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INTRODUCTION 

The latest tendency of the development of 
power engineering is the use of distributed en-
ergy resources characterized by a large number 
of equally distributed sources generating small 
scale power [1]. They may be various renewable 
energy sources using sun, water or wind. Among 
these sources, the most popular is a small scale 
wind power [2–6].

Small scale wind power plants are usually 
built using a wind turbine, a gearbox, an elec-
tric current generator, and a brake [7]. Due to the 

changing demand for electricity, it is necessary to 
create an energy storage for wind power plants. 
There are different energy storage technologies, 
including e.g.: battery energy storage systems, 
hydrogen-based energy storage systems and fly-
wheel energy storage systems [8, 9]. If the electric 
energy obtained from a power plant is not stored, 
then it is vital for the power generator to produce 
electrical current whose parameters meet require-
ments of local power grids. A current with a spec-
ified frequency can be obtained in a power plant 
electrically, using power electronics converters, 
or mechanically, by adjusting the angular velocity 
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of the wind turbine shaft [7, 10]. The over speed 
control mechanisms of wind turbines are pitch-
to-stall rotors, coning rotors and rotors with de-
formable blades. In turn, controlling the angular 
velocity of the generator shaft can be managed by 
controlling the inertia of a wind turbine rotor [11], 
a flywheel energy storage system [12] or hydro-
dynamic drive systems [13].

In wind power plants, using hydrodynamic 
elements, such as clutches, torque converters and 
brakes, is justified by the fact that they are ma-
chine components with high durability. Increas-
ing the durability of drive systems is currently one 
of the most fundamental directions of develop-
mental works concerning wind power plants [14, 
15]. In turn, weight is highly important in high-
altitude wind power plants placed in balloons or 
kites [16]. WinDrive [17] is a hydrodynamic drive 
system currently used to maintain a constant an-
gular velocity of the generator shaft with vary-
ing rotations of the wind turbine. It consists of 
a hydrodynamic torque converter controlled by 
rotating blades of a fixed rotor of a stator, and 
two planetary gears. One of the planetary gears 
is used to split the power stream; one part of the 
stream flows through the hydrodynamic torque 
converter, while the other flows through the me-
chanical gear. This increases the efficiency of the 
hydrodynamic drive system.

Other, less complicated and often employed 
means of controlling the hydrodynamic compo-
nents are: throttling to change the flow rate of the 
working fluid, changing the filling degree of the 
working space with a working fluid, or attaching 
an additional rotor to the torque converter during 
its operation [18-21]. The newest means of con-
trolling hydrodynamic components rely on the 
use of so-called intelligent fluids, electrorheologi-
cal fluids or magnetorheological fluids in which 
shear stress values change after exposure to elec-
tric or magnetic field respectively [22-24]. There 
is also research conducted to determine how 3D-
printed rotors with deformable blades can be used 
to control hydrodynamic components [25-27].

Different mathematical models are used to 
model hydrodynamic components: one-dimen-
sional models (1D) [28-30], two-dimensional 
models (2D) [31, 19] and three-dimensional mod-
els (3D) [32-35]. 1D mathematical models are 
most commonly used models, due to their sim-
plicity, the capability to easily formulate dynamic 
equations describing transient motion of the hy-
drodynamic drive system and the possibility to 

use them in initial stages of theoretical research. 
These models do not demand determining all 
the dimensions of the hydrodynamic component 
(which is necessary for 2D and 3D models) [36-
38]. In 1D models, high accuracy is obtained 
by determining the numerical coefficients of the 
model through experimental research [39, 40]. 
Because of that, the 1D models’ accuracy is simi-
lar to the accuracy of the more complex 2D and 
3D models [31, 42]. Multiple-stream models are 
also created based on 1D models, and they are 
used for multi-criteria optimization of hydrody-
namic elements [43].

The purpose of the paper is modelling the 
operation of a wind power plant intended for a 
distributed energy system with a hydrodynamic 
drive system in which a hydrodynamic clutch 
(HC) with sliding rotors is used to control the 
rotational speed of the generator. The described 
research contributes to increasing the level of 
knowledge about hydraulic drive systems of ma-
chines by developing and testing of a new method 
of HC control by sliding rotors. Until now, such 
a control method has not been deemed efficient 

Nomenclature
HC hydrodynamic clutch

a, b, c, d, e, f numerical coefficients
cm meridional velocity
cu peripheral speed
g gravitational acceleration
h gap size
h1 pump head rise
h2 turbine head rise
i gear ratio for the gearbox
ik speed ratio
t time
u lifting speed
w relative speed
J mass moments of inertia

Fm meridional cross-section
M1 torque transferred by hydrodynamic clutch
Me torque obtained from experiment
Mh braking torque
Mr motion resistance torque
Ms driving torque
P mechanical power
Q flow rate of working fluid

b angle between relative speed and lifting 
direction

e reduction coefficient
j rotor friction loss coefficient
r density of the working fluid
r3 radius ratio
w1 angular velocity of input shaft
w2 angular velocity of output shaft
s linear speed ratio
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enough to be developed and tested. However, in 
machine drive systems where the energy losses 
are less important (such as generator drive in a 
wind power plant) this solution can be successful-
ly applied. In order to achieve the assumed goal, 
it was necessary to develop testing methodology 
for a prototype design solution of a wind power 
plant with a hydrodynamic drive system, to de-
velop a specialized test stand and to derive a new 
mathematical model taking into account the flow 
in HC with an enlarged gap between the rotors. 
The advantages of using a controlled hydrody-
namic clutch is simple structure, high durability 
and low weight of the entire drive system. The 
obtained results of both theoretical and experi-
mental research allow to determine the perfor-
mance characteristics, the range of control and to 
compare this control method with other methods 
currently used in wind power plants.

CONCEPT FOR CONSTRUCTION AND 
OPERATION OF A WIND POWER PLANT 
WITH A HYDRODYNAMIC CLUTCH 

A low-power wind power plant was se-
lected to research the method of controlling the 

hydrodynamic drive system of a wind power 
plant by sliding HC turbine rotor, the diagram of 
which is shown in Figure 1. 

