Build the assessment model 
based on deep learning and DBN theories. (4) Train 
DBN with the training feature data NL to obtain a 
normal DBN assessment model. (5) Apply the normal 
DBN model and the entire dataset ML for machine 
health assessment. It should be noted here that steps 
(3) and (4) will be repeated until the number of epochs 
is reached. Since being trained with the feature data 
collected under normal conditions, when the entire 
dataset is input into the DBN assessment model, its 
output is the relative probability value of each input 
belonging to normal condition which is determined by 
DBN, and its changing trend can reflect the running 
condition of the tested machine.

Fig. 3 shows the procedures of the proposed 
CAM.

2  EXPERIMENTS AND ANALYSIS

2.1  Test Rig and Data

The experiment executed bearings run-to-failure 
tests un-der permanent load was conducted on a 
special test rig, as shown in Fig. 4, in order to make 
comparisons with the existing methods and highlight 
the advantages of the proposed method in this paper; 
the test data from literature [25] are adopted for the 
following further research. There are four double row 
bearings that are force lubricated in the test rig, and 
the rotation speed of the shaft is applied onto a radial 
load was kept constant by an alternating current (AC) 
motor coupled to it via rub belts.

The parameters and operation condition of the 
bearings are displayed in Table 2. To collect the 
vibration signal effectively, each bearing was installed 
with a PCB 353B33 high sensitivity quartz ICP 
accelerometer on the bearing housing. There are four 
channels: channels 1 to 4 correspond to bearings 1 to 
4, respectively.

Collection of the data was facilitated with 
NI DAQ Card 6062E. When the test-to-failure 

experiment was completed, a dataset which consists 
of 984 individual vibration signal data files was 
obtained. The files of ASCII format contain all the 
information of the four channels. Each file contains 
20480 data points with the sampling rate of 20 kHz, 
and the recording interval of the files is 10 minutes. At 
the end of the test experiment, failure occurred in the 
outer race of bearing 1.

Fig. 3.  Flowchart of the proposed CAM

Table 2.  Bearing parameters and operation condition

Type Number Ball diameter [mm] Contact angle [deg] Rotation speed [RPM] Radial load [kN]
ZA-2115 4 10 0 2000 26.671
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Fig. 4.  Test rig

2.2  Features Extraction

In view of the outer race failure occurred in bearing 1 
at the end of the test experiment, the data of channel 
1 were chosen for subsequent experiments. Firstly, 
pre-processing the data of the bearing vibration 
signal datasets was carried out, during which three 
documents that were detected to have abnormal data 
points were removed. Then the techniques of time 
domain analysis, frequency domain analysis, and WPT 
were employed to extract the 38 original features, and 
a 9810×38 original features array was obtained. Next, 
the intrinsic quantity of the dimensionalities was 
calculated with the algorithm of MLE, and the answer 
was 6. Then the Isomap non-linear dimensionality 
reduction method was employed to further extract the 
more representative features; thus, the 9810×38 high-
dimensional original features array was converted 

into a 9810×6 low-dimensional one, which contains 
more representative features. Fig. 5 indicates that four 
features (features 1, 2, 3 and 5) appeared to become 
irregular at about 5300 and all these 6 features have 
a significant mutation around the point of 7000. The 
phenomena described above may suggest that the 
bearing tested in the experiment could have a fault in 
the vicinity of these abnormal points. 

Although extracted from the same test dataset, 
the six feature trends in Fig. 5 still exhibit significant 
inconsistency; therefore, these features are not 
supposed to be applied individually for machine 
health assessment as they are not able to provide the 
consistent and accurate degradation pattern. A more 
feasible method is to construct an effective model that 
can fuse all the information of these representative 
features to obtain reliable and accurate machine health 
assessment results.

In the next experiments, the 9810×6 features 
array obtained above will be used to achieve two 
functions: the former 2000×6 subpart will be applied 
for training and tuning the assessment model, while 
the whole dataset will be used to test the model and 
get the health assessment results of the machine 
during the entire test period.

2.3  Design of DBN Structure

The numbers of input, hidden nodes, and hidden 
layers are the most critical parameters in the design 
of neural networks. As for the DBN-based assessment 
model, the number of input nodes corresponds to the 
number of the dimensionality of the array composed of 
extracted features data, of which the value is 6. Since 
the one-step-ahead assessment method is chosen, one 
output node is enough to meet the requirements.

Fig. 5.  The 6 features extracted by Isomap-based dimensionality reduction
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The number of hidden nodes determine the ability 
of neural networks to capture nonlinear patterns from 
the input data. On the one hand, neural networks with 
too few hidden nodes may not be competent enough 
to model the data. On the other hand, too many 
hidden nodes may bring about over-fitting problems 
and result in inferior assessment performance. As 
a generative neural network model with multiple 
hidden layers, DBN is more powerful in acquiring 
the complicated relationship from the input data. 
Therefore, the changeable number of hidden layers 
and hidden nodes provides the designer of DBN a 
significant amount of freedom, which also brings 
many problems. To date, there has been no mature 
means in theory for determining the number of hidden 
layers and nodes, which remains an intractable task 
for the design of DBN structure.

In this paper, the numbers of hidden layers 
and nodes of the DBN were selected by a series 

of experiments. The data for training DBN were 
divided into two parts: 80% of them were applied 
for training, while the rest for validation. Given that 
the numbers of hidden layers of DBNs [13] that had 
been successfully applied to solve various problems 
are all more than two, hence, the constructed DBN 
was initialized with three hidden layers. After several 
attempts, it was discovered that when the hidden 
nodes of the three hidden layers are set as 100–50–50, 
respectively, the evaluation result would be better than 
other design patterns. Analogously, after comparing 
with the same analysis method, the architectures of 
the DBNs with 4, 5 and 6 hidden layers that realized 
the most satisfactory evaluation results are 100–100–
50–20, 100–100–50–50–10 and 100–100–100–50–
20–20, respectively. The assessment outputs of these 
optimal architectures of the DBNs described above 
are displayed in Fig. 6, which shows that the DBN 
with 4 hidden layers could acquire better assessment 
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result than a 3-hidden-layer one, for example, the 
waveform of the former is more stable than that of the 
latter before the mutational point, and its mutation at 
time point 700 is more obvious. While the DBN with 
the architecture of 100–100–50–50–10 performs best 
in the experiment by virtue of its smoothest, clear and 
reasonably trended curve, with the number of hidden 
layers increasing to 6, the performance of DBN had 
become worse. 

The phenomenon above can be explained as that 
DBN with less than five hidden layers may not have 
enough power to model the data; however, when there 
are more than 5 hidden layers the over-fitting problems 
may result in inferior assessment performance. It is, 
therefore, the conclusion that the 5-hidden-layer DBN 
with the architecture of 100–100–50–50–10 is the best 
model for the work of machine health assessment. 
(It is worth noting that since the value of each point 
of the waveforms is a relative one, the direction the 

waveforms trended (up or down) does not affect the 
quality of the assessment results.)

3  COMPARISON EXPERIMENTS

3.1  Comparison Experiments of Dimensionality Reduction

Isomap, adopted in this paper, is a nonlinear global 
dimensionality reduction method; next, the comparison 
experiments with linear dimensionality reduction 
method PCA and nonlinear local dimensionality 
reduction technique Laplacian Eigenmaps that have 
been used for feature extraction were conducted. 

In order to make fair and reasonable comparisons, 
the most suitable DBN architectures for PCA and 
Laplacian Eigenmaps are constructed, which are 100–
100–50–50–5 and 100–100–50–50–10, respectively. 
The assessment results of DBNs with these two 
different dimensionality reduction methods are 
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displayed in Fig. 7, from which it can be determined 
that the resulting waveform of PCA-based method has 
the same abnormality beginning point (at time point 
530) and mutational point (at time point 700) with that 
of the Isomap-based method, but the former fluctuates 
much more severely before abnormality beginning 
point and becomes disorganized at the end. While, 
the resulting waveform of Laplacian Eigenmaps 
-based method performs better for the two problems 
mentioned above, but the overly bizarre mutational 
point (at time point 647) also demonstrated the defect 
of this method. The analysis and comparisons above 
surely proved the correctness of the Isomap-based 
dimensionality reduction method.

3.2  Comparison Experiments of Assessment Models

Next, two other kinds of intelligent algorithms HMM 
and BPNN that have already been successfully and 
widely applied in fault diagnosis, data classification, 
are also introduced to conduct the similar experiments 
under the corresponding same conditions. As an 
extension of Markov chains, HMM that contains a 
finite number of states, where each state generates 
an observation at a certain time point, is a state-of-
the-art technique for model recognition due to its 
elegant mathematical structure and the availability 
of computer implementation [1]. While a BPNN 
model is composed of many idealized layers of nodes 
and specified by the node characteristics (weights), 
the learning rules (transfer functions, always the 
sigmoid function), network interconnection geometry 
(different layers), and dimensionality (number of 
layers and nodes), of which the learning feeds back 
into the model to change the weights of nodes between 
layers in order to decrease errors between predicted 
and measured values [26].

In order to make the results of the experiments 
more persuasive, the dimensionality reduction method 
is kept the same as Isomap only the assessment models 
were replaced by BPNN and HMM, respectively. The 
assessment results of these two models are shown 
in Fig. 8, which indicates that BPNN can accurately 
identify the anomaly and mutation at time points 530 
and 700, respectively, but it performs disorderedly 
after the mutational point when the waveform trends 
to the opposite direction. While the waveform of 
HMM is very smooth at the beginning, it drops too 
fast after the abnormality beginning point 530, which 
does not accord with the actual situation, and the 
transformation at mutational point 700 is too vigorous 
so that the waveform graph disconnected there; 
additionally, its tail waveform is also very confusing.

4  ASSESSMENT RESULTS

After a series of experiments, in which the 
comparisons with two popular dimensionality 
reduction methods (PCA and Laplacian Eigenmaps-
based) and two intelligent assessment algorithms 
(HMM and BPNN-based), the proposed CAM in 
this paper, which employs Isomap and the DBN with 
architecture of 100–100–50–50–10, was verified to 
be very effective and accurate for machine health 
assessment work. 
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As shown in Fig. 9, after a long time of normal 
running, the proposed CAM detected the early slight 
degradation of the bearing at time point 530, indicating 
where the slight faults of wear, pitting or overheat 
may begin occurring. Then the CAM monitored a 
mutation signal (at point 700) which presents that 
crackle, fatigue spalling or some other serious faults 
might occur there. Finally, it can be observed from 
the end of the waveform that after the time point 940, 
the condition of the bearing began to deteriorate so 
sharply that it could not continue working.

