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EDITORIAL 
 
 
Ce ne sfatuiti? 

Inceputul de an reprezinta de obicei perioada de asezare a lucrurilor 
pentru programul anual al fiecarei unitati de productie. In aceste 
cateva saptamani fiecare firma isi definitiveaza planul de afaceri, cu 
precadere care sa fie nivelul numeric al personalului si chiar care sa 
fie structura profesionala si nivelul de pregatire al acestuia. Pentru 
aceasta conducatorii fac tot felul de analize, pornind de la studiile de 
marketing ale lor si ale altora, unii incercand sa se foloseasca de 
experienta lor anterioara, chiar daca situatia pietei nu mai este cea 
traditionala. Ca urmare, numarul celor care ne intreaba “ce ne 
sfatuiti?” este foarte mare, iar eu ma gandesc destul de serios ca  

 
 

 
 

Dr.ing. Petrin DRUMEA 
DIRECTOR DE PUBLICATIE 

ne-am putea intreba “care sunt elementele care ne permit sa avem niste pareri autorizate?” Ideea 
cum ca noi am sti ce trebuie facut pentru ca lucram in Bucuresti, ca avem contacte cu multe firme 
din tara, ca avem contacte internationale, ca avem acces direct la datele furnizate de CETOP si ca 
stim ce noutati sunt de perspectiva, este o idee corecta pana intr-un punct, pentru ca partea 
economica a raspunsului ne depaseste.  

Aspectul economic din tara este cunoscut de noi in principiu, fara a avea capacitatea de analiza 
amanuntita si eventual corecta, asa ca de obicei ramanem doar la aspectul tehnic. Ca urmare a 
modificarilor structurale din economia nationala, cea mai importanta activitate pe care o poate 
desfasura un IMM din Romania care activeaza in domeniul hidropneumaticii este activitatea de 
mentenanta si de reparatii. Pentru aceasta activitate, unitatea trebuie sa dispuna de cativa 
specialisti cu pregatire adecvata; de asemenea, trebuie sa dispuna de mici standuri de verificare si 
de aparatura de masura si control a parametrilor hidraulici, pneumatici si chiar si mecanici. Trebuie 
mare atentie ca nu orice unitate poate face reparatii de echipamente complexe, ca de exemplu 
pompele si servovalvele. 

Mentenanta si reparatia trebuie sa se refere cu prioritate la instalatiile hidraulice, indiferent de 
complexitatea acestora. Revenind la activitatea de reparatii a echipamentelor ar trebui retinut ca 
marii producatori ofera kit-uri de reparatii, care usureaza munca si asigura un nivel de calitate 
destul de bun. Pentru activitatea de productie recomandarea noastra se indreapta spre 
subansamble si echipamente care nu se regasesc in fabricatia de serie a marilor producatori si, de 
asemenea, spre producerea unor instalatii de complexitate mica si medie pe baza unor proiecte 
bine conturate.  

Toate aceste directii de activitate ar trebui dublate obligatoriu de o perfectionare tehnica si 
manageriala adecvata a tuturor specialistilor din intreprindere. Nu cred ca se poate face o activitate 
eficienta in domeniu fara a dispune de un personal cu buna calificare, indiferent de pregatirea 
scolara, desi bine ar fi sa existe un anumit dezechilibru care sa incline balanta catre absolventii de 
cursuri universitare de specialitate sau de specialitati apropiate. 
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EDITORIAL 
 
 
What would you advise us?        

The beginning of the year is usually the period when things are settled 
with regard to the annual schedule of each production entity. During 
these few weeks each company finalizes its business plan 
elaboration, especially deciding which should be the number of the 
staff and even its professional structure and training level. For that 
leaders are doing all sorts of analyzes, based on their own marketing 
studies and studies belonging to others, some trying to use their 
previous experience, even if the situation on the market is no longer 
the traditional one. As a result, the number of people who ask us 
"What would you advise us?" is very large, and I think quite seriously   

 
 

 
 

Ph.D.Eng. Petrin DRUMEA 
MANAGER OF PUBLICATION 

that we could ask ourselves: “Which elements allow us to have some competent opinions?” The 
idea that we are very likely to know what is best to be done as we work in Bucharest, we have 
contacts with many companies in the country, we also have international contacts, we have direct 
access to data provided by CETOP and we know which are the forward-looking new issues, is an 
accurate idea up to a point, because the economic side of the answer is beyond us.       

The economic aspect in the country is known to us virtually, with no ability of ours to make a 
detailed and possibly proper analysis, so we usually just stick to the technical side. As a result of 
structural changes in the national economy, the most important activity that can be performed by 
an SME in Romania working in the field of hydro pneumatics is the maintenance and repair activity. 
For this activity, the unit must have a couple of specialists with suitable education and training; it 
must also have small testing stands and devices for measuring and controlling the hydraulic and 
pneumatic parameters, and even the mechanical ones. Much care is needed, as not any unit can 
repair complex equipment, such as pumps and servo valves.    

Maintenance and repair must refer prevalently to hydraulic installations, regardless of their 
complexity. Coming back to the activity of equipment repairing, it should be noted that large 
manufacturers offer repair kits, which facilitate work and ensure a quality good enough. Our 
recommendation for production operations targets parts and equipment which are not found in 
mass production of large manufacturers, and it also targets the development of small and medium 
complexity equipment based on well-defined projects.     

All these activity directions should necessarily be accompanied by a suitable technical and 
managerial training for all professionals in the company. I do not think anyone can do efficient work 
in the field without having a well-trained staff, regardless of its school education, although it would 
be better for a certain imbalance to exist, turning the scale in favour of those professionals who 
have graduated from university courses in the specific field or adjacent areas.     
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High Order Dynamic Model and Control Strategy of Automotive 
Powertrain System with Electro-hydraulic Driven Dry-clutch 

Dr. Mario PISATURO1, Prof. Dr. Adolfo SENATORE1,*  

1 
Department of Industrial Eng., University of Salerno, {mpisaturo,a.senatore}@unisa.it  
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corresponding author  

 

Abstract: In Automated Manual Transmissions (AMTs) based on electro-actuated dry-clutch design the 
frictional material properties, the sensors accuracy, the response of the throwout bearing actuator, and the 
control strategies to drive the engagement operation are mutual interdependent and only an optimized 
mechatronic design could lead to an effective target from several points of view: passengers' comfort, fuel 
economy, system reliability, performance, driving feeling, etc. 

In such transmissions, the quality of the vehicle propulsion as perceived by driver and passengers is largely 
dependent on either the quality of the control strategies and the fast dynamics of the clutch subsystems. 
Furthermore, sensitivity analyses on control schemes for this type of transmissions have shown that 
uncertainties on the prediction of the actual torque transmitted by the clutch can severely affect the 
engagement performance. 

In this paper a high order dynamic model of the powertrain system which includes the electro-hydraulic 
actuator dynamics has been analysed to design a feedback controller based on multiple Model Predictive 
Controller (MPC). Simulations of start-up manoeuvres prove the effectiveness of the proposed control 
strategy and encourage the development of real-time routines for the testing on transmission control unit. 

Keywords: electro-hydraulic actuator, dry-clutch control, mechatronic transmission, simulation 

1. Introduction 

An Automated Manual Transmission (AMT) is directly derived from a manual one through the 
integration of actuators. In this way, development and production costs are generally lower than 
other automatic transmissions, while the reliability and durability are at highest level. For high class 
sport cars, vehicle dynamic performances and driving quality can be strongly improved with 
respect to automatic transmissions [1,2]. 

In AMTs the clutch engagement during gearshift is managed by an actuator driven by the 
Transmission Control Unit (TCU). Consequently, high importance is assumed by the actuator 
positioning accuracy along with the reliability of the control algorithm implemented in the TCU. 
Several models of control strategies for dry clutches in AMTs have been proposed in the literature, 
e.g., classical controller [2], decoupling control [3], optimal control [4,5], predictive control [6,7], and 
robust control [8,9]. However, as explained in [10] effective AMTs controllers are difficult to be 
designed without having a physical model to predict the actual frictional torque transmitted by the 
clutch. 

On the other hand, the improvement of the engagement smoothness has driven the vehicle 
designers to deepen about vibrations that arise during the clutch operations to prevent poor ride 
quality, discomfort and noise. The control systems in modern automated manual transmission 
systems couldn't provide good improvement of vehicle longitudinal dynamics during gearshifts 
without a deep knowledge of the driveline stiffness and damping parameters, along with the 
frictional conjunction between its main subparts. To this end, more phenomena about vibrations 
and actuation noises in clutch and gearbox (e.g., judder, shuffle, eek, whoop, clunk, scratch, etc.) 
have been identified and analyzed [11-17].  

In this paper a high order dynamic model of the powertrain system which includes the electro-
hydraulic actuator dynamics has been analyzed to design a feedback controller based on multiple 
Model Predictive Controller (MPC) [6,18]. The MPC is developed to comply with constraints both 
on the inputs and the outputs. The controller aims at ensuring a comfortable lock-up by avoiding 
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the engine stall as well even with reduced engagement time. One of the main factors which have 
led to use the MPC approach could be found in its ability to explicitly handle the constraints. This 
means that the controller allows for input constraints, like for example actuator saturation 
constraints, and it never generates input signal that attempt to violate them. Thus, with predictive 
control the wind-up problem does not arise [19]. Furthermore, with the rapid development of 
computing, MPC becomes more and more attractive feedback strategy in fast dynamics systems 
[20]. 

Simulations of start-up manoeuvres prove the effectiveness of the proposed control strategy and 
encourage the development of real-time routines for the testing on transmission control unit. 

2. Driveline Model  

This section describes a model for simulating the driveline dynamic behaviour; the Fig. 1 shows the 
driveline main subparts on the left side and its model, on the right. The subscripts e, f, c, g, w are 
referred to engine, flywheel, clutch disc, (primary shaft of) gearbox, and wheels, respectively. A 
dynamic model of the driveline can be obtained by applying the d'Alembert equilibrium at the 

nodes of the driveline scheme, where   indicates the T torques, J the inertias and   the angles. 

 
Electro-actuated 

clutch 

Gearbox 

Differential 

Drive shaft 

Main shaft 

Vehicle Wheel 

Engine 

 
 

(a) (b) 

Fig. 1. (a) car driveline and (b) 5 degree-of-freedom driveline model 

 

The equations which model the driveline are: 

    ,e e e e e e ef ef efJ T b T        (1) 

    ,f f ef ef ef fc toJ T T x     (2) 

    ,c c fc to cg cg cgJ T x T     (3) 

 
   

1
( , ) ,g g cg cg cg g g gw gw gwJ r T b T

r
         (4) 

    ,w w gw gw gw w wJ T T      (5) 

 
and the angular speeds are: 

 
e e   (6) 

 
ef ef e f     

 
(7) 

 
cg cg c g     

 
(8) 

 
gw gw g w     

 
(9) 
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where Te is the engine torque (assumed to be a control input of the model), Tfc is the torque 
transmitted by the clutch (the second control input), y is the throwout bearing position, and Tw is 
the equivalent load torque at the wheels (a measured disturbance). The gear ratio is r (which here 
includes also the final conversion ratio), and Jc is an equivalent inertia, which includes the masses 
of the clutch disc, friction pads and the cushion spring. 

Furthermore the following equations also hold: 

 
 

2

1 2

g

g g

J
J r J

r
   (10) 

  ,ef ef ef ef ef ef efT k b      (11) 

  ,cg cg cg cg cg cg cgT k b      (12) 

  ,gw gw gw gw gw gw gwT k b      (13) 

 
  3 2

0

1

2
w w w a d w wT T Ac R   

 (14) 

 

where k are torsional stiffness coefficients, b viscous damping, Tw0 a constant load torque, a the 
air density, A the front surface vehicle area, cd the air drag-resistance coefficient, Rw the wheels 
radius. 

These equations represent the driveline system during the slipping phase, whereas, during the 

engaged phase, the flywheel angular speed f and the clutch angular speed c are the same: thus, 
the equations (2) and (3) can be summed each other, which yields: 

      , ,c f c ef ef ef cg cg cgJ J T T        (15) 

 

The driveline parameters used for the simulation are typical for a mid-size car and can be found in 
literature. An alternative mathematical representation of the driveline useful for the Model 
Predictive Control (MPC) approach is the State-Space representation. In the continuous domain 
the driveline model can be written as follows: 

          

   

1 1sl eng sl engt d d t d d t

t t

           



x A A x B B u

y Cx
 

(16a) 

(16b) 

 

where the state, input and output vectors are respectively: 

  
T

e e f f c c g g w w         x  (17) 

  
T

e fc wT T Tu  (18) 

  
T

e c y  (19) 

 

and d is a switching integer equal to 1 when the system is in the slipping phase and 0 otherwise. 
The subscript sl and eng indicate the slipping and the engaged system matrices, respectively, and 
the matrices can be simply deduced from equation (1)-(15). 
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The MPC has been designed with the discrete time version of the driveline model (16) obtained by 
using the zero-order hold method with a sampling time of 0.01s. This value is compatible for 
automotive applications. In fact, as reported in [21] the computational cycle adopted for these 
applications is set as 5 to 10ms. 

3. Actuator Model 

In this section a model of the hydraulic actuator system with the usual features of those coupled to 
AMT systems is introduced. As previously explained, the aim of the actuator is to throwout bearing 
position and, consequently, the torque transmitted from the engine to the wheels. In this way it is 
possible to disengage and engage the clutch during the start-up and the gear-shifts manoeuvres.  

The actuator is mainly composed by a hydraulic piston connected to a diaphragm spring by the 
way of a roller bearing ("throwout-bearing") and other springs that keep the clutch closed when no 
pressure is applied to the piston, Fig. 2. The piston chamber is connected to a servovalve by 
means of pipeline. The other two-way of the servovalve are connected to a supply circuit and to a 
discharge circuit, see Fig. 2 for details. The position of the spool valve, which is controlled by an 
electromagnetic circuit, determines if the hydraulic circuit is in the filling phase or in the dumping 
phase. The servovalve connects the piston chamber to the discharging circuit in order to 
disengage the clutch. The springs push the piston back and the oil flows to the tank. Conversely, to 
engage the clutch the servovalve connects the piston chamber to the supply circuit in this way the 
piston force overcomes the springs reactions. The servovalve displacement is controlled in current 
and to keep the clutch at a certain position, an offset current is needed to hold the spool in its 
neutral point, that corresponds to no oil flowing in the circuit. For currents greater than this offset 
value, the actuator is connected to the high pressure power supply, while for currents smaller than 
the offset value, the actuator is connected to the low-pressure circuit [2].  

