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Sammanfattning 
Abstract 
This master thesis has been conducted at Sandvik Svedala. The thesis is the first step towards a new construction of a 
hydraulic system for a Hydrocone crusher. First we studied how contaminations entered the system of today. Then the 
work began with designing several concepts to control the crusher. These basic concepts were presented to Sandvik 
and the one was chosen for further development was fine tuned and a system was built. This system was tested at a test 
rig to verify that the basic ideas were working. This test pointed out the disadvantages of the system, and the 
improvements needed to become a future industrial solution 
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Sammanfattning 
Detta examensarbete har utförts vid Sandvik Svedala. Arbetet är ett första steg mot att 
konstruera ett nytt hydraulsystem till en Hydrocone bergskross. Först gjordes en studie hur 
föroreningar tar sig in i dagens system. Sedan konstruerades flera koncept som presenterades 
för Sandvik där ett valdes ut för vidare utveckling. Detta koncept förfinades och ett system 
byggdes. Hydraulsystemet testades i en testrigg för att verifiera att idéerna fungerade. Detta 
test visade de brister som finns och förslag ges på framtida förbättringar. 

 
Abstract 
This master thesis has been conducted at Sandvik Svedala. The thesis is the first step towards 
a new construction of a hydraulic system for a Hydrocone crusher. First we studied how 
contaminations entered the system of today. Then the work began with designing several 
concepts to control the crusher. These basic concepts were presented to Sandvik and the one 
was chosen for further development was fine tuned and a system was built. This system was 
tested at a test rig to verify that the basic ideas were working. This test pointed out the 
disadvantages of the system, and the improvements needed to become a future industrial 
solution.  
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1 Introduction 
This chapter describes the background, problem description and goal for this master thesis. It 
also describes the disposition of the report and its realization. 
 

1.1 Background 
Johan Edström, manager of crusher control at Sandvik Svedala, was interested in a new 
construction of the hydraulic system in the Hydrocone crusher. The system today is very old, 
robust but slow, and when uncrushable material enters the crusher it can damage the hydraulic 
system and the mechanics. With some newly introduced sensors on the crusher we can design 
a new system that can be used to improve the handling of uncrushable material and also 
improve the time to set the cylinder in the right position. The idea is to use position feedback 
to regulate the positioning of the main cylinder and pressure sensor to detect uncrushable 
material. The oil in the system can be heavily contaminated and that makes fore some 
restrictions to the design. 
 
If these ideas are realized Sandvik Svedala can get a better product that saves time for the 
users in the quarries or mines, due to lower failure rates and less maintenance. 
 

1.2 Problem description 
The master thesis is divided into two parts, one theoretical part and one practical part. The 
theoretical study focuses on contamination of the oil and how that will affect our designs. We 
try to describe where the contamination starts and how it enters the system and suggest how to 
avoid contamination. The practical part is to build a system that will take the contamination 
level of the oil in consideration, a system that can be tested and evaluated by Sandvik 
Svedala, a system that is fast and robust. 
Both these tasks shall be documented in a report and the report shall be written in English. 
 

1.3 Goal 
The goal with this thesis is to construct a modern hydraulic system using sensors that is 
available today. The system shall be constructed for the rugged environment in quarry or 
mine. 
 

• What solutions can be used to construct a robust and fast hydraulic system, how does 
this correspond to the contamination level of the oil? Make some suggestions on how 
to control the cross. 

• Make use of the position sensor in the control loop. 
• How shall we handle the uncrushable material entering the crusher? 

 
The goal is to show that time can be saved for the users, that the sensors can be used in the 
control of the crusher, and with a faster system the amount of crushed material can increase. 
Hopefully the hydraulic system will need less maintenance. 
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1.4 Disposition 
This report is divided to nine chapters and appendices. The first chapter contains the 
background, problem description and goal of this report. In chapter two there is a description 
of Sandvik Svedala and the construction of the Hydrocone crusher. In chapter three there is 
some information about contamination and how the contaminations enter the hydraulic 
system. The fourth chapter describes the six concepts for the hydraulics that we suggested to 
Sandvik Svedala and the fifth chapter is about the test rig in Dalby. Chapter six contains 
further development of the concept that shall be constructed and the components that were 
chosen. The seventh chapter is a specification for the upcoming tests which results are 
presented in chapter eight. A discussion about future work based on these results can be found 
in chapter nine. The readers of this report are the engineers that will continue to develop a 
future hydraulic system. 
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2 Company information and the Hydrocone crusher 
This chapter contains information about Sandvik Svedala, general description of Hydrocone 
and more detailed information about the hydraulics and mechanics. 

2.1 Sandvik Svedala 
Sandvik Svedala has it’s origin in a company called Åbjörn Andersson och Co that was 
founded in 1882. The founder Åbjörn Andersson was a blacksmith that built a workshop with 
a forge in Svedala that manufactured agriculture equipment. As early as 1897 the first crusher 
was delivered, and until today over 12000 crushers have been delivered. 
Since 2001 the company belongs to the Sandvik Cooperation, and nowadays it’s called 
Sandvik Svedala and is a part of Sandvik Mining and Construction.  In figure 1 there is a 
description of Sandvik AB. 
 

 
Figure 1, Sandvik's organisation. 
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2.2 Today’s construction of the Hydrocone crusher 
The Hydrocone crusher and its basic functions are described in chapter 2.2. 
 

2.2.1 Mechanics 
Figure 2 below shows a picture of the Hydrocone crusher. In the center of the Hydrocone 
crusher is the main shaft (1). The main shaft can be positioned with the hydroset cylinder (4) 
to obtain the wanted distance between the inner (7) and outer (2) mantle. The main shaft is 
held by a convex top bearing (3) and an eccentric bearing (8) that gives the eccentric motion 
to the main shaft (1). The rotating motion to the main shaft is given by the outer gear ring on 
the eccentric bearing (8) that is connected to a pinion (5). An electric motor is connected to 
the pinion (5) which provides the Hydrocone crusher with the eccentric rotation motion that 
crushes the stone between the inner and outer mantles. At the center of the hydroset cylinder, 
at the bottom of the crusher there is a linear inductive position sensor (6) which is used to 
determine the position of the main shaft. 
 

 
Figure 2, Mechanics of Hydrocone and component description 



 12

 

2.2.2 Hydraulics 
There are two hydraulic systems on the Hydrocone crusher, the hydroset for positioning the 
main shaft and the lubrication system. The lubrication system ensures good slip for the 
spherical thrust bearing between the hydroset cylinder and the main shaft, it also keeps an oil 
film in the plain journal bearing that holds the main shaft in its eccentric movement. 
 
 

2.2.2.1 Hydroset system 
The hydroset system that is used today can be seen in figure 3. It has a reversible fix 
displacement pump that is driven by an electric motor (2). When lifting the main shaft the 
electric motor pumps oil through the pilot operated non-return valve (7). The pilot operated 
non-return valve (7) makes it possible to turn off the pump when the right position is reached 
and then hold it there without any leakage. When lowering the main shaft the pump pumps 
backwards and causes pressure in the pilot channel on the non-return valve (7), whish opens 
and oil goes through the pump down to the tank. By pumping the oil through the pump when 
lowering the main shaft you get a constant velocity, which you cannot guarantee if you would 
dump the oil directly to the tank instead of through the pump. The non-return valves (3) (4) 
and the relief valve (5) makes it possible to obtain the pressure buildup for the pilot operated 
non-return valve (7). In the case of uncrushable objects entering the Hydrocone crusher there 
is an accumulator (11) with an orifice (10) and non-return (10) valve that will absorb the 
pressure spikes until the uncrushable object goes through the Hydrocone crusher. In the 
bigger models of Hydrocone crusher there is a pilot operated pressure relief valve instead of 
accumulators. 
 