Compared with the real test situations, the 
assessment results of the proposed method in this 
paper are very much in line with the actual running 
conditions of the bearings.

5  CONCLUSIONS

Machine health assessment is playing an increasingly 
important role, which can provide diverse benefits 
including improved safety, improved reliability and 
reduced costs for operation and maintenance of 
complex manufacturing systems. This paper presents 
a novel combined assessment method (CAM) for 
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assessing the health condition of the target machine 
(rolling-element bearings). To deal with the non-
stationary property of the vibration signals collected 
from machines, three widely used techniques 
involving time domain analysis, frequency domain 
analysis, and WPT are adopted to extract 38 original 
features of the datasets. Then, the Isomap nonlinear 
global algorithm is adopted for dimensionality 
reduction and extracting more representative features. 
Next, the acquired low-dimensional features array is 
input into the well-trained DBN model to evaluate 
the performance status of the bearing. Finally, the 
bearing-accelerated degradation data from Cincinnati 
University were investigated for further research, 
through the comparison experiments with two 
popular dimensionality reduction methods (PCA and 
Laplacian Eigenmaps-based), and two intelligent 
assessment algorithms (HMM and BPNN-based), 
the proposed CAM is proved more sensitive to the 
incipient fault of rolling bearings and more effective 
for bearing performance degradation evaluation. In 
future work, CAM can be applied in other fields for 
evaluation or classification.
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0  INTRODUCTION

0.1  Background

Oil & gas exploration and production activities in 
deep waters of the Gulf of Mexico, Gulf of Guinea, 
Brazil, and the North Sea have increased dramatically 
in recent years, nearly doubling, compared to the 
activities of a decade ago [1]. Regardless of the 
floating platform concept adopted for many offshore 
field development activities, there is always need 
for a riser system, which has played a massive role 
as offshore infrastructure [2]. There is, therefore, 
a need to ensure that the integrity of riser systems 
is not compromised; that is, ensuring high fatigue 
life in performance. In West African deepwater, for 
example, steel catenary risers (SCR) are commonly 
used because of the prevalent conditions, though 
fatigue remains a challenge [3]. SCR is a cost-
effective alternative for oil and gas export and for 
water injection lines on deepwater fields, where 
large-diameter flexible risers present technical and 
economic limitations [4]. Among the riser concepts 
(e.g. flexible risers, hybrid risers), SCRs have enjoyed 

widespread acceptability for deep and ultra-deepwater 
applications in recent years. This is due to their 
relatively low cost, conceptual simplicity, significant 
structural capacity, and ease of fabrication and 
installation. However, their fatigue response has been 
a concern to the industry, especially in West Africa [3]. 
SCR fatigue damage can be caused by vortex-induced 
vibration (VIV) and vortex-induced motion (VIM) at 
the touch-down-point (TDP) [3]. Fatigue of SCR at 
TDP has been one of the most challenging problems 
in deep water due to interactions with the seabed [5]. 
The fatigue damage induced by VIV and VIM can be 
fatal to the riser [6].

0.2  Wave Environment

Harsh environments influence motions of floating 
platforms, which in turn affect the riser system 
dynamics. For instance, the application of SCRs with 
semi-submersibles or floating production, storage 
and offloading vessels (FPSOs) in harsh deepwater 
environments presents design challenges due to large 
wave-induced motions on the platform, and large 
vessel offsets caused by wind, currents, and slow-drift 

On the Fatigue of Steel Catenary Risers
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Steel catenary risers (SCR), though an appropriate and cost effective tool for deepwater development, are fraught with difficult fatigue 
challenges derived from loads due to the actions of wind, wave and current. In this study, a model SCR-AB with end-A attached to floating 
production, storage and offloading vessels (FPSO) and end-B anchored to the seabed was created using OrcaFlex© finite element software. 
Also attached to this model is a 104 kg 6D buoy of 6 m height and volume 20 m³, which was fixed to the SCR at 900 m of the riser length. The 
various sections of the homogenous 2200 m long SCR pipe include 50 m flex joint section, 350 m strake length, 1300 m riser pipe length, 
and 500 m flowline section. Metrological ocean data, geotechnical data and SCR data were input into the model which was subjected to the 
Ochi-Hubble and Joint North Sea Wave Project (JONSWAP) wave spectra. Analyses to determine the influence of fatigue damage on the model 
was made using system simulation under both static and dynamic modes. The results for JONSWAP wave spectra showed the fatigue life of 
the SCR to be 1.8 years at the touch-down-point (TDP) while that of Ochi-Hubble wave spectra showed a fatigue life of 13.6 years at SCR TDP, 
differing by a factor of 7.5. Furthermore, the S-N curves obtained from both wave spectra corroborated an inverse relationship between Stress 
values S and the number of stress cycles to failure N on a log-log scale.
Keywords: steel catenary risers, touchdown point, Ochi-Hubble, JONSWAP

Highlights
• Fatigue life at SCR TDP and SCR hang-off obtained are very low, indicative of higher stresses derived from FPSO dynamics, 

ocean current, wave spectra, and other environmental loadings.
• There is a sharp rise in the SCR tension (mooring line effective tension) from zero at FPSO hang-off point to a maximum of 

30×106 kN at 5 m arc length due to the reasons mentioned above.
• JONSWAP and Ochi-Hubble wave spectra used for SCR design are used to determine the SCR fatigue life, tension, cost, etc. 

by the oil and gas industry operators.
• JONSWAP wave spectrum is often used by engineers for SCR designs in the Gulf of Guinea leads to overdesign with the 

attendant cost (time, material, logistics, etc.) and is compared to Ochi-Hubble wave spectrum, which is closer to the real-time 
wave spectra.
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wave motions. The resulting large heave motions of 
the vessel cause buckling and fatigue-related issues 
of the riser at TDP [7]. The wave spectra adopted in 
SCR design becomes crucial. The two-parameter 
Pierson-Moskowitz wave spectrum (Eqs. (1) and (2)) 
is recommended by the American Bureau of Shipping 
[8] for an open ocean, such as the Atlantic.
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The Joint North Sea Wave Project (JONSWAP) 
spectrum (Eqs. (3) and (4)) modified the Pierson-
Moskowitz spectrum [9] above to account for regions 
with geographical boundaries the limit the fetch in 
wave generation.
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application since the spectral value is zero for γ = 32.6; 
in which case,
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To cover the variety of wave shapes associated 
with swell, storm growth and decay, the six-parameter 
Ochi-Hubble wave spectrum (Eq. (5)) was proposed 
[10].
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where j = 1, 2 stands for the swell (lower) and 
wind-sea (higher) frequency components. The six 

parameters Hs1, Hs2, ωp1, ωp2, λ1, and λ2 are determined 
numerically to minimize errors.

0.3  Governing Equations

The governing equations that run the OrcaFlex [11] 
to [13] algorithm include Newton’s Second Law, 
Morrison, Navier-Stokes and catenary equations.

0.3.1  Newton’s Second Law of Motion;

Newtonian force F is the sum of the inertia, damping 
(viscous) and elastic force-components as in Eq. (6):

 F Ma Cv kx= + + .  (6)

0.3.2  Morrison Equation

In the Morrison equation, fluid force F is the sum of 
the Froude-Krylov force FFK, hydrodynamic force FH 
and the drag force FD.

   F Vu C V u v C A u v u va d= + −( ) + −( ) −ρ ρ ρ  

1

2
.  (7)

On simplifying, the fluid force becomes equal to 
the sum of the inertia force and drag-force.

 F a C a C AV Vw a r d r r= +( ) +∆ ∆
1

2
ρ .  (8)

0.3.3  Navier-Stokes Equation

Fluid inertia is equal to the sum of the pressure 
gradient, viscous force and body force.
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0.3.4  Catenary Equation

Steel catenary risers being pipelines suspended 
between a production platform and the seabed adopts 
an approximate catenary shape, defined by Eq. (12).

 y H
w

w x
H

= 





 −









cosh .1  (12)

where w is weight per unit length of riser and H is 
a constant representing horizontal component of 
tension.

1  MATERIALS AND METHODS

To study the influence of fatigue in SCR adequately, 
two wave application modes (Ochi-Hubble wave 
spectra and JONSWAP wave spectra) were adopted 
using Orcina OrcaFlex software. The software quality 
assurance is based on the requirements of BS 5750, 
5887, and 5515, and on Defence Standard 00-16. 
Its validation checks include checking the program 
against mathematical theory, the real world, and 
against other institutional computer programs.

Larsen [14] reported results from static and 
dynamic analyses of standard flexible riser systems 
performed by eleven different institutions using their 
in-house software. OrcaFlex developers took part 
in the major comparison of flexible riser programs 
initiated by the International Ship and offshore 
Structures Congress (ISSC) “Slender Marine 
Structures” committee. The study contains a complete 
description of the test cases and results that provide 
a benchmark test for users and programmers of 
computer code for flexible riser analysis. The results 
showed good agreement between OrcaFlex and other 
established programs with a 10 % to 15 % coefficient 
of variation.

A large-scale test has been carried out in 
Lake Pend Oreille under a joint industry project 
by scientific marine services (SMS) [15] for PMB 
Engineering; Australia. OrcaFlex results showed very 
close agreement with the test results, including details 
of SCR behaviour at touchdown. A major validation 
exercise was carried out to compare OrcaFlex with 
model test results obtained from a joint industry 
project [16]. Good agreement was obtained.

In this study, an SCR [17] and [18] comprising a 
line with the end-A of the riser attached to the FPSO 
and end-B anchored to the seabed as in Fig. 1 is 
modelled by carrying out the following tasks using the 
OrcaFlex post-processor software:
a) Set the SCR line length to be 2,200 m and as a 

homogenous pipe with flex joint, strake, riser 

pipe and flowline lengths modelled on the line (in 
that order) with the height of 1000 m set above 
the seabed with an azimuth angle of 180º.