 

 Fig. 2. Actuator scheme and clutch at open position  

 

The clutch actuator is mainly constituted by a mass mp driven by the springs forces Fto(y), friction 
damping forces and hydraulic forces. The mathematical model which describes the piston 
dynamics is: 
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  

  ,

p p p C to

C C p

t p

m y b y A P F y

P q x P A y
V A y



  

 


 

(20) 

(21) 

 

where y is the piston position, Pc is the pressure in the actuator chamber, mp is the actuator mass, 
bp is the viscous damping, Ap is the actuator cross-sectional area, Fto(y) is the diaphragm spring 
and pre-load force as function of the actuator position (see Fig. 3), Vt is the minimum volume of the 

chamber at y=0, q(x,Pc) is the oil flow given by the eq. (24) and finally  is the bulk modulus of the 
oil. 

 

Fig. 3. Diaphragm reaction vs. actuator position  

 

3.1 Servovalve model 

A three-way spool flow servovalve with the plunger driven by an electromagnetic actuator has been 
considered. The servovalve scheme is reported in the Fig. 2 and the mathematical model of the 
plunger motion is reported below: 

     0, ,v v v M B Cm x b x k x F x F x P F    
 

(22) 

 

where x is the plunger position, mv the plunger mass, bv is the viscous damping, kv is the stiffness 
coefficient, FM is the magnetic force, is the magnetic flux, FB is the Bernoulli force due to fluid flow 
through the orifices and FO is the spring pre-load. 

Under usual operating conditions, the magnetic force acting on the servovalve plunger is 
considered proportional to the valve current. Moreover, by neglecting the Bernoulli force and by 
designing a high gain current controller, the servovalve can be considered a current-driven 
actuator [2]. Under this light the relationship between the servovalve current and the plunger 
position is given by the following equation: 

 0 f

v

F k i
x

k

 


 

(23) 
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3.2 Hydraulic model 

By considering an overlapped valve, i.e. the land width is greater than the port width when the 
plunger is in the neutral position and consequently no oil flows through the orifices. This means 
that there is a dead-band in the orifice area vs. plunger position as described in the equation (24). 
The oil flow through the servovalve can be written according to Bernoulli's equation: 

 
   

   

2
sgn

0

2
sgn

S C

S C d f

C T

C T d d

P P
P P C f x

q

P P
P P C f x





 
 



 



 



 

(24) 

 

where the first case represents the filling phase (x > xf), the second case represents the dead-zone 

(xd  x  xf) and the last case represents the dumping phase (x < xd). Cd is the discharge 

coefficient,  is the oil density, Ps is the supply pressure and PT is the tank pressure. The functions 
ff and fd describe the relationship between the orifice area vs. plunger position. 

  

 

2

2

1.3796 1.4197 0.1335

1.3371  3.0447 1.4799

f

d

f x x x

f x x x

  

  





 

(25) 

 

The actuator parameters used for the simulations are listed in [2]. 

4. Controller Design 

In order to manage the engagement phases two closed loops have been designed, Fig. 4. The 
outer closed loop manages the driveline dynamics and a multiple Model Predictive Control (MPC) 
strategy has been implemented. The inner loop supervises the actuator position tracking: a PI 
controller has been designed by neglecting the sensor dynamics. 

The electro-hydraulic actuator dynamics depicted in the section 3 is represented by the block A(z) 
whereas the "Clutch torque model" introduces the frictional torque based on the elastic properties 
of diaphragm and cushion springs, the clutch disk geometry and the friction coefficient of the disk 
facings according to the models and outcomes in [22-24]. 

 

Fig. 4. Block-diagram with MPC-based controller, clutch and driveline models 
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4.1 Multiple Model Predictive Control 

In this section the control approach through MPC theory is explicated. This kind of algorithm 
provides numerous advantages over the conventional control algorithms. Indeed, it handles 
multivariable control problem naturally, it can take account of actuator limitations, it allows the 
system to operate closer to constraints than conventional control, and finally control update rates 
are relatively low in these applications, so that there is plenty of time for the necessary on-line 
computations [19]. 

As explained above, the clutch operates in two different working conditions: the slipping phase and 
the engaged phase. That is why two different controllers for each phase have been designed. The 
switching parameter d selects the controller by considering the absolute value of the difference 
between the engine and the clutch angular speed. Particularly, the switching condition is attained 

when sl=e-c1 rad/s. 

It is important to emphasize that in no way the two controllers can work simultaneously and so any 
conflict between them is avoided a priori. 

The MPC has been designed with the discrete time version of the driveline model (16) obtained by 
using the zero-order hold method with a sampling time of 0.01 s. As explained above, this value is 
compatible for automotive applications.  

    1 1 1k sl eng k sl eng k

k k

d d d d
          



x A A x B B u

y Cx
 

(26) 

 

The MPC aims at finding the output yk by tracking the reference trajectory rk and fulfilling the 

constraints seen above for any time step k0. 

Under the assumption that the estimate of xk is available at time k, the cost function to be 
optimized is: 

      2 2 2

, , ,,
TT T

i i u i i i u i i i i y i i iJ u           u W u u W u y r W y r

 
(27) 

 
where: 

    0 ... 1
T

i i iu u P   u

 
(28) 

is the input vector;  

    0 ... 1
T

i i iu u P      u

 
(29) 

is the input increment vector;  

    1 ...
T

i i iy y P   y

 
(30) 

is the output vector;  

    1 ...
T

i i ir r P   r

 
(31) 

is the reference trajectory vector. Wu,i, Wu,i and Wy,i are, respectively, the input, input increment 
and output weights matrices (diagonals and squares);  the subscript i=1,2 accounts for the two 

inputs and two outputs of the ''plant''. The constraints on u, u, y are softened by introducing the 

slack variable 0. In (27), the weight  on the slack variable  penalizes the violation of the 

constraints. As  increases with respect to the input and output weights, the controller gives higher 
priority to the minimization of constraint violations [7]. 
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4.2 Closed-loop actuator control 

A classical regulator PI has been designed on the basis of a linearised model of the actuator. In 
particular, from the non-linear actuator model described by equations (20)-(25) a simplified linear 

model has been achieved by using a built-in function in MATLAB/SIMULINK. The local feedback 
control on the throwout bearing position provides robustness to the closed loop system. The 
reference bearing position is obtained by inverting the clutch torque signal output of the MPC by a 
look-up table which represents the inversion of the static clutch torque characteristic as show in the 
Fig. 4. 

The PI parameters KP=1.2 and KI=0.5 have been obtained by trial and error procedure looking for 
the best trade-off between a fast response and the restriction of the wind up problem.  

5. Simulation Results 

The simulation results have been obtained by implementing the driveline and the actuator models 

in the MATLAB/SIMULINK environment. Two typical vehicle launch manoeuvres has been 
considered: slow and fast. The switch between the slipping and the engaged phase is selected by 
a Stateflow finite state machine. This signal is used both to select the MP controller suitable to 
manage each phase and to select the part of the driveline model to activate. The switching 
condition is reached when the value of the slip speed is less than 1 rad/s. Once the clutch is 
engaged, the throwout bearing position is rapidly increased to its maximum value by the control 
algorithm. In other words the clutch actuator reaches the rest position.  

Figs. 5, 6 and 7 show the results of the controlled AMT in a slow start-up manoeuvre. The 
behaviours of the engine and angular velocity, set-points and plant outputs, and those of the 
engine torque and throwout bearing position are depicted. The comparison between the set-points 
and the plant outputs shows the good performances of the MPC both before that after the clutch 
engagement. In fact, the clutch speed set-point trajectory is well tracked by the plant output during 
the engagement phase and together with the engine speed reach in few seconds the regime value. 
Moreover in the Fig. 6 the effectiveness of the constraints on the engine torque and on its rate 
have highlighted showing again the good performance of the MPC.  

  

Fig. 5. Slow start-up manoeuvre: angular velocity, set-point trajectory and plant outputs  
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Fig. 6. Slow start-up manoeuvre: engine torque 

 

Finally, in the Fig. 7 the good performance of the PI inner loop on the throwout bearing position is 
depicted. It is worth noting that with a good choice of the PI parameters KP and KI the wind-up 
does not arise. 

 

yref 

 

y
 

  

 

Fig. 7. Slow start-up manoeuvre: throwout bearing position 

 

Figs. 8, 9 and 10 show the results of the controlled AMT in a fast start-up manoeuvre. In this case 
the comparison between the set-points and the plant outputs shows that for a fast manoeuvre 
there is an increment of the jerks after that the engagement condition is reached. The Fig. 9 
highlights the effectiveness of the constraints on the engine torque and on its rate. Finally, in the 
Fig. 10 is reported that, also in a fast manoeuvre, the PI controller on the throwout bearing position 
attains good performances. Indeed, also in this case the wind up does not occur. This means that 
the throwout bearing position never reaches dangerous and unwanted condition, i.e. excessive 
stress on the actuator that may be damaged, without the necessity of a saturation on the actuator 
output highlighting the robustness of the inner closed loop. Figs. 7 and 10 depicts as after that the 
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engaged condition is attained, the throwout bearing position reaches its rest position. Simulations 
of the actuator dynamics in open-loop, whose results are not reported here for the sake of 
briefness, have proven the limits of such industrial cheaper approach concerning the poor tracking 
of the reference clutch torque. 

 

Fig. 8. Fast start-up manoeuvre: angular velocity, set-point trajectory and plant outputs  

 

 

Fig. 9. Fast start-up manoeuvre: engine torque  
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Fig. 10. Fast start-up manoeuvre: throwout bearing position 

 

6. Concluding remarks 

In this paper the dynamics of a high-order automotive driveline coupled to dry-clutch system driven 
by electro-hydraulic actuator has been analyzed to simulate the launch transient manoeuvres of 
vehicles equipped with robotized (or AMTs) transmission. The frictional torque transmitted from the 
engine to the vehicle wheels through the dry clutch disks is governed by the constrained multiple 
model predictive control and its output signals provided to the actuator. Two controllers have been 
designed: the first one manages the slipping phase whereas the second one manages the 
engaged phase. Moreover, the clutch actuator dynamics is managed by position-sensing closed 
loop control by using a PI regulator. 

The simulations results have showed the good performances of the MPC especially for a slow 
start-up manoeuvre. Moreover, the robustness of the PI regulator has been highlighted for both the 
start-up manoeuvres. Indeed, the good performances exhibited by the PI controller in both the 
cases is confirmed by the good tracking of the reference signal, by the fast actuator response and 
by the evidence of the throwout bearing positions which never exceed their limits making the 
saturation unnecessary. The simulation of the actuator dynamics in open-loop control has showed 
poor tracking of the reference clutch torque. 

Future studies will focus on the role of fast temperature changes due to the huge amount of heat 
generated at clutch disk facings' interface and the influence of such behaviour on frictional 
characteristics and actuator response modification. 
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Abstract: Redesign and correct sizing of hydraulic machines, like centrifugal pumps, must take account of 
hydraulic thrusts. This is useful to minimize the components wear and properly size of bearings and 
extending the bearings durability. These are minimal conditions for pumps optimal working. 
The article analyzes two methods of balancing the axial forces - first with front and back labyrinths and wear 
rings of impeller, the second using dorsal vanes. The article presents the calculation procedure of axial 
forces customized for these two balancing methods. Calculations are exemplified for a multistage pump with 
2-7 stages. 
Variations of axial forces are analyzed with the number of stages of multistage pumps, with labyrinth 
positioning or dorsal vanes diameter, width vanes diameter and clearance between vanes and casing and 
with the suction pressure of the pump. It also indicates the axial thrust reversal and most convenient rotor 
geometry.  

Keywords: centrifugal pump, axial thrust, front and back labyrinths, dorsal vanes 

1. Introduction  

For a correct design of the hydraulic machines’ impellers, should be considered the axial and radial 
forces, their size and direction occurring in the working process. Reliability and correct rating of 
hydraulic machines like centrifugal pumps must take account of hydraulic thrusts. This is useful to 
minimize the components wear and properly size of bearings and extending the bearings durability. 
This article proposes a calculation procedure based on information from the literature [1- 5], [7-9], 
to determine the correct axial thrust in centrifugal pump impellers, single stage and multistage and 
comparative analyses of axial balance with wear ring and back labyrinth versus dorsal vanes on 
the impeller. Axial force variations are analyzed with the number of stages of multistage pumps, 
diameter of positioning the dorsal vanes, width of vanes and clearance between vanes and casing. 
Also, the pump suction pressure was varied in the case of balancing with back labyrinth on the 
impeller and was established when the axial forces are canceled.  
All numerical examples were performed on a horizontal multistage pumps manufactured in Aversa 
Manufactory SRL company. 
Axial thrust depends on several parameters: the impeller geometry through the suction and 
discharge diameters, the hub diameter, the diameter of the front and back labyrinths of the 
impeller, diameter of dorsal vanes, dorsal vanes width and clearance between it and the casing, 
the pressure discharged by the pump, also specific operating speed, pump suction pressure or the 
existence or not of discharge holes on the back disk. By determination of axial forces of centrifugal 
pumps and by finding solutions to its decrease by a correct geometry of the impeller, increases 
bearing durability and improves hydrodynamic behaviour of the pump in its ensemble. 

2. Axial thrust – theoretical approach 

In centrifugal pumps, axial forces occur due to asymmetries of the impeller - the back disk higher 
than the face disk generates a greater thrust in reverse fluid entry. The clearance between the 
casing and the impeller that turns fluid in the discharge generates swirls and hydraulic losses. 
Such effects create four components of axial forces: F1 due to fluid pressure on the front disc, F2   

on the back disc, due to discharge pressure fluid that penetrates the space between the impeller 
and casing. F3 is the force due to the difference of pressure on the shaft end as a result of pump 
suction pressure and axial impulse force F4, as the effect of change in flow direction. These 
components can be seen in figures 1 and 2. 
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In figure 1, the axial thrust balancing by using back labyrinth, wear ring and discharge holes can be 
seen. To eliminate the axial thrust of a single suction impeller, the diameter of the both front and 
back wearing rings can be equal. 
In figure 2, the axial thrust balancing using impeller with back vanes is exemplified.  
The pressure axial forces, indicated in the literature, [1-5], [7-9] have the form of equation (1): 

               
  

  
     (1) 

      
    

 
   

          (2) 

Rotational speed is                            
     

  
               

(3) 

 

 

Fig.1. Back side labyrinth and discharge holes Fig.2. Radial back vanes for axial thrust 
balancing 

 
Axial force generated by the pump suction pressure has the form of equation (4): 

   
    

 

 
             (4) 

Axial force of impulse has the form of equation (5) or (5’) : 

           , for radial impeller   (5) 

                     , for mixed flow impeller  (5’) 

The pressure at the discharge depends on the number of pump impellers in Figure 3 is an example 
CFD modelling to increased pressure in the case of two impellers, leading to increased axial force 
default. CFD approaches are found in the paper [10]. 
 