It is assumed, that due to the requirements 
of a local power grid, the wind power plant 
generator operates with angular velocity w2 = 
150 rad/s. It supplies electrical current with a 
frequency of 50 Hz and constant power regard-
less of wind speed changes, and thus regardless 
of the angular velocity of the power plant’s ro-
tor ww. The technical data of the generator are 
shown in Table 1, in which the nominal param-
eters are marked with the index n. 

The drive system of the generator comprises 
a mechanical gearbox which increases the rotor 
speed, and a HC consisting of rotors with vari-
able blade geometry. Using rotors with blades 
shaped in this manner allowed to obtain two dif-
ferent characteristics when changing the rotation 
direction of the pump rotor. The clutch operated 
with a constant filling degree ψ, determined as the 
ratio of the working fluid’s volume in the working 
space to the entire volume of this space. The HC 
data is shown in Table 2. Figure 2 presents photos 
of the HC rotors.

The principle of operation of the drive system 
of a generator whose HC is controlled by sliding 
rotors is based on changing the torque transferred 
by the clutch. It is illustrated in Figure 3, on the 
basis of the HC characteristics in the following 
form: M = f(w2).

Under nominal conditions of the generator’s 
operation (point A in Fig. 3), the turbine oper-
ates, as intended, with angular velocity w2A = 150 

Fig. 1. Scheme of the power plant with a HC controlled by sliding HC turbine rotor: 1 – wind turbine 
rotor, 2 – drive shaft, 3 – gearbox, 4 – HC pump rotor, 5 – HC turbine rotor, 6 – generator

Table 1. Technical data of the wind power plant’s 
generator

Type Power Nominal working 
conditions

DC motor 
Multimoto G 11.05 5.5 kW wn = 150 rad/s, Un = 400 V, 

In = 15.4 A

Table 2. Values of angles and radii on the mean line of rotors of the HC prototype

Rotor rotation direction β11 [˚] β12 [˚] b21 [˚] b22 [˚] r1 [mm] r2 [mm] Number of 
blades

Left 118 65 59 137
65.9 115.3 39

Right 62 115 121 43
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rad/s. The torque transferred by the HC is MA. The 
wind power plant’s rotor rotates with the constant 
angular velocity ww1, and the HC pump operates 
with angular velocity w1A, wherein the depen-
dence w1A = i⋅ww1 is maintained. Then, the kine-
matic ratio of the HC is ikA= w2A/w1A,and the HC 
efficiency is ηA = ikA. If the wind speed increases, 
the wind power plant’s rotor rotates with angu-
lar velocity ww2, and the angular velocity of the 
HC pump’s angular velocity increases to w1C = 
i⋅ww2. This causes an increase in the torque value 
to MC. The angular velocity of the turbine’s rotor 
increases by ∆w up to the speed w2B>w2A. In order 
to decrease the angular velocity w2B to the angular 
velocity w2A the rotors move away. This causes 
a decrease in the value of the torque transferred 
by the HC, up to the point when w2B reaches the 

nominal value w2A. The HC pump still operates 
with rotational speed w1C, but as a result of mov-
ing the rotors aside, the torque decreases from MC 
by ∆M, and its value returns to MA. The turbine 
operates again in point A, but now ikC = ww2/w1C, 
wherein ikC<ikA, and thus ηC <ηA. As a result of 
moving aside the HC rotors, despite an increase 
in the wind speed, the operation parameters of the 
generators are not changed, but the drive system 
of the generator works less efficiently. 

If the wind speed increases significantly and 
exceeds the safe value (above which the failure 
of the wind farm may occur) then the shaft of the 
wind power plant’s rotor is braked or immobi-
lized. A HC may be used for this purpose, operat-
ing as a controlled brake. Figures 4 and 5, on the 
basis of the data from Table 3, illustrate the result 

Fig. 3. Illustration of the principle of operation of the drive system of a generator 
whose HC is controlled by increasing the distance between rotors

Table 3. Data and calculation results from the drive system containing a HC controlled by increasing the 
distance between rotors

ww [rad/s] i [-] w2 [rad/s] MA [Nm] P [kW] w1 [rad/s] h [mm] ik [-] η [-]

1.5
125 150 18 2.8

187.5 0 0.8 0.8

2.0 250.0 58 0.6 0.6

Fig. 2. View of the HC rotors: a – the pump, b – the turbine 

a) b)
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of the control method of the hydrodynamic drive 
system of a wind turbine generator containing a 
HC with sliding turbine rotor.

As shown in Figures 4 and 5, despite an in-
crease in the angular velocity ww, the angular ve-
locity w2 does not change.

A SIMULATION OF THE WIND 
POWER PLANT’S OPERATION

Mathematical model of the hydrodynamic 
drive system of the wind power plant

What is considered in modelling the dynam-
ics of the drive system of wind power plants, is 
the balance of torques affecting the shafts of the 
drive system components, taking into account 
the moments of inertia [43-45]. In considerations 
concerning the modelling of a transient motion of 
a hydrodynamic drive system containing a HC, it 
is assumed, for the sake of simplicity, that chang-
es in angular velocity w with time are caused only 
by the presence of inertial masses. The remaining 
torques are the same as in the case of a steady 
motion [46, 47]. Additionally, the shafts’ stiffness 
is omitted. The formulas of mathematical model 
for a drive system with a HC are formulated af-
ter dividing the drive system into two sections: 
the driving part and the driven part, the two con-
nected with a working fluid [48, 49]: 
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where: Ms – driving torque, M1 – torque trans-
ferred by the HC, Mr – motion resistance 
torque, J1, J2 – mass moments of inertia, 
reduced for the driving and driven shafts 
respectively, w1 – angular velocity of the 
HC input shaft, w2 – angular velocity of 
the HC output shaft.

These equations are first-order nonlinear dif-
ferential equations whose solutions demand using 
numerical methods. The torque M1 is calculated 
on the basis of a 1D medium stream model widely 
used in calculations of hydrodynamic elements 
[50-52]. Figure 6 depicts the HC scheme used to 
derive equations of the model. 