 
Figure 3, schematics and assembly drawing for the hydraulics 
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The current hydroset system was made in the 1970s which also explains its appearance. Back 
in those days there were no good position sensors available thus the only way to keep track of 
how far you moved the main shaft was to build a system that had constant lifting and lowering 
velocity, and by measuring the time you kept the velocity you could calculate the movement 
of the main shaft. 
 

2.2.2.2 Lubrication system 
In figure 4 you can see the inlet (18) and outlet (17) hoses for the main lubrication system. 
The blue lines in the figure below show the oil flow. The oil starts by going through the hose 
(18) up to the spherical thrust bearing and then alongside the plain journal bearing up to the 
outer gear ring and then out through the outlet hose.  There is also a small lubrication system 
that provides the pinion (19) with oil in the pinion house (20), this lubrication circuit has its 
own pump and its own oil tank or uses the same oil as the main lubrication circuit depending 
on which tank that is used. 
 

 
Figure 4, schematic and components for the lubrication system 
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3 Contamination 
This chapter contains theories about contamination of the hydraulic oil and how the impurity 
enters the system. These theories will be helping to determine what system solution will be 
used in the new hydraulic system. 
 

3.1 What is contamination? 
Contamination is small particles that are in the size range of 5-100 µm. A particle the size of 
40 µm can be seen by the human eye, The Handbook of hydraulic filtration [1]. 
Contamination is introduced to the system in many different ways. A couple of examples are 
listed below: 
 

• Contamination from maintenance. 
• Contamination during assembly of the system. 
• Contamination while operating the crusher. 
• Contamination from the components. 
• Contamination due to water. 

 
In figure 5 below you can se particles in the lubrication oil in the crusher. Each graduation 
mark equals 45 µm. Observe that this is not hydraulic oil but lubrication oil from a crusher but 
it illustrates what heavily contaminated oil would look like. 
 

 
Figure 5, microscopic contamination analysis of lubrication oil. 
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Contaminations are in general classified as “silt” or “chips” according to The Handbook of 
hydraulic filtration [1]. Silt is the accumulation of small particles, often less than 5 µm. This 
contamination makes the components fail over time, chips are larger particles greater than 5 
µm that can destroy the components fast. Both silt and chips can be classified as hard particles 
and soft particles.  
 
Hard particles can be: 

• Silica 
• Carbon 
• Metal 

 
Soft particles can be: 

• Rubber 
• Fibers 
• Micro organisms 

 
The handbook of hydraulic filtration [1] also claims that 75% of all systems fail due to 
contamination. The contamination can result in orifice blockage, component wear, oxidation 
of components etc.  
  
The cost is mainly results in: 

• Downtime in production 
• Cost of new components 
• Cost of new oil 
• Maintenance cost 
• Lower crusher performance prior the component failure 

 
Figure 6 shows the environment surrounding the crusher during operation. This illustrates the 
harsh environment for the hydraulics. 

 
Figure 6, stone dust that surrounds the crusher. 



 16

3.1.1 Contamination from maintenance 
According to Kristian Burhoff, design engineer for lubrication and hydraulic equipment 
Sandvik Svedala, a lot of impurities are introduced to the Hydrocone crushers during 
maintenance. All oils are contaminated to some extent even as new, but refilling with new oil 
will not increase the level of contamination as long as the new oil is purer than the old one. 
 
The major problem is the procedure of refilling the hydraulic fluid. The refilling procedure is 
easy, just open the top hatch of the oil tank and pour new oil into the system. The major 
concern is that during that time the tank is open and exposed to the dust in the air and the dust 
in close vicinity of the hatch. Figure 7 below shows the dust on top of the tank when fluid is 
refilled. This dust is mainly silica that is classified as a hard particle and this is devastating to 
the contamination levels. This can cause a component to fail. 
 

 
Figure 7, an open hydraulic oil tank, provided by Sandvik 

 
The dust on top of the tank will easily be spilt in to the hydraulic oil. This fine dust of silica 
can enter the hydraulic components and increase the wear and this will affect the choice of 
components.  
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Figure 8 below displays the dust in the air that will introduce particles to the oil by air when 
the oil tank is open. Refilling the oil in the tanks occurs during operation of the crushers, they 
will not stop production in the mines just to refill the system. 
 

 
Figure 8, dust in the air surrounding the oil tank 

 
When there is a need to change a hydraulic hose or a valve, stone dust will enter the system. 
The importance of keeping the valves or hoses sealed until the last minute of assembly during 
maintenance can not be exaggerated. 
 
 

3.1.2 Contamination during assembly 
According to Kristian Burhoff a lot of particles enter the system while a new crusher is 
installed. The Hydrocone crushers can be installed in old mines and quarries where there is a 
high contamination level. He reports that unsealed hydraulic hoses have been dragged on 
floors full of dust. This dust is mainly silica that is classified as a hard particle; this will for 
sure contaminate the oil later when it passes through the hydraulic hose. Once again it’s 
important to keep the connections sealed for the hydraulics.  
 
The hydraulics can be affected by contamination during the assembly at Sandvik’s factory as 
well. If the handling of components and connection units is poor and the factory has an 
unclean environment whish can increase the level of contamination. Connection units such as 
adapters for hoses shall be kept inside sealed plastic bags and not exposed to the dust in the 
air. At Sandvik Svedala’s tank assembly line these adapters are lying open and unsealed in 
boxes on a shelf and they are exposed to dust and impurities.  
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3.1.3 Contamination while operating the crusher 
When the crusher operates, soft particles are introduced from the fast movement of the main 
shaft due to the variations in force from the crusher chamber. These soft particles are made of 
rubber from the seals around the hydroset cylinder. These soft particles are accumulated in the 
hydroset cylinder and the fact that the oil is not circulating will make the concentration of 
particles higher locally. When there is a big adjustment of the main shaft position these 
particles will be flushed through the components and may cause the valves to get stuck in 
open position and start leaking. 
 

3.1.4 Contamination from the components 
A new hydraulic component is in general relatively clean according to Jan-Åke Åkesson, 
senior system engineer CeDe Group AB. But there are circumstances that cause the 
contamination levels to vary, i.e. the manufacturing procedure or construction of the 
component. 
 
One example is sand cast housings for hydraulic pumps. After founding, the foundry sand 
needs to be removed from the component. This is often done with a sand blast machine but 
foundry sand often remains and contaminates the fluid. The cleaning of the components may 
also be limited by the design of the component; there might be tight corners where sand can 
get caught. If a component is manufactured on Friday and cleaned on Monday, the level of 
contamination can increase due to the fact that particles have a higher tendency to get stuck if 
the cooling oil evaporates during the weekend.  
 
The oil tank itself can be a source of contamination according to Jan-Åke Åkesson. This may 
be explained by the fact that the tank is a welded construction. The welded parts can contain 
metallic ashes and oxide shells that can fall off and contribute to the increase of particles in 
the oil. If the tank is painted inside, the paint may fall of due to bad adherence. Sandvik 
Svedala has specified that the welding inside the tank shall be sand blasted to lower the risk of 
contamination. 
 