Analytical set up 

 
Analysed pump is centrifugal multistage with 27 stages, the impeller having the dimensions: 
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Fig. 3. Pressure variation for two stages of centrifugal pump cu H=28 m and impeller geometry are 
given below. 

 
3. Axial thrust balanced by back labyrinth and wearing 

Relationships above proper for balancing with back labyrinth of the impeller [6], give an axial force 

like in equation (6): 

    
 

 
     

 

 
     

     
      

    
   

 

  
      

     
    

      
    

    (6) 

The diameter of the back labyrinth of impeller can be calculated so as to decrease the axial force, 
a good balance being provided with the same diameter for the front and the back labyrinths. The 
both labyrinth are equipped with wearing rings. In the space between the back labyrinth and the 
impeller’s hub are made ng   discharge holes for a fluid flow from discharge to suction, with diameter 
dg . The flow losses by discharge holes are in equation (7): 

    
 

 
   

  
    

 
     (7) 

Variation of axial thrust with the number of stages is presented in figure 4. The chart indicates 

trend line equation for a quickly axial thrust calculus.  
 

   

Fig. 4. Axial thrust for back labyrinth          Fig. 5. Axial thrust variation vs suction pressure 
             vs number of stages     for a single stage 

 
Figure 5 presents the variation of axial thrust with the suction pressure of the pump and the 
pressure value that balances the impeller and change the thrust direction. A convenient geometry 
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in radial and diagonal impeller design has the front and back labyrinth diameters equal. Sign 
convention is: axial thrust positive in the suction direction and negative to the coupling of the pump.  

4. Axial thrust balanced by back vanes 

In the balancing of axial thrust with back vanes, the axial resultant force [6] has the particular 

equation (8):  

    
 

 
     

 

 
     

     
      

 

  
  

    
     

  

    
     

      

 

  
  

    
     

       
    

     
  

   
 

 
   

     
    

    (8) 

The rotational speeds of the fluid on the impeller disk, respectively on the dorsal vanes are (9): 

      
   

  
,    

   

  
   

 

   
)    (9) 

 

Fig.6. Axial thrust balanced by back blades  Fig.7. Axial thrust vs back vanes diameter 
 vs number of stages 

 
In figure 6 is analysed the variation of axial thrust using back vanes to balance the impeller versus 
number of stages of centrifugal pump. The diameter of dorsal vanes to which the axial thrust is 
zero – the impeller is balanced, can be established, as can see in figure 7. In both cases, trend line 
equation allows to determine more accurate values and extension of calculation, useful information 
for centrifugal pump impellers design. 
Dorsal blade width B is important to balance the axial impeller. Same the gap j between dorsal 
vanes and casing must be properly chosen. The values of axial thrust using dorsal vanes were 
calculate for four widths (4, 5, 6, and 7 mm) of vanes and three gaps (1, 2, 3 mm) between impeller 
and casing, resumed in  figure 8. Similar analyzes regarding the variation of axial thrust width and 
dorsal vanes diameter meet also in the paper [9]. 

5. Discussions and Conclusions  

Reason to correct design of the impellers of centrifugal pumps must be calculated radial and axial 
hydraulic forces. The axial thrusts are great in the case of multistage pumps, in direct 
proportionality with the number of the stages. Hydraulic forces must be reduced by structural 
elements of the impeller and / or casing, to ensure the best possible durability of bearings. 
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This paper analyses two methods regarding the axial thrust balance – the first using front and back 
labyrinths, the second using dorsal vanes. 
 

 
 

Fig.8. Axial thrust balanced with dorsal blades vs width of the blades and gap between impeller and casing 

 
The article presents the procedures to calculate axial forces, particularized for these two methods 
of balancing. Calculations are exemplified for a multistage pump with 2-7 stages. 
Balancing with front and back labyrinths to the same diameter is a good way and often applied, but 
for many stages lengthens more the shaft and the pump. It is also important the suction pressure. 
Article shows the pressure that cancels or changes the sense of axial thrust. 
Balancing with dorsal vanes provides a more compact impeller, but the geometry is more complex, 
increasing the impeller’s weight. It must be taking into account the dorsal vanes diameter and the 
gap / clearance between impeller and casing. Article presents the variation of axial thrust with the 
dorsal vane diameter, indicating the sense change of axial thrust. Also, paper presents the 
variation of axial thrust with the gap between impeller and casing and with vanes width variation. 
In conclusion the balancing method with back labyrinth and wearing is more efficient and more 
convenient for small number of stages. The method with dorsal vanes is the best for balancing a 
great number of stages, but with a more complex geometry.  
 
Notation 
 
Fp, F1, F2 – pressure forces (N) 
Fax – axial thrust (N) 
C0 – inlet speed (m/s) 
Q –flow rate (m3/s) 
q – flow losses through the discharge holes (m3/s) 
ng – number of discharge holes 
dg – holes diameter (m) 

pp, p – pressure variation (Pa) 
p1, p2 – inlet, outlet pressure (Pa) 
pa – suction pressure (Pa) 
n – rotational speed (rpm) 

 - angular rotational speed (s-1) 

1, 2 – idem for fluid rotation on disk, respectively back blade (s-1) 
D2 – outlet diameter of the impeller (m) 
Dla, Dle – diameter at suction labyrinth, respectively back labirinth  
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Dpd – diameter of dorsal blades (m) 
Db – diameter of the impeller hub (m) 

 - fluid specific weight (N/m3) 

 - fluid density (kg/m3) 
B – back blade width 
J – gap / clearance impeller casing 
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Abstract: The performances of hydraulically driven systems are dependent on the developed forces and 
execution speed. However, increasing the speed of execution makes that inside of the command, adjustment 
and distribution equipment, when using low viscosity fluids, to appear hidromatic phenoms of the cavitation 
type. Modern methods of flow modeling shows that the areas where pressure oscillations leads to the 
appearence of cavitation, are the flow slots created between the mobile elements (drawers) and body/seat of 
the hydraulic equipment. Although the literature contains more information about the behavior/cavitation 
resistance of materials of components that run within the range of cavitation, an investigation of their 
behavior to cavitation erosion is required. Filling the data with cavitation erosion elements is beneficial, since 
it occurs simultaneously with cavitation erosion and abrasive erosion, cumulative effects that can affect the 
performance and work accuracy of the equipment. Therefore, this paper contains the result of research and 
analysis of the behavior to vibratory erosion of two low alloy steels (16MnCr5 and 34CrNiMo6), in annealed 
condition, used in the manufacturing of mobile elements of hydraulic equipment. Qualitative assessment of 
resistance to cavitation is done by comparing the carbon steel alloy 41Cr4, standard in the cavitation 
laboratory of the Polytechnic University of Timisoara, for steels in this category. The comparison based on 
curves and cavitation erosion specific parameters show that the investigated steels have lower resistance to 
the standard, but can be improved by applying surface hardening technologies and increasing the 
mechanical properties of the surface exposed to cavitation.  

Keywords: cavitation erosion, carbon steel alloy, cavitation resistance, mechanical properties, chemical 
composition, average penetration depth of erosion, erosion rate, cumulative erosion rate   

1. Introduction 

The speciality literature presents the cavitation as a complex hydrodynamic phenomena, specific to 
the flowing of liquids, which is manifested by reducing the energy and functional parameters, the 
appearance of noises and vibrations, and worst of all, by erosion of solid borders which guide the 
flow [1], [5]. 
How the phenomenon can only be diminished, hydromechanical equipment, which is always 
present, will work, almost always in the so-called ”industrial admitted cavitation”, that cost in 
maintaining the current energy parameters, low level noise and vibration and acceptable cavitation 
erosion, requiring repairs and replacements of equipment after long periods of operation. 
Most cavitation erosion studies are made on hydraulic machines, pumps and marine propellers, 
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because they are the most affected and involves high costs of manufacturing and repairing [9]. 
From the bibliographic documentation [1], [2], [3], [4] results that the hydraulic equipment from the 
actuating schemes are, also, subject to cavitation, with all it’s effects. 
Observations made at the current and maintenance works, on the crossing zone between drawers 
and command equipment slots, distribution and control, as well as numerical modeling, have 
highlighted cavitational and abrasive erosions of drawer shoulders and equipment bodies. 
Therefore, the performance of the equipment is subject to the judicious selection of the material, 
respectively of the application of heat treatments, thermo-chemical and mechanical for the 
increase of their resistance to the distructive effects of cavitation erosion, taking into account the 
economic effects of such measures [6], [9].  
So, along with the basic problem concerning a compromise between the mechanical strength and 
plasticity characteristics, the cavitation erosion behavior must also be studied. 
The research accomplished in this paper provides important data on cavitation erosion behavior of 
two low alloy carbon steels (16MnCr5 and 34CrNiMo6 in annealed condition), commonly used at 
manufacturing of mobile elements of the hydraulic systems equipment [10].  

2. Research material. Apparatus and research method 

From the analysis of the hydraulic equipment manufacturers, coupled with the analysys of the 
properties of materials and supply costs of materials [2], [7], from which these elements are made, 
results the fact that the most suitable for the hydraulic equipment drawers, are the low alloy steels. 
To investigate the effects of cavitation erosion, there were chosen two alloy steels 16MnCr5 and 
34CrNiMo6, used in the manufacturing of control device drawers, distribution and control of 
hydraulic system actuators. 
The chemical compositions of the two steels (according to the quality certificate released by S.C. 
MECHEL-TARGOVISTE S.A., Romania) are displayed in Table 1, and the values of the main 
mechanical characteristics, determined in the Strength of Materials laboratory of the Polytechnic 
University of Timisoara, are summarized in Table 2. 
In Tables 1 and 2 are given the chemical composition and values of the mechanical properties of 
the 41Cr4 steel, standard for alloy steels and used in the manufacturing of hydraulic equipment 
components exposed to the cavitation erosion [2]. 
 

                                                                           TABLE 1:  Chemical composition of the examined steel 

Brand 
Accompanying and alloying elements, % 

C Si Mn Cr S P Al Ti Mo Cu Ni 

16MnCr5 0,21 0,32 0,97 1,00 0,03 0,09 0,0175 0,035 0,018 0,2 0,1 

34CrNiMo6 
0.34 0.25 0.50 1.5 0.035 0.025 - - 0.25  1.55 

41Cr4 
0.42 0.25 0.70 1.05 0.03 0.025 - - - - - 

 

The mechanical characteristics, determined in Strength of Materials laboratory of the Polytechnic 
University of Timisoara, have the values shown in Table 2. 
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                                                                                   TABLE 2:  Mechanical characteristics 

Material 
Rm 

N/mm
2
 

Rp0,2 

N/mm
2
 

A5% 

% 

Z% 

% 

HB 

daN/mm
2
 

Bibliography 

16MnCr5 1174 1059 12 51 207 [12] 

34CrNiMo6 1200 900 10 45 250 [13] 

41Cr4 1000 660 12 35 255 [2], [14] 

 

The researches have been accomplished in the Cavitation laboratory of the Polytechnic University 
of Timisoara, on the performant crystal piezoelectric vibrator device, with modern facilities, that 
ensures process control and computer management, accomplished by international standards 
ASTM G32-2010 [11]. 
The functional parameters of the device, kept constant throughout the whole research duration, 

are: power 500 W, vibration frequency 20000  2% Hz, amplitude of vibration 50 μm, sample 
diameter 15,9 ± 0,05 mm, supply voltage 220 V/50 Hz, working fluid double distillated, working fluid 
temperature 22±1ºC [4], [8]. 
In accordance with the requirements of the standards ASTM G 32-2010, the search procedure [2], 
[6], [10], from both steels were exposed three samples to cavitation erosion. The total duration of 
the cavitation attack, according to custom laboratory is 165 minutes, divided into a period of 5 and 
10 minutes and 10 of 15 minutes each. 
In the diagrams contained in the paper, the analysis underlying the cavitation behavior, are shown 
the curves obtained from the mediation of experimental results recorded on the three samples.  

3. Experimental results. Analysis and discussions 

In Figures 1 and 2 are presented measured values for the eroded mass and the corresponding 
velocity, of different periods of attack. 
The mass of material, lost by the sample through cavitation erosion, was obtained by weighing the 
analytical balance type Zatklady, which allows the reading of five decimals places. To assess the 
distant mass, the reading was performed at the beginning and end of the final period of attack ; 
between periods, the samples were stored in a dessicator, in order to avoid oxidation affecting real 
loss by cavitation erosion. 
Erosion rates, expressed in points, corresponding to the 12 periods of attack, were calculated 
according to the ratio:  

Vi = Mi/ti        (1) 

where m- represents the mass of material lost through cavitation erosion in the period t 

           t – represents the duration of the “i” period of attack (of 5, 10 and 15 minutes) 
 
In Figure 1 are shown images of degredation produced by the vibratory cavitation in the 165 
minute attack. Images of the eroded structure are recorded at the scanning electron microscope 
(magnification of 2500 x), and the degraded surfaces of the samples were photographed with the 
photo camera, at a magnification of 8 x.  
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Fig. 1. Evolution of the weigh loss (cumulative) with the duration of the cavitation attack  

 

 

Fig. 2. Dispersion of the erosion rates during the periods of cavitation attack 
 

The developments of the experimental points (1 and 2), show that the two steels, in the annealed 
condition, behave identically to the erosion generated by the vibratory cavitation. This kind of 
behavior, rare met, even in materials from the same quality class (as in the case of the two steels), 
shows the cumulative influence of all factors that determine the type of material (chemical 
constitution, respectively structure type, level of the mechanical properties).The only behavior 
difference is the one of the 5 minute period, in which the 34CrNiMo6 steel leaves the impression 
that it has greater losses (the phenomenon is very well visible in Figure 2). Our experience and all 
researches show that the losses from the first 15 minutes are not a real reflection of the sample 
mass loss by cavitation. They are strongly influenced by the abrasive dust and the tip of the 
roughness, remaining after processing the surface exposed to the attack, regardless the washing 
type before subjecting to the test [2]. Also, images of the degraded surface and of the cavitated 
microstructure, attached to the diagram of mass loss (Figure 1), are a confirmation of the identity of 
the two steels throughout the whole duration of the attack. The caverns left after the expulsion of 
grains and the level of pitting, highlighted by the pictures taken with the scanning electron 
microscope shows that in the annealed condition, the two steels (16MnCr5 and 34CrNiMo6) have 
the same resistance to cavitation erosion generated by the vibrator unit of the Polytechnic 
University of Timisoara’s laboratory. Given that the device is accomplished by the ASTM G32-2010 
standards, we estimate that even in the testing conditions at cavity vibration generated by the 
devices with different functional parameters (electric power, amplitude and frequency of vibration) 
the behavior would be similar to the one recorded by us.  
In Figure 3 are shown the mean depth losses cumulated by the penetration of erosion and in 
Figure 4 penetration rates of erosion. The two parameters were calculated using the equation (2): 



ISSN 1453 – 7303                                                                                 “HIDRAULICA” (No. 1/2015) 

Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

 
 

29 

 

  

-mean depth erosion (MDE), corresponding to a period of attack: 

MDEi = 
2

4

p

i

d

M






 [mm]     (2) 

respectively the cumulative one 

MDEi = 



12

1i

iMDE  [mm]    (3) 

-mean depth erosion rate (MDER), corresponding to a period of attack: 

 MDERi= MDEi/ti     (4) 

The physical significance of the measurements from the ratio (2) is: 

 - steel density, ( 7.85 g/cm3 for the 16MnCr5 steel [12] and  7.84 g/cm3 for the 

34CrNiMo6 steel [13]) 

 dp - sample diameter ( = 15.9 mm). 