Fig. 1.  Typical steel catenary riser between an FPSO and seabed

b) A 6D buoy is modelled and anchored onto the 
SCR-line.

c) The design parameters and environmental 
properties, which included the wave train of both 
Ochi-Hubble, a two parameter wave spectra that 
fully describes the typical sea state (valid for the 
swell and wind-sea conditions) of the Gulf of 
Guinea and that of JONSWAP were inputs in the 
different cases.

d) The line modelled as a riser is given real life 
data-values. Typical SCR data imputed to this 
study include: pipe of outer diameter 273.1 
mm, inner diameter 205.7 mm, and thickness 
67.4 mm, density 7850 kg/m³, elastic modulus 
200 GPa, second moment of inertia 8.67×10–5, 
mass per unit length 128.2 kg/m, bending 
stiffness 3.27×106 kN, axial stiffness 1.73×104 

kN, torsional stiffness 10 kNm2/rad, design life 
20 years, bulk modulus 160 GPa, yield strength 
483 MPa, tensile strength 562 MPa, kinematic 
viscosity 1.35×10–6 m²/s; and the SCR-contents, 
which is a crude oil of density 800 kg/m³ and 
flow rate of 0.1 kg/s.

e) Global analysis: This describes the overall static 
and dynamic structural behaviour of the riser by 
exposing the system to a stationary environmental 
loading condition [19]:

• Static analysis investigates the equilibrium 
position of the model without considering 
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environmental forces, weight, buoyancy and 
drag forces. After running the static analysis of 
this model, there was a static convergence for the 
model after a maximum of 100 iterations.

• The dynamic analysis is a time simulation of 
the SCR-model motion for a specified period, 
starting from the static analysis position. The 
real life environment data for current, wind and 
seabed conditions were used as inputs. Typical 
environment data used as input parameters in this 
study include: (i) metrological Ocean data for 100 
years return period: significant wave height 4 m, 
most probable maximum wave height 7.8 m, crest 
of maximum individual wave 4.5 m, peak spectral 
period 15.5 s, mean zero crossing 7.17 s, mean 
wave direction 189°, (ii) wind data 10 min wind 
speed 20.4 m/s, wind direction 180 Set the SCR 
line length to be 2,200 m and as a homogenous 
pipe with flex joint, strake, riser pipe and flowline 
lengths modelled on the line (in that order) with 
the height of 1000 m set above the seabed with 
an azimuth angle of 180°, (iii) current data: 
current speed (below 1000 m depth) 0.15, surface 
directions 180°, (iv) sea water data: sea surface 
temperatures 25 °C, near-bed sea temperatures 4 
°C, sea water density 1025 kg/m³, depth of water 
1000 m, (v) seabed data: soil friction coefficient 
0.45 (nonlinear soil model was adopted). In 
running this dynamic analysis, the simulation 
time was first set at 16 s and observed before 
being run for 3 h, the severest sea state in the Gulf 
of Guinea.

f) Fatigue analysis was carried out on the SCR 
model for both Ochi-Hubble and JONSWAP 
wave spectra for comparison. Before the fatigue 
analysis was performed, a set of Orcaflex 
simulation files that model the system was 
prepared under possible real-time load conditions. 
This load case was assigned an exposure level of 
20 years (175,200 h) riser design life.

2  RESULTS AND DISCUSSION

2.1  Fatigue Life - Arc Length Analysis

From Fig. 2 based on the JONSWAP wave spectrum, 
it can be observed that:
• hang-off fatigue life, HOFL is 10 years;
• fatigue life range, FL; 500 years < FL < 5,000 

years;
• TDP fatigue life, TDPFL = 1.8 years at 1828.8 m;
• maximum fatigue life beyond TDP FLmax = 

10,000 years.

From Fig. 3, based on Ochi-Hubble wave 
spectrum, it can be observed that:
• hang-off fatigue life; HOFL ≈ 7 years;
• fatigue life range, FL; 100 years < FL < 5,000 

years;
• TDP fatigue life; TDPFL = 13.6 years at 1828.8 

m;
• maximum fatigue life beyond TDP FLmax = 

10,000 years.

Fig. 2.  Fatigue life versus SCR length from hang-off point in 
JONSWAP wave spectra

From Fig. 2, the fatigue life of the SCR when 
subjected to stress due to environmental loadings is 
1.8 years, or approximately 2 years, which is very low. 
Low fatigue life at the SCR TDP zone is indicative of 
severe fatigue damage therein. From Fig. 3, the SCR 
fatigue life is showing a high value of 13.6 years, or 
approximately 14 years, though less than the proposed 
20-year design life. However, Figs. 2 and 3 show that 
the least fatigue life is observed in the SCR hang-
off and TDP section. Hence, from Figs. 2 and 3, the 
fatigue life of SCR in Ochi-Hubble wave spectra is 
7.5 times that of SCR fatigue life in JONSWAP wave 
spectra. This implies that the common practice of SCR 
designs based on JONSWAP wave spectrum applied in 
the Gulf of Guinea, where the real-time wave pattern 
follows the Ochi-Hubble spectra is an overdesign and 
the cost implication is of order 7.5 high. Figs. 2 and 3 
showed the same order of fatigue life beyond TDP arc 
length. The low hang-off fatigue life is corroborated 
by the sharp rise in SCR tension from (0 m, –30E6 
kN) through (2.5 m, 0 kN) to (4.5 m, 29E6 kN) along 
the SCR arc length in Fig. 4. 
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Fig. 3.  Fatigue life versus SCR length from hang-off point in Ochi-
Hubble wave spectra

Fig. 4.  SCR tension versus arc length curve

2.2  Stress (S) – Cycles (N) to Failures

The S-N curves in Figs. 5 and 6 showed that higher 
stress values (S) caused a lower number of cycles to 
failure (N), that is, lower endurance limits. 

Fig. 5.  Stress S versus cycles to failure N curve for SCR in 
JONSWAP wave spectra

The fall rate of stress with respect to cycles is 
higher with the JONSWAP spectra than the Ochi-
Hubble spectra. Comparing the slopes of the S-N 
curves, it can be observed that the fall-rate for 
JONSWAP spectra is almost of order > 100 on a log-
log scale relative to the Ochi-Hubble spectra. This 
implies that when the stresses due to environmental 
loading vary, it will have an effect on the riser life 
before failure.

Fig. 6.  Stress S versus cycles to failure N curve for SCR in Ochi-
Hubble wave spectra

3  CONCLUSION

Using an SCR model in Ochi-Hubble wave spectra 
gives a higher fatigue life than JONSWAP spectra, 
which are often used by design companies. With a 
higher SCR fatigue life in Ochi-Hubble wave spectra, 
there is no overdesign since it thoroughly describes 
the actual sea state in the Gulf of Guinea.

SCR modelled in JONSWAP wave spectra gave 
a misrepresentation of the SCR fatigue life leading to 
overdesign, which implies high cost both on the side 
of multinational companies and contractors.

Stress variations due to environmental loading 
contributed immensely to SCR fatigue damage.

The high tension observed at the SCR hang-off, 
close to the FPSO, with both wave-spectra can be 
attributed to the combined action of waves, wind and 
current, as well as, FPSO heavy motion.

4  NOMENCLATURE

A drag area, [m²]
C viscosity damping factor, [Ns/m]
Ca added mass coefficient of body
Cd drag coefficient for the body
Fx,y,z body force in x,y,z directions, [N/m³]
F fluid force, [N]
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Hs significant wave height, [m]
M mass, [kg]
P pressure, [Pa]
Sη wave spectral density, [m²/Hz]
Ts average zero up-crossing period, [s]
V volume, [m³]
Vr fluid velocity relative to body, [m/s]
a acceleration, [m/s2]
ar fluid -body relative acceleration, [m/s²]
aw fluid acceleration rel. to earth, [m/s²]
g acceleration due to gravity, [m/s²]
j integer counter
k stiffness, [N/m]
u, v, w x, y, z axis velocity components, [m/s]
t time, [s]
ω circular frequency of the wave, [rad/s]
ωp peak frequency for peak spectrum; [rad/s]
γ peaked-ness parameter (1 to 7).
α parameter 
ρ density, [kg/m³]
µ dynamic viscosity, [Pa·s]
Δ Mass of fluid displaced by body, [kg]
λ Ochi-Hubble’s parameters 5 & 6
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0  INTRODUCTION

Given the gradual reduction of terrestrial resources, 
the rich mineral resources of the deep seafloor have 
excited great interest and are likely to be commercially 
exploited in the near future. An integrated system with 
a seafloor-tracked mining vehicle, flexible hoses, 
a buffer, lifting pipes and a surface mining vessel 
is considered to be the most promising continuous 
mining system [1], as shown in Fig. 1. 

Fig. 1. Schematic diagram of a 1000 m deep ocean mining system

To analyse the mobility of tracked mining vehicles 
on the seafloor, Dai et al. [2] and [3] built a seafloor-
tracked mining vehicle as a single-body vehicle model 
with mesh elements of track-sediment interactions, as 
well as a multi-body dynamic model, and performed 
various operational simulations. Additionally, 
research has been conducted for modelling tracked 
vehicles on land surface soils [4] and [5]. Rubinstein 
and Coppock [5] used the program LMS-DADS to 
develop a multi-body model of tracked vehicles and 
applied user-defined forces to represent the track-
terrain interactions. Gao et al. [6] and Wong et al. [7] 
and [8] developed two simulation programs, RTVPM 
and NTVPM, for parametrically modelling, analysing 
and evaluating tracked vehicles with long-pitch tracks 
and flexible tracks.

To evaluate the dynamics of the pipeline as 
well as the total ocean mining system, Hong et al. 
[9] developed a method for 3D nonlinear dynamic 
analysis of marine pipes. Rustad et al. [10] used the 
finite element method to build a mathematical model 
of an ocean pipeline system. Brink and Chung [11] 
carried out a computer simulation for the dynamic 
positioning control of a large ocean mining ship-pipe 
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system. Hong and Kim [12] performed analysis on the 
coupled dynamics of a tracked vehicle and flexible 
riser.

Thus far, however, the complex dynamic 
characteristics of the total deep ocean mining system 
have not yet been ascertained; therefore, its design 
scheme and continuous operation performance have 
yet to be evaluated, as it is costly and extremely 
difficult to perform in-situ ocean tests. The dynamic 
simulation is an effective solution. Accurate and 
efficient dynamic models for subsystems and then 
integrated into the total system have been developed 
in this paper.

1 TERRAMECHANICS MODEL OF THE SEAFLOOR SEDIMENT

As seafloor in-situ terramechanics tests are extremely 
difficult to perform, laboratory-simulated experiments 
were conducted. Fig. 2 shows the total experimental 
system. 

A series of pressure-sinkage and shear 
experiments was performed, and corresponding 
experimental curves were obtained [3], as shown in 
Fig. 3. 

The pressure-sinkage experimental curves can be 
characterized by Bekker’s exponential equation, as 
follows [13]:

Fig. 2.  Photo and illustration of the terramechanics experimental system

a)                b) 
Fig. 3.  Experimental curves and fitting curves: a) pressure-sinkage; b) shear stress- displacement
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where p is the normal pressure; b is the width of the 
track; kc and kϕ, are the soil cohesive and friction 
modulus, respectively; z is the sinkage; and n is the 
soil deformation exponent.