The points 11 and 22 signifying the inlet of 
the pump and the outlet of the turbine rotor are 
located on the radius r1. The points 12 and 21, 
respectively, are located on the radius r2. In this 
designation, the first number signifies the rotor 
(1 – pump, 2 – turbine), and the second – an in-
let (number 1) and outlet (number 2). Figure 7 
shows the distribution of the absolute speed c of 
the fluid flowing in the channel of the hydrody-
namic component’s rotor.

Fig. 4. Operation parameters of the power plant’s drive system – initial conditions

Fig. 5. Operation parameters of the power plant’s drive system – final conditions
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The HC rotors’ torque is caused by the pe-
ripheral speed cu, so the hydraulic torques M of 
the HC pump rotor and the HC turbine rotor are 
equal, as follows [53, 54]: 

 
 

  
 

dt
dJMM s

1
11


+=
 

dt
dJMM r

2
21


−=  
(1) 

 
 ][ 1112121 rcrcQM uu −=   (2) 

 
 

2211 uu cc = , 1221 uu cc =  (3) 
 

 ][ 1222121 rcrcQM uu −=   (4) 
 

 
)( 1122

1 rcrc
ggQ

Mh unun
nn

n −==





 
 

222 nmnun ctgcuc += , 111 nmnun ctgcuc +=  

(5) 

 
 

])()[( 1222221212
1

1 rctgcurctgcu
g

h mm 
+−+=

 

])()[( 1222221212
2

2 rctgcurctgcu
g

h mm 
+−+−=  

(6) 

 
 

mm c
u

c
r 1221 ==

 , 
2

1
3 r

r
= , 

1

2




=ki  (7) 

 
])()[( 322221212

21
1  ctgcuctgcu

g
rh mm +−+=

 

])()[( 322221212
21

2  ctgcuctgcu
g

rih mm
k +−+−=  

(8) 

 
 

2112 ru = , 211222 riru k == , 3123  kiu=  (9) 
 

 
][22

322123
121221

2
1  ctgctgi

c
u

c
u

c
r

c
gh

k
mmmm

−++=  (10) 

mm c
u

c
r 1221 ==


 

 
)(2)1(2

2
322123

2
2

1  ctgctgi
c

gh
k

m

−+−=  (11) 

 

 

 hh
m

ba
c

gh
+= 2

2
12

 
)1(2 3kh ia −=

)(2 32212  ctgctgbh −=  

(12) 

(2)

where: Q – flow rate of the working fluid, r – 
density of the working fluid, cu11 – periph-
eral speed at the inlet of the pump rotor, 
cu12 – peripheral speed at the outlet of the 
pump rotor.

It is assumed that the absolute speed at the 
inlet of the examined rotor is equal to the absolute 
speed at the outlet of the previous rotor, which 
also means that the peripheral speeds cu are equal. 
On this basis, in formula (2), it is taken into ac-
count that:
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where: cu21 – peripheral speed at the inlet of the 

turbine rotor, cu22 – peripheral speed at the 
outlet of the turbine rotor, thus:
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Head rise balance of the pump rotor h1 and the 
turbine rotor h2 can be determined on the basis of 
the following equations:
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Fig. 7. Distribution of the speed of the fluid flowing 
in the HC rotor channel: u – lifting speed, w – relative 
speed, cu – peripheral speed, cm – meridional velocity, 
b – angle between relative speed and lifting direction

where:  n = 1 for the pump rotor, n = 2 for the tur-
bine rotor, g – gravitational acceleration.

Head rise balances take the following form:
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After introducing dimensionless parameters: 
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where: s – linear speed ratio, r3 – radius ratio, 
ik – speed ratio,

formulas (6) are written as follows:
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Formula (8) shows that h2 = h1ik.
The first equation of system of equations 

(8) is introduced on the basis of the formula 
u = wr, the dependence:
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Dividing both sides of the obtained equation 
by cm

2 and then multiplying both sides by 2g, 
gives the following result:
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or, after introducing the designation:
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Fig. 6. Meridional cross-section of the 
HC: P – pump rotor, T – turbine rotor
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equation (11) can be formed as follows:

 
 

  
 

dt
dJMM s

1
11


+=
 

dt
dJMM r

2
21


−=  
(1) 

 
 ][ 1112121 rcrcQM uu −=   (2) 

 
 

2211 uu cc = , 1221 uu cc =  (3) 
 

 ][ 1222121 rcrcQM uu −=   (4) 
 

 
)( 1122

1 rcrc
ggQ

Mh unun
nn

n −==





 
 

222 nmnun ctgcuc += , 111 nmnun ctgcuc +=  

(5) 

 
 

])()[( 1222221212
1

1 rctgcurctgcu
g

h mm 
+−+=

 

])()[( 1222221212
2

2 rctgcurctgcu
g

h mm 
+−+−=  

(6) 

 
 

mm c
u

c
r 1221 ==

 , 
2

1
3 r

r
= , 

1

2




=ki  (7) 

 
])()[( 322221212

21
1  ctgcuctgcu

g
rh mm +−+=

 

])()[( 322221212
21

2  ctgcuctgcu
g

rih mm
k +−+−=  

(8) 

 
 

2112 ru = , 211222 riru k == , 3123  kiu=  (9) 
 

 
][22

322123
121221

2
1  ctgctgi

c
u

c
u

c
r

c
gh

k
mmmm

−++=  (10) 

mm c
u

c
r 1221 ==


 

 
)(2)1(2

2
322123

2
2

1  ctgctgi
c

gh
k

m

−+−=  (11) 

 

 

 hh
m

ba
c

gh
+= 2

2
12

 
)1(2 3kh ia −=

)(2 32212  ctgctgbh −=  

(12) (12)

In the HC head rise, factors taken into account 
are the losses of friction of the liquid against the 
walls of the rotor channels and the losses of the 
impact of the liquid flowing into the rotors against 
the blades. The friction losses ht are calculated on 
the basis of relative speeds w at the rotors’ output:
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according to the formula:
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the result is:
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where: j – rotor friction loss coefficient, which 
is a function of ik, w12 – relative speed at 
the outlet of the pump rotor, w22 – relative 
speed at the outlet of the turbine rotor.