 

 

Fig. 3. Mean depth erosion with the duration of cavitation attack  

 

 

Fig. 4. Mean depth erosion rate with the duration of cavitation attack  

 
In these diagrams, the experimental values are mediated by analytical curves constructed with 
ratios developed in the laboratory by Bordeasu and a.o. [2], [3], [4]. 



ISSN 1453 – 7303                                                                                 “HIDRAULICA” (No. 1/2015) 

Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

 
 

30 

 

  

And the analytical mediation curves show that the two steels have identical behaviors and 
resistances at the vibratory cavitation intensity. The flattening tendency of the analytical curves at 
maximum values, according to the results obtained by specialists in the cavitation behavior of the 
materials, show that the two steels are categorized as those with good resistance to cavitation. 
The comparison with the 41Cr4, standard steel in our laboratory, for this type of material, shows 
that in annealed condition, both investigated steels have lower resistance. 
 

 

Fig. 5. Comparison of the mean depth of erosion recorded at the end of the test 
 

 

Fig. 6. Comparison of the resistance to erosion of cavitation 
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The histograms from Figure 5 and 6, built on the final values of the MDE parameter and the 
stabilizing parameter MDER, allow an approximate evaluation of the resistance of both 
investigated steels. Thus, compared to the standard steel 41Cr4, the depth of penetration 
increases by about 97,7% to 16MnCr5 and doubles (about 101%) at the 34CrNiMo6 steel. The 
about 3% difference between the two steels is in the specific of differences obtained for specimens 
taken from the same material and the same charge [2]. 
In terms of resistance to cavitation, expressed by the parameter 1/MDER, Figure 6, there is a 
decrease by about 115 % for the 16MnCr5 steel and about 114% at the 34CrNiMo6 steel. And the 
difference between the values of the parameter 1/MDER, of the two investigated steels is 
insignificant and falls within the specified deviation of samples from the same material and charge. 

4. Conclusions  

The 16MnCr5 and 34CrNiMo6 steels, in annealed condition, degrade similar to the microjet impact 
and shock waves generated by the implosion of cavitation bubbles produced by vibrating. The 
behavior and resistance, to this type of attack, are identical. 
From the comparison with the standard steel 41Cr4, results a decrease of resistance at the 
cavitational attack, but based on the tendency of stabilization at maximum value of the MDER 
parameter curve, is estimated to be a good one. Also, the comparison with the standard steel, for 
components of the hydraulic equipment of command, distribution and adjustment, which works in 
areas with cavitation currents, shows the need of treatment/hardening of the exposed surface, in 
order to improve it’s resistance characteristics to cavitation erosion.  
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Abstract: Applications that use photovoltaic systems are continuously growing, in recent years, according to 
EU policies that foster the renewable energy sources. The current trend is to optimizing these systems by 
ensuring functionality with maximum efficiency. One of the methods of optimization refers to the capture of 
large quantities of solar energy using tracking systems for photovoltaic panels. The most of photovoltaic 
tracking systems uses the electric drive. This paper presents another type of tracking system based on a 
pneumatic drive. Of the existing tracking systems in literature, the pseudo-equatorial system was adopted. 
This tracking system was particularized for Craiova location.  

Keywords: tracking system, photovoltaic (PV) panel, pneumatic drive, sun position 

1. Introduction  

Photovoltaic conversion of solar energy is one of the most attractive and dynamic options to use 
renewable energy to produce electricity. In order to compete with conventional sources of 
electricity generation have found solutions to increase the efficiency and decrease the cost price of 
photovoltaic modules. 
Ideally, a PV panel should follow the sun so that the sun rays fall perpendicular to its surface, thus 
maximizing solar energy capture and thus we obtain the maximum output power. The tracking 
systems using controlled mechanisms that allow maximization of direct normal radiation received 
on PV panel [7]. 

2. Photovoltaic tracking systems 

Electricity production of a PV system depends largely on solar radiation absorbed by the 
photovoltaic panels.  As the sun changes with the seasons and over a day, the amount of radiation 
available for the conversion process depends on the panel tracking [3, 5, 6, 7]. 
In practice are two kinds of tracking systems:  single axis and double axes tracking systems (Fig. 
1). In the case where the two orientation axes 3 types of systems can be distinguished, depending 
on how the axes are placed and how the two movements are entered into the system [7]: the 
azimuthally  systems, the equatorial systems and the pseudo-equatorial systems. In this paper was 
considered the pseudo-equatorial system. 
 

 
a)                                                     b) 
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         b1)         b2)      b3) 

Fig. 1. Tracking systems of PV panels: a) - single axis, b) - double axes, b1) - azimuthal, b2) - equatorial,       
b3) - pseudo-equatorial 

 

The tracking systems presented above is based on two methods of orientation: 
-  method based on going through a predetermined trajectory; 
- method based on the search of maximum illumination. 
In this paper we present a method based on going through prescribed tracks. 

3. Determination of PV panel position 

It is known that the Earth behaves a complete rotation in a year, around the Sun in an elliptical 
orbit and a complete rotation around its own axis during 24 hours. Earth's rotation axis has a fixed 
direction in space and inclined angle δ0 = 23.5o to the perpendicular plane of the orbit (Fig. 2). The 
angle between the direction to the Sun and the equatorial plane, δ is named declination and varies 
during the year from 23.5o, at the moment of the summer solstice (June 21) to -23.5o, at the winter 
solstice (December 21st). 

 

Fig. 2. Earth's orbit and the angle of declination, δ 
 

On 21 March, respectively - September 21 declination δ = 0 and the length of day and night are 
equal.  
Declination can be calculated with the Copper formula [6]: 








 


365

284
360sin45,23

no                                                              (1) 

where n - is the number of days in a year, the first day considering January 1. Using monthly 

average of 'n' values can be calculating the declination of Earth during a year. 
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Geometric relations between an arbitrarily oriented plane to the horizontal and direct sunlight that 

falls on the plan at any point of time, the position of the sun to this plan can be described in terms 

of several angles.  

Latitude, φ - angle measured from the equator to the point of interest on the earth's surface, is 

considered positive for the northern hemisphere and negative - to the south.  

The inclination angle of plane β - the angle between the plane and the horizontal surface; 0 ≤ β ≤ 

180, (Fig. 3). For normal solar installations, maximum angle does not exceed 90°. 

 Azimuthally angle, γ - the angle between the projection on the horizontal plane perpendicular to 

the surface of the plan and the local meridian (Fig. 3); equal to zero for that plan south facing; 

negative - to east, positive - to west; -180 ≤ γ ≤ 180. 

Solar azimuthally angle, γs, - the angle between the south and the projection on the horizontal 
direct radiation (sunlight) (Fig. 3 b); angles measured from south east direction are negative, the 
measured westward - positive. 
 

 
a)                                                            b) 

Fig. 3. Explanation regarding to sun’s angles 
 

The angle of elevation of the sun, αs, - the angle between the horizon and the sun line linking point 

of interest, or the incident solar beam at the point of interest (Fig. 3). 

Zenith angle, θz, - the angle between the vertical and the line connecting the sun and the point of 

interest, or αs complementary angle (Fig. 3). 

Hour angle, ω, - determines the position of the sun in the sky at a given moment. Equals zero 

when crossing the local meridian sun, ie when midday positive and negative east - west (Fig. 3 b). 

Accordingly, ωs corresponds to the angle of sunrise, and (- ωs), the angle of the sun dusk. 

It is obvious that in an hour the sun across the sky at an angle equal to 15o, and his position at any 
time T is determined by the expression: 

 T 1215                                                         (2) 

If you know the angles δ, φ and ω, then easily determine the position of the sun in the sky for the 
point of interest for any time, any day, using the expressions [6]: 

zs  coscoscoscossinsinsin                                                           (3) 






coscos

sinsinsin
cos

s

s
s


                                                                    (4) 

In equation (3) by imposing the condition, calculate east respectively west angle hourly of the sun 
from the relationship: 

  tantancos 1  
s                                                                          (5)    

 For every day of the year in (4) with declination δ previously determined from (1) for a time T is 

determined the hour angle ω and knowing the latitude φ is determined the sun elevation angle αs. 
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In figure 4 is presented photovoltaic panel, P directed to the South. Surface of panel P is inclined to 

the horizontal with β angle.  

Solar radiation on the PV panel will be highest when the afternoon when the sun elevation angle, 
αs is the maximum distance and sunlight will be minimal time and angle ω = 0.  This situation will 
occur where direct radiation is perpendicular to the surface of the PV panel, P. 

 

Fig. 4.  Direct solar radiation on an inclined plane in midday: ω=0; γ=o; 
 

Figure 4 shows that θz = β, and angle of the panel on S-N direction (elevation), from the horizontal 
plane is determined by the relationship: 

   coscoscossinsincos z                                                                              (6) 

 s  2                                                                                                  (7) 

Based on present relationships above, customizing for city of Craiova was obtained graphical 
representation of specific angles describing the position of the sun in the sky and the PV panel 
position (Fig. 5, Fig. 6, Fig. 7). 
 

  

Fig. 5. Elevation angle of sun for each month of year 

  

Fig. 6. Elevation angle of PV panel for each month of year 
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Fig. 7. Azimuth angle of PV panel for each month of year 
 

The graphs above reveals PV panel position every 30 minutes throughout the day. Knowing the 
position of the panel can develop the control algorithm of pneumatic tracking system. 

4. Simulation of pneumatic tracking system 

The most of PV tracking systems uses the electric motors. In this paper is proposes another type 
of tracking system that uses a pneumatic drive (Fig. 8). Were considered the following advantages: 

- the forces, moments and engine speeds can be adjusted easily using simple devices; 

- pneumatic motor overload does not introduce risk of damage; 

- pneumatic transmissions allow starts, stops, frequent and sudden changes of direction without 

risk of damage; 

- compressed air is relatively easy to produce and transport networks is environmentally friendly 

non-flammable; 

- can be stored in high quantity; 

- risk of injury is reduced; 

- easy maintenance. 

For achieving the structure and pneumatic control of system and also, to simulate the operation 

has been used dedicated software named FluidSim [16], (Fig. 9, Fig.10). 

 

 

Fig. 8. Structure of pneumatic tracking system 
1- Semi-rotary actuator; 2-liniar cylinder; 3- PV panel; 4- joints; 5- fixture for PV panel 
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Fig. 9. Structure of pneumatic drive  
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Fig. 10. Electrical circuit for control of pneumatic drive 
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Positioning of the PV panel on elevation is made by a linear cylinder and on azimuth by a semi-
rotary pneumatic motor (Fig. 9). The position of linear cylinder is controlled by limit switch (A, B, C, 
D, E, F) and timer relays (T1, T2, T3, T4, T5), (see Fig. 10). 
Figure 11a) reveals position of limit switches according to the cylinder rod. The first limit switch 
activating (A) lead to interrupt the power supply to X solenoid valve. After timing generated by a 
time relay the X solenoid valve is again activated and cylinder is put in motion until reaching 
another limit switch. (see Fig.10). The sequences are repeated until reaching the ultimate limit 
switch (F). Now the valve is commanded by a Y solenoid, and the piston of cylinder is returned to 
initial position. 
The movement of semi-rotary pneumatic motor is controlled by pneumatic valve provided with the 
solenoids W and Z respectively. The semi-rotary pneumatic motor performs a rotating motion 
between R and L limits at an angle of 180o. 
The FluidSim dedicated software allows viewing the characteristic parameters of pneumatic drive. 
Figure 12 presents the results of simulation for linear cylinder. 
 

    

a)                         b) 

Fig. 11. Configuration of pneumatic actuators: a) linear cylinder; b) Semi-rotary actuator 

 

Fig. 12. Results of simulation for linear cylinder 
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5. Conclusions  

In this paper were presented aspects of tracking systems for PV panels. Particularly was presented 
a pseudo-equatorial tracking system type based on a pneumatic drive. Simulation of automatic 
drive system was performed with dedicated software named FluidSim. Simulation results showed 
the evolution of the typical parameters of pneumatic drive. The practical and experimental aspects 
will be presented in a future work.  
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Abstract: For choosing the best working arrangements for the movement of machinery and processing the 
kneading of the dough, technological flux on the bread, it is necessary to gain greater knowledge of physical 
characteristics of the raw materials used, as well as rheological behavior and knowledge of the mixtures 
obtained. The mathematical formula shown in work and the results obtained may be of assistance to 
specialists working in connection with the design, construction and use of planetary mixers. 

Keywords: kneading machine, planetary mixers, hypocycloid 

1. Introduction  

Planetary kneading machines belong to the category of operating kneading machines with 
discontinuous, with the kneading tanks cylindrical flat-bottomed or ball-and-bottomed, being 
provided with the kneading arms spiral type, cage or an anchor, single or dual.  
The kneading arms have planetary movement because all dough from the tank to be driven on-the-
move, and all the particles of flour hydrated forms to participate in the process of mixing. The 
kneading area snapshots is restricted with a diameter approximately equal to the outer diameter 
non sheathed spiral arm or the kneading. 
In the process of working flour particles hydrated form agglomerations which join in the end 
between them forming dough. 
Each point of the kneading arm describes hypocycloid trajectories so that the batter beside the wall 
basin is driven by the center of it and vice versa so that all the components of the tank are well 
mixed and thoroughly kneaded. 