The values kc, kϕ and n in the Eq. (1) can be 
derived from the results of a minimum of two tests 
with two sizes of penetration plates, as illustrated in 
Fig. 3a. The tests produced two curves:
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On the logarithmic scale, Eq. (2) can be rewritten 
as:
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They represent two parallel straight lines with 
nearly same slopes on the log-log scale. The exponent 
of deformation n can be determined from the slopes of 
the straight lines. At the sinkage z = 1, the value of the 
normal pressure for the two sizes of plates are:
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In Eq. (4), b1 and b2 are known values as the 
widths of the penetration plates; K1 and K2 are 
measured values; and the only unknowns are kc and 
kϕ. Thus, two different sizes of plates were used 
in the pressure-sinkage experiments, numbered as 
penetration plates A and B, as illustrated in Fig. 3a. 

On the log-log scale, the curves in Fig. 3a were 
expressed in Fig. 4:

The slopes of line A and line B in Fig. 4 were ca. 
0.54 and 0.58. As mentioned above, the exponent of 
deformation n can be determined from the average 
value of the slopes of these two lines as n = 0.56.

It was also determined from Fig. 4 that when the 
sinkage z = 1 mm, the coordinate values of intersection 
points of line A and line B with the pressure axis were 
about 2.11 and 1.65, respectively. Converting the 
unit of the sinkage from millimetre to metre, while 
considering the exponents of deformation were 0.54 
and 0.58, the following equations can be derived:
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Fig. 4.  Pressure stress-sinkage experiments curves on the 
logarithmic coordinate

Substituting the known values b1 = 0.15, b2 = 
0.12 into Eq. (5), then kc =1.62 kN/mn+1, kϕ = 77.1  
kN/mn+2 can be obtained.

The observed shear property is different from 
most of the land surface soils [14]. However, Wong’s 
equation can be fitted well [15]:
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where τmax is the maximum shear stress, Kr is the ratio 
of the residual shear stress τres to τmax, and Kω is the 
shear displacement when τmax occurs. Observed from 
the shear experimental curves in Fig. 3b, the above 
parameters can be obtained directly.

2 MULTI-BODY DYNAMIC MODEL  
OF A SEAFLOOR MINING VEHICLE

A multi-body dynamic simulation model of a seafloor-
tracked mining vehicle has been established with the 
RecurDyn simulation program [3], as shown in Fig. 5.

Fig. 5.  3D multi-body dynamic simulation model of a seafloor-
tracked mining vehicle

A user-defined subroutine for characterizing 
the specific terramechanics models of the seafloor 
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sediment was developed using the C language in the 
Visual Studio.Net environment and then integrated 
into the RecurDyn/Track simulation environment.

3  MULTI-BODY DEM MODEL OF A MINING PIPELINE

The pilot ocean mining pipeline is composed of a 900 
m long rigid lifting pipe and a 400 m long flexible 
riser. Its nonlinear dynamic characteristics, such as 
large displacement and small deformation, should be 
taken into account. There were three main modelling 
methods for dynamic analysis of a pipeline: finite 
element method (FEM), lumped parameter method 
(LPM) and discrete element method (DEM). For 
the FEM, its computation is relatively large and 
computational time is extremely long. The LPM has a 
clear shortcoming in simulating the anti-bending and 
anti-torque performances of a pipeline. However, the 
DEM can describe well the large displacement and 
large rotation of a pipeline, and it can significantly 
reduce the computation as its stiffness matrix is a 
highly sparse matrix. 

The long mining pipeline was discretized into a 
certain number of rigid elements linked by flexible 
connectors. The flexible connector was expressed 
by six spring elements. The external hydrodynamic 
loads were applied to the corresponding discrete rigid 
elements.

The stiffness coefficients for the flexible 
connector were the axial spring stiffness kx, lateral 
spring stiffness ky and kz, torsional spring stiffness krx, 
and rotational spring stiffness kry and krz, which can be 
expressed as:
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where E and G are Young modulus and shear modulus; 
A and L are cross-section area and length; Iy and Iz are 
second moments of area; Ip is the polar moment of 
inertia.

The external hydrodynamic force can be 
calculated as:
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where d is the outer diameter of pipe, vp and vp  are 
pipe’s velocity and acceleration, respectively. 

The RecurDyn commercial program was used 
to model the long pipeline. The bushing element 
available in RecurDyn can be used to model the 
flexible connector between rigid elements. The 

bushing element defines a three-direction force and 
a three-direction moment to retrain and connect rigid 
elements, and its mechanical model can be expressed 
as:
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where Kii and Cii (I = 1~6) are stiffness and damper 
coefficients, x, y, z represent the translational 
displacements between adjacent rigid elements; θ1, 
θ2, θ3 represent the rotational displacements between 
adjacent rigid elements; Vx , Vy , Vz are relative 
velocities; ω1, ω2, ω3 are rotational velocities; F1, F2, 
F3, T1, T2, T3 are preloads. The stiffness coefficients 
in the bushing element can be determined by the 
equivalent spring coefficients in Eq. (7) for the multi-
body discrete element model. 

As the DEM model for such long pipeline has 
a large number of discrete rigid elements associated 
with discrete hydrodynamic forces and flexible 
connectors, it is extremely time-consuming and likely 
to cause mistakes to build the DEM model one-by-one 
for each discrete element by the traditional method. 
Therefore, an innovative user-defined subroutine for 
parametrically and rapidly automatically building of 
the DEM model was developed in the C# language 
in RecurDyn, based on its secondary development 
platform ProcessNet.

Three sub-functions were created respectively for 
the discrete rigid elements, flexible connectors, and 
discrete hydrodynamic forces. After compiling the 
C# program in the ProcessNet and implementing the 
three sub-functions in RecurDyn, the corresponding 
multi-body DEM model of the mining pipeline can be 
established efficiently and accurately. 
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4  KINEMATICS MODEL OF A MINING SHIP

In this paper, only the heave motion characteristic 
of the mining ship induced by the surface wave was 
considered; however, its dynamics characteristics 
caused by the pipeline were neglected. The heave 
motion characteristic of the mining ship can be 
described as:

 z z
T
th ha= 






sin ,

2π
 (10)

where zh and zha represent the ship’s heave 
displacement and heave amplitude, respectively; zha is 
determined by the ship structure, wave height, etc.

According to the Moor empirical equation, the 
heave amplitude zha can be approximately computed 
as:
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where CW is the coefficient of the water surface profile; 
CB is the square coefficient; L is the ship length; B is 
the ship width; d is the ship draft; LCB represents the 
longitudinal position of the centre of the buoyancy; V 
is the speed of the ship; KYY is the longitudinal mass 
inertia radius; A0, A1,…, A7 are coefficients determined 
by the wind scale and ship length. 

5  SIMULATIONS OF A TOTAL MINING SYSTEM

Integrating the above-developed models for 
subsystems in the RecurDyn environment, a new 3D 
multi-body dynamic simulation model of the total 
deep ocean mining vehicle-pipeline-ship system was 
formed. 

In the actual operation, it was designed so that the 
mining vehicle moved along the predetermined paths 
on the seafloor; simultaneously, the ship towed the 
total pipeline subsystem to follow the vehicle, which 
was referenced for the dynamic simulation of the 
operation process of the total system in the paper.

Longitudinal straight-line motion is the most 
typical and common integrated motion state of the 
total system. For this simulation, the input velocity 
for the mining vehicle was set to 0.6 m/s, while the 
mining ship was subjected to a the same towing 
velocity along the longitudinal direction. Fig. 6 shows 
the displacements of subsystems. 

The motion states of all the subsystems were 
stable and the synchronized motion of the total system 
can be well maintained. The actual velocity of the 

vehicle was a little less than its input velocity as a slip 
on the seafloor was inevitable.

Fig. 6.  Displacements simulations of subsystems for the 
longitudinal straight-line motion

a) 

b) 
Fig. 7.  Interaction forces between subsystems: a) longitudinal 
force on the vehicle by the pipeline; b) longitudinal force on the 

pipeline by the ship

Fig. 7 illustrates the selected key interaction 
forces between subsystems. It was observed the 
longitudinal force acting on the vehicle by the riser 
tended to decrease from an initial approximately 10 kN 
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to nearly 0 and stay at a small value. The longitudinal 
force acting on the pipeline by the surface ship tended 
to increase gradually along with sinusoidal variation 
from the initial approximately 20 kN to 70 kN, and 
will remain stable with the continuous integrated 
motion of the total system.

The inhomogeneous distribution of the seafloor 
sediment is a common condition, which will directly 
cause the vehicle to deviate from its predetermined 
path. Fig. 8 shows the motion trajectories of 
subsystems under this condition. The motion 
trajectories of other subsystems will also deviate, 
accompanied by the vehicle. 

Fig. 8.  Trajectories simulations of subsystems for inhomogeneous 
distribution of the seafloor sediment

Fig. 9.  Displacements simulations of subsystems for the lateral 
motion

Fig. 9 presents the simulation trajectories of 
subsystems for lateral motion of the total system. It 
was observed that the synchronized motion of the 
total system could be maintained well on the premise 
that the lateral displacement of the vehicle was 
within approximately 20 m. Therefore, in the actual 

operation, the lateral displacement of the total system 
should be well planned and controlled.

6  CONCLUSIONS 

A 3D multi-body dynamic simulation model of a 
seafloor-tracked mining vehicle has been developed 
with the integration of a user-defined subroutine for 
the seafloor sediment terramechanics model. This 
research provides an effective dynamic modelling 
method for tracked vehicles on various terrains.

An innovative user-defined subroutine for 
parametrically and rapidly automatically building the 
long mining pipeline as a multi-body DEM model has 
been developed in the C# language in the ProcessNet 
platform in the RecurDyn environment. This research 
provides a high-efficient dynamic modelling method 
for an extremely long pipeline.

A novel multi-body dynamic simulation model of 
the deep ocean mining vehicle-pipeline-ship system 
was established in the RecurDyn environment by 
integrating a new multi-body DEM model of the 
mining pipeline to a 6-DOFs kinematics model of the 
ship and a multi-body dynamic model of the seafloor 
mining vehicle. The integrated motion simulations 
demonstrate that the total mining system can well 
maintain a synchronized stable motion state during the 
whole operations. 
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Robustna video-dotična kalibracijska metoda  
za lasersko varjenje z robotom 

Jure Rejc* – Marko Munih
Univerza v Ljubljani, Fakulteta za elektrotehniko, Slovenija

Namen članka je opis uporabe poenostavljene video-dotične metode za namene kalibracije oziroma definiranja 
metematičnih transformacij uporabljenih v industrijski robotski celici za varjenje in merjenje dimenzij izdelka 
imenovanega protektor.