The hydraulic hoses can contain particles made of rubber and other fibres, this is a soft 
particle that is not as dangerous as hard particles but it can cause the valves to leak. 

3.1.5 Contamination due to water 
Water is introduced to the system mainly inside the hydraulic oil tank, Uppkomst och följder 
av smutsig hydraulvätska samt tänkbara åtgärder [2]. The air inside the oil might have high 
humidity and can condense inside the tank. The volume of the air trapped inside the tank 
varies with the volume of the oil depending on the position of the main shaft. This can be 
describes as a breathing effect and the changing volume of air introduces more water each 
time the volume is changed. The water causes the oil to oxidize and this will increase the wear 
on the components and when oil change is due, there is a risk that the opening of the oil tank 
hatch will cause more hard particles of silica to enter the system. 
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3.2 The contaminations effects on hydraulic fluids 
The purpose of the hydraulic fluid is to transfer energy to the actuators, lubricate the moving 
parts, absorb heat and transfer it away from the components. With contaminated oil these 
listed functions of the oil can not be optimal according to  The handbook of hydraulic 
filtration [1]. 
 

3.2.1 Oxidation 
The lifetime expectancy of hydraulic fluids is its resistance to oxidation. The oxidation of the 
fluid is an ongoing process but the contamination can increase the speed of which the oil 
oxidizes. The contaminations that influence the oxidation speed are water, Copper, Lead and 
Zink, Uppkomst och följder av smutsig hydraulvätska samt tänkbara åtgärder [2]. The metals 
act as a catalyst for the reaction with oxygen. The crusher contains a spherical thrust bearing 
briefly mentioned in chapter 2.3.2.2 about the lubrication system, which is made of Bronze. 
Bronze is an alloy made of Copper and Tin and these metallic contaminations can enter the 
hydraulic fluid and increase the oxidation. 
 
 
The consequences of oxidation are: 

• Undissolvable resins that changes the fluids viscosity or deposit sediment on smooth 
surfaces 

• A dissolvable compound that creates sludge that can destroy filters. 
• Chemical corrosion due to increase acidity. 

 
When the oil is old it needs to be changed and the refilling procedure described in chapter 
3.1.1 can contaminate it even further.
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3.3 The contaminations effects on hydraulic components 
Contamination will affect the components in several ways. The following chapter 3.3 refers to 
Uppkomst och följder av smutsig hydraulvätska samt tänkbara åtgärder [2]. 
 

3.3.1 Erosion 
Natural erosion can be seen in nature in flowing water, this works as a sand blasting effect on 
the surrounding riverbed.  The intensity of the erosion depends on particle size, the number of 
particles, flow velocity and angle of attack. Therefore the more sand in the flowing water the 
more erosion it causes. 
 
This can be a factor in hydraulics as well. The erosive wear in hydraulics is caused by a fluid 
passing an edge or surface containing contaminations with high velocity. This can cause metal 
particles to erode from the surfaces and further contribute to the contamination level. In figure 
9 below you can see the function of erosive wear.  
 

 
Figure 9, erosive wear on a surface, picture from handbook of hydraulic filtration [1] 

 
These erosion causes wear on hydraulic components especially in orifices and hydraulic servo 
cylinders, due to the high velocity through them.  
 
All hard particles are more dangerous due to high momentum and higher impact energy 
compared to soft particles.  
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3.3.2 Abrasive wear 
Abrasive wear occurs when two moving surfaces makes contact with each other due to hard 
particles. This kind of wear is common in servo valves. Figure 10 below shows a symbolic 
picture of particles that have penetrated the gap in a valve. 
 

 
Figure 10, particles in contaminated oil, picture from handbook of hydraulic filtration [1]  

 
 
 
These particles are especially dangerous if they are the same size as the gap in the component. 
The particles that have penetrated the gap will cause wear that will increase leakage in the 
valve or even cause the valve to malfunction and a catastrophic failure in the machine.  
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3.4 ISO 4406:1999 
ISO 4406:1999 is a standard to measure and classify the contamination in hydraulic fluids. 
Another way is NAS 1638 but we will use the ISO standard. “ISO 4406:1999 establishes the 
relationship between particle counts and cleanliness in hydraulic fluids (common practice has 
extended the application of this standard to lubricants as well). This international standard 
uses a code system to quantify contaminant levels by particle size in micrometers (µm). Using 
ISO 4406:1999, a machine owner/operator can set simple limits for excessive contamination 
levels, based on quantifiable cleanliness measurements.” Bently Tribology [9] 
 

3.4.1 ISO 4406:1999 
The contamination classes are described by three numbers indicating the number of particles 
per 1 ml of fluid. Each number is a count of particles with sizes greater or equal to 4 µm, 6 
µm and 14 µm. Table 1 below lists the cleanliness codes. 
 

 
Table 1, ISO 4406:1999 Fluid cleanliness codes, bentlytribology: Clean up your oil and keep it clean! [3] 

 
As an example an ISO code of 15/12/10 would indicate 160 to 320 particles/ml greater or 
equal to 4 µm, 20 to 40 particles /ml greater or equal to 6 µm and 5 to 10 particles/ml greater 
or equal to 14 µm. 
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Due to the contamination classes it’s easier to see if the contamination level of the oil suits the 
components, each manufacturer specifies the maximum level to ensure the durability of the 
components. Table 2 below describes the contamination classes and the typical applications 
and typical valve types. 
 

 
Table 2, typical contamination classes and valve types according to UFI Filters [4]. 

 
 
. 
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3.4.2 Oil analysis 
Sandvik provided an oil analysis test result dated 6/2 2003, this is found in appendix A. The 
test includes both the hydroset oil and the lubrication oil. The crusher is working in a quarry 
belonging to Ballast Syd AB.  
 
This installation is considered to be a clean one with a separate shelter for the hydraulic tank. 
There is no record on how recently the oil has been changed prior to the extraction of the 
sample. 
 
The analysis and instrument parameters are described in appendix A.1. 
 

3.4.2.1 Hydroset sample 
The test result of hydraulic oil in the hydroset system is found in appendix A.2.  
 
The test result of the Hydroset shows the presence of metal particles, small metal splinters, 
metal abrasion, fine transparent pollution and fibers. Observe that there is no silica in this 
sample due to the good installation of the tank, not often found in other installations. So the 
non presence of silica in this sample can not be used to state that there is no silica in other 
crushers around the world. The other installation displayed in chapter 3 is more representative 
for the working conditions. But the interesting part is that with well protected oil tanks the 
silica problem can probably be reduced and probably increase the life time expectancy of the 
hydroset system. 
 
The ISO classification of the impurities in this sample according to ISO 4406:1999 is 
23/20/15. The particles counted in the sample are shown in table 3. Table 3 displays 
particles/1 ml and the contamination class due to the particle count.  
 

 
Table 3, particle count according to ISO 4406:1999, see apendix A.1 

 
The 23/20/15 classification indicates that fixed gear pumps and solenoid valves have better 
life time expectancy at this contamination level, see table 2 in chapter 3.4.1 
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3.5 Suggestions 
Educating the customers about hydraulics can be an important factor to decrease failure rates 
and increase money gain due to lower failure rates. Giving the users of the machine 
information and tools to avoid the most obvious dangers to the hydraulics is a step in the right 
direction. A simple thing to consider is to attach a small broom inside the hydraulic cabinet so 
that operators can remove most of the dust before opening the oil tank to refill oil.  
 
