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Abstract 
 

Seeing the increased competition from electromechanical drives in the market segment for 

drives under 100 kW Hägglunds Drives AB submitted to Luleå Tekniska Universitet and the 

SIRIUS course a project to design and produce a prototype for a new and innovative 

integrated electrohydraulic drive system. This resulted in a working prototype being delivered 

by a group of students to Hägglunds Drives AB in the spring of 2009.  

This thesis covers the testing and verification of this prototype. The testing was carried out in 

the hydraulics laboratory at Hägglunds Drives AB facility in Mellansel, Sweden. In the testing 

energy efficiency both overall and on component level, the effects during startup from room 

temperature with the relatively high viscosity hydraulic fluid used, frequency converter 

characteristics, the need for cooling and performance were studied. Additionally a theoretical 

investigation into frequency converters was done.  

The results of the thesis show that the prototype works as intended, but more testing remains 

to be done before it can be considered a marketable product. Cooling for instance has been 

shown to be a much smaller issue than was thought during the design and production of the 

prototype, this would make it possible to use a lower working temperature for the hydraulic 

fluid as the large temperature difference to the surroundings is not necessary to achieve the 

required heat dissipation. Also the operational viscosity of the fluid can be considered to be 

higher than optimal and to cause a narrow span of possible operational temperature that will 

allow operation at full speed without encountering cavitation. The testing showed that the 

goals and requirements for efficiency has been met, as the prototype delivers >80% overall 

efficiency over a large part of its operational range and a peak overall efficiency of 83,4%. In 

a comparison with traditional systems using displacement control rather than frequency 

control the prototype system fares well with higher efficiency when run at other speeds than 

maximum. 
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Nomenclature 

 

Symbol  designation   unit 

q  flow   m
3
/s 

V  displacement   m
3
/rev 

n  rotational speed   s
-1

 

  efficiency   --- 

T  torque   Nm 

P  power   W 

ω  angular speed   rad/s 

F  force   N 

A  area   m
2 

p  pressure   Pa 

 

Subscripts 

Symbol  designation 

e  effective 

v  volumetric 

in  input 

s  shaft 

h  hydraulic 

m  mechanical 

hm  hydro mechanical 

oa  overall 

k  corrected 

l  loss 
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1. Introduction 

This chapter introduces the reader to the background and purpose of this thesis. It also 

provides insight into the goals and scope as well as a brief presentation of the 

company at which the thesis was carried out. 

 

1.1 Background 

The SIRIUS course at Luleå University of Technology (LTU) is a project course for 

mechanical engineering students. The course runs over one and a half semester and is 

carried out as a project where project teams work in close collaboration with industry 

in real life projects. Hägglunds Drives has for several years participated in this course. 

During 07/08 and 08/09 two consecutive projects were carried out. First a new 

innovative compact electro-hydraulic drive concept aimed at the relatively low power 

segment below 100kW was to be developed; a visualization of this concept can be 

seen in Figure 1. 

 

Figure 1 integrated electro-hydraulic drive system concept developed by 07/08 sirius. 

 As this was successfully carried out, the following year’s project became to realize 

this concept and manufacture a full scale working prototype. This was also carried out 

with great success and the finished prototype can be seen in Figure 2. The testing and 

verification of that prototype is the subject of this thesis. 

 

Figure 2 working prototype produced by 08/09 sirius. 
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1.2 Company presentation 

Hägglunds Drives AB (HDAB) is a global market leader in low speed, high torque 

hydraulic drive solutions. The drive systems consist of a hydraulic motor, power unit 

and a control system. HDAB drive systems are used in a wide variety of industries and 

applications, for example in: mining, recycling, pulp and paper, rubber and plastics, 

offshore, fishing, building and construction. Production of motors and power units as 

well as control systems is concentrated to Mellansel, Sweden. HDAB is since the end 

of 2008 part of the Bosh Rexroth group. Bosh Rexroth AG is one of the world’s 

leading experts in drive- and control-technologies (1).  

 

1.3 Purpose 

The main purpose of this thesis was to, via laboratory testing, verify the function and 

behavior of the prototype designed and manufactured by the two teams of LTU 

students. These tests were to be carried out in HDABs hydraulic laboratory situated at 

their headquarters and manufacturing facility in Mellansel, Sweden. Also theoretical 

studies of electric motor control systems and hydraulic fluids/oils were done.  

 

1.4 Goals 

The main objectives to be focused on in this thesis was decided and agreed upon in a 

meeting with HDAB, LTU and the student. These goals were to examine the 

efficiency of the total hydraulic system as well as the component  used in the 

prototype for various speeds/loads. The characteristics of the oil and its behavior in 

cold (high viscosity) start conditions and also whether the system can deliver the 

intended performance (torque/rpm) without problems was also investigated. 

1.5 Scope 

As this thesis war originally intended to be carried out by two students, but was 

ultimately carried out by one, naturally there had to be some limitations made on the 

scope of the thesis. Because of this some of the more labor intensive, but not as highly 

prioritized, subjects were not investigated as thoroughly as would otherwise have been 

the case. Some examples of these subjects were interviews and field studies. Instead 

the main objectives as mentioned above in Goals were to be prioritized and studied in 

greater detail. 
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2. Hydraulic theory 

This section includes a brief summary of basic hydraulic theory and formulas. All 

formulas in this chapter are referenced from Isaksson (2) and nomenclature adapted to 

HDAB internal standard as stipulated by Powerful Engineering (3). 