Naloga, ki smo jo morali rešiti pri tem industrijskem projektu je zajemala merjenje dveh dimenzij v protektorju 
in definiranje točke varjenja dveh sestavnih delov protektorja, vijaka in bimetala. Predstavljen sistem je zasnovan 
robustno in s cenovno sprejemljivo opremo, minimizirana le na nujno potrebno, kajti omejitev delovnega prostora 
je bila zelo velika. Naloga je bila izpeljana z uporabo poenostavljene video-dotične metode in enostavne, vendar 
zelo efektivne kalibracijske metode, ki zagotavlja delovanje sistema znotraj predpisanih merilnih in varilnih 
toleranc. Pristop je omogočil izvajanje meritev in določanje točke laserskega varjenja z mejo pogreška ±0,1 mm.

Predstavljena industrijska rešitev je sestavljena iz dveh neodvisnih sistemov nameščenih na robotski 
mehanizem. Prvi je video merilni sistem, duga pa laserski varilni sistem opremljen ravno tako z video sistemom. 
Glavna naloga robotskega sistema je izmera dveh dimenzij med sestavnimi deli protektorja in tudi določitev točke 
varjenja vijaka in bimetala. Da oba sistema medsebojno delujeta, je potrebno redno preverjanje in kalibriranje 
tako merilnega sistema kot tudi obeh sistemov med seboj. Preverjanje in kalibracija merilnega video sistema 
temelji na referenčnih izdelkih, katerih merjene dimenzije so bile določene z uporabo referenčnega merilnega 
sistema Mitutoyo PV500. Določena točka varjenja v koordinatnem sistemu kamere mora biti preračunana v 
točko v referenčnem koordinatnem sistemu robota. Za preračun točke varjenja smo uporabili teoretično znanje 
matematičnih transformacij s homogenimi transformacijskimi matrikami, ki so bile definirane z uporabo 
poenostavljene video-dotične kalibracijske metode. Postopek preverjanja merilne točnosti merilnega sistema in 
preverjanje ustreznosti preračuna varilne točke je povsem avtomatski.

V letu 2014 je bilo 4.132.176 protektorjev vstavljenih v saržer robotskega dela proizvodne linije. V povprečju 
340.000 protektorjev na mesec, posledično okrog 15.000 na dan. V celotnem letu ni bilo 50.608 protektorjev 
ustrezno obravnavanih v robotski celici, kar znaša 1,22 % oz. 2,5 delovnega dneva. Število ustrezno izmerjenih in 
zavarjenih v letu 2014 je znašalo 4.072.536 protektorjev.

Poglobljena analiza podatkov iz podatkovne baze je pokazala, da je največja porazdelitev območja varjenja v 
X smeri 0,32 mm in 1,56 mm v smeri Y. Ti rezultati kažejo, da je potrebno prilagajati točko varjenja glede na vsak 
posamezen izdelek, v nasprotnem primeru vijak in bimetal nista zavarjenja.

Sistem avtomatsko opravi postopke preverjanja in kalibracij v povprečju 1,5-krat na dan oziroma 34-krat na 
mesec. Podatki iz podatkovne baze tudi kažejo, da v večini primerov (31 od 34) ni potrebna ponovna kalibracija 
sistema, ampak le preverjanje merilne točnosti. Enako velja tudi za preverjanje ustreznosti transformacij za 
preračun točke varjenja iz koordinatnega sistema kamere v referenčni koordinatni sistem robota.

Z vpeljavo video-dotične kalibracijske metode smo odpravili oziroma kompenzirali napake kinematike 
robotskega mehanizma glede na idealen model, ki teče v krmilniku, odpravili smo napako kalibracije varilnega 
in merilnega sistema, popačenja optike in notranjih parametrov kamere. Vse te napake se izničijo z izračunom 
transformacijske matrike, ki opisuje lego kamere merilnega sistema glede na bazni koordinatni sistem robota in 
transformacijske matrike za preračun točke varjenja. Opisan sistem ima veliko praktično vrednost, kajti nameščen 
je v proizvodnjo in deluje v več izmenah, tudi 3, sam koncept pa se je izkazal kot zelo robusten in zanesljiv.
Key words: robotsko varjenje, video-dotična metoda, kalibracija, napaka kinematike, homogene 
transformacije
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Energijsko varčna strategija krmiljenja z zaznavanjem 
obremenitve za elektrohidravlične servosisteme 

Wang Weiping1,2,* – Wang Bo1

1 Šola za mehatroniko, Kitajska rudarska in tehniška univerza, Xuzhou, Kitajska 
2 Državni laboratorij province Jiangsu za rudniško strojno in elektroopremo, Kitajska rudarska in tehniška univerza, Kitajska

Elektrohidravlični servosistemi (EHSS) so se izkazali kot obetavna rešitev za različne naloge, v vlogi izvršnih 
členov pa niso najbolj učinkoviti glede rabe energije, kar bi lahko zavrlo njihovo nadaljnjo uporabo v industriji 
in v strojništvu. Zato je bila v predstavljeni študiji z namenom izboljšanja sistemske učinkovitosti EHSS razvita 
energijsko varčna strategija krmiljenja na podlagi zaznavanja obremenitve. 

Predstavljeni krmilnik uporablja variabilno krmiljenje dovodnega tlaka (VSPC) za zmanjšanje tlačnih izgub 
na ventilu. Drugače kot pri obstoječih rešitvah VSPC je predlagan sistem s funkcijo zaznavanja obremenitve, ki je 
sestavljen iz črpalke z zaznavanjem obremenitve, proporcionalnega varnostnega ventila (PRV) in dušilnega ventila. 
Rešitev med drugim omogoča tudi zmanjšanje izgub zaradi prelivanja. Predstavljen je adaptivni povratnokoračni 
drsni režim vodenja za natančno sledenje položaju. S tem pristopom je mogoče doseči natančno sledenje položaju 
in občuten prihranek energije.

Študija obravnava metode za varčevanje z energijo in sledenje položaju pri EHSS in za razrešitev 
večobjektnega problema so primerjane tri različne strategije sledenja. Podana je analiza izbire glavnega parametra 
konstrukcije in opravljeni so bili harmonični in večkoračni referenčni testi za preverjanje uspešnosti predstavljene 
metode.

Rezultati eksperimentov kažejo, da je mogoče tlačne izgube na ventilu zmanjšati na minimum z razmeroma 
visoko stopnjo odprtja PDV med gibanjem naprej in nazaj, medtem ko črpalka daje samo zahtevani tlak. Želeni 
položaj bata PDV mora biti zato določen z uravnavanjem konstrukcijskih parametrov kot kompromis med 
varčevanjem z energijo in zmogljivostjo sledenja položaju. Večkoračni referenčni testi so pokazali dobre dinamične 
lastnosti pri predlagani metodi, ki vključuje črpalko z zaznavanjem obremenitve. Ta metoda pri harmoničnih oz. 
večkoračnih referenčnih testih v primerjavi s sistemom s konstantno gibno prostornino privarčuje 62,5 oz. 90 % 
energije, pri čemer je največja napaka sledenja 1,2 mm. Predstavljena strategija za krmiljenje varčevanja z energijo 
v kombinaciji s sistemom za zaznavanje obremenitve lahko torej uspešno zagotavlja funkciji sledenja položaju in 
varčevanja z energijo.

V tej študiji so bile analizirane tri različne strategije krmiljenja. O uporabljeni strategiji sledenja so že poročali 
v literaturi, možna pa je kompleksnejša strategija krmiljenja na podlagi zasnove s funkcijo zaznavanja obremenitve 
v kombinaciji z VSPC. V nadaljnjih študijah bomo zato uporabili druge napredne strategije krmiljenja za boljšo 
zmogljivost sledenja položaju.

Prispevek predstavljene metode:
1)  Predstavljen je sistem s funkcijo zaznavanja obremenitve na podlagi VSPC, ki zmanjšuje izgube zaradi 

prelivanja in velike tlačne izgube na PDV. Pretok in tlak EHSS tako izpolnjujeta zahteve za krmiljenje. 
Uveden je tudi adaptivni povratnokoračni drsni režim vodenja za natančno sledenje položaju.

2)  Predlagana metoda v harmoničnih referenčnih testih in večkoračnih referenčnih testih v primerjavi s sistemom 
s fiksno gibno prostornino prihrani 62,5 % in 90 % dovedene energije. Iz rezultatov je razvidno tudi to, da 
predstavljena metoda prinaša večji prihranek energije kot rešitve iz literature, saj zmanjšuje izgube zaradi 
prelivanja.

3)  Predlagana metoda ima dobro sposobnost sledenja položaju z največjo napako 1,2 mm v harmoničnih 
referenčnih testih. Dobra sta tudi sposobnost sledenja in dinamično vedenje v večkoračnih referenčnih testih.

4)  Metodo bi bilo mogoče kombinirati z neodvisnim merjenjem za še več moči na področju mobilne mehanizacije 
in drugod, saj je predstavljeni tip črpalke z zaznavanjem obremenitve močno razširjen v strojništvu.

Ključne besede: varčevanje z energijo, sledenje položaju, zaznavanje obremenitve, elektrohidravlika, 
variabilno krmiljenje dovodnega tlaka, tlačne izgube, izgube zaradi prelivanja
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Faktor primarne energije sistema daljinskega hlajenja

Tjaša Duh Čož* – Andrej Kitanovski – Alojz Poredoš
Univerza v Ljubljani, Fakulteta za strojništvo, Slovenija

V zadnjem desetletju EU zavzema aktivnejšo vlogo na področju energijske učinkovitosti oziroma  zmanjšanja rabe 
energije ter na področju izkoriščanja obnovljivih virov energije. Kot orodje za določitev energijsko učinkovitejših 
procesov v smislu minimalne rabe primarne energije nam lahko služi faktor primarne energije (PEF). Definiran 
je kot razmerje med celotno primarno energijo, ki je potrebna za proizvodnjo nekega končnega energetskega 
produkta, in končnim energetskim produktom. V primeru sistema daljinskega hlajenja je energetski produkt hlad, 
ki ga dobavljamo končnim odjemalcem. Faktor primarne energije upošteva energijo, ki je potrebna za pretvorbo 
primarnih virov energije, shranjevanje, transport, distribucijo končnega produkta do odjemalcev ter celotne izgube, 
povezane s temi procesi. 