Education is also important for Sandvik employees working with hydraulics. Knowledge of 
the importance of keeping the oil clean and the possible gain for the customer needs to be 
spread throughout the company. Some improvements may be implemented at the assembly 
line for the hydraulic tanks. For example there are hydraulic components that are not sealed in 
plastic bags at the assembly line. 
 
If the problems can’t be solved with education, they might disappear with a redesign of the oil 
tank. Consider a two-tank system where the return oil can be filtered to a clean tank before 
entering the system. As a suggestion, this can be designed with a low-pressure filter and a low 
pressure pump between the two tanks. 
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4 Concepts for the hydraulic system 

4.1 Vision 
Our vision is to construct a simple hydraulic system for the crusher. It needs to be fast and 
reliable. The system solution shall consider the contamination levels in the hydraulic fluid 
described in chapter three. Six concepts have been designed and are described in the 
following chapters 4.2.1 – 4.2.6.  

4.2 Presentation of the concepts 
The six concepts of controlling the main shaft can be described as followed: 
 

• Concept one, fix displacement pump with a proportional electric motor. Lowering 
with ON/OFF valves. 

• Concept two, reversible fix displacement pump with a proportional electric motor, 
lowering with the pump. 

• Concept three, fix displacement pump with a proportional electric motor. Lowering 
with ON/OFF valves and continues filtration. 

• Concept four, variable displacement pump with a fix electric motor. Servo cylinder for 
controlling the main shaft. 

• Concept five, fix displacement pump with a proportional electric motor. Lifting and 
lowering with the pump and directional valves, continues filtration. 

• Concept six, fix displacement pump with a proportional electric motor. Logical 
elements are used to control the flow, lifting and lowering with the pump. 
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4.2.1 Concept one 
Figure 11 below displays the basic idea for concept one. The numbers in parentheses in the 
text below is also shown in the figure below. This concept consists of a fix displacement 
pump with a proportional electric motor (1) for lifting the cylinder. There is a non-return 
valve (3) after the pump so that the motor can be turned off when the cylinder has reached the 
wanted position. Without the non-return valve (3) the motor would have been forced to pump 
a little the whole time due to the high leakage through the gear pump at low speeds. There is a 
filter (2) right after the pump to prevent contamination to enter the system. For lowering the 
cylinder there are two directional valves (4, 5), both valves are normally closed and have low 
leakage. When an electrical current is applied to the spool on the valves they will open and let 
oil flow through them. There is one small and one big directional valve. The small directional 
valve (4) will be used for positioning the cylinder. The big directional valve (5) will be used 
to quickly lower the cylinder in the case of an uncrushable object entering the crusher. There 
is also a pressure relief valve (6) that will make sure that the system pressure does not reach 
critical levels. Once the pressure in the hydraulic system reaches the setting of the pressure 
relief valve (6) the valve will open and let the oil pass through until the pressure is low 
enough. 
 

 
Figure 11, schematics for concept one.  

Strengths 
• A simple and robust concept. 
• Fast response time on lowering of the cylinder. 

 
Weaknesses 

• The lowering speed for positioning is not adjustable and vary with the load presure. 
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4.2.2 Concept two 
Figure 12 below displays the basic idea for concept two. The numbers in parentheses in the 
text below is also shown in the figure below. This concept consists of a reversible fix 
displacement pump with a proportional electric motor (1) for lifting and lowering the 
cylinder. There is a filter (2) after the pump to prevent contamination from entering the 
system. After the filter (2) there is a directional valve (3) that will act as an non-return valve 
when lifting. To lower the cylinder the directional valve’s (3) spool is given an electrical 
current to open the flow through the directional valve, then the oil is pumped backwards 
through the pump. By directing the oil through the pump (1) while lowering the cylinder one 
can adjust the lowering speed with the pump. The other directional valve (4) is used to 
quickly lower the cylinder in the case of something uncrushable entering the stone crusher. 
There are two pressure relief valves (5, 6) that act as safety valves to prevent the system from 
reaching too high a pressure.  
 

 
Figure 12, schematics for concept two 

 
Strengths 

• A simple and robust system. 
• Adjustable lifting and lowering speed. 

 
Weaknesses 

• Slow response time in lowering of the cylinder. 
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4.2.3 Concept three 
Figure 13 below displays the basic idea for concept three. The numbers in parentheses in the 
text below is also shown in the figure below. This concept consists of a fix displacement 
pump with a proportional electric motor (1). There is a filter (2) after the pump to prevent 
contamination from entering the system. After the filter is a directional valve (3) that normally 
directs the flow in a filtering circle back to the tank. When the directional valve’s spool is 
given an electrical current the directional valve (3) will change the flow to the cylinder 
through a non-return valve (4) and lift the cylinder. The non-return valve (4) will prevent 
pressure spikes from reaching the directional valve (3) and to ensure low leakage. For 
lowering the cylinder there are two directional valves (5, 6), both valves are normaly closed 
and have low leakage. When an electrical current is given to the spool on the valves they will 
open and let oil flow through them. There is one smal and one big directional valve. The small 
directional valve (5) will be used for positioning of the cylinder. The big directional valve (6) 
will be used to quickly lower the cylinder in the case of an uncrushable object entering the 
crusher. There are two pressure relief valves (7) and (8) that act as safety valves to prevent the 
system from reaching too high a pressure. 
 

 
Figure 13, schematics for concept three 

 
Strengths: 

• Fast response time on lowering and lifting of the cylinder. 
• A filter circle to keep the oil in the system clean. 

 
 
Weaknesses: 

• The lowering speed for positioning is not adjustable and vary with the load presure. 
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4.2.4 Concept four 
Figure 14 below displays the basic idea for concept four. The numbers in parentheses in the 
text below is also shown in the figure below. This concept consists of a variable displacement 
pump with a fix electric motor (1) that will keep a constant pressure after the pump with the 
help of the pressure relief valve (6). There is a filter (2) right after the pump to prevent 
contaminations to enter the system. The proportional servovavle (3) will handle the lifting and 
lowering of the cylinder. The directional valve (4) will be used to quickly lower the cylinder 
in the case of an uncrushable object entering the crusher. There is also a pressure relief valve 
(5) that acts as a safety valve to prevent the system from reaching too high a pressure. 

 
Figure 14, schematics for concept  four 

 
Strengths: 

• Fast response time on lowering and lifting of the cylinder. 
• Proportional lifting and lowering speed. 

 
Weaknesses: 

• The system is more expensive and more probable to be effected by the contamination 
in the oil than the simpler concepts. 
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4.2.5 Concept five 
Figure 15 below displays the basic idea for concept five. The numbers in parentheses in the 
text below is also shown in the figure below. This concept consists of a fix displacement 
pump with a proportional electric motor (1) and two directional valves (5, 6). With the two 
directional valves (5, 6) the system can be placed in three positions. Lifting, lowering and in a 
filter circle. These three positions are shown in the figures on the next page. There is a filter 
(3) after the pump and it has a non-return valve (4) parallel to it to prevent pressure spikes 
from affecting the filter (3) when lifting the cylinder. Before the pump there is a non-return 
valve (2) that will prevent the oil from going to the tank before going through the pump when 
lowering the cylinder. There are two pressure relief valves (8, 9) that act as safety valves to 
prevent the system from reaching too high a pressure. There is also a third directional valve 
(7) that will act as a dumping valve to quickly lower the cylinder when an uncrushable object 
enters the crusher.  
 

