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The awareness and concern of our environment together with legislation have set more and 

more tightening demands for energy efficiency of non-road mobile machinery (NRMM). 

Integrated electro-hydraulic energy converter (IEHEC) has been developed in Lappeenranta 

University of Technology (LUT). The elimination of resistance flow, and the recuperation 

of energy makes it very efficient alternative. The difficulties of IEHEC machine to step to 

the market has been the requirement of one IEHEC machine per one actuator. The idea is to 

switch IEHEC between two actuators of log crane using fast on/off valves. The control 

system architecture is introduced. The system has been simulated in co-simulation using two 

different software. The simulated responses of pump-controlled system is compared to the 

responses of the conventional valve-controlled system.  
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NOMENCLATURE 

 

 

Acyl_1A    Piston side area of lifting cylinder  

Acyl_1B     Rod side area of lifting cylinder 

A0   Orifice flow area  

b  Viscous damping coefficient   

Cd  Discharge coefficient 

Cv  Flow coefficient 

d  Link offset  

D  Diameter of the poppet 

f-45
o   Frequency at phase shift of -45o 

F  Force 

Fa  Inertial force  

Fj  Spring force  

Fp  Pressure force  

Fr  Flow reaction force  

F1,F2  Inertial force of the links  

J  Jacobian matrix 

kj  Mechanical spring constant  

L  Cylinder stroke 

l1,2,3  Length of link 1, link 2 and link 3 

min,out  Mass flowrate inlet and outlet 

Ploss  Power loss 

p  Pressure  

po  Initial pressure  

p1  Pressure in volume 1 

p2  Pressure in volume 2 

p1A, p1B  Pressure in volume 3 and 4   

p2A, p2B  Pressure in volume 5 and 6  

pRLF                                                          Pressure in volume of the relief valve  

Δp  Pressure drop 

ΔpN  Nominal pressure drop 
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𝑷 
𝑖   Position of point i in space 

APBORG   Position vector of A that locates the origin of the frame {B} 

 Q  Volume flow  

Qin,out  Volume flow inlet and outlet  

Qcv21,cv31  Volme flow through check valves  

QcvA, cvB  Volume flows through pilot operated check valve 

Q1  Volume flow in pump port 1 

Q2  Volume flow in pump port 2 

Qsv_1A, Qsv_1B  Volume flow through switch valve connected to volume 3 and 4   

Qsv_2A, Qsv_2B  Volume flow through switch valve connected to volume 5 and 6 

QN  Nominal volume flow 

Qp  Pump volume flow 

𝑹𝑗
𝑖   Frame {j} rotated with reference to frame {i} 

T  Temperature 

To  Initial temperature  

𝑻𝑗
i   Transformation that relates frame {j} to frame {i} 

Vc  Cylinder volume  

Vh  Hose volume  

Vo  Initial volume  

Vp  Radian volume  

Vt  Total volume  

V1,2  Volume of hose between IEHEC unit and fast on/off  valve 

∆𝑉  Change in volume 

𝑣 
   Vector of Cartesian velocity  

𝑣𝑗 
𝑖   Linear velocity of link j in terms of frame {i} 

Umax  Maximum input signal 

u  Fluid velocity 

Uv  Valve control signal 

Uin  Input signal of valve 

x0   Pre-compression of the spring 

xv  Valve poppet position 

�̇�  Velocity  
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�̇�𝑝  Cylinder piston velocity  

�̈�  Acceleration 

�̂� 
𝑖
𝑗  Unit vector coordinate system {i} in terms of {i} in the x-axis 

y  Displacement perpendicular to the velocity vector of fluid 

�̂� 
𝑖
𝑗  Unit vector coordinate system {j} in terms of {i} in the y-axis 

�̂� 
𝑖
𝑗  Unit vector coordinate system {j} in terms of {i} in the z-axis 

θ  Joint angle  

�̇�  Joint angle rate 

ηvol  Volumetric efficiency  

ω  Angular velocity of IEHEC 

ωin   Reference angular velocity of IEHEC 

𝜔j 
𝑖   Angular velocity of link j in terms of frame {i} 

τ  Time constant  

τs  Shear stress 

ρ  Density  

ρo  Initial density  

ρin,out  Density  inlet and outlet 

µ  Dynamic viscocity of fluid 

υ   Kinematic viscocity of fluid 

β  Bulk modulus  

βc  Cylinder bulk modulus  

βh  Hose bulk modulus  

βo  Oil bulk modulus  

βe  Effective bulk modulus 

𝛿  Partial derivative  

 

B2BF  Body-to body force  

DC  Displacement control 

DTC  Direct torque control 

HIL  Hardware-in-the-loop 

IEHEC  Integrated electro-hydraulic energy converter  

NRMM   Non-road mobile machinery  
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PI  Proportional integral  

TC-PMSM  Tooth-coil permanent magnet synchronous machine 
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1 INTRODUCTION  

 

 

Now a day’s, industries which requires big amount of power and the dynamic performance 

of the plant, hydraulic systems are mostly preferable.  Compared to mechanical and electrical 

transmissions, the flexibility and relatively small size and weight of fluid power components 

makes hydraulic systems an attractive choice for mobile applications. It is for these reasons 

that fluid power is ubiquitous for power transmission e.g. in mobile construction, agriculture, 

and mining applications. Nonetheless, the energy efficiency of fluid power systems is 

comparatively low. Efficiency was a secondary consideration in the past, but the high cost 

of petroleum in recent years has motivated research and development of more energy 

efficient hydraulic components and systems. (Galal, 2009, p. 2.) 

 

The main source of power loss in hydraulic systems is the metering. While hydraulic valves 

are easy and cheap solution for controlling direction, speed and force they cause significant 

power losses that dramatically drops the overall efficiency of the machine. The hybrid 

technologies are the best way to increase the efficiency and performance of the vehicles’ 

power transmission systems, even though, the original combustion engine are replaced by 

remarkably smaller one. (Callaghan and Lynch, 2005, p. 1.) According to Sgro, Inderelst 

and Murrenhoff (2010, p. 3) "improvement of the efficiency of the working hydraulics has 

an important role when the target is to reduce working machine’s energy consumption". In 

many mobile working machines the load sensing hydraulic systems are applied. However, 

the load sensing systems are suffering in high amount of metering losses. Specially, the 

hydraulic circuit has a requirement of different pressure levels and flow rates. Thus, it leads 

to poor hydraulic system efficiency.  

 

A new control method for integrated electro-hydraulic energy converter IEHEC is 

introduced. The IEHEC machine consist of a hydraulic machine capable to work in both 

pumping and motoring modes, and an integrated tooth-coil permanent magnet synchronous 

machine (TC-PMSM) directly operating on the shaft of the hydraulic machine. The TC-

PMSM is controlled by an electrical frequency converter. This machine has a high power 

density and allows transformation of electrical energy into hydraulic energy and vice versa. 

(Ponomarev et al., 2011, p. 3.)   
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There are three major features of IEHEC machine that make it highly efficient over the 

traditional valve control system. The first one is the elimination of resistance flow apparent 

in throttle orifices which is known to be the basic problem of load sensing control system. 

A number of modifications to load-sensing actuation have been proposed by researchers all 

over the world in order to minimize metering losses. The idea of adding a second pump to a 

traditional load sensing system has been investigated to separate actuators according to their 

pressure and flow requirements, thus reducing losses (Finzel, Jang and Helduser, 2010, p. 

2). Another approach is the decoupled or independent metering valve system. This system, 

the inlet and outlet metering orifices are independently controlled through the use of 

additional valves per actuator. It has been researched by Liu and Yao (2002) and 

commercialized by Andersson and Martin (1996). Additional improvements have been 

developed through the use of an intermediate pressure rail and a network of proportional 

valves (Lumkes and Andruch, 2011, p. 6). It can be noted that the control for this specific 

system is complicated and large number of valves are required to realize every operating 

mode. All mentioned improvements on load sensing system reduces the metering losses but 

could not fully eliminate them.  

 

Second one is the replacement of hydraulic pipelines by electric cable. The losses of power 

in non-road mobile machineries can be apparent to the flexible hoses and small diameter 

pipes in the power transmission line. In the electric cables, the losses because of their internal 

resistances are apparent but minor in contrast with the losses apparent in the hydraulic 

transmission lines. In the IEHEC fluid power system the long flexible hoses and pipes are 

replaced by electric cables and IEHEC machines are mounted close to the actuators. (Åman 

et al., 2012, p. 6.)  

 

Thirdly, the recuperation of energy in the form of electricity. Energy can be recovered from 

the actuators where there is kinetic energy and potential energy carried out in the work cycle. 

Heavy mobile machineries are the suitable places for this recovery. Examples for such 

applications are: lifting cylinders, the end effector of the log crane which tends to use the 

payload and gravity to open and close the gripper. (Åman et al., 2012, p. 2.) 

 

The integrated electro-hydraulic system and NRMM power transmission system with the 

actuator of a serial hybrid transmission line architecture are shown in the Fig. 1.1. The 
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electrical energy which can be recovered from the potential energy is stored in electrical 

energy storage. (Ponomarev, et al., 2014, p. 2.) 

 

Figure 1.1. A serial architecture of hybrid power transmission using IEHEC in cylinder drive 

(Ponomarev et al., 2014, p. 2).     