Namen raziskave je razvoj splošnega matematičnega modela za izračun faktorja primarne energije sistema 
daljinskega hlajenja za več različnih tehnologij proizvodnje hladu. V študiji so bile uporabljene različne vrste 
hladilnikov: enostopenjski ter dvostopenjski absorpcijski hladilniki, ki za pogon izrabljajo toploto, z zemeljskim 
plinom direktno gnani absorpcijski hladilniki, električno gnani kompresorski hladilniki ter kompresorski hladilniki 
gnani z mehansko energijo iz motorja z notranjim zgorevanjem. Pri računanju smo upoštevali različne faktorje 
primarne energije za goriva. 

Faktor primarne energije sistema daljinskega hlajenja smo določili v odvisnosti od hladilnega števila (COP), 
v odvisnosti od faktorja primarne energije elektrike (PEFel) ter v odvisnosti od električnega izkoristka termo 
elektrarne (ηel), v primeru, ko ta proizvaja zgolj električno energijo. Višje vrednosti PEF pomenijo energijsko 
manj učinkovite sisteme daljinskega hlajenja v smislu rabe primarne energije. Ugotovili smo, da  je najvišja 
vrednost faktorja primarne energije sistema daljinskega hlajenja dosežena takrat, ko za proizvodnjo hladu 
uporabljamo absorpcijski hladilnik gnan s toploto, pridobljeno v kotlu. Uporaba kompresorskega hladilnika 
gnanega z motorjem z notranjim zgorevanjem v primerjavi z električno gnanim kompresorskim hladilnikom je 
smotrna takrat, ko je PEFel > 2,9. Rabo primarne energije lahko zmanjšamo z uporabo toplote iz kogeneracijskih 
sistemov (proizvodnja električne energije in toplote), ko vso toploto izrabimo za pogon absorpcijskih hladilnikov. 
Predčasen odjem toplote iz odjemno-kondenzacijske turbine zmanjšuje električni izkoristek termo elektrarne. 
Zaradi višjega tlaka in temperature odjemne pare iz turbine v primeru uporabe dvostopenjskega absorpcijskega 
hladilnika je električni izkoristek nižji, kot v primeru enostopenjskega absorpcijskega hladilnika. Razmerje x nam 
pove, kakšno je razmerje med električnim izkoristkom v primeru odjema pare iz odjemno-kondenzacijske  turbine 
(dva produkta: električna energija in toplota) ter električnim izkoristkom kondenzacijske turbine (para v turbini 
popolnoma ekspandira, imamo samo en produkt-električno energijo). 

Splošni matematični model za izračun faktorja primarne energije sistema daljinskega hlajenja je uporaben za 
določitev energijsko najučinkovitejše tehnologije proizvodnje hladu v smislu minimalne rabe primarne energije. 
V prihodnosti bi bilo potrebno ta model razširiti za primere sočasne proizvodnje in rabe električne energije, 
toplote za ogrevanje in hladu za hlajenje. V tem primeru  je potrebno upoštevati razmerje med toploto, ki jo 
pozimi uporabimo za ogrevanje ter toploto, ki jo poleti uporabimo za pogon absorpcijskih hladilnikov. Potrebno 
je upoštevati tudi povečanje rabe primarne energije zaradi predčasnega odjema pare iz odjemno kondenzacijske 
turbine, pri čemer se raba primarne energije povečuje z večanjem tlaka in temperature odjemne pare. 
Ključne besede: faktor primarne energije, proizvodnja hladu, daljinsko hlajenje, hladilnik
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Integracija planetnega gonila in prostorskega mehanizma  
RCRCR v novem univerzalnem reduktorju

Gu, C. – Chen, X.
Cheng Gu1,2 – Xinbo Chen1,2,*

1 Univerza Tongji, Center za čisto energijo v avtomobilski tehniki, Kitajska 
2 Univerza Tongji, Šola za avtomobilske študije, Kitajska

Reduktorji, ki opravljajo naloge zmanjševanja vrtilne hitrosti in pretvorbe vrtilnega momenta, so pomemben 
podsestav sodobnih strojev. Težava pri klasičnih reduktorjih je v tem, da se ne prilagajajo spremembam kota med 
vhodno in izhodno gredjo. Zato se običajno vgradi par kardanskih zgibov, ki pa spremenijo razmerja med vrtenji 
gredi in povečajo prenosni sistem v aksialni smeri. 

V članku je predstavljen predlog novega mehanizma reduktorja, ki se lahko prilagaja spremembam kota med 
gredema. Sestavljen je iz planetnega gonila z majhno razliko v številu zob in prostorskega mehanizma RCRCR 
(R – tečajni par, C – cilindrični par). Mehanizmu so dodani še trije pari povezovalnih gredi za podporo in bolj 
homogeno porazdelitev obremenitev. Prestavno razmerje značilnega planetnega reduktorja in število prostostnih 
stopenj mehanizma RCRCR sta izračunana po teoriji mehanizmov. 

Opravljena je kinematična analiza prostorskega mehanizma RCRCR, pri čemer je razmerje med koordinatnimi 
sistemi izraženo z neposredno kosinusno matriko in načelom enakovredne geometrije. V programski opremi za 
samodejno dinamično analizo mehanskih sistemov (ADAMS) je postavljen model mehanizma za simulacijo. 
Kotne hitrosti vhodne gredi, izhodne gredi in planetnega gonila v reduktorju so izračunane za kota α = 135° in 
α = 160° v simulacijah z enakimi parametri, vključno s simuliranim časom in vhodno hitrostjo. 

Končno je zasnovan tudi prototip po teoriji mehanizmov. Ugotovljeno je, da je mehanizem RCRCR 
prostorski mehanizem z eno prostostno stopnjo, ki zagotavlja zahtevano translacijsko gibanje planetnega gonila 
v univerzalnem reduktorju. Prestavno razmerje reduktorja ni odvisno od kota ali od razdalje med gredema in 
gre torej za univerzalen reduktor, ki ohranja stabilno prestavno razmerje in se lahko prilagaja različnim kotom. 
Kinematični pari mehanizma so v površinskem stiku, kar je ugodno za njihove protiobrabne lastnosti. 

Pripravljeni so podrobni načrti za proizvodnjo. Za gladek in zanesljiv prenos je zelo pomembna natančnost 
proizvodnje in montaže. Opravljena je začetna trdnostna analiza glavnih komponent in podane so smernice za 
proizvodnjo in mazanje. 

Delo še ni dokončano in kliče po nekaterih izboljšavah. Preizkusiti bi bilo treba mehansko učinkovitost 
predstavljenega univerzalnega reduktorja, za večjo uporabnost pa bi bila potrebna tudi lahka konstrukcija in 
trdnostna analiza za večjo kompaktnost in integracijo konstrukcije. Edinstvena možnost prilagajanja spremembam 
kota med gredema odpira priložnosti za uporabo v reduktorjih, ki obratujejo v težavnih pogojih, možnost 
kompenzacije relativnih odmikov pri transmisijskih gredeh pa je zaželena tako pri montaži kakor tudi pri 
obratovanju.
Ključne besede: integracija, samoprilagajanje, planetno gonilo, razlika nekaj zob, prostorski 
mehanizem RCRCR, univerzalni reduktor
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Kombinirani model za ocenjevanje stanja strojev na osnovi 
tehnike Isomap in globoke verjetnostne mreže

Yin, A. – Lu, J. – Dai, Z. – Li, J. – Qi, O.
Aijun Yin1 – Juncheng Lu1,* – Zongxian Dai2 – Jiang Li1 – Ouyang Qi3

1 Chongqing univerza, Kolidž za strojništvo, Državni laboratorij za mehanske prenose, Kitajska 
2 Chongqing akademija za meroslovje in kakovost, Kitajska 

3 Chongqing univerza, Kolidž za avtomatizacijo, Kitajska

Nadzor in vrednotenje trendov degradacije nekaterih ključnih strojnih delov kot so ležaji omogoča odpravo 
degradirane zmogljivosti ali napak še pred okvaro stroja. Ker pa količine zbranih podatkov o strojih postajajo 
vse obilnejše in ker so vse strožje tudi zahteve glede hitrosti in točnosti vrednotenja stanja strojev, tradicionalne 
metode ne jamčijo več za učinkovito delo.

Isomap kot tehnika za nelinearno globalno transformacijo dimenzionalnosti poišče rešitev preslikave z vrsto 
pretvorb, ki omogočijo predstavitev geodezične razdalje med vhodnimi točkami v izvirnem prostoru z evklidsko 
razdaljo v prostoru projekcije. Globoka verjetnostna mreža (DBN) kot probabilistični generativni model, ki 
uspešno zajema značilne informacije v surovih podatkih z raznimi nelinearnimi transformacijami in kompleksnimi 
aproksimativnimi nelinearnimi funkcijami, je primerno orodje za vrednotenje stanja strojev. Po primerjavi in 
analizi pomanjkljivosti obstoječih metod je v članku predstavljen novi kombinirani model vrednotenja (CAM), ki 
združuje WPT, Isomap in DBN za vrednotenje stanja obravnavanega stroja (oz. njegovih kotalnih ležajev).

Podatki o pospešeni degradaciji ležajev so bili zbrani s preizkušanjem ležajev pod stalno obremenitvijo do 
odpovedi na posebnem preizkuševališču, ki so ga izdelali na Univerzi v Cincinnatiju. Zaradi nestacionarnosti 
signalov vibracij, zbranih na strojih, in za odpravo naključnih dejavnikov so bile uporabljene klasične (analiza 
v časovni in frekvenčni domeni) in sodobnejše metode za določanje značilnosti (paketna valčna transformacija 
(WPT)). Po izboru je bilo izluščenih 11 originalnih značilnosti v časovni domeni (kot sta temenski faktor in 
vršna vrednost), 13 originalnih značilnosti kot sta standardna deviacija frekvence in koeficient sploščenosti, 
ter 14 originalnih značilnosti WPT. Nato je bila uporabljena tehnika Isomap za pretvorbo visokodimenzijskega 
originalnega polja značilnosti 9810×38 v nizkodimenzijsko polje 9810×6, ki vsebuje več reprezentančnih 
značilnosti. Sledilo je učenje postavljenih modelov DBN z RBM po algoritmu kontrastivne divergence (CD). Po 
vrsti eksperimentov se je pokazalo, da je najboljši delovni model za vrednotenje stanja stroja DBN s petimi skritimi 
nivoji in arhitekturo 100–100–50–50–50. Pridobljeno šestdimenzijsko polje značilnosti je bilo vneseno v naučeno 
DBN za vrednotenje delovanja ležajev. Za celovito primerjavo in osvetlitev prednosti predlagane metode sta bili 
za izvedbo istih eksperimentov uvedeni tudi dve drugi priljubljeni metodi za zmanjšanje dimenzionalnosti (PCA 
in Laplaceove lastne mape) in dva pametna algoritma (HMM in nevronska mreža z vzvratnim postopkom učenja 
(BPNN)). Primerjalni eksperimenti so dokazali, da je predlagani model CAM občutljivejši na začetne napake v 
kotalnih ležajih in učinkovitejši pri vrednotenju degradacije ležajev. Zaznal je prve znake degradacije v točki 530, 
razpoke in utrujenostno luščenje ter nekatere druge resne napake v točki 700, ter popolno odpoved po točki 940. 
To je v skladu z dejanskimi pogoji obratovanja ležajev.