 
Figure 15, schematics for concept five 

 
 
Strengths 

• Fast response time on lowering and lifting of the cylinder. 
• A filter circle to keep the oil in the system clean. 
• Proportional lifting and lowering speed. 

 
Weaknesses 

• The pump must overcome the pressure drop over the non-return valve on its inlet 
channel. 

• The system is more expensive and more probable to be effected by the contamination 
in the oil than the simpler concepts. 
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The following figures display the different flows of the oil. The directional valves (5) and (6) 
control the flow direction. 
 
In Figure 16 below, the filtration flow is described. The directional valve (5) shall be in 
neutral position and the directional valve (6) in the right position. 
 

 
Figure 16, Filtration of the oil 

 
 
In Figure 17 below the flow for lifting the main shaft is shown. The directional valve (5) shall 
be in left position and the directional valve (6) in the right position. 

 
Figure 17, lifting the cylinder 
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In figure 18 below the flow for lowering the main shaft is shown. The directional valve (5) 
shall be in right position and the directional valve (6) in the left position. 
 

 
Figure 18, lowering the cylinder 
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4.2.6 Concept six 
Figure 19 below displays the basic idea for concept six. The numbers in parentheses in the 
text below is also shown in the figure below. This concept consists of a reversible fix 
displacement pump with a proportional electric motor (1) with 3 logic elements for lifting and 
lowering the cylinder. There is a filter (3) after the pump to prevent contamination from 
entering the system. After the filter (3) there is a non-return valve (4) that will protect the 
filter from pressure spikes and the like. Before the pump there is a non-return valve (2) that 
will prevent the oil from going to the tank before going through the pump when lowering the 
cylinder.  
 

 
Figure 19, schematics for concept six 

 
 
Strengths: 

• Fast response time on lowering and lifting of the cylinder. 
• A filter circle to keep the oil in the system clean. 
• Adjustable lifting and lowering speed. 

 
Weaknesses: 

• The pump must overcome the pressure drop over the non-return valve on its inlet 
channel. 

• The system is more expensive and more probable to be effected by the contamination 
in the oil than the simpler concepts. 
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With the logic elements the system can be placed in four positions, lifting, lowering, quick 
lowering and a filtering circle. On the following two pages there are four pictures illustrating 
the flow through the system in the four postions. The logic elements can be adapted to work 
as pressure relif valves aswell at need. 
 
In figure 20 below the flow for dumping the oil is shown. The logic elements (5) and (6) shall 
be active. 

 
Figure 20, dumping of the oil 

 
In figure 21 below the flow for lifting the main shaft is shown. The logic element (6) shall be 
active. 
 

 
Figure 21, lifting the main shaft 
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In Figure 22 below the flow for lowering the main shaft is shown. The logic elements (5) and 
(6) shall be active. 
 

 
 

 
Figure 22, lowering of the main shaft 

 
In Figure 23 below the flow for filtering the oil is shown. The logic element (5) shall be 
active. 

 

 
Figure 23, filtering of the oil 
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5 Hydrocone 3800 
The crusher that the prototype will be tested on is the Hydrocone 3800. This is one of the 
smaller crushers that have an accumulator for the pressure spikes due to uncrushable material. 
This crusher can be found in Dalby, a local quarry where Sandvik Svedala have a test facility. 
The test facility consists of a crusher and a sieve in a conveyer system, which can be seen in 
picture 24.  
 

 
Figure 24, test rig in Dalby with a Hydrocone 3800 
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6 The prototype 
 

6.1 Sandvik’s choice 
After showing Sandvik the concepts it was decided that concept 1 was the one to be further 
developed into a prototype. The reason behind the choice was the simplicity and potential for 
a very robust and fast hydraulic system. After further development of concept 1, shown in 
figure 11, a hydraulic system more suitable for a prototype was developed: this hydraulic 
system is shown in figure 25. 
 

 
Figure 25, final schematics for concept one. 
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The electric motor, pump and oil tank is bought in one packet called Hybox. The other 
hydraulic components will be placed in a cabinet called the hydraulic unit. There will be a 
measurement block as close to the cylinder as possible to get a more accurate measurement of 
the pressure in the cylinder. This measurement block can have up to three pressure 
transmitters. By having the measurement block close to the cylinder, problems with 
oscillation in the oil pillar between the cylinder and the measurement block can be avoided. 
The measurement block also has a 3-way directional valve operated with a leaver to choose 
between the old and new hydraulic system.  
 
Figure 26 below displays the final design for concept one. The numbers in parentheses in the 
text below are also shown in the figure below. The directional valve (1) for lowering is 
oversized and has an orifice (2) after it. The adjustable orifice (2) will determine the flow 
when the directional valve (1) is opened. Thanks to this setup it will be possible to test which 
maximum flow that can be obtain for the lowering without losing too much accuracy on the 
positioning of the cylinder. As for quickly lowering the main shaft, a logic element (3) with a 
pilot valve (4) will be used because the logic element (3) can handle bigger flows than a 
conventional directional valve. The logic element (3) will also be oversized and have an 
orifice (5) after it for the same reason as the directional valve (1) for positioning, too be able 
to test what the optimal flow is by adjusting the orifice. When the pilot valve (4) is opened the 
pressure on the backside of the cone in the logic element will drastically drop and the logic 
element (3) will open. The cartridge valve’s will be placed in standard blocks and then 
connected through hoses instead of having one big block with all the cartridge valve’s, since it 
will take too long to order a big custom made block. 
 

 
Figure 26, final design for the hydraulics. 
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6.2 Hydraulic components 

6.2.1 Pump 
The type of pump that is wanted is a simple and robust pump that can withstand the bad 
environment, for this an outer gear pump was chosen. An outer gear pump consists of two 
gears with involute teeth. One of the gears is rotated with the pump’s drive shaft and that gear 
in turn rotates the other gear. Thanks to the involute teeth there is low leakage between the 
two gears. The gears will push the oil towards the high pressure side along the outer housing 
between the involute teeth and the housing as seen in figure 26. Between the flat side of the 
gears and the outer housing there are pressure plates that ensure low leakage alongside the 
gears with an oil film. As long as the gear pump has a rotation speed above 500-600 rpm the 
pressure plates can uphold a decent oil film and the pump gets a good volumetric efficiency, 
due to this one would prefer to work above 500 rpm if possible. But to be able to get the 
precision and speed wanted a factor of ten between the maximum and minimum flow is 
needed, which in turn means that a factor of ten between the maximum and minimum rotation 
speed is needed since the flow is linearly controlled with the rotation speed of the pump. 
However, rotation speeds above 2500-3000 rpm is not wanted because of the limits on the 
frequency converter with full momentum, high noise and wear on the pump. This means that 
the working span must be 250 – 2500 rpm, at such low rotation speeds there won’t be a linear 
flow due to the unknown volumetric efficiency.  