 

2.1 Theory and formulas 

Hydraulic systems transmit power via pressure and flow in fluid media. Doing this 

requires a pump for generating pressure and flow, piping for directing it and a motor 

or actuator to convert the pressure and flow back into mechanical work. A 

fundamental property of hydraulic motors is that the pressure differential upstream and 

downstream of the motor is directly proportional to its output torque, and the volume 

flow through the motor is directly proportional to the output rotational speed. 

Displacement and mechanical efficiency also affect the output torque. Thus output 

torque of a hydraulic motor at a specific pressure differential is calculated by 

 

    (2.1) 

 

Volumetric efficiency, displacement and volume flow affect the output speed of a 

hydraulic motor. Thus the required flow through a motor to achieve a certain speed is 

calculated as 

 

      (2.2) 

 

The total efficiency of a hydraulic motor is defined as output (shaft) power divided by 

input (fluid) power, and is calculated as 

 

     (2.3) 

 

This efficiency can be split into volumetric efficiency 

 

     (2.4) 

 

And mechanical efficiency 

 

     (2.5) 
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A hydraulic motor converts hydraulic flow and pressure into rotational speed and 

torque on the outgoing shaft. in a pump the energy flows in the opposite direction, the 

pump converts mechanical power into hydraulic pressure and flow. Therefore similar 

formulas can be used both for pumps and motors, but in the case with the pump it is 

the input torque needed to power the pump and the delivered flow at a certain input 

rotational speed that are of interest. Required torque in order to produce a certain 

pressure increase over the pump is calculated as 

 

      (2.6) 

 

The flow out of the pump at a certain input speed is 

 

      (2.7) 

 

Thus the efficiencies of the pump are calculated as 

 

       (2.8) 

 

     (2.9) 

 

     (2.10) 

 

System power is of interest for dimensioning of components, the motor output power 

is calculated as 

 

     (2.11) 

 

Input fluid power to the motor is calculated as 

 

      (2.12) 

 

It can be seen from equation (2.3), (2.11) and (2.12) that the total efficiency of the 

motor is the ratio between input and output power of the motor. 
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3. Method 

This chapter discusses how the project was carried out, starting with a comprehensive 

literature review followed by preparatory work and planning through to laboratory 

testing and data analysis. 

  

3.1 Literature review 

In order to increase insight into the technologies used in the prototype technical 

manuals, books and other literature covering the subject was studied. Below follows a 

summary of this literature review. 

 

3.1.1 Frequency converters and harmonics 

One important difference with the tested prototype compared to existing HDAB drive 

systems is the use of a frequency converter to control the electric motor and thereby 

the pump output. Traditionally the electric motor has been run at constant speed and a 

variable displacement pump has been used to vary output, the main disadvantage to 

this approach is that when the displacement is reduced, the efficiency of the pump is 

also reduced.  

 

ABB was chosen as supplier of both frequency converter and electric motor since 

HDAB had extensive experience with ABB motors already. An early concern with 

using frequency converters and not running the electric motor at its nominal frequency 

was how the varying frequency would affect the power factor (PF) value 

(voltage/current phase shift) of the motor. These concerns were however alleviated 

after a telephone interview with an ABB representative confirmed that the frequency 

converter maintains PF close to 1 regardless of frequency. Further both hardware (3) 

and firmware (4) manuals were studied. Together these studies provided good insight 

into the function and capabilities of the specific frequency converter to be used.  

 

Figure 3 Typical AC drive power structure 

A frequency converter controls the electric motor speed, as the name implies, by 

varying the AC frequency supplied to the motor. This is achieved by using a rectifier, 

DC link and an inverter, as seen in Figure 3, where the left-hand side is the three phase 

grid feeding the frequency converter, and the right-hand side is the motor being 
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powered and controlled by the frequency converter. The converter in Figure 3 consists 

of six diodes and is known as a six pulse converter (or rectifier). This is due to the fact 

that it produces a DC current with two pulses per phase per cycle, so for each 

complete three phase cycle there will be six pulses in the current output to the DC link. 

This ripple in the DC link has to be filtered out in order for the inverter to function 

properly, thus we have the DC link capacitor filter and also there is often an inductor, 

also known as a link choke, installed in the DC link. The link choke helps buffer the 

capacitor bank from the AC line and thus reduces the amount of harmonics sent back 

to the grid. Harmonics are a power quality phenomenon that may cause problems in 

power grid equipment like transformers and such, and is often associated with 

frequency converters. Harmonics will be explained in more detail shortly. As the 

inverter is fed a steady DC current it can take advantage of the fact that an electric 

motor is basically an inductor and use high speed transistors as switches to apply a 

pulse width modulated (PWM) voltage to the motor in order to create a current of 

desired frequency and nearly perfect sinusoidal profile. Today the state of the art 

direct torque control (DTC) technology utilizes advanced dynamic motor models and 

internal feedback. This makes it possible to optimize voltage and current levels and 

their phase relation so as to run the motor at a constant PF very close to unity.  