The research shows that the Reynolds number 
in the rotors of the hydrodynamic torque convert-
ers and hydrodynamic clutches ranges from 104 
to 106 [28, 32]. Therefore, to determine the fric-
tion loss coefficient j (when it is not determined 
experimentally) turbulent flow formulas are used, 
e.g. Blasius formula [49-52]. Division of equation 
(15) on both sides by cm

2 and its multiplication by 
2g resulted in the following equation:
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Equation (16) may be written as:
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where: cu1– speed of the working fluid hitting the 
blades at the inlet of the pump rotor, cu2 
– speed of the working fluid hitting the 
blades at the inlet of the turbine rotors.

Taking into account the following dependen-
cies in equations (19):
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leads to the following equations:
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After substituting formulas (18) to formulas 
(21), and then dividing both sides of the received 
equation by cm

2 and multiplying both sides by 2g, 
the result is as follows: 

 
 

 
 

1
sin 12

2

12
12 +== 


ctgccw m

m ,  

1
sin 22

2

22
22 +== 


ctgccw m

m

 

(13) 

 
 

g
w

g
wht 22

2
22

2
12  +=  (14) 

 
 

)2(
2 22

2
12

2
2

++=  ctgctg
g

ch m
t  (15) 

 
 

)2(
2

22
2

12
2

2 ++=  ctgctg
c

gh

m

t  (16) 

 

 
t

m

t c
c

gh
=2

2
  

  
)2( 22

2
12

2 ++=  ctgctgct  

(17) 

Impact losses hu are determined with the formula:  
 

g
c

g
ch uu

u 22

2
2

2
1 +=  (18) 

wherein: 
 

2222111122111  ctgcuctgcuccc mmuuu −−+=−=  
1212212112212  ctgcuctgcuccc mmuuu −−+=−=  

(19) 

 
 

3122311111  urru ===  
kk iuriru 12212221 ===   

312111222  kk iuriru ===  

(20) 

 
 

223121131222111  ctgciuctgcuccc mkmuuu −−+=−=  
1212211212212  ctgcuctgciuccc mmkuuu −−+=−=  

(21) 

 

 

2
1221

2
2231132 )()(

2
 ctgctgictgictg

c
gh

kk
m

u −++−+−−+=
 

)])(1())([(2)( 2112221133
2

33
2  ctgctgictgctgii kkk −−+−−+−=

2
1221

2
2211 )()(  ctgctgctgctg −+−+  

(22) 

 
 

uuu
m

u cba
c

gh
++=  2

2

2
 (23) 

(22)

Formula (22) can be written as: 
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The head rise balance equation is written as: 
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After substituting the head rise balance for-
mulas represented by equations (12), (17), (23) 
to equation (25), and after dividing both sides of 
the obtained equation by cm

2 and multiplying both 
sides of the equation by 2g, a quadratic equation 
is obtained with regard to the parameter s, in the 
following form:
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02 =++ cba ss
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(26)

where:  a, b, c – coefficients of the quadratic equa-
tion with respect to the parameter s. 

After assigning numerical values to the co-
efficients of equation (26), the solved equation 
allows to calculate the value of the s parameter, 
wherein a positive value of the parameter s is as-
sumed for the following calculations. 

Values of the torque M1, are calculated after 
transforming formula (5) from the dependence: 

1

1
1 w

r QghM = (27)

where: h1 – the pump head rise calculated for a 
known value of the parameter s.

In a HC with sliding rotors, when a gap is cre-
ated between the rotors of the pump and the rotors 
of the turbine, the fluid stream Q is split. A part 
of the stream flows out through the gap between 
rotors and does not enter the turbine’s rotor. Due 
to that, a flow rate reduction coefficient e is intro-
duced. The coefficient is dependent on the width 
of the gap between rotors h. It is assumed that: 
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where: Fm – meridional cross-section of the ro-

tor’s channel, cm – meridional speed. 

The fluid stream flowing out through the gap 
flows around the turbine, transferring some of its 
energy to the turbine, so the gap’s presence does 
not have a significant influence on the HC char-
acteristics. Due to that, in the following calcula-
tions concerning the HC with sliding rotors, it is 
arbitrarily assumed, that the flow rate reduction 
coefficient is a function of the gap width h and ik:

),( kihf=e (29)

wherein, for h = 0 and ik= 0 the coefficient e = 1, 
and it decreases to 0 with an increasing h, so the 
coefficient e ≤ 1.

On the basis of formulas (27), (28), the fol-
lowing was obtained: 

e
w

r
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Substituting the meridional velocity cm de-
scribed by formula (7) and head rise balance h1 
described by formula (8) into relation (30), final-
ly, the formula for the torque transferred by the 
HC, in the following form:
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Experimental determination of the 
coefficients of the mathematical model  

Performing calculations based on the present-
ed mathematical model of a hydrodynamic clutch 
with sliding rotors requires the determination of 
the geometric parameters of the HC, such as: ra-
dii r1 and r2, the angles of the pump rotor blades 
β11 and β12, the angles of the turbine rotor blades 
β21, β12, and two coefficients: the friction loss co-
efficient j and the flow rate reduction coefficient 
e. The geometrical parameters of the HC are ob-
tained on the basis of rotor measurements or from 
the technical documentation, whereas determin-
ing the coefficients j and e demands conducting 
experimental research. As a result, the coefficients 
are presented as polynomials.

In order to assess the correctness of the 
mathematical model of the examined HC, the 
model is verified by comparing the results of 
numerical calculations with the results of ex-
perimental research obtained for selected mea-
surement points. The criteria assumed for cor-
rectness assessment are relative errors δM [%] 
and absolute errors ΔM [Nm] described by the 
following formulas: 

teM MM −=∆ (32)

%
M
M

e
M 100⋅=

∆δ (33)

where: Me – torque measured during experimen-
tal research, Mt – torque obtained as a re-
sult of numerical calculations on the basis 
of the mathematical model. 