 
 
The factors that determine what size the pump shall be are the lifting velocity of the cylinder, 
the maximum rotation speed of the electric motor and the torque on the pump driveshaft.  
Assuming a main shaft velocity of 5mm/s the new system will be 7.5 times faster than the old 
one. 
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With the formulas found in Formelsamling i Hydraulik och pneumatik [10] the displacement 
of the pump can be calculated. 
 

vAq ∗=   (6.1) 

volppp nDq η∗∗=  (6.2) 
 
Formula (6.1) and (6.2) gives: 
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=  (6.3) 

 
The Hydrocone 3800 have the following data: 
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With a maximum rotation speed of 7.41
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2500
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cylinder of 005.0=v m/s and assuming that 8.0=volpη  the following displacement for the 
pump can be calculated according to formula (6.3). 
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The pump from our main supplier Hydac closest to our needs is an outer gear pump with a 
displacement specified to 14 cm3/revolution. 
 
This choice of pump will give the maximum flow q according to (6.2) of 
 

smnDq volppp
300046704.08.07.41000014.0 =∗∗=∗∗= η  That can be converted to 28 

litres/minute. 
 
This flow gives a velocity according to formula (6.1) 
 

⇒∗= vAq  
A
qv =  (6.4) 

 

==
A
qv 4.5mm/s. 

 
This gives the system a velocity of the lifting that is 6.7 times faster than the old system. 
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6.2.2 Filter 
When choosing a filter one must consider the maximum flow that will go through the filter, 
the lowest temperature expected in the oil, the size of the particles the filter shall stop and the 
viscosity value of the oil. The chosen filtration level for the filter is 10 µm, which means that 
particles that have a diameter above 10 µm will get caught in the filter. When choosing the 
size of a filter one starts by looking at what viscosity the oil used in the filter diagrams had, in 
our case a filter from Hydac was chosen and it’s viscosity for the oil is 30 centistokes. The 
viscosity of oil is always specified at 40 degrees. The filter needs to be able to handle 
temperatures down to 0 degrees Celsius in our environment. To calculate the viscosity on the 
hydroset oil at 0 degrees the viscosity diagram in figure 27 will be used. The oil that Sandvik 
uses is specified to 68 centistokes at 40 degrees Celsius. 
 

 
Figure 27, viscosity diagram, shell [5] 
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Figure 27 shows that at 40 degrees the viscosity of the oil in the hydroset system is 68 
centistokes and at 0 degrees approximately 600 centistokes. This means that the oil in the 
hydroset system has a factor of 20 higher viscosity than the oil in the filter diagrams from 
Hydac. 
 
We chose a Filter from Hydac [6] called LF BN/HC 240 IE10 A1.0/-B6. 
 
According to Jan-Åke Åkesson an easy rule of thumb when your oil doesn’t have the same 
viscosity as the oil in the filter diagram is to take the factor between the oil’s multiplied by the 
required flow. Now chose one size for the filter and check if the pressure drop over the filter 
is not too high. The figure below shows the pressure drop for a certain flow through the filter 
at 40 degrees Celsius and 30 centistokes.  

 
Figure 28, pressure drop at different flows thru the filter, Hydac [6] 

 
To be able to use the filter diagram for the filter size LF 240 in figure 28, take the oil flow the 
filter shall be able to handle times the factor 20, which results in a flow of 28*20 = 560 
L/min. Since the filter diagram in figure 28 doesn’t go as far as 560 L/min calculate the 
inclination of the 10 µm line and then take it times the flow. 
 

The inclination is calculated to 
110

4.0 =0.00364 

 
 This results in a pressure drop of 0.4/110*560 = 2.036 bar. At 6 bar the filter has a bypass 
valve that will open and let the flow bypass the filter to prevent damages, a hydraulic 
schematic of this is shown in figure 29.  

 
Figure 29, schematics for the filter 
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The 2.24 bar pressure drop at 0 degrees is well below the 6 bar the filters bypass valve is set 
to which means that the filter is big enough even below 0 degrees. 
 

6.2.3 Non return valve 
The non-return valve after the filter in figure 26 will have to be able to handle the maximum 
flow of 28 L/min from the pump with a minimal pressure drop over it to minimize losses. A 
non-return valve from Hydac [6] was chosen, it was called RV-12-01.X/0, and it has less than 
1 bar pressure drop at a flow of 28 L/min. 
 

6.2.4 Directional valve for positioning 
The directional valve in figure 26 will work as an on/off valve that will be actuated with an 
electrical current to its spool. The ideal size for the directional valve would be a valve that, 
when given a signal, will open an area as big as the hose itself, or to be more precise a 
directional valve that will have a minimal pressure drop over it. An orifice will be placed after 
the directional valve and the size of the orifice will determine the flow when the directional 
valve is opened since close to the whole pressure drop will be over the orifice. Thanks to this 
it will also be easier to determine the flow with the flow equation instead of using the flow 
equation on a series of pressure drops. This way it will be possible to test how big flow the 
system can handle without getting to low accuracy by changing the area on the orifice. A pilot 
operated directional valve of cartridge type from Hydac that can handle up to 75 L/min was 
chosen. This directional valve has only a pressure drop of 1 bar at a flow of 30 L/min. The 
valve was called WSM 10120 ZR 01 M C N 24 DG and can be found at Hydac [6]. 
 

6.2.5 Orifice for positioning 
The orifice for positioning after the directional valve in figure 26 will have most of the 
pressure drop over it and thus depending on its setting control how big oil flow that will go 
through the directional valve at a certain pressure. A smaller orifice that can handle up to 30 
L/min from Hydac [6] was chosen and it called DV-12-01.X/0.  
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6.2.6 Pilot operated logic element 
For the quick lowering a pilot operated logic element will be used since these can handle a 
bigger flow than conventional directional valves. The logic element will work as an on/off 
valve that will be actuated with an electrical current to its pilot valve’s spool. An illustration 
of the logic element and the pilot valve can be seen in figure 30  

 
Figure 30, pilot operated logic element 

The cone in the logic element has a small hole through it so that in a steady state it’s the same 
pressure on both sides of the cone. The area is bigger on the back side of the cone and thus the 
logic element is closed in steady state. When the pilot valve is opened the pressure on the 
backside of the cone will drastically lower and the logic element will open and oil will flow 
through. The ideal size on the logic element would be a valve that when given a signal will 
open an area as big as the hose itself, or to be more precise a logic element that will have a 
minimal pressure drop over it. An orifice will be placed after the logic element and the size of 
the orifice will determine the flow when the logic element is opened since close to the whole 
pressure drop will be over the orifice. Thanks to this it will also be easier to determine the 
flow with the flow equation instead of using the flow equation on a series of pressure drops. 
This way it will be possible to try how big oil flow that is needed to avoid most pressure 
spikes to the crusher when an uncrushable object gets into the crusher by changing the setting 
on the orifice. A logic element from Bosch Rexroth [7] that can handle big flows was chosen.  
The logic element was called DB 20 G2-4X/200W64. 
The pilot valve that will open the logic element will be the same type of directional valve 
WSM 10120 ZR 01 M C N 24 DG that is used for positioning in chapter 6.2.4.  

6.2.7 Orifice 
The orifice for quick lowering after the logic element in figure 26 will have most of the 
pressure drop over it and thus depending on its setting control how big oil flows that will go 
through the directional valve at a certain pressure. A big orifice that can handle up to 300 
L/min from Hydac [6] was chosen and it was called DV-20-01.X/0. 
 