CAM bi bilo mogoče v prihodnjih raziskavah uporabiti tudi pri vrednotenju ali klasifikaciji na drugih 
področjih, med drugim tudi za določevanje občutljivejših značilnosti vibracijskih signalov in za optimizacijo 
modela vrednotenja.
Ključne besede: Isomap, zmanjšanje dimenzionalnosti, globoko verjetnostno omrežje (DBN), stanje stroja, 
kombinirani model vrednotenja (CAM)
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O utrujanju jeklenih visečih dvižnih cevi
Chibueze, N.O. – Ossia, C.V. – Okoli, J.U.

Nnamdi Onochie Chibueze, Chinwuba Victor Ossia*, John Umunna Okoli
University v Port Harcourtu, Tehnološki inštitut, Nigeria

Obstoječa črpališča se počasi praznijo in iskanje nafte ter plina se zato seli v globoke vode in v zahtevnejša okolja. 
Vse večje potrebe po energiji tudi spodbujajo razvoj naprednejših tehnologij. Jeklene viseče dvižne cevi (SCR) so 
se uveljavile kot rešitev za globoka in ultragloboka črpališča predvsem zaradi svoje ekonomičnosti, obstojnosti 
proti tlaku, tehnično preproste montaže in možnosti priključitve na različne gostiteljske ploščadi. Zato obstaja 
potreba po raziskavah utrujenostne trajnostne dobe SCR v Gvinejskem zalivu, kjer uvajajo te cevi na osnovi 
zbranih podatkov iz Severnega morja in iz Mehiškega zaliva.

Jeklene viseče povezovalne cevi so občutljive na dinamiko gostiteljske ploščadi in so podvržene utrujanju. 
Uporaba SCR pri polpotopljivih ploščadih v globokih vodah prinaša posebne konstrukcijske izzive zaradi velikih 
amplitud gibanja ploščadi pod vplivom valov in velikih odmikov ploščadi, ki jih povzročajo vibracije zaradi 
vrtincev (VIV), gibanja zaradi vrtincev (VIM), veter in počasni tokovi. Močno zibanje ploščadi tako povzroča 
uklon in utrujanje v območju stika dvižne cevi z morskim dnom (TDP). Pri načrtovanju SCR je izjemno pomembna 
izbira ustreznega spektra valovanja.

Homogena, 2200 m dolga cev SCR, ki se začne 1000 m nad morskim dnom, je bila modelirana v programskem 
paketu za analize po metodi končnih elementov Orcaflex s 50 m dolgim gibkim spojem, 350 m dolgo oplato, 1300 
m dolgo dvižno cevjo in 500 m dolgim pretočnim vodom. Konec A je pritrjen na FPSO, konec B pa je zasidran 
v morsko dno. Na oddaljenosti 900 m je na cev SCR pritrjena boja 6D z maso 104 kg, dolžino 6 m in prostornino 
20 m3. Pri analizi utrujanja so bili uporabljeni oceanografski podatki, podatki o vetru, tokovih, morski vodi in 
morskem dnu. Za primerjavo sta bila uporabljena spektra valovanja Ochi-Hubble in JONSWAP. Pred analizo 
utrujanja je bil pripravljen set simulacijskih datotek OrcaFlex za različne realne obremenitvene pogoje. Temu 
obremenitvenemu primeru je bila dodeljena 20-letna izpostavitev, ki ustreza dobi trajanja dvižne cevi. Simulacija 
po 16-sekundnem preizkusu je trajala 3 ure. 

Podana je primerjava rezultatov utrujanja SCR za spektra valovanja JONSWAP in Ochi-Hubble. Analiza 
utrujenostne trajnostne dobe po dolžini cevi na osnovi spektra valovanja JONWAP je pokazala, da je utrujenostna 
trajnostna doba v območju obešenja (HOFL) 10 let, območje utrujenostne trajnostne dobe (FL) od 500 do 5000 
let, utrujenostna trajnostna doba v območju TDP 1,8 leta na globini 1828,8 m in najdaljša utrujenostna trajnostna 
doba za TDP (TDP FLmax) 10 000 let. Pri spektru valovanja Ochi-Hubble pa je bilo izračunano, da je utrujenostna 
trajnostna doba v območju obešenja (HOFL) 7 let, območje utrujenostne trajnostne dobe (FL) od 100 do 5000 let, 
utrujenostna trajnostna doba v območju TDP 13,6 leta na globini 1828,8 m in najdaljša utrujenostna trajnostna 
doba za TDP (TDP FLmax) 10 000 let.

Utrujenostna trajnostna doba v območju TDP ter v območju obešenja pri spektrih JONSWAP in Ochi-Hubble 
je zelo kratka in izhaja iz večjih napetostih, ki jih povzročajo dinamika FPSO, oceanski tokovi, spektri valovanja 
in druge obremenitve iz okolja.

Rezultata za utrujenostno dobo SCR v točki dotika z morskim dnom (TDP) po spektrih Ochi-Hubble in 
JONSWAP sta 13,6 in 1,8 leta, torej se razlikujeta za faktor 7,5. Iz krivulj S-N za oba spektra valovanja je razvidna 
inverzna povezava med napetostjo S in številom ciklov do odpovedi N na log-log skali. Daljša utrujenostna 
trajnostna doba SCR pri spektru valovanja Ochi-Hubble v primerjavi s spektrom JONSWAP, ki ga pogosto 
uporabljajo projektanti, pomeni, da spekter Ochi-Hubble dobro opisuje stanje v Gvinejskem zalivu in ne privede do 
predimenzioniranja. Uporaba spektra JONSWAP pa je nasprotno povezana s predimenzioniranjem in posledično z 
večjimi stroški.

Kratka utrujenostna trajnostna doba v območju TDP in v območju obešenja SCR izhaja iz večjih napetosti, 
ki jih povzročajo dinamika FPSO, oceanski tokovi, spektri valovanja in druge obremenitve iz okolja. Efektivna 
napetost v SCR zato hitro zraste od nič v območju obešenja do maksimalne vrednosti 30×106 kN na dolžini 5 m. 
Prispevek te študije so tudi obogateni oceanografski podatki za Gvinejski zaliv.
Ključne besede: jeklene viseče dvižne cevi, točka stika z morskim dnom, Ochi-Hubble, JONSWAP, Gvinejski 
zaliv, utrujanje
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Nov model dinamike sistema več teles globokomorsko rudarsko 
vozilo-cevovod-ladja in integrirana simulacija njegovih gibanj

Yu Dai1,2,3,* – Liping Pang1 – Lisong Chen1 – Xiang Zhu1 – Tao Zhang1
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3 Univerza v Šanghaju, Državni laboratorij za ladijsko strojništvo, Kitajska

Do danes še ni bil narejen opis kompleksne dinamike celotnih sistemov za rudarjenje na globokih morjih. 
Izvajanje preizkusov na oceanu bi bila draga in izjemno težavna naloga, zato s tem pristopom ni mogoče vrednotiti 
konstrukcijskih rešitev in njihove sposobnosti za trajno obratovanje. Učinkovit vpogled v te lastnosti pa je mogoče 
pridobiti s simulacijami dinamike sistema. 

Članek opisuje razvoj točnih in učinkovitih modelov dinamike podsistemov, ki so združeni v model celotnega 
sistema. V jeziku C je bila pripravljena inovativna uporabniška podrutina za popis posebnega teramehanskega 
modela sedimentov na morskem dnu, ki je bila dodana v paket za simulacije RecurDyn/Track in nato validirana z 
laboratorijskimi preizkusi. 

V paketu RecurDyn/Track je bil z integracijo pripravljenega teramehanskega modela sedimentov na morskem 
dnu razvit tridimenzionalni model dinamike več teles za vozilo za rudarjenje na morskem dnu. Metoda diskretnih 
elementov (DEM) je v primerjavi s tradicionalno metodo končnih elementov (MKE) in metodo združenih 
parametrov (LPM) učinkovitejše in primernejše sredstvo za hitro simulacijo dinamike pri zelo dolgih cevovodih. V 
modelu DEM cevovoda za rudarjenje na globokem morju so bili tako uporabljeni diskretni togi elementi, povezani 
z upogljivimi deli. 

Brezmasni upogljivi povezovalni deli so popisani s šestimi vzmetnimi elementi, zunanje hidrodinamične 
obremenitve pa delujejo v masnih središčih teh elementov. Model vključuje veliko število diskretnih togih 
elementov, diskretne hidrodinamične sile in upogljive povezovalne dele, zato bi bilo zelo zamudno in povezano 
z napakami, če bi ga gradili na klasičen način, torej za vsak diskretni element posebej. Namesto tega je bila s 
pomočjo sekundarne razvojne platforme ProcessNet razvita inovativna uporabniška podrutina v jeziku C# za hitro 
in samodejno parametrično izgradnjo modela DEM v programskem paketu RecurDyn. Zgrajen je bil kinematični 
model ladje za rudarjenje s šestimi prostostnimi stopnjami, pri katerem je bil ključen popis zibanja. 

Z združitvijo modelov podsistemov je bil postavljen nov tridimenzionalni model dinamike več teles za celotni 
sistem globokomorsko vozilo za rudarjenje-cevovod-ladja. Z integrirano simulacijo gibanj so bile pridobljene 
nekatere ključne lastnosti dinamike, kot so trajektorije gibanj, interakcije med podsistemi itd. Izkazalo se je, da 
je stanje gibanja vseh podsistemov stabilno znotraj dovoljenih meja ter da je mogoče zagotoviti sinhronizirano 
stabilno gibanje celotnega sistema med obratovanjem. 

Predstavljena raziskava tako podaja dragoceno in učinkovito metodo modeliranja za namene optimizacije 
konstrukcije, vrednotenja zmogljivosti in integriranega nadzora delovanja celotnega sistema vozilo za rudarjenje 
na globokem morju-cevovod-ladja. 