 

Ponomarev et al. (2014) has tested and measured the efficiency and characteristic of the 

prototype of IEHEC machine. The next step was finding suitable area for implementing the 

functionality of the IEHEC as one component of the machine. Development of control 

interface for hardware-in-the-loop (HIL) simulation of IEHEC has been carried out by 

Luostarinen, Åman and Handroos (2014). Experiment has been done on applicability, 

functionality and efficiency of IEHEC machine using single actuator by Åman et al. (2014).  

 

In this thesis, design of the fluid power circuit has been done on the applicability of single 

IEHEC machine for multiple actuators. The actuators are separated by using fast on/off 

valves. Two different size of asymmetric differential cylinders of log crane have been used 

in the experimental set-up. To control the cylinder movement the direction of rotation and 

the rotational speed of the IEHEC pump/motor is alternated using the frequency converter. 

The experimental set-up has been designed and assembled as shown in Fig. 1.2. The circuit 

diagram of designed fluid power circuit is introduced. The experimental tests have not been 

carried out in the physical experimental set-up. Instead, the virtual prototypes modelled in 

the Matlab/Simulink, and in co-simulation Simulink/Mevea have been used to test the 

applicability. The attained results have been compared with the conventional valve 

controlled system that has been modelled using Mevea software.  
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Figure 1.2.The Log Crane test set-up. 
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2 FLUID POWER SYSTEM   

 

 

Hydraulic fluids are used for many purposes in the fluid power system. Among those the 

hydro-static power transmission is the major one. In addition to the power transmission the 

hydraulic fluid can be used to lubricate the contact surfaces, cool the hydraulic components 

in the circuit and clean the transmission lines. The power transmission can be carried out by 

increasing the fluid pressure. (Galal, 2009, p. 15.) The properties of hydraulic fluid that are 

essential for modelling fluid power circuit are described in this Chapter.  

 

2.1 Fundamentals of hydraulic fluid    

In this Chapter, some of the physical properties of hydraulic fluid is defined and the 

fundamental laws and equation of fluid motion, types of flow, and the flow through orifices 

and valves are discussed.   

 

2.1.1 Viscosity  

The resistance between two layers of fluid against each other can be described by the 

viscosity. Which is simply called the resistance of flow. Assume that, the fluid is passing 

through between two infinite plates as shown in Fig. 2.1. The upper plate is moving at a 

steady speed v, while the lower plate is fixed. Due to the movement of the upper plate it is 

doing work against the fluid which tends to drag the fluid to the right in the same direction 

of the movement of the upper plate. The friction force will be applied to the left. The action 

and reaction force is applied to the fluid at the top.  Similarly, the lower plate will tend to 

move to the right due to the friction force.  According to Newton’s low of viscosity the fluid 

is subjected to shear stress, τs, [N/m2]. (Galal, 2009, p. 16.) 

             τ𝑠 =μ
du

dy
,     (2.1) 

, where 
du

dy
 velocity gradient, [s-1], u is fluid velocity, [m/s], y is displacement perpendicular 

to the velocity vector, [m], µ is coefficient of dynamic viscosity, [Ns/m2]. The coefficient of 

dynamic viscosity, µ, is the shearing stress necessary to induce a unit flow velocity gradient 

in a fluid. In physical measurement, the viscosity coefficient of a fluid is calculated from the 

ratio of shearing stress to shearing rate. (Galal, 2009, p. 16.) 
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Figure 2.1.Velocity variation for a fluid between two near parallel plate (Galal, 2009, p. 16). 

 

For Newtonian fluids, the coefficient of dynamic viscosity, µ, is independent of du/dy. 

However, it changes with temperature and pressure as it is shown in Figure 2.2. Kinematic 

viscosity,, is defined as the ratio of the dynamic viscosity to the oil density,. (Galal, 2009, 

p. 17.) 

                =
dynamic viscosity

 oil density 
=
μ

ρ
  (2.2) 

 

Figure 2.2.The effect of temperature and pressure on kinematic viscosity (Galal, 2009, p. 

17). 

 

2.1.2 Mass density  

Mass density  defined as the mass divided by unit volume is among the important properties 

of hydraulic fluid. In the SI unit it has kg/m3. The density of hydraulic fluids normally lies 

between 850 and 910 kg/m3. Indeed, the density of hydraulic fluids can be defined in terms 

both pressure and temperature,  =  (p, T). The first three terms of a Taylor's series for two 

variables may be used as an approximation. (Merritt, 1967, p. 8.) 
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               = 
0
+ (

∂

∂P
)T(p − p0) + (

∂

∂T
)
P
(T − T0). (2.3) 

, where,, p and T are the mass density, pressure and temperature of the fluid respectively, 

about the initial values 0, p0 and T0. (Merritt, 1967, p. 8.)  

 

2.1.3  Effective bulk modulus  

The capability of a liquid to change its volume when its pressure varies is called as the liquid 

compressibility. It is the ratio of the change in pressure to fractional change in volume at a 

constant temperature. It is known as the modulus of elasticity, also called the isothermal bulk 

modulus or simply bulk modulus of the liquid. For pure liquid, the relation between the 

liquid volume and pressure variations is described. 

             β =
∆p

∆V
Vo⁄
= −

dV

dV
Vo⁄

  Or 
β

Vo
= −

dp

dV
= −

dp

dt
dV

dt

⁄ .  (2.4) 

, where  ∆𝑝 is pressure drop, [Pa], ∆𝑉 is change in volume due to pressure variation, [m3], 

Vo is initial liquid volume, [m3], and β is bulk modulus of fluid, [Pa]. (Merritt, 1967, p. 16.) 

 

The transient behavior of the hydraulic system can be directly affected by the hydraulic oil 

compressibility. Generally, an increase of its pressure by 10 to 20 MPa requires the reduction 

of oil volume by 1%. The bulk modulus of the fluid power system varies with the variation 

of the pressure and temperature of the fluid, amount of air in the fluid, containers and hoses 

rigidity. (Galal, 2009, p. 30.) 

 

In practical modelling, the bulk modulus of oil is commonly used as effective bulk modulus. 

It is assumed to be independent of pressure and temperature. A typical value for bulk 

modulus for oil is 1500 MPa. (Merritt, 1967, p. 16.) 

 

In reality, the container’s walls are never infinitely stiff. On the other hand, an amount of air 

that has a bulk modulus of up to 1000 times lower than oil might have dissolved into the 

fluid. Therefore, in addition to the bulk modulus, the flexibility of the system is affected by 

the flexibility of container and air dissolved into the fluid. The combined effect of the 

different factors is called an effective bulk modulus βe. All the containers between which 

the fluid flows without pressure loss have to be accounted when calculating the effective 
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bulk modulus. Typically, the effective bulk modulus of the studied fluid power circuit is 

calculated using the container, pipe and hose volumes. (Handroos, 2010, p. 38.)  

              
1

βe
=

1

β0
+

Vc

Vtβc
+

Vh

Vtβh
 (2.5) 

, where βe is the effective bulk modulus, βc is the cylinder bulk modulus, βh is hose bulk 

modulus, βo is oil bulk modulus, Vt is the total volume and Vc is cylinder volume. 

 

2.1.4 Flow continuity equations  

Consider the fluid volume, V0 as shown in Fig. 2.3, with inlet mass flow rate of, min, and 

outlet mass flow rate of, mout. Using the law of conservation of mass, the rate at which the 

mass of fluid is accumulated is equal to the input flow rate minus the output flow rate. 

             ρinQin −ρ0utQ0ut =
d

dt
(ρV). (2.6) 

, where Qin and Qout are the inlet and outlet flows and in and out are the inlet and outlet 

density. (Handroos, 2010, p. 38.) 

 

 

Figure 2.3. Generalized flow volume. 

 

By assuming constant fluid density, the above equation can be rewritten as: 

              Qin − Qout =
dV

dt
+

V

ρ

dρ

dt
. (2.7) 

Substituting equation of bulk modulus into Equation (2.7), it can obtain the flow continuity 

equation.  

              
dρ

ρ
=

dP

βe
. (2.8) 

              
dP

dt
=
βe

Vo
(∑Qin − ∑Qout). (2.9) 
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Equation (2.9) is fundamental for the description of the pressure dynamics in hydraulic 

compartments. (Handroos, 2010, p. 39.) 

 

2.1.5 Flow through an orifice  

Orifices are sudden restrictions of short length (ideally zero length for a sharp-edged orifice) 

in the flow passage and may have a fixed or variable area as shown in Fig. 2.4. Orifices are 

generally used to control flow, or to create a pressure differential (valve). Most fluid power 

circuits are consists of an orifice flow which works in the turbulent flow type. The turbulent 

flow has a high Reynolds number apparent to the orifice of the valves. Thus, this region has 

a major importance in fluid power system. (Merritt, 1967, p. 40.) 

 

Figure 2.4. Flow through an orifice: (a) laminar flow; (b) turbulent flow (Merritt, 1967, p. 

40).  

 

The flow through an orifice can be computed using Bernoulli’s equation and continuity 

equation (Merritt, 1967, p. 40). 