2. Materials and methods 

In the case of the bread dough, the process will continue until it is formed the network of gluten 
which gives consistency and which constitutes the matrix which holds dough linked to and 
incorporates the fermentation gases (1,2 ). 
Planetary mixers have, in general, the variable speed operation, in such a way that kneading and 
mixtures oxygenation should be carried out at an optimum level. 
The kneading arm speed can be changed even during operation without feeling shocks when 
switching from a speed to another. 
The mixer Dito Sama BE5 (Fig.1), used to experimental determinations is a three speed ranges in 
ten steps, the first two steps are used to knead crusts with normal consistency (baked goods) with 
the arm spiral kneading; another six steps used for mixing creams with the arm type anchor and 
two more steps very quickly foams used to tapping the egg or in the preparation of the cream, with 
transition from one gear to another during operation.  
The mixer has been used for kneading the dough of wheat flour for the manufacture of fine bakery 
using the kneading arm spiral. 
Tank capacity is 5 liters, but the capacity of work of the mixer is 1.5 kg flour at the ability of 
solvation (water absorption) and 1 kg stiff dough.   
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Fig.1. Planetary mixers with three bodies of work [155] 1.vat; 2.capable fixing optional accessories; 3.cover; 

4. removable screen; 5. housing; 6.column; 7. on / off switch and speed control; 8.support tank; 9. frame 
 
The kneading arm drive is done with an electric single phase motor via a transmission belt with 
serrated and a hypocycloidal mechanism through which the mixing arm forms a planetary 
movement.   
In figure 2 is illustrated the hypocycloidal mechanism drive and the kneading arm mixer planetary 
drive will be analyzed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. The hypocycloidal mechanism of planetary mixers and computing notations, (2): 1.main drive pinion; 
2.driving gear arm with planetary motion; 3.the ring gear fixed; 4.leverage and the kneading arm pick-up; 

A,B,C,D characteristic points  
 
Determining the equations of the hypocycloid, in Cartesian coordinates is shown in Fig.3. For the 
purpose of determining the equations of the hypocycloid in Cartesian coordinates is used vector 
equation 
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   OTOOTO += 11 .           (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig.3. Layout for the calculation of the trajectory points on the kneading arm (1) 
 

Projection vector of equation (4.5), to the axis coordinate system xOy there are obtained two 
equations scale, as follows (3, 4, 5): 

                               )sin()sin()(
)cos()cos()(
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x

                                               (2) 

where: Rb is radius ring gear; R - radius of drive sprocket of the kneading arm; ϕ - the rotation 
angle at the center of the crown planetary gears in motion. 

In view of the fact that tape measure radius R rolls out smoothly on the circle, the radius, it can be 
written the relationship 

ϕψ ⋅=⋅ bRR ,              (3) 

It results: 

ϕψ ⋅=
R
Rb .                                         (4) 

Using the relation (4), the equations (2) becomes: 
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which means the equations of the hypocycloid, in Cartesian coordinates.  
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Depending on the position of the front point T circumference circle, following conditions occur: 
a) OT = R, hypocycloidal normal;  
b) OT > R, hypocycloidal lengthened;  
c) OT < R, hypocycloidal shortened. 
 

Kinematic analysis of the planetary drive. The planetary drive gear, for the operation of the 
kneading arm mixer, consists of: 
Sun gear (center) 1, with external teeth, which receives the rotating movement of the electric 
motor, by means of a belt transmission with serrated; sun gear 3, with internal teeth which is fixed 
at the frame; satellite wheel 2, with external teeth; carrier 4, which forms a link between sun gear 1 
and satellite 2. 
Between the components of the rotation speed planetary drive, it is possible to write the following 
relations, taking into account the configuration mechanism (Fig.2). 
So, using his relationship Willis (7, 8), between rotation speeds of items 1, 2 and 4 shall be written 
the relationship:   

1
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Between rotation speeds of items 1, 3 and 4 there is no relationship: 
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In view of that fact, from the relation (8) results: 
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In cinematic diagram of the planetary drive, it is to be noted that: 

213 2 zzz += ,             (10) 

So that: 
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The gears of the planetary drive have the following numbers of teeth: z1 = 25; z2 = 19; z3 = 63 
teeth. The module gears being m=1.5 mm, it follows that they have the diameters of division: 
d1=37,5 mm, d2 = 28.5 mm and d3 = 94.5 mm. Using relations (7) and (11), results from: 
ω4=0.28409⋅ω1 (rad/s), and ω2 = –0.65789⋅ω1 (rad/s). 
Using the model of calculation presented there have been drawn graph trajectories of the kneading 
arm to the lowest point of the arm, that is for the point that is the furthest away from the center 
(r=60 mm). The graphs are shown in Figures 4, 5 and 6. 
 

 
 



ISSN 1453 – 7303                                                                   “HIDRAULICA” (No. 1/2015) 
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

 	 44 	
	 	

-0.12

-0.09

-0.06

-0.03

0

0.03

0.06

0.09

0.12

-0.12 -0.09 -0.06 -0.03 0 0.03 0.06 0.09 0.12

0

n

Zona cuvaCoroana dintata

Hipocicloida 
scurtata

m

m

 
Fig.4. Hypocycloidal lower point of the kneading arm, (1)  

 
Having regard that the number of teeth for the two sprockets located in mesh, 1, 2 respectively, is 
different, after a cycle of operation (i.e., a complete rotation of the item 4) the trajectory any point 
on the kneading arm spiral will move from the first electronic stability program, which is beneficial 
for the flow of the process of work because all areas in cross-section of the tank will also be 
covered.  
The actuators of planetary mixers are, in general, hypocycloidal mechanisms with two main gear 
trains connected to each other by means of a lever, the drive pinion of the kneading arm while 
remaining in constant contact and with a ring gear which ensures fixed planetary movement in 
cross-section of the tank.   
The kneading zone instant the area is small compared to the tank of the kneading, but by planetary 
movement of the kneading arm it is ensured that they will cover the entire surface area of the tank. 
The kneading arm has also a rotating movement that provides a main process of mixing properly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. The trajectory of the point hypocycloid exterior to spiral kneading arm for a complete cycle, (1)  
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Fig.6. The trajectory of the point hypocycloid exterior to the kneading arm spiral for three cycles, (1) 

 
The mathematical formula shown in this paper work, as well as the results obtained may be of 
assistance to specialists working in connection with the design, construction and use of planetary 
mixers. 

CONCLUSIONS 

1.  The process of mixing operation is extremely significant in baking industry; by this wheat 
flour, water and additional ingredients are modified by the flow of mechanical energy for 
kneading inconsistent. Dough properties are strongly influenced by the way of their mixing; 

2. Knowing the physical and rheological parameters of bread and mixtures is useful to 
specialists and workers in the field for the evaluation of process parameters of functional 
machinery which processes pie crusts, as well as for the establishment of process quality 
parameters of bread-making;  

3. Use of models in complex rheological behavior modeling dough at molding and machining 
is also cumbersome relations because of the complexity involved in mathematical models, 
but also because of the high degree of difficulty for the verification of models in 
experimental determinations. 
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Abstract: This paper presents the research concerns of Hydraulics and Pneumatics Research Institute in 
Bucharest in gaining knowledge about the specific phenomena and processes related to the operation of 
medium and high pressure actuators, in order to increase energy efficiency of pneumatic drive systems. At 
INOE 2000-IHP, in the Laboratory of Pneumatics have been conducted tests on the EM of a pneumatic 
system with medium and high pressure actuators. The following tests have been carried out upon it: the 
response of the pneumatic drive system with medium pressure actuator to step signal, for various values of 
the PID controller and controlled load, and there have been developed the next graphs: attenuation vs. 
frequency and phase vs. frequency (Bode plot). 

Keywords: pneumatic drive system, pressure actuator, medium and high pressure, step signal, Bode plot 

1. Introduction 
The conditions under which tests have been conducted 

The tests have been conducted at the premises of INOE 2000-IHP Bucharest, 14 Cutitul de Argint 
Street, district 4 – the Laboratory of Pneumatics. 
Ambient temperature 20-28ºC 
The tests have been carried out in dynamic conditions on a specially designed pneumatic system, 
according to the testing methodology. 

Description of the system under tests   
The pneumatic system with medium pressure actuators which has been under tests consists of 
mechanical assembly of two linear actuators, a drive actuator and a load actuator, and is equipped 
with pressure transducers on the chambers of the drive actuator, force transducer between the 
roads of the two actuators and incremental displacement transducer (see Figure 1).   

 

Fig. 1. Structure of the pneumatic system under tests 
 

The signals from the transducers are taken over from an acquisition board (DAQ) which is 
connected, as shown in Figure 2, to a PC equipped with data acquisition and processing software 
developed in LabVIEW.  
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Fig. 2. Diagram of the pneumatic system under tests  

 
Technical characteristics of the pneumatic system with actuators are shown in Table 1:  
  
                                          TABLE 1: Technical characteristics of the pneumatic system 

Input pressure 8 bar; 

Load adjustable pressure 0-6 bar; 

Maximum working flow rate 50 Nm³/h 

Control current 0-10mA; 

Pneumatic coupling 3/8” 

Working voltage 24V DC 

Drive and load linear actuators 

FESTO type DNCI 32 

Ø32x Ø16x 300 

USB-6218 data acquisition board  6 inputs, 2 outputs 

 
2. Targets of the tests conducted  

Conducting tests on the EM of the pneumatic system with medium and high pressure actuators 
targets: 
-  The response of the pneumatic drive system with medium  
pressure actuator to step signal, for various values of the PID controller and pneumatic 
spring type load  
There has been observed the evolution of the positioning accuracy (error) at various values of the 
PID controller with pneumatic spring type load. There have been changed in turns the compliance 
parameters of the automatic controller with various values for P (kc=6000-11000, Ti=5000-7000, 
Td=0.001-0.003), and the goal was that the positioning error to be at the minimum and the system 
to be steady. There have also been recorded on the diagram the evolution of force and stroke of 
the cylinder road, and also the pressure rates in the cylinder chambers.  
- Drafting the attenuation vs. frequency graph and the phase vs. frequency graph (Bode 
plot) 
It was intended data acquisition in dynamic mode, plotting the attenuation vs. frequency graph (the 
response to sine wave signal), the phase shift vs. frequency graph, and also drafting the Bode plot. 

3. The results obtained  

The system which was under tests is a pneumatic axis with medium pressure actuators, servo 
actuator with incremental displacement transducer and proportional drive and control 
instrumentation.  
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Fig. 3. Pneumatic drive system with medium and high pressure actuators, 
 with pneumatic spring type load   

 
During tests there was observed the behaviour of the drive system with medium pressure servo 
actuator and pneumatic spring type load to step signal, respectively triangular signal, with various 
frequencies, applied to the proportional flow directional control valve at the signal generator of 
LabVIEW application. System response to the applied step/ramp signal is an electrical type signal 
(voltage), with the same rate of curve, received from the incremental displacement transducer of 
the system drive actuator.  
The load type pneumatic spring has been generated by means of the bypass valve throttles 
mounted on the fittings of the pneumatic load actuator chambers. 
Values of the automatic PID controller parameters influence the system stability, as it follows: 
 

 

Fig. 4. Testing diagram of the pneumatic drive system with medium pressure actuators  
and pneumatic spring type load  
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Step signal  

In Figures 5 and 6 it can be noticed that for a working pressure of the system drive actuator equal 
to 6 bar, amplification factor kc=6000, integration constant Ti [min]=5000, derivation constant Td 
[min]=0.001, frequency f=0.07 Hz, the system has steady functioning, without override. The error in 
positioning accuracy (difference between rated and achieved) is 10%.      
By increasing the amplification factor (kc=9000), integration constant (Ti [min]=6000) and frequency 
(f=0.5 Hz), see Figures 7 and 8, the positioning error goes up to 16.6%. The system has almost 
steady functioning, with speed oscillations. It can also be noticed that the pneumatic spring type 
load, with fully closed throttles, limits the possibility of achieving the prescribed position, significant 
differences occurring between the position control and the achieved position. This is because at 
stroke ends the piston can move until the pneumatic spring force, generated by reducing the 
volume of air in the load actuator chamber, reaches the limit equal to the force inside the rod of the 
drive actuator. 
 

  

Fig. 5 
 

Fig. 6 

  

Fig. 7 Fig. 8 

 
Ramp signal  

In Figures 9, 10, 11 and 12 is revealed the system behavior to triangular signal (increasing and 
decreasing ramp). 
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Fig. 9 
 

 

Fig.10 
 

 

Fig. 11 Fig. 12 

 
It can be noticed that for a working pressure of the system drive actuator equal to 6 bar, 
amplification factor kc=9000, integration constant Ti [min]=6000, derivation constant Td [min]=0.001, 
frequency f=0.2 Hz, the system has unsteady functioning, with speed oscillations along the piston 
rod in both displacement directions. The error in positioning accuracy goes up to 12.7%. It can be 
considered that the system has critical behaviour in speed.         
When increasing the value of the PID controller parameters: amplification factor kc=11000, 
integration constant Ti [min]=7000, derivation constant Td [min]=0.003, frequency f=0.2 Hz, system 
unsteadiness gets worse, it showing strong oscillations mainly in speed, error and the PID 
automatic controller output signal. It can also be noticed that slight oscillations occur in position, it 
nevertheless remaining within acceptable limits. The positioning error is 12%.  As in the previous 
case, it can be considered that the system has critical behaviour in speed.   

4. Conclusions  

Following the tests conducted on the product Pneumatic drive system with medium pressure 
actuators, with pneumatic spring type load, we reached the following conclusions: 
a) General conclusions: the characteristics of the system components comply with those presented 
in the manufacturer catalogue, FESTO SA – Germany; 
b) The results of tests on this application refer exclusively to tests carried under laboratory 
conditions, using simplifying assumptions (T=steady; error of 2.5 % included in measurements);  
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c) The results of tests reveal system behavior for various values of the PID automatic controller 
parameters:  
• the type P controller significantly reduces override, leads to a short transient period, but 
introduces a high stationary error εst; 
• by introducing the component I, the type PI controller cancels the stationary error at step input, 
but leads to a higher override compared with the one at the  P controller and to a long duration of 
the response time;   
• by introducing the component D, the type PD controller improves the dynamic behavior (override 
σ and duration of the transient mode are low), but maintains a high stationary error; 
• the PID type controller, combining the effects P, I and D, gives higher performance both in steady 
and transient mode. 
The tested system had steady behaviour for values of the PID controller parameters between the 
limits: kc=4000-6000; Ti=5000-6000; Td=0.001.   

References  

[1]. M. Avram, “Acţionări hidraulice şi pneumatice - Echipamente şi sisteme clasice şi mecatronice”, 
University Publishing House,Bucharest, 2005; 

[2]. Belforte, Bertetto, Mazza, “Pneumatico - curso completo”, Techniche nueve Publishing House, Milano, 
2004;  

[3]. V. Banu, T. Demian, “Motoare pneumatice liniare si rotative”, Technical Publishing House, Bucharest, 
1994; 

[4]. Banu, Stanescu, Atodiroaiei, Gaburici, “Sisteme de automatizare pneumatice”, Technical Publishing 
House, Bucharest, 1997;  

[5]. SMC Romania, “SMC International Training-Introducere in pneumatica”, SMC Romania 2004; 
[6]. E. Diaconescu, “Controlul pozitiei cu Labview”, Publishing House of Pitesti University, 2006.   