The experimental research concerning deter-
mination of coefficients e and j are conducted 
on a test bench built specifically for this purpose. 
The test bench consists of: an AC drive motor, a 
generator, a control system, a rotor sliding mech-
anism with an electric actuator, and a computer 
measurement system registering measurement 



79

Advances in Science and Technology Research Journal 2023, 17(2), 71–89

data in real time [55]. The scheme of the test 
bench is shown in Figure 8. 

In order to simplify the construction of the 
test bench, the HC rotors are set directly on the 
shafts of the AC drive motor and the generator, 
and the sliding of the rotors is carried out by hor-
izontal movement of the generator on the ways 
attached to the test bench frame. The turbine’s 
rotor is placed on the generator’s shaft. The 
drive motor and the brake are controlled by Em-
erson’s AC Drive and DC Drive control systems. 
The performance of the systems is overviewed 
by the PLC driver cooperating with encoders at-
tached to the shafts of electric drive motors. The 
basic data of the components of the test bench 
are presented in Table 4. 

The computer measuring system is integrat-
ed with the electric control system of the test 
bench. During the measurements of torque M 
and angular velocities of the electric drive sys-
tem shaft w1 and of the generator shaft w2, the 
values are retrieved from the PLC driver, and 
subsequently recorded using a PC with a spe-
cialized software. During the experimental re-
search with the HC output shaft stopped, a strain 
gauge force sensor is used to measure the torque. 

The strain gauge force sensor used is the KM 
102 K with a measuring range from 0 to 500 N. 
The value of the recorded force is read using a 
digital measuring indicator MD 150T. The tem-
perature of the working fluid is measured by a 
Heraeus M222 temperature sensor from Conrad 
Electronic. The accuracy of the measurements is 
presented in Table 5. 

The experimental research is conducted 
for working fluid temperatures occurring in 
HCs operating within machine’s drive systems. 
However, the HC heats up rapidly during the 
test bench research, so the measurements are 
performed not for constant, selected tempera-
ture values, but for two temperature ranges: 
from 40 ˚C to 50 ˚C and from 80 ˚C to 90 ˚C. In 
order to increase the credibility of the research 
results, the measurements are repeated several 
times, discarding extreme results, while the 
remaining results are averaged. 

Calculating the coefficient j

The coefficient j is calculated numerically 
on the basis of the presented HC mathematical 
model, based on the characteristics Me = f(ik) for 

Table 4. Component data of the test bench used to assess the HC
Usage Model/ type Current type Parameter values

AC drive motor Tamel 3SG132S-4-IE2 5.5 kW AC w =146 rad/s
Un = 400 V

PLC driver Siemens Simatic DP 6ES7151-8AB01-0AB0 AC U = 230 V

AC Drive control system Emerson Unidrive SP 1406 AC Un = 400 V

DC Drive control system Emerson Mentor MP 25A4R AC Un = 400 V

Fig. 8. Test bench scheme: 1 – AC drive motor, 2 – examined HC, 3 – temperature sensor, 
4 – frame, 5 – digital temperature indicator, 6 – generator placed on ways, 7 – generator’s 

cooling system, 8 –encoder, 9 – electric actuator, 10 – electric actuator controller, 11 – 
actuator direction switch, 12 – PC, 13 –12V power supply, 14 – control cabinet
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w1 = const. obtained from the HC experimental 
research, presented in Fig. 9 and Fig. 10.

The calculations are conducted in the follow-
ing manner: for a selected point (Me, ik) obtained 
from the charts presented in Fig. 9 and Fig. 10 and 
the rotational speed w1 = const., friction losses are 
calculated using dependence (15) and dependence 
(31), and subsequently the function j = f(ik) is cre-
ated for a selected angular velocity w1, Table 6.

In the HC mathematical model, according to 
mean streamline theory, it is assumed that the 
friction loss coefficient j is a function of ik and 
is not dependent on angular velocities of the ro-
tors. This is why, on the basis of the equations 

shown in Table 6, the course of φav = f(ik) is de-
termined for both directions of rotation of the 
pump rotor, Table 7.

Table 6. Equations describing dependencies φ = f(ik, w1) 
for different w1 values

Rotation 
direction

w1 value 
[rad/s] Equation φ = f(ik, w1)

Left

100 j = 20.73 ik2 - 42.13 ik + 23.23

80 j = 9.77 ik2- 21.34 ik + 12.67

60 j = 6.66 ik2- 1.72 ik + 7.19

Right

120 j = 17.79 ik2- 28.38 ik + 12.32

100 j = 21.85 ik2- 33.05 ik + 13.47

80 j = 24.49 ik2- 36.85 ik + 15.57

60 j = 26.67 ik2- 40.34 ik + 17.2

Table 7. Equations describing the dependencies  
φav = f(ik)

Rotation direction Equation φav = f(ik)

Left jav = 12.39 ik2- 25.41 ik + 14.36

Right jav = 22.70 ik2- 34.65 ik + 14.64

Table 8. Relative error and absolute error for w1= 100 rad/s and left-handed rotations of the pump rotor

w1 [rad/s] ik Me [Nm] Mt [Nm] ΔM [Nm] δM [%]

100

0.98 6.12 5.44 0.68 11.10

0.97 7.72 6.90 0.82 10.61

0.96 9.77 8.22 1.55 15.91

0.94 11.80 10.60 1.20 10.15

0.89 14.50 15.82 1.32 9.09

0.53 27.50 34.54 7.04 25.61

0.00 28.00 37.67 9.62 34.31

average value 3.18 16.68

Fig. 9. Dependence Me = f(ik) for ψ = 92%, T2 = 60 - 
80˚C, different angular velocities of the pump rotor w1 
and left-hand rotation direction of the HC pump rotor

Fig. 10. Dependence Me = f(ik) for ψ = 92%, T2 = 60 - 
80˚C, different angular velocities of the pump rotor w1 
and right-hand rotation direction of the HC pump rotor

Table 5. Accuracy of the measurements. performed 
on the test bench

Measured quantity Relative measurement error

h 2 %

w1, w2 2 %

M 5 %

T 1 %
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The correctness assessment of the friction 
loss coefficient’s j values are performed on the 
basis of errors ΔM and δM obtained for the torque 
values Me and torque values Mt. These values are 
calculated on the basis of mathematical model 
equations, using the dependences φav = f(ik) pre-
sented in Table 7. The calculations are conducted 
numerically, for the gap size h = 0. The results 
of the calculations are juxtaposed in Table 8 (for 
left-handed pump rotor’s rotations) and in Table 
9 (for right-handed pump rotor’s rotations). 