 

For the most part it is the rectifier that has an effect on the grid and causes harmonic 

disturbances. But in order to understand harmonics we must first examine how the 

converter draws current from the grid. The rectifier is what is known as a non linear 

load, meaning that it will not draw current in proportion to the applied voltage. We 

shall use a single phase example to investigate how this works. Figure 4 shows a 

single phase diode rectifier with filter capacitor and load resistor connected across the 

DC bus. A diode conducts current similarly to how a check valve works in fluid; it 

allows flow in only one direction. Therefore two diodes will be 

 

Figure 4 Single phase rectifier and filter 
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conducting at a time, and as the phase voltages shifts from positive to negative the 

conducting diode pair will also shift. When AC power is applied to the circuit the 

capacitor will charge to the peak applied line voltage through the diode bridge. The 

capacitor will then start to discharge through the load. During the following line cycle 

the capacitor will only draw current through the diode bridge when line voltage is 

greater than capacitor voltage. This only occurs at or near the peak of the applied 

voltage sine wave, resulting in the converter only drawing current in short pulses 

around the positive and negative peaks of the input voltage sine wave.  

 

In Figure 5 below Vac denotes the input line voltage. Vo the DC bus voltage with 

black line being voltage if using no capacitor for filtering and red line when using 

capacitor filtering. I is current draw through the diode bridge. As can be seen current is 

only drawn when the capacitor is charging and therefore the line voltage and current 

waveforms are not similar, giving a non linear load. This example holds for a three 

phase converter as well, the only difference being six pulses per complete three phase 

cycle instead of two.  

 

 

 

Figure 5 Single phase converter measurements 

 

Comparing Figure 6 and Figure 7 it is easy to see what is meant by non linear load, the 

lack of a DC link choke in Figure 6 only serves to make it clearer, the current 

waveform is definitely not similar to the voltage sine wave, and during large portions 
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of the cycle no current at all is being drawn. In Figure 7 however both waveforms are 

clearly sine waves, albeit somewhat phase shifted with current lagging voltage, 

indicating an inductive load.  

 

 

Figure 6 Input line to neutral voltage (red) and input current (green) of a three phase AC 

drive without a DC link choke. 

 

Figure 7 Input line to neutral voltage (red) and input current (blue) of a linear load. 

 

With this understanding of how an AC drive draws current from the grid we can go on 

to define harmonics and some problems they can cause. A perfect sine wave has no 

harmonic content, it has only one, fundamental, frequency. Distorted waveforms on 

the other hand can be described as a series of sine waves each with a frequency an 

integer multiple of the fundamental and each with its own amplitude. In a grid 

operating at 50 Hz this would mean the first (fundamental) frequency is 50 Hz, the 

second is 100 Hz, the third 150 Hz and so on. The collective sum of the fundamental 

an all harmonics present describes a Fourier series and can be viewed as a spectrum 

analysis and presented in a bar chart as in Figure 8. To calculate the total current each 

component is added as a 90 degree vector. 



10 

 

 

Figure 8 Spectrum analysis of harmonic components in a 60 Hz system. 

The observant reader will notice that not all integer multiples of the fundamental are 

shown in Figure 8, there is good reason for this. First of there is no even number 

harmonics. Even number harmonics are only present where the waveform is not 

symmetrical around the x-axis, this is typically caused by arc furnaces, certain 

florescent lights, welders and other loads that tend to draw current in a random 

manner. Also in balanced loads, AC drives for example, there is no third harmonic, or 

any multiple of the third harmonic. These are known as triplen harmonics and are not 

present in most AC drives. In Figure 8 the 11
th

 harmonic and higher are very small and 

tend to fade into insignificance. This combined with what has been said above on even 

and triplen harmonics leaves the 5
th

 and 7
th

 order harmonic. These are the ones usually 

causing problems in AC drives. Some of the problems that harmonics can cause are: 

 

Conductor overheating: conductors may have to be oversized in order to carry the 

extra harmonic current 

 

Capacitors: can suffer from heat increase caused by power loss and thus lifetime may 

be shortened. If a capacitor should happen to be tuned to say the 5
th

 or 7
th

 harmonic 

then overvoltage and resonance may cause dielectric failure or rupture of the 

capacitor. 

 

 Fuses and circuit breakers: false trips or operation that may damage 

components without apparent reason. 

 

 Transformers: excessive heating in the transformer windings may be caused by 

increased iron and copper losses due to stray flux losses.  

 

 Generators: similar problems as transformers causing operational instability. 

 

 Utility meters: may record measurements incorrectly causing unjustified high 

billing of customers 
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 Computers  and telephones: may experience interference or failures. 

(It should be noted that these are problems that can be caused by harmonics, but not 

necessarily will be caused) 

 

In order to avoid these problems as well as to avoid having to pay penalties for 

introducing to high harmonic disturbance levels to the grid there are several measures 

that can be undertaken in order to minimize harmonics. One of the simplest and 

probably most common is to ad a line reactor (inductor) to either the input line or in 

the DC link, the latter also known as a DC link choke as seen in Figure 3. Current 

cannot change very quickly through an inductor, this forces the capacitor bank in the 

DC link to charge slower and for a longer period of time and thus reduces the 

distortion of the current waveform, the effect of this can be seen in Figure 9, compared 

to Figure 6 this waveform is quite improved, although still not very sine-like.  