              Q = CdAo√
2

ρ
(p1 − p2). (2.10) 

, where Cd is called discharge coefficient. Theoretically, Cd = π/ (π+2) = 0.611 (von Mises, 

1917). A0 is orifice flow area, p1 and p2 are load pressure. This can be used for all sharp-

edged orifices regardless of the particular geometry, if the flow is turbulent and Ao<<A. 

(Merritt, 1967, p. 41.) 

 

2.1.6 Flow through valves  

Flow through valve are usually expressed by the orifice equation (2.10) with linear 

relationship between the valve position xv, and the flow area.  
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              Q = Q(xv,∆p) = cvxv√p1 − p2 = cvxv√∆p. (2.11) 

Equation (2.11) can be written using the valve voltage Uv and used for non-spool valves 

(cartridge valves). 

              Q = Q(𝑈, ∆p) = cv
xv,max

𝑈𝑚𝑎𝑥
√p1 − p2 ≜ cv𝑈𝑣√∆p. (2.12) 

This means that the value of volume flow coefficient (Cv) can be calculated using Eq. (2.13), 

which can be solved using the valve poppet position xv, and the valve input signal Uv. 

(Handroos, 1991, p. 234.) The maximum volume flow can be obtained by applying 

maximum input signal (Umax). 

 

In practice, the flow coefficient may best be determined experimentally, or it may be 

calculated using the catalogue data of the valve manufacturer.  

              cv =
QN

√∆pN/2

1

𝑈𝑣
. (2.13) 

, where QN is the nominal flow, ΔpN the nominal pressure drop and Uv is valve input signal 

voltage. (Handroos, 2010, p. 35.)  

 

2.1.7 Power loss in the throttle orifices  

The power loss in the throttle orifices can be calculated from the flow through valve and the 

pressure drop across orifice.  

              𝑃𝑙𝑜𝑠𝑠 = 𝑄∆𝑝       (2.14) 

, where Ploss is the power loss in the throttle orifice, Q is volume flow through orifice, and 

∆p is the pressure drop across the orifice. (Galal, 2009, p. 170.) 

 

2.1.8 Pressure build-up in volumes  

Hydraulic fluid compressibility is governed by the continuity Eq. (2.10) for the volume 

between the nozzles and outlet orifice and neglect the leakage effect, applying this to the two 

sides of the actuator yields: 

              p1̇ =
Be1

V1
(Q1 − A1ẋp), 

              p2̇ =
Be2

V2
(−Q2 + A2ẋp). (2.15) 

The force (F) produced by the cylinder can be calculated using the chamber pressures and 

cylinder piston and piston rod side areas as below:  

               𝐹 = 𝑝1𝐴1 − 𝑝1𝐴2 − 𝑏�̇�𝑝 (2.16) 
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, where V1=Vh1+A1xp and V2=Vh2+A2 (L-xp) are the total fluid volumes in the two sides of 

chambers respectively, L is the cylinder stroke, Vh1 and Vh2 are the two chamber side hose 

volumes, βe1 and βe2 are the effective bulk modulus, b is viscous damping coefficient,  �̇�𝑝 is 

the piston velocity, A1 and A2 are the piston area and annular area, Q1 is the supplied flow 

rate to the forward chamber and Q2 is the return flow rate of return chamber. (Handroos, 

1991, p. 236.) More precise description, in the view of mathematical modeling of the 

designed hydraulic circuit system has studied in the next Chapter. 
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3  MATHEMATICAL MODELLING OF THE STUDIED SYSTEM 

 

 

A general fluid power systems have already been given in the previous section and a more 

precise description, in the view of mathematical modeling of this system is to be given in 

this part. The physical modeling comprises of asymmetrical hydraulic cylinder, fast on/off 

switching valve, IEHEC unit, and controller.  

 

3.1 System description  

The studied electro-hydraulic hybrid multi-actuator system is introduced in the circuit 

diagram (see Fig. 3.1). Pump-controlled fluid power system with the idea of displacement 

control (DC) have been studied in this thesis work. The four-quadrant operation (see Fig. 

3.2) of differential cylinder in DC solution for linear servo actuator have been proposed by 

Rahmfeld (2002), Ivantynova (1998) and Busquets and Ivantysynova (2014). In this system, 

differential volume and volumetric losses are balanced on the low-pressure side. Low 

pressure is given by the characteristics of low-pressure source pump, and accumulator and 

limited by the pressure relief valve (PRV). Two pilot operated check valves are used to 

ensure the low pressure level which has to be connected to the low pressure of the cylinder 

all the time. This depend on the operating quadrant. (Åman et al., 2014, p. 3.) 

 

The focus of this thesis is on the controlling of two actuators, which are directly driven by 

the IEHEC unit (see Fig. 3.1). The system comprises IEHEC pump/motor, frequency 

converter, boost pump, eight fast on/off switching valves, two asymmetric cylinders, and 

hydraulic accessories.    

 

The frequency convertor is used to control the electrical motor-generator. The electrical 

motor-generator is used to drive the IEHEC pump-motor which is directly connected by the 

same shaft (see Fig. 3.3). Thus, the system is capable to recover the energy released in a 

motoring quadrants and store it into batteries.   
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Figure 3.1. Electro-hydraulic double-actuator system driven by IEHEC. 

 

The IEHEC unit is designed to use working hydraulic fluid as a coolant. Therefore, the low 

pressure compensator pump can be shared for cooling function. Perhaps, due to the risk of 

cavitation on the main unit, priority must be given to the low pressure charging function 

(Åman et al., 2012).  

Motoring II

Motoring IVPumping III

 

Figure 3.2. Hydraulic unit working quadrant (mod. Rahmfeld, 2002, p. 4). 
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The switching of the IEHEC machine between actuators (lifting and tilting actuators of log 

crane) as shown in the Fig. 3.1 is managed by fast on/off solenoid valves. In the studied 

system, the piston rods of two actuators are initially in fully retracted (lifting) and in fully 

extended (tilting) positions. The different position of the actuator piston rod would require 

different operating direction of the IEHEC machine that in turns the system cannot operate 

for two actuators at a time. This problem can be managed by reverting the tilting cylinder 

ports and, thus, the extension of lifting and retraction of tilting would operate in same 

direction of rotation of IEHEC. Thus, the switching of the actuator can be managed easily 

by the fast on/off valves. 

 

3.2 IEHEC unit 

The principal component of the studied multiple actuator system is the integrated electro-

hydraulic energy converter (IEHEC). According to Ponomarev et al. (2011, p. 3) "The 

designed IEHEC consists of an axial piston hydraulic machine and an integrated tooth-coil 

permanent magnet synchronous machine, which operates on the same shaft" (see Fig. 3.3).  

 

 

Figure 3.3. Prototype of IEHEC.  

 

The designed solution of IEHEC allows considerably high space savings in the mobile 

environment. The compact design of the integrated electrical machine imposes the use of 

efficient liquid cooling. The power density can be increased by cooling the winding of the 

electrical machine while running the machine. The working hydraulic fluid can possibly be 

used for cooling. (Ponomarev et al., 2014, p. 4.) 
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Recovering the energy released by the actuators or to produce the energy required from the 

actuators, the IEHEC machine can be driven in both operating direction. Bent axis axial 

piston machines are often applicable in both modes and has high efficiency in both pumping 

and motoring modes. (Ponomarev et al., 2014, p. 5.) 

 

The IEHEC of 26 kW has originally been designed for the power of 45 kW. It weighs only 

43 % of a standard 45 kW induction motor coupled with the similar hydraulic machine and 

needs only 35 % of the installation length of standard setup. The maximum efficiency of the 

prototype is 90% in pumping mode and 86% in regenerating mode. (Åman et al., 2013, p. 

233.)  

 

The angular speed of the electrical machine is solved using first order dynamics. 

               �̇� =
𝜔𝑖𝑛−ω

𝜏
                                                                                                                                      (3.1) 

, where ωin is the reference angular velocity of the electrical machine, [rad/sec], and τ is the 

time constant, [s]. (Handroos, 2010, p. 82.) 

 

The pump volume flow (Qp) rate is modelled as below. 

              𝑄𝑝 = 𝜔𝑉𝑝𝜂𝑣𝑜𝑙                                                                                                                    (3.2) 

, where ω is the angular velocity, [rad/s], Vp is the radian volume, [m3/rad], ηvol is volumetric 

efficiency. (Galal, 2009, p. 96.) 

 

3.3 Valves and actuators  

In this sub-chapter the fast on/off switching valve and actuators which are specific to the 

studied system are described. 

 

Fast on/off switching valve  

Figure 3.4 shows the parallel connected implementation of the fast on/off 2/2 directional 

switching valve, which is used in the studied fluid power circuit (see Fig.3.1). The flow area 

of the fast on/off switching valve is the sum of the flow areas of the open valves. In the 

studied system a pair of fast on/off switch valves are connected to each chamber of the 

actuators, which is a total of eight fast on/off valves are used in the system. The volume flow 

provided by the IEHEC can be directed to the actuator by opening either one or two fast 

on/off switching valves. One fast on/off valve allow the maximum flow of 30 L/min at 
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pressure drop of 35 bar, and, thus, maximum Q=70 L/min by opening two valves is possible 

per actuator. Thus, different velocity of the actuators can be attained solely by alternating 

the angular speed of IEHEC. Moreover, the actuators in the fluid power circuit driven by 

single IEHEC unit can have different sizes.      