V prihodnjih raziskavah bo postavljen laboratorijski sistem za eksperimentalno preučevanje integriranega 
sistema za rudarjenje na morju. Pri tem bodo uporabljeni načelo podobnosti ter načrtovalska merila za preizkušanje 
integriranih gibanj in operativnega nadzora celotnega sistema. Na ta način bo omogočena celovita validacija 
rezultatov simulacij dinamike iz tega članka ter priprava predlogov za optimizacijo zasnove in praktične metode 
upravljanja sistemov za rudarjenje na globokih morjih.
Ključne besede: sistem za rudarjenje na globokih morjih, teramehanski model, model dinamike več teles, 
model z diskretnimi elementi, uporabniška podrutina, integrirana simulacija gibanja
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DOKTORSKE DISERTACIJE

Na Fakulteti za strojništvo Univerze v Ljubljani so 
obranili svojo doktorsko disertacijo:
●    dne  25. novembra 2016 Andrej ŠARC z 
naslovom: »Odstranjevanje bakterije Legionella 
pneumophila  s  pomočjo  hidrodinamske  kavitacije« 
(mentor: izr.  prof.  dr. Matevž Dular, somentor: prof. 
dr. David Stopar);

Visoka koncentracija bakterije Legionella 
pneumophila  v  vodovodnih  inštalacijah  predstavlja 
resno nevarnost zdravju človeka. Do sedaj ni poznanih 
učinkovitih mehanizmov, ki bi konstantno zagotavljali 
nizke koncentracije bakterij L. pneumophila v vodi. 
Trenutni  ukrepi  za  preprečevanje  rasti  bakterij  in 
preprečevanje možnosti  izbruha  so dragi  in  okoljsko 
nesprejemljivi  ter  v  večini  primerov  ne  zagotovijo 
varnosti pred morebitnimi ponovnimi izbruhi.

V okviru doktorske disertacije smo za 
odstranjevanje bakterije L. pneumophila  preučili 
možnost  uporabe  kavitacije  –  fizikalnega  pojava,  ki 
označuje prehod iz kapljevine v plinasto fazo in nazaj 
v homogeno kapljevino. Razlog za nastanek kavitacije 
je krajevno zmanjšanje tlaka, kjer temperatura medija 
ostane približno konstantna. Ob ponovnem prehodu v 
kapljevito stanje v območju povečanega tlaka prihaja 
do velikih tlačnih in temperaturnih nihanj, ki so po eni 
strani nezaželeni (poškodbe naprav) po drugi strani pa 
so lahko uporabni pri različnih procesih.

Z meritvami rasti mikroorganizmov smo določili 
vplive  različnih  režimov  kavitacijskega  toka  na 
preživljivost bakterije L. pneumophila. Pokazali smo, 
da različni tipi kavitacije omogočajo različne pogoje, 

ki  vodijo do uničenja bakterij,  ter  da  je  učinkovitost 
delovanja  odvisna  od  tipa  kavitacije  in  obratovalnih 
pogojev modelne naprave za uničevanje bakterij. 

Rezultati  dela  so  privedli  do  boljšega 
poznavanja vpliva kavitacije na bakterije v vodi in 
do razvoja naprave za generiranje kavitacije in njenih 
potencialnih aplikacij v vodovodnih sistemih;
●    dne  30. novembra 2016 Matija BRUMAT z 
naslovom: »Prostorsko  dušenje  prožnih  struktur« 
(mentor: izr. prof. dr. Janko Slavič);

Doktorsko  delo  obravnava  prostorsko  dušenje 
prožnih struktur. Opravljen je bil pregled 22 obstoječih 
metod  za  identifikacijo  prostorskega  dušenja.  Za 
poglobljeno  eksperimentalno  vrednotenje  metod  
identifikacije v realnih pogojih se je razvilo namensko 
preskuševališče,  ki  omogoča  analizo  in  nadzor  nad 
vplivnimi parametri (modalni in prostorski odrez, 
razlike v identifikaciji med histereznim in viskoznim 
modelom dušenja in na razlike ob prisotnosti dodatne 
dušilke na strukturi). Za  eksperimentalno analizo so 
bile izbrane štiri najobetavnejše metode: Lee-Kim, 
Chen-Ju-Tsuei,  Fritzen  IV  in metoda  lokalne  enačbe 
gibanja, kjer se je ugotovilo občuten vpliv modalnega 
in  prostorskega  odreza  na  identificirano  prostorsko 
matriko dušenja, ter da je pri znani strukturi bolje 
uporabiti metodo lokalne enačbe gibanja. V zadnjem 
delu  naloge  je  bil  vpeljan  pristop  za  načrtovanje 
prostorskega  dušenja prožne  strukture  na  podlagi 
želenega  frekvenčnega  odziva,  ki  je  validiran  z 
eksperimentom na nosilcu.
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V spomin profesorju dr. Iztoku Žunu

Vest  o  smrti  profesorja  dr.  Iztoka  Žuna  nas  je  močno  presenetila  in  globoko 
pretresla.  Svojo  bolezen  je  večkrat  premagal,  zato  nismo  dvomili,  da  bo  tudi 
tokrat tako.

Profesor dr. Iztok Žun je diplomiral na Fakulteti za strojništvo v Ljubljani 
leta  1972.  V  želji  po  iskanju  novega  znanja  je  nadaljeval  študij.  Magister 
znanosti je postal leta 1974, nato pa je bil na študijskem obisku na Thayer School 
of Engineering na Dartmouth College v ZDA. Doktorsko disertacijo  tehniških 
znanosti  je  obranil  leta  1976.  Njegova  učiteljska  pot  se  je  pričela  leta  1977, 
ko  je  na Fakulteti  za  strojništvo postal  docent  za  termodinamiko  in mehaniko 
fluidov. Leta 1982 je bil izvoljen v izrednega profesorja, leta 1987 pa v rednega 
profesorja. V svoji dolgoletni karieri je uspešno prenašal svoje znanje na mlade, 
saj  se  je  vedno  trudil  študentom  vzbuditi  občutek  radovednosti,  da  bi  lahko 
premikali meje svojega razumevanja.

Primarni  raziskovalni  interes  profesorja  Žuna  je  bil  dvofazni  tok,  pri 
čemer se je posebej posvečal mehurčastemu toku. Vedel je, da se izvirno gonilo 
tehničnega  napredka  prenosa  toplote  in  snovi  nahaja  v  razvoju  razumevanja 

fizike  večfaznih  tokov. Videl  je  pomen  teh  raziskav  za  širok  nabor  industrijskih  panog.  Spoznanja  profesorja 
Žuna so odmevna v mednarodnem merilu,  saj  je nekatere probleme s področja kompleksnih  tokov  rešil prvi v 
svetu. Prvi  je pokazal, kako polje prečne vzgonske  sile deluje na mehurčke v  turbulentnem  toku kapljevine  in 
povzroča  nehomogeno  porazdelitev  deleža  plinske  faze  v  vertikalnem  kanalu.  Odkritje  je  bilo  pomembno  za 
pojasnitev  nehomogene  porazdelitve  parne  oz.  plinaste  faze  v  jedrskih  in  kemijskih  reaktorjih.  Bil  je  prvi,  ki 
je  predstavil  rezultate numerične  simulacije  evolucije kopičenja deleža plinske  faze  iz  območja  stene kanala v 
njegov osrednji del, kar je predstavljalo enega izmed glavnih problemov v analizah jedrskih reaktorjev. Nadaljne 
študije modeliranja  na  večih  skalah  hkrati  v  sodelovanju  z  dr. Tomiyamo  iz Kobe Univerze  na  Japonskem  so 
razkrile vzroke  bočnih migracij mehurčkov, kar je nudilo trdno osnovo relevantnim računalniškim kodam, ki se 
danes uporabljajo. Znanstveno-raziskovalni opus profesorja Žuna obsega več kot 50 člankov v revijah in več kot 
130 člankov v recenziranih zbornikih. Ob tem je imel več kot 80 vabljenih predavanj na konferencah, inštitutih, 
univerzah in v industriji v EU, na Japonskem in v ZDA. Ima več kot 1000 citatov ter 5 patentov.

Vzporedno z raziskavami dinamike dvofaznega toka je profesor Žun svoje znanje prenašal v proizvodno okolje. 
Leta  1989  je  uspešno  realiziral  implementacijo  nadzora,  upravljanja  in modeliranja  slovenskega  plinovodnega 
sistema. Učinkovito upravljanje sistema je bilo izvedeno z uporabo koncepta dinamične eksergije, ki jo je profesor 
Žun uvedel kot novost. Med pomembnejše aplikacije v industriji sodita še: projekt usmerjen v zmanjšanje emisij 
dizelskega motorja ter razvoj procesne naprave za oblaganje delcev v farmacevtskih tehnologijah.

Profesor Žun je leta 1983 ustanovil in od takrat vodil Laboratorij za dinamiko fluidov in termodinamiko. Leta 
1997 je ustanovil katedro z istim imenom ter bil ves čas njen predstojnik. Bil je eden od glavnih pobudnikov in 
zagovornikov koncepta katedre kot osnovne izobraževalne, raziskovalne in razvojne enote, pri čemer je predstojnik 
odgovoren za njen razvoj. Od mnogih vodstvenih in drugih pomembnih funkcij doma in v svetu naj omenim le 
nekatere. Leta 1998 je bil ustanovitelj ter do 2015 predsednik Evropsko-japonskega združenja za dvofazne tokove. 
Leta 1999  je ustanovil  in od  takrat vodil nacionalni  raziskovalni program Tranzientni dvofazni  tokovi. Od  leta 
2008 je bil redni član Inženirske akademije Slovenije. Bil je eden od njenih ustanoviteljev, nekaj let tudi aktiven 
član njenega Izvršnega odbora. Od leta 2014 je bil podpredsednik Virtualnega mednarodnega razvojnega inštituta 
za dvofazni tok in prenos toplote.

Od nagrad, ki jih je prejel za svoj doprinos k znanosti in tehnološkemu razvoju, je potrebno izpostaviti Zoisovo 
priznanje  leta  1999  in Nagrado  Japonskega  združenja  za  večfazne  tokove  leta  2003. To  združenje mu  je  letos 
podelilo plaketo o častnem članstvu za izjemen prispevek k znanosti in tehnologiji na področju večfaznih tokov.

Pogrešali  bomo  njegovo  neizmerno  voljo  do  raziskovanja  ter  navdušenje  nad  iskanjem  novih  spoznanj. 
Njegova zapuščina je velika, z njo je ustvaril pogoje za nadaljevanje kreativnega raziskovalnega, razvojnega in 
izobraževalnega dela za svoje bližnje sodelavce in za Fakulteto za strojništvo v celoti.

Ohranili  ga bomo v trajnem spominu.

doc. dr. Matjaž Perpar
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