 

Figure 9 Typical input current for an AC drive using inductance filtering. 

This type of harmonics filtering is often sufficient to bring distortions down to 

acceptable levels. Should further measures be necessary there are several additional 

options, such as 12 and 18 pulse converters, which are basically two or three 6 pulse 

converters connected in parallel and phase shifted accordingly to cancel out as many 

harmonics as possible, typical results with these types of converters can be seen in 

Figure 10 and Figure 11, here the reduction in harmonics with increased pulse number 

is visible, the waveform comes closer and closer to a pure sine wave.  
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Figure 10 Typical input current for a AC drive with 12-pulse converter. 

 

Figure 11 Typical input current for a AC drive with 18-pulse converter. 

The most complex and expensive, but perhaps also the most versatile, way of 

harmonics filtering is with an active filter or active converter. An active converter uses 

high speed transistors as switches and is essentially an inverter run in reverse, meaning 

that it is fed AC power from the grid and puts out DC current and voltage to power the 

DC link and charge the capacitor bank. This means that in the same way that the 

converter can output a current waveform that is nearly perfectly sinusoidal, the 

inverter draws a current that is nearly perfectly sinusoidal as well and nearly 

eliminates all harmonics reflected from the drive. An example of such a waveform can 

be seen in Figure 12. Notice also that the active converter controls the current draw to 

be perfectly synchronized with the voltage, resulting in a PF of 1 for the drive. 
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Figure 12 Typical input current and voltage for a AC drive with active converter. 

Another benefit with using an active converter is that it makes the frequency converter 

bidirectional, meaning that it can generate energy back to the grid, making it possible 

to use the motor for breaking of high inertia loads or recover energy in applications 

such as downhill conveyors or container handling cranes. During regeneration the PF 

of the frequency converter is -1 rather than 1. This essentially means that the current is 

180º out of phase with the voltage, as seen in Figure 13, and energy flows from the 

motor back to the grid. 

 

Figure 13 Voltage and current waveforms with active converter during regenerating. 

In summary it can be said that in some cases AC drives can cause harmonic related 

problems. This is however not the norm and AC drives can often make up for the 

increased harmonics with higher PF and actually make more efficient use of available 

facility KVA.  
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Another subject to be investigated was whether the frequency converter could be used 

for logging of hydraulic system performance, as this would eliminate the need for a 

spider control system and reduce the overall cost of the system. In this regard however 

the frequency converter could not compete with the SPIDER control system. Although 

the frequency converter does have a fault/alarm history for internal faults it has only 

one digital input for an external fault signal in standard configuration, this is however 

expandable with extension modules. This limits the ability of the frequency converter 

to be used for surveillance of the hydraulic system.   

 

3.1.2 Hydraulic system and components 

General hydraulics (5) was studied to refresh knowledge on the subject, as well as 

documentation on actual individual components used in the prototype. The hydraulic 

system consists of: pump, motor, heat exchanger, filter and a minimal amount of 

piping. Mostly the study of individual components were concentrated to the pump (6) 

and HDAB hydraulic motors. The concentration on these two main components was 

mainly caused by the very low number of components used in the prototype, which in 

turn was made possible by innovative thinking in developing the concept and 

prototype. 

 

During the literature review it was discovered that Parker recommended that the pump 

should not be operated with fluid having a viscosity of more than 1000 cSt, or 

cavitation may occur. The fluid to be used was Shell Omala RL 460, a poly alpha 

olefein (PAO) based fully synthetic oil originally intended for use in heavy duty 

gearboxes under high temperature. This oil is also available in 320 and 220 viscosity 

grade (viscosity grade referring to viscosity in cSt at 40ºC). A PAO based oil was 

chosen for its ability to operate at higher temperatures, high VI and good lubricating 

properties. The 460 grade was chosen in order to obtain the optimum viscosity for best 

efficiency in the hydraulic motor at 85ºC operating temperature, a temperature that 

according to calculation would provide a sufficient ΔT to allow necessary cooling with 

a very small radiator. However, as seen in Figure 14 the 460 oil will have a viscosity 

higher than 1000 cSt at temperatures below 20ºC and thus may cause cavitation to 

occur in the pump below this temperature. Later testing has showed that there is an 

intimate relation between oil temperature and maximum allowable pump rpm in order 

to avoid cavitation, more on this under results.   
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Figure 14 Viscosity vs. temperature for Shell Omala RL oils. 

 

3.1.3 Tribology and fluid technology 

Good tribological and fluid characteristics are of paramount importance in achieving a 

reliable and well functioning hydraulic system. For example, 85-95% of pump failures 

can be attributed to the following causes (7): 

 Foaming and aeration 

 Cavitation 

 Contamination 

 Fluid oxidation 

 Over pressurization 

 Improper viscosity 

 

Foaming may arise from several different causes like improper location of the return 

discharge into the tank, improperly sized tank, insufficient fluid volume in the tank, 

moving parts, fluid viscosity, oil oxidation etc. A return line that injects oil above the 

surface inside the tank will make a stream that breaks the surface in the tank and in 

doing so may drag air into the oil. A too small or deep/narrow tank may not allow the 

oil enough time to release air bubbles before re entering the hydraulic system, 

insufficient oil in the tank may result in similar problems. High viscosity fluid may be 

more resistive to foaming, but if foam does form it is likely to be more stable than 

with a lower viscosity fluid. Oil oxidation byproducts can also stabilize foam. In the 

prototype to be tested in this thesis most of the factors mentioned above are present 

since the motor housing is used as tank. This means there is moving parts in the tank, 
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the return line enters the house at a port close to the top, the tank volume is very small 

and it is high and narrow. Also a high viscosity fluid is used.  