 

Figure 3.4. Parallel connection of fast on/off 2/2 directional switching valves. 

 

The on/off valve guided fluid power circuit works only in on or off state, which makes it 

achieve high efficiency and fast dynamic response possible. The dynamic equation for 

opening the valve is governed by first order differential equation.  

              �̇� =
𝑈𝑖𝑛−𝑈

𝜏
 (3.3) 

, where Uin is the input signal, [V], and τ is the time constant [s]. (Handroos, 2010, p. 82.) 

 

Flow through the valve is expressed by the orifice equation (Eq. 2.12) and it is given as: 

              𝑄 = 𝐶𝑣𝑈𝑣√∆𝑝 (3.4) 

, where Uv is the valve input signal, [V], Cv flow coefficient and ∆p the pressure drop across 

the valve. The valve input signal (Uv) value for maximum opening is 10 V. (Handroos, 2010, 

p. 82.) 

 

Actuators  

The linear and rotary hydraulic actuators are used to drive the loads by applying mechanical 

power which is converted from hydraulic power. By controlling the IEHEC pump-motor 

angular velocity it is possible to manage the pressure and flow rate of the system thus the 

mechanical power delivered to the load. In the log crane, the linear single rod asymmetric 

hydraulic cylinders are used in drive loads attached to piston rod. It has many advantages 

over the symmetric actuator due to their compact design, low cost, and ease of manufacturing 
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suitable in the industrial applications, and off-highway mobile applications. (Galal, 2009, p. 

251.) 

 

The oil flow in the hydraulic actuator compartments is controlled by the rotational speed of 

IEHEC pump/motor and guidance is governed by fast on/off valve. The oil flow in the two 

compartments is compressible and the oil act as two springs, therefore, the load is clamped 

between the two springs that causes the characteristics of second order dynamics behavior 

(Galal, 2009, p. 251.) 

 

3.4  Pressure build-up in the system volumes 

In dynamic continuity equations the so called compressional volume flow is taken in to 

account. Pressures acting in volumes can then be solved from Equation (2.10) by integrating 

the derivatives of pressures in the simulation run. For every volume between different 

components in fluid power circuit this equation is written. In Fig 3.1 the hydraulic circuit is 

divided into six major volumes (see Fig. 3.1): volume between the IEHEC pump/motor and 

fast on/off valve, and volume between fast on/off valve and cylinder chambers in both 

actuators. The inflow and outflow of the components has been considered according to the 

positive pumping direction. (Handroos, 2010, p. 51.) 

 

The pressure build-up in the volume between IEHEC pump/motor and fast on/off valve are 

given:  

              �̇�1 =
𝛽𝑒

𝑉1
(𝑄1 + 𝑄𝑐𝑣𝐴 − 𝑄𝑐𝑣21 −𝑄𝑠𝑣_1𝐴 − 𝑄𝑠𝑣_2𝐴 ), 

              �̇�2 =
𝛽𝑒

𝑉2
(𝑄𝑠𝑣_1𝐵 + 𝑄𝑠𝑣_2𝐵 + 𝑄𝑐𝑣𝐵 − 𝑄2 − 𝑄𝑐𝑣31). (3.5) 

The pressure dynamics of the volume between fast on/off valve and cylinder chamber is 

given:  

              �̇�1𝐴 =
𝛽𝑒1𝐴

𝑉1𝐴
(𝑄𝑠𝑣−1𝐴 − �̇�1𝐴𝑐𝑦𝑙−1𝐴), 

              �̇�1𝐵 =
𝛽𝑒1𝐵

𝑉1𝐵
(�̇�1𝐴𝑐𝑦𝑙−1𝐵 − 𝑄𝑠𝑣−1𝐵). (3.6) 

The total volumes of two sides of cylinder is given:  

              𝑉1𝐴 = 𝑉ℎ + 𝑥1𝐴𝑐𝑦𝑙−1𝐴 , 

              𝑉1𝐵 = 𝑉ℎ + (𝐿 − 𝑥1)𝐴𝑐𝑦𝑙−1𝐵.                                                                         (3.7) 

The pressure dynamics of the relief valves is given below:  
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              �̇�𝑅𝐿𝐹−250𝑏𝑎𝑟 =
𝛽𝑒

𝑉
(𝑄𝑐𝑣21 + 𝑄𝑐𝑣31 − 𝑄𝑅𝐿𝐹−250𝑏𝑎𝑟),    (3.8) 

              �̇�𝑅𝐿𝐹−20𝑏𝑎𝑟 =
𝛽𝑒

𝑉
(𝑄𝐵𝑐𝑣3 − 𝑄𝑎𝑐𝑐 − 𝑄𝑐𝑣𝐴 − 𝑄𝑐𝑣𝐵 − 𝑄𝑅𝐿𝐹−20𝑏𝑎𝑟).  (3.9) 

, whereV1 and V2 are constant hose volume between the IEHEC pump/motor and fast on/off 

valve, Vh is the hose volume between the fast on/off valve and actuator, PRLF is pressure in 

volume of pressure relief valve,  p1 and p2 are pressures in the discharge and suction side 

volume of the IEHEC pump/motor, p1A and p1B are pressures in the volume of cylinder 

chambers, Q1 and Q2 are outflow and inflow of the pump, QcvA and QcvB are flows through 

pilot operated check valve, Qcv21 and Qcv31 are flows through check valve, Qsv-1A, Qsv-1B and 

Qsv-2A, Qsv-2B are the inflow and outflow through fast on/off valves of the two actuators, Acyl-

1A and Acyl-1B are piston side and rod side area, L is the maximum stroke, x1 is piston 

displacement  and  �̇�1 is velocity of the piston. The pressure build-up in second cylinder 

chamber can be modeled in the same way.   

 

3.4.1 Modeling of pressure relief valve  

Relief valves are connected with high-pressure and return low-pressure lines. They are used 

to limit the maximum operating pressure in the high-pressure lines. The relief valve consists 

mainly of a poppet, loaded by a spring. The poppet is pushed by the spring to reset against 

its seat in the valve housing. The spring pre-compression force is adjusted by a spring seat 

screw or by inserting distance rings. (Galal, 2009, p. 141.) 

 

The poppet is subjected to both the spring and pressure forces as shown in the Fig. 3.5 below. 

The poppet rests against its seat as long as the pressure force (p1A1) is less than the spring 

force (kjx0). The two forces are equal when the pressure reaches the cracking pressure. For 

further increases of the pressure, the poppet is displaced and the oil flows from the high 

pressure line to the return line. (Handroos, 2010, p. 88.)  

 

Two relief valves are used in the fluid power system shown in Fig. 3.1. One is to limit a low 

pressure charging circuit (booster circuit) and to limit the minimum pressure in the main 

circuit, and the other one is to limit the high working pressure in the main circuit. The low 

pressure limit is 20 bar and the high working pressure limit in the main circuit is 250 bar. 

The semi-empirical modeling of these two relief valves are similar besides the pressure limit. 

(Handroos, 2010, p. 88.)   



28 

 

 

 

Figure 3.5. (a) Pressure relief valve and (b).  Free body diagram (Handroos, 2010, p. 88). 

 

The main orifice flow Q1 is calculated based on flow through an orifice, which is explained 

in Chapter 2 (Eq. 2.13) and it is written as below: 

              𝑄1 = 𝐶𝑑𝜋𝐷𝑥𝑣 𝑠𝑖𝑛 𝛼 √
2𝑃1

𝜌
                                        (3.10) 

, where Cd is the discharge coefficient, D is poppet diameter, and xv is valve poppet position.   

The force balance equation is then derived according to Newton’s second law of motion as 

it is shown below. (Handroos, 2010, p. 88.)  

              𝐹𝑎 + 𝐹𝑗 + 𝐹𝑟 = 𝐹𝑝    (3.11) 

, where Fa is the inertial force, Fj is the spring force, Fr is the flow reaction force and Fp is 

the pressure and damping force. Each of the forces are explained below. (Handroos, 2010, 

p. 88.) 

 

The force originated from acceleration (𝑚�̈�) is normally negligible in comparison with 

pressure and spring forces  

              𝐹𝑎 = 𝑚�̈� ≈ 0  

The spring force is then derived as below.  

              𝐹𝑗 = 𝐾𝑗(𝑥 + 𝑥0)  (3.12) 

, where kj is the mechanical spring constant and x0 is the pre-compression of the spring. 

(Handroos, 2010, p. 52.) 

 

The pressure force acting upward shown in the free body diagram of Fig. 3.3 (b) is calculated 

as below equation: 

               𝐹𝑝 = 𝑃1𝐴1 − 𝑃1𝜋𝐷1 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛼 − 𝑃2𝐴2   (3.13) 
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The damping orifice flow is calculated below: 

               𝑄2 = 𝐾𝑑√𝑃2 = 𝐴2�̇�  (3.14) 

The flow reaction force acting downward is then derived as follows:  

                𝐹𝑟 = 2𝐶𝑑𝑃1𝜋𝐷1𝑥 𝑠𝑖𝑛 𝛼 𝑐𝑜𝑠 𝛼  (3.15) 

(Handroos, 2010, p. 89.) 