  
 



ISSN 1453 – 7303                                                                   “HIDRAULICA” (No. 1/2015) 
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

  
52 

 
  

Kinematic and Dynamic Irregularities of Roller Pumps 

Part І. Modeling of Kinematic and Dynamic Irregularities 

Prof. MSc. Gencho POPOV PhD1, MSc. Yuliyan ANGELOV PhD1  

1
University of Ruse “Angel Kanchev”, Bulgaria, gspopov@uni-ruse.bg, julian@uni-ruse.bg 

 

Abstract: In this work generalized models for the determination of some typical irregularities in roller pumps, 
mainly used to work with water and water solutions, have been presented. It is concluded that when for the 
investigation of the kinematic characteristics of this type of pumps, the approximate equation for estimating 
the relative move of the rolls in the rotor’s canals is used, the occurred deviation will be negligible. Some 
equations, which can be used for the determination of: the change of a given working camera’s flow rate; the 
pump’s total momentary flow rate; the loading of rolls, have been established. The equations describing the 
rotation of a given roll, has also been found.  

Keywords: Roller pump, models of kinematic and dynamic irregularities. 

1. Introduction  

The roller pumps are volumetric hydraulic machines, finding a wide range of application in crop-
protective machines, used in agriculture, bio-technics, etc. They are mainly considered to work with 
relatively low pressures (up to 2 MPa) and specialized into the transportation of low-oil liquids, 
such as water and water solutions. This is the main reason for the rolls to be produced by 
nonmetallic antifriction materials (Teflon, naylon, different modifications of solid rubber, etc.), while 
both, the stator and rotor, are cast-iron details. The principle scheme of this kind of a pump is given 
in fig. 1.   
 

 
Fig.1 A scheme of a roller pump 

 
The principle of work of this kind of machines, including different irregularities, according to their 
type and grade, which are determined by the processes, concerning the liquid transportation from 
the sucking (low pressure) zone to the zone of high pressure, as well as the features of the 
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kinematic and dynamic pump’s working elements (the rolls). The main parameters, characterizing 
these processes, respectively are: the geometric volume of the pump’s working cameras and its 
change in the range of one full rotation of the pump’s shaft; the theoretical (geometric) flow rate 
and the grade of the flow rate’s kinematic irregularity; the geometry of the liquid’s distribution in the 
transitional sections, dividing each other the pump low and high pressure zones; the force loading 
of the pump’s main working elements, etc.  
In this work some theoretical equations, found by the authors and used for the determination of the 
roller pump’s parameters, mentioned in the above paragraph, are being generalized.  
The implemented parameters and their symbols are given in Table 1: 
 

     ТABLE 1. Used parameters 

Radius (diameter) of the stator’s directive cylindrical surface   DR  

Radius (diameter) of the rotor  dr  

Radius (diameter) of the roll  rr dr  

Roll’s relative radius  R/rr rr   

Number of rolls z  

Eccentricity of the stator with respect to the rotor e  

Relative eccentricity R/e  

Rotor’s width (length)  b  

Relative rotor’s width (length) R/bb   

Angular, determining the beginning of the transitional sections   

Angular, determining the length of the sealing sections   

Angular between two adjacent rolls z/2  

Angular between the radiuses of the pump’s rotor and stator )sin(arcsin   

Minimal gap between the rotor and stator   

Roll’s mass m  

Mass inertia torque of a roll J  

Gravity acceleration g  

Rotor’s angular velocity   

Roll’s angular velocity and acceleration  
r  and r    

Slipping coefficients of friction 
1  and 2  

Coefficient of resistance, when viscosity friction between the roll and working 
surface, is indicated 

k  

Force of pressure, acting on the pump’s rolls  F  

Force of gravity of the rolls G  

Inertia force of the transitional and relative roll’s acceleration  Ф  

Coriolis inertia force 
kF  

Torque, occurred as a result of the resistance against the roll’s (auxiliary-rotation) 
rotation  

SM  

Roll’s inertia torque   M  

Normal reactions, occurred in the zone of contact between the stator’s directive 
surface and the rotor’s canal’s wall 

1N  and 2N  

Forces of friction between the stator’s directive surface and the rotor’s canal’s wall 
1T  and 2T  
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2. Kinematic irregularities modeling 

The kinematic irregularity of a roller pump is due to the existing of the irregular relative roll’s move, 
with respect to the rotor’s canals, occurred in the range of one full pump shaft’s rotation. The 
physical law, describing the roll’s move into the canal, can be presented as a function of the rotor’s 
angular of rotation -  . As a preliminary base, used for the determination of these kinematic 

parameters, the equation, estimating the radius-vector of the stator’s cylindrical directive surface, in 
respect to the axis of rotation, can be selected. This equation is equal to the equation, valid for 
one-acting radial-piston pumps and vane pumps, having same type of directive surfaces:  






  cossin1R 22 .                                                                                    (1) 

By using equation (1), the physical law, determining the relative roll’s move, in respect to the rotor’s 
canal, when its angular of rotation is  , can be found (fig. 1):  






  

22 sin1cos1ReRx .                                                       (2) 

For the simplification of equation (2), different methods can be used. It is a well-known fact, that 
best results can be achieved in case that the radical, given in brackets, is being presented 
according to the Newton’s binomial theorem, by taking the first two articles – 

 2222 sin5,01sin1 . With this approximation the physical law, describing the relative 

roll’s move in the canal x*, can be given by the following equation:  

  22 sin5,0cosR*x .                                                                                   (3) 

The relative percentage deviation, between the results found by using the approximate equation 
(3), instead of the precise equation (2), can be evaluated by the following equation:  

%,100
x

*xx 
 . 

The equation, used for the estimation of the relative deviation  , given as a function of the angular 

of rotation  , for pumps having different eccentricity  , is given in fig. 2. It can be seen that, when 

for the investigation of the kinematic parameters of the roll’s move in the rotor’s canals, the 
approximate equation (3) is used, the relative deviation is negligible (its value is less than 0.6 % for 
the high eccentricity pumps).  
 

 

Fig. 2. Change of the relative deviation, when for the determination of the roll’s move  
the approximate equation is used  

 
The relative velocity and relative acceleration of the roll’s move, in the radial canal of the rotor, can 
be determined by using the approximate equation (3):  
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 



 2sin5,0sinbrR

dt

d

d

dx

dt

dx
r

3 ,                                                          (4) 

 








 2coscosbrR

dt

d

d

d

dt

d
a r

32 .                                                        (5) 

The kinematic irregularity of the pump’s flow rate is due to the irregular move of the rolls in the 
rotor’s canals. To investigate this irregularity, first it is necessary for the change of the volume of 
the pump’s working cameras, given as a function of the angular of rotation [5], to be determined. 
The equation, used for the estimation of the volume of a working camera, is given in a 
dimensionless order:  

   


 





 




2222

3
sin1sinsin1sin5,0

Rb

V
V  

     2sin2sin5,0sinarcsinsinarcsin 2                                     (6) 

     Acoscosr2sin1sin1r2 r
222

r 








  , 

where А has a constant value, independent by  .  

The flow rate - ,1Q , ensured by a working camera, can be estimated by the following equation [4]: 




d

Vd

td

Vd
Q 1,  

Using the equation of estimation the flow rate ,1Q , given in [4], the dimensionless value of the flow 

rate for a given pump’s working camera, can be determinate by the following equation:  

      






222222

3

,1

,1 coscossin1cossin1cos
Rb

Q
Q  

    

  






























2222
rr

sin1

2sin

sin1

2sin
r5,0sinsinr .                            (7) 

Equation (7) indicates that the flow rate, ensured by a working camera, changes according to a 
complicate trigonometric mathematical function, which can be recognized as a typical feature, 
concerning all hydraulic machines with similar kinematic of driving to their main working elements.  
The momentary pump’s flow rate can be determined by summing of all the separate flow rates, 
ensured by each of the working cameras, which are connected to the high pressure canal:  






 
1k

1m

,1QQ , 

where k is the number of the same time connected to the pump’s high pressure zone cameras.  
By using equation (9), indicating the fact that (usually) for the roller pumps 1,0  and assuming 

that   1sin1sin1 2222  , some simplifications can be accomplished. In this case 

the value of the dimensionless momentary flow rate can be estimated by the following equation: 

         







  












1k

0m

1k

0m

22

3
mcosmcosmcosmcos

Rb

Q
Q  

         




 








1k

0m

r

1k

0m

r m2sin2sinr5,0msinmsinr ,           (8) 

where after the above equation is being mathematically transformed, it can be given in the 
following way: 
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      kcoscoskcoscosQ 22  

      k2sin2sinr5,0ksinsinr rr .                                                      (9) 

It is well-known that for pumps with an even number of rolls 2/zk   and respectively - k . For 

those with an odd number of rolls, the number of cameras k, belonging to the pump’s high 

pressure zone at the same time, depends on the angular of the rotor’s rotation - . Within the 

range of an angular step ( z/2 ) it changes from   2/1zk  , in the first half of the rotation, to 

  2/1zk   - during the second half of it.  

To evaluate the pump’s flow rate irregularity, it is recommended for the coefficient of the flow rate’s 
irregularity to be used:  

%,100
Q

QQ

T

minmax 
 ,                                                                                            (10) 

where Qmax and Qmin are the maximal and minimal values of the pump’s momentary flow rate and 
QT is the average value of the theoretical flow rate, which can be estimated by the following 
equation: 

n
z

coszrkbDe2Q rzT 






 
                                                                                     (11) 

where 
z/

z/sin
kz




  is a coefficient, indicating the number of rolls.  

For an even number of rolls the coefficient of the flow rate’s irregularity can be estimated by the 
following equation:  

%,100

)
z

rarctgcos(

)rarctgcos(1

k

1

r

r

z























 .                                                                      (12) 

The estimation of the angular  (fig. 1), determining the beginning of the transitional sections, 
located between the low and high pressure zones, can be done by using the following equation [5]: 

,minr

r

r

r
2

z



 .                                                                                                          (13) 

Using the condition of non-allowing any blocking, the minimal value of the roll’s radius - min,rr , can 

be determined by the following equation:  

  ,1
2

1

2

1
Rr

2

,minr





















 



                                                                     (14) 

where R  is the relative minimal value of the gap between the rotor and stator.  

Equation (9), used to estimate the pump’s momentary flow rate in case of an odd number of rolls, 
has no exact solution in respect to its minimum and maximum. This is the main reason for the 

irregularity  to be found by using an empirical equation, indicating the impact of the main 
geometric parameters on the flow rate’s irregularity:  

  %,z55,21
z

125 15,0z87,0

2
 .                                                                             (15) 

The established equations, presented in the above paragraphs, ensuring for the impact of some of 
the main geometric and constructive parameters on the kinematic irregularities in roller pumps, in 
respect to their: change of the flow rate of the working cameras; momentary and theoretical flow 
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rates and their irregularities, etc., to be investigated and analyzed.  
 
3. Dynamic irregularities modeling 

Theoretical deterministic models, described by equations referred to Mathematics and Mechanics, 
of the given object, are mainly used to investigate the existing unsteady processes. Based on this, 
in [1, 2 and 3] a method for the determination of the force loading on the rolls and a generalized 
model for the investigation of the periodical dynamic processes of these rolls, are being presented. 
In [4 and 5] it is paid attention to other irregularities, typical for these machines, concerning the 
geometry of the liquid’s distribution and the pump’s flow rate. As a source of excitation for the 
existing dynamic processes, having different characteristics, the forces, occurred in the main 
pump’s working elements, can be considered. The forces acting on the rolls are respectively: the 
force F, which is a result from the difference between the pressures in the low and high pressure  

zones - 12 ppp   (fig. 1); the force of gravity of the rolls – G; the forces of reaction, occurred in 

the zones of contact between the roll and stator - N1 and T1, and between the rolls and the 
surfaces of the rotor canals – N2 and T2; the inertia forces, occured as a result of the existing roll’s 
transmission and relative accelerations - Ф , as well as the Coriolis inertia force - kF ; the torque - 

SM , which is a result of the viscosity resistance, occurred because of the roll’s rotation (with  M  it 

is  indicated the roll’s inertia torque).  
 

 

Fig.3 A scheme of roll’s loading in the sealing sections: 
 а) in the high pressure zone; 
b) in the low pressure zone. 

 
The boundaries of the sealing sections – high pressure „І-ІІ” and low pressure „ІІІ-ІV”, can be 
defined by the following intervals: 

                                   )(ІІ,І   and  )()(ІV,ІІІ  .                                  (16) 

The angular  (fig. 1), determining the beginning of the transitional sections – between the low and 
high pressure pump zones, can be estimated by (13) and (14).  
The length of the sealing sections can be determined by implementing the condition, indicating the 
necessity for at least one roll to belong them incessantly, so that the low and high pressure zones 
to be permanently separated each other (fig. 1). This can be formalized by the following inequality: 

 , where   is the angular between any two adjacent rolls.   
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The acting of the force of pressure F on the rolls is valid only for the intervals (1) and its magnitude 
depends of the roll surface’s size (the part of the total surface, where the pressure difference p  is 

acting), and it is known that the force will be directed from the high to the low pressure zone (fig. 
3):   








 


2
sinpbr2ABpbF r

,                                                                                   (17) 

where:  24sinr2AB r   is the chorda’s length, determining this part of the roll’s surface, 

where the pressure difference is acting.  
The rolls belonging to the high and low pressure cameras, determined by the intervals: 

                    and    2)( ,                                                        (18) 

get into isobaric environment, as a result of which 0F . For a given correct interpretation of these 

processes (fig. 3) different schemes of calculation, consistent with the following intervals: 
 

 )(a   and  )2()(b  ,   (19) 

are being formulated.  
For each of these schemes it has been applied the principle of d'Alambert, as well as the relevant 
kineto-static equations, in respect to the axes of the flat rolling movable coordinate system – Сnt, 
are established. For the scheme, given in fig. 3a, it can be given the following equations:  

0F n

)e(
n  ;   0ФTsinTcosN24cosFcosG 211  , 

0F t

)e(
t  ;   0FNcosTsinN24sinFsinG k211  , 

and for the scheme in fig. 3b:  

0F n

)e(
n  ;     0ФTsinTcosN24cosFcosG 211  , 

0F t

)e(
t  ;     0FNcosTsinN24sinFsinG k211  . 