 

Cavitation may be caused by the suction side of the pump being starved of oil because 

of too thin suction line or too high viscosity in the fluid. Cavitation is vapor bubbles 

forming in the fluid as the pressure falls below the vapor pressure of the fluid. As 

these bubbles pass into higher pressure areas they collapse violently and un-

symmetrically, forming what can be likened to a fluid hammer. If this collapse occurs 

on a surface in the pump then damage is likely to be done via surface fatigue. Even if 

the vapor bubbles collapse away from any pump surface the rapid compression of the 

vapor will cause it to heat up and therefore may cause premature oxidation of the oil, 

for no apparent reason as the bulk oil temperature may still be within limits. Cavitation 

is also a very noisy phenomenon.  

 

Hydraulic fluids form acids and sludge’s as they oxidize during their operational 

lifetime. This process is accelerated with higher operating temperatures. The 

deposition of oxidation byproducts is one of the most common causes of hydraulic 

system problems. It has been seen that suction strainers being clogged by resinous 

oxidation byproducts can cause cavitation and reduce pump lifetime by more than 

50%. The resinous byproduct deposits are electrically insulating and will therefore 

cause a buildup of static electricity and sparking in strainers, causing further fluid 

breakdown. 

 

Hydraulic systems should not be operated at higher pressures than designed for, as this 

can cause catastrophic failure. In order to protect against over pressurization relief 

valves are used. Thus over pressurization is caused by relief valve failure or 

malfunction, either the valve fails to open causing an extreme pressure increase and 

component failure or it opens at a higher than desired pressure, this may cause 

repeated system failure due to too high pressure.  

 

To high viscosity can lead to excessive pressure drops, causing cavitation and lower 

mechanical efficiency. To low viscosity on the other hand can cause increased 

leakage, lower volumetric efficiency and deficient lubrication due to too thin or 

nonexistent lubricant film formation between components. 

3.2 Planning and preparation 

Before the actual testing could begin some planning and preparation had to be done. 

The goals of the testing had to be identified, ways to achieve the goals found and also 

all necessary components and equipment obtained and installed. The main questions to 

be answered by the testing were how the prototype would behave at startup with 

relatively cold (room temperature) oil, its performance capabilities and finally the 

efficiencies of both individual components and the complete drive. Therefore the 

testing was divided into three phases: cold oil, performance and efficiency. During the 

preparation and planning phase the best way of controlling the prototype was also 
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investigated. Mainly it was a matter of whether to use HDAB:s spider control system, 

the frequency converter itself or some other method. After some investigation it 

became obvious that due to the ability to use the control panel on the frequency 

converter remotely via extension cable it would be the least complicated way of 

controlling the prototype. This also offered the added benefit of being able to use the 

monitoring capabilities built in to the frequency converter itself. 

3.3 Hydraulic laboratory testing 

The prototype was mounted in a test cell in HDAB:s hydraulic laboratory where it was 

coupled to a CB400 hydraulic motor running as a pump, the output of which was led 

through a variable pressure relief valve. By controlling the opening pressure of the 

relief valve this allowed for a variable breaking torque to be applied to the output shaft 

of the prototype, making it possible to test the prototype at any desired torque and 

rotational speed. In order to be able to control the prototype and log data several 

sensors measuring pressures, temperatures, rpm, electric current and force were 

installed at strategic points on the prototype. These were connected to a computer 

which would log the values of every sensor at a rate of 0,5 Hz. This produced text files 

that could be imported into Microsoft Excel and analyzed. 

 

The cold oil phase of the testing aimed at determining whether cavitation would be a 

problem when the oil was cold, and if so, at what pump rpm cavitation occurs at 

various temperatures. To determine this the prototype was started with oil at room 

temperature and the pump rpm increased until cavitation was observed, the rpm was 

then reduced until cavitation ceased and the oil temperature was allowed to increase. 

This procedure would then be repeated for several different temperatures. The 

collected data could then be converted to a graph showing the maximum allowable 

pump rpm as a function of oil temperature in order to avoid cavitation. This physical 

testing approach was chosen because in order to theoretically determine when 

cavitation occurs would require some rather complicated CFD simulations and would 

likely take up a thesis in and of its own. 

 

Performance testing was based on the specification of requirements (8) which listed a 

load cycle with a number of different torque and speed scenarios that had to be 

fulfilled. This made testing for performance a straightforward job of running the 

prototype at the specified loads/speeds and observing first if it was at all possible and 

then how the various temperatures, pressures and forces stabilized. A important 

question to answer were if the oil would become too hot requiring starting of the heat 

exchanger fan, or if the oil would cool down too much and increase viscosity to such a 

degree as to make running at the required speed impossible. Also the temperature of 

the electric motor windings was suspected as being a limiting factor at low speeds 

where the built-in fan on the electric motor would not be effective.  