 

Substituting the above equations into Eq. (3.11) of force balance and calculated for �̇� as 

shown in the below equation:  

                �̇� = √|
(𝑃1

𝜋𝐷1
2

4
−𝐾𝑗(𝑥+𝑥0)−2𝐶𝑑𝜋𝐷1𝑥 𝑃1 𝑐𝑜𝑠 𝛼)

𝜋3𝐷2
6𝜌

𝐶𝑑
2𝐴𝑑

2128

| 𝑠𝑡𝑒𝑝(𝑓)  (3.16) 

, where f is the part inside the absolute value of Eq. (3.16) (Handroos, 2010, p. 54). 

In order to simulate the dynamics of complete valve then the valve model must be added by 

model of compressible volumes attached to the valve, which is given in the pressure 

dynamics as shown in Eq. (3.8 and 3.9). (Handroos, 2010, p. 54.) 

 

It is then derived as  

                

{
 
 

 
 �̇� = 𝑠𝑡𝑒𝑝(𝑓)√|𝑓|

𝑄1 = 𝐶𝑑𝜋𝐷𝑥 𝑠𝑖𝑛 𝛼√
2𝑃1

𝜌
     

�̇�1 =    𝐸𝑞 (3.8 𝑜𝑟 3.9)

     (3.17) 

, where p1 is Eq.3.8 for relief pressure limit of 250 bar and Eq. 3.9 for pressure limit of relief 

valve of 20 bar. (Handroos, 2010, p. 54.) 
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4 KINEMATICS OF THE MANIPULATOR  

 

 

The kinematics of the log crane links are created by the movement of the cylinders rod, 

which has been explained mathematically in Chapter 3. Kinematics can be defined as the 

study of motion in multi-body system without considering the force which causes the 

motion. The positions, the velocity, the acceleration, and higher order of the derivatives of 

the position studied in kinematics. The locations of the frames varies as the mechanism 

which can also be studied in the manipulator kinematics. (Craig, 2005, p. 19) This chapter 

will focus on the approach to calculate the position and orientation of the log crane gripper 

with respect to the base of the pillar in terms of the joint variables.  

 

4.1 Description of the link 

 The connection between a neighboring pair of bodies are formed by joints. These bodies are 

known as links. This sets of connected bodies can be called as a manipulator.  (Craig, 2005, 

p. 66.)  

 

 

Figure 4.1. The kinematic function of a link (Craig, 2005, p. 66). 

 

The fixed connection between the two joint axes can be maintained by the kinematic function 

of a link. The link length a, and the link twist, α, can describe the relationship. The two main 

parameters which can be used to define the nature of the relationship between neighboring 

links are the link offset d and the joint angle 𝜃. (Craig, 2005, p. 66.)   
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4.2 Positions, Orientations, and Frames  

In this sub-chapter, the position, orientation and the frame which consists both the positions 

and orientations are described. The position vector can be used to define the position of a 

point. Individual elements of a vector are given the subscripts x, y and z: 

               𝑷 
𝐴 = [

𝑷𝑥
𝑷𝑦
𝑷𝑧

]                                                                                                                         (4.1) 

(Craig, 2005, p. 21.) 

 

By holding the point between the tips at the same position in space the hand can be oriented 

directly. Assuming that the manipulator has acceptable number of joints. The coordinate 

system of the body can be attached and then write a definition of this coordinate system with 

respect to the reference system, can define the orientation of a body. As shown in Fig. 4.2 

the definition of the attached coordinate system {B} relative to {A} now satisfies to give the 

orientation of the body. (Craig, 2005, p. 21.)   

 

 

Figure 4.2.  Position and orientation to locating the object (Craig, 2005, p. 21). 

 

An orientation can be specified using a set of three vectors. It can also be described by 3×3 

matrix which has three vectors as its columns. The position of a point is defined with a 

vector:  
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              𝑹 = [ �̂� 
𝐴

𝐵 �̂� 
𝐴

𝐵 �̂� 
𝐴

𝐵]𝐵
𝐴 = [

𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

]                                                                           (4.2) 

(Craig, 2005, p. 21.)   

 

A frame can be defined as a coordinate system which consists of the orientation and position 

vectors which can locates its origin respect to some other embedded frame. (Craig, 2005, p. 

22.) A  𝑹𝐵
𝐴  and APBORG can describe frame {B}, where APBORG is the vector that locates the 

origin of the frame {B}: 

              {𝐵} = { 𝑹, 𝑷𝐵𝑂𝑅𝐺𝐵
𝐴 }                                                                                                       (4.3) 

(Craig, 2005, p. 22.) 

 

4.3 Mapping the general frames and transformation  

Figure 4.3 shows two frames {A} and {B} which are located at offset vector of APBORG 

between them. The two frames are not collateral to each other. The description of the vector 

with reference to frame {B} and its definition with respect to frame {A} with the origin of 

this vector located in the origin of frame {B} is called APBORG.  The frame can also be rotated 

in reference to each other. The frame {B} can be rotated with reference to {A} and can be 

written as 𝑹𝐵
𝐴 . (Craig, 2005, p. 27.)   

 

 

Figure 4.3. General transform of a vector (Craig, 2005, p. 27). 
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From the Fig. 4.3 AP can be calculated using BP and APBORG. First BP has to be rotated to 

keep the same orientation as APBORG.  The rotation of the positon vector can be done by pre-

multiplying with 𝑹𝐵
𝐴   and then they can be added together by simply applying the vector 

addition. (Craig, 2005, p. 28.)  

              𝑷 
𝐴 = 𝑹 𝑷 

𝐵 + 𝑷𝐵𝑂𝑅𝐺 
𝐴

𝐵
𝐴                                                                                                  (4.4) 

It can also be more simplified to the form that all quantities are vectors written with respect 

to A. 

             𝑷 
𝐴 = 𝑻 𝑷 

𝐵
𝐵
𝐴                                                                                                                   (4.5) 

Or it can be expressed by 4×4 matrix operator and 4×1 position vectors: 

              [ 𝑷 
𝐴

1
] = [ 𝑹𝐵

𝐴 𝑷𝐵𝑂𝑅𝐺 
𝐴

0        0       0 1
] [ 𝑷 
𝐵

1
]                                                                         (4.6) 

A "1" added as the last element of the 4×1 vectors, and a row "[0 0 0 1]" is added as the last 

row of the 4×4 matrix. This equation is called a homogeneous transform (Craig, 2005, p. 

28.)  

 

4.4 Direct kinematics  

According to Craig (2005, p. 67) "defining the values of four parameters for every link in 

the manipulator, any manipulators can be defined kinematically. Two describe the link itself, 

and two describe the link’s connection to a neighboring link. In the usual case of revolute 

joint, θi is called the joint variable, and the other three quantities would be fixed link 

parameters.  For prismatic joints, di is the joint variable, and the other three quantities are 

fixed link parameters. The definition of mechanisms by means of these quantities is a 

convention usually called the Denavit-Hartenberg notation". The detail of the parameters are 

shown in Fig 4.1.  

 

Developing the kinematic equations can be easy, if the link frames are defined and the 

corresponding link parameters are calculated. After that the individual link-transformation 

matrices and the value of the link parameters can be computed. Then, the single 

transformation that relates frame {N} to frame {0} can be calculated by multiplying the link 

transformations together. (Craig, 2005, p. 76.)   

               𝑻𝑁
0 = 𝑻1

0 𝑻2
1 𝑻3

2 … 𝑻𝑁
𝑁−1                                                                                                   (4.7) 
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All n joint variables are involved in this transformation, 𝑻𝑁
0 . This transformation 𝑻𝑁

0  can be 

used to calculate the Cartesian position and orientation of the gripper when there is 

requirement to find the joint-positon sensors. The log crane has three links connected by 

revolute joints. The rotation on the base of the first link has not been considered in this paper. 

The reference frame {0} is aligned to the frame {1} when the joint angle {θ1} is zero and 

frame {0} is fixed with ground. All the 𝒁 ̂ component of the axes of the joints are 

perpendicular to the plane of the arm and parallel to each other, therefore the link offsets (di) 

are zero as it is shown in Fig. 4.4.   The two joints connecting the link-1 and link-2, and link-

2 and link-3 are revolute joints. The �̂� axes can be aligned, if the joint angles are zero. (Craig, 

2005, p. 76.)   

 

Figure 4.4. Simplified link description of the log crane. 

 

Considering the �̂�, �̂� and �̂�  axes of the joints are parallel to each other and the �̂�  axes of 

each joints are pointing out word from the plane (paper), all αi will be zero.  

              𝑻1
0 = [

𝑐𝑜𝑠 𝜃1 −𝑠𝑖𝑛 𝜃1 0 0
𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃1 0 0
0 0 1 0
0 0 0 1

],                                                                               (4.8) 

              𝑻2
1 = [

𝑐𝑜𝑠 𝜃2 −𝑠𝑖𝑛 𝜃2 0 𝑙1
𝑠𝑖𝑛 𝜃2 𝑐𝑜𝑠 𝜃2 0 0
0 0 1 0
0 0 0 1

],                                                                             (4.9) 
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              𝑻3
2 = [

𝑐𝑜𝑠 𝜃3 −𝑠𝑖𝑛 𝜃3 0 𝑙2
𝑠𝑖𝑛 𝜃3 𝑐𝑜𝑠 𝜃3 0 0
0 0 1 0
0 0 0 1

], and                                                                     (4.10) 

              𝑻4
3 = [

1 0 0 𝑙3
0 1 0 0
0 0 1 0
0 0 0 1

].                                                                                                (4.11) 

 

By multiplying the individual link transformations, the positon and the orientation of the last 

link of the log crane can be calculated simply.  