6.2.8 Pressure relief valve 
The pressure relief valve shall open and let through oil when the system pressure gets too 
high. A pressure relief valve from Hydac [6] that can handle up to 120 L/min was chosed. The 
valve was called DB12120A-01X-150V. 
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6.2.9 Hybox 
The Hybox is a tank with pump, electric motor and a hydraulic block with connections. The 
Hybox is smartly built and easy to modify and thus a god choice for a prototype. Hybox have 
been developed by Hydac [6] but there is no information available online.  
 

6.2.10 Pressure transmitters 
A problem Sandvik has with their pressure transmitters is that they break often due to the 
harsh environment. So the pressure transmitters they use have orifices before membranes to 
protect them from pressure spikes. This however gives them a longer response time. A 
problem that might arise when using pressure transmitters with orifices is that due to the 
lower response time it might be possible that the peaks from the pressure spikes are cut off. 
The pressure transmitter with the best response time is from Kistler and has a response time of 
0.5 ms. The one with moderate response time is from Techsis and has a response time of 1.5 
ms and is also the pressure transmitter Sandvik uses to day.  The one with the lowest response 
time is from Danfoss and has a response time of 4 ms. The Kistler pressure transmitter is a lot 
faster than the Danfoss pressure transmitter but the pressure transmitter from Kistler brakes 
after a few hours of work while the Danfoss pressure transmitter is very robust with its orifice. 
We made room for three pressure transmitters in the measurement block just in case if the 
transmitters break.  

6.2.11 Accumulator 
In the old hydraulic system the accumulator is used for taking up the pressure spikes when an 
uncrushable material enters the stone crusher. We choose to keep the accumulator on our 
system in case the logic element would not work as a safety precaution when testing 
uncrushable objects. 
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6.3 Electronics 
 

6.3.1 Electric motor 
The power of the electric motor can be calculated by: 
 

hmpvolp

p Pq
P

ηη ∗

Δ∗
=   (6.1) 

 
With the previous calculated flow in chapter 6.2.1 and the assumption that the motor shall be 
able to pump all the oil thru the pressure relief valve that is set to 8 MPa and the efficiency is 
95% this gives: 
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The power of the electric motor is chosen to 5.5 kW, this is a lot more than what is needed. 
The only time when this much power is needed is when the system tries to set mantle against 
mantle in the crusher and still pump more oil into the system at full speed. The reasons for 
choosing an oversized electric motor is that it can’t be too small compared to the frequency 
converter and so that the size of the motor does not limit the use of the electric motor in future 
prototypes. 

6.3.2 Frequency converter 
A frequency converter converts alternating currents of one frequency to alternating current of 
another frequency and there by changing the rotation speed on an electric motor. The 
frequency converter that will be used is from Emotron [8], this frequency converter has an 
advanced interface with a lot of options such as maximum rotation speed, maximum torque, 
smooth starts by ramping, choice of control signal (0-10V, 4-20mA, custom), digital input 
that enables the frequency converter and a lot more. Sandvik had a frequency converter of 
11kW in stock that they were not using that could be used for our prototype. The lowest 
output power that Emotrons frequency converter can give is 25% of its maximum, so the 
frequency converter is not too big for our 5.5kW electric motor. 
 
 

6.3.3 PLC 
Two EtherCat stations from Beckhoff were used to communicate with the Hydraulic system 
from a laptop. Each station consists of one bus coupler, any number of EtherCat terminals and 
one bus end terminal. The bus coupler, EtherCat terminals and bus end terminal are attached 
to a mounting rail and pushed together so that the spring contacts between them connect the 
data transfer and power supply to the station. There are four different EtherCat terminals used 
in our stations, digital input, digital output, analog input and analog output. The EtherCat bus 
coupler has two Ethernet connections, one to the laptop and one to connect more stations. At 
the end of the terminals in each station is a bus end terminal that marks the end of the 
terminals on the mounting rail. 
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6.4 Software 
On a laptop there was a program called TwinCat from Beckhoff. This is a program developed 
for PLC and motion control on a PC. In TwinCat you communicate with the EtherCat stations 
and do programming in a few programming languages, among them C. It can also create a 
human machine interface to easily control the system.   
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6.5 Hardware installation 
The hydraulic system can be seen in picture 31, the left electronic cabinet (1) holds the 
hydraulics while the right one (2) holds the electronics. To the left of the cabinets is the 
Hybox (3). Above the electronic cabinet is the measurements block (4) as close to the 
hydraulic cylinder as possible. 
 

 
Figure 31, installation in Dalby 
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6.5.1 Hydraulic cabinet 
All the hydraulics described previous in figure 26 was mounted inside a weather proof 
electrical cabinet. A cabinet was chosen to decrease the risks with an untested system and to 
withstand the weather. The components in figure 32 are listed in table 4 below. All hydraulic 
components are connected with hoses to each other.  

 
Figure 32, hydraulic cabinet 

 
 

1. Hose to tank 5. Check- valve 9. Orifice 
2. Hose to pump 6. Pressure relief valve 10. On/off valve 

3. Hose to measurement 
block 

7. On/off valve parallel with 
on/off leaver 

 

4. Filter 8. Logic element  
Table 4, hydraulic cabinet 
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6.5.2 Electronic cabinet 
The electronics shown in figure 32 consist of a frequency converter (2) from Emotron with a 
power limiter (3) connected to it. The EtherCat (1) system is shown and all is connected to 
common protection ground (4) to secure that the system is safe to use. The installation has 
been inspected by an electrician before the power was turned on for the first time. 
 

 
Figure 33, electric installation 

 
 

1. EtherCat station 3. Power limiter 
2. Frequency converter 4.Ground connection 

Table 5, electronic cabinet 
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6.5.3 Hybox 
The Hybox that was bought from Hydac is shown in figure 34. In the figure there is a 150 
liters oil tank (1) with a 5.5kW electric motor (2). The hydraulic block (3) with connections 
for the inlet (5) and return flow for the oil (4) is also shown. 
 

 
Figure 34; Hybox hydraulic oil tank with motor 

 
 

1. Oil tank 3. Hydraulic block with 
connections 

5. Hose to pump 

2. Electric motor 4. Hose to tank  
Table 6, Hybox and its components. 
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6.5.4 Measurement block 
The measurement block was placed as close to the hydroset cylinder as possible. It contains 3 
pressure transmitters and a leaver to change between the new and old hydraulic system. The 
measurement block schematic is shown in figure 25 in chapter 6.1. 
 

 
Figur 35, the measurement block 

 
1. 3-way directional leaver 4. Hose to crusher 7. Kistler pressure transmitter

2. Hose to old hydraulic 
system 

5. Danfoss pressure 
transmitter 

 

3. Hose to new prototype 6. Techsis pressure 
transmitter 

 

Table 7, the measurement block and its components 
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7 Test specification 
The following chapter describes the order that the system will be tested in and the purpose of 
the test. The CSS is a shortening for Close Side Setting and that is the smallest gap between 
the inner and outer mantle in the crusher chamber. From now the Close Side Setting will be 
referred as CSS. 
 

7.1 Positioning with no stone 
This test step will test the positioning of the main shaft with no feeding of stone in to the 
crusher.  The test will show if the crusher control is working as predicted and the low load on 
the main shaft will make the risks to the newly developed hydraulic system to be minimized.  
This will show if the valves have the right dimensions to get the appropriate flow rate, and if 
the system is fast enough to follow the ramp in position control loop. 
 