Calculating the coefficient e

The coefficient e is calculated numerically 
on the basis of the presented HC mathematical 
model, based on the characteristics Me = f(ik) for 
h = const.. The characteristics are obtained from 
the HC experimental research, presented in Fig. 
11 and Fig. 12. In order to obtain the values of 
the coefficient e ≤ 1, the subsequent values of the 
torque Me for ik> 0 and h> 0 are divided by the 
highest value of the torque Me occurring for ik = 
0 and h = 0.

In the mathematical model of the HC with 
sliding rotors, it is arbitrarily assumed that the 
flow rate reduction coefficient e is a function of 
the gap h and the kinematic ratio ik.. It is not de-
pendent on the rotors’ angular velocities. How-
ever, on the basis of the analysis of the results of 
the initial experimental research, it is determined 
that the value of the coefficient e is also slightly 
dependent on angular velocities w1. Due to that, 
the course of the dependence e = f(h, ik) is deter-
mined in two stages, in a similar manner to how 
the coefficient j is determined.

The first stage, on the basis of the measuring 
points’ coordinates obtained from HC character-
istics experimental research, determines the de-
pendences e = f(h, ik) for selected values of the 
pump rotor’s angular velocities w1 = const., both 
for left-hand and right-hand rotations. For in-
stance, the coefficient e values for w1 = 100 rad/s 
obtained in such manner are presented as charts in 
Fig. 13 and Fig. 14. 

The second stage of the calculations of the co-
efficient e determines the course of eav = f(h, ik) for 

Table 9. Relative error and absolute error for w1= 100 rad/s and right-handed rotations of the pump rotor
w1 [rad/s] ik Me [Nm] Mt [Nm] ΔM [Nm] δM [%]

100

0.96 6.06 6.07 0.01 0.16
0.94 8.47 7.54 0.93 10.95
0.92 11.40 8.85 2.55 22.36
0.85 13.86 12.72 1.14 8.23
0.80 15.67 14.93 0.74 4.75
0.72 17.56 17.49 0.07 0.38
0.42 21.68 20.71 0.97 4.46
0.37 22.26 20.87 1.39 6.26
0.00 22.34 21.75 0.59 2.66

average value 0.93 6.69

Fig. 11. Dependence M = f(ik) for the gap h> 0, 
filling degree ψ = 92%, temperature T2 = 60 - 80˚C, 

velocity w1= 100 rad/sand left-hand rotations 
of the HC pump rotor

Fig.12. Dependence M = f(ik) for the gap h> 0, 
filling degree ψ = 92%, temperature T2 = 60 - 80˚C, 

velocity w1= 100 rad/s and right-hand rotations 
of the HC pump rotor
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Fig. 13. Dependence ε = f(ik, h) for w1 = 100 rad/s and left-hand rotations of the pump rotor

Fig. 14. Dependence ε = f(ik, h) for w1 = 100 rad/s and left-hand rotations of the pump rotor

both rotation directions of the pump rotor, assum-
ing that the dependence is arbitrarily described by 
the following function:

fheidhchbiai kkk +++++= 22 (34)
where: a, b, c, d, e, f – numerical coefficients.

The equations of planes eav = f(h, ik) for both 
rotation directions of the pump rotor, obtained as 
a result of these calculations, are shown in Table 
10. The correctness assessment of the calcula-
tions of flow rate reduction coefficient ε is con-
ducted on the basis of the errors δe obtained for 
the torque value Me and the torque value Mt. The 
values are calculated numerically on the basis of 
the mathematical model equations, with the use 
of the dependence eav = f(h, ik),in accordance with 
the contents of Table 10. Table 11 and Table 12 
show the juxtaposed relative errors of the coeffi-
cient e, the values of eav and the values ee obtained 
on the basis of the experiment for w1 = 100 rad/s 
and different rotation directions of the pump rotor. 

Results of model calculations 

Steady-state and dynamic calculations, con-
cerning the control method of the wind power 
plant generator’s drive system containing a HC 

controlled by sliding the turbine rotor, are carried 
out on the basis of the developed mathematical 
model and geometric data of the examined HC. 
The numerical calculations used an algorithm 
whose diagram is shown in Figure 15.

The input data for the algorithm were the 
parameters of the electric generator (angular 
velocity w2, torque M1), HC parameters (blade 
angles b, radii r, density of the working fluid r, 
coefficient j, coefficient e) and the kinematic ra-
tio ik* for which the gap h = 0. The result of the 
calculations was the gape size h for the assumed 
angular velocity ww.

Steady-state calculations

The calculations are performed for three 
selected cases of the wind power plant’s per-
formance and for the HC operating as a con-
trolled brake. For Case 1, the gear ratio for the 
gearbox i is selected so that the initial gap size 
h between the rotors would equal zero for ww = 
1.0 rad/s, and the angular velocity of the tur-
bine rotor w2 would equal 150 rad/s. It should 
be emphasized that (at the same velocity ww) 
the greater the mechanical power P supplied to 
the HC, the greater the gear ratio i, because w1 
= ww⋅i and P ≈ w1

3. As the wind speed increases, 
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the angular velocity of the rotor ww increases to 
ww = 2.0 rad/s. As a result, the size of the gap h 
increases. The calculation results for Case 1 are 
shown in Figure 16 and Figure 17. 