              𝑻4
0 = 𝑻1

0 𝑻2
1 𝑻 𝑻4

3
3
2 ,                                                                                                        (4.12) 

              𝑻 = [
0 0 𝑙1 𝑐𝑜𝑠(𝜃1)+𝑙2 𝑐𝑜𝑠(𝜃1 + 𝜃2)

0 0 𝑙1 𝑠𝑖𝑛(𝜃1) + 𝑙2𝑠𝑖𝑛(𝜃1 + 𝜃2)
0 0 1

]4
0 .                                                         (4.13) 

, where the first component from the third column is the log crane’s tip of x-coordinate and 

the second component from the same column is the y-coordinate of the crane’s boom tip. 

The orientation of the end effector is the same as the orientation of the last link. (Craig, 2005, 

p. 76.)   

 

4.5 Inverse kinematics  

In direct kinematics, the approach was calculating the position and orientation of the end 

effector of the log crane, for the given joint angle. In this chapter, given the required position 

and orientation of the gripper relative to the origin, and calculating the set of joint angle 

which will achieve the desired location of the end effector. (Craig, 2005, p. 101.)   

 

4.6 Motion of the links of manipulator  

Figure 4.5 shows two links connected each other by revolute joint. Each of the links are able 

to create motion relative to each other. Let the first link be link i and the second link be 

i+1and their velocity can be calculated in sequence manner, starting from the link i to link 

i+1. Since the links are connected, the velocities can be transferred to each other, therefore, 

the velocity of link i plus any new velocity added to link i+1 will be velocity of link i+1. By 

assuming the links of the log crane as a rigid body and the motion is defined by its linear and 

angular velocity. The velocities and vectors of the velocities can be defined relative to the 

link frame than the base coordinate system.  (Craig, 2005, p. 145.)   
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Figure 4.5. Velocity vectors of neighboring links (Craig, 2005, p. 145). 

 

According to Craig (2005, p. 145) "linear velocity is associated with a point, but angular 

velocity is associated with a body. Hence, the term "velocity of a link" here means the linear 

velocity of the origin of the link frame and the rotational velocity of the link".  

 

It is possible to add rotational velocities when both ω vectors are given with respect to the 

same frame. Thus, i plus a new component caused by rotational velocity at joint i+1 is similar 

to the angular velocity of link i+1. (Craig, 2005, p. 145.) This can be given in terms of frame 

{i} as: 

              𝝎𝑖+1 = 𝝎𝑖 + 𝑹�̇�𝑖+1 �̂� 
𝑖+𝟏

𝑖+1𝑖+1
𝑖

 
𝑖

 
𝑖 .                                                                             (4.14) 

              �̇�𝑖+1 �̂� 
𝑖+1

𝑖+1 = [
0
0

�̇�𝑖+1 

]

 

𝑖+1

.                                                                                          (4.15) 

Multiplying both sides of Eq. 4.14 by 𝑹𝑖
𝑖+1  the angular velocity of link i+1can be defined 

relative to frame {i+1}:  

              𝝎𝑖+1 = 𝑹𝑖
𝑖+1 𝝎𝑖 + �̇�𝑖+1 �̂� 

𝑖+1
𝑖+1 

 
 
𝑖

 
𝑖+1 .                                                                         (4.16) 

(Craig, 2005, p. 146.) 

 

The linear velocity of the origin of the frame {i+1} can be calculated from the velocity of 

the origin frame {i} plus a new rotational velocity component caused by link i. (Craig, 2005, 

p. 146.)  

              𝒗𝑖+1 
𝑖 = 𝒗𝑖 

𝑖 + 𝝎𝑖 
𝑖 × 𝑷𝑖+1 

𝑖 .                                                                                         (4.17) 

Pre-multiplying both sides by 𝑅𝑖
𝑖+1  ,  

            𝒗𝑖+1 
𝑖+1 = 𝑹𝑖

𝑖+1 ( 𝒗𝑖 
𝑖 + 𝝎𝑖 

𝑖 × 𝑷𝑖+1 
𝑖 ).                                                                          (4.18) 
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A manipulator containing N links, its links rotational and linear velocities of the last link 𝜔𝑁  
𝑁  

and 𝑣𝑁  
𝑁 , can be calculated from link to link by applying the above equations successively. 

The rotational and linear velocity of the log crane links shown in Fig. 4.4 are as follows: 

(Craig, 2005, p. 146.)  

 

              𝝎1 = [
0
0
𝜃1̇

] 
1  ,                             (4.19) 

              𝒗1 = [
0
0
0
] 

1 , (4.20) 

              𝝎2 = [
0
0

𝜃1̇ + 𝜃2̇

 ] 
2 ,   (4.21) 

              𝒗2 = [
𝑐2 𝑠2 0
−𝑠2 𝑐2 0
0 0 1

] [
0
𝑙1𝜃1̇
0

] = [
𝑙1𝑠2𝜃1̇
𝑙1𝑐2𝜃1̇
0

] 
2 , (4.22) 

              𝝎3 = [
0
0

𝜃1̇ + 𝜃2̇ + 𝜃3̇

 ] 
3 , (4.23) 

𝒗3 = [
𝑐3 𝑠3 0
−𝑠3 𝑐3 0
0 0 1

] 
                      3 [

𝑙1𝑠2𝜃1̇
𝑙1𝑐2�̇�1 + 𝑙2(�̇�1 + �̇�2)

0

] =

                [
𝑙1𝑠2𝑐3�̇�1 + 𝑠3 ∗ (𝑙1𝑐2�̇�1 + 𝑙2(�̇�1 + �̇�2))

−𝑙1𝑠2𝑠3�̇�1 + 𝑐3 ∗ (𝑙1𝑐2�̇�1 + 𝑙2(�̇�1 + �̇�2))
0

],                                                    (4.24) 

 

              𝝎3 = 𝝎4 
4

 
3 ,     (4.25) 

              𝒗4 = 
4 [

𝑙1𝑠2𝑐3�̇�1 + 𝑠3 ∗ (𝑙1𝑐2�̇�1 + 𝑙2(�̇�1 + �̇�2))

−𝑙1𝑠2𝑠3�̇�1 + 𝑐3 ∗ (𝑙1𝑐2�̇�1 + 𝑙2(�̇�1 + �̇�2)) + 𝑙3(𝜃1̇ + 𝜃2̇ + 𝜃3)̇

0

]. (4.26) 

With the rotation matrix 𝑹4
0 , it is possible to find these velocities with respect to the 

nonmoving base frame. 

              𝑹4
0 = 𝑹1

0 𝑹2
1 𝑹3

2 𝑹 = [
𝑐123 −𝑠123 0
𝑠123 𝑐123 0
0 0 1

]4
3 , (4.27) 
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In Eq. (4.26) and (4.27) l1, l2, and l3 are the link length (see the figure 4.4) and si=sin (θi), 

ci=cos (θi), s12=c1s2+s1c2, c12=c1c2-s1s2, s123=c3s12+s3c12, and c123=c3c12-s3s12. (Craig, 2005, 

p. 146.) 

 

4.7 Jacobians  

As Craig (2005, p. 149) mentioned "the Jacobian is a multidimensional form of the 

derivative". A kinematic analysis can be performed on a system in which every generalized 

coordinate is restricted by a constraint equations. A multidimensional functions and 

independent variables can be written as in a vector notations: 

              𝒀 = 𝐹(𝑿). (4.28) 

(Craig, 2005, p. 149.) 

 

The chain rule can be applied to write the differential of yi as a function of differential of xi.  

              𝛿𝒀 =
𝜕𝐹

𝜕𝑋
𝛿𝑿. (4.29) 

The 6 × 6 matrix of partial derivative in the above equations is called Jacobian, J. From the 

above equation (4.29) the partial derivative is written as function of xi and the simplified 

form for that is as below.  (Craig, 2005, p. 149.) 

              𝛿𝒀 = 𝑱(𝑿)𝛿𝑿.  (4.30) 

The time derivative of Eq. 4.30 can be written as: 

              �̇� = 𝑱(𝑿)�̇�. (4.31) 

This Jacobian used as a mapping velocity from X to Y.  X has a certain value at any particular 

instant, and linear transformation is J(X). X has changed at each new time instant so as to 

the linear transformation of the Jacobian. (Craig, 2005, p. 149.)   

 

The tip of the log crane Cartesian velocities can be related to the joint velocities by using 

Jacobians.  

              𝒗 = 𝑱(𝜃)�̇� 
0

 
0 , (4.32) 

, where 𝜃 and v are vectors representing the joint angles of the manipulator and Cartesian 

velocities, respectively. (Craig, 2005, p. 150.)   

 

As mentioned in Craig (2005, p. 150) "For any given configuration of the manipulator, joint 

rates are related to velocity of the tip in a linear fashion, yet this is only an instantaneous 
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relationship-in the next instant, the Jacobian has changed slightly. For the general case of a 

six-jointed manipulator, the Jacobian is 6×6, �̇�  is 6×1, and 𝑣 
0  is 6×1. This 6×1 Cartesian 

velocity vector is the 3×1 linear velocity vector and the 3×1 rotational velocity vector stacked 

together".  