Indicating the restrictions, given in (17), (18) and (19), and transforming them in respect to the 
normal reactions N1 and N2, the following equations, valid only for the intervals (20) and (21), can 
be given:   

- for  )(a  : 

      
   2121

k222
1

sin1cos

FsincosG24sin24cosF
N




 , 

    k112 FsinGcossinN24sinFN  ,  

0F  for      ;                                                                                     (20) 

- for  )2()(b  : 

      
   2121

k222
1

sin1cos

FsincosG24sin24cosF
N




 , 

    k112 FsinGcossinN24sinFN  , 

0F , for    2)( .                                                                            (21) 

For the structuring of the model, representing the forces and torques, acting on the rolls, it is also 
necessary for the equations, given in [1], to be applied:  

  42cos5cos24R2r1RmФ 22
1

2  , 

  22sinsinRm2F 2
k  ,                                                                                (22) 

mgG  , 111 NT  , 222 NT  , rS kωM  , 
 

rJM 
, 

For the interval -    2 , using the torque kineto-static equation, in respect to the axis 
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of the roll’s rotation: 

0MM
)(

c

)e(
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

; 0MMrTrT c
)(

P2P1    

its acceleration can be estimated: 

 
2

r

rr22r11
r

mr

krNrN2 
 .                                                                                        (23) 

Equation (23) is a second order linear inhomogeneous differential equation, having constant values 
of its coefficients. Finding a solution of this equation, when its zero initial conditions have been 
selected, ensuring for the physical law of its rotation and speed of rotation to be found:  
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where  /t  is the current time.  

Conclusions 

Analyzing the presented generalized models, used to determine the typical irregularities in roller 
pumps, the following more important conclusions can be given:  

 Comparing the results found by using the approximate equation (3) for estimating the 
relative roll’s rotation in the rotor’s canals, instead of the precise equation – (2), it can be 
seen that the occurred deviation is negligible (less than 0,06%);  

 The established equations, describing the change of the pump’s volume (6) and the flow 
rate of a given working camera (7), as well as the total momentary theoretical flow rate (8) 
or (9), ensuring good possibilities for the investigation of the kinematic irregularities of roller 
pumps; 

 The established model of force loading of a pump’s rolls and its intervals of validation (20) 
and (21), have been strictly defined.  

 The physical law (24), describing the rotation of a given roll, which also can be used for the 
investigation of the phase characteristics of the roll’s rotation, is found.  
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Abstract: The article presents the new trend of massive use of wind energy by its conversion into electrical 
energy, this being clean and sustainable energy; it also presents the wind power potential in Romania, as 
well as the evolution of this industry in our country and abroad. It presents some aspects of wind energy 
conversion into electricity and highlights the role and advantages of hydrostatic transmissions. In the end, it 
presents some achievements at global level, and also some research concerns in Romania regarding the 
promotion of hydrostatic transmissions in wind power plants. 

Keywords: wind power, hydrostatic transmission, adaptive hydraulic transmission, fluid power transmission, 
renewable energy, power hydraulics, wind industry  

1. Introduction  

Wind energy is a form of solar energy and that's because at the basis of its generation is the sun. 
Wind energy is the energy of wind, a form of renewable energy [1]. In the current context, 
characterized by the alarming rise in pollution because of energy production by burning fossil fuels, 
is becoming increasingly important to reduce dependence on these fuels. Wind energy has already 
proven to be a very good solution to the global energy problem. Using renewable resources 
addresses not only energy production, but also, by particular way of production, it restates the 
development model, by decentralizing the electrical energy sources.    
Yearly wind power potential amounts to about 260.000 TWh worldwide. Theoretically this 
potential exceeds by far the yearly global consumption of electricity [2]. This potential is 15 times 
higher than the world’s current energy consumption and 40 times higher than the world’s 
current electricity consumption. Exploiting this potential of energy is limited by certain constraints or 
disadvantages.   
Disadvantages of wind power are: relatively small energy concentration; energy concentration in 
a very limited timeframe; unpredictability.   
The unpredictability of wind can make 20-25% of the total installed capacity to appear or 
disappear suddenly, which raises serious problems of management.    
Advantages of wind power are: Does not generate greenhouse gases; Does not results in 
concentrated toxic and radioactive wastes; Does not consume fossil fuel; The cost comes down to 
return on investment and the maintenance; It is widespread geographically; Land immobilized by 
wind turbine is insignificant; Wind farms can vitalize rural economies by renting land and royalty 
fees.    
In the last decade, a significant development had the onshore wind farms, Figure 1, and also the 
offshore ones, Figure 2. 
Total installed wind capacity has increased by 2010, according to the diagram in Figure 3, and will 
increase until 2020 as in the diagram in Figure 4. 
Demand for renewable energy sources has led to major technological breakthroughs in wind 
energy development. Therefore, a large number of new wind turbines installed worldwide in the 
past 20 years now offer new ways of generating electricity. 
According to a report of Wind Energy Association cited by Reuters Agency, on June 11, 2011, 
China surpassed the USA, and, at global level, the largest producers of wind energy are: China 
(44.733 MW), USA (40.180 MW), Germany (27.215 MW), Spain (20.776 MW), India (13.065 MW), 
Italy (5.797 MW), France (5.560 MW), UK (5.203 MW), Canada (4.008 MW), Danmark (3.734 
MW). 
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Fig. 1.  Onshore wind farms 

 

Fig. 2. Offshore wind farms 

 

 
Fig. 3. Total installed wind capacity by 2010 

 
Fig. 4. Total installed wind capacity  

by 2020 - Prognosis 

 
 
In Romania, wind turbines in the area of Constanta and Tulcea, Figure 5, have surpassed the 
capacity of the Nuclear Power Pant in Cernavoda, peaking at number 10 in the world, depending 
on the capacity of the wind farms commissioned, as shown by statistics published by the European 
Wind Energy Association. Currently Romania has installed wind farms of about 2100 MW, 
following investments of over 3 billion euro.  [2]. In total, at this moment in Romania there are 25 
large wind farms with a total capacity of nearly 1.900 MW. In addition to these large projects, there 
are a number of small size farms, which do not fall under the control of the national power 
dispatcher, their capacity being more than 200 MW, according to the data released by 
Transelectrica on 01.04.2013. The map of wind potential in Romania, with winds at 50 m height, is 
shown in Figure 5, while the map of usable wind speeds is shown in Figure 6.   
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Fig. 5. The map of wind potential in Romania 

 

Fig. 6. The map of usable wind speeds 

 
To produce enough electricity for a lot of people, power companies build "wind farms" with dozens 
of huge wind turbines. The wind farms are built in open plain areas, where the wind blows at 
minimum 14 miles per hour, Figure 7, but also in mountain areas, Figure 8.  
 

 

Fig. 7. Wind farms in plain areas 

 

Fig. 8. Wind farms in mountain areas  

 
Wind potential is generally operated in areas with intense and constant wind, as the coastal areas 
of northwest Europe. Thus, large-scale wind turbines (500-1000 kW) have made remarkable 
progress in the last decade. A complementary orientation, with great expectations, is returning to 
small power wind turbines (<100 kW) integrated in decentralized/distributed applications, 
especially for rural areas with moderate winds. Compared with large wind turbines, small power 
wind turbines (SPWT) are more versatile and have a considerably higher technological 
development potential. In addition, SPWT, through its direct placement in areas of consumption, 
reduce energy losses due to energy transport from place of production to the user. [3] 
Taking into consideration the wind power potential in Romania, the perspective for further 
development of great investments, and also of small-size wind power plants, special attention 
should be paid to rendering efficient the operation of these wind power plants.  
To this goal research themes have been initaited, both in our country and abroad, which deepen 
and optimize various aspects of converting wind energy into electricity.  

2. Aspects of converting wind energy into electrical energy  

The kinetic energy of the wind is used to rotate some wind turbines which, through special 
mechanical transmission, actuate the electric generators, which are capable of converting the 
mechanical energy of the wind into electrical energy. 
Conversion chain elements are of several types. However, some elements are always found in the 
conversion chain, such as a wind turbine, Figure 9, an electric generator, an interlocking device 
which achieves connecting the generator to the distribution network or to a remote load, Figure 10. 

http://www.zf.ro/zf-24/romania-locul-10-in-lume-la-capacitatea-turbinelor-eoliene-instalate-anul-trecut-china-si-usa-domina-piata-globala-a-vantului-10845810/poze/
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A major problem with these models is that variable rotational speed of the turbine requires a 
frequency converter to connect each turbine to the grid. Other issues include reliability problems 
with mechanical gearbox and with the weight of electric generator, due to increasing turbine size. 
 

 

 

Fig. 9. A wind turbine 

 

Fig. 10. Schematic wind power plant 

 
Generally, for wind energy conversion into electrical energy there is used a mechanical 
transmission between the wind turbine and the electric generator; the common solutions consist in 
using one mechanical speed multiplier, with a high multiplying ratio, because these transmissions 
are difficult to manufacture, contain expensive components and generate high maintenance costs. 
Essentially, for small power wind plants, to become profitable it is necessary to increase the rate of 
extraction of basic energy and conversion of it into electrical energy, even to the low speed of the 
wind, which is frequently in a large period of the year. 
An important role in increasing the energy efficiency of the wind power plants is played by the type 
and performance of the transmissions used to allow mechanical energy from the wind turbine to 
reach, with appropriate parameters, at the electric generator, which, in turn, generates electricity 
with the desired frequency constant, regardless of the wind velocity in the range accepted to be 
good. 

3. Hydrostatic transmissions used in wind power plants 

One of the ways to increase the energy efficiency and also flexibility and elasticity in functioning, in 

the sense of increasing possibilities to adapt to variation in wind speed, or variation of rotation 

speed of the wind turbine, is the use of hydrostatic transmissions, which offers a number of 

advantages, as it will be seen below.  

In principle, a hydrostatic transmission consists of a pump, which is driven by wind turbine, and a 
hydrostatic motor, which drives the generator, Figure 11. In reality, aiming at a maximum efficiency 
of energy capture is more complex because the wind speed is variable in a very wide range, Figure 
12 .  
 

 

Fig 11. Principle hydrostatic transmission 

 

Fig. 12. Real hydrostatic transmission 
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Hydraulic transmission of wind energy to the ground is a research direction that we found in R-D 

programs related to renewable energy. Hydraulic transmission and driving included in the wind 

plant has all the advantages of hydraulic driving. Small power horizontal-axis wind turbines 

equipped with adaptive hydraulic transmissions can operate at variable speed. The adaptive 

hydraulic transmission allows adjustment of the outlet to the consumer demands (power or 

constant speed), without affecting the performance of the turbine. Adaptive hydraulic transmission 

requires a constant speed of the electric motor shaft during variations in pump speed at the 

hydraulic motor shaft. For the cases analyzed, it was found that the adaptive hydraulic 

transmission behaves like a stable system of damped oscillatory type with good dynamic 

performance [3]. 

Generally, for energy conversion and transmission, solutions with mechanical speed multiplier or 

the direct coupling between the turbine and the slow electric generator are adopted. These 

transmissions contain difficult to manufacture or expensive components: slow electric generator, 

gear transmissions, frequency converters etc. 

Replacing the mechanical speed multiplier with a hydraulic transmission can lead to a more robust 

behaviour and competitive cost prices. If hydraulic transmission takes over also the speed 

multiplier function, the system can use series AC motors as electric generator.  

In case of hydraulic transmission, the speed control can be achieved by adjusting the displacement 

of pump from hydrostatic transmission. The wide range of variation of power and speed impose the 

use of positive displacement hydraulic machines, respectively adjustable volume pumps. Hydraulic 

transmissions have a reduced gauge, a high power density, they allow a continuous and widely 

adjustment of the output mechanical parameters (are flexible) and offer the possibility to attach 

rotation speed and/or torque adaptive control systems into conversion subsystem [3]. 

At the designing of the hydraulic transmision, it is necessary to obtain a good dynamic behaviour, 
with a good safety and stability of the system in functioning. 

4. Hydrostatic transmissions intended for wind power plants investigated worldwide 

In the last period, a new concept, transferring the power via a hydrostatic drive train is supposed to 

combine good efficiency and grid stability with high reliability and low costs. 

Institute for Fluid Power Drives and Controls (IFAS) of RWTH Aachen University, has developed a 

prototype of a hydrostatic transmission for wind energy plants of the 1-MW power class which is 

intended to replace the commonly used gearbox and the frequency converter. The idea is to use a 

slow turning pump that is directly connected to the turbine shaft to transfer the power into a high 

pressure oil flow and to use a hydrostatic motor that can convert this oil flow back into mechanical 

power to drive the generator. The high transmission ratio that is needed in a turbine can easily be 

achieved by the displacement ratio of pump and motor. By using a variable displacement motor the 

transmission ratio can be varied so that the generator can run at constant speed directly connected 

to the grid. [4]  

The authors tell that one of the main requirements when dimensioning a transmission is a good 

efficiency at rated power as well as in partial load, where the turbine is operating most of the time. 

At the same time the rotor also influences the total power output, since the energy captured from 

the wind can be optimised by adjusting the rotation speed of the turbine to the actual wind 

situation. 

Figure 13 shows a power and a torque plot of a three bladed rotor over wind speed and over 

rotation speed. It can be seen that to each wind speed a specific rotation speed maximises the 

captured power. At the same time these points of operation are not at maximum torque. 
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Fig. 13.  Power and torque of a three bladed wind turbine 

 

Optimal power production of a wind turbine is achieved by optimizing the drive train to the 

important points of operation and simultaneously using a control strategy leading to an operation in 

these points. 

In order to optimize the efficiency, the authors have developed a great theoretical and experimental 
research. [5]  
The authors have analyzed and evaluated different drive train concepts. Figure 4 summarizes the 

four main categories. The first concept consists of one pump directly driven by the turbine and one 

variable displacement motor mounted on the generator. Due to the wide power range such a 

transmission has to operate within, concept 2 uses two pumps and motors and thus can switch off 

single components in partial load. On the pump side this is done by connecting the high and low 

pressure side of one pump via a switching valve and thus setting this unit into idle mode. On the 

motor side, a single unit can be swiveled to zero displacement and cut off from high pressure to 

prevent leakage. In addition the affected generator can be switched off to prevent turning losses. 

Concept three also uses switchable pumps and motors but in a different way. To reduce the 

required pump displacement a spur gear is installed between the turbine shaft and the pump. Thus 

it is also simpler to connect multiple pumps to one single shaft. In contrast to concept two this 

configuration uses only one generator for both motors. Consequently all motors are rotating all the 

time even when a single motor is switched off. The fourth configuration is a power split 

transmission with one mechanical and one hydraulic path [5]. 