 

A comprehensive testing of efficiencies was to be undertaken. The testing was to be 

done at several different speeds and at several different load levels for each speed, 
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producing efficiency data that covered the entire operating range of both speed and 

torque. In order to be able to derive both component and system efficiency several 

data collection points on the rig had to be utilized, allowing the flow of power through 

the system, from electrical grid to hydraulic circuit to output shaft to be analyzed and 

losses quantified. This data could then be compared to similar data from a simulated 

ordinary hydraulic drive system to determine possible weaknesses and strong points 

regarding energy efficiency of the prototype. 

 

3.4 Data analysis 

During all testing the prototype was monitored by use of several sensors for measuring 

temperatures, pressures, rpm, electric current, fluid flow, and torque. These sensors 

were all connected to a computer, allowing for logging of data. During testing the 

values of each sensor was displayed in real-time on the laboratory computer making it 

possible to accurately control the prototype. Data was logged to .txt files at a rate of 

0.5Hz. As transients and very fast dynamic events were not to be studied this rate 

produced plenty of resolution without creating unnecessarily large amounts of data. 

The .txt files could then be imported to Microsoft excel and analyzed, plots and curves 

produced etc. 
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4. Results 

In this chapter the results from laboratory testing of the prototype are presented and 

analyzed in order to provide a clear picture of the characteristics of the prototype 

regarding control systems, startup with cold oil, performance and efficiency of both 

the complete system and individual components. 

4.1 Control systems 

Control systems were studied in order to find out both what would be the most 

convenient way of controlling the prototype during testing and also to see what would 

be the best way of control from an end user perspective. There were basically two 

ways of control, either by using HDAB:s own spider control system to control the 

frequency converter, or using the control panel on the frequency converter directly. 

Using the spider control system to control the frequency converter might seem 

unnecessarily complicated if the prototype can be controlled with the frequency 

converter alone. However, there are benefits to using a spider system. The main 

advantage of using the spider would be its extensive capability to log data such as 

pressures, temperatures and speeds. This makes it possible to analyze in the field how 

the drive is being used and if the load would be found to be excessive this could be 

dealt with before any damage is done, and if a problem or malfunction were to occur 

the logged data makes troubleshooting much easier and more accurate. On the other 

hand, incorporating a spider system would make the drive more expensive. So for the 

customer there would be a tradeoff between reliability and price, usually customers 

buying HDAB products value reliability highly. This data logging capability is also of 

value to HDAB, as it would show whether the drive has been used in accordance with 

stated load cycles and warranties.  

4.2 Cold oil 

Quite naturally the first set of tests to be run was concerned with the startup of the 

prototype and how it would function with cold high viscosity oil. The primary concern 

was cavitation caused by excessive pressure drop at the pump inlet. This pressure drop 

would be dependent on rate of flow and oil viscosity, which in turn are dependent on 

pump rpm and oil temperature. So to investigate at what rpm/temp cavitation would 

start to occur testing was started with oil at room temperature and the pump rpm 

increased until cavitation was observed as noise emanating from the pump. When 

cavitation was observed the speed and temperature was noted and then the speed 

lowered slightly to avoid further cavitation. The prototype was then run at this setting 

allowing the oil to increase in temperature. After an appropriate temperature increase 

was achieved the procedure was repeated at the new higher temperature. This 

procedure was repeated from a room temperature of around 22ºC to the maximum 

operational temperature of 90ºC. The results were then compiled into the graph in 

Figure 15. The area under the curve is “safe operating zone” where no cavitation will 

occur, and operation in the area above the curve will be difficult due to cavitation. 
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Figure 15 Max possible pump rpm without encountering cavitation as function of oil temperature. 

 The extrapolated trend line in Figure 15 indicates declining max safe rpm at 

temperatures above 90ºC. This may seem counter intuitive, but is entirely possible, as 

the oil would be more prone to cavitate at higher temperatures due to lower vapor 

pressure. It is possible that 90ºC is the critical point where the effects of declining 

viscosity in limiting cavitation are overcome by the effects of sinking vapor pressure. 

This is only theory however and is not verified by actual testing as 90ºC was the 

maximum temperature at which tests were run. In any case Figure 15 provides 

valuable guidance when starting the system up from room temperature and makes it 

possible to efficiently heat the oil to required operating temperatures without 

encountering cavitation. 

 

4.3 Performance 

Due to unfortunate circumstances performance testing had to be done as part of the 

efficiency testing due to time constraints. The testing confirmed that the prototype 

could be run at all load cases stated in the specification of requirements, but running 

for extended periods of time at each condition was not possible so steady state 

temperature behavior could not be done.  

4.4 Efficiency 

Extensive testing of efficiency was carried out in order to provide a comprehensive 

understanding of how efficiency is affected by varying load conditions. To achieve 

good coverage of the entire operational range of output rpm and torque tests were run 

at 100, 150, 200, 250 and 270 bar input pressure to the hydraulic motor, and at each 
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pressure level measurements were made at output speeds of 0.5, 1, 2, 3, 4 and 5 rpm. 

This produced 30 individual data points to be analyzed. The tested values were also 

compared to simulated and manufacturer provided efficiencies for a corresponding 

drive system utilizing a variable pump and fixed speed motor, this was done to verify 

that the tested prototype would be an improvement over conventional systems from an 

energy standpoint.  