              𝒗 
0 = [

𝒗 
0

𝝎 
0 ]. (4.33) 

 

In the case of log crane of three link manipulator can be written as a 3×3 Jacobian. The 

Jacobian creates the mathematical connection between the joint rates and end-effector 

velocity. The Jacobian matrix in frame {4} can be given as:  

 

              𝑱 = [
2𝑙1𝑐2𝑠3 + 𝑙2𝑠3 𝑙2𝑠3 0

−𝑙1𝑠2𝑠3 + 𝑙1𝑐2𝑐3 + 𝑙2𝑐3 + 𝑙3 𝑙2𝑐3 + 𝑙3 𝑙3
0 0 0

] 
4 . (4.34) 

(Craig, 2005, p. 150.) 

 

According to Craig (2005, p. 150) "the number of rows equals the number of degrees of 

freedom in the Cartesian space being considered. The number of columns in a Jacobian is 

equal to the number of joints of the manipulator".  

 

The joint rate can be calculated using Eq. (4.32), considering that the Jacobian matrix is 

nonsingular. The joint rate from given Cartesian velocities: 

              �̇� = 𝑱 
−1(𝜃)𝒗. (4.35) 

(Craig, 2005, p. 151.) 

 

According to Craig (2005, p. 151) the singularity of the crane boom mechanism can happen 

in two ways: "workspace boundary singularities or workspace interior singularities. The 

workspace boundary singularity occur when the crane boom is fully stretched out or folded 

back on itself in such a way that the end effector is at or very near the boundary of the 

workspace. Whereas, the workspace interior singularities occur away from the workspace 

boundary, caused by lining up of two or more joint axes".  
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5 TESTING PLATFORM OF THE PLANT  

 

 

The testing platform of the log crane composed of the IEHEC unit, valves, flexible hoses, 

actuators, sensors and kinematics of the links. The links as shown in the Fig. 1.2 are 

connected each other using revolute joints. The hydraulic circuit (see Fig. 3.1) is controlled 

by the IEHEC unit and flows are guided from/to IEHEC unit to/from actuators by using 

valves. In the following sub-chapter, the testing platform is explained.  

 

5.1 Structure of log crane 

Figure 5.1 below shows the structure of the log crane. The kinematics of the log crane system 

is presented in the Chapter 4 with out specifying the dimension of links. In this part the 

dimension of the links and joint locations are presented precisely. Thus, it can be refered in 

the calculation of forward kinematics. Note that, the piller rotation is not considered in this 

thesis.  

 

Figure 5.1. The structure of the log crane (Kesla Oy, 1994). 

 

5.2 Fluid power system accessories  

The accessories in fluid power system are all the hydraulic components that connect the 

hydraulic fluid flow from/to the IEHEC unit to/from the actuators. The volumes between 

each components in the hydraulic circuit are connected by using flexible hoses. The 

maximum pressure and the minimum pressure limit of the system is governed by the pressure 
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relief valve (Bosch Rexroth AG, 2013). The low-pressure level is always connected to the 

low pressure side of the cylinder and it is ensured by a pair of pilot operated check valves 

(see Fig. 3.1) (Hydrocap, 2008). 

 

The switching of the volume flow produced by IEHEC unit between actuators is managed 

by using Rexroth 2/2 directional poppet valve. This 2/2 directional poppet valves are 

assembled on the cartridges valve blocks (Appendix 1). The valve blocks are mounted on 

the multi station manifold block (see Fig. 5.2) (Bosch Rexroth AG, 2006). 

 

Figure 5.2. The assembly of parallel connected fast on/off valves. 

 

5.3 Sensors  

The accuracy of the Log crane model will be studied by comparing simulation results against 

measurements. The measured quantities are associated to hydraulics, mechanics and control 

system (electronics).  The sensors are the major tools used to read the parameters such as: 

pressure, position, volume flow etc. The supply voltage for sensors are provided by external 

power supply. All the sensors are connected to terminal strip (see Fig.5.2). The analog signal 

received from the sensors are converted to digital signal in the A/D convertor board and 

connected to dSPACE and computer (PC).  
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Figure 5.3. Set-up of sensors. 

 

5.4 The control of the system  

The IEHEC machine is controlled by the ABB ACS800M1 frequency converter. This works 

based on direct torque control (DTC). For DTC, a typical torque response is 1 to 2 ms when 

operating below 40 Hz (ABB, 2013). In simulation, time constant of 32 ms has been used to 

control the IEHEC machine. This value is valid for variable displacement axial piston pump 

(Åman et al., 2013, p. 235).  

 

The direction of the rotation of the IEHEC machine has to be alternated in order to change 

the direction of the volume flow.  Due to the combined inertia of rotor, pump shaft and piston 
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block, the build-up of the angular speed takes longer however, the torque response is fast 

enough to build-up the angular speed. According to the design parameter of the IEHEC 

machine the machine can speed up at no load from 0 to 1500 rpm by 25 ms. Thus, the used 

time constant is valid. (Åman et al., 2013, p. 235.) 

 

The reference rotational speed of IEHEC machine is calculated from the volume flow 

through cylinder chambers. According to the velocities of the cylinder pistons the rotation 

of IEHEC machine will be adjusted automatically (see Fig. 5.4). The proportional integral 

(PI) controller with cylinder velocities feedback have been added in the modelling of the 

electrical machine control.  

 

 

Figure 5.4. The MatLab/Simulink model of the IEHEC machine with cylinder velocity 

feedback. 

 

The volume flow from/to the IEHEC unit to/from the system actuators are guided by Rexroth 

2/2 directional poppet valve with booster amplifier (fast on/off valve) with the time constant 

of 10 ms (Bosch Rexroth AG, 2010; Bosch Rexroth AG, 2012; Bosch Rexroth AG, 2005). 

  

5.5 Cartesian coordinate control  

The coordination of operation of control parameters are shown in Fig. 5.3. Control stick is 

used to control the x- and y-direction velocities of the tips of the log crane (see the Eq. 4.13). 

The joint angle data is obtained on the basis of the Jacobian inverse matrix calculated by 

means of the required angular velocities of the manipulator joints (see the Eq. 4.35). The 
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cylinder speed multiplied by the chamber area will provide the volume flows entered to the 

cylinder chambers. The flow through switch valves calculated using valve flow Eq. 2.13.   

 

Figure 5.5. Cartesian coordinate control of log crane system. 
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6 MEVEA MODELER  

 

 

The Mevea simulation software provide modelling services and complete simulators using 

real world control systems and immersive virtual reality environments. It suits for both real-

time and off-line simulation. The mechanical model can contain structural flexibility and be 

driven by using components like hydraulic actuators and motors. The model interacts with a 

dynamic virtual environment allowing typical work cycles. (Mevea, 2015.) 

 

6.1 Co-simulation Mevea/Simulink 

In this thesis, the 3D model of the log crane links is created using SolidWorks software and 

exported to Mevea software by Luostarinen et al. (2014). The links are assembled in the 

Mevea software by locating the coordinates of the joint location and applying the constraint 

between links. The definition of location and orientation of body’s (links) local coordinates 

system are defined.  The coordinates of links center of mass can also be defined with respect 

to the local coordinate system.  The definition of inertia is using inertia definition frame. All 

the links are considered as a rigid body. The graphics of the hydraulic cylinders are directly 

inserted from Mevea software dummies. According to Mevea (2015) "Dummies are parts 

which are not connected to the kinematics chain, but affect the mass and inertia properties 

of the attachment body". This dummies are of type body-to-body force (B2BF) and thus 

connected to translational forces. 

 

Mevea provides the interface with MatLab/Simulink fluid power circuit model. The sending 

and receiving data blocks provided by MatLab/Simulink software makes the interface 

possible.  The mathematical model of the fluid power circuit is modelled using MatLab/ 

Simulink. The translational forces are calculated according to the MatLab/Simulink model 

and thus, has been sent to the dummies. The actual Positions and velocities of the actuators 

piston are received from Mevea. The interfacing of the two software are shown in Fig. 6.1.  
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Figure 6.1. The co-simulation Simulink/Mevea model layout. 
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6.2 Conventional valve-controlled system modelled using Mevea software 

The 3D model of the log crane is created the same way as the model in co-simulation. The 

translational forces in the dummies are replaced by hydraulic pressure forces. All the 

hydraulic components shown in the conventional valve controlled fluid power circuit (see 

Fig. 6.2) are provided by Mevea software. The forces (F1 and F2) are the external forces 

applied on the cylinder rods due to the inertia of the log crane links. The selected constant 

pressure pump builds-up 100 bar pressure in volume 1. The direction of the flow is controlled 

by 4/3 solenoid directional control valve (Bosch Rexroth AG, 2008). The solenoids are 

working with a signal input of +/- 10 V. The pressure drop across the valve is 35 bar with 

nominal flowrate of 40 l/min. The semi-empirical volume flow coefficient (Cv) is calculated 

using Eq. 2.14.  The time constant of a certain valve can be obtained from the Bode-diagram 

provided by the valve manufactures. Typically, the frequency from the Bode-diagram is 

chosen using the -45o phase shift. (Handroos, 2010, p. 82.)   