For Case 2, the gear ratio for the gearbox i 
is selected so that the initial gap size h between 
the rotors would be greater than zero for ww = 
1.5 rad/s, and w2 would equal 150 rad/s. As the 
wind speed increases, the angular velocity of the 
rotor increases from ww = 1.5 rad/s to ww = 2.0 
rad/s, which resulted in a decrease in the size of 
the gap h. The calculation results for Case 2 are 
shown in Figure 18 and Figure 19. 

For Case 3 it is assumed that the nominal 
working conditions of the generator occur, simi-
larly to Case 2, for the wind power plant’s tur-
bine rotor speed ww = 1.5 rad/s. It is assumed 
that the gearbox has two selectable ratios, and 
ww varies from 1.0 rad/s to 2.0 rad/s. A higher 
ratio is selected for the velocity ww< 1.5 rad/s, 
while a lower ratio is selected for the velocity 
ww> 1.5 rad/s. The gear ratio is 1.6. When the 
rotations ww of the wind power plant’s rotor ex-
ceed 1.5 rad/s, a lower gear ratio is selected, and 
the HC rotors gradually move aside from h = 0 

to the maximal h value. The calculation results 
for Case 3 are shown in Figure 20 and Figure 21. 

According to the sensitivity method [38], 
variation of the gap size δh caused by varia-
tion of angular velocity δww can be estimated 
using the partial derivative δh/δww. Figure 22, 
for example, shows the dependencies of the 
derivative δh/δww on the angular velocity ww 
for left-hand rotations of the pump rotor, ob-
tained on the basis of Figure 16 and Figure 18, 
respectively. 

When considering the use of the HC with a 
stopped turbine rotor as a hydrodynamic brake 
in the wind power plant, it is assumed that the 
gear ratio of the gearbox is i = 200 and the power 
plant’s rotor angular velocity range is ww od 1.0 
rad/s to 2.0 rad/s. The velocity of the pump rotor 
w1 is calculated from the formula: w1=i⋅ww, and 
then the braking torque Mh is determined for ik 
= 0, for various values of the gap width h and 
both rotation directions of the HC pump rotor. 
The calculation results are presented in Figure 
23 for left-hand rotations of the HC pump rotor, 
and in Figure 24 for right-hand rotations of the 
HC pump rotor. 

Table 10. Dependency equations eav = f(h, ik)
Rotation direction of the pump rotor Equation eav = f(h, ik)

Left

Right

Table 11. Flow rate reduction coefficient errors εav for w1 = 100 rad/s and left-hand rotations of the pump rotor

w1 = 100 rad/s
εav εe δe   [%]
ik ik ik

0 0.6 0.8 0 0.6 0.8 0 0.6 0.8

Gap 
h [mm]

0 1.00 0.98 1.00 1.00 1.00 1.00 0.00 2.04 0.00
15 0.96 0.93 0.95 0.92 0.91 0.92 4.56 2.05 3.80
25 0.89 0.85 0.87 0.89 0.83 0.83 0.00 3.35 5.47
35 0.78 0.74 0.76 0.69 0.66 0.66 13.57 11.44 14.96
50 0.55 0.50 0.51 0.55 0.50 0.51 0.00 0.00 0.00

Table 12. Flow rate reduction coefficient errors εav for w1 = 100 rad/s and right-hand rotations of the pump rotor

w1 = 100 rad/s
eav εe δe   [%]
ik ik ik

0 0.6 0.8 0 0.6 0.8 0 0.6 0.8

Gap 
h [mm]

0 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00
15 0.99 0.99 0.98 0.99 0.99 0.82 0.84 0.00 20.18
25 0.98 0.98 0.95 0.98 0.98 0.68 0.00 0.00 39.93
35 0.95 0.94 0.91 0.94 0.94 0.64 0.54 0.00 43.33
50 0.88 0.86 0.83 0.88 0.86 0.57 0.00 0.00 45.73

1 
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1 
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Dynamic calculations

The dynamic calculations are performed nu-
merically by solving equations (1) on the basis of 
the 4th Runge-Kutta-Gill method with a time step 
of 0.02 s, for two cases of constraints labelled as 
Case 4 and Case 5, causing transient motion of 
the wind power plant’s drive system. The data for 
dynamic calculations are presented in Table 13. 

It is assumed for Case 4, that the HC is not 
controlled, and the constraint is the jump of the 
driving torque Ms from 50 Nm to 200 Nm. As a 
result, the angular velocities of both rotors w1, w2 
increase with time, as does the torque on the gen-
erator shaft Mr, as presented in Fig. 25.

In Case 5, it is assumed that the HC is con-
trolled by sliding the turbine rotor, and the tran-
sient motion causes a jump in the angular velocity 
w1 of the HC input shaft from 190 rad/s to 360 
rad/s, Fig. 26. As a result of the jump, the driving 

torque Ms rises instantly from 50 Nm to 200 Nm. 
However, as a result of the rotors sliding away 
from each other, it decreases to 50 Nm within 4 
seconds, at which point the angular velocity w2 of 
the generator shaft is 150 rad/s. 

Analysis of the results

The calculations for Case 1 presented in Fig. 
16 and Fig. 17 show that HC control is performed 
by changing the speed ratio ik from 0.39 to 0.80 
by sliding the rotors. The rotors slide within the 
range from 0 to 70 mm for left-hand rotations and 
within the range from 0 to 118 mm for right-hand 
rotations. In the calculations for Case 2, the re-
sults of which are shown in Fig. 18 and Fig. 19, 
the gap h ≠ 0, so the HC rotors slide away and 
towards each other. For the assumed gear ratio 
values, the control can occur within the ww ranges 
from 1.3 to 2.0 rad/s (for both rotation directions 

Fig. 15. Scheme of the algorithm used in numerical 
calculations: 1 – HC, 2 – rotor of wind power 

plant, 3 – gear box, 4 – electric generator

Fig. 16. Calculation results for Case 1 and left-hand 
rotations of the pump rotor for w2 = 150 rad/s  

and i = 190

Fig. 17. Calculation results for Case 1 
and right-hand rotations of the pump 
rotor for w2 = 150 rad/s and i = 190
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of the HC pump rotor) when the size of the gap 
between the rotors is smaller than 100 mm. The 
speed ratio ik changes from 0.38 to 0.60. In Case 