 

 

Fig. 14. Layout of four different concepts 
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In the Figure 15 is presented and compared the simulated overall efficiency of the four concepts. 

These values have been generated in simulations. At rated power (12 m/s wind speed) the full 

hydraulic concepts have nearly the same overall efficiency, since in this point of operation all 

components are activated and the total displacement of pumps and motors is the same. The power 

split concept 4 has a higher efficiency at full power because only about 45% of the rated power is 

transferred through the hydraulic path at this point. But, at the partial load the concepts differ 

substantially. [5]   

 

 

Fig.15. Overall efficiency of concept 1-4 

 

In the following, the authors have studied different variants for the concept 4: Simple power split 

transmission (4a); Power split transmission with switchable hydraulic path (4b); Power split with 

two generators (4c) and Power split with reduced share of hydraulic power (4d). Finally, there are 

presented the results and is made a comparison of presented concepts. 

There have been compared the various new concepts using split path technology with previous 
results of fully hydrostatic transmissions from which it can be seen that the overall efficiency could 
be improved especially at partial load. Compared to a fully hydrostatic drive train the split path 
concepts are beneficial but at the same time have a much higher complexity. In addition, the drive 
train is not completely decoupled as in a fully hydrostatic system. Before selecting a drive train for 
a wind turbine at a specific site two additional aspects have to be considered. First of all, each 
concept needs to be evaluated not only for the optimal point of the turbine but in all possible points 
of operation. Secondly dynamic loads have to be included since the transition between different 
points of operation is also relevant for the total power output. 

5. Hydrostatic transmissions investigated in Netherlands 

 

A very interesting solution for a hydrostatic transmission used in wind plant has been developed in 

Netherlands, in Delft University of Technology, Offshore Engineering Section, for the drive train of 

offshore wind turbines. The Delft Offshore Turbine (DOT) concept for the drive train of offshore 

wind turbines is to have the rotor shaft directly coupled to an oil-hydraulic pump in the nacelle. The 

hydraulic motor is located at the base of the turbine tower, where it is coupled to a seawater-

hydraulic pump. The pressurized flow of seawater from each turbine converges to a hydro-power-

like generator station where it is converted to electricity using Pelton turbines. All related studies 

and experiments until now have confirmed the technical feasibility and economic potential of this 

technology. [6]  

The approach is to re-evaluate the way in which wind energy offshore is converted to electricity 

onshore. The project's defining research line is the re-assessment of the power conversion and 

wind energy power conversion & transmission technology is complex, heavy, and expensive and 

requires frequent maintenance. In any industry where robust machinery is required to handle large 

torques, the hydraulic drive systems are a common choice. It is therefore almost the obvious 
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solution for wind turbines. The design of the DOT power transmission system consists of two 

hydraulic circuits: a closed oil circuit and an open seawater circuit. The first runs from the shaft of 

the aerodynamic rotor to the base of the turbine. From here, the second circuit runs to the 

generator station. 

The goal of the DOT demonstrator is to show-case this hydraulic power transmission system in a 

real turbine offshore using off-the-shelf components. 

The focus of the project so far is on the power transmission system. An overview of the DOT 

transmission concept is given in Figure 16.  

 

 

Fig. 16.  DOT transmission concept 

 

The energy conversion process 

from wind to electricity is 

radically different from 

conventional techniques. 

Recognizing the potential of 

fluid power transmission for 

wind turbines, the DOT pushes 

this idea one step further to fluid 

power transmission for offshore 

wind farms, with centralized 

electricity production and 

seawater as hydraulic fluid. 

The energy in the seawater 

from multiple turbines is thus 

relayed to one station where it 

is converted to electricity, see 

Figure 17, where is presented 

the Artist impression of the DOT 

transmission concept. 

This idea was invented and 

patented by Jan van der 

Tempel. (Van der Tempel, J. 

Energy extraction system, has 

water pump attached to rotor, 

windmill for pumping water from 

sea, water system connected to 

water pump, for passing water 

pumped from sea, and 

generator connected to water 

system, December 2009.), [6]. 

 

 

Fig.17. Farm of seawater turbines 

 

The simplified hydraulic diagram of the DOT demonstrator is presented in Figure 18. 
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The only drive train 
component located in the 
nacelle is a directly driven 
positive displacement 
pump. A single pipe will 
transport seawater from 
each turbine to the 
generator platform. This 
gives the wind farm an 
open-circuit seawater-
based power transmission 
system.  
The goal is to use as few 
components and as little 
software as possible in 
order to simplify assembly 
and functionality, and 
reduce installation and 
maintenance requirements. 
In recent years 
mathematical models of 
fluid power transmission 
systems in wind turbines 
were developed and 
validated at the TU Delft.

        Fig. 18. Simplified hydraulic diagram of the DOT demonstrator 
 
Laboratory experiments were successfully carried out at scales of 600W (validation of control 
method with water hydraulics & rotor in wind tunnel) and 10kW (coupled oil and water circuits). 
Another set of experiments was carried out using the 1MW test rig (oil) at the Institute for Fluid 
Power Drives and Controls (IFAS) at RWTH Aachen University. The main idea of a variable speed 
wind turbine is that in order to operate at maximum aerodynamic performance, the rotor should be 
able to operate with a constant tip speed ratio where the maximum power coefficient is achieved 
for the required range of wind speeds. [6]    
The main functional requirements of the Power Transmission System of a Single DOT were 
defined for the rotor & transmission:  
• The aerodynamic rotor should operate at or close to max aero efficiency below rated wind speed. 
• The fluid power transmission system should operate with energy efficiency of > 70% between the 
rotor shaft and the jet. • Peaks detected in the aerodynamic torque due to tower shadow or 
turbulence should not be visible from readings at the nozzle. • Safety: redundancy in shutting down 
capabilities.  
Long lines of pipes allow the heat to dissipate via convection and radiation. By using the intake of 
the open seawater circuit as a source of cooling, the required capacity is decreased. 
The seawater hydraulic pump is not self-priming. Thus the pressure needs to be boosted to 
secure the flow to the pump. The foreseen method to be applied for this is to have an integrated 
boost and filter system. An electrically driven German centrifugal pump sucks in seawater through 
an initial filter known as a suction screen. The flow then enters a filter system, after which it 
reaches the pump. 
In Figure 18 can be seen: the Container TowerNacelle; AC Relief valve platform; Oil reservoir; 
Filling line; Sea Relief valve; Boost system; EM Relief valve; Non-return valve; Suction screen; Sea 
accumulator; Mechanical brake; Spear valve; Centrifugal pump; Braking valve high pressure line; 
low pressure line filter; AC EM cooler filter; Support structure.  
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The design constraints are based on properties of state-of-the-art off-the-shelf components. The 
properties that define the design values are 1. the maximum allowable tip speed of the blades (70 
m/s), which sets the limit for the rotation speed of the aerodynamic rotor (25 rev/min), (2) the 
nominal pressure in the oil (350 bar) and water hydraulic circuits (415 bar), (3) the nominal rotation 
speed of the hydraulic motor (1800 rpm).  
The relevant dimensions of the main components of the power transmission system, for the 500kW 
demonstrator, are given in Table 1.  

 
TABLE 1: Design parameters for the 500kW demonstrator 

Parameter Value Unit Note 

Radial pump volumetric displacement 52.8 L/rev based on Hägglunds CBP 840 

Hydraulic motor volumetric displacement 0.625 L/rev based on Bosch-Rexroth hydraulic motors 
(500cc+125cc) 

Seawater high-pressure pump volumetric 
displacement 

0.489 L/rev based on Hydrowatt pump R250/250 

Nozzle diameter 7.7 mm Adjustable nozzle through the spear valve 

 
All properties of the radial piston pump are taken from the Hägglunds CBP840 hydraulic motor. A 
charge pressure of 15 bar is used for both oil pump and motor. 
The operational envelope of the hydraulic transmission from rotor to nozzle is obtained as a 
function of the pump rotational speed, see Figure 19 and Figure 20. The possible operational area 
is shown as a shaded area based on the minimum and maximum nozzle diameter which allows 
staying within the design limits of power, pressure and speed. In terms of power transmission 
efficiency it is observed in Figure 20 that a significant part of the operational envelope has 
efficiencies above 60% and around 82% at rated conditions. For lower rotational speeds the 
efficiency is relatively low, however the selection of a rotor should be done in a way in which the 
lower rotational speeds correspond to the wind speeds with lower energy content and probability of 
occurrence. 

 

Fig. 19. Torque-speed envelope of the fluid power 
transmission 

 

 

Fig. 20. Operational efficiency of the power 
transmission 

 

 

Fig. 21.  Power speed curve for a rotor of 30m 
radius 

 

Fig. 22. Power curve example for the 500kW DOT 
demonstrator 
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In order to illustrate the overall performance of the DOT demonstrator, it is assumed that a three 
bladed rotor with a radius of 30m is available and coupled to the transmission. The rotor is 
assumed to have an optimal tip speed ratio of 6 with a resulting power coefficient of 0.35. The 
result of matching the rotor and power transmission envelope is seen in Figure 21. The power 
curve shows the effective power transmitted via the nozzle for different operational wind speeds, 
see Figure 22.  
The power transmission efficiency is dependent on the properties of the main transmission 
components which are derived from current state-of-the art components. 
Based on simulation results, it is shown that a hydraulic transmission provides a damped response 
of torque and transmitted power while keeping operational parameters within design limits. 
The power transmission efficiency is dependent on the properties of the main transmission 
components which are derived from current state-of-the art components. 
Based on simulation results, it is shown that a hydraulic transmission provides a damped response 
of torque and transmitted power while keeping operational parameters within design limits 
[6]. 

5. Hydrostatic transmissions investigated in ROMANIA 

In our country, have been developed several technical solutions for wind turbines, under various 
national research programmes. [3] 
Some of these  wind concepts, were investigated both theoretically, through mathematical 
modeling and numerical simulation on the computer, and experimentally, through conducting 
laboratory tests, where have been performed phisical measurements done by acquiring data, 
subsequently stored and processed by computer. 
Such research activities has been conducted in technical universities of Bucharest, Iasi, Cluj-
Napoca, Timisoara, Craiova and Constanta. 

5.1. Adaptive hydraulic transmission for small wind power plant 

The Department of Fluid Mechanics of „Gheorghe Asachi” Technical University in Iasi together with 
Hydraulics and Pneumatics Research Institute INOE2000-IHP in Bucharest have developed a 
concept for an adaptive hydraulic transmission for small wind power turbine, and also a test stand 
[3]. 
The adaptive hydraulic transmission is based on specific operation elements of a wind turbine 
under variable wind speed and variable load at user. The realized experimental stand allows the 
testing of hydraulic transmission behaviour at turbine shaft speed variation (due to changes in wind 
speed) and at hydraulic motor shaft load variation. 

5.1.1. The concept of adaptive hydraulic transmission for small wind power plant 

The block diagram for the adaptive hydraulic transmission designed for low power horizontal-axis 
wind turbines is shown in Figure 23. 
Wind turbine WT transforms aeraulic power (wind speed v) in mechanical power with parameters 
ω1 (angular velocity) and M1 (moment). The pump with adjustable unit volume PAV transforms 
mechanical power into hydraulic power with parameters Q (flow) and p (pressure). The hydraulic 
motor HM transforms hydraulic power into mechanical power transmitted to load L. The feedback 
loop includes speed transducer ST which gives signal Uω. This is compared with reference value 
Ur. At the outlet of the regulator R results the command value c. The servomechanism SVM 
transforms the command value into an execution value m, which acts on the pump flow control 
elements PAV. In the absence of the feedback loop, changes in wind speed v will increase pump 
speed, pump flow and therefore the drive speed of load S as well. Similarly, load variation leads to 
a decrease in motor speed.  
The feedback loop, which depends on the value of the engine speed MHR, allows maintaining a 
constant speed imposed by the reference value Ur on the hydraulic motor shaft, under variations of 
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both the wind speed and the load S. The adaptive system allows adjustment of two disruptive 
values: wind speed v and load S variation on the engine. 

5.1.2. The test stand  

In order to simulate the working conditions of an adaptive hydraulic transmission designed for 
small wind power, we have developed a test stand with the configuration shown in Figure 23. A 
general view of test stand can be seen in Figure 24, where are presented the load module, the 
closed circuit module, the control panel and the frequency converter. 
 
 
 

 

Figure 23. Block diagram of the adaptive hydraulic 
transmission system 

 

Fig. 24. General view of test stand 

The transmission module includes the pump with adjustable unit volume /flow PAV and the 
hydraulic motor HM, connected in closed circuit. PAV is a double pump unit and is composed of a 
main unit with adjustable volume (flow) and a unit with constant flow that allows the compensation 
of hydraulic losses and the command of actuator in order to change the geometric volume. The 
pump PAV feeds the non-adjustable rotary hydraulic motor HM which, in real system, either drives 
an electric generator or a load of mechanical nature L, through its shaft. In the test stand, the 
simulation of hydraulic rotary motor shaft load is achieved by the loading module, which consists of 
another hydraulic pump.  
An important component of experimental stand is the automatic control loop, shown as block 
diagram in Figure 25. 
 

 

Fig. 25. Block diagram of automatic control loop 

The transducers receive the physical phenomenon and convert physical parameters (pressure, 
flow etc.) in a unified type parameter, mainly voltage, the resulting signal being proportional to the 
variation of monitored parameters.  
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Conditioning modules transform electrical signals generated by transducers in a form that the DAQ 
(data acquisition) board can accept. 
Acquisition board converts the electrical signals through its basic component: the analog-digital 
signal converter. A numerical value is attached to each voltage supplied by transducers, thus 
allowing interpretation of physical values by computing systems. 
A lot of experimental tests have been made and there have been obtained a series of graphical 
variations for the main parameters of the system, presented in [3]. 
Experimental research has been conducted for a constant torque at the shaft of the rotary 
hydraulic motor, simultaneously with imposing the condition of constant rotation speed. 

6. Conclusions  

In the article were presented, first, some general data on the new technology of wind energy use in 
order to produce electricity, advantages and disadvantages of wind energy, wind potential in 
Romania, and the development of this technology worldwide.    
We then presented a number of specific issues concerning the conversion of wind energy into 
electricity, emphasizing the important role of intermediate transmissions between wind turbine itself 
and the electric generator itself, showing that one of the ways to increase energy efficiency is the 
use of hydrostatic transmissions. 
There were presented the principles underlying the hydrostatic transmissions for wind turbines and 
were presented a series of concrete achievements both globally as well as in Romania, which have 
shown their advantages in adapting variable speed rates of wind turbine and control of constant 
speed to the electric generator.  
Research on hydrostatic transmissions in wind power plants will continue in order to optimize the 
schematic diagrams and the ways for controlling the speed of the generator.  
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