𝜏 =
1

2𝜋𝑓−45𝑜
                                                                                                                          (6.1) 

, where τ is time constant, and f-45
o is frequency at phase shift of -45o. (Handroos, 2010, p. 

82.)   

 

Figure 6.2. The conventional fluid power circuit of studied log crane. 
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7 RESULT 

 

 

In this Chapter, the simulation results are described. Simulations are carried out by solving 

mathematical model of proposed fluid power circuit (see Fig 3.1). The maximum stroke for 

the lifting and the tilting cylinders are 0.53 m and 0.78 m, respectively. In Matlab/Simulink 

model simulation both cylinders are lifting a mass of 500 kg. In the case of co-simulation 

Simulink/Mevea the virtual model of the log crane links weight of 495 kg are considered. 

The main challenge of the simulation was the transition point of the switching of the actuator, 

where there is frequent pressure drop in the opening and closing of the fast on/off switching 

valve which further leads to oscillation in the system. 

 

 The total simulation time is 20 s. The used input signal is sample based pulse generation for 

the IEHEC machine and fast on/off valves. The pulse generation input signal of the IEHEC 

machine works in a cycle time of 5 s to change the direction of rotation (see Fig 7.1), 

whereas, the fast on/off valves works with sample time of 100 ms (see Fig 7.2). The first 5 

s of the simulation time the IEHEC machine rotates in a clockwise direction, which provides 

a positive volume flow (Q1), which leads to defined positive movement of the cylinder 

piston. The next 5 s of the simulation time, the IEHEC machine rotates in counter-clockwise 

direction providing opposite volume flow (Q2), that leads to opposite of the defined positive 

movement of the cylinders piston. These cycle repeats for the total period of the simulation. 

The control signal inputs for the fast on/off valves of the two actuators are working exactly 

opposite to each other (both of them never open at the same time). The mathematical model 

of the fluid power circuit of the log crane has been tested using two different ways. The 

Matlab/Simulink, and co-simulation Simulink/Mevea results are described in the following 

sub-chapters.  
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Figure 7.1. The control signal input of IEHEC machine. 

 

 

Figure 7.2. The fast on/off valve control signal zoomed out for first 2 s. 

 

7.1  Matlab/Simulink simulation results  

The Matlab/Simulink model layout of the given fluid power circuit is shown in the Fig. 6.1.  

Figure 7.3 shows the simulated rotational speed with respect to the reference rotational 

speed, (ωin) direction of the IEHEC machine. The positive movement (extension) of the 

cylinders piston requires more volume flow than the negative movement (retraction). Thus, 

the positive movement requires higher rotational speed.  Note that the ωin is the reference 

for the PI controller that sets the simulated rotational speed of shaft. The vibration apparent 

in the graph is natural for this type of fast on/off control.  Figure 7.4 shows the step 

movement of the cylinders piston for 100 ms switching of the fast on/off valve. The both 



50 

 

 

cylinders were not driven to the maximum stroke to see the full cycle control of the circuit 

in the specified simulation period.  

 

The cylinder piston velocities are shown in figure 7.5. The zero line crossing of the cylinder 

velocities are because of the inertia of the links and pressure drop across the fast on/off valve 

while closing and opening of the fast on/off valves. The result shows that the opening and 

closing of the fast on/off valve reaches to fully opened and fully closed position with in the 

100 ms sample time of pulse generator. The maximum velocity of both cylinders are limited 

to 0.15 m/s. In the plot the velocity of the cylinders piston reach to 0.15 m/s at the beginning 

of the valve opening, due to the sudden pressure drop.   

 

Figure 7.6 shows the power consumption of the IEHEC pump in the fluid power circuit. 

Since the cylinders are actuated alternatively, it is possible to compare the power 

consumption per each cylinder. The maximum power consumption of the cylinders reaches 

to 7 kW in the transition point for the instant time in which both valves are closed. The high 

power peak at the beginning is due to the high pressure requirement of the static load to start 

movement.      

 

 

Figure 7.3. The simulated angular speed and reference angular speed of IEHEC machine. 
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Figure 7.4. The position of the actuator pistons. 

 

 

Figure 7.5. The cylinders piston velocities zoomed out for the first 6 sec. 

 

 

Figure 7.6. Power consumption of the IEHEC pump in the fluid power circuit. 

 



52 

 

 

7.2 Co-simulation Simulink/Mevea results 

The control signal used for the IEHEC machine and fast on/off switch valves are the same 

as Matlab/Simulink model. The inputs from Mevea simulation model of the log crane is used 

instead of constant mass-load used in the Simulink model. Figure 7.7 shows the piston 

position of the actuators. The switching of the IEHEC machine between the actuators can be 

seen from the step movement, when the lifting cylinder piston moves, the tilting cylinder 

piston stops and vice versa. The positive movement of the cylinders piston are the extension.  

The velocities of the actuator pistons are shown in Fig. 7.8. The reduced velocities of the 

piston apparent to the plot is because of the piston approaching the end of the cylinder, which 

starts to move back and forth due to lack of damping.  

 

Figure 7.9 shows the power consumption of the IEHEC pump in the fluid power circuit. The 

different position of the log crane link (weight to be lifted or lowered) requires different 

amount of energy. This is due to different mass moment of inertia of the links at different 

lifting position. The maximum power consumption in the co-simulation result is 7 kW. The 

power consumption never reach’s to zero, because either of the cylinders are moving in the 

entire period of the simulation. 

 

 

Figure 7.7. The piston positions of the actuators. 



53 

 

 

 

Figure 7.8. The cylinder piston velocities. 

 

 

Figure 7.9. Power consumption of the pump in the system. 

 

7.3 Results of conventional valve-controlled system 

The conventional valve controlled fluid power circuit (see Fig. 6.2). Figure 7.10 shows the 

cylinders piston position. One of the valves are opened until the end of the cylinder piston 

position and then the next valve. The movement of the actuator pistons are controlled by the 

4/3 directional valve. Depending on the valve spool position the negative and positive 

movement of the actuator piston can be controlled. The extension of the cylinders piston is 

positive movement.  

 

Figure 7.11 shows the velocity of the actuator piston. The oscillation at the opening and 

closing of the valve is apparent to the valve controlled fluid power circuit. The power 

consumption of conventional valve controlled fluid power circuit (see Fig. 6.2) is shown in 
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Fig. 7.12. The fluid power circuit maximum power consumption calculated from the pressure 

and flowrate is 9 kW.  

 

 

Figure 7.10. Cylinders piston positions. 

 

 

Figure 7.11. The piston velocities of the actuators. 

 

 

Figure 7.12. The power consumption of the pump in conventional-valve controlled system. 
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7.4 Comparison of the IEHEC driven system and the conventional system  

In comparison, the work cycle of the circuit driven by IEHEC and conventional valve 

controlled fluid power circuit has been considered. The work cycle can be defined as the 

cylinder piston travelled length within a certain working time. Figure 7.7 and 7.10 shows the 

position of the cylinders piston. In both cases the cylinders piston travels 0.2 m in retracting 

direction. This distance travelled by the cylinders piston is accomplished within 5 s working 

time.  

 

The power consumption of the pumps within this working cycle (see Fig. 7.9 and Fig. 7.12). 

The power consumption of the pump in conventional valve controlled fluid power circuit is 

4500 W in the lowering and 9000 W in the lifting whereas, the power consumption of the 

co-simulation IEHEC pump-motor is varying between 1000 W and 4000 W in the lowering, 

and between 2000 W and 7000 W in lifting. The high peak at the beginning is due to the 

friction resistance in the cylinders piston sealing and the mass of the boom at the start of 

piston movement.  
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8 CONCLUSIONS AND FURTHER RESEARCH  

 

 

The main challenge of commercializing electro-hydraulic hybrid actuator system has been 

the requirement of one IEHEC unit per actuator, which leads to high investment costs. In 

this thesis, a fluid power circuit is implemented for switching the IEHEC unit between two 

actuators. The system has been simulated using two alternative methods. Attained results are 

compared to results of conventional valve-controlled system. During simulation, the main 

challenge has been the transition point of switching the actuators. The used fast on/off valve 

with booster amplifier have been tested by manufacturer with a promising time constant of 

10 ms. In the  co-simulation work the system response time of 100ms was sufficient to reach 

the stable movement of actuator piston. The control method has been tested using virtual 

model of the log crane.  

 

The oscillations in the system is apparent to the fluid power circuit in which the fast on/off 

valves are used for guiding the volume flow. The fast opening and closing of the on/off valve 

causes pressure drops in the system which further increases the oscillations in the system.  

The other reason for the oscillation is due to lacking of damping in the system. In modelling 

of the studied fluid power circuit the viscous damping in the cylinders has been the only 

damping considered in the system. Thus, the proportional integral (PI) controller with 

cylinder velocities feedback have been added in the modelling of the electrical machine 

control.  

 

The designed fluid power circuit using IEHEC can operate with less power than the 

conventional valve controlled circuit even though, there is frequent opening and closing of 

switching valves of the actuators. The IEHEC driven fluid power circuit is 20 % more 

efficient than conventional valve controlled fluid power circuit.  
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APPENDIX I 

Assembly of the cartridge valves.   

 