3, whose calculation results are presented in Fig. 
20 and Fig. 21, the gear ratio ik change occurs be-
tween 0.6 and 0.8, whereas the size changes of the 
gaps between rotors are 60 mm for the left-hand 
rotations and 100 mm for the right-hand rotations. 
Maximal sizes of the gap h depend slightly on the 
angular velocity w2 and the rotation direction of 
the pump rotor, wherein the right-hand rotations 
assume higher values. Based on Fig. 22, it can 
be seen that the relationships δh/δww = f(ww) for 
the two considered cases and left-hand rotations 
of the pump rotor have a similar course. With 
an increase in the angular velocity ww from 1.0 
rad/s to 1.5 rad/s, the partial derivative δh/δww 
is almost constant, and with a further increase in 
the angular velocity ww to 2 rad/s, it decreases to 
zero. Such a course of the partial derivatives δh/
δww means that the faster response of the control 
system to changes ww is occur for higher values 

Fig. 18. Calculation results for Case2 and left-hand 
rotations of the pump rotor for w2 = 150 rad/s  

and i = 200

Fig. 19. Calculation results for Case 2 and right-hand 
rotations of the pump rotor for w2 = 150 rad/s  

and i = 200

Fig. 20. Calculation results for Case 3 and left-hand 
rotations of the pump rotor for w2 = 150 rad/s 

and i = 200 or i = 125

Fig. 21. Calculation results for Case 3 and 
right-hand rotations of the pump rotor for 

w2 = 150 rad/s and i = 185 or i = 125

Fig. 22. Dependence of partial derivative 
δh/δww on the angular velocity ww for left-

hand rotations of the pump rotor
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Fig. 23. Dependence of the braking torque Mh on the 
gap h for left-hand rotations of the HC pump rotor 
for different angular velocities of the pump rotor

Fig. 24. Dependence of the braking torque Mh on the 
gap h for right-hand rotations of the HC pump rotor 

for different angular velocities of the pump rotor

Table 13. Transient motion calculation data
Starting point Mass moments of inertia Rotor sliding time

Ms0 = Mr0 w10 w20 J1 J2 tw

50 Nm 190 rad/s 150 rad/s 0.0399 kgm2 0.0218 kgm2 4 s

Fig. 25. The course of angular velocities w1, w2 
and the torque Mr caused by the jump of Ms

of the angular velocity ww. The comparison of the 
calculation results for Case 3 with the calculation 
results for Case 1 and Case 2 shows that the use 
of a gearbox with two selectable ratios between 
the rotor of the wind turbine and the HC enables 
HC operation at higher ratios ik, and thus higher 
efficiencies and smaller gaps h.

On the basis of the charts shown in Fig. 23 
and Fig. 24, it is noticeable that the maximal 
values of the braking torque Mh occur for h = 0 

Fig. 26. The courses of angular velocity w2 
and torques Mr, Ms caused by the jump of ws

within the assessed range of the angular velocity 
w1 and range respectively from 163 Nm to 652 
Nm for left-hand rotations of the HC pump rotor 
and 85 Nm to 340 Nm for right hand-rotations 
of the HC pump rotor. For the left-hand rotations 
of the HC pump rotor, the values of the braking 
torque Mh are approximately 2 times higher than 
for right-hand rotations. Increasing the gap value 
from 0 to 70 mm causes a fourfold decrease in the 
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value of the braking torque Mh for both rotation 
directions of the HC pump rotor. 

In Case 4, which concerns the transient mo-
tion of the HC caused by a jump in the driving 
torque value (as shown in Fig. 25), there is an 
increase of both w1 and w2 angular velocities in 
time, so it is not possible to maintain the angular 
velocity of the electric current generator’s input 
shaft at 150 rad/s. Using the HC with sliding ro-
tors for the jump in angular velocity ww, makes it 
possible to maintain the obtained value w2 = 150 
rad/s after a transition period, as shown in Fig. 
26. The duration of the transition period for the 
spreading time of the rotors equal to 4 s is 4.3 s, 
so it is proximate to the rotors’ spreading time. 

CONCLUSIONS

On the basis of the research results obtained 
from the performed numerical calculations based 
on the developed mode, the following conclu-
sions are formulated: 

The method of HC control by sliding rotor 
scan be successfully employed in the electric gen-
erator drive system in the wind power plant. It is 
supported by the fact, that a power excess often oc-
curs on the rotor shaft of the wind power plant due 
to high-speed winds. This is significant because of 
the relatively low efficiency of the controlled HC. 

The design of the HC controlled by increasing 
the distance between rotors is simple to implement. 
In the wind power plant containing a HC with slid-
ing the turbine rotor, when the wind speed changes 
twice, it is possible to maintain a constant power of 
the generator by sliding the rotors within the range 
from 0 to 100 mm, when the speed ratio and the 
HC efficiency change from 0.4 to 0.8.

After the turbine rotor is stopped, the assessed 
HC can be successfully employed as a controlled 
hydrodynamic brake in the researched drive sys-
tem of the wind power plant. This is due to the 
fact, that increasing the size of the gap between 
rotors up to 70 mm causes a fourfold decrease of 
the braking torque.

Essential design parameters of the HC con-
trolled by increasing the distance between rotors 
are the angles of the rotor blades. A selection of 
blades can significantly influence the character-
istics of the clutch. This is proven by significant 
differences in the torque values transferred for 
left-hand and right-hand rotations of the assessed 
HC’s input shaft.

Errors of the developed mathematical model 
of the HC controlled by increasing the distance 
between rotors do not exceed the values of math-
ematical models in engineering calculations, usu-
ally accepted at 20%. 

The obtained research results provide the 
basis for further theoretical and experimental 
research concerning the use of the HC control 
method by sliding rotors in hydrodynamic drive 
systems of other machines. 
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