7.2 Fix CSS with stone  
This test will set a fix CSS while the feeding of stone starts. It will show if the system can 
handle the increased pressure and adjust the position according to this increase in load. This 
will control that there is no leakage in the hydraulics at higher pressure.  
 

7.3 Adjust CSS with stone 
These tests will se if the hydraulics can adjust the CSS while feeding stones. This will show if 
the system will follow the ramp in the position control loop while crushing.  
 

7.4 Dumping sequence 
This test will show if the dumping sequence will work as intended. This will show if the flow 
rate is high enough to be used to protect the crusher from uncrushable objects. The test will 
show if the pressure transmitters can be used to activate the dumping sequence.  
 

7.5 Uncrushable objects 
An uncrushable object will be introduced to the crusher while feeding with stones. The 
dumping sequence will be triggered by two different pressure levels and the difference will be 
studied.  

7.6 Old system with uncrushable object 
This test will show the behavior of the old hydraulic system with the old systems accumulator 
and pressure relief valve while an uncrushable object enters the system. This will be used as a 
reference to show the improvement of the new system compared with the old one.  
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8 Results 

8.1 Test: positioning with no stone 
This is the result of the test described in chapter 7.1. In this first test the system was ordered to 
set the CSS between the mantles to 5 mm, then adjust it to 15 mm and then back to 5 mm. 
This test was conducted without any stones in the crusher so the pressure was very low in the 
hydraulic system. As seen in the figure 36 below the CSS reference follows with ease the 
measured CSS when the main shaft is lifting towards 5mm CSS. Due to the low pressure 
during the lowering of the main shaft towards 15mm CSS, the measured CSS can not follow 
the CSS reference, the orifice was fully open during this test. The valves don’t have the 
characteristics on low pressure drops as implied in the valve specification, so the flow is to 
low when the crusher is unloaded. This causes the calibration routine to be slow. 

Figure 36, CSS adjustment with no stones in the crusher 
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8.2 Test: Fix CSS with stone 
This is the result of the test described in chapter 7.2. The CSS was set to a fix level of 7 mm 
and the feeder was turned on. As you can se in the figure 37 the pressure goes up to a medium 
level of 3.5 MPa while feeding and the position is stable but there is some unwanted 
irregularities due to faulty control loop. The green line in figure 37 is fluctuating so there is a 
need of a dead band around the wanted position so the system doesn’t try to compensate for 
the variations in force from the crusher chamber. The down valve is also working a lot due to 
the lack of dead band but that will be corrected later in the next tests. 
 
 

 
Figure 37, fix CSS while crushing stones. 
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8.3 Test: Adjust CSS with stone 
This is the result of the test described in chapter 7.3. Here the errors in the control loop have 
been corrected and the crusher was feeding with stones. In figure 38 you can see the CSS 
plotted and the fluctuations are gone, and the down valve doesn’t open as often. The CSS was 
set to 5 mm while feeding and the pressure was going up to 4.5 MPa while crushing. Now 
when the crusher chamber is full of stones the lowering of the main shaft can easily follow the 
reference signal due to higher pressure and better flow thru the valves. After reaching 15 mm 
CSS the CSS was set back to 5 mm to se how it will behave while adjusting the CSS while 
crushing. The system easy follows the reference signal while crushing.  
 

 
Figure 38, adjusting the CSS while crushing 
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8.4 Test: Dumping sequence 
This is the result of the test described in chapter 7.4. Here the crusher was feeding with stones 
and then the dumping sequence was activated to lower the main shaft. The dumping pressure 
was set to 2.5 MPa that was in the middle of the crushing pressure in this test. The CSS was 
set to 7 mm. This test was used to determine if the pressure sensors could be used to detect 
and trigger the dumping sequence. As soon as the pressure reached 2.5 MPa the sequence 
started as shown in figure 39. 

 
Figur 39, Dumping sequence 

 
 
If we look closer to the figure 39 while dumping the oil we can see what velocity the main 
shaft has. In figure 40 below you can se that the main shaft is moving 5 mm during a time of 
approximately 3 seconds. That gives 1.6 mm/second.  

 
Figure 40, close look on one dumping sequence 
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8.5 Test: uncrushable objects 
This is the result of the test described in chapter 7.5. Here the crusher was feeding and an 
uncrushable object was added to the system. The uncrushable object was an M 20 bolt and it 
was tossed into the crusher chamber. The cut-off pressure to activate the dumping sequence 
was set to 5.8 MPa and as the figure 41 below shows there was 3 pressure spikes before the 
pressure reached the level at 5.8 MPa needed to activate the dumping sequence. When the 
pressure reached the critical level the dumping sequence started.  

 
Figure 41, test with an uncrushable object. 
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With this successful test the pressure level to dump the oil was set to 4.1 MPa to test if the 
system is fast enough to eliminate all pressure spikes except the one that triggers the dumping 
sequence. The CSS was once again set to 5 mm. The result is shown in figure 42. Now the 
system was fast enough to adjust the CSS so only one pressure spike was showing. By a pure 
lucky chance the first bolt used in the test before returned to the crusher via the conveyor 
system and that also shows that the system can handle multiple objects.  
 

 
Figure 42, test with 4.1 MPa pressure limit for uncrushable object. 
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8.6 Test: old system with uncrushable objects 
This is the result of the test described in chapter 7.6. This test was done as a reference to the 
tests on the new system. The CSS was set to 7 mm and a M20 bolt was introduced to the 
crusher chamber. The same type of bolts used in previous tests. The figure 43 below you can 
se that the crusher gets several high pressure spikes that can be damaging for the crusher.  
 

 
Figure 43, an uncrushable object in the old hydraulic system 
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9 Conclusions 
This chapter contains a discussion about the new hydraulic system and suggestions on what to 
do to make a commercial product of this. 
 

9.1 Future work 
Now at the end of this master thesis we are very happy that this concept to control the Crusher 
showed it’s potential. As shown in the final test in chapter 8.5 this system has a great way to 
protect the mechanics and hydraulics in the Hydrocone crusher. We believe that a long term 
test shall be conducted with better hydraulic installation and control software. There are a lot 
of things to improve to a final product but this shows that the system can do its job. To make 
this into a commercial product the following things is needed to be considered, we divide it 
into three parts: Hydraulics, electronics and software.   
 

9.1.1 Hydraulics 
These points concerning improvements of the hydraulics are: 
 

• Manufacture a hydraulic block to get rid of all hoses that connects the different 
components. This will decrease the pressure losses and might increase the flow thru 
the valves. 

• Consider to change valves to bigger ones due to the low flow in test in chapter 8.1. 
• Consider to change the non-return valve to a valve just as in the directional valve for 

positioning. Doing so the valve can be used as a non return valve while crushing and 
when calibrating the valve shall be energized and the pump shall pump the oil out 
from the cylinder to improve the flow rate. 

 

9.1.2 Electronics and software 
These points concern improvements of the electronics and software: 
 

• Change the frequency converter to a smaller one. Use the pressure sensor when the 
load is low in the system and increase the pump speed when adjusting with an empty 
crusher. The converter today is oversized and can be replaced. 

• The human-machine interface needs to be improved. It’s hard for an operator to set the 
parameters to the system. 
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A Oil analysis 
 
Oil analysis made by Hydac Filtertechnik laboratory service 
 
A.1 Analysis and instrument parameters 
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 A.2 Hydraulic fluid test result 
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