 

All efficiency testing was done at an oil temperature of 85-90ºC in order to ensure 

equivalent viscosity of 70-80 cSt at all data points. When testing for efficiency the rig 

was first run at full speed and load in order to increase oil temperature until close to 90 

ºC. With the rig warmed up and running at 5 rpm output speed the pressure was 

adjusted to the level to be tested, when correct pressure and 5 rpm was achieved data 

logging was started and the rig run for one minute at 5 rpm. After one minute the 

speed was lowered to 4 rpm, pressure adjusted for the lower rate of flow, and the rig 

run at the new lower setting for one minute again. This was then done for all speeds 

down to 0.5 rpm. At this point the oil temperature would have dropped down close to 

85ºC and the rig would have to be run at full speed and load again to heat the oil for 

the next round of testing. This procedure was then repeated for all pressure levels to be 

tested. To ensure reliable and repeatable results all test runs were done twice and the 

possible errors in the measurements became obvious because they would show up as a 

large difference in results between the two runs. The test were run from high to low 

speed for safety as this would avoid the risk of excessive system pressure when 

changing speed.  

 

4.4.1 System overall efficiency 

To arrive at a fair value for system efficiency, from fuse box to output shaft, the values 

had to be adjusted for losses caused by the flow meters used to measure flow in and 

out of the hydraulic motor. To do this specific testing of pressure drop over the flow 

meters had to be done, the results of this testing can be seen in Figure 16. Since 

hydraulic power is equal to the hydraulic pressure multiplied by fluid flow the power 

loss can easily be calculated and arranged in a table, as seen in Figure 17. With this 

knowledge of the power needed to push oil through the flow meters at various rates 

the efficiency calculations can be compensated to show the actual efficiency of the 

prototype, and not the measuring equipment.  
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Figure 16 Pressure drop across flow meter as function of flow 

 

 

 

Figure 17 Power loss as function of flow in flow meter. 

Since the flow meters are not present in a standard system, the power loss from Figure 

17 was subtracted from the input power to the hydraulic system when calculating 

efficiency, see equation (4.1). With this correction applied the gathered data from the 

efficiency testing could be visualized as curves showing efficiency at a given pressure 

as function of output rpm, these curves can be seen in Figure 19, Figure 20, Figure 21 

and Figure 22. 
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Figure 18 System overall efficiency at 100 bar as function of output rpm 

  

 

 

Figure 19 System overall efficiency at 150 bar as function of output rpm. 
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Figure 20 System overall efficiency at 200 bar as function of output rpm 

 

 

 

Figure 21 System overall efficiency at 250 bar as function of output rpm 
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Figure 22 System overall efficiency at 270 bar as function of output rpm 

 

The values used to plot these curves are the average values from the 30 measurement 

pints accumulated during the 60 seconds the prototype was run at each data point, with 

logging running at 0,5 Hz. Looking at the figures this seems sufficient for filtering out 

noise in the data, also the repeatability appears to be good as the two series are nearly 

coincident in all runs.  

 

Although the data in Figure 19, Figure 20, Figure 21 and Figure 22 provides good 

information and coverage of the entire operational range of the prototype, it can still 

be hard to get a good overview of the characteristics of the prototype concerning 

efficiency. Therefore the data for overall system efficiency was compiled into Figure 

23. 
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Figure 23 System overall efficiency as a function of speed and pressure. 

The specification of requirements (8) states 80% minimum overall efficiency, from 

Figure 23 we can see that this is achieved in a substantial part of the operating range. 

Also the maximum total theoretical efficiency, calculated by the Sirius team that 

produced the prototype, was 80-85%. A rather accurate estimate indeed, as the highest 

observed overall efficiency was 83,6% (running at 200 bar 5 rpm). Figure 23 shows 

that the optimum operating range is above ca 2,5 rpm and 150 bar, resulting in an 

efficiency of over 80%. At full speed a slight drop in efficiency is visible as pressure 

rises above 200 bar, this is to be expected as internal leakage both in the pump and 

hydraulic motor will increase with pressure. 

 

The drop off in efficiency at lower speeds/loads seems to be mainly due to decreasing 

Power Factor (PF, voltage/current phase shift) in the rectifier stage of the frequency 

converter at lower load. This decrease was confirmed via actual measurements using a 

fluke power quality analyzer and the results are illustrated in Figure 24.  
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Figure 24 PF of frequency converter as function of power consumption. 

This drop in PF could be avoided by using a frequency converter with an active 

rectifier which would be able to keep the PF close to unity. However this would come 

at the cost of slightly lower peak efficiency and a considerably more expensive 

frequency converter.  

 

4.4.2 Comparisons with conventional systems 

Since only studying the results of the testing does not enable one to conclude whether 

a frequency controlled system is competitive or not, some comparisons with 

traditional displacement controlled systems have to be made. Of course practical tests 

on a corresponding system without frequency converter and with variable pump could 

not be done, so simulated and manufacturer provided numbers and data was used. 

Because a corresponding system would use the same hydraulic motor the difference 

between the systems would be in the efficiency of transformation of power from 

electric to hydraulic. Therefore the comparison will be of frequency converter, electric 

motor and fixed displacement pump versus electric motor and variable displacement 

pump.  

 

In the comparison data for a 28 cc Rexroth A4VG variable displacement pump and the 

same electric motor as in the physical prototype was used. Due to the fact that the 

available efficiency data was in the form of tables of efficiencies at discreet 

displacements, loads and speeds, instead of curves together with the lack of linearity 

of the efficiencies the points at which the total efficiency of motor and pump could be 

determined were somewhat limited. As a result of this, reliable electrical to hydraulic 
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efficiency could only be calculated at three different output speeds. However, as can 

be seen in Figure 25 the calculated values do provide some valuable insight into the 

relation between the two types of systems. As expected the efficiency of the variable 

displacement pump diminishes when output is reduced, and also the efficiency of the 

electrical motor is reduced when run at a low percentage of nominal load.  

 

 

Figure 25 Comparison of efficiency in converting electric power to hydrauluic power (at 200 bar). 

These two factors combined cause the variable displacement system to lose efficiency 

as the speed decreases, more so than the frequency controlled system. In the frequency 

controlled system the main cause of decreasing efficiency at low speed comes from 

the decreasing PF of the frequency converter itself at lower load. This drop in PF 

seems to be compensated for by the frequency converter being able to run the electric 

motor at a PF close to unity regardless of frequency, and the efficiency of the fixed 

pump staying high at low speeds as well due to its constant displacement. At full 

speed the two systems are practically equal in efficiency. From this investigation it 

would seem that the frequency controlled system is quite competitive against the 

traditional variable displacement option when it comes to efficiency, at least at outputs 

other than max. 
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5. Future work 

Testing of experimental prototypes such as the one described in this thesis answers 

many questions and creates much knowledge. But it also creates many new questions, 

some expected, and others not so expected. Some examples of questions to be 

answered by future work would be if the prototype would be better of running on 

lower viscosity oil, as the high viscosity oil used in this investigation (Shell Omala RL 

460) only allows running at full speed in a rather narrow temperature range if 

cavitation is to be avoided. Thinner oil would produce less pressure drop in the suction 

line and thus be less likely to produce cavitation. The authors suggestion would be to 

consider testing with Shell Omala RL 320, or even 220, in order to achieve a wider 

span of operational temperature. The viscosity characteristics of these fluids can be 

seen in Figure 14. 

 

This brings us to the next question to be investigated in future work: optimum 

operational oil temperature. Throughout the design and manufacture of the prototype 

cooling was seen as a major concern, therefore an operational temperature of 85ºC 

was chosen in order to facilitate easy cooling with a smaller radiator due to high 

temperature difference with the surroundings. With this temperature in mind a suitable 

oil viscosity was chosen. The laboratory testing has however shown that cooling is a 

much smaller issue than was originally thought. In fact the radiator fan was not needed 

one single time during the testing. Considering these findings it would be interesting 

to do testing with lower viscosity oil at lower temperature, preferably in a combination 

to give slightly lower operational viscosity in order to have a wider temperature span 

where the system can be operated at full speed without encountering cavitation.  

 

Lifetime and steady state temperature performance would also be of interest for future 

testing as neither of these areas were able to be tested as part of this thesis due to time 

constraints. In testing regarding the length of the service life the effects of prolonged 

service on both oil and components would be of interest, for example oxidation 

stability of the oil and the durability of the seals at elevated temperatures. 

 

Also starting and zero speed operation under high torque would be of interest, as a 

customer would need to know how for how long time high torque at zero output speed 

can be maintained without overheating the electric motor windings for example. 
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6. Discussion and conclusions 

This thesis has covered the testing, verification and investigation of the frequency 

controlled integrated electro hydraulic drive system developed at LTU by students 

participating in the SIRIUS course. As the thesis project has moved along through the 

testing and data analysis phase it has become clear that the prototype has been very 

successful in fulfilling the requirements (8) that were laid out before the team of 

students that produced the prototype. It can be argued that the purpose of experimental 

prototype testing is to find the unexpected properties of the prototype. With the 

prototype tested in this thesis there were a couple of unexpected characteristics.  

 

First was the low amount of heat generated in the hydraulic circuit, resulting in much 

less need of cooling than expected. Calculations throughout the design and production 

of the prototype have suggested that cooling would be an issue and needed to conduct 

away the heat generated by energy losses in the system. And even though the 

measured total efficiency of the system was in the precise range of the theoretical 

calculated efficiency the oil did not need cooling, this can only be explained by the 

energy being lost in either the frequency converter or the electric motor and dissipated 

there instead.  

 

Second would be the relatively narrow oil temperature span that allowed operation at 

full speed without encountering cavitation. Together with the low amount of heat 

generated in the oil this narrow span might render it impossible to run the system 

continuously at full speed and low torque, as the oil could cool down and not remain 

within the desired temperature span and thus cause cavitation.  

 

A third surprise might be the declining PF of the frequency converter at low power 

levels. This characteristic of the frequency converter might however give a clue as to 

where the losses are dissipated that was expected to go into heating the oil. 

 

In conclusion it can be said that the concept is viable and the prototype fulfilled the 

requirements very well under laboratory conditions and showed good performance. 

But more testing and adjusting of the prototype remains to be done before it will fulfill 

the requirements under field conditions and thus be a practical drive solution for a 

customer